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A biocompatible Dex-MA/PAA hydrogel was prepared through copolymerization of glycidyl methacrylate

substituted dextran (Dex-MA) with acrylic acid (AA), which was applied as the adsorbent to remove

cationic dyes from aqueous solutions. Dex-MA/PAA hydrogel presented a fast adsorption rate and the

removal efficiency of Methylene Blue (MB) and Crystal Violet (CV) reached 93.9% and 86.4%, respectively

within one minute at an initial concentration of 50 mg L�1. The adsorption equilibrium data fitted the

Sips isotherm model well with high adsorption capacities of 1994 mg g�1 for MB and 2390 mg g�1 for

CV. Besides, dye adsorption occurred efficiently over the pH range 3–10 and the temperature range 20–

60 �C. Moreover, the removal efficiencies for MB and CV were still >95% even after five adsorption/

desorption cycles which indicates the robust nature of the Dex-MA/PAA hydrogel and its potential as an

eco-friendly adsorbent for water treatment.

1. Introduction

The growing use of dyes in cosmetics, papermaking, medicine

and food has caused serious environmental pollution, espe-

cially in water sources and aquatic ecosystems.1,2 Most of these

dyes are aromatic compounds which exhibit varying degrees of

toxicity and are not readily degraded by light, heat, oxidizing

agents, and biological agents.3 Consequently, it is necessary to

remove these dyes from the polluted water generated during

their usage.

A series of physicochemical techniques, such as adsorption,4

photocatalytic degradation,5 electro-kinetic coagulation,6

precipitation,7 membrane ltration,8 and occulation,9 have

been developed for the removal of dyes from waste water. Of

these methods, adsorption emerges as a superior industrial

water treatment method due to the simplicity of design, low

cost, stability and reusability of the adsorbents.10,11 In some

cases the adsorbent is biodegradable.12

In designing dye adsorbents, we are particularly interested in

hydrogels which are three-dimensional hydrophilic polymer

networks which absorb large amounts of water.13 These char-

acteristics, in combination with the substitution of appropriate

functional groups to give the required adsorbent properties,

render hydrogels versatile adsorbents which earlier studies have

shown to be readily regenerated for reuse. Thus, substituent

hydroxyl and carboxylate groups can selectively interact with

cationic dyes or metal ions at appropriate pH values.14

Natural polysaccharides are attractive materials for adsor-

bent hydrogel construction for water purication because of

their ready availability and biodegradability. Chitosan,15 cellu-

lose,16 starch17 and guar gum18 have been widely applied for

construction of adsorbents and shows good adsorption prop-

erties, such as those combined with amino, carboxyl, cyclo-

dextrin and other inorganic composition. Among various

natural polysaccharides, dextran is an important starting

material for new functional materials with promising proper-

ties.19 Due to its common solubility, biocompatibility, and

biodegradability, dextran is already successfully applied in the

medical and biomedical eld,20–22 however, the applications in

adsorbents were seldom reported. Here, we synthesized

a hydrogel adsorbent based on dextran. The numerous hydroxyl

groups of dextran render it amenable to substitution with other

groups according to the requirements of the substituted

product. Accordingly, we substituted dextran through reaction

with glycidyl methacrylate (GMA) to produce the double bond

modied dextran (Dex-MA), which has been used for building

hydrogel or micro-gels and recently applied in the area of

hemostatic agent and micro carriers.23 Then Dex-MA was

copolymerized with acrylic acid (AA) to give the Dex-MA/PAA

hydrogel. The carboxylic group can interact with various
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cationic pollutants, especially the cationic dyes and the regen-

eration process can be easily realized by changing the solution

pH.

The structure and thermal behavior of Dex-MA/PAA were

characterized by 1HNMR, FT-IR, TGA/DTG and SEM. The ability

of Dex-MA/PAA to act as an adsorbent for the removal of the

cationic dyes, Methylene Blue (MB) and Crystal Violet (CV)

(Fig. 1) from aqueous solution was characterized through

thermodynamic and kinetic studies. The effects of pH variation

and sodium chloride concentration on the dye adsorption

process were also determined. Overall, Dex-MA/PAA showed

a rapid dye adsorption rate and a high absorption capacity

which remained higher than 95% aer ve-adsorption/desorp-

tion-cycles.

2. Materials and methods
2.1 Materials

All chemicals, including dextran with an average molecular

weight of 150 kDa, were purchased from Sigma-Aldrich.

Aqueous solutions of Methylene Blue and Crystal Violet were

prepared using deionized water. The pH of the solutions was

adjusted with 0.1 M sodium hydroxide and 0.1 M hydrochloric

acid.

2.2 Synthesis of glycidyl methacrylate modied dextran

(Dex-MA)

The preparation of Dex-MA followed literature methods.24,25

Dextran (10.0 g, 0.067 mmol) was dissolved in DMSO (90 mL)

with stirring aer which 4-dimethylaminopyridine (DMAP)

(2.0 g, 16.37 mmol) and glycidyl methacrylate (GMA) (1.58 g,

11.11 mmol) were added and stirring was continued at room

temperature for 24 h. The resulting viscous solution was

transferred into a dialysis tube (molecular weight cut off ¼

8000–12 000 Da) and dialyzed against deionized water for two

days to remove DMSO and unreacted material. The resulting

aqueous solution was lyophilized to obtain a white product. The

400 MHz 1H NMR spectrum of a D2O solution exhibited reso-

nances at 6.25, 5.80 (2H, CH2]C), 5.35, 5.01 (anomeric proton),

1.99 (3H, –CH3) d, ppm.

2.3 Synthesis of the Dex-MA/PAA hydrogel

To prepare the Dex-MA/PAA hydrogel, 0.5 g Dex-MA and 2 g AA

were dissolved in 20 mL phosphate buffer (0.01 M, pH 8.0)

followed by the addition of 10 mg of ammonium

peroxydisulfate (APS) as initiator. This mixture was reacted at

70 �C under nitrogen for 2 h to form the Dex-MA/PAA hydrogel

which was then cooled to room temperature and rinsed with

deionized water to remove unreacted monomers and other

impurities. Then the Dex-MA/PAA hydrogel were immersed in

0.1 M sodium hydroxide followed by washing with a large

amount of water. Finally, the hydrogel was freeze dried, ground

and stored at room temperature in a dry environment.

2.4 Characterization

1H NMR spectra were obtained in D2O solutions using a Bruker

Avance DRX-400 at room temperature. Fourier transform

infrared (FT-IR) spectra were obtained from KBr pellets on

a NICOLET 6700 spectrometer in transmittance mode in the

range 400–4000 cm�1. The network morphology of the hydrogel

was observed using a SEM-JEOL6010LA scanning electron

microscope. Thermogravimetric analysis (TGA) and derivative

thermogravimetric analysis (DTG) were conducted on a Mettler

Toledo TGA/SDTA851 instrument in the temperature range 20

to 1000 �C with a ramp of 10 �C min�1 under a N2 ow (100

mL min�1).

2.5 Swelling study

To measure the hydrogel swelling ratio, 100 mg of freeze-dried

Dex-MA/PAA hydrogel was immersed in 200 mL deionized

water. Aer the swelling hydrogel reached equilibrium, it was

removed from the deionized water, residual surface water was

removed and it was weighed. The swelling ratio (SR) was

calculated through eqn (1):

SR ¼
ms �md

md

(1)

where ms (g) and md (g) are the weights of the Dex-MA/PAA

hydrogel in the swollen and dry states, respectively. The

swelling ratio was calculated to be 168.

2.6 Determination of active carboxyl group content

The active carboxyl group content of the Dex-MA/PAA hydrogel

was determined by titration.26,27 A 40 mg sample of the hydrogel

was added to 200 mL hydrochloric acid (10 mM) and stirred

overnight to convert the sodium salt to the carboxylic acid form.

Aer ltering, 50 mL of the ltrate was titrated with sodium

hydroxide (5 mM). The titration was carried out in triplicate.

The Dex-MA/PAA hydrogel carboxyl group content, C (mmol

g�1), was calculated through eqn (2):

C ¼
Ci � Cf

m
V (2)

where Ci (mol L�1), Cf (mol L�1) and V (mL) are the initial and

nal concentrations of the hydrochloric acid solution, respec-

tively, V (mL) is its volume, andm (g) is themass of Dex-MA/PAA.

The carboxyl group content was calculated to be 6.21 mmol g�1.Fig. 1 Structure of Methylene Blue (MB) and Crystal Violet (CV).
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2.7 Determination of pH at the point of zero charge for Dex-

MA/PAA (pHPZC)

The pH at which Dex-MA/PAA was uncharged, the point of zero

charge, pHPZC, was determined by the pH-dri method.28

Nitrogen was bubbled through 50 mL of each of nine sodium

chloride solutions (10 mM) at room temperature for several

minutes to expel dissolved CO2. The pH of the solutions was

adjusted to nine different initial values (pHinitial) in the range

2.0–10 with 0.1 M hydrochloric acid or 0.1 M sodium hydroxide.

Subsequently, 50 mg of Dex-MA/PAA was added to each solution

which was stirred for 4 hours at 250 rpm. The solutions were

then ltered and the nal pH (pHnal) of each ltrate was

measured and the pHnal–pHinitial values were plotted against

pHinitial of the solutions. The pHPZC (6.6 for Dex-MA/PAA) was

the point at which the value of pHnal–pHinitial is zero.

2.8 Dye adsorption experiments

All dye adsorption experiments were initiated by adding 20 mg

of Dex-MA/PAA to 20 mL dye solutions at a selected pHinitial

followed by stirring at 200 rpm for 3 h. The mixture was then

ltered and the residual dye content was determined by UV-vis

absorption at 664 nm for MB and 590 nm for CV using a UV-

1800, SHIMADZU spectrophotometer.

The inuence of the variation of pH (2–10), salt concentra-

tion (0–400mM), temperature (20–60 �C) and contact time (0–60

min) on the adsorption of MB and CV were investigated at an

initial dye concentration of 50 mg mL�1. The pH of each dye

solution was adjusted with either 0.1 M hydrochloric acid or

0.1M sodium hydroxide. The salt concentration was adjusted by

adding sodium chloride into the dye solution. The inuence of

initial dye concentrations (MB 20–2200 mg L�1, CV 50–2600 mg

mL�1) on adsorption was studied at 20 �C and pH 8.0. In kinetic

studies, the mixture was immediately stirred and 3 mL of

suspension were taken at specic intervals via syringe and l-

trated immediately by a 1 mm lter. All experiments were per-

formed in triplicate. The dye removal efficiency (R%) was

calculated through eqn (3):

R% ¼
C0 � Ct

C0

� 100% (3)

where C0 and Ct are the initial and nal concentration of dye

(mg L�1), respectively.

The adsorption capacity (qe, mg g�1) of Dex-MA/PAA was

calculated through eqn (4):

qe ¼
C0 � Ce

m
V (4)

where C0 and Ce are the initial and equilibrium dye concen-

tration (mg L�1), respectively. V (L) is the volume of dye solution

and m (g) is the weight of Dex-MA/PAA.

2.9 Regeneration tests

A sample of 40mg of dry Dex-MA/PAA was added to 40mL ofMB

or CV solution (50 mg L�1) at an initial of pH 8.0, and the

mixture was stirred for 3 h at 20 �C to obtain dye saturation of

the hydrogel. Then, Dex-MA/PAA was separated from the

mixture and immersed in 50 mL hydrochloric acid (0.1 M) for

3 h to release the adsorbed dyes. The separated Dex-MA/PAA was

washed with deionized water and the adsorption sites were

reactivated by soaking in 50 mL of 0.1 M sodium hydroxide for 1

hour. It was then separated again, washed with deionized water

and freeze dried before repeating the above described dye

adsorption experiment. This adsorption/desorption cycle was

repeated ve times for each dye.

3. Results and discussion
3.1 Characterization of Dex-MA and the Dex-MA/PAA

hydrogel

The preparations of Dex-MA and Dex-MA/PAA hydrogel are

shown in Scheme 1. The chemical structure of Dex-MA was

conrmed by FT-IR and the degree of substitution (DS) of the

methacrylate group on dextran was calculated to be 10.5% from

its 1H NMR spectrum (Fig. S1†).29 The FT-IR spectra of dextran,

Dex-MA and Dex-MA/PAA hydrogel in Fig. 2 show the progres-

sive changes as the synthesis proceeded. Aer soaking the Dex-

MA/PAA hydrogel in sodium hydroxide solution, the peak at

1571 cm�1 arising from the deprotonation of the Dex-MA/PAA

acrylic acid groups appeared together with that from methac-

rylate (from the Dex-MA (C]O) component) at 1721 cm�1 in

Fig. 2a.30 The double bond peak at 813 cm�1 in the Dex-MA

spectrum was absent from the Dex-MA/PAA spectrum aer

copolymerization with acrylic acid to give the hydrogel. The

effect of degree of substitution and AA content were studied

before systematically studying the adsorption properties of

hydrogels, which was shown in Fig. S3 and S4.†

The thermostabilities of Dex-MA and Dex-MA/PAA were

analyzed by TGA/DTG. As shown in Fig. 3a, the loss of bonded

water in Dex-MA leads to a very small weight loss at �100 �C.

When the temperature was increased to�300 �C, Dex-MA began

to decompose, leading to 72% loss of weight when the

temperature increased to 450 �C. For the Dex-MA/PAA hydrogel,

multiple thermal decomposition regions were observed. The

initial weight loss (about 10.1%) below 160 �C was ascribed to

water loss. The second weight loss of 21.5% occurred between

160 �C and 380 �C and was attributed to anhydride formation by

PAA chains and the decomposition of the Dex-MA components.

The third weight loss of 25.8% occurred between 380 �C and

554 �C and was assigned to thermal degradation of the poly-

acrylic anhydride. The nal weight loss of 29.24% occurred as

the residual Dex-MA/PAA hydrogel decomposed above 720 �C.4

The weight losses are clearly seen in the DTG curves in Fig. 3b.

The SEM images of the Dex-MA/PAA hydrogel showed

a three-dimensional network with large pore sizes in the range

of 100–1000 mm as seen in Fig. 4a. In aqueous solution, these

large pore sizes facilitate the exchange of water between the

interior and exterior of the hydrogel.

3.2 Effect of pH on dye adsorption

The active carboxyl group content of the Dex-MA/PAA hydrogel

adsorbent was found to be 6.21 mmol g�1 and the mass ratio

between Dex-MA and PAA was calculated to be 1.23. Given this

This journal is © The Royal Society of Chemistry 2019 RSC Adv., 2019, 9, 21075–21085 | 21077
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high carboxyl group content, the pH of the solution is one of the

most signicant factors affecting the surface charge of the Dex-

MA/PAA hydrogel.27 So, the pH at which an adsorbent has zero

charge (pHPZC) is an important parameter as it effectively

predicts the surface charge at different pH values. The pHPZC for

the Dex-MA/PAA hydrogel adsorbent was determined to be 6.6,

as shown in Fig. S2.† All of the Dex-MA/PAA carboxyl groups

were protonated at pH < 6.6 but become increasingly deproto-

nated at pH > 6.6 such that the adsorbent surface is increasingly

negatively charged as required for the adsorption of cationic

dyes.31,32

Scheme 1 (a) Synthesis of Dex-MA and Dex-MA/PAA hydrogel and (b) the structure of Dex-MA/PAA hydrogel in sodium salt form.

Fig. 2 FT-IR spectra of dextran, Dex-MA and Dex-MA/PAA hydrogel.

Fig. 3 (a) TGA and (b) DTG curves of Dex-MA and Dex-MA/PAA

hydrogel.
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The variation of the dye removal efficiency of the Dex-MA/

PAA hydrogel adsorbent at pHinitial ranging from 2 to 10 for

MB and CV is shown in Fig. 5a. At pHinitial 2.0 the removal

efficiency for MB and CV were 47.8% and 56.9%, respectively.

When the pHinitial slightly increased to 3.0, the removal effi-

ciency for both dyes were higher than 96%. However, further

increases in pHinitial to 10.0 produced no additional increase in

the removal efficiency for the dyes. Overall, these data show that

the Dex-MA/PAA hydrogel adsorbs MB and CV particularly

effectively over the pHinitial range of 3–10 due to its strong buffer

ability.

This dye adsorption pattern coincided with changes from

pHinitial to pHnal, aer adding the Dex-MA/PAA hydrogel to the

dye solutions as a consequence of variations in the extent of

protonation of the carboxylate groups. Thus, there was a larger

increase of pHnial from pHinitial ¼ 3 to 4, lesser increases from

pHinitial ¼ 4 to 10 (Fig. 5b). These changes are a consequence of

buffering by the Dex-MA/PAA hydrogel centered on pHPZC ¼ 6.6.

The adsorption of MB and CV in solutions with pHnal < pHPZC

in particular indicates that both dyes strongly compete with

protons for electrostatic interaction with Dex-MA/PAA carbox-

ylate groups.

3.3 Effect of NaCl concentration on dye adsorption

The differing effects of NaCl concentration on the absorption of

Dex-MA/PAA hydrogel for MB and CV are shown Fig. 6. The

removal efficiency of MB changed from >97% to 4.3% when

sodium chloride concentration was increased from 0 to

400 mM, and that of CV changed from >97% to 43.9%. This is

consistent with Na+ competitively interacting with the Dex-MA/

PAA carboxylate groups to produce a screening effect which

decreases cationic dye adsorption as found in other studies.33,34

Fig. 4 SEM images of the fracture surface of the freeze-dried Dex-MA/PAA hydrogel at two magnifications.

Fig. 5 (a) Effect of initial solution pH on the removal efficiency by the

Dex-MA/PAA hydrogel and (b) finial pH changes after adding the Dex-

MA/PAA hydrogel. Dex-MA/PAA hydrogel dose: 1 g L�1, dye concen-

tration: 50 mg L�1, contact time: 3 h.

Fig. 6 Effect of NaCl concentration on removal efficiency of Dex-MA/

PAA hydrogel (Dex-MA/PAA hydrogel dose: 1 g L�1, dye concentration:

50 mg L�1, contact time: 3 h, initial pH 8.0).

This journal is © The Royal Society of Chemistry 2019 RSC Adv., 2019, 9, 21075–21085 | 21079
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3.4 Effect of temperature on dye adsorption

The adsorption of the dyes onto the Dex-MA/PAA hydrogel

decreased slightly with increase in temperature from 293 K to

333 K as shown by the decreases of 1.3% and 2.2% in the

removal efficiency for MB and CD, respectively, in Fig. 7. A

similarly small absorption decrease has been reported for MB

adsorption on other adsorbents.15

The free energy change, enthalpy change and entropy change

for dye adsorption, DG0, DH0 and DS0, were determined through

the following equations:

Kd ¼
C0 � Ce

Ce

(5)

DG0 ¼ �RT ln Kd (6)

DG0 ¼ DH0 � TDS0 (7)

lnðKdÞ ¼
DS0

R
�

DH0

RT
(8)

where Kd is the equilibrium constant, C0 and Ce are the initial

and equilibrium dye concentrations (mg L�1), R is the gas

constant and T is the temperature (K). Van't Hoff plots of ln Kd

against 1/T shown as insets in Fig. 7 and the DH0 and DS0 were

calculated from the slope (�DH0/R) and intercept (DS0/R). The

derived thermodynamic parameters appear in Table 1. For both

dyes DG0 becomes less negative with increase in temperature

consistent with the corresponding decrease in removal effi-

ciency and dye adsorption was a spontaneous process.4,27 The

negative DH0 for adsorption indicated that the dye adsorption

process was exothermic, while the negative DS0 were indicated

the decreased randomness at the solid/liquid interface in the

adsorption process.35,36

Response surface methodology was also applied for optimi-

zation of dyes, and pH (A), salt concentration (B) and tempera-

ture (C) were selected as three factors. The results of variance

analyses were shown in Table S3 and S4.† According to p value,

the A, B, AB, B2were signicant for removal efficiency of MB, and

A, B, AB, A2, B2 were signicant for removal efficiency of CV,

which were also conrmed by F value.

3.5 Adsorption kinetics

The adsorption kinetics were characterized by monitored the

amount of dye adsorbed against time. Within the rst minute

the removal efficiencies of MB and CV have reached 93.9% and

86.4%, respectively (Fig. 8). Thereaer, the removal efficiency of

MB and CV leveled off at �98% within �5 min and �15 min,

respectively, as is seen qualitatively for MB and CV solutions

before and aer adsorption by Dex-MA/PAA in Fig. S6.† This

rapid adsorption process is ascribed to the large pore size of the

hydrogel networks and their multiple carboxylate groups, indi-

cating the potential usefulness of the Dex-MA/PAA hydrogel as

an adsorbent in wastewater treatment.

Generally, the dye adsorption processes are considered to

occur in three steps: (1) bulk diffusion of the dye from solution

to the adsorbent surface; (2) intra-particle diffusion and elec-

trostatic interactions between the dye and the adsorbent; and

(3) the equilibrium state wherein the dye exchanges on and off

adsorption sites.26,37 To determine the nature of the kinetics of

adsorption, the experimental qt data were tted to a pseudo-rst

order (PFO),38 a pseudo-second order (PSO),39 and the Elovich

kinetic model,40,41 and then to the intra-particle diffusion model

(Fig. 9).28,42

For the PFO kinetic model:

qt ¼ qe(1 � e�k1t) (9)

For the PSO kinetic model:

Fig. 7 The effect of temperature on the removal efficiency: (a) MB and

(b) CV (inset: Van't Hoff plots for the adsorption of MB and CV on Dex-

MA/PAA).

Table 1 Thermodynamics parameters for MB and CV adsorption on

Dex-MA/PAA at different temperatures

Parameters DG0 (kJ mol�1) of dyes

T (K) MB CV

293 �11.52 �10.52

303 �11.14 �10.21

313 �11.07 �9.92

323 �11.03 �9.45
333 �10.74 �9.19

DH0 (kJ mol�1) �16.38 �20.61

DS0 (J mol�1 K�1) �16.84 �34.34
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qt ¼
k2qe

2t

1þ k2qet
(10)

where qt (mg g�1) is the adsorption capacity at time t (min), and

qe (mg g�1) is the equilibrium adsorption capacity; k1 (min�1)

and k2 (g mg�1 min�1) are the adsorption rate constant for the

pseudo-rst order and pseudo-second order kinetics models,

respectively.

The Elovich kinetic model:

qt ¼
1

b
lnðabÞ þ

1

b
ln t (11)

where a (mg g�1 min�1) is the adsorption rate constant and b (g

mg�1) is the desorption rate constant.

The intra-particle diffusion model:

qt ¼ kdit
0.5 + Ci (12)

where kdi (mg g�1 min�0.5) is the intra-particle diffusion rate

constant, t0.5 (min�0.5) is the square root of time, and Ci (mg

g�1) is the intercept related to the resistance to diffusion.

The best ts of the four kinetic models to the experimental

data are shown in Fig. 9 and the derived kinetic parameters and

determination coefficients (R2) appear in Table 2. It is seen from

Fig. 9a and b that the PSO kinetic model best ts experimental

data, which is consistent with the high R2 values and the

theoretical adsorption capacities (qe(cal)) calculated from the

PSOmodel being comparable to the experimental values (qe(exp))

(Table 2). This implies that the adsorption rate is controlled by

chemisorption due to electron sharing or exchange between the

dyes and the Dex-MA/PAA hydrogel.40,43,44

The tting plots for the intra-particle diffusion model for the

adsorption of MB and CV were displayed in Fig. 9c and d. The

experimental data for MB and CV adsorption separate into three

linear regions indicative of a three-stage adsorption process. It

Fig. 8 Effect of contact time, t, on the dye removal efficiency.

Hydrogel adsorbent dose: 1 g L�1, dye concentration: 50 mg L�1,

pHinitial 8.0.

Fig. 9 Dye adsorption on Dex-MA/PAA as a function of time: pseudo-first order (PFO), pseudo-second order (PSO) and Elovich kinetic plots of

(a) MB and (b) CV; intra-particle diffusion kinetic plots of (c) MB and (d) CV.
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is seen from Table 2 that the diffusion rate constants for MB

and CV for each step follows the order of: kd1 > kd2 > kd3, while

the intercept C follows the order of: C1 < C2 < C3 and provides

the information about the thickness of the boundary layer or

resistance to diffusion45 The rst stage had the highest diffusion

constant, kd1, and lowest intercept, C1, consistent with rapid

diffusion of the dye from the bulk solution to the Dex-MA/PAA

hydrogel surface. In the second stage, adsorption slows as the

dye diffuses less rapidly into the pores of the hydrogel (intra-

particle diffusion) where it adsorbs through electrostatic inter-

actions. With increasing dye adsorption onto the hydrogel

surface, dye adsorption slows further as equilibrium is reached

and dye adsorption and desorption reach a kinetic balance in

the third stage. Consequently, kd3 decreases while C3 increases.

All these observations are consistent with the MB and CV

adsorption processes occurring in three stages and being

partially controlled by intra-particle diffusion.37,45 The adsorp-

tion kinetics at 100 mg mL�1 of dyes were also conrmed and

showed similar results (Fig. S7, S8 and Table S5†).

3.6 Dye adsorption isotherms for Dex-MA/PAA

The character of the dye adsorption isotherms for the Dex-MA/

PAA hydrogel was determined from the equilibrium qe and Ce at

different initial concentration of dyes. The variations of qe with

Ci for MB and CV are shown in Fig. 10a and b, respectively. In

both cases qe increased linearly for most of the Ci range before

reaching a plateau at 1800 mg L�1 for MB and 2300 mg L�1 for

CV consistent with saturation of the Dex-MA/PAA carboxylate

sites. The qe at saturation were 1984mg g�1 for MB and 2405 mg

g�1 for CV.

These adsorption data were tted to four adsorption

isotherm models expressed as follows:

The Freundlich isotherm model:

qe ¼ kFCe

1
nF (13)

where kF (mg g�1 (L mg�1)1/n) is the Freundlich isotherm

constant and nF (dimensionless) is the heterogeneity factor

related to the adsorption. This model assumes adsorption to

occur on an energetically heterogeneous surface.4

The Temkin isotherm model:

qe ¼
RT

bT
lnðkTCeÞ (14)

where R (8.314 J K�1mol�1) is the universal gas constant, T (K) is

the absolute temperature, bT (dimensionless) is related to the

heat of adsorption and kT (L mg�1) is the Temkin isotherm

constant. This model assumes heat adsorption to decrease as

surface coverage increases.26

The Langmuir isotherm model:

qe ¼
qmkLCe

1þ kLCe

(15)

where qm (mg g�1) is the maximum adsorption capacity; kL (L

mg�1) present the adsorption energy. This model assumes that

adsorption occurs on a homogeneous monolayer surface.46

The Sips isotherm model:

qe ¼
qmðkSCeÞ

1
nS

1þ ðkSCeÞ
1
nS

(16)

where kS (L mg�1) is related the adsorption energy and the nS is

the heterogeneity factor related to the adsorption. Besides, the

Sips model incorporates both heterogeneity and saturation and

effectively combines the Freundlich and Langmuir

models.27,47

The isotherm parameters calculated through tting the

adsorption data to the four models appear in Table 3, and the

best-t curves for MB and CV adsorption appear in Fig. 10c and

d respectively. On the basis of the R2 values, the experimental

data were best-tted by the Sips isothermmodel. The maximum

adsorption capacity qm(cal) of MB (1994 mg g�1, 6.23 mmol) and

CV (2390 mg g�1, 5.86 mmol) calculated through the Sips

isotherm model are similar to the experimental maximum

adsorption capacities qm(exp) (Table 3). The calculated kS of MB

(0.12 L mg�1) was less than that of CV (0.19 L mg�1), indicating

that CV has a higher affinity for adsorption by the Dex-MA/PAA

hydrogel than MB. The heterogeneity factor, nS for both MB

(0.40) and CV (0.14) are both signicantly less than unity indi-

cating that their adsorption processes are only moderately

heterogeneous in nature.47

3.7 Comparison with other polysaccharide based adsorbents

The maximum adsorption capacities of Dex-MA/PAA hydrogel

adsorbent for MB and CV are compared with other poly-

saccharide based adsorbents in Table 4. On the basis of the qm
data it is seen that the Dex-MA/PAA hydrogel possessed

Table 2 Parameters for pseudo-first order, pseudo-second order and

Elovich kinetic models, and intra-particles diffusion model for MB and

CV adsorption

Parameter

Adsorbing dye

MB CV

Pseudo-rst order qe(cal) 49.0 48.0

k1 5.08 2.60
R2 0.8664 0.8912

Pseudo-second order qe(cal) 49.9 49.2

k2 0.23 0.11

R2 0.9896 0.9666
Elovich a(�109) 6.63 0.03

b 0.50 0.40

R2 0.6997 0.7716

Intra-particle diffusion

Stage 1 kd1 48.2 44.5

C1 4.95 0.93

R2 0.8491 0.9698
Stage 2 kd2 1.60 2.37

C2 45.5 41.1

R2 0.9528 0.9661
Stage 3 kd3 0.028 0.032

C3 49.5 49.0

R2 0.5653 0.7519
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a relative high adsorption capacity for MB and an even higher

one for CV by comparison with other adsorbents. These results

indicated that the Dex-MA/PAA hydrogel can be recognized as

a promising adsorbent for removing the cationic dyes.

The performance of Dex-MA/PAA hydrogel in the presence of

both cationic dyes were also measured (MB 50 mg L�1, CV

50 mg L�1). The results showed that both removal efficiency of

MB and CV were higher than 98% due to the high adsorption

capacity of Dex-MA/PAA hydrogel (Fig. S9†). Besides, humic acid

is one of the natural organic matter (NOM) existing in the river

and soil. Several studies have shown that the presence of humic

acid can signicant affect the adsorption of organic pollutant

from their aqueous solutions, and the pollutants will gradually

accumulate in the river and soil.47,48 Here, humic acid was

mixed with MB and CV and the removal efficiency was investi-

gated under Dex-MA/PAA hydrogel. As shown in Fig. S10,† the

removal efficiency of MB and CV were nearly invariant even at

50 mg L�1 of humic acid, and the Dex-MA/PAA hydrogel pre-

sented strong adsorption ability to MB and CV. This was prob-

ably because the humic acid could not compete withMB and CV

onto adsorption sites. Meanwhile, the pH of the solution was

stable due to the excellent buffer ability, which decrease the

inuence of humic acid.

3.8 Dye desorption and reuse studies

The regeneration of an adsorbent is crucial for its practical

applications. As shown in Fig. 11, ve adsorption/desorption

cycles were performed with the Dex-MA/PAA hydrogel to eval-

uate its reusability. The removal efficiencies for MB and CV were

>95% and showed very small variations over the ve cycles,

demonstrating the excellent recycling performance and stability

of the Dex-MA/PAA hydrogel.

Fig. 10 The variation of the amount of dye adsorbed at equilibrium by Dex-MA/PAA, qe, with initial dye concentrations, C0, for (a) MB and (b) CV.

The fitting curves for the Freundlich, Temkin, Langmuir and Sips isotherms for (c) MB and (d) CV. Dex-MA/PAA dose: 1 g L�1, pHinitial 8.0.

Table 3 Derived parameters for the Freundlich, Temkin, Langmuir and

Sips isotherm models for MB and CV adsorption

Isotherm

Parameters

Adsorbing dye

MB CV

qe(exp) (mg g�1) 1984 2405

Freundlich kF 350 856

nF 2.72 4.53
R2 0.6992 0.4734

Temkin kT 0.80 2.13

bT 5.27 5.18

R2 0.8415 0.5915
Langmuir qm(max) 2364 3380

kL 0.073 0.10

R2 0.8838 0.5730
Sips qm(max) 1994 2390

kS 0.12 0.19

nS 0.40 0.14

R2 0.9861 0.9838
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4. Conclusions

In this study, the Dex-MA/PAA hydrogel adsorbent was prepared

by using glycidyl methacrylate modied dextran (Dex-MA) as the

biocompatible cross-linker and acrylic acid as the functional

group. Dex-MA/PAA hydrogel presented high removal efficiency

on Methylene Blue (MB) and Crystal Violet (CV) over a wide

range of pH (3–10) due to the strong buffer ability. The adsor-

bent presented fast adsorption rate with short equilibrium for

MB (5 min) and CV (15 min). Besides, the equilibrium data were

well simulated by Sips model, and the calculated maximum

adsorption capacity was 1994 mg g�1 for MB and 2390 mg g�1

for CV, which were higher than other polysaccharides based

adsorbents. Moreover, the adsorbents were regenerated and

reused for 5 times without a signicant efficiency loss. These

data show that the Dex-MA/PAA hydrogel is a promising

candidate for a use as an efficient adsorbent in water treatment.
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