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Abstract

In this study, modified zeolites were prepared through the modification of raw zeolites, using hydrochloric acid
(HCI) and cetyl trimethyl ammonium bromide (CTAB), whose properties were then characterized by a Zeta
Potential Meter and an X-ray diffractometer. Also, the adsorption mechanisms were investigated in depth. The
experimental results indicated that, in terms of the adsorption capacity of Rhodamine B in water, the modified
zeolites were more favorable than the raw zeolites. As the dosage of adsorbent increased, the removal percentage
of Rhodamine B in the water increased, while the unit adsorption capacity decreased. The pH value of the
solution, and reaction temperature imposed little effects on the adsorption of the Rhodamine B. In accordance
with the adsorption thermodynamic results, Langmuir and Freundlich isothermal adsorption models were able to
accurately describe the adsorption of Rhodamine B in water by the modified zeolites. The fitting results had a
higher correlation when using a Freundlich isothermal model. At 303 K, the static saturated adsorption capacity
was 4.41 mg/g. The kinetic results demonstrated that the adsorption of Rhodamine B in water using modified
zeolites fit well with the pseudo-second-order kinetic model.
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1. Introduction

With the development of the dyeing industry, a great deal of dye wastewater is produced in China every year
(Chen, Zhao, Wu, & Dai, 2011; Hu, Chen, Ji, & Yuan, 2010). Dye wastewater generally has a complex
composition, high chemical oxygen demand (COD), high chromaticity, biochemical-degradation-resistant
organic matter, and significant variations in water quality with the amount of water. These factors have made it
difficult to treat the dye industry’s wastewater. Rhodamine B is a type of artificially synthesized organic dye,
which is currently widely used in many industries, such as papermaking, printing, textile dyeing, leather, paint,
and so on(Das, Ghosh, Ghosh, & Guha, 2008). However, it is carcinogenic. The common Rhodamine B removal
processes include: physical-chemical, chemical, and biological methods, such as coagulant sedimentation(Sadri
Moghaddam, Alavi Moghaddam, & Arami, 2010), membrane separation(Sachdeva & Kumar, 2009),
adsorption(D. Karadag, Turan, Akgul, Tok, & Faki, 2007), chemical oxidation(El-Desoky, Ghoneim, El-Sheikh,
& Zidan, 2010), ion exchange method(Labanda, Sabaté, & Llorens, 2009), and acrobe and anaerobe degradation
methods(Li, Zhang, Lin, Han, & Lei, 2010). Among these, the adsorption method is regarded to be an effective
method for the removal of dyes from water (Chatterjee, Lee, Lee, & Woo, 2009).

Raw zeolites are a type of aluminosilicate crystals with skeletal structures, which can be easily obtained at low
cost (Wang & Peng, 2010). The removal of dyes from water using raw zeolites has aroused extensive attention
(Hernandez-Montoya, Pérez-Cruz, Mendoza-Castillo, Moreno-Virgen, & Bonilla-Petriciolet, 2013; Widiastuti,
Wu, Ang, & Zhang, 2011). The zeolites which are modified by a surface active agent can be used for the
treatments of different types of ions, and make the treatment of wastewater with complex compositions possible.
This modification using a surface active agent is a key technology for the application of raw zeolites in
wastewater treatment (Leyva-Ramos et al., 2008; Zeng, Woo, Lee, & Park, 2010). Currently, many research
studies have investigated these modified zeolite’s adsorption performances with many dyes, such as reactive
black 5, reactive red 239, reactive yellow 176, acid orange 8, and acid orange II (Aysegul, Ozgur, Abdullah
Zahid, & Mustafa, 2008; Benkli, Can, Turan, & Celik, 2005; Jin, Jiang, Shan, Pei, & Chen, 2008; D. Karadag et
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al., 2007; Dogan Karadag, 2007; Torres-Pérez, Solache-Rios, & Olguin, 2007). However, few studies have been
conducted regarding the removal of Rhodamine B in water using zeolites which have been modified by a surface
active agent(Hayakawa, Dobashi, Miyamoto, & Satake, 1997; Hayakawa et al., 2000).

In this study, modified zeolites were prepared by the modification of raw zeolites using hydrochloric acid (HCI)
and cetyl trimethyl ammonium bromide (CTAB). The removal function of the modified zeolites on Rhodamine B
in water was investigated using batch adsorption tests. The influencing factors of adsorption, as well as the
related adsorption mechanisms were explored, with the aim of providing theoretical bases and basic data for the
application of modified zeolites in the removal of Rhodamine B in water. Therefore, the present study can
provide assistance for further development of high-efficiency, low-cost, environmentally friendly, and novel
materials which can be used for dye wastewater treatments.

2. Experiments
2.1 Experimental Reagents and Materials

In this study, raw mordenite which was used had a purity of 60%, and was purchased from Gongyi, China. The
particle size of the raw mordenite was smaller than 0.15 mm. The Rhodamine B was purchased from Tianjin,
China. The CTAB, sodium hydroxide (NaOH), and HCI were the analytical reagents. The water used in the
experiment was deionized.

2.2 Analytical Instruments

The instruments used in the present experiments included the following: a thermostat water bath (HH-2, Yuyao,
China); constant-temperature shaking incubator (BS-1E, Changzhou, China); analytical balance (CP214C,
Hangzhou, China); ultraviolet-visible spectrophotometer (TU-1810, Beijing, China); vacuum drying baker
(DZF-6021, Shanghai, China); pH meter (WTW340I, Germany); desk-type high-speed centrifuge (TG16K-II,
Jinan, China); X-ray diffractometer (MSAL-XD-2, Beijing, China); and Zeta potential measuring meter
(Nano-ZS90, England).

2.3 Experimental Methods
2.3.1 Preparation of the Modified Zeolites

In this study’s experiment, 10.0223 g CTAB (in a solid state) were precisely weighed, and then diluted with the
deionized water to 500 mL. Accordingly, a CTAB solution with a concentration of 0.055 mol/L was prepared. A
certain amount of raw zeolites was weighed and reacted with the HCI solution, with the concentration of 2 mol/L
in a water bath, during which the solid-to-liquid ratio was 1:10. The mixed solution was centrifuged for five
minutes, at the rotating speed of 4000 remin™. The solution was then repeatedly washed with deionized water
until the eluate was pH neutral. The mixed solution was dried at 373K. A certain amount of the sample after
drying was weighed and reacted with the CTAB solution, in accordance with the solid-to-liquid ratio of 1:10, for
4 hours in a water bath at 323K. The mixed solution was centrifuged for five minutes at the rotating speed of
4000 remin'. Then, the solution was repeatedly washed with deionized water until no Br~ was detected in
AgNO; solution. At this point, the mixed solution was dried at 323K, and then placed in a drying vessel for
storage.

2.3.2 Preparation of the Rhodamine B Solution

In this experiment, 500 mg of Rhodamine B (in a solid state) was precisely weighed and diluted to 500 mL with
deionized water. For example, a Rhodamine B stock solution with a concentration of 1000 mg/L was prepared.
Then, the Rhodamine B stock solution was diluted using deionized water, and a Rhodamine B solution with a
concentration of 50 mg/L was prepared, in which the pH value was adjusted to a certain value using HCI or
NaOH solutions with concentrations of 0.01 moleL™".

2.3.3 Measurement of Zeta Potential

At this point, 10 mg samples from before and after the modification were dispersed in 50 mL of deionized water,
with the pH values adjusted using HCI or NaOH solutions with concentrations of 0.01 moleL"'. The mixed
solution was shaken in a constant-temperature shaking incubator at the rotating speed of 180 remin™ so that the
solution reached equilibrium. The Zeta potential was then measured using the potential measuring meter.

2.3.4 Adsorption Experiments

A Rhodamine B solution (25 ml) was placed in a 100 mL conical flask, and a certain amount of modified zeolite
or raw zeolite was added. Then, the conical flask was sealed using sealing film, and vibrated for a certain time in
a constant-temperature shaking incubator at the rotating speed of 180 r/min. A solid-liquid separation was
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conducted on the mixed solution in the conical flask by means of centrifugal separation. The concentration of the
residual Rhodamine B in the supernate was then measured using an ultraviolet spectrophotometer, with a
measurement wavelength of 554 nm. The removal percentage (%), and the unit removal capacity q.(with the
unit of mg/g) could then be calculated by Eq. (1) and Eq. (2) as follows:

n= <C"C—‘DC*-’> x 100% )

_ (Co=Co)V

qQe =~ 2

m

In which C, denotes the concentration of Rhodamine B in the original solution, with the unit of mg/L;
C, denotes the concentration of Rhodamine B in the solution after adsorption, with the unit of mg/L; V denotes
the reaction volume, with the unit of mL; and m denotes the mass of the absorbent, with the unit of mg.

In the present study, the effects of the dosage of the modified zeolites, pH value of the solution, and reaction
temperature on the adsorption results of Rhodamine B were investigated. The isothermal adsorption curves,
along with the adsorption kinetics of the Rhodamine B using the modified zeolites were explored. In the
experiments, each of the sample included two parallel samples, and one blank sample.

3. Results and Discussion
3.1 X-Ray Diffraction (XRD) Patterns of the Zeolites before and after Modification

In Figure 1 the XRD patterns of the raw and modified zeolites are displayed, respectively. It can be seen that, the
phase patterns of the zeolites before and after the modification were similar, with almost identical peak positions
and diffraction angles. The characteristics of the diffraction peaks in the raw zeolites were still preserved in the
zeolites after modification, which suggested that the crystal structures of the zeolites after the modification using
HCI1 and CTAB remain unchanged. For example, most of the CTAB molecules only coated the surface of the
zeolite particles, rather than entering into the internal crystal framework.

Modified zeolites

Raw zeolites

Intensity

T T — T T T T ' T ' T T 1
0 10 20 30 40 50 60 70 80

26(°)

Figure 1. XRD patterns of the raw and modified zeolites

3.2 Zeta Potentials of the Zeolites before and after Modification

In Figure 2, the Zeta potential curves of the raw and modified zeolites, respectively, are displayed. It can be seen
from the figure that the surfaces of the raw and modified zeolites carried negative charges when their pH values
ranged from 3 to 12. As the pH value of the solution increased, the negative charges on the surface increased.
Moreover, when the pH values were the same, the negative charges on the surface of the raw zeolites were more,
compared with those on the surface of the modified zeolites.
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Figure 2. Zeta potential of the raw and modified zeolites

3.3 Effects of the Dosage of Zeolites on the Removal Percentage of Rhodamine B

Figure 3 displays the effects of the dosage of zeolites on the removal percentage of Rhodamine B. When Cy= 50
mg/L, T =303 K, t = 24 h, and pH = 7 (where C, denotes initial mass concentration, T denotes reaction
temperature, t denotes reaction duration, and pH denotes pH value of the solution), the removal percentage of
Rhodamine B increased as the dosages of raw and modified zeolites increased. At a dosage of 16 g/L, the
removal percentage of Rhodamine B using raw and modified zeolites reached 84.17% and 94.11%, respectively.
When the dosage was below 10 g/L, the removal percentage of Rhodamine B using the modified zeolites was
found to be greater than that using the raw zeolites. The molecular size of Rhodamine B is bigger than the pore
size of zeolite, therefore, Rhodamine B was primarily adsorbed by the surface of zeolites. According to the Zeta
potential measurement results, the surface of the raw zeolites carried more negative charges, and the Rhodamine
B, which is a type of ionic dye, could be easily adsorbed via electrostatic adsorption. Negative charges also
existed on the surface of the modified zeolites. For example, the electrostatic attraction also existed between the
modified zeolites and Rhodamine B. However, in this case it was smaller than that between the raw zeolites and
Rhodamine B. In regards to the modified zeolites, the adsorption mechanisms were primarily the hydrophobic
interaction between the hydrophobic groups in the molecules of the Rhodamine B, and the hydrophobic ends in
the CTAB. At a small dosage, the collision between the modified zeolites and Rhodamine B molecules had a low
frequency, which led to a weak hydrophobic interaction between them. Therefore, the removal percentage of
Rhodamine B using modified zeolites was found to be lower than that using raw zeolites. However, at a large
dosage, the collision frequency between the modified zeolites and the Rhodamine B molecules gradually
increased, and the hydrophobic interaction was gradually enhanced. Accordingly, the removal percentage of
Rhodamine B using modified zeolites gradually increased. When the volume and concentration of the solution
were fixed, with the increase of the dosage of the modified zeolites, the free active sites which were employed on
the absorbent increased, and the unit adsorbing capacity of Rhodamine B in the solution using modified zeolites
decreased.
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40
0 005 01 015 02 025 03 035 04 045

Removal percentage (%)

Adsorbent dosage (g)

Figure 3. Effects of the adsorbent dosage on the removal percentage of Rhodamine B by the raw and modified
zeolites

70



www.ccsenet.org/mas Modern Applied Science Vol. 10, No. 5; 2016

3.4 Effects of the pH Value of the Solution on the Adsorption of Rhodamine B Using the Modified Zeolites

Figure 4 shows the effects of the pH value of the solution on the adsorption capacity of the modified zeolites for
Rhodamine B. It can be seen from that figure that, when Co=50 mg/L, m/V=10g/L, T=303 Kandt=24h
(where m/V denotes the dosage of zeolites, and the other parameters were the same as listed above), and as the
pH value increased from 3 to 11, it imposed little effect on the adsorption of Rhodamine B in the solution using
the modified zeolites. In combination with the variation of the Zeta potential of the modified zeolites with the pH
value, it was concluded in this study that the electrostatic attraction was not the main function which accounted
for the adsorption of Rhodamine B using the modified zeolites.

5.5
4.5 —r T +————————+
3.5
2.5
1.5

0.5

Adsorption capacity(mg/g)

2 3 4 5 6 7 8 9 10 11 12
pH

Figure 4. Effects of the pH on the adsorption capacity of Rhodamine B by the modified zeolites.

3.5 Effects of the Reaction Temperature on the Adsorption of Rhodamine B Using Modified Zeolites

Figure 5 displays the effects of temperature on the adsorption capacity of Rhodamine B using modified zeolites.
When Cy=50 mg/L, m/V =10 g/L, pH = 7, and t = 24 h(where parameters were the same as listed above), the
unit adsorption capacity of the modified zeolites on the Rhodamine B in the solution was almost unchanged as
the reaction temperature increased from 292 K to 313 K. This indicated that, with the use of the modified
zeolites, the reaction temperature had almost no effect on the adsorption of the Rhodamine B in the solution.

Adsorption capacity (mg/g)

290 295 300 305 310 315
Temperature(K)

Figure 5. Effects of the reaction temperature on the adsorption capacity of Rhodamine B by the modified zeolites

3.6 Isothermal Adsorption Curves of Rhodamine B Using Modified Zeolites

The effects of the initial mass concentration on the adsorption of Rhodamine B using the modified zeolites can
be seen in Figure 6. When m / V=10 g/L, t=24 h, pH =7, and T = 303 K(where parameters were the same as
listed above), the adsorption capacity of Rhodamine B increased, while the removal percentage decreased with
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the increase of the initial mass concentration.
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Figure 6. Effects of the initial concentration on the adsorption capacity and removal percentage of Rhodamine B
by the modified zeolites

The data in Figure 6 were fitted using Langmuir and Freundlich adsorption isotherms, respectively.

The Langmuir adsorption isotherms can be described as follows:

l=( 1 )i+i A3)

de AmkL/ ce am

In which g, denotes the adsorption capacity by the modified zeolites, with the unit of mg/g; c. denotes the
mass concentration of Rhodamine B after adsorption, with the unit of mg/L; and k; is the Langmuir
adsorption constant, and g, reflects the theoretical maximum monolayer adsorption capacity of the adsorbent,
with the unit of mg/g.

The Freundlich adsorption isotherms can be described as follows:

Ing, = gk +-Inc, ()

In which g, denotes the adsorption capacity of the modified zeolites, with the unit of mg/g; c, denotes the
mass concentration of Rhodamine B after adsorption, with the unit of mg/L; kr denotes the Langmuir
adsorption constant, and 1/n denotes the adsorption strength.

The fitting results are shown in Figures 7 and 8, and the related parameters are listed in Table 1.
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Figure 7. Fitting curve of the Langmuir equation
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Figure 8. Fitting curve of the Freundlich equation

Table 1. Parameters of the Langmuir and Freundlich adsorption isotherms of Rhodamine B on the modified
zeolites

Langmuir model Freundlich model
Gm k; R? kg 1/n R?
7.9554 0.2290 0.9656 1.7716  0.5225 0.9923

As shown in Figure 7, Figure 8, and Table 1, the adsorption of Rhodamine B by the modified zeolites could be
adequately fitted using both the Langmuir or Freundlich equations. The Langmuir equation is generally used for
describing adsorption behaviors in which monolayer adsorption occupies a dominant role, or the adsorption
occurs in diluted solutions (Yang & Zhang, 2012). The Freundlich isothermal equation is used to describe the
surface adsorption behaviors in which the adsorbate and adsorbent are combined by a chemical bond (Freundlich
1906). Generally speaking, 1/n < 0. 5 denotes the case where the adsorbate is easily adsorbed, and 1/n > 2
denotes the case where the adsorbate has difficulty being adsorbed. In this study, 1/n = 0. 5225, which indicated
that the adsorption of Rhodamine B was relatively easy.

3.7 Adsorption Kinetics of Rhodamine B Using the Modified Zeolites

)

The adsorption kinetic curve of Rhodamine B in the solution by the modified zeolites is shown in Figure 9. It can
be seen that, when Co= 50 mg/L, m / V = 10 g/L, pH = 7, and T = 303 h(where parameters were the same as
listed above), the unit adsorption capacity of Rhodamine B in the solution by modified zeolites increased over
the reaction time, until the adsorption equilibrium was reached.

4
3.5 }/,
2.5

1.5

0.5

Removal quantity(mg/g)

0 200 400 600 800 1000 1200 1400

Time(min)
Figure 9. Effects of reaction time on the adsorption capacity of Rhodamine B by the modified zeolites

The data were fitted using a pseudo-second-order kinetic equation.
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This pseudo-second-order kinetic equation can be expressed as:

t 1 t

+—- (&)

ac k2% qe

In which q, and q; denote the unit adsorption capacities of Rhodamine B by the modified zeolites when the
adsorption equilibrium was reached, and at  moment, respectively, with the unit of mg/g; and k, denotes the
pseudo-second-order adsorption velocity constant, with the unit of g / (mg-min).

Figure 10 presents the fitting results, and the related parameters are listed in Table 2.

350
300
250

200

150 y=0.2264x +3.7225

R?*=0.9991
100
= 50
=
0 200 400 600 800 1000 1200 1400
t(min)

Figure 10. Pseudo-second-order adsorption kinetics of Rhodamine B by the modified zeolites

Table 2. Kinetic parameters for the adsorption of Rhodamine B by the modified zeolites
de k2 R 2
44228 0.0137 0.9991

As shown in Figure 10 and Table 2, the fitting of the experimental data using the pseudo-second-order adsorption
kinetic model had a fairly high correlation coefficient, which reached over 0.999. Moreover, the calculated unit
adsorption capacity in equilibrium state was very close to the experimental value. Accordingly, it can be
concluded that the pseudo-second-order adsorption kinetic model could reasonably describe the adsorption
kinetics of Rhodamine B in water using the modified zeolites.

4. Conclusions

(1) Modified zeolites were found to be superior to raw zeolites in the adsorption of Rhodamine B. The removal
percentage of Rhodamine B increased as the dosage of adsorbent increased. The pH value of the solution, as well
as the reaction temperature, imposed little effects on the adsorption of Rhodamine B using the modified zeolites.

(2) The surfaces of the zeolites before and after modification both carried negative charges. As the pH value of
the solution increased, the negative charges on the surfaces increased. Under the same pH conditions, the
quantity of negative charges on the surface of the raw zeolites was found to be greater than that on the surface of
the modified zeolites.

(3) The adsorption equilibrium data of Rhodamine B using modified zeolites could be described using Langmuir
and Freundlich isothermal equations. The pseudo-second-order kinetic model showed the ability to describe the
adsorption kinetics of Rhodamine B in water using the modified zeolites.
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