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a b s t r a c t

In this paper, starch-cl-poly(lactic acid-g-acrylamide) nanohydrogel(ST-cl-poly(LA-g-AAm) (NHG) 
was fabricated using co-graft/crosslinking polymerization method. Synthesized nanohydrogel 
has been characterized by Fourier-transform infrared spectroscopy (FTIR), transmission electron 
microscopy (TEM), and scanning electron microscopy (SEM). It has been found to be a proficient 
adsorbent for the elimination of highly noxious Eriochrome Black T (EBT) from aqueous solution. 
Effect of various parameters such as concentration of adsorbate, temperature, pH, contact time and 
adsorbent dosage was thoroughly studied. The highly acidic medium was found to be an operative 
medium for the maximum adsorption. Isotherm studies revealed that Langmuir model explained 
better adsorption process compared to those of Freundlich and Temkin indicating the monolayer 
adsorption of EBT onto ST-cl-poly(LA-g-AAm) NHG. Kinetic studies have shown that the adsorption 
can be better explained by pseudo- first-order kinetics.
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1. Introduction

Hydrogels represent a class of soft-materials having 
3-dimensional (3D) regular polymeric networks. They have 
high water binding and retaining capability. Depending 
upon the type of bonding between the 3D polymeric net-
works, hydrogels can be classified into two; chemical hydro-
gels and physical hydrogels. Physical hydrogels are mainly 
inter-linked through hydrogen bonds, coordination bonds 
or hydrophobic interactions, etc. [1,2]. Due to weak inter-
actions, physical hydrogels readily respond to the exter-
nal stimuli, such as pH, temperature or light, etc. and low 
mechanical strength deteriorates or limits their industrial 
and biomedical applications [3,4]. A number of approaches 
have been put forward for increasing their strength such as 
cross-linking with graphene, cellulose, carbon nanotubes, 
graphene oxide and clays, etc. Hydrogels have the tendency 

to swell and their swelling ability is greatly affected by the 
pH, temperature, light irradiation, electric field, etc. [5–10]. 
Important factors determining the equilibrium swelling 
area degree of crosslinking, interaction with the counter 
ions and hydrophobic/hydrophilic interactions [11–13]. The 
hydrophilic nature of the hydrogels is due to the presence 
of active groups such as carboxylic (–COOH), hydroxylic 
(–OH), sulphonic (–SO3H) and primary amidic (–CONH2), 
etc. Inspite of their high tendency towards water adsorp-
tion, they exhibit swelling behaviour instead of dissolving 
in the surrounding liquid [14–19]. Their high hydrophilic-
ity, high swelling ratio, and biocompatibility increase their 
utility for different applications such as drug delivery, bio-
sensors, and water purification, etc. [20–26].

Starch is a biopolymer and has great utility for a num-
ber of applications. It has been substituted for a number 
of traditionally used non-biodegradable or non-renewable 
materials and it acts as an efficient support for various com-
pounds [27–32]. In addition to its biocompatible nature, 
other major positive aspects include its inexpensive nature, 
easy and abundant availability, etc. High mechanical and 
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water retaining properties of starch can be improved to a 
great extent by co-grafting and crosslinking approach [33–
37]. Due to its high positive aspects, it is used in different 
fields such as chemistry, biology, and biotechnology, etc.

Azo dyes constitute the major class of commercial dyes 
being used for various industrial applications due to their 
low cost and high versatility. One of the azo dyes, Erio-
chrome Black-T which is being utilized in various industries 
such as wool, nylon and silk as a dyeing agent. In addi-
tion, also used in laboratories as a complexometric agent 
for the determination of calcium, magnesium and zinc 
ions from aqueous solution. Inspite of a number of uses, 
it is quite hazardous to the environment. It produces an 
intermediate product, naphthoquinone, one of the highly 
carcinogenic intermediates. So, its removal from the water 
bodies after use is a must. In the same context, the synthe-
sis of starch-cl-poly(lactic acid-g-acrylamide) nanohydrogel 
using co-graft/crosslinking polymerization method was 
developed. Synthesized nanohydrogel was characterized 
by FTIR, TEM, and SEM. The adsorption ability of the nano-
hydrogel was utilized for the removal of toxic EBT from the 
aqueous solution. Different adsorption parameters such as 
temperature, pH, contact time, adsorbent dosage and con-
centration of dye were also been studied.

2. Experimental protocol

2.1. Reagents and instruments

Reagents used in the synthesis were lactic acid (CDH Pvt. 
Ltd., India), acrylamide (LobaChemie), starch (LobaChe-
mie), ammonium persulphate (APS) (CDH Pvt. Ltd., India), 
ammonium hydroxide (LobaChemie), sodium hydroxide 
(CDH Pvt. Ltd., India), N,N’–methylene-bis-acrylamide 
(LobaChemie). All solutions were prepared in double dis-
tilled water. Instruments used were an electronic balance, 
centrifuge machine, double beam UV spectrophotometer 
(INCO Instrument and Chemical Private Limited), Fouri-
ertransform infrared spectrophotometer (Agilent Technol-
ogies Cary 630 FTIR), Scanning electron microscopy (JEOL. 
Model, JSM 610) and Transmission electron microscopy 
(Techni G2 20 S-Twin).

2.2. Preparation of starch-cl-poly(lactic acid-g-acrylamide) 
nanohydrogel

The ST-cl-poly(LA-g-AAm)nanohydrogel was prepared 
by co-graft/crosslinking polymerization method. The first 
step involves graft polymerization of acrylamide onto lactic 
acid. For this 0.1 M solution of lactic acid and acrylamide 
were prepared in double distilled water and mixed in 1:1 
(v/v) ratios. To the above mixture, 5%ammonium persul-
phate was added as initiator and the mixture was kept at 
70°C for 2 h to obtain a lactic acid-grafted-acrylamide gel. 
In the second step, 3% starch solution was prepared in 50 
mL double distilled water with constant stirring using a 
magnetic stirrer. To the above-prepared starch solution, the 
lactic acid-grafted-acrylamide gel was added dropwise in 
the presence of acrosslinker, N,N’-methylenebisacrylamide 
(MBAAm) (7%) w/w and initiator APS (5%) w/w. The reac-
tion mixture was stirred for 3h at 70°C using a magnetic 

stirrer. The ST-cl-poly(LA-g-AAm) nanohydrogel was col-
lected using acetone and dried at 50°C in a hot air oven. The 
reaction yield was calculated using the formula: 

% Yield
W W

W
R P

R

=
−

× 100  (1)

where WR is the weight of reactants and WP is the weight of 
the product.

2.3. Characterization

FTIR spectrums for ST-cl-poly(LA-g-AAm) NHG before 
and after adsorption of EBT were recorded in the range of 
400–4000 cm–1 by Fourier-transform infrared spectropho-
tometer using KBr disk method. A 20 mg of the ST-cl-poly 
(LA-g-AAm) nanohydrogel was mixed with 80 mg of KBr 
and then it was powdered. By applying a pressure of 80,000 
psi, a transparent disk was molded. Microphotographs of 
nanohydrogels were recorded by using JEOL Model, JSM 
610 scanning electron microscope (SEM). The two samples 
were placed on a carbon tape with silicone adhesive and 
mounted on an aluminium stub. The microphotographs 
were obtained at different magnifications. 3D structural 
representation of the synthesized nanohydrogel was deter-
mined by Techni G2 20 S-Twin transmission electron micro-
scope (TEM). An electron beam was transmitted through a 
thin sample and was detected on the other side. This study 
helped in determining the particle size of the synthesized 
nanohydrogel. The net charge on the ST-cl-poly(LA-g-AAm) 
NHG was determined by pHpzc using pH drift method.

2.4. Swelling behaviour of ST-cl-poly(LA-g-AAm) NHG

The swelling behaviour of ST-cl-poly(LA-g-AAm) 
NHG was evaluated in water. For this study, 500 mg of 
ST-cl-poly(LA-g-AAm) NHG was dissolved in water. After 
pre-defined time intervals, the ST-cl-poly(LA-g-AAm) NHG 
was removed from the water, pressed gently between the 
folds of filter paper and final weight of the nanohydrogel 
was noted. Percent swelling by the ST-cl-poly(LA-g-AAm) 
NHG was calculated using the formula [38]:

% Swelling
W W

W
F I

I

=
−

× 100  (2)

where WF represents the final weight of ST-cl-poly (LA-g-
AAm) NHG after a pre-determined time interval and WI 
represents the initial weight of ST-cl-poly(LA-g-AAm) 
NHG. 

2.5 Adsorption of Eriochrome Black-T (EBT)

Adsorption of hazardous Eriochrome Black-T (EBT) 
dye from aqueous solution was examined by batch adsorp-
tion experiments. For carrying out the adsorption of EBT 
onto ST-cl-poly(LA-g-AAm) NHG parameters such as dye 
concentration, adsorbent dosage, pH, time and tempera-
ture were firstly optimized. After parameter optimization, 
the adsorption of dye was conducted in the set of 100 mL 
Erlenmeyer flasks, which were sealed and agitated at 200 
rpm in an incubator shaker. Each Erlenmeyer flask was 
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filled with the optimized adsorbent amount and 50 mL of 
optimized EBT solution at 40°C. The pH of the EBT solu-
tion was adjusted with 0.1 N HNO3/NaOH solutions. The 
experimental flasks were withdrawn at predetermined time 
intervals until the adsorption equilibrium was attained. The 
finally obtained dye solution was separated by centrifuga-
tion operated at 3500 rpm for 5 min. The supernatants were 
then filtered to ensure that solutions were free from ST-cl-
poly(LA-g-AAm) NHG before measuring the remained out 
EBT concentration. The dye concentration in the solution 
at various time intervals was analyzed by double beam 
UV-visible spectrophotometer at 503 nm. Amount of dye 
adsorption per unit mass of ST-cl-poly(LA-g-AAm) NHG 
at equilibrium, qe (mg g–1) and % adsorption was evaluated 
using the following mass balance equations [39]:

q
C C

m
Ve

e=
−( )

×0  (3)

%  Adsorption
C C

C
e=

−
×0

0

100  (4)

where C0 and Ce are the initial and equilibrium concentration 
of EBT (mg L–1), V is the volume of aqueous solution (L) and 
m is the amount of dry ST-cl-poly(LA-g-AAm) NHG (g).

The adsorption isotherm studies were carried out using 
50 mL of 15ppm EBT solution and pH 3. With variation in 
the amount of adsorbent dose, the solution was subjected to 
thermostatic shaking with rpm 200 for 1 hour. Aliquots of 
the solution at pre-determined time interval were taken out 
and the data was utilized for evaluating various isotherms. 

However, the kinetic studies were carried out at opti-
mized EBT concentration of 15 ppm, adsorbent dosage of 
20 mg and pH 3. The solution was then subjected to the 
thermostatic shaker at 200 rpm for 1 h. The sample was col-
lected after every 10 min till 1 h and analyzed with the help 
of double beam UV-Visible spectrophotometer. 

3. Result and discussions

3.1. Synthesis of starch-crosslinked-poly (lactic acid– grafted-
acrylamide) nanohydrogel (ST-cl-poly(LA-g-AAm) NHG)

Starch-crosslinked-poly(lactic acid–grafted-acrylamide) 
nanohydrogel was fabricated by co-graft/crosslinking 
polymerization method [14]. Lactic acid was used as a co- 
monomeric unit for the preparation of hydrogel due to its 
(a) high thermal stability (b) renewable, biocompatibility, 
energy saving nature and (c) non-toxic degradation prod-
ucts i.e. CO2 and H2O that are neither toxic nor carcinogenic 
to the human body. APS acts as an initiator that helped 
in initiating the reaction for formation of long polymeric 
chains and the N,N’-methylene bisacrylamide helped in 
cross-linking of these chains. Calculated % yield for the syn-
thesized nanohydrogel is 82%. Fig. 1 shows the synthetic 
scheme for the preparation of ST-cl-poly(LA-g-AAm) NHG.

3.2. Swelling behaviour of ST-cl-poly(LA-g-AAm) NHG

The swelling behaviour of ST-cl-poly(LA-g-AAm) NHG 
is shown in Fig. 2. Results have shown that the swelling 

behaviour mainly got affected due to the presence of func-
tional groups such as –OH, –COOH, –NH and –CONH. 
Maximum swelling of 203% was observed for ST-cl-poly(-
LA-g-AAm) NHG after 7 h and after that percent swelling 
value remained constant.

3.3. Characterization

Fig. 3 showsthe FTIR spectra of ST-cl-poly(LA-g-AAm) 
NHG before and after adsorption of EBT. In Fig. 3a broad 
peak at 1179 cm–1 corresponds to the stretching of C-O 
group of the starch. Peaks at 1599 and 3235 cm–1 are due 
to the C=O and O-H stretching vibrations of the starch, 
respectively [40–42]. Peak at 1390 cm–1 is due to the –OH 
in-plane bending. The peak at 1479 cm–1 is attributed to 
the occurrence of C-O stretching. C-H asymmetric stretch-
ing is confirmed by the peak at 2920 cm–1. One absorp-
tion peaks corresponding to bending vibration of N-H 
is observed at 1568 cm−1 [43–48]. Changes in the charac-
teristic wavenumber of various bonds of ST-cl-poly(LA-
g-AAm) in Fig. 2b confirm the adsorption of EBT onto 
ST-cl-poly(LA-g-AAm) NHG. The peak at 2995 cm–1 is 
assigned to the aromatic –C-H stretching of mono-azo 
dye, EBT. The asymmetric stretching vibration of S-O in 
SO3H has been confirmed by the appearance of a peak at 
1198 cm–1 and the symmetric stretching vibrations at 1054 
cm–1. N=N stretching vibration has been obtained at 1541 
cm–1. The characteristic peak of the NO2 group has been 
observed at 1335 cm–1. Figs. 4a,b show the SEM images of 
ST-cl-poly(LA-g-AAm) NHG at different magnifications. 
Both the images show the smooth surface of the synthe-
sized nanohydrogel and the uniform distribution onto the 
starch moiety [49–52]. Fig. 5a,b show the TEM images of 
the synthesized nanohydrogel at different magnifications. 
Images confirmed the smooth and fibrous surface of the 
synthesized nanohydrogel. Fig. 6 shows the pHpzc graph 
for the synthesized nanohydrogel. Observed value is 5.3 
generalizing positive surface below this value and the 
negatively charged surface above 5.3.

3.4. Adsorption of EBT onto ST-cl-poly(LA-g-AAm) NHG

For undertaking the adsorption of EBT various parame-
ters were optimized and discussed below:

3.4.1. Effect of dye concentration

The concentration of dye plays an important role in 
the adsorption process. Effect of concentration was stud-
ied at different concentrations in the range of 05–55 ppm 
as is depicted from Fig. 7a. Maximum adsorption of 64% 
is observed at 15 ppm which decreases to 22% with the 
increase of concentration to 55 ppm. The decrease in 
adsorption rate can be ascribed to the lesser availability 
of adsorbent sites due to increase in the concentration of 
adsorbate molecules.

3.4.2. Effect of contact time

Effect of contact time on the adsorption of EBT on nano-
hydrogel is shown in Fig. 7b. It is observed that with an 
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increase in contact time, the percent adsorption increases. 
Increase in contact time increases the probability of more 
interactions between the adsorbent and adsorbate mole-
cules. Maximum of 79% adsorption is noted after 240 min 
and a further increase in time decreases the adsorption rate 
to only 33%. This decrease in the adsorption rate can be due 
to the lesser availability of adsorption sites. 

3.4.3. Effect of pH

pH of the solution influences the rate of ionization of 
EBT molecules. The presence of highly reactive hydrogen 
or hydroxyl ions affects the adsorption rate to a large extent. 
The effect of pH on the adsorption of EBT on synthesized 
nanohydrogel was studied in the range of 1–9 (Fig. 7c). 
Results indicated that the adsorption of EBT is maximum 
in highly acidic medium and starts decreasing with the 
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Fig. 1. Synthetic scheme for the formation of hydrogel.

Fig. 2. Swelling behavior of ST-cl-poly(LA-g-AAm) NHG.
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rise in the pH value. pzc of ST-cl-poly(LA-g-AAm) NHG 
is 5.3 generalizing overall positively charged surface below 
5.3. EBT is an anionic dye, so lower pH offers maximum 
interactions and thus, maximum adsorption. However, 
increase in pH increases the repulsive forces between the 
ST-cl-poly(LA-g-AAm) NHG andEBT molecules, as a result 

of which % adsorption decreases. Maximum adsorption of 
89% adsorption is noted at pH 3.

3.4.4. Effect of adsorbent dosage

Adsorbent dosage is an important adsorption param-
eter which helps in determining the overall ability of the 
adsorbent of adsorption for the optimized concentration of 

Fig. 3. FTIR spectrum of ST-cl-poly(LA-g-AAm) NHG (a) before adsorption and (b) after adsorption of Eriochrome Black-T.

Fig. 4. SEM images of ST-cl-poly(LA-g-AAm) NHG.

Fig. 5. TEM images of ST-cl-poly(LA-g-AAm) NHG.
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EBT. Effect of different adsorbent dosages was studied in the 
range of 5–30 mg. Percent adsorption increases from 23 to 
74% with the increase in adsorbent dosage from 5 to 20 mg 
and then it starts decreasing. Increase in percent adsorption 
is probably due to increase in the binding sites and surface 
area of the adsorbent. However, when the adsorbent dosage 
exceeds a certain limit (20 mg), it resulted in a decrease of 
percent adsorption. Above 20 mg, the adsorbent molecules 
only increase the width of the layer and do not participate 
in further adsorption process [53,54]. 

3.4.5. Effect of temperature

Fig. 7e presents the effect of temperature on the rate 
of adsorption in the range of 20–70°C. Graphical trend 
represents that the rate first increases upto 60°C and then 
started decreasing generalizing the chemisorption of EBT 
onto ST-cl-poly(LA-g-AAm) NHG. High temperature gen-
eralizes the endothermic nature of the adsorption process.

Fig. 7. Adsorption parameters (a) concentration of adsorbate (b) contact time (c) pH (d) adsorbate dosage (e) temperature.

Fig. 6. pHpzc of ST-cl-poly(LA-g-AAm) NHG.
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3.5. Adsorption Isotherms

Isotherm studies helps in generalizing the type of 
adsorption process followed by the adsorbate molecules 
[55]. Different isotherm models studied are discussed 
below:

3.5.1. Langmuir isotherm 

Langmuir isotherm generalize that the adsorbate mole-
cules follows the monolayer adsorption on the adsorbent. It 
is given by the equation [20,56]:

C
q

C
q q K

e

e

e

m m L

= +
1  (5)

where qe is the amount of EBT molecules adsorbed on 
the nanohydrogel (mg/g); Ce is the concentration of EBT 
adsorbed at equilibrium (mg/L); qm and KL are the Langmuir 
constants related to the adsorption capacity and adsorption 
energy, respectively [57]. The values of qm and KL were eval-
uated from slope and intercept of the adsorption isotherm 
when plotted between Ce and Ce/qe [58]. Fig. 8a shows the 
Langmuir isotherm for the adsorption process. High cor-
relation coefficient R2 value of 0.966 has been obtained gen-
eralizing the monolayer adsorption of the EBT molecules 
on the ST-cl-poly(LA-g-AAm) NHG. The values of different 
rate constants are tabulated in Table 1.

3.5.2. Freundlich isotherm

Freundlich isotherm signifies the multilayer adsorption 
of adsorbate molecules on the energetically heterogeneous 
adsorbent surface sites. It can be clarified using the equa-
tion: 

q K Ce f e
n=

1
  (6)

where Ce (mg/L) is the concentration of EBT adsorbed at 
equilibrium; qe (mg/g) is the amount of EBT adsorbed on 
nanohydrogel; Kf and n are the Freundlich constants related 
to the multilayer adsorption and adsorption intensity, 
respectively [59]. 

Table 1 shows different Freundlich constants for the 
adsorption process. R2 value for this isotherm is 0.919 sig-
nifying the deviation of adsorption of EBT onto ST-cl-poly(-
LA-g-AAm) NHG from Freundlich isotherm. 

3.5.3. Temkin isotherm 

Temkin isotherm model assumes that heat of adsorption 
(which is a function of temperature) of all molecules in the 
layer would decrease linearly instead of logarithmic with 
coverage. This model is plotted between ln Ce and qe and 
the constants were determined by the intercept and slope 
of the graph [60,61]. This model is given by the equation as 
follows:

q B K B Ce t T t e= +ln ln  (7)

where KT is the Temkin isotherm equilibrium binding con-
stant (L/g) and Bt constant related to the heat of sorption 

(J/mol) [62,63]. Table 1 gives the values of different Tem-
kin constants as calculated from the linear plots between ln 
Ce and qe (Fig. 8c). Its lowest correlation coefficient value of 
0.806 generalizes its maximum deviation from the adsorp-
tion process. Adsorption capacities of various adsorbents 
for EBT are presented in Table 2.

3.6. Adsorption kinetics

Kinetic studies of sorption process provide us important 
evidence such as the time required for attaining the equilib-
rium point, adsorption rate and prophecy of adsorbate con-
centration in each phase after the equilibrium is reached. 
Adsorption kinetics was carried out by studying pseudo 

Fig. 8. Adsorption isotherms (a) Langmuir isotherm (b) Freun-
dlich isotherm (c) Temkin isotherm.
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first order and pseudo-second-order kinetics [64]. Pseu-
do-first-order kinetics is based on the supposition that the 
mechanism following the adsorption is physical in nature. 
It also demonstrates that the adsorption occurs exclusively 
onto one site per ion [65]. It can better be explained by the 
following equation:

log log
.

q q q
K

te t e−( ) = − ×1

2 303
  (8)

where K1 is the pseudo-first order rate constant. The val-
ues of the rate constants were determined from the slope of 
the plot between time (t) versus log (qe – qt).Pseudo-second 
order kinetics signifies the chemical interactions of adsor-
bate molecules with the adsorbent [66]. Pseudo-second 
order kinetics is given by the equation: 

t
q k q

t
qt e e

= +
1

2
2  (9)

where k2 is the overall rate constant for pseudo-second-or-
der kinetics (g/mg/min); qt is the quantity of EBT adsorbed 
at time t (mg/g) and qe is the amount of EBT adsorbed at 
equilibrium (mg/g). Values of all constants of kinetic stud-
ies are compiled in Table 3. Higher correlation value for 
pseudo-first order as compared to pseudo-second-order 
kinetics generalizes the physical interactions between the 
adsorbate and adsorbent. Results are presented in Fig. 9.

3.7. Thermodynamic Studies

Thermodynamic studies for the adsorption of EBT onto 
nanohydrogel has been carried out by studying the three 
factors i.e. ΔH0, ΔS0 and ΔG0. The value of ΔG0 at elevated 
temperatures can be calculated from the following equation 
[39]:

Δ Δ ΔG H T S0 0 0= −  (10)

Values of ΔS0 and ΔH0 are calculated from the slope 
and intercept of the graph plotted between 1/T and ln qe/

Table 2
Adsorption capacities of various adsorbents for EBT

S. No. Adsorbent Maximum 
adsorption  
capacity (mg/g)

Reference

1. Activated charcoal 4.71 [57]
2. Titanate nanotubes 31 [58]
3. Almond shell 6.02 [59]
4. Cold plasma treated 

almond shell
18.18 [59]

5. ST-cl-poly  
(LA-g-AAm) NHG

56.83 Present study

Table 1
Values of different constants for Langmuir, Freundlich and 
Temkin isotherm

S. No. Model Equation Parameter Value

1. Langmuir C
q

C
q q K

e

e

e

m m L

= +
1 qm (mg/g) 56.834

KL (L/mg) –0.006
R2 0.966

2. Freundlich log log logq n C Ke e F= + KF  (mg/g) 2.813
n –0.887
R2 0.919

3. Temkin q B K B Ce t T t e= +ln ln (L/g) 0.134
BT 0.312
R2 0.806

Table 3
Values of different rate constants for pseudo first order, pseudo- 
second order and thermodynamics study

Pseudo-first order K1
qe R2

3.0035 0.332 0.98267
Pseudo-second order K2

qe R2

0.818 1.222 0.86193
 Thermodynamics ΔH0 ΔS0 ΔG0

15.33 47.48 –1.409

Fig. 9. Adsorption kinetics (a) Pseudo first order kinetics (b) 
Pseudo second order kinetics.
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Ce (Fig.10). Thermodynamic studies help in elaborating the 
endothermic or exothermic nature of the adsorption pro-
cess [14]. The calculated values of the three factors from Fig. 
10 are presented in Table 3. The thermodynamic nature of 
the adsorption of EBT onto nanohydrogel can be examined 
from the changes of free Gibbs energy (ΔG0), enthalpy (ΔH0) 
and entropy (ΔS0). The negative value of ΔG0 (–1.409) signi-
fies the spontaneous nature of the adsorption process and 
positive value of ΔH0 (15.33) generalizes the endothermic 
nature of the adsorption process. Increase in randomness 
during the adsorption has been well explored by the posi-
tive value of ΔS0 (47.48).

3.8. Desorption of adsorbed EBT

In order to regenerate the adsorbed ST-cl-poly(LA-g-
AAm) NHG, the desorption studies were carried out to 
desorb the adsorbed EBT molecules from the surface of 
nanohydrogel. Studies on the pH effect showed that the 
adsorption was most probable in low pH or acidic medium 
generalizing that high pH or alkali solution may favour 
desorption. So, alkali solutions of NaOH and NH4OH of 
various concentrations such as 0.05 M, 0.5 M, 1.0 M, 1.5 
M and 2 M were used for evaluating the desorption effi-
ciencies. Results presented in Fig. 11 show that the increase 
in the concentration of NaOH from 0.05 M to 2 M greatly 
enhanced the desorption rate from 38 to 89%. Enhancement 
in desorption rate from 22 to 67% was also been observed in 
case of NH4OH but the result was more probable in case of 
NaOH determining strong alkali solutions of high concen-
tration favouring the desorption of EBT from the surface of 
ST-cl-poly(LA-g-AAm) NHG.

3.9. Reusability

The reusability of ST-cl-poly(LA-g-AAm) NHG was 
determined for the adsorption of EBT molecules and 
the results are presented in Fig. 12. Percent adsorption 
decreased from 88 to 71% during the consecutive 6 cycles. 
The decrease in the adsorption ability of ST-cl-poly(LA-g-
AAm) NHG with subsequent cycles can be due to the accu-
mulation of EBT molecules onto the active sites leading to 
non-availability of sites for adsorption.

4. Conclusion

Starch-cl-poly(lactic acid-g-acrylamide) nanohydrogel 
was prepared using co-graft/crosslinking polymeriza-
tion method. The adsorption tendency of the synthesized 
nanohydrogel was studied for the adsorptional removal of 
noxious EBT dye from the aqueous solution. The prepared 
nanohydrogel was characterized by different techniques 
for the structural analysis. The adsorption of EBT on ST-cl-
poly(LA-g-AAm) NHG followed pseudo-first-order kinet-
ics and the equilibrium data fitted well with the Langmuir 
isotherm model. Thermodynamics studies showed the 
spontaneous nature of the adsorption process. A positive 
value of enthalpy change shows the endothermic nature of 
the adsorption process.
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Fig. 10. Thermodynamics study for the adsorption process.
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