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ABSTRACT: This study describes the synthesis of calix[6]arene (C6) appended Amberlite XAD-4 resin and its application for the
removal of anthraquinone-based reactive blue 19 (RB-19) dye from aqueous environments. The Cé6-resin 5 was characterized with
various analytical techniques, including Fourier transform infrared spectroscopy, scanning electron microscopy, thermogravimetric
analysis, and elemental analysis. Adsorption experiments were carried out to investigate the effects of the pH, adsorbent dosage, elec-
trolyte, contact time, and temperature on the adsorption of RB-19 dye onto the Cé6-resin 5. From the results, we observed that the
percentage adsorption of the RB-19 dye was highly dependent on the concentration of electrolyte and the pH of the solution. The
maximum adsorption was achieved at pH 9. The thermal study demonstrated that the adsorption process was endothermic and spon-
taneous in nature. The isothermic study showed that the adsorption behavior could be better demonstrated by the Langmuir and
Dubinin and Radushkevich isotherm model. From field studies, it has been concluded that Cé6-resin 5 is an effective adsorbent for

the removal of RB-19 dye. © 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 130: 776-785, 2013
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INTRODUCTION

During the past few decades, with the swift proliferation of
industry, the world’s economy has improved remarkably and
has touched a new skyscraping horizon." However, an increase
in industrial units is also responsible for high risks of environ-
mental pollution.” The textile processing and dyestuff manufac-
turing industries particularly are considered a major source of
environmental pollution in terms of water contamination.’
Until now, approximately more than 100,000 kinds of different
dyes have been commercially prepared, and millions of tons of
these dyestuffs are used annually.> Among them, reactive dyes
are a well-known and important class of dyestuffs. Because of
some of the properties of reactive dyes, including their multi-
plicity of color shades, high degree of fastness, ease of applica-
tion, brilliant colors, and nominal energy consumption, they are
known as a robust class of synthetic colorants and are exten-
sively used in the textile industry.® Because of their ionic nature
and water solubility, they are usually used for dyeing cellulose
fibers, cotton, rayon, silk, wool, and also leather.” A literature
survey revealed that these dyes have a 75-80% fixing capacity
and approximately 15-20% of the dyes are released during the
dyeing process.>’
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As we know, during the dyeing process, a huge quantity of
water is used for dyeing, fixing, and washing purposes. Accord-
ing to recent reports, only the textile processing and dyestuff
manufacturing industries discharge more than 2.80 million tons
of textile dyes yearly in the form of industrial effluent.'®'" The
waste effluent of dyeing and textile industries is usually a com-
plex mixture of a variety of chemicals ranging from unreacted
dyes to auxiliary chemicals."> The mixture of released colored
effluent with fresh water not only causes human health threats
but also poses a serious threat to the natural environment. This
contamination brings about considerable nonaesthetic pollution,
and the presence of these dyes in trace quantities, that is, below
1 mg/L, is clearly visible and is considered as toxic to human
and aquatic life.'">"* The presence of these colored bodies causes
some chemical reactions, such as oxidation and hydrolysis, in
the wastewater phase that may cause eutrophication, which can
reduce the light penetration and create derogatory effects on
photosynthesis."> By virtue of their aromatic nature, most of
the dye molecules are resistant to biological and chemical degra-
dation.'® Moreover, the fused aromatic structures of anthraqui-
none-based reactive dyes makes them a highly persistent group
of colorants, which can persist for a long time in wastewater.'”
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Figure 1. Synthesis of C6 (II): (a) HCHO/OH™ and (b) AlCl;—phenol/toluene. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

The toxicity of colored contaminated effluent has been exten-

. . 18-2
sively reviewed.'®°

Hence, the treatment of such wastewaters has become a matter
of great concern, and it is vital to develop sound and cost-
effective treatment technologies to flush these undesired materi-
als out of the effluent to provide a clean and safe environment.
A variety of techniques, including membrane filtration, coagula-
tion/flocculation, ion exchange, advanced oxidation, flotation,
chemical reduction, biosorption, and biodegradation, have been
employed to remediate dyes from wastewater.>"** In com-
parison with other methods, its simplicity, fastness, cost effec-
tiveness, and reusability makes the adsorption process the most
valuable and authentic method."” A lot of research has been
undertaken to develop a variety of cheaper and more effective
adsorbent materials. These include natural and synthetic poly-
mers, such as polysaccharides, chitin, chitosan, starch and its
derivatives, activated carbon, peat, silica (SiO,), and fly ash, but
their use is limited in terms of adsorption efficiency and reus-
ability. >

From this point of view, those in supramolecular chemistry
have searched for a solution and pursued molecular frameworks
that can play a fundamental role in the production of sophisti-
cated molecules containing various functionalities and possess-
ing different binding sites for dyestuffs. This was achieved with
the innovative development of the macrocyclic molecules named
calixarenes”® Consequently, the chemical immobilization of
calix[n]arene moieties onto the XAD-4 surface increases its
reusability and provides it with enormous applications in the
separation sciences. XAD-4 based resins are chemically, physi-
cally, and thermally stable under different experimental environ-
ments and have received much attention for the architecture of
new and efficient chelating resins.””~>° Thus, in this study, we
synthesized a calix[6]arene (C6) based XAD-4 resin and investi-
gated its adsorption efficiency for reactive blue 19 (RB-19) dye.
Various parameters, including the effects of the dosage, contact
time, pH, and temperature on the adsorption capacity of the
C6-resin 5, were monitored.

EXPERIMENTAL

Chemicals

RB-19 dye and wastewater samples used as adsorbates in this
study were obtained from a commercially available source and
industrial effluents, respectively. Hence, the pH of the solution
was adjusted by the mixture of an appropriate amount of HCIl
or NaOH (0.1N) into the solutions. Analytical thin-layer chro-
matography was performed on precoated silica gel plates (Merck
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PF254, Darmstadt, Germany). Sodium hydroxide, formaldehyde,
diphenyl ether, acetone, acetic acid, toluene, and ethanol were
purchased from Merck. Toluene was freshly distilled before use.
Amberlite XAD-4 resin was purchased from Fluka (Bush, Swit-
zerland). All aqueous solutions were prepared with deionized
water that had been passed through a Milli-Q system (Elga
Model Classic UVE, United Kingdom).

Equipment

The melting points were determined on a Gallenkamp melting-
point apparatus (model MFB 595. 010M, England). Elemental
analyses were performed with a CHNS elemental analyzer
(model Flash EA 1112, Rndano, Milan, Italy). IR spectra were
recorded on a Thermo-Nicolet 5700 Fourier transform infrared
(FTIR) spectrometer (Fitchburg, WI) with KBr pellets. Ultravio-
let—visible (UV-vis) spectra were obtained with a PerkinElmer
Lambda 35 UV-vis spectrophotometer (Shelton, CT). Scanning
electron microscopy (SEM) studies were performed with a JSM-
6490 instrument. The pH measurements were made with a pH
meter (781 pH/ion meter, QMetrohm Metrohm, Herisau Swit-
zerland) with a glass electrode and an internal reference elec-
trode. A Gallenkamp thermostated automatic mechanical shaker
(model BKS 305-101) was used for the batch study.

Synthesis

p-tert-Butylcalix[6]arene (I) and C6 (II), as depicted in Figure
1, were synthesized according to previously reported
procedures.’®”!

Immobilization of C6 (II) onto Modified Amberlite XAD-4
Resin (4). A diazonium derivative of Amberlite XAD-4 (4), as
shown in Figure 2, was prepared according to our previously
reported methods.>*® The immobilization of C6 (II) onto the
diazonium derivative of Amberlite XAD-4 (4) was carried out
as follows.

The diazotized resin 4 (5 g) was reacted with C6 (II; 5 mmol,
2.12 g) in 400 mL of glacial acetic acid and acetone (3 : 1) at
0-3°C for 30 h. The resulting grayish colored beads of the C6-
resin 5 were filtered off, washed with distilled water and chloro-
form to remove excess or unreacted C6 (II), and then dried in
a vacuum oven. An amount of 7.02% of C6 (II) was immobi-
lized onto the surface of Amberlite XAD-4. Finally, the immobi-
lization was confirmed by fundamental analytical techniques,
including FTIR, SEM, thermogravimetric analysis (TGA), and
elemental analysis.

ANAL. Calcd fOI' C60H57N204'2H20: C, 7944%, H, 6280/0, N,
3.88%. Found: C, 79.51%; H, 6.55%; N, 3.72%.
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Figure 2. Immobilization of C6 (II) onto the modified Amberlite XAD-4 resin 5 (Ac-OH = acetic acid; EtOH = ethanol). [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]

Adsorption Procedures

Batch Method. Batchwise adsorption experiments were carried
out for the RB-19 dye at room temperature, that is, 25 * 1°C.
A sample solution (10 mL) containing 10 mL of RB-19 dye (2
x 107> M) was placed in a 25-mL Erlenmeyer glass stoppered
flask. C6-resin 5 (75 mg) was added, and the mixture was equi-
librated for a fixed period of time (60 min) at a constant speed
of 160 rpm in a horizontal shaker. Finally, the resin was filtered
off, and the adsorbed RB-19 dye was analyzed by UV-vis spec-
trophotometry at its particular wavelength, that is, 592 nm. The
percentage adsorption of RB-19 dye was calculated as follows:

Ci— G

1

Adsoption(%) = x 100 (1)

where C; is the initial concentration of the solution before the
adsorption (mol/L) and Cy is the final concentration after the
adsorption of the RB-19 dye (mol/L).

RESULTS AND DISCUSSION

Characterization

FTIR Spectra. Because the structures of the newly synthesized
Co6-based diazotized XAD-4 (Cé6-resin 5) and previously
reported calix[4]arene-based diazotized XAD-4 resin were simi-
lar, the FTIR spectra was analyzed by a comparison with a pre-
viously reported calix[4]arene-based diazotized XAD-4 resin.”
Figure 3 shows the FTIR spectrum of the newly synthesized C6-
resin 5. The band observed at 3451 cm™" was assigned to —OH
stretching. The bands observed at 2928, 1705, 1606, 1505, 1444,
and 1368 cm ™' were assigned to the asymmetrical stretching of
the C—H, N=N, C=C, C—C, and —C—N groups, respectively.
For C6-based diazotized XAD-4 resin 5, the characteristic vibra-
tion peaks for the band at 1706 cm for N=N, while last two
bands for —C—N groups were clearly observed (Figure 4) at
1706, 1448, and 1368/cm, respectively. These diagnostic peaks
confirmed the immobilization of C6 (II) onto resin 4.

J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.39214

WILEYONLINELIBRARY.COM/APP

SEM. The morphological characteristics of the C6-resin 5 was
evaluated with SEM (Figure 4) by the application of a 5-kV
electron acceleration voltage. Figure 4 represents the SEM
micrographs of the Cé6-resin 5 at high magnification. From
these images, it is clear that the surface of the beads was cov-
ered with a layer of immobilized species. Thus, the deposition
of foreign material, that is, C6 (II), onto the surface of the
XAD-4 beads confirmed the immobilization.

TGA. TGA was used to examine the thermal stability of the
Co6-based XAD-4 resin 5, as presented in Figure 5. The thermal
degradation curve of the C6-resin 5 showed two main steps.
The first step, ranging from 35 to 130°C, was allocated to the
loss of physically adsorbed water, and the second step, ranging
from 200 to 450°C, was recognized as C6 (II) ring combustion.

Adsorption Study of the RB-19 Dye

Effect of the adsorbent dosage. The adsorbent dosage is a very
crucial parameter; it helps in the evaluation of the adsorption
capacity of an adsorbent for a fixed given initial concentration
of the adsorbate at operating conditions. The effect of the ad-
sorbent dosage (pure Amberlite XAD-4 and resin) for the
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Figure 3. FTIR spectra of the (a) C6 (II) and (b) Cé6-resin 5. [Color fig-

ure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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Figure 4. Different SEM images of the surface of the immobilized C6-resin 5 at (a) 500, (b) 100, and (c) 100 um. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

removal of the RB-19 dye was investigated through the variation
of the dosage from 25 to 150 mg with a fixed concentration (2
x 107°M) of adsorbate, that is, RB-19 dye. Figure 6 shows the
percentage adsorption of RB-19 dye, which increased with
increasing adsorbent dosage; more than 70% adsorption was
observed with 75 mg of adsorbent (i.e., C6-resin 5).

PH effects of the adsorption of the RB-19 dye. Because adsorp-
tion phenomena involve the interaction between the surface of
the adsorbent and adsorbate, during the dye adsorption, the pH
is considered a driving parameter because the solution pH
affects both the aqueous chemistry and the surface binding sites
of the adsorbent.*® Therefore, the pH effect from 3 to 11 for
the removal of the RB-19 dye was investigated (Figure 7). From
the results, we deduced that basic media was more favorable for
the adsorption of RB-19 dye onto the C6-resin 5. The newly
synthesized resin showed a maximum adsorption at pH 9,
whereas above pH 9, dramatic changes occurred, and the
adsorption of the RB-19 dye decreased remarkably. This was
due to the complex structural nature of the anthraquinone RB-
19 dye, which contained a variety of functional groups. The RB-
19 dye bore a sulfonate group, and in a basic environment as a

1004

1000

s
9534

result of the dissociation of sulfonate groups, the RB-19 dye
became negatively charged and interacted with sodium ions as
Figure 16 describes it. In the same way, the adsorbent contained
phenolic hydroxyl groups of the C6 moiety in the C6-resin 5; at
basic pH, the phenolic hydroxyl groups were deprotonated; this
made the C6-resin 5 anionic in nature. In this scenario, a favor-
able environment was provided to the negatively charged resin
for electrostatic interactions with metal ions of the adsorbate;
this facilitated adsorption. Moreover, the phenoxide ions in the
C6 framework had the capability to bind sodium ions, and this
implied an anion-pair extraction mechanism in which Na™
coordinated with the phenoxide ions along with the dye anions,
and the rest of the dye molecule inserted itself into the hydro-
phobic calixarene cavity. In contrast, at higher pH, the lower
adsorption was attributed to the increase in the concentration
of OH™ ions, which competed with the negative outer sites of
the adsorbent.”>*®

Influence of the NaCl concentration on the adsorption of
dye. Tonic strength is an electrostatic parameter that largely
affects the dye removal efficiency; therefore, electrostatic interac-
tions were monitored by the incorporation of electrolytic

348 100 150 200 20

30 3%0 400 450 S00 ¢

Tempersbure (°C)

Figure 5. TGA curve Cé6-resin 5 at a constant temperature under an N, atmosphere. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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Figure 6. Effect of the adsorbent dosage (25-150 mg) on the percentage
adsorption of the RB-19 dye (contact time of 60 min, 0.3M NaCl, and 10
mL of dye at a concentration of 2 X 107°M). [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

concentrations ranging from 0 to 0.5 mol/L, as shown in Figure
8. It is clear from these results that the adsorption capacity of
the Cé6-resin 5 increased rapidly from 0 to 0.3 mol/L, and an
almost maximum adsorption was achieved at 0.3 mol/L. How-
ever, there was only a minor increase in the percentage of
adsorption that took place from 0.3 to 0.5 mol/L. Consequently,
the increase in the percentage adsorption with respect to the
increase in the electrolytic concentration could be explained as
follows: NaCl provided an ionic balance between the two phases
and increased the solubility of the dye molecule through a com-
mon ion effect; this resulted in an increased and facilitated
transport to the organic phase.””

Adsorption isotherm. The adsorption isotherm is an important
factor describing the actual surface chemistry, and it is a mea-
sure of the extent of the surface being adsorbed by the adsorb-
ent material at given conditions.’® Furthermore, isotherm mod-
els describe the adsorption capacity, structure of the adsorbed
layer, and interaction between the adsorbate and adsorbent.’
Thus, the experimental data were incorporated into isotherm
models, namely, the Langmuir, Freundlich, and Dubinin and
Radushkevich (D-R) models, with optimized parameters to
assess the adsorption capacity of the Cé6-resin 5 for the RB-19
dye. The linearized forms of the equations of the isotherms are
as follows***?

100 1
—8— C6-resin 5

80 1 ~+— Pure XAD4
; —&— Calix[6]arene
E 60 1
E
T 401
==

21 M

0/’/
0 : T : T T
0 2 4 6 8 10 12

pH

Figure 7. pH effect on the adsorption of RB-19 (75 mg of adsorbent,
contact time of 60 min, 0.3M of NaCl, and 10 mL of dye at a concentra-
tion of 2 x 107°M). [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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Figure 8. Effect of the NaCl concentration on the adsorption of RB-19

(75 mg of adsorbent, contact time of 60 min, and 10 mL of dye at a con-

centration of 2 x 107°M). [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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InCys =InA+-InC, (3)
n

In Cygs = In X, — ¢’ (4)

where f constant related to energy, ¢ polanyi potential, C,q4, is
the amount of adsorbate at the adsorbent surface (mol/g); C, is
the amount of adsorbate in the liquid phase at equilibrium
(mol/L). The maximum sorption capacity (Q), b relates to
enthalpy of the sorption, A is a sorption capacity constant and
1/n is another constant related with energy or intensity of
sorption, and the monolayer adsorption capacity (X,,) are Lang-
muir, Freundlich, and D-R constants, respectively, which could
be calculated experimentally.

The Langmuir isotherm predicts the structurally homogeneous
surface of the adsorbent where all of the adsorptive sites are
identical and energetically equivalent. The theoretical X, could
be determined from parameters of the linearized form of the
model [eq. (2)] and was used by the plot of C/C,q4, versus C,
which exhibited a straight line. From the value of the regression
coefficient, we observed that the adsorption data followed the
Langmuir isotherm equation. The essential characteristics of the
Langmuir isotherm can be expressed by the dimensionless con-
stant called the equilibrium parameter (Rr), as illustrated in the
following equation:
1

Ry = m (5)

where b is the Langmuir constant and C; is the initial concentra-
tion of RB-19 (mol/L). The R; value indicates favorability and
was calculated as 0.05-0.23 (Table I); this implied that high
adsorption took place favorably onto the surface of the C6-resin 5
(Figure 9).

Similarly, the Freundlich isotherm was applied to elucidate the het-
erogeneity of the surface; this implied a multilayer adsorption.*’
This model is distinguished by its heterogeneity factor (i.e., 1/#).
So, we calculated the values of the constants of the Freundlich
adsorption model by plotting the graph of In C,4, (mol/g) versus In
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Table I. Main Characteristics of RB-19

SO‘NE
Chemical structure ° S
Cl generic name CIRB-19
Alternate name Remazol Brilliant Blue R
Molecular formula Co2H16011N2S3sNas
Molecular weight 626.5 g/mol
e 592 nm

Wavelength at which maximum absorption occur.

C, (mol/L). From the intercept and slope, the values A and 1/n
were evaluated and are compiled in Table I (Figure 10).

The D-R isotherm is generally used to differentiate between
physical and chemical adsorption mechanisms.*> Compared to
the Langmuir isotherm model, it imagines heterogeneity over
the surface. In the analysis of the D-R isotherm model factor
(€), the polynie potential can be evaluated as follows:

&= RTln<1 +Ci> (6)

(4

where T is the absolute temperature (K), R is the gas constant
(k] mol/K), and E is the mean adsorption energy and can be
written as

E=—1_ 7)
V2P

When €% was plotted against In C,qs (mol/g), a linear graph
with a correlation coefficient (R?) of 0.99 (Table I) was obtained
(Figure 11). X,, was found to be 0.99, and E was justified as
12.9 kJ/mol; this suggested that the adsorption of RB-19 onto
the C6-resin 5 was purely chemical in nature.

Table II shows the experimental constant values calculated from
the Langmuir, Freundlich, and D-R isotherm equations. The
regression coefficient (R?) values obtained from these equations
applied to the adsorption of RB-19 dye onto C6-resin 5 and
indicated that the Langmuir and D-R models yielded much bet-
ter applicability than the Freundlich isotherm model. Further-
more, the data implied the applicability of the Langmuir and
D-R isotherms and explained the surface monolayer coverage of
the RB-19 dye on the surface of the C6-resin 5.

<, 200E-03

£ 150E-03

3 y=31.32x + 0.0004
3 1.00E-03 R®=0.9816
-~ 5.00E-04

-

S 0.00E+00 + . ; ; ; .
5 0.00E+0 1.00E- 2.00E- 3.00E- 4.00E- 5.00E-

0 05 05 05 05 05
Ce (mol LY

Figure 9. Langmuir adsorption isotherm of the RB-19 dye onto C6-resin 5.
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Figure 10. Freundlich adsorption isotherm of the RB-19 dye onto Cé6-
resin 5.

Adsorption kinetics. In kinetic studies, the rate of adsorption of
RB-19 onto the Cé6-resin 5 was determined with four kinetic
models, the pseudo-first-order, pseudo-second-order, intrapar-
ticle diffusion (Reichenberg equation), and Moris—Waber mod-
els. The plots of the adsorbed amount of the RB-19 dye onto
the C6-resin 5 at time t (q,) versus t at temperatures of 303—
313 K were made to evaluate the adsorption kinetics of RB-19
onto the Cé6-resin 5. Moreover, the adsorption mechanism was
evaluated by application of the pseudo-first-order and pseudo-
second-order type kinetic models (Table II1).434

It was estimated that at 303-313 K, the adsorption rate of RB-
19 onto the Cé6-resin 5 likely followed pseudo-second-order rate
equations [egs. (8) and (9)]:

In(q.—¢q:)=1n q.— kt (8)

A linear relationship was observed for the pseudo-first-order
with the plots of log(q. — ¢) against #, where g, and g, are
adsorbed amounts of the RB-19 dye (mg/g) onto the Cé-resin 5
at t and at equilibrium, respectively. K; (/min) is the pseudo-
first-order rate constant. From the slopes and intercepts of the
linear plots, the values of K; (/min) and ¢, (mg/g) were
obtained. Initially, the dye was adsorbed rapidly, and then equi-
librium was attained within 15 min. K; is the adsorption rate
constant. Thus, the K; values were obtained from linear plots.
The adsorption rate constants were determined from slopes of
the plots. The K; values are listed in Table II for the RB-19
adsorption onto the Cé6-resin 5 and determined at 303-313 K.

In the solid phase, the adsorption capacity based on the
pseudo-second-order equation is expressed as follows:

€
600 700 800 900 1000 1100

_3 i L 1 1 L 1 " 1 n J
-7; -3.5 y=-0.0035x - 1.4461
g 4. R*=0.9985
3
5 -4.5 -
£

-5 4

-55 J

Figure 11. D-R adsorption isotherm of the RB-19 dye onto C6-resin 5.
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Table II. Langmuir, Freundlich, and D-R Characteristic Constants for the RB-19 Dye
Langmuir Freundlich D-R
Q (mmol/g) b (mol/L) R (mol/L) R? A (mol/g) 1/n R? Xm (mol/g) E (kJ/mol) R?

31.15 16 x 10° 0.05-0.23 0.99 39 0.49 0.98 0.99 129 0.99

Thus, the plot of B, versus time ¢ (Figure 12) follows the linear-

5 ity from 0 to 15 min. For adsorption, a straight line of this plot

dq/dt = K(q. — qt) (9)  was used to differentiate between the external transport (film

where K is the rate constant of the second-order sorption. For
the same boundary conditions, the integrated form of eq. (9)

beCOIIleS eq' (10)‘
qt qu Qe

Second-order kinetics could be applied by the plotting of #/q,
against t of eq. (10); this yielded a straight line, and g, and K,
were determined from the slope and intercept of the plot. In
Table 1II, the kinetic parameters and the correlation coefficients
of the kinetic models are shown. These were clear, although
there was quite a sufficient value of correlation coefficient (R”
= 0.86) for the first-order kinetic model at various tempera-
tures, that is, 303, 308, and 313 K, but the g, value was not rea-
sonable, so the adsorption of RB-19 onto the C6-resin 5 did
not fit in this equation. Although in the case of the pseudo-sec-
ond-order model, the experimental data fit significantly well
and provided better correlation coefficients then the pseudo-
first-order model for the C6 resin 5. The pseudo-first-order
model is based on the assumption that the rate-limiting step
may be physical adsorption involving hydrogen bonding
between adsorbate and adsorbent.

(10)

The Reichenberg equation®> was checked for RB-19 dye
adsorbed via either film interaction or intraparticle diffusion
mechanism. The equation is as follows:

Q=1—6e— B,/n* (11)
where Q = g,q., B, = n*D/r%, g, is the adsorbed concentration
at 1, g, is the maximum adsorption capacity, and D; is the effec-
tive diffusion coefficient of the adsorbate species onto the ad-
sorbent at a particle value of B, which is the mathematical
function of Q and can be evaluated for each value of Q with
the following equation:

B, = —0.4977 — In(1 — Q) (12)

Table III. Comparison of the Pseudo-First-Order and Pseudo-Second-
Order Kinetic Models

Pseudo-first-order

kinetic model Pseudo-second-order kinetic model
K4 Qe Kz Qe
(1/min)  (mollg) R (1/min) (g/mol min) R?
0.1497 2.43 0.86 193 x10 % 1.75x10° 0.99
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diffusion) and intraparticle-transport-controlled rates.** The
results clearly indicate that at different temperatures, all of the
lines were linear and did not pass through the origin. This sug-
gested that film diffusion was the rate-limiting process for RB-
19 adsorption onto the Cé6-resin 5.

The kinetic adsorption was also examined with the Morris—
Weber equation:*®
a4 = Rav/'t (13)

where g, is the concentration of RB-19 adsorbed at t and R, is
the rate constant of intraparticle transport. g, (mol/g) was plot-
ted against /1, as shown in Figure 13.

From the slope of the plot in the initial stage (Figure 8), the values
of R; and the rate constants of intraparticle transport were esti-
mated as 1.103, 1.364, and 1.165 mol g/,/min with correlation
coefficients of 0.938, 0.960, and 0.953, respectively, at 303-313 K.

Thermodynamics of adsorption. The thermodynamic parame-
ters, including the change in enthalpy (AH), entropy (AS), and
Gibbs free energy (AG), are the actual indicators for the practi-
cal application of a process, which can explain the mechanism
of adsorption.”” Thus, the effect of the temperature on the
adsorption of the RB-19 dye onto the C6-resin 5 was studied at
different temperatures (i.e., 303, 308, and 313 = 1 K) under op-
timum conditions.

The thermodynamic parameters (AH, AS, and AG) were calculated
from the slope and intercept of the linear plot of In(g./C,) versus 1/
T under optimum conditions with the following equations:

—AH AS

InK, = RT + R (14)
4 -
3.5 4 +303 m308 4313
4
25 1 4 a A 4
& 2 _——_.—_’."//_.’_‘
15 -/
; —/
0.5
0 T T T T T T ]
0 5 10 15 20 x5 30 35
t (min)

Figure 12. Reichenberg plot of the adsorption of the RB-19 dye at a tem-
perature of 303-313 K onto C6-resin 5. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
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Figure 13. Morris—Weber plot for the adsorption of the RB-19 dye at a
temperature of 303-313 K onto C6-resin 5. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 14. Adsorption curves of the RB-19 dye onto Cé6-resin 5 as a func-
tion of the shaking time at different temperatures from 303 to 313 K.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

AG = —RTInK, (15)
where K, is equilibrium constant. From Figure 14, we concluded
that the percentage adsorption increased with increasing tem-
perature. The numerical values of AH and AS were calculated
from a plot of In K, versus I/T from eq. (14). From the AH
and AS values, AG was determined from eq. (14). The values
obtained from egs. (14) and (15) are listed in Table IV. The AG
value was negative as expected for a spontaneous process under
applied conditions and confirmed that the RB-19 dye adsorbed
spontaneously onto the surface of the C6-resin 5.

Moreover, endothermic nature of adsorption could be analyzed
from the positive value of AH. In addition, the increase in the
value of In K, (1.72, 2.34, and 2.96 at 303, 308, and 313 K,

Table IV. Thermodynamic Parameters for the Adsorption of the RB-19
Dye onto the C6-Resin 5

ARTICLE
3-7
2
2 .. -
=15 ¥=-1183x-4078
= 1= 0.999
I.
0.3
0
318 32 322 324 326 328 33 332

Temp. (1/K) 107

Figure 15. Effect of the temperature on the adsorption of the RB-19 dye
onto Cé6-resin 5. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Figure 16. Proposed mechanism of the RB-19 dye adsorption. [Color fig-

ure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

respectively) with increasing temperature showed that the
adsorption of the RB-19 dye onto the C6-resin 5 was an endo-
thermic process. This suggested that the driving force for the
adsorption process was a AS effect, and the slightly positive
value of AS implied that there was an increase in randomness
at the solid/solution interface during the adsorption of the RB-
19 dye onto the C6-resin 5 (Figures 15 and 16)."

Field Application of the C6-Resin 5

To ensure the C6-resin 5 as an efficient adsorbent for the
removal of RB-19 dye from aqueous environments, a field study
of Cé6-resin 5 for real wastewater samples containing RB-19 dye

Table V. RB-19 Dye Concentration in the Wastewater Samples before and
after Treatment with the C6-Resin 5

AG (kJ/mol) Concentration Concentration
AH AS before after
(kd/mol) (kJ/mol/K) 303 K 308 K 313K Sample treatment treatment Removal (%)
0.098 0.339 -7.72 -5.99 —-4.33 1 1.22 x 1074 5.01 x 10°° 58.93
INKe=172 InKc=234 InK.=297 2 8.61 x 10°° 3.02 x 10°° 64.92
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Table VI. Comparison of the pH, TDS, Conductivity, and Salinity of the Wastewater Samples with C6-Resin 5

Before treatment

After treatment

Sample pH TDS (mg/L) Conductivity (uS/cm) Salinity pH TDS (mg/L) Conductivity (uS/cm) Salinity
1 9.2 217 463 2.1 8.4 30 70.2 0
2 9.5 661 1400 0.5 8.8 110 231 0

Table VII. Adsorption Capacities of the Different Adsorbents Used for the Removal of the RB-19 Dye

Adsorbent T (C) am Langmuir constant (k) References
Bentonite with a cationic surfactant 20 3.30 x 10~“* mglg 2.89 x 10 % L/mg Adnan Ozcan et al.#®
Agricultural waste 25 12.39 mg/g 0.278 L/mg Mahmood et al.#®
Wheat bran 20 97.1 mglg 0.162 L/mg Cicek et al.®°
Candida rugosa 25 8 mglg malg Polman et al.%*
Funalia trogii 10.7 mg/g Chulhwan et al.5?
Pichia carsonii 20 5 mglg 2.03 L/mg Polman et al.%*
Canola hull 30 2.0161 mmol/g 0.2743 L/mg Mahmoodi et al.>?
Orange peel 25.0 mglg 0.075 Ahmed et al.>®
Fly ash 17 mglg Karaa et al.>*
Cuttlefish bone powder 20 10.86 mg/g 0.014 L/mg Ghaneian et al.5®
Banana and orange peels 30 20.6 mg/g 32.6 L/mg Annadurai et al.>®
C6-resin 5 25 31.15 mmol/g 0.05-0.23 L/mg This study

was also carried out. Batch experiments were performed with
75 mg of Cé-resin 5 and 10 mL of a real sample of effluent con-
taminated with RB-19 dye that was stirred at 160 rpm for
60 min at 30°C. The concentration of RB-19 dye was investi-
gated before and after the treatment of dye waste effluent with
the C6-resin 5 through UV-vis spectrophotometry at its partic-
ular wavelength, that is, 592 nm. The results are summarized in
Table V.

From Table V, the lower concentration of RB-19 dye in the
waste effluents after the treatment indicated that the C6-resin 5
was an efficient adsorbent and could successfully employed for
the decontamination of RB-19 dye from aqueous environments
(Table VI).

Comparison of Adsorbents

A comparative evaluation of the adsorbent capacity of the Cé6-
resin 5 with various types of adsorbents for the adsorption of
RB-19 is given in Table VIL. The maximum adsorption capacity
(qm) of Cé6-resin 5 for RB-19 at pH 9.0 and 25°C was evaluated
as 31.15 mmol/g. The data show that the adsorption capacity of
the C6-resin 5 was relatively high compared with other reported

adsorbent materials.*®~>°

CONCLUSIONS

This study highlights the main features of the synthesis of C6-
resin 5 and its application for the adsorption of RB-19 dye
from aqueous media. Basic and advanced instrumental techni-
ques, including FTIR spectroscopy, SEM, TGA, and elemental
analysis, confirmed the synthesis of the C6-resin 5. The adsorp-

J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.39214
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tion of RB-19 dye was highly pH dependent. Thermal studies
clarified that the adsorption process was endothermic and spon-
taneous in nature. The adsorption of RB-19 dye tended to fol-
low Langmuir and D-R isotherm models rather than the
Freundlich isotherm. Moreover, the field studies also supported
the C6-resin 5 as an effective adsorbent for the removal of RB-
19 dye. Additionally, it also reduced other water quality parame-
ters, including pH, total dissolved salts (TDS), conductivity, and
salinity, near to those of drinking water. Hence, the results of
this study signify that C6-resin 5 has a high capacity to adsorb
RB-19 dye from contaminated wastewater.
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