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ABSTRACT

Removal of dyes from solution is important and low-cost materials as adsorbents are often con-
sidered in this field. In this work, the natural zeolite (NZ) was modified by hexadecylpyridinium
chloride (CPC) to improve the adsorption capacity toward Naphthol green B (NGB, metal com-
plex dye) and the exhausted adsorbent was further explored to remove Methylene blue (MB) as
secondary adsorption. The characteristics of zeolite were carried out by Fourier-transform infrared
spectroscopy, X-ray diffraction and Brunauer-Emmett-Teller. The adsorption behaviors of NGB
on CPC modified natural zeolite (CZ) were investigated in batch mode. The adsorption quantity
toward NGB from experiments was to 20.0 mg g™ at 313 K (pH = 7.0, dose 1.0 g L™, dye concen-
tration 160 mg L™). The adsorption isotherm curves of NGB onto CZ followed Freundlich, Henry,
Koble-Corrigan models while kinetic curves were described using pseudo-second-order kinetic
model and Elovich equation, suggesting that chemisorption and ion exchange may exist in NGB
adsorption. Then, the NGB-loaded CZ (CZ-NGB) was observed to be enough stable within a wide
pH range so that the materials were suitable to be applied in secondary adsorption as a new adsor-
bent for MB adsorption. The Redlich-Peterson and Koble-Corrigan models were confirmed to be
better to depict the MB adsorption behaviors. This indicated that MB adsorption was not homoge-
neous. The kinetic curves of MB adsorption were in agreement with intraparticle diffusion model
and double constant. The mechanism of dyes adsorption includes electrostatic attraction, ion
exchange, hydrophobic interaction and Van der Waals’ force. CZ is promising to remove NGB from
solution and NGB-loaded CZ is also effective to bind MB from solution.
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1. Introduction

Nowadays, the pollution from various dyes has brought
about huge challenge for environment. More than 10,000
chemically different dyes have been manufactured [1,2].
Metal-complex dyes, as an important class of dyes, have
been widely used in traditional technology including textile
dyeing, coloring polyamide fibers, cosmetic, paper print-
ing, drug, food, or frontier applications as key functional
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materials, such as with high density memory storages (CD-R
and DVD-R), nonlinear optical elements [3,4]. The conven-
tional wastewater treatments, such as flotation, coagulation,
were weakly effective for dyes removal due to the extremely
water-solubility and non-biodegradable of metal complex
dyes [5].

Several processes have been reported for removal
of metal complex dyes in water: biosorption, fungal
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decolorization, catalytic oxidation and adsorption [1,5-7].
Among these methods, adsorption has been accepted as an
effective and simple technique for removal of refractory pol-
lutants form wastewater [8,9]. Activated carbon is effective
to remove various kinds of pollutants from solution, but it
is too expensive and regeneration of spent activated carbon
is difficult [8]. So many studies have been undertaken to
investigate the use of low-cost adsorbents [8].

Zeolite is a natural, abundant and environmental
friendly material. There is higher surface area and high
cation exchange capacity and it has been widely used to
adsorb cationic dye, phenols, ammonium and heavy metal
ion, etc [9-12]. However, substitution of Si* by AI** defines
the negative charge of zeolite framework, which makes zeo-
lite prefer to combine cationic contaminants. Hence, some
modified methods have been explored to remove anionic
contaminant in order to expand the application of zeolite
as adsorbent. Cationic surfactants can be used as modified
agents to enhance the adsorption capacity of zeolite and
other low-cost materials for anionic pollutants [13-16]. The
cationic head groups of cationic surfactants can alter the
surface negative charge of zeolite to positive charge and
forming a hydrophobic layer. The anionic contaminant may
combine with adsorbent through electrostatic attraction or
hydrophobic. Hexadecylpyridinium chloride (CPC), as a
kind of common cationic surfactant, has been reported to
modify various materials to remove pollutants [17-22]. But
few investigations have been reported using CPC mod-
ified zeolite (CZ) for removal of metal complex dyes.

In present work, the adsorption behavior on CPC modi-
fied zeolite toward Naphthol green B (NGB, metal complex
dye) was investigated. NGB (acidic complex dye, molec-
ular weight 878.46 g mol”?, maximum absorption wave-
length 714 nm) is a non-azo metal complex dye involving
-S0; and naphthalene nucleus, indicating that this dye is
good solubility and high stability. The removal of NGB with
CPC modified zeolite (CZ) was performed in batch study.
The effect of various important parameters on adsorption
quantity, such as pH, ions strength, temperature, contact
time, and initial dye concentration was investigated.

After adsorption of NGB, the usually recycling method
for dye-loaded adsorbents is regenerated by water, acid,
alkali in order to eliminate the contaminant on zeolite sur-
face. But these methods may cause to second pollution. For
adsorption process, the surface functional groups are crucial
to affect the property of adsorbent. After reaching adsorp-
tive saturation, the surface structures of adsorbents have
been changed due to be covered by a layer of contamina-
tions (they are stable enough in a certain condition). Hence,
it can be supposed that the spent or exhausted materials as
adsorbent can be further applied to remove other pollut-
ants. That seems to be more significant for making full use
of materials. Recently, the new method about reuse of the
disused adsorbents had been reported as second adsorption
[23,24]. But the mechanism of secondary adsorption was
seldom discussed. This study aimed to explore the interac-
tion among adsorbent, anionic dye and cationic dye so that
the first and second adsorption process could be explained
and the mechanism was discussed. In this work, the
NGB loaded adsorbents were tried to eliminate a cationic
dye, Methylene blue (MB, cationic dyes, molecular weight

319.85 g mol ™!, maximum absorption wavelength 665 nm).
Similarly, the various factors including pH, ion strength,
temperatures were investigated. Finally, the adsorption
mechanisms of two dyes on adsorbents were discussed.

2. Materials and methods
2.1. Preparation of CPC modified zeolite

Zeolite was purchased from Xinyang City, Henan
Province, China, whose chemicalformulais (K, Na, Ca), Al Si,,
0,,21H,0. Hexadecylpyridinium chloride (CPC, molec-
ular weight 358.00 g mol”, CMC 9.0 x 10* mol L) from
Zhengzhou Chemical Company is chemical pure and
was not treated. The modified zeolite was prepared as fol-
lowing [17]: the natural zeolite was milled and sieved by
40-60 mesh. Then these solids were absolutely washed and
were immersed into deionized water for 24 h in constant
oscillator in order to eliminate some soluble salt. After dried
at 100°C, 10 g natural zeolite (NZ) was treated in 100 mL of
3% CPC at 30°C for 8 h in constant oscillator. The residual
CPC concentration in the supernatant was determined using
a UV/vis spectrophotometer (Shanghai Shunyu Hengping,
China) at A= 259 nm. The treated zeolite were washed
by distilled water for several times until pH reached to neu-
tral and dried in the oven at 100°C until constant weight.
The final products which were named as CZ were stored in
desiccators for further applications.

2.2. Characterization of CZ

Fourier-transform infrared (FTIR) analysis was used to
study the surface functional groups, using FTIR spectro-
scope (PE-1710), where the wavelength were scanned from
4,000 to 400 cm™ with a resolution of 4 cm™. The samples
were dispersed in KBr and compressed into discs. X-ray dif-
fraction (XRD) patterns were recorded using X-ray powder
diffraction analyzer (BRUKER S4PIONEER, Germany).

The surface areas of NZ and CZ were determined by the
N,-BET (Brunauer-Emmett-Teller) method. The measure-
ments were performed at 77.3 K with a volumetric adsorp-
tion analyzer (Quantan chrome NOVA1000e, USA) in
relative pressures of 0.05 to 0.3. All samples were degassed
for 1.5 h at 573 K prior to the vacuum volumetric.

The pH at point zero charge (pH ) of material, namely
the pH value required to give zero net surface charge of
material, was evaluated by the solid addition method. For
estimating the pH_ of adsorbent, a group of 0.01 g natu-
ral zeolite or CZ was treated for 12 h in an oscillator with
0.01 mol L NaCl solution, which was as a background
electrolyte. The initial pH of NaCl solution varied from
2.0 to 11.0 and was accurately measured with pH meter
(Model PHS-2F), which was regularly calibrated with stan-
dard buffer solutions of pH 4.00, 6.85 and 9.18 at 303 K. In
addition, the change in solid to solution ratio would lead
to the change in pH  since the charge on adsorbent sur-
face resulted from not only the adsorption of H* (or OH")
ions, but also dissolution and hydrolytic reactions taking
place at the solid: solution interface [17]. Hence, the solid to
solution ratio during pH_ _ measurement would maintain
constant (1:1000). As a result, the suspensions were filtered
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and final pH values were determined again. The difference
between the initial pH (pH, . ) and final pH (pH, ) values
(ApH=pH_ . -pH, ) were plotted against pH_ ., and the
point of ApH =0 gave the pH_ .

C

2.3. Preparation of NGB and MB solution

NGB and MB were selected in this study. Accurately
weighted quantities of dye were dissolved in deionized water
to prepare 1,000 mg L stock solution. The further working
solution of desired concentrations were obtained by dilut-
ing the stock solution. Hydrochloric acid (0.1 mol L™) and
sodium hydrate (0.1 mol L) were used to adjust solution
pH if required. Other reagents used in this work are all A.R.
grade reagents. Distilled water is used in all experiments.

2.4. Batch adsorption experiments for NGB onto CZ

CZ (0.05 g) was dispersed in 10 ml 80 mg L NGB at
different initial pH of 2.0-11.0. Then the suspensions were
shaken by thermostatic gas-bath shaker for 12 h at 30°C
and constant rotate speed. After equilibration, the mixtures
were filtered and the filtrate was analyzed for residual dye
concentration.

The effect of ionic strength on adsorption quantity
toward NGB was investigated by various concentration
of NaCl and CaCl, in NGB solution (80 mg L™). The solu-
tion pH of NGB was within 7.0-8.0 and it was not adjusted
during study.

The equilibrium experiments were tested with 10 ml
different initial concentration solution mixing 0.01 g adsor-
bent in a group of 50 ml Erlenmeyer flasks at optimum pH.
The stock solution was diluted into 30-200 mg L™ working
solution. The flasks were shaken by thermostatic gas-bath
shaker for 12 h at 20°C. The similar experiments were per-
formed for 30°C and 40°C.

For studying the solute uptake rate on adsorbent, kinetic
experiments were conducted in conical flasks containing
constant volume of 30, 60, 90 mg L' NGB solution and
1.0 g L' CZ. These samples were shaken in thermostatic gas-
bath shaker at constant rotate speed and were taken out at
different time intervals, and then determined residual dye
concentrations after solid-liquid separation. In addition, in
order to make the experiments results more accurate, the
above mentioned would be taken at three temperatures
(293 K, 303 K, 313 K) to obtain more parameters.

The final concentrations of dye in the clear solution
were determined using a UV/Vis-3000 spectrophotometer
(China) with detecting maximum absorbance wavelength
at 714 nm.

NGB adsorption capacity was measured from the dif-
ference between initial and final solution concentrations
by using a standard calibration curve based on blanks. The
adsorption experiments were performed in double and
the results were expressed as average and errors less than 5%.

The adsorption capacity, 4, (mg g™), was calculated as
follows:

(Co —CE)V

q.=—" )
m

where C, and C, are the initial and final concentrations
(mg L™), respectively, m is the adsorbent dosage (g) and V' is
the volume of solution (L).

2.5. Secondary adsorption experiments of MB onto CZ-NGB

After saturated adsorption of NGB, the CZ-NGB was
washed by distilled water several times and dried in an oven
at 60°C. The stability of CZ-NGB was explored by being
immerged into a series of different pH distilled water under
continuous shaking at 303 K for 12 h. The range of the ini-
tial pH values was 4.0-11.0, adjusted by 0.1 mol L™ HCI or
0.1 mol L NaOH solutions, respectively.

CZ-NGB was applied as a new sorbent in secondary
adsorption experiments for removal of MB. The new adsor-
bent was immerged in 30 mg L™ MB solution with 1.0 g L™
adsorbent dosage under continuous shaking at 303 K for
12 h. The initial pH vary from 4.0 to 11.0 as NGB is not stable
at pH < 4. The finial concentration of MB was measured at a
maximum absorbance wavelength (665 nm).

The investigation about effects of salt concentration on
removal efficiency of MB is similar to aforementioned sec-
tion 2.4. Simultaneously, the effects of initial concentra-
tion and contact time, equilibrium and kinetic, also were
analyzed using the similar methods of NGB adsorption.

3. Results and discussion
3.1. Characterization of NZ and CZ
3.1.1. FTIR of NZ and CZ

FTIR can be able to reflect directly the structure change
of materials, namely, test the characteristic functional
groups. The FTIR spectra of NZ and CZ are shown in Fig. 1.

As seen from Fig. 1, the broad and strong band in the
spectrum of 3,626 cm™ was attributed to H-O-H stretching
vibration from water molecules weakly hydrogen bonded
to the Si-O surface. The adsorption peak at 3,457 cm™ was
due to the -OH stretching vibration of adsorbed water.
The peak associated with -OH deformation of water
was verified at around 1,635 cm™. The peak observed at
1,050 cm™ was due to the Si-O-Si stretching vibration.
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Fig. 1. FTIR spectra of natural zeolite and CZ.
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The band at 794 cm™ was assigned to amorphous SiO,
stretching vibration. In addition, Si-O-Al and Si-O-Si
bending vibrations were observed at 517 and 470 cm™.

For CZ, two new bands at 2,852 and 2,923 cm™ (the
symmetric and asymmetric stretching vibrations of ~-CH,
and -CH,) were existed in FTIR spectrum and this con-
firmed that the combination of natural zeolite with
CPC has occurred [17]. The peak at 1,050 cm™ (Si-O-Si
stretching vibration) did not obviously change with CPC
modification, inferring that the zeolite crystal structure
remained the same as natural zeolite. Other frequency
of bands only shifted slightly, which also suggested that
the zeolite structure hardly altered after combination of
CPC, and surfactant is existed only on the zeolite surface.
Amount of CPC loaded on surface is 39.3 mg g™ through
measurement of CPC solution concentration before and
after modification.

3.1.2. XRD of NZ and CZ

The XRD pattern (shown in Fig. 2) presented sharp
reflections at low 20 values, indicating high crystallinity [15].
The zeolite material was identified as clinoptilolite and
its characteristic peaks were recognized at 20 of 22°, 23°,
28°. Additionally, there were peaks of montmorillonite
and quartz in zeolite from pattern of XRD [25].

The relative intensity of CZ peaks at 20 of 23° decreased
compared with NZ, showing that ion exchange reacting
might take place in the natural zeolite when they were
treated by CPC solution to some extent [26]. In addition,
the mainly peaks did not obviously remove after modi-
fication, which suggesting the skeleton of zeolite change
slightly and the CPC mainly load on surface of zeolite.

3.1.3. Surface area and pH of point of zero charge

Analysis of surface area was carried out by apply-
ing the BET-equation. Generally, the application of BET
equation was limited in the range of low pressure (P/
P, = 0.01-0.20). According to the experimental result (fig-
ure not shown), the N, adsorption volume of zeolite and
CZ increased significantly when the P/P increased from
0.05 to 0.30. The change tendencies of zeolite and CZ were
similar, indicating that they had similar pore size distri-
bution. The calculated BET surface area of zeolite and CZ
were 2530 and 8.50 m* g™, respectively. Obviously, the
surface area of adsorbent decreased after CPC modified,
which was due to the attachment of surfactant causing the
blocking of micropore. Nevertheless, the adsorption capac-
ity of CPC modified zeolite was still better than natural
zeolite on the hydrophobicity of surfactant.

In order to evaluate the charge character of adsorbents,
the pH_ _ of natural zeolite and CZ was measured. The
pH,,. value reflects surface acidity: when the adsorbent
particles were immersed into a solution environment of
pH>pH_, their surface charge is negative; pH <pH_ , their
surface charge is positive; pH = pH_ , their totally surface
charge is zero.

The pH , = 6.3 of CZ was slightly increasing compared
to the pH_ = 6.1 of natural zeolite (figure not shown). It
showed that the conformation of positively charged surface
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Fig. 2. XRD analysis of natural zeolite and CZ.

compounds made the surface charge of adsorbent more
positive. In fact, this result was attributed to CPC as a cat-
ionic surfactant. It was also certified that CPC had been
successfully loaded on the surface of natural zeolite.

3.2. NGB adsorption onto CZ

3.2.1. Effects of initial pH and salt concentration on the
adsorption of NGB

The pH of the dye-CZ suspension directly affects the
nature of the surface charge of adsorbent, the degree of ion-
ization and the uptake of CZ.

The pH dependence of adsorption quantity is shown
in Fig. 3a. It was found that the adsorption quantity nearly
kept constant within the margin of error in first region of
pH = 2.0-8.0. However, after pH 8.0, the adsorption capac-
ity rapidly declined with the increasing basic solution.
In fact, if electrostatic interaction was the only mechanism
for adsorption process, the adsorption capacity should reach
a maximum with the range pH 6.0-8.0 [26]. Nevertheless,
in terms of the experiments, the constant adsorption quan-
tity of CZ for NGB in pH range 2.0-8.0 inferred that the
electrostatic mechanism was not the only mechanism for
anionic dye adsorption in this system. As pH of origin
dye solution was within 7.0-8.0, the solution pH in next
work was not adjusted.

Based on the pHlDZc of adsorbent, the surface of CPC mod-
ified zeolite would present negative properties at pH over 6.3
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Fig. 3. (a) Effect of pH on adsorption capacity of NGB on CZ and (b) effect of salt concentration on adsorption capacity of
NGB on CZ (C,=80 mg L', CZ dosage 1 g L™, t =720 min, T =303 K, pH 7.0 for effect of salt).

in solution. Therefore, the basic condition did not favor the
adsorption due to electrostatic repulsion between the nega-
tively charged CZ and the anionic dye molecules. Moreover,
the abundance of OH™ might compete strongly with anionic
NGB on active sites, which was also responsible for the lower
adsorption at higher pH.

Particularly, existence of certain adsorption quantity in
pH 11.0 indicated existence of other mechanism, such as
intermolecular interaction or chemical sorption, beside the
electrostatic interaction. The intermolecular interaction usu-
ally contains Vander Waals force and hydrogen bond.

On the other hand, the surface of zeolite loaded CPC
formed a CPC layer with the positively charged head groups
toward the solution. Thus, the dye molecules combined
with CPC on the surface of zeolite through electrostatic
interaction as the aforementioned, and they were also able
to enter into CPC layer by hydrophobic interaction due to
the hydrophobic nature of dye. Sun et al. reported the fly
ash adsorbed Acid Black 1 from aqueous solution, which
show similar trend of pH effect [27].

To investigate the effect of salt concentration on the
removal of NGB by CZ, experiments were performed using
NaCl and CaCl, solutions from 0.0 to 1.0 mol L™ and the
results are shown in Fig. 3b.

As seen from Fig. 3b, an increase in salt concentration
of the medium was in favor of adsorption process and the
effect of CaCl, was more than NaCl. At solution pH 7.0,
dyes and the surface of CPC modified zeolite were all neg-
ative charge due to pH = 6.3 for CZ. Theoretically, when
the electrostatic interaction is repulsive, an increase in ionic
strength will enhance adsorption capacity. Usually, the par-
ticles suspended in aqueous solution do not agglomerate.
This is due to the interaction of diffuse double layer. The
additional electrolyte would decrease the zeta potential
between boundary of particle and bulk solution so that
reduce the thickness of double electrode layer. It would
contribute to the increase of interaction between adsorbent
and adsorbate, even aggregation.

In addition, some intermolecular forces (Van der Waals
forces, ion-dipole forces, dipole-dipole forces, m—m dis-
persive interactions) between aromatic rings which occur
between dye molecules could be able to explain this aggre-
gation. It has been reported that these forces would increase
if the addition of salt existed into the dye solution [28,29].
These reasons leaded to the increasing hydrophobic effect
and dye molecules entered easily into CPC layer on zeolite.

3.2.2. Adsorption equilibrium isotherms and application of
isotherm models

Adsorption isotherms are used to quantify the interac-
tion between the adsorbate and adsorbent, which is aimed at
optimizing the treatment process and giving a reference for
further adsorption design in particular. The adsorption quan-
tity at various equilibrium NGB concentrations is shown in
Fig. 4.

It was noticed from Fig. 4 that adsorption quantity
increased with the increase of equilibrium concentration.
Moreover, the values of g, became larger and there is in
favor of NGN adsorption with the increase of temperature.
This may indicate that adsorption process was endothermic.

Several two or three parameter isotherm models and
kinetic models are summarized in Table 1 [30,31]. The certain
parameters express the surface properties and affinity of the
adsorbent. These specific parameters of adsorption systems
are usually deduced from nonlinear regression using least
square method with Origin 8.0 software. The coefficients of
correlation (R?) and the residual sum of squares (SSE) are
selected to evaluate the models’ availability.

Usually, the most popular model used to depict adsorp-
tion process is Langmuir model, which represents homo-
geneous and monolayer adsorption. The parameter K, of
Langmuir model showed the affinity for the binding of
adsorbate. A high K| value indicates a high affinity.

Freundlich model is based on the assumption of an
exponentially declining adsorption site energy distribution.
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Fig. 4. NGB adsorption isotherms and the non-linear fitted curves of isotherm models at different temperature (CZ dosage 1 g L™).

If the value of 1/n, is equal to 1, the adsorption is evaluated
to linear; if the value of 1/n, is between 0 and 1, the adsorp-
tion process is favorable and chemically driven, to some
extent. In addition, if 1/n, is above 1, adsorption usually is
supposed to be physically driven [30].

Temkin model takes into account the effects of some
indirect adsorbent-adsorbate interactions and the fall in the
heat of sorption is linear with coverage rather than loga-
rithmic. It is suitable for heterogeneous systems as same as
Freundlich isotherm.

Koble-Corrigan model is a combined form of Langmuir
and Freundlich expressions [30].

In this study, the nonlinear regressive analysis is per-
formed according to less sum of square of difference of
errors. The fitted curves for the adsorption of NGB on CZ are
also presented in Fig. 4 and the fitting results of these models
are listed in Table 2.

For Langmuir parameters, the calculated maximum
adsorption capacity given was 18.4, 21.0, 23.3 mg g7,
respectively at 293, 303, 313 K. They were relatively close
to experimental values. Nevertheless, the low coefficients of
correlation (R?) and high values of SSE indicated poor fitting
results for Langmuir model. But, at least, the declining K|
with increasing temperature showed the dependence of tem-
perature for adsorption. The low R* may be caused by the het-
erogeneity of modified zeolite. That was to say, the strength
of the bond created between the surface of adsorbent and
adsorbate were not the same for all sites. Compared with
natural zeolite (maximum adsorption capacity 0.940 mg g™
at 303 K), the CPC significantly improved the adsorption
capacity for anionic dye through modification of NZ.

Simultaneously, Freundlich model was more suitable
for depicting the adsorption process than Langmuir model
based on higher R? and lower SSE. The important param-
eter K, increased with the increasing temperature, infer-
ring that the process be endothermic in nature. In addition,
the increasing 1/n, values with the increase of tempera-
ture evaluated the decaying trend of adsorption intensity
and decreasing heterogeneity on adsorbent surface. From

Table 2, the values of 1/n, are between 0.299 and 0.331 and
this shows that the adsorption was favorable, chemically
driven, and more heterogeneous due to 1/n, near 0. The
fitting results agreed with the works carried out by previ-
ous researchers which reported that the Freundlich model
seemed to provide the best fit with the experimental data
for the removal of RR-239 and RB-250 anionic dyes on
hexamethylenediamine modified zeolite [14]. That may be
related to specific structure of zeolite and surface function
groups.

For Temkin model, the A (B) gradually decreased
(increased) with the temperature increasing. The R? values
were below 0.900 and error values were relatively higher,
suggesting that the Temkin model was not favorable to depict
the adsorption process. Of course, it also indicated that fall in
the heat of adsorption was not linear with coverage.

Usually, Henry model was used to depict the gas adsorp-
tion. However, if a solid-liquid adsorption process was well
depicted by it, it indicated that the coverage of adsorbate
on surface of adsorbent was low. From adsorption capac-
ity of this system, the g was about 20.0 mg g™, which was
relatively lower.

Finally, the Koble-Corrigan model fitted well from
experimental data and curve. The three parameters (A,
B, n) showed irregular change and the R? SSE were favor-
able. This result can be deemed that the adsorption
process involved in homogeneous and heterogeneous
mechanism.

As there were large values of R? and smaller values of
SSE from Henry model and the fitted curves from Henry
model were closer to experimental points, Henry model
was best to describe the equilibrium process. The adsorp-
tion process is complex from the analysis of fitted results,
which may involve in chemical adsorption and endother-
mic process. The surface of adsorbent exists in low coverage.
The adsorption sites may be occupied by monolayer NGB
molecular, or the heterogeneous adsorption process may be
also take place. From the fitting results, the heterogeneous
adsorption should dominate.
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Table 1
Expression of isotherm and kinetic models [30,31]

Adsorption modes Nonlinear expressions ~ Parameters
Isotherm models
. _ 3.K.C
Langmuir q, = @ q,, K,
Freundlich q,= KFC:/"r K,
Temkin q,=A+BInC, A, B
. — ACE‘
Redlich-Peterson q. 1+BC? AB g
Koble-Corri __AC A B
oble-Corrigan q, = 1+BC , B n
Henry q,=A+KC, A K
Kinetic models
Pseudo-first-order q,=4, (le —'klt) q, k1
kot
Pseudo-second-order g, =—""— q, k2
1+k,q,t
In(a Int
Elovich q,= (aB) +— a, B
B B
Double constant q, = Ae® A, K,
Intraparticle an
diffusion g =Kt +C K€

3.2.3. Adsorption kinetic and application of kinetic model

The effect of contact time on adsorption quantity is
shown in Fig. 5 for various initial concentrations at three
temperatures.

It was seen from Fig. 5 that the whole process was evi-
dently divided by three sections: (1) an initial rapid stage
where adsorption rate was fast, (2) a slower second stage
where adsorption rate became lower, and (3) a slowest equi-
librium adsorption stage.

In order to know deeply adsorption nature, various
theories are proposed for describing the kinetics of adsorp-
tion for liquid-solid phase systems. These kinetic equations
could be classified in two groups namely the adsorption
reaction and diffusion models. The former include zero,
first, second, third, pseudo-first and pseudo-second-order,
and Elovich models, and the latter contain external mass
transfer and intra-particle diffusion [31]. In this study, five
kinetic models, containing pseudo-first-order, pseudo-
second-order, Elovich, double constant and intra-particle
diffusion models are selected to investigate the adsorption
mechanism.

After fitting the kinetic data using nonlinear regres-
sive analysis according to expression of kinetic models, the

values of rate coefficient, determined coefficient R? and
other parameters are given in Table 3 and the fitted curves
are also presented in Fig. 5. Firstly, for pseudo-first-order
model, the R? values were slightly small, which were almost
below 0.900 for initial concentration of 30-60 mg L at three
temperatures. The SSE was relatively high compared with
other models. Moreover, the values of ogeal (calculated data
from model) were less than values of otexpy (obtained from
experimental data) in all concentration and temperature
scale, which may be attributed to a time lag due to bound-
ary layer or external resistance controlling at the initial stage
of sorption [32]. That indicated that the uptake of NGB on
CZ was not a first-order reaction.

At all initial concentrations, R? values for pseudo-second-
order model, which represented the fitting degree between
experimental data and theoretical data, were found to be
relatively high (almost above 0.900) than pseudo-first-order
model. In addition, it can be seen that the difference of
e a0 4, was negligible. Of course, SSE values were also
rather small. These results suggested that the NGB adsorp-
tion onto CZ may obey to the pseudo-second-order model.
The appropriate fit to the pseudo-second-order kinetic
model indicated that the adsorption mechanism might
depend on both the adsorbate and the adsorbent, and the
rate limiting step may be chemisorption involving valence
forces through the sharing or exchange of electrons.

According to pseudo-first and pseudo-second-order
models, the temperature and initial concentration can all
make an effect on rate constant. From Table 3 it is observed
that the increasing initial concentration contributed to
reducing of k, and k, at 293 K and 313 K, respectively.
But at 303 K, the two rate constants increased firstly and
then decreased. Simultaneously, the rate constants varied
irregularly at same initial concentration or different tem-
perature. The complex relationship between initial dye
concentration or temperature and rate constants suggested
that adsorption mechanisms may combine chelation, ion
exchange, and physical adsorption.

The adsorption rate is usually controlled by following
stages: diffusion from the bulk solution to particle’s film sur-
face (boundary layer diffusion); the solute attaches to par-
ticle surface through film layer; the solute binds adsorption
sites including physic or chemical interaction, ion exchange
or complexation. Hence, Weber intra-particle diffusion
equation may consist of multi-part (different K,) represent-
ing different adsorption stages. Then, it could be seen from
Fig. 5d that diffusion can be part in three regions: exter-
nal mass surface adsorption (the first sharp section before
120 min); gradual section between 120 min and 360 min;
equilibrium stage after 360 min.

Generally, when adsorption steps are not dependent of
one another; the plot of g, against f,, should give two or
more intercepting lines depending on the actual mechanism.
Generally, the constant C is proportional to the boundary
layer thickness, so the larger C represents greater resistance
of boundary layer [33]. According to Table 3 and Fig. 5d,
the constants C were not equal to zero and the nonlinear
regressive curve did not pass through the origin, indicating
that intra-particle diffusion was not sole rate limiting step.
This indicated that the intraparticle diffusion was involved
in the adsorption process but not the only rate-controlling
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Table 2
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Parameters of NGB adsorption isotherm models and errors at different temperature

T (K) 293 303 313

Qo) (MG &) 18413 21.0+14 233+17

K, (Lmg™) 0.0351 + 0.0093 0.0325 + 0.0074 0.0298 + 0.0071

R? 0.746 0.818 0.814

Doy (MB &) 16.5 18.6 20.0

SSE 18.8 18.0 24.1

K, 3.52+0.55 3.65+0.45 3.70£0.56

1/n, 0.299 +0.380 0.315+0.270 0.331 +0.300

R? 0.882 0.931 0.910

SSE 8.72 6.80 11.7

A —2.26 +2.08 -3.44+1.94 —4.62 +2.38

B 3.55+0.48 417 +0.45 4.73+0.55

R? 0.831 0.886 0.868

SSE 12.4 11.3 17.1

A 8.66 +0.43 9.36 £ 0.37 9.89+0.57

K 0.0481 = 0.0041 0.0569 + 0.0036 0.0648 + 0.0057

R? 0.924 0.957 0.922

SSE 5.60 424 10.1
Koble—Corrigan

A 7.08 x 107° + 0.0366 -14.5+61.1 5.65 x 10 + 0.04

B -1.00 + 25.82 -3.05+7.90 -1.00 +33.14

n 1.69 x 107 £3.96 x 10°® —-0.161 +0.418 122x107£2.32x10°®

R? 0.899 0.949 0.914

SSE 6.73 4.52 10.0

Note: SSE = Z(qf - qe)v2 , 1 is number of experimental points.

i=1

step. In another words, some other mechanisms such as
complexation or ion-exchange may also control the rate of
adsorption.

The Elovich model is related to ion exchange and dra-
matic change of the activation energy in adsorption process.
The parameter 4 is the initial adsorption rate (mg g min™)
while B is the constant relating to fraction of the surface
covered and chemisorption activation energy (g mg™).
The fitting data showed the value of a increased with the
increase of dye initial concentration while B decreased.
Based on the high extremely R* and low enough SSE, the
adsorption distinctly obeyed to Elovich model, indicating
the ion exchange mechanism may be involved in adsorption.
Finally, as same as Elovich, double constant equation also
made an appropriate depiction.

Based on the observations of the current study, it was
conclusion that adsorption kinetic can obey to pseudo-sec-
ond-order, Elovich, double constant models. It was further

confirmed that the fitted curves from these models are closer
to experimental points. The intra-particle diffusion is not
rate-limiting step and it needs further investigation that
whether external mass transfer is rate-limiting step or not.

Similarly, the pH = of CZ-NGB was also measured using
the aforementioned method. The pH _=5.1 of CZ-NGB was
less compared to the pH_ = 6.3 of Cz. of course, the result
was reasonable due to the load of NGB.

3.3. Secondary adsorption of MB on CZ-NGB

3.3.1. Stability of CZ-NGB and point of zero charge of CZ-
NGB

Regeneration of saturated adsorbent or reuse of spent
adsorbent was vital to estimate the reusability of the adsor-
bents and to clarify the mechanism of adsorption, or to
explore its new application [23,34-37]. After covered by a
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Fig. 5. The fitted curves of five kinetic models for NGB adsorption at 293 K (a), 303 K (b,d), 313 K and (c) (CZ dosage 1 g L™).

layer of contaminant, the stability of CZ-NGB in various pH
conditions was measured. The results showed that NGB was
hardly desorbed when pH was below 9.0 (figure not shown).
After pH > 9.0, the percent of NGB desorbed from CZ was
only below 3%, which was negligible. This indicated the
CZ-NGB was enough stable at the whole pH range so that it
can be used successfully to further application. Therefore, in
next study, the disused or spent CZ loaded by NGB was used
as a new adsorbent to adsorb cationic dye MB.

3.3.2. Effects of pH and salt concentration on
adsorption of MB

Adsorption tests of MB as a function of pH were car-
ried out and the results are shown in Fig. 6a. In Fig. 6a, it
was observed that the adsorption quantity changed slightly
before pH 7. When pH was above 7, the adsorption quantity
rapidly increased until constant value at pH > 9. Similarly,
the constant adsorption capacity before pH 7 suggested that
the electrostatic mechanism was not the only mechanism

for cationic dye adsorption in this system. In addition,
when pH was over 7, the surface charges of adsorbent
were negative according to pH = of CZ-NGB. Thus, the
materials were favor to the removal of cationic dye. When
pH > 9, the adsorption capacity reached a maximum and
kept constant. The optimum pH is obtained at pH > pH
from this system. As compared with the adsorption of
MB on sunflower oil cake activated carbon reported by
Karagoz [38], it got similar conclusion that the optimum pH
6 was over pH_ . So the solution pH of MB is adjusted to 9.0.

The Change of adsorption potential for MB on CZ-NGB
with increasing salt concentration is displayed in Fig. 6b. The
result clearly demonstrated that the CZ-NGB showed declin-
ing ability for MB adsorption in the presence of salt. One
factor may be decreasing activity coefficient of dye ions on
the condition with higher ionic strength, which limited their
transfer to the solid surface [5].

If the adsorption mechanism is main the electrostatic
attraction, variations in background electrolyte concen-
tration remarkably influence the adsorbent-adsorbate
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interactions. The effects of ionic strength verified that the
adsorption mechanism involve the electrostatic interaction
in this system.

3.3.3. Adsorption equilibrium studies

Fig. 7 shows the adsorption isotherms of MB adsorp-
tion onto CZ-NGB at different temperatures. It was clearly
seen from Fig. 7 that it was in favor of adsorption at higher
temperature and the MB adsorption was also endothermic.

It was also observed from Fig. 7 that the experimen-
tal adsorption capacity of MB on CZ-NGB were 9.22, 11.8,
18.4 mg g™ from 293 K to 313 K, respectively. The adsorp-
tion capacity of MB on natural zeolite was 19.3 mg g™
at 303 K, indicating that the adsorption of MB on

@

q. (mg-g™")

5 T T T T
4 6 8 10 12

pH
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CZ-NGB was lower. But it was still available for practical
application.

Redlich-Peterson model which contains three param-
eters had been proposed in order to overcome the limita-
tion of Langmuir and Freundlich models. It can be applied
to either in homogeneous or heterogeneous systems due
to its versatility. The Redlich-Peterson constant g (usually
0 < g < 1), which represents the degree of heterogene-
ity, can be used to evaluated whether adsorption process
favorable or not. There are two limited boundary situation:
when g = 0, the equation is simplified to Henry equation,
which means the low surface coverage on adsorbent. And
this situation may take place on the condition of low ini-
tial adsorbate concentration; Nevertheless, when g = 1, the
equation obviously transfer into Langmuir isotherm [31].

13 -
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Fig. 6. (a) Effect of pH on adsorption capacity of MB on CZ-NGB and (b) Effect of salt concentration on adsorption capacity of MB on
CZ-NGB (C,=30 mg L', CZ-NGB dosage 1 g L™, t =720 min, T =303 K).
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According to the experimental data, the five models,
containing Langmuir, Freundlich, Temkin, Redlich—Peterson,
and Koble-Corrigan models are used to evaluate the iso-
therm. The fitted curves are also presented in Fig. 7 and
these fitting results are listed in Table 4.

As a whole, Redlich-Peterson and Koble-Corrigan
models seemed to more favorable than other models on the
ground of higher R? (nearly above 0.950) and lower SSE in
the whole temperature range. Langmuir model seemed to
be more suitable for lower temperature while Freundlich
model and Temkin model showed better fitting parame-
ters at higher temperature. Those deduced that monolayer
adsorption was mainly mechanism at lower temperature
while the multilayer adsorption gradually dominated with
the increase of temperature.

In addition, the 1/n, of Freundlich model declined with
increase of temperature, and the values were less than 1.
So the adsorption was favorable. It may be attributed that

Table 4

Parameters of MB adsorption isotherm models and errors at dif-

ferent temperature

T (K) 293 303 313
Langmuir
Dputheo) (mgg") 9.26+0.31 11.8+0.3 194+1.6
K, (Lmg™) 0.423+0.088 0.494 +0.068 0.155+0.053
R? 0.889 0.962 0.866
Totexp) (mg g™) 9.22 11.8 184
SSE 2.92 1.76 25.8
Freundlich
K, 478 +0.72 5.84+0.74 4.99 +0.54
1/n, 0.158 +1.740 0.180+1.200 0.323 +0.290
R? 0.643 0.778 0.958
SSE 9.39 104 8.17
Temkin
A 4.02+0.82 5.00 +0.72 3.76 +0.98
B 1.26 £0.26 1.75+0.25 3.43+0.34
R? 0.715 0.86 0.928
SSE 7.49 6.56 14
Redlich—Peterson
A 2.71+0.55 5.22 +1.06 89.4+739.6
B 0.186+0.082 0.393+0.145 17.3+148.6
g 1.12 £ 0.06 1.03 £0.05 0.685 +0.078
R? 0.919 0.959 0.951
SSE 1.85 1.64 8.15
Koble-Corrigan
A 1.40 £ 0.56 5.50 +1.05 498 +0.81
B 0.161 £0.065 0.472+0.086 -0.008 +0.242
n 2.01+0.38 1.09 +0.19 0.317 £0.186
R? 0.946 0.958 0.951
SSE 1.23 1.69 8.17
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the multilayer adsorption behavior made a fierce competi-
tion between adsorbate molecules.

In Redlich—Peterson model, the value of A and B increased
with increasing temperature, but the g value decreased
from above 1 to below 1. At 293 K and 303 K, the g value
approach to 1, which showed the expression of equation was
closed to Langmuir model.

Finally, the Koble-Corrigan model was also applied
to homogeneous or heterogeneous systems as same as
Redlich-Peterson model. Its excellent fitting result showed
the complexity of adsorption process. The value of n also
decreased with increasing temperature in accordance with
g value of Redlich-Peterson model.

According to the above nonlinear regression results, it
was concluded that Redlich-Peterson and Koble-Corrigan
models be successfully used to depict the adsorption of MB
on CZ-NGB. In addition, the uptake was more suitable for
Langmuir model at lower temperature while Freundlich
model at higher temperature, so the adsorption process
was deemed to relate to homogeneous and heterogeneous
uptake on the different conditions.

3.3.4. Kinetic analysis

Fig. 8 is the kinetic curve about MB adsorption onto
CZ-NGB. The trend of curves was similar to NGB adsorption
onto CZ.

Four kinetic models are selected to fit the kinetic data
for obtaining most appropriate equation and the results
are presented in Fig. 8 (fitted curves) and Table 5 (related
parameters), respectively.

In terms of pseudo-first and pseudo-second-order
models, the R? and residual sum of squares were all not
satisfactory, especially R? which almost all low 0.800.
Furthermore, the values of g, were over the vales of 4,
in all concentration and temperature scale for pseudo-
first-order model, which may be attributed to a time lag as
same as NGB adsorption on CZ. Similarly, the disordered
change trend of rate constant k, and k, with initial concen-
tration and temperature suggested the complex mechanism
about secondary adsorption.

In this system, the intra-particle diffusion model was
used to fit whole curve rather than piece-wise curve. The
result showed this model could be able to depict success-
fully adsorption. The higher initial MB concentration, the
larger diffusion rate constant K,. This reason may be that
the increase of initial concentration enhanced concentration
gradient between bulk solution and surface of adsorbent.
In addition, the C value was above zero, suggesting the
intra-particle diffusion model could not fully control dif-
fusion process. The C value also enhanced with increas-
ing initial concentration except at 318 K. So the effect of
boundary layer would larger and larger on the above
condition.

The change trend of the parameter A from double con-
stant model was in accordance with K, in intra-particle dif-
fusion model. From R? and SSE analysis, the double constant
and intraparticle diffusion models was appropriate to pre-
dict the secondary adsorption, but Elovich model seemed
to be not suitable, which indicated the ion exchange may
be not mainly mechanism.
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Fig. 8. The fitted curves of five kinetic models for MB adsorption at 293 K (a), 303 K (b,d), 313 K and (c) (CZ-NGB dosage 1 g L™).

Yan reported the secondary adsorption of methyl orange
onto MB-loaded carboxymethyl cellulose, concluding that
electrostatic adsorption may be mainly mechanism rather
than ion exchange [24]. The result was similar to this study.
Liu studied the secondary adsorption of Congo red onto
MB-loaded magnetic grapheme oxide composites [39].
Compared to direct adsorption, the adsorption capacity
was improved, and the exhausted adsorbent can be utilized
again. Electrostatic adsorption and hydrophobic interaction
were main mechanism.

3.4. Supposal of adsorption mechanisms

Based on the afore mentioned investigation, it can be
concluded that the adsorption of NGB onto CZ with CPC
layer coverage may contain the following mechanism:
(1) electrostatic attraction between anionic dye and CPC mol-
ecule with positive charge’s head group; (2) ion exchange

between anionic dye molecule and CI” from CPC; (3) hydro-
phobic interaction between the hydrophobic tails of CPC
layer and the hydrophobic functional groups of NGB;
(4) Van der Waals’ force [40-43].

In CPC modification process, when the CPC concen-
tration exceeds the specific concentration in aqueous solu-
tion, the CPC* adhered to the zeolite surface can aggregate
to form structural bilayer or admicelles. Generally, the
large molecule CPC only could cover the external surface
and not enter the smaller pores on zeolite surface to dis-
place the Na' [44], which decreased the surface area of
natural zeolite. In addition, the optimum concentration of
CPC was explored. As a result, 3% CPC as optimum con-
centration was supposed to the bilayer coverage of sur-
factant. Then, bilayer CPC formation bring about charge
reversal on the external surface of zeolite from negative to
positive and the positively charged head groups of CPC
are balanced by counter-ions chloride [45].
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Thus, if the supposal that bilayer coverage of surfac-
tant was reasonable, the electrostatic attraction should be
included in adsorption mechanism. The results of effects
of pH and ion strength on NGB adsorption had supported
this point. In particular, the -SO; group from NGB mole-
cules showed strong attraction with positively charged head
groups of CPC.

Of course, beside electrostatic attraction, the hydropho-
bic interaction was also taken into account as the specific
structure of surfactant [46]. The existence of hydrophobic
group of anionic dye made NGB enter easily into CPC layer.
In addition, as is known to us, the Van der Waal’s force also
exist between adsorbent and dye. Cationic surfactant modi-
fied walnut shell or Phoenix tree leaf can also bind neutral
molecule such as Bisphenol A or 2,4-dichlorophenol through
hydrophobic interaction and hydrogen bond [47,48]. The
interaction between CZ and NGB is showed in Fig. 9.

The adsorption of MB on CZ-NGB is more complex than
NGB on CZ. First of all, in terms of the purpose of this study,
the cationic MB was expected to be bonded by anionic NGB
through electrostatic attraction. According to investigation
about effects of pH and ion strength on MB adsorption, the
electrostatic attraction was surely one of mechanisms of sec-
ondary adsorption.

The adsorption capacity of NGB on CZ was observed
to be not higher. In other words, the load ratio of NGB on
CZ was lower. Then, the layer of bare CZ may also bond MB
by hydrophobic interaction. Even, there exists still a small
fraction of surface of natural zeolite which not be covered
by CPC. The negatively charged bare surface of NZ would
attract the cationic MB molecules. The interaction between
MB and CZ-NGB is also shown in Fig. 9.

4. Conclusion

In this paper, the zeolite surface was covered by CPC
with positive charges, increasing interaction between
metal complex dye with negative charges and the zeolite

Z. Wang et al. / Desalination and Water Treatment 244 (2021) 325-342
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Fig. 9. Mechanisms of NGB adsorption on CZ and MB adsorption on CZ-NGB.

surfaces. The CPC bonded successfully on the surface of
NZ. Lower pH and higher ions strength could be able
to enhance the adsorption capacity of NGB on CZ. The
adsorption of NGB on CZ had temperature dependence.
The adsorption isotherms closely followed Freundlich,
Henry, Koble-Corrigan models. The adsorption kinetics
was better fitted by pseudo-second-order, Elovich, double
constant models. Then, the disused adsorbent was hope-
ful as a new adsorbent in secondary adsorption due to
an altered surface structure. Higher pH and lower ionic
strength were benefit with MB adsorption on CZ-NGB.
Adsorption isotherm was best fitted by Redlich—Peterson
and Koble-Corrigan while the kinetics was well described
by both intraparticle diffusion and double constant mod-
els. From the discussion mechanism for CZ on NGB and
secondary adsorption, it was conclusion that several
interaction existed between adsorbent and dye: electro-
static attraction, ion exchange, hydrophobic interaction
and Van der Waals’ force. Modified zeolite is promising
to effectively bind some dyes from solution. Future study
is focused on utilization of CZ to remove selected dyes
from real wastewater.
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