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PREFACE

Research methodologies in modern chemistry and applied sciences is an 
interdisciplinary and collaborative field. Most research methodologies in 
modern chemistry (analytical, inorganic, organic, physical, or theoretical) 
and applied sciences are closely related to other disciplines, including 
physics, biology, materials science, engineering, and medicine.
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ABSTRACT

Malachite green (MG) is a poisonous dye which must be removed from 
wastewater before disposal. In the present study silicahydrogel which had 
a porous structure and might be formed in any shape by gelation of silica 
hydro sol was employed for the adsorption of MG from water. A trans-
parent silica hydrogel in slab form was obtained from aqueous sodium 
silicate and sulfuric acid and purified by water. The equilibrium and 
kinetics of MG adsorption was investigated by in situ measurements with 
a conventional and fiberoptic spectrophotometer respectively. Adsorp-
tion equilibrium and kinetic models in both linear and nonlinear forms 
were applied. It was shown that nonlinear forms of these models fitted to 
the experimental data more thoroughly than their linear forms by giving 
evenly distributed errors.

1.1  INTRODUCTION

Malachite green (MG) is a triarylmethane dye with applications in aqua-
culture, textile, and medical industries. It is a quite effective biocide to 
combat protozoal and fungal infections of fish and other aquatic organisms. 
However, its therapeutic effects have been overshadowed by the toxico-
logical concerns as it may enter into the mammalian bodies through food 
chain, resulting in carcinogenic, mutagenic, and teratogenic effects.1–5 In 
textile industries, it is commonly used to dye cotton, silk, wool, jute, and 
leather, generating aesthetically unpleasant discharge. More importantly, the 
stability of this kind of dyes, coupled with their toxicity, necessitates effi-
cient dye removal methods from the textile effluents.2,5,6

Flocculation, coagulation, ultrafiltration, electrochemical destruction, 
microbial degradation, precipitation, ion exchange, and adsorption are the 
proposed process alternatives to treat dye-containing wastewater. Of these 
processes, adsorption has been studied extensively due to its ease of opera-
tion as well as its cost-effective performance.5–9 A wide variety of adsor-
bents including natural zeolites,10,11 clays,7,12,13 activated carbon,14,15 fly ash,16 
fibers,17,18 sawdust,19 and silica gel20 have been tested for MG adsorption.

Silica hydrogel, which is a water-containing cylindrical fiber network of 
silica21,22 with chief applications in oil purification and wine and beer clari-
fication, has also been tested for MG adsorption and diffusion. Adsorption 
equilibrium data were fitted to Freundlich isotherm, and diffusion coeffi-
cients of MG in silica hydrogels prepared at pH values of 4.5, 7.0, and 9.0 
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were measured. BET surface areas of these silica samples were found to 
increase with decreasing preparation pH.23 We prepared a silica hydrogel at 
considerably lower pH, 1.0, to have different surface characteristics. In the 
scope of this study, it was aimed to investigate adsorption of MG onto this 
hydrogel with high surface area. Linear and nonlinear forms of equilibrium 
and kinetic models were tested to provide some insights about the fitting of 
the experimental adsorption data. Finally, we estimated apparent diffusion 
coefficient of MG in the hydrogel by using a simple diffusion equation and 
discussed the potential applications of these kinds of hydrogels.

1.2  MATERIALS AND METHODS

1.2.1  PREPARATION OF SILICA HYDROGELS

Silica hydrogel was prepared by simplifying the previously used method.24 
Basically, 50 mL of sodium silicate solution (Aldrich, d = 1.390 g/mL with 
14% (w/w) NaOH and 27% (w/w) SiO2) was mixed with equal volume of 
deionized water. While being stirred with a magnetic stirrer, diluted sodium 
silicate solution was added drop wise into 1.5 M of H2SO4 (Merck, 98%) 
until pH was equal to 1.0 to prepare sol. Aliquots of 20 cm3 of the sol in 
Schott bottles were allowed to gel approximately for a day. Silica hydrogel 
obtained was washed with equal volume of water ten times for 30 min in 
each washing. The pH of the washing water was recorded as around 1.6 after 
the washing process.

1.2.2  ADSORPTION EXPERIMENTS

In the adsorption experiments, oxalate salt of MG (Merck) was used as a 
dye source. Chemical structure of MG is given in Figure 1.1. Silica hydrogel 
was crushed and ground to particles with 1–3 mm size. An amount of 5 g 
of the hydrogel particles was contacted with 50 mL of freshly prepared MG 
solutions at 2, 4, 6, 10, and 15 ppm initial concentrations (Ci). The solu-
tions were shaken for 1 week at 25°C in order to reach the equilibrium. 
After that, the solutions were centrifuged to separate solid and liquid phases. 
Absorbance values of the supernatants were recorded at 617  nm using 
Perkin Elmer Lambda 45 model UV/Vis spectrophotometer. These absor-
bance values were converted to equilibrium concentrations of MG in solu-
tion phase, C, by using the calibration curve based on the absorbance values 
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of known concentrations. Corresponding equilibrium concentrations of MG 
in hydrogel phase (q) were calculated using eq 1.1:

	
( )

( ) ( )
mg MG

mg MG = ×solution volume 
g hydrogel amount of hydrogel g

iC - C
lq l

 
    

 
 

	 (1.1)

Adsorption kinetic measurements were carried out by contacting 70 mL of 
the dye solution (Ci = 1.8 or 6.1 ppm) with 20 mL of the silica hydrogel 
casted in a Schott bottle. Absorbance values of solutions at 617 nm were 
measured in situ using Aventes-2048 model fiber optic spectrophotometer 
equipped with a circulation pump (Masterflex C/L) to ensure detection of 
an average concentration rather than a local concentration value. The data 
points were collected at 1 min intervals up to 25 min followed by 5 min 
intervals up to 125 min.

Fitting of nonlinear kinetic and equilibrium models to the experimental 
data points was conducted using SigmaPlot software, which provides the 
values of model fitting parameters and regression coefficients (R2). Root 
mean squared error, RMSE, and normalized standard deviation, ∆q (%) 
values were determined by the following equations, respectively:25,26

	
2

exp cal( )
RMSE

q q
k
−

= ∑ 	 (1.2)

	 ( )
2

exp cal exp( ) /
% 100

( 1)

q q q
q

k

 − ∆ = ×
−

∑ ,	 (1.3)

FIGURE 1.1  Chemical structure of oxalate salt of malachite green.
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where qexp and qcal are experimental and predicted values of amount of the dye 
in the silica hydrogel phase and k is the number of experimental data points. 
The course of adsorption process was monitored by taking the pictures 
showing the color changes in both MG solution and the silica hydrogel occa-
sionally up to 2 weeks by using a Nikon, Coolpix 995 model digital camera.

1.3  RESULTS AND DISCUSSION

1.3.1  ADSORPTION EQUILIBRIUM

Equilibrium isotherm of MG–silica hydrogel pair was fitted to both linear 
and nonlinear forms of Langmuir, Freundlich, and Temkin models described 
by the equations given in Table 1.1. In these models, KL, KF, and KT are 
respective Langmuir, Freundlich, and Temkin constants. qm is the maximum 
adsorption capacity of the hydrogel, n is the other Freundlich constant, 
which determines the extent of surface heterogeneity, and BT is the other 
Temkin constant related to heat of adsorption. Model parameters obtained 
are summarized in Table 1.2. Linearized plots of these models are presented 
in Figure 1.2. Comparisons of the experimental data points with the model 
predictions are shown in Figure 1.3a and b for linear and nonlinear models, 
respectively.

TABLE 1.1  Linear and Nonlinear Forms of Adsorption Equilibrium Models.

Isotherm Linear model Nonlinear model

Langmuir

m L

1
K m

C C
q q q

= + m L

L1
q K C

q
K C

=
+

Freundlich ln q = ln KF + n ln C q = KFC
n

Temkin q = BT ln KT + BT ln C q = BT ln (KTC)

As indicated in Table 1.2, different model parameters were obtained for 
linear and nonlinear forms of Langmuir and Freundlich models, whereas 
linearization did not change any of the fitting parameters of Temkin model. 
Both linear and nonlinear Temkin equations also gave the same model param-
eters for biosorption of methylene blue on an algae.27 It is not surprising 
that due to the structure of Temkin model equation, same model parameters 
were observed for both linear and nonlinear equations. Fitting quality of the 
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models was assessed using R2, RMSE, and q (%) values (Table 1.2). In this 
study, compared to linear model, R2 values slightly decreased for Freundlich 
nonlinear model. On the contrary, linearization was found to change the 
fitting quality of Langmuir model as revealed by lower R2 value obtained. 
Other studies indicated no clear-cut correlation between linearization and R2 

values as linearization changes error distribution. Depending on the model, 
and adsorbent–adsorbate pair, both higher and lower R2 values were obtained 
for nonlinear fitting.28–32

FIGURE 1.2  Linearized plots of (a) Langmuir, (b) Freundlich, and (c) Temkin adsorption 
equilibrium models.
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TABLE 1.2  Fitting Parameters of Adsorption Equilibrium Models.

Isotherm/parameter Linear model Nonlinear model 
Langmuir
qm (mg/g) 0.44 0.36

KL (L/mg) 0.08 0.11

R2 0.725 0.990

RMSE × 103 4.93 4.37

∆q (%) 9.19 11.6
Freundlich
N 0.87 0.77

KF (mg/g)(L/mg)1/n 0.032 0.036

R2 0.986 0.979

RMSE × 103 8.04 6.37

∆q (%) 9.97 16.4
Temkin
BT 0.05 0.05

KT (L/mg) 2.27 2.27

R2 0.934 0.934

RMSE × 103 11.4 11.4

∆q (%) 53.8 53.8

Our study also indicated that for Langmuir and Freundlich models, 
nonlinear fitting decreased RMSE values suggesting an increase in the fitting 
quality. As opposed to this result, ∆q (%) values increased in the case of 
nonlinear fitting. As it is depicted from the definition of ∆q (%), this value is 
quite sensitive to the errors in the initial portion of experimental data. Thus, 
lower ∆q (%) values obtained in linear fits are due to minimization of errors 
in the initial region as clearly seen in Figure 1.3a. Nonlinear curve fitting, 
on the other hand, provided much more evenly distributed errors (Fig. 1.3b). 
Thus, nonlinear models should be used to describe equilibrium data to avoid 
changing the error distribution associated with linearization as well as to 
obtain fair agreement with the experimental data points, as suggested in the 
other studies.31,33

According to fitting quality parameters obtained using nonlinear models, 
Langmuir model gave slightly better fitting than Freundlich model. Langmuir 
model assumes homogeneous adsorption in which all sites possess equal 
affinity for the adsorbate (constant heat of adsorption), whereas according 
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FIGURE 1.3  Predictions of (a) linear and (b) nonlinear adsorption isotherm models.

to Freundlich model, stronger binding sites are occupied first, and heat of 
adsorption decreases exponentially as a function of surface coverage.33 
Based on the curve fitting results, it is not possible to draw conclusions 
about the nature of adsorbent–adsorbate interactions, as none of the models 
could show significant superiority to the other in terms of fitting quality. 
Thus, another experimental technique such as adsorption microcalorimetry 
which relates surface coverage to heat of adsorption may confirm the nature 
of adsorbent–adsorbate interactions, and hence, the adsorption equilibrium 
model. Nevertheless, it can be fair to compare the model parameters with 
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those in the previous studies as both Langmuir and Freundlich models have 
been frequently applied. In Freundlich model, the exponent, n, which takes 
a value between 0 and 1, gives a measure of surface heterogeneity. As the 
value of n gets closer to 0, surface heterogeneity increases.23,33 In this study, 
value of n was obtained as 0.77, similar to the values, 0.78, 0.88, and 0.88, 
obtained for the adsorption of MG on the hydrogels prepared at pH values of 
4.5, 7.0, and 9.5, respectively.23

In the Langmuir model, strength of attractive adsorbate–adsorbent inter-
actions is correlated with KL parameter, which is the ratio between the rates 
of adsorption and desorption or simply the equilibrium constant. From Lang-
muir isotherm, KL value was obtained as 0.11 L/mg for MG adsorbed on 
the silica hydrogel. This value is comparable to KL values obtained for MG 
adsorption on silica gels34 (0.02–0.07 L/mg) and silica nanoparticles35 (0.12–
0.27 L/mg). It is noteworthy to state that in these studies, KL values increased 
with the modifications with oxalic acid and citric acid,34 or glycine.35 Another 
Langmuir parameter, qm is a measure of adsorption capacity. qm value of the 
silica hydrogel was obtained as ~0.4  mg/g hydrogel for MG. Adsorption 
isotherm of MG on the silica hydrogels prepared at pH 4.5, 7.0, and 9.0 in 
which silica is mainly negatively charged revealed quite higher adsorption 
capacity (~20–25 µmol MG/g silica hydrogel or 8 ± 1 mg MG/g hydrogel)23 
compared to the one prepared at pH 1.0. This significant difference in the 
adsorption capacity of these silica hydrogels is mainly dictated by pH inside 
the hydrogel. For MG sorption of the hydrogel prepared at pH 1.0, pH values 
of the solution phase was measured between ~5 and ~2 decreasing as time 
proceeded. At that preparation pH of the hydrogel, silica was mainly posi-
tively charged (Si–OH2

+) and during washing steps protons at the surface 
diffused out. Thus, the pH gradient of the hydrogel suggests that surface 
composition of the hydrogel is Si–O− and Si–OH and inside the hydrogel Si–
OH and mostly Si–OH2

+ species exist.36 MG is cationic at initial pH 5. Thus, 
the early stage of the adsorption of the dye is mainly due to the electrostatic 
attractions between negatively charged silica and positively charged dye. 
However, as pH goes down, MG keeps its positive charge and at sufficiently 
low pH values, it becomes doubly positive charged.37 As a result, during the 
course of adsorption, electrostatic attractions are replaced by van der Waals 
forces coupled with electrostatic repulsions by promoting desorption rate of 
MG, and hence decreasing extent of MG adsorption. BET surface areas of 
silica aerogels from anionic hydrogels, ~250–350 m2/g,23 were reported to 
be lower than the silica from cationic hydrogel (540 m2/g).24 These results 
clearly indicate the critical role of electrostatic interactions, rather than 
surface area, in the MG adsorption on silica hydrogels.
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1.3.2  ADSORPTION KINETICS

Initial adsorption kinetic data (covering initial ~2 h period) were fitted to 
pseudo-first-order (PFO), pseudo-second-order (PSO), Elovich, and intra-
particle models. PFO and PSO are the most popular kinetic models derived 
by assuming rate is a linear function of and proportional to square of the 
number of available adsorption sites, respectively, as follows:38–40

	 ( )1 t
e t

dq
k q q

dt
= − 	 (1.4)

	 ( )2
2 ,t

e t
dq

k q q
dt

= − 	 (1.5)

where qt and qe are the amount of adsorbate in adsorbent phase at time t, 
and at equilibrium respectively, k1 and k2 are the respective PFO and PSO 
rate constants. By applying initial and boundary conditions, at t = 0; qt = 0; 
and at t = t, qt = qt, and integrating PFO and PSO models given in Table 1.3 
are obtained. Azizian38 analyzed PFO and PSO models, and expressed rate 
constants of PFO and PSO models in terms of adsorption (νa) and desorption 
rate constants (νd) and initial concentration of solute by starting from the 
following equations in terms of surface coverage fraction (θ):

	 a d 
t
θ ν υ∂

= −
∂

	 (1.6)

	 ( )( )a d 1i
d k C k
dt
θ βθ θ θ= − − − 	 (1.7)

	 e

w

iC C mq
M V

β
θ
−

= = 	 (1.8)

In eq 1.8, m is the mass of the adsorbent, V is the volume of solution and Mw 
is the molecular weight of the adsorbate. Assuming Ci >> βθ which corre-
sponds to the experimental conditions with quite high initial concentration 
of solute compared to βθ leads to the derivation of PFO model. If βθ term is 
not neglected, PSO model can be derived. Accordingly, PFO rate constant, 
k1, is a linear function of initial concentration (eq 1.9), whereas PSO rate 
constant, k2, is a complex function of the initial concentration of solute.38

	 k1 = kaCi + kd	 (1.9)

Elovich model, on the other hand, assumes rate of adsorption decreases 
exponentially as follows:
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	  tqtdq
e

dt
βα −= 	 (1.10)

where α and β are Elovich constants. The constant, α is simply initial rate 
of adsorption since dqt/dt → α a as qt → 0. Linear form of the model was 
obtained by assuming αβt >> 1. Elovich model has been successfully applied 
to the systems involved in heterogeneous surfaces.39,41

Intraparticle or Weber–Morris model assumes that adsorption kinetic is 
controlled solely by intraparticle diffusion. In this model, uptake is propor-
tional to the square root of time with a proportionality constant of intrapar-
ticle diffusion rate constant, kp.

40

Linear and nonlinear forms of these kinetic models are presented in 
Table  1.3. Model parameters along with R2, RMSE, and ∆q (%) values 
obtained for the initial kinetic data of MG on the silica hydrogel are given 
in Table 1.4. Linearized plots of these models and comparison of the linear 
and nonlinear models with the experimental data are shown in Figures 1.4 
and 1.5, respectively.

TABLE 1.3  Linear and Nonlinear Forms of Adsorption Kinetic Models.

Kinetic model Linear model Nonlinear model
Pseudo-first order

1
e t

e

q qln k t
q

 −
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( )11 k t

t eq q e−= −

Pseudo-second order
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1 1

t e e

t t
q k q q
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21
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k q tq
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+

Elovich
( ) ( )1 1

tq ln ln tαβ
β β

= +

(if αβt  1)

( )1 1tq ln tαβ
β

= +

Intraparticle qt = kpτ
where τ = t0.5

qt = kpt
0.5

As revealed from Figure 1.4, R2, RMSE, and ∆q (%) values in Table 1.4, 
none of the linearized plots showed considerable agreement with the experi-
mental data. In the linearized forms of PFO model, experimentally measured 
values of qe were used. Especially, first portion of experimental data taken 
for Ci=  1.8  mg/L deviated from the model predictions significantly (Fig. 
1.4a). According to the theoretical basis of PFO model developed by 
Azizian, this deviation is probably because the assumption Ci >> βθ has 
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not been validated. At high initial concentration, Ci = 6.1 mg/l, on the other 
hand, linearized PFO fit the experimental data better corroborating with 
this theory (Fig. 1.4a). On the contrary, PFO rate constants were found to 
decrease with initial concentration, suggesting linearized PFO model is not 
adequate to describe the experimental data. Likewise linearized PFO model, 
other linearized models failed to fit the experimental data as revealed by 
Figures 1.4b–d and 1.5a, b.

TABLE 1.4  Kinetic Models Fitting Parameters.

Model parameters Ci = 1.8 mg/L Ci = 6.1 mg/L

Linear fit Nonlinear fit Linear fit Nonlinear fit

First-order model

k1, min−1 0.0226 0.0394 0.0063 0.0134

qe × 103, mg g−1 4.95* 4.34 17.6* 10.9

R2 0.966 0.961 0.971 0.988

RMSE 4.44 × 10−4 2.56 × 10−4 5.05 × 10−4 3.04 × 10−4

∆q (%) 26.6 14.1 30.5 24.3

Second-order model

k2,
 L mg−1 min−1 6.90 7.61 1.00 0.55

qe × 103, mg g−1 5.49 5.35 10.4 16.8

R2 0.984 0.982 0.795 0.988

RMSE 1.78 × 10−4 1.74 × 10−4 3.83 × 10−4 3.01 × 10−4

∆q (%) 13.4 13.8 23.9 23.8

Elovich model

α × 104, mg g−1 min−1 5.77 3.20 6.09 1.64

β, g mg−1 962 736 476 160

R2 0.974 0.992 0.823 0.988

RMSE 2.45 × 10−4 1.18 × 10−4 11.1 × 10−4 3.02 × 10−4

∆q (%) 47.6 22.4 52.2 23.2

Intraparticle model

kp × 104, mg g−1 min−0.5 4.61 4.61 7.45 7.45

R2 0.955 0.959 0.939 0.942

RMSE 2.60 × 10−4 2.60 × 10−4 6.55 × 10−4 6.55 × 10−4

∆q (%) 42.8 42.8 31.3 31.3

*Experimentally determined values.
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FIGURE 1.4  Linearized plots of (a) PFO, (b) PSO, (c) Temkin, and (d) intraparticle 
adsorption kinetic models.

For linear Elovich model, according to the model parameters obtained, 
αβt was not significantly greater than 1, not conforming to linearization 
assumption. Linear intraparticle model plots did not pass through the origin 
and showed multiple straight lines suggesting that intraparticle is not the 
only rate controlling step but film diffusion is also involved.40 Due to the 
structure or simplicity of the intraparticle model equation, similar model 
parameters were obtained for both linearized and nonlinear models. For the 
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FIGURE 1.5  Predictions of linear adsorption kinetic models for (a) Ci = 8 mg/L and (b) 
Ci = 6.1 mg/L, nonlinear adsorption kinetic models for (c) Ci = 1.8 mg/L, and (d) Ci = 6.1 mg/L.

other models, model parameters changed upon linearization which can be 
attributed to the changes in the error distribution during transformation of 
actual data to linearized data.42 Compared to its linearized form, nonlinear 
Elovich model exhibited better agreement with the adsorption kinetics as 
revealed by the decrease in RMSE and ∆q (%) values and increase in R2 
values for both initial concentrations. No significant differences in fitting 
quality were obtained between nonlinear PFO, PSO, and Elovich models 
for Ci  =  6.1  mg/L as indicated by similar R2, RMSE, and ∆q (%) values 
(Fig. 1.5d, Table 1.4). However, at Ci = 1.8 mg/L nonlinear Elovich model 
was observed to be superior to nonlinear PFO and PSO in the prediction of 
the experimental kinetic data (Fig. 1.5c). Thus, considering the analysis of 
the kinetics measurements carried out both initial concentrations, Elovich 
model was shown to corroborate with the initial kinetic data of MG–silica 
hydrogel system suggesting heterogeneous adsorption. On the other hand, 
it was reported that PFO and PSO models provided the best fitting for MG 
adsorption kinetics on silica nanoparticles,35and silica gels,34 respectively, 
indicating that form of silica effects adsorption kinetics.



Adsorption of Malachite Green to Silica Hydrogel	 17

1.3.3  DIFFUSION COEFFICIENT MEASUREMENT

Apparent diffusion coefficient of MG through silica hydrogel was measured 
using digital pictures showing the coloration of the hydrogel. As depicted 
from Figure 1.6, diffusion of MG inside the hydrogel is quite slow. Hence, 
by measuring the representative time course movement of dye inside the 
hydrogel (diffusion length), it can be possible to measure the apparent diffu-
sion coefficient using the following equation:43

	 X = (2Dt)0.5	 (1.11)

FIGURE 1.6  Pictures revealing the extent of the sorption of malachite green on silica 
hydrogel for Ci = 1.8 mg/L (a) initially, (b) after 1 week, (c) after 2 weeks and for Ci = 6.1 mg/L 
(d) initially (e) after 1 week, and (f) after 2 weeks.

For Ci = 1.8 mg/mL, considering much longer time period (days) than 
initial kinetic measurement interval (minutes), plot of measured diffusion 
length, X, of dye versus square root of time was observed to be linear giving 
an apparent diffusion coefficient (D) of 1.29 × 10−11 m2/s (Fig. 1.7).

Equation 1.11 has been derived from microscopic theory of diffusion.44 
Diffusion coefficients have been frequently estimated using the macroscopic 
theory via the solution of Fick’s second law with appropriate initial and 
boundary conditions. Perullini et al.23 measured the apparent diffusion coef-
ficient for MG–silica hydrogel systems as ~0.5–3.5 × 10−11 m2/s using the 
macroscopic theory of diffusion by neglecting adsorption. By considering 
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the adsorption, on the other hand, effective diffusion coefficient of those 
systems was measured as 1.5 ± 0.1 × 10−10 m2/s. Low adsorption capacity 
of the cationic hydrogel suggests the apparent diffusion coefficient of the 
system would likely be in the order of the effective diffusion coefficient of 
MG–anionic hydrogel pair. Considering the different protocols and precur-
sors used in the preparation of the hydrogels, slower diffusion of the cationic 
hydrogel can be due to its lower porosity and/or higher tortuosity and hence its 
different microstructure. Indeed, though both hydrogels have similar amount 
of silica (~10 wt%), microstructure of these anionic hydrogels contains both 
preformed silica nanoparticles and polymerized silica,23 whereas network of 
the cationic hydrogel formed by the polymerization of silica only.

FIGURE 1.7  Thickness of the diffused dye layer as a function of square root of time for 
Ci = 1.8 mg/L.

1.4  CONCLUSIONS

High surface area silica hydrogel was prepared at pH 1 and its MG sorption 
behavior was tested. From Langmuir model, MG adsorption capacity of the 
hydrogel was estimated to be ~0.4 mg/g hydrogel. This value is almost 20 
times lower than that of the anionic hydrogels prepared at higher pH, indi-
cating the crucial role of electrostatic interactions in the adsorption behavior 
of silica hydrogels. One of the advantages of silica hydrogels is that their 
precursor hydrosol can be casted into various shapes including pellets with 



Adsorption of Malachite Green to Silica Hydrogel	 19

any geometry and films with desired thickness. Besides, the hydrogel is quite 
stable even in water maintaining its integrity for a long period of time and 
unlike aerogels and xerogels silica hydrogels do not cause any turbidity in 
aqueous phase. Therefore, silica hydrogels can be used as a potential adsor-
bent to remove contaminants from waste streams. However, as confirmed in 
this study, preparation pH should be optimized before using in the adsorp-
tion of charged species to get optimal performance.

Adsorption equilibrium and kinetic models in both linear and nonlinear 
forms were applied. It was shown that nonlinear forms of these models fitted 
to the experimental data more thoroughly than their linear forms by giving 
evenly distributed errors. Considering similar observations in the previous 
studies, nonlinear forms of the models should be used as they did not disrupt 
error distribution of the actual data. However, in some cases, even the use of 
nonlinear forms of different models gives the similar quality of fitting and 
hence requiring some other techniques to verify the most appropriate model 
describing the equilibrium or kinetics of adsorption.

Although adsorption capacity of the cationic hydrogel is low, apparent 
diffusion coefficient of the MG-cationic system was measured to be lower 
than effective diffusion coefficient of the dye–anionic hydrogel system with 
similar silica content measured by considering adsorption. Slower diffusion 
of the dye inside the cationic hydrogel can be attributed to the lower porosity 
and/or higher tortuosity of the hydrogel. Considering the ease of tuning micro-
structure and adsorption characteristics of silica hydrogels by simple changes 
in preparation protocols allows to control diffusion of the dye of interest, 
silica-based hydrogels may also have potential applications as dye diffusion-
based time-monitoring systems in food and pharmaceutical industry.
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ABSTRACT

The investigation was undertaken to determine the antioxidative activity 
of a range of fullerenes C60 and C70 generally manufactured in practice in 
order to rank them according to their comparative efficiency. The model 
reaction of cumene-initiated (2,2′-azo-bisisobutyronitrile [AIBN]) oxida-
tion was employed herein to determine rate constants for addition of radi-
cals to fullerenes. Kinetic measurements of oxidation rate in the presence 
of different fullerenes showed that the antioxidative activity as well as the 
mechanism and mode of inhibition were different for fullerenes C60 and C70 
and fullerene soot. All fullerenes—C60 of gold grade, C60/C70 (93/7, mix 1), 
C60/C70 (80 ± 5/20 ± 5, mix 2), and C70 operated in the mode of an alkyl radical 
acceptor, whereas fullerene soot surprisingly retarded the model reaction by a 
dual mode similar to that for the fullerenes and with an induction period like 
many of the sterically hindered phenolic and amine antioxidants. For the C60 
and C70, the oxidation rates were found to depend linearly on the reciprocal 
square root of the concentration over a sufficiently wide range, thereby fitting 
the mechanism for the addition of cumyl alkyl R· radicals to the fullerene core. 
This is consistent with the gathered literature data of the more readily and rapid 
addition of alkyl and alkoxy radicals to the fullerenes compared with peroxy 
radicals. Rate constants for the addition of cumyl R· radicals to the fullerenes 
were determined to be k(333K) = (1.9 ± 0.2) × 108 (C60); (2.3 ± 0.2) × 108 (C60/
C70, mix 1); (2.7 ± 0.2) × 108 (C60/C70, mix 2); and (3.0 ± 0.3) × 108 (C70) M

−1 

s−1. The incremental C70 constituent in the fullerenes leads to a respective 
increase in the rate constant. The fullerene soot inhibits the model reaction 
according to the mechanism of trapping of peroxy radicals: The oxidation 
proceeds with a pronounced induction period and kinetic curves are linear at 
the semilogarithmic coordinates. For the first time, the effective concentra-
tion of inhibiting centers and inhibition rate constants for the fullerene soot 
have been determined to be fn[C60-soot]  =  (2.0  ±  0.1)  ×  10−4 mol g−1 and 
kinh = (6.5 ± 1.5) × 103 M−1 s−1, respectively. The kinetic data obtained specify 
the level of antioxidative activity for the commercial fullerenes and scope 
of their rational use in different composites. The results may be helpful for 
designing an optimal profile of composites containing fullerenes.

2.1  RADICAL-QUENCHING EFFICIENCY OF FULLERENES C60–C70

The remarkable property of the fullerenes for trapping free radicals resulting 
from their high electron affinity (ca. 2.6–3.3 eV) is widely highlighted in 
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the literature.1–16 There are many evidences and observations of effective 
inhibition of radical polymerization, prevention of oxidative damage of 
polymers, and deterioration of cells and tissues in biological objects. For 
instance, fullerene C60 effectively inhibits the free radical polymerization of 
styrene,17–21 methyl methacrylate,17,22,23 vinyl acetate,24 and acrylonitrile.25

The radical-scavenging nature of fullerenes is also utilized for improving 
their solubility in conventional polar solvents by grafting the macro-radi-
cals—hydrophilic poly(ethylene oxide) moieties,26 obtaining fullerene 
containing branched polymers,11,27,28 including star-like polymers with the 
fullerene core and synthesis of controlled polymeric arms.29–31

The apparent stabilizing role of fullerenes during thermo-oxidative degra-
dation of polymers was confirmed by a relatively recent set of investiga-
tions.32,33 The stabilizing activity of fullerenes C60, C60/C70, and C70 has been 
shown to be totally comparable to the activity of the well-known hindered 
phenolic stabilizers such as Irganox 1010, Irganox 1076, and Agerite white, 
by means of model reactions of cumene and styrene initiated oxidation as 
well as in accelerated tests of polystyrene (PS) and polydimethylsiloxane 
(PDMS) rubber with fullerene moieties.34,35 The stabilizing effect of fuller-
enes C60 and C70 was also shown in the thermal and thermo-oxidative degra-
dation of (1) poly(2,6-dimethyl-1,4-phenylene oxide) and its blends,36 (2) 
natural rubber (cis-1,4-polyisoprene) and synthetic cis-1,4-polyisoprene,37 
(3) isotactic polypropylene,38 (4) polymethylmethacrylates (PMMAs),39–44 
(5) poly-n-alkyl acrylates,45 and (6) polyamide 6.46

Fullerenes have also found broad application in biomedicine as a 
quencher of free radicals for precluding cellular breakdown and protecting a 
liver against free radical damage.47–51 Addition of the fullerene soot signifi-
cantly hampered the peroxide formation and thus increased the oxidation 
stability of rapeseed vegetable oils.52

The facile addition of free radicals to fullerenes is also confirmed by high 
values of addition rate constants determined in a number of works. These 
data are accumulated in Table 2.1.

It is readily seen from the table and the literature material that among the 
scavenged radicals are preferably nucleophilic carbon centered and alkoxy 
species whereas peroxy radicals in turn have only a weak affinity to the 
addition mechanism. The analysis of literature material clearly shows that 
fullerenes preferably act as scavengers of carbon-centered free radicals, 
and therefore they appear to be inhibitors for the radical polymerization 
and thermal stabilizers for polymer materials. No distinct indication of any 
proved active or specific role for oxygen-centered radicals has been speci-
fied.32 The low inherent rate constant for trapping of peroxy radicals by C60 
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TABLE 2.1  Addition Rate Constants of Different Radicals to Fullerene C60.

R k, M−1 s−1 Temperature, 
K

Techniques References

·CH3 (4.6 ± 2.0) × 108 295 Pulse radiolysis 4

·C(CH3)3 (2.2 ± 0.5) × 107 293 ESR (spin-trapping) 53

·C(CH3)3 3.0 × 109 293 ESR (laser flash photoly-
sis and pulse radiolysis)

5

·CCN(CH3)2 3.0 × 106 295 ESR (spin-trapping) 54

·CCN(CH3)2 1.8 × 109 – ESR (pulse radiolysis) 55

·CH2Ph 4.5 × 106 241 ESR ( photolysis) 56

·CH2Ph 6.7 × 106 263 ESR (photolysis) 56

·CH2Ph 9.3 × 108 293 ESR (laser flash photoly-
sis and pulse radiolysis)

5

·CH2Ph 2.7 × 105 293 ESR (spin-trapping) 53

·CH2Ph (1.4 ± 0.2) × 107 298 ESR (photolysis) 56

·C(CCl3)3 (2.7 ± 0.5) × 108 293 ESR (laser flash photoly-
sis and pulse radiolysis)

57

·C(CCl3)3 1.3 × 109 – Laser flash photolysis 
and pulse radiolysis)

58

·CH2 CH2Cl 2.6 × 109 – Laser flash photolysis 
and pulse radiolysis)

58

·C(CH3)2Ph (2.0 ± 0.8) × 108 333–353 Liquid model oxidation 
(cumene)

34

·OOC(CH3)2Ph (3.1 ± 1.1) × 102 303 Liquid model oxidation 
(cumene)

58

·C(CH3)2Ph 8.1 × 105 295 ESR (spin-trapping) 54

CCl3CH2·CHPh 8.5 × 105 295 ESR (spin-trapping) 54

·C2H5 (5.3 ± 0.4) × 106 293 ESR (spin-trapping) 53

·CH2 (CH2 )3 CH3 (4.5 ± 0.4) × 106 293 ESR (spin-trapping) 53

·CHCH3 C2H5 (4.8 ± 0.2) × 106 293 ESR (spin-trapping) 53

·CH2 CH═CH2 (6.5 ± 0.5) × 105 293 ESR (spin-trapping) 53

·C═CH2Ph  
(addition to  
C60/C70:3/1)

(9.0 ± 1.5) × 107 333 Liquid model oxidation 
(styrene)

35
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per se is k(inh.) = (3.1 ± 1.1) × 102 M−1 s−1 obtained in the work59 and the fact of 
inertness of peroxy radicals toward fullerene C60 established by the chemi-
luminescence60 indicates that fullerene C60 is an extremely weak acceptor 
of peroxy radicals. This is why the antioxidative function of fullerenes has 
become especially discernible in hypoxic condensed matrixes like solid 
polymers, that is, in the media having a certain restriction for the diffusion 
of oxygen.

It should be noted that the relative radical-scavenging efficiencies 
of different fullerenes depend on and may be altered due to a different 
number of graphitic bonds, difference in energy strain correlated to the 
degree of flatness, the electron affinities, HOMO–LUMO gaps, etc. Each 
of these factors could contribute to relative differences in the efficiency 
of different fullerenes to scavenge radicals, and affect the resulting utility 
of different fullerenes in different applications. It has been shown that 
different C60 fullerene derivatives which have different strains and/or 
electron affinities show significantly different radical-scavenging effi-
ciencies.61 Similarly, differences relative to the C60 cage resulting from 
changes in the number of carbons may give significant differences in 
radical-scavenging efficiency. Although the data of buckminsterfullerene 
and C70 are available to some extent it would be nevertheless helpful 
in practice to determine the inhibition rate constants for other different 
commercial fullerenes to rank them according to their comparative anti-
oxidative efficiency.

To determine the kinetic parameters of antioxidative activity of the 
commercial fullerenes, a model oxidation reaction of cumene initiated 
(2,2′-azobisisobutyronitrile [AIBN]) in liquid phase has been employed in 
this study. This model reaction is designed to simulate the thermo-oxidative 
processes in carbon-chain polymers and allows one to assess the antioxi-
dative capacity of tested compounds for possible extrapolation in polymer 
materials.

2.2  EXPERIMENTAL PROCEDURES

The model cumene oxidation was carried out at initiation rates: Wi = 6.8 × 10−8 

mol/L·s, temperature −60 (±0.02)°C and oxygen pressure was Po2 = 20 kPa 
(air). This condition is the most suitable for the preliminary correct deter-
mination of antioxidative activity of compounds.62,63 Employed cumene has 
98% purity (“Aldrich”). AIBN was employed as the initiator. The volume of 
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the reaction mixture was 10 cm3 (25°C). In order to have the assigned initia-
tion rate, 10 mg of AIBN had to be added.62–64

Rate constants for the cumene oxidation at 60°C are as follows: chain 
propagation, k3 = 1.75; termination, k6 = 1.84 × 105 M−1s−1; and concentration 
of cumene, [RH] = 6.9 mol L−1.62,63,65,66 The rate of oxidation was evaluated 
from the amount of oxygen consumed, which was measured volumetrically 
with the simple equipment as described elsewhere.63,67,68 Oxidation rates were 
assessed both from the slopes of the kinetic curves of oxygen consumption 
in the case of steady rate values and also by means of differentiating the 
curve in the case of an observed induction period.

Experiments were carried out at least in triplicate and the correctness of 
the oxidation rate values determined was within the range 1–5%. The induc-
tion period (τ) was evaluated from the graphical processing of kinetic curves 
of oxygen uptake, as described elsewhere.62,63 Correctness in determining 
of the induction period was 5–10%. The fullerenes used were commercial 
samples of fullerene: (1) C60 “gold grade,” (2) C60/C70 in proportion 93/7 [C60/
C70 (mix 1)], (3) C60/C70 = 80 ± 5/20 ± 5 [C60/C70 (mix 2)], (4) fullerene C70 (5) 
fullerene C76, and (6) fullerene soot. All samples were provided by Xzillion 
GmbH & Co. KG (it has been recently renamed to Proteome Sciences R&D 
GmbH & Co. KG).

2.3  RESULTS AND DISCUSSION

The results of kinetic experiments are exemplified in the Figures 2.1 and 
2.2, where profiles of kinetic curves of the oxygen uptake in the pres-
ence of different fullerene samples are shown for cumene oxidation. It is 
apparent from the experimental data that all the fullerene samples retard 
the model cumene oxidation. However, in the case of the fullerene soot 
a mechanism of retardation is different from that of fullerenes C60, C70, 
and C76. For the fullerenes, the oxidation proceeds with steady rate values 
whereas their soot induction periods are clearly observed. These results 
on the fullerene C76 and soot were quite surprising and reported for the 
first time.

In the earlier studies, we have already shown that the fullerenes C60 and 
C70 intervene in the initiation stage of the model oxidation and compete with 
very rapid formation of peroxy radicals from alkyl radicals according to the 
Scheme 2.1.34,35
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FIGURE 2.1  Kinetic lines of oxygen-uptake during aerobic-initiated oxidation of cumene 
in the absence (1) and presence of fullerenes: C60 “gold grade” (2, 6, 10); C60/C70 mix1 (3, 7, 
11); C60/C70 mix 2 (4, 8, 12); C70 (5, 9, 13) and C76 (14). The initiator is AIBN, initiation rate: 
Wi = 6.8 × 10−8 mol/L s, reaction mixture volume 10 mL, oxygen pressure: Po2 = 20 kPa (air), 
temperature 60°C. Concentration of fullerenes—[C60(C70) (C76)]: (1) = 0, (2–5) = 1 × 10−5, 
(6–9) = 1 × 10−4, and (10−14) = 5 × 10−4 mol/L.

FIGURE 2.2  Kinetic dependencies of oxygen consumption for initiated oxidation of cumene 
in the absence (1) and presence of fullerene soot (2–5). The initiator is AIBN, initiation rate: 
Wi = 6.8 × 10−8 mol/L s, reaction mixture volume 10 mL, oxygen pressure: Po2 = 20 kPa (air), 
temperature 60°C. Concentration of the fullerene soot added—[C60 soot]: (1) = 0; (2) = 0.4; 
(3) = 0.7; and (4) = 1.3 g/L.
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Scheme 2.1*

Chain initiation: АIBN ® r· (rО2·) + RH ® R· (initiation rate is Wi)

	 R· + C60 ®·C60 R	 (1)

Chain propagation: R· + О2 RO2·+RH®ROOH + R·	 (2)/(3)

Chain termination: 2 RO2·®inactive products	 (6)

(RH: cumene, R·: cumyl alkyl radical, RO2˙: cumyl peroxy radical, and 
ROOH: cumyl hydroperoxide).
*Here the generally accepted oxidation stage numbering is used.

By intercepting the alkyl radicals the fullerenes decrease the rate of 
initiation and accordingly the rate of oxidation. Consequently, no induction 
period is observed and the rate of oxidation has a steady value which is 
proportional to the decreased rate of initiation.

At the steady-state condition an oxidation reaction rate fitting Scheme 
2.1 is described by the following equation34,67,69:

	 Wo2 (C60/C70) = k3 [RO2·] [RH] = Wi1
1/2 k3 k6 

−1/2[RH],	 (2.1)

where Wo2(C60/C70) and Wi1 are oxidation and initiation rate in the presence of 
a fullerene, respectively.

	 Wi1 = Wi – W(C60/C70),	 (2.2)

where
	 W(C60/C70) = k1[R·] [C60/C70]	 (2.3)

is the rate of interaction between fullerene and an alkyl radical.
It is obvious that our present experimental results obtained for all kinds 

of fullerenes C60/C70 are in full consistency with Scheme 2.1 and the related 
eq 2.1. In all cases over sufficient wide range of concentrations of the added 
fullerenes the kinetic curves of oxygen consumption do not exhibit any 
induction period and the model oxidation proceeds with a steady oxidation 
rate. The dependence of the Figure 2.3 shows quite a good linearity between 
the experimentally observed oxidation rates Wo2 (C60/C70) and the square root 
of the concentration of fullerenes over the range 5 × 10−5 to 5 × 10−4 mol/L. 
That is, Wo2 (C60/C70)~[C60/C70]

1/2.
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FIGURE 2.3  Rate of cumene-initiated model oxidation versus concentration of the 
fullerenes. Wi (AIBN) = 6.8 × 10−8 Ms−1, Po2 = 20 kPa (air), 60°C.

This behavior pattern is also in accordance with eqs 2.2 and 2.3 and 
conclusion that we have made previously upon the analysis of the literature 
data, that is, on the predominant interaction the fullerene molecules with 
alkyl radicals. As the model cumene oxidation is conducted in such condi-
tions (the temperatures lower 100°C) where the contribution of hydroper-
oxide to the initiation rate is negligible, the alkoxy radicals which are known 
to be readily formed from the hydroperoxide decay are practically absent in 
the system.

From the experimentally observed values of oxidation rates, using the 
known rate constants for cumene oxidation, we may determine Wi1 (eq 2.1) 
and afterwards from eqs 2.2 and 2.3 an inhibition rate constant (k1) for the 
trapping cumyl alkyl radicals by the fullerenes:

	 k1[R·] [C60/C70] = Wi – [Wo2 (C60/C70)]
2 k6 (k3)

−2 [RH]−2	 (2.4)

At steady-state conditions of the oxidation for fairly long chains the following 
equations are valid65,70:

	 k2 [R·][O2] = k3 [RO2·] [RH] = Wo2(C60/C70).	 (2.5)
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Using the known magnitudes of the constants for cumene oxida-
tion (see the experimental section) and assuming k2  =  109  L/mol·s and 
[O2]  =  10−3  mol/L,65,66,70,71 the following expressions can be obtained for 
calculations of k1:

	 [R·] = Wo2(C60/C70) ¤k2 [O2] = Wo2(C60/C70)/106,

k1 =106{Wi – [Wo2 (C60/C70)]
2 k6 (k3)

−2 [RH]−2} [C60/C70]
−1[Wo2 (C60/C70)]

−1.	 (2.6)

Rate constant values for the fullerenes C60 and C70 are calculated from eq 2.6 
over the concentration range 1 × 10−4 to 3 × 10−4 mol/L and also those for 
known light antioxidants acting as alkyl radical acceptors are tabulated in 
the Table 2.2.

TABLE 2.2  Rate Constants for the Addition of Cumyl Alkyl Radicals to the Fullerenes and 
Some Light Stabilizers.

Antioxidant/stabilizer The inhibition rate 
constant, k(333K) M

−1 s−1
References

C60 (2.0 ± 0.8) × 108 34
C60 (1.9 ± 0.2) × 108 Found
C60/C70 (mix 1) (2.3 ± 0.2) × 108 Found
C60/C70 (mix 2) (2.7 ± 0.2) × 108 Found
C60/C70 (mix 2) (for styrylalkyl radicals) (9.0 ± 1.5) × 107 35
C70 (3.0 ± 0.3) × 108 Found
C76 (3.6 ± 0.3) × 108 Found
Cyasorb 3529 (1,6-hexanediamine, N,N′-bis 
(2,2,6,6-tetramethyl-4-piperidinyl)-, Polymers with 
morpholine-2,4,6,-trichloro-1,3,5,-triazine)

(2.0 ± 0.8) × 108 69

Chimassorb 119 
(1,3,5-Triazine-2,4,6,-triamine,N,N′′′-[1,2-ethane-
diyl-bis [ [ [ 4,6-bis-[butyl (1,2,2,6,6-pentamethyl-
4-piperidinyl)amino]-1,3,5-triazine-2yl-]imino]-
3,1-propanediyl] ]bis N′,N′′-dibutyl-N′, N′′-bis 
(1,2,2,6,6-pentamethyl-4-piperidinyl)

(1.2 ± 0.2) × 108 72

Chimassorb 119FL (1.4 ± 0.2) × 108 72
Chimassorb 2020 
(1,6-Hexanediamine, N, N'-bis-(2,2,6,6-
tetramethyl-4-piperidinyl)-polymer with 
2,4,6-trichloro-1,3,5-triazine, reaction 
products with N-butyl-1-butanamine an 
N-butyl-2,2,6,6-tetramethyl-4-piperidinamine)

(1.5 ± 0.2) × 107 67
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As may be seen from these data, the antioxidative activity of the fuller-
enes is high and comparable with the values for the commercial antioxidants.

The data show that the inhibition rate constants for fullerenes increase 
with increasing C70 moiety in the fullerenes. Finally, fullerenes C70 and C76 
reveal the inhibition rate constant is 1.5–2.0 times higher than that of C60. 
This is in accordance with the data of Shibaev et al.36 indicating that the 
inhibiting effect of fullerene C70 is stronger compared to C60. The datum for 
the fullereneC76 is obtained for the first time.

As to the profile the kinetic curves of the fullerene soot (Fig. 2.4), they 
resemble typical kinetic curves of oxidation in the presence of basic anti-
oxidants—phenols or amines.62,63,67,69,70,73,74 In this case, the following simple 
scheme and related kinetic expressions are valid62,63,65,67,69:

Scheme 2.2*

Chain initiation: Initiation with concomitant formation of cumyl alkyl radi-
cals R•  (Initiation rate is Wi)

Chain propagation: R·+ О2 RO2·

Chain termination: RO2·+ InH (In) ®inactive products (rate constant kinh.), 
where InH and/or In are inhibitors.
*Winh.=kinh. [RO2·]{InH (In)} >>Wterm. = kterm. [RO2·]

2 (Wterm. is the rate of 
recombination of peroxy radicals).

The fitting equations are:

	 Winho2 = Wi k3 [RH]/fn kinh. [InH] ([In]) 	 (2.7)

	 τ = fn[InH] ([In])/Wi	 (2.8)

	 Δ( O2)/[RH] = −k3 ln (1 – t/τ)/kinh.,	 (2.9)

where Winho2 is rate of inhibited oxidation; τ is induction period; n is number 
of functional groups in one molecule of an antioxidant ; f is inhibition coef-
ficient, representing the number of RO2

·peroxy radicals deactivated per one 
antioxidizing functional group of one molecule of antioxidant or how many 
oxidation chains are terminated by one antioxidizing group of one mole-
cule of antioxidant; [InH] ([In]) is concentration of an antioxidant ; Δ(O2) 
is volume of absorbed oxygen; t is reaction time; and kinh is rate constant of 
the inhibition.
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The data in Figure 2.4 represent the dependency between graphically 
evaluated induction periods and the amounts of the fullerene soot added in 
the model reaction. The observed linear profile of the dependency implies 
that Scheme 2.2 and the kinetic expressions 2.7–2.9 are good and fulfilled 
in the presence of the fullerene soot and hence that may be applicable for 
further calculations and operations.

FIGURE 2.4  Induction times versus concentration of fullerene soot for the cumene-initiated 
oxidation. Wi (AIBN) = 6.8 × 10−8 Ms−1, Po2 = 20 kPa (air), 60°C.

The rate constant of inhibition kinh for the fullerene soot may be deter-
mined from the diagram Δ (O2)–Lg (1 – t/τ) plotted in Figure 2.5. The experi-
mental data of oxygen absorption of curves 2–5 (Fig. 2.3) were used there-
with. The observed good linearity of the kinetic curves is also in favor that 
the eqs 2.1–2.3 are valid and the above-mentioned Scheme 2.2 is fulfilled in 
the presence of the fullerene soot.

The effective concentration of inhibiting centers and inhibition rate 
constant kinh. for the fullerene soot calculated from the obtained induction 
periods (Fig. 2.2) and the semilogarithmic plots of Figure 2.5 are equal—
fn[C60-soot] = (2.0 ± 0.1) × 10−4mol g−1 and kinh = (6.5 ± 1.5) × 103 M−1 s−1. 
The obtained rate constant for the fullerene soot is not so high in comparison 
with the well-known sterically hindered phenolic and amine antioxidants: for 
Irganox 1010 the rate constant is (1.6 ± 0.1) × 104, BHT (2,6-di-tert-butyl-
4-methylphenol)is (2.1 ± 0.1) × 104, and Neozon-D (N-phenyl-2-naphthyl-
amine) is (6.8 ± 0.4) × 104 M−1 s−1.62,75
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FIGURE 2.5  Semilogarithmic transformation of the kinetic curves for cumene-initiated 
oxidation in the presence of fullerene soot. Wi (AIBN) = 6.8 × 10−8 Ms−1, Po2 = 20 kPa (air), 
60°C. The integers 1–4 are anamorphosis of the curves 2–5 (Fig. 2.2).

However, it should be noted that the fullerene soot inhibits the oxida-
tion according to two different mechanisms: the actual post-induction rates 
of oxidation (Fig. 2.2) reveals lower values than those for the uninhibited 
oxidation. It is evident that a double antioxidative action of the fullerene 
soot as both a peroxy and alkyl radical acceptor is confirmed. The fullerene 
moiety of the fullerene soot is apparently acting as alkyl radical scavenger 
while the non-fullerene part inhibits the oxidation by the other mode.

There is related data to the fact that fullerene soot except the C60 part 
may contain carbon monoxide, hydrogenated species (C60 H2, C60 H4, C70 
H2, and C60 ∙ CH4),

76 rounded amorphous particles of 20–300  nm, crum-
pled agglomerates of tangled graphene and multi-layered graphite struc-
tures derived from the graphene agglomerates,77 high amount of bent and 
spheroidal carbon fragments and polyynic carbon chains.78 The presence of 
heteroatoms in fullerene soot is also not excluded and strongly depends on 
the limited purity of graphite rods and helium gas used in the procedure of 
its synthesis. Each of these factors might contribute to the observed ability 
of the fullerene soot for quenching peroxy radicals. However, this item still 
requires further thorough explorations and indeed could be quite complex to 
evaluate in detail.
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2.4  CONCLUSIONS

Thus the kinetic inhibition rate constants for a series of commercial fuller-
enes C60–C70 have been obtained. These magnitudes allow one to set the 
compounds according to the following sequence of antioxidative efficiency 
C70>C60/C70 (mix 2) > C60/C70 (mix 1) > C60. The high susceptibility of C60–
C70 to the exclusive addition of nucleophilic alkyl radicals has been proved.

For the first time, it has been shown that the fullerene soot not only 
retards oxidation in the mode of an alkyl radical quencher but also oper-
ates as a peroxy radical scavenger. Despite the fact that the rate constant of 
interaction with peroxy radicals obtained for the fullerene soot is not so high, 
the double antioxidative function puts it in the front position for effective 
nanocarbon-based antioxidants.79
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ABSTRACT

Zeolites which are used as adsorbent, ion exchanger and catalyst in several 
industrial applications have high affinity to various gases and vapors. 
However, although pre-adsorbed water in the structure of zeolites affects all 
applications of zeolites, the researches on adsorption of zeolite–water pair 
are limited and heat and mass transfer properties are not sufficient.

In this chapter, the effect of pre-adsorbed water and regeneration condi-
tions on zeolite-water pair adsorption and characterization studies for 
different zeolites were given. Furthermore, common adsorption equilibrium 
and kinetics models used for zeolite-water pairs were summarized.

3.1  INTRODUCTION

Zeolites, which are crystalline aluminosilicates, are used as adsorbent, catalysis, 
and ion exchanger in many industrial applications such as drying processes, 
water treatment and softening, agriculture and animal husbandry, mining and 
metallurgy, construction; and started to be used at energy recovery and storage 
systems.39,82 In adsorption processes, the selection of working pair is the main 
task; and high affinity of the adsorbate and adsorbent is desired. Although 
zeolites have high affinity to various gases such as CO2 and water vapor, the 
affinity to water has a special value for zeolites since the pre-adsorbed water 
affects the applications of zeolite as catalysis and in separation processes.

Besides affinity of pairs to each other, heat of adsorption, shape of 
isotherm, adsorption capacity, and mass diffusivity of adsorbate through the 
adsorbent are the parameters that affect the selection of working pair for the 
adsorption processes. There are several studies on adsorption equilibria of 
zeolite–water pairs. In most of these studies, Type I isotherm was given as 
characteristic curve for zeolite–water pair. However, due to the regeneration 
conditions, cation size, and location, impurity type and content of zeolites, 
the isotherm shape may change. In addition, various adsorption equilibrium 
models such as Langmuir, Dubinin–Radushkevich, experimental correla-
tions were defined for zeolite–water pair.

Although several studies on adsorption equilibrium for zeolite–water 
pair appeared in literature, the studies on adsorption kinetics is limited 
and the discussions on the controlling mechanism for mass diffusivity still 
continue. Most of the researchers assume intraparticle diffusional resistance 
as controlling mechanism, and recently some researchers began to re-eval-
uate their studies by taking surface resistance into account.78



Water Vapor Adsorption by Zeolites	 45

The aim of this study is to investigate the adsorption of water vapor on 
zeolites by pointing out the importance of pre-adsorbed water in the struc-
ture of zeolites and the effect of regeneration of zeolites. The studies on 
adsorption equilibrium and adsorption kinetics are also discussed.

3.2  ZEOLITES

Zeolites are porous crystalline aluminosilicates. Structurally, the primary 
building block of zeolite framework is tetrahedron, the center of which is 
occupied by a silicon or aluminum atom, with four atoms of oxygen at the 
corners. The oxygen atoms in the corners are shared between two tetrahedra 
and an infinitely extending three-dimensional network of AlO4 and SiO4 
arises. The structural formula of zeolites can be represented as14,97:

	
( ) ( )/ 2 2 2.x n x y

M AlO SiO wH O 
 

where n is the valence of cation M, w is the number of water molecules, the 
ratio y/x has the value of 1–5 depending on the structure and the sum of x and 
y defines the total number of tetrahedra in the unit cell.

According to the secondary building units (SBU), which relates the 
subunit of structure with a specific array of AlO4 and SiO4 tetrahedra, 
zeolites are classified in seven groups. While zeolite A is in the third group 
with an SBU of double 4-ring tetrahedra, zeolite X is a member of group 4 
with double 6-ring tetrahedra. On the other hand, group 7 which includes 
clinoptilolite has a more complex structure.14

The crystal lattice of zeolites, which determines the micropore struc-
ture of zeolites, is precisely uniform, and it distinguishes zeolites from 
other adsorbents. The adsorption ability of zeolites is based on the Si/Al 
ratio and the adsorption ability of zeolites increases as the ratio decrease. 
Özkan mentioned that zeolites with Si/Al ratio smaller than 10 have high 
affinity to polar and polarized molecules.72 Halasz et al. stated that although 
most of the zeolites are hydrophilic, aluminum-deficient zeolites with low 
hydroxyl content becomes hydrophobic.42 Furthermore, since less energy is 
required to break the Al─O bonds instead of Si─O bonds, thermal stability 
also increases as Si/Al ratio increases.70,97

In zeolites, due to the lack of the electrical charge in the region of AlO4 tetra-
hedra additional positive charges are required to balance the electrical charge 
and to obtain a stable crystal structure. This additional charge is provided by 



46	 Applied Chemistry and Chemical Engineering: Volume 5

cations such as Na, Ca, K, Mg, and Ti which are replaceable and easily remov-
able from the structure. The location, size, and number of cations, which are 
the adsorption sites of zeolites, are effective on adsorption properties.

When zeolite is heated, the dehydration takes place and the water mole-
cules in the structure of zeolite are removed in three steps without deteriora-
tion of the structure. The water which can be classified as external, loosely 
bound and tightly bound are removed at different temperatures due to the 
energy of cation–water bond distance and the exchangeable cation sites.8 
In addition, the desorbed water can be adsorbed again when the zeolite is 
cooled. Water, which is reversibly adsorbed and desorbed by zeolite, is 
named as zeolitic water. In most zeolites, structural changes can be accom-
plished by removing zeolitic water and cations. Zeolitic water completes 
the coordination of the cations in the cavities and minimize the electrostatic 
attraction forces between the oxygen molecules.72,97 Cavities, which occur 
as a consequence of dehydration, cause zeolites act as sieves on a molecular 
scale and named as molecular sieves.

The effect of cation size and location on enhancement of water 
adsorption capacity on zeolites is also drawing attention of many 
researchers.6,31,33,47,49,66,72 For instance, Moise et al. investigated the water 
adsorption capacities of BaX and BaY exchanged zeolites. They paid atten-
tion to the effect of the cation locations and sizes on adsorption capacity in 
zeolite X and Y. They mentioned that while the adsorption capacity mainly 
depended on the cation radius in zeolite X, it became strongly dependent on 
cation location in zeolite Y.66

3.2.1  CHARACTERIZATION OF ZEOLITES

Prior to applications, zeolites should be characterized to detect the suitability 
of the properties for the processes. Thermal and structural properties of zeolites 
can be determined by different methods such as thermal gravimetric analysis 
(TGA), scanning electron microscopy (SEM), X-ray diffractometer (XRD), 
and infrared spectroscopy (IR). These characterization techniques were also 
used by the authors in the characterization of different types of zeolites such 
as 4A and 13X from Sigma-Aldrich Co. (4–8 mesh), 5A from Alfa Aeser Co. 
(3–5 mm) and Clinoptilolite from Gördes in Turkey. The experimental condi-
tions of the characterization study are summarized in Table 3.1.

Figure 3.1 shows the thermogravimetric analysis results for zeolites 4A, 
5A, 13X, and clinoptilolite. The dehydration steps can be observed from 
Figure 3.1. For instance, for zeolite 13X externally bound water, the first 
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inflection point was observed at ≈100°C. Other inflection point was detected 
at about ≈180°C where the loosely bound water was removed. Above 
≈180°C, slow dehydration of tightly bound water took place. Furthermore, 
it was seen that there were deteriorations in the framework structure above 
600°C which was consistent with the results given in literature.14,97

TABLE 3.1  Characterization Methods.

Methods Apparatus Conditions
TGA Shimadzu TGA-51 Heating rate: 5°C/min

N2 flow: 40 mL/min

Temperature: 25–1000°C
SEM SEM, FEI QUANTA 250 FEG Magnification: 10,000×
XRD X’pert Pro, Philips 2θ range of 5−50°

Scanning speed: 0.139°/sn
FTIR Shimadzu FTIR-8201 model KBr pellet technique

FIGURE 3.1  TGA curves of different zeolites.

Particle and surface morphologies, crystal size, and structures and 
elemental compositions were determined with SEM. The crystal structures 
of zeolites can be observed in Figure 3.2 with a magnification of 10,000×. 
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As it is seen from Figure 3.2, while zeolite 4A and 5A crystals have cubic, 
zeolite 13X crystals have spherical and clinoptilolite crystals have tubular/
platy morphology.

FIGURE 3.2  Representative SEM images of zeolites: (a) clinoptilolite, (b) 13X, (c) 5A, 
and (d) 4A.

The elemental compositions obtained from SEM–EDX are given in 
Table 3.2. The Si/Al ratio was given for zeolite A, zeolite X and clinoptilolite are 
in the range of 0.7–1.2, 1–1.5, and 4.25–5.25, respectively, as given by Breck.14

TABLE 3.2  Elemental Compositions of Zeolites.

Element 4A 5A 13X Clinoptilolite
O 61.32 61.27 60.79 75.83
Na 5.81 3.69 10.06 0.31
Mg 1.77 1.79 1.23 0.44
Al 10.85 11.00 11.65 3.72
Si 14.89 16.06 16.28 18.03
K 4.82 – – 0.81
Ca 0.53 6.19 – 0.85
Total 100.00 100 100 100
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The structural characterization of zeolites was also provided by IR as a 
complementary to X-ray structural analysis as also suggested by Breck.14 
In the IR spectra obtained by KBr pellet technique, a typical IR pattern was 
observed for each zeolite and the spectra is given in Figure 3.3 for different 
zeolites. The characteristic spectra of zeolites can be seen in Figure 3.3 and 
are summarized as14:

•	 Asymmetric stretching due to internal vibrations (internal 
tetrahedra)→1250–950 cm−1,

•	 Internal tetrahedra symmetric stretching → 720–650 cm−1,
•	 Internal T─O bending → 500–420 cm−1,
•	 Double ring due to external linkages → 650–500 cm−1,
•	 Pore opening → 300–420 cm−1,
•	 External linkages symmetric stretching → 750–820 cm−1, and
•	 External linkages asymmetric stretching → 1150–1050.

FIGURE 3.3  FTIR spectra of zeolites: (a) 13X, (b) 4A, (c) clinoptilolite, and (d) 5A.
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The position of internal tetrahedra asymmetric stretching band depends 
on the Si/Al ratio and is considered as indicative for the aluminum content 
in the framework. Furthermore, the peaks at approximately 1645 and 
3400 cm−1 which are characteristics of bending vibration of water molecule 
and hydrogen bonded OH, respectively, were also observed.

There exists several researches on the characterization of crystallinity 
and mineral composition of zeolite samples with X-ray powder diffrac-
tometer.8,16,35,68,69,83,87,89,111 In general, while the sharp peaks indicate the 
crystallinity, the narrow peaks represent the amorphous nature of the 
sample in XRDs. The X-ray diffractograms of different zeolite samples 
are represented in Figure 3.4. Furthermore, the impurity content can also 
be identified by this method. For instance, Narin et al. made character-
ization of clinoptilolite-rich sample and obtained characteristic peaks at 
2θ= 9.93°, 22.48°, and 30.18°. Additionally, they indicated that sample 
contained 80% clinoptilolite, 5–8% opal-CT, 4–5% feldspar, 3% quartz, 
and 1–2% biotite.69

FIGURE 3.4  X-ray diffractograms for different zeolites: (a) 13X, (b) 4A, (c) clinoptilolite, 
and (d) 5A.
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3.2.2  PRE-ADSORBED WATER AND REGENERATION OF 
ZEOLITES

Zeolites are used as adsorbent, catalyst, and ion exchanger and they have 
high affinity for various gases and vapor. Besides, water vapor has a special 
importance since pre-adsorbed water affects the properties of zeolites such as 
adsorptive, catalytic, and molecular sieve effect. The effect of pre-adsorbed 
water on adsorption of various gases such as CO2 and hydrocarbons on 
zeolite samples was studied by several researchers.13,33,63,92 They all agreed 
that the pre-adsorbed water decreases the adsorption capacity especially at 
low adsorbate concentration. Malka-Edery et al. also mentioned that the heat 
of adsorption and kinetics of alkenes are reduced by water loading on zeolite 
NaX.63 On the other hand, Brandani and Ruthven highlighted that water is 
strongly polar and reducing the strength and heterogeneity of electric field, 
so CO2 which has a high quadrupole moment; and is significantly affected 
from the changes in electric field while these changes have smaller impact 
on C3H8 which is a nonpolar molecule.13

Therefore, the dehydration behavior of zeolites becomes important and 
it requires information about thermal behavior of zeolites which depends on 
the type, amount, and position of cations within the structure, the coordina-
tion of cations with water molecules, Si/Al ratio, dehydration temperature, 
water vapor pressure and heating rate.9,10

Zeolites are classified into two groups according to the structural changes 
and continuity of dehydration curves. While zeolite A, X, Y, and chabazite, 
clinoptilolite which remain stable up to temperature range of 700–1000°C 
take place in the first group and natrolite, scolecite, and mesolite which 
transform into a metastable phase after dehydration are categorized in the 
second group. Although there are not any topographic changes in the frame-
work structure of zeolites, the cation locations may change during reversible 
and continuous dehydration process.9,14,69,75,97 For instance, Na+ ions, which 
are located in the 8-ring and displaced about 1.2 Å from the center of dehy-
drated zeolite A, causes blocking of pores and affects the adsorption ability 
of zeolite A.

On the other hand, although zeolite X is categorized in reversible and 
continuous dehydration, in some cases irreversible adsorption may be 
detected.14 Sticher mentioned that for the samples with Si/Si+Al ratio in 
the range of 0.5–0.55 and with high potassium content, the dehydration is 
reversible up to temperature of 180°C. Above 180°C, the crystal structure is 
destroyed and the dehydration becomes irreversible.86
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The complete regeneration of zeolites is generally achieved at tempera-
tures above 350°C under vacuum, but it needs attention since the aluminum-
rich zeolites have poor hydrothermal stability and the destruction in crys-
tallinity occurs even at low temperatures in the presence of water. Thus, 
the dehydration should be relatively slow at moderate temperature under a 
good vacuum.76 Yucel and Ruthven indicated that the temperature should 
be increased 2–3°C/min during regeneration under vacuum.110 Furthermore, 
the adsorption capacity and mass diffusivity was affected from regeneration 
conditions.78,82

3.3  ADSORPTION

Adsorption is a surface phenomenon which occurs at fluid/solid interface 
due to the molecular or atomic interactions. The schematic view and termi-
nology of adsorption phenomena is given in Figure 3.5. The reverse process 
of adsorption which is called desorption is performed by increasing the 
temperature or decreasing the pressure.

FIGURE 3.5  Schematic view of adsorption phenomena.
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Two different types of adsorption may take place according to the 
interactions of the adsorbent–adsorbate pairs. The first one is the physical 
adsorption (physisorption or Van der Waals) which relates the nonspecific 
interactions and the other is chemical adsorption (chemisorption) where the 
electrons are shared or transferred between two phases. In chemisorption 
monolayer is observed, interactions are very strong compared to physisorp-
tion since a new chemical compound is formed. Additionally, the amount 
of heat released, in chemical adsorption processes is higher than physical 
adsorption processes due to the specific interactions between adsorbate and 
adsorbent pair. Nevertheless, the heat of adsorption values of physical and 
chemical adsorption processes varies between 5–50 and 40–800  kJ/mol, 
respectively.46,54,96

The overall free energy change for adsorption process is negative since 
the adsorption on solid surface occurs spontaneously. In addition, since the 
adsorbing molecules lose degree of freedom during the adsorption process, 
the entropy decreases. Considering the negativity of entropy and free energy 
changes, the enthalpy should also be negative which gives exothermic 
characteristic to adsorption processes. Nevertheless, in some cases such as 
protein adsorption processes, endothermic behavior can also be observed 
due to lateral protein–protein interactions and conformational changes in the 
adsorbed protein.53

From daily life to industrial applications, adsorption has broad range 
of usage: such as, wastewater treatment, drying processes, catalytic reac-
tions and medical applications. In recent years, the use of adsorption in 
heat recovery and thermal storage systems has also gained attention of 
researchers. The selection of an appropriate adsorbent for a particular adsor-
bate is the most important task in industrial application of adsorption. The 
affinity of the pairs to each other, shape of isotherm, adsorption capacity, 
thermal conductivity, heat of adsorption and mass diffusivity of the adsor-
bate through the adsorbent are the important parameters that affect the selec-
tion of the working pair.82 Among the pairs, water–zeolite pair has a special 
importance not only as working pair for a specific application, but also due 
to the effect of adsorbed water on the success of other applications.

3.3.1  ADSORPTION EQUILIBRIUM

Adsorption equilibrium can be described as the amount of adsorbate 
sorbed by unit mass of adsorbent at specific temperature and pressure. 
Surface characteristics of the adsorbent, working temperature and pressure, 
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thermophysical properties of the adsorbent and adsorbate concentration can 
define the adsorption equilibrium.34,81

According to the relationship between temperature, adsorptive pres-
sure (adsorptive concentration) and adsorbate concentration the adsorption 
equilibrium can be illustrated with plots as isobar, isotherm, and isoster. 
According to the IUPAC classification, the isotherms are divided into six 
groups considering the adsorbate–adsorbent interactions and they are repre-
sented in Table 3.3 for gaseous adsorptive and vapor. Additionally, the 
fundamental and empirical models representing adsorption equilibrium are 
given in Table 3.4.

TABLE 3.3  Types of Adsorption Isotherms.

Isotherm type Assumptions
Type I Adsorption on microporous adsorbents having 

relatively small external surface area

Multilayer coverage

Type II Adsorption on nonporous or macroporous 
adsorbent

Point B indicates the end of monolayer coverage 
and start of multilayer coverage

Type III Adsorption on nonporous or macroporous 
adsorbent

Multilayer adsorption

Weak interactions between adsorbate and 
adsorbent

Type IV Hysteresis loop due to the capillary condensation 
in mesopores

Multilayer adsorption
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Isotherm type Assumptions
Type V Hysteresis loop due to the capillary condensation 

in mesopores

Multilayer adsorption

Weak interactions between adsorbate and 
adsorbent

Type VI Adsorption on nonporous adsorbent

Stepwise multilayer adsorption

Height of steps indicates the capacity of monolayer 
adsorption

TABLE 3.4  Adsorption Equilibrium Models Used for Zeolites in Literature.

Model Equation Assumption References

Henry’s 
relationship  ( )0

H RTq K e P∆= All adsorbate molecules 
are isolated from their 
neighbors at low pressure 
of adsorptive

76, 91, 105, 
111

Langmuir 
relationship 1m

bPq q
bP

=
+

The surface is homog-
enous. Heat of adsorption 
is independent of surface 
coverage. Monolayer 
coverage is observed. 
Adsorption rate is equal to 
desorption rate

19, 29, 38, 
40, 42, 55, 
74, 76

Dubinin–
Radushkevich 
relationship

2

0 exp ln
satPq q T
P

γ
  
 = −     

Based on Polanyi potential 
theory. Adsorption on 
microporous adsorbents

17, 38, 50, 
58, 88, 95, 
102

Dubinin–
Astakhov 
relationship 0 exp ln

nsatPq q D T
P

  
 = −     

Same with D–R relation-
ship. Surface heterogeneity 
is high (n > 2)

23, 28, 88, 
93, 106

Modified 
Dubinin–
Astakhov 
relationship

0 exp 1
n

z
sat

Tq q K
T

  = − −     

Same with D–R relation-
ship. Surface heterogeneity 
is high (n > 2)

93

TABLE 3.3  (Continued)
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Model Equation Assumption References

Experimental 
correlations ( ) ( )ln

b q
P a q

T
= +

( )
( )

2 3
0 1 2 3

2 3
0 1 2 3

a q a a q a q a q

b q b b q b q b q

= + + +

= + + +

The difference in the heat 
capacity of the adsorbate 
in the adsorbed and vapor 
phase is neglected

15, 65, 80, 
99, 100

Three-term 
Langmuir 
relationship

1 1 2 2 3 3

1 2 31 1 1
s s sq b P q b P q b Pq

b P b P b P
= + +

+ + +

There are two or three sites 
for adsorption with energy 
of adsorption constant at 
each site

7, 23, 59, 90

Among them in the study by Cakıcıoglu-Ozkan and Ulku, adsorption of 
water vapor on acid treated clinoptilolite was investigated. They obtained 
Type I isotherm, but there was an increase in adsorption at high relative 
pressures (P/P0 > 0.6) which they related it with the presence of the impurity 
or extra framework formation on the crystal surface as expected for natural 
zeolites. Cakıcıoglu-Ozkan and Ulku also stated that Dubinin–Radushkevich 
relationship defined the equilibrium data better than Langmuir relationship 
for acid treated zeolite–water pair.17

Additionally, Ülkü et al. used both Dubinin–Radushkevich and experi-
mental correlations in determination of adsorption equilibrium of clinopti-
lolite water pair for air drying in packed bed adsorbers. They concluded that 
adsorption equilibria was better represented by experimental correlations 
which are tested in the range of q = 0.04–0.115 kg H2O/kg dry zeolite.100

On the other hand, instead of traditional adsorption isotherm models, and 
correlations, there are alternative models used in literature to illustrate the 
adsorption equilibria of zeolites such as Hill’s, Toth’s, Aranovich–Donohue, 
and Frenkel–Halsey–Hill models.43,56,108

In the Hill’s model, the adsorption is stated by the absolute activity of 
adsorbate and canonical partition function of sites with a variable number of 
molecules adsorbed (eq 3.2).43
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n
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n

nq
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C m q

λ

λ

=

=

 
 
 =
 
  

∑

∑
	 (3.2)

where λa is the absolute activity of the adsorbate, qn is the canonical parti-
tion function of a subsystem with n molecules adsorbed, C is the amount 

TABLE 3.4  (Continued)
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adsorbed at equilibrium by the unit mass of adsorbent and Cs is the specific 
uptake at the saturation limit.

Furthermore, Hill’s model is modified by several researchers to deter-
mine adsorption isotherm.11,60,76 Llano-Restrepo and Mosquera used gener-
alized statistical thermodynamic adsorption model which is modified from 
Hill’s model to define the adsorption equilibria of zeolite 3A. In their model, 
adsorption in sites was expressed in terms of pressure and a set temperature 
dependent parameters (eq 3.3).

	 1

1

1

1

m
n

n
n

m
ns

n
n

nK P
C
C m K P

=

=

 
 
 =
 +  

∑

∑
	 (3.3)

where the coefficients Kn are temperature-dependent adjustable parameters.
In 2009, Loughlin reanalyzed the data of Gorbach et al.37 and Morris67 

by taking α and β cages in zeolite 4A. He claimed that due to the ratio of 
these cages, which is approximately 5–1, the adsorption is changing in each 
cavity significantly. Thus, he rearranged the traditional adsorption isotherm 
models according to the two site hypothesis. For instance, Henry’s model is 
modified as61:

	 0.162 0.0838
s

q K P K P
q β β= + 	 (3.4)

Where the Henry’s constant for both cages is defined as Hi = fiKiqs and Ki 
is equilibrium parameter, P is pressure, q is adsorbed 1phase concentration, 
and qs is saturated adsorbed phase concentration.

3.3.1.1  DETERMINATION OF ADSORPTION ISOTHERM 
EXPERIMENTALLY

The heat of adsorption value and maximum adsorption capacity of the 
working pair is obtained from the adsorption equilibrium data. Thus, the 
adsorption equilibrium should be well defined to select the appropriate 
working pair. The experimental methods such gravimetric, volumetric, and 
calorimetric can be used to obtain equilibrium data as a function of pressure 
and temperature.

The most common technique is volumetric method in which the 
pressure changes before and after adsorption in a closed system are 
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measured.22,55,71,72,82,98,109 The main components of a volumetric system are 
an adsorption vessel, a gas storage vessel and a vacuum pump. The amount 
of adsorbate adsorbed is generally determined by applying the equation of 
ideal gas law.

In gravimetric method, the amount of adsorbate is directly calculated 
from the weight change of adsorbent as a function of time by using a micro-
balance system.2,18,24,79,98

On the other hand, in calorimetric technique heat which might be gener-
ated, consumed or simply dissipated by a sample is measured. Tian–Calvet 
microcalorimetry which consists of a sample bed, heat sink and thermopile 
is the most suited system for isothermal gas adsorption processes.26,27,30,32,85,104

3.3.2  ADSORPTION KINETICS

The movement of the fluid through a porous adsorbent particle takes place 
in five steps:

1.	 Diffusion from bulk solution to the external surface of adsorbent 
particle,

2.	 Diffusion of adsorptive molecules through the macropores of adsor-
bent particle,

3.	 Diffusion of adsorptive molecules through the micropores of adsor-
bent particle,

4.	 Adsorption due to the physical and chemical interactions between 
adsorbate and adsorbent,

5.	 Diffusion of adsorbed molecules in the sorbed state.

Although, the resistances related to the given adsorption steps such as 
diffusional resistance in bulk fluid, diffusional resistance in laminar fluid 
film on the particle surface, skin resistance at the surface of the particle, 
diffusional resistance in the meso- and macropores, a possible barrier to 
mass transfer at the external surface of the microparticle, and diffusional 
resistance in the micropores within the microparticles are all effective, one 
of these steps may control the transport process.1,81

In the analysis of the mass and heat transfer controlling mechanisms, 
a dimensionless parameter, Biot number, plays an important role. Mass 
transfer Biot number (eq 3.5) gives information about the concentration 
distribution inside the particle. For the cases where the Biot number is smaller 
than 1 (Bi<<1), external mass transfer resistance is controlling mechanism 
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according to the homogeneous concentration profile inside the particle. On 
the other hand, if Bi>>1, a concentration gradient arises inside the particle, 
then the intraparticle diffusion becomes controlling mechanism.1,26,45,102

	
3 6

f p p
m

m m

k r DShBi
D Dε ε

= = 	 (3.5)

3.3.2.1  EXTERNAL FILM AND SURFACE (SKIN) RESISTANCES

External resistance is dominated when the adsorbent is nonporous or there 
is more than one component in the fluid surrounding the particle. In such 
cases, the adsorption rate may be controlled by the diffusional resistance 
through the laminar fluid film.52,81 The properties of fluid, the particle size 
and particle surface roughness are the parameters that affect the fluid film 
resistance.

Based on the assumptions that there is no concentration gradient through 
the adsorbent and the adsorptive concentration is in equilibrium with the 
adsorbed phase concentration throughout the particle, the fluid film resis-
tance equation can be given as52:

	 ( )*
f

dq k a C C
dt

= − 	 (3.6)

For the case of linear adsorption equilibrium relationship (q* = KC), eq 3.6 
becomes:

	 ( )*3 f

p

kdq q q
dt KR

= − 	 (3.7)

	
3

1 exp f

p

k tq
q KR∞

 
= − − 

  
	 (3.8)

In general, the external film diffusion is faster than intraparticle diffu-
sion except nonporous adsorbents. Thus, intraparticle control mechanism 
is generally assumed to be the controlling mechanism in adsorption rate. 
However, an additional resistance (skin resistance) due to the constriction of 
the pore mouth, blockage of the large pores near the surface of the particle 
or from the deposition of the extrinsic materials at the crystal surface may 
also arise.77 The analytical solution of skin resistance has a similar form with 
fluid film resistance and is represented as:

www.ebook3000.com
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	 3
1 exp s

p

k tq
q R∞

 
= − − 

  
	 (3.9)

where s sk D δ=  is the ratio of the effective diffusivity and the thickness of 
the solid surface film.52

3.3.2.2  INTRAPARTICLE DIFFUSIONAL RESISTANCE

3.2.2.2.1  Diffusional Resistance in Micropores

In micropores, the interactions between the pore wall and fluid are domi-
nated since the size of the adsorptive and the microporous adsorbent is 
almost equal. In such systems, the adsorptive cannot escape from the force 
field of the pore walls and the diffusion arises from a random jump of the 
adsorbate molecules from one site to next site. Therefore, the fluid phase in 
micropores can be thought as the adsorbed phase or a single phase and the 
diffusion is named as “intracrystalline diffusion” or “micropore diffusion.” 
Furthermore, the micropore diffusion becomes independent of particle size 
and the mass transfer equation can be given by Fick’s law as:

	 2
2

1
c

q qr D
t r rr

∂ ∂ ∂ =   ∂ ∂ ∂
	 (3.10)

where r is the pore radius, Dc is the intracrystalline diffusivity, and q (r,t) is 
the adsorbed phase concentration.

In the estimation of the micropore diffusion coefficient from the uptake 
curves, generally simplified models based on the Fick’s law are used.3,12,21,25,52 
Assuming:

•	 Isothermal system,
•	 Infinite system volume,
•	 Constant initial concentration of adsorbate in the fluid, q∞, and
•	 Spherical particle.

The fractional attainment of equilibrium for microporous adsorbent with 
constant diffusivity can be given as:

	
2 2

0
2 2 2
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6 11 expt c

n c

m q q n D t
m q q n r

π
π

∞

=∞ ∞

 −
= = − − −  ∑ 	 (3.11)
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where rc is the crystal radius. On the other hand, the particle radius can be 
considered instead of crystal radius when the diffusion coefficient is taken 
as effective diffusivity (eq 3.12).12,18,73

	
2 2
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2 2 2
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6 11 exp efft

n p

n D tm q q
m q q n R

π
π

∞

=∞ ∞

 −
= = − − −  

∑ 	 (3.12)

In the long time period (generally mt/m∞ > 0.7), the higher terms of the 
summation become insignificant and the analytical solution of mass transfer 
equation becomes:

	
2

2 2

61 exp efft

p

D tm
m R

π
π∞

 
= − − 

 
	 (3.13)

For the intraparticle diffusion control, the plot of ln (1 − mt/m∞) vs t graph 
should be linear for long time period with an intercept of ln (6/π2). This is the 
main way to distinguish intraparticle diffusion and surface diffusion resis-
tances from each other since the plot should pass through the origin when the 
surface diffusion resistance is the main controlling mechanism.

For the short time period (generally mt/m∞<0.3), the analytical solution 
of the mass transfer equation becomes:

	
1 2

2

6 efft

p

D tm
m Rπ∞

 
=  

 
	 (3.14)

Nevertheless, eq 3.11 is valid when the uptake within the particle is too 
small compared to the adsorption capacity of the system (infinite volume). 
Carman and Haul21 derived an analytical solution for the limited volume 
with the assumption of linear equilibrium relationship (q∞ = KC) as:

	 ( ) ( )
( )

2 2

2 2
1

1 exp
1 6

9 1
c n ct

n n

D q t rm
m q

λ λ
λ λ

∞

=∞

+ −
= −

+ +∑ 	 (3.15)

where qn is given by the nonzero root of following equation:
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3
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n
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q
q
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+
	 (3.16)

λ is the ratio of the adsorptive concentration to the adsorbate concentration 
on the solid surface between the initial to final steps of a pulse.21,82
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Sayılgan et al. determined the effective diffusivity of zeolite 13X–water 
pair for different adsorption and regeneration temperatures with a volu-
metric system. It was observed that the effective diffusivity was in the range 
of 4 × 10−9 to 6 × 10−8 m2/s and decreased with increasing adsorption capacity 
in the long time period. Additionally, they indicated that while the regenera-
tion temperature did not significantly influence the diffusivity in the long 
time period, the change in initial adsorbate concentration had a significant 
effect on effective diffusivity.82

As distinct from Sayılgan et al.,82 Karger and Pfeifer gave the diffusion 
coefficient for zeolite NaX–water pair in the range of 4 × 10−10 to 2 × 10−9 m2/s 
and they mentioned that due to the decrease in the relative number of strong 
adsorption binding with increasing adsorption loading, the overall mobility 
would increase.51

The effect of thermal and mass diffusivities of zeolite 4A–water pair on 
the performance of adsorption heat pumps with zeolite coating was inves-
tigated by Tatlıer and Erdem-Şenatalar. They calculated the effective diffu-
sivity by using intraparticle diffusion model in the range of 4  ×  10−11 to 
1 × 10−9 m2/s. They concluded that the mass diffusivity is the limiting param-
eter for the adsorption heat pump in determining the zeolite coating thick-
ness on metal support.94

Although there are several studies on adsorption equilibria zeolite–water 
pair (Table 3.5), the kinetic studies are still not enough. Most researchers 
used linear driving force model (eq 3.17) to define the mass transfer coef-
ficient due to its simplicity compared to detailed pore models.48,64,79,84 In this 
model, it was assumed that the mean internal concentration rate is directly 
proportional to the difference between the surface concentration and the 
mean internal concentration.36

	 ( )2

15dq D q q
dt r

= − 	 (3.17)

Ryu et al. performed a study to determine the adsorption equilibrium 
and kinetics of water on zeolite 13X. Different kinetic models such as 
intraparticle diffusion model (solid diffusion model), LDF, Vermeulen 
and Nakao & Suzuki models were defined and compared for the working 
pair. It was stated that instead of solid diffusion model, Nakao & Suzuki 
model, which is a modified form of LDF model, is better fit to experi-
mental data.

Simo et al. examined the effects of temperature, pressure, water 
concentration, bed velocity and pellet size on breakthrough curves to 
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define the mass transfer mechanisms of zeolite 3A–water and ethanol 
pairs. They stated that while diffusion in micropores is controlling mech-
anism for the cases of the pressure decreased and water concentration 
increased, the mechanism became macropore diffusion control at high 
temperatures.84

Çakıcıoğlu-Ozkan and Ulku reviewed the diffusion mechanism of water 
in zeolitic tuff rich in clinoptilolite and found that the intraparticle mass 
transfer was controlling mechanism at initial periods of adsorption and 
external heat transfer also became controlling mechanism above the Henry’s 
law region (up to 0.1 mg/mg amount adsorbent).18

3.4  CONCLUSIONS

The characterization of different zeolites, the effect of pre-adsorbed water, 
and regeneration conditions of zeolites were discussed in this chapter. 
Furthermore, the previous studies on adsorption equilibrium and kinetics 
were presented.

It was observed that although most researchers defined the adsorption 
equilibrium isotherm as Type I, different types of isotherms may be seen 
for zeolite–water pair due to the cation size and location and regeneration 
conditions. Furthermore, different adsorption equilibrium models were used 
for this pair.

On the other hand, the information about the mass diffusivity of zeolite–
water pair is limited and the controlling mechanism is still contentious. Thus, 
the adsorption kinetics of zeolite–water pair should be further investigated 
and well discussed in the later studies.
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ABSTRACT

In this study, degradation behavior of Low density polyethylene (LDPE) 
pipes which are unstabilized and stabilized against light has been taken under 
investigation in the course of ultraviolet (UV) light exposure. Commercial 
light stabilizers have been used for the production of real irrigation pipes. 
Thus the pipes with hindered amine light stabilizer (HALS) and carbon 
black (CB) as well as without UV light stabilization agents were produced 
and exposed to natural and artificial weathering processes. The influence of 
the stabilizers on UV degradation behavior of LDPE pipes has been inves-
tigated by monitoring the changes in chemical, structural, and mechanical 
properties of the pipes. The oxidative degradation of PE was determined 
in terms of oxidation index (OI) through fourier transform infrared (FTIR) 
spectroscopic analysis and oxidation induction time (OIT) assessment, 
utilizing differential scanning calorimetry (DSC). The assessment of crystal-
linity change was performed by means of DSC and X-ray diffraction (XRD) 
analyses. Mechanical properties of the pipes were analyzed through hydro-
static pressure resistance test (HPRT) as well as hardness measurement and 
tensile tests. Scanning electron microscopy (SEM) pictures were taken from 
the broken surfaces after the tensile tests to illuminate the structural changes 
due to the aging of pipes.

4.1  INTRODUCTION

Polyethylene (PE) outdoor applications, where they receive radiation from 
the sun, are growing in number, and require knowledge of the anticipated 
rate of deterioration during their service life. Besides this, the results may 
be directed toward decomposition of PE following exposure to the weather, 
which would facilitate its disposal since the accumulation of waste PE is a 
major component of environmental pollution.1,2

In the following section, the problem, the solutions, and related studies in 
recent literature have been compiled.

4.2  PIPE FORMULATIONS FOR OPEN AIR APPLICATIONS

The outdoor weathering of PE results in several undesirable things such as 
discoloration, embrittlement, chain scission, crosslinking, loss of mechan-
ical strength, etc.3, 4 Significant degradation occurs in PE in the presence of 
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oxygen when the materials are exposed to heat or UV light radiation.3 The 
susceptible sites are the tertiary hydrogens that are on the branches of PE 
molecule. Light radiation contributes very actively to polymer aging, espe-
cially when oxygen is present, which is a normal situation for most poly-
mers. UV light radiation energy is high enough to break chemical bonds in 
polymers and produce degradation reactions. As an example, carbon─carbon 
(C─C) bonds have 348 kJ/mol energy and therefore, 300 nm wavelength 
having 400 kJ energy per mol is enough to break them.5 In the initial step 
of degradation, macro-radicals are formed which react with the oxygen of 
air. In the chain propagation sequence, the ROO radicals separate hydrogen 
from the polymer resulting in the formation of hydroperoxides.6 It is gener-
ally accepted that hydroperoxides are the key compounds in the mechanism 
of photo-oxidation of LDPE.7 Their production is generally followed by 
their photochemical decomposition. Under UV exposure, the quantum yield 
of hydroperoxide decomposition is recognized to be high. Their decomposi-
tion may lead to several photo-products, such as carboxylic acid, alcohol, 
ketone, ester, etc.6 Prediction of the remaining lifetime of PE pipes after 30 
years in use was investigated.8

4.2.1  COMMON PIPE FORMULATIONS FOR IRRIGATION ON 
SOIL

PE pipes represent one of the major agricultural applications. Many poly-
mers are prone to weather degradation caused by photochemical reactions 
involving sunlight ultraviolet photons and atmospheric oxygen, or even 
thermal reactions. A good knowledge of these weather conditions can lead 
to the use of a proper stabilization system for the polymeric material and 
consequently a longer lifetime in service.9 In order to assess the durability of 
materials, ageing factors of importance have to be identified under various 
natural service conditions.10 The radiation amount differs from zone to 
zone on the earth. Izmir city, lying at Aegean coast, of Turkey takes about 
1600 KWh/m2 solar radiation energy per year.

4.2.2  STABILIZATION OF POLYETHYLENE AGAINST UV LIGHT

There are various alternatives available for dealing with the problem of 
UV stabilization of PE against photo-thermal oxidation. UV absorbers 
should transform the absorbed energy into harmless energy, that is, energy 
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corresponding to high wavelengths or thermal energy that does not heat the 
polymer above its decomposition temperature.11,12

The UV stabilizers can be classified according to their chemical structure 
such as derivatives of 2-hydroxybenzophenone, esters of aromatic acids and 
aromatic alcohols and hydroxyphenyl benzotriazoles, substituted acryloni-
triles, metallic complexes based on nickel and cobalt and inorganic pigments. 
Stabilizers are commonly defined with their protection mechanism as the 
primary antioxidants, which trap free radicals, and secondary antioxidants 
which decompose hydroperoxides into more stable molecules. The stabi-
lizers mainly belong to four main groups: Hindered phenol, phosphites, thio-
synergists, and HALS.13 As the CB is considered, its UV stabilizing ability is 
associated with both the UV absorbing capacity of CB and photo-generated 
ketonic species present on particles. It can be tolerated in some formulations 
where color is not a criterion. The pigment not only absorbs light, it is reac-
tive with those free-radical species that might be formed.14

4.2.2.1  UV STABILIZATION OF PE WITH CB

CB has been used as a light-stabilizing additive in polyolefins for many 
years. It functions as a simple physical screen, a UV absorber, a radical 
trap, and a terminator of the free radical chains through which the photo-
oxidative reactions are propagated.14,15 The active sites on the CB surface 
are stronger acceptors than the free radicals. Addition of CB to PE delays 
the onset of oxidation suppressing thermal oxidation by means of oxygen 
containing group on CB surface.16 The resistance of a polyolefin against 
UV degradation is usually related to the type and particle size of the CB 
used, as well as the concentration of the CB in the matrix. For example, 
good results have been obtained for PE light radiation stability by the use 
of activated CBs with particle sizes below 25  nm.12 Although the small 
particle-sized carbon blacks are known to have the greatest UV stabilizing 
efficiency, they tend to agglomerate into aggregates or clusters which are 
not easily dispersed.

Liu and Horrocks14 found that CBs of a range of particle properties show 
significant improvement in UV stabilization of linear low-density polyeth-
ylene (LLDPE) compared with clear films. They detected the slowest rates 
of photo-oxidation in the smallest particle-sized CB having films under arti-
ficial weathering conditions. The improvement of UV stabilization as the CB 
amount increased from 1.5 to 3.5%w/w was obvious, as well.
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4.2.2.2  UV STABILIZATION OF PE WITH HALS

HALS protects polymer coatings against photo-oxidative damage through 
the formation of free radicals.17,18

High molecular mass HALS compounds reveal a pronounced contribu-
tion to long-term thermal stability of polyolefins.11 However, low molec-
ular mass HALS have some disadvantages such as high migration rate and 
moderate resistance to extraction while the oligomeric and polymeric type 
HALS have the advantage of limited migration and consequent any loss of 
this additive, under processing and application.17 The polymeric HALS were 
developed to overcome such problems protecting the polymer properties and 
extending service life time is unbroken. New developments in the traditional 
area of processing, long-term thermal stability of polyolefins take place 
where stabilizers with improved performance or at low use concentrations 
are needed to provide an effect.19

HALS can interfere with some primary initiation reactions on photo-
oxidation of PEs. Once free radicals are formed, the HALS can still trap 
them. This trapping is based essentially on complex formation between a 
peroxy radical and an HALS molecule.20 A couple of reactions in the course 
of oxidation are as below:

The possible effect of some HALS on primary initiation by air oxygen 
involves the adduct formation in the main reaction of stabilizing process. 
The reaction of this complex with a second peroxy radical leads to termina-
tion between the two peroxy radicals and liberation of the HALS as one of 
the major stabilization reactions involving peroxy radicals.20

4.2.2.3  SYNERGISTIC MIXTURES OF STABILIZERS

Synergism of stabilizer couples is defined with respect to one or more 
aspects of their stabilizing effect. The theoretical stabilizing effect of the 
combination is calculated, considering the effects of pure components and 
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their amounts. If Y and r designate the effect and the relative amount of 
components, respectively, and the subscripts 1 and 2 designate the individual 
components, the additive effect of such a combination is given by eq 4.1.

	 additive 1 1  2 2 Y r Y r Y= × + × 	  (4.1)

If this value is larger than the experimental value of the same effect, it is 
designated as synergism while the smaller effect than the experimental one 
is defined as antagonism.11

Physical mixtures of stabilizers are used to obtain synergistic effect in 
which the observed effect of the combination is greater than that of the 
simple addition of the effects of the individual stabilizers. Pena et al.15 
reported such interactions between two types of CB and two commercial 
HALS compounds in LDPE thermal oxidation. They reported that the CB 
presence alone resulted in a very low stabilizing effect compared with the 
presence of HALS. Small differences in stabilizing performance were found 
between formulations containing two types of CB because of the feature 
similarities such as particle size, tinting (coloring) strength and so on. The 
HALS (Tinuvin 622) stabilizer does not possess reactive labile hydrogen, 
which results in a lower reactivity and therefore in a different type of adsorp-
tion or interaction with the CB, compared with HALS a polymeric HALS 
(Chimmasorb 944).

Liauw et al.21 determined the synergism between two UV stabilizers, 
namely, a sterically hindered phenolic antioxidant (Irganox 1010) and a 
polymeric HALS (Chimmasorb 944). They proved that their stabilizing 
performance for UV and thermal stability is virtually doubled when silica is 
present in a polyolefin (LLDPE) film.

4.2.3  OXIDATIVE DEGRADATION OF POLYETHYLENE UNDER 
UV LIGHT EXPOSURE

Degradation constitutes the main limit to the active life of synthetic poly-
mers. This undesirable degradation may be accelerated by exposure to UV 
radiation. It is hardly possible to predict the service life of polymers under 
natural conditions. There is a real need to perform natural weathering of 
polymers. There are well-known weathering sites in Southern France, like 
Sanary sur Mer and Miami in Florida. However, the weathering condi-
tions as direct weathering and weathering in glass vessels made difference 
in the lifetime of the polymer samples.22 Natural weathering is inherently 
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a time-consuming process and has unsteady external factors such as the 
intensity of sunlight, temperature, and humidity.7 Therefore, the accelerated 
weathering gains importance to provide comparable experimental condi-
tions. There are some aging strategies making use of special instruments 
providing constant UV light in literature.5,23

4.2.4  STRUCTURAL CHANGES ON POLYETHYLENE UPON 
OXIDATION DUE TO WEATHERING

The structural changes upon UV exposure of PEs are obvious, with their 
infrared spectra.24,25 It is generally accepted that the material characteristics 
of the polymer dictate its characteristics and behavior under various envi-
ronmental conditions.26 LDPE is a semicrystalline material, in which spheru-
lites, spherical shape having crystalline regions are separated by amorphous 
regions of polymer. Since the crystalline areas are typically more densely 
packed than the amorphous areas, these regions impart improved stiffness 
and chemical resistance to the polymer. On the other hand, degradation 
processes mainly take place in the amorphous phase of the material.

4.2.4.1  ASSESSMENT OF OXIDATION THROUGH ABSORPTIONS 
IN THE INFRARED REGION

Oxygen absorption from air in a polymer is a diffusion controlled event 
which occurs faster at elevated temperatures as a result of solar energy in 
open-air applications. The mobility of polymer chains is greater at the surface 
than that inside the bulk material. The weathering of high density polyeth-
ylene (HDPE) with and without additives when subjected to the natural 
atmosphere of Rio de Janerio City24 resulted in several absorption bands in 
the infrared region. The bands at 888, 909–991, 964 cm−1 are attributed to 
vinyledene, terminal vinyl, and trans-vinylene, respectively. In addition, a 
shoulder appeared at 991 cm−1 and the peaks that appeared at about 1010 and 
1030–1040 cm−1 are attributed to the stretching of the C─O group in primary 
alcohol and/or O─H deformation in alcohol, peroxide, or hydroperoxide.

The bands due to the C─O stretching vibration of peroxides and hydro-
peroxides occur in the region between 1000 and 1300  cm−1. The O─H 
stretching vibration of free hydroperoxides is located in the region between 
3560 and 3530 cm−1, whereas the hydrogen bonded OH vibration absorbs in 
the region between 3550 and 3230 cm−1.6
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Carbonyl groups are of importance for the investigation of photo-oxida-
tion which indicate degradation through 1720 cm−1 band, and appear as a 
new band on infrared spectrum.25 The ratio of the absorbance of carbonyl 
band to reference band (1370 cm−1) is defined as the oxidation (or, some-
times called carbonyl) index (OI) (eq.4.2).

	
-1

-1

C=0 (1720 cm )

ref (1370 cm )

OI =   ×100                                   
A

A 	 (4.2)

Liu and Horrocks14 studied the effect of UVB exposure on carbonyl index. 
The increases in absorbances of associated ketonic groups at 1712 cm−1 with 
exposure time. As expected, the unfilled film shows dramatic increases in 
the absorbance indices of functional groups with the UV exposure time, 
compared with the filled films. The large particle sized CB having films 
show the fastest rates of increase in the formation of these groups among the 
filled films. The film containing small particle-sized CB shows the slowest 
formation of the associated carbonyl groups, which would exhibit the best 
UV resistance.

4.2.4.2  ASSESSMENT OF OXIDATION THROUGH CALORIMETRIC 
MEASUREMENTS

The degradation of PE conceptually involves three distinct stages as gener-
ally accepted. In the first stage, depletion of antioxidants is detected in OIT 
tests. Then an induction period starts after which the oxidation is sufficient 
to cause a measurable change in the engineering properties such as melt 
index and tensile properties. Thereafter, the polymer eventually undergoes 
failure in the third stage as it reaches the end of its service life when it no 
longer meets the original design requirements.13

The efficiency of the stabilizers or stabilizing systems used in a poly-
olefinic material can simply be determined through the OIT16 or oxidation 
induction temperature (OIT*) tests of the molten material. The thermal 
stability of a polymer can be assessed by measuring the time or temperature 
needed to start degradation in an oxidative atmosphere through OIT and 
OIT* measurements. The methods are well established for quality-control 
purposes as a quick screening method to check the activity of the stabiliza-
tion system used under high temperature conditions above melting point.9,27,28 

Besides the phase transition and oxidation temperatures and enthalpies, 
the oxidation periods are determined through calorimetric studies. It is not 
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practical to perform field tests to study the service life of a long-term with-
standing material. The standard OIT tests (ASTM D5885) are conducted 
using a differential scanning calorimeter. OIT tests are generally used for the 
qualitative assessment of the level (or degree) of stabilization of the mate-
rial tested typically as a quality-control measure to monitor the stabilization 
level in formulated resin prior to extrusion. OIT measures the time period for 
the oxidation of molten polymer. Depletion of antioxidants13 and synergism 
between UV stabilizers15,21 are some other issues to be determined by using 
OIT tests, as well.

4.2.5  CRYSTALLINITY OF POLYETHYLENE IN THE COURSE OF 
DEGRADATIVE PROCESSES

TGA is a viable technique to obtain quantitative information on the decom-
position rates of polyolefins.29 It is performed under isothermal conditions 
and constant heating rate to obtain kinetic information from the decomposi-
tion of polyolefins. The DSC analyses are used to determine the phase tran-
sition, oxidation temperatures, oxidation periods, and enthalpy changes. The 
enthalpy changes can be used to assess the changes in crystallinity. On the 
other hand, DSC instrument can be used to evaluate the thermo-mechanical 
and UV degradation, as well.30,31

The degree of crystallinity (DC) may give a gist about the change in the 
structure of the polymer. The percentage of crystallinity is determined using 
the melting enthalpy Δnsample, which is obtained by means of DSC and using 
eq. 4.3.

The sunlight exposition, which heats the polymer, leads to an increase 
in molecular mobility, which is mainly attributed to chain scission of the 
polymer and in turn, to the increase in crystallinity.24 Although a measurable 
change in melting temperatures was not determined during natural weath-
ering of HDPE with and without additive, a progressive increment was 
observed in the crystallinity degree with exposure time for the unstabilized 
HDPE, which is lower in stabilized HDPE.24 The ΔHcrystal is found in litera-
ture as 289.74 J/g for 100% crystalline PE.32

	 [ ] sample

crystal

DC% DSC method = ×100 
a

 ∆
 ∆ 

	 (4.3)

XRD data are used for the determination of the degree of crystallinity, 
as well. The eq. 4.4 given below, utilizes the area under the peak belonging 
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to the crystalline region (Acrystalline region) and the total area (Atotal) on the XRD 
pattern, as intensity versus 2θ curve.

	 [ ] crystalline region

total

A
DC% XRD method = ×100

A
 
   	 (4.4)

The monoclinic (001) reflection and the orthorhombic (110) and (200) 
reflections, as well as broad noncrystalline region diffraction peaks of a PE 
reactor powder were observed on a wide angle X-ray scattering (WAXS) 
diffraction pattern.33 The orthorhombic form is characterized by the peaks at 
21.5º and 23.8º while the reflection at 19.4º belongs to the monoclinic form. 
Joo et al.33 observed that the crystallinity found from XRD analysis is lower 
than that found from the calorimetry, although its dependence on polymer-
ization temperature was in qualitative agreement.

Russell et al.34 studied the monoclinic modification of linear PE. They 
attempted to maximize the monoclinic content of a variety of PE samples by 
subjecting them to a massive trauma by striking them sharply in a diamond 
mortar. Trauma that produces the monoclinic phase also increases the amor-
phous content. In general, the greater the trauma, as indicated by the change 
in dimensions of the sample, the greater the resulting monoclinic content.

4.2.6  CHANGE OF MECHANICAL STRENGTH OF POLYETHYLENE 
ON THE COURSE OF AGING

The relationship between the stress and strain which is presented as the 
stress–strain curve reveals many of the properties of a material. Usually, 
the ultimate strength of a material is the stress at or near failure, which is 
catastrophic with a complete break. However, some materials, especially 
spherulitic crystalline polymers, reach a point where a large inelastic defor-
mation stress (yielding) occurs, but continue to deform and absorb energy, 
long beyond that point.35

The failure theories of materials are based on stress, strain, and energy. 
The applicability of a certain failure theory mainly depends on the nature 
and behavior of the material and the environmental conditions.36

The mechanical properties, yield strength and the ductility of PE are very 
sensitive to the weather ageing.5

HPRT is a method specified for determining the lifetime of a plastic 
pipe.37 The test conditions simulated 50 years lifetime, since the pipes have 
been designed for 50 years lifetime.
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The minimum hydrostatic pressure (applied pressure, Pa) that should be 
applied to a pipe is calculated by using eq. 4.5.

	 2 xtxa
D t

P σ =  −
	 (4.5)

where t and D refer to the thickness and diameter of the pipe, respectively. 
The minimum required tension, σ, is given as 7 MPa for LDPE pipes tested 
1 h at 20°C according to EN 12201 standard.

Hardness testing is convenient for quality control and characterization, 
since it is easily and rapidly carried out.38 The Shore D hardness scale is 
used for hard plastics to measure the resistance of plastics toward indenta-
tion, and provide an empirical hardness value.39,40 PE samples thermally 
aged at 100°C up to 7200 h exhibit a slightly higher shore hardness than 
that of unaged sample.40

4.2.7  INVESTIGATION OF DEGRADATION THROUGH SEM 
AND EDS ANALYSES

Some contaminations are thought to be present on the samples, either in open 
air for natural weathering (NW) or under salt spray for AW purposes. Hassini 
et al.41 found that sand wind does not affect oxygen permeation in PE green-
house cover, aged under simulated sub-Saharan climatic conditions. Therefore, 
oxygen thought to come from photo-oxidative degradation. Gulmine et al.42 
suggested that sodium chloride (NaCl), silicon oxide (SiO2), and aluminum 
oxide (Al2O3) might come from the incomplete purification of the sprayed 
water by the ion exchange resin of the accelerated weathering equipment.

The energy dispersive spectroscopy (EDS) analyses were done to obtain 
elemental information and identify foreign materials on the surface of pipes 
during natural and accelerated weathering period. Contaminants from rain 
and wind may accumulate on the surface and combine with condensation to 
create an environment which could be harmful to the stabilizing system in 
the polymer film.22

4.3  MATERIALS AND METHODS

The influences of natural and artificial weathering on stabilized and nonsta-
bilized LDPE pipes were studied herein by means of well-known instru-
mental analyzing techniques.
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4.3.1  MATERIALS

A typical commercial LDPE resin (type G03-5, density 0.921 g/cm3, Melt 
Flow Index 0.30  g/10  min Petkim Co., Turkey), was used to produce 
pipes appropriate for irrigation on the soil. The UV stabilizers such as 
masterbatchs(1:1 mass basis) are HALS (CIBA Co., Switzerland), equal 
mass mixture of Chimassorb 944 and Tinuvin 622) in Linear LDPE and 
CB(60–70  nm particle size, Kritilen Black 350, Plastika Kritissa Co., 
Greece) are provided by their vendors.

4.3.2  EXPERIMENTAL METHODS

The resin and both of the stabilizer masterbatchs were characterized 
by means of infrared spectroscopic and DSC analyses prior to the 
experiments. Thereafter, the stabilized and nonstabilized LDPE pipes 
were produced on ad hoc basis and then the aging investigations were 
performed.

Sample production and coding: The pipes having about 25.0 ± 0.1 mm 
diameter were produced through the extrusion of the granules of P;lE resin 
with and without UV stabilizer using Battenfeld single screw extruder with 
L/D = 30 and having a screw speed as 75 rpm and a heat set of 150°C along 
the cylinder at three zones and at the die.

The pipe samples were coded as PE, PE/HALS, and PE/CB, referring 
to the LDPE having no UV stabilizer, 1 phr (part per hundred resin) HALS 
masterbatch, and 5 phr CB masterbatch, respectively.

Aging Studies: The pipe pieces of about 6 m length were subjected 
to natural weathering in open air, lying on a terrace of Izmir, Turkey. 
The external factors as temperature, barometric pressure, and wind speed 
were recorded during the study and the average temperatures were found 
to be 21°C and 10°C for day and night, respectively. The pipe pieces of 
0.20 m length were subjected to the accelerated aging by fixing them on a 
sample holder in a QUV tester with LU-0819 model (Q-Panel Company). 
The fluorescent tube source was a UVA lamp (340 nm maximum inten-
sity) with a radiation intensity of 0.68 W/m2-nm at 40°C. A spray of 
de-ionized water was applied at each 4  h lasting for 4 h during UV 
exposure.
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4.3.3  ANALYSIS METHODS

All samples were stored in the refrigerator to minimize oxidation prior to 
analyses. The following experimental methods were applied in this study, in 
line with the organization scheme shown in Figure 4.1.

FIGURE 4.1  Preparation of pipe samples, aging experiments, and analyses.

The FTIR spectra of the samples were obtained by employing perkin 
elmer spectrum one having diamond crystal, by using its attenuated total 
reflection (ATR) attachment. The spectra were taken from the same point of 
the samples exposed to UV light.

OIT analyses have been carried out with a Setaram DSC 92 instrument, 
according to ASTM D5885 with 20°C/min heating rate. After reaching 
200°C, the atmosphere was changed from N2 to O2.

TGA/DTA study was carried out on 14–24  mg samples by using a 
Shimadzu DTG-60H model TGA/DTA instrument, operated under nitrogen 
atmosphere having a heating rate of 10°C/min from room temperature to 
500°C.

The conventional DSC analyses were carried out on ~4 mg pipe samples 
using a Perkin Elmer DSC instrument operated under nitrogen atmosphere. 
Heating from room temperature to 200°C at a rate of 10°C/min is followed 
by a 2 min isotherm at 200°C to erase the thermal history and then cooling 
is done at a rate of ~10°C/min, down to 25°C.

XRD measurements were done with Rigaku D/MAX-2200/PC X-Ray 
Diffractometer using CuKα radiation (λ = 1.5418 nm) operating at 40 kV 
and 36 mA.
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The SEM and EDS analyses were performed by coating the samples with 
a layer of gold and using a Jeol JSM-6060 SEM instrument equipped with 
an EDS unit.

The pipe samples prior to, and after NA were subjected to HPRT in 
accordance with EN 921 standard under the applied pressures (Pa) as 29.0–
34.9 atm. The pipe samples which have thicknesses of 4.6 ± 0.3 mm were 
kept in a water bath at 20°C for 1 h under 7 MPa tension. Figure 4.2 is a 
snapshot in the course of sample preparation in front of the test system.

FIGURE 4.2  A snapshot in the course of sample preparation in front of the HPRT system.

The tensile tests were applied at 100  mm/min extension rate on a 
Shimadzu AG-IS Autograph tensile tester equipped with an extensometer. 
The samples of 20 cm pieces were supported from the inside by inserting 
solid steel rods having the diameter equal to the inner diameter of the pipes, 
so as to prevent collapsing of hollow pipes.

The Shore D Hardness tests were performed on five samples, each with 
the pieces cleaned by using sand paper, prior to the experiments in accor-
dance with ASTM D2240.



Degradation and Stabilization Issues of Polyethylene	 87

4.4  RESULTS AND DISCUSSION

In this study, degradation behavior of LDPE pipes produced herein on ad 
hoc basis and exposed to natural and artificial weathering were scrutinized. 
The influence of the presence and the type of light stabilizer as HALS and 
CB were evaluated mainly with the crystallinity change, correlating with the 
mechanical strength and interface structure of rupture surfaces. Since the 
driving force of this study is the illumination of UV stabilization effect of 
CB and HALS on PE, methods for illumination of degradation and stabiliza-
tion and their assessment should be discussed.

The FTIR characterization of stabilizers as the initial components of the 
pipes was confirmed their structures. The MFI of the pipe sample, prior to 
weathering experiments is 0.33 g/10 min, which is in compliance with orig-
inal LDPE given on its datasheet by the producing company. The addition of 
UV stabilizer slightly ascends MFI to 0.44 g/10 min for the samples coded 
as PE/HALS and PE/CB.

4.4.1  DEGRADATION FOLLOWED THROUGH OXIDATION OF 
POLYETHYLENE

Commencement and progression of the degradation are detected by means 
of spectroscopic measurements following the bands and peaks related to the 
oxidation of polymer. OIT test is as measure of oxidation in the polymer, 
although it is typically used as a quality-control tool for the formulation 
prior to extrusion.

4.4.1.1  ASSESSMENT OF OXIDATION BY MEANS OF INFRARED 
SPECTROSCOPY

The FTIR characterization of stabilizers as the initial components of the 
pipes was confirmed by their structures. FTIR spectra of the pipe samples on 
the course of NW and artificial Weathering (AW) were given in Figure 4.3. 
The spectra reveal the effect of exposure time since the carbonyl peak at 
1720  cm−1on each spectrum became more evident after 720 days NW. A 
progressive increase was observed at the peaks around 1000 cm−1 on each 
spectrum after UV exposure, in line with the study of Mendes et al.24 
Another aspect that deserves to be commented on, is related to the bands 
in the region of 1100–1300 cm−1, that is more pronounced for all samples. 
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The band between 1250 and 1150 cm−1 likely belonging to long linear esters 
revealed increasing intensity with aging time on FTIR spectra of artificially 
weathered LDPE films.6

FIGURE 4.3  FTIR spectra of PE samples before and after aging (201 days AW and 720 
days NW, respectively).

The carbonyl peak became huge on the spectrum of PE after 201 days 
of AW. The pipe sample of PE started to degrade after 120 days of weath-
ering while the PE/HALS and PE/CB were not affected by the UV exposure. 
The absorptions between 1100 and 1000 cm−1 can be attributed to the C─O 
stretching vibration of hydroperoxides, confirmed by weak O─H bands 
above 3000  cm−1.6 The peaks at around 1000  cm−1 which were observed 
during NW were also observed on each spectrum during AW. Additional 
peaks were observed at around 1600 cm−1 on the spectrum of the PE/HALS 
before AW. These peaks, which were not observed on the spectra of PE 



Degradation and Stabilization Issues of Polyethylene	 89

pipe sample, can be assigned to HALS.2 Its disappearance after weathering 
suggests a possible migration and consumption of stabilizer during UV 
exposure. The effect of UV exposure became more evident on 720 days NW.

The OI values of all the samples after aging calculated by using eq. 4.2 
were shown in Figure 4.4. While there is greater change at carbonyl 
region of PE/CB samples after 720 days NW, the PE/HALS samples have 
the minimum OI value. The pipe without stabilizer (PE sample) has the 
maximum OI value as expected. Its OI value increased by 1476%, which 
indicates a really high degree of degradation at such a long exposure period. 
The minimum OI increment,  maximum resistance against AW condi-
tions, was determined with PE/HALS sample as 89% during 201 days of 
AW. A series of CB having a range of particle properties shows significant 
improvement in UV stabilization compared with clear LLDPE films under 
AW conditions. The large particle size of about 45–60 nm CB shows the 
fastest rates of increase in formation of functional groups in PE. An increase 
in CB mass percent from 1.5 to 3.5% improved UV stabilization as well.14 
The 60 nm particle size of CB used in this study might be a reason for the 
increased OI of pipe PE/CB in comparison with PE/HALS during AW. 
During outdoor applications, the rate of oxygen uptake and CO and CO2 
formation, and the increase in oxygen index depend on the climate factors to 
which the polymer is exposed.22 From this point of view, one would expect 
faster degradation in the accelerated weathering conditions which has 1.55 

FIGURE 4.4  Oxidation index of PE samples before and after aging.
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times greater irradiation energy than natural weathering conditions in this 
study. The OI value of accelerated weathered unstabilized pipe was found to 
be more than twice that of the natural weathered one, as expected.

4.4.1.2  ASSESSMENT OF OXIDATION THROUGH CALORIMETRIC 
MEASUREMENTS

OIT of the pipes soon after the extrusion and after 180 days natural weath-
ering were searched and no severe degradation was found even after 180 day 
weathering. Thus it was concluded that, for thermo-mechanical degradation, 
the performances of HALS and CB showed no difference.

4.4.2  THERMAL BEHAVIOR OF POLYETHYLENE IN THE 
COURSE OF DEGRADATIVE PROCESSES

The thermal degradation evaluation was performed by means of TGA/
DTA curves. The degradation and melting processes were expressed by the 
temperatures at starting and ending points (Table 4.1).

TABLE 4.1  TGA/DTA Results of PE Samples before and after 420 Days of Natural 
Weathering.

Sample Aging 
time, day

Start, 
°C

End, 
°C

Mass 
loss, %

Melting period Decomposition period
Start, °C End, °C Start, °C End, °C

PE 0 403.0 551.30 99.69 31.51 146.60 403.79 512.69
420 402.0 551.73 98.83 37.79 143.34 408.84 509.80

PE/
HALS

0 417.0 551.27 97.47 41.09 142.54 403.06 510.03
420 402.0 550.58 98.87 31.73 155.30 462.14 508.95

PE/CB 0 400.0 551.67 98.42 31.93 146.48 460.37 506.04
420 410.0 551.41 98.00 63.10 155.37 380.65 507.51

The mass loss of weathered samples started at 36–38 min and over 400°C 
temperature. No considerable difference is detected in thermal behavior of 
samples before and after NW from TGA/DTA investigation. The change 
in melting temperature of sample without stabilizer is higher than that of 
samples with stabilizer and the melting points are lower than that of samples 
with stabilizer for the same UV exposure time period.
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4.4.3  EVALUATION OF CRYSTALLINITY OF POLYETHYLENE IN 
THE COURSE OF DEGRADATIVE PROCESSES

LDPE is a semicrystalline material, in which spherulites, spherical shape 
having crystalline regions, are separated by an amorphous polymer. Since 
the crystalline areas are the denser areas than the amorphous ones, these 
regions impart improved stiffness and chemical resistance to the polymer. 
On the other hand, degradation processes mainly take place in the amor-
phous phase of the material.26

There is no considerable difference between XRD curves of samples, 
before and after 420 days weathering. However, some crystal peaks of 
LDPE vanished after 720 days weathering. The XRD results represent the 
crystallinity at the state of nonentangled conformation, while the calori-
metric measurements may involve certain conformational changes during 
the heating process.

4.4.3.1  CALORIMETRIC INVESTIGATION OF DEGRADATION ON 
LDPE PIPES

In this study, DSC curves of the pipe samples were taken in the course of 
degradation under NW and by the end of 201 days AW. The melting peak 
(Tm ) and the melting enthalpy (∆Hm) were obtained from the DSC curves 
and then the percentages of crystallinity were determined by taking melting 
enthalpy of 100% crystalline PE (DHcrystal ) as 289.74 J/g6 in eq. 4.3. The 
values obtained and calculated from DSC curves were given in Table 4.2.

As the melting temperatures of the samples with and without stabilizer 
were compared during NW and AW (Table 4.2), they exhibited no consider-
able difference.

The determined degree of crystallinity of all samples exhibited a sharp 
increase with exposure time period. These behaviors of samples indicate that 
the molecular mobility and chain scission started, and the samples suffered 
from oxidative degradation. The obtained values from NW and AW are in 
agreement that the sample with HALS stabilizer showed better performance 
compared with the samples without stabilizer, and with CB stabilizer.

Yenigül and Tuna43 studied pyrolysis of waste PE on waxes. In their 
study, PE films were subjected to thermal degradation to obtain waxy prod-
ucts under nitrogen atmosphere. As they took the DSC curves of scrap 
greenhouse PE wax after 15 and 30 min of degradation, they found that the 
melting temperature of the product decreases as the degradation period gets 
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longer. Therefore, UV degradation and thermal degradation are thought to 
be in compliance with each other.

TABLE 4.2  DSC Analysis Results and Crystallinity of Weathered LDPE Samples.

Evaluation Aging time, days PE PE/HALS PE/CB

Tm °C 0 114.20 110.90 113.64

105 109.71 110.86 110.33

180 109.98 110.31 –

420 110.29 110.30 114.25

720 110.89 110.16 109.34

201 (AW) 110.15 109.66 110.81

−∆Hm, J/g 0 89.01 61.70 55.10

105 53.61 82.62 33.69

180 55.02 36.23 –

420 55.57 51.70 50.44

720 106.68 97.73 92.51

201 (AW) 139.53 104.53 98.42

DC, % 0 30.7 21.3 19.0

105 18.5 28.5 11.6

180 19.0 12.5 –

420 19.2 17.8 17.4

720 36.8 33.7 31.9

201 (AW) 48.2 36.0 34.0

The crystallinity of samples was found to be decreasing until 420 days 
NW surprisingly. As the molecules undergo degradation, the crystallinity 
was expected to increase since the smaller molecules could take place in 
crystal lattice easier. However much, the crystallinity of 720 days NW 
samples showed an increasing tendency by 90% of obtained values after 420 
days weathering, the XRD measurements were also done to determine the 
influence of aging on crystallinity. Similar results were found by Dintcheva 
et al.30 for post-consumer LDPE films (PF). Indeed, the PF crystalline 
content was about 16% higher than that of virgin film (VF). This increased 
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crystallinity can be ascribed to the lowering of the molecular weight of PF, 
if compared with VF, as a consequence of the photo-oxidative degradation.

4.4.3.2  INVESTIGATION OF LDPE PIPE DEGRADATION BY MEANS 
OF X-RAY DIFFRACTION (XRD) ANALYSIS

After searching for the changes on the differently formulated LDPE, pipe 
surfaces subjected to UV exposure in terms of oxygen uptake as a measure 
of chemical degradation, namely, the oxidation behavior and contamina-
tion with silica, XRD patterns of samples were studied to probe the crystal-
line and amorphous phase structures and compared that with those of fresh 
samples.

The XRD patterns of samples subjected to NW and AW were given 
in Table 4.3. There is no considerable difference between XRD curves of 
samples before and after 420 days NW. However, some crystal peaks of 
LDPE could not be observed after 720 days NW.

Russell et al.34 observed that relaxation in battered PE begins immediately 
after trauma. The mechanical stress can convert the interchain configuration 
of the monoclinic form back into orthorhombic configuration. The process is 
very slow in room temperature. The rate can be increased by increasing the 
temperature. In this study, although there is no battering, the samples were 
subjected to sunlight and the heat of solar radiation as well as the natural 
wind action which may result in similar effects.

Both of orthorhombic and monoclinic reflections were observed in LDPE 
polymer where they are expected to be. The monoclinic reflections as 200, 
201, and 400, observed in samples before aging, were transformed into ortho-
rhombic reflections with time. The 001 monoclinic reflections were observed 
for each pipe sample after 24 months weathering. The degree of crystallinity 
may give a gist about the change in the structure. Therefore, the degree of 
crystallinity (DC) given in Table 4.4 was calculated by using eq. 4.4.

The DC of all the samples remained constant, with the aging time being 
different from what is normally expected. These values were compared with 
those found by calorimetric analysis as given in Figure 4.5. It was observed 
that the crystallinity values obtained from calorimetric investigation were 
lower than that found from the XRD analysis.

There is no considerable difference between XRD curves of samples 
with stabilizers before and after AW. However, the intensity of 200 ortho-
rhombic reflection observed on a sample surface without stabilizer increased 
with time.
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TABLE 4.4  DC of Weathered PE Samples Estimated by Means of XRD Patterns.

Aging period, day Weathering type Degree of crystallinity, %
PE PE/HALS PE/CB

0 – 54.1 53.8 52.7
201 AW 65.5 52.6 50.0
420 NW 55.3 52.0 53.9
720 NW 51.6 53.6 56.5

FIGURE 4.5  The crystallinity of PE samples as a function of aging time, determined by (a) 
calorimetry and (b) X-ray diffraction.

There was a 21% increase in degree of crystallinity of sample without stabi-
lizer, while that of others still remained constant after 201 days AW. At longer 
exposure times, the increased crystallinity often results in the surface cracking 
which was also observed on the SEM micrograph that is given in a later section.

Although Joo et al.33 observed the opposite, here the crystallinity values 
obtained from calorimetric investigation were lower than the values found 
from the XRD analyses. The difference between the two methods is thought 
to be that while the XRD experiments carried out at 25ºC represent the crys-
tallinity at the state of nonentangled conformation, the calorimetry may 
involve certain conformational changes during the measurement due to the 
heating process.

4.4.4  MECHANICAL STRENGTH OF POLYETHYLENE ON THE 
COURSE OF AGING

The mechanical properties such as tensile strength and elongation at the 
break of the PE pipes were measured by the tensile test. The tensile strength 
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tests could be applied only to NW samples due to the sample size limitations. 
Tensile and yield strength values of PE pipes gave no considerable differ-
ence even after 1200 days of NW (Fig. 4.6).The smallest value was observed 
in the sample without stabilizer, while the PE/CB sample gave the highest 
mechanical performance.

As the elongation at break values are concerned, there is no significant 
difference between the pipes with and without stabilizer after 360 days NW. 
The samples without stabilizer were found to be the weakest after 1200 days 
NW (Fig. 4.6).

FIGURE 4.6  Strength and elongation of PE samples as a function of aging time.
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The test conditions simulated 50 years lifetime, since the pipes have been 
designed for 50 years lifetime.37

The hydrostatic strength test results were given as the burst pressure of 
pipes versus aging time in Figure 4.7. The pipes could withstand not only 
to a minimum pressure stipulated in the related test standard, but also to 
quite high burst pressures, even after 720 day NW, suggesting that no severe 
degradation would happen during their service life.

FIGURE 4.7  HPRT results as burst pressure with respect to NW time of the pipe samples 
and the applied pressure values.

The pipe samples subjected to hydrostatic tests after last two sampling 
as 600 and 720 days were depicted in Figure 4.8. The hydrostatic strength 
test revealed some structural differences between stabilized and unstabilized 
pipes after 600 and 720 days NW. While the unstabilized pipes cleaved longi-
tudinally upon bursting, the stabilized pipes burst, enlarging their diameters. 
There were lines as sign of cracks all along the unstabilized pipe and it was 
cleaved from one of these cracks during bursting.

Another significant effect of the extrusion processing is the orientation of 
the long polymer chain, due to the applied shear forces in the machine direc-
tion. In this oriented state, the spherulites take the appearance of ellipsoids, 
regularly also called lamellae. In general, this orientation imparts changes in 
the mechanical properties of the plastics.44,45

Chain scissions that occur due to aging are caused tight packing of mole-
cules on the macroscopic scale over time. This causes an increase in the 
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density and hardness of the material. However, there is no apparent increase 
in the hardness of the pipe samples (Table 4.5), which proves that the aging 
had minute effect on the present pipe samples.

FIGURE 4.8  The NW pipe samples after subjecting to HPRT.

TABLE 4.5  Shore-D Hardness of LDPE Pipe Surfaces during Natural Weathering.

tdy, day Hardness, Shore D
PE PE/HALS PE/CB

0 50.0 44.0 46.0
120 45.0 46.0 50.0
360 42.0 50.0 50.0
1200 50.0 43.5 49.5

4.4.5  INVESTIGATION OF DEGRADATION BY MEANS OF SEM 
AND EDS

Surface features of LDPE samples subjected to NW and AW were presented 
in Figure 4.9. Although there were signs of flows and holes all over the 
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sample surfaces, there is no comparable surface deformation on the samples 
during NW. On the other hand, the greater changes on accelerated weath-
ered sample surfaces were expected because of a more pronounced effect 
of weathering conditions. The photomicrographs show that the surface of 
new and nondegraded pipes were smooth, without deep holes, cracks, and 
free of any kind of defects. In Figure 4.9, the surface features of the samples 
subjected to AW for 201 days were presented. The strong effect of weath-
ering during exposure time on the sample without stabilizer is obvious. 
There is also a considerable surface deformation on the PE/CB sample. The 
results of FTIR and SEM analyses of samples exposed to AW are in agree-
ment that the sample with HALS stabilizer showed the better performance 
under AW conditions.

FIGURE 4.9  SEM micrographs of PE sample surfaces: (a) before weathering, (b) after NW 
for 720 day, and (c) after AW for 201 day.
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The EDS analyses were done to obtain elemental information and identify 
foreign materials on the surface of pipes during natural and AW. Contami-
nants from rain and wind may accumulate on the surface and combine with 
condensation to create an environment which could be harmful to the stabi-
lizing system in the polymer film.22

The 720 days NW sample surface EDS revealed the presence of oxygen, 
silica, and very small amounts of Na, Al, Ca, Fe, and K. On the sample 
surfaces, oxygen which originates from oxidative degradation and silica 
which comes by the winds were detected.

It is not possible to distinguish between the influences of UV radiation 
and other weathering conditions such as rain and wind, herein. Screening of 
the samples from the influences other than UV radiation would most likely 
preserve all the other weathering influences.22 Yet, the oxygen concentration 
increased (Table 4.6) with time, in general.

TABLE 4.6  The Oxygen Amounts (%) on NW and AW Sample Surfaces.

Sample Aging time, day
NW AW

0 180 435 720 201
PE 4.7 8.0 14.7 11.2 8.1
PE/HALS 5.6 8.5 11.2 11.9 5.5
PE/CB 10.4 6.0 11.4 12.9 8.4

In addition, it can be concluded from the EDS analyses that the HALS 
stabilizer has better stabilizing efficacy than CB, against UV light under NW 
conditions.

In this study, the amounts of silica on samples of PE, PE/HALS, and PE/CB 
were found to be 0.03, 0.06, and 0.1%wt, respectively. So they were thought 
to be negligible. As the amount of oxygen was considered, the minimum 
oxygen concentration was found on the sample with HALS stabilizer.

4.5  CONCLUSIONS

The pipes used on the soil for agricultural irrigation applications are prone 
to UV degradation under the particularly hot weather conditions of Izmir 
city of Turkey. Therefore, the effects of two traditional type stabilizers (CB 
and HALS) on the degradation of LDPE were compared under natural and 
accelerated weathering conditions.
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Stabilizers play an important role to improve the life time of plastics 
and maintain the properties of finished products. In this study, it is found 
that the pipe with HALS stabilizer showed better performance against both 
natural and artificial weathering conditions. However, optimizing the perfor-
mance of the product with an appropriate cost is also important during series 
production.

FTIR and SEM analyses revealed the higher resistance of PE/HALS 
samples to artificial weathering conditions when compared with the PE/
CB ones. The change in melting temperature of sample without stabilizer 
is higher than that of samples with stabilizer and the melting temper-
atures are lower than that of samples with stabilizer for the same UV 
exposure time period. No considerable change was observed in melting 
temperature of PE/HALS. On the other hand, the melting temperature of 
PE and PE/CB samples showed a decreasing tendency under AW condi-
tions. The determined degree of crystallinity of all samples, especially, 
the sample without stabilizer, exhibited a sharp increase with exposure 
time. These behaviors of samples indicate that the molecular mobility 
and chain scission started, and samples suffered from oxidative degrada-
tion. The obtained values from NW and AW are in agreement that the PE/
HALS sample showed better performance when compared with PE and 
PE/CB samples. The lower crystallinity values obtained from calorimetric 
investigation than that found from the XRD analysis are thought to be due 
to the different molecular conformation of the polymers during DSC and 
XRD measurements.

Incorporation of HALS and CB had positive contribution to the mechan-
ical performance of the pipes, while the 1200 days of NW did not result in 
decrement of strength.
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ABSTRACT

Rearrangements and their control are a hot topic in supramolecular chemistry 
due to the possibilities that these phenomena open in the design of synthetic 
receptors and molecular machines. Macrocycle aza-scorpiands constitute an 
interesting system that can reorganize their spatial structure depending on 
pH variations or the presence of metal cations. In this study, some simula-
tions on these systems are reviewed, including the relative stabilities of their 
conformations predicted computationally.

5.1  INTRODUCTION

The possibility of controlling the conformation of chemical structures is 
interesting because it opens the possibility of creating molecular machines 
and synthetic receptors that react to the desired stimuli.1 Among the molec-
ular structures showing such properties, the aza-macrocycles stand out 
because they show a coordinating tail, known as a scorpiand.2

These systems merit attention due to their potential biological and phar-
macological applications, since their ability to recognize hydrophilic and 
hydrophobic amino acids has been demonstrated.3 Molecular dynamics (MD) 
studies have pointed out that aza-scorpiands block the access of substrates 
to the active site of iron superoxide dismutase and break the hydrogen bond 
pattern in it.4 This could explain their ability as inhibitors of Trypanosoma 
cruzi.4 Receptors for amino acid sensing5, or drug delivery6 are two addi-
tional fields for their potential applications.

Changes in the protonation state are able to induce conformational 
reorganizations in scorpiand-like ligands.7,8 It has been observed by others 
that the presence of metal centers produces similar effects. Also, the metal 
coordination is influenced by the protonation state because of electrostatic 
repulsion.2a

Materials reviewed in the present article can be found in de Julián-Ortiz 
et al.9

The simplified structures presented in Figure 5.1 were taken from the 
X-ray geometries. Experimental values of the energy required to change the 
conformations from closed (A) to open (B) and vice versa, depending on the 
protonation state, are lacking. Conformation A is preferred for the neutral 
and monoprotonated species. H─bond and π–π stacking contribute to this 
stabilization. For instance, Figure 5.2 shows one of the possible H─bonds, 
depending on the orientation of the covalent N─H bonds, that stabilizes A; 
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That is, a N1H···N4 2.08 Å distance.8 The π–π stacking is evidenced by the 
minimal distance from the pyridine ring to the naphthalene ring equal to 
3.26 Å.10

(A) (B)

FIGURE 5.1  Conformations closed (A) and open (B) of the aza-scorpiand macrocycle 
studied.

FIGURE 5.2  Distance between NH and N, which proves the presence of the H─bond in the 
monoprotonated A.
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5.2  CONFORMATIONAL SEARCH

Experimentally, it is observed that as the pH in the solution decreases, the 
two macrocyclic secondary amines are first protonated, and then the pendant 
arm’s secondary amine is also protonated. Thus, the H─bond attraction 
between the pendant arm and the macrocyclic amines and the attraction with 
the pyridine nitrogen in A are progressively strengthening as the protonation 
increases, but the electrostatic repulsion increases more sharply. This makes 
conformation B more stable for the triprotonated species. In order to have an 
understanding of the conformational stabilities involved in this system and 
to model its changes, the following simulation has been undertaken.9

Setting the conformation A as the initial one, the molecule structure was 
passed from monoprotonated to triprotonated. The conformational search 
was performed by the Monte Carlo multiple minimum (MCMM) method11–13 
with the MM+ force field.14 The free rotation of the dihedral angles 
comprising the pendant arm that joins the two rings (tail) was allowed. This 
method finds the lowest energy conformations of a molecule by randomly 
varying specified dihedral angles to generate new starting conformations. 
These were then minimized.

MCMM was preferred to MD trajectories because the conformational 
changes pursued were mainly torsions of the pendant arm atoms, and only 
MCMM gives these in a straightforward manner. Furthermore, the groups 
attached to the extremes of the pendant arm were too large to switch effi-
ciently under MD. This last method is useful to obtain all the possible 
conformations in a molecule much smaller than the one studied here, or to 
study thermodynamic properties in molecular ensembles. An example can 
be the study of chemical structures surrounded by water.15,16

Figure 5.3 shows the neutral chemical structure with the nomenclature 
used for the different dihedral angles that have been rotated. The labels point 
out the central bond that undergoes torsion for each dihedron.

FIGURE 5.3  Labels for the dihedral angles in the pendant arm.
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The conformation reorganization between A and B could be done in 
several ways. It can be done by the rotation of the bond between the two 
carbon atoms in the pendant arm, “b,” and the consecutive bond that joins to 
the 12-ring amine “a.” Alternatively, it can be done by inverting the 12-ring 
amine and rotating “b” and “e.” Thus, if we track the changes, we see that 
the sequence of the torsion angles is not linear, but is even corkscrewing in 
some cases. These are the changes that must overcome the main rotational 
barriers, since all the dihedral angles suffer minor changes to obtain B, due 
to the energy minimization.

As pointed out, starting from the conformation A, it was triprotonated, 
and MCMM simulations were performed by allowing different possible 
rotations in different runs.

These calculations were first attempted with the molecule in a water 
constant-density periodic box (standard water molecules TIP3P, equilibrated 
at 300 K and 1 atm, minimum distance between solvent and solute atoms: 
2.3 Å), but the results failed to converge. This can be due to the fact that 
triprotonated conformation A is too far from the equilibrium, the total system 
with solvation water is too complex, and the dihedral torsions are too sudden 
to quickly balance the hydration sphere.

For this reason, MCMM simulations were run in vacuum and the final 
conformations achieved were minimized in the referred periodic box 
boundary conditions.

It is possible to order the resulting conformations obtained and figure 
a move in which B is obtained from A in successive steps, which repre-
sent relative energy minima. Table 5.1 and Figure 5.4 describe different 
conformations obtained as local minima, all of them starting from A. Their 
respective values for the torsion angles are shown in Table 5.1. As said, 
these conformations result from MCMM and minimization within their 

TABLE 5.1  Torsion Angles (°) in the Tail for Different Conformations Obtained with 
MCMM, Starting with Conformation A.

Conformation Torsions allowed a b c d d
A – −146.8 74.4 −170.9 80.7 77.0
1 12 ring, d −148.4 59.1 176.8 144.9 66.3
2 12 ring, b, d −68.2 179.2 −91.2 71.3 74.7
3 a, b −67.9 −175.5 94.2 −67.3 105.3
4 d −62.6 −167.8 −177.3 −176.9 −814
5 12 ring, a −154.9 170.8 177.6 172.9 −87.1
B – 69.4 −176.5 −177.2 −179.2 84.6
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corresponding water periodic boxes. For clarity, water molecules have been 
removed from Figure 5.4. Table 5.2 shows the parameters involved in the 
periodic box boundary minimization. These five structures are computation-
ally accessible examples of intermediates, representing local minima. There 
is no evidence that the route shown is the most probable, and there is no 
experimental confirmation for each structure. The simulation methods allow 
us to figure out these kinds of processes for which we have only the starting 
and final points.

FIGURE 5.4  (A,B) Conformations from X-ray minimized in the periodic box. (1–5) 
Conformations obtained from MCMM in vacuum and further minimization in standard water 
density-constant TI3P box until their respective local minima.

The conformations for the 12 ring obtained with MM+ are distorted 
with respect to the X-ray diffraction model. Furthermore, it seems that ring 
torsion is not well achieved for macrocycles, with the algorithms currently 
implemented in MCMM for ring inversion. It can be due to deficiencies in 
the MM+ parameters, which were not optimized for macrocycles. In spite of 
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these drawbacks, conformation 5, near B, is obtained and the sequence can 
be illustrative of the conformation rearrangement.

TABLE 5.2  Geometric Parameters Involved in the Water Box Calculations for Each 
Conformation Obtained from MCMM.

Conformation Smallest box enclosing solute/Å Cubic periodic 
box edge/Å

Maximum number 
of water moleculesX Y Z

A 6.90 6.19 7.73 18.10 216
1 7.65 5.87 7.80 18.10 216
2 8.08 6.91 9.07 18.10 216
3 7.76 5.71 10.75 21.51 329
4 7.49 5.42 15.48 30.96 980
5 7.30 5.17 19.91 31.81 1064
B 6.90 3.29 17.62 35.25 1447

Unfortunately, it was not possible to obtain a conformation near A 
starting from B with MCMM, probably due to the huge number of freedom 
degrees involved and the underestimation of H bond interaction in MM+ 
which implied calculation times beyond our possibilities. (The entropy of B 
must be the greatest.)

5.3  COMPARISON OF TOTAL ENERGIES

Preliminary calculations to compare the total energy differences between 
A and B were performed by the semiempirical methods CNDO, INDO, 
MINDO3, MNDO, AM1, RM1, PM3, TNDO, and PM7.17

For this, a similar procedure to the followed previously was performed. 
Thus, for the conformations closed A and open B, four protonation states 
were depicted. Then, semiempirical minimizations were run to obtain the 
total energy for each one of the eight resulting structures, to compare their 
respective stabilities.

All the methods at a level lower than AM1, and also TNDO, gave at 
least one final distorted conformation that could not be classified as closed 
or open, thus giving the idea that such methods were not applicable to the 
system and the total energies obtained with them were not reliable. It must 
be pointed out here that TNDO has been parameterized specifically to repro-
duce NMR chemical shifts.
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The results of “total energy” with the reliable methods confirm (Table 5.3) 
that mono- and diprotonated species are more stable in the closed A confor-
mation, while the triprotonated is more stable in the open B conformation. 
The method RM1 gave wrong relative stabilities for the nonprotonated and 
monoprotonated structures. The method PM3 performs better than PM7 in 
this case, since the difference of the energies for the monoprotonated species 
calculated by PM7 should not justify the observed predominance of A in 
solution at a less acidic pH. This can be due to the adjustment of the param-
eters in PM7, which has been optimized for bio molecules.

The values of “total energy” are not absolute values. They depend on the 
contributions that each method uses in its determination. Values obtained 
with different methods cannot be compared. Values obtained with one 
given method for n-protonated structure cannot be compared with those 
obtained for another protonation state, because they have different numbers 
of atoms. Only energies obtained with exactly the same method for isomers 
or “conformers” can be directly compared. Thus, the absolute value of the 
energy is not important. The key is the difference in such values between 
species with the same composition. An experimental value related to this 
“total energy” is the heat of formation. These have not been determined 
experimentally for scorpiands at present.

It is noteworthy that, for all the methods that gave acceptable results, 
which are shown in Table 5.3, the difference in energy between the confor-
mations A and B for the diprotonated species is greater, in absolute value, 
than this difference for the other protonation states. This trend is indepen-
dent from the method used. A priori, this seems logic that the difference 
A – B should approach zero from the negative values of the less proton-
ated states, and being positive for the triprotonated species. Thus, the A – B 
difference for diprotonated species “should be” lower than for the mono-
protonated ones. By contrast, for every method accounted in Table 5.3, the 
result obtained is the opposite.

When plotting the total energy versus the number of H+ on the mole-
cule, it is apparent a nonlinear relationship that justifies the result obtained. 
Figures 5.5 and 5.6 show these values obtained with AM1 and PM3, 
respectively.

Density functional theory (DFT) calculations18,19 were tried by using 
several exchange functionals and basis sets.9 The water environment was 
simulated by the COSMO method.20,21 Relativistic contributions were not 
considered significant because no heavy nucleus was involved. It was consid-
ered the atomization energy, this is, the stabilization of the molecule rela-
tive to the free constitutive atoms. The determinant importance of hydrogen 
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FIGURE 5.5  Total energy versus protonation state for energies obtained with the method 
AM1.

FIGURE 5.6  Total energy versus protonation state for energies obtained with the method 
PM3.
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bonds in the conformational equilibrium made necessary using several 
polarization functions. For this reason, BP86/TZP and GGA-BP/TZ3P did 
not give good results, and the all-electron QZ4P basis was necessary. All the 
calculations performed assigned the correct energy order for the triproton-
ated species: The open conformation B was found more stable. However, 
this result was also found with the monoprotonated stage when polarization 
functions were not used. For computational details, see Julián-Ortiz et al.9

The local density approximation (LDA) can be useful to estimate proper-
ties in big molecules, and it was the only method that allowed good results 
within a reasonable calculation time (ca. 8 h with a Pentium 4 @ 3.2 GHz 
running on Windows XP, 1 GB RAM). Although the predicted values for 
atomization energies estimated are maybe not accurate, the method quali-
tatively predicted the experimental results. Table 5.3 shows the results 
obtained. The integration accuracy was four decimal places. Three decimal 
places were also tried to see the influence in the final result. It was seen 
that the dispersion of the result was lower than the differences between the 
values to be compared. The conclusions were, thus, unchanged.

TABLE 5.3  Calculated Energies for Each Protonation State and Conformation, Closed (A) 
and Open (B).

Starting 
conformation

Number 
of H+

Method Environment 
simulation 
method

Total energy 
(kcal/mol)*

Difference 
A – B (kcal/
mol)

A 0 AM1 Vacuum −6194.40 −6.55
B 0 AM1 Vacuum −6187.85
A 1 AM1 Vacuum −6107.66 −1.99
B 1 AM1 Vacuum −6105.67
A 2 AM1 Vacuum −5962.60 −14.61
B 2 AM1 Vacuum −5947.99
A 3 AM1 Vacuum −5750.75 7.10
B 3 AM1 Vacuum −5757.85
A 0 RM1 Vacuum −6196.46 4.61
B 0 RM1 Vacuum −6201.08
A 1 RM1 Vacuum −6122.17 0.39
B 1 RM1 Vacuum −6122.56
A 2 RM1 Vacuum −5993.12 −18.80
B 2 RM1 Vacuum −5974.32
A 3 RM1 Vacuum −5786.49 7.41
B 3 RM1 Vacuum −5793.90
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Starting 
conformation

Number 
of H+

Method Environment 
simulation 
method

Total energy 
(kcal/mol)*

Difference 
A – B (kcal/
mol)

A 0 PM3 Vacuum −6210.98 −6.32
B 0 PM3 Vacuum −6204.66
A 1 PM3 Vacuum −6124.84 −9.14
B 1 PM3 Vacuum −6115.7
A 2 PM3 Vacuum −5967.66 −14.13
B 2 PM3 Vacuum −5953.53
A 3 PM3 Vacuum −5752.39 −5.49
B 3 PM3 Vacuum −5757.88
A 1 PM7 Vacuum −99257.16 −0.16
B 1 PM7 Vacuum −99257
A 2 PM7 Vacuum −99368.16 −6.42
B 2 PM7 Vacuum −99361.74
A 3 PM7 Vacuum −99411.69 12.63
B 3 PM7 Vacuum −99424.32
A 1 LDA/QZ4P COSMO −9171.05 −8.21
B 1 LDA/QZ4P COSMO −9162.84
A 2 LDA/QZ4P COSMO −9178.82 −26.1
B 2 LDA/QZ4P COSMO −9152.72
A 3 LDA/QZ4P COSMO −9133.36 1.04
B 3 LDA/QZ4P COSMO −9134.4
A 3 GGA-BP/TZ2P Vacuum −8396.54 11.47
B 3 GGA-BP/TZ2P Vacuum −8408.01

* The minimum energy for each pair A – B is indicated in bold.

The difference of energy for the two conformations of the triprotonated 
species obtained with the method LDA/QZ4P was not high enough to justify 
the predominance of B in solution at a more acid pH.

In order to have a confirmation of the trends obtained with a more 
complex functional, GGA-BP/TZ2P was used for a simulation without 
solvent.19

All calculations were performed to compare the atomization energies of 
the triprotonated species in its crystal conformation, B open, and in A closed. 
The integration accuracy was fixed in three decimal places. The calculation 
time for each process was approximately 8 days using the same computer as 

TABLE 5.3  (Continued)
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before. These gave a more reliable stability prediction at the greatest proton-
ation state. The results are displayed in Table 5.3.

The optimized conformations obtained were compared with the crystal 
ones. Using the Carbó index measured through Coulomb integrals and the 
local Newton–Raphson as a superposition algorithm, the similarity was 
quantified.22 Thus, monoprotonated A and its minimized conformation 
obtained by LDA/QZ4P showed a Carbó index equal to 0.932, and tripro-
tonated B and its respective optimization gave 0.964.

5.4  CONCLUSIONS

The MCMM/MM+ method was useful in the reviewed study, but some 
drawbacks must be pointed out. Thus, ring torsions in macrocycles do not 
seem well simulated. The pH-dependent opening of the scorpiand was easy 
to predict, but the reverse effect was not possible to simulate.

Among the semiempirical methods, AM1 and its reparametrization, 
PM3, are the best to give account of the experimental behavior. Less sophis-
ticated methods were inapplicable to the studied systems.

DFT was a good method to give account of the respective experimental 
stabilities, although the all-electron basis was necessary. The LDA with 
the COSMO method was enough to obtain the relative stabilities clearly 
according to the experiments at lower protonation. At more acidic pH, the 
more complex functional GGA-BP with a somewhat simple basis gave 
more reliable results. The optimized conformations obtained by DFT were 
in accordance with the crystal ones, as verified by quantum molecular 
similarity. However, these methods are computationally expensive, and 
the results can be qualitatively modeled by using advanced semiempirical 
Hamiltonians.

Due to the nature of the studied molecules, the balance among intramo-
lecular forces that determines a given conformation is due to several coun-
teracting interactions. These make it so that pH changes induce conforma-
tion rearrangements in these species. The key aspect is that the relatively 
weak intramolecular forces that induce a given folded conformation, such as 
H─bonds and π–π stacking, are balanced and eventually overcome by elec-
trostatic forces that can induce a conformation change that minimizes the 
intramolecular charge repulsion by extending out the structure. This process 
can be consistently modeled by the computational methods used here. Since 
the intramolecular forces involved are common to other kinds of molecular 
systems, the methods disclosed here could be applied to other structures, 
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particularly to molecular systems in which electrostatic forces are balanced 
with staking and H─bonding.

This study points out that molecular modeling at minimum AM1 level 
could be used to design new molecules able to reorganize their conforma-
tions due to pH variations. This opens interesting possibilities in the design 
of molecular systems with controllable motion.
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ABSTRACT

Environmental engineering science is today witnessing one paradigmatic 
shift over another. Science, technology, and engineering science are taking 
giant steps in this century. Environmental engineering needs to be re-envi-
sioned and reshaped to its utmost as human endeavor and scientific research 
pursuit enters into a new era of wide scientific regeneration.

The world of membrane science and chemical process engineering are 
in a similar manner undergoing drastic changes and surpassing visionary 
frontiers. Man’s vision, civilization’s prowess, and the march of science are 
emboldened with each step of human scientific endeavor. Membrane sepa-
ration processes is moving toward a newer visionary era. Environmental 
sustainability is the need of the hour. The author with cogent insight and 
deep comprehension brings to the scientific forefront the scientific doctrine 
of membrane science particularly ultrafiltration (UF) and microfiltration 
(MF), its vast and versatile challenges, and the recent advances in scien-
tific endeavor in advanced oxidation processes (AOPs). Human scientific 
endeavor in today’s world is in the path of new scientific regeneration. The 
progress of science and technology and the world of scientific validation 
in the field of membrane science and novel separation processes need to 
be re-envisioned at each step of research pursuit. In this treatise, the author 
delves deeply into the intricate details in the vision and aim of UF and MF, 
its immense applications, the barriers of fouling, the vision of concentra-
tion polarization, and the world of process design in the area of membrane 
science. Diverse branches of science and engineering need to be re-envi-
sioned with each step of new and visionary scientific awakening. Environ-
mental engineering applications and chemical process engineering pursuits 
are covered in this chapter. Scientific vision and man’s versatile prowess are 
emboldened with each step of endeavor in novel separation processes such 
as membrane science. This detailed treatise opens up new windows of envi-
ronmental engineering science in particular, in the years to come. The author 
pinpoints the wide world of wastewater treatment and the applications of 
membrane science with a wide review on groundwater remediation. Vision 
of science and engineering are rapidly changing. Global water shortage and 
membrane science in today’s world have an umbilical cord. The author with 
deep comprehension and cogent insight brings to the scientific forefront the 
technological vision of membrane science, especially UF and MF. The trea-
tise also provides wide glimpses of groundwater remediation and the future 
of global water initiatives. Water and wastewater treatment is witnessing 
drastic challenges and immense barriers. Membrane science is the only 
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answer. This treatise also brings to the reader the wide world of AOPs and 
the recent endeavor behind it.

6.1  INTRODUCTION

The vast and versatile world of membrane science and novel separation 
processes is undergoing immense metamorphosis, in spite of innumerable 
hindrances. Environmental engineering science is the backbone of applica-
tion of membrane separation phenomenon. Progress of science and advance-
ment of technology is gearing for newer scientific horizon. Technology and 
science are surpassing visionary boundaries. The important need of the hour 
of humankind is the true realization of environmental sustainability and 
preservation of ecology. UF and MF are membrane separation processes. 
The author delves deeply with immense comprehension into the doctrine 
of UF and MF with a broad and visionary scientific perspective. The author 
pointedly focuses on the future of global water initiatives and groundwater 
heavy metal remediation. Innovations and remediation technologies are the 
other wide facets of this well observed study. Man’s immense vision and 
a scientist’s wide prowess and comprehension needs to be reshaped with 
respect to the realization of environmental sustainability. The effectivity of a 
membrane separation process such as UF and MF needs to be readdressed at 
each step of the vision of science. The fruits of membrane science and tech-
nology are opening up new windows of scientific innovation and challenges. 
The broad and versatile vision of application of UF and MF are discussed 
with minute details. Scientific cognizance, scientific rigor, and the progress 
of technology are the torchbearers toward a greater visionary future in the 
field of membrane separation phenomenon.1 AOPs are changing the face 
of scientific research pursuit. Thus, the author also reviews AOPs. AOPs 
are the pillars and visionary supports of today’s integrated environmental 
engineering techniques. The paradigm of science and engineering is slowly 
changing. This treatise widely observes the immense potential, the wide 
success, and the vast and versatile scientific rigor in the field of nontradi-
tional environmental engineering techniques.

6.2  VISION OF THE PRESENT TREATISE

Technology and engineering needs to be readdressed and re-envisioned in 
today’s world at every step of scientific research pursuit. The vision of this 
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treatise is to bring forward to the scientific forefront the challenges, difficul-
ties, and barriers of application of UF and MF and its futuristic vision. The 
author dives deep into the concept of fouling and cleaning of the membranes 
and the domain of process design. Chemical process modeling and applica-
tion of chemical process engineering in modeling are at the helm of scientific 
vision in today’s world. Application of UF and MF and the recent advances 
in the world of membrane separation phenomenon lies as a major back-
bone to this treatise.1 This treatise fundamentally addresses the wide world 
of global water initiatives, the vast challenges behind it, and the success of 
groundwater remediation tools. Membrane science, nontraditional environ-
mental engineering techniques such as AOPs and the new technologies of 
groundwater heavy metal remediation stands as a major backbone of this 
study.

Science and engineering of membrane separation processes are breaking 
vast and versatile scientific frontiers. Novel separation phenomenon and its 
scientific sagacity are the hallmarks of a new generation of scientific under-
standing and vision. The author pinpoints with cogent insight and deep 
introspection the present and future scientific understanding of membrane 
science particularly MF and UF in details and with precision. Human scien-
tific research pursuit, scientific validation, and scientific innovation are 
leading human civilization to newer heights and newer realms. In such a 
critical juxtaposition, vision of science and technology needs to be targeted 
toward realization of basic human needs such as water. In such a similar vein, 
global water crisis and its alleviation need to be re-envisioned. Membrane 
separation phenomenon and novel separation processes are the only definite 
answer.1–4

The author in this study pointedly focuses on the immense scientific 
potential and wide scientific vision in the application domain of membrane 
science and other novel separation processes. The challenge and vision of 
scientific research pursuit is unimaginable and paving the path toward zero-
discharge norms in the field of environmental engineering.

6.3  SCOPE OF THE STUDY

Science and engineering in today’s world are pillars and colossus without 
a definite visionary will of its own. Environmental engineering science and 
membrane science are linked in today’s scientific horizon by an unsevered 
umbilical cord. Ecological balance and application of tools of technologies 
such as membrane are showing us the way toward a newer visionary area. 
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The scope of this study is to evolve new technologies and membrane science 
paradigm. The author treads a weary and definite path toward the true real-
ization of membrane separation processes.1 The author also delves into the 
depths of heavy metal remediation technologies and the success of many 
arsenic remediation technologies in many parts of the world.

An area which needs to be veritably explored is the burning issue of 
arsenic groundwater remediation in developed and developing countries of 
the world. The raging issue of global water shortage due to various environ-
mental catastrophes, such as arsenic groundwater contamination, needs to 
be readdressed and re-envisioned. Vision of science and progress of tech-
nology are the pallbearers of a greater visionary human society of tomorrow. 
Scientific validation, scientific vision, and scientific fortitude need to be 
addressed at every step of endeavor in membrane science and environmental 
engineering science. Ecological misbalance is degrading the environmental 
engineering scenario. A deep introspection and deep scientific understanding 
is needed in the implementation of environmental science policies. The 
author with definite understanding and vision elucidates upon the subject 
of application of membrane science such as UF and MF in details. Environ-
mental engineering science is moving toward a new era and a new realm. 
The grave concern of environmental degradation is the serious concern of 
the day. The vision of humankind is veritably leaving no stone unturned as 
regards to ecological balance and environmental pollution control.1,4–7

6.4  THE NEED AND THE RATIONALE OF THE STUDY

Human civilization is moving toward one visionary frontier over another. 
Environmental engineering paradigm in a similar vein is moving toward a 
newer visionary era. The concern for ecological imbalance and the immi-
nent target toward environmental sustainability are gearing human mankind 
toward novel environmental engineering separation processes and newer 
innovations. The other grave concern is global water shortage and ground-
water contamination. Here rises the immediate need of novel environmental 
engineering tools such as membrane science. This study widely observes the 
pros and cons of the application scenario of membrane science, particularly 
MF and UF. The challenge and the success of novel separation phenomenon 
are far-reaching and in today’s world targeted toward global water crisis. 
The need and the rationale of this study surpass wide and versatile fron-
tiers. The importance, the vision and the efficacy of membrane separation 
processes are changing the true face of global water shortage and the future 
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of environmental engineering science. The author skillfully delineates the 
futuristic vision of membrane technology, particularly MF and UF.1–6,28

6.5  ENVIRONMENTAL SUSTAINABILITY, ENVIRONMENTAL 
ENGINEERING SCIENCE AND THE WIDE VISION FOR THE 
FUTURE

Environmental sustainability is moving from one visionary frontier over 
another. Effective environmental pollution control stands at the helm of 
effective environmental sustainability. Countries, whether developing as 
well as developed, are moving toward new direction of true realization of 
environmental sustainability. Energy sustainability is changing the face of 
human civilization. Sustainable development, the wide progress of human 
civilization and the futuristic vision of environmental engineering are the 
torchbearers of a holistic sustainable development of tomorrow, especially 
with respect to environment. Man’s improved vision in today’s scientific 
scenario, the human civilization’s prowess and the futuristic progress of 
human mankind will all lead a long way in the true emancipation of the 
application of novel separation processes, especially membrane science. In 
the present discussion, the author widely informs the scientific audience the 
scientific doctrine of membrane science especially UF and MF and the true 
realization of successful environmental sustainability.1–4

The vision for the future in the true application of membrane science 
in chemical process engineering and environmental engineering science is 
far-reaching in today’s path of human civilization and improved scientific 
rigor. Successful sustainable development is the coin word of the future. 
Environmental sustainability stands as a major component in the research 
and development in the field of membrane science. In such a critical junc-
ture, vision of science and technology is of immediate and utmost impor-
tance. Environmental sustainability is the coin word of the newer scientific 
generation and the vision for the future. Science in today’s world needs to 
be re-envisioned. Membrane separation processes and applications in the 
domain of UF and MF will surely and veritably realize the concept of envi-
ronmental sustainability.1,28

Scientific vision is of immense importance in today’s world of envi-
ronmental sustainability and environmental engineering science. Human 
mankind’s prowess, man’s future progress, and the future challenges are the 
pallbearers toward a greater visionary tomorrow in the scientific world of 
alleviation of global water crisis.1–4,28
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6.5.1  GLOBAL WATER CRISIS AND GROUNDWATER 
REMEDIATION

Water science and technology today are witnessing drastic challenges. Scien-
tific vision and scientific truth are the pillars of research and development 
initiatives in water technology. Groundwater heavy metal contamination is 
a major environmental disaster today. Remediation and decontamination 
of polluted drinking water are the utmost need of the hour. Technological 
objectives need to be re-envisioned as scientific research pursuit enters into 
a newer far-reaching domain. Arsenic groundwater contamination is a major 
disaster in many developing countries. The author in this treatise delves 
deep into the murky depths of groundwater remediation with a view toward 
solving drinking water crisis. Civilization’s immense vision, man’s prowess, 
and the wide scientific rigor will go a long way in true realization of sustain-
able development and of environmental engineering science.

6.6  MEMBRANE SCIENCE: ITS TECHNOLOGICAL DOCTRINE 
AND WIDE SCIENTIFIC VISION

Membrane science and its doctrine and scientific vision are in today’s human 
civilization, in the path of immense reshaping and re-envisioning. Chemical 
process engineering and bioengineering are emerging as major pallbearers 
of the future scientific society. The scientific doctrine, the scientific sagacity 
and the deep scientific understanding of membrane science still needs to 
be uncovered. Progress of membrane science today stands in the midst of 
immense scientific optimism and deep hope. Technological vision of envi-
ronmental engineering science in the present decade is in the path of defi-
nite glory and scientific fortitude. Global water crisis, water and wastewater 
treatment and the progress of human civilization will all lead a long way in 
the true realization of the application of environmental engineering tools.1–4

Membrane science, global water shortage and the vision of environ-
mental sustainability are surpassing vast and versatile scientific and engi-
neering frontiers. Human scientific endurance and scientific rigor needs to 
be reshaped with each step of human life. Environmental catastrophes and 
recurrent disasters are challenging the face of environmental engineering 
tools such as membrane science. Membrane separation phenomenon today 
stands in the midst of immense scientific challenges and deep scientific opti-
mism (Table 6.1). The question of environmental sustainability needs to be 
answered at each step of human life.1–4
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TABLE 6.1  Characteristics of Membrane Processes.

Process Driving force Retentate Permeate
Osmosis Chemical potential Solutes/water Water
Dialysis Concentration 

difference
Large molecules/water Small molecules/water

Microfiltration Pressure Suspended particles/water Dissolved solutes/water
Ultrafiltration Pressure Large molecules/water Small molecules/water
Nanofiltration Pressure Small molecules/divalent 

salts/dissociated acids/
water

Monovalent ions/
undissociated acids/
water

Reverse osmosis Pressure All solutes/water Water
Electrodialysis Voltage/current Nonionic solutes/water Ionized solutes/water
Pervaporation Pressure Nonvolatile molecules/

water
Volatile small 
molecules/water

6.7  MEMBRANE SCIENCE: A VISIONARY SOLUTION FOR 
MULTITUDE OF GLOBAL WATER ISSUES

Clean water, clean energy, global warming, and affordable global health-
care are the four major global concerns resulting from clean-water short-
ages, widely fluctuating oil prices, rapid climate change, and high cost of 
healthcare. Chemical process engineering and bioengineering are changing 
the scientific horizon of membrane science applications. Current and future 
trends in membrane science aim to tackle these four major issues stated earlier 
by means of innovative and groundbreaking membrane technologies for the 
separation and purification of highly valuable products or the removal of 
unwanted species. In today’s world, the visionary future of membrane science 
and technology stands in major crossroads of human scientific history and 
time. Today, the whole world is concerned with climate change and global 
warming. The successes of realization of energy and environmental sustain-
ability today are linked by an umbilical cord with environmental engineering 
tools such as membrane science. In such a crucial situation, scientific vision 
and scientific forbearance are of utmost importance.1

Global water shortages are the vexing issues in the path of human civili-
zation today. Scientific vision, scientific rigor and the wide path of scientific 
progress are the veritable torchbearers toward a greater realization of envi-
ronmental engineering today. Innovations, scientific intuitions, and the wide 
world of scientific forbearance will definitely lead a long way in the true 
emancipation of global research and development initiatives. Water science 
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and technology are ushering in a new pragmatic paradigm as science and 
engineering treads a difficult path in its tryst with scientific destiny. The vast 
and versatile world of scientific profundity is reshaping the domain of water 
science and technology as humankind moves toward a newer eon.

6.7.1  MEMBRANE CHEMISTRY, STRUCTURE AND FUNCTION, 
AND THE WIDE VISIONARY APPLICATIONS

Membrane chemistry and its structure stand as a major backbone to the futur-
istic vision of membrane separation phenomenon. Vision of science and scien-
tific validation are the major components of membrane function and effective 
process design. Chemical process engineering and environmental engineering 
science in today’s human scientific endeavor are in the path of vision, glory, 
and emancipation. The structure and function of membranes needs to be 
re-envisioned and restructured with each step of research pursuit. Membrane 
chemistry and function are the bedrock of the immense application domain of 
UF and MF. Chemical process technology and its world of vision are entering 
a new phase with respect to the application of membrane science, especially 
UF and MF. The major thrust area in scientific rigor in this field is to oblit-
erate membrane fouling. Scientific research pursuit, the question of scientific 
validation, and the wide world of scientific vision will all lead a long way in 
effective emancipation of the application of membrane separation processes.

Filters are manufactured from a variety of materials using several methods, 
but they can all be classified into two general categories: depth filters or 
screen filters. Depth filters derive their name from the fact that filtration or 
particle removal occurs within the depths of the filter material. A screen filter, 
in contrast, separates by retaining particles on its surface, in much the same 
manner as a sieve. The structure is usually more rigid, uniform, and contin-
uous, with pore size more accurately controlled during manufacture. Science 
of membrane chemistry, structure and function, is attaining new heights with 
visionary innovations and path-breaking discoveries. The vision of science 
stands in the midst of intense introspection and groundbreaking future.1–6

6.7.2  MICROPOROUS VERSUS ASYMMETRIC MEMBRANES

Screen filters can be further classified according to their ultrastructure as 
either microporous or asymmetric (the latter are also referred to as skinned 
membranes). Microporous membranes are sometimes further classified as 
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isotropic (with pores of uniform size throughout the body of the membrane) 
or anisotropic (where the pores change in size from one surface of the 
membrane to the other). Frequently, the terms anisotropy and asymmetry 
are used interchangeably.1

6.7.3  GENERAL AND STANDARD METHODS OF MEMBRANE 
MANUFACTURE

There are several methods for manufacturing membranes. Some of the 
methods are applicable to a variety of polymers and others are material-
specific, for example, the heating-stretching method used to make pores 
in microporous polytetrafluoroethylene (PTFE) membranes. Each of these 
methods results in different ultrastructures, porosity, and pore size distribu-
tion. For example, track-etched membranes have a narrow pore size distribu-
tion but a low porosity (the number of pores per unit surface area). On the 
other hand, the phase-inversion process is a good way to form the asym-
metric skin structure on a membrane and can result in fairly high porosity in 
certain cases.1,28

6.7.4  MEMBRANE PROPERTIES

Membrane properties need to be readdressed with serious and immense 
challenges. Vision of science and progress of engineering are the hallmarks 
of human scientific endeavor today. Membrane properties are the genre of 
scientific achievements and scientific vision of membrane science today. The 
fundamental question of membrane science lies in its intricate properties that 
are still yet not explored. Human scientific research pursuit is still latent in the 
first decades of 21st century. Chemical process engineering is in the path of 
new glory with the evolution of new techniques such as membrane science.1,28

Science, technology, and engineering are moving toward a newer realm 
and a newer visionary direction. In the similar vein, membrane science and 
technology is ushering in a new era of scientific vision and scientific cogni-
zance. Global water crisis is the cornerstone of membrane science research 
in today’s visionary path of human civilization. Environmental sustainability 
needs to be re-envisioned at this need of the hour.1

Of special importance for UF and MF membranes are the pore statistics, 
for example, pore “size” (usually expressed as pore diameter), pore density 
(number of pores per unit membrane surface area), and bulk porosity (or 
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void volume) which is the fraction of the membrane volume occupied by 
the pores.1

The most common methods of determining pore size are (1) bubble point; 
(2) direct observation, for example, with electron microscopes; (3) function 
measurement or the challenge test. It should be recognized of course that 
polymeric membranes used for UF and MF are essentially screen or surface 
filters (as opposed to depth filters) and that very rarely do we observe pores 
of just one diameter but rather a distribution of pore sizes.1

6.7.5  MEMBRANE FOULING, BIOFOULING, AND CLEANING

Technological vision of membrane separation phenomenon has immense 
barriers and impediments such as membrane fouling. This is a major limiting 
step. Fouling manifests itself as a decline in flux with time of operation. 
In its strictness sense, the flux decline should occur when all operating 
parameters, such as pressure, flow rate, temperature, and feed concentration, 
are kept constant. Membrane fouling led to slow acceptance of membrane 
technology in its early days. The challenge and then success of separation 
phenomenon and research and development initiatives have catapulted the 
whole domain of membrane science toward a newer height.1

6.7.5.1  CHARACTERISTICS OF FOULING

Flux of a real world feed stream is usually much lower than the flux of the 
pure solvent (e.g., water) for several feasible reasons:

•	 Changes in membrane properties: These can occur as a result of 
physical or chemical deterioration of the membrane. Since membrane 
processing is a pressure-independent process, it is possible that under 
high pressures, the membrane can undergo a “creep” or “compaction” 
phenomenon, which may change the permeability of the membrane. 
This generally occurs when pressures are in the hundreds of pounds 
per square inch and is usually not of concern in MF and UF where 
pressures are typically 15–100 psi (1–7 bars).1

•	 Change in feed properties: Solvent transport through porous MF and 
UF membranes is usually considered a viscous flow phenomenon 
governed by the Hagen–Poiseuille equation or supported by mass 
transfer relationships.1
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•	 Concentration polarization: Flux-depressing effects due to membrane 
fouling are frequently confused with flux-lowering phenomena asso-
ciated with concentration polarization. In theory, concentration polar-
ization effects should be reversible by decreasing the transmembrane 
pressure, lowering the feed concentration, or increasing the cross-
flow velocity.1

6.7.6  PERFORMANCE AND ENGINEERING MODELS

Performance of a membrane and engineering models stands as a major back-
bone and a hallmark in the success of a separation process phenomenon. 
The challenge, the vision and the prowess will lead a long way in the true 
realization of environmental sustainability and novel separation processes. 
The immense challenges will veritably mitigate the difficulties and barriers 
to membrane separation phenomenon. Engineering models and performance 
models are the focal point in the design of a membrane separation process and 
its subsequent applications. Scientific rigor, the progress of chemical process 
engineering, and the wide vision of environmental engineering science are all 
the hallmarks of greater realization of membrane separation phenomenon.1

Several mathematical models are available in the literature that attempt to 
describe the mechanism of transport through the membranes. Although the 
operating techniques of MF, UF, nanofiltration (NF), and reverse osmosis (RO) 
are similar, the latter two are almost certainly not separation merely by size 
alone. MF and UF, on the other hand, due to their relatively large pores have 
most frequently been visualized as sieve filtration. Science, technology, and 
engineering are moving at a rapid pace in today’s world of chemical process 
engineering and environmental engineering science. Engineering modeling 
and simulation of membrane separation processes stands as a major issue in 
the success of separation and purification. The scientific challenge needs to 
be redrawn and re-envisioned. Global water crisis, the deep scientific under-
standing of membrane science and the barriers of fouling will all lead a long 
and visionary way in the true emancipation of chemical engineering science.1

6.7.7  PROCESS DESIGN AND THE VAST AND VERSATILE 
WORLD OF CHEMICAL PROCESS ENGINEERING

Process design and its immense capability are the forerunners to the novel 
separation phenomenon. Novel separation processes includes membrane 
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science. Human scientific research pursuit, the immense vision of membrane 
science and the future path of excellence will all lead a long, arduous 
visionary in the true emancipation of membrane separation phenomenon. 
Chemical process engineering today stands in the midst of tremendous 
introspection and technological vision. Science and technology of chemical 
process design is at the helm of humankind’s progress. Process design and 
the future of its scientific vision needs to be addressed at the utmost. Global 
water crisis and desalination will witness a new scientific revolution if proper 
process design is addressed. Process design and application of membrane 
science in today’s scientific arena are linked by an unsevered umbilical cord. 
The author with deep introspection pointedly deals with the contribution of 
process design in the vast and versatile applications of membrane science 
and technology. The ingenuity of this treatise surpasses visionary frontiers 
and leads the chemical process engineers toward a newer realm and an inno-
vative scientific horizon.1

6.8  RECENT SIGNIFICANT SCIENTIFIC ENDEAVOR IN THE FIELD 
OF MEMBRANE SCIENCE

Science and engineering of membrane science are moving at a rapid pace. 
Human scientific endeavor, the challenges of global water initiatives, and the 
unmitigated barriers of science will lead a long way in the true emancipation 
of chemical process engineering and environmental engineering science.

Wenten43 delineated with deep and cogent insight recent development 
in membrane science and its industrial applications. The word “membrane” 
comes from the Latin word “membrane” that means a skin. Today’s word 
“membrane” has been extended to describe a thin flexible sheet or film, 
acting as a selective boundary between two phases because of its semi 
permeable properties. Synthetic membrane history began in 1748 when 
French Abble Nollet demonstrated semipermeability for the first time, that 
animal bladder was more semipermeable to water than to wine. One century 
later, Fick published his phenomenological law of diffusion, which we 
still use today as a first-order description of diffusion through membranes. 
Sartorius Werke GmbH manufactured industrial scale membranes, micro-
filtration membranes, for the first time in 1950. The principal advantage 
of membrane processes compared to other separation processes are low 
energy consumption, simplicity, and environmental friendliness. Flux and 
selectivity problems arise as an increase in flux and are usually followed 
by a decrease in selectivity. Therefore, membrane processes are suitable for 
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selective separation in which flux is not concerned such as that carried out 
in pharmaceutical industries. Other major problems are material sensitivity 
and fouling. Emerging processes are development of improved membranes 
and membrane materials, high-performance RO membranes, stabilization 
of supported liquid membranes, preparation of composite hollow fiber 
membranes, membrane reactors/contactors, and development of novel 
membrane processes.

Zhao et al.44 reviewed recent developments in forward osmosis (FO) 
with its opportunities and challenges. FO is a recent scientific endeavor 
of membrane science. So it needs immense attention. Membrane science 
is slowly moving toward a newer scientific regeneration and revamping. 
Recently, forward FO has attracted growing attention in many potential 
applications such as power generation, desalination, wastewater treatment, 
and food processing. However, there are many viable challenges such as 
concentration polarization, membrane fouling, reverse solute diffusion, and 
the need for new membrane development. These critical and vital challenges 
are discussed in versatile details in this treatise.

Bae et al.45 delineated with deep precision the concept of a high-perfor-
mance gas-separation membrane containing submicrometer-sized metal-
organic framework (MOF) crystals. MOFs are an emerging class of nano-
porous materials consisting of metal centers connected by various organic 
linkers to create one-, two- and three-dimensional porous structures with 
tunable pore volumes, surface areas, and chemical properties.

Nagarale et al.46 discussed recent developments on ion-exchange 
membranes and electromembrane processes. Technological vision of 
membrane science is moving toward a newer frontier with each step of this 
innovative endeavor. Ion-exchange membrane technologies are nonhaz-
ardous in nature and are being widely used for not only separation and puri-
fication but their application also extended to energy conversion devices, 
storage batteries and sensors, etc. In this well-informed and well-observed 
treatise, the authors have reviewed the preparation of various types of ion-
exchange membranes, their characterization, and applications for different 
electromembrane processes.

Baker47 discussed in details future directions of membrane gas separation 
technology. More than 90% of gas separation equipment business involves 
the separation of noncondensable gases: nitrogen from air, carbon dioxide 
from methane, and hydrogen from nitrogen, argon, and methane. However, 
a much larger potential market involves separation of condensable gases. 
The authors with cogent and deep insight delineate the veritable success of 
separation phenomenon of condensable gases.
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6.9  THE VISION OF INDUSTRIAL WASTEWATER AND DRINKING 
WATER TREATMENT TODAY AND THE FUTURE TRENDS OF 
RESEARCH AND DEVELOPMENT INITIATIVES

The vision and purpose of science and technology are ever-growing. Indus-
trial wastewater treatment and application of membrane science in today’s 
scientific horizon have an unsevered umbilical cord. Ecological misbal-
ance, the growing concerns for environmental process safety and the chal-
lenges of research and development initiatives will all lead a long way in 
the true emancipation of science and engineering. Desalination and global 
water initiatives are paving the way of science and engineering endeavor. 
The first historic discovery of Loeb–Sourirajan asymmetric RO membrane 
enabled seawater desalination on an industrial scale. The challenge of 
human civilization and the interlinked scientific endeavor are opening 
up new vistas in membrane science and industrial wastewater treatment. 
The author repeatedly focuses on different areas of industrial wastewater 
treatment and widely delineates the immense potential of novel separation 
processes.

6.10  BASIC FUNDAMENTALS AND SCIENTIFIC 
UNDERSTANDING OF UF AND MF

Scientific research pursuit and scientific endeavor is moving toward a 
visionary domain of novel separation processes and membrane science. 
Scientific progress, scientific rigor, and deep scientific understanding 
are the immediate need of the hour. Scientific validation is on the other 
side of the coin of science and technology. Without effective and proper 
scientific validation, human scientific research is defunct. The world of 
vicious challenges, the instinct of introspection and a deep comprehen-
sion of science will lead a long way in the proper scientific emancipa-
tion of UF and NF. Global water crisis is in a state of distress. Today’s 
scientific advancement is veritably linked to the provision of basic human 
needs. Science and engineering are being groomed toward that direction. 
Scientific rigor should be re-envisioned in such a situation such as global 
water shortage. In today’s world, global water crisis has an unsevered 
umbilical cord with environmental engineering rigor. Scientific doctrine 
of UF and MF needs to be re-envisioned at each step of environmental 
engineering science rigor.
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6.11  RECENT SCIENTIFIC ENDEAVOR AND THE WORLD OF 
CHALLENGES AND VISION IN THE DOMAIN OF UF

Scientific endeavor and scientific validation today stands in the midst of 
immense introspection. The challenges, the vision and the subsequent 
progress of engineering and technology all depends on the vast and versa-
tile world of scientific validation. Man’s wide scientific vision, the world 
of difficult challenges and the path toward a new future of science are the 
pallbearers of the futuristic domain of membrane separation phenomenon. 
After the discovery of Loeb–Sourirajan model, membrane science witnessed 
drastic challenges and visionary roads for the future. UF and NF are moving 
toward a new world order in environmental engineering science and chem-
ical process engineering. Science and technological vision in today’s world 
stands in the midst of scientific optimism and immense hope. The author in 
every step of scientific creation reveals a wondrous fact that is to alleviate 
global water shortage. UF, MF, and other branches of membrane science are 
the hallmarks of scientific rigor in tackling global water shortage.

6.11.1  RECENT SCIENTIFIC ADVANCES IN THE DOMAIN OF 
UF AND MF

Recent scientific endeavor in MF touches upon vast and varied world 
of process design. Today’s remarkable worlds of membrane separation 
processes are surpassing wide and visionary frontiers. Pursuit of science in 
today’s human civilization has no definitive barriers yet in the midst of deep 
instinct and cogent comprehension. MF has immense applications in envi-
ronmental engineering. The targets and vision of science in the field of MF 
are in the domain of water and wastewater treatment and the wide world 
of environmental engineering. The author in this section elaborates on the 
recent advances in the field of MF in deep and visionary details.1

Ghosh2 lucidly discussed in a well-informed review protein separation 
using membrane chromatography, its opportunities and challenges. This 
chapter reviews the current state of development in the area of membrane 
chromatographic separation of proteins. The transport phenomenon of 
membrane chromatography and the recent scientific endeavor are discussed 
in lucid details.

Zularisam et al.3 in a well-detailed treatise elucidated upon behaviors 
of natural organic matter (NOM) in membrane filtration for surface water 
treatment. This review encompasses on membrane application in surface 
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water treatment. The authors delineate the advantages of membrane appli-
cation over conventional treatment. The vision of science is upheld at each 
step of scientific rigor in this review. Fouling issue stands as a major issue 
in the successful operation of membrane separation phenomenon. It is a 
burning and vexing problem since it restricts widespread application due 
to increases in hydraulic resistances, operational and maintenance costs, 
deterioration of productivity, and frequency of membrane regeneration. This 
treatise discusses NOM and its components as the major membrane foulants 
that occur during the water filtration process, possible fouling mechanisms 
relating to reversible and irreversible of NOM fouling, current techniques 
used to characterize fouling mechanisms and methods to control fouling.

Merin and Daufin4 discussed cross flow microfiltration (CFMF) in the 
dairy industry in a state of the art review. CFMF is a relatively new membrane 
process that was introduced to the dairy industry in the last decade. In this 
review, the authors with precision and cogent insight relate the problems 
associated with operation and cleaning of membranes. MF is one of the 
first filtration processes, commercially developed by Sartorius-Werke in 
Germany in 1929. In the beginning, it was only used for research but during 
World War II, it was adapted for bacteriological analysis of water supplies. 
Until 1963, microfilters were predominantly nitrocellulose or a mixture of 
cellulose esters. The main uses of microfilters are water purification and ster-
ilization and microbiological and related analytical applications, such as the 
direct epifluorescent fiber technique (DEFT). The author delineates tangen-
tial or CFMF which is a pressure driven membrane process, similar to UF. 
MF could be used for coarse filtration of particulates and bacteria as well as 
to finely separate soluble protein, small molecular solutes, and water.

Mohammad et al.5 detailed in a far-sighted review UF in food processing 
industry. In this review, the authors touch upon application, membrane 
fouling, and fouling control. Vision of science needs to be readdressed at 
each step of scientific and academic rigor in the field of UF. This review work 
informs the vast and varied world of UF and its versatile scientific rigor. The 
challenge, the vision and the purpose is unimaginable. UF process has been 
applied widely in food processing industry for the last 20 years due to its 
advantages over conventional separation processes such as gentle product 
treatment, high selectivity, and lower energy consumption. Recent forays in 
this domain show the various intensive studies carried out to improve UF, 
focusing on membrane fouling control and cleaning of fouled membranes. 
A subtle review and an informed narrative gains higher vision as the author 
gleans through the fundamental concept of UF.
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Howe and Clark6 elucidated on the fouling of MF and UF membranes 
by natural waters. Membrane filtration (MF and UF) has become an 
accepted process for drinking water treatment but membrane fouling 
remains a significant problem. The objective of this study was to system-
atically investigate the mechanisms and components in natural waters that 
contribute to fouling. Natural waters from five sources were filtered in a 
benchtop filtration system. The vision of science is emboldened at each 
step of this treatise with immense precision and deep comprehension. 
Membrane filtration has become an accepted process in water treatment. 
Many full-scale facilities are operating with either MF or UF membranes. 
One of the significant and vexing issues affecting the development of 
membrane filtration is fouling. Interactions between the membrane and 
components in the raw water cause a rapid and often irreversible loss of 
flux through the membrane. The authors stresses on the concept of fouling 
of MF and UF membranes.

Foley7 lucidly delineated in a phenomenal review paper factors affecting 
filter cake properties in dead-end MF of microbial suspensions. Scientific 
vision and scientific understanding are at its helm in the futuristic research 
endeavor in the field of MF. Dead-end MF of microbial suspensions is 
reviewed with particular emphasis on the factors affecting the specific 
cake resistance. The effects of cell size and shape, cell surface properties 
(including charge), ionic environment, fermentation medium components, 
and ageing effects are reviewed in details. The separation of cells from 
the fermentation broth is a crucial step in the recovery of many chemi-
cals of biological origin and dead-end filtration remains an useful tool for 
performing the separation.

Cuoto and Herrera8 reviewed in a research paper industrial and biotech-
nological applications of laccases. Laccases have received much attention 
from researchers in last decades due to their ability to oxidize both phenolic 
and nonphenolic lignin related compounds as well as highly recalcitrant 
environmental pollutants which makes them very useful for their application 
to several biotechnological processes. Biotechnological applications are vast 
and versatile. The authors delineates various applications which include the 
detoxification of industrial effluents, mostly from the paper and pulp, textile, 
and petrochemical industries, use as a tool for medical diagnostics and as a 
bioremediation agent to clean up herbicides, pesticides, and certain explo-
sives in soils. Today’s world of biotechnological applications is surpassing 
wide scientific frontiers. Cuoto and Herrera8 deeply delineates with cogent 
insight the nanobiotechnology area of scientific endeavor.



140	 Applied Chemistry and Chemical Engineering: Volume 5

Elimelech and Phillip9 discussed deeply with cogent insight the scien-
tific domain of desalination and its tremendous potential. The challenge of 
research pursuit, the grave concern for global water crisis and the applica-
tion of membranes in desalination has urged the environmentalists to devise 
effective technologies. Desalination is more energy intensive and there are 
potential environmental impacts. With this strong focus in mind, the authors 
target energy efficiencies of desalination plants and its global impact. This 
lucid treatise trudges a weary mile in the wide world of global water crisis. 
Desalination and membrane science are the two opposite sides of a coin in 
today’s scientific regeneration. Elimelech and Phillip9 describe with scien-
tific precision the sustainability aspect of desalination as a probable solution 
to global water issues. Technological vision in today’s scientific scenario is 
deeply retrogressive and in deep crisis as civilization confronts with climate 
change and environmental sustainability. In such a crucial juxtaposition, 
the author establishes the future of desalination, the energy efficiency, and 
the massive challenges that lie forward in successful realization of environ-
mental sustainability.

Howell10 discusses future of membranes and membrane reactors in green 
technology and green science and its immense importance in water reuse. 
Water shortage problems stands in extremely difficult times today. The author 
skillfully delineates membrane technology that can make a great contribu-
tion in providing clean water to common mass. Science and engineering of 
membranes are moving at a drastic pace toward a newer realm. Water reuse, 
application of membrane bioreactors and the success of separation phenom-
enon are today all targeted toward a newer eon of water sustainability.

Geise et al.11 describe water purification by membranes and the wide 
application of membrane science. Today, as move drastically forward in the 
21st century, two major impacts on human society are energy and environ-
mental sustainability. Two highly interrelated resources of provision of clean 
water and energy self-sufficiency are shaping and re-envisioning the future 
of environment and future of humankind. Depletion of conventional energy 
resources and water stresses in human society has urged humankind to yearn 
for new technologies. This article describes the current state of polymeric 
membranes for water purification and the forays into areas where application 
of polymer science can be envisaged. The scientific challenge, the scien-
tific vision and the purpose needs to be augmented as human society moves 
toward a newer world of application of polymer technology.

Shrimali12 discusses in a review on RO technology. Development of RO 
technology and RO membranes of very high rejection, while maintaining 
high permeability has the potential to reduce energy consumption. This 
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review re-envisions the overall targets of RO technology as an alternate 
method for wastewater treatment. Water problems involve the following:

•	 Sea water desalination in coastal areas
•	 Brackish water desalination
•	 Water purification
•	 Water reuse
•	 Rainwater harvesting
•	 Water supply schemes

This review justifies the immense importance of RO technology in tack-
ling global water issues. The challenge to move forward in scientific research 
pursuit is opening up new vistas of innovation and new avenues of vision in 
years to come.

A white paper13 discusses sustainable solutions to the global freshwater 
crisis and lessons from a developing economy such as India. The unique 
feature of this paper targets the success of a water treatment plant on the 
Yamuna river that supplies drinking water to the Delhi population, a commu-
nity based fluoride treatment plant in Jaipur, India, and a sewage treatment 
plant in Jaipur, India. Practical challenges to efficient and effective water-
quality management are envisioned in this study (Table 6.2).

TABLE 6.2  Visionary Scientific Endeavor in the Field of Membrane Science.

Authors and researchers Scientific research pursuit
Ghosh(2002)2 Review on membrane chromatographic separation of 

proteins.
Zularisam et al(2006)3 A review on behaviors of natural organic matter in 

membrane filtration for surface water treatment.
Merin et al(1990)4 A state of the art review on crossflow microfiltration in 

the dairy industry.
Mohammad et al(2012)5 A review on ultrafiltration in food processing industry—

its application, membrane fouling and fouling control.
Howe et al(2002)6 Fouling of microfiltration and ultrafiltration membranes 

by natural waters. 
Foley(2006)7 A review of important parameters affecting filter cake 

properties in dead-end microfiltration.
Cuoto(2006)8 A review on industrial and biotechnological applications 

of laccases.
Elimelech et al(2011)9 A review on seawater desalination
Howell(2004)10 Future of membranes and membrane bioreactors.
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Authors and researchers Scientific research pursuit
Giese et al(2010)11 Water purification by membranes and the role of 

polymer science.
Shrimali et al(2015)12 A short review on reverse osmosis technology.
International workshop on 
sustainability and water quality 
(2011)13

A review on drinking water scenario in India and water 
quality remediation.

Palit(2016)20 A review on frontiers of nanofiltration.

6.12  DIFFICULTIES AND BARRIERS OF MEMBRANE SEPARATION 
PHENOMENON

Membrane separation phenomena in today’s world have an unsevered 
umbilical cord with the barriers of fouling. The efficiency and effectiveness 
of membrane separation processes and novel separation phenomenon are 
attached to the immense barrier of fouling. Membrane separation processes 
has an unfinished and fascinating journey in the avenues of environmental 
engineering science. Difficulties, barriers, and subsequent success in 
membrane separation processes are the hallmarks of separation phenomenon.

A typical example of UF in food processing industry is elucidated in 
details by the Mohammad et al.5 Food processing industry is a glorious 
example of application domain of UF. Mohammad et al.5 dealt with lucid 
details the application of UF and stressed on membrane fouling and fouling 
control.

Membrane filtration processes have gained popularity in the food 
processing industry over the last 25 years. It is estimated that 20–30% of the 
current 250 million Euros turnover of membrane used in the manufacturing 
industry worldwide was from food processing industry. To date, this market 
is still undergoing rapid growth, approximately 7.5% per year, particularly in 
dairy industry, followed by beverages and egg products. The total membrane 
market for the food and beverages industry has been estimated to be worth 
US$ 1182 billion in 2008. In the dairy industry, it is estimated that over 
75% of membrane usage is dedicated to whey processing, while 25% of UF 
membranes is accounted for milk processing.

Fouling refers to the irreversible alteration in membrane proper-
ties, resulting from several interactions of feed stream components and 
membrane. In food application, membrane is usually fouled by biofoulants 
such as protein and polysaccharide.

TABLE 6.2  (Continued)



Global Water Crisis, Groundwater Remediation	 143

6.13  FOULING, CLEANING, AND THE SUCCESS OF MEMBRANE 
SEPARATION PHENOMENON

Science and technology of membrane science is ushering in a new era of 
scientific understanding. Fouling stands as a major obstacle to membrane 
separation processes. The success of membrane separation lies on the domain 
of fouling and cleaning. Scientific advancements in the field UF and MF are 
vast, versatile, and visionary. Scientific research output and scientific valida-
tion of fouling and cleaning needs to be highlighted and re-envisioned. The 
barriers to membrane separation regarding fouling and cleaning needs to 
scale visionary heights in the near future. Science and technology of fouling 
is ushering in a new era of scientific forbearance and scientific fortitude.

Formation of concentration boundary layer and the phenomenon of fouling 
and cleaning stands as a major imperative in the process design of a membrane 
separation process. The challenge, the vision and the motivation of research 
pursuit remains unparalleled. The visionary aura of science and technology 
needs to be restructured and re-envisioned at each step of scientific life.

6.14  CONCENTRATION POLARIZATION AND THE VISION OF 
MEMBRANE SEPARATION PROCESSES

Concentration polarization is a major impediment to successful membrane 
separation process. The author delineates in details the future of successful 
membrane separation phenomenon. The authors stress on the field of appli-
cation of membrane science in environmental engineering. Concentration 
polarization and fouling are the pallbearers to a larger extent toward the true 
realization of membrane science and technology. Scientific rigor, scientific 
candor, and scientific forbearance are the major backbones of the success of 
the application of membrane technology such as UF and MF. The path of 
scientific glory is arduous and vicious. Advancement of science needs to be 
re-envisioned at each step of technological and engineering rigor.

6.15  MEMBRANE SCIENCE, ENVIRONMENTAL ENGINEERING, 
AND THE WIDE VISION OF SCIENCE AND ENGINEERING

Membrane science in today’s visionary generation has an unsevered umbil-
ical cord with environmental engineering science. Human scientific struggle 
is ushering a new era of scientific achievement and a holistic scientific 
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advancement. Environmental engineering science is gearing toward newer 
challenges and a holistic sustainable development. Environmental and 
energy sustainability are the hallmark of a new scientific generation and the 
immediate need of the hour of our present day human civilization. Membrane 
science is ushering in a new eon of holistic research pursuit. Parallely, human 
scientific generation should veritably target toward alleviating global water 
crisis. Membrane science, in this crucial juxtaposition of science and engi-
neering, should target toward the vexing issue of groundwater remediation.

6.16  SCIENTIFIC ACUITY AND RECENT ADVANCES IN 
MEMBRANE SCIENCE

In today’s human civilization and human scientific pursuit, membrane 
science is connected with environmental engineering science by an umbil-
ical cord. Global water shortage and the crisis linked with it is changing 
the face of human civilization. Membrane science needs to be envisaged 
at each step of environmental engineering pursuit. The vision and the chal-
lenge lies in the hands of future scientists and engineers. The scientific 
acuity and the scientific wisdom needs to be re-envisioned at each step of 
human life. Membrane science in today’s world is linked by an umbilical 
cord with global water scenario. The separation phenomenon needs to be 
re-envisaged at each step of scientific endeavor. UF and MF are witnessing a 
new dawn of human scientific research pursuit. The present status of global 
water shortage has urged the scientific generation to devise new and frontier 
technologies. Scientific grandiloquence and immense scientific vision are in 
the path of newer regeneration. Membrane science is truly showing the path 
of immense scientific vision and understanding. The immediate need of the 
hour for the scientific domain is to delve deep into the unknown world of 
membrane separation phenomenon and unfold the hidden characteristics of 
different membrane separation processes such as UF and MF.

6.17  SCIENTIFIC VISION, SUSTAINABLE DEVELOPMENT, 
AND THE FUTURE PROGRESS IN THE FIELD OF MEMBRANE 
SEPARATION PROCESSES

Environmental and energy sustainability are the two pillars of humankind 
today. Progress in the field of MF and UF is changing the face of environ-
mental engineering science today. The immediate need of the hour is the 
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visionary scientific endeavor in the field of ecological balance and indus-
trial pollution control. Sustainable development today stands in the midst of 
unimaginable crisis and in the similar vein deep introspection. Developed 
as well as developing economies in today’s human civilization are in deep 
distress. The grave concern for ecological imbalance, the environmental 
disasters, and the future progress of science are all the visionary parameters 
toward a greater emancipation of environmental sustainability in years to 
come.

6.18  GLOBAL WATER CRISIS AND THE STATUS OF MEMBRANE 
SCIENCE

Global water crisis and the world of global water shortage are changing the 
face of environmental engineering applications of membrane science. UF 
and MF today stand in the midst of immense challenge and deep compre-
hension. The status of membrane applications is inspiring as well as thought 
provoking. Scientific hindsight and scientific challenges in today’s world 
will lead a long way in the true realization of environmental sustainability. 
Global water catastrophe and its alleviation are the path-breakers and hall-
marks of a newer generation of scientific realm and deep scientific under-
standing. Membrane science has surpassed many expectations with the 
passage of time and eon. Water crisis is surely and veritably linked with an 
umbilical cord with the successful application of membrane science. The 
status of membrane separation processes is veritably visionary today. Envi-
ronmental catastrophes, the blunders of ecological diversity, and the wide 
scientific vision and rigor are reframing humankind’s scientific framework. 
Global water crisis will in future be a strong support for global environ-
mental emancipation.

6.18.1  GLOBAL WATER CHALLENGES, WATER RESEARCH 
AND DEVELOPMENT INITIATIVES, AND THE VISION FOR THE 
FUTURE

The undeniable seriousness of the global water situation was first brought 
to the attention of the international fraternity at the 1992 United Nations 
Conference on Environment and Development in Rio de Janiero, at what 
came to be known as the Rio Earth summit.51 The vision of the future global 
water initiatives turned out to be clear and far-reaching. Environmental 
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engineering science witnessed an overwhelming challenge after that summit. 
After two decades after the Rio summit, the global situation with respect of 
water has improved in some areas but still has long ways to go in other 
avenues because of the needs and effects of rapidly growing population 
in this decade. Water scarcity has become a major issue in our planet. The 
important issues are well known. These include: a rapidly growing popula-
tion; competition between sectors such as industry, agriculture, and energy 
for precious land and water resources; inadequate access to water supply 
and sanitation services; the failure to address the issue of indigenous water 
rights; matters related to environmental protection; and finally growing 
tension over transboundary water challenges.51

The author stresses on the effective needs of environmental engineering 
techniques such as novel separation processes and nontraditional environ-
mental engineering techniques in view of this critical situation. Desalina-
tion and membrane science, in such a crucial juxtaposition, widely in the 
scientific horizon, need re-envisioning. Advanced oxidation techniques also 
will unearth global water issues and the veritable challenges. The success 
of human scientific endeavor will open new chapters tackling global water 
issues.51

6.19  THE FUTURE OF SEA WATER DESALINATION AND THE 
WIDE VISIONARY WORLD OF GLOBAL WATER INITIATIVES

In recent years, numerous large-scale seawater desalination plants have 
been built in water-stressed countries. Desalination today stands as a vibrant 
example in the application domain of membrane technology. In today’s 
scientific arena global water shortage, the visionary world of desalination 
and the future progress of human research pursuit are changing the face of 
scientific vision and deep scientific understanding. The fate of energy and 
environment stands in the midst of unimaginable crisis today. Developed 
and developing economies are gearing toward a new eon of scientific forti-
tude. Human life’s challenges has become immeasurable with the progress 
of environmental engineering science.48–50

Water scarcity is the most severe global challenges of our times. Scien-
tific vision and deep scientific introspection has no answers. Presently, over 
one-third of the world’s population lives in water-stressed countries and 
by 2025, this figure is predicted to rise to nearly two-thirds. The challenge 
and the scientific struggle of providing ample and safe drinking water is 
further complicated by population growth, industrialization, contamination 
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of available freshwater resources, and climate change. The fate of human 
civilization and the future of science is at a state of immense distress. In 
recent years, numerous large-scale seawater desalination plants have been 
built in water-scarce countries to enhance water resources and construction 
of new desalination plants needs to be envisioned with each step of scientific 
endeavor. Elimelech and Phillip9 widely reviewed to a larger scientific audi-
ence the decisive challenges and the future of desalination plants throughout 
the world and its immense scientific potential.

6.20  THE WIDE VISION OF AOPS AND ITS SCIENTIFIC DOCTRINE

Technology and science of AOPs are moving toward newer visionary domains 
of environmental engineering science. Scientific and academic rigors in the 
field of AOPs are gaining new heights. Advances in chemical and waste-
water treatment have led to a range of novel and nontraditional techniques 
such as AOPs. These processes has shown immense potential in degrading 
and destroying pollutants of low or high concentrations and have found deep 
introspection and effective applications in groundwater treatment, industrial 
wastewater treatment, municipal wastewater sludge destruction, and volatile 
organic compounds treatment (VOCs). Broadly speaking, the AOPs have 
proceeded along the two routes:

•	 Wet air oxidation (WAO) techniques—oxidation with O2 in tempera-
ture ranges between ambient conditions and those found in incinera-
tors in the region of 1–2 MPa and 200–300°C.

•	 The use of high-energy oxidants such as ozone and hydrogen peroxide 
and/or photons those are able to generate highly reactive intermedi-
ates ─OH (hydroxyl) radicals.

However, specifically AOPs have been broadly defined as “near ambient 
temperature and pressure water treatment processes which involve the 
generation of hydroxyl radicals in sufficient quantity to effect water purifi-
cation.” The hydroxyl radical (OH) is a powerful (redox potential = 2.80 V), 
nonselective chemical oxidant, which acts very rapidly with most organic 
compounds. Technology of AOPs is today crossing visionary boundaries. 
The scientific imagination and deep scientific vision behind AOPs are 
the pallbearers toward a greater emancipation of green science and green 
technology.
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Scientific endeavor in the field of nontraditional environmental engi-
neering techniques such as AOPs are being widely challenged and needs to 
be re-envisioned and rebuilt.

Yalfeni52 discussed in a widely observed research project new catalytic 
AOPs for wastewater treatment. This project is aimed to present new cata-
lytic AOPs (specifically Fenton process and catalytic ozonation) for the 
degradation of organic pollutants in industrial wastewater. A special area of 
research was the in situ generated hydrogen peroxide. A new innovation was 
the appropriate substitute of for H2 in the relevant pathway. The immense 
potential of integrated advanced oxidation techniques is being re-envisioned 
and re-envisaged at each step of scientific research pursuit.

Gilmour53 delineated in deep details in a visionary research work appli-
cation perspectives in water treatment using AOPs. AOPs using hydroxyl 
radicals and other oxidative radical species are being studied extensively 
for removal of organic compounds from various wastewater streams. This 
study focuses on the evaluation of the upstream processing and downstream 
posttreatment analysis of selected AOPs. A pilot scale immobilized photo-
catalytic reactor was used in this study.

Goi54 in a research thesis AOPs for water purification and soil remedia-
tion. The aim and objective of this study was to enlarge the existing knowl-
edge in AOPs applications for water and soil contamination. Technological 
objectives and scientific motivation are immensely required for the advance-
ment of environmental engineering science.

AOPs are the challenging and the visionary goals of environmental 
engineering today. The challenge and the immense vision of environmental 
protection needs to reshaped in the midst of immense industrial disasters 
and wastewater treatment issues. The vision of science, the scientific and 
academic rigor is opening up new chapters in scientific history.

6.20.1  AOPS, NONTRADITIONAL ENVIRONMENTAL 
ENGINEERING TECHNIQUES, AND DEEP COMPREHENSION

AOPs are the next generation environmental engineering techniques. The 
efficiency and the effectivity of the processes are opening a new chapter in 
the field of environmental engineering science. In many avenues of scien-
tific endeavor, primary and secondary treatments are not helpful to degrade 
recalcitrant substances. Here comes the need for tertiary treatment such as 
advanced oxidation techniques such as ozonation. Gogate and Pandit15 deeply 
related with cogent insight in a far-reaching review imperative technologies 
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for wastewater treatment such as oxidation technologies at ambient condi-
tions. Their visionary pursuit involves five different oxidation processes 
operating at ambient conditions that are cavitation, photocatalytic oxidation, 
Fenton’s chemistry and ozonation, use of hydrogen peroxide (belonging 
to the class of chemical oxidation technologies). AOPs are defined as the 
processes that generate hydroxyl radicals in sufficient quantities to be able 
to oxidize majority of the complex chemicals present in the effluent water. 
Gogate et al.15 elucidated upon cavitation, acoustic cavitation and reac-
tors used for the generation of acoustic cavitation. The other facets of their 
research involve optimum parameters for sonochemical reactors. Hydrody-
namic cavitation and photocatalysis are the other visionary pursuits of this 
study. Stasinakis16 deeply comprehends in a well-informed review use of 
AOPs for wastewater treatment. The aim and purpose of this study encom-
passes the use of titanium dioxide/UV light process, hydrogen peroxide/UV 
light process and Fenton’s reactions in wastewater treatment (Table 6.3).

TABLE 6.3  Scientific Research Pursuit in Advanced Oxidation Processes.

Authors  Scientific endeavor in advanced oxidation processes
Gogate et al.(2004)15 A review of appropriate technologies for wastewater treatment 

with special emphasis on chemical oxidation technologies.
Stasinakis(2008)16 A review of use of advanced oxidation processes (AOPs) for 

wastewater treatment.
Oller et al.(2011)17 A review on combination of advanced oxidation processes and 

biological treatments for wastewater decontamination.
Chakinala et al.(2008)18 Treatment of industrial wastewater effluents using hydrody-

namic cavitation and advanced Fenton processes.
Comninellis et al.(2008)19 Perspective, Advanced oxidation processes for water treat-

ment: advances and trends for R&D
Palit(2015)21 A review on advanced oxidation processes, nanofiltration and 

application of bubble column reactor.
Palit(2016)22 A review on advanced oxidation processes and 

bioremediation.

6.21  GROUNDWATER REMEDIATION AND THE WIDE 
SCIENTIFIC PROGRESS

Groundwater remediation globally is the immediate need of the hour. 
Different parts of the world especially South Asia are witnessing this diffi-
cult water challenge. Science has a definitive vision of its own. The colossus 
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of science and technology needs re-envisioning and revamping at each step 
of scientific endeavor. Developing and developed nations in the world are 
moving toward the murky depths of groundwater contamination. Techno-
logical and scientific validation stands today in the midst of an environ-
mental catastrophe. The motivation and objective of this treatise is crystal 
clear which is toward tackling global water calamity. The author rigorously 
targets the success of novel separation processes such as membrane science. 
Global sustainability vision needs to be re-emphasized and re-envisioned at 
this stage of human civilization.14,24–26,40–42

6.22  HEAVY METAL CONTAMINATION, ARSENIC 
GROUNDWATER CONTAMINATION, AND THE FUTURE OF 
SCIENCE AND TECHNOLOGY

The contamination of groundwater by heavy metal, originating either from 
natural soil sources or from anthropogenic sources is a matter of grave 
concern to human society’s public health. Remediation of contaminated 
groundwater is of highest priority since billions of people all over the world 
use it for drinking water purpose. Selection of appropriate and innovative 
technology is of utmost challenge to the environmental engineer and scien-
tist. Hashim et al.14 discussed in a well-researched paper remediation tech-
nologies for heavy metal contaminated groundwater. Scientific vision is at 
its helm at every step of this innovative scientific endeavor. Selection of 
a suitable technology assumes immense importance due to complex soil 
chemistry and aquifer characteristics and no thumb rule can designate this 
complex scientific understanding.14,27–30,34–36

6.23  HEAVY METALS IN GROUNDWATER: SOURCES, CHEMICAL 
PROPERTY, SPECIATION, AND WIDE VISION FOR THE FUTURE

Heavy metals occur in the earth’s crust and may be solubilized in ground 
water through natural processes or by change in soil pH. Hashim et al.14 
delineates with extreme clarity heavy metal status in groundwater. Ground-
water can be contaminated with heavy metals from landfill leachate, sewage, 
leachate from mine tailings, deep-well disposal of liquid wastes, seepage 
from industrial waste lagoons or from industrial spills and leaks. A variety 
of reactions in soil environment, for example, acid/base, precipitation/
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dissolution, oxidation/reduction, sorption or ion-exchange processes can 
influence the speciation and mobility of metal contaminants.14 The rate and 
extent of these reactions will depend on factors on pH, Eh, complexation 
with other dissolved constituents, sorption and ion exchange capacity of the 
geologic materials and organic matter content. Groundwater flow character-
istics are vital in influencing the transport of metal contaminants.14,30–33

6.24  TECHNOLOGIES FOR TREATMENT OF HEAVY METAL 
CONTAMINATED GROUNDWATER

Several technologies exist for the remediation of heavy metals contaminated 
groundwater and soil and they have some definite outcomes such as Hashim 
et al.14 (1) complete or substantial destruction/degradation of the pollutants, 
(2) extraction of pollutants for further treatment or disposal, (3) stabilization 
of pollutants in forms less mobile or toxic, (4) separation of noncontaminated 
materials and their recycling from polluted materials that require further 
treatment, and (5) contaminant of the polluted material to restrict exposure 
of the wider environment.14 Technological validation, the wide avenues of 
science and the technology drivers will lead a long way in the true realiza-
tion and effective emancipation of groundwater remediation.14,34–36

The treatment technologies can be classified as: (1) chemical treatment 
technologies, (2) biological/biochemical/biosorptive treatment technolo-
gies, and (3) physicochemical treatment technologies.14

1. Chemical treatment technologies:

(a) In situ treatment by using reductants, (b) reduction by diothinite, (c) 
reduction by gaseous hydrogen sulfide, (d) reduction by iron-based tech-
nologies, (e) removal of chromium by ferrous salts, and (f) soil flushing.14

2. Biological treatment technologies:

(a) Biological activity on the subsurface, (b) natural biological activity, (c) 
enhanced biorestoration, (d) in situ bioprecipitation process (ISBP), (e) 
biosorption of heavy metals, (f) metal removal by bio surfactants, (g) metal 
uptake by organisms, and (h) biosorption of heavy metals by cellulosic 
materials and agricultural wastes.14
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3. Physicochemical treatment technologies:

(a) Permeable reactive barriers (PRB), (b) sorption process in PRB, (c) sorp-
tion within red mud in PRB, (d) activated carbon and peat in PRB, and (e) 
filtration and absorption mechanisms.14

6.25  THE CHALLENGE AND THE SCIENTIFIC FORESIGHT IN R&D 
INITIATIVES IN WATER TECHNOLOGY

Scientific foresight in today’s world is moving toward a newer visionary 
eon. The challenge and the vision need to be restructured at every step 
of human civilization. The struggles of science, the scientific vision to 
excel and immense scientific foresight are leading a long way in the path 
toward greater sustainable development of humankind. Scientific foresight 
in today’s human civilization is gearing toward immense and unimagi-
nable challenges. This treatise pointedly delineates the success of appli-
cation of UF and MF in tackling global water crisis.48–50 The recurrent 
catastrophes, the immense environmental calamities and the scientific 
potential of membrane separation phenomenon are the precursors toward 
a greater scientific foresight and a greater scientific vision. Global water 
shortage is restructuring and re-envisioning the domain of membrane 
science.26–29,37–39,51

6.26  MOTIVATION AND OBJECTIVES OF THE FUTURE OF 
APPLICATION OF MEMBRANE SCIENCE

Membrane science and technology in today’s human civilization are moving 
at a rapid pace. Motivation and objectives of the application of membrane 
science needs to be re-envisioned with the progress of environmental engi-
neering science. Global water issues are changing the face of human scien-
tific endeavor. The challenge of science, the global environmental concerns 
and the fire and yearning of scientific imagination are the torchbearers of 
greater visionary tomorrow.

Scientific imagination and the future challenges are changing the face 
of future scientific research pursuit. In today’s world, global water crisis is 
re-envisioning the scientific domain of membrane science. The immediate 
and the imminent need of research pursuit should be toward provision of 
basic needs such as water.20,22,23,40–42,51
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6.27  FUTURE SCIENTIFIC DOCTRINE AND THE FUTURISTIC 
VISION

Future scientific doctrine and the futuristic vision of engineering science 
are in today’s world challenged with the passage of history and time. Scien-
tific research pursuit in the field of water science and water technology are 
changing the path of environmental sustainability and the aisles of holistic 
sustainable development. The global water crisis in developed and devel-
oping world has shaken the scientific domain and scientific paradigm. The 
immediate concern, the imminent scientific vision and the innovative scien-
tific understanding are the pallbearers toward a newer age of membrane 
science and water technology. Groundwater remediation is another avenue 
of scientific research pursuit. The future of water technology stands in 
the midst of global water imbroglio and immense calamities. Science and 
engineering have few answers to it. This treatise forcefully focuses with 
deep insight the futuristic vision of application of membrane science espe-
cially UF and MF. Its impact on global water shortage and the success of 
membrane science research pursuit are the ultimate issues facing human-
kind today. The author deeply observes the global water crisis with deep 
scientific conscience.20–23

6.28  FUTURE RECOMMENDATIONS FOR THE STUDY

The challenge of science is awe-inspiring. Human scientific endeavor 
and the development of environmental engineering tools are the torch-
bearers toward a newer generation of holistic sustainable development. 
Human society’s challenges and civilization’s prowess are witnessing in 
today’s world a new generation of scientific ideas and scientific innova-
tions. The future recommendations of this study should be toward more 
membrane science applications toward groundwater remediation. Arsenic 
groundwater contamination is devastating the scientific domain and social 
scenario of many developed and developing countries of the world. Future 
thoughts, future trends and future recommendations of the study in the 
field of membrane science should be toward tackling global water crisis. 
Future recommendations of this study aims at the academic and scien-
tific rigor in the domain of membrane science and water and wastewater 
treatment.22,23,28,35
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6.29  FUTURE TRENDS IN RESEARCH AND FUTURISTIC 
CHALLENGES

Futuristic challenges in the field of membrane science and environmental 
engineering science should be targeted toward fighting global water crisis 
phenomenon. Human scientific research pursuit is ushering in a new world 
of scientific imagination and scientific forbearance. Global water shortage 
today stands in the midst of immense scientific fortitude and scientific 
sagacity. Man’s prowess and a scientist’s directed vision stands as a major 
backbone of this century’s scientific research pursuit. Arsenic groundwater 
remediation and heavy metal remediation is opening up a new era of scien-
tific understanding and scientific fortitude.24,25,36

Trends in scientific research and immense scientific rigor are the torch-
bearers to a greater vision of environmental engineering tools and membrane 
technology. The challenge in UF, MF, and membrane science lies in removal 
of fouling and effective cleaning of the membranes. Scientific adjudication, 
scientific understanding, and scientific sagacity are in the futuristic road of 
immense vision.28,35,36

Green chemistry in today’s scientific horizon has an unsevered umbilical 
cord with application of nanotechnology. Ecological damage, environmental 
catastrophes and the grave concern for climate change has urged the scien-
tific domain to target green technologies. Futuristic challenges should be 
targeted toward this vision. Extensive applications of nanotechnology in 
environmental engineering are the other broad scientific perspective. The 
challenge for the future needs to be re-envisioned at each step of environ-
mental engineering forays.

6.30  CONCLUSION

The challenges, the visionary future of science and the wide roads toward 
progress are opening up new avenues of scientific emancipation in this 
century. Membrane science, particularly UF and MF, is ushering in a new 
eon of scientific rigor and immense understanding. The grave concerns of 
environmental pollution and the enhanced vision of water and wastewater 
treatment are gearing for new exploration and new avenues. Science and 
technology needs to be re-envisioned at every step of human life. The scien-
tific rigor of membrane science and water and wastewater treatment needs 
to be reshaped. In this century, the success of realization of environmental 
sustainability is immense and far-reaching. This is the largest question of 
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environmental engineering science. Sustainable development and realization 
of environmental sustainability will be the coin words of the future at every 
step of human life. The crisis of human civilization lies in the fact that global 
water shortage and drinking water treatment are at a state of deep distress. 
Wastewater treatment and industrial water pollution control needs to be 
re-envisioned and reshaped at each step of scientific rigor. Science and engi-
neering in today’s human civilization are in the path of new glory and new 
scientific understanding. The challenge, the vision and the progress of science 
needs to be overhauled with each step of human life. Water and wastewater 
treatment and application of membrane science are in the road toward newer 
scientific innovation and newer scientific instinct in years to come.
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ABSTRACT

The dairy industry generates large amounts of serum that are not used for 
generating high amounts of pollutants being disposed of improperly causing 
environmental damage. In Mexico, whey is a bioproduct of the dairy industry 
that has no added value and is produced in large quantities. This product 
has high potential to be reused as a raw material for other processes. The 
use of this product currently discarded, solves a clear problem of pollution 
and is a potential residue for integrating products into production chains, so 
source that promotes good sustainable management of this resource, with 
the use of products that are currently discarded and that cause pollution and 
could be used as feedstock for other processes, avoiding ecological imbal-
ance and reinstating materials to the production chain in the dairy sector. 
Manufacturing of edible films from whey protein products might repre-
sent an effective means of utilization of excess whey. The formation of the 
heat induced gel structure involves a complex series of chemical reactions 
involving dissociation, denaturation, and exposure of hydrophobic amino 
acid residues. These reactions are influenced by experimental conditions 
such as protein concentration, pH, heating temperature, and ionic strength. 
The aim of this study was to determine the progress in the use of whey and 
interactions that are generated when mixed in a food matrix.

7.1  INTRODUCTION

Most foods are highly perishable and subject to alterations and modifica-
tions caused by various factors (chemical, physical, and biological) that are 
primarily responsible for its deterioration. It has been said that a food is rot 
when it loses its normal characteristics. To avoid or delay senescence, a lot 
of methods have been developed for preserving and processing foods taking 
as a fundamental principle prevent the alteration or decomposition, mainly 
in their organoleptic properties (taste, odor, color, texture, among others) or 
avoiding the process of putrefaction, typical of the breakdown of protein 
foods of animal origin.

In the last 50 years, new technologies have been developed. These tech-
niques enable a great food distribution worldwide. Some methods have been 
used over the years such as heat, cooling, added sugar, acidification, fermen-
tation, drying or dehydration, modified atmospheres, among others.1 One 
of the conservation methods used recently is modified atmospheres, using 
inert gases that reduce the maturation process using specialized materials for 
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containing a product to generate a micro atmosphere.2 This arises due to the 
trend toward production and/or consumption of minimally processed food 
or organic food that is forcing to the food industry, research centers, and 
regulatory agencies, among others to transform their technologies and find 
different ways to processing foods.

A viable alternative is the formulation of edible films that help in control-
ling the deterioration occurred in foods, without neglecting that the require-
ments to support the control shall be based on the nature of food in which 
will be applied. Some of desirable characteristics in coatings and films are 
controlling the water vapor permeability to gases and volatile compounds, 
among others. Currently, there are a variety of films or edible coatings based 
on various polymers as pectin,3 Arabic gum,4 galactomannans,5 chitosan,6 
starch,7,8 alginate,9,10 xanthan gum,11,12 zein,13,14 pullulan,15,16 hydroxypropyl 
methylcellulose,17,18 locus bean gum,19 etc. However, protein-based films 
are characterized by its important functional properties, among which is 
the delay or decrease of the mass transfer through it, because it possesses a 
complex structure. Also, serve as an alternative to synthetic materials used 
as packings.20

In Mexico, the whey is a by-product of the dairy industry, which has no 
added value although is produced in large quantities and in spite of the diver-
sity of applications and products being developed, wastage has become the 
main source of pollution in the industry, making it a serious environmental 
problem, and this is mainly due to its high biochemical oxygen demand 
(BOD). For example, when the serum is pouring in a water body, the micro-
organisms need a large amount of oxygen to degrade it and consequently 
reduce the concentration of dissolved oxygen killing the fauna that exist in 
these ecosystems.21

The application or use of biodegradable resources coming from renew-
able sources is a strategy that reduces environmental problems and adds 
value. In recent years, the recovery of proteins from renewable agricultural 
or industrial waste, as is the case of some effluents of the dairy industry 
(mainly whey), are an important part of the most severe contaminants that 
exist, that despite of its many uses, it discharged into the soil, drains, and 
water bodies, becoming a serious problem for the environment. Its use as a 
source of conservation and recycling becomes an excellent choice for inno-
vation to develop new biodegradables products.22 Applications include the 
alcoholic fermentation, demineralization, hydrolyzed, forming edible films, 
among others. This latest packaging technology enables the development 
of products with specific barrier, mechanical, and thermal characteristics in 
certain packaging as films.
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Natural biopolymers come from four main sources: animal origin (e.g., 
collagen and gelatin), seafood (e.g., chiton and chitosan), agricultural origin 
(e.g., lipids for instance triglycerids and hydrocolloids such as protein and 
polysaccharides), and microbial origin [such as polylactic acid (PLA) and 
polyhydroxyalkanoates (PHA)].22,23 Proteins provide the opportunity to 
be used as raw material for the production of films. The films are formed 
by different types of amino acids that allow the development of intermo-
lecular interactions (as ionic interactions), that can be combined with other 
compounds and carried with different temperatures, allows the obtention of 
coatings with different chemical and physical properties. Optimizing inter-
actions between amino acids, the formation of polymers with improved 
stability, barrier, mechanical, and solubility properties are favored.20,24

The coatings prepared from whey protein have advantages over coat-
ings made from other biopolymers due to the excellent nutritional value, 
imperceptible taste, and carrying capacity of food additives.25 The objective 
of this review is to have knowledge in progress of the use of whey proteins 
in the manufacture of packaging materials and/or edible coatings as well as 
the interactions that occur in the matrix formed from various materials as 
lipids.

7.2  THE MILK WHEY: A BY-PRODUCT OF THE DAIRY INDUSTRY

Each sector of the food industry generates waste in different amounts 
depending on the type of product that is produced. In Mexico, the food 
industry has become one of the productive sectors of higher socioeconomic 
and environmental impacts from their production chains to their degree of 
pollution. In the dairy industry, it is necessary to subject the raw material to 
various processes to obtain the desired product with prolonged periods of 
storage and good preservation, which generates a large volume of air pollut-
ants, solid waste, hazardous toxic waste, and liquid effluents.26–28

Only in 2013, Mexico generated about 10,926,771  L of milk leaving 
as residue an estimated of 4,964,099 L of serum. From January to March 
2014, milk production generate an estimate of 2,595,134 L that will generate 
848,427 L of serum.29 Within the dairy industry, cheese is a primary product, 
which uses about 25% of total world production in its preparation. Undoubt-
edly, the main product of the dairy industry is the serum used in the prepara-
tion of cheese, which retains about 55% of the components of milk.

The whey is defined as one liquid translucent green substance obtained 
by removal of clot milk in the elaboration of cheese after precipitation of 
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the protein.30–32 There are several types depending on whey casein removal. 
The first is sweet whey, which is based on coagulation of renin at pH 6.5. 
The second is the acid whey that results from the fermentation process in 
which organic or mineral acids to coagulate casein are added. The nutritional 
composition of both types may vary slightly, as the content of lactose and 
protein that are prevalent in sweet whey31,32 (Table 7.1). It is estimated that 
for every kg of cheese are produced 9 kg of whey, which represents about 
85–90% of the volume of milk.28,33–35

TABLE 7.1  Composition of Whey.

Component Sweet whey (g/L) Whey (g/L)
Total solids 63.0–70.0 63.0–70.0
Lactose 46.0–52.0 44.0–46.0
Protein 6.0–10.0 6.0–8.0
Calcium 0.4–0.6 1.2–1.6
Phosphates 1.0–3.0 2.0–4.5
Lactate 2.0 6.4
Chlorides 1.1 1.1

Within the chemical composition of whey are: lactose (4.5–5%  w/v), 
soluble protein (0.6–0.8%  w/v), lipids (0.4–0.5%  w/v), and minerals 
(8–10% dry matter) as potassium, calcium, phosphorus, sodium, and magne-
sium. It also has B vitamins (thiamin, pantothenic acid, riboflavin, pyri-
doxine, nicotinic acid, and cobalamin) and ascorbic acid.32,34,36,37 The high 
nutrient content generates BOD and chemical oxygen demand (COD), 3.5 
and 6.8 kg per 100 kg of liquid whey, being the lactose the main component 
contributing to the high BOD and COD.32,34,38–41

Although proteins are not the most abundant component in whey, it is the 
most important economically and nutritionally.32,42 It has about 20% of the 
proteins in bovine milk, being the main component in the beta-lactoglobulin 
(β-Lg, 10%) and alpha-lactalbumin (α-La, 4%) of whole milk protein, also 
contains other proteins such as lactoferrin, lactoperoxidase, immunoglob-
ulins, and glycomacropeptide. Its nutritional property and high biological 
value is attributed to the amount of essential amino acids (leucine, lysine, 
tryptophan, threonine, cysteine, methionine, histidine, valine, isoleucine, 
and phenylalanine) present in about 26%.32,43,44

However, despite their composition, they are discarded into rivers, 
sewage, and industrial water recollection centers without given or provide 
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them any benefit. In Mexico, the penalties provided in the General Law of 
Ecological Equilibrium and Environmental Protection, National Water Law 
and other applicable breach of the Official Mexican Standard NOM-PA-
CCA-009/93 that establishes the maximum permissible limits of entities of 
pollutants in wastewater discharges into receiving bodies of the processing 
industry of milk and its derivatives. This leads to increased demand for inno-
vation in technological processes for treating effluents that due to the constant 
increase in dairy industry will not cover. Unlike developed countries (e.g., 
USA, Germany, China, etc.), serum is dehydrated for use in making bever-
ages, dairy products and meat extenders.45–47

In order to reduce the environmental problem caused by the deposition 
of whey, some alternatives have been proposed to transform this problem 
of waste generation in a potential economic resource that could give to this 
waste source a high value-added. Traditionally, whey is used to feed the 
population of cattle and pigs to provide them energy, protein and minerals; 
however, there are some techniques used the serum.

7.2.1  ALTERNATIVES TO THE USE OF SERUM

7.2.1.1  ETHANOL PRODUCTION

Ethanol production from serum has been widely studied and some indus-
trial processes have been implemented in developed countries in milk 
production. Industrial plants are operating in Ireland, USA, New Zealand, 
among other countries.48,49 Generally, deproteinized serum is used before 
the ultrafiltration. The first studies were conducted in the thirties, using 
yeast capable of fermenting lactose.50 The most used species can ferment 
this disaccharide are Kluyveromyces marxianus (Kluyveromyces fragilis 
before), Kluyveromyces lactis, and Candida kefyr (formerly Candida pseu-
dotropicalis). The main limitation of this process is the low concentration 
of ethanol obtained by intolerance of some strains and the low lactose level 
that generates between 2% and 3% as maximum of ethanol at the end of 
fermentation.51

7.2.1.2  DEMINERALIZATION

Serum has a high content of salt and other minerals, calculating the dry 
weight; this is ~8–12%, that makes its application, as a food additive is 
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limited. By the serum demineralization, it is possible to open new avenues for 
use as partially demineralized whey (25–30%) or much demineralized whey 
(90–95%).52 The partially demineralized whey concentrate can be used, for 
example, in the manufacture of ice cream and bakery products, while much 
demineralized whey concentrate or powder may be used in infant formulas 
and a large degree of products. Demineralization involves removing certain 
organic salts with organic ions reduction of citrates and lactates using tech-
niques as nano- and/or ultrafiltration.53 Ion exchange resins or electrodialysis 
can perform this procedure.54

7.2.1.3  PROTEIN CONCENTRATES WHEY

Protein concentrates whey is prepared by ultrafiltration, consisting of a 
semipermeable membrane, which selectively allows passage of materials 
of low molecular weight as water, ions, and lactose, while retaining high 
molecular weight materials such as protein. The retentate is concentrated 
by evaporation and lyophilized.32,34,55 These concentrates are prepared as 
substitutes of skim milk and are used in the production of yogurt, processed 
cheese, in several applications of drinks, sauces, noodles, cookies, ice cream, 
cakes, dairy, bakery, acrne, beverages, and products of infant formulas due 
to their excellent functional properties of the proteins and their nutritional 
benefits.30,32,34

7.2.1.4  HYDROLYSATES

The preparations of enzymatic hydrolysates rich in oligopeptides represent 
a way to improve protein utilization. These preparations have been used 
in countries such as dietary supplements or physiological needs, to senior 
age, premature babies, athletes who control the weight through dieting, and 
children with diarrhea. This is because the amino acids provided by protein 
hydrolysates are completely absorbed in the digestive system compared with 
the intact protein without solubilizing.32,56,57

7.2.1.5  ISOLATED

Isolated whey protein is one that contains no fat, sugar, and lactose 
includes major bovine proteins such as beta-lactalbumin, lactoglobulin, and 
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lactoferrin. Protein supplements based protein isolated from whey provides 
a pure source of high-quality protein with minimal amounts of fat, carbo-
hydrates, and lactose. This protein also has the characteristic of being fast 
digestion and increase levels of amino acids available in the tissues needed to 
build muscle,58–60 and has a high antioxidant capacity.61,62 In this way, several 
technologies have been used. Thus, concentration of whey may be realized 
by heating and drying (evaporation, spray-drying, and freeze-drying) or by 
reverse osmosis. Membrane separation technologies have been used for 
obtain proteins ingredients from whey.63

7.2.1.6  INFANT FORMULAS

The interest in improving the biological and nutritional milk yield that is 
modified to resemble human and thus be used in infant formulas has increased 
in recent years. For this, the ingredients are isolated from bovine milk and 
are adapted using the human milk as suitable reference. The composition 
of the bovine milk, despite differs in many aspects relating to human milk, 
such as to the content of casein, lactose, mineral salts, and specifically in the 
proportion of proteins found (β-Lg is not in the breast milk), is still the main 
source of nutrition for infant formulas.32

7.2.1.7  EDIBLE FILMS

Environmental pollution caused by packaging made of polyethylene has 
been a major reason for the development of research to increase the interest 
in the use of biodegradable polymers forming food packaging. One of the 
most studied polymers was the whey proteins due to the excellent nutritional 
value, taste, and soft capacity to serve as a means to add color, flavor, and 
functional food ingredients.25

7.3  FEATURES OF PROTEINS AS A STARTING MATERIAL

Proteins are biomolecules consisting of carbon, nitrogen, hydrogen, and 
oxygen, which may also contain sulfur, phosphorus, iron, magnesium, 
copper, among others. Consist of 20–500  amino acids, in addition to the 
alpha amino and carboxyl alpha groups involved in the peptide bonds have 
a lateral chain with different functional groups, which give a distinctive 
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characteristic are able to form three-dimensional amorphous networks 
mainly stabilized by noncovalent interactions and the functional properties 
of these materials are very dependent on the structural heterogeneity (due 
to amino acids that form the primary structure), thermal sensitivity, and the 
hydrophilic behavior of proteins.64

Depending on their own-primary sequence of each polypeptide chain 
structure, assumes different organizations on its axis—secondary struc-
ture—stabilized by hydrogen bonds and the tertiary structure—the three-
dimensional organization reflects the poly peptide chain, based on the 
hydrogen bonding, Van der Waals forces, electrostatic and hydrophobic 
interactions, and disulfide bonds, to form globular protein or random fibrous 
structures. Finally, quaternary structure occurs as a consequence of the asso-
ciation of different polypeptide, equal or not to each other, which interact 
through noncovalent bonds resulting in single molecules. The functionality 
of proteins it is known as the expression of their physicochemical properties, 
which affect systems or food matrices.65 These properties can be classified 
based on the ability of proteins to interact with water molecules to estab-
lish interactions with other proteins and with its molecular surface charac-
teristics.66 From materials, technology is important to recognize properties 
related to protein–protein interactions, which give rise to the formation of 
matrices with specific characteristics. With outstanding properties such as 
gel forming ability and the ability of forming materials such as films, coat-
ings, fibers, among others.64,67

The inherent properties of these biopolymers make them excellent 
starting materials for films and/or biodegradable coatings. Within amino 
acids, polar, and nonpolar, the load distribution along the chain creates 
a chemical potential. In β-Lg, the domains of the polar and nonpolar 
areas can generate a matrix in a protein-based film through the interactive 
forces. These arrays or systems can be stabilized from electrostatic inter-
actions, hydrogen bonding, Van der Waals force, covalent, and disulfide 
bonds.68,69

The functional properties of composite films, which take advantage of 
each component and decrease its disadvantages, depend on their composi-
tion and formation process. Knowledge of how each component interacts 
each other (physically or chemically) facilitates the design of the films or 
coatings with structural features and properties specific barrier.70 Among the 
side benefits for using proteins to form films and coatings is the existence 
of multiple sites for its chemical interactions as function of its various func-
tional groups of amino acid.



170	 Applied Chemistry and Chemical Engineering: Volume 5

7.3.1  WHEY PROTEIN

The Food and Drug Administration (FDA), mentions that milk proteins 
must have all the proteins found naturally in milk, and must be in the same 
relations, while that isolates and concentrates of whey protein, are those 
obtained by removing nonprotein components and are free of casein. These 
milk proteins have properties that can provide desirable texture and other 
attributes to the final product. They have multiple applications in traditional 
foodstuffs. Various types of milk protein, similar to whey protein concen-
trates (WPC), whey protein isolates (WPI), casein and caseinates, among 
others, can be obtained from the waste generated by industrial complexes. 
To concentrate and separate the protein, various techniques have been used 
as ultrafiltration or ion exchange technology. Then subjected to a drying 
process to obtain the WPC and WPI, which are highly soluble, probably 
because in water, acquire colloidal dimensions, are amphoteric and the 
complete hydrolysis produces a mixture of amino acids. Depending on the 
influence of different pH and ionizable groups to which they are, they can 
develop loads, either positive or negative, or reach a net charge of zero to 
reach the isoelectric point (PI).65

The whey proteins differ from the caseins in their net negative charge that 
is uniformly distributed along the chain. Hydrophobic, polar, and charged 
amino acids are likewise uniformly distributed. Consequently, proteins fold 
and so most hydrophobic groups are enclosed within the protein molecule. 
Protein interactions that occur between chains determine the formation of 
the network of the films and their properties.71

Whey is a significant source of functional proteins such as β-Lg and α-La 
mainly obtained as a byproduct of the cheese industry and casein.72 These 
functional proteins confer to whey a distinctive characteristic such as solu-
bility, stability of systems interphase, and protein thermal stability.73 The 
whey proteins possess an excellent nutritional value, variable solubility in 
water, and aptitude as emulsifier agent.74 There is research on the use of milk 
proteins as edible films.75,76 For their high-protein content, both the concen-
trate (WPC, 80% protein approx.) and isolated (WPI, >90%  protein) of 
whey proteins, are ideal for the formation of edible films.77 However, the 
prior denaturation of β-Lg and α-La, is necessary to expose the hidden sulf-
hydryl (–SH) and disulfide (SS) groups in the hydrophobic center of the 
native globular tertiary structure of these proteins. The subsequent formation 
of intermolecular disulfide bonds, mainly in the nanomeric units of β-Lg78, 
promotes the generation of a stable three-dimensional network. It is therefore 
necessary to incorporate a plasticizer (e.g., glycerol or sorbitol) to decrease 
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the density and reversibility of intermolecular interactions and increase chain 
mobility and thus flexibility of the film.79 Whey-based Films plasticized with 
glycerol are excellent barriers to O2, CO2, and C2H4.

75,80 Unfortunately, its 
highly hydrophilic characteristic make it turns into not good barriers to water 
vapor.77 Using this type of film in conjunction with hydrophobic membranes 
makes this type of coatings the ideal ones for the study of postharvest fruits 
and vegetables, especially in those highly perishable fruit.

7.4  INTERFACIAL AND ELECTROSTATIC INTERACTIONS

Homogenization is a technique widely used in the food industry that obtains 
consistent uniformly mixing, in order to obtain a dispersion of oil in these 
products, that is, a system having a dispersed phase and a continuous phase. 
In the process, aggregates are formed that are absorbed into the surface with 
the oil droplets newly formed. Proteins being the amphipathic molecules, 
have polar and nonpolar parts that are oriented in the interphase so that a 
portion of nonpolar amino acids are in contact with the oil phase and the 
polar groups with the aqueous phase.81–83

The bilayer film formation is formed by the homogenization of lipid in a 
concentrated protein solution to form an emulsion, which will allow dehy-
dration.84 The result is a continuous protein matrix covered by lipid droplets 
embedded on film. Although edible films are not effective as barriers bilayers 
films, these are superior to those of a single layer in the mechanical proper-
ties. The presence of the emulsion droplets in the film increases the distance 
traversed by water molecules, which diffuse through the film, therefore the 
water vapor permeability decreases. This is called tortuosity effect; part of 
the protein in the film is partially immobilized at the interface of the immo-
bilized lipid droplets. This interfacial protein can adopt few configurations 
than the protein in the film mass. Biopolymer segments are less mobile, so 
the diffusion of water through the interfacial protein is reduced. Therefore, 
the water vapor permeability of the interfacial protein is lower than that of 
the mass of protein. This effect has been termed as interfacial interaction.75 

Tortuosity has been thought to depend only on the volume fraction of the 
lipid film, while the interfacial interaction is a function of the surface area of 
emulsified lipid, and this depends on the volume fraction and particle size.75 
Many researchers have attempted to obtain the lowest possible particle size 
in the emulsions in order to maximize stability and interfacial interactions. 
The phases of dispersed solids should provide a good effect of interfacial 
interaction because the absorbed protein cannot move in the plane of the 
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interface. However, production of very small droplets of dispersed solid 
takes energy.85

A microstructural study of mixtures of isolated whey protein and mesquite 
gum stressed the importance of taking into account the electrostatic interac-
tions of the components.70 The electrostatic interactions of the polymer are 
determined by the physicochemical characteristics of each polymer (charge 
density, molecular weight, etc.), their concentrations, and solution condi-
tions (pH, ionic strength, ion type, etc.).86 For this study, the mixture of 
an anionic polysaccharide and a protein, electrostatic interaction has to be 
based on the net charge of each molecule that is pH dependent. In the study 
conditions, isolate whey protein is negatively charged, similar to mesquite 
gum, favoring the electrostatic repulsion between the two molecules, and 
consequently, the formation of aggregates.

Furthermore, the mixture of two different polymers often results in a phase 
separation of two domains in only a biopolymer. This happens due to the 
tendency of these molecules to be associated with other similar structures.87 As 
a rule, the mixtures of biopolymers tend to segregate88 and thermodynamically, 
protein and polysaccharides can be compatible or incompatible in aqueous 
solution. Incompatibility occurs when the repulsion between the biopoly-
mers (e.g., when both are negatively charged) are in solution. In this case, the 
solvent/biopolymer interactions are favored as opposed to those biopolymer/
biopolymer and solvent/solvent interactions. Finally becomes the system in 
two phases, with each phase becoming rich in one of the biopolymers.89

In a pH acid range from 1 to 3, protein molecules and k-carrageenan have 
opposite charges, thereby leaving a strong attraction there between. Under 
these conditions, it is difficult for the molecules of whey protein to form a 
three-dimensional protein matrix. The pH 6 provides the optimum condi-
tions to obtain gels of mixture. A pH value of 6 is relatively close to the PI 
of the whey protein (Ip 5.2) where these have a low net charge and therefore 
tend to aggregate.90

The pH plays an important role in the formation of protein networks. 
The behavior of WPI is highly related to the PI, which is 5.2 to WPI. Below 
this, the total charge of WPI is mainly positive, while if the PI is greater, the 
overall charge is negative. WPI gels formed are transparent after heating, 
indicating protein denaturation in a pattern of fine wire. This behavior can 
be related to electrostatic repulsion between the protein molecules. In this 
case, proteins are negatively charged, when cations are added the bridges are 
enabled and the gelation is allowed.91

Complex formation of beta-casein and guar rubber causes a disruption 
of a small proportion of the secondary structure of the protein between 
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galactomannans of Mimosa scabrella and milk proteins. Doublier92 
suggested that the mechanism of interaction and compatibility involve 
creating weak electrostatic complexes soluble in water, which can be 
destroyed in increasing ionic strength. Their rheological studies on dynamic 
and static systems showed that the fraction of whey protein (α-La and β-Lg) 
do not have interaction with the galactomannan of M. scabrella, shown by 
the absence of variation in the values of viscosity.93

7.4.1  HEATING

The application of heating in protein solutions improves its properties 
as a matrix, which is due to the connections between the protein chains. 
One of modifications frequently used are disulfide bonds or unions, which 
occur with heat treatment, followed by polymerization of protein chains.94 
This allows expose chains, sulfhydryl and hydrophobic groups. Hydrogen 
bonds and nonpolar hydrophobic groups in the molecule of the protein are 
disrupted, which expose amino groups solvent a more open structure.95,96 
The presence of thiol groups (β-Lg) is of importance to changes occurring in 
the solution during heating because engage in reactions with other proteins.97 
Polymerization occurs through the exchange of intermolecular disulfide 
bonds groups.69,98 After heating, there may be noncovalent-type interactions 
for exposure of new groups in the whey proteins, these interactions may be 
ionic, hydrophobic, and van der Waals force.99

7.5  PROTEIN–LIPID INTERACTIONS

A study of diversity and versatility of lipid–protein interactions in biological 
systems demonstrated associations between these two models may be only 
in the surface of the hydrophobic membrane (located in biological systems) 
or involve penetration in a hydrophobic membrane. The regulation occurs 
through conformational changes resulting from phosphorylation, ligand 
binding, etc. Proteins utilize amphipathic helices to test the lipid composi-
tion of the membrane, particularly the overall content of anionic lipid in a 
specific anionic lipid.100

Biological studies of lipids in the membrane protein structures show that 
there are three general principles of lipid binding proteins that are distin-
guished by their lipid interactions with proteins. First, there is an annular 
cover of lipids bound to the surface of the protein, which resembles the 
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bilayer structure. Second, the lipid molecules are embedded in cavities and 
crevices of the surface of the protein, frequently by multisubunit complexes 
and multimeric ensembles. These surface lipids not override are typically 
present in oligomeric subunits or interfaces. Finally, few examples represent 
lipids, which reside in the membrane protein or protein complex membrane 
and these are in unusual positions.101

7.6  PROTEIN–POLYSACCHARIDE INTERACTIONS

Proteins may present some modifications to their functional properties after 
they have been conjugated with some polysaccharides. These complexes 
require covalent bond formation, usually after a heat treatment and condi-
tions of low water activity.102,103

Over time, various techniques have been used for better understanding 
of the possible interactions between proteins and polysaccharides present. 
Depending on aqueous environmental conditions such as pH, ionic strength, 
among others, it is possible to describe four different behaviors for interac-
tions of milk proteins and anionic polysaccharides in the aqueous phase. (1) 
At neutral pH and low ionic strength, both proteins and polysaccharides are 
negatively charged and although electrostatic attractive interactions might 
exist between protein parts of positive and negative charges of the poly-
saccharide, these biopolymers are cosoluble in low concentrations, (2) pH 
values near to the PI or relatively low values, electrostatic protein–polysac-
charide complexes are formed, (3) in a high reduction of aqueous phase, 
pH allows the aggregation of soluble complexes and complex coacervation, 
and finally (4) to less than pH 2.5, electrostatic complexes of biopolymers 
are generally removed due to the protonation of acidic functional groups of 
polysaccharide.104,105

Interactions exist thanks to the presence of attractive electrostatic and 
covalent bonding forces, which occur in the positively charged proteins and 
anionic polysaccharides with low energy that may result in an insoluble 
precipitate of both polymers.103 The polysaccharide interactions with β-Lg, 
show that when β-Lg adsorbed onto the air–water interface in the presence of 
polysaccharides three phenomena can occur. First is that the polysaccharides 
are adsorbed on the interface competing with the protein for the interface 
(competitive adsorption). Second, the complexes of polysaccharides with 
adsorbed protein, are linked mainly by electrostatic interactions or hydrogen 
bonds106,107 and finally the existence of limited thermodynamic compatibility 
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between protein and polysaccharide. The polysaccharide adsorbed protein 
concentrate.

The performance of mixtures of polysaccharides is determined by the 
pH and the concentration and also by the ionic strength of the system 
under study. The pH generally strongly affects the net charge of the protein 
and plays an important role in interactions between protein and anionic 
polysaccharides.86 Protein at the interface is partially deployed forming 
intermolecular hydrophobic associations or disulfide bounds.108 Murray109 
mentions that some properties of multilayer films are enhanced by the 
mixture of proteins and polysaccharides. Protein–polysaccharide interac-
tions usually are formed by the binding of the protein to the amino groups 
to reduce the carboxyl end groups of polysaccharides via a controlled 
Maillard reaction.110,111 Frequently protein complexes–polysaccharide arise 
from noncovalent associations mainly by electrostatic attractive interac-
tions. In a study of interfacial rheology measurements using the expansion 
method drop, an elastic behavior for the whey protein was found. Showed 
that at low concentrations of protein, where the first biopolymer molecules 
reach the interface at optimum conditions can completely absorb any locus 
and occupy a high interface area because the interface is still free of mole-
cules. However, at high concentrations, abundant protein–protein interac-
tions, side to side, at the interface, induce a more compact conformation 
of the protein.112

7.7  CONCLUDING REMARKS

Numerous studies have been conducted to elucidate the interactions of 
proteins with other polysaccharides, as well as for changes and/or modifica-
tions that occur in the protein structure when subjected to different processes 
to produce a final product. These studies have generated different models 
that allow predictions of what happens within a matrix made of proteins, 
and even further, theoretically elucidate what interactions with other compo-
nents are distorted when the denaturalization is reached. It is important to 
note that all data shown were carried out under defined conditions of work; 
any changes or modifications can directly influence the behavior of interac-
tions. Studies remain to be done to learn more about this topic and thus know 
if there are any changes or if there are new functional properties that can take 
advantage in proteins.
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7.8  LOOKING AHEAD

Industrial and environmental practices require alternatives to the reutiliza-
tion of serum for constructive purposes, since the degree of pollution caused 
by pouring the drain is high. The dairy industry it is constantly growing 
each year and it will so far, so it is necessary to further research and techno-
logical development to take new technological achievement of this waste, 
and thereby extend the diversification of products to reach the international 
market with innovative products and be able to handle large scale production 
benefiting both the environmental and economic sector. The dairy sector 
has suggested the implementation of a plant receiving serum from various 
companies to conduct dewatering processes thereof, so that represent a 
solution to the problem of disposal, which in turn would generate jobs and 
increased revenue.
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ABSTRACT

Guar gum (GG) is a galactomannan, obtained from Cyamopsis tetragonol-
obus (Leguminosae) which has been cultivated in India and Pakistan for 
centuries. Chemically, GG is a hydrocolloid polysaccharide composed by 
mannose and galactose in molecular ratio of 2:1. It has wide applications 
in pharmaceutical formulations, cosmetics, foods, paper, mining, and many 
other industries, and is used as a natural thickener, emulsifier, stabilizer, 
bonding, and gelling agent, soil stabilizer, natural fiber, flocculant, and frac-
turing agent. GG is white to yellowish white powder, nearly odorless with 
bland taste that is manufactured by mechanical extraction of endosperm from 
the guar seed. These seeds are separated from the plant and dried. Refined 
guar splits are first obtained by roasting, dehusking, and polishing. These 
splits are then pulverized and tailor made in various mesh sizes for usage in 
the different industries. It is practically insoluble in organic solvents. In cold 
or hot water, it disperses and swells almost immediately to form some highly 
viscous thixotropic solutions. Through references reported in the literature 
about the GG, the aim of this chapter was to review the occurrence of this 
gum, its production, physicochemical properties, identification, and industry 
applications.

8.1  INTRODUCTION

The term hydrocolloid is derived from the Greek “hydro” (water) and “kola” 
(glue). Hydrocolloids can be defined as molecules of high molecular weight 
that usually have colloidal properties, capable of producing gels when are 
combined with the appropriate solvent. The presence of a large number 
of hydroxyl groups in their structure significantly increases their affinity 
for water molecules, making them hydrophilic compounds.37 This term is 
applied to a variety of substances with gummy characteristics. However, it 
is more common to use the term to refer to polysaccharides or their deriva-
tives, obtained from plants or microbiological processing and which may or 
may not be chemically modified to change or improve their technological 
capabilities.76,77,79

The heterogeneous group consists of polysaccharides and proteins and 
the researchers have mainly studied them due to their range of use in industry 
and the functionalities that impart to whatever system or product into which 
they are incorporated.4,58,80 The commercially important hydrocolloids and 
their origins are given in Figure 8.1. In recent years, hydrocolloids from 
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some seeds such as quince gum (Cydonia oblonga), vinal gum (Prosopis 
ruscifolia), and espina corona gum (Gleditsia amorphoides),6,55,60 especially 
guar gum (GG, Cyamopsis tetragonolobus) have evoked tremendous interest 
due to its several industry applications.59,63 GG have a wide range of func-
tional properties, these include thickening, gelling, emulsifying, stabiliza-
tion, and controlling the crystal growth, among others, but the functionality 
in these capacities can be attributed to the chemical characteristics of the 
monomers and the polymer’s molecular structure (including the chain length 
and branching pattern where pertinent). These characteristics also determine 
how the GG yield is affected by factors, such as temperature, pH, presence 
of certain ions, etc.45,46,53 Consequently, there is a large body of knowledge of 
how to exploit GG properties in order to improve future applications. In this 
chapter, information on GG, origin, manufacturing, structure, properties, 
and applications is described in subsequent sections to understand better its 
importance and potential.

FIGURE 8.1  Sources of important hydrocolloids.

8.2  GUAR GUM

8.2.1  CULTIVATION

The guar plant, C. tetragonolobus (L.) Taub. (family Leguminosae), 
commonly known as guaran or cluster bean, is an important leguminous 
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annual crop. It grows upright, reaching a height of 2–3 m. It has a main 
single stem with either basal branching or fine branching along the stem. 
It is a robust, bushy, semiupright type of plant. Guar has well developed 
tap root system. Stems and branches are angular, grooved, forked hairs, 
sometimes glaucous. Guar has branched and unbranched growth habit. 
It has pointed saw-toothed, alternate, trifoliate leaves with small purple 
and white flowers borne along the axis of spikelet. It bears hairy pods 
in clusters of 4–12  cm length, each pod with 7–8 seeds. Seed is hard, 
flinty, flattened, ovoid, and about 5  mm long, also are white, grey, or 
black in color (Fig. 8.2). Guar plant grows in specific climatic condition, 
which ensure a soil temperature around 25°C for proper germination, long 
photoperiod, with humid air during its growth period and finally short 
photoperiod with cool dry air at flowering and pod formation.30 This crop 
prefers a well-drained sandy loam soil. It can tolerate saline and moder-
ately alkaline soils with pH ranging between 7.5 and 8.0. Heavy clay 
soils, poor in nodulation, and bacterial activities are not suitable. Finally, 
the plants are sown after the first rains in July and harvested in October–
November, being a short-cycle crop that is harvested within 3, 4 months 
of its plantation.43,65

FIGURE 8.2  Guar (a) pods, (b) seeds, (c) splits, and (d) powder.

Guar plant is native to the Indian subcontinent; however, this crop is 
also grown in other parts of the world, such as, Pakistan, Australia, Brazil, 
EE, UU, Malawi, and South Africa.82 India is the world leader with 80% 
production of guar with its cultivation in semiarid, Northwestern parts of 
country encompassing States of Rajasthan, Gujarat, Haryana, and Punjab. 
Pakistan with 15% of world production is next to India. Remaining 5% guar 



Guar Gum as a Promising Hydrocolloid	 187

is produced in rest of the world with a total production of 15,000 Tons per 
annum. Efforts have been made to promote cultivation of guar in Australia 
by the Department of Agriculture and Rural Industrial Development Agency 
where the research found that guar could be grown in the northern region 
relatively successfully. Similarly, it is reported that countries such as China 
and Thailand are also trying to grow guar. Therefore, in the future, economy 
developed by cultivation of guar not only remain monopolized by India and 
Pakistan.3,40

8.2.2  EXTRACTION

In general, the guar seeds consist of three parts: The hull (14–17%), 
germ (43–47%), and endosperm (35–42%). GG, the principal marketable 
processed product of the plant, comes from the endosperm.61 Several methods 
have been used for the manufacture of different grades of GG, but due to its 
complex nature, the thermo-mechanical process is generally used for the 
manufacture of edible grade and industrial grade GG.28,48 This process is 
normally undertaken by using unit operations of roasting, differential attri-
tion, sieving, and polishing (Fig. 8.3).28 It is very important to select guar split 
in this process. The split is screened to clean it and then soaked to prehydrate 
it in a double cone mixer. The prehydrating stage is very important because 
it determines the rate of hydration of the final product. Soaked splits, which 
have reasonably high moisture content, are passed through a flaker. Flaked 
guar splits are ground and then dried. Obtained powder is screened through 
rotary screens to deliver required particle size. Oversized particles are either 
recycled to main ultrafine or reground in a separate regrind plant, according 
to the viscosity requirement. This stage helps to reduce load at the grind 
step. Soaked splits are difficult to grind. Direct grinding of those gener-
ates undesirable over heating in the grinder, which reduces hydration of the 
final product. Through the heating, grinding, and polishing process, husk is 
separated from the endosperm halves and refined GG splits are obtained. 
After grinding process, refined guar splits are then treated and converted 
into powder. The split manufacturing process yields husk and germ called 
“guar meal,” widely sold in the international market as cattle feed. Manufac-
turers define different quality grades of GG by its particle size, the viscosity 
generated with a given concentration, and the rate at which that viscosity is 
developed.12,27,51,52,66
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FIGURE 8.3  Guar gum flow chart.

8.2.3  DERIVATIVES

Modification of GG is done by two ways either substitution process that 
involves replacement of free hydroxyl group of the carbohydrate backbone 
by different cationic, anionic, amphoteric, and nonionic groups, or hydroly-
zation process that means enzymatic, acidic, and basic hydrolysis of guar to 
yield low molecular weight gum. These modifications enhance properties 
and applications of guar in a broad spectrum of industries.34,57,73

Many derivatives of GG have been prepared and reported in the 
literature, some of these are carboxymethyl GG,50 hydroxymethyl GG,31 
hydroxypropyl GG,32 O-carboxymethyl-O-hydroxypropyl guar gum 
(CMHPG),68 O-2-hydroxy-3-(trimethylammonia propyl) guar gum 
(HTPG), O-carboyxymethyl-O-2-hydroxy-3-(trimethylammonia propyl) 
guar gum (CMHTPG),33 acryloyloxy GG,67 methacryloyl GG,81 sulfated 
GG,36 and GG esters.19 The derivatives of GG and some applications are 
presented in Table 8.1.
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TABLE 8.1  Currently Manufactured GG Derivatives.

Guar gum derivatives
Type of derivative Substituent group Ionic charge Application Reference
Carboxymethyl GG 
(CMG)

Hydroxypropyl GG 
(HPG)

Carboxymethyl-
hydroxypropyl GG 
(CMHPG)

─CH2─COO−Na+

─CH2─CH(OH)CH3

─CH2─COO−Na+

─CH2─CH(OH)CH3

Anionic

Nonionic

Anionic

Nanoparticles for 
drug delivery

Treatment of 
wastewater

Lubricant drops for 
eye treatment

Fracturing fluid in 
mining industry 
and oil recovery

18

47

54]

41

8.3  CHEMISTRY OF GUAR GUM

GG (CAS number 9000–30–0) is a galactomannan that contains 34.6% 
D-galactopyranosyl units and 64.4% D-mannopyranosyl units. The chem-
istry of the galactomannan unit confirmed that GG molecule is a linear carbo-
hydrate polymer with a molecular weight range of 50,000–8,000,000Da.28

It has a straight chain of D-mannose units linked together by β (1–4) 
glycoside bond and D-galactose units are joined at each alternate position by 
an (1–6) glycosidic linkage23 (Fig. 8.4). Therefore, GG forms a rodlike poly-
meric structure with a mannose backbone linked to galactose side chains, 
which are randomly placed on backbone with an average ratio of galac-
tose to mannose of 1:2. The polymeric structure of GG contains numerous 
hydroxyl groups, which are treated for manufacturing different derivatives 
important in several industries. Their properties mainly depend upon their 
chemical features such as chain length, abundance of cis–OH group, steric 
hindrance, degree of polymerization, and additional substitution.12,15,49,74

FIGURE 8.4  Chemical structure of guar gum.
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8.4  PROPERTIES OF GUAR GUM

GG is a white to yellowish powder and nearly odorless. The most important 
property of GG is its ability to hydrate rapidly in water to attain uniform 
and very high viscosity at relatively low concentrations. Another advantage 
associated to GG is that it is soluble in hot and cold water and provides full 
viscosity. Apart from being the most cost-effective stabilizer and emulsi-
fier, it provides texture improvement, and water-bonding, enhances mouth 
feel, and controls crystal formation. There is a wide range of physical and 
organoleptic properties of GG so the principal characteristics of this gum are 
summarized in Table 8.2 and are widely discussed in subsequent sections.

TABLE 8.2  Characteristics of Guar Gum.

Guar gum
Origin Extract of endosperm of seed (Leguminosae)

Chemical composition •  Medium-galactose galactomannan

•  Mannose + galactose (ratio M:G = 1.6:1)

Nutritional value (in 100 g) 292 kJ (70 kcal); slow resorption

Fiber content Approx. 80% (contains 10% protein)

Toxicology No health concerns, no ADI value defined

Solubility at low temperature (H2O) Highly soluble

Appearance of an aqueous solution Opaque, gray, and cloudy

Viscosity of solution in water High in cold water, lower in hot water

Impact of heat on viscosity in water 
(pH 7)

Viscosity decrease

Shear stability Pseudoplastic > 0.5% concentration, shear thinning

Thickening effect High

pH stability High (pH 2–10)

Film formation Low

Emulsion stabilization Medium

Gelation No (only with borate ions)

Crystallization control High

Synergistic effects with other 
hydrocolloids

+ Starch/xanthan/CMC: viscosity increase;

+ Gelling polysaccharides (e.g., agar): increased gel 
strength and elasticity

Negative interactions Viscosity reduction with polyols

Dosage level in foods Low–medium (0.05–2%, mostly 0.2–0.5%)
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8.4.1  RHEOLOGY

GG is the most efficient aqueous thickener known. Solutions of GG and its 
derivatives are non-Newtonian, classified as pseudoplastic. They become 
fluid reversibly, when heat is applied, but irreversibly degrade when prolonged 
high temperature is applied at prolonged times. Some of the hydroxyalkyl-
ated derivatives, recently developed, resist this degradation to a much greater 
degree. Solutions resist this well-shear degradation, compared with other 
water-soluble polymers, but degrade with time under high shear.11

8.4.2  VISCOSITY

The most important characteristic of GG is its ability to be dispersed in water 
and hydrate or swell rapidly and almost completely in cold water to form 
viscous colloidal dispersions. The viscosity attained is dependent on time, 
temperature, concentration, pH, rate of agitation, degree of purification, and 
practical size of the powdered gum used (Fig. 8.5). Temperature keeps a 
proportional relationship with viscosity of GG dispersion: The lower the 
temperature, lower the rate at which viscosity increases and lower the final 
viscosity. Heating the gum at temperatures above 60°C tends to provide 
a high initial viscosity but leads to an inferior stability (in terms of time-
dependant changes in viscosity). The most convenient temperature depends 

FIGURE 8.5  Changes in viscosity of guar gum as a function of time.
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on the source. For example, the optimal conditions to disperse GG involve 
heating at 25–40°C for 2 h.71

The recommended use level of GG in aqueous systems is generally much 
less than 1%, since at higher concentrations the viscosity becomes exces-
sive for most applications. For a typical solution, if the concentration (e.g., 
1–2%) bends a tenfold increase in viscosity is obtained (4100–44,000 cps, 
respectively).

High viscosity products with a concentration at 3% are thick solutions 
that seem gels. There are guar derivatives with low viscosities for special 
applications, for example, when a high solids content is favored when desired 
electrically charged molecules thickening power and controlled behavior, or 
at least pseudoplasticity desired, or more Newtonian flow.14,42,48

8.4.3  HYDRATION RATE

Rate of hydration of GG varies. A number of factors are known to influ-
ence the hydration or dissolution process including the molecular weight 
and concentration of the galactomannan in the guar powder and also the 
environmental conditions, such as temperature and pH and the presence of 
co solutes, such as sucrose and salts. The major determinant of hydration 
kinetics is particle size, which reflects the change in surface area exposed to 
water. The rate and degree of hydration of GG are critical variables in influ-
encing its biological activity.42 A hydration time of about 2 h is required in 
practical applications in order to reach maximum viscosity. For some appli-
cations in which, there is a need for a quick initial viscosity, very fine mesh 
GG are available. However, a considerable period of time is still required for 
maximum hydration and viscosity to be achieved.48

8.4.4  HYDROGEN BONDING ACTIVITY

The hydrogen bonding activity is generally attributed to the presence and 
behavior of the hydroxyl group in GG molecule. The straight chain structure 
of GG, along with the regularity of the single membered galactose branches, 
produces a molecule that exhibits unusual effects on hydrated colloidal 
systems due to the formation of hydrogen bond. GG shows hydrogen bonding 
with cellulosic material and hydrated minerals. With a slight addition of GG, 
there are marked alterations in electro kinetic properties of any system.20
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8.4.5  REFRACTIVE INDEX

Studies on the trends of some specific physical properties such as refractive 
index of GG aqueous systems at different total gum concentration, polymer 
ratio, and temperatures are not yet reported. The relationships among refrac-
tive index and gum concentration can be employed to determine the real gum 
concentration quickly and with acceptable accuracy. Recently, Moreira et 
al.39 studied the values of GG aqueous dispersions at different concentrations 
(0.05%, 0.10%, 0.20%, 0.40%, 0.60%, and 0.80% w/w) and temperatures 
(15°C, 20°C, 25°C, 30°C, 35°C, and 40°C). They found that in all cases, the 
values decrease with increasing temperature at each gum concentration with 
refractive indices for solutions ranging between 1.3310 and 1.3352.

8.4.6  EFFECT OF PH

GG is stable in solution over a wide pH range. Guar solutions have an almost 
constant viscosity over pH range about 1.0–10.5. This stability is believed 
due to nonionic, uncharged nature of the molecule. While the pH does not 
affect the final viscosity, maximum hydration takes place at pH 8.0–9.0. 
Slowest hydration is present at high (above 10.0) and low (below 4.0) pH 
values. The preferred method of preparing guar solutions is dissolving at 
fastest hydration rate pH and then adjusts the pH to desired value (Fig. 8.6). 
Maximum viscosities achieved at both acid and alkaline pHs are the same 
despite the difference in hydration rates .

FIGURE 8.6  The relative viscosity (ηr) changes of guar gum solutions (0.07% w/w) at 
different pH levels, temperature = 50°C: (■) pH 1.5; (●) 2.0; (▲) 2.2; (¤) 2.5; (∆) 3.0; (◊) 
3.5; and (□) 4.0.
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8.4.7  REACTIONS WITH SALTS

Since salt and sugar are probably the two most widely used ingredients in 
food other than water, their effect on GG has been extensively investigated.8 
The behavior of GG in brine is essentially the same as in water. The hydra-
tion rate is not affected, although the final viscosity is somewhat increased 
by the presence of sodium chloride. This property has made it a very valu-
able component of oil-well drilling muds, where the capacity to maintain 
high viscosity in the presence of brine encountered during drilling operation 
is absolutely essential.21

8.4.8  REACTIONS WITH SUGARS

In the presence of sugar, GG has a competition with it for the available 
water, triggering a delaying action on the hydration of the gum as sugar 
concentration grows.

Additionally, viscosity of GG and sugar preparations increases directly 
to the sugar concentration.8 Viscosities of guar solutions containing sugar 
continue to increase for several days and this delay of hydration rate may 
be due to a reduction in the mobility of the water, proportional to the sugar 
concentration. In such systems, the full value of GG as a thickening and 
stabilizing agent is developed after about a week of storage. Sugar is effec-
tive in protecting GG against hydrolysis and loss of viscosity when heated 
or autoclaved. The presence of 5–10% sugar in the liquid offers maximum 
protection with maximum viscosity. Sugar also offers protection from 
the hydrolyzing effect at low pH values (down to pH 3.0) under cooking 
conditions.8

8.4.9  GEL FORMATION

Borate ion acts as a cross-linking agent with hydrated GG to form cohe-
sive, structured gels. Formation and strength of these gels depend on the 
pH, temperature, and concentrations of reactants (Fig. 8.7). The optimum 
pH range for gel formation is 7.5–10.5. The solution-gel transformation 
is reversible; the gel can be liquefied by decreasing the pH below 7.0 or 
by heating .21 Borated gels can also be liquefied by the addition of glyc-
erol or mannitol, capable of reaction with the borate ion. Borate ion will 
inhibit the hydration of GG if it is present at the time the powdered gum is 
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added to water. The minimum concentrations necessary to inhibit hydration 
are dependent on pH. For example, with 1.0% of GG, 0.25–0.5% (based 
on guar weight) of borax (sodium tetraborate) is needed at pH 10.0–10.5, 
while at pH 7.5–8.0, 1.5–2.0% of borax is required. The complexing reac-
tion is reversible and lowering the pH below 7.0 permits the gum to hydrate 
normally. This technique is often used to provide better mixing and easier 
dispersion.75

FIGURE 8.7  Viscoelastic behavior of guar gum gels (samples 1–4, 100 mg) swollen with 
PBS buffer, pH 7.4 (2 mL) at 298K.

8.4.10  SYNERGISTIC EFFECT

Synergisms of GG with other materials, including others gums such as 
xanthan gum, agar, carrageenan, or starches, are well studied.13 The degree 
of the synergism is believed to be related to mannose/galactose (M/G) ratio 
and the galactosyl distribution on the mannan backbone which basically is 
determined by source and method employed for the extraction of this kind 
of gum.1,10,17,35 examined the synergistic effect between sage seed gum (SSG) 
and GG solutions using various steady and dynamic rheological parameters. 
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They found that with increase in SSG fraction, the extent of viscosity reduc-
tion in the range of 0.01–316 s−1 increased from 58.68 for GG to 832.73 
times for SSG which was not the same at different ranges of shear rate. 
Steady and dynamic shear tests suggested interaction with longer timescale 
in SSG chains in comparison with that in GG. The synergist effect of all 
viscoelastic parameters from frequency sweep test was observed for 3–1 
SSG-GG blend, concluding that this mixture can be attractive commercially 
because they offer the potential to create new textures and to manipulate the 
rheology of products in the industry.44

8.5  TOXICITY

The only available data for GG that relate to absorption, distribution, 
metabolism, excretion, and toxicity were found in dietary studies.78 In 
this way, an acute oral toxicity study on partially hydrolyzed guar gum 
(PHGG) was performed using groups of 16 (8 males, 8 females per group) 
4-week-old Jcl:ICR mice and Jcl:SD rats. PHGG was administered by 
gavage at a concentration of 30% in distilled water (dose = 6000 mg kg−1 
body weight; dose volume = 20 mL kg−1) to one group per species. The 
control group was dosed orally with distilled water. Dosing was followed 
by a 14-day observation period, after which all animals were killed and 
examined macroscopically. Soft feces were reported for male and female 
mice, but no abnormal signs were reported for rats. There were no test 
substance-related effects on body weight (rats and mice), food consump-
tion (rats), or necropsy findings (mice and rats). None of the animals died, 
and the LD50 was > 6000 mg kg−1 in both species.29 On the other hand, 
in a 28-day oral feeding study, two groups of 10 rats (5 males, 5 females 
per group) were fed with PHGG in the diet (500 and 2500 mg/kg doses, 
respectively) daily. Body weights and food consumption were measured, 
and gross and microscopic pathology were evaluated. No adverse effects 
were observed at either administered dose.72 The available information 
reveals that there are no adverse short-term toxicological consequences 
in animals after consuming GG in amounts exceeding those currently 
consumed in the normal diet. However, it should be noted that no long-
term animal feeding studies of GG have been reported. It may be advis-
able in due course to conduct adequate feeding studies in several species, 
including pregnant animals, at dosage levels that approximate, and exceed 
the current estimated maximum daily human intakes.24
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8.6  INDUSTRIAL APPLICATIONS OVERVIEW

8.6.1  FOOD INDUSTRY

GG stands as one of the cheapest hydrocolloids in food industry and about 
40% of the total is presently used as food additive. The importance of this 
gum in food application is due to its various unique functional properties 
such as water retention capacity, reduction in evaporation rate, alteration in 
freezing rate, modification in ice crystal formation, regulation of rheolog-
ical properties, and involvement in chemical transformation.61 United States 
Food and Drug Administration (FDA) regulate the use of gums and clas-
sify them as either food additives or generally recognized as safe substances 
(GRAS number 2537).

The use of GG at a concentration not exceeding 2% is allowed in food 
application.24 Tomato ketchup serum loss and flow values decreases when 
this gum is added, which makes it a novel thickener for this product.26 It has 
also been incorporated in pizzas, biscuits, and pastries.25

GG prevents staleness and crumb formation in baked foods, provides 
unparalleled moisture preservation to the dough, retards fat penetration, 
increases the dough volume, provides greater resiliency, and improves texture 
and shelf life. In wheat bread dough, addition of this gum results in significant 
increase in loaf volume on baking.9 The depolymerized GG is used in the 
preparation of low-calorie food. It enhances the creaming stability and control 
rheology of emulsion prepared by egg yolk.22 In beverages, it is often used as 
a thickening or viscosity control agent in levels of 0.25–0.75%. GG is useful 
due to its resistance to break down at low pH conditions. In addition, since GG 
is soluble in cold water, it is easy to use in most beverage processing plants.38 
In dairy products, it thickens milk, yoghurt, and liquid cheese products and 
helps to maintain the homogeneity and texture of ice cream and sherbets.5

8.6.2  PHARMACEUTICAL INDUSTRY

GG or its derivatives are used in pharmaceutical industries as gelling, 
viscosifying, thickening, and suspending agent, process aid, and for stabi-
lization, emulsification, preservation, water retention/water phase control, 
binding, clouding, pour control for suspensions, antacid formulations, tablet 
binding, disintegration agent, controlled drug delivery systems, slimming 
aids, nutritional foods, etc. Its hydrophilic properties and the ability to form 
gel make it useful in gastric ulcer treatment.
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Studies revealed that a diet supplemented with this gum decreased the 
appetite, hunger, and desire for eating.7 In tablets, the gum is used as binder 
and increases the mechanical strength of tablets during pressing, and in jellies 
and ointments, it is used as thickener. The depolymerized GG has been good 
bulking agent for dietetic food and as a food fiber; it has been used in sugar 
and lipid metabolic control particularly in diabetic and heart patients.62

GG is widely used in capsules as dietary fiber that decreases hypercho-
lesterolemia, hyperglycemia, and obesity.16 Sufficient gum intake as dietary 
fiber helps in bowel regularization, total, and LDL-cholesterol reduction, 
diabetes control, enhancement of mineral absorption, and prevention of 
digestive problems such as constipation and enhancement of bowel move-
ment.83 Some pharmaceutical companies are using it for making bandage 
paste and in dentistry formulations. The formulations such as inhalable, 
injectable, beads, microparticles, nanoparticles, solid monolithic matrix 
films, and implants also facilitate the use of the gum.69 The high swelling 
characteristics of this gum sometimes hinder its use as a drug delivery carrier 
but it can be improved by derivatization, grafting, and network formation 
and can be satisfactorily used for targeted drug delivery by forming coating 
matrix systems, hydrogels, and nano/microparticles.56

8.6.3  METALLURGICAL AND MINING INDUSTRY

GG is used in froth flotation of potash as an auxiliary reagent, depressing 
the gangue minerals, which might be clay, talc, or shale. GG is also used as 
a flocculant or settling agent to concentrate ores, or tailings in the mining 
industry.64

Also, it is approved by many public organizations for use in potable water 
treatment as a coagulant aid in conjunction with such coagulants as alum 
(potassium aluminum sulfate), iron (III) sulfate, and lime (calcium oxide). 
In industrial waters, GG flocculates clays, carbonates, hydroxides, and silica 
when used alone or in conjunction with inorganic coagulants.47

8.6.4  PAPER INDUSTRY

GG is used as a size for paper and textiles. The major use of this gum in 
papermaking is in the wet end of the process. The gum is added to the pulp 
suspension just before the sheet is formed. GG replaces or supplements the 
natural hemicelluloses in paper bonding. Advantages gained by addition of 
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guar to pulp include improved sheet formation with a more regular distribu-
tion of pulp fibers (less fiber bundles); increased mullen bursting strength; 
increased fold strength; increased tensile strength; increased pick; easier 
pulp hydration; improved finish; decreased porosity; increased flat crush 
of corrugating medium; increased machine speed with maintenance of test 
results; and increased retention of fines.2

8.6.5  COSMETIC INDUSTRY

The unique cosmetic properties of GG include cold solubility, viscosity 
enhancing, solvent resistance film forming, protective colloid, wide pH 
range resistance, stability, nontoxic nature, safe, etc. So, it is a choice of 
thickener, suspending agent, binder, and emulsifier agent in various hair/
skin care cosmetic products such as creams, shampoos, premium quality 
soaps, lotions, conditioners, and moisturizer.64

In the manufacturing of toothpaste, this gum binds the aqueous phase 
of the paste and is used in sizeable scale to impart flowing nature so that 
the paste can be extruded from the collapsible tubes with the application of 
a little force. In shaving cream preparation, it does the same work such as 
imports slip during shaving and improves skin aftershave besides providing 
stabilization of the system.12

In emulsion systems, such as cream and lotions, GG prevents phase 
separation, sudden release of moisture, increase emulsion stability, prevent 
water loss, and is used as protective colloid. It stabilizes the emulsion during 
freeze-thaw cycle, where the water phase condenses out of the system. In 
lotion, it provides additional spread ability and an agreeable feel.70 Cationic 
GG is used to thicken various cosmetics and toiletries products, especially 
to impart thickening, conditioning, foam stability, softening, and lubricity. 
In aerosol dispensing aqueous liquid preparation as spray or mist, it reduces 
fog migration. The inert and compatible nature of guar with the detergents 
makes it suitable for use in shampoo and cleansing preparation. Hair colo-
rants contain guar as thickener. It is also available in self-emulsifying grades 
and can be used to prepare dry facemask preparation.3

8.7  CONCLUSIONS

Guar is an agricultural produce spreading over into Indo-Pakistan subcon-
tinent many generations ago. GG is a high molecular weight natural 
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hydrocolloid composed of galactose and mannan units that is obtained from 
the endosperm of the guar plant (C. tetragonolobus). Usually, it is produced 
as a whitish powder similar to flour and functions as thickener, stabilizer, 
and emulsifier. Due to its low cost, nontoxicity, biodegradability, biocompat-
ibility, high viscosity, and high water solubility, GG has a peculiar interest 
for researchers due to its availability in terms of volumes and opportunities 
in many industrial applications, such as the food, textile, printing, explo-
sives, pharmaceutical, and even hydraulic fracturing fields. This review 
states that GG has multiple physical and chemical properties that make it a 
strong candidate for its application in food science and technology research.
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ABSTRACT

Biofunctional peptides are molecules with biological properties, which 
represent an attractive, innovative and original alternative, in the pharmaceu-
tical, and food industries, for use as nutraceutical additives with high added 
value. In the last decade, the most important challenges are standardization 
and implementation of production methodologies for peptide generation at 
industrial scale and further the purification of this compound. The aim of this 
review to have a close look on the production, biological properties character-
ization, and possible application described so far on biofunctional peptides.

9.1  INTRODUCTION

The relationship between food and health has been recognized since 
Hippocrates time, 26 secondary from this fact, arises concepts such as “nutra-
ceutical” or “functional food.” In agreement with Institute of Food Technol-
ogist (IFT), functional food it is a component that provides, besides the basic 
nutrition a health benefit. These components can afford essential elements 
in quantities that exceed the amount for induvial maintenance, growth, and 
standard development; also can supply other biological active components 
with desirable health effects.27 Whereas that a nutraceutical, in accordance 
with Canadian Pharmacopeia is a compound purified or isolated from food 
matrix, generally sold in pharmaceutical form and has been demonstrated 
present positive physiological effects, preventive, or protective function 
against a chronic disease.16

Proteins represent an integral food component that provides essential 
amino acids that brings energy for healthy body’s growth and maintenance, 
additionally, various proteins possess specific biological activities, making 
them potential functional food ingredients.11 Recent researches on func-
tional food has special interest on bioactive compounds including functional 
peptides,32 this terminus includes short sequences from 2 to 40 amino acids 
units that are inactive in precursor protein, however, at be released can exert 
a broad range of biological activities.10

Functional peptide can be liberated by hydrolysis or fermentative process 
starting from different protein sources, from animal origin among which are, 
bovine blood, gelatin, meat, egg, some fishes such as sardine and salmon, 
or vegetable protein such as wheat, maize, soy, rice, mushroom, pumpkin, 
and sorghum.41 Amino acid sequences in peptides confer different biological 
properties, besides some peptides can present multifunctionality.20 Functional 
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peptides can exhibit antioxidant, antihypertensive, immunomodulatory even 
antimicrobial, antifungal, or anticoagulant activities.53

After oral administration, peptides can act locally in gastrointestinal 
system or can be transported, overtake, and impact in peripheral tissues 
through circulatory system, and exert directly their physiological properties 
in cardiovascular, digestive, immunologic, or nervous system,43 and there-
fore, can have therapeutic role and act as alternative to other pharmacological 
molecules in body systems; offer numerous advantages over conventional 
therapeutics due to their bioactivities, biospecificity, broad spectrum, low 
toxicity, structural diversity, and low accumulation levels in body tissues.2

9.2  BIOFUNCTIONALITIES

Functional peptides derived from food protein have been studied and show 
biological activities on digestive, nervous, and immune system, manifesting a 
positive effect in health.11 Within biological activities most reported listed anti-
microbial, antihypertensive, immunomodulatory, and antioxidant activities.

9.2.1  ANTIMICROBIAL ACTIVITY

Antimicrobial peptides relevance comes from the generated concerns for 
antibiotic excessive use, motivates new molecules searching with antimi-
crobial activity, and effectiveness but which involves less collateral effects. 
Antimicrobial peptides are characterized for being positive charged mole-
cules and presence of hydrophobic amino acid residues that can act against 
a microorganism broad spectrum, included Gram positive and Gram nega-
tive bacteria, viruses and fungi; this because an electrostatic attraction exist 
between peptides and microorganism cytoplasmic membrane, which is 
negatively charged, and subsequently peptides oligomerize and form trans-
membrane pores, inducing a cellular content leak, even though can proceed 
through other mechanism such as interruption of essential process for micro-
organism as DNA, protein an cell wall synthesis.7

9.2.2  ANTIHYPERTENSIVE ACTIVITY

Cardiovascular disease (CVD’s) are a set of conditions where heart and 
blood vessel can be affected; between we can found coronary heart disease, 
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stroke, and heart failures further constitutes worldwide leading death cause.55 
Chronic disease such as hypertension is considered the major risk in some 
CDV’s develop.46

Within mechanism that regulating blood pressure in organism can be 
found Angiotensin I Converting Enzyme (ACE I) classified such as carbox-
idipeptidase (EC3.4.15.1) that plays a substantial role, being that their action 
generates a potent vasoconstrictor peptide.20 Hypertension treatment mainly 
has been used a set of synthetic drugs inhibiting ACE action and gener-
ally produce secondary effects such as cough, cutaneous reaction, or taste 
perturbation;60 actually an alternative is find molecules with ACE inhibition 
capacity from food origin sources,15 ACE inhibitor peptides, act binding to 
the enzyme active site, coupling to an inhibitor site that promotes a change 
on conformational structure in protein, even joining to enzyme–substrate 
complex, avoiding enzyme functionality.30 These molecules submit advan-
tage such as supply sources that are cheap and have the capacity to be incor-
porated in functional foods.

9.2.3  IMMUNOMODULATORY ACTIVITY

Peptides with immunomodulatory capacity exists, for instance in the case 
of some peptides derived from casein and whey milk proteins that have 
capacity to improve and increase immune cells functions, promoting their 
proliferation, as well as antibodies, and cytokines production.36 Immuno-
modulatory activities fomented by peptides depends on the structure and 
amino acid type and charge present in this molecules.3

9.2.4  ANTIOXIDANT ACTIVITY

Free radical normally is generated in the organism during respiration, also 
can be produced by external stimulus such as environmental pollution, 
tobacco components, or radiation, and they can act against infections, never-
theless this type of compounds excess may result on damage in biological 
molecules that integrate tissues such as protein, lipids even DNA, and they 
translated in to developing disease such as atherosclerosis, arthritis, diabetes, 
or cancer,57 also they can be added to food products in order to retard no 
desirable reactions such as lipo-peroxidation that promote color, flavor, and 
aroma changes, in substitution to synthetic antioxidant which are attributed 
toxicity and DNA damage.11
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Antioxidant activity of this molecules its influenced for diverse structural 
factors such as molecular size, amino acid composition, and sequence,59 
they can work through different mechanism, but most commons are electron 
donation, lipid radical neutralization and promote oxidation ion or metal 
chelation.56

9.2.5  OTHER FUNCTIONALITIES

Functional peptide also can exert broad diversity activities, such as opiate 
activity, where that molecules present affinity for opiate receptors and act 
such as hexogen modulators in hormone release, intestinal motility, and 
emotional behavior.6

In the other hand antihypercholesterolemic peptides, in particular 
obtained from soy hydrolysis, have capacity to inhibit cholesterol absorp-
tion, for their solubility repression.43

9.3  BIOFUNCTIONAL PEPTIDES PRODUCTION

Due to the high therapeutic relevance attributed to emergent molecules such 
as functional peptides, has been developed a set of methodologies for their 
production, among which may be mentioned, chemical synthesis, micro-
bial fermentation, or enzymatic hydrolysis even combinations of these tech-
niques, also sought alternatives as pretreatments or implementation of new 
technologies for production as Table 9.1 demonstrates.

Critical parameters understanding for peptide with physiological activity 
generation its relevant; within these parameters can found: protein source 
and their characteristics, amino acid composition, process conditions, essen-
tially as temperature, pH, specificity, reaction time, and in the vegetal origin 
peptide, protein variation, may be compromised by environmental factors 
such as temperature, moisture, and fertility of soils in which their growth,22 
nonetheless, adequate control of this points can generate multifunctional 
peptides or with a biological specific activity.56

9.3.1  MICROBIAL FERMENTATION

Fermentation is one of the most used process for biofuncional peptide gener-
ation and Lactic Acid Bacteria (LAB) constitute most commonly used strains 



212	 Applied Chemistry and Chemical Engineering: Volume 5

such as: Lactobacillus helveticus, Lactobacillus delbrueckii ssp. bulgaricus, 
Lactobacillus lactis ssp. diacetylactis, Lactococcus lactis ssp. cremoris, or 
Streptococcus salivarius ssp. Thermophilus,11 but also has been employed 
organisms such as Kluyveromyces marxianus yeast,25 fungus Fusarium 
tricinctum62 and also has been reported synthetic gene development for this 
kind of functional products,69 using microorganisms such as Streptococcus 
thermophiles 50 or Escherichia coli.33

Functional peptide can be founded naturally on dairy products due to 
are rich on precursor protein for this physiological active compounds type11 
that derived from LAB proteolysis, conducted through; complex proteo-
lytic system that consists in three major components: (1) Cell wall binding 
protease, that promote initial proteolysis, turning protein in oligopeptides, 
(2) Specific transporters, that carry out peptides to cytoplasm, and (3) Intra-
cellular peptidases that transform low-weight oligopeptides into free amino 
acid.13 Likewise, has been presented a report set where peptide generation 
has been studied in traditional fermented food such as Kefir19 or Kapi (Thai 
traditional fermented shrimp pastes).35

9.3.2  ENZYMATIC HYDROLYSIS

Protein enzymatic hydrolysis it’s one of the most used methodologies for 
biofunctional peptide generation,36 this process can be optimized, through 
certain physicochemical parameters control, such as pH or temperature, 
providing ideal conditions for protease action.34 Proteinases wide variety 
such as chymotrypsin, alcalase, pepsin, thermolysin, or even enzymes from 
bacteria, or fungal sources, and also combination are employed in biofunc-
tional peptides,40 generally from animal or vegetable protein substrates, 
being milk proteins the most used;61 but also bovine blood, meat, gelatin, 
egg, wheat, soy, rice, mushroom, pumpkin, and sorghum,41 further, has been 
obtained peptides from marine substrates such as algae, fishes, mollusks, 
crustaceans, or by-products such as viscera, substandard muscles, or skin.44

This peptide manufacture method have advantages in the generation of 
peptide defined profiles and also, highly concentrated alkalis or acid resi-
dues are not generated, that limits their use in products intended to human 
consumption, how takes place in chemical hydrolysis; as well as the fact that 
improve the generation of L-form amino acids that constitutes molecules 
that promote biological activities, making them viable for their application 
in functional food formulation or nutraceuticals.5
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Also exist methodologies that improves enzyme immobilization during 
the production process, in which highlights advantages such as easy enzyme 
recuperation and high purity products.48,66

9.3.3  EMERGENT TECHNOLOGIES

Recent advances in functional peptides generation field, are focus in search 
alternative protein sources and new production methodologies, such as ultra-
sound (US) and microwave (MW), supercritical-fluids hydrolysis (SPF), 
and high hydrostatic pressure (HHP) procedures.

9.3.3.1  ULTRASOUND

US, its defined such as acoustic wave, with above 20 kHz frequency, over-
passing de human ear limits and that needs an external medium to propa-
gate; this waves comes from a vibrational body, and when they propagated 
in surrounding medium, this start to oscillate, where by oscillation too the 
particles transmit energy to each other.38

High intensity US technologies application in food matrix such as 
proteins, implies the generation of physicochemical changes on this 
molecules,45 due to cavitational, mechanic, and thermal effects generated, 
microjets formation, microturbulence, high velocity interparticles colli-
sions, and micropore perturbation that induces the generation of elevated 
pressures and temperatures in medium, over 5000K or 500 atm, also free 
radical generation, and result in a improve and increase in quality and 
velocity of extraction32 that can be exploited in food and pharmaceutical 
industry for functional peptide production, where US its implemented such 
as a pretreatment,30,71 or their simultaneous application during enzymatic 
hydrolysis68, due to the fact of this technology, have capacity to realize 
structural and conformational modifications in protein, affecting hydrogen 
bonds, or hydrophilic interactions and therefore, tertiary and quaternary 
structures, also, the physical and mechanical, caused by US can cause 
protein unfolding which can promote exposure of proteolysis susceptible 
sites and causing a major degreed of hydrolysis. But, between the adverse 
effects are conformation damage in the enzyme and, therefore, in the 
hydrolytic activity.47
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9.3.3.2  MICROWAVE

In the other hand, technologies such as MW, that basically, allows that mole-
cules involves in reaction, fluctuate under magnetic field, where the energy is 
converted in heat and therefore, its possible carry out chemical reactions,9,49 
which are accelerated, with increased yields and high pure products,28 has been 
reported be useful, such as pretreatment or in assisted enzymatic, or chemical 
hydrolysis for peptide production with functional potential from food proteins.

9.3.3.3  SUBCRITICAL WATER

Employing fluids such as water under subcritical condition, that means use 
of water over the boiling point but under their critical point, keeping at liquid 
form with pressure,51 this conditions modify natural characteristics of water 
regarding hydrogen bonds, ionic products, and dielectric constant, supplying 
a medium that facilities some reactions such as hydrolysis, this technology 
gained importance in extraction of products with functional properties such 
as peptides, because is an eco-friendly alternative.8

9.3.3.4  HIGH HYDROSTATIC PRESSURE

Nonthermal treatments such as HHP, where materials are subjected to pres-
sures from 100 to 1000 MPa in a vessel that promotes no covalent bonds 
rupture that improves set of structural modifications;63 this is an alternative 
technology for food industry in interest compounds extraction form protein, 
using them such as pretreatment, because this process have an effect where 
the protein structure is altered and exposing to enzyme action.64

9.4  RECOVERY PROCESS

Purification and separation process in functional peptide production allowing 
successful recovery, represent crucial in process, the purification method 
selection, depends largely of methodologies to generate, generally has been 
used methodologies widely applied on protein purification such as solvent 
selective precipitation, ultrafiltration techniques, and chromatographic 
methods,1 also properties such as charges, variation in molecular weight, 
and affinity during purification methodologies are the most significant 
barriers, for this reason scientific propose methodologies that use complex 



Biofunctional Peptides: Biological Activities, Production	 215
TA

B
LE

 9
.1

 
R

ec
en

t W
or

ks
 in

 P
ep

tid
e 

Pr
od

uc
tio

n.

A
ut

ho
r

M
et

ho
d

M
ic

ro
or

ga
ni

sm
/e

nz
ym

e
Su

bs
tr

at
e

Pe
pt

id
e 

fu
nc

tio
na

lit
y

42
Sm

f
Ae

ri
ba

ci
llu

s p
al

lid
us

 S
AT

4
Sy

nt
he

tic
 m

ed
iu

m
A

nt
im

ic
ro

bi
al

24
Sm

f
D

eb
ar

yo
m

yc
es

 h
an

se
ni

i
Y

PG
 m

ed
iu

m
 su

pp
le

m
en

te
d 

w
ith

 c
as

ei
n

EC
A

-I
 in

hi
bi

to
r

67
SS

F
Ba

ci
llu

s s
ub

til
is

W
al

nu
t p

ro
te

in
 m

ea
l

A
nt

io
xi

da
nt

39
Sm

f
Ba

ci
llu

s s
ub

til
is

 A
14

h
M

in
er

al
 m

ed
iu

m
 su

pp
le

m
en

te
d 

w
ith

 
to

m
at

o 
po

m
ac

e
A

nt
io

xi
da

nt
 a

nd
 

an
tib

ac
te

ria
l

12
EH

Pe
ps

in
, t

ry
ps

in
, a

nd
 a

lc
al

as
e

R
oe

 e
gg

A
nt

io
xi

da
nt

58
EH

Pr
ot

ea
se

 fr
om

 h
ep

at
op

an
cr

ea
s o

f 
Pa

ci
fic

 w
hi

te
 sh

rim
p

Se
a 

ba
ss

 sk
in

A
nt

io
xi

da
nt

4
EH

Pe
ps

in
C

as
ei

ns
 a

nd
 w

he
y 

fr
om

 g
oa

t m
ilk

A
nt

io
xi

da
nt

17
EH

Su
bt

ili
si

n,
 tr

yp
si

n,
 a

nd
 c

om
bi

na
tio

n
G

oa
t m

ilk
 u

ltr
af

ilt
ra

te
d 

pr
ot

ei
ns

A
nt

io
xi

da
nt

21
EH

Su
bt

ili
si

n,
 tr

yp
si

n,
 a

nd
 c

om
bi

na
tio

n
C

as
ei

n 
an

d 
w

he
y 

fr
om

 g
oa

t m
ilk

EC
A

-I
 In

hi
bi

to
r

29
EH

Pa
pa

in
 a

nd
 fl

av
ou

rz
ym

e
Fi

sh
 sc

al
es

Ir
on

 b
in

di
ng

54
EH

A
lc

al
as

e 
an

d 
try

ps
in

A
m

ar
an

th
 p

ro
te

in
 is

ol
at

e
A

nt
ith

ro
m

bo
tic

14
EH

Tr
yp

si
n,

 p
ap

ai
n,

 n
eu

tra
se

, f
la

-
vo

ur
zy

m
e,

 a
nd

 a
lc

al
as

e
Eg

g 
w

hi
te

A
nt

io
xi

da
nt

52
EH

 a
ss

is
te

d 
by

 M
W

 
B

ro
m

el
ai

n
G

in
gk

o 
pr

ot
ei

n
A

nt
io

xi
da

nt
65

M
W

, U
S 

Pr
et

re
at

m
en

t &
 H

E
Pe

ps
in

 a
nd

 tr
yp

si
n

M
ilk

 p
ro

te
in

A
nt

io
xi

da
nt

8
SW

H
-

Sq
ui

d 
m

us
cl

e
A

nt
io

xi
da

nt
70

H
H

P 
pr

et
re

at
m

en
t &

 E
H

A
lc

al
as

e,
 S

av
in

as
e,

 C
or

ol
as

e 
70

89
, 

an
d 

Pr
ot

am
ex

Sq
ui

d
A

nt
i-i

nf
la

m
m

at
or

y 
an

d 
an

tio
xi

da
nt

23
EH

 a
ss

is
te

d 
by

 H
H

P 
A

lc
al

as
e,

 S
av

in
as

e,
 C

or
ol

as
e 

70
89

, 
an

d 
Pr

ot
am

ex
Le

nt
il 

pr
ot

ei
n

EC
A

-I
 in

hi
bi

to
r a

nd
 

an
tio

xi
da

nt
Sm

f =
 S

ub
m

er
ge

d 
fe

rm
en

ta
tio

n,
 S

SF
 =

 S
ol

id
 S

ta
te

 F
er

m
en

ta
tio

n,
 E

H
 =

 E
nz

ym
at

ic
 H

yd
ro

ly
si

s, 
H

H
P 

= 
H

ig
h 

H
yd

ro
st

at
ic

 P
re

ss
ur

e,
  

SW
H

 =
 S

ub
cr

iti
ca

l W
at

er
 H

yd
ro

ly
si

s, 
M

W
 =

 M
ic

ro
w

av
e,

 U
S 

= 
U

ltr
as

ou
nd

 



216	 Applied Chemistry and Chemical Engineering: Volume 5

instrumentation to solve this challenge set,53 likewise has been applied 
combination on this type of methodologies, Lafarga et al. (2016)37, and Jin 
et al. (2016)31 employed successively ultrafiltration and chromatographic 
methodologies, por peptides with antihypertensive and antioxidant activity, 
respectively; while other authors separate peptides with apparent anticancer 
properties through technologies named electrodialysis with a ultrafiltra-
tion membrane,18 Usually this technologies implementation, are successful 
at laboratory level but when are treated to scale up, have repercussions in 
enormous increase in bioprocess costs, being this stage demanding on new 
procedures and technologies that simplify, and reduces cost on this phase.

9.5  CONCLUSIONS

Bioprocess implicated in functional peptide generation, implicate a set of 
complex steps, in which scientific research perform an effort to optimize 
the process and generate new production techniques, and also that in vitro 
functional activities expressed by compounds, remains after consumption, 
coupled to the intention of reduce their bitter taste; but especially the most 
outstanding challenge, as in other bioprocess, the raised cost implied in puri-
fication techniques of functional peptides intended to human consumption, 
whose propose its present a positive effect in health.
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ABSTRACT

The constant disposal of large volumes of untreated wastes, emanating from 
agro-industrial activities, has resulted in environmental problems. However, 
as a result of their low cost, these agro-industrial wastes are exploited as 
a source of raw materials for the industrial sector, thereby mitigating the 
harmful environmental impact caused by their deposition. Banana peels 
constitute around 30–40% of the total weight of the fruit and contain a 
significant amount of proteins, carbohydrates, and fiber. Due to its organic 
and nutrient-rich nature, banana peels are considered as raw materials for the 
manufacture of products with high added value. Hence, this chapter analyzes 
diverse alternatives to the valorization and applications of banana peels for 
the production of compounds with high added value, including antioxidants 
and antimicrobial products, pectins, biosorbents, bioethanol and biogas 
production, and nanoparticles.

10.1  INTRODUCTION

Bananas and plantains serve as food and are one of the most consumed fruits 
in the world and it is commercially produced in about 120 countries. Banana 
is cultivated all over the world, especially in tropical and subtropical areas, 
where it is grown in a sustainable way, contributing to the economy of coun-
tries dedicated to its production.1–3 Currently, it is the second most produced 
fruit in the world. The estimated production in 2012 was approximately 101 
million tons.4 India is the world's largest producer, accounting for over 25% 
of the world's production.5 However, most of the produce are consumed 
locally (India has very low exportation rates compared with producer coun-
tries and exports leaders such as Ecuador, Philippines, and Costa Rica). The 
main importers and consumers are the United States of America and the 
European Union.6

Years of dedicated research on natural and selective breeding have 
resulted in feasible transformation of edible bananas into hundreds of vari-
eties with improvements, among which we can highlight: reduced seed 
size, sterility, oversized pulp, and fruit development without fertilization.7,8 
Banana is an annual crop of warm and humid regions with approximately 
1200 seedless fruit varieties.

There are different commercial uses for this fruit, but traditionally, the 
whole fruit is sold for direct consumption. Some more common forms related 
to the development of industrial scale processes are: dehydrated (slices, 
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dices), flour, fried, mashed (jellies, clarified juices, and unfermented and 
fermented beverages), as well as frozen pulp (sliced, whole, and halves).9 
Banana production processes generate a significant amount (about 40%) of 
banana peels.10

Commercial banana production generates a several proportion of waste. 
In countries such as India, approximately 1.6 million metric tons of dried 
banana peels are produced yearly and do not find any commercial appli-
cation. Generally, these residues are disposed in municipal waste due to 
lack of adequate infrastructure for handling.2,11 Therefore, it is important to 
find applications for this by-product, as it constitutes a real environmental 
problem.1 The environmental impact is due to the fact that the residue has a 
high content of nitrogen and phosphorus, as well as water, which makes it 
susceptible to modification by microorganisms.12

Recent studies have focused on using industrial by-products of banana, 
to meet the increasing demand for raw materials in several industries.13–16 
This chapter shows how by-products of the industrial production of banana 
(ripe peels) can be utilized to produce high value-added products.

10.2  BANANA PEELS

Banana peels constitute about 30–40% of the total weight of the fruit and 
contain a significant amount of carbohydrate, protein, fiber, and low amounts 
of lignin.17,18 They are considered as raw materials for the manufacture of 
products with high added value.11

10.2.1  NUTRITIONAL COMPOSITION

Banana is a climacteric fruit, once harvested (preclimacteric) at green-stage 
maturation, the fruit shows several changes, some of which are: (1) related 
to metabolic rates such as physical and chemical changes (composition, 
color, texture, and odor) and (2) related to biochemical reactions (respira-
tion, ripening, and senescence).9 Indeed, few reports have focused on quan-
tification of the nutritional components of banana peels. Moreover, different 
varieties of bananas exist, which have not been reported in the literature.

From previous reports, it is evident that the values of different param-
eters are similar to certain green and ripe peels. The peels contain mainly 
nonstructural carbohydrates (NSC) in organic matter (58–77.2%), crude 
fiber (2–10%), ash (7.2–15%), ether extract (5.1–10.2%), and crude protein 
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(6.7–8.6%).19–22 Studies conducted on seven Cavendish Musa varieties culti-
vated in Cuba, show that the peel accounts for 41 and 23% of the total weight, 
on a wet and dry weight basis, respectively. On the basis of dry weight, 
significant quantities of the following were obtained : Ash (13–19%), crude 
fiber (8–11%), crude protein (6.1–7.9%), soluble sugars (8–11.4%), and 
minerals such as potassium (0.09–0.17%) and calcium (0.28–0.40%).23 The 
results of studies conducted in Nigeria also show that the green and ripe 
banana peels contain predominantly NSC in organic matter (56.8–59.4%), 
ash (13–16.5%), crude fiber (6.4–13%), ether extract (6–11.6%), and crude 
protein (7.7–8.1%).24–26 Among the most current information are the results 
of a study of six varieties of bananas and plantains: dessert banana (Musa 
AAA), plantain (Musa AAB), cooking banana (Musa ABB), and hybrid 
banana (Musa AAAB) at different stages of ripeness. It shows that dry 
weight values vary according to the variety: For bananas (7.7–12.9%), 
and for plantains (12.6–18.7%). Cooking bananas had the highest content 
(22.4%), while hybrids had values similar to those reported for bananas. The 
latter were shown to be high in total dietary fiber (40–50%) with insoluble 
dietary fiber constituting the dominant fraction, and the values reported in 
dry weight to proteins (8–11%), lipids and fatty acids (2.2–10.9%), and ash 
(6.4–12.8%). Its chemical composition shows the presence of significant 
amounts of essential amino acids such as leucine, valine, phenylalanine, 
just as fatty acids expressed as the polyunsaturated linoleic acid (omega-6) 
and α-linoleic acid (omega-3).10 Except for lysine, the detected values corre-
spond to the highest levels that set the standards of the food and agriculture 
organization (FAO). The most abundant mineral (as a chemical element) is 
potassium, followed by phosphorus, calcium, and magnesium. The sugar 
content of banana is directly related to the degree of fruit ripeness: a higher 
maturation stage will increase the soluble sugar contents (glucose, fructose), 
while starch and hemicellulose contents decrease, perhaps caused by the 
action of endogenous enzymes.10 It has been found that banana peels are a 
potential source of dietary fibers and pectin.17

10.2.2  ALTERNATIVE USES

Considering the importance of reducing the environmental pollution caused 
by this type of agro-industrial waste (peels), it is necessary to study the 
potential use of this feedstock, in producing economic value-added products. 
Figure 10.1 highlights the use of banana peels for the production of enzymes, 
pectins, ethanol, methane, compounds with antioxidant and antimicrobial 
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activity, organic fertilizers, biosorbents6,9 as well as in the synthesis of palla-
dium and silver nanoparticles (NPs).27,28

FIGURE 10.1  Potentials uses for pulp and peel banana generated in the agro-industrial 
sector as raw materials for biotechnological processes.

10.2.2.1  ANTIOXIDANTS SOURCE

Banana peels are rich in phytochemicals and antioxidants. Thus, its extracts 
exhibit high activities against lipid peroxidation. For banana peels, of 
variety Musa acuminata AAA, total free phenolics had values in the range 
of 0.9–3.0 mg/g fresh peel.29

Antioxidants such as gallocatechin, catechin, and epicatechin were found 
in Cavendish banana peels. Gallocatechin was determined at a concentration 
of 160 mg/100 g DW (dry weight), much higher than 29.6 mg/100 g DW in 
the pulp, expressing high antioxidant power.30 Dopamine was found in high 
amounts in commercial Cavendish banana peels, with values ranging from 80 
to 560 and 2.5 to 10 mg/100 g in peel and pulp, respectively.31 Ripe banana 
peels also contain other compounds such as cyanidin and delphinidin.32 Like-
wise, the presence of carotenoids such as β-carotene, α-carotene, and xantho-
phylls (violaxanthin, auroxanthin, neoxanthin, isolutein, β-cryptoxanthin, 
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and α-cryptoxanthin) was demonstrated in a range of 3–4 μg/glutein equiv-
alent. It was reported that most of the carotenoids are in esterified form, 
mainly myristate and laurate, with caprate or palmitate in lesser amounts. 
Also, banana peel extracts were found to contain sterols and triterpenes such 
as β-sitosterol, stigmasterol, campesterol, cycloeucalenol, cycloartenol, and 
24-methylene cycloartanol. Between the sterols and triterpenes, 24-methy-
lene cyclo-artanol palmitate and an unidentified triterpene ketone were the 
main components.33

The extracts obtained from green and ripe banana peels (Musa, AAA, 
cv. Cavendish) using ethyl acetate and water as solvent, showed significant 
antioxidant activity. Extracts from green peels showed greater activity when 
compared with yellow peels. On application of the ß-carotene bleaching 
method, linoleic acid was inhibited by a polar fraction of 70% acetone 
extracts. Using the ferric thiocyanate method, at a concentration of 0.5 mg/
mL, antioxidant activity was recorded and by the DPPH di ((phenyl)-(2, 
4, 6-trinitrophenyl) iminoazanium) radical method, free radical scavenging 
activity was obtained mainly from the aqueous–acetone extract, followed 
by the acetone extracts. The antioxidant activity of aqueous extracts was 
comparable to synthetic antioxidants, such as BHA (butylated hydroxyani-
sole) and BHT (butylated hydroxytoluene).34

By standard chemical methods (DPPH, beta-carotene bleaching) and 
in vitro biochemical method (induced lipid peroxidation in liver tissue and 
erythrocytes) for extracts of banana peels, Musa paradisiaca demonstrated 
a considerable potential for radical scavenging at concentrations of 25, 50, 
100 μg/mL and 0.25, 0.5, 1.0, 2 μg/mL, respectively. The polyphenol content 
was determined as 89 ± 2.12 (mg gallic acid equivalent/100 g DW-extract), 
flavonoids 47.85 ± 3.75 (mg quercetin equivalent/100 g DW-extract) and 
ascorbic acid 756.45 ± 10.89 (mg /100 g DW-excerpt).35

For banana peel extracts, M. acuminata Colla AAA (“Gran Naine” and 
“Gruesa”) was reported to have a high capacity to scavenge DPPH and 2, 
2′-azino-bis (3-ethylbenzthiazoline)-6-sulfonic acid (ABTS), free radicals, 
and are also good lipid peroxidation inhibitors. The antioxidant activities 
of extracts obtained from the different cultivar crops were similar.12 The 
solvents isopropyl alcohol, hexane or dichloromethane, were used to obtain 
extracts from Musa sapientum, yellow banana peels. The extract obtained 
with isopropyl alcohol (a medium polar compound) exhibited the best anti-
oxidant activity.36

A study was performed with nine varieties of banana peels M. sapientum 
species: Musa balbisiana that is, Monthan (Musa spp.—Bluggoe—AAB), 
Karpooravalli (Musa spp.—Karpooravalli—ABB), Nendran (Musa 
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spp.—French Plantain—AAB), Kadali (Musa spp.—Ney Poovan—AB), M. 
acuminata such as—Pach—ainadan (Musa spp.—Pachanadan—AABS), 
Poovan (Musa spp.—Mysore—AAB), Rasthali (Musa spp.—Rasthali—
AAB), Robusta—Cavendish sub group (Musa spp.—Robusta—AAB), and 
Sevvazhai (Musa spp.—Redbanana—AAA), revealed that the ethanolic 
extract obtained for each one showed a significant antioxidant activity when 
evaluated in vitro with free radical scavenging assays such as DPPH, ABTS, 
and lipid peroxidation inhibition assays.37

In another study conducted with three varieties of banana, namely 
“Pachabale” (M. paradisiaca cv. Dwarf Cavendish, AAA), “Yelakkibale” 
(M. paradisiaca cv. Ney poovan, AB) and “Nendranbale” (M. paradisiaca 
cv. Nendran, AAB), antioxidant activity was also reported. An assessment 
of the three extracts obtained with methanol, ethanol, and aqueous medium 
was conducted. The polyphenol content in the methanol extract of these 
three banana varieties was in the range of 520–850 mg equivalents tannic 
acid/100 g of sample while the ethanol and aqueous extracts were in the range 
of 200–700 mg equivalents of tannic acid/100 g of sample. Similarly, the 
flavonoid content of the methanolic extracts was between 385 and 1035 mg 
equivalents of tannic acid/100 g sample while the aqueous medium extracts 
was between 350 and 714 mg equivalents of tannic acid/100 g sample. These 
values are high compared with ethanol extracts of 222–818 mg equivalents 
of tannic acid/100 g sample. The aqueous medium extracts of all three vari-
eties showed the highest antioxidant capacity, followed by the methanolic 
and ethanolic extracts.38

10.2.2.2  EXTRACTS WITH ANTIMICROBIAL EFFECT

Extracts obtained from green and ripe banana peels (Musa, AAA, cv. Caven-
dish) using ethyl acetate, proved to have significant antimicrobial activity. It 
was shown that extracts from green peels have higher antimicrobial activity 
compared with ripe peels, in the case of five species of selected bacteria: 
Gram positive (Bacillus cereus IFO 13597, Bacillus subtilis IFO3009, 
Staphylococcus aureus IFO 3761), Gram negatives (Salmonella enterit-
idis IFO 3313, and Escherichia coli IFO 13168). The isolated compounds 
β-sitosterol, D-malic acid, palmitic acid and 12-hydroxystearic acid evalu-
ated by the agar disc diffusion method (DD) and the minimum inhibitory 
concentration (MIC), exhibited activity against all tested bacteria. The MIC 
values obtained for β-sitosterol, malic acid, and succinic acid, used as a 
control, varied between 140 and 750 ppm, respectively. D-malic acid had 
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the highest antimicrobial activity against all bands of bacteria species, while 
12-hydroxystearic acid only recorded antimicrobial activity by the agar DD 
method.34

The extracts obtained from yellow banana peels (M. sapientum) using 
isopropyl alcohol, hexane, dichloromethane, and acetone also showed anti-
microbial activity. The extract obtained with isopropyl alcohol (a solvent of 
medium polarity) showed greater antimicrobial activity, which was evalu-
ated at different dilutions (1:100, 1:1000; 1:10,000) against Escherichia coli, 
Staphylococcus sp., and Klebsiella sp.36

10.2.2.3  PECTINS EXTRACTION

With acid extraction, a higher content of galacturonic acid, as well as a 
higher degree of methylation and acetylation was achieved in banana peels 
compared with plantain peels. The molecular weights of extracted pectins 
ranged from 132.6 to 573.8 kDa. This parameter did not change significantly, 
based on fruit variety. Thus, maturation states did not affect the composi-
tion of polysaccharides (in terms of galacturonic acid, rhamnose, arabinose, 
xylose, mannose, galactose, and glucose) in a consistent manner.17

A study was conducted on the influence of parameters such as pH (1.5 
and 2), time (1 and 4 h), and temperature (80°C and 90°C), on the extrac-
tion of high quality pectin from banana peels (Musa, genotype AAA, 
“Gran Naine”). At stage five of ripeness (more yellow than green), the 
results show that pH is the most important parameter due to its influence 
on the yield and chemical composition of pectin. Low values negatively 
affect the galacturonic acid content (a less pure molecule), but increases 
the yield of the extraction process. This can be attributed to certain impuri-
ties or degraded pectins, depending on the experimental conditions. Addi-
tionally, long periods and temperatures of extraction cause a significant 
decrease in the degree of methylation. Galactose, rhamnose, and arabi-
nose were the major neutral sugars detected in the pectins. The molecular 
weights of extracted biopolymers ranged from 87 to 248  kDa, and was 
mainly influenced by pH and extraction time. A pH value of 2, time of 1 h 
and temperature of 90°C, are considered suitable for extraction of pectins 
from banana peels.15

Qiu et al.39 used response surface methodology to estimate the optimal 
parameters for pectin extraction from banana peels (species not reported). 
They made cuts of size 4 × 4 mm, enzymatically pretreated with α-amylase 
and neutrase enzymes. The optimal conditions for the extraction were a pH 
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of 1.5, extraction temperature of 85°C, extraction time of 2 h and a precipita-
tion temperature of 70°C.

10.2.2.4  ANIMAL FEEDING USE

Banana peels are considered as a promising raw material for the produc-
tion of animal feed because of the high content of carbohydrates, proteins, 
lipids, fiber, essential amino acids, and minerals, such as sodium, calcium, 
potassium, iron, and manganese (Tables 10.1–10.3).40 The dietary fiber 
content is approximately 30–50% DW, both for banana and plantain peels 
(Table  10.1).10 These values are similar or higher than those reported for 
other fruit peels. Banana peels (Musa, AAA genotype, Grand Nain) (Musa, 
ABB genotype, French Clair) in different ripening stages: 1 (green), 5 
(more yellow than green), and 7 (yellow with brown stains) showed that 
the concentrations of neutral detergent fiber and acid detergent fiber are 
high in both varieties for the ripening stages described. The lignin content 
is different for both varieties during the ripening stages. It increases during 
ripening in banana peels of the AAA genotype (14.3 to 5.4%) but decreases 
in banana peels of the ABB genotype (from 12.1 to 7%). Cellulose levels 
increased from 7.6 to 9.6% and from 6.5 to 7.8% from ripening stages 1–5 
and decreased from 9.6 to 7.5% and from 7.8 to 6.4% from ripening stages 
5–7 to Grand Nain Clair and French, respectively. The hemicellulose content 
was higher in banana peels (6.4–8.4%) and in plantain peels (0.6–2.0%). The 
hemicellulose content increases with ripeness in bananas but not in plan-
tains, as a result of changes in enzymatic activity. High contents of cellulose 
compared to hemicellulose for ripening states and varieties described are 
related to values obtained by Bardiya et al.41 for ripened bananas variety not 
reported.17 These features make this product a good material to be consid-
ered for livestock and poultry feeding.42

Banana peels may be used as culture media for fungal biomass growth, 
enriching the content of protein, and fatty acids of the solid mixture. 
Throughout solid-state fermentation (SSF) with Aspergillus niger, Asper-
gillus flavus and Pennicilium sp., the protein content increased by 34%. 
Increases in levels of sugars up to 142% can be achieved by Aspergillus 
flavus fermentation.43,44 The microbial fermentation process in banana peels, 
the low quality, and the low cost of this raw material, constitute an impor-
tant step in the obtention of high nutritional value food. The protein and 
sugar contents may be compared with soy flour which is a common ingre-
dient in most feed stuff.45 This and other applications of banana peels in 
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biotechnological processes are listed in Table 10.4. The use of whole ripened 
bananas (peel and pulp) was tested narrowly through a combined diet with 
other ingredients to feed pigs, such that a combined intake of peel and pulp 
was achieved.46

10.2.2.5  BIOSORBENT

In different studies, banana peels have been shown biosorption of heavy 
metals and are regarded as an excellent source of biomass for the chela-
tion of metals. The application of these residues can remove the aforemen-
tioned contaminants from subsurface water, sewage, and industrial effluents, 
as well as reduce organic pollution.47–49 However, the adsorptive capacity 
depends on factors, such as the pH of the solution, the adsorbent dose, the 
metal concentration, the exposure time, and the agitation speed.50

Banana peels dust (Musa paradisiaca), with particle size of 1 and 2 mm, 
has been applied to heavy metals biosorption, such as cadmium, lead and 
copper. Tests revealed a high metal retention capacity (12% or more) with 
material of an average size of 1 mm. Banana peels dust was treated with 
0.5 N NaOH for 20 min and the reported biosorptive capacities are 67.2 mg/g 
for cadmium, 65.5 mg/g for lead, and 36.6 mg/g for copper, after employing 
a particle size of 1 mm. It was found that a treatment with lemon and orange 
peels made in the same study, under the same conditions, resulted in better 
biosorptive capacity compared with the banana peel for copper and lead 
removal, but not for cadmium.47

Another study reported the use of pulverized banana peels with particle 
size between 35 and 45 μm, for heavy metals removal (Cu (II) and Pb (II)) 
from raw river water. The uptake kinetics of heavy metals reached equi-
librium after 10 min and a pH greater than three favors the extraction of 
metal ions. The maximum absorptive capacity was 20.97 mg/g for Cu (II) 
and 41.44 mg/g for Pb (II).48 Likewise, the removal of Cd (II) and Pb (II) 
from sewage using dried, cut, ground, and sieved banana peels 60 mesh 
(250  μm) (unreported species), has been reported. Absorptive capacity 
values of 5.71 mg/g for Pb (II) and 2.18 mg/g for Cd (II), were obtained with 
an optimal absorbent material dose of 40 and 30 g/L, for lead and cadmium 
removal, respectively.49

Removal of heavy metal, Cr (VI), from industrial wastewater has been 
reported with cut-dried-pulverized banana peels, sieved with 120 mesh 
(125 μm), achieving a quick and efficient absorption rate (95%) in 10 min, 
with the application of 10 mg/l of absorbent, in a medium with optimum 
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pH of 2. The absorptive capacity quantified for Cr (VI) was 131.56 mg/g.51 
Using banana peels with particle size of 125 μm, an efficient absorption or 
removal of Cd (II) and Cr (VI) from industrial wastewater was achieved, 
at an optimum pH of 8. The quantified, absorption capacity for Cd (II) was 
35.52 mg/g, under these conditions.52 The removal of dyes from aqueous 
solutions has also been studied. Thus, with the use of dried banana peels, cut 
and sieved through 5 mm mesh, dye absorbing capacities were reported in 
the following decreasing order: methyl orange (MO) > methylene blue (MB) 
> Rhodamine B (RB) > Congo red (CR) > Crystal Violet (MV) > amido 
Black 10B (AB), 100 mg experiencing conditions color/l of solution and 
application rate of 1 g of absorbent/l of solution. Maximum absorption was 
obtained under pH conditions ranging from 6 to 7.53 There are other works 
by the same author, in which banana peels used for heavy metals removal 
had absorption capacities of 7.97, 5.80, 6.88, and 2.55 mg/g for Pb (II), Zn 
(II), Ni (II), and Co (II), respectively.50

10.2.2.6  FUNGAL ENZYMES PRODUCTION

Banana peels have also been identified as a good substrate for the produc-
tion of cellulolytic enzymes, using filamentous mold in solid fermentation 
systems, leading to the production of extracellular enzymes.6,54

The use of ripe banana peels for the production of cellulases by Tricho-
derma viride 3.0010 GIM, through the process of solid fermentation, has 
also been reported. Under conditions of 65% initial moisture content, with 
an inoculum size equal to 1.5 × 109 spores/flask, at 30°C and a time of 144 h, 
it was possible to quantify the maximum activity detected with paper (FPA) 
as 5.56  U/g of dry substrate, carboxy methyl cellulase, 10.31  U/g of dry 
substrate (CMCase), and β-glucosidase 3.01 U/g of dry substrate. Additional 
carbon or nitrogen sources exert an inhibitory effect on enzymes production. 
Thus, banana peels provide sufficient nutrients for microorganism growth 
and cellulase synthesis.55

Using banana peels alone or combined with potato skins (food wastes 
from restaurants and fruit markets), it has been reported that lipases can be 
obtained, during a lipolytic organism growth (name not stated). The results 
demonstrate that the application of combined substrates (banana peels and 
potato skins), enriched with 40% of a medium composed of peanut flour 
extract for 48 h leads to maximum lipase activity of 6.2 IU/mL. In a system 
that contained only banana peels, production decreased to 1.2 IU/mL.56
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Production of laccase and manganese peroxidase enzymes has been 
studied in tests in a trail column bioreactor, evaluating various substrates 
including banana peels, sugarcane bagasse, wheat bran, poplar leaves, 
wheat straw, and rice bran. The maximum yield levels of production with 
banana peels was obtained, using Aspergillus fumigatus strain VKJ2.4.5, 
by solid fermentation. The maximum laccase and manganese peroxidase 
levels (5792 ± 40.95 U/L; 1334.66 ± 167.32 U/L), were obtained in condi-
tions of 80% humidity, 6 days of incubation time, 6% of inoculum level, 
and an aeration level of 2.5 L/min. It is remarkable that the ripening state 
of banana peels was not mentioned in this work.57 A study of laccase 
production by Trametes pusbescens was performed using chopped banana 
peels (Musa cavendish) (particle size equal 7.5  ×  7.5  mm), under SSF, 
quantifying the maximum enzyme activity achievement to be 1600 U/L in 
22 days.58

Xylanase production by Trichoderma harzianum 1073 D3 was reported 
in other works and the yields recorded in the presence of banana peels 
show activities (between 15 and 20  U/mg protein).59 The production of 
α-amylase under submerged and SSF using banana peels from domestic 
sources, applied in medium for strains of amylolytic mold isolation (Helmin-
thosporium oxysporium, Aspergillus fumigatus, and Penicillium freques-
tans) has been reported. High enzyme activity expressed as enzyme units 
(EU), was achieved in submerged fermentation with H. oxysporium strains 
(1.98 ± 0.02 EU), A. fumigatus (1.02 ± 0.04 EU) and A. niger (1.50 ± 0.01 
EU) and in solid medium, results were obtained with P. frequestans 
(3.47 ± 0.00 EU), A. niger (0.46 ± 0.00 EU), and A. flavus (0.19 ± 0.00 EU). 
However, the values were lower than those obtained with yucca and potato 
peels quantified in the same study.60

10.2.2.7  BIOETHANOL AND BIOGAS PRODUCTION

Banana peel is considered as a residual lignocellulosic biomass requiring 
hydrolytic pretreatment for conversion of starch, cellulose and hemicellulose 
to simple sugars, such as glucose and xylose, which can later be fermented 
to ethanol.3,61

Cellulolytic and pectinolytic enzymes have been used to treat banana 
peels (M. acuminata) at ripening stage 5 (more yellow than green), for the 
hydrolysis of cellulose, hemicellulose, and pectin. Optimization and valida-
tion of concentrations of cellulases, β-glucosidase, and pectinase enzymes 
as well as hydrolysis time for the production of glucose and reducing sugars, 
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was achieved. The optimized concentrations of enzymes used were 8 FPU/g 
cellulose, β-glucosidase (15 IU/g cellulose) and pectinase (66 IU/g pectin), 
radii of (1:2:8), with 15  h in a laboratory scale fermenter, reaching the 
highest performance levels of glucose (28.2 g/L) and reducing sugars (48 
g/L) in 9 h, saving 40% of hydrolysis time of the substrate. Therefore, the 
availability of sugars from lignocellulosic materials such as banana peels, 
is important to obtain high value-added products, such as ethanol through 
fermentation processes.62,63

The use of hydrothermal treatment on dried and ground banana peels (M. 
acuminata), at ripening state five (more yellow than green), supplemented 
simultaneously by saccharification and fermentation (SSF) in a batch type 
fermenter, has been evaluated for ethanol production. The optimized param-
eters were: cellulase enzyme concentration (9 FPU/g-cellulose), pectinase 
enzyme concentration (72 IU/g-pectin) (supported on the basis of cellulose 
and pectin concentration of pretreated material), temperature (37°C) and 
incubation time (15 h). The concentration of ethanol produced was 28.2 g/L, 
and ethanol productivity was 2.3 g/L/h. This study shows that two processes 
such as hydrothermal pretreatment and simultaneous saccharification and 
fermentation, can be performed in the same equipment, resulting in the 
economic improvement of the process by reducing unit operations, saving 
energy and operating costs.11

Energy analysis of the anhydrous ethanol production process has also 
been reported, by acid hydrolysis of amylaceous material of whole bananas 
(fruit and pulp) and enzymatic hydrolysis of the lignocellulosic wastes (peels 
and stem), which revealed similar positive results in the evaluated production 
routes. The highlighted rates of mass yield and net energy value obtained in 
the amylaceous material were for pulp (388.7 L ethanol/ton in a dry biomass, 
9.86 MJ/L of ethanol) and for fruit (346.5 L of ethanol/ton in a dry biomass, 
9.94 MJ/L of ethanol), respectively, compared to those obtained for ligno-
cellulosic material, peels (86.1 L ethanol/ton dry biomass and 5.24 MJ/L of 
ethanol), and for stem (123.5 L ethanol/ton in a dry biomass and 8.79 MJ/L 
of ethanol). These results show that these processes can be considered ener-
getically viable and exposed to optimization.61

The combined use of agro-industrial wastes such as kinnow and banana 
peels, in a 4:6 ratio in a simultaneous fermentation and saccharification 
process has been reported. Cellulases, cocultures of Saccharomyces cere-
visiae G (6% v/v) and Pachysolen tannophilus MTCC 1077 (4% v/v) at 
30°C and after 48 h of incubation, with continuous stirring for the first 24 
h, has also been reported. Fermentation process efficiency was achieved 
with ethanol production of 26.84 g/L and ethanol yield of 0.426 g/g and 
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83.52%.64 Similarly, the use of ripe banana peels (obtained from market, 
without specification of species) and beet peels (obtained from juice centers) 
as substrates for the production of ethanol with Saccharomyces cerevisiae 
strains has been reported. Also, ethanol production levels were determined 
as 2.15 and 1.90%, during a period of four days for banana and beet peels, 
respectively.65

Hammond et al.18 also reported the use of bananas (pulp and peel) at 
different stages of ripening (green, normal, and overripe) without specifying 
species, for ethanol production. Ethanol volumes obtained at 15.56°C in a 
normal state of ripening, using an enzymatic complex (α-amylase and gluco-
amylase) in pulp, had a higher yield (0.116 L/kg in a wet sample) compared 
with that obtained with peel (0.019 L/kg in a wet sample).

In another study, which focused on the production of bioethanol, the 
potential use of pulp and peels of ripe bananas (M. cavendish) in a natural 
state was evaluated. Also, the use of waste, previously hydrolyzed by acids 
and enzymes as raw material was demonstrated. The maximum yields 
and productivities of ethanol were 0.47  ±  0.03  g/g of total sugars and 
3.0 ± 0.7 g/L/h, respectively, in pulp and 0.34 ± 0.11 g/g of total sugars and 
1.32 ± 0.03 g/L/h, respectively, in peels.66

Biogas generation under anaerobic digestion conditions using banana 
and plantain peels has also been reported. An exogenous microbial inoculum 
was not applied; the process was performed in the presence of the natural 
microflora of the material. The processing time period was between 30 and 
100 days.13,67

Bardiya et al. 41 reported the use of chopped banana peels between 5 
and 10 mm in size and pulverized peel in an anaerobic digestion process 
conducted in a digester, with a capacity of 2 L at 37°C and 40 days of 
hydraulic retention time (HRT). The highest rate of gas production 
in chopped peels (1210  mL/day) and pulverized (1160  mL/day) were 
observed in a period of 25 days, compared with those observed for 40 days 
(875 mL/day) in chopped peels (925 mL/day) in pulverized peels, repre-
senting 38 and 25% of gas production in less time, respectively. However, 
for the period of days evaluated (25 and 40 days), yields varied in chopped 
peels from 188 to 219 L/kg and in pulverized peels from 181 to 231 L/
kg. It was observed that powdered peels produced more total gas per day 
compared with chopped peels, despite having the same hydraulic retention 
time (HRT).

In a study conducted on eight varieties of fresh and ripe banana peels 
(Robusta, Rasthali, Virupakshi, Red Banana, Poovan, Naadan, Nendran, and 
Karpuravalli) obtained from a domestic kitchen, the biochemical methane 
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potential (BPM) was evaluated.68 In test, 0.5 g of powder sample was added 
to 135 mL flasks with 75 mL of nutrient and an inoculum solution. The BPM 
profiles obtained from the peels showed variability in the methane yield. 
Methane production rates were higher compared with other fruit wastes. 
Single-phase biogas production curves were obtained, itemizing the 90% 
yield of methane between 40 and 50 days of fermentation.69

It has been reported that banana peels generate higher volumes of biogas 
compared with plantains peels; thus, production yield can be increased by 
the combined use of these two residues in a 1:1 ratio. In the presence of a 
mixture of peels (banana–plaintain) with 0.5 kg of breeding pigs waste in a 
10 L capacity anaerobic digester, a total of 13,365 L of biogas was obtained 
in 35 days. It is a process in which a latency period of 3 h was observed 
before gas production. This study also reported that from the employed 
digesters, nine species of aerobic and anaerobic bacteria were isolated, and 
seven yeast species were also isolated.70

Laboratory studies were conducted to evaluate the methane perfor-
mance and digestion radii of green bananas and peduncle under condi-
tions expected to exist in a large-scale plant. A 200  L digester with a 
working volume of 160 L was applied. In tests with a load condition of 
0.6 kg volatile solids/m3 d, 398 ± 20 L CH4/kg of volatile solids in 70 
days were obtained; and with a load of 1.6 kg volatile solids/m3 d, 210 
L CH4/kg of volatile solids in 23 days of operation were obtained, this 
decrease in performance was due to an increase in the charging rate. With 
the performance of the lowest load tested, if 1 ton/day is used, this could 
generate up to 7.5 kW of electricity. The residue obtained at the end of 
the digestion contained more than 4000  mg/L of potassium, 200  mg/L 
of nitrogen and 75 mg/L of phosphorus levels. These values exceed the 
acceptable limits for general agricultural irrigation, but could be used as 
a biofertilizer.13

10.2.2.8  NP SYNTHESIS

The use of banana peels is also related with the field of synthesis of NPs. 
Specifically, the extracts obtained are considered as nontoxic and eco-
friendly materials, and are applicable for silver, palladium, cadmium sulfide 
(CdS), and hydroxyapatite (HAP) NPs synthesis.

It has been reported that extracts from the M. paradisiaca banana peels 
are used in the palladium and silver NPs synthesis. Synthesizing NPs of 
these elements is performed by altered reaction conditions such as extract 
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concentration, pH, incubation temperature, palladium chloride concentra-
tion, and silver nitrate concentration. Evaluated conditions for synthesis of 
these NPs were pH = 3, 10 mg banana peel, 2 mL of solution of palladium 
silver nitrate (1 mm), at different incubation temperatures of 40°C, 60°C, 
80°C, and 100°C, respectively, with the aim of estimating the particle size. It 
has been reported that a temperature of 80°C was able to produce a particle 
size of 50  nm, in the palladium NPs synthesis. In addition, it has been 
reported that silver NPs exhibit antifungal and antimicrobial properties. The 
associated functional groups in the synthetic process of NPs are carboxyl, 
amine and hydroxyl.27,28 Otherwise, cadmium sulfide NPs have been synthe-
sized by Zhou et al.71 They used banana peels extract as a nontoxic and eco-
friendly capping agent. The CdS NPs were obtained from cadmium nitrate 
and sodium sulfide. The CdS NPs prepared by this technology revealed that 
the average size of the NPs was around 1.48 nm. In other hand, Gopi et al. 
72 reported a novel nontoxic “green” route for the synthesis of HAP NPs 
mediated by banana peel pectin. The banana peel pectin extracted, played 
a fundamental role on the control of the crystallinity and crystallite size of 
HAP NPs.

10.3  CONCLUSIONS

Research related to the utilization of agro-industrial wastes, such as banana 
and plantain peels, emphasize a range of processes and high-value products 
obtainable from these raw materials. Another important fact is the reduc-
tion of pollution caused by the deposition of this residue in the environment 
without pretreatment. It is of remarkable importance to continue improving 
the processes that utilize these wastes, especially when combined with 
emerging technologies, to achieve the most productive and environmentally 
friendly techniques.
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ABSTRACT

Nutritional and therapeutic benefits of prebiotics have captured the interest 
of consumers and the food industry for use as food ingredients, in order to 
create functional foods. Fructooligosaccharides (FOS) are alternative sweet-
eners, consisting of 1-kestose, 1-nystose, and 1β-fructofuranosilnystose 
produced from sucrose by the action of fructosyltransferase (2.4.1.9) and 
β-fructofuranosidase (3.2.1.26) from plant bacteria, yeasts, and fungi. FOS 
are low caloric, non-cariogenic, and they aid in the absorption of minerals 
such as calcium and magnesium in the gut; reduce levels of cholesterol, 
triglycerides, and phospholipids; and stimulate the development of the intes-
tinal and colon microflora. This review is focused on reviewing the func-
tional properties of FOS, biotechnological production, and recent trends.

11.1  INTRODUCTION

Nowadays, there is a growing interest in people to improve their health 
through good nutrition. Nutraceutical ingredients and functional foods have 
attracted special attention in the development of new products due to the 
human health benefits observed.1

Prebiotics are considered as nutraceutical ingredients and they are used 
in the functional foods processing (falta cita). Prebiotics are indigestible 
ingredients by humans and have a positive influence on the body of the 
host by selectively stimulating the growth and/or activity of bacteria or a 
limited number of bacterial species in the colon because they are substrates 
for growth and metabolism of probiotic bacteria. It is of great interest to 
the general public because this provides a better balance in the intestinal 
ecosystem and improves host health.2 Great efforts in developing strategies 
in the daily diet for modulating the composition and activity of the micro-
biota, using prebiotics, probiotics, and a combination of both (symbiotic) 
has been explored.3–6

There are three essential criteria for a food ingredient to be classified as 
a prebiotic: (1) must not be hydrolyzed or absorbed in the upper gastrointes-
tinal tract, (2) must be a selective substrate for one or a limited number of 
probiotics, and (3) must be able to alter the colonies of microflora to a better 
and healthier composition.2,7

Among prebiotics, fructooligosaccharides (FOS) in addition to meet the 
above requirements, they attract attention due to its properties and its great 
economic potential for the sugar industry.8 Having a sweetness of 0.4–0.6 
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times compared with sucrose, these being used in the pharmaceutical 
industry as artificial sweeteners.9

The health benefits and applications of FOS in nutrition have been well 
documented and these include activation of the immune system and resis-
tance to infection, FOS are low caloric because they are rarely hydrolyzed 
by digestive enzymes and are not used as an energy source in the body. So 
they can be safe for inclusion in products for diabetics, are non-cariogenic by 
which they could be used in chewing gums and dental products, and playing 
an important role in reducing cholesterol, triglycerides, and phospholipids, 
as well as help improve the absorption of minerals such as calcium and 
magnesium in the gut.7,10,11

11.1.1  PREBIOTICS

A prebiotic is a food ingredient that beneficially affects the host by selec-
tively stimulating the growth and/or activity of one or a limited number of 
“probiotics” bacteria and thus improves host health. Prebiotics are short-
chain carbohydrates which are not digested by human digestive enzymes 
and selectively stimulate the activity of certain groups of beneficial bacteria 
for the body.13 In the intestine, prebiotics are fermented by beneficial bacteria 
to produce short-chain fatty acid (SCFA). Prebiotics also have many other 
health benefits, such as reduce risk of suffering cancer of the large intestine 
and increase absorption of calcium and magnesium. Among the best-known 
prebiotics are carbohydrates, particularly oligosaccharides such as galac-
tooligosaccharides (GOS), maltooligosaccharides, FOS, xylooligosaccha-
rides, inulin, and hydrolysates.12

Prebiotics are found in many vegetables and fruits and, also are also 
considered as components of functional foods which have significant tech-
nological advances. Their addition to these foods improves the sensory char-
acteristics such as taste and texture, which also enhances the stability of 
foams and emulsions.

According to the definition of a functional food, it is one, that is, part of 
the human diet and is shown to provide additional health benefits and reduce 
the risk of chronic diseases through its additional benefits.

A functional food can be classified if it meets one of the following: (1) 
foods with natural bioactive substances (e.g., dietary fiber), (2) food supple-
mented with bioactive substances (e.g., probiotics and antioxidants), and 
(3) food ingredients derived and introduced to conventional foods (e.g., 
prebiotics).14
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Carbohydrate prebiotics are short chain non-digestible by human diges-
tive enzymes and are called short-chain carbohydrates resistant. They are 
also called non-digestible oligosaccharides (NDOs) which are soluble in 
80% ethanol. A prebiotic is a non-active constituent of food that reaches the 
colon and is selectively fermented. The benefit to the host is mediated by 
selectively stimulating the growth and/or activity of one or a limited number 
of bacteria.15

Prebiotics pass through the small intestine to the colon and become 
accessible for probiotic bacteria without having been exploited by intestinal 
bacteria. Lactulose, GOS, FOS, inulin and its hydrolysates, maltooligosac-
charides, resistant starch, and prebiotic are normally used in the human diet, 
including FOS are the most studied and widely marketed14 (Table 11.1).

TABLE 11.1  Non-digestible Oligosaccharides with Bifidogenic Properties Available in the 
Market16.

Compound Molecular Structure
Cyclodextrins (Gu)n

Fructooligosaccharides (Fr)n–Gu	

Galactooligosaccharides (Ga)n–Gu

Gentiooligosaccharides (Gu)n

Glycosylsucrose (Gu)n–Fr

Isomaltooligosaccharides (Gu)n

Isomaltulose (or palatinose) (Gu–Fr)n

Lactosucrose Ga–Gu–Fr

Lactulose Ga–Fr

Maltooligosaccharides (Gu)n

Raffinose Ga–Gu–Fr

Soybean oligosaccharides (Ga)n–Gu–Fr

Xylooligosaccharides (Xy)n

Ga, galactose; Gu, glucose; Fr, fructose; Xy, xilose.

11.2  FRUCTOOLIGOSACCHRIDES (FOS)

FOS also known as oligofructose and usually are called as oligosaccharides 
derived from inulin, mainly composed of 1-kestose (GF2), 1-nystose (GF3), 
and 1-β-fructofuranosylnystose (GF4), in which fructosyl units are linked 
in the β-(2-1) position of a sucrose molecule.17,18a,b The formula GFn which 
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indicates the degree of polymerization by the number of fructose molecules 
which are present and linked to glucose (Fig. 11.1).

FIGURE 11.1  FOS structures 1-kestose (GF2, left), 1-nystose (GF3, middle), 
1-fructofuranosyl nystose (GF4, right).

11.2.1  FUNCTIONAL PROPERTIES

Among the functional properties of the FOS, the ability to reduce the risk 
of chronic diseases such as colon cancer, ulcerative colitis, intestinal cancer, 
cardiovascular disease, and obesity,18a,b this is due to the large part digest-
ibility of these prebiotics in the body, because they are hardly digested by 
digestive enzymes and gastric juice, that enables the most prebiotics arrive 
intact the intestine and colon where they are susceptible to be fermented by 
probiotic bacteria and beneficial intestinal microflora which produce metab-
olites such as SCFA and propionate between that stand out because of its 
anti-cancer effect.19 Butyrate can be a source of energy for colon epithelial 
cells that also is thought to promote proliferation and differentiation of cells 
in the intestine, it has effects of inhibiting cancer cells, colonic adenomas 
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and carcinomas and induction of apoptosis, preventing the tumor forma-
tion.14,20–23 These effects are regulated by the expression of differentiation 
markers (alkaline phosphatase) and glutathione S-transferase and other 
response genes as well as the suppression of expression of 2-cyclooxygenase 
and also alters the epigenome through inhibition diacetylases of hystone. 
Propionate may have the anti-inflammatory ability over cancer cells in the 
colon.23–25

Among other properties, the improvement and regulation of the immune 
system is highlighted, this is due to the activation of proliferation and differ-
entiation of intestinal epithelial cells and colon promoted by the formation 
of butyrate, development and growth of the epithelial barrier which provides 
protection against pathogens because it hinders their attachment to the gut, 
in addition to the development and regulation of gut-associated lymphoid 
tissue (GALT) which forms the largest area of immune tissue in the human 
body, comprising the innate immunity with important roles from NOD and 
toll-like receptors (TLR).23,26

Among other benefits for its prebiotic nature and as soluble fiber, FOS 
have the ability to have an impact on obesity, it is now emerging an over-
view of how the consumption of FOS can make an impact in reducing the 
consumption of food and energy for people obese leading to weight loss 
and improving health. This is because they are non-digestible by human 
digestive enzymes by binding type possessing β(2–1), it is thought that 
these prebiotics fermentation by the beneficial microflora achieves immune 
regulation with anti-inflammatory effects improving intestinal permeability 
and metabolism. In a study conducted by Dehghan,27 52 women with type-2 
diabetes were given a dose of 10 g oligofructose Β+ Inulin per day, reduction 
decreased glucose levels in plasma was observed and a decrease in glycosyl-
ated hemoglobin levels. In a similar study28 other beneficial health effects of 
oligosaccharides were observed, the reduction of the levels of cholesterol 
and triglycerides was observed after 12 weeks.29 This is thought to be due 
to inhibition of lipogenic enzyme in the liver, resulting from the action of 
propionate produced by the fermentation of prebiotics, this reaches the liver 
via the portal vein and inhibits the pathways of cholesterol by inhibition 
HMG-CoA reductase.30

FOS also have a beneficial impact on mineral absorption, in studies by 
Ref. [14,31] with the administration of 15 g/day oligofructose or inulin 40 g/
day an increase in apparent calcium absorption was observed. Also has been 
observed the increase in magnesium absorption caused by the ingestion of 
FOS.14,32
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Prebiotics such as FOS are considered safe for inclusion in traditional 
diets because their presence as natural ingredients in food and plants. 
According to data from the US Department of Agriculture it is estimated that 
the average daily consumption of FOS from chicory ranges between 1 and 
4 g/day.14,33 A study showed that FOS from chicory has no toxicity to organs 
and that these compounds are not mutagenic, carcinogenic, or teratogenic.34 
Other results show that these fructans are well tolerated in amounts up to 
20 g/day, can trigger diarrhea if doses of 30 g/day or more.14,35

11.2.2  FOS NATURAL SOURCES

FOS are naturally found in vegetables such as onions and garlic and, also 
found in tomatoes, in honey, accompanied by the inulin from chicory roots 
(Cichoriumi intibus L.) bulbs in Jerusalem artichoke (Helianthus tuberosus), 
some monocots such as rye , barley, rice, wheat, and banana,36,37 but they are 
found in very small amounts and their presence depends the season. Because 
of this currently it has drawn attention to the production of FOS through 
biotechnology.38,39

FIGURE 11.2  FOS (kestose, nystose, and 1-fructofuranosyl nystose) synthesis as from 
sucrose by the action of the enzyme fructosyltranferase.
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FOS can be produced from sucrose by the action of enzymes with the 
transfructosylating enzyme fructosyltransferase (FTase) (EC 2.4.1.9) (Fig, 
11.2) and the β-fructofuranosidase (FFase) (EC 3.2.1.26) derived from 
plants and microorganisms. It has been found that microorganisms of genera 
Aureobasidium spp., Penicillium spp., Aspergillus spp., and Fusarium spp. 
have the ability to produce these enzymes.12,37,40–44

11.3  FOS PRODUCTION

For the production of FOS high initial substrate concentration is required for 
efficient tranfructosylation.45 Other products of this reaction are fructose and 
glucose which has been found to be an inhibitor of the reaction of transfruc-
tosylation when it accumulates in the media.

Transferase activity acts on sucrose breaking the β-(1,2) link and trans-
ferring fructosyl group to an acceptor molecule such as sucrose, releasing 
glucose. This reaction produces FOS which units are linked by a β-(2,1) 
bond in position of sucrose.6 Due to the enzymes that catalyze the above reac-
tion there is a difference in the opinion regarding nomenclature by different 
authors referred to both FOS producing enzyme fructofuranosidase (FFase) 
(EC 3.2.1.26)42,46,47 and fructosyltransferase (FTase) (EC 2.4.1.9).37,38,40,48–50 
Both enzymes have been reported in literature as FOS producing enzymes 
and has also been shown that these have both activities, hydrolyzing activity 
(UN), and transfructosylating activity (UT ). Their activities varies greatly 
(ratio, UT  / UN ) depending on the nature of these enzymes, if they are isolated 
from plants, bacteria, yeasts, and fungi, the genus, species, and strain. The 
manner in which the enzyme activity is defined varies according to the 
author, the activity units are defined as the amount of enzyme that transfers 
them 1 μmol of fructose per minute,37,51,52 or as the amount of enzyme which 
liberates 1 µmol of glucose per minute,53,54 or by 1 μmol nitrophenol liber-
ated per minute per p-nitrophenol-α-D-glucopyranoside,55 or as the amount 
of enzyme which produces 1  μmol of kestose per minute.37,56,57 Besides 
these there are more different analytical methods that are used to deter-
mine the production of FOS by this enzyme so it is difficult to establish a 
specific definition for comparison.37 Activity units may also vary greatly if 
these enzymes are intracellular or extracellular. Nguyen et al.46 reported the 
production of β-fructofuranosidase FOS by intracellular and extracellular 
Aspergillus niger IMI 303 386 showing the best results transfructosylation 
intracellular β-fructofuranosidase.
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In 1988, Hidaka et al.45 evaluated the ratio (UT  / UN ) for producing different 
microorganisms showing FOS resulted in A. niger ATCC 20611 strain with 
high productivity having a transfer activity much greater than its hydrolytic 
activity (UT  / UN ) = 14.2 after one day incubation, 12.2 after three days.

In 2001, Antošová and Polakovic50 showed different characteristics of 
different enzymes with transferase activity from different sources, both micro-
organisms and plants had different characteristics of these oligosaccharides.

The molecular mass of fungal FTase is in anhomopolymer formed from 
2 to 6 monomeric units. Many papers have defined temperature and pH 
optimum for activity of these enzymes between 50 and 60°C, and a pH of 
4.5–6.5, respectively.6,37 Fructosyltransferases from plants have different pH 
range and temperature as FTase from Jerusalem artichoke which optimal pH 
is between 3.5 and 5 and the optimum temperature between 20 and 25°C in 
the case of 1-SST and pH 5.5–7 and temperature 25–35°C for 1-FFT.50

Yoshikawa et al.42 reported in a work, the production of at least five 
types of β-fructofuranosidase in the cell wall of Aureobasidium pullulans 
DSM2404 catalyzing the reaction of transfructosylation.

In this test the FFaseI was predominant in the period of formation of 
FOS while FFase levels II–V increased in the period of degradation of FOS. 
Ratios (UT  / UN ) of FFases IV were 14.3, 12.1, 11.7, 1.28, and 8.11, respec-
tively, where FFaseI proved to have the best (UT  / UN ) ratio further was the 
only enzyme showed activity with glucose in the medium, the other enzymes 
being strongly inhibited by the presence of glucose.

Figure 11.3 shows the action of both activities Hidrolyzing (UN ) and 
tranfructosylating (UT ).

FIGURE 11.3  Kestose formation by the action of fructosyltranferase enzyme hydrolyzing 
activity (UN) and transfructosylating activity (UT), hydrolyzing a sucrose molecule and 
transferring a fructosyl group to another acceptor molecule of sucrose, respectively.
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There are mainly two methods that can be used for the production of 
these enzymes with transfuctosylation activity and FOS production by 
fermentation, submerged fermentation (SmF) and solid-state fermentation 
(SSF) which will be described below.

11.3.1  FOS PRODUCTION BY SMF

The most common and studied method for production of FOS is the trans-
fructosylation of sucrose in two steps, in the first step by SmF enzyme is 
produced, and in the second step the enzyme is reacted with the carbon 
source for production of FOS under controlled conditions.12

The variables studied to define generally the best operating conditions 
for the production of the enzyme are the source of carbon and nitrogen its 
concentration, time of cultivation, agitation, and aeration. Other important 
factors are the addition of various minerals, small amounts of amino acids, 
polymers, and surfactants.6,37

In 2011, Silva et al.57 evaluated at three different levels important factors 
for the production of FOS, carbon and nitrogen sources, percentage of 
sucrose and yeast extract, respectively, inoculum percentage, pH, temper-
ature, agitation, concentration of urea and the average concentration of 
various mineral salts K2HPO4 (NH4) 2SO4, MgSO4, ZnSO4, and MnSO4. 
Where the sucrose concentration proved to be a positive parameter for the 
formation of FOS because the enzymes catalyze the reaction of transfruc-
tosylation at high substrate concentrations. Higher productivity conversion 
was 54.7% and 223 g/L total FOS with an initial concentration of 400 g/L 
sucrose. As mineral salts MnSO4 proved to be the only mineral presented a 
significant effect stimulant for production of FOS. The K2HPO4 is described 
as a source of micronutrient for cell growth as well as being a buffer solu-
tion. Its optimal concentration varies between 4 and 5 g/L.53,54,58–60

The effect of pH on the average production of fructosyltransferase and 
microorganism growth has been reported. A pH of 5.5 has been found 
as the best initial value for the production of Aspergillus oryzae fructo-
syltransferase CFR202,54,59 Aspergillus japonicus JN19,61 and Penicillium 
purpurogenum.62

As for the 1-step process,12 evaluated a one-step system for the produc-
tion of FOS in which obtained under optimal production conditions 
64.1 gFOS/g sucrose, being the temperature the most significant parameter 
in this trial.
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11.3.2  FOS PRODUCTION BY SSF

The SSF presents a growing interest and high potential for small-scale units. 
Some advantages of this process are the simplicity of operation, high volu-
metric productivity, product concentration, an initial investment inexpen-
sive, requires low power is required in addition to that there is less risk of 
contamination due to its high concentration of inoculum and low humidity 
in the reactor, and a simpler separation process.12,17,59,63

Among the disadvantages of the SSF are the difficult measurement of 
parameters such as pH and aeration, the type of sampling is destructive, and 
many complications for fermentations in larger scale arise due to problems 
of heat transfer and oxygen in the media and a homogeneous diffusion of 
the substrate.

Food, agriculture, and forestry industry produces large volumes of waste 
that can be utilized as materials for SSF. Examples include potato waste, 
corncob, tapioca bagasse, sugar cane bagasse, wheat grain waste, among 
others.64,65 This makes the process costs are low compared to SmF and an 
alternative to the disposal of industrial wastes.

Various agroindustrial by-products of wheat cereal products, corn, sugar-
cane bagasse, and by-products of the processing of coffee and tea have been 
used as substrates for the production of FTase in SSF by A. oryzae CFR 202.41

In 2009, Mussatto et al.17 studied the ability to colonize different 
synthetic materials (polyurethane foam, stainless steel sponge, vegetable 
fiber, pumice, zeolites, and glass fiber) from A. japonicus ATCC 20236 to 
produce FOS from sucrose (165 g/L).

Dietary fiber was the best support for the growth of A. japonicus (1.25 g/g 
carrier) producing 116.3 g/L FOS (56.3 g/L 1-kestose, 46.9 g/L 1-nystose, 
and 13.1 g/L 1-β-fructofuranosyl nystose) with 69% of yield (78% based 
only on the amount of sucrose consumed), reporting high activity of the 
enzyme β-fructofuranosidase (42.9 U/mL).

Mussatto and Teixeira63 assessed various media for the production of 
FOS looking to reduce process costs studying the use of supplemented and 
non-supplemented media, and seeking an increase in the production yield 
of FOS resulting in a high production of FOS 128.7 g/L of β-FFase activity 
(71.3 U/mL), using as support coffee silverskin showing similar results in 
trials with the supplemented and unsupplemented support.

It has been sought to increase the performance and productivity of the 
FOS in the SSF assessing conditions that affect this process, in one study66 
conducted fermentations with coffee husk evaluating different moisture 
levels 60, 70 and 80% sucrose solution with 240  g/L, and a solution of 
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spores of A. japonicus 2 × 10^5, 2 × 10^6, or 2 × 10^7 spores/g dry support, 
and different temperature tests 26, 30, and 34°C for 20  h , showing that 
the humidity did not influence the production of FOS or FFase enzyme, the 
temperature being between 26 and 30°C and the inoculum of 2 × 10^7 esp/g 
material which maximized the production of FOS to 208.8 g /L FOS and a 
productivity of 10.44 g/L * h FFasa 64.12 U/mL and with a productivity of 
4 U/mL * h.

11.3.3  IMPROVED PRODUCTION YIELDS OF FOS

A considerable disadvantage for the production of large scale FOS is that 
the resulting mixture of the bioreactor consists of different carbohydrates: 
monosaccharides, unreacted disaccharides, and oligosaccharides. The 
incomplete conversion creates great challenges to producers of FOS because 
a purer product would increase their value and their utility in other food and 
pharmaceuticals. To generate a purer mixture several studies had tried to 
remove the digestible carbohydrates from FOS mix, in which they have used 
different bioengineering strategies for accomplishing this. In such strategies 
it has been applied different separation techniques using different technolo-
gies as well as additional steps of using enzymes and selective bioconver-
sion fermentations. Production yields generally range from 55% to 60%, 
based on the initial sucrose concentration due to inhibition of the reaction 
by-products generated during the reaction.

One of the factors which directly influence the production of FOS by 
the reaction of transfructosylation, is the accumulation of residual glucose 
in the medium during the reaction which strongly inhibits production of 
FOS.6,10,42,47

Because of this, different authors have sought to remove the glucose 
produced during the reaction by means of systems with mixed-enzymes, 
in such systems the goal is to eliminate the reaction by-product which is 
an inhibitor, and thus the use of the substrate can be maximized. Tanri-
seven and Gokmen49 proposed an interesting system in which producing 
FOS from sucrose using an enzyme commercial preparation Pectinex 
Ultra SP-L (Novozymes A/S, Denmark) after sugar mixture was processed 
using Leuconostoc mesenteroides B-512 FM dextransucrase to convert all 
remaining unreacted sugars to isomaltooligosaccharides which also increase 
the activity of bifidobacteria47 used a preparation of commercial glucose 
oxidase to convert glucose generated to gluconic acid and was then precipi-
tated as calcium gluconate using calcium carbonate for pH control of the 
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reaction. This proved to be effective and the system occurred more than 90% 
(w/w) of FOS dry basis, the remainder being glucose, sucrose, and a small 
amount of calcium gluconate.

Yoshikawa et al.67 produced FOS from sucrose with various enzyme 
preparations of FFase obtaining a yield of 62% with preparation FFaseI, 
then the reaction was just using glucose isomerase (GI) added in a ratio of 
activity 1:2 and FFase:GI obtaining a maximum yield of 69% FOS.

Various studies have used strains of Saccharomyces cerevisiae, 
Zimmomonas mobilis, and Pichia heimii to remove glucose and fruc-
tose accumulated during fermentation7,68–70 where these were completely 
fermented and produced ethanol, carbon dioxide and a small amount of 
sorbitol as a by-product. A high content of FOS (98%) was obtained in the 
mixture after efficient removal of the released glucose and unreacted sucrose 
in the medium.54

Whereby the microbial treatment proved to be a good alternative to 
increase the percentage of FOS in the reaction mixture by removal of mono- 
and disaccharides , this being suitable process for the enzymatic production 
of FOS, but otherwise the implementation of this methodology is relatively 
new and still need to be developed to get good yields in addition to using 
this type of process would involve a further step in the purification to remove 
biomass and other metabolites formed during fermentation to obtain FOS 
with less contaminants which would increase the cost of production.

Other techniques used to remove sugars from the medium are nanofil-
tration and microfiltration systems which have been proposed in different 
jobs to remove low molecular weight carbohydrates of the oligosaccharide 
mixture.71–74 These techniques have reached high blends of FOS above 90% 
gFOS/gSucrose71 and above 80%.74 These systems have demonstrated good 
production yields of FOS but unfortunately these make the process cost rises.

Different studies on the production of FOS have reported the use of 
enzymes immobilized in calcium alginate beads, methacrylamide polymeric 
beads, epoxy acrylic-activated beads (Eupergit C) , epoxy-activated poly-
methacrylate (Sepabeads EC-EP5), glass porous ion exchange resin (Amber-
lite IRA 900 CI), and various polymeric and ceramic filter membrane.11,75–80 

Where it is recognized that the immobilization of enzymes has proved to 
be an effective tool to retain enzymes in the reactors as well as providing 
greater stability to the enzyme in pH and temperature changes, allowing 
continuous operation system. Among the disadvantages of these systems are 
microbial contamination, can occur adsorption of feed components and hard 
pipe columns.
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Also other techniques have been implemented as enzyme engineering22 
discloses a process for the production of 6-kestose in which uses a modified 
invertase expressed by Saccharomyces which exhibits improved activity of 
transfructosylation where in the 6-kestose was produced with high speci-
ficity representing 95% total FOS which could make interesting use of 
genetic engineering as a tool to enhance the activity of the enzymes involved 
in the synthesis of FOS and improve their production.

The market of prebiotics is increasing, whereby to meet a growing world 
demand is necessary the implementation of different techniques and biopro-
cess strategies which opens new possibilities and trends for production of FOS.

11.3.4  FOS MARKET

There is an increasing trend toward the production of prebiotic ingredient-
based food products to provide innovative solutions to the consumers. 
Consumer demands were changing and highly influenced by the increasing 
consumption of health products.81

Manufacturers are focusing on the development of new products to 
provide a wide range of end applications to answer the new demands of the 
consumer for new food products with nutritional and health added value.81 
As seen previous in this review FOS belong to the prebiotics group and has 
been used as a sweetener over the past few years primarily in the food and 
beverage industry.

Transparency Market Research (TMR)82 forecasts that the global prebi-
otic ingredients market will improve, it states that the global prebiotic ingre-
dients market is anticipated to reach US$4.5 billion by the end of 2018, and 
according to study by Grand View Research Inc.,83 it is projected to reach 
USD 5.75 billion by 2020. In terms of volume, global prebiotics market was 
581.0 kilo tons in 2013 and is expected to reach 1084.7 kilo tons by 2020, 
growing at a compound annual growth rate (CAGR) of 9.3% from 2014 to 
2020.83

Prebiotics major application sectors are in food products such as dairy, 
bakery, cereals, meat, and sports drinks are also driving the growth of prebi-
otic ingredients market.81

Food and beverage was the largest application segment with market 
volume of 488.1 kilo tons in 2013.83 Other applications include animal 
feeding, and pharmaceuticals. Animal feed has not yet been fully developed 
and explored and hence the main focus of manufacturers in animal feed is 
in research and development of sustainable products. Prebiotic ingredient 
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demand for animal feed is expected to reach USD 429.3 million in 2018 and 
is expected to have a positive impact on the FOS market.82

Increasing demand for low calorie or fat free food which provides 
added health benefits is expected to have a positive impact on the market.84 
The inulin and sucrose FOSs are the novel dietary fibers that fulfill these 
considerations.84  United States, Germany, Japan, and China dominate the 
functional food market and expected to witness growth owing to increased 
demand for dietary supplements. In East Asia, North America, and Europe, 
the FOS products are primarily employed as dietary fibers, thus growth of 
dietary fiber sector will increase FOS demand.84

Development of symbiotic combining FOS with targeted probiotic strains 
coupled with introduction of new products such as drinking yogurts, low fat 
reduction creams, chocolates, and bakery products are expected to be key 
drivers for the industry over the forecast period. The product is expected to 
substitute numerous sweeteners in the food and beverage industry including 
aspartame, sucralose, and xylitol on account of their superior properties and 
cost effectiveness.84

Among the FOS products commercially available are Beneshine™ 
(P-type powder and liquid (>95% purity)) from sucrose by the enzyme fruc-
tosyltransferase is conducted by Shenzhen Victory Biology Engineering Co., 
Ltd., China.84 Meioligo manufactured by a key player in the FOS industry 
Meiji Seika Kaisha Ltd. in Japan. FortiFeed® P-95, it is another product of 
which consists of a prebiotic soluble fiber in the mixture which contains 
about 95% short chain FOS dry basis (Corn Products International, Inc.). 
Actilight® FOS product (Beghin-Meiji Industries, France), is a highly bifi-
dogenic product, produced from sucrose. Another commercially available 
product is NutraFlora® US GNC Nutrition. Orafti Active Food Ingredients 
in United States produces Raftilose, an inulin that contains FOSs in addi-
tion to polysaccharides. Among the FOS products available on the market 
from inulin, OLIFRUCTINE-SP® manufactured by Company Nutriagaves 
of Mexico S.A. de C.V., a mixture of fructan extracted from the juice of 
the agave plant Tequilana Weber blue variety. Other manufacturers include 
Jarrow Formulas, Cheil Foods, and Chemicals Inc.

The following Table 11.2 summarizes the companies that handle prod-
ucts of FOS and the brand name of these products is done.

In addition to the marketing of food grade FOS, FOS are available in 
analytical grade market with purities of 80–99%. Companies that include 
more supply of FOS 1-kestose (GF2), nystose (GF3), and 1F-fructofura-
nosyl nystose β-(GF4) are Sigma-Aldrich, Megazyme, and Wako Chemicals 
GmbH.6,85
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TABLE 11.2  Commercially Available Food Grade FOS.

Substrate Manufacturer Trademark
Sucrose

Inulin

Beghin-Meiji industries, Francia

Cheil Foods and Chemicals Inc., Korea

GTC Nutrition, EU

Meiji Seika Kaisha Ltd., Japan

Victory Biology Engineering Co., Ltd., China

Beneo-Orafti, Bélgica

Cosucra Groupe Warcoing, Bélgica

Sensus, Holanda

Nutriagaves de Mexico S.A. de C.V., Mexico

Actilight®

Oligo-Sugar

NutraFlora®

Meioligo®

Beneshine™ P-type

Orafti®

Fibrulose®

Frutalose®

Olifructine-SP®

11.4  CONCLUSIONS

The prebiotics market is gaining strength and is growing greatly in recent 
years due to the increasing interest in people for these products because it 
has raised awareness for a healthier life. This document has been reviewed 
many positive effects on health and in reducing the risk of disease by FOS, 
in addition to its many physicochemical and physiological properties and its 
wide application in the food industry. We reviewed the various challenges 
that are in the production of FOS, noting that there has been a breakthrough 
in the techniques and technologies in bioprocesses to improve yields, quality 
and purity of the final product; however, due to the increasing demand eval-
uating more FOS producing strains with greater efficiency in shorter periods 
of time, the use of genetic engineering to create strains with better transfruc-
tosylation activity, and improve production processes where industrial and 
agro-industrial wastes are used in order to establish processes allow low-cost 
production with good yields of FOS.
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ABSTRACT

The emergence of innovative chemistry informatics (cheminformatics) is 
threatening the sustainability of bioethanol production from palm oil empty 
fruit bunch (EFB) in Indonesia. With the friendliness and convenience 
offered by cheminformatics, many bioethanol production processes nowa-
days prefer to determining optimum condition and forecasting the results 
computationally through response surface methodology (RSM). RSM is 
one of cheminformatics (called by RSM-CI; Response Surface Method-
ology—Chemistry Informatics) that explores the relationships between 
several explanatory variables and one or more response variables. Indonesia 
had established bioethanol production pilot plant by using fully automatic 
computerized system supported by sufficient ICT emerging technology and 
database. Bioethanol production from cellulose-based material is one of 
the popular bioprocess engineering research fields in Indonesia in the last 
five years, since palm plantation biomass waste became the most concern 
potency for bioethanol raw material since Indonesia is the world leading 
producer in palm oil. The purpose of this chapter is to assess the impact 
of RSM as a practical cheminformatics to support bioprocess technology; 
bioethanol technology processes by optimizing the operations’ variables 
and easily adopted in automatic computerized system ICT emerging 
technology.

12.1  INTRODUCTION

The term cheminformatics was born referring to the combination of chem-
istry and informatics. Initially, this field of chemistry did not have a name 
until 1998, where cheminformatics is a term first coined by Frank K. Brown. 
His definition is “...mixing of those information resources to transform data 
into information and information into knowledge for the intended purpose of 
making better decisions faster in the area of drug lead identification and opti-
mization.”1–3 The recent development of cheminformatics makes it possible 
to be applied to data analysis for various industries like paper and pulp, dyes, 
and such allied industries.1,3

Response surface methodology (RSM) is one of cheminformatics that 
explores the relationships between several explanatory variables and one 
or more response variables. RSM was firstly introduced by George E.P. 
Box and K.B. Wilson with the main objective is to obtain optimal response. 
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Box and Wilson suggesting second order polynomial equation as the model 
template.4 RSM had already familiar to researcher in bioprocess engineering 
which usually dealing with long-time microbial growth and required to 
consider many operations’ variables. RSM will significantly increase the 
research efficiency for determining optimum condition and forecasting the 
results. Bioethanol production from cellulose-based material is one of the 
popular bioprocess engineering research fields in Indonesia in the last five 
years. Palm plantation biomass waste became the most concern potency for 
bioethanol raw material since Indonesia is the world-leading producer in 
palm oil.

Currently, Indonesia had established ethanol production pilot plant by 
using palm oil empty fruit bunch (EFB) as raw material in a fully automatic 
computerized system. Introducing cheminformatics approach by presenting 
optimum condition in mathematical equation will give significant advan-
tage. The mathematical model will easily apply in the automatic computer-
ized system which supported by sufficient database.

This study emphasizes the application of RSM as a practical chemin-
formatics to support bioprocess technology by optimizing the operations’ 
variables in term that easily adopted in automatic computerized system, 
mathematical model. Ethanol production process from palm planta-
tion biomass waste in Indonesia is an interesting case study of how this 
cheminformatics applied. In the next section, we provide a brief explana-
tion about the potency of Indonesian palm oil plantation biomass waste for 
the bioethanol raw material production. In Section 12.3, brief explanation 
about bioethanol production process from cellulose-based material will be 
delivered. The crucial variables to be optimized were substrate loading, 
enzyme loading, and surfactant addition dose. The importance of surfac-
tant additions, the third variable that make RSM application required, will 
be explained in Section 12.4. Practical examples of optimization using 
RSM in bioethanol production from palm oil EFB will be described in 
Section 12.5. The mathematical model modification from EFB enzymatic 
hydrolysis will be applicated to palm oil trunk enzymatic hydrolysis. The 
modification process and its application will be discussed in Section 12.6. 
Quoting George E.P. Box statement, “essentially, all models are wrong, 
but some are useful.”4 Thus, discussion will be closed by a summary about 
some current limitation of mathematical model obtained by using chemin-
formatics and future prospect of cheminformatics in dealing with limita-
tions and the application possibilities in broader fields, other than drug 
discoveries and its related topics.
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12.2  INDONESIAN POTENCY IN PALM PLANTATION BIOMASS

Today, Indonesia is the largest palm oil producers in the world. Palm oil 
plantations were developed since 1968 from only 79.209 Ha which is belong 
to Indonesian government and the other 40.451 Ha private companies’ plan-
tation. Small holder industrialist started to contribute in producing palm 
oil in 1979, mainly as the impact of transmigration program created by the 
government which trigging agro industries outside Java island. Along with 
the plantation expansion as shown in Figure 12.1, the production was kept 
increasing. In 2015, Indonesian total palm oil production estimated to be 
30,948,931 tons which only 2.49% was came from government plantation.

FIGURE 12.1  Indonesian palm oil production.

The EFB potency can be extrapolated from palm oil production since the 
EFB composition in fresh fruit bunch is similar with palm oil, 22–23%w.5 
This huge potency was waiting to be explored for the sake of Indonesian 
prosperity. The most efficient way to detach palm fruit from its bunch is by 
steam cooking fresh bunch in autoclave. This process caused the EFB was 
available in wet conditions which became the main challenge for utilizing 
it as construction material or as solid fuel by direct combustion just like 
palm kernel. Recent utilization of EFB was as in situ composting materials 
which consume transportation cost from extraction plant to the plantations. 
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The utilization was usually limited to the plantation that has the same 
owner with the extraction plant. Bioethanol production from EFB next 
to palm oil extraction plant gave a promising profitable solution. EFB as 
wet raw material will not be a problem since the pulping process will boil 
it in soda solution or other thermomechanical process. Energy produced 
from kernel and fiber combustion exceed the requirement of extraction 
plants which installing the latest technology. This excess energy can be 
used by bioethanol production in pulping and distillation unit. Recently, 
some extraction plants use the excess energy for generating power plant 
and supply electricity the adjacent dwellings. This utilization was limited 
by the wire infrastructure for distributions since the plant and plantation 
usually placed in relatively remote area. Converting the excess energy in 
form of bioethanol will give cheaper infestations in distribution infrastruc-
ture by using trucking system.

Other potential palm plantation biomass waste was the palm trunk. To 
keep the plantation productivity at its best, the palm tree cannot be older 
than 20 years old, thus, regeneration program need to be planned for the 
sake of sustainability. As can be seen in Figure 12.1, by assuming there will 
be no relocation happen in the existing plantation area, then theoretically 
there will be 224.528  Ha of palm oil plantation in regeneration program 
in all around Indonesia in 2016, similar with the number of plantation that 
developed in 1996. Palm oil plantation has 136–143 trees per Ha with the 
average weight of tree 330 kg.5 Thus, the potency of palm trunk as biomass 
stock is 10–10.6 million ton in all over Indonesia in 2016. Since the expan-
sion keep happening in 1997 and forward, the palm trunk potency was also 
climb up. Not to mention new generation of short-frond palm oil tree which 
gave possibility to plant more palm tree per hectare. The main obstacle of 
palm trunks utilization is its low mechanical strength that makes it not suit-
able for timber and furniture industries except particle board. Challenge for 
particle board industries in Indonesia is lack of resin availability in domestic 
market. Developing new resins factories in Indonesia still not feasible due to 
raw material availability and environmental law.

Utilization of palm plantation biomass waste as raw material for ethanol 
production is still feasibly competitive and have strong supported by Indone-
sian government. One of the significant supports is developing pilot plant in 
PP Kimia LIPI. Reports about the pilot plant performance had already deliv-
ered in previous study.6 In the next section, the whole production process of 
bioethanol from cellulosic biomass as it was applied in the pilot plant will 
be briefly described.
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12.3  ETHANOL PRODUCTION FROM CELLULOSIC BIOMASS 
WASTE: THE BASIC

Basically, the process consists of four steps, pretreatment which converts 
biomass waste to pulp, enzymatic hydrolysis which converts pulp to glucose, 
fermentation which converts glucose to ethanol, and the last step is distilla-
tion to purify the ethanol to meet fuel grade. Figure 12.2 gives brief descrip-
tion of how these four steps are connected. Converting biomass waste, in 
the most common material is wood-based materials, into pulp is an ancient 
technology that defines civilization. Since Tsai Lun invented paper to nowa-
days, the production technology has really evolved and established. This is a 
promising support for ethanol production from biomass. Room for improve-
ment lies on increasing process efficiency by utilizing heat and chemicals as 
least as possible to meet next steps requirement.

FIGURE 12.2  Flowchart of bioethanol production from biomass waste.

Fermentation and distillation technologies were also acknowledged since 
the history of human kind. Record and evidences of it can be found in every 
ancient civilization, that is, Egypt and China. This long lived technology had 
constantly improved so that nowadays, many industries offering fermenta-
tion and distillation licenses. In term to meet fuel grade requirement, ethanol–
water mixture need to be separated above their azeotrope point. Mostly new 
developed technologies create improvement in this part of process to make 
the separation more efficient. One of the popular approaches was using 
mineral-based adsorbent to withdraw water.

Thus, enzymatic hydrolysis is the unique and crucial steps in the whole 
process which determining the economic feasibility. The hydrolysis rate 
decreases during process which leads to decreased yields and prolonged times 
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which leads to higher production cost.7,8 In 1998, the portion of enzyme cost 
in ethanol production from starch in Brazil was up to 40% of the total cost, 
higher than raw material, utilities, and other expenses which were 20, 28, 
and 12%, respectively. Through continuous research, the portion of enzyme 
cost became <8%. Although, there were contributions of increasing raw 
material prices and fuel which make their portion 32 and 35%, respectively. 
Research in developing high activity of amylase had reached the efficiency 
1 g of enzyme (protein equivalent) for one gallon of ethanol. Recently, cellu-
lase still lies in 100 g for a gallon of ethanol.9

Novozyme became the leading industry in the race for providing reliable 
cellulase in commercial scale. They claimed that their cellulase can be sold 
in US$ 2 per gallon which make ethanol production from corncob can be as 
feasible as if it was produced from cassava.10 Danisco Inc. as the compet-
itor was also introduced their latest cellulase in similar periode of time. 
As quoted by Reuters, Danisco spokesman, Rene Tronborg, claimed that 
by using their cellulase, bioethanol production from hayes has feasibilities 
comparable with the production process that using corn. This statement was 
announced in Renewable Fuels Association's 15th Annual National Ethanol 
Conference in Orlando, Florida. This event is a follow up action of Barack 
Obama Statement to reduce dependency on fossil fuel at the early of 2010.11

Other approach can be used in developing effective cellulose-to-ethanol 
process for liquid fuel application. To improve yields and reduce reduction 
time, and yet reducing the production cost, several technical approaches were 
studied. Conducting simultaneous hydrolysis and fermentation process for 
bioethanol production had already done by using pulp of palm oil EFB.12–14 
Kinetic study of enzymatic hydrolysis process had already conducted to 
synchronize the hydrolysis reaction rate with the fermentation rate.15 This 
study had intensively developed to a pilot scale unit.6 Conducting hydrolysis 
and fermentation simultaneously gave significant advantages of compared to 
hydrolysis and fermentation in series.16

The sense of chemical engineering that designing economically feasible 
process need to be involved in each different approach, which seldom over-
looked by chemist and biologist whom developing enzyme. There is huge 
opportunity to adopt existing pulping, fermentation, and distillation tech-
nology, as shown in Figure 12.2, which will contribute to lower investment 
cost and maintenance. Thus, easier to calculate depreciation which leads 
to lower overall production cost. To adopt existing-commercially-reliable 
distillation unit for ethanol purification, hydrolysis, and fermentation need 
to be designed for producing fermentation broth with suitable specification. 
One of Indonesian well-known ethanol producer, P.T. Madubaru Jogjakarta, 
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producing ethanol from molasses and setting 8–9%v ethanol concentration 
in its feed specification for the distillation unit operating normally. The distil-
lation unit itself was designed to purify fermentation broth which contain 
5%v of ethanol as its lowest. Feed with less ethanol concentration cannot be 
purified by using this similar unit. That is why in this study, 8%v was chosen 
as a benchmark in model validation as will be described later. The most 
logical approach for increasing ethanol concentration in fermentation broth 
was by loading more substrates in the hydrolysis process. The theoretical 
conversion of glucose to ethanol through fermentation using Saccharomyces 
cerevisiae is 51%. Thus, by also including cellulose content in pulp into 
account, the pulp loading in hydrolysis process need to be over 20%w of 
reaction system.

Performing cellulose hydrolysis experiments with high loading substrate 
is very difficult by only relying on usual laboratory apparatus such as orbital 
shaker or magnetic stirrer as reported by previous study.17 Despite of this 
technical challenge, high loading substrate also needs to consider substrate 
inhibitions. This is some unique phenomena in reaction system that assisted 
by enzyme which was more reactant does not always mean more product. 
In case of cellulose hydrolysis, the enzyme can be trapped within cellulose 
fibers if the fibers are not dispersed adequately, which happened in reac-
tion with high loading cellulose substrate. Not to mention the more negative 
impact caused by lignin impurities since more lignin in reaction system.

12.4  SURFACTANT ADDITION FOR ENHANCING CELLULOSE 
HYDROLYSIS PERFORMANCE; THE THIRD VARIABLE

Performing enzymatic hydrolysis of cellulosic biomass with high loading 
substrate implicated complex variables considerations since viscosity and 
substrate inhibitions will affect the end results. High enzyme concentrations 
are needed to reach high cellulose conversion, and enzyme recycling is diffi-
cult due to adsorption of enzymes to residual lignocelluloses. Enhancement 
of cellulose hydrolysis performance by adding surfactants to the hydrolysis 
mixture has been reported by several authors.18–22 Increased hydrolysis yield 
by addition of surfactants has been reported for delignified steam-exploded 
wood29 bagasse and corn stover.23 Appearance of lignin impurities also affect 
the process since lignin can deactivate cellulase, thus reduce the perfor-
mance of overall enzymatic hydrolysis. Surfactant addition to hydrolysis 
process can reduce the destructive effect of lignin impurities. The effect of 
surfactant on enzymatic hydrolysis of steam pretreated spruce (SPS), which 
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relatively higher lignin impurities, was the object of intense research for use 
in an ethanol producing process.25

Surfactant addition in the hydrolysis process with high loading substrates 
using two naturally different raw materials, water hyacinth pulp and EFB 
pulp, were observed.26 As can be seen in Figure 12.3 for the cellulose conver-
sion of water hyacinth pulp, addition TWEEN 20 and SPAN 85 gave signifi-
cant boost for cellulase. In cellulose hydrolysis conducted by 15 FPU/g-pulp 
cellulose, water hyacinth pulp produced by only boiling it in 1 M NaOH 
in atmospheric pressure gave 45.48%w cellulose conversion which can be 
increased to 52.29%w by producing the pulp in autoclave (2 atm pressure). 
Better results can be obtained by adding 1%v of TWEEN 20 to the water 
hyacinth boiled-pulp which gave 56.39%w. TWEEN 20 not only saving 
production cost by reducing energy for pulping process, but also by reducing 
the enzyme loading. Addition of 1%v of TWEEN 20 and SPAN 85 to water 
hyacinth boiled-pulp hydrolysis process gave 51 and 53.79%w cellulose 
conversion, respectively, by only using 10  FPU/g-pulp. Thus, all studies 
agreed that surfactant additions will improve the performance of hydrolysis 
step. The next issues then will be how the surfactants effect in the next step, 
fermentation process.

FIGURE 12.3  Comparison of TWEEN 20 and SPAN 85 addition in increasing cellulose 
conversion of enzymatic hydrolysis reaction to the reaction that using pulp produced by 
autoclave. Surfactant additions not only saving production cost by reducing energy for 
pulping process, but also by reducing the enzyme loading.

Surfactants were commonly introduced in fermentation systems to avoid 
foam generations in the systems which can interfere the monitoring and 
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measurement tools, and assisting contamination by plugging the ventilation 
system. There are three types of surfactants, anionic, cationic, and nonionic 
surfactants. Most of the microbe membrane surfaces have electronegative 
charged and will be affected by anions and cationic surfactants. The toxicity 
of surfactant to microbial cell is attributed to an extraction of lipids in the 
cell membrane.27 That is why these surfactants are also usually used as 
bactericides, such as quaternary ammonium compounds. There was a rule of 
thumb proposed to predict surfactant toxicity based on its hydrophile–lipo-
phile balance (HLB). Generally, increasing HLB tends to increase surfactant 
toxicity. As shown in previous study in fermentation of butanol production, 
surfactants with HLB value higher than 12 were toxic to microbes while 
surfactant with HLB in range 1–7 was not toxic.27 Nonionic surfactants, such 
as linear alcohol ethoxylates, are biodegradable and show low toxicity in an 
aquatic environment.28 On the other hand, a fortunate coincidence has been 
proven that the most effective surfactants that used as addition in cellulose 
enzymatic hydrolysis are nonionic surfactant.18 Thus, addition of nonionic 
surfactant for enhancing lignocellulose enzymatic hydrolysis followed by 
fermentation in a system with no prior sterilization is preferable. The surfac-
tant effect is higher at low cellulase concentration.29

The mechanism of surfactant effects in lignocellulose hydrolysis was 
extensively studied. It was concluded that nonionic surfactants can enhance 
the cellulase performance by overcoming the negative effect of cellulose 
crystalline.19–22 Ooshima et al. compared amorphous cellulose with different 
types of crystalline celluloses (Avicel, tissue paper, and reclaimed paper). 
They showed that higher the crystallinity of the substrate, the more positive 
the effect of surfactant addition. Different mechanisms have been proposed 
for explaining positive effect of surfactant addition to an enzymatic hydro-
lysis of cellulose. The surfactant could change the nature of the substrate, 
for example, by increasing the available cellulose surface. Surfactant effects 
on enzyme–substrate interaction have been proposed by preventing it from 
inactivation enzymes that adsorbed into cellulose fiber. Surfactant addi-
tion facilitates desorption of enzymes from substrate.23 Even these previous 
studies showed that surfactant could overcome the effect of cellulose crys-
talline; it should be noted that all the previous results were obtained from 
pure cellulose.

The effect of lignin impurities in pulp still beyond these explanations 
which having important role in utilizing pulp as raw material for bioethanol 
production process. Considering the effect of lignin impurities takes the 
effectiveness of pretreatment into account. Lignin-free pulp required high 
energy and/or chemical loading in the pretreatment, thus, high production 
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cost. Defining optimum surfactant addition in the hydrolysis process can 
reduce the requirement in pretreatment process and lead to reduce produc-
tion cost.

From another previous work in SPS pulp hydrolysis, it has been clarified 
that lignin has important role in preventing efficient conversion of lignocellu-
lose.24 Erickson had proposed explanation for surfactant effect on lignocellu-
lose hydrolysis. It was postulated that the hydrophobic part of the surfactant 
binds, through hydrophobic interactions, with lignin on the lignocellulose 
fibers and the hydrophilic head group of the surfactant prevents unproduc-
tive binding of cellulase to lignin. Eriksson proposed mechanism gave more 
suitable explanation to this work. Then, surfactant effect in increasing the 
available cellulose surface or assisting enzymes desorption can be obtained 
by adding surfactant more than it required doses to overcome lignin problem.

Substrate loading and surfactant additions have their similarities. Adding 
too much substrate will cause substrate inhibition in hydrolysis process 
and thus lower the conversion but adding too few will cause higher energy 
required in the purification. Adding too much surfactant will give lethal 
effect for the yeast in the next process but adding too few cannot counter the 
negative impact of lignin impurities. Thus, defining optimum condition of 
surfactant doses will be as important as defining feasible substrate loading. 
Surfactant doses become the third variable to be considered besides substrate 
loading and enzyme loading.

12.5  RSM-CI APPLICATION IN DEFINING OPTIMUM CONDITION 
OF EFB ENZYMATIC HYDROLYSIS PROCESS

The appearance of surfactant doses as the third variable makes classical 
method in determining optimum condition no longer efficient. The clas-
sical method of optimization involves varying one parameter at a time and 
keeping the other constant. In two variables system, whether or not there 
were interrelations between variables, classical method will give same 
optimum condition, regardless of which variable was first set as constant. 
In system with three variables or more, classical method becomes inefficient 
and fails to explain relationships between the variables.

RSM was used in several optimizations in enzymatic reaction.30–32 This 
methodology was recommended due to its ability to consider multivari-
able problem. In this study, ester sorbitan (mixture of 1,4-anhydrosorbitol, 
1,5-anhydrosorbitol, and 1,4,3,6-dianhydrosorbitol) or also known as SPAN 
85 was the chosen commercial surfactant based on one-point-test as shown 
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in Figure 12.4. SPAN 85 has HLB value only 1.8. These results support the 
application of SPAN 85 as a nonionic surfactant in cellulase hydrolysis. The 
concerned hydrolysis process is the one that was followed by fermentation 
without any treatment for removing or reducing the effect of surfactant and 
cellulase prior fermentation.

In the hydrolysis system which using 10 FPU/g-substrates, addition 1%v 
of SPAN 85 could increase the cellulose conversion from 38.55% until up to 
87.30% and clearly more effective than TWEEN 20. This result is compa-
rable with the hydrolysis system which used 15  FPU/g-substrates. Thus, 
based on one-point-test, surfactant additions can save enzymes consump-
tions 33%. Since the enzyme cost is still become a big part of overall produc-
tion cost, optimization of surfactant addition in cellulase hydrolysis reaction 
will be observed by using RSM method with the main objective to save more 
enzyme.

The application of RSM method was started by creating a three-level-
three-factor central composite rotatable design (CCRD). The variable and 
their levels selected for the cellulase hydrolysis were SPAN 85 concentra-
tion (0–2%v), cellulase concentration (10–15  FPU/g substrate-dw), and 
substrate loading (20–30%dw). Substrate were palm oil EFB pulp made 
from EFB from Malimping, Indonesia by using kraft pulping with lignin 
impurities 9.34%w. Commercial cellulase Novozyme was used and SPAN 
85 purchased from Merck. Fermentation processes were conducted in same 
condition, by adding 1%w of powdered yeast, 0.3%w of urea, and 0.1%w 
of nitrogen, phosphorus, and potash (NPK). Other affecting variables such 
as operation temperature was kept constant at Indonesian room temperature 
(25–28°C) and pH solution was set at 4.8 by using 50 mM sodium acetate 
buffer. All process conducted in a system with total volume 100 mL. Dura-
tion for hydrolysis and fermentation was set at 48 and 60 h, respectively. In 
this study, the observed variables were arranged as tabulated in Table 12.1, 
which using the least number of required experiments.

The data obtained from experiments were resulted reducing sugar, 
ethanol concentration, and the ethanol conversion. The experimental results, 
thus called actual value, for respective variables were also shown in the 
same table. Resulted reducing sugar is the measured reducing sugar concen-
tration which obtained after the enzymatic hydrolysis process completed, 
as the feed for fermentation process. The resulted ethanol concentration is 
the ethanol concentration in the fermentation broth that measured after the 
fermentation process completed. The ethanol conversion was calculated as 
% weight, by comparing the resulted ethanol weight to the respective pulp 
weight as the process feed.
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All of these dependent variables were gone to model-fitting process to a 
second-order polynomial equation by using software for statistic SPSS 14. 
The basic principle of model fitting process was creating a mathematical 
model then uses it to recalculate all dependent variables that were tested in 
experiments. Dependent variables data obtained from recalculations, thus 
called predicted value, will be compared to the dependent variables data 
obtained from experiments by using a parameter called, coefficient of deter-
mination. The accepted mathematical model was the one that gave coeffi-
cient of determination above 0.95, in the range 0–1.

The accepted mathematical models were shown in term of dependent 
variables, Y1 for resulted reducing sugar, Y2 for resulted ethanol concentra-
tion, and Y3 for ethanol conversion. The independent variables were stated 
as X1 for substrate loading, X2 for enzyme loading, and X3 for the SPAN 85 
doses. Based on their coefficient of determinations, all value was satisfy-
ingly above 0.95. It can be concluded these statistical model will give good 
predictions for ethanol production process by using EFB pulp. By displaying 
the model prediction in 3D graph as shown in Figure 12.5, optimum condi-
tion was easier to be determined. These graphs were created by using CAD 
software and become strong statements for the existing cheminformatics. 
This is wonderful evidence that information technology gives strong support 
for chemistry and chemical engineering works.

2 2
1 1 2 3 1 2

2
3 1 2 1 3 2 3

55.3491 7.5018 5.6530 2.0763 0.1443 0.1185

1.1450 0.0983 0.0519 0.1327

Y X X X X X
X X X X X X X

= − + − − − +

+ + − +

2 2
2 1 2 3 1 2

2
3 1 2 1 3 2 3

4.1471 0.0434 0.4240 10.8375 0.04732 0.2798

1.5456 0.2541 0.6038 0.7078

Y X X X X X
X X X X X X X

= + − + − −

− + − +
	(12.1)

2 2
3 1 2 3 1 2

2
3 1 2 1 3 2 3

9.4757 0.6878 3.2328 44.9815 0.1651 1.1526

6.0872 0.8819 2.2216 2.2607

Y X X X X X
X X X X X X X

= − + + − −

− + − +

However, additional analyzes were required for these models to make 
sure they are aligned with existing biochemical theories. First analysis was 
focused on resulted reducing sugar that gave different trend compared to 
resulted ethanol concentration and ethanol conversion. Analyzing resulted 
reducing sugar was mainly about the enzyme performance and its kinetics. 
Based on basic theory of reaction kinetics, more substrate concentration will 
give more products. This theory was suitable with the model prediction that 
gave minimum value, and the value increase aligned with substrate loading. 
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Even though there is substrate inhibition theory in enzymatic reactions, but 
it still not happening in our substrate loading scope, 20–30%dw.

FIGURE 12.5  Profile of cellulose conversion, reducing sugar concentration, and ethanol 
concentration that predicted by the obtained mathematical model.

Surfactant addition was applied for reducing the negative effect of lignin 
impurities as aforementioned. Increasing substrate loading will require 
higher dose of surfactant addition. Thus, it is very reasonable the increasing 
in resulted reducing sugar will be obtained as surfactant doses increased. 
Small discrepancies were observed in the minimum value was not exactly at 
the point of origin (0,0).

In analyzing resulted ethanol concentration and ethanol conversion, S. 
cerevisiae, or yeast performance were included. The resulted mathematical 
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model gave predictions that aligned with theory about surfactant effect to 
yeast by showing an optimum value. SPAN 85 doses lower than optimum 
value was indicating that the amount of surfactant could not overcome the 
negative effect of lignin impurities, thus lowering the cellulase performance. 
On the other hand, SPAN 85 doses higher than optimum values caused 
harmful effect to yeast by its increasing toxicity as previously explained. 
This effects cannot be recognized if the observed process is only hydrolysis 
step based on resulted reducing sugar. Of course, this is only happening if 
the process were conducted in similar duration and temperature with the one 
that used in this study, 48 h hydrolysis, 60 h fermentation in 25–28°C.

Interesting alignment between statistical conclusion with bioprocess 
theory and facts gave confidence for conducting model verification. In 
verification step, several random conditions that calculated to give ethanol 
concentration in fermentation broth over 8%v were used. This 8%v limit was 
adjusted to the lowest accepted ethanol concentration in fermentation broth 
to be directly sent to distillation unit in one of existing Indonesian ethanol 
production factory. The calculated results of depended variables were further 
called predicted value. List of tested random conditions and their respective 
predicted values were shown in Table 12.2. These random conditions were 
then sent to experimental test in laboratory to obtain the, so called, actual 
values. As can be observed in Table 12.2, the obtained actual values were 
very close with the predicted ones. Thus, the mathematical model had satis-
fyingly proved as a reliable and useful prediction tools. As also can be seen 
in the series of tested variables, there are several conditions can be used for 
obtaining ethanol concentration over 8%v which adapting substrate loading 
and enzyme loading simultaneously. Suitable combination of substrate and 
enzyme loading was required and this can be fulfilled by RSM analysis. 
The mathematical model involving the term X1X2 in the equation which 
representing the mutual effect of substrate loading and enzyme loading. By 
involving this term, the sugar concentrations as feed for fermentation were 
adjusted to obtain ethanol concentration in fermentation broth over 8%v. As 
pulp substrate loading increased, the enzyme loading was adjusted at lowest 
possible concentration. This adaptation condition will be very useful in large 
scale/commercial application as a precaution if substrate or enzyme supply 
chain was interrupted. These results cannot be obtained from conventional 
analysis approach which observing the effect of one variable by keeping the 
other variables at constant value.

As can be seen in this case study, there will be a certain of doubt if the 
statistical results do not align with background facts and theories. In worse 
case, the model also cannot give satisfying predictions. In this problem, 
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second order polynomial equation maybe not the suitable empirical model for 
the observed phenomena. The options for still using the same experimental 
data is very limited since no variables were set constant to be analyzed in 
conventional way. For avoiding waste of time and experimental resources, 
adequate reference studies of the similar or related field were required. In 
other problem, the optimum condition cannot be found. The most recom-
mended way for searching it was to add more experiments, with broader 
variable range, which designed also in CCRD and repeat the RSM analysis 
sequences. Because usually the problem came from unsuitable selection of 
variable range which the optimum value was not lies in the range. Since 
RSM analyzing process is only dealing with empirical approach, it will not 
easy to create solid correlation between the results with scientific theory 
and fundamentals and thus, difficult to plan scientific improvement for the 
observed process.

12.6  MODIFICATION OF EFB MATHEMATICAL MODEL FOR TO 
BE USED IN PALM TRUNK ENZYMATIC HYDROLYSIS PROCESS

RSM had been demonstrated giving significant contribution for biochemical 
engineer in determining optimum conditions. However, obtaining optimum 
condition from laboratories experiments is not an easy task, especially in 
bioprocess like bioethanol from cellulose. It had been mentioned that for 
completing one experiment, 108 h were required and not including prepara-
tions. Possibility of using obtained equation for predicting similar or closely 
related raw material seems very worthy to be examined. This study continued 
by implementing the equation from hydrolysis and fermentation of palm oil 
EFB pulp to the process that use palm oil trunk.

As mentioned earlier, palm oil trunks become a potential raw material 
due to regeneration of palm oil plantation which actually happened in these 
recent years in Indonesia. Cross sectional profile of palm oil trunk can be 
seen in Figure 12.6. As part of monocotyledon plants, palm oil trunk does not 
have cambium with less structured arrangement of its fibers. By excluding 
the barks, palm oil trunk structure can be classified as parenchyma that lies 
inside the circle and vascular bundle at the outsides.

Vascular bundles have more structured fibers than parenchyma. Botanists 
believe this is due to its function for trunk outer protection. Parenchyma, on 
the other hand, is having softer structure and high water adsorption capacity 
which is very useful in transporting nutrient. It is also having a function as 
nutrient storage, thus small amount of starch and plant sap was found in 
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parenchyma. Based on this structure and chemical composition, an attempt 
to direct utilization of parenchyma as feed for enzymatic hydrolysis process, 
without prior pulping, was conducted but gave unsatisfied results. In this 
study, palm oil trunk from Malingping, Indonesia were chopped and milled 
to 50 meshes. Some of the resulted material went to mechanical separa-
tion for obtaining vascular bundle and parenchyma part. The other part 
was not separated and both non-separated and vascular bundle part went 
through kraft pulping process that having similar condition with EFB. Pulp 
of whole trunks had 6.96%w lignin impurities and the vascular bundle had 
it 13.70%w. Later, both pulps were then separately used as raw material for 
bioethanol production process.

TABLE 12.3 Variables for Hydrolysis Whole 
Trunk Pulp and Vascular Bundle Pulp.

Optimum 
Condition 
Number

Substrate 
Loading 
(%dw)

Enzyme 
(FPU/g 
Substrate)

Span 85 
Conc. 
(%v)

1 20 10.25 1
2 21.25 11 1
3 23 12 1
4 26 12.5 1
5 31 13.25 1
6 36.5 14.75 1

FIGURE 12.6  Left; Table 12.3 variables for hydrolysis whole trunk pulp and vascular 
bundle pulp. Right; cross sectional area of palm oil trunk. The part that inside the circle is 
parenchyma and the one outside the circle is vascular bundle.

Similar condition in hydrolysis and fermentation process for EFB pulp 
were applied to both of pulps, 48 h hydrolysis followed by 60 h fermenta-
tion in 25–28°C. Fermentation processes were conducted in same condi-
tion, by adding 1%w of powdered yeast, 0.3%w of urea, and 0.1%w of 
NPK. Observed variables were following the selected condition for EFB as 
shown in Table 12.3 with the similar goal, obtaining ethanol concentration 
in fermentation broth over 8%v. The resulted reducing sugar concentrations 
from hydrolysis of whole trunk pulps and its comparison with hydrolysis of 
EFB pulp were shown in Figure 12.7.

Data were performed in histogram with selected condition number as 
abscise. The numbers were referred to the similar optimum condition as 
mentioned in Table 12.3. The reducing sugar from palm oil empty bunch 
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hydrolysis showed better results than resulted reducing sugar from palm oil 
trunks. The result of correlative test between trunks and EFB in high-loading 
substrate enzymatic hydrolysis based on their resulted reducing sugar was 
also shown in Figure 12.7.

FIGURE 12.7  Resulted reducing sugar obtained from palm oil trunks hydrolysis.

Perfect correlation was simulated by correlating the EFB results to itself 
as showed in the graph as dashed line. Square dots were representing the 
resulted reducing sugar from palm oil trunks hydrolysis arranged correla-
tively to the ones obtained from palm oil EFB in the same optimum opera-
tion condition. By excluding data obtained from condition number 3, calcu-
lated correlative coefficient was 0.9993. This result supported the conclusion 
that optimum conditions for high-loading-substrate enzymatic hydrolysis of 
EFB were similar with optimum conditions for trunk pulp.

Reported data in Figure 12.8 were the comparison of resulted ethanol 
concentration between palm oil EFB and palm oil trunk. Since all operation 
condition of fermentation was set similar to all, then the difference solely 
caused by the difference of hydrolysis process and outside disturbances. 
No sterilization prior fermentation in order to reduce operational cost if this 
similar process applied in commercial scale. Unsterilized fermentations also 
allowed the enzymatic hydrolysis continued during the fermentation, which 
also called simultaneous saccharification fermentation (SSF). However, 
contamination possibilities need to be considered as outside disturbance.

It was shown in Figure 12.6 the resulted ethanol from trunks were lower 
than those obtained from EFB. This is aligned with the resulted reducing 
sugar reported above. In EFB pulp, 1%v of SPAN 85 could effectively 
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reduce the negative effect of lignin residue up to 9.34%w. As previously 
described, the hydrophobic part of the surfactant binds through hydrophobic 
interactions to lignin on the lignocellulose fibers and the hydrophilic head 
group of the surfactant prevents unproductive binding of cellulase to lignin. 
The content of lignin residue in palm oil trunk pulp was only 6.96%w. 
Thus, lower cellulase performance in trunk pulp, which indicated by lower 
resulted ethanol concentration compare to EFB pulp, was not caused by 
lignin impurities. It could be concluded that the reason for lower resulted 
ethanol concentration was more dominantly caused by the higher crystalline 
cellulose content in whole trunk pulp. Later will be discussed there were 
two factors that affecting cellulase performance, lignin residue in pulp and 
cellulose crystalline in pulp.

FIGURE 12.8  Ethanol obtained from palm oil trunks hydrolysis and continued by fermentation.

The result of correlative test between trunks and EFB in high-loading 
substrate enzymatic hydrolysis based on their resulted ethanol concentration 
was also shown in Figure 12.8. Unfortunately, none of tested conditions gave 
ethanol concentration over 8%v in fermentation broth. However, no data 
was excluded and the best correlative coefficient was calculated as 0.808. 
Aligning this conclusion with correlative test using sugar concentration, it 
is acceptable to assume that optimum conditions for high-loading-substrate 
enzymatic hydrolysis for EFB and those for trunk pulp were similar.

The trend line’s slope for trunks was 1.074 which is very close to one. 
It means the trunks trend line can be considered as parallel to the dashed 
line for EFB. Arranged trend line to meet the slope equal to 1 reduced the 
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correlative coefficient to 0.7451 and still considered acceptable. From the 
arranged trend line equation, there was a constant value obtained, −2.456%v 
then mathematical equation for predicting resulted ethanol concentration 
from palm oil trunks can be derived from eq 12.1.

2
2 1 2 3 1

2 2
2 3 1 2 1 3 2 3

(4.1471 2.456) 0.0434 0.4240 10.8375 0.04732

0.2798 1.5456 0.2541 0.6038 0.7078

Y X X X X
X X X X X X X X

= − + − + −

− − + − +

2 2
2 1 2 3 1 2

2
3 1 2 1 3 2 3

1.6904 0.0434 0.4240 10.8375 0.04732 0.2798

1.5456 0.2541 0.6038 0.7078

Y X X X X X
X X X X X X X

= + − + − −

− + − +
	(12.2)

The predicting results of eq 12.2 were shown in Table 12.4. The coeffi-
cient of determination for eq 12.2 was much lower than prediction made by 
eq 12.1 for EFB but still usable in brief prediction. Thus, using RSM model 
that obtained from a certain substrate was very promising to be applied to 
similar substrates. Increasing more experimental number hopefully will 
give better correlations. Similar correlation test was conducted for vascular 
bundle pulp. Unfortunately, the correlation of EFB optimum conditions 
to vascular bundle was not as satisfying as the correlation between EFB 
and whole trunks. Resulted reducing sugar of vascular bundle pulp gave 
acceptable correlation with sugars obtained from EFB pulp from respec-
tive optimum conditions as shown in Figure 12.9. However, the correlation 
of resulted ethanol concentration between EFB and vascular bundle gave 
unacceptable results. The correlative coefficient only 0.219, as shown in 

TABLE 12.4  Comparison Obtained Experimental Ethanol Concentration from Trunks Pulp 
and Empty Fruit Bunch Pulp to Their Correlative Prediction by Mathematical Model.

Optimum 
Condition 
Number

Substrate 
Loading 
(%dw)

Enzyme 
(FPU/g 
Substrate)

Resulted Ethanol 
Concentration from 

Trunks (%v) 

Resulted Ethanol 
Concentration from 

Empty Fruit Bunch (%v)
Obtained Predicted 

(eq 12.2)
Obtained Predicted 

(eq 12.1)
1 20 10.25 4.85 5.55 7.77 8.01
2 21.25 11 5.00 5.63 8.06 8.09
3 23 12 6.50 5.65 8.23 8.11
4 26 12.5 5.76 5.78 8.25 8.24
5 31 13.25 6.83 6.61 8.81 9.07
6 36.5 14.75 7.92 7.61 10.48 10.07

Coefficient of determination 0.7451 0.9189
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Figure  12.10, which is much lower than the previous study which using 
whole trunk, 0.7451.

FIGURE 12.9  Ethanol obtained from palm oil vascular bundle hydrolysis and continued 
by fermentation.

FIGURE 12.10  (a) The correlation curve and (b) alcohol content with tkks vascular bundle.

In a previous study, parts of palm oil trunks were separated mechanically 
to its vascular bundle and parenchyma then each part was measured its hemi-
celluloses content and cellulose crystallinity index.33 The results show that 
vascular bundle and parenchyma had hemicelluloses content 25.47%w and 
35.57%w, respectively, and cellulose crystallinity index 76.78 and 69.70, 
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respectively. Cellulose crystalline index of palm oil EFB was not found 
from previous studies. However, in another previous study in Miscantus, 
it was shown the correlation between hemicelluloses content and crystal-
line cellulose in its natural existence.34 The higher hemicelluloses content 
in one observed part of plants, the lower cellulose crystallinity index. These 
previous studies in palm oil trunk and Miscantus were supporting a conclu-
sion about correlation between hemicelluloses content and celluloses crys-
tallinity index.

In another previous study, effects of non-cellulose sugar in natural plants 
to cellulose crystallinity were specified only to galactoglucuronoxylan.35 
Three monocotyledons which are Italian ryegrass, pineapple, and onion 
measured its galactoglucuronoxylan content and correlated the results to 
cellulose crystallinity index. The results showed that higher galactoglucuro-
noxylan content will lead to higher crystallinity index when the cellulose 
naturally biosynthesized. Glucuronogalactoxylan has similar properties with 
starch due to its water solubility and branched molecular structure. Starch 
was found in palm oil trunks but not in EFB. This fact could strengthen our 
previous conclusion that palm oil trunks have higher cellulose crystallinity 
index than its EFB. Not only because it had lower hemicelluloses contented 
but also because the existence of starch in palm oil trunks.

Hemicelluloses content in parenchyma, EFB, whole trunks, and vascular 
bundle were 35.57, 35.3, 31.8, and 25.47%w, respectively.33,36–38 Cellulose 
crystallinity index for vascular bundle and parenchyma was 76.78 and 69.70, 
respectively. It will be reasonable to assume cellulose crystallinity index 
in EFB was close to parenchyma, 69.70, due to no significant difference 
between hemicelluloses content in EFB and parenchyma and the index for 
whole trunk would be between 69.70 and 76.70. Ordering from the highest 
cellulose crystallinity index to the lowest in its natural existence would be 
vascular bundle (76.78) > whole trunk > EFB = parenchyma (69.70). Since 
both raw materials were gone through kraft pulping process with similar 
operation conditions, then the cellulose crystallinity index in resulted pulp 
gave similar tendencies. These facts support the experimental finding that 
the order of enzymatic hydrolysis performance from the lowest was vascular 
bundle < whole trunk < EFB.

These results showed the limitation of RSM in searching for general 
model that can be applied to similar or closely related conditions. In case 
of bioethanol production from palm plantation biomass waste, general 
model cannot be obtained even the biomass came from one specific species. 
However, scientific and experimental facts were aligned with the RSM 
model which opens windows of opportunities for using RSM in this field. 
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One promising possibilities were establishing clear raw material characteris-
tics, including lignin impurities and cellulose crystallinity index, as the term 
for the existing RSM model works satisfyingly.

12.7  CONCLUSION AND FUTURE RESEARCH

12.7.1  CONCLUSION REMARK

The RSM-CI is a medium for bioethanol processes to extend their activi-
ties beyond traditional boundaries that were characterized by space and 
time constraints, leading to accessible reach of processes directly anytime 
anywhere.

RSM-CI systems are one of cheminformatics that explores the relation-
ships between several explanatory variables and one or more response vari-
ables that allow users to access bioethanol processing systems directly by 
clicks of a mouse or touches of a finger.

The adoption of RSM-CI systems by bioethanol production, enhancing 
cellulose hydrolysis, and optimum enzymatic condition of EFB enzymatic 
are high, threatening software as the systems allow users interact directly. 
Adoption of cheminformatics systems by users, especially during bioethanol 
production processes, in Indonesia is also high, threatening the competitive-
ness of determining optimum condition and forecasting the results.

However, in Indonesia, with the rapid advancement of technology, there 
is no doubt that traditional stages of bioethanol processes will face more 
challenges in the future. In general, RSM-CI promises more efficiency and 
effectiveness stages and forecasting to grab optimum and economical scal-
ability of product rather than traditionally processes.

12.7.2  FUTURE RESEARCH DIRECTION

This study incorporates two main issues of RSM-CI features for enabling 
bioethanol production from palm oil of EFB in Indonesia; determining 
optimum condition and forecasting the result of production. With the prom-
ising features and user acceptance of RSM-CI performance, quality, reli-
ability, and usability, it is highly recommended for bioethanol producer to 
consider adopting RSM-CI methodology as it has been valued as an effec-
tive, efficient tool to assist plant to get efficient-effective condition and helps 
to set a clear strategy to get optimum result confidently.
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The study triggers a future research direction in bioethanol production 
strategy which would focus on enhancing bioethanol plant, forecasting 
cellulase performance, EFB enzymatic hydrolysis process, change manage-
ment associated with the implementation of RSM-CI, RSM-CI software 
release management, ICT service continuity management, and configuration 
management to handle bioethanol production.

The future direction of this study can also accommodate and customize 
RSM-CI to fit with other bioprocesses, such as other material of bioeth-
anol production, bioethanol supply chain management, and after production 
handling care. RSM-CI was designed as an adaptable framework that can be 
implemented and extended to process by customizing its controls.
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ABSTRACT

Cancer being a malignant disease, the cure and best treatment method has 
not been identified yet. Although, the drugs are reported to have narrow 
therapeutic index and are often palliative as well as unpredictable; in the last 
few decades, cancer chemotherapy has been developed as one of the major 
medical advancement in treating cancer types. To infer the existing difficul-
ties and since the present era thrust in finding the alternatives from medic-
inal plants, quercetin, a compound isolated from Enicostemma littorale, was 
studied using molecular docking with its ability to predict the binding site 
and efficiency could be used in designing a drug. Few proteins involved in 
the cause of cancer are selected in this study, and their docking analysis was 
compared between the interactions of native ligands and quercetin. Among 
the ten proteins, quercetin was best interacting with Bcl-2 protein of G, 
with a score value −5.74 Kcal/mol and 9 number of interaction. Molecular 
dynamics analysis also indicated the stability of Bcl-2–quercetin complex 
at 74th sample among 100 samples generated during the simulation period 
of 1 ns. The reduction in potential energy was observed from −14658.9 ê to 
−14707.3 ê of 0–100th sample.

13.1  INTRODUCTION

13.1.1  IMPORTANCE OF CANCER SPECIFIC PROTEIN

13.1.1.1  ACUTE LYMPHOBLASTIC LEUKEMIAS

Acute lymphoblastic leukemias (ALL) is a form of leukemia or cancer of 
the white blood cells characterized by excess lymphoblasts. Malignant, 
immature white blood cells continuously multiply and overproduce in the 
bone marrow causing damage and death by crowding out normal cells in the 
bone marrow, and by spreading (infiltrating) to other organs. ALL is most 
common in childhood with a peak incidence at 2–5 years of age, and another 
peak in old age. The overall cure rate in children is about 80%, and about 
45–60% of adults have long-term, disease-free survival.69

In general, cancer is caused by damage to DNA that leads to uncon-
trolled cellular growth and spread throughout the body, either by increasing 
chemical signals that cause growth, or interrupting chemical signals that 
control growth.73 Damage can be caused through the formation of fusion 
genes, as well as the deregulation of a proto-oncogene via juxtaposition of 
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the promoter of another gene, for example, the T-cell receptor gene. This 
damage may be caused by environmental factors such as chemicals, drugs, 
or radiation.

13.2.1  SYMPTOMS AND TREATMENT

The signs and symptoms of ALL are variable but follow from bone marrow 
replacement and/or organ infiltration. It causes generalized weakness and 
fatigue; anemia; frequent or unexplained fever and infection; weight loss 
and/or loss of appetite; excessive and unexplained bruising; bone pain, 
joint pain (caused by the spread of “blast” cells to the surface of the bone 
or into the joint from the marrow cavity); breathlessness; enlarged lymph 
nodes, liver and/or spleen; pitting edema (swelling) in the lower limbs and/
or abdomen and petechia, which are tiny red spots or lines in the skin due to 
low platelet levels.

Prednisolone an active metabolite of prednisone which is a corticoste-
roid drug with predominant glucocorticoid receptor (GR), and low miner-
alocorticoid activity, making it useful for the treatment of a wide range of 
inflammatory and autoimmune conditions such as asthma ulcerative colitis, 
temporal arteritis and Crohn’s disease, Bell’s palsy, multiple sclerosis, 
cluster headaches, vasculitis, ALL and autoimmune hepatitis, systemic 
lupus erythematosus, and dermatomyositis.16 With high affinity predniso-
lone irreversibly binds GR α and β. Virtually α-GR and β-GR are found in 
all tissues varies in numbers between 3000 and 10,000 per cell depending on 
the tissue involved.39 Prednisolone can activate and influence biochemical 
behavior of most cells. The steroid/receptor complexes dimerize and interact 
with cellular DNA in the nucleus, binding to steroid-response elements and 
modifying gene transcription. They both induce synthesis of some genes and 
therefore some proteins and inhibit synthesis of others.60

Resistance or sensitivity to Glucocorticoids is considered to be of crucial 
importance for disease prognosis in childhood ALL. Prednisolone exerted 
a delayed biphasic effect on the resistant CCRF-CEM leukemic cell line, 
necrotic at low doses and apoptotic at higher doses. At low doses, predniso-
lone exerted a predominant mitogenic effect despite its induction on total 
cell death, while at higher doses, prednisolone’s mitogenic, and cell death 
effects were counter balanced. Early gene microarray analysis revealed 
notable differences in 40 genes. The mitogenic/biphasic effects of pred-
nisolone are of clinical importance in the case of resistant leukemic cells. 
This approach might lead to the identification of gene candidates for future 



molecular drug targets in combination therapy with glucocorticoids, along 
with early markers for glucocorticoid resistance.39

13.2.2  GLUCOCORTICOID RECEPTORS

The GR also known as NR3C1 (nuclear receptor subfamily 3, group C, 
and member 1) is a receptor that cortisol and other glucocorticoids bind to. 
The GR is expressed in almost every cell in the body which regulates genes 
controlling the development, metabolism, and immune response.45 Because 
the receptor gene is expressed in several forms, it has many different (pleio-
tropic) effects in different parts of the body.65 Like the other steroid recep-
tors, the GR is modular in structure and contains the following domains 
(labeled A–F):

•	 A/B—N-terminal regulatory domain
•	 C—DNA-binding domain (DBD)
•	 D—hinge region
•	 E—ligand-binding domain (LBD)
•	 F—C-terminal domain

13.3  BREAST CANCER

Breast cancer also known as malignant breast neoplasm cancer originates 
from breast tissue, most commonly from the inner lining of milk ducts or 
the lobules that supply the ducts with milk. Cancers originating from ducts 
are known as ductal carcinomas whereas those originating from lobules are 
known as lobular carcinomas.65 The size, stage, rate of growth and other 
characteristics of the tumor determine the kinds of treatment. Treatment 
may include surgery, drugs (hormonal therapy and chemotherapy), radia-
tion, and/or immunotherapy. Surgical removal of the tumor provides the 
single largest benefit, with surgery alone being capable of producing a cure 
in many cases. To somewhat increase the likelihood of long-term, disease-
free survival, several chemotherapy regimens are commonly given in addi-
tion to surgery.21 Most forms of chemotherapy kill cells that are dividing 
rapidly anywhere in the body and as a result cause temporary hair loss and 
digestive disturbances. Radiation may be added to kill any cancer cells in 
the breast that were missed by the surgery which usually extends survival 
somewhat, although radiation exposure to the heart may cause heart failure 
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in the future. Some breast cancers are sensitive to hormones such as estrogen 
and/or progesterone, which make it possible to treat them by blocking the 
effects of this hormones.6

Prognosis and survival rate varies and it greatly depends on the cancer 
type and staging. With best treatment and dependent on staging, 5-year rela-
tive survival varies from 98 to 23% with an overall survival rate of 85% 
(Cancer World Report 2008). Worldwide, breast cancer comprises of 22.9% 
of all non-melanoma skin cancers in women. In 2008, breast cancer caused 
458,503 deaths worldwide, 13.7% of cancer deaths in women alone which 
was 100 times more common than men, although males tend to have poorer 
outcomes due to delays in diagnosis. The first noticeable symptom of breast 
cancer is typically a lump that feels different from the rest of the breast tissue. 
More than 80% of breast cancer cases are discovered when the woman feels 
a lump.38 The earliest breast cancers are detected by a mammogram and 
lumps found in lymph nodes located in the armpits can also indicate breast 
cancer. Indications of breast cancer other than a lump may include changes 
in breast size or shape, skin dimpling, nipple inversion, or spontaneous 
single-nipple discharge.

Occasionally, breast cancer occur as metastatic disease, that is, cancer 
that has spread beyond the original organ which cause symptoms depending 
on the location of metastasis where common sites include bone, liver, lung, 
and brain. Unexplained weight loss can occasionally herald an occult breast 
cancer with symptoms of fevers or chills and sometimes with bone or joint, 
jaundice or neurological symptoms.25 These symptoms are “nonspecific” as 
they can also be manifested in many other illnesses. Most symptoms of breast 
disorder do not turn out to represent underlying breast cancer. Benign breast 
diseases such as mastitis and fibroadenoma of the breast are more common 
causes of breast disorder symptoms.82 The appearance of a new symptom 
should be taken seriously by both patients and their doctors, because of the 
possibility of an underlying breast cancer at almost any age.

13.3.1  HORMONE BLOCKING THERAPY

Some breast cancers require estrogen to continue growing. They can be 
identified by the presence of estrogen Receptors (ER) and progesterone 
Receptors (PR) on their surface (sometimes referred together as hormone 
receptors).14 These ER cancers can be treated with drugs that either block 
the receptors, for example, tamoxifen, or alternatively block the production 
of estrogen.



13.3.2  ESTROGEN RECEPTOR

ER refers to a group of receptors that are activated by the hormone 
17β-estradiol (estrogen). Two types of ER exist as ER, which is a member 
of the nuclear hormone family of intracellular receptors and as estrogen 
G protein-coupled receptor GPR30 (GPER) which is a G protein-coupled 
receptor. ERs are widely expressed in different tissue types; however, 
exhibits some notable differences in their expression patterns in which ERα 
is found in breast cancer cells respectively.41Tamoxifen is an antagonist in 
breast and is therefore used in breast cancer treatment.

13.3.3  ACTION OF TAMOXIFEN IN ESTROGEN RECEPTOR

Not all breast cancers responds to tamoxifen and many develop resistance 
despite initial benefit. Massarweh et al.49 used an in vivo model of ER-posi-
tive breast cancer (MCF-7 xenografts) to investigate mechanisms of this 
resistance and developed strategies to circumvent it. Epidermal growth 
factor receptor (EGFR) and EGFR 2 (HER2), which were barely detected 
in controlling estrogen-treated tumors, increased slightly with tamoxifen 
and were markedly increased when tumors became resistant. Gefitinib, 
which inhibits EGFR/HER2, improved the antitumor effect of tamoxifen and 
delayed acquired resistance, but had no effect on estrogen-stimulated growth. 
Phosphorylated levels of p42/44 and p38 mitogen-activated protein kinases 
(both downstream of EGFR/HER2) were increased in the tamoxifen-resistant 
tumors and were suppressed by gefitinib. There was no apparent increase in 
phosphorylated AKT (also downstream of EGFR/HER2) in resistant tumors, 
but it was nonetheless suppressed by gefitinib. Phosphorylated insulin-like 
growth factor-IR (IGF-IR), which can interact with both EGFR and membrane 
ER, was elevated in the tamoxifen-resistant tumors compared with the sensi-
tive group. However, ER-regulated gene products, including total IGF-IR 
itself and progesterone receptor remained suppressed even at the time of 
acquired resistance. Tamoxifen’s antagonism of classic ER genomic function 
was retained in these resistant tumors and even in tumors that over expressed 
HER2 (MCF-7 HER2/18). In conclusion, EGFR/HER2 may mediate tamox-
ifen resistance in ER-positive breast cancer despite continued suppression of 
ER genomic function by tamoxifen. IGF-IR expression remains dependent on 
ER, but is activated in the tamoxifen-resistant tumors. Their study provides a 
rationale to combine HER inhibitors with tamoxifen in clinical studies, even 
in tumors that do not initially over express EGFR/HER2.49
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13.4  CNS LYMPHOMA

A primary central nervous system lymphoma (PCNSL) also known as 
microglioma and primary brain lymphoma, is a primary intracranial 
tumor appearing mostly in patients with severe immunosuppression (typi-
cally patients with AIDS)20. PCNSLs represent around 20% of all cases of 
lymphomas in HIV infections (other types are Burkitt’s lymphomas and 
immunoblastic lymphomas). Primary CNS lymphoma (PCNSLs) is highly 
associated with Epstein-Barr virus (EBV) infection (>90%) in immunodefi-
cient patients (such as those with AIDS and those iatrogenically immunosup-
pressed) and does not have a predilection for any particular age group. In the 
immunocompetent population, PCNSLs typically appear in older patients 
in their 50s and 60s.18 Importantly, the incidence of PCNSL in the immuno-
competent population has been reported to have increased more than 10-fold 
from 2.5 cases to 30 cases per 10 million populations.12

Surgical resection is usually ineffective because of the depth of the tumor. 
Treatment with irradiation and corticosteroids often only produces a partial 
response and tumor recurs in more than 90% of patients. Median survival is 
10–18 months in immunocompetent patients, and less in those with AIDS. 
The addition of IV methotrexate and folinic acid (leucovorin) may extend 
survival to a median of 3.5 years. If radiation is added to methotrexate, 
median survival time may increase beyond four years.30 However, radia-
tion is not recommended in conjunction with methotrexate because of an 
increased risk of leukoencephalopathy and dementia in patients older than 
60. Dihydrofolate reductase (DHFR) is the intracellular protein involves in 
homocysteine remethylation in CNS through the synthesis of 5, 10-methyl-
tetra-hydrofolate reductase which imparts both nucleic acid synthesis and 
homocysteine remthylation via 5, 10-methyltetrahydrofolate reductase and 
5-methyltetrahydrofolate-homocysteine S-methyltransferase (MTR).50

13.4.1  DIHYDROFOLATE REDUCTASE

(DHFR) is an enzyme that reduces dihydrofolic acid to tetrahydrofolic acid 
using NADPH as electron donor which can be converted to the kinds of 
tetrahydrofolate cofactors used in 1-carbon transfer chemistry. In humans, 
the DHFR enzyme is encoded by the DHFR gene10 found in all organisms, 
DHFR has a critical role in regulating the amount of tetrahydrofolate in the 
cell. Tetrahydrofolate and its derivatives are essential for purine and thymi-
dylate synthesis which is important for cell proliferation and cell growth.9 



DHFR plays a central role in the synthesis of nucleic acid precursors, and 
it has been shown that mutant cells that completely lack DHFR require 
glycine, a purine, and thymidine to grow.23

13.4.2  METHOTREXATE

Methotrexate (MTX) formerly known as amethopterin, is an antimetabo-
lite and antifolate drug. It is used in the treatment of cancer, autoimmune 
diseases, ectopic pregnancy, and for the induction of medical abortions by 
inhibiting the metabolism of folic acid.54 It competitively inhibits DHFR, 
an enzyme that participates in the tetrahydrofolate synthesis. The affinity of 
methotrexate for DHFR is about one thousand-fold that of folate.67 DHFR 
catalyzes the conversion of dihydrofolate to the active tetrahydrofolate. 
Folic acid is needed for the de novo synthesis of the nucleoside thymidine, 
required for DNA synthesis. Also folate is needed for purine base synthesis 
therefore purine synthesis will be inhibited. Therefore, MTX inhibits the 
synthesis of DNA, RNA, thymidylates, and proteins.58

13.5  LUNG CANCER

Lung cancer is a disease that consists of uncontrolled cell growth in tissues 
of the lung. This growth may lead to metastasis which is the invasion of adja-
cent tissue and infiltration beyond the lungs.52 The vast majority of primary 
lung cancers are carcinomas derived from epithelial cells and it is the most 
common cause of cancer-related death in men and women which is roughly 
estimated to cause about 1.3 million deaths worldwide.

Lung cancer may be seen on chest radiograph and computed tomography 
(CT scan). The diagnosis is confirmed through biopsy where treatment and 
prognosis depend on the histological type of cancer, the stage (degree of 
spread) and the patient’s performance status.77 Possible treatments include 
surgery, chemotherapy, and radiotherapy; however, survival depends on 
stage, overall health, and other factors, but overall only 14% of people diag-
nosed with lung cancer survive five years after the diagnosis. Symptoms 
include dyspnea (shortness of breath), hemoptysis (coughing up blood), 
chronic coughing or change in regular coughing pattern, wheezing, chest 
pain or pain in the abdomen, cachexia (weight loss), fatigue and loss of 
appetite, dysphonia (hoarse voice), clubbing of the fingernails (uncommon), 
and dysphagia (difficulty swallowing).26
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Many of the symptoms of lung cancer (bone pain, fever, and weight 
loss) are nonspecific; in the elderly, these may be attributed to comorbid 
illness. In many patients, the cancer has already spread beyond the original 
site by the time they have symptoms and seek medical attention. Common 
sites of metastasis include the brain, bone, adrenal glands, contralateral 
(opposite) lung, liver, pericardium, and kidneys.8 The Bcl-2 gene has been 
implicated in lung carcinomas as well as schizophrenia and autoimmunity. 
It is also thought to be involved in resistance to conventional cancer treat-
ment. This supports a role for decreased apoptosis in the pathogenesis of 
cancer.

13.5.1  BCL-2

Bcl-2 (B-cell lymphoma 2) is the founding member of Bcl-2 family of apop-
tosis regulator proteins encoded by the BCL-2 gene. Bcl-2 derives its name 
from B-cell lymphoma 2 as it is the second member of a range of proteins 
initially described in chromosomal translocations involving chromo-
somes 14 and 18 in follicular lymphomas. BCL-2 protein located on outer 
membrane of mitochondria, consisting 239 amino acids which suppress 
apoptosis, regulates cell death by controlling the mitochondrial membrane 
permeability. It also inhibits caspase activity either by preventing the release 
of cytochrome c from the mitochondria and/or by binding to the apoptosis 
activating factor (APAF-1). Hypermethylation at the fifth carbon of the cyto-
sine residues would lead to the origin of cancer.66

13.5.2  DOCETAXEL

Docetaxel (as generic or with trade name Taxotere) is a clinically well-estab-
lished anti-mitotic chemotherapy medication (it interferes with cell divi-
sion). It is used mainly for the treatment of breast, ovarian and non-small 
cell lung cancer.11 Docetaxel has an FDA approved claim for treatment of 
patients who have locally advanced, or metastatic breast or non small-cell 
lung cancers that have undergone anthracycline-based chemotherapy and 
failed to stop cancer progression or relapsed (US-FDA, 2006). Docetaxel is 
of the chemotherapy drug class; taxane, and is a semi-synthetic analogue of 
paclitaxel (Taxol), an extract from the bark of the rare Pacific yew tree Taxus 
brevifolia.11 Due to scarcity of paclitaxel, extensive research was carried out 
leading to the synthesis of docetaxel—an esterified product of 10-deacetyl 



baccatin III, which is extracted from the renewable and readily available 
European yew tree.

13.5.3  ACTION OF DOCETAXEL IN LUNG CANCER

Docetaxel affect microtubule polymerization and surprisingly differences in 
tumor sensitivity to the taxanes have also been observed. Docetaxel was 
superior to paclitaxel in inhibiting in vivo growth of human lung and pros-
tate but not breast cancer models. They compared drug cytotoxicity effects 
on tubulin isoforms, markers of apoptosis and proteomic profiles in human 
prostate (LNCaP), lung (SK-MES, MV-522) and breast (MCF-7, MDA-231) 
cancer cell lines in vitro. Cytotoxicity was found in the order of SK-MES < 
MV-522 < LNCaP < MCF-7 < MDA-MB-231 in which docetaxel was more 
effective. Cytotoxicity was directly correlated with Bcl-2 expression in vitro 
whereas inversely correlated with docetaxel sensitivity in vivo. Proteomic 
profiling identified a protein expressed in lung and prostate cells, which was 
differentially regulated by docetaxel and paclitaxel in SK-MES. The supe-
rior activity of docetaxel in tumors with low Bcl-2 warrants further studies 
on biomarkers for drug sensitivity and investigation of docetaxel in combi-
nation with drugs that reduce Bcl-2 gene expression.32

13.6  ORAL CANCER

Oral cancer is a subtype of head and neck cancer said to be arising as a 
primary lesion originating in any of the oral tissues, by metastasis from a 
distant site of origin or by extension from a neighboring anatomic structure, 
such as the nasal cavity. or the It may originate in the tissues of the mouth 
and may be of varied histologic types such as teratoma, adenocarcinoma 
derived from a major or minor salivary gland, lymphoma from tonsillar or 
other lymphoid tissue, or melanoma from the pigment producing cells of 
the oral mucosa.80 There are several types of oral cancers, but around 90% 
are squamous cell carcinomas (SCC) originating in the tissues that line the 
mouth and lips. Oral or mouth cancer most commonly involves the tongue 
and it may also occur on the floor of the mouth, cheek lining, gingiva (gums), 
lips or palate (roof of the mouth). Most oral cancers look very similar under 
the microscope and are called SCC.64

Skin lesion, lump, or ulcer on the tongue, lip or other mouth areas is 
usually small and most often look pale colored, dark or discolored where 
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early sign may be a white patch (leukoplakia) or a red patch (erythroplakia) 
on the soft tissues of the mouth which are initially painless may develop with 
burning sensation or pain when the tumor is advanced. Additional symptoms 
that may be associated with this disease are tongue problems, swallowing 
difficulty, mouth sores. EGFR is overexpressed in the cells of certain types 
of human carcinomas—for example in oral and breast cancers, whereas 
high expression of EGFR is frequently observed in many solid tumor types 
including oral SCC. This study investigated whether treatment with gefitinib 
would inhibit the metastatic spread in OSCC cells. This was evaluated using 
orthotopic xenografts of highly metastatic OSCC. There were observed 
Metastasis in six of 13 gefitinib treated animals (46.2%), compared with 
all of 12 control animals (100%). After exposure to gefitinib, OSCC cells 
showed a marked reduction in cell adhesion ability to fibronectin and in the 
expression of integrin α3, α, β1, β 4, β5, and β6.68

13.6.1  EPIDERMAL GROWTH FACTOR

Epidermal growth factor (EGF) is a growth factor that plays an important 
role in the regulation of cell growth, proliferation, and differentiation by 
binding to its receptor EGFR. Human EGF is a 6045-Da protein with 53 
amino acid residues and three intramolecular disulfide bonds.5

EGF is a low-molecular-weight polypeptide first purified from the mouse 
submandibular gland, but since then found in many human tissues including 
submandibular gland and parotid gland.12 Salivary EGF is regulated by 
dietary inorganic iodine which plays an important physiological role in the 
maintenance of oro-esophageal and gastric tissue integrity29. The biological 
effects of salivary EGF includes healing of oral and gastroesophageal ulcers, 
inhibition of gastric acid secretion, stimulation of DNA synthesis as well 
as mucosal protection from intraluminal injurious factors such as gastric 
acid, bile acids, pepsin and trypsin and to physical, chemical and bacterial 
agents.78

13.6.2  GEFITINIB

Gefitinib is a drug used in the treatment of certain types of cancer and like 
erlotinib it is an EGFR inhibitor, which interrupts signaling through the 
EGFR in target cells. Gefitinib is the first selective inhibitor of EGFR’s tyro-
sine kinase domain.75 The target protein (EGFR) is also sometimes referred 



to as Her1 or ErbB-1 depending on the literature source. This leads to inap-
propriate activation of the anti-apoptotic Ras signaling cascade, eventually 
leading to uncontrolled cell proliferation.56 Research on gefitinib-sensitive, 
non-small cell lung cancers has shown that a mutation in the EGFR tyrosine 
kinase domain is responsible for activating anti-apoptotic pathways. These 
mutations tend to confer increased sensitivity to tyrosine kinase inhibitors 
such as gefitinib and erlotinib.70 Gefitinib inhibits EGFR tyrosine kinase by 
binding to the adenosine triphosphate (ATP)-binding site of the enzyme.53 
Thus, the function of the EGFR tyrosine kinase in activating the anti-apop-
totic Ras signal transduction cascade is inhibited, and malignant cells are 
inhibited.

13.7  PROSTATE CANCER

Prostate cancer is a form of cancer that develops in the prostate gland of 
the male reproductive system. Most prostate cancers are slow growing; 
however, there are cases of aggressive prostate cancers. The cancer cells 
may metastasize (spread) from the prostate to other parts of the body, 
particularly the bones and lymph nodes. Prostate cancer may cause pain, 
difficulty in urinating, problems during sexual intercourse or erectile 
dysfunction. Other symptoms can potentially develop during later stages 
of the disease.

Rates of detection of prostate cancers vary widely across the world, with 
South and East Asia detecting less frequently than in Europe and especially 
the United States. Prostate cancer tends to develop in men over the age of 
fifty and although it is one of the most prevalent types of cancer in men, 
many never have symptoms, undergo no therapy, and eventually die of 
other causes.76 This is because cancer of the prostate is, in most cases, slow-
growing, symptom-free, and since men with the condition are older they 
often die of causes unrelated to the prostate cancer, such as heart/circula-
tory disease, pneumonia, other unconnected cancers, or old age. About 2/3 
of cases are slow growing, the other third more aggressive and fast devel-
oping. Many factors, including genetics and diet, have been implicated in 
the development of prostate cancer. The presence of prostate cancer may 
be indicated by symptoms, physical examination, prostate-specific antigen 
(PSA), or biopsy.17

Early prostate cancer usually causes no symptoms. Often it is diagnosed 
during the workup for an elevated PSA noticed during a routine checkup. Its 
changes within the gland, therefore, directly affect urinary function. Because 
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the “vas deferens” deposits seminal fluid into the prostatic urethra, and secre-
tions from the prostate gland itself are included in semen content, prostate 
cancer may also cause problems with sexual function and performance, such 
as difficulty in achieving erection or painful ejaculation.51 Advanced pros-
tate cancer can spread to other parts of the body, possibly causing additional 
symptoms. The most common symptom is bone pain, often in the vertebrae 
(bones of the spine), pelvis, or ribs. Spread of cancer into other bones such 
as the femur is usually to the proximal part of the bone. Prostate cancer in the 
spine can also compress the spinal cord, causing leg weakness and urinary 
and fecal incontinence.

The androgen receptor (AR) helps prostate cancer cells to survive and is 
a target for many anti cancer research studies; so far, inhibiting the AR has 
only proven to be effective in mouse studies. Prostate specific membrane 
antigen (PSMA) stimulates the development of prostate cancer by increasing 
folate levels for the cancer cells to survive and grow; PSMA increases avail-
able folates for use by hydrolyzing glutamated folates.83 Andarine is an 
orally active partial agonist for AR It has been shown to inhibit the devel-
opment, progression, and metastasis as well in autochthonous transgenic 
adenocarcinoma of the mouse prostate (TRAMP) model, which spontane-
ously develops prostate cancer.27

13.7.1  ANDROGEN RECEPTOR

The AR also known as NR3C4 (nuclear receptor subfamily 3, group C, 
member 4) is a type of nuclear receptor that is activated by binding either 
of the androgenic hormones testosterone or dihydrotestosterone in the 
cytoplasm and then translocating into the nucleus. The AR is most closely 
related to the progesterone receptor and the progestin in higher dosages 
has the ability to block AR.61 Androgens cause slow epiphysis or matura-
tion of the bones, but more of the potent epiphysis effect comes from the 
estrogen produced by aromatization of androgens. Steroid users of teenage 
may find that their growth had been stunted by androgen and/or estrogen 
excess.22

13.7.2  ANDARINE

Andarine (GTx-007, S-4) is an investigational selective AR modulator 
(SARM) developed by GTX Inc. for treatment of conditions such as muscle 



wasting, osteoporosis and benign prostatic hypertrophy, using the non-
steroidal androgen antagonist bicalutamide as a lead compound. Andarine 
is an orally active partial agonist for androgen receptors. It is less potent 
in both anabolic and androgenic effects than other SARMs. Perhaps, in an 
animal model of benign prostatic hypertrophy, andarine was shown to reduce 
prostate weight with similar efficacy to finasteride, but without producing 
any reduction in muscle mass or anti-androgenic side effects. This suggests 
that it is able to competitively block binding of dihydrotestosterone to its 
receptor targets in the prostate gland, but its partial agonist effects at AR 
prevent the side effects associated with the anti-androgenic drugs tradition-
ally used for treatment of benign prostatic hyperplasis (BPH).

13.8  RECTAL CANCER

Colorectal cancer, less formally known as bowel cancer, is a cancer char-
acterized by neoplasia in the colon, rectum, or vermiform appendix. 
Colorectal cancer is clinically distinct from anal cancer, which affects the 
anus. Colorectal cancers start in the lining of the bowel. If it left untreated, 
it could grow into the muscle layers underneath, and then through the bowel 
wall. Most begin as a small growth on the bowel wall: a colorectal polyp or 
adenoma. These mushroom-shaped growths are usually benign, but some 
develop into cancer over time. Localized bowel cancer is usually diagnosed 
through colonoscopy. Invasive cancers that are confined within the wall of 
the colon (Tetranitromethane (TNM) stages I and II) are often curable with 
surgery. Colorectal cancer is the third most commonly diagnosed cancer in 
the world, but it is more common in developed countries. More than half 
of the people who die of colorectal cancer live in a developed region of 
the world (http://globocan.iarc.fr/). GLOBOSCAN estimated that, in 2008 
reported 1.23 million cases with colorectal cancer of which more than 
600,000 people died.

13.8.1  SYMPTOMS

Symptoms include blood in the stool, narrower stools, a change in bowel 
habits and general stomach discomfort. As an anti-Rectal cancer, chemo-
therapy targets thymidylate synthase (TS) such as fluorinated pyrimidine 
fluorouracil or certain folate analogues to inhibit rectal cancer.
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13.8.2  THYMIDYLATE SYNTHASE

TS is an enzyme used to generate thymidine monophosphate (dTMP), which 
is subsequently phosphorylated to thymidine triphosphate for use in DNA 
synthesis and repair. By means of reductive methylation, deoxyuridine 
monophosphate (dUMP) and N5, N10-methylene tetrahydrofolate together 
used formed dTMP, yielding dihydrofolate as a secondary product. This 
provided the sole de novo pathway for production of dTMP and therefore is 
the only enzyme in folate metabolism in which the 5, 10-methylenetetrahy-
drofolate is oxidized during one-carbon transfer.28

The enzyme is essential for regulating the balanced supply of the four 
DNA precursors in normal DNA replication. However, defects in the enzyme 
activity, affects the regulation process causing various biological and genetic 
abnormalities such as thymineless death.35 is an important target for certain 
chemotherapeutic drugs. Therefore it is about 30–35 KDa in most species 
except in protozoan and plants where it exists as a bifunctional enzyme that 
includes a DHFR domain. A cysteine residue is involved in the catalytic 
mechanism (it covalently binds the 5, 6-dihydro-dUMP intermediate). The 
sequence around the active site of this enzyme is conserved from phages to 
vertebrates.

13.8.3  FOLINIC ACID

Folinic acid or leucovorin generally administered as calcium or sodium foli-
nate (or leucovorin calcium/sodium) is an adjuvant used in cancer chemo-
therapy involving the drug methotrexate which works in synergy combination 
with the chemotherapy, 5-fluorouracil. Folinic acid is a 5-formyl derivative 
of tetrahydrofolic acid and is readily converted to other reduced folic acid 
derivatives (e.g., tetrahydrofolate) and therefore vitamin activity is equiva-
lent to folic acid. Since it does not require the action of TS for its conver-
sion, its function as a vitamin is unaffected by inhibition of this enzyme by 
drugs such as methotrexate. Therefore folinic acid allows purine/pyrimidine 
synthesis to occur in the presence of DHFR inhibition, so that some normal 
DNA replication and RNA transcription processes can proceed without 
interruption. Folate metabolism supports the synthesis of nucleotides as 
well as the transfer of methyl groups. Polymorphisms in folate-metabolizing 
enzymes have been shown to affect risk of colorectal neoplasia and other 
malignancies.



13.9  RENAL CANCER

Renal cell carcinoma (RCC, also known as hypernephroma) is a kidney 
cancer that originates in the lining of the proximal convoluted tubule, the 
very small tubes in the kidney that filter the blood and remove waste prod-
ucts. RCC is the most common type of kidney cancer in adults, responsible 
for approximately 80% of cases.55 It is also known to be the most lethal of 
all the genitourinary tumors. Initial treatment is most commonly a radical 
or partial nephrectomy and remains the mainstay of curative treatment.63 
Where the tumor is confined to the renal parenchyma, 5-year survival rate 
is 60–70%, but this is lowered considerably where metastases have spread. 
It is resistant to radiation therapy and chemotherapy, although some cases 
respond to immunotherapy. Targeted cancer therapies such as sunitinib, 
temsirolimus, bevacizumab, interferon-alpha, and possibly sorafenib have 
improved the outlook for RCC (progression-free survival), although they 
have not yet demonstrated improved survival. It is reported that in a popu-
lation of 58,240 (35,370 men and 22,870 women) around 13,040 men and 
women died of kidney and renal cancer.33

A wide range of symptoms have been encountered with renal carcinoma, 
depending on the areas of body it affects. The classic triad is hematuria (blood 
in the urine), flank pain, and an abdominal mass. This triad only occurs in 
10–15% of cases, and is generally indicative of more advanced disease. 
Today, the majorities of renal tumors are asymptomatic and are detected 
incidentally on imaging, usually for an unrelated cause. Signs may include 
abnormal urine color (dark, rusty, or brown) due to blood in the urine (found 
in 60% of cases), joint pain (found in 40% of cases), Abdominal mass (25% 
of cases), Malaise, weight loss or anorexia (30% of cases), Polycythemia 
(5% of cases) and anemia resulting from depression of erythropoietin (30% 
of cases).37 Also, there may be erythrocytosis (increased production of red 
blood cells) due to increased erythropoietin secretion.

The presenting symptom may be due to metastatic disease, such as a 
pathologic fracture of the hip due to a metastasis to the bone Varicocele, the 
enlargement of one testicle, usually on the left (2% of cases). This is due to 
blockage of the left testicular vein by tumor invasion of the left renal vein; 
this typically does not occur on the right as the right gonadal vein drains 
directly into the inferior vena cava. Vision abnormalities, pallor or plethora, 
Hirsutism—Excessive hair growth (females), constipation and hypertension 
(high blood pressure) resulting from secretion of renin by the tumor (30% of 
cases), elevated calcium levels (hypercalcemia), Stauffer syndrome—para-
neoplastic, non-metastatic liver disease, night sweats and severe weight Loss.
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13.9.1  mTOR KINASE

The mammalian target of rapamycin (mTOR) also known as mechanistic 
target of rapamycin or FK506 binding protein 12-rapamycin associated 
protein 1 (FRAP1) is a protein encoded by FRAP1 gene. mTOR is a serine/
threonine protein kinase that regulates cell growth, cell proliferation, cell 
motility, cell survival, protein synthesis, and transcription. mTOR belongs 
to the phosphatidylinositol 3-kinase-related kinase protein family. mTOR 
integrates the input from upstream pathways, including insulin, growth 
factors (such as IGF-1 and IGF-2), and amino acids. mTOR also senses 
cellular nutrient and energy levels and redox status. The mTOR pathway is 
dysregulated in human diseases, especially in certain cancers. Rapamycin 
is a bacterial product that can inhibit mTOR by associating with its intra-
cellular receptor FKBP12. The FKBP12–rapamycin complex binds directly 
to the FKBP12-rapamycin binding (FRB) domain of mTOR. mTOR is the 
catalytic subunit of two molecular complexes.4

13.9.2  TORISEL

Temsirolimus (CCI-779) is an intravenous drug for the treatment of RCC, 
developed by Wyeth Pharmaceuticals and approved by the U.S. Food and 
Drug Administration (FDA)19 and was also approved by the European Medi-
cines Agency (EMEA) during November 2007. It is a derivative of sirolimus 
and is sold as torisel. Temsirolimus is a specific inhibitor of mTOR and 
interferes with the synthesis of proteins that regulate proliferation, growth, 
and survival of tumor cells. Treatment with temsirolimus leads to cell cycle 
arrest in the G1 phase, and also inhibits tumor angiogenesis by reducing 
synthesis of vascular endothelial growth factor (VEGF).79

The potent inhibitor of the mTOR is temsirolimus which is comprised for 
cell cycle, angiogenesis, and proliferation and has been proven beneficial in 
the treatment of advanced RCC. Temsirolimus is officially approved for first 
line therapy in high-risk previously untreated mRCC patients.24

13.10  SQUAMOUS CELL CARCINOMA

SCC occasionally rendered as “squamous-cell carcinoma”, is a histological 
form of cancer that arises from the uncontrolled multiplication of transformed 
malignant cells showing squamous differentiation and tissue architecture. 



SCC is one of the most common histological forms of cancer, and frequently 
forms in a large number of body tissues and organs, including skin, lips, 
mouth, esophagus, urinary bladder, prostate, lung, vagina, and cervix, among 
others. Despite the common name, SCCs that present in different sites often 
show large differences in their presentation.47 It is reported that 42,610 men 
and 31,400 women around 11,790 men and women died of cancer of the skin 
in US alone.7

Symptoms are highly variable depending on the involved organs. SCC 
of the skin begins as a small nodule and as it enlarges the center becomes 
necrotic and sloughs and the nodule turns into an ulcer. The lesion caused 
by SCC is often asymptomatic, ulcer or reddish skin plaque that is slow 
growing, intermittent bleeding from the tumor, especially on the lip. The 
clinical appearance is highly variable; usually the tumor presents an ulcer-
ated lesion with hard, raised edges. The tumor may be in the form of a 
hard plaque or a papule, often with an opalescent quality, with tiny blood 
vessels. The tumor can lie below the level of the surrounding skin, and 
eventually ulcerates and invades the underlying tissue. The tumor grows 
relatively slowly, unlike basal cell carcinoma (BCC), SCC has a substan-
tial risk of metastasis. Imiquinoid has been used with success for SCC 
in situ of the skin and the penis, but the morbidity and discomfort of the 
treatment is severe. An advantage is the cosmetic result: after treatment, 
the skin resembles normal skin without the usual scarring and morbidity 
associated with standard excision. Imiquinoid is not FDA-approved for 
any SCC.

13.10.1  TOLL-LIKE RECEPTOR 7

Toll-like receptor 7 also known as TLR7 is an immune gene possessed by 
humans and other mammals. The protein encoded by this gene is a member 
of the Toll-like receptor (TLR) family which plays a fundamental role in 
pathogen recognition and activation of innate immunity. TLRs are highly 
conserved from Drosophila to humans and share structural and func-
tional similarities. They recognize pathogen-associated molecular patterns 
(PAMPs) that are expressed on SCC, and mediate the production of cyto-
kines necessary for the development of effective immunity. The various 
TLRs exhibit different patterns of expression. This gene is predominantly 
expressed in lung, placenta and spleen, and lies in close proximity to another 
family member.43
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13.10.2  IMIQUIMOD

Imiquinoid marketed by MEDA AB, Graceway Pharmaceuticals and iNova 
Pharmaceuticals under the trade names Aldara, Zyclara, and Mochida as 
Beselna activates immune cells through the toll-like receptor 7 (TLR7), 
commonly involved in pathogen recognition.36

TLR7 activation by imiquimod has pleiotropic effects on innate 
immune cells, but its effects on T cells remain largely uncharacterized. 
Because tumor destruction and formation of immunological memory are 
ultimately T-cell mediated effects, SCC treated with imiquimod before 
excision contained dense T-cell infiltrates associated with tumor cell apop-
tosis and histologically evidenced tumor regression. Effector T cells from 
treated SCC produced more IFN-γ, granzyme, and perforin and less IL-10 
and transforming growth factor-β (TGF-β) than T cells from untreated 
tumors. Treatment of normal human skin with imiquimod induced activa-
tion of resident T cells and reduced IL-10 production but had no effect 
on IFN-γ, perforin, or granzyme, suggesting that these latter effects arise 
from the recruitment of distinct populations of T cells into tumors. Thus, 
imiquimod stimulates tumor destruction by recruiting cutaneous effector 
T cells from blood and by inhibiting tonic anti-inflammatory signals 
within the tumor.74

13.11  THYROID CANCER

Thyroid cancer is a thyroid neoplasm that is malignant. It can be treated with 
radioactive iodine or chemotherapy. Most often the first symptom of thyroid 
cancer is a nodule in the thyroid region of the neck. However, many adults 
have small nodules in their thyroids, but typically fewer than 5% of these 
nodules are found to be malignant. Sometimes the first sign is an enlarged 
lymph node, followed by pain in the anterior region of the neck and changes 
in voice.31 Thyroid nodules are of particular concern when they are found in 
those under the age of 20. The presentation of benign nodules at this age is 
less likely, and thus the potential for malignancy is far greater. It is reported 
that in 10,740 men and 33,930 women, around 1690 men and women were 
dead and diagnosed of cancer during 2010. But as the cancer grows, diffi-
culty in swallowing or breathing, a benign goiter, hyperthyroidism, or hypo-
thyroidism will be developed.



13.11.1  RAF PROTEIN

RAF proto-oncogene serine/threonine is a specific protein kinase also known 
as proto-oncogene c-RAF or simply c-Raf, is an enzyme that in humans is 
encoded by the RAF1 gene. Protein kinases are overactive in many of the 
molecular pathways that cause cells to become cancerous. These pathways 
include Raf kinase, PDGF (platelet-derived growth factor), VEGF receptor 
2 and 3 kinases and c Kit the receptor for Stem cell factor. The c-Raf 
protein functions in the MAPK/ERK signal transduction pathway as part 
of a protein kinase cascade.42 functions downstream of the Ras subfamily 
of membrane associated GTPases to which it binds directly. Once activated 
Raf-1 is phosphorylated and activate the dual specific protein kinases MEK1 
and MEK2, which, in turn, phosphorylate to activate the serine/threonine-
specific protein kinases ERK1 and ERK2. Activated ERKs are pleiotropic 
effectors of cell physiology and play an important role in the control of gene 
expression involved in the cell division cycle, apoptosis, cell differentiation, 
and cell migration.71

13.11.2  SORAFENIB

Sorafenib show promise for thyroid cancer and are being used for some 
patients who do not qualify for clinical trials. Numerous agents are in phase 
II clinical trials and XL184 has started a phase III trial. Sorafenib (a bi-aryl 
urea) is a small molecular inhibitor of several Tyrosine protein kinases 
(VEGFR and PDGFR) and Raf. Sorafenib is unique in targeting the Raf/
Mek/Erk pathway (MAP Kinase pathway) by inhibiting some intracellular 
serine/threonine kinases (e.g., Raf-1, wild-type B-Raf and mutant B-Raf).81.

However, the antiproliferative activity of sorafenib varies widely 
depending on the oncogenic signaling pathways driving proliferation. 
Sorafenib has also been shown recently to sequester Raf-1 and B-Raf in 
a stable inactive complex in treated tumor cell lines expressing wild-type 
B-Raf. This alteration of Raf-1 protein complexes by sorafenib may result 
in perturbation of other Raf-1 complexes with MST-1 and ASK-1, which 
are involved in thyroid cell survival signaling mechanisms.81 In a netshield, 
over ten different types of cancers (ALL, breast cancer, CNS lymphoma, 
lung, oral, prostate, renal, rectal cancer, SCC and thyroid cancer) with their 
targets (GR, ER, dihydrofolate reductase (DHFR), Bcl-2 Protein, EGR, AR, 
mTOR, TS, TLR-7, RAF protein) and their drugs which are in market have 
been identified. Since, quercetin a naturally extracted and purified small 
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molecule have been achieved and projected over the previous chapters have 
to be evaluated for its efficiency as an anti-cancer agent, it was further exam-
ined with the above objective and compared against the synthetic molecules 
(Drug in use) over in silico approaches.

Bioinformatics is the combination of biology and information tech-
nology. It records, annotates, stores, analyzes, and searches/retrieves the 
nucleic acid sequence, protein sequence and structures that provide new 
biological insights. Molecular docking plays an important role in analyzing 
the inhibitory action and interaction studies of small ligand molecules 
with protein structures46 and it is a key tool in structural molecular biology 
and computer-assisted drug design. The goal of ligand–protein docking is 
to predict the predominant binding models of a ligand with a protein of 
known three-dimensional structure and to predict the affinity and activity 
of the small molecule in order to study whether it forms a stable complex. 
Therefore docking plays an important role in the rational drug designing. 
The result obtained from the docking study would be useful in both under-
standing the inhibitory mode as well as in rapidly and accurately predicting 
the activities of newly designed inhibitors on the basis of docking scores.72 
Hence, the models also provide some beneficial clues in structural modifica-
tion for designing new inhibitors for the treatment of diseases such as cancer 
with much higher inhibitory activities against cancer inducing proteins. In 
our study, Molecular Interaction profile of the target proteins with the ligand 
obtained from the herb E. littorale was compared against the already avail-
able synthetic ligands. In fact, finally molecular dynamics (MD) of best 
G-scored complex was alone done for stabilization.

13.12  ADME-TOX PROPERTIES

ADME-Tox refers to absorption, distribution, metabolism, excretion, and 
toxicity properties of failures for candidate molecules in drug design. The 
early evaluation of these properties during drug design could save time 
and money because certain properties make a drug different from other 
compounds. An appropriate concentration of the drug must circulate in the 
body for a reasonable length of time to achieve a desired beneficial effect 
with minimum adverse effects. For this process, oral drugs have to dissolve 
or suspend in the gastrointestinal tract and be absorbed through the gut wall 
to reach the blood stream though the liver. From there, the drug will be 
distributed to various tissues and organs and finally binds to its molecular 
target and exert its desired action. The drug is then subjected to hepatic 



metabolism followed by its elimination as bile or via the kidneys. Several 
pharmacokinetics properties are involved in this mechanism.

Bioavailability depends on absorption and liver first-pass metabolism. 
The volume of its distribution, together with its clearance rate, determines 
the half-life of a drug and therefore its dosage. Poor biopharmaceutical 
properties, such as poor aqueous solubility and slow dissolution rate can 
lead to poor oral absorption and hence low oral bioavailability. The conver-
sion of active compounds into qualified clinical candidates has proved to be 
a challenge. At the molecular level, a coordinated system of transporters, 
channels, receptors, and enzymes act as gatekeepers to foreign molecules 
affecting the ADME-Tox properties of a given molecule in very different 
ways. The optimal approach for the ADME-Tox support of discovery will be 
one that uses both in vitro and in silico experiments in a complementary way 
ensuring that ADME-Tox is used and considered at almost every stage of the 
discovery process, from hit identification to lead optimization.85

In the hit identification stage, the primary goal of the in silico ADME-
Tox models is to identify compounds or series of compounds with at least 
acceptable drug-like properties that are then disregarded. Another goal is to 
identify potential weaknesses and liabilities in the selected series highlighting 
the issues that will be focused in the improvement/optimization efforts. In the 
lead identification stage, the objective is to identify a small number of chem-
ical series with the activity, selectivity, and drug-like properties required for 
a potential candidate. The application of in silico ADME-Tox should focus 
on predictions of chemical modifications of compounds that will improve 
ADME-Tox properties. In vitro assays are used to measure the ADME-Tox 
properties of the newly synthesized compounds. This information is valu-
able for the refinement of the in silico ADME-Tox models. Similar to lead 
identification, the lead optimization on ADME-Tox properties (Table 13.1) 
consist of an iterative workflow, starting from in silico prediction, to chemical 
synthesis, to experimental testing and confirmation, and to model refinement.2

Lipinski’s rule of five is a rule of thumb to evaluate drug likeness, or 
determine if a chemical compound with a certain pharmacological or biolog-
ical activity has properties that would make it a likely orally active drug in 
humans. The rule was formulated by Christopher A. Lipinski in 1997, based 
on the observation that most medication drugs are relatively small and lipo-
philic molecules.44 Lipinski’s rule says that, in general, an orally active drug 
has no more than one violation of the following criteria:

99 Not more than five hydrogen bond donors (nitrogen or oxygen atoms 
with one or more hydrogen atoms)
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99 Not more than ten hydrogen bond acceptors (nitrogen or oxygen 
atoms)

99 A molecular mass not greater than 500 daltons
99 An octanol-water partition coefficient40log P not greater than five.

Rule of three explained by Jorgensen are for the oral intake of the drug, 
compounds violating the rule were not considered to be administered orally. 
The rule says that

99 QP logS > −5.7 represents the aqueous solubility of the drug molecule,
99 QP PCaco > 22 nm/s represents the permeability of drug molecule at 

the gut/brain barrier (Caco-2 cells),
99 primary metabolites < 7.

13.13  MOLECULAR DYNAMICS

MD is a computer simulation of physical movements of atoms and molecules 
where they interacts each other for a period of time. Therefore the movement 
of molecules and atoms are determined numerically by Newton’s equations 
of motion whereas the forces between the particles and potential energy are 
defined by molecular mechanics force fields (MMFFs). MD is also termed 
as “statistical mechanics by numbers” and “Laplace’s vision of Newtonian 
mechanics” and the results are used to determine macroscopic thermody-
namic properties. MD simulations have provided detailed information on 
the fluctuations and conformational changes of proteins and nucleic acids. 
These methods are now routinely used to investigate the structure dynamics 
and thermodynamics of biological molecules and their complexes. They are 
also used in the determination of structures from x-ray crystallography and 
from NMR experiments. Simply MD refers the understanding properties 
of assemblies of molecules in terms of their structure and the microscopic 
interactions between them. The two main families of simulation technique 
are MD and Monte Carlo (MC). Simulation act as a bridge between theory 
and experiment.1 MD simulations are used in the field of kinetics and irre-
versible processes, equilibrium ensemble sampling and modeling tools. 
Moreover, it is an important tool for understanding the physical basis of 
the structure and function of biological macromolecules. The early view of 
proteins as relatively rigid structures has been replaced by a dynamic model 
in which the internal motions and resulting conformational changes play an 
essential role in their function.48



13.14  MATERIALS AND METHODS

13.14.1  DATABASES

The databases protein data bank (PDB) (http://www.pdb.org) was used to 
retrieve the three dimensional structures of the cancer proteins such as GR, 
ER, DHFR, BCL-2 protein, AR, TS, mTOR, toll-like receptors (TLR) 7, 
RAF protein and EGFR for ALL’s, breast cancer, CNS lymphoma, lung 
cancer, prostate cancer, rectal cancer, renal cancer, SCC, thyroid cancer, 
and oral cancer respectively were retrieved with higher resolution > 3.00 
Å respectively and stored in pdb file formats (Table 13.2). The synthetic 
ligands noted form the literatures such as prednisolone (ALL), tamoxifen 
(breast cancer), methotrexate (CNS lymphoma), docetaxel (lung cancer), 
andarine (prostate cancer), folinic acid (renal cancer), torisel (rectal cancer), 
imiquinoid (SCC), sorafenib (thyroid cancer), gefitinib (oral cancer), and 

TABLE 13.2  List of Cancer with Specific Receptors Chosen as a Target for Investigation.

S. 
No.

Name of the cancer Targets with PDB ID Amino 
acid 
length

Ribbon representation 
of cancer specific protein 
viewed using PyMol

1 Acute lymphoblastic 
leukemia

Glucocorticoid receptor 
(1R4O)

92

2 Breast cancer Estrogen receptor 
(3ERD)

261
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S. 
No.

Name of the cancer Targets with PDB ID Amino 
acid 
length

Ribbon representation 
of cancer specific protein 
viewed using PyMol

3 CNS lymphoma Dihydrofolate receptor 
(1DRF)

186

4 Lung cancer BCL - 2 Protein (1GJH) 166

5 Oral cancer Epidermal growth factor 
(1IVO )

622

TABLE 13.2  (Continued)



TABLE 13.2  (Continued)

S. 
No.

Name of the cancer Targets with PDB ID Amino 
acid 
length

Ribbon representation 
of cancer specific protein 
viewed using PyMol

6 Prostate cancer Androgen receptor 
(2AM9)

266

7 Renal cancer mTOR (1AUE ) 100

8 Rectal cancer Thymidylate synthase 
(1HVY)

288
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S. 
No.

Name of the cancer Targets with PDB ID Amino 
acid 
length

Ribbon representation 
of cancer specific protein 
viewed using PyMol

9 Squamous cell 
carcinoma

TLR 7 (1ZIW) 680

10 Thyroid cancer RAF protein (1C1Y) 167

TABLE 13.2  (Continued)

isolated compound quercetin were retrieved from the PubChem (http://
pubchem.ncbi.nlm.nih.gov/) (Table 13.3).

13.14.2  PROTEIN AND LIGAND PROCESSING

Ligand binding site for the selected proteins were identified using Q-Site 
finder. Toxicity prediction was carried out using QikProp module by fast 
mode access for all ten ligand to compare with quercetin compound in order 
to predict for central nervous system activity, Metabolism activity, and loga-
rithmic value of each atom predicted. Before docking process, the protein 
and ligand molecules are prepared. The preparation of a protein involves a 
number of steps, to include explicit hydrogens, refined and to hydrogenate 
the structures of ligand and the ligand–receptor complex to made it suit-
able for performing high accuracy docking in the Maestro graphical user 
interface.

http://pubchem.ncbi.nlm.nih.gov/
http://pubchem.ncbi.nlm.nih.gov/


Using LigPrep module the structures of prednisolone, tamoxifen, meth-
otrexate, docetaxel, andarine, folinic acid, torisel, imiquinoid, sorafenib, 
gefitinib, and quercetin were prepared and refined by adding hydrogen 
atoms and minimized with OPLS_2005 force field. In both the case of 
protein and ligand, the resulting structure was energy minimized and used 
for docking studies. The grid was generated for which the retrieved struc-
tures might adopt more than one conformation on binding and to ensure 
that possible actives are not missed. Docking was carried out using glide 
module.

TABLE 13.3  List of Ligands in Use for Treatment.

Ligand Name 
with Pubchem 
ID

2D Structure Molecular 
Formula

Molecular 
Weight  
[g/mol]

Prednisolone 
(5755)

C21H28O5 360.44402 

Tamoxifen 
(2733526)

C26H29NO 371.51456 
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Ligand Name 
with Pubchem 
ID

2D Structure Molecular 
Formula

Molecular 
Weight  
[g/mol]

Methotrexate 
(126941)

C20H22N8O5 454.43928 

Docetaxel 
(148124)

C43H53NO14 807.87922

Gefitinib 
(123631)

C22H24ClFN4O3 446.902363 

TABLE 13.3  (Continued)



Ligand Name 
with Pubchem 
ID

2D Structure Molecular 
Formula

Molecular 
Weight  
[g/mol]

Andarine 
(9824562)

C19H18F3N3O6 441.35793 

Folinic acid 
(6006)

C20H23N7O7 473.43932 

Torisel 
(23724530)

C56H87NO16 1030.28708 

TABLE 13.3  (Continued)
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Ligand Name 
with Pubchem 
ID

2D Structure Molecular 
Formula

Molecular 
Weight  
[g/mol]

Imiquinoid 
(57469)

C14H16N4 240.30364 

Sorafenib 
(216239)

C21H16ClF3N4O3 464.82495 

Quercetin* 
(5280343)

C15H10O7 302.2357 

*Represents the isolated, purified and pubchem deposited natural substance (Quercetin) from 
E. littorale was used for interaction studied against the native ligands.

TABLE 13.3  (Continued)



13.14.3  ACTIVE SITE PREDICTION

Prediction of active site for each cancer specific protein by Q-Site finder was 
tabulated as Table 13. 4.

TABLE 13.4  Active Site Residues of Each Targeted Proteins.

Protein name Residues
Glucocorticoid 
receptor

CYS 450,HIS 451,TYR 452,GLY 453,LYS 461,LEU 507,ALA 509, 
ARG 510,LYS 511 

Estrogen receptor MET 315,VAL 316,SER 317,ALA 318,LEU 319,LEU 320,ASP 321, 
ALA 322,GLU 323,TRP 360,ALA 361,LYS 362,ARG 363,VAL 
364,PRO 365,GLY 366,PHE 367,LEU 379,ILE 386,TRP 393,GLY 
442,GLU 443,GLU 444,PHE 445,VAL 446,CYS 447,LEU 448,LYS 
449,SER 450,LEU 453,LEU 454,VAL 478,ILE 482 

Dihydrofolate 
reductase 

ILE 7,VAL 8,ALA 9,VAL 10,ILE 16,GLY 17,LYS 18,GLY 20,ASP 
21,LEU 22,TRP 24,PHE 34, LYS 55,THR 56,SER 59,VAL 115,GLY 
116,GLY 117,SER 118,TYR 121 

BCL-2 protein ASP 10,ASN 11,ARG 12,GLU 13,ILE 14,VAL 15,MET 16,LYS 
17,TYR 18,ILE 19,HIS 20,TYR 21,LYS 22,LEU 23,SER 24,GLN 
25,ARG 26,GLY 27,TYR 28,TRP 30,VAL 93,HIS 94,THR 96,LEU 
97,ARG 98,GLN 99,ALA 100,GLY 101,ASP 102,ASP 103,PHE 
104,SER 105,TRP 144,GLY 145,ARG 146,ILE 147,VAL 148,ALA 
149,PHE 150,PHE 151,GLU 152,GLY 154,GLY 155,VAL 156,CYS 
158,VAL 159,GLU 160,SER 161,VAL 162,SER 167,PRO 168,LEU 
169,VAL 170, ASP 171,ILE 173,ALA 174,LEU 175,MET 177,THR 
178,GLU 179,LEU 181,TRP 195,PHE 198,TYR 202 

Epidermal growth 
factor 

GLN 47,ARG 48,ASN 49,TYR 50,ASP 51,LEU 52,SER 53,LYS 
56,THR 71,VAL 72,GLU 73,ARG 74,ILE 75,PRO 76,GLU 78,ASP 
102,THR 106,GLY 107 

Androgen receptor LEU 701,LEU 704,ASN 705,LEU 707,GLY 708,AGLN 711,TRP 
741,MET 742,MET 745,VAL 746,MET 749,ARG 752,PHE 764, 
AMET 780,MET 787,LEU 873,HIS 874,PHE 876,THR 877,LEU 
880,PHE 891,MET 895,ILE 899

Thymidylate 
synthase

ARG 50,PHE 80,GLU 87,ILE 108,TRP 109,ASN 112,TYR 135,LEU 
192,PRO 194,CYS 195,HIS 196,GLN 214,ARG 215,SER 216,GLY 
217,ASP 218,LEU 221,GLY 222,VAL 223,PHE 225,ASN 226,HIS 
256,TYR 258,MET 311 

mTOR TRP A2024,TRP A2028,LEU A2055,HIS A2056,ALA A2057,MET 
A2059,GLU A2060,GLY A2062, PRO A2063,GLU A2068,THR 
A2069,SER A2070,PHE A2071,ASN A2072,GLN A2073,ALA 
A2074,TYR A2075,GLY A2076,ARG A2077,LEU A2079,MET 
A2080,GLU A2081,ALA A2082,GLN A2083,GLU A2084,TRP 
A2085,CYS A2086,ARG A2087,TYR A2105 
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Protein name Residues
TLR 7 TYR 556,PHE 557,LEU 558,LYS 559,GLY 560,GLU 580,VAL 

581,PHE 582,LYS 583,ASP 584,LEU 585 
RAF protein SER 11,GLY 12,GLY 13,VAL 14,GLY 15,LYS 16,SER 17,ALA 

18,VAL 29,GLU 30,LYS 31, 
TYR 32,ASP 33,THR 35,ASP 57,THR 58,ALA 59,GLY 60,THR 
61,LYS 117

13.14.4  MOLECULAR DYNAMICS

MD calculations simulate molecular movement over time using Newton’s 
equations of motion. Therefore, MC/SD simulation was carried out for the 
protein–ligand complex.

13.15  RESULTS

13.15.1  DETERMINATION OF ADME/TOX PROPERTIES

ADME/Tox properties were analyzed for the already available and marketed 
synthetic ligands and compared with that of the isolated compound quercetin 
using Qikprop module of Schrodinger (Table 13.5). Interestingly, the phyto-
compound–quercetin was revealed to satisfy the LR5 (Lipinski rule of five) 
in an unbiased manner was comparable to certain other synthetic ligands 
like prednisolone, tamoxifen, andarine, Imiquimod, sorafenib and geftinib 
in almost all the parameters analyzed. Among the synthetic compounds, the 
molecular weight, solvent accessible surface area, and number of rotatable 
bonds were found to be satisfied for 8–9 compounds excepting docetaxel 
and torisel, which biased the specified range. However, the same parameters 
were predicted to lie in the preluded range in the phyto-ligand (quercetin) 
that showed 302.24 g/mol of molecular weight, 514.002 of SASA and five 
numbers of rotatable bonds (Table 13.5).

Similarly, the parameters such as lop P for either hexadecane/gas or 
octanol/gas, were also not fruitfully met by the synthetic ligands docetaxel 
and torisel, which were higher or beyond the limitations of 18 and 35, 
respectively. Perhaps, the phyto-ligand was predicted to uphold the limita-
tion criteria. Interestingly, all the ligands under investigation were observe 
to lie in the prescribed range between 4–45 for water/gas log P. however, 

TABLE 13.4  (Continued)
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some of the parameters like the “solute as donor for hydrogen bonding” of 
“percentage of oral absorption by human” were not satisfied by methotrexate 
and folinic acid, providing no reason to be ascertained as either of it influ-
ences or controls each other in a vice-versa.

Whatever the case may be, whether the ligands be if synthetic or 
phyto-ligand, if satisfies few parameters under consideration, could still 
be chosen for interactions studies in order to evaluate its performance as 
a good interactor, since that determines the drug likability of the molecule 
as it is evidenced by many researchers, here again in this perception, all 
the synthetic ligands in addition to the phyto-ligand was chosen to extend 
research on docking studies.

13.15.2  DOCKING STUDY

The cancer specific proteins were docked with the synthetic ligands and with 
phytocompound quercetin and compared, in which the ligands and receptor 
were represented in orange and green colors, respectively whereas the bond-
ings were represented in blue dotted lines.

13.15.2.1  ACUTE LUEKEMIAS LYMPHOMA

The GR was docked with ligand prednisolone and quercetin compound, 
respectively, and compared. The analysis of GR docking with both pred-
nisolone and quercetin was observed to interact with each other by four 
hydrogen bondings however, there was a single common interaction found 
by LYS at 511 bonds by 2.5 and 2.6 Å. Other than this, prednisolone should 
get three more hydrogen interaction by a hydrophobic residues and with 
two uncharged residues THR and LYS at position 512 and 450, respec-
tively by the hydrogen bond of 2.7 Å and 2.2 Å units (Fig. 13.1a). Interest-
ingly, unlike that of synthetic ligand, the interaction mediated by hydrogen 
bonding in phyto-ligand involved the positively charged residues that are 
basic in nature (i.e., ARG and HIS at 510 and 451 position by 2.3 and 
2.0 Å distances) (Fig. 13.1b). Although the synthetic ligand and quercetin 
binds with the active sites of the protein both binds with different residues. 
However, the G. score was observed to be higher (−4.36 Kcal/mol) in quer-
cetin interacted complex than in prednisolone which showed the score of 
3.77 Kcal/mol only (Table 13.6).



FIGURE 13.1  Snapshot of glucocorticoid receptor with prednisolone and quercetin docking 
for acute luekemias lymphoma.

13.15.2.2  BREAST CANCER

The ER was docked with synthetic ligand tamoxifen and quercetin compound 
and compared. The analysis of ER docking with tamoxifen was observed 
to interact with a negatively charged residue GLU 353 and a positively 
charged residue ARG 394 by O–H and H─O bond 2.1 and 2.2 Å distances 
(Fig. 13.2a). The same receptor with the purified substance quercetin inter-
acted with a polar PRO 325, a negatively charged residue GLU 353 and 
hydrophobic residue TRP 393 by hydrogen bond interaction (Fig. 13.2b) 
with color index brown the bond length of 2.0, 1.7, and 2.1 Å, respectively. 
Here, both the ligands interacted with GLU at 353 but by exhibiting greater 
affinity with phyto-ligand by 1.7 Å distance only, which was evidenced by 
the higher G. score (−4.7Kcal/mol), unlike that of synthetic, which showed 
only −3.37 Kcal/mol (Table 13.6).

FIGURE 13.2  Snapshot of estrogen receptor with tamoxifen and quercetin docking for 
breast cancer.
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13.15.2.3  CNS LYMPHOMA

The DHFR was docked with the synthetic ligand methotrexate and isolated 
pure compound quercetin, respectively. The interaction efficiency between 
them, when compared in terms of G. score, revealed quercetin to be higher 
−9.13 than methotrexate (−7.69 Kcal/mol) (Table 13.6) with three residues 
exhibiting good O–H interactions all being below 3 Å while one O–O inter-
action mediated by a nonpolar residue VAL at 115 by extended bond length 
of 3.3 Å in addition to the O–H interaction. The interaction was observed 
with the positively charged residue ARG at 70 donating two hydrogen bonds 
of inter atomic distances 1.7, 1.8 Å. However the synthetic ligand interacted 
with negatively charged residue GLU 30 (2.0 Å) in addition to the hydro-
phobic interaction which included the residues such as VAL 115 (2.5 Å), ILE 
7 (1.9 Å) and also with uncharged amino acids GLN and ASN at position 35 
and 64 forming O–H bonds of each 2.3 Å interatomic distances (Fig. 13.3a). 
Thus, altogether six different residues interacted by synthetic ligands, 
whereas only three different residues interact by phyto-ligand. Although 
the scoring seen to be high by phyto-ligand, could still not be considered 
favorable because of the fact that a specific O–O interaction especially by 
respected bond length was observed. The hydrogen boding was observed 
between O–H and O–O atoms with inter atomic distances of 2.1, 3.3, 2.9, 
1.5, and 1.6 Å, respectively (Fig. 13.3b).

FIGURE 13.3  Snapshot of dihydrofolate receptor (DHFR) with methotrexate and quercetin 
docking for CNS lymphoma.

13.15.2.4  LUNG CANCER

The receptor BCL-2 protein docked with docetaxel and isolated pure 
compound quercetin with the receptor and compared. The docetaxel 



interacted with receptor by a single positively charged residue ARG by 
sharing four electrons one each from positions 106 and 109 2.1 Å inter 
atomic distance each and by two from position 26 by the distance of 2.2 Å 
inter atomic distances each (Fig. 13.4a and Table 13.6). This unfavor-
ability could also be attributed to the special kind of interaction encoun-
tered by the phyto-ligand that has remarkably involved many different 
polar residues such as SER 105, TYR 108, ASP 102, and GLN 25 all being 
in favorable complementation (i.e., below 3  Å), in addition to the ALA 
hydrophobic residue to lie in the same platform. SER at 105, TYR at 108 
(2 bonds), ASP at 102 (2 bonds) and GLN at 25 exhibited O–H interac-
tion by 2.5 Å, 1.9 Å each by 2 different atomic co-ordinates, 2.4, 2.1, and 
2.3 Å, respectively. Thus, the four polar residues alone imparted 6 O–H 
bonding. Moreover, a common interaction was also observed by ARG at 
position 26, but by longer distance (1.9 and 2.7 Å) through phyto-ligand 
interaction, where compound to synthetic ligand. On the whole, including 
hydrophobic residue, a total of nine interactions were observed making the 
complex a very stable or strong interaction, thereby interesting to extend 
research on confirming the stability of the complex through molecular 
simulation. In similar way, the interaction of quercetin with Bcl-2 was 
observed (Fig. 13.4 b).

FIGURE 13.4  Snapshot of Bcl-2 protein with docetaxel and quercetin docking for lung 
cancer.

13.15.2.5  ORAL CANCER

The EGFR was docked with synthetic ligand geftinib and quercetin 
compound and were compared each other. The docking of synthetic ligand 
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and phyto-ligand quercetin with EGFR where the receptor shares electron 
from the negatively charged residue GLU at 73 and ASN at 49 to both 
the ligands however, it shares with N atom in the case of synthetic ligand 
with 2.6 and 2.3 Å (Fig. 13.5a) whereas to O atom of quercetin with 2.3 
and 2.1 Å inter atomic distances. Although these residues accepts electron 
from the H atom of the synthetic ligand forming totally four interactions, in 
terms of phyto-ligands forms two more interactions with polar positively 
charged ARG at 74, negatively charged ASP at 51 and hydrophobic LEU at 
52 position of 1.8, 2.0, 2.6, and 2.5 Å where LEU at 52 position formed two 
hydrogen bonds between H and O atoms (Fig. 13.5b). However, the G. score 
was observed to be high (−5.21) in quercetin than in geftinib which showed 
the G. score of −4.3 only (Table 13.6).

FIGURE 13.5  Snapshot of epidermal growth factor (EGR) with gefitinib and quercetin 
docking for oral cancer.

13.15.2.6  PROSTATE CANCER

The AR was docked with synthetic ligand andarine and quercetin and was 
compared respectively. The receptor interacts with both the ligands at THR 
877; however, the electron sharing pair differs, where in andarine O–O 
atoms interacts whereas in quercetin H and O interacts of 2.8 and 2.6 inter 
atomic distance. Apart from this interaction, andarine showed interaction 
with uncharged residue ASN at 705 with 2.0 Å distance (Fig. 13.6a) and 
quercetin interacts with negatively charged ASP at 51 (2.0 Å) and also with 
hydrophobic residue LEU at 704 position forming two hydrogen bonds 
between H and O atoms of 2.6 and 2.5 Å inter atomic distance (Fig. 13.6b). 
In spite of O–O interaction of residue THR 877 in case of andarine, it was 



observed that interaction between H and O in the case of quercetin eventu-
ally showed more stable interactions and higher G. score in quercetin (about 
−8.26 Kcal/mol) than andarine (−3.21 Kcal/mol).

FIGURE 13.6  Snapshot of androgen receptor (AR) with andarine and quercetin docking 
for prostate cancer.

13.15.2.7  RECTAL CANCER

TS receptor was docked with synthetic ligand folinic acid and quercetin and 
interactions were compared respectively. The G. score obtained was found 
higher about −10.85 Kcal/mol in TS–folinic complex than −7.33 Kcal/mol 
in TS–quercetin complex (Table 13.6). Other four interactions with folinic 
acid were observed by the uncharged residue ASN at 112 and with hydro-
phobic residue MET at 309 of 1.9 Å and LYS at 77 position forming two 
hydrogen bondings of 1.9 and 2.4 Å distances (Fig. 13.7a).The TS shows six 
interactions with folinic acid and five with quercetin, however two hydro-
phobic residues PHE at position 80 and ILE at 108 interacts with both folinic 
acid and quercetin, where PHE 80 shows interaction between H and O atoms 
of the ligands and that ILE 108 shared electrons between O and H atoms in 
both the cases whereas in quercetin ILE forms one more O–O interaction of 
3.3 Å distance which exceeds the beyond 3 Å (Fig. 13.7b). Therefore, apart 
from the three interactions with the common residues sharing bond with 
both the ligands quercetin forms two bondings with polar negatively charged 
residue GLU at 87 of 1.8 Å and hydrophobic residue LEU at 221 of 2.3 Å 
where the bond length except the O–O interaction by ILE not exceeds 3 Å 
distance.
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FIGURE 13.7  Snapshot of thymidylate synthase (TS) with folinic acid and quercetin 
docking for rectal cancer.

13.15.2.8  RENAL CANCER

The receptor mTOR was docked with synthetic ligand torisel and quercetin 
and was compared respectively. The docked complexes were observed with 
slightly varied G. score −3.1 Kcal/mol of mTOR-torisel and −3.19 Kcal/mol 
of mTOR-quercetin complex (Table 13.6). The interaction of torisel with 
mTOR showed the three electron donations of receptor by the hydrophobic 
residues such as VAL 2045 (2.8Å), LYS 2046 (2.3 Å), and ALA 2059 (1.8 Å) 
whereas the polar negatively charged residue GLU 2053 accepts electron 
from torisel and forms hydrogen bond of 2.0 Å inter atomic distance (Fig. 
13.8a). The mTOR interactions with quercetin showed interactions between 
O and H atoms with polar uncharged residues such as ASN at 2072 (1.8 Å) 
and GLN at 2083 (1.9 Å) and also with polar positively charged residue HIS 
2056 with 2.2 Å of inter atomic distances (Fig. 13.8b).

FIGURE 13.8  Snapshot of mTOR with torisel and quercetin docking for renal cancer.



13.15.2.9  SQUAMOUS CELL CARCINOMA

TLR-7 receptor was docked with synthetic ligand imiquimod and quer-
cetin and the interactions were compared. The interaction of imiquimod 
and quercetin with TLR-7 with the same residue LYS at 559 with distance 
of 2.1 and 2.3 Å (Fig. 13.9a), apart from this imiquimod showed interac-
tion with negatively charged residue ASP at 523 whereas quercetin inter-
acts with receptor by residues LYS 583 and shares two bonding interaction 
with ASP 584 of O–O interaction and between O –H atoms of distance 
not exceeding 3 Å (Fig. 13.9b). The G. score was observed to be higher 
in TLR-7 quercetin about −3.39 Kcal/mol than TLR-7 imiquimod showed 
−2.17 only (Table 13.6).

FIGURE 13.9  Snapshot of TLR- 7 with Imiquinoid and quercetin docking for squamous 
cell carcinoma.

13.15.2.10  THYROID CANCER

The receptor RAF protein was docked with synthetic ligand sorafenib and 
quercetin and was compared respectively. The interactions of Sorafenib 
and quercetin with receptor by different residues where sorafenib shows 
hydrogen bonding interaction with polar uncharged ASN 116 and charged 
ASP 33 residues with 2.4, 1.8 and 2.2 Å, respectively (Fig. 13.10a) and that 
ASP 523 shares two with receptor to form two hydrogen bondings (Fig. 
13.10a). When comparing the interaction of RAF with Sorafenib, quercetin 
showed interaction with hydrophobic residue LYS 31 (1.9 Å) and ALA 148 
of 2.1 Å distance and also with polar uncharged residue ASP 119 (2.7 Å) 
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shown in (Fig. 13.10b). The G. score obtained was comparatively high in 
receptor with quercetin (−7.82 Kcal/mol) than synthetic ligand sorafenib, 
which showed −2.54 only (Table 13.6).

FIGURE 13.10  Snapshot of RAF protein with sorafenib and quercetin docking for thyroid 
cancer.

Thus, on the whole, among the ten proteins that were targeted, the level 
of interactions had been very excellent for the phyto-ligand (quercetin). In 
fact, the kind of interaction observed could be categorized into two: one 
which is showing more number of interactions by more or less the same resi-
dues (compared with synthetic and phto-ligand) as well with other important 
residues, thereby increasing the G. score by two fold or three fold; and the 
other could be attributable to the kind of residues (denotes the properties of 
the amino acid) showing additional interaction for instance O─O (e.g., In 
DHFR, VAL at 115th position also interacted by O–O in addition to O–H) or 
exhibited replaced interaction. In AR, THR at 877th position was exchanged 
by H–O instead of O–O which either effected or affected the docking energy 
G. score. For instance, the interaction between Bcl-2 protein and quercetin 
was observed with significant interactions (9 bonding) and best G. score 
(−5.74 Kcal/mol) followed by quercetin with EGF showing six number of 
interactions with docking energy of −5.21 Kcal/mol. However, the complex 
quercetin with RAF protein showed greater G. score of −7.82  Kcal/mol 
could still not be considered favorable as the hydrogen bond exhibits 3.0 Å 
inter atomic forces extended by this and perhaps with only few residues 
when compared to Bcl-2 interaction with phyto-ligand. Even though the 
interaction between folinic acid and TS showed 6 numbers of interactions 



with highest G. score about −10.85 Kcal/mol than quercetin still could not 
considered favorably as it violated the ADME-Tox properties, therefore 
even on the basis of toxicity prediction and binding affinity observation the 
Bcl-2 protein interaction with quercetin was found significant and further 
taken to the dynamics analysis.

Thus from the result obtained and analyzed so far the interaction 
could be considered as an ideal and most favorable irrespective of the 
number of parameter that are met with. Even though not cent percentage 
properties, are met through ADME-Tox, based on the kind of the amino 
acid interacting and based on the distances aiding in receptor-ligand 
complex formation that upholds the stabilized bond length (neither less 
than 1 nor greater than 3 Å) would enhance the chance of considering 
the interaction favorable for extending research or attempting either for 
stable conformation or for further pharmacokinetic and dynamic studies. 
Thus on these basis in the present study the phyto-ligand quercetin which 
complex with receptor Bcl-2 was considered suitable for continuing 
research on molecular simulation direction. Thus, it involves many 
different polar residues with more number of interactions in perhaps with 
good docking energy.

The interaction profile of cancer specific protein with their native 
ligands (Phase I) and quercetin compound (Phase II) were tabulated (Table 
13.6) describing the bond length formed between the atoms of receptor 
residues and ligands with total number of interaction for each specific 
protein.

13.16  MOLECULAR DYNAMICS

The MD simulation was carried out for the docked complex Bcl-2 vs quer-
cetin for Lung cancer which showed significant interaction and good G. score 
than the other proteins interaction with quercetin. Through the dynamic study 
it was decided to predict the variation undergone by the complex during the 
simulation process. The simulation was carried out for 1 ns and to retrieve 
100 samples which were observed with reduction in potential energy from 
−14658.9 ê to −14707.3 ê of 0–100th sample.

The root mean square (RMS) fluctuation of each 100 sample obtained 
through 1 ns simulation showed stability attained by the Bcl-2 docked with 
quercetin complex was plotted as graph (Fig. 13.12) where the complex at 
74th sample.
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FIGURE 13.12  RMS fluctuation of Bcl-2 protein–quercetin complex.
The red line indicates the sample position attaining stability during the simulation.

FIGURE 13.11  Dynamics plot against time vs potential energy OPLS 2005 in run platform 
upto 100 iteration.
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13.17  DISCUSSION

In current era Molecular docking is one of the key tools in structural molec-
ular biology and computer-assisted drug design. This study investigates the 
binding orientations and predicts binding affinities of native ligands which 
are currently used as synthetic drugs for cancers and also with isolated pure 
quercetin from E. littorale docking with the cancer specific proteins. Through 
the docking interaction analysis, the binding mode and G. score obtained 
with quercetin was compared with the native ligands for each cancer specific 
proteins the anti-cancer efficiency of quercetin was determined. The cancer 
and specific proteins selected for the study are ALL, breast cancer, CNS 
lymphoma, lung cancer, oral cancer, prostate cancer, renal cancer, rectal 
cancer, SCC and thyroid cancer and their specific proteins were glucocorti-
coid receptor (GR), ER, DHFR, B-cell lymphoma-2 (BCL-2) protein, EGFR, 
AR, mTOR protein, TS, toll-like receptor 7 (TLR-7) and RAF protein. The 
protein structures were retrieved from PDB database by concerning the 
resolution of the structure which should be < 2.5 Å and R-value should be 
nearly zero and R-free value should equal to the resolution (Table 13.1). 
Comparative study was carried out between the native ligands and quercetin 
hence to understand the important structural features required to enhance 
the inhibitory activities and further to help producing augmented inhibitory 
compounds than the existing synthetic drug molecules therefore to avoid the 
side effects produced by it. Thereby Arumugam et al.3 investigated the inhib-
itory potency for diabetes of plant derived compound namely 1, 2 disubsti-
tuted idopyranose from Vitex negundo using GLIDE module of schrodinger. 
He carried out docking with four targets such as maltase glucoamylase, 
dipeptidyl peptidase, glycogen synthase kinase-3, and aldose reductase and 
compared docking of plant compound with the docking result obtained with 
the known ligand.

The ligand molecules were retrieved from the pubchem database in sdf 
format (Table 13.3) and prepared to optimize the structure before under-
going docking studies. The prepared native ligand molecules and isolated 
purified quercetin were subjected for ADME/Tox for predicting the absorp-
tion, distribution, mechanism, excretion, and toxicity, therefore, to analyze 
the pharmacokinetics and pharmacodynamics of the ligand by accessing the 
drug like properties. Through Qikprop the molecular weight, permeability 
through MDCK cells, log IC50 value for blockage of K+ channels, gut–blood 
barrier, and violation of the lipinski’s rule of five were analyzed. According 
to the Lipinski’s rule of five, quercetin does not violate the rules and the 
other native ligands properties were discussed as follows.



The molecular weight and other properties predicted by Qikprop for each 
ligand molecules were tabulated (Table 13.4) in which docetaxel (807.89 
Da) and torisel (800.13 Da) exceeded the normal range between 130 and725 
Daltons whereas quercetin’s molecular weight is about 302.24 Da was lesser 
compared with the other ligand molecules. The hydrogen donors predicted 
showed that methotrexate (6.25) and andarine (7.25) possess more than 5 
hydrogen donors and prednisolone posess exactly 5 and 4 by quercetin. 
Moreover, the hydrogen bond acceptors eliminated the drug molecules such 
as methotrexate (11.75), docetaxel (16.35), folinic acid (14.25), and torisel 
(20.7) where quercetin exerts 5.25 of hydrogen bond donors. A partition (P) 
or distribution coefficient (D) is the ratio of concentrations of a compound in 
the two phases of a mixture of two immiscible solvents at equilibrium. The 
last of Lipinski rule, that is, octanol/water accessibility was observed to be 
about 0.362 for quercetin whereas in other ligands such as tamoxifen (6.533) 
and torisel (5.766) exceeds 5. Thereby, quercetin was observed to obey the 
rules of Lipinski and also exerts significant values for other properties such 
as solvent accessible surface area, absorption in colorectal cells and in blood–
brain barrier too suggesting that quercetin is orally administered at last the 
calculated percentage of oral absorption showed medium for quercetin.59

According to the Schrodinger tool Qikprop, Jorgensen’s rule of three defines 
the properties of drug likeliness for oral administration. The three rules are, QP 
log S > −5.7, QP PCaco > 22 nm/s, and Primary metabolites should be <7. The 
QP logS value determines the solubility of the small molecule in aqueous solu-
tion which should be between −6.5 and 0.5, where all the native ligand mole-
cules selected for the study obeys the aqueous solubility range except sorafenib 
about −7.019 whereas quercetin was observed with −2.83. Qikprop predicts the 
permeability through apparent colorectal adenocarcinoma cells (Caco) where 
every ligand molecules was observed above the range 25 despite quercetin has 
scored about 19. Thus none of the selected ligands was observed with accept-
able Caco-2 cells permeability. Although the percentage of oral absorption in 
gastrointestinal tract (GI) was found to be about 52 for quercetin on the other 
hand methotrexate and folinic acid exhibited zero values. Tamoxifen and Gefi-
tinib showed 100% of absorption in GI tract whereas imiquinoid and Sorafenib 
found with 96% and the other native ligands such as andarine, prednisolone, 
torisel, docetaxel observed with 82, 77, 61, and 58%.

The interaction study was carried out in two different phases where phase 
I includes the docking of cancer specific protein with synthetic ligands and 
phase II with quercetin and compared each other based on the interaction 
profile and (G. score) XP scored during the docking process. The G. score 
was calculated based on the LipophilicEvdW (Chemscore lipophilic pair 
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term and fraction of the total protein–Ligand Van der Waal energy), HBond 
(H bond pair term), Electro (Electrostatic rewards), HBPenal (Penalty for 
Ligand with large hydrophobic contact and low H bonds score), PhobicPenal 
(Penalty for exposed hydrophobic Ligand groups), and RotPenal (Rotatable 
bond penalty). Comparing to the phase I study of synthetic ligands quercetin 
was observed with good binding affinity with the selected cancer specific 
proteins except in the case of rectal cancer where TS showed higher G. score 
about −10.85 Kcal/mol and more number of interactions with folinic acid 
than quercetin (−7.33 Kcal/mol) despite folinic acid has violated ADME-
Tox properties. However, the synthetic ligands prednisolone, geftinib, anda-
rine, and imiquimod undergo all the ADME-Tox properties these ligands 
were observed with minimum number of interactions compared to the phyto-
ligand quercetin. The interactions of selected specific cancer proteins with 
quercetin based on their score and interactions number, was found significant 
with Bcl-2 protein and further carried for dynamics study. Quercetin interac-
tion with all the ten selected proteins were observed to form hydrogen bonds 
between O and H, whereas bonds between O and O atoms were observed 
in case of synthetic ligands; geftinib alone showed electron sharing with 
N atoms of the receptor EPGR. In general, the interaction between two O 
atoms are said to enhance the stability of the bonding and the presence of 
such interaction in the active site region are due to the action of active site 
as a local storage site for small molecules resulting in increased effective 
concentration of the ligand15. And quercetin was found to have strong inhibi-
tory effects on mammalian Thioredoxin reductase (TrxRs) with IC50 value 
of 0.97 μmol/L was shown to be dose and time-dependant and attack on the 
reduced COOH-terminal–Cys-Sec-Gly active site of TrxR, where TrxR is 
one of the thioredoxin systems which exerts a wide range of activities in 
cellular redox control, antioxidant function, cell viability and proliferation 
which also found overexpressed in many aggressive tumors.34

The best G. scored and effectively interacting Bcl-2 protein–quercetin 
was carried with MD studies to analyze the optimization of the complex so 
that the potential energy and to ability of the complex to attain stability were 
analyzed through MD study. At the initial stage of simulation (0th sample) 
the potential energy was observed to be −14658.9 ê which decreases gradu-
ally and at the end of the simulation about 1000nd pico second it was reduced 
to −14707.3 ê. The simulated protein at each 10th consecutive sample was 
observed for RMS deviation by and the graph plotted showed the stability 
attained by the protein–quercetin complex from the 74th sample (Fig. 13.12).

The Bcl-2 protein also seems to be the major inhibitor of cell death in 
acute myeloid leukemia where the protein was observed to be homology with 



Bcl-xL and the protein consists of seven α-helices and a long loop. The proteins 
solubility and the biological function was studied by Petros et al57, which 
revealed that the deletion of long loop and C-termini of the protein does not 
interrupted the biological functions where it consists of two central, predomi-
nantly hydrophobic helices (helix 5 and 6) packed against four amphipathic 
α-helices. Helix 1 and 2 are oriented parallel to one another, crossing at an 
angle of about 45˚ and a long loop connects the helix 2 to helix 4 (residues 
126–137) and helix 4, 5 (residues 144–163), and 6 (residues 167–192) are 
oriented in a nearly antiparallel fashion with a kink in helix 6 at histidine 184. 
An irregular turn composed of two glycine residues connects helix 6 to helix 
7 (residues 195–202), which orients helix 7 orthogonal to helices 4, 5, and 6.

The protein consists of a hydrophobic groove on the surface on which 
the mutations in this region have been to abolish the antiapoptotic activity 
of Bcl-2 and block heterodimerization with other family members84 and also 
reported that the hydrophobic groove includes the residues such as leucine, 
isoleucine, valine, tyrosine, phenylalanine, tryptophan, aspartate, gluta-
mate, lysine, arginine, and histidine present in α helices 3, 4, 5, and 7) even 
though the exact position of the above residues were not discussed. During 
the simulation the protein was observed with slight structural movements, 
where every 10th sample of 100 samples was analyzed for its structural 
variation. The protein structure at 20th sample when superimposed showed 
the movement of the long loop that connects α1 and α2, loop connecting α3 
and α4, and α4 helix. N and C-termini undergone greater fluctuation during 
the simulation progress, mainly the α3 and α4 helices were observed, there-
fore, it was already reported that half part of α3 contains the binding pocket 
of the protein. The BCL-2 protein binding interaction with quercetin was 
observed of involving the residues such as aspartic acid, serine, tyrosine, 
alanine, arginine, and glutamine in which three active residues Aspartic acid 
alone involved in the interaction in this study.
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