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In view of the critical concern for the toxic materials accumulation in environment, new materials 
synthesized from biocompatible feedstock are being investigated for purification technologies. In 
the present study we report a new hydrogel as adsorbent for Cu2+ ions under the simulated condi-
tions. Citric acid (CA) was reacted with poly(ethylene glycol) [PEG] via the lipase catalyzed reaction. 
The PEGylated-CA was characterized with SEM, 1H–NMR and FTIR spectroscopy and evaluated as 
an adsorbent of Cu2+ ions by variation of adsorption conditions with respect to time, temperature, 
solution pH and ion concentration. Subsequently, the maximum retention capacity (172.3 g/mg up 
to five feeds) was evaluated under the optimal adsorption conditions. The material is reusable and 
reusability studies were carried out up to 10 feeds.

Keywords:  PEGylatedCA; Water pollution; Maximum adsorption capacity; Langmuir isotherm; 
 Pseudo–second order kinetics

1. Introduction

Intensification of environmental pollution has severely
deteriorated several ecosystems with the accumulation of 
pollutants, especially the heavy metal ions present in the 
untreated effluents from various industrial processes [1]. 
As a result, over 70% of the health issues especially in the 
developing countries are related to water contamination, 
with huge adverse impact on human beings. Cu2+ ions are 
common contaminants in water bodies because of their 
applications in many industrial fields [2]. Though Cu2+ ions 
are present as cofactors in various enzymes in human body, 
but their presence at higher levels leads to many hazardous 
effects such as lipid peroxidation or increase in the methe-
moglobin content which causes death [3]. Also, they pose 
serious problem in water used in reactors or in the industrial 
processes. Huge scarcity of potable water coupled with its 
poor quality is a serious challenge to the humankind. Water 
is contaminated by various effluents including heavy met-
als, bacteria, organic and synthetic dyes and so on. Waste-
water from industries contains many toxic and carcinogenic 
materials including Cu2+ ions and these needs to be treated 

before the recycling of water [4]. Hence its removal from 
the aqueous solutions has been attempted by osmosis or 
UV treatment, but these are very expensive techniques [5]. 
Adsorption is the basic technique for the removal of heavy 
metal ions from water bodies and it is also cost-effective 
[6]. In literature there are many reports on the adsorption 
of Cu2+ ions from the aqueous solutions using biopolymers 
as well as synthetic polymer–based hydrogels [7–16]. There 
are several polymeric network used for removal of heavy 
metal ions from wastewater and can be interoperated by 
UV- spectroscopic techniques [17].

In the present study the objective was to synthesize 
citric acid (CA) and polyethyleneglycol (PEG) based envi-
ronmentally-friendly adsorbent for Cu2+ ions. PEG is an 
important biocompatible amphiphilic synthetic polymer 
with repeated ethylene oxide subunits and it is approved 
by FDA for human oral, intravenous dermal pharmaceu-
tical and water treatment applications [18]. PEGylation is 
the covalent attachment of the end ethylene oxide subunit 
with an active functional group of bioactive compound 
for an enhancement of its chain length consequently to 
improve or extend the properties of the substrate molecule 
[19]. It has been reported to enhance ion removal capacity 
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of poly(acrylonitrile) membrane in ultrafiltration process 
[20]. CA is an inexpensive, bioactive and non-toxic mate-
rial was used to anchor PEG via lipase catalyzed esteri-
fication reaction. CA has a reactive hydroxyl and three 
carboxyl groups and the latter act as the reactive centers 
where modification via PEG linkage can be affected. Mod-
ification of CA has been reported with eco-friendly and 
biodegradable materials and the resultant materials were 
investigated as adsorbents of heavy metal ions. Modifica-
tion of different bio-wastes with CA has been reported to 
enhance their capacity for the adsorption of heavy metal 
ions [21–24]. In a study the microfiltration technique was 
used to separate the metal ions wherein PEG and poly-
acrylic acid (PAAc) were complexed with each other and 
then used for the removal of toxic heavy metals such as 
Ni2+, Cu2+ and Cr6+ from the wastewater [25]. The new 
dendritic-type PEGylated CA-based hydrogel (PEGylated 
CA) was synthesized from CA and PEG via a greener 
protocol using lipase as biocatalyst at 45°C. The PEGylat-
ed-CA so synthesized was well characterized by different 
techniques and used as adsorbent for the removal of Cu2+ 
ions from the aqueous solutions. The adsorption kinetics 
and isotherm were also investigated. Modification of CA 
with PEG results in high adsorption capacity making the 
resultant PEGylated-CA a good candidate for Cu2+ ions 
adsorption.

2. Experimental

2.1.Materials

Citric Acid (Loba Chemie, Mumbai, India), polyeth-
ylene glycol (PEG400)  (Merck, Mumbai, India), sodium 
hydroxide, hydrochloric acid, di-sodium hydrogen ortho-
phosphate anhydrous (Na2HPO4), sodium dihydrogen 
orthophosphate dehydrate (NaH2PO4·2H2O) (all from 
S.D. Fine Chem Ltd, Mumbai), copper sulphate, potas-
sium chloride, lipase, reagent Cu-1, reagent Cu-2 (all 
from Merck, Mumbai, India, 99.9% purity),  were used as 
received. The concentration of Cu2+ ions in the adsorption 
experiments were determined with PhotoLab 6600 UV-Vis 
spectrophotometer and pH values were measured with pH 
meter (Eutech 20).

2.2. Synthesis of adsorbent

Citric acid-based adsorbent was modified by PEGyla-
tion process. In this method the esterification reaction 
between citric acid (CA) and PEG (1: 3 molar ratio by 
weight) at 45°C for 8 h in Chemical Reactor (MiniblockTM, 
Germany) was carried out. Lipase (1% by weight of total 
reaction mixture) was used as catalyst for the esterification 
reaction. The synthesized ester was named as polyeth-
ylene glycolcitrate (PEGylated-CA). The latter was washed 
thoroughly (4 times) to remove any unreacted materials. 
PEGylated-CA was separated out by washing it with ace-
tone and afterward dried in hot air oven at 40°C. After puri-
fication, it was refluxed by thermal treatment at 70°C in the 
deionized water to remove unreacted reaction components. 
The washing and drying cycles were repeated until a con-
stant weight was obtained. 

2.3. Characterization of hydrogel

Characterization of the synthesized adsorbent was car-
ried out by Fourier transform infrared FTIR spectroscopy 
(Nicollet 5700), 1H nuclear magnetic resonance spectroscopy 
NMR (Bruker Advance II 400 MHz spectrophotometer) and 
scanning electron micrograph (Joel Stereoscan-150). 

2.4. Adsorption studies of Cu2+ ions

PEGylated-CA (0.02 g) was immersed in 50 ppm (10.0 
mL) solution of Cu2+ ions that was prepared in the deion-
ized water and placed in a water bath (accuracy ± 0.01°C) at 
20°C. The adsorption capacity was studied as a function of 
time from 5 to 180 min. The determination of Cu2+ ions was 
carried by the specific cupric test reagents and determined 
photometrically with PhotoLab® 6600 spectrophotometer at 
540 nm. PEGylated-CA showed maximum uptake for Cu2+ 

ions within 120 min and thereafter it attained equilibrium. 
Therefore, the effect of temperature (20–40°C), Cu2+ ions 
concentration (5–150 ppm) and pH (2.0–9.0) was studied 
for 120 min. The maximum retention capacity (MRC) was 
determined by repeated treatments of the adsorbent with 
Cu2+ ions (concentration 100 ppm) at the optimum condi-
tions obtained. To evaluate the reusability of the adsorbent, 
the Cu2+-loaded adsorbent was treated with 0.1 N HCl for 
30 min to leach out the adsorbed ions and the regenerated 
adsorbent was reused in the successive feeds. The adsorp-
tion results were evaluated by using the following expres-
sions: 

Adsorption capacity q
mg
g

C C
V
mo t( )





= −( ) *  (1)

where q is the amount of Cu2+ ions adsorbed onto the unit 
dry mass of the PEGylated CA(mg/g), Co and Ct are the con-
centrations of ions in the feed solutions and in the aqueous 
phase after treatment for time t, respectively (mg L–1), V is 
the volume of the aqueous phase (L) and m is the weight of 
dry polymer (g).

3. Results and discussion

3.1. Characterization studies 

Scheme for the synthesis of PEGylated CA is presented 
in Fig. 1.

Confirmation of CA esterification by the incorporation 
of PEG resulting in network structure was obtained from 
the FTIR spectroscopy (Fig. 2). Such structure is visualized 
to have dendritic structure with three arms as all the three 
carboxylic groups present on CA were converted to ester 
groups. However, the second group of the PEG may get 
attached to the other CA molecule. FTIR spectrum of the 
synthesized ester PEGylated-CA has characteristic ester 
peaks at 1735.3 cm–1 due to (–C=O stretching in ester group) 
and at 1104.1 cm–1 (–C–O–C stretching) of ester and it also 
has adsorption band at 2929 cm–1. PEGC absorbs at 2987 
cm–1, 2925.3 cm–1, 1104.1 cm–1 due to –CH and –C–O–C– 
stretching. FTIR spectrum of PEGylated-CA and its Cu2+-
loaded sample has bands at 1731.2 cm–1 (–C=O stretching 
in ester group), 1104.1 cm–1 (C–O–C stretching) and 836.3 
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cm–1 (–C–C– in-plane bending). Some extra peaks in the 
spectrum at 1390.0 cm−1) and at 1453.8 cm−1 are characteris-
tic asymmetrical COO– band and symmetrical COO– bond 
band which may be due to the unreacted citric acid present 
on the surface of PEGylated-CA. On Cu2+ ions adsorption, 
changes in the intensity and band position of the import-
ant peaks signify adsorption on the polymeric surface. The 
additional peaks in the range of 550–500 cm–1 in the Cu2+ 

ions-loaded PEGylated-CA correspond to the bridged com-
plex of copper which has peaks at 550 and 500 cm–1 corre-
sponding to the asymmetrical Cu–O and Cu–OH vibrations, 
respectively [26].

Presence of the ester group was also confirmed from 
the 1H NMR spectrum of PEGylated-CA. The CA has 6 pro-
tons, 3 –CO2H, 2 –CH2 and 1 –OH, out of which two signals 
are expected to be in the range 2.6 ppm and 2.0 due to the 
– CH2 and 1 –OH proton. Similarly, PEG has four protons 
per monomeric unit on the main chain, –CH2CH2–, and one 
each on two end hydroxyl groups on each polymer chain. 
Out of the later one or both may react. In view of the afore-
said, the resultant modified CA is expected to have one sig-
nal due to the –OH proton from both the component and 
other singlet from the –CH2 of CA and other two as triplet 
from the PEG main chain. The PEGylated-CA has one sig-
nal at 2.7 ppm (singlet due to –CH2–C=O of the CA) and 
two triplets 3.5 to 5 ppm (triplet due to –CH2–O–CH2–O– 
from PEG) (Fig. 3). A broad signal is present between 1–2 
ppm due to the unreacted –OH group of CA and end –OH 
groups of PEG. This signal appears broad and diffused 

due to the dipolar interactions of these groups between the 
nearby components of the main chain. No signal due to the 
absorption by the carboxylic group proton is present in the 
spectrum, hence reaction was complete utilization of the all 
these groups but the extra signals due to the unreacted car-
boxylic groups may be out of the ppm range recorded.

SEM images of the Cu2+-loaded PEGylated-CA is pre-
sented in Fig. 4a. These images signify that hydrogel have 
dense surface which may be due to the different types of 
inter-chain interactions of the PEG chains on each CA unit. 
Such morphology is indicative of an active platform for 
the Cu2+ ions adsorption on the surface. A dense layer was 
observed after the adsorption of Cu2+ ions on PEGylated-CA 
surface as shown in Fig. 4b. Thus, the adsorption of metal 
ions on the surface of the polymer enhances its intensity.

PEGylated-CA behaves as hydrogel as it can retain 
good amount of water under different conditions. Such 
water holding capacity of the PEGylated-CA emanates 
from the physical cross linking of the three chains of PEG 
per CA molecule those dangle being long, having molec-
ular weight of 400, and consequently assemble and inter-
act with each other by polar interactions to form a physical 
cross linked network. The swelling behavior of PEGylat-
ed-CA was investigated from pH 2.0 to 9.0. Water uptake 
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Fig. 1. Scheme for synthesis of PEGylated-CA.

Fig. 2. FTIR spectra of a) PEGylated-CA, b) Cu-loaded 
PEGylated-CA.

Fig. 3. 1H-NMR Spectra of PEGylated-CA.
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increased with pH as the maximum water uptake of 550% 
was observed at pH 7.0, at 35°C and 120 min and minimum 
water uptake was observed at higher acidic pH upto 200% 
(Fig. 5). That signifies that the hydrogel structure opens up 
on interactions with water and also that portrays well for 
the partitioning of Cu2+ ions from the solution. The pH-de-
pendent swelling of hydrogels is well reported in literature. 
They shrink, hence absorb low amount of water, under the 
medium of low pH [27] , but absorb large amount of water 
at the higher pH.

3.2. Adsorption studies of Cu2+ ions

Hydrogel, per molecule of CA, has one hydroxyl, three 
ester and many ether groups those act as active sites for 
the metal ion uptake. Adsorption depends on many fac-
tors such as temperature, pH, concentration of pollutants, 
contact time, particle size, temperature, and nature of 
the adsorbate and adsorbent. The key part of an adsorp-
tion process is the adsorbents, as it can bind or capture 
heavy metal ions from the aqueous solutions. Initially 
the adsorption of Cu2+ ions (50 ppm) was studied for 2 
h at 35°C and 5.0 pH with 0.02 g of PEGylated-CA. The 
adsorption capacity of PEGylated CA increased with an 
increase in the contact time before attaining equilibrium as 
all the active sites of the PEGylated-CA were occupied by 
the ions (Fig. 6a). The temperature variation resulted in an 
increase in the adsorption capacity (q) from 20°C to 35°C, 
thereafter decrease in q values with further increase in 
temperature showed that with an increase in the tempera-
ture the PEGylated-CA structure opened up to adsorb Cu2+ 
ions. Further increase in temperature, however, reduced 
adsorption capacity due to the enhancement of thermal 
mobility of the ions and consequent reduced ionic inter-
actions (Fig. 6b).

Effect of pH on the Cu2+ ions adsorption was studied 
for 2 h at 35°C. The adsorption of Cu2+ ions under the 
acidic medium increased with an increase in pH and it 
attained maximum adsorption capacity value at pH 5.0. It 
decreased with subsequent increase in pH which implies 
that the adsorption behavior of Cu2+ ions is pH depen-

dent. In the strong acidic pH (2–4) media, complexation 
with ions is low because of the protonation of the adsor-
bent from the medium and hence the observed reduc-
tion in the adsorption capacity (Fig. 6c). When pH of the 
medium is less acidic metal ion retention increased on the 
ester and ethoxy groups which favor polymer–metal ions 
interactions. Under the basic and neutral pH medium the 
active sites become inaccessible for adsorption because the 
negatively charged functional groups around PEGylat-
ed-CA undergo substitution, hence the adsorption capac-
ity decreased because vacant sites are not available for 
adsorption. The adsorption of Cu2+ ions at different initial 
concentrations (10–150 ppm) was studied for 2 h at 35°C 
and pH 5.0. The linear increase in adsorption was observed 
up to pH 5.0 [28] and then decrease in the adsorption at 
pH 7.0 has been reported in literature [11]. The lower pH 
renders the polymer matrix to shrivel while it opens up at 
the higher pH making more sites available for the adsor-
bent-Cu2+ ions interactions. An increase in pH results in 
the opening up of the hydrogel matrix with a result in the 

 

Fig. 4. SEM images of a) PEGylated-CA, b) Cu-loaded PEGylated-CA.
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higher partitioning of the ions to the active sites on the 
hydrogel phase those are otherwise inaccessible at the 
lower pH due to the shriveling of the hydrogel network 
structure [29]. 

Percentage uptake (Pu) was observed to increase from 
32.8% to 83.8% when Cu2+ ions concentration was varied 
from 1.0 to 50.0 ppm at 35°C and pH 5.0. The adsorption 
capacity values (qe) increased upto 45.5 mg/g over the range 
of Cu2+ ions studied upto 100 ppm and thereafter afterward 
equilibrium was attained as shown in Fig. 6d. The adsorp-
tion of Cu2+ ions became constant at higher concentration as 
maximum adsorption was at 100 ppm because of saturation 
of the adsorbent active sites. From the forgone discussion 
it follows that optimum conditions for Cu2+ uptake were 
obtained as 120 min, 35°C, pH 5.0 and 100 ppm of Cu2+ ions 
and at these conditions maximum retention capacity (MRC) 
of the adsorbent was evaluated.

High MRC of 172.3 mg/g was obtained when studied 
repeatedly upto five feeds for 120 min, at 35°C, pH 5.0 and 

100 ppm of Cu2+ ions in every single feed (Fig. 7). The reus-
ability of the adsorbent was studied after the Cu2+-loaded 
adsorbent was treated with 0.1 N HCl upto 10 feeds to 
remove the adsorbed ions. The results obtained from the 
present study show that the adsorbent is reusable. Regen-
erated adsorbent showed comparative uptake with MRC 
(Fig. 7).

3.3. Adsorption mechanism of Cu2+ ions

Adsorption is a surface phenomenon and the adsorp-
tion isotherm can determine the mechanism of adsorption. 
To investigate the adsorption mechanism, Langmuir and 
Freundlich isotherms were applied as a function of adsorp-
tion capacity qe to the obtained experimental values. The 
Langmuir model assumed a monomolecular layer forma-
tion between adsorbate and adsorbent [30]. The Langmuir 
model is represented as:
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1 1 1 1
q q K q Ce mon L mon e

= +   (2)

Where KL the Langmuir constant, is related to the energy of 
adsorption (L/mg) and it reveals strength of the adsorbed 
ion-adsorbent binding and qmon is the maximum adsorption 
of Cu2+ ions corresponding to the complete monolayer cov-
erage on the surface. Ce is the equilibrium concentration 
after time 2 h. The linear plot of Ce /qe versus Ce shows good 
fit of the adsorption capacity with the Langmuir adsorption 
isotherm model. The high correlation coefficient (r2) value 
(0.999) shows that the experimental data fits reasonably 
well in the linearized form of the Langmuir isotherm for the 
PEGylated-CA [Table 1 and Fig. 8a]. The qmon(80.06 mg/g) 
and KL (0.00219) values were, respectively, calculated from 
the intercept and slope of the linear plots. A dimensionless 
constant of Langmuir isotherm, separation factor or equilib-
rium parameter, RL, can be expressed as:

R K CL L o= +( )1 1/  (3)

where KL (L mg−1) is the Langmuir constant, defined earlier, 
and C0 (mg L−1) is the initial concentration. The calculated 
value of the dimensionless factor RL (0.3134) is included in 
Table 1. RL value > 1 zero and < than 1 indicates that the 
PEGylated-CA is favorable platform for the adsorption of 
Cu2+ ions. The adsorption process can be well described by 
the Langmuir model, which is monolayer adsorption onto 
the adsorbent surface.

The Freundlich isotherm assumes that a non-ideal 
adsorption process on the heterogeneous surfaces and the 
adsorption capacity are related to the concentration of ions 
at equilibrium [31]. 

The linearized form of isotherm was used to calculate 
adsorption data by the following equation:

logq logK n logCe F e= + ( )1/   (4)

where qe is the equilibrium adsorption capacity (mg/g) and 
Ce is the equilibrium concentration (mg/L). KF (3.732) and 
n (1.63) are the Freundlich constants which are related to 
adsorption capacity and intensity. In this case value of n > 1 
(1.63) confirmed the spontaneous adsorption, but Freundlich 
constant show non-linear match with the experimental data 
and has low correlation coefficient (r2) which is 0.960. 

In present study, the experimental values better matches 
the qe values obtained from the Langmuir model rather than 
the Freundlich model. Hence, it is Langmuir isotherm that 
better describes the adsorption of Cu2+ ions, which signifies 
monolayer formation and it is obvious for these types of 
adsorbents which have functional groups such as –OCOR 
as the adsorption sites.

3.4. Kinetic Studies of Cu2+ ions

Kinetic modeling tells about the adsorption rate as well 
as the characteristic of possible reaction mechanism. These 
studies describe the solute uptake rate and predict the rate 
at which the pollutant is removed from the waste water. To 
study the adsorption kinetics three models were applied. 
Pseudo-first order kinetic model is based on the adsorption 
capacity of adsorbent and is generally expressed as [32]:

ln lnq q q K te t e−( ) = − 1  (5)

where qe and qt are amounts of Cu2+ ions adsorbed per g 
of adsorbent (mg g–1) at equilibrium and at time t (min), 
respectively. K1 is the pseudo-first order rate constant for 
the adsorption process (min–1). Plot of ln (qe – qt) vs. t gives 
a straight line for the first order adsorption kinetics and K1 
can be calculated from the slope of that line. In the present 
study r2 has low value and does not match well with the 
experimental data.

Pseudo-second order kinetic model is based on the 
adsorption capacity of the expressed as [33]:

t
q K q

t
qt e e

= +
1

2
2   (6)

where K2 (1.2 × 10−5) (g mg−1 min−1) is the rate constant of the 
pseudo-second order adsorption. The pseudo-second order 
rate constant K2 is determined from the experimental data 
by plotting t/qt vs. t. 
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Table 1
Langmuir and Freundlich constants for adsorption of Cu2+ ions 
by PEGylated-CA

Langmuir Freundlich

r2 KL 
in g–1

qmon 

(mg g–1)
RL r2 n KF 

(L/mg)

0.998 0.00219 80.06 0.3134 0.960 1.63 3.732
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The kinetics studies were also studied using the Elovich 
equation which is expressed as below [34]:

q tt = ( ) + ( )1 1
β

αβ
β

ln ln  (7)

where α is the initial sorption rate constant (0.52882 mg/g 
min) and the parameter β is the extent of surface cover-
age and activation energy for adsorption (0.1032 g/mg). A 
graph of the Elovich equation between qt and ln t over the 
range of contact time was plotted to calculate correlation 
coefficient. The adsorption capacity values obtained from 
different kinetic models were matched with the experimen-
tal values and were found to have good match [35]. The 
equilibrium adsorption capacity (qe) was obtained from the 
intercept and slope of the graph of t/qt vs. t. The calculated 
qe values are in good agreement with the experimental data 
as shown in Table 2 (Fig. 8b). Also, higher r2 value is a strong 
indicator of the fact that the model fits to describe the kinet-
ics of Cu2+ ions adsorption in the present case. Therefore, 
present results and the adsorption process followed the 
pseudo-second order kinetics, which justifies significant 
contribution of the chemical adsorption mechanism. The 
rate of adsorption depends upon both on the nature of the 
polymeric and active functional groups.

3.5. Thermodynamic studies 

A thermodynamic study is an important parameter to 
determine the feasibility/spontaneity of the adsorption 
process. The Gibbs free energy change, negative ∆G°, indi-
cates whether chemical reaction is feasible or not. The equi-
librium constant Kc is given by the relation:

K
C
CC

e

o

=   (8)

where Ce and Co (both in mg L−1) are the equilibrium concen-
tration, initial concentration for Cu2+ ions. ∆G°, ∆H° and ∆S° 
are related to the adsorption equilibrium constant Kc can be 
calculated from the following equation:

∆G° = –RT lnKC (9)

where ∆G° is the standard free energy change (J/mol), R 
is the universal gas constant (8.314 J/mol K), and T is the 
absolute temperature (K). 

ln K
H

RT
S
TC = −

°
+

°∆ ∆
 (10)

A plot of ln Kc vs. 1/T gives values of ∆H° and ∆S° from 
the slope and intercept. A plot of ln Kc vs. 1/T for the cal-
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Table 2
Pseudo first order constants, Pseudo second order constants and Elovich constants for adsorption Cu2+ ions by PEGylated CA

Pseudo first order kinetic model Pseudo second order kinetic model Elovich equation 

r2 K1 

(min−1)
qe 

(mg/g)
r2 K2 

(g/mg min)
qe 

(mg/g)
r2 α 

(mg/g min)
β 
(g/mg)

0.988 7.6 × 10–2 42.59 0.993 1.2 × 10–5 45.10 0.911 0.52882 0.1032
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culation of ∆G°, ∆H° and ∆S° (not presented). The results 
show that adsorption process was endothermic in nature 
as ∆H° obtained was positive. Since adsorbent have active 
functional groups which can easily diffuse the Cu2+ ions. 
Thus, with an increase in temperature the Cu2+ ions become 
more accessible to the adsorbent. The values of thermody-
namic parameters are presented in Table 3.

The negative values of (–∆G°) free energy of adsorption 
indicate the spontaneity of the process at all temperature 
confirms that adsorption is spontaneous [35]. The maxi-
mum adsorption capacity of other adsorbents were studied 
and tabulated in Table 4 for the sake of comparison.

4. Conclusions 

The aim of the present study was to synthesize a new 
PEGylated-citric acid based adsorbent via the lipase-cata-
lyzed reaction. The adsorbent is constituted of biocompat-
ible components and the synthetic process used is green, 
hence there was neither any toxic material/s generated at 
the synthetic stage nor will its decomposition, after use, 
generate any. The adsorbent mainly has ester or ethoxy 
groups on the polymer chains as the active functional 
groups those act as the active sites in the adsorption pro-
cess. It has been found to be a very effective adsorbent for 

Cu2+ ions. The optimum adsorption capacity was observed 
after 2 h at 35°C and pH 5.0. The adsorbent is reusable and 
exhibited a very high maximum retention capacity upto 
172.3 mg g–1 after 10 feed cycles. All the experimental data 
show better match with Langmuir isotherm and followed 
pseudo-second order kinetics. The adsorbent is a good 
candidate for the removal of Cu2+ ions from the industrial 
or natural waste water. 

Acknowledgement 

One of the authors, Priyanka Dogra, thankfully 
acknowledges University grants Commission, New Delhi, 
India, for financial support under the RGNF-2010 Scheme.

References

[1] K. Hu, K. Wang, J. Liu, Q. Dong, Hybrid membrane adsorbents: 
Preparation and their adsorptions for copper(II) ions, Desal. 
Wat. Treat., 57 (2016) 4606–4615.

[2] J. Shou, M. Qiu, Adsorption of copper ions onto activated car-
bon from capsicum straw, Desal. Wat. Treat., 57 (2016) 353–359.

[3] Copper in Drinking-water Background document for develop-
ment of WHO Guidelines for Drinking-water Quality, WHO/
SDE/WSH/03.04/88, World Health Organization 2004.

[4] A.I. Bush, The galvanization of β-amyloid in Alzheimer’s dis-
ease,  Curr. Opin. Chem. Biol., 4 (2000) 184–191. 

[5] S.M. Xu, S. Feng, F. Yue, J.D. Wang, Adsorption of Cu2+ ions 
from an aqueous solution by crosslinked amphoteric starch. J. 
Appl. Polym. Sci., 92 (2004) 728–732.

[6] L. Guo, S.F. Zhang, B.Z. Ju, J.Z. Yang, Study on adsorption of 
Cu2+ by water insoluble starch phosphate carbamates. Carbo-
hydr. Polym., 63 (2006) 487–492.

[7] G.S. Chauhan, B. Singh, S.K. Dhiman, Functionalization of 
poly(4-vinyl pyridine) grafted cellulose by quaternization 
reactions and a study on the properties of post-quaternized 
copolymers. J. Appl. Polym. Sci., 91 (2004) 2454–2464.

[8] G.S. Chauhan, S. Kumar, A. Kumari, R. Sharma, Study on the 
synthesis, characterization, and sorption of some metal ions 
on gelatin- and acrylamide-based hydrogels, J. Appl. Polym. 
Sci., 90 (2003) 3856–3871.

Table 3
Thermodynamic parameters for adsorption process

Temperature 
(K)

∆G° 
(J/mol)

∆H° 
(J/mol)

∆S° 
(J/mol K)

293 –15187.9 18659.4 11.84
298 –15478.9
303 –15769.9

308 –16060.9
313 –16351.9

Table 4
The maximum adsorption capacity of other adsorbents for the sake of comparison

S.No. Adsorbent pH Concentration of 
adsorbate Cu2+ 
(mg/L)

Contact time 
(h)

Maximum 
adsorption capacity 
(mg/g)

Ref.

1. Gelatin-based hydrogel 4.0 10 2 14.9 [12]
2. Starch-based functional hydrogel 7.0 50 2 128.26 [11]
3. Fish scales of oreochromis niloticus 

(Mojarra Tilapia)
5.0 25 1 58 [36]

4. Calcium hydroxide activated 
watermelon

5.0 10 1 31.25 [37]

5. Chitosan/polyethylene oxide (PEO) 
nano fibres

5.5 100 3.3 94.75 [38]

6. Wasted black tea powder 4.4 25 16 min 43.14 [39]
7. Poly(N-isopropylacrylamide-co-

acrylic acid) hydrogel
4.4 25 1.0 67.25 [40]

8. Hazelnut shell activated with carbon 6.0 25 33 min 58.27 [41]
9. PEGylated-CA 5.0 100 1 172.8 Present work



P. Dogra, G.S. Chauhan / Desalination and Water Treatment 79 (2017) 264–272272

[9] G.S. Chauhan, B. Singh, S. Chauhan, M. Verma, S. Mahajan, 
Sorption of some metal ions on cellulosics-based hydrogels, 
Desalination, 181 (2005) 217–224.

[10] G.S. Chauhan, B. Singh, M. Verma, R. Sharma, Use of biopoly-
mers and acrylamide-based hydrogels for sorption of Cu2+, 
Fe2+, and Cr6+ ions from their aqueous solutions, Desalination, 
197 (2006) 75–81.

[11] K. Chauhan, G.S. Chauhan, J-H. Ahn, Novel polycarboxylated 
starch-Based sorbents for Cu2+ ions, Ind. Eng. Chem. Res., 49 
(2010) 2548–2556.

[12] M. Kumari, G.S. Chauhan, Adsorption capacity, kinetics, and 
mechanism of copper(II) uptake on gelatin-based hydrogels, J. 
Appl. Polym. Sci., 119 (2011) 363–370.

[13] T.S. Anirudhan, M. Ramachandran, Synthesis and character-
ization of amidoximated polyacrylonitrile/organo-bentonite 
composite for Cu2+, Zn(II), and Cd(II) adsorption from aque-
ous solutions and industry wastewaters. Ind. Eng. Chem. 
Res., 47 (2008) 6175–6184.

[14] A.M. Patel, R.G. Patel, M.P. Patel, Nickel and copper removal 
study from aqueous solution using new cationic poly[acryl-
amide/N,N-DAMB/N,N-DAPB] superabsorbent hydrogel, J. 
Appl. Polym. Sci., 119 (2011) 2485–2491. 

[15] T. Singh, R. Singh, Reuse of a waste adsorbent poly(AAc/AM/
SH)-Cu superabsorbent hydrogel, for the potential phosphate 
ion removal from waste water: Matrix effects, adsorption 
kinetics, and thermodynamic studies, J. Appl. Polym. Sci., 129 
(2013) 3126–3139. 

[16] T. Feng, J. Wang, F. Zhang, X. Shi, Removal of Cu2+ from an 
aqueous solution with copper(II)-imprinted chitosan micro-
spheres, J. Appl. Polym. Sci., 128 (2013) 3631–3638. 

[17] J. Wang, F. Liu, UV-radiation curing of simultaneous inter-
penetrating polymer network hydrogels for enhanced heavy 
metal ion removal, Mater. Sci. Eng. B., 177 (2012) 1633–1640.

[18] J.M. Harris, N.E. Martin, M. Modi, PEGylation: a novel process 
for modifying pharmacokinetics, Clin. Pharmacokinet., 40 
(2001) 539–551.

[19] R. Greenwald, Y. Choe, J. McGuire, C. Conover, Effective drug 
delivery by PEGylated drug conjugates, Adv. Drug Delivery 
Rev., 55 (2003) 217–250.

[20] S.A.A.N. Nasreen, S. Sundarrajan, S.A.S. Nizar, R. Balamuru-
gan, S. Ramakrishna, Advancement in electrospun nanofi-
brous membranes modification and their application in water 
treatment, Membranes, 3(4) (2013) 266–284.

[21] W.E. Marshall, L.H. Wartelle, D.E. Boler, M.M. Johns, C.A. 
Toles, Enhanced metal adsorption by soybean hulls modified 
with citric acid, Biresour. Technol., 69 (1999) 263–268.

[22] L.H. Wartelle, W.E. Marshall, Citric acid modified agricultural 
by-products as copper ion adsorbents, Adv. Environ. Res., 4 
(2000) 1–7.

[23] J.P. Chen, S. Wu, K.H. Chong, Surface modification of a granu-
lar activated carbon by citric acid for enhancement of copper 
adsorption, Carbon, 41 (2003) 1979–1986.

[24] B. Zhu, T. Fan, D. Zhang, Adsorption of copper ions from aque-
ous solution by citric acid modified soybean straw, J. Hazard. 
Mater., 153 (2008) 300–308.

[25] E. Swaminathan, S. Nagappan, R. Padmavathi, S. Dharmalin-
gam, Separation of Ni2+, Cu2+ and Cr6+ metal ions from water 
by complexation micro filtration technique using synthetic 
polymer membranes, Prog.  Nanotechnol. Nanomater., 2 (2013) 
47–54.

[26] K. Chauhan, G.S. Chauhan, J.-H. Ahn, Synthesis and charac-
terization of novel guar gum hydrogels and their use as Cu2+ 
sorbents, Bioresour. Technol., 100 (2009) 3599–3603.

[27] R.A. Gemeinhart, J. Chen, H. Park, K. Park, pH-sensitivity 
of fast responsive super porous hydrogels, J. Biomater. Sci., 
Polym. Edn., 11 (2000) 1371–1380.

[28] I.A. Sengil, M. Ozacar, Biosorption of Cu2+ from aqueous solu-
tions by mimosa tannin gel,  J. Hazard. Mater., 157 (2008) 277–
285.

[29] Y. Sag, T. Kutsal, The selective biosorption of Chromium(VI) 
and Copper(II) ions from binary metal mixtures by R. arrhizus, 
Process Biochem., 31 (1996)  561–572.

[30] I. Langmuir, The constitution and fundamental properties of 
solids and liquids, J. Am. Chem. Soc., 38 (1916) 2221−2295.

[31] H.M.F. Freundlich, Over the adsorption in solution, J. Phys. 
Chem., 57 (1906) 385–471.

[32] K.K. Singh, R. Rastogi, S.H. Hasan, Removal of Cr(VI) from 
wastewater using rice bran, J. Colloid Interface Sci., 290 (2005) 
61–68.

[33] Y.S. Ho, G. McKay, Pseudo-second order model for sorption 
processes, Process Biochem., 34 (1999) 451–465.

[34] S.Z. Roginsky, J. Zeldovich, Acta Phys. Chem., USSR, 1 (1934) 
554–594.

[35] S.S. Thakur, G.S. Chauhan, Gelatin–Silica-based hybrid 
materials as efficient candidate for removal of chromium 
(VI) from aqueous solutions, Ind. Eng. Chem. Res., 53 (2014) 
4838–4849. 

[36] J.F. Villanueva-Espinosa, M. Hernandez-Esparza, F.A. 
Ruiz-Trevino, Adsorptive properties of fish scales of oreochro-
mis niloticus (Mojarra Tilapia) for metallic ion removal from 
waste water, Ind. Eng. Chem. Res., 40 (2001) 3563–3569.

[37] H. Gupta, P.R. Gogate, Intensified removal of copper from 
wastewater using activated watermelon based biosorbent in 
the presence of ultrasound, Ultrason. Sonochem., 30 (2016) 
113–122.

[38] I. Lakhdhar, P. Mangin, B. Chabot, Copper(II) ions adsorp-
tion from aqueous solutions using electrospun chitosan/PEO 
nanofibres: Effects of process variables and process optimiza-
tion, J. Water Pro. Eng., 7 (2015) 295–305.

[39] C-H. Weng, Y-T. Lin, D-Y. Hong, Y.C. Sharma, S-C. Chen, K. 
Tripathi, Effective removal of copper ions from aqueous solu-
tion using base treated black tea waste, Ecol. Eng., 67 (2014) 
127–133.

[40] J.J. Chen, A.L. Ahmad, B.S. Ooi, Poly(N-isopropylacryl-
amide-co-acrylic acid) hydrogels for copper ion adsorption: 
Equilibrium isotherms, kinetics and thermodynamic studies, 
J. Environ. Chem. Eng., 1 (2013) 339–348.

[41] E. Demirbas, N. Dizg, M.T. Sulak, M. Kobya, Adsorption kinetics 
and equilibrium of copper from aqueous solutions using hazel-
nut shell activated carbon, Chem. Eng. J., 148 (2009) 480–487.


