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Ghada A. Mahmoud1 • Samia E. Abdel-Aal1 •

Nagwa A. Badway2 • A. A. Elbayaa2 • Doaa. F. Ahmed2

Received: 11 June 2015 / Revised: 26 December 2015 / Accepted: 3 June 2016 /

Published online: 13 June 2016

� Springer-Verlag Berlin Heidelberg 2016

Abstract A novel hydrogel based on the orange peel (OP) and N-vinyl-2-pyrroli-

done was prepared by free-radical polymerization using gamma irradiation. The

effect of radiation dose and hydrogel composition on gel content was studied. The

formed hydrogel was characterized by FT-IR, TGA, and SEM. The swelling

behavior was determined as a function of swelling time, pH, and OP content. The

hydrogel swelling was found to be pH dependent, and the diffusion mechanism of

water into the hydrogel was found Fickian. The developed hydrogel was used for the

removal of Congo red (CR) and methyl orange (MO) dyes from wastewater. The

effects of various operating parameters, such as initial pH, contact time, initial dye

concentration, and temperature on the removal of dyes, have been investigated. The

Langmuir and the Freundlich adsorption models were applied to study the

adsorption isotherm. The pseudo-first-order model was proved compatible for CR

adsorption and the pseudo-second-order model well described the adsorption of

MO. The adsorption of dyes increased with increasing temperature indicating that

the endothermic nature of the adsorption process and the thermodynamic parameters

was evaluated. Second, the adsorption cycle of dyes was also examined and dis-

cussed utilizing the loaded hydrogel with the other dye and cobalt metal ions.
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Introduction

Dyes are synthetic chemical compounds having complex aromatic structures which

are extensively used in the textile, cosmetic, plastic, food, and pharmaceutical

industries [1]. Most of dyes can cause damage not only to aquatic life but also to

human beings, because they are toxic, mutagenic, or carcinogenic [2]. Various

methods are used for the removal of dyes from wastewater, such as adsorption,

coagulation, advanced oxidation, and membrane separation. Adsorption is one of

the most effective processes of advanced wastewater treatment employed to reduce

hazardous pollutants present in the effluent [3]. Researchers contributed largely to

find low-cost adsorbents with greater adsorption capacities that can remove dyes

from the effluent, such as agricultural waste based on their unique advantages;

nontoxic, biocompatible, biodegradable, inexpensive, and abundant [4]. One of the

important agricultural wastes is the peel of different fruits, which can serve as

potential adsorbents for the removal of diverse types of pollutants [5]. Orange peel

(OP) mainly consists of cellulose, pectin, hemicelluloses lignin, chlorophyll,

pigment, and other low molecular weight hydrocarbons [6], and it has been used to

remove dyes from wastewaters [7, 8]. However, it is prone to enzymatic degradation

and suffers from limitations in fabrication [9]. Copolymerization is a technique,

which improves the properties of natural polymers and gives them a new property

[10]. Copolymers offer advantages not usually seen in homopolymers. For this

reason, many of the absorbable polymers are of the copolymer type [11].

Hydrogel is polymeric cross-linked network structures [12], and it describes

three-dimensional network structures obtained from a class of synthetic and/or

natural polymers which can absorb and retain a significant amount of water [13].

Therefore, many studies focused on the use of hydrogels as an adsorbent to remove

dyes particularly that contain functional groups, such as carboxylic acid, amine, and

sulfonic acid groups [14–16].

The use of ionizing radiation for the preparation of hydrogels offers some

advantages over the conventional methods, including; no need for cross-linking

agents or initiators to initiate the reaction, and the cross-linking reaction may be

initiated at ambient temperature [17]. The degree of crosslinking strongly affects the

properties of hydrogels that may be controlled by varying the irradiation dose [18].

In this study, a hydrogel based on orange peel (OP) waste copolymerized with N-

vinyl-2-pyrrolidone (NVP) as a synthetic monomer, for a first time, by gamma

irradiation technique. Incorporating this natural waste with a synthetic polymer

showed the synergistic effect on the functionalities and properties of this hybrid

system. Characterization and properties of the produced (NVP/OP) hydrogels were

investigated. The prepared hydrogel served as an adsorbent for the removal of

Congo red (CR) and methyl orange (MO) dyes from aqueous solutions. The dye-

loaded hydrogels were alternatively used to remove the other dye as a second

adsorption cycle.
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Materials and methods

Materials

Orange peel was collected from the local area in the winter season. Reagent grade

N-vinyl-2-pyrrolidone (NVP) purity 99 % (Merck, Germany) (Fig. 1) was used as

received. The other chemicals, such as dyes, were reagent grade and used without

further purification (Fig. 1).

Orange peel treatment

Orange peels were washed thoroughly with distilled water to remove the adhering

dirt. The washed peels were left to dry in sunlight to evaporate moisture for 72 h,

then crushed. The ground powder was treated with 1 % sodium hydroxide and

ethanol to remove lignin and pigments. Orange peel was then filtered out, washed

with distilled water to remove free sodium hydroxide and dried in the air.

Synthesis of hydrogel

A 10 g of OP was placed in 100 mL distilled water, stirred, and heated at 80 �C for

120 min to form a homogeneous mixture, then cooled to room temperature, and

different contents of NVP monomers were added and continuously stirred at room

temperature for 5 min. The solutions were transferred into glass tubes to irradiate

with the Co60 gamma source at different radiation doses (10–50 kGy) at a dose rate

of 1.46 kGy/h. After irradiation, the cross-linked NVP/OP hydrogel was purified by

washing in excess water, so that unreacted chemicals were leached out, then air

dried at room temperature.

To determine the insoluble part in the hydrogel, the hydrogel samples were air

dried to a constant weight. The dried samples were soaked in distilled water for 24 h

Fig. 1 Chemical structure of methyl orange, direct congo red, and N-vinyl-2-pyrrolidone

Polym. Bull. (2017) 74:337–358 339

123



at 70 �C, then taken out and washed with hot water to remove the soluble part and

dried to a constant weight. The gel content was calculated gravimetrically applying

the following formula:

Gel content %ð Þ ¼ Wd

W0

� 100 ð1Þ

where Wd and W0 are the dried sample weights after and before extraction,

respectively.

The swelling measurements

The clean, dried, weighed hydrogel was soaked in bi-distilled water at room

temperature for different time intervals. The sample was then removed, and the

excess water on the surface was removed by blotting quickly with filter paper and

reweighed. The swelling percent was calculated as follows:

Swelling %ð Þ ¼ Ws �Wd

Wd

� 100 ð2Þ

where Wd and Ws are the masses of dry and swelled hydrogel, respectively.

To investigate the swelling behavior at various pH values, the samples were

allowed to swell in several pH solutions at room temperature in a similar way. The

pH values were adjusted by the addition of 0.1 M NaOH or 0.1 M HCl solution to a

designed value.

Characterization of hydrogel

The functional groups of the synthesized hydrogel were characterized by FT-IR

spectra recorded on Nicolet IS-10FTIR, within the range 400–4000 cm-1 using KBr

pellets.

To study the morphology of the hydrogel, the scanning electron micrographs

were recorded using JEOL-JSM-5400 scanning electron microscope, Tokyo, Japan.

Before the examination, the materials were dried, coated with sputtered gold,

observed, and photographed.

The thermal properties of the hydrogel were investigated using Shimadzu, Japan;

TGA system of type TGA-50 under the nitrogen atmosphere (20 mL/min). The

temperature ranged from ambient to 600 �C at a heating rate of 10 �C/min. The

primary TGA thermograms were used to determine the rate of the thermal

decomposition reaction.

Adsorption study

Batch adsorption experiments were carried out at different temperatures that ranged

between 20 and 60 �C. Exactly 20 mL of dye solution of known initial

concentration (10–50 mg/L) at adjusted pH was shaken at a certain agitation speed
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of 250 rpm with a known dose of dried hydrogel for appropriate time intervals. The

percentage removal of dye was calculated using the following equation:

Removal %ð Þ ¼ C0 � Ct

C0

� 100 ð3Þ

where C0 and Ct (both in mg/L) are the initial dye concentration and the dye

concentration at time t, respectively.

The adsorption capacity qe (mg/g) at equilibrium was calculated using the

following equation:

qe ¼
ðCi � CeÞ

W
� V ð4Þ

where V is the solution volume (L), W is the weight of hydrogel sample (g), and Ci

and Ce are the initial and final (or equilibrium) dye concentrations (mg/L),

respectively. The concentration of CR and MO was determined by using a UV/VIS

spectrometer, model UV-Analytic Jena AG, and made by German that was used at

kmax of 500 nm for CR and 464 nm for MO with a quartz cell of 1.0 cm optical

length.

Results and discussion

Gel content

Figure 2 shows the gelation percent of (NVP/OP) hydrogels as a function of

radiation dose at different hydrogel compositions. The gel fraction increased rapidly
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Fig. 2 Effect of irradiation dose on the gel fraction of different hydrogel compositions
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by increasing radiation dose from 10 up to 30 kGy, beyond which a slight increase

in the gel fraction was observed up to 50 kGy. When an aqueous solution of NVP

and OP was irradiated with gamma-rays, free radicals were generated on the

polymer chains and monomers by the indirect effect of radicals generated by

radiolysis of water. Random reactions of these radicals caused polymerization and

formation of a network. An increase in the total radiation dose enhances the

formation of radicals in the reaction mixture which causes a high degree of

crosslinking and thus high gel content of hydrogel [19]. As radiation dose increased

beyond a certain value (30 kGy), the polymer chains crosslinked and a gel was

obtained. Therefore, the optimum radiation dose for the preparation of (NVP/OP)

hydrogel was 30 kGy. The capacity of forming a gel is also affected by the hydrogel

composition. It is clear that the gel content in the hydrogel increased with increasing

NVP content, because the hydrogel structure becomes dense; with higher cross-

linking density. In other words, the gel content decreased with increasing OP

content, because the main chain scission is the predominant reaction and low

probability of the recombination of the degraded OP chains.

(NVP/OP) hydrogel properties and characterization

The swelling behavior of a hydrogel is greatly influenced by factors, such as

radiation dose, copolymer composition, swelling time, and the pH of the swelling

medium.

Figure 3 shows the effect of swelling time on the swelling percent of (NVP/OP)

hydrogel at different irradiation doses. The swelling capacity of the hydrogels

increased with the swelling time and reached the state of equilibrium after 24 h. As

shown in Fig. 3, the swelling percent decreases with increasing dose due to an

increase in crosslinking and hence a decreasing in the swelling percent.

Time(min)
0 200 400 600 800 1000 1200 1400 1600 1800

sw
el

lin
g 

(%
)

0

500

1000

1500

2000

2500

(10KG) 
(15KG) 
(20KG) 
(30KG) 
(40KG) 
(50KG) 

Fig. 3 Effect of time on the swelling percent of (NVP/OP) (1:1) hydrogel at different irradiation doses
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The diffusion of the water into a hydrogel depends on both the physical

properties of the hydrogel network and the interactions between the hydrogel and

the water itself [20]. To decide the nature of water diffusion mechanism into (NVP/

OP) hydrogels, the swelling data with time were fit with the Fickian diffusion

equation according to the following [21]:

F ¼ ktn ð5Þ

lnF ¼ lnk þ nlnt ð6Þ

where F is the fraction of water uptake at time t, n is the diffusional exponent, which

is indicative of the transport mechanism, and k is a constant incorporating char-

acteristics of the polymeric network system. The above equation is valid for the first

60 % of the normalized solvent uptake.

The nature of the solvent diffusion process is classified according to the value of

n, Fickian, non-Fickian diffusions, or Super Case II models. When the value of

n B 0.5, the mechanism is Fickian, which is characterized by a solvent diffusion

rate, and is slower than the polymer relaxation, where the sorption is diffusion

controlled, whereas, when n = 1, relaxation control occurs, leading to the zero-

order release. When the value of n is between 0.5 and 1, the release follows non-

Fickian diffusion which is characterized by the solvent diffusion rate and the

polymer relaxation are about the same order of magnitude, where the system will be

diffusion and relaxation controlled [22]. Plots of ln F versus ln t were plotted at

various radiation doses (S1), and values of n and k were calculated from the slope

and intercept of the lines, respectively, and the data are listed in Table 1. All the

values of n were found to be lower than 0.5, and hence the diffusion of water into

the applied hydrogels was of Fickian character; this means that the diffusion of

water controls the swelling.

Figure 4 represents the TGA and the rate of thermal decomposition (dw/dt)

curves of two compositions of (NVP/OP) hydrogel at temperatures ranged from 25

up to 600 �C. Three characteristic stages of decomposition were observed, the first

decomposition stage within the temperature range 29–130 �C can be ascribed to the

vaporization of physically absorbed water. The second decomposition stage is

between 130 and 400 �C can be examined on the basis of anhydride formation and

degradation of the intermolecular side chain. The main weight loss occurs in the

third step within the range 400–475 �C which may be attributed to the

decomposition of the backbone polymer. A very little change in the thermal

Table 1 Fikian parameters of

(NVP/OP) hydrogel at different

radiation doses

Irradiation dose (kGy) n ln k k R2

10 0.43 -2.9 0.05 0.993

15 0.49 -3.3 0.04 0.992

20 0.46 -2.9 0.05 0.987

30 0.45 -2.7 0.07 0.986

40 0.42 -2.5 0.08 0.985

50 0.43 -2.3 0.09 0.982
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stability was observed as a resulted increasing the NVP content in the hydrogel. It

can be concluded that the prepared hydrogel (NVP/OP), at sample proportions, is

mostly stable up to temperature 200 �C which is suitable for some applications. The

surface scanning of the two different hydrogel compositions was confirmed using

SEM, as shown in Fig. 5. It can be observed that both (NVP/OP) hydrogels of

composition (2:1) and (1:1) had a coarse surface with irregular cavities of large

dimensions. The (NVP/OP) hydrogel of composition (1:1) had more and larger

pores than that of composition (2:1). The presence of pores plays an important role

in the hydrogel swelling capacity, hence, in the adsorption capacity. The dye

Temperture (oC)
100 200 300 400 500 600

R
em

ai
ni

ng
 w

ie
gh

t (
%

)

0

20

40

60

80

100

R
at

e 
of

 th
er

m
al

 d
ec

om
po

si
tio

n

0.0

5.0e-5

1.0e-4

1.5e-4

2.0e-4

2.5e-4
(NVP/OP) (2:1)

Temperture oC

100 200 300 400 500 600

0

20

40

60

80

100

R
at

e 
of

 th
er

m
al

 d
ec

om
po

si
tio

n

0

5e-5

1e-4

1e-4

2e-4

3e-4

3e-4

R
em

ai
ni

ng
 w

ie
gh

t (
%

)

(NVP/OP)(1:1)

Fig. 4 TGA and decomposition rate for (NVP/OP) hydrogel of different compositions at irradiation dose
(30 kGy)

344 Polym. Bull. (2017) 74:337–358

123



molecules can interact easily with the functional groups on the external surface of

the hydrogel.

Adsorption study

In this part, the adsorption properties of the prepared NVP/OP hydrogel towards

Congo red (CR) and methyl orange (MO) dyes are investigated. The hydrogel

composition taken was (NVP/OP) (1:1) at the radiation dose of 30 kGy which was

given the most homogeneity and suitable properties for the practical application.

Factors affecting the adsorption properties, such as treatment time, pH, initial dye

concentration, and temperature, are evaluated.

The effect of pH on the adsorption of CR and MO dyes onto NVP/OP hydrogel

was examined, and the results are presented in Fig. 6. The adsorption capacity was

Fig. 5 SEM of (NVP/OP) hydrogel of composition (2:1) (a) and (1:1) (b) at irradiation dose (30 kGy)
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examined over a range of pH values between 2 through 10 for CR and 5 through 10

for MO, where the dye precipitated at pH lower than 5, so the result could not be

detected. It was found that the adsorption capacity of CR was increased with the

increase in pH of the dye solution and the maximum value was reached at pH = 7,

but further increase in pH caused a slight reduction in the adsorption capacity.

Solution pH would affect both adsorbate chemistry and surface binding sites of the

adsorbents [23]. At neutral pH levels, hydrophobic interactions between a

hydrophobic modified natural polymer tail and hydrophobic CR moieties, and the

solution was most stable at this pH. At elevated initial pH values, a decrease in

adsorption value could be interpreted by enhancing the formation of OH ions that

competing with the dye anionic species for the adsorption sites [24]. For the

adsorption of MO adsorption onto (NVP/OP) hydrogel, it was found that an increase

in adsorption capacity was observed with the increase in pH from 5 up to 6 and

further increase in pH led to a decrease in MO adsorption, Fig. 5. At pH 6, MO

occurs as a quinoid form in aqueous system predominating dispersion interaction

process. Further increase in pH led to a decrease in MO adsorption. A similar

behavior for MO adsorption on different adsorbents was reported elsewhere [25].

Therefore, further adsorption experiments were carried out at pH = 7 for the

adsorption of CR dye and at pH = 6 for the adsorption of MO dye.

Contact time studies are helpful in understanding the amount of dye adsorbed at

various time intervals by a fixed amount of the adsorbent. The adsorption process

proceeds in several steps involving transport of the solute from solution to the

surface of the solid particles and diffusion of the solute into the interior of the pores

which is usually a slow process [26]. The adsorbed amount of CR and MO onto

(NVP/OP) hydrogel versus contact time at the initial dye concentration 10 (mg/L)
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Fig. 6 Effect of pH on the adsorption capacity of CR and MO dyes at ambient temperature and initial
concentration 25 mg/L
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was investigated, and the results are presented in Fig. 7. The increase of contact

time led to the increase in the amount of dye adsorbed, and the equilibrium was

reached at 6000 and 4000 min for CR and MO, respectively. As adsorption

continues, the functional groups of the fixed amount of hydrogel present in the

aqueous medium become exhaust, thus the rate of adsorption decreases. Finally, it

reaches a dynamic equilibrium when the rate of adsorption by the hydrogel equals

the rate of desorption from the hydrogel clearly indicates a rapid increase in the

amount of adsorption with an increase in time initially, gradually leading to

equilibrium [27].
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To investigate the mechanism of adsorption, the behavior of the dyes adsorption

process was analyzed using the pseudo-first order [28] and the pseudo-second order

[29]. In the pseudo-first-order model, the adsorption rate is expected to be

proportional to the first power of concentration, where the adsorption is

characterized by diffusion through a boundary. The pseudo-first-order model

sometimes does not fit well for the whole range of contact time when it failed

theoretically to predict the amount of dye adsorbed and thus deviated from the

theory. In that case, the pseudo-second-order model is based on the sorption

capacity of the solid phase, where the pseudo-second-order model assumes that

chemisorptions may be the rate-controlling step in the adsorption processes [30].

The pseudo-first-order and the pseudo-second-order models are as follows:

Pseudo-first-order model

log qe� qtð Þ ¼ logqe�
k1

2:303
t ð7Þ

Pseudo-second-order model

t

qt
¼ 1

k2q2e
þ 1

qe
t ð8Þ

where qe and qt are the amounts of dye adsorbed (mg/g) at equilibrium and at time t,

respectively, k1 (min-1) is the pseudo-first-order rate constant, and k2 (g/mg/min) is

the pseudo-second-order rate constant. k1 is calculated by plotting log (qe - qt) vs

t and k2 are calculated by plotting t/qt vs t (S2). The characteristic parameters of the

studied kinetic models and their corresponding correlation coefficients are presented

in Table 2. Predicting from the correlation coefficients, for CR and MO, the pseudo-

first-order model has higher correlation coefficient (R2 & 0.97) compared to the

correlation coefficient of the pseudo-second order (R2 & 0.95). Obviously, the

adsorption of CR dye can be well described by the pseudo-first-order adsorption

mechanism. For MO dye, the correlation coefficient of the pseudo-second-order

model has higher correlation coefficient (R2 & 0.99) compared to the correlation

coefficient for the pseudo-first-order (R2 & 0.98). Thus, the adsorption of MO can

be well described by the pseudo-second-order adsorption mechanism, and hence,

the adsorption rate of MO is probably controlled by chemical process [31].

Table 2 Pseudo-first-order and

the pseudo-second-order

parameters for the adsorption of

CR and MO dyes

Model Parameters CR values MO values

Pseudo-first order qe,exp (mg/g) 4.60 7.10

qe,cal (mg/g) 4.21 5.65

k1 (min-1) 0.124 2.7 9 10-3

R2 0.95 0.98

Pseudo-second order k2 (g mg/min) 0.0165 0.0169

qe, cal (mg/g) 1.48 4.16

R2 0.97 0.99
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Figure 8 shows the effect of the initial dye concentration on the dye adsorption

capacity of (NVP/OP) hydrogel by varying the dye concentrations between 10 and

50 mg/L. It can be noted that dye adsorption increased with the increase in dye

concentration; i.e., increases in the initial dye concentration enhance the interaction

between adsorbent and dye molecules [32]. Namely, the adsorption capacity

increased from 4.8 to 26.0 mg/g for CR and from 4.6 to 10.0 mg/g for MO when the

initial dye concentration increased from 10 to 50 mg/L, respectively. This may be
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Fig. 8 Effect of initial dye concentration on the adsorption capacity of CR and MO dyes at ambient
temperature and contact time 24 h

Table 3 Comparison of the

adsorption capacities of CR and

MO dyes on various biomass-

based adsorbents

Adsorbent qe (mg/g) References

CR dye

(NVP/OP) 26 This study

Poly(N-vinyl-2pyrrolidone) Not available [28]

Orange peel 11.4 [20]

Tamarind fruit shell 3.84 [29]

Bottom ash 2.05 [30]

Deoiled soya 15,5 [30]

Activated coir pitch carbon 6.72 [31]

Cashew nut shell 5.18 [23]

Mo dye

(NVP/OP) 10 This study

Poly(N-vinyl-2pyrrolidone) Not available [33]

Orange peel 15.4 [30]

Bottom ash 3.6 [34]
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due to the high driving force of mass transfer at higher initial dye concentration

[33]. The resistance to mass transfer between the solid and aqueous phase more

easily overcomes the driving forces; moreover, increasing the number of collisions

between dye molecules and adsorbent resulted in increasing the adsorption capacity.

A comparison of the maximum adsorption capacity (qe) values of CR and MO onto

(NVP/OP) to some natural adsorbents in the literature is shown in Table 3. It can be

seen that NVP itself is unable for the adsorption of CR and MO dye and the

adsorption capacity of OP towards CR is far lower than the adsorption capacity of

the investigated (NVP/OP) hydrogel towards these dyes.

To discuss the adsorption isotherm, two commonly used models are investigated;

the Langmuir and the Freundlich models. The Langmuir model [34] represents a

monolayer sorption process onto a homogenous surface and can be written as:

Ce

qe
¼ Ce

qmax

þ 1

b � qmax

ð9Þ

where qmax is maximum adsorption capacity (mg/g), Ce is equilibrium dye con-

centration in solution (mg/L), and b is Langmuir constant (L/mg).

The Freundlich model [35] is applied to describe a heterogeneous system

characterized by a heterogeneity factor of 1/n. This model describes reversible

adsorption and is not restricted to the formation of the monolayer and can be written

as:

logqe ¼ logKF þ
1

n
logCe ð10Þ

where KF is the Freundlich isotherm constant, and 1/n is the heterogeneity factor.

The two isotherm models were plotted (S3), and the parameters were evaluated

and summarized in Table 4. According to the correlation coefficient (R2), the

Freundlich model provided a better linearity than the Langmuir model for both CR

and MO dyes which indicated that the Freundlich isotherm correctly fits the

equilibrium data and the values of n are more than one, i.e., the adsorption intensity

is favorable. This means that the sorption of CR and MO onto NVP/OP hydrogel is

of heterogeneous energy distribution.

The essential characteristics of the Langmuir model to show the feasibility of the

Langmuir isotherm can be explained in terms of the separation factor (RL). It can be

expressed by the following equation [26]:

Table 4 Parameters of the

Langmuir and the Freundlich

isotherm models

Model Parameters CR MO

Langmuir qm (mg/g) 75 8.9

ka (L/mg) 0.03 0.02

RL 0.61 0.49

R2 0.85 0.94

Freundlich KF [mg g (L/g)-1/n] 2.40 3.07

n 3.80 1.14

R2 0.99 0.96

350 Polym. Bull. (2017) 74:337–358

123



RL ¼ 1

1þ nC0ð Þ ð11Þ

where Co (mg/L) is the initial concentration. The value of RL indicates the

adsorption is favorable or unfavorable. If the value of RL higher than 1 means the

unfavorable adsorption, if the value of RL between zero and 1 means the favorable

adsorption, while RL = 1 means the linear adsorption and RL = 0 means the irre-

versible adsorption. As shown in Table 4, the values of RL lie between 0 and 1

confirmed the favorable adsorption of CR and MO onto (NVP/OP) hydrogel.

The relationship between the temperature variation and the adsorption capacity

of CR and MO by NVP/OP hydrogel was investigated and shown in Fig. 9. The

adsorption capacity increased as temperature elevated from 20 to 60 �C, i.e., the
mobility of dye ions was accelerated with temperature. The mobile number of

species acquires the sufficient energy to undergo interactions with active sites at the

surface, and the adsorption is an endothermic reaction.

The thermodynamic parameters, such as Gibb’s free energy (DGo), enthalpy

change (DHo), and entropy change (DSo), for the adsorption of CR and MO dyes

onto (NVP/OP) hydrogel can be calculated by the following equations [36]:

DGo ¼ �RT lnkc ð12Þ

DGo ¼ DHo � TDSo ð13Þ

Kc ¼ Ca=Ce ð14Þ

where Ca and Ce are the equilibrium dye concentration (mg/L) on the adsorbent and

in the solution, respectively, R is the universal gas constant (8.314 J/mol/K), and
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Fig. 9 Effect of temperature on the adsorption capacity of CR and MO dyes onto (NVP/OP) hydrogel at
the initial dye concentration 10 mg/L
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T is absolute temperature (K). The values of DHo and DSo were calculated,

respectively, from the slope and intercept of plot between ln Kc versus 1/T (S4), and

the results are listed in Table 5. The positive values of DHo confirm the endothermic

nature of adsorption. It is also observed that the enthalpy change in the range

20–40 kJ/mol indicates the physisorption adsorption of dyes at the three experi-

mental temperatures. The negative values of DGo imply the spontaneous nature of

the adsorption process. Furthermore, the decrease in the negativity of DGo values

with rising temperature indicates that the adsorption is more spontaneous at higher

temperatures. The positive value of DSo suggests increasing the randomness at the

solid–solution interface.

FT-IR analysis

The FT-IR spectra of the free- and dye-loaded (NVP/OP) hydrogel are shown in

Fig. 10. OP mainly consists of celluloses, hemicelluloses, pectin, lignin, and many

other low molecular weight compounds that play an important part in biosorption

[37]. The spectrum of (NVP/OP) hydrogel shows a broadband at 3452.49 cm-1

corresponding to the (O–H) stretching vibrations of alcohol, phenol, and carboxylic

acid group in pectin, cellulose, and lignin, respectively, and confirms the presence of

‘‘free’’ hydroxyl groups on the adsorbent surface as components of the OP [38]. The

bands at 2953 and 2891 cm-1 correspond to the asymmetric and symmetric C–H

stretching vibration of CH2 groups, respectively, in the cellulose of OP or aliphatic

C–H in (NVP). The band at 1661.51 cm-1 is due to C=O stretching vibration of the

cyclic amide of (NVP). The band at 1495 cm-1 indicates COO- (asymmetric) and

C–C stretching in the aromatic compound of lignin, and the band at 1463 cm-1

indicated CH3 of lignin. The C–N bending and stretching of (NVP) appear at 1425

and 1289 cm-1, respectively, and the stretching vibration of –SO3 of hemicelluloses

appears at 1373 cm-1. The bands in region 1200–1025 cm-1 are due to C–O and

C–O–C stretching vibrations.

For (NVP/OP)-CR, the broad stretching band of –OH is shifted to 3474 cm-1

indicating the intra-molecular hydrogen bonding between (OP/NVP) hydrogel

chains and the dye molecules. The C–H and C=O stretching bands are shifted to

2880 and 1658.86 cm-1, respectively. For (NVP/OP)-MO, the O–H stretching band

shifted to 3451.2 cm-1, C–H stretching band shifted to 2880 cm-1, and C=O shifted

to 1658.86 cm-1.

Table 5 Thermodynamic

parameters of CR and MO dyes

onto (NVP/OP) hydrogel

Temp (K) DH0 (kJ/mol) DS0 (J/mol) DGo (kJ/mol)

CR MO CR MO CR MO

293 -5.33 -6.01

313 2.577 4.156 18.20 20.53 -5.69 -6.42

333 -6.05 -6.83
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Second adsorption cycle of (NVP/OP) hydrogel

A very important factor for developing an adsorbent in practical applications is the

reuse of adsorbent. The traditional treatment for the used adsorbent was to wash and

recover for recycle use. Recently, a novel way to make use of these used adsorbents

has been reported in the literature [39]. Since the surface structure of adsorbents has

been changed after being covered by a layer of contaminant, the used hydrogel can

be applied to adsorb other pollutants at suitable conditions. The adsorption of MO

and CR as a second adsorption cycle onto (NVP/OP)/CR and (NVP/OP)/MO,

respectively, was examined as a function of time at pH = 7 to avoid desorption of

dye and shown in Fig. 11. It can be observed that as the contact time increases, the

removal percent also increases up to equilibrium. Good results were obtained in the

Fig. 10 FT-IR spectra of (OP/NVP) (1:1) (1), (OP/NVP)/CR (2) and (OP/NVP)/MO (3)
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second adsorption of (NVP/OP)/MO and (NVP/OP)/CR. In this case, the adsorbent

was covered with a layer of dye, which could adsorb part of other type of dye

through electrostatic interaction [40].

On the other hand, the adsorption of CR and Mo onto (NVP/OP) loaded with Co

(II) ions of concentration 10 mg/L was investigated as a function of time, and the
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Fig. 11 Effect of contact time on adsorption CR by (NVP/OP)/MO (a) and MO by (NVP/OP)/CR (b) at
the initial concentration 10 mg/L and pH 7

354 Polym. Bull. (2017) 74:337–358

123



result is shown in Fig. 12. Improvement in the dye adsorption onto (NVP/OP)

loaded Co (II) was observed particularly the adsorption of MO dye. This may be due

to a formation of a complex between cobalt ions and dye molecules.

The surface morphology of (NVP/OP) hydrogel after the first and the second

adsorption cycles was investigated and shown in Fig. 13a–f. The surface

morphology was completely changed after adsorption compared with Fig. 5b. As

shown in Fig. 13a, for the (NVP/OP) hydrogel surface after adsorption of MO, the

pores were reduced as an evidence of adsorption. While the surface of (NVP/OP)/

MO after a second adsorption cycle of CR (Fig. 13b) appeared as shallow forest.

The (NVP/OP) hydrogel surface after the adsorption of CR (Fig. 13c) was depicted

as herb texture with some cavities that reduced after the second adsorption cycle

with MO and the surface appeared as a hay. The surface morphology of (NVP/OP)

loaded with Co (II) ions after adsorption of MO and CR, as shown in (Fig. 13d, e),

respectively, was appeared as coarse with bright spots.

Conclusions

The (NVP/OP) hydrogel was prepared using gamma radiation. The gel fraction

increased by increasing the radiation dose and NVP content in the hydrogel. It was

found that the swelling percent decreased as the radiation dose increased. The

prepared hydrogel was mostly stable up to temperature 200 �C which is suitable for

variant applications. The (NVP/OP) hydrogel was successfully evaluated for the

adsorption of CR and MO dyes from their waste water. The maximum removal

occurred at pH = 7 for CR and at pH = 6 for MO. The equilibrium data were well
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Fig. 12 Effect of contact time on adsorption CR by (NVP/OP)/Co (a) and MO by (NVP/OP)/Co (b) at
the initial concentration 10 mg/L and pH 7
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analyzed using the Freundlich model. The pseudo-first-order model fits well the

adsorption of CR, and the pseudo-second-order model described well the adsorption

of MO. Thermodynamic parameters’ values reflected the spontaneous and

endothermic nature of the dyes adsorption by the hydrogel. Good results were

obtained for employing (NVP/OP)/CR to remove (MO) as a second adsorption cycle

and (NVP/OP)/MO to remove (CR) from aqueous solutions. Improvement in the

dye adsorption onto (NVP/OP) loaded Co (II) was observed particularly adsorption

of MO dye. Thus, the second adsorption is an efficient and economical way for

reuse of the (NVP/OP) hydrogel.

Fig. 13 SEM of (NVP/OP) loaded MO (a), (NVP/OP)/MO) loaded CR (b), (NVP/OP) loaded CR (c),
(NVP/OP)/CR) loaded MO (d), (NVP/OP)/Co (II)) loaded Mo (e), and loaded CR (f)
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