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ABSTRACT: Functionalized polymeric microbeads were investigated as adsorbent for the removal of three direct dyes from aqueous

solutions. The effects of different experimental parameters, such as initial dye concentration, temperature, and solution pH on the

adsorption process were investigated. The adsorption process can be conducted with very good result at normal working conditions:

neutral pH and normal temperature. The maximum percentage removal obtained was 99.11% for the symmetrical disazo dye,

90.14% for asymmetrical disazo dye, and 98.53% for trisazo dye. The adsorption kinetics followed the pseudo-second-order equation

for all three investigated dyes in all working conditions. The experimental data were fitted to Langmuir, Freundlich, Sips, and Red-

lich–Peterson isotherm models, and the best fit was obtained with Sips model. Thermodynamic parameters (DH�, DS�, and DG�)

revealed that dye adsorption is an endothermic and spontaneous process. VC 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000–000, 2012
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INTRODUCTION

Green chemistry, also called ‘‘sustainable chemistry’’ is a highly

effective approach to pollution prevention, which applies inno-

vative scientific solutions to real-world environmental situations.

Industries such as textile, paper, plastics, etc., use great quanti-

ties of water and chemical substances, for coloring the manufac-

tured articles and discharge large amounts of wastewater during

industrial processing. The World Bank estimates that 17–20% of

industrial water pollution comes from textile dyeing and treat-

ment. This represents a big environmental problem for the

clothing designers and other textile manufacturers. Effluents dis-

charged are aesthetically unpleasant and can produce serious

pollution problems.1,2 The colored waste waters are considered

toxically for aquatic biosphere and affect symbiotic process by

reducing the photosynthetic activity.3 For all these reasons, in

the recent years, discharge of dye pollutants has become an eco-

logical concern.

Direct dyes widely used in the Romanian textile dyeing industry

are water-soluble dyes; they tend to pass through conventional

treatment unaffected so their removal from wastewater is highly

difficult. In living organism, some of these dyes can produce

carcinogenic and mutagenic aromatic amines in the reductive

degradation process, under the action of the enzyme and intes-

tine microflora.4,5 International organizations such us Interna-

tional Agency for Research on Cancer (IARC) and Ecological

and Toxicological Association of the Dyestuffs Manufacturing

(ETAD) developed lists containing aromatic amines with carci-

nogenic, mutagenic, and teratogenic characteristics.6,7 Synthesis

of benzidinic direct dyes was forbidden due to the carcinogenic

activity of benzidine and the most of its derivatives.8,9 In this

way finding substitutes for this kind of compounds is an

increased demand and a relevant subject. Dyes derived from

4,40-diaminobenzanilide, are relatively new types of direct dyes,

which successfully replace the benzidinic dyes.

In the last years, different methods like coagulation/floccula-

tion,10,11 chemical oxidation,12 extraction,13 membrane separa-

tion,14 adsorption,15–17 electrochemical reduction,18,19 and bio-

degradation,20,21 have been developed to remove the color from

dye-containing effluents.22 Among them, adsorption process
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provides an attractive alternative for the treatment of dye-conta-

minated waters because of its simplicity, selectivity, and effi-

ciency.23 Because of their diversity in surface and porosity, high

physical-chemistry stability, regeneration and reuse for continu-

ous process, polymeric adsorbents have been used as alternative

to activated carbon in removal and recovery of organic pollu-

tants from industrial wastewaters.24–28 The dye adsorption is

mainly dependent on the dye’s structure, and the surface chem-

istry of the adsorbents, chemical modification being an effective

approach for improving adsorption performance of a polymeric

adsorbent toward dye removal.28–30 Functionalized linear and

reticular styrene copolymers can be modified by polymer-analo-

gous reactions in other functional groups.31,32 Most of the

works published on resin-bound quaternary ammonium salts

use styrene-divinylbenzene related resins because of the large

amount of technology available on these resins, due to their use

as ion exchange resin support. Nevertheless, finding new

absorbents for dyes removal, with high adsorption capacities is

still a challenge.23

The aim of the present work was to investigate the efficiency of

a new synthetic modified copolymer, in the removal of three

direct dyes from aqueous solutions. For this purpose, equilib-

rium and kinetic studies have been carried out. The influences

of process variables such as time, initial concentration, tempera-

ture, and pH have been investigated.

EXPERIMENTAL

Materials

Three types of direct dyes were used as adsorbate: a symmetrical

disazo dye (OD), an asymmetrical disazo dye (RD), and a tri-

sazo dye (GD) (Figure 1). The dyes were synthesized in our lab-

oratory to obtained very good substitutes of theirs benzidinic

homologue dyes (C.I. Direct Orange 34, C.I. Direct Red 33, and

C.I. Direct Green 9). The synthesis of the studied dyes involved

the direct bis-diazotisation of 4,40-diamino-benzanilide, and the

coupling reactions of bis-diazonium salt with: pyrazolone in

case of OD dye33; salicylic acid and benzoyl I acid for RD dye,34

and in case of GD dye two subsequent coupling reactions: first

with salicylic acid, and the second with a monoazo compound

prepared by the coupling reaction of the diazonium salt of p-ni-

troaniline with 1-amino-8-hydroxy-3,6-naphtalindisulfonic acid

(H acid).35 The dyes were purified by several recrystallizations

from distilled water and the dyes purity was around 96%. The

dyes were characterized by thin layer chromatography, electronic

spectra, and mass spectroscopy.

Chloromethylated styrene-divinylbenzene (StDVB-ClMe) used as

starting material was supplied by Purolite Victoria Romania (S-

6.7% DVB, %Cl 14.22, GF 4.01 mmol Cl g�1 copolymer). The

StDVB-NMe resin (Figure 1), was prepared by the polymer-

analogous reaction; StDVB-ClMe was aminated by adding 25

mL of 25% trimethylamine in ethanol and stirring at room

temperature for 24 h. The product was then rinsed with metha-

nol, water, and acetone, and characterized by UV–VIS and FTIR

spectroscopy.36

Working solutions were prepared with distilled water to repli-

cate industrial colored wastewaters. The pH values of solutions

were adjusted by adding either HCl or NaOH (0.02M), and

were measured using a WTW model 330i pH meter.

Physicochemical Determinations

UV–visible absorption spectra of the dyes were recorded using a

CECIL CE 7200 Spectrophotometer in the wavelength range

250–750 nm.

The structural characterization of the copolymer microbeads,

before and after dye adsorption, was performed by environmen-

tal scanning electron microscopy (ESEM) on Quanta 200 instru-

ment. Samples were fixed by means of colloidal silver on copper

supports. The samples were covered with a thin layer of gold,

by sputtering (EMITECH K 550x). The coated surface was

examined by using an Environmental Scanning 200, operating

at 5 KV with secondary electrons in High Vacuum Mode.

The estimation of the nitrogen content in the StDVB-NMe and

dye-attached microbeads has been performed by Energy Disper-

sive X-ray (EDX) analysis on the Quanta 200 (FEI) electron

microscope equipped with EDX system.

The FTIR spectra for the copolymer, the studied dye, and the

dye attached to the copolymer microbeads were obtained using

a Bruker Vertex 70 instrument. All the spectra were the results

of 256 co-added scans at a resolution of 4 cm�1 in KBr pellets,

in the range 400–4000 cm�1.

Methods

The adsorption of dyes on the copolymer microbeads has been

studied in aqueous solutions in a batch system. For the dye

immobilization, 100 mL dye solutions with different concentra-

tions and 0.1 g copolymer were magnetically stirred at 250 rpm

for a specific time t. After reaching the equilibrium, the colored

microspheres were separated through filtration, washed with

distilled water (2 � 20 mL), and dried at 313 K for 24 h. The

effect of initial concentration of the dye on the adsorption study

was carried out using solutions with different dyes

Figure 1. Molecular structure of the: (a) OD (orange), (b) RD (red), (c)

GD (green) dyes, and (d) StDVB-NMe.
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concentrations ranging from 1 � 10�5 to 1 � 10�4 molL�1, at

300 K and pH 7.2. The effect of temperature on the sorption

process was studied at three different temperatures (i.e., 303,

318, and 333 K) at pH 7.2. The analysis was extended to various

values of solution pH, between 4.1 and 10.4, at 300 K. The pH

of the dyes/StDVBNMe system was not controlled during the

course of adsorption reaction. In the kinetic experiment, the

changes of absorbance were determined at certain time intervals

(0 � 400 min) during the adsorption process. The amount of

adsorbed dye per copolymer unit (mg dye g�1 dry copolymer)

was calculated using eq. (1):

qt ¼
ðC0 � Ct Þ � V

W
(1)

where qt is the amount of dye adsorbed onto the copolymer

unit at time t (mg g�1), C0 and Ct are the dye concentration in

solution at initial time, and at time t (mg L�1), V is the solu-

tion volume (L), and W is the amount of adsorbent (g).

The percentage of dye removal (g) was evaluated using eq. (2):

g ¼ C0 � Ce

C0

� 100 (2)

where Ce is dye concentration at equilibrium (mg L�1).

RESULTS AND DISCUSSION

The chemical structures and the characteristics of the studied

dyes are presented in Figure 1 and Table I.

Table I. The Studied Dyes Characteristics

Dye Dye formula

Molecular
weight
(g mol�1) kmax

a (nm)

OD C32H25O9N9S2Na2 789 265; 395

RD C37H24O9N6S1Na2 774 382; 515

GD C36H20O13N9S2Na3 919 380; 625

aMeasured experimentally.

Figure 2. SEM images for (a) StDVB-NMe, (b) StDVB-NMe with OD dye, (c) StDVB-NMe with RD dye, and (d) StDVB-NMe with GD dye. [Color fig-

ure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Characterization of Copolymer Microbeads

A synthetic copolymer StDVB-NMe [Figure 1(d)] was investi-

gated as potential adsorbent for the removal of direct dyes. Af-

ter adsorption process and washing with distilled water, the co-

polymer microbeads remained uniform colored.

The surface morphology of the StDVB-NMe microbeads, before

and after adsorption experiments, was emphasized by electron

micrographs (Figure 2). The copolymer has a uniform and

spherical form with almost compact structure and smooth sur-

face characteristics.

The elemental analysis of the unmodified StDVB-NMe and dye-

attached StDVB-NMe beads were carried out, and the attach-

ment of the dyes were confirmed by an increase of the nitrogen

content from 4.9% in starting material to 5.8% in StDVB-NMe

with OD dye, 6.9% in StDVB-NMe with RD dye, and 5.4% in

StDVB-NMe with GD dye, respectively.

The FTIR spectra showed characteristic bands of nitrogen con-

taining functionalities. The IR spectrum of StDVB-NMe

microbeads presents characteristic absorption of aromatic ring

in the area of 3000–3100 cm�1 and a broad peak in the area of

3100–3600 cm�1 corresponding to the ACH2NþMe3 moiety.

The evidence of resin amination corresponding to tertiary

amine stretching is revealed by the presence of a band at 2782

cm�1.37 The adsorbed dyes onto microbeads copolymer is con-

firmed by the presence of the N¼¼N vibration absorption peak

around 1400 cm�1. The amide group from the dyes, lead to the

changes in the 3100–3500 cm�1 region due to the NAH stretch-

ing vibration.

Effect of Initial Dye Concentration and Contact Time

The effect of initial dye concentration and contact time on the

adsorption capacity of StDVB-NMe is presented in Figure 3.

For an ecological reason, it is very important to recover dyes

from the diluted colored wastewaters. The adsorption is rapid

in the initial stages and after reaching the equilibrium time, it

remained nearly constant, due to the saturation of the available

active centre for dye on the adsorbent surface. The necessary

time for reaching the equilibrium increased with increasing the

dye concentration, and with increasing the molar mass of inves-

tigated dyes OD < RD < GD. This is due to the fact that

adsorption could occur both at the surface of the polymer, and

in the pores of the polymer, and the diffusion of adsorbates

into the internal adsorption sites is stimulated by the increasing

of the initial dye concentration. The uptake of the studied dyes

increased with the increase in initial dye concentration (Figure

3, Table II) while the percentage removal decreased [Figure

4(a)], indicated that the dye removal is concentration depend-

ent, which is in agreement with other reports.38,39

Very good results in the dye removal were obtained at low con-

centrations: 99.11% for OD, 90.14% for RD, and 98.53% for

GD dye, respectively. The results are comparable with values

Figure 3. Adsorption of OD (a), RD (b), and GD (c) dyes at different initial concentrations. Conditions: adsorbent dose 100 mg 100 mL�1, 300 K, and

pH 7.2.
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Figure 4. The effect of (a) initial concentration, (b) temperature, and (c) pH on dyes removal percentage.

Figure 5. Effect of the temperature on (a) OD, (b) RD, and (c) GD dyes removal. Conditions: dye concentration 40 mg L�1, adsorbent dose 100 mg 100 mL�1,

pH 7.2.
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reported for removal of Acid Green 9 (93%) on acrylic copoly-

mers,17 DY-12 dye (94.11%),40 respectively, direct dyes (97–

99%),41 on activated carbon; or even better than the data

reported by: Popa et al. for acid dye (43%) and anthraquinonic

dye (24.7%) removal on a-hydroxyphosphonic acid grafted on

styrene–divinylbenzene copolymer,30 Kuo et al. for direct dyes

removal on carbon nanotubes (51 and 79%, respectively),42

Bayramoglu et al.43 for cationic dyes adsorption on p(HEMA-g-

GMA) functionalized resin (35 and 74%, respectively), and

Cos�kun44 for cationic dye removal on poly(4-VPy/CrA) resins

(27.8–83%). These results clearly demonstrated that StDVB-

NMe can be used as a novel alternative adsorbent for the purifi-

cation of colored wastewaters.

Effect of Temperature

The effect of temperature on the sorption process was studied

in the range of 303 � 333 K, using 100 mg adsorbent dose to

100 mL solution, 40 mg L�1 dye concentration, at pH 7.2 (Fig-

ure 5). This range of temperatures was chosen to obtain results

as closely as possible with normal working conditions, and with

minimum working costs.

A comparison of experimental data shows that the increase of

temperature induced a positive effect on the sorption capacity

in case of the studied dyes, which is in accordance with the data

reported by Al-Ghouti et al.45 using modified diatomite for dye

removal. The increase of the temperature determine an increase

in the adsorption capacity of StDVB-NMe, and the decrease of

the necessary time for reaching the equilibrium from 95 to 40

min in case of OD dye, from 120 to 60 min in case of RD dye,

and from 210 to 105 min in case of GD dye. The removal per-

centage of the investigated dyes onto StDVB-NMe, increased

from 79.99 to 90.38% (OD), 84.00 to 91.31% (RD) and from

96.58 to 97.91% (GD), with the increase of temperature from

303 to 333 K [Figure 4(b)]. In his work, Hiroyuki explained

that the increases of dye removal with the increasing of temper-

ature may be attributed to the chemical reaction taking place

between the functional groups of the adsorbate/adsorbent and

the dye.46

Effect of pH

The pH value of dye solution plays an important role in the

whole adsorption process and particularly on the adsorption

capacity.17,47,48 Most of the dyes are ionic and upon dissociation

deliver dye ions into solution. The degree of adsorption of these

ions onto the adsorbent surface is primarily influenced by the

surface charge on the adsorbent, which in turn it is influenced

by the solution pH.29 The effect of pH on dyes removal was

investigated in the pH range 4.1 � 10.4, to determine the opti-

mum pH value at which the dye removal percentage is maxi-

mum. After the pH adjustments, the samples were placed in an

oven to sit over night at 303 K; thereafter the absorption analy-

sis was performed (Figure 6).

Figure 6. Effect of the solution pH on OD (a), RD (b), and GD (c) dyes adsorption on StDVB-NMe microbeads. Conditions: dye concentration

40 mg L�1, adsorbent dose 100 mg 100 mL�1, 300 K.
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StDVB-NMe is an anion exchange resin with positively charged

functional groups (ANMe3
þ) which exchange negatively

charged ions. The investigated direct dyes are negatively charged

in solution (ASO�
3 , ACOO�), having an affinity to materials

with positive charges. In case of OD [Figure 4(c)] the removal

percentage (Figure 6) was almost constant for studied pH range,

and for RD and GD the adsorption was lower at acidic pH.

This behavior could be explained by the differences in chemical

structure of the studied dyes. The excess of Hþ promotes proto-

nation of the sulfonic groups of dyes, which are the main

groups of the electrostatic interactions adsorbent-dyes in solu-

tion. The adsorption of the protonated dyes decreases in rela-

tion to the unprotonated ones. With the increase of pH from 4

to 10, an increase in removal percentage was observed for RD

and GD dyes. Similar results have been reported by Revathi,40

Zohra,49 and Verma.50 The maximum removal of OD, RD, and

GD onto StDVB-NMe resin was found to be at neutral pH [Fig-

ure 4(c)]. The higher sorption capacity of the StDVB-NMe

obtained at a higher pH may be due to electrostatic attraction

between the negatively charged dye molecule, and the positively

charged adsorption sites of the sorbent. The slightly lower re-

moval of the studied dyes at higher pH is probably due to the

excess of OH� ions, competing with the anionic dyes (OD, RD,

and GD) for the adsorption sites of the sorbent.

Adsorption Kinetics

The adsorption kinetics of all three investigated dyes from aque-

ous solution on StDVB-NMe microbeads under different condi-

tions has been investigated. The kinetics of adsorption is

described by the first-order Lagergren model and pseudo second-

order model. The first-order rate expression of Lagergren (3) was

used to determine the rate constants k1 of first-order adsorption:

log qe � qð Þ ¼ log qe � k1

2:303
t (3)

The plot of log(qe � q) versus t will give a straight line, and the

value of k1 can be obtained from the slope of the graph.

The second-order kinetic model is expressed as:

t

q
¼ 1

k2q2
e

þ 1

qe
t (4)

where k2 is the pseudo-second-order adsorption model rate con-

stant (g mg�1 min�1). A plot of t/q as a function of t is linear,

and the value of k2 is determined from the slope and intercept.

The experimental results for influence of temperature were ana-

lyzed using the first-order (Figure 7) and pseudo-second-order

(Figure 8) models. The kinetic models were fitted using linear

Figure 7. Lagergren plot for the adsorption of OD (a), RD (b), and GD (c) dyes on StDVB-NMe; influence of temperature.
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fitting method from Origin 6.9 program. The correlation coeffi-

cients (R2) were used to determine the best fitted kinetic model.

The obtained data gave poor fits with the first-order model and

very good fits with the pseudo-second-order model as shown by

the correlation coefficients. Kinetic studies were made also for

the influence of initial concentration and solution pH on the

adsorption (Supporting Information). In all cases, the best fit

was obtained using the pseudo second-order model.

The comparison of experimental adsorption capacities and the

theoretical values, and the computed results estimated from eqs.

(3) and (4) are presented Table II.

The theoretical qe values obtained from the first-order kinetic

model for all investigated dyes, in different conditions gave sig-

nificantly difference from the experimental values, and were

very close to the experimental values in case of pseudo-second-

order kinetics.

These results showed that the pseudo-second-order kinetic

model describes better these adsorbent systems, and that chemi-

cal reaction is the main rate-controlling step of the adsorption

process. As the temperature was increased, an increase in the

pseudo-second-order rate constant k2 was observed (Table II),

indicating that the necessary time for reaching the equilibrium

is reduced with increasing temperature.

Adsorption Isotherms

For a better understanding or the adsorption process the equilib-

rium adsorption studies were carried out. The experimental data

obtained at equilibrium, at 318 K, and pH 7.2, were analyzed with

Freundlich, Langmuir, Sips, and Redlich–Peterson adsorption mod-

els. The Freundlich eq. (5) is the earliest known equation describing

the sorption of solutes from a liquid to a solid surface.51

qe ¼ KFC
1=n
e (5)

where KF is the constant of Freundlich isotherm; n is the

Freundlich exponent.

The Freundlich adsorption model stipulates that the ratio of solute

adsorbed to the solute concentration is a function of the solution.

Langmuir developed a model based on the assumption that

adsorption was a type of chemical combination or process and

the adsorbed layer was unimolecular.52 Once a dye molecule

occupies a site, no further sorption can take place at that site

therefore, a saturation value is reached, beyond which no further

sorption can take place. The Langmuir equation is express as:

qe ¼
qmKLCe

1 þ KLCe

(6)

where KL is the constant of Langmuir isotherm.

Figure 8. Second-order kinetic model fitting for the adsorption of OD (a), RD (b), and GD (c) dyes on StDVB-NMe; influence of temperature.
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Sips improved the Freundlich and Langmuir equations with a new

model which proposes that the equilibrium data follow the

Freundlich model at low initial solute concentrations and the

Langmuir one at high solute concentrations. In the Sips53 isotherm

eq. (7), KS is the Sips constant related with affinity constant.

qe ¼
qmKSC

1=n
e

1 þ KSC
1=n
e

(7)

The Redlich–Peterson isotherm unites the Langmuir and

Freundlich isotherm, and its adsorption mechanism does not

obey ideal monolayer adsorption, but an impure one.54 In eq.

(8) KRP is the constant of Redlich–Peterson isotherm, aRP is the

Redlich–Peterson constant, and b is the Redlich–Peterson expo-

nent (0 < b < 1).

qe ¼
KRPCe

1 þ aRPC
b
e

(8)

The analysis of the experimental data and determination of the

parameters which describes the theoretical models were per-

formed by the ORIGIN version 6.1. Program, principal statisti-

cal criteria were the standard deviation (SE) and the squared

Figure 9. Correlations between experimental data and different types of adsorption isotherms for OD (n), RD (l), and GD (n) dye adsorption on

StDVB-NMe.

Table III. Adsorption Isotherm Constants for the Investigated Dyes

Adsorption on StDVB-NMe

Isotherm

Value

OD RD GD

Freundlich

KF (mg g�1(mg L�1) �1/n) 42.42 13.53 21.87

n 2.121 1.625 1.7489

Langmuir

qm (mg g�1) 104.32 114.17 143.40

KL (L mg�1) 0.7481 0.0999 0.1318

Sips

qm (mg g�1) 90.65 65.35 95.55

KS ((mg L�1)�1/n) 0.9893 0.2345 0.2678

N 0.8015 0.3352 0.5729

Redlich–Peterson

KRP (L g�1) 81.86 11.46 35.24

aRP (mg L�1)�b 0.8102 0.0918 0.7832

b 0.9887 1.0373 0.6299
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multiple regression coefficient (R2). The comparisons between

experimental data and fit sorption isotherm curves are pre-

sented in Figure 9. The best isotherm model that fits the experi-

mental data with lower error was the Sips isotherm model.

The adsorption process of investigated dyes is going on after a

combined model Freundlich and Langmuir: diffused adsorption

on low dye concentration, and a monomolecular adsorption

with a saturation value—at high adsorbate concentrations. The

data of the fitted models are presented in Table II.

The maximum adsorption capacity of StDVB-NMe for dye re-

moval is more suitable values when compared with the Sips maxi-

mum adsorption capacity. From the sorption isotherm curves (sat-

uration value) the maximum adsorption capacity of the StDVB-

NMe was determined (Table III); the obtained results are higher

or comparable with other published data: 56.2–61.3 mg g�1,42

29.98–37.92 mg g�1,55 20.9–21.6 mg g�1 resin,56 and 160 g g�1

resin.57

Thermodynamic parameters for the adsorption process were

calculated to evaluate the effect of temperature for adsorption

of dyes on StDVB-NMe (Table IV). The Gibb’s free energy

(DG0), was calculated using eq. (9):

DG0 ¼ �RT lnKS (9)

and enthalpy (DH0), and entropy (DS0) was determined from

van’t Hoff equation:

lnKS ¼
DS0

R
� DH0

RT
(10)

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

the absolute temperature, and KS represents the Sips equilib-

rium constant, obtained from the isotherm plots. DH0 and DS0

values can be calculated from the slope and intercept of the lin-

ear plot of lnK versus 1/T.

The obtained negative values of DG0 indicate the spontaneous

nature of the adsorption process. The increase of temperature

determined an increase of DG0 indicating that adsorption is

facilitated by higher temperatures. The positive values of DH0

reveal an endothermic nature of adsorption.41,58 The positive

value of entropy reflects the increased randomness at the solid-

solution interface.

CONCLUSIONS

Adsorption of direct dyes from colored solutions on a new syn-

thetic sorbent was carried out at different working conditions.

Adsorption process was quantitative and very fast at low con-

centrations of the dye solution. The highest dyes removal per-

cent, 99.11% for OD, 90.14% for RD, and 98.53% for GD dye,

respectively, was obtained for low concentrations. The increase

of temperature determines an increase in adsorption process.

The maximum removal percentage of OD, RD, and GD onto

StDVB-NMe resin was found to be at neutral pH, highlighting

electrostatic attraction between the positively charged adsorp-

tion sites of the sorbent, and the negatively charged dyes mole-

cule. Kinetic studies showed that the adsorption followed the

pseudo-second-order reaction. The experimental data were well

correlated by the Sips adsorption model, and the maximum the-

oretical adsorption capacities were determined to be 90.65

(OD), 65.35 (RD), respectively, 95.55 (GD) mg g�1 copolymer.

The values of thermodynamic parameters, i.e. free energy, en-

thalpy, and entropy, showed that the adsorption process was

spontaneous and facilitated by increasing the temperature. As

the adsorption potential of StDVB-NMe microbeads in remov-

ing dye molecules is considerable (higher than 90%), it can be

used as a new alternative adsorbent for the purification of col-

ored wastewaters. The process can be conducted at normal tem-

perature and neutral pH with minimal working costs, which is

important for a potential application in real systems. Work is in

progress to explore the application of the new obtained specific

sorbents (dye-attached to copolymer microbeads) in removal of

heavy metals ions.

NOMENCLATURE

StDVB-NMe Styrene-divinylbenzene functionalized with

quaternary ammonium groups

qt Amount of dye adsorbed onto the copolymer

unit at time t (mg g�1)

C0 Dye concentration in solution at initial time

(mg L�1)

Table IV. Thermodynamic Parameters for the Adsorption of OD, RD, and GD on StDVB-NMe Adsorbent

Dye T (K) KS (L mg�1) DG0 (kJ mol�1) DH0 (kJ mol�1) DS0 (J mol�1 K�1)

OD 303 0.6001 �32.92 30.35 208.62

318 0.9893 �35.87

333 2.0815 �40.2

RD 303 0.1091 �28.58 59.54 289.78

318 0.2345 �32.01

333 1.235 �38.69

GD 303 0.115 �29.14 65.37 310.73

318 0.2678 �32.82

333 1.65 �39.99
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Ct Dye concentration in solution at time t (mg L�1)

Ce Dye concentration at equilibrium (mg L�1)

V Solution volume (L)

W Amount of adsorbent (g)

K1 Rate constant of first-order adsorption model

(min�1)

K2 Rate constant of pseudo-second-order adsorption

model (g mg�1 min�1)

T Time (min)

KF Constant of Freundlich isotherm (mg g�1

(mg L�1)�1/n)

N The Freundlich exponent (dimensionless)

KL Constant of Langmuir isotherm (L mg�1)

KS Sips constant related with affinity constant

((mg L�1)�1/n)

KRP Constant of Redlich–Peterson isotherm (L g�1)

aRP The Redlich–Peterson constant (mg L�1)–b

b The Redlich–Peterson exponent (dimensionless)

(0 < b < 1)

qe Equilibrium solid phase concentration (mg g�1)

qe,cal Calculated value of solid phase concentration of

adsorbate at equilibrium (mg g�1)

qe,exp Experimental value of solid phase concentration

of adsorbate at equilibrium (mg g�1)

qm Maximum adsorption capacity of adsorbent

(mg g�1)
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