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A novel graphene oxide (GO)/sodium montmorillonite (NaMMT) polymer nanocomposite was synthesized using
a simple and environmentally friendly solution-mixing-evaporation technique and characterized using X-ray
diffraction (XRD), fourier-transform infrared (FTIR) spectroscopy, field emission scanning electron microscope
(FESEM), energy-dispersive X-ray (EDX), Brunauer-Emmett-Teller (BET), thermogravimetric analysis (TGA) and
derivative thermogravimetric (DTG) analysis. The nanocomposite, as an efficient adsorbent with a surface area of
230 m? g1, was subsequently applied for the removal of malachite green (MG) dye from real wastewaters and
the effects of MG initial concentration, contact time, solution pH, adsorbent dosage, and the solution temperature
were thoroughly studied. The nanocomposite exhibited rapid MG adsorption by reaching to an equilibrium in 20
min and the adsorption process followed the pseudo-second-order kinetic model. Isotherm experiments showed
good fitting to the Langmuir model, and the highest adsorption capacity of the GO/NaMMT polymer nano-
composite was 1721 mg g™ at the temperature of 30 °C (approximately double the capacity of the highest
previously reported adsorbent). Thermodynamic investigations disclosed that the process was inherently spon-
taneous and endothermic. Taken together, the proposed GO/NaMMT polymer nanocomposite, with the excellent
properties, such as facile synthesis, cost-effectiveness (over five reusable cycles without any significant loss of its
efficiency), effectiveness in real wastewaters, lack of production of secondary pollutions, stable three-
dimensional (3D) structure (allow easy handling and separation during application), have high potential to
serve as a highly efficient adsorbent for water/wastewaters treatment applications.

1. Introduction

Today, the pollution of water resources by the release of dyes from
industrial facilities remains a major global environmental challenge
[1-3]. Malachite green (MG) is a well-known cationic dye that is being
broadly used in various industries for dyeing silk, leather, plastic, and
paper. MG dye also act as a fungicidal agent, antiparasitic drug, and
antiseptic substance in fish breeding industry. With a high content of
nitrogen, MG dye was found to be carcinogenic, genotoxic, mutagenic,
and teratogenic [4,5]. In virtue of the complex chemical structure and
stability to heat, light, and oxidizing agents, MG can hardly be elimi-
nated from wastewater by conventional treatment techniques (e.g.,
coagulation/flocculation, precipitation, filtration (sand), and biodegra-
dation) [6]. Accordingly, it is of paramount importance to develop
removal techniques for such dyes prior to releasing into bodies of water.

* Corresponding authors.

Among numerous chemical, physical, and biological techniques for
dye removal from wastewaters [7-10], adsorption-based techniques are
favorable owing to their low cost, high efficiency, less harmful second-
ary products, possible regeneration of the adsorbent, and easy and safe
operation [11]. To date, traditional adsorbent materials such as, acti-
vated carbon [12], zeolite [13], chitosan [14], clays [15], and polymeric
materials [16], have been tested to purify dye-contaminating waste-
water; however, their limited adsorption capacity and/or difficult sep-
aration have limited their further development and application. Thus,
there is surely a need for an adsorbent with the large capacity, rapid
uptake rate, simple separation, easy application, and capability of
organic dyes removal [17,18].

Natural mineral-polymers are abundant and cheap and have recently
been used in a number of applications in areas such as drug delivery,
biomaterials, agriculture industry, and separation processes [19-22],
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but their application in water treatment has been limited and most do
not have a good absorption capacity [23]. Polymer nanocomposites are
three-dimensional (3D) networks of hydrophilic polymers and have the
ability to retain considerable extent of water pollutants in the presence
of nanoparticles (NPs). The integration of NPs into the polymer matrix
further improves mechanical strength, great adsorption capacity, and
lower cost to name a few [24]. In this work, a novel large 3D polymer
nanocomposite containing graphene oxide (GO), poly (vinyl alcohol)
(PVA), and sodium montmorillonite (NaMMT) was successfully pre-
pared by a simple and an environment-friendly solution
mixing-evaporation method. In this nanocomposite, GO was used due to
its high surface area, high water dispersion, and oxygen-containing
surface functionalities [25]. The NaMMT was used due to having a
high specific surface area, large cation exchange capacity, and layered
structure, and PVA polymer was used as a crosslinking agent. We hy-
pothesized that these combined unique properties can result in an
effective, low-cost, high-capacity, and recyclable adsorbent for waste-
water treatment applications.

2. Experimental
2.1. Materials and instruments

The chemicals, materials, and instruments that have been used in this
study are listed in Text S1 and S2 in the “Electronic Supplementary
Information”.

2.2. Preparation of GO/NaMMT polymer nanocomposite

The modified Hummer’s method was applied to prepare GO from
pure graphite powder [26]. The preparation of GO/NaMMT polymer
nanocomposite was carried out by a simple solution mixing-evaporation
method as follows: in a beaker, 0.25 g of NaMMT was dispersed in ul-
trapure water (50 mL) and sonicated for a period of 1 h for exfoliation. In
another beaker, following the dispersion in high-purity water (50 mL),
GO (0.5 g) was exfoliated by sonication for 1 h. Then the sonicated
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NaMMT water mixture was added to the GO suspension under contin-
uous stirring to form a GO/NaMMT homogeneous mixture. In the third
beaker, PVA (0.1 g) was dissolved in ultrapure water (50 mL) at 90 °C to
form a polymer solution. Subsequently, 10 mL of the polymer solution
was added to GO/NaMMT homogeneous under ultrasound condition at
25 °C for 1 h. Ultimately, to obtain NaMMT polymer nanocomposite,
following polymerization, the final mixture on a glass plate was dried in
a vacuum oven at the temperature of 50 °C for 24 h. The obtained
nanocomposite was used for further characterization. Fig. 1 illustrates
the detailed preparation scheme of GO/NaMMT polymer
nanocomposite.

2.3. Adsorption study

Adsorption experiments were all performed in a temperature-
controlled water bath shaker (Gyromax 939, Amerex Instruments,
USA). To study the influences of various factors on adsorption, obtaining
the equilibrium conditions, and studying the isotherm, kinetic, and
thermodynamic of MG dye adsorption in equilibrium conditions, 1-8 mg
of NaMMT/GO polymer nanocomposite was added to the MG dye so-
lution (50 mL; 100-300 mg L), and adsorption process was examined
at pH (2.0-12), temperature (10-50 °C), and contact time (5-45 min).
The adsorption of MG dye on NaMMT/GO polymer nanocomposite was
then quantified by measuring the residual MG dye concentration after
the adsorption process using a UV-vis spectrophotometer at a wave-
length of 617 nm. The following equations (Eq. (1)-(3)) were used to
determine qg, q;, and Removal% of the MG dye [27].
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Fig. 1. The preparation scheme of GO/NaMMT polymer nanocomposite.
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where g and q; (ng g 1) indicated the amount of the MG dye adsorption
to the adsorbent and at any time. Cy, Ce, and C; denoted the dye con-
centrations in mg L™} at initial point, equilibrium point, and any time (t).
V (L) denotes the solution volume and m (g) represents dry adsorbent
mass.

3. Results and discussion
3.1. Characterization of GO/NaMMT polymer nanocomposite

XRD patterns of GO, PVA, NaMMT, and GO/NaMMT polymer
nanocomposite are shown in Fig. S1 and also described in Text S2. Fig. 2
shows the surface functional groups and potential binding sites of GO,
PVA, NaMMT, and GO/NaMMT polymer nanocomposite as identified by
FTIR spectroscopy. The main characteristic peaks of GO (Fig. 2a) are
observed at 1725 ¢cm™' (C=0 stretch), 1627cm ™! (CC stretch), 1390
cm="1 (CO—H stretching vibration), and 1229 cm! (CO— stretch), as
previously reported in the literature [28]. These surface
oxygen-containing functional groups can act as available sites for
adsorption via interactions with adsorbate molecules [29]. In addition,
in the pure PVA spectrum (Fig. 2b), the main peaks appeared at 3425
(O—H stretching vibration), 1736 em~! (CO= stretching vibration of
acetate group), 1432 em! (CH; bending vibration), 1336 cm~! (CO—H
plane bending vibration), and 1150-1075 em™! (C—O stretching vi-
bration of secondary alcohols of PVA). The PVA contains abundant O—H
that may be effective for improving the adsorption capacity as well as it
can act as a binfing site for the physical cross-linking agent [30,31].

In the NaMMT spectrum (Fig. 2c), the main peaks appeared at 3631
em ! (Si—OH stretching vibration), 1470 em! (AIOH stretching
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vibration), 1112 cm—— ! SiOS—i stretching vibration, which over-
laps with 1046 em ! (Si—0A—1 stretching vibration), and 626 em™?
(Si—OM— bending vibrations where M is the exchangeable Na™ ion
metal species). The presence of sodium as the predominant exchange-
able cation would facilitate the cation exchangeability with MG dye and
therefore by this way can be effective in the MG dye adsorption process
[32]. For GO/NaMMT polymer nanocomposite (Fig. 2d), the main peak
positions of the GO, NaMMT and PVA functional groups in nano-
composite still remained, and the slight changes in the position, in-
tensity and shape were obvious in comparison of their pure form. This
slight change of peaks attributed due to the interactions between the
surface of GO, PVA, and NaMMT in the nanocomposite. In particular, the
intensity of C=0 and COH related to GO was decreased in the nano-
composite. On the other hand, the shape and intensity of COH in PVA
and SiO H in NaMMT were changed. These changes further
confirm the interactions between PVA, NaMMT and the
oxygen-containing functional groups (i.e., C—OH and C—OOH) of GO
nanosheets. A possible explanation for such changes could be the pres-
ence of the hydrogen-bonding interactions between the OH— bonds of
the above-mentioned materials, suggesting that in GO/NaMMT polymer
nanocomposite, the main interaction between the raw materials comes
from the OH— groups that were shown in Fig. 1.

The morphology of the synthesized GO/NaMMT polymer nano-
composite is shown in Fig. 3. Fig. 3a shows a cross-sectional FESEM
image of nanocomposite. As can be seen, the nanocomposite has a 3D
structure with a thickness of about 1.5 mm with the semi-amorphous
structure with multi-lamellar morphology which is built up by multi-
dispersed GO and NaMMT nanosheets embedded into the continuous
amorphous phase of PVA polymer matrix by sonication, which was
previously proved by XRD results. Fig. 3b was the low magnified FESEM
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Fig. 2. FTIR spectra of the synthesized GO (a), PVA (b), NaMMT (c), and GO/NaMMT polymer nanocomposite (d).
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Fig. 3. Cross-sectional FESEM image (a), and different magnification FESEM images (b-e) of the synthesized GO/NaMMT polymer nanocomposite.

image of the middle position of the nanocomposite, which shows that
the GO and MMT nanosheets were homogeneously dispersed onto the
PVA matrix. Fig. 3c shows a magnified FESEM image of the section close
to the surface of the nanocomposite in which the clay nanosheet with
lamellar structure (in middle) was being surrounded by exfoliated gra-
phene nanosheets. Fig. 3d and e show the high magnified FESEM image
of the lamellar structure of NaMMT and exfoliated GO nanosheets,
respectively.

The elemental composition and distribution on GO/NaMMT polymer
nanocomposite were investigated by EDX analysis as shown in Fig. 4a,
and b. As can be shown, the prepared nanocomposite consists of the
elements Carbon (C), Oxygen (O), Silicon (Si), Aluminum (Al), and so-
dium (Na). The C and O elements indicate the presence of GO and PVA in
the nanocomposite structure. Also, the Si, Al, and Na elements
confirmed the presence of NaMMT in the nanocomposite structure. In
addition, EDX elemental mapping confirms a homogeneous distribution
of the mentioned elements over the entire polymer nanocomposite.

The polymer nanocomposite has a surface area of 230.87 m? g~!
with a mesoporous structure (i.e., 50 nm > pore size >2 nm). Fig. 5a
shows the nitrogen adsorption-desorption isotherm of the nano-
composite, which was found to follow type IV isotherm with a hysteresis
loop of type H3 as an indication of a mesoporous structure and pores
with slit shape. Also, the Barrett-Joyner—Halenda (BJH) pore size dis-
tribution is presented in the inset of Fig. 5a. The mass loss (TGA) and the
derivative (DTG) curves of the GO/NaMMT polymer nanocomposite in

an argon atmosphere at 20 °C min ! are displayed in Fig. 5b. Three main
weight loss regions in the TG curve appeared as three peaks in the DTG
curve. The first major weight loss region (12.73 %) is visible at
~100-300 °C and arises from the evaporation of absorbed water mol-
ecules in pores of nanocomposite and between the silicate layers during
heating [33] and the pyrolysis of oxygen-containing functional groups
on the GO nanosheets [34]. The second region (37.05 %) at ~300-600
°C possibly in virtue of the decomposition of the C—C chain of PVA [35]
and the combustion of the carbon skeleton of GO nanosheet [34]. The
products obtained in the result of these decompositions were found to be
mainly H0 and CO2, [36] The third weight loss region (4.14 %), at
above 600 °C, was the result of the dehydration of the remaining O—H
group, which was located on AIOA—1 bonds in the [AlOg] octahedral
sheet of NaMMT [20,33] and also due to the loss of CO and H, [36]. The
total weight loss at 1000 °C was observed to be approximately 53.92 %.
As it is apparent from the DTG curve, three weight-loss rates can be
observed at 118, 260 and 284 °C, which verifies the outcomes of the TGA
analysis.

3.2. Adsorption experiments

By varying the quantities of adsorbent (1-8 mg), we determined the
optimum adsorbent dose (Fig. S2a). The adsorption of MG dye (100 mg
L) increased from 41 % (512.25 mg g’l) t093 % (1162.5mg g’l) after
increasing the adsorbent mass from 1 mg to 4 mg. The higher surface
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Fig. 4. EDX spectrum analysis (a), and EDX elemental mapping (b) of the
synthesized GO/NaMMT polymer nanocomposite.

area and more accessible adsorption sites are the possible reasons for
this elevation. After 4 mg, increasing the amount of adsorbent (5-8 mg)
had no significant effect on increasing adsorption efficiency (increased
from 93 % (1162.25 mg g~ 1) to 97 % (1212.5 mg g~ 1)). Therefore, the
amount of adsorbent was fixed to 4 mg for the subsequent experiments.

The influence of contact time on the adsorption of MG dye by GO/
NaMMT polymer nanocomposite is demonstrated in Fig. S2b. The
removal of MG dye was rapid and adsorption efficiency reaches 84 %
(1050 mg g’l) after 10 min, before reaching an equilibrium (89 %,
1112.5 mg g 1) at 20 min. The most probable reasons for the rapid
absorption rate in the early stages is the presence of various empty sites
on the adsorbent surface that have not yet been occupied by MG mol-
ecules [37].

It was observed that the temperature has a great effect on the
adsorption efficiency so that with increasing temperature from 10 to 50
°C, the adsorption amount of MG dye increased from 937.5 mg g~ to
1212.5 mg g '. (Fig. S2c). The occurrence of such a phenomenon is
closely related to this behavior that with an increase in the temperature,
the viscosity of the solution decreases, thereby leading to the enhanced
diffusion rate of dye molecules throughout the exterior surface and the
interior pores of the adsorbent [38]. However, the results revealed that
the adsorbent had good potential for MG adsorption even at 10 °C (75 %
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Fig. 5. Nitrogenadsorption-desorption isotherms of the synthesized GO/
NaMMT polymer nanocomposite (a), and TG/DTG curves of the synthesized

GO/NaMMT polymer nanocomposite in an argon atmosphere at heating rates of
20 °C min~? (b).

removal, 937.5 mg g~1), and the MG dye removal amount enhanced
from 937.5 mg g~ ! to 1150 mg g~ ! (75 %-92 % removal) with the
elevation of temperature from 10 to 30 °C. The impact of temperature on
the adsorption capacity showed the temperature over 30 °C has a few
effects on the adsorption capacity (92 %-97 %), and there is no signif-
icant increase, which is possibly the consequence of the endothermic
reaction. Therefore, the equilibrium can be achieved within 30 °C.
Conversely, high temperatures declined the electrostatic interaction
[39], denoting that the MG dye adsorption increases at higher temper-
atures. Therefore, other adsorption mechanisms rather than electrostatic
interaction can be responsible for MG dye adsorption.

The influence of the MG dye initial concentration on the adsorption
efficiency is illustrated in Fig. S2d. It was found that by increasing the
dye initial concentration from 15 to 300 mg L™?, the adsorbed amount of
dye increased from 199.2 to 1650 mg g~!. However, the adsorption
effectiveness diminished gradually from 98.6% to 44% after enhancing
the initial concentration of MG dye from 25 to 300 mg L. The increase
in dye adsorption amount by increasing the dye initial concentration
may come from additional dye molecules or ions available in the solu-
tion at a higher concentration. Another reason could be related to the
larger driving force of mass transfer at higher initial concentrations,
which leads to greater absorption [40]. On the other hand, increase of
initial dye concentration giving rise to the saturation of adsorption sites
at the surface of the adsorbent and the adsorption efficiency decreased.
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As a result, the equilibrium initial concentration of MG dye could be
achieved by 100 mg L.

The pK, value of MG dye is 6.9 [41], suggesting the cationic and
anionic forms of MG at pH > 6.9 and pH < 6.9, respectively. Meanwhile,
the pH at the point of zero charge (pHp,c) for GO/NaMMT polymer
nanocomposite, which was measured based on the pH drift procedure
[42], found to be 6.4 (Fig. 6a). At pH > 6.4, the adsorbent surface was
negatively charged due to the formation of hydroxyl functional groups
with high density. At pH < 6.4, however, the protonation of the surface
functional groups gives the surface a positive charge. The relationship
between the adsorption efficiency and the initial pH is illustrated in
Fig. 6b. When the pH of the dye enhanced from 2.0 to 12.0, the MG dye
removal amount increased from 687.5 mg ¢! to 1212.5 mg g~ (75%-—
92% removal). However, the prepared GO/NaMMT polymer nano-
composite in a wide spectrum of pH had high adsorption efficiency, even
in presence of electrostatic repulsion in the pH range of 6.4-6.9 (ac-
cording to Fig. 6a), adsorption efficiency continued to increase. The
experimental results from the effect of pH on adsorption showed that the
electrostatic attractions have little effect on the process of MG dye
adsorption, and other interactions such as cation-exchange, hydrogen
bonding, n-n, and n-m interactions can be the main mechanisms of
adsorption.

3.3. Adsorption equilibrium isotherms

Using adsorption isotherms at the equilibrium state, we studied the
interaction between the adsorbent and the adsorbed MG dye molecules,
and also estimate the adsorption ability of the adsorbent [43]. Various
adsorption isotherm models were utilized for the adjustment of the
experimental data and also for the investigation of the adsorption
mechanisms of the MG dye onto GO/NaMMT polymer nanocomposite
(Fig. S3a-d). Table S1 summarizes the obtained results from isotherm
models for dye adsorption. In the Langmuir model, it is hypothesized
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that homogeneous binding sites are preferable on the adsorbent surface,
while no interactions between the adsorbed species [44]. The maximum
monolayer adsorption capacity calculated by Langmuir isotherm was
1721 mg g~! which was much higher than other early reported adsor-
bents for the removal of MG dye from the aqueous systems which are
shown in Table 1.

The separation factor (Rp), as a dimensionless equilibrium param-
eter, was used to study the applicability of Langmuir adsorption
isotherm. The Ry, values were greater than 0 and less than 1, which is
indicative of favorable adsorption of MG dye onto GO/NaMMT polymer
nanocomposite [45]. The linear form of Freundlich isotherm describes a
heterogeneous surface as well as the multilayer sorption. In the
Freundlich isotherm model, the factor 1/n reflects the heterogeneity
factor and the adsorption intensity. According to the results Table S1,
the value of n was 6.12, which is between 1-10 demonstrate that the
favorable adsorption [46]. The value of the E factor in the D-R isotherm
model was 0.163 kJ mol~. When E value is below 8 kJ/mol, physical
absorption can also be considered effective in the absorption process
[47]. According to Table S1 and based on the correlation coefficients,
the Langmuir adsorption isotherm model (R? = 0.999) was superior to
other models (Freundlich model with RZ= 0.816, Temkin model with R?
= 0.850 and Dubinin-Radushkevich model with R? = 0.986), denoting
that the adsorption process is a monolayer adsorption and occurred in a
homogeneous surface of the adsorbent [48].

3.4. Adsorption kinetics

Fig. S4a—d illustrates the adsorption kinetic curves of the MG dye
adsorption onto GO/NaMMT polymer nanocomposite, and the kinetic
parameters calculated in this study are given in Table S2. We applied
four kinetic models to fit the experimental data and to investigate the
rate-limiting steps (i.e. pseudo-first-order and pseudo-second-order,
intraparticle diffusion and Elovich models). The results indicated that
the R? value in the pseudo-second-order model (0.999) was higher
relative to the pseudo-first-order model (0.968), intraparticle diffusion

Table 1
Comparing the maximum adsorption capacity and other optimal conditions of
different adsorbents for MG dye adsorption.

Adsorbent Qmax Contact Reference
(mg time (min)
g h

Graphene oxide (GO)/cellulose bead 30.09 300 [60]
(GOCB) composites

Graphene oxide-Fe304 (GO-Fe304) 179.15 120 [61]
nanocomposite

Montmorillonite clay 262.49 45 [62]

Fe304 coated SiO, decorated graphene 265.87 40 [63]
oxides (Fe304@Si0,-GO)

3D magnetic bacterial cellulose nanofiber/ 270.27 20 [41]
graphene oxide polymer aerogel
(MBCNF/GOPA)

Starch-graft-poly(acrylamide)/graphene 297.00 80 [64]
oxide/hydroxyapatite nanocomposite

Hematite-reduced graphene oxide 438.80 300 [65]
composites

Reduced graphene oxide (rGO) 476.20 75 [66]

Reduced graphene oxide—polyaniline 666.7 20 [67]1
(rGO-PANI) nanocomposite

Dodecyl sulphate functionalized magnetic 714.30 20 [68]
graphene oxide (Fe304@GO-DS nano-
sorbent)

Magnetic B-cyclodextrin-graphene oxide 740.70 120 [69]

nanocomposites (Fe304/p-CD/GO)

Graphene oxide sheets integrated with 1000 30 [70]
gold nanoparticles

Graphene oxide/sodium
montmorillonite
polymernanocomposite(GO/NaMMT
polymer nanocomposite)

1720.6 20 Present

study
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model (0.801), and Elovich model (0.905), which means the pseudo-
second-order model was more representative for simulating the kinetic
data. Moreover, the theoretically adsorbed amount (qe) at equilibrium
calculated using the pseudo-second-order kinetics model (1231.9 mg
g~ 1) was close to the adsorbed amount at equilibrium obtained from the
experiment (1162.5 mg g 1). This observation clearly verifies that the
adsorption rate is dependent on the concentration of functional sites of
polymer nanocomposite, MG dye adsorption involves the chemisorption
process and is faster at the higher temperatures [49]. Considering the
aforesaid information, it seems reasonable to deduce that the
rate-controlling step is a chemical reaction that occurred between MG
dye and binding sites on the adsorbent [50,51]. Although the
pseudo-second-order equation has the best-fitted order for present
experimental data, the obtained results from this model are not efficient
to predict the diffusion mechanism. Therefore, the intra-particle diffu-
sion model was used in determining the major rate-limiting and
adsorption mechanism. Fig. S4c, shows the multistage adsorption of MG
dye on the polymer nanocomposite, indicating the existence of another
rate-controlling step besides intra-particle diffusion and suggest that
both external and internal diffusion may control the MG dye adsorption
process. Also, the non-zero intercepts of the plots elucidate that the
intra-particle diffusion is engaged in the adsorption process but it is not
the rate-limiting step for MG dye adsorption on composite. On the other
hand, Because of the non-zero of C, the adsorption process may involve
various adsorption mechanisms [52].

3.5. Adsorption thermodynamics

Thermodynamic parameters illustrate the internal energy changes
relevant to the adsorption process [53]. Therefore, the relative ther-
modynamic parameters, the changes in the standard free energy (AG®),
enthalpy (AH°), and entropy (AS°), were measured for the MG dye
adsorption by the Egs. (4) and (5), and then the Eq. (6) was obtained
from the combination of the first two equations [54]:

AG® = AS°-TAH® &)

AG® = -RT InK* 5)
. AS® AH° 1

LK = == = =% o 6

where AH® and AS° values were measured by considering the slope and
the intercept of the plot of In (K¢; distribution coefficient) versus 1/T
(Fig. S5).

The thermodynamic parameters of MG dye adsorption were calcu-
lated on GO/MMT polymer nanocomposite (Table S3). The negative
values of AG® were diminished from -8.52 to —~16.12 kJ mol ! when the
temperature was elevated from 283 K to 323 K, denoting that the MG
dye adsorption is a spontaneous process, and at higher temperatures, it
becomes more favorable [41]. Besides, the values of AG®° were 0 and
—20 kJ mol™!, which reflects that the adsorption is a physisorption
process [41]. The positive value (47.47 kJ mol’l) of AH® uncovers that
the removal process is endothermic and is supported by the enhance-
ment of adsorption capacity when the temperature increases. Addi-
tionally, the adsorption process could be chemisorption in case that the
enthalpy of the adsorption process is greater than 40 kJ mol ™! [42].
Hence, considering the AG® and AH® values, the MG dye adsorption onto
GO/NaMMT polymer nanocomposite may have involved a combination
of physisorption and chemisorption [55]. The AS- has a positive value
which means increasing randomness at the solid/liquid interface
through the adsorption [56].

3.6. Desorption and recyclability of the adsorbent

Desorption studies assist in clarifying the nature of adsorption and
potential regeneration solutions for adsorbents, which is of crucial
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importance for recyclability and reuse of the adsorbent. Towards this
end, ultrapure water, acetone (0.1 mol L_l), methanol (0.1 mol L_l),
acetic acid (0.1 mol L’l), and acetic acid/methanol (1:2 v/v%, 0.1 mol
L™Y) were selected to determine the most effective eluting agent for
desorption of the MG dye from the GO/NaMMT polymer nano-
composite. As depicted in Fig. 7a, the desorption efficiency of MG dye in
ultrapure water was very weak which further confirmed that the
chemisorption was the major mode of adsorption. On the other hand,
acetone, acetic acid, methanol, and acetic acid/methanol solvents were
effective in regenerating the GO/NaMMT polymer nanocomposite.
Acetone and methanol have both hydrophobic (CH3) and hydrophilic
(—OH, CO=) functional groups that facilitate the desorption by two
main steps. First, acetone and methanol are adsorbed on the aromatic
structure of adsorbent by their hydrophobic groups. Second, acetone
and methanol interact via their hydrophobic groups with adsorbent
surface functional groups (—OH, C—OOH) and are strongly absorbed on
the adsorbent surface, thereby blocking the interaction between the
adsorbent and the dye molecules. Therefore, it can be concluded that the
MG dye molecules are first replaced by methanol/acetone molecules and
then dissolve in the methanol/acetone-water solution [57].

When acetic acid is used as an eluting agent, the number of positively
charged sites on the surface of adsorbent increases under acidic condi-
tions (pH < 5.0), causing electrostatic repulsion between positively
charged sites surface of the adsorbent and cationic dye molecules (i.e.,
increase the desorption efficiency of MG dye). Despite this electrostatic
effect of acetic acid, the results from the pH effect on adsorption showed
that the electrostatic attraction could not be the dominant adsorption
mechanism. Apparently, the acidic solution that contains a large amount
of H' ions, can also be exchanged with the MG ions on the acetic acid-
water solution. Given the above explanations, this possibility is more
likely and could explain why acetic acid has been a success as an eluting
agent [58].

The effectiveness of acetone, methanol, and acetic acid solvents
showed that the MG dye adsorption on GO/NaMMT polymer nano-
composite can be the combination of chemical adsorption mechanisms
such as H-bonding, electrostatic attractions, etc. However, the low
desorption efficiency of MG dye in ultrapure water showed that the
possibility of physical adsorption could not be ignored.

According to the results, since there was not any significant differ-
ence in yield in the use of acetic acid and acetic acid/methanol as eluting
agents and both solvents were good desorption efficiency of MG dye.
Therefore, both solvents were used for the regeneration of adsorbent,
and their effectiveness was studied for 10th recycles the adsorption-
desorption of MG dye by polymer nanocomposite.

As can be seen in Fig. 7b, in the case of acetic acid (0.1 mol L’l), the
percentage of MG dye removal until the 6th recycles was about 90 %
(1112.5 mg g~ 1) but then began to decrease dramatically until in the
10th recycles reached 60 % (750 mg g™ 1). The reason for the decrease
after the 6th recycles can be related to occupied some adsorption site by
solvent molecules and also minor injury to the adsorbent surface func-
tional groups by acetic acid, given that it has previously been shown that
the surface functional groups play an important role in the adsorption of
MG dye by GO/NaMMT polymer nanocomposite. Furthermore, the
structure and surface functional groups of the nanocomposite after 6th
recycles were investigated by the XRD pattern (Fig. 7c), and FT-IR
spectrum (Fig. 7d). As can be seen, the XRD pattern of the nano-
composite after 6th recycles the adsorption-desorption of MG dye are
the same as those obtained before adsorption, which emphasizes the
nanocomposite stability during recyclability. However, the weakening
of adsorbent surface functional groups can be seen to some extent in the
FT-IR spectrum of the nanocomposite after 6th recycles. On the other
hand, the recyclability of adsorbent by acetic acid/methanol (0.1 mol
L™Y) is shown in Fig. S6. As can be seen, the percentage of MG dye
removal until the 10th recycles the MG dye removal reached 85 %
(1062.5 mg g~!). Therefore, acetic acid/methanol was found to be
slightly more successful than acetic acid over 10th recycles, but acetic
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Fig. 7. Influence of elution solvents on the adsorption-desorption of MG dye (a), and reusability of GO/NaMMT polymer nanocomposite for 10th recycles (b).
Adsorbent mass, 4 mg; MG dye concentration, 100 mg L temperature, 30 °C; initial pH, 7.5; contact time, 20 min. XRD patterns (c), and FT-IR spectra (d) of GO/
NaMMT polymer nanocomposite for 6th recycles; before (a) and after (b) the 6th recycles.

acid is more environmentally friendly.
3.7. Removal mechanisms

The data obtained from FTIR, adsorption kinetics, thermodynamics,
isotherms, and desorption study revealed that the MG dye removal by
the GO/NaMMT polymer nanocomposite was probably by a combina-
tion of chemisorption and physisorption, which can involve several
different mechanisms. FTIR analysis before and after the MG dye
adsorption (Fig. 8) and EDX study after the MG dye adsorption (Fig. 9)
suggest that dipole-dipole and Yoshida H-bondings, n—r and n-n in-
teractions, cation-exchange, physisorption, and electrostatic attractions
are among these mechanisms as depicted in Fig. 10. The effects of the
temperature and pH on adsorption demonstrated that electrostatic at-
tractions probably have minor contribution in the adsorption process.
Moreover, the outcomes of the enthalpy threshold of 40 kJ Mol ! and
very low desorption efficiency in water impart that the chemical
adsorption mechanisms can be superior to physical adsorption mecha-
nisms. Based on Fig. 8, after MG dye adsorption on the polymer nano-
composite, the three new peaks of MG dye appeared in 1380, 1590, and
1170 cm ™}, corresponding to the mono- and para-disubstituted benzene
rings, C—=C stretching vibrations, and C—N stretching vibrations of MG
dye, respectively [59] emerged in the polymer nanocomposite spectrum,
suggesting the involvement of adsorption process in a chemical inter-
action [41]. Additionally, dipole-dipole and Yoshida H-bonding
happened between —COOH group and —OH group on the polymer
nanocomposite surface and also between the nitrogen and the aromatic
rings in MG dye structure, respectively. The results of FTIR analysis

before and after the removal process also revealed a change in the peak
of OH group from 3410 to 3420 cm ™!, which affirms the aforementioned
H-bonds. Furthermore, the results from FTIR unveiled that n-n in-
teractions between oxygen groups on the nanocomposite surface and
aromatic rings of MG dye structure can be supported by the peak of C—O
group changed from 1040 to 1050 cm ™!, and 7—= interactions between ©
electron donors and acceptors available between the aromatic rings in
GO and aromatic moieties in the MG dye molecules can be verified by
aromatic C=C bonds changed from 1630 to 1620 cm ™.

To assess the possible cationic exchange processes in the adsorption
process, we measured the cation Na™ content, which was released from
the adsorbent after MG dye adsorption, by flame photometry (Table S4).
For the calculation of the net cation release, the zero content of Na™ (in
before adsorption of MG dye solution), as background concentration,
was subtracted from the amount of cation released after MG dye
adsorption. Following the adsorption process, the presence of the Na*
content in the MG dye solution showed the occurrence of cationic ex-
change. Besides, the inequality between the amount of cationic release
and that of adsorbed MG dye disclosed that the cation exchange mech-
anism and some other mechanisms influence the adsorption process of
MG dye. After MG dye adsorption by GO/NaMMT polymer nano-
composite, apart from the nanocomposite elements (C, O, Al, Si, and
Na), a new peak of nitrogen element (N) related to MG dye structure was
detected in EDX analysis, which verifies the MG dye adsorption on
polymer nanocomposite.
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Fig. 8. The FTIR spectra of GO/NaMMT polymer nanocomposite before the MG
dye adsorption (a), MG dye (b), and GO/NaMMT polymer nanocomposite after
the MG dye adsorption (c).

3.8. Application of GO/NaMMT polymer nanocomposite to real water
samples

We further evaluated the removal of the MG dye by our adsorbent
under varying challenging conditions in real water samples, including
tap water, mineral water, river water, lake water, carpet cleaning, and
textile wastewaters. The water quality parameters for all filtered waters
(through 0.45 pm nylon membrane) are summarized in Table 2. The
synthetic samples were composed of only MG dye, while real water
samples contained various background constituents that may interfere
or compete with MG dye adsorption. As indicated in the Table 2, the
adsorption efficiency for tap water, mineral water, river water, and the
lake water was above 90 %; however, the adsorption efficiency in carpet
cleaning and textile wastewaters was 85 % and 78 %, respectively. This
decrease results from intense competition or interference of MG dye, as a
cationic dye, with other substances such as the cationic ions, which
appears to be highly present in these real samples. As can be seen in
Table, carpet cleaning and textile wastewaters have much more sodium
than other samples and one of the reasons for the significant reduction in
dye adsorption in them can be due to sodium. However, with respect to
these results, it is rational to conclude that the proposed adsorbent is
efficient for removing MG dye from real water samples.

4. Conclusion

In summary, GO/MMT polymer nanocomposite has successfully
been prepared via a simple and environmentally friendly solution
mixing-evaporation technique and exploited as an effectual adsorbent
for MG dye elimination from synthetic and real wastewaters. The effect
of different parameters revealed the excellent matching of equilibrium
data with the Langmuir model. The saturation adsorption capacity of
GO/MMT polymer nanocomposite was 1721 mg g~ !, and the pseudo-
second-order model properly described the adsorption process.
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synthesized GO/NaMMT polymer nanocomposite after the MG dye adsorption.

Moreover, the adsorption thermodynamics was spontaneous and endo-
thermic. The interaction between GO/MMT polymer nanocomposite
and MG dye probably was occurred by a combination of chemisorption
and physisorption that can be accomplished by dipole-dipole and
Yoshida H-bonding, n—-n and n—r interactions, cation-exchange, phys-
isorption, and electrostatic attractions. As per the results of the enthalpy
threshold of 40 kJ mol™! and very low desorption efficiency in water,
the chemisorption mechanisms can be more dominant. Also, according
to the desorption studies, the best recovery of MG dye can be attained in
acid/methanol. Reusability study indicated the adsorption capacity of
the GO/MMT polymer nanocomposite for MG dye was high, even after 6
recycles were reused. Moreover, the application of the proposed nano-
composite in the six types of real water samples was successful.
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Table 2

The mean adsorption of MG dye in the different real samples by GO/NaMMT polymer nanocomposite (N = 3).
Real samples Original COD . BOD TOC DOC Ca+ Mg+ Zn+ Na+ Removal (%)

pH mgL

Tap water 7.6 3.5 0.3 0.8 0.1 41.2 9.3 0.1 17 95.5+ 1.5
Mineral water 7.2 4.6 0.5 1.4 0.3 78 18.5 0.8 6.2 94.8 + 2.6
River water 7.9 17.5 9 11.3 1.2 92.5 16.9 0.6 8.7 92.6 + 1.9
Lake water 7.2 310.7 96.5 96.8 28.6 81 11 0.1 26.5 91.5+ 2.3
Carpet cleaning wastewater 8.4 785.5 210.7 334.5 121.6 43.8 10.9 2.6 165.3 85.4 + 3.2
Textile wastewater 10.6 1812.3 321.9 654.2 410 6.3 0.6 4.9 831.8 78.7 & 2.4

Experimental conditions: Adsorbent mass, 4 mg; MG dye concentration, 100 mg L temperature, 30 °C; adjusted pH, 7.5; contact time, 20 min.
COD: Chemical Oxygen Demand.

BOD: Biochemical Oxygen Demand.

TOC: Total Organic Carbon.

DOC: Dissolved Organic Carbon.
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