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Abstract

In this study, magnetic graphene oxide modified zeolite (Cu-Z-GO-M) composites
with two different ratios of GO to zeolite (named Cu-Z-GO-M 1:2 and Cu-Z-GO-M
1:1) were synthesized by solid-state dispersion (SSD) method. The properties of
zeolite-based composites were characterized by SEM, XRD, FTIR, XPS, and
magnetization curves. In order to understand the pollutant removal performance of the
as-prepared composites, methylene blue (MB) was used as the target pollutant in
adsorption experiments. The removal efficiency of MB onto Cyagd-GO-M composite
was enhanced obviously with pH > 9. The adsorption capagitieN\\Qf nto Cu-Z-GO-
M 1:1 were 82.147, 89.315, 97.346 mg/g at 298, 08, and , respectively. The
removal ability of MB increased with the inc % GO content in modified

composites. The adsorption behavior ce escribed using a pseudo-second-

order kinetic and Freundlich isoth el. The thermodynamic analysis indicated

the MB adsorption by Cu-Z, s d spontaneous and endothermic reaction. The

results showed that pr d Cu-Z-GO-M composite could be a promising
adsorbent with ¢ sorption capacity and reusability for MB removal from
wastewater.

Key words: Zeolite, Graphene Oxide, MnFe204, Methylene blue, Adsorption
1. Introduction

Dyes effluent discharged from textile, paper-making, printing, food additives,
leather, cosmetic and other industries have caused serious environmental pollution [1,
2]. Nowadays, dye pollution has attracted great attention over the world, due to its

toxicity to human being as well as the fauna and flora even at a low concentration [3].
2
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The toxic effects of dyes effluent on human being will cause allergy, cutitis, skin
stimulus, and even cancer [4, 5]. Therefore, the waste water containing dyes must be
treated before discharging into the natural water bodies. Various approaches including
precipitation [6], ion exchange [7], photocatalytic degradation [8, 9], biological
oxidation [10, 11], adsorption [12, 13], membrane filtration [14] and electrochemical
function have been applied to remove dyes from wastewater. Among these methods,
adsorption has been regarded as a most commonly used method for water purification,
because of its low cost, easy operation and flexibility [15].

Zeolite, a common mineral absorbent with adequa its, low cost, and
organophilic cations [16], has been widely used f e adsorption from wastewater.

For example, the natural zeolite has been r many investigations for dye

removal [17-19]. However, the lower 20sON@Ag# capacity of natural zeolite limits its
widely application as an absor I er to improve its adsorption performance,
various modified zeolite cc@es have been fabricated. Jin et al. [18] reported that

the adsorption cagaq @Bs-modified zeolite was twice larger than that of original

zeolite towards anioN§c orange 1. Erol Alver et al. [20] also reported that the adsorption
capacities of anionic dyes (reactive red 239 and reactive blue 250) onto zeolite with
hexamethylenediamine modification were up to 28.57 and 17.63 mg/g at 293 K,
respectively. Although, these reports showed that modified zeolites had higher
adsorption capacity as compared to that of the unmodified zeolite, those modification
approaches still could not obtain a satisfactory adsorption performance. Therefore,

seeking an appropriate modification method to functionalize zeolite and improve its
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performance is still required.

Graphene oxide (GO), a typical product of graphene, has a particular structure of
a two-dimensional (2D) honeycomb lattice with a single layer of sp? carbon atoms [21-
23]. To date, GO has been applied as an efficient adsorbent for pollutant removal owing
to its unique structure and physicochemical properties, such as a large surface area,
abundant oxygen-containing functional groups [24, 25] and excellent physicochemical

abilities [26, 27]. However, it is difficult to separate GO from aqueous solution due to

its excellent hydrophilicity. Therefore, the design of solid hyb ased materials
is a good method to improve its application in pollutant I. Importantly, the
pollutant removal performance of raw materi ould be enhanced after its

modification [28, 29]. To our knowledge, h on the application of GO

modified zeolite composite for cationg oval is limited. Thus, it is worth to

explore the dye removal by G%
synthesis of hybrid success@ju *ions were used as a coordination cation to bond

zeolite to GO s vertheless, composites modified by GO are difficult to

zeolite composite. In order to make the

collect after reactiorRMagnetic separation technology has been widely applied for the
solid-liquid separation. Herein, MnFe,O4 with short synthesis time, high crystallinity
and low cost was introduced onto Cu-Zeolite/GO composites to make it possible to
reuse the materials [31], which can be conveniently separated by an external magnet.
In this study, magnetic Cu-Zeolite/GO composites were fabricated using a facile
method. In order to investigate their pollutant removal performance, methylene blue

(MB), a typical cationic dye was selected as a model pollutant for adsorption
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experiments. A series of experiments were carried out to determine the influence of
various factors such as pH, time, and temperature on dyes adsorption by magnetic Cu-
Zeolite/GO composite.

2. Experimental
2.1 Materials

GO was prepared according to the modified Hummer method [32, 33]. Artificial
zeolite (Na2O Al,0O3 xSiO; yH20) was obtained from Sinoph%mical Reagent
Co., Ltd., Ethanol, CuSO45H,0, FeCl; 6H.0, MnS A% Y and all other

chemicals used were analytical reagent grade and pfgchased froth Sinopharm chemical

Reagent Co., Ltd without further purificatigs ed water was used in all

experiments. &

2.2 Synthesis of composites @
2.2.1 Synthesis of MnPGMQ&yarticles

Magnetic nan&gartiCles were synthesized by the coprecipitation method [34-37].
Briefly, 2.703 g of FeCls 6H.0 and 0.845g of MnSQO4 H,0 were dissolved in 100 mL
of deionized water under stirring to get a molar ratio of Mn:Fe in the solution at 1:2.
Then, solution pH was slowly adjusted to 10 using 8M NaOH until the solution turned
orange into black brown, followed by continuous stirring for another 30 min. After the
homogeneous dispersion was placed at 90 <C in water bath for 2 h, the black precipitates

were magnetically separated by a magnet and washed with deionized water for several
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times to remove the unreacted part. Finally, the precipitates (MnFe2O4) were dried at

60 <C overnight.
2.2.2 Synthesis of Cu-Z-GO-M composites

To prepare the Cu-Zeolite, 1 g of zeolite was added into 100 mL of CuSO4 5H.0
solution (0.02 M), followed by magnetic stirring for 24 h [36]. Whereafter, the
suspension was washed with 0.01 M sulfuric acid and deionized water to remove
o der for further use.

%[38]. Different

ultrasonication treatment for 3 h.

residues. Ultimately, Cu-Zeolite was dried in air and ground int

The preparation of Cu-Z-GO-M was conducted by
amounts of GO were added into ethanol followed
Then, 0.125 g of as-prepared Cu-Zeolite and 0

added into the homogeneous distributed@o get the mixture of two different

mass ratios of GO to Cu-zeolite (ﬁé X d 1:2). Subsequently, the above-mentioned

etic particles MnFe2O4 were

mixtures were stirred by the til the solvent of the solution was all evaporated.

Finally, the achieved b@ precipitate was dried at 60 <C.
2.3 Characterization

The surface morphology of zeolite-based samples was investigated by Field
Emission Scanning Electron Microscope (FE-SEM, JSM-6700F, Japan). The X-ray
photoelectron spectroscopy (XPS) was used to characterize the elemental compositions
and the surface functional groups of the zeolite samples, which was performed on
ESCALAB 250Xi (Thermo Fisher Scientific, USA). The surface chemical properties

of the samples were characterized by attenuated total reflection-Fourier transform

6
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infrared spectroscopy (ATR-FTIR, NICOLET 5700 FT-IR Spectrometer, USA), which
was recorded between 400 and 4000 cm™. The structure and crystallinity of samples
were recorded on an X-ray diffractometer (XRD) (D/max-2500, Rigaku, Japan) in a 20
range of 4-70< The specific surface area (SSA) was recorded on Brunauer-Emmett-
Teller (BET) method and the nitrogen was used as absorbent. Magnetic properties of
the samples were characterized on a vibrating sample magnetometer (VSM, Mpms

(squid) XL-7, Quantum, USA) at 25 <C.

2.4 Adsorption tests : ’

In this work, MB, one of the most common &ionic dyeS, was used as a target

pollutant to study the adsorption performance -M composites. A series of

adsorption experiments were carried ou @ng a certain amount of absorbent

(20 mg) into 30 mL MB solutlo r (160 r/min) at room temperature (25 <C).

The influence of initial M ion on the adsorption was carried out with MB
EQ

concentration ran ing@ 0

was applied to invNgtigate adsorption in other influenced conditions. The effect of

0 mg/L. Herein, initial dye concentration at 40 mg/L

solution pH on the MB removal was carried out from pH 4.0 to 10.0. The adsorption
thermodynamic was investigated at different temperatures (25, 35, and 45 <C).
Different concentrations of NaCl solutions (0.01, 0.05, 0.1, 0.2, and 0.5 M) were
employed to examine the effect of ionic strength on the dye removal. After adsorption,
Cu-Z-GO-M composites were separated using an external magnet. The initial and

residual concentrations of MB were measured by a UV spectrophotometer (Pgeneral
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T6, Beijing, China) at 664 nm. The removal efficiency R (%) and the amount of MB
adsorbed ge (mg/g) at equilibrium per unit mass of samples were calculated with the

following equations:

CO’Ce
R= x100% (1)
Co
(CO'Ce)
= 2
Q= —=xV 2)

where Co (mg/L) and Ce (mg/L) are the initial and the equilibrium concentrations of
MB, respectively. V (L) stands for the volume of MB solution, and m (g) represents the

mass of samples added into the MB solution. %

3. Results and discussion.

3.1 Characterizations of samples

The morphology of raw zeolite, G@GO-M samples was observed by

SEM micrograph (Fig. 1). As sho 1a, the crystal surface of zeolite is obvious.
The typical properties of G éuch as the smooth surface, the wrinkled ripples
and a thinner layer are@bserved (Fig. 1b) [39]. Additionally, Cu-Zeolite is more
densely distributed \gh GO sheets in Fig. 1¢c comparing with that in Fig. 1d. The rough
morphology of Cu-Z-GO-M sample (1:1) could provide more adsorption sites owing to
a larger surface area|

The XRD patterns of GO, raw zeolite, MnFe>O4 and Cu-Z-GO-M composites are
displayed in Fig. 2a. The characteristic peak at 26 = 10.8<is corresponding to GO,

manifesting abundant existence of oxygen function groups on the GO layers [40].

MnFe204 and Cu-Z-GO-M composites exhibited similar XRD patterns in Fig. 2a. The



164  standard peaks of MnFe;O4 at the 26 = 30.04< 35.50< 42.98< 53.32< 56.74 and 62.56 <
165 are all presented on these three XRD patterns, as mentioned above [41]. The weak peaks
166  at 20 = 7.19°, 10.19°, 12.54°, 21.39°, 27.64°, 30.19° and 35.59° are related to zeolite
167  [38], which are presented in the XRD patterns of Cu-Z-GO-M samples. There are no
168  significant peaks of GO sheets in Cu-Z-GO-M composites, which might attribute to the
169  strong signals of MnFe;Os flow the relatively weak carbon peaks. These results
170  indicated the preparation of the Cu-Z-GO-M composites was successful.

171 As shown in Fig. 2b, the magnetization hysteresis curveg & Cugtg GO-M samples

172 at room temperature display a typical shape like a letter ero retentivity and

N

173 coercivity in Fig.2b demonstrate the super magnetizsgn of the Cu-Z-GO-M [42]. The

174  saturations magnetization of Cu-Z-GO-M (1: -GO-M (1:2) are 0.02829 and

175 0.01478 emu/mg, respectively, whic he ferromagnetic properties and the

176  success of solid-liquid separati ternal magnet. Furthermore, the separation

177  behavior is displayed in tifg ins

178  samples could e@ from the reaction system by a magnet. Hence, the
r

179  magnetization prop&ty of Cu-Z-GO-M samples made it easier to collect from the

of Fig. 2b, which indicates that the Cu-Z-GO-M

180  reaction solution to save the cost.

181 As shown in Fig. 3a, the FTIR spectra of samples are tested in the range of 4000-
182 400 cm™. The FTIR spectra show characteristic peaks (449, 602, 704, and 1027 cm™) in
183  the curve of Cu-Z-GO-M composites which relate to TO4 (T = Si and Al) of zeolite.
184  Several typical peaks of GO, such as C-O-C (1053 cm™?), C=0 (1730 cm™?), and O-H

185 (3408 cm™) are also observed in the spectra of Cu-Z-GO-M samples, indicating that the



186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

Cu-Z-GO-M samples were successfully synthesized by GO. Additionally, the
characteristic peak of Fe-O at 580 cm™ comes from the magnetic material of MnFe2Oa.
Therefore, the analysis mentioned above proved the Cu-Z-GO-M samples were
synthesized successfully by SSD method.

The XPS spectra of zeolite and Cu-Z-GO-M (1:1 and 1:2) samples are represented
in Fig 3b. The XPS survey spectrum of raw zeolite shows five elements peaks,
containing Al, Si, C, O, and Na, locating at 80.72, 108.7, 284.6, 533.0 and 1072.2 eV,
respectively. The full scan spectra of Cu-Z-GO-M samples sh eaks at binding
energies of 642 and 711.4eV which correspond to Mn 2p an pecies respectively.
To further determine the chemical composition a ain functional groups, the C1s
XPS spectra of 1:2 Cu-Z-GO-M (Fig. 3c) am@ -GO-M (Fig. 3d) were carried
out. Three peaks center at the bindinggne about 284.6, 286.2, and 286.9 eV are
observed from Fig. 3d, correspo =—C/C-C, C-0, and C-O-C, respectively [43].

Additionally, the elen'&s of zeolite and Cu-Z-GO-M samples based on
XPS spectrais li in 1. With the introduction of GO and MnFe;QO4, the content
of carbon atom raise§ from 13.97% to 34.80% and 36.78%, the content of Na reduced
from 11.54% to 0.29% and 0.11%, and the content of Si and Al were both decreased.
The variations of element ratio in these three samples manifested that the successful
modification of its surface properties. Furthermore, the surface area of zeolite samples
increased (from 25.566 to 46.696 m?/g) with the increasing content of GO adding to
zeolite samples. The higher surface area might provide more adsorption sites which are
beneficial for the removal of MB. The analysis results of XPS indicate that the Cu-Z-

10
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GO-M samples are successfully prepared by the method in this study. These results were

compliant with the XRD and FTIR characteristics.

3.2 Adsorption tests

3.2.1 Effect of pH

The variations in the removal efficiency of MB at different solution pH are shown
in Fig. 4. The solution pH could not only influence the degree of deprotonation and the
formation of surface functional groups of the absorbent, but al t the species of
the MB [44]. As shown in Fig. 4, with the increase o I3 pH, the removal
efficiency of MB onto Cu-Z-GO-M (1:1) was hig an two other composites. The
removal efficiency of MB by Cu-Z-GO-M ( ent was still at the maximum

&removal efficiencies of Cu-Z-GO-M

, respectively, which might due to that the

(64.09%) as the pH value was 4.0, w

(1:2) and zeolite were 38.27%

ij

powerful interact{dQo tion (m—m interactions) [28]. When pH < 8.0, the removal

addition of the large amou to zeolite could offer more adsorption sites and
efficiencies toward NJB of three composites showed no remarkable change. However,
the removal efficiency of MB onto Cu-Z-GO-M composites were significantly
enhanced at pH > 8.0 as compared with that of zeolite because the high concentration
of H3O" under acid condition led to great competitive with MB for adsorption sites,

further attributing to the relatively low MB removal.

11
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3.2.2 Effect of contact time and adsorption kinetics

The effect of contact time on the removal efficiency of MB was investigated with
the contact time from 0 to 24 h. It is obvious that the removal rate of MB by Cu-Z-GO-
M samples is very rapid and the adsorption reaches equilibrium within 10 h (Fig. 5a).
Furthermore, the absorption capacities are 27.486, 59.148, and 99.162 mg/g for zeolite,
Cu-Z-GO-M (1:2), and Cu-Z-GO-M (1:1), respectively (Fig. 5b). Significantly, the
adsorption quantity of decorated zeolite was much larger than that of undecorated
zeolite. The absorption capacity of Cu-Z-GO-M (1:1) for %roximately 1.7
times larger than that of Cu-Z-GO-M (1:2), which was attrib 0 a larger amount of
oxygen-containing functional groups on the surfac Cu-Z-GO-M (1:1).

In order to figure out the adsor @ﬂsm of zeolite composites, the

experimental data was fitted with t Iy -used kinetic models (pseudo-first-

order and pseudo-second order)
above-mentioned are dg
Pseudo-first-orde odel

4,4, ,(1-¢*") 3)

he detailed equations of the kinetic models

follows:

Pseudo-second-order kinetic model

qe,gszt

= 4
U Tk i “4)

where gt (mg/g) is the amount of absorbed MB onto the absorbent at different time (min),
Je,1 and Qge,2 are the mass of the adsorption quantity of MB onto absorbents by non-linear

pseudo-first-order and non-linear pseudo-second-order models, respectively, and ki

12
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(min't) and k2 (g/mg min) are the rate constants of the pseudo-first-order and the pseudo-
second-order models, respectively.

After being fitted by the two kinetic models displayed in Fig. 5b, the calculated
parameters for the MB onto zeolite composites are listed in Table 2. It is clearly seen
from Table 2 that the adsorption of MB onto the three absorbents is better described by
the pseudo-second order model according to the value of correlation coefficient (R?).
From this result, it follows that the adsorption process of MB onto the absorbents

proceeded by chemisorption mechanism [47].

3.2.3 Effect of temperature and adsorption isotherm

A series of experiments with initial conce MB onto Cu-Z-GO-M (1:1)
were executed to figure out the adsorpti&% between solid and liquid phase as
the adsorption reached saturation [48 % 6 displays that a higher temperature is more
beneficial to the adsorptio nto Cu-Z-GO-M (1:1). In this study, the two
common adsorption is@models, the Langmuir and Freundlich models, were used
to investigate the NferaCtion of molecules and surface of adsorbent by the data at
adsorption equilibrium. The slow adsorption rate might be due to the reduction of the
active sites on the surface of Cu-Z-GO-M (1:1) [49].

Langmuir adsorption isotherm model
The Langmuir isotherm is on the basis of the assumption that adsorption sites on

the surface of the adsorbent are restricted and distributed homogeneously. The

adsorbate is absorbed without mutual interaction and has the same attraction for

13
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adsorption. It is represented by the equation as below:

q, K.C,

max 5
"4k, C, )

where ge (mg/g) and Ce (mg/L) represent quantity and the concentration of adsorption
respectively, and gmax (Mg/g) is the theoretic adsorption quantity at equilibrium. K.
(L/mg) is Langmuir isotherm constant which reflects the power of adsorption
experiments.
Freundlich adsorption isotherm model

The Freundlich isotherm model is used to give a doWd T the adsorption
behavior that occurs on the heterogeneous surface [58 The well-known expression for

Freundlich isotherm model is presented in the orm:

qe :K F Ci‘/n &

where ge (mg/g) and Ce (ffig L@on the behalf of the adsorption quantity and

(6)

concentration of Cu Z-GO-M (1:1) at the equilibrium, respectively. Kr
[(mg/g)(L/mg)Y" i¥&Freundlich isotherm constant. The value of n in the equation is
another constant in Freundlich isotherm model to indicate how favorable the adsorption
process. If 0 < 1/n < 1, the adsorption process is in favor of the reaction condition; if
1/n > 1, itis un-favorable; if 1/n = 1,manifesting the process is homogeneous [51].
Adsorption parameters are presented in Table 3. It is significant that the correlation
coefficient (R?) of Freundlich isotherm model is much higher than that of Langmuir

isotherm model, which indicates that the Freundlich model describes the adsorption

14
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process better. Furthermore, the adsorption of MB adsorption is heterogeneous and
multilayer [52]. Otherwise, Table 2 displays that the gmax 0f MB onto Cu-Z-GO-M (1:1)
in the Langmuir model is enhanced with increasing temperature, which might be due
to the fact that the interaction between MB and the active sites were reinforced in the
enhancement of temperature. Compared with other reported absorbents displayed in
Table 4, Cu-Z-GO-M (1:1) exhibits approving adsorption performance towards MB.

Therefore, the zeolite modified by a certain content of GO could enhance the adsorption

capacity of MB.
To further evaluate the influence of adsorption factors dsorption process
by Cu-Z-GO-M (1:1), the effect of temperature on tion process was investigated.

As shown in Fig. 6, three different temperat@ y 308, and 318 K) were set to

expand the adsorption experiments o Cu-Z-GO-M (1:1). Significantly, the

higher temperature could impr oval ability of MB by Cu-Z-GO-M (1:1),
which might be explained b@%ced interaction between the active sites and MB
molecules at hig erfgerglure. Commonly, the thermodynamic parameters, such as
Gibbs free energy (A3°), entropy (AS?), and enthalpy (AH), were calculated from the

following equations [55]:

AS” AH’
CRORT @)
AG’=AH"-TAS" (8)

where Kgq is produced by ge/Ce. T (K) is the absolute temperature in Kelvin, AS [KJ (K

L mol )] is the entropy change, AH (KJ/mol) is the enthalpy constant, and R is the

15
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universal gas constant [8.314 KJ/(mol K)]. The values of AS and AH are determined
from the slope and intercept of the Van’t Hoff plots of InKy versus of 1/T in Fig. 6.
Table 5 presents the detailed values of the thermodynamic parameters. The values
of AG decrease from -2.789 to -3.509 with the temperature increasing from 298 to 318
K, manifesting that the adsorption of MB onto absorbent in this study is spontaneous
[56]. Additionally, the value of AH is positive, indicating the reaction is endothermic

[57]. Furthermore, the positive value of AS elucidates the randomness on the surface of

solid/solution, showing an increasing trend during the attach e%ss [58].

3.2.4 Effect of the ionic strength

The ionic strength of solution is another@ associated with the removal

efficiency of MB [59]. In our work, th&

NaCl concentrations of 0, 0.01, i:i 0.2, and 0.5 M in the adsorption systems

onic strength was conducted with

containing 40 mg/L of MB, of absorbent. Fig. 7 displays that the removal
efficiency of MB by@%—M absorbent changes little with the increasing
concentration of N&€l. Whereas, the presence of NaCl has a significant effect on MB
removal by raw zeolite. This phenomenon may be caused by two reasons: on one hand,
the existence of NaCl might screen the surface charges which could suppress the
adsorption reaction owing to competitive adsorption, on the other hand it can also
enhance the adsorption behavior between MB and three different absorbents by
dissociating MB to MB* [60, 61]. The results indicated that the surface charges also

played a primary role in the absorption process especially when the absorbent was raw
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zeolite.
3.3 Desorption and reusability evaluation

Reusability is another vital factor to assess the application performance of the
adsorbent [62]. In this study, Cu-Z-GO-M (1:1), was regarded as the model absorbent
due to its highest removal efficiency of dye. Additionally, 0.1 mol/L HCI was chosen
as the strippant in this work to realize the release of the MB from the saturated absorbent

[63]. Five cycles were applied to verify the stability and reusabi%e material. The

related results are displayed in Fig. 8. As the regeneration augle ed, the removal

efficiency of MB onto Cu-Z-GO-M decreased (fro

XS/

efficiency was not large, which i i? at the reusability of absorbent (Cu-Z-GO-

9.59% t076.86%), possibly due

to the decline in surface area, the blockage of d the decrease of active sites

available [64]. Although the adsorptlo the reduction trend of removal

M) was relatively excellent
4. Conclusions Q

Based on the (\€vioUsly published works [18-20, 28-30], this work demonstrated
that the magnetic GO modified zeolite samples could be synthesized to facilitate surface
characterizations and adsorption capacity towards MB. The introduction of GO to
zeolite could enhance the removal ability of MB comparing with zeolite undecorated,
which was attributed to the incremental surface area and active sites. The adsorption is
better described by pseudo-second-order kinetic and Freundlich isotherm model. A

higher temperature and pH are more favorable to MB adsorption. Thermodynamic
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parameters depicted that the reaction was a spontaneous and endothermic process. After
five reused cycles, the removal efficiency of MB onto Cu-Z-GO-M (1:1) was still at a
high level (76.86%). This work provided a facial method combined GO and zeolite
together to improve the application as well as the adsorption ability of zeolite as the
absorbent. Besides, the new findings could not only help us understand how the factors
influence the adsorption behavior of MB onto Cu-Z-GO-M, but also prove potential

application of Cu-Z-GO-M to solve the dye pollution in the environment.
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581  Fig. 1. SEM images of raw zeolite (a), GO (b), Cu-Z-GO-M (1:2) (c) and Cu-Z-GO-M (1:1) (d)
582  Fig. 2. XRD patterns (a) of GO, Zeolite, MnFe204, Cu-Z-GO-M (1:2) and Cu-Z-GO-

583 M (1:1); Magnetization curves (b) of Cu-Z-GO-M (1:2) and Cu-Z-GO-M (1:1) at room

584  temperature.

585  Fig. 3. FTIR spectra (a) of zeolite, GO, MnFe204, and Cu-Z-GO-M samples (1:2 and

586  1:1); XPS full scans (b) of zeolite and GO-Z-GO-M samples; C1s XPS spectra of (c)

587 Cu-Z-GO-M (1:2) and (d) Cu-Z-GO-M (1:1).

588  Fig. 4. Effect of solution pH on the removal efficiency of bsorbents.
589  Fig. 5. Effect of contact time (a) on the removal gggiency of MB onto absorbents,
590  pseudo-first-order (solid) and pseudo-seco dot) non-linear plots (b) of

592  Fig. 6. Effect of the temperatu@ dsorption of MB onto Cu-Z-GO-M (1:1):
593  Langmuir model (solid) an@v ich model (dot) non-linear plots of the adsorption

594  isotherm for M UQ’Z-GO-M (1:1) at different temperatures (a), and the
is (

595  thermodynamic anal§sis (b).

591  adsorption kinetics for MB onto adsor:&

596 Fig. 7. Effect of ionic strength on the removal efficiency of MB adsorption onto

597  absorbents.
598  Fig. 8. Removal efficiency of MB onto Cu-Z-GO-M (1:1) in five cycles.
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Langmuir model (solid) and Freundlich model (dot) non-linear glgts of the adsorption
isotherm for MB onto Cu-Z-GO-M (1:1) at different_terRNgratugh (a), and the

thermodynamic analysis (b).
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Table captions

Table 1 Element composition, atom ratios, and BET-N surface area (SA) of adsorbents

Table 2 Parameters of kinetic models for the adsorption of MB onto absorbents.

Table 3 Constants and correlation coefficients of Langmuir and Freundlich models for

MB adsorption onto Cu-Z-GO-M (1:1) at different temperatures.

Table 4 Maximum adsorption capacity (Qm, mg/g) of MB by various absorbents in

other reports. %

Table 5 Thermodynamic analysis data for the adsorption of M 0 Cu-Z-GO-M (1:1).
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642  Table 1 Element composition, atom ratios, and BET-N> surface area (SA) of adsorbents.

Samples Atom percentage SA
Cls Ols Si2p Al2p Nals (m?/g)
zeolite 13.97 52 13.93 8.55 11.54 25.566
1:2 Cu-Z-GO-M 34.80 51.49 6.46 6.96 0.29 43.068
1:1 Cu-Z-GO-M 36.78  52.02 5.42 5.67 0.11 46.696
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644  Table 2 Parameters of kinetic models for the adsorption of MB onto absorbents.

Models Pseudo-first-order Pseudo-second-order
Ot kix 10 R? O, Kax 10° R?
Parameters (mg/g)  (min?) (mg/g)  (9/mg-min)
C“'Z(flc))"\" 86.635 0337 0.895  93.781 0.472 0.963
C”'é’%"'\" 49.419 0389 0831  53.200 0.993 0.916
Zeolite 22,701  1.288 0.805 23.931 8.725 0.907
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646  Table 3 Constants and correlation coefficients of Langmuir and Freundlich models for

647  MB adsorption onto Cu-Z-GO-M (1:1) at different temperatures.

T (K) 298 K 308 K 318K
Langmuir gm (Mmg/g) 94.481 95.369 115.322
KL (L/mg) 0.513 2.371 1.223

R? 0.730 0.579 0.834

Freundlich Kr (L/mQ) 54.236 61.704 68.177
1/n 0.157 . % 0.162

R? 0.998 0.98 0.992
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649  Table 4 Maximum adsorption capacity (Qm, mg/g) of MB by various absorbents in

650  other reports.

Absorbents Qm (mg/g) References
Raw zeolite 6.1 [18]
Raw kaolin 13.99 [53]
Graphene oxide 193.902 [28]
Magnetic multi-wall carbon nanotube 15.87 [35]
MOF-235 187 %4}
1:1 Cu-Z-GO-M 94.4 n this study
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652  Table 5 Thermodynamic analysis data for the adsorption of MB onto Cu-Z-GO-M (1:1).

T (K) Ink? AG? (KJ/mol)  AS® (/K mol)  AH® (KJ/mol) R?
298 K 1.126 -2.789 5.765 -1.379 0.970
308 K 1.307 -3.237

318 K 1.416 -3.509
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