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Abstract

Graphene oxide—tannic acid (GO-TA) nanocomposite was used as an efficient, green and rapid adsorbent for the removal of
malachite green (MG) from water samples. GO was synthesized from graphite by Hummer method and modified by tannic
acid to produce GO-TA nanocomposite. The results of Fourier Transform-Infrared Spectroscopy, atomic force microscopy
and Brunner—Emmett—Teller show that the GO-TA nanocomposite with the surface area of 79.6 m*> g~! has been synthesized
successfully. The effect of pH, removal time, initial concentration of MG and stirring rate on adsorption capacity of MG
were investigated and the experimental isotherm data were analyzed using the Langmuir and Freundlich equations. Also,
two kinetic models including the pseudo first- and second-order equations were investigated and kinetic parameters were
calculated and discussed. The results show that, the adsorption of MG onto the GO-TA nanocomposite followed by both
Langmuir and Freundlich isotherms with a maximum theoretical adsorption capacity of 500 mg g~! at 25 °C. Also, the results
of kinetic models show that the adsorption of MG onto the GO-TA nanocomposite could be described by the pseudo first
order kinetic model. Finally, based on the obtained results, it was concluded that GO-TA nanocomposite is very efficient
and rapid adsorbent for the removal of MG from water samples.

Keywords Graphene oxide—tannic acid nanocomposite - Malachite green - Kinetic models - Adsorption isotherm -
Removal - Adsorption

Introduction

The process of extending the industrialization in developing
countries has considerably increased the emission of vari-
ous contaminants in soil, air and aquatic environments. In
the near future, countries must pay significant costs to com-
pensate for the damages resulting from such technological
and industrial advances (Reife et al. 1996). Regarding dye
contaminations, the presence of malachite green (MG) in
the wastewater of industrial activities could be pointed out
as one of these contaminants. MG as a dye compound with a
tri-phenylmethane chemical structure, has been widely used
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to deal with ectoparasites, fungi and bacteria in fish and
crustaceans breeding (Andersen et al. 2006). Furthermore,
this green substance is also used in various industries for
dying different materials such as silk, wool, hemp, leather
and papers (Gessner and Mayer 2000). While MG could
control infections resulting from bacteria, fungi, protozoa,
cestode, nematode, trematode, and crustaceans in aquacul-
ture, it also involves toxic impacts on human which could
lead to the tumor formation and cancer in mammals (Srivas-
tava et al. 2004). Also, by extension of MG into the surface
waters, it could be prevent the penetration of light into the
depth of water. Therefore, its removal from water or waste-
water samples is highly demanded. There are different mech-
anisms for the removal of MG from water samples including
adsorption process (Ghaedi et al. 2014; Sadegh et al. 2015;
Dahri et al. 2014; Yu et al. 2012; Santhi et al. 2010; Wang
et al. 2015), chemical precipitation (Lee et al. 2013), mem-
brane technology (Xu et al. 2012), photo-oxidation (Rajabi
et al. 2013) and biological treatments (Daneshvar et al.
2007). Among the mentioned methods, adsorption mecha-
nism is most popular due to its relatively rapidity, simplicity,
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wide range of adsorbents and also low cost for operation
(Gupta and Suhas 2009; Hameed 2009).

Graphene oxide (GO) is produced by chemically oxida-
tion of graphite followed by ultrasonication of the synthe-
sized graphite oxide. Its impressive features such as high
conductivity and surface area, excellent biocompatibility and
ability to modify its surface, makes it a good candidate in
different research fields (Zhu et al. 2010; Chen et al. 2012).
Tannic acid (TA) is a natural polyphenol which possess dif-
ferent hydroxybenzene groups in its structure; and it could
be used to modify the surface of GO for interaction with a
chemical compounds such as heavy metals or cationic dyes.
In the present research work, the efficiency of GO-TA nano-
composite for the removal of MG from water samples is
investigated. The effect of main parameters influencing the
adsorption capacity of MG including pH, removal time, ini-
tial concentration of MG and stirring rate were studied and
optimized. Also, kinetic models and adsorption isotherms
were investigated and interpreted.

Materials and methods
Reagents

Tannic acid (>98%) and extra pure graphite powder
(=299.5%) were purchased from Merck Company (Ger-
many). Tris-buffer agent was purchased from Sigma Aldrich,
USA. Sodium nitrate (NaNO;, Merck, Germany), potassium
permanganate (KMnO,, Merck, Germany), H,SO, (98%,
Merck, Germany) and H,0O, (30% Merck, Germany) were
used for oxidation of graphite to graphite oxide. A solu-
tion of 1000 mg L~! Malachite Green (MG, Sigma Aldrich,
USA) was prepared in deionized water and the working solu-
tions were prepared by appropriate dilution of stock solution.

Instruments

An Agilent spectrophotometer model 8453 equipped with
photodiode-array detector was used (the maximum wave-
length of MG was 620 nm). The measurement of pH was
performed using Metrohm 827 pH meter (Switzerland). A
Centrifuge (Andreas Hettich D72, Germany) was used for
separation of adsorbent from the sample solution. Atomic
Force Microscopy (AFM, Ara Research, Iran) was used to
determine the thickness of the synthesized GO-TA nano-
composite. Surface area analysis for GO-TA nanocomposite
was carried out using the Brunner—Emmett-Teller (BET)
method (Belsorp mini II, Japan) and FT-IR instrument
(Thermo Nicolet model AVATAR 370, USA) was used to
record of FT-IR spectrum of GO and GO-TA.
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Synthesis of GO and GO-TA nanocomposite

GO and GO-TA nanocomposite were synthesized accord-
ing to our previous research (Eftekhari et al. 2018). Briefly,
23 mL of concentrated H,SO, was added to the 1 g of graph-
ite powder and the resulting mixture was stirred for 30 min
at 5 °C. Then, by addition of 0.5 g NaNO; to the mixture,
it was stirred at 15-20 °C for 30 min. Subsequently, 3 g
KMnO, was added to the mixture within 1 h and it was
stirred at 15-20 °C for another 90 min followed by heating
to 35 °C and stirring for 2 h at this temperature. An aliquot
of 100 mL deionized water was poured into the mixture fol-
lowed by immediately addition of 5 mL H,O, to it. Finally,
the resulting graphite oxide was washed with deionized
water for several times (to obtain pH 6-7 for supernatant)
and ultrasonicated for 1 h to synthesize GO nanosheets. The
synthesized GO was centrifuged at 3000 rpm and dried at
55°C for 12 h.

In order to synthesize TA-GO nanocomposite, a solution
of 1 g L™! GO buffered with 0.1 mol L™! Tris buffer at pH
8.5 and ultrasonicated for 30 min. Then, 0.25 g of TA was
added to the mixture and stirred for 24 h at room tempera-
ture. The resulting mixture was centrifuged at 3000 rpm,
washed with deionized water and dried at 50 °C for 12 h.

Removal procedure

To the 25 mL of 50 mg L~! MG at the pH value of 8.0,
an amounts of 5 mg GO-TA nanocomposite was added.
The resulting mixture was stirred by a magnetic stirrer at
300 rpm for 25 min. Then, by centrifuging of the mixture
at 2500 rpm for 10 min, the concentration of the remain-
ing MG was determined by measurement the absorbance of
its supernatant at 620 nm. The amount of MG adsorbed on
GO-TA nanocomposite (Adsorption capacity, mg g~') was
determined according to the Eq. 1.
. . (Ci - Ce)V

Adsorption capacity = — (H
where C; and C, are the initial and equilibrium concentration
of MG. V is the volume of sample solution in Lit and m is
the amounts of GO-TA nanocomposite in g.

Results and discussion
Characterization of adsorbent
The synthesized GO-TA nanocomposite was characterized

by FT-IR spectrophotometry, AFM images and BET analy-
sis. The result of FT-IR spectrophotometry was shown in
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Fig.1 FT-IR spectrum of GO (a) and TA-GO (b)

Fig. 1. As it could be seen in Fig. 1a, the peaks of OH- group
(3400 cm™), epoxy groups (1220 cm™"), C-O (1050 cm™"),
C=0 (1730 cm™") and C=C (1650 cm™") show that GO was
synthesized successfully. However, the spectrum of Fig. 1b
(for GO-TA) shows a dramatically decreases at 1220 cm™!
due to the nucleophilic SN, reaction of the hydroxyl groups
of TA with epoxy rings of GO (Eftekhari et al. 2018).

The results of AFM analysis in Fig. 2 show that, the
roughness of GO-TA is about 8§ nm which significantly
higher than the bare GO (about 1.65 nm). Therefore, it
could be concluded that the surface of GO changes due to
its modification with TA. Finally, BET analysis were per-
formed on GO and GO-TA. As it could be seen in Fig. 3, the
obtained surface areas for GO and GO-TA are 54.2 m* g~!
and 79.6 m? g~!, respectively, which clearly show that the
modification of GO with TA occurred successfully.

Effect of pH

pH has an important effect on the adsorption capacity of MG
by its effect on the surface charge of adsorbent. The influ-
ence of pH on the adsorption capacity of MG was studied
in the range of 3-9 and demonstrated in Fig. 4. As it can be
seen, pH 5-9 for both 50 and 100 mg L~! MG and pH 8-9
for 100 mg L™! MG provide maximum adsorption capacities
for MG. In order to explain the effect of pH; zeta potential
analyses were performed to determine the surface charge of
adsorbent at various pH values. Based on the results, at the
pHof 3, 4,5, 6, 8 and 9; the zeta potential values are +0.34,
—17.5, —22.2, —24.2, —30.3 mv and — 33.6 mv, respec-
tively. Therefore, there are three main mechanisms for the
adsorption of MG onto the GO-TA nanocomposite includ-
ing: (1) Electrostatic interaction between negative charged
GO-TA nanocomposite (dissociation of free carboxylic
acid groups) and MG, (2) ion dipolar interactions of OH
groups on TA and MG and (3) n—n interaction of GO-TA
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(b)
Fig.2 AFM images of GO-TA (a, b)
nanocomposite and phenyl groups of MG. Therefore, for fur-
ther experiments pH 8 was considered as the optimum value.
Effect of removal time and the concentration of MG

The effect of removal time on the adsorption capacity of
MG was investigated in the range of 10-75 min and the
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Fig. 3 N, adsorption—desorption isotherms for GO and GO-TA
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Fig.4 Effect of pH on the adsorption capacity of MG. Conditions:
50, 100 mg L~! MG, removal time: 25 min, 5 mg GO-TA nanocom-
posite as adsorbent and 300 rpm stirring rate
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Fig.5 Effect of removal time on the adsorption capacity of MG. Con-
ditions: 10, 50 and 100 mg L' MG, pH: 8, 5 mg GO-TA nanocom-
posite as adsorbent and stirring rate 300 rpm

results are demonstrated in Fig. 5. As the results shown,
25 min removal time is an adequate time to reach the maxi-
mum adsorption capacity. Therefore, it was considered as
an optimum value. Also, different concentrations of MG in
the range of 10-100 mg L~' were tested and based on the
results; by increase of the concentration of MG, the adsorp-
tion capacity increases which may be due to the higher dif-
fusion rate of MG onto the GO-TA nanocomposite.

Effect of stirring rate

The stirring rate of sample solution was studied in the range
of 100-500 rpm and the obtained results are presented in
Fig. 6. As it could be seen, the stirring rates higher than
200 rpm have no impressive effect on the adsorption capaci-
ties of MG. Therefore, in order to obtain uniform agitation,
300 rpm was selected as the optimum value.
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Fig. 6 Effect of stirring rate on the adsorption capacity of MG. Con-
ditions: 50 mg L' MG, pH: 8, 5 mg GO-TA nanocomposite as
adsorbent and 300 rpm stirring rate
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Fig.7 Plotting of q, versus C, for calculating of practical q,,,. Con-
ditions: 5-300 mg L~! MG, 5 mg amounts of adsorbent, removal
time: 45 min

Adsorption study

To study the mechanism of adsorption of MG onto the
GO-TA nanocomposite, two isotherms including Langmuir
and Freundlich were investigated and discussed.

Langmuir isotherm which is reliable for monolayer
adsorption of analyte is expressed in Eq. 2, where q, is the
equilibrium adsorption capacity (mg g~ '), C. is the equilib-
rium concentration of MG (mg L™!), q,,,,, is the theoretical
maximum adsorption capacity (mg g~!) and K, is the con-
stant (Iranzad et al. 2018).

Ce/de = Cofdmax + Kads/ dimax- 2

By plotting of C./q, versus C,, the values of q,,,, and K,
were calculated from the slope and intercept of curve which
equal to 500 and 50.8, respectively (R>=0.98). Also, the
practical q,,,, was determined by depicting of q, versus C,
(Fig. 7) which is 283.4 mg g~ ".

Freundlich equation is another isotherm reliable for the
multilayer adsorption of analyte and expressed in Eq. 3.



Modeling Earth Systems and Environment (2019) 5:1627-1633

1631

Logq, = log Kg + 1/nlog C.. 3)

K is adsorption capacity (mg g~') and n is the favora-
bility. By depicting of log q, versus log C,, these param-
eters could be calculated from the intercept and slope of
the curve, respectively. Based on the Freundlich equation,
the values of Ky and n are 1.08 and 1.02, respectively
(R?>=0.98) which show that the adsorption of MG onto
the GO-TA nanocomposite is favorable (n> 1). Also, the
results of R? values for the Langmuir and Freundlich equa-
tions show that the adsorption of MG onto the GO-TA
nanocomposite was governed by both Langmuir and Fre-
undlich equations.

Kinetic study for the adsorption of MG onto the GO-
TA nanocomposite

Pseudo-first-order kinetic equation

The linear form of pseudo-first-order model is expressed
by Eq. 4 (Akrami et al. 2019):

k1

Log (g, — q;) = log 4=5303" )

By depicting of log (q.—q,) versus t, the values of k;
(rate constant for the first order kinetic model) and q,
could be obtained from the slope and intercept of the plot,
respectively (Fig. 8). The results of k; g, and R? for differ-
ent concentrations of MG are presented in Table 1. As it
shown, the R? values (R?>0.94) indicate that the adsorp-
tion of MG followed by pseudo-first-order kinetic equa-
tion. Also, in pseudo-first-order kinetic system, the calcu-
lated q, (cal) values are very nearby to the experimental
results (Table 1) which clearly show that the adsorption
kinetic of MG is governed by the pseudo first-order kinetic
equation.

—+—200 mg L-1
#-100 mg L-1

Log(qe-qt)

——50 mg L-1

——10mgL-1

—— Linear (10 mg L-1)
—— Linear (50 mg L-1)
— Linear (100 mg L-1)
—— Linear (200 mg L-1)

0 S 10 15 20

Time (min)

Fig. 8 Pseudo-first-order kinetics for MG adsorption onto GO-TA
nanocomposite. Conditions: 10-200 mg L~' concentration of MG,
5 mg amounts of GO-TA nanocomposite as adsorbent

Table 1 The first order adsorption rate constants and calculated and
experimental q, values for MG

Dye Concentra-  First order kinetic model
tion (mg 3
LY q. (exp) qe(cal) Kk R
Malachite green 10 19.76 2194 0.10 0.94
50 80.00 9548 0.07 0.99
100 151.80 168.31 0.08 0.96
200 283.40  331.60 0.10 0.96

Pseudo-second-order kinetic equation

Equations 5 and 6 show the pseudo-second order kinetic
equation and its linear form, respectively (Akrami et al.
2019).

dqt 2
— = Rl -a) )
t 1 1

4 K ' ge ©

The initial sorption rate, 4 (mg g~! min~") is defined as:
h=kyqz

Figure 9 shows the plot of t/q, versus t at different concen-
trations of MG and the values of q, and h could be obtained
from the slope and intercept of the plot, respectively. The
results of k, (rate constant of the pseudo-second-order
kinetic equation in g mg™' min™"), h and R? are represented
in Table 2. Based on the results, the R? values for MG dye
are in the range of 0.82-0.92 which lowers than the R?
values for the pseudo-first-order kinetic equation. Also, in
pseudo-second-order kinetic system, the calculated q, (cal)
values are far from the experimental g, values (see Table 2).
Therefore, pseudo second order kinetic equation is not usa-
ble for prediction of adsorption data.

E‘ ——200mgL-1

08 #-100mgL-1
—&—50mgL-1
——10mgL-1
—Linear (10mg L-1)
—Linear (50mg L-1)
— Linear (100mg L-1)
—Linear (200 mg L-1)

Fig.9 Pseudo-second-order kinetics for MG adsorption onto GO-TA
nanocomposite. Conditions: 10-200 mg L~' concentration of MG,
5 mg amounts of GO-TA nanocomposite as adsorbent
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Table 2. The second order Dye Concentration Second order kinetic model
adsorption rate const.ants and (mg L) -
calculated and experimental q, q. (exp) q, (cal) k, h R
values for different initial MG
concentrations Malachite green 10 19.76 37.31 0.0011 1.59 0.89
50 80.00 294.12 0.000056 4.89 0.82
100 151.80 769.23 0.000012 7.36 0.92
200 283.40 909.10 0.00002 16.98 0.92
Table3 Corr.lp arison of TA-GO Adsorbent Theoretical q,,,,, ~ References
nanocomposite with other (mg g7
adsorbents for the removal of
MG Activated carbon from Ricinus communis 27.78 Santhi et al. (2010)
B-Cyclodextrin-graphene oxide nanocomposites 740.74 Wang et al. (2015)
‘Wood apple shell 80.645 Sartape et al. (2017)

Degreased coffee bean
Reduced graphene oxide

Effective microorganisms based compost
Organically modified hydroxyapatite

Tannic acid-graphene oxide nanocomposite

55.3 Back et al. (2010)

462.2 Gupta and Khatri (2017)

150.8 Bhagavathi Pushpa et al. (2015)
188.18 El-Zahhar and Awwad (2016)
500.0 Present work

Comparison to other adsorbent

The efficiency of the proposed GO-TA nanocomposite was
compared by other adsorbents for the removal of MG and
presented in Table 3. As it shown, GO-TA nanocompos-
ite has high adsorption capacity and short removal time.
Therefore, it could be consider as a powerful and very effi-
cient adsorbent for the removal of MG from different water
samples.

Conclusion

Graphene oxide—tannic acid (GO-TA) nanocomposite as an
effective and green adsorbent was used for the removal of
malachite green from water samples. Graphene oxide was
synthesized by Hummer method and modified by tannic
acid to produce GO-TA nanocomposite. The synthesized
GO-TA nanocomposite was then used as adsorbent for
the removal of MG. After optimizing the main parameters
affecting the adsorption capacity, two adsorption isotherms
including Langmuir and Freundlich were studied and the
results show that the adsorption of MG followed by both
Langmuir and Freundlich isotherms. Also, by investigation
of kinetic models including pseudo first and second order
equations, it was revealed that the adsorption of MG gov-
erned by pseudo first order kinetic model. The advantages
such as availability, high adsorption capacity (500 mg g
MG), ease of synthesize and short removal time makes
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GO-TA nanocomposite as an efficient adsorbent for the
removal of MG from water samples.
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