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Abstract: In this study, we aimed to identify the effect of agar proportion on the synthesized superabsorbent properties based on 
PVP (Polyvinyl pyrrolidone), poly (ethylene glycol) (PEG) and agar. In a first stage, the study of swelling and deswelling behavior of 
synthesized hydrogel was done. It was proved that agar acts as a crosslinking inhibitor since it competes with free radicals. The pH 
versus swelling time was studied. The polymer was characterized by Fourier transform infrared spectra analysis and X-ray 
Diffraction. The removal of Cu(II) from aqueous solution by the prepared PVP/PEG/agar hydrogel was studied. Also, the influences 
of pH and contact time were investigated throughout adsorption experiments. The maximum retention capacity was found to be 36.5 
mg g-1 for the hydrogel containing 1% of agar. The kinetic parameters were calculated from the experimental data and it was shown 
that they fit well with pseudo-second-order kinetic model.  
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1. Introduction 

Hydrogels are three-dimensional polymeric 

networks whose main feature is the ability to absorb 

and retain large volumes of water. Because of their 

excellent characteristics, superabsorbents have been 

widely used in many areas, such as disposable diapers, 

feminine napkins [1], humidity controller in 

packaging [2], protect Optical Fiber Cables from 

water penetration [3], as agriculture support to 

maintain water in plants neighborhood [4] and 

because of their weak irritation potential [5] they are 

used in hygienic and medical products such as wound 

dressing [6]. These polymeric hydrogels are promising 

materials in the field of hydrometallurgical 

applications as well as water purification because of 

their chemical stability [7]. 

                                                           
*Corresponding author: Nour Elhouda Ben Ammar, research 
assistant, research field: polymers. 

These hydrogels can be obtained by simple 

crosslinking of two linear polymers and modified by 

blending some natural polymers. These hydrogels 

exhibit properties that are different from those of the 

initial polymers. This can be made by radical reaction 

introduced by various electromagnetic irradiations. 

JM. Rosiak and coworkers [8] used gamma irradiation 

to make hydrogel marketed under the name of 

AQUA-GEL ®. However, Z. Ajji and coworkers [6] 

used electron beam with the same composition in 

order to compare the quality. Similarly, C. Lilian and 

colleagues [9], have used the direct UV 

photocrosslinking to avoid the use of high energy 

radiation. 

The present work reports the use of Gamma 

irradiation technique as a clean and environmentally 

friendly method, the properties of the obtained 

material will be compared in our next paper with those 

of a chemically synthesized hydrogel using free 
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radical initiators such as ammonium persulfate. PVP 

is commonly used as a food additive considering its 

inoffensive properties, it was then selected as a base 

polymer for synthesizing a hydrogel for agricultural 

applications. Also the impact of agar proportion on the 

degree of crosslinking, and therefore on the swelling 

properties were studied. The hydrogel retention 

capacity with respect to Cu (II) ions, and the amount 

of metallic ions absorbed by the polymers was 

determined using an atomic absorption 

spectrophotometer, and finally the adsorption kinetics 

was determined. 

2. Experimental and method  

2.1 Materials  

AlI reagents were commercially available and used 

without further purification. Reagents used in the 

synthesis of gamma irradiated crosslinked hydrogel 

are PVP (MW : 360,000) (Sigma), PEG (MW: 3,000) 

(Fluka), agar (Sigma Alderich biochimica), diluted 

solutions of HCl (Scharlau) and NaOH (Scharlau) in 

order to fix pH, copper (II) contained in the 

(CuSO4∙5H2O) ( sigma) and distilled water.  

2.2 Synthesis of Hydrogel  

8% of PVP (MW: 360,000), 5% of PEG (MW: 

3,000), a proportion of 0.5, 1, 1.5 and 2% of Agar 

were mixed in a ball, and adjusted to 100% with 

distilled water. The ball was heated under reflux 

device at temperature which exceeds 80 °C and was 

left under agitation until the solution becomes crystal 

clear [7]. Obtained solutions were transmitted into 40 

ml closed plastic flasks in order to be irradiated with 

Co60 -ray irradiation.  

2.3 Irradiation  

Irradiation of the hydrogel samples were done at the 

Tunisian semi-industrial Co60 gamma irradiation 

facility at the dose rate of about 1 kGy·h-1 [10]. 

Dosimetry was done using Fricke chemical dosimeter 

and the traceability was established with alanine/EPR 

dosimetry system in terms of absorbed dose to water 

traceable to Aérial Secondary Standard Dosimetry 

Laboratory (SSDL), Strasbourg-France.  

2.4 Measurement  

FT-IR spectra of the polymers were recorded with 

Perkin Elmer  FT-IR system in the range 4,000-600 

cm-l. Atomic absorption data were obtained using 

AAS vario 6 spectrophotometer. X-rays diffraction of 

samples were done using a diffractometer model 

X'PERT Pro MPD PANALYTICAL. High-voltage 

generator: 60 KV, 60 mA. X-rays source: Ceramic 

tube of X- rays with copper anode of 1,8 kW power. 

Goniometer -2 configuration: Radius of de 

goniometer: 240 mm, fixed RX source, mobile 

detector X'Celerator (2), mobile sample () (in 

horizontal position ), step : 0.001°. 

2.5 Swelling Study  

Before starting swelling studies, all soluble parts 

contained in the hydrogel should be removed. 

Therefore, drying samples were firstly provided and 

then left in distilled water during several days, until 

reaching a constant weight corresponding to the 

adsorption balance. Final samples were then dried 

once more time at room temperature in order to be 

used for swelling studies.  

The prepared gels were cut into discs and then 

swollen in buffer solutions having different pH, 

ranging from 1 to 10.5 at 25 °C. The swelling ratio 

was determined from the following equation: 

100*)(
i

if

w

ww
S


           (1) 

where, wf and wi are the weights of the swollen and 

the dry hydrogel, respectively.  

2.6 Isothermal Dehydration  

The dehydration behavior was followed by 

isothermal measuring, of the percentage mass 

decrease of the hydrogel, at room temperature [7]. 

This dehydration percentage was determined using 
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following equation: 

100*)((%)
i

f

w

w
nDehydratio         (2) 

2.7 Adsorption Experiment  

2.7.1 PH versus the Metal Retention  

The pH versus the metal retention was established 

using 20 ml of metal ion solution (500 mg·L-1). The 

pH values were selected to be below 5 because 

beyond which, we observe the apparition of Cu(OH)2 

precipitate [11]. pH of metal ions solution was 

adjusted by adding diluted NaOH or HCl solution. 

The adsorbed quantity of copper was determined 

using following equation:  

W

V
CCQ fad *)( 0       (3) 

where, Co and Cf are the concentrations of metal ions 

before and after the adsorption, respectively   

(mg·L-1), V is the volume of solution (L) and W is the 

weight of the hydrogel (g).  

2.7.2 Rate of Metal Ion Adsorption 

Batch studies were carried out with the prepared 

PVP/PEG/agar hydrogel in order  to determine the 

effect of retention duration of metal ion. 50 ml of Cu 

(II) solution (500 mg·L-1) are mixed with prepared 

hydrogel and stirred. At regular time intervals, 

aliquots were taken from the solution and analyzed by 

atomic absorption spectroscopy. 

2.7.3. Kinetic Models  

Previous results were used to examine the 

effectiveness of the adsorption of various prepared 

hydrogels. For information on the different stages of 

adsorption over time, adsorption phenomena must be 

studied kinetically. 

A simple kinetic analysis represented by a four 

different kinetic models was applied in this study to fit 

adsorption efficiency of the different prepared 

hydrogels. These are the pseudo-first-order equation, 

the pseudo-second-order equation, the equation of 

Elovich and intraparticules diffusion model. These 

models use the following linearized relationship [12]. 

Pseudo first-order: This is a widely used model. It 

assumes that the speed is proportional to the difference 

between the adsorbed amount at equilibrium “qe” and 

adsorbed amount “qt” at time t: 

tkqqq ete 1ln)ln(              (8) 

Pseudo second-order [13] (Ho et al., 1998): This 

model is used more than the previous since it is valid 

for a wide range of time. It assumes heterogeneity of 

adsorption sites. 

ee q

t

qkq

t
 )

²

1
(

2

             (9) 

The two previous models are based on the 

composition of the milieu 

Elovich [14], this model assumes that the adsorption 

is through a chemisorption mechanism 

tqt ln)ln(           (10) 

Intraparticle diffusion model: This model is 

proposed by Weber and Morris [15]. It highlights the 

type of diffusion mechanism that is involved in the 

kinetics. The representation of the equation is very 

simple. The model equation is of the form: 

1 2( / )
e intq k t                (11) 

where, qe and qt are the amount of copper (II) ions 

adsorbed on the adsorbent at equilibrium and at various 

time (mg·g-1), k1 (min-1) and k2 (g·mg-1·min-1)are the 

rate constant of the pseudo first-order and pseudo 

second-order model respectively, α  is the initial 

adsorption rate (mg·g-1·min-1) and β is desorption 

constant (g·mg-1) for Elovich model and kint is the 

intraparticle diffusion constant (mg·g-1·min-1/2). 

The two previous models assume that the 

adsorption is through the mass transfer mechanism by 

diffusion. 

3. Results and Discussion 

3.1 Synthesis and Mechanism Aspects 

Radiation-induced crosslinking polymerization has 
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long been recognized as a powerful technique for the 

formation of hydrogels with unique properties. Here, 

ionizing radiation was used for the preparation of 

PVP/PEG/agar hydrogel. For the synthesis of desired 

hydrogel by γ-ray irradiation, a possible mechanism 

(involving more important steps) is proposed in 

scheme 1. It should be mentioned that during the 

irradiation of PVP, PEG agar and water mixture, most 

of the energy is absorbed by water and only a very 

small fraction by other components. [16]. As a result, 

short-lived reactive  species are formed such as OH 

radicals and H-atoms (reaction A). 

Then polymer radicals could be generated due to 

the abstraction of hydrogen atoms from 

macromolecules by hydroxyl radicals and hydrogen 

atoms (reaction B). 

Davis et al [17] were the first to propose the 

structure of poly (N-vinyl-2-pyrrolidone) radicals 

generated during irradiation of PVP in aqueous 

solution. 

ଶܱܪ
ఊ ௥௔௬
ሱۛ ሮۛ ሶܪܱ ൅ ሶܪ                             (Reaction A) 

݈݁ݑ݈ܿ݁݋݉݋ݎܿܽܯ  ൅ ሶܪܱ ሺܪሻሶ ՜ ଓ݈ܿܽ ሶ݀ܽݎ݋ݎܿܽܯ ൅  ଶሻ           (Reaction B)ܪଶܱሺܪ
The most probable dominant radical structure are 1 

and 2 illustrated in scheme 1. They are formed by the 

abstraction of hydrogen from the methylene and 

methylidene groups. The third one  is formed by the 

hydrogen abstraction from terminal hydroxide (it is 

important to ad 3 on scheme 1). 

During the irradiation of aqueous solution, 

generated macroradicals may react in different ways; 

either one radical (chain scission and hydrogen 

transfer) or two-radical (cross-linking and 

disproportionation). It may be also a recombination 

that may occur between two radicals localized in the 

same chain or between two radicals within separate 

macromolecules.  

It should be noticed that controlling the proportion 

of recombination and disproportionation reactions is 

set by the radical structure and it might be very 

difficult to control this parameter. 

Hydrogels synthesis upon irradiation of polymer in 

solution may occur basically by intramolecular 

reactions and intermolecular cross-linking of polymer 

radicals. Since there is always a competition between 

these two processes and degradation, the ultimate goal 

is to choose the right conditions that promote 

intramolecular and intermolecular cross-linking and 

reduce the probability of undesirable processes.  

The combination of these processes may form 

PVP/PEG/agar hydrogel with a SIPN structure (semi 

interpenetrating network) whereby agar and PEG are 

entangled within the crosslinked PVP or a grafted 

network whereby agar and/or PEG is grafted into the 

PVP backbone [18]. The effect of the network 

structure could influence the swelling behavior of the 

PVP/PEG/ agar hydrogel. This is clearly demonstrated 

in Figs 3 and 4. 

3.2 Characterization 

In order to identify the variation of chemical 

structure of the crosslinked hydrogel, Infrared 

spectroscopy technique was used. Fig. 1 illustrates the 

characteristic absorption bands of synthesized 

hydrogel, PVP, PEG, and agar. The FTIR spectra of 

PVP show a distinct carbonyl peak around 1, 639 cm-1 

that persists in the crosslinked hydrogel but shifted to 

1,645 cm-1 witch suggested strong hydrogen bonding 

interaction between  C=O groups and OH of agar or 

terminal OH of PEG which could confirm that they 

are physically entangled within the crosslinked 

polymer [19]. The intensity of characteristic 

adsorption bands of PVP centered at 2,954 cm-1 

corresponding to the C-H stretching increases 

showing a possible superposition of  different PVP 

linear chains together to form crosslinked PVP, and 

bands at 1,494, 1,462, 1,423 and 1,289 cm-1 (C-N) 

also appeared in the spectrum of synthesized hydrogel. 

This indicates that linear PVP polymer chains exist in  
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the network of hydrogel and are combined with agar 

and PEG by hydrogen-bonding interaction [20] (Wang 

et al., 2010) . 

PEG characteristics absorption bands, between 

1,040 cm-1 and 1,200 cm-1, related to stretching 

vibration C-O and C-O-C , appear in the hydrogel 

showing that they are not concerned by the 

crosslinking reaction as it is in the case of terminal 

OH groups, in addition, because their characteristic 

absorption band at 2881 cm-1 persists. And then, as 

shown in previous works [21]. PEG acts mainly as a 

plasticizer, thereby increasing the distance between 

the molecules of PVP and does not participate in the 

crosslinking reaction. 

The combination of the above observations leads to 

the conclusion that no grafting has been produced 

between the frameworks of the agar, PEG and PVP 

since there is no transformation in the spectrum of the 

hydrogel. No appearance of new groups and new 

functions, but only the displacement of existing bands 

due to the change in electronic environment and 

increase in intensity of other groups due to 

crosslinking phenomena. As illustrated in scheme 1, 

agar was physically entangled within the network of 

crosslinked PVP which is confirmed by FTIR analyses 

since there is only hydrogen bonding between PVP, 

PEG and agar and then it confirms an interpenetrating 

network structure. 

X-ray diffraction of pure PVP, PEG and 

synthesized hydrogel are presented in Fig. 2, 

numerous diffraction peaks of synthesized hydrogel 

indicate the crystallinity presence. PVP shows an 

amorphous structure, while pure PEG displays two 

peaks with high intensity at 2θ respectively 19.3 and 

23.4, beside other peaks at 2θ equal to 13.63 and 26.9. 

After the irradiation of PVP, PEG and agar mixture, 

the strong reflection of PEG became weaker and 

decreased to almost 84%. This phenomenon could be 

explained as follows: in the crosslinked hydrogel, 

PEG strongly interacted with hydroxide radicals and 

agar, consequently, such complexation destroyed   

the organized arrangement of PEG [22]. The diffraction 
 

 
Fig. 2  X-ray diffraction of pure PVP, PEG and synthesized hydrogel. 
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As a conclusion, since the SIPN is supposed to keep 

the agar fragment in place within the network, then, if 

the amount of agar is low, we are in the case of a high 

crosslinking density and water cannot penetrate the 

SIPN, leading to a decrease in swelling. And if agar 

proportion is high, crosslinking density decreases and 

the SIPN cannot hold enough agar in the network and 

agar can easily be removed leading to a decrease in 

swelling too.  

Fig. 4 represents the hydrogel swelling behavior as 

a function of reaction time for samples containing 0.5, 

1, 1.5 and 2% of agar. At the first stage of the curves, 

the swelling rate is very high for 1% Agar, and the 

water can penetrate easily into the polymer network. 

The rest of hydrogel samples do not behave the same. 

For 0.5, 1.5 and 2% of agar it takes very much time to 

reach its swelling maximum. This can be explained by 

the crosslinking density of synthesized hydrogel. 

In fact, if the crosslinking density is too high, the 

water cannot penetrate the SIPN so it takes very much 

time to reach equilibrium swelling, which is the case 

of the low percentage of agar. If the crosslinking 

density is too low, agar can be easily removed out of 

the network and we lose its polyhydroxy functional 

grouping what leads to a decrease in swelling and 

equilibrium takes place later. 

1% of agar is found to be the optimum percentage 

for crosslinking density. In fact, agar acts as a 

crosslinking inhibitor as illustrated in Abad works 

with Kappa-carrageenan, which have almost the same 

composition of agar except the sulfate functional 

grouping [23], whereby the PVP/PEG competes with 

agar for the free radicals. So, when the agar proportion 

increases, the crosslinking degree decrease, leading to 

a decrease in swelling.  

A similar study of Jing et al. [24], using 

PDAMDMAC/Kappa-Carragenan hydrogel, has noted 

an increase in the water retention capacity when the 

amount of KC was increased from 0.5% to 1%. And 

that no further increase was observed when KC was 

increased further. 

As shown in Fig. 5, the relative rate of dehydration 

decreases with increasing the proportion of agar from 

0.5 to 2%, as a conclusion, when we add a higher 

amount of agar in the PVP/PEG blend, the kinetic 

become slower. As we demonstrated previously, 

beyond a percentage of 1% of agar, crosslinking 

density becomes lower and the presence of agar with his 
 

 
Fig. 4  The swelling % of hydrogel as a function of contact time.  
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Fig. 5  The dehydration behavior isothermally as a function of time.  
 

polyhydroxy functional grouping provides a better 

connection of the water in the polymer network. 

Otherwise, for low proportions of agar, the 

crosslinking density is higher [25], and the water is 

fixed essentially by entrapment in the network, what 

makes dehydration kinetic faster. But, if we increase 

the percentage of agar in the initial mixture, the 

contribution of polyhydroxy functional grouping is 

added to the entrapment process and this will improve 

the water retention in the network for longer time so 

water loss kinetic becomes slower.  

3.4 PH Dependence of Metal Retention 

All prepared hydrogel samples, were employed for 

removal of Cu(II) from aqueous solutions. Fig. 6 

showed the adsorption capacities of 0.5 to 2% agar 

hydrogel for Cu(II) ions in solutions with initial 

concentration of 500 ppm and  varied pH from 1 to 

5. At pH values higher than 5, precipitation of Cu(II) 

ions to Cu(OH)2 occurred simultaneously, and could 

not lead to accurate interpretation of adsorption. 

According to Fig. 6, it was found that the hydrogel, 

including 1% of agar is able to fix 36.5 mg of 

copper/g of dry gel but for 0.5% agar this decreases to 

22.5 mg of copper/g of dry gel. This can be explained 

by the easiness of access to sorption sites in contrast 

of the most crosslinked hydrogel containing 0.5% of 

agar. These results show that more the hydrogel 

develops a three dimensional network, more the 

adsorption capacities decreases. When the agar 

proportions exceed 1%, crosslinking density decreases 

so that the network cannot hold enough water and 

cupper ions, and as we already demonstrated, agar acts 

as a crosslinking inhibitor. 

It must be mentioned that since we act in acidic 

solutions, the adsorption capacities of hydrogels were 

low due to the presence of hydronium groups which 

induced an electrostatic repulsion of Cu (II) ions. 

Therefore, existing competition between hydronium 

and copper ions for adsorption sites resulted in the 

decrease of adsorption capacity [11, 26]. 

3.5 Rate of Metal Ion Adsorption 

The kinetic study of adsorption is to establish the 

time course of Cu uptake on the hydrogel. It is also 

desirable to examine whether the behavior of Cu 

adsorption on the hydrogel can be described by a 

theoretical model that is predictive. The typical 

experimental results of adsorbed Cu on the hydrogel 

with 1% of agar versus time are shown in Fig. 7 since it  
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Fig. 6  The hydrogel adsorption capacities of Cu(II) ions in solutions with initial concentration of 500 mg·L-1 and varied pH 
from 1 to 5.  
 

 
Fig. 7  copper II ion uptake by 1% agar hydrogel as a function of contact time.  
 

shows a better retention capacity. 

The adsorption equilibrium was reached at about 

500 min. Two steps of adsorption are considered: (i) 

the initial stage is the fast one and consists on the 

attachment of copper to the active adsorption sites on 

the hydrogel surfaces; (ii) the diffusion into 

inaccessible sites of adsorption in the hydrogel that 

takes much  more time  than the  first step as illustrated 
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phase and that could possibly match the saturation of 

the adsorption sites.  

3.7 Copper Retention Verification Using FTIR 

Spectroscopy 

FTIR spectra of PVP/PEG/Agar hydrogel before 

and after copper retention are depicted in Fig. 8. It can 

be noticed that (i) the characteristic absorption band of 

polymeric O-H at 830 cm-1 and 950 cm-1 (bending 

vibration) and also at 2,890 cm-1 (stretching vibration) 

were disappeared after reaction with copper (ii) 

Characteristic adsorption band at 1,645 cm-1 , 1,440 

cm-1, 1,290 cm-1, 1,100 cm-1, relative to C=O, C-N,  

and C-O-C stretching vibration respectively, persist 

showing they are not concerned with copper retention. 

As a conclusion, we can say that Cu2 + ions are 

immobilized by the hydrogel using Ionic connections 

which take place between Cu2+ and C-O-.  

4. Conclusions  

PVP/PEG/agar hydrogel is detected as an effective 

super absorbent polymer, the effect of changing agar 

proportion on the hydrogel characteristics was 

detected and showed that agar acts as a crosslinking 

inhibitor. In fact, PVP and PEG compete with agar for 

the free radicals. The incorporation of a higher amount 

of agar can improve the swelling behavior of hydrogel 

until 1% because agar contains the polyhydroxy 

functional grouping which could increase the 

hydrophilicity of the synthesized gel. This could be 

indicative of the presence of agar within the network 

either as an SIPN with permanent entanglement or as 

a grafted PVP and PEG. 

The kinetic parameters were calculated from the 

experimental data and it was shown that they could be 

fitted well to the pseudo-second-order kinetic model. 

The mechanism of adsorption is explained by a 

diffusion of copper in the macro and micro pores of the 

hydrogel in the first step and then we reach the 

saturation of the adsorption sites. Finally, FTIR 

analysis clearly reveals that there have been 

interactions between PVP, PEG and Agar in order to 

constitute the superabsorbent polymer and that even 

copper is retained using Ionic connections which take 

place between Cu2 + and C-O-. 
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