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Abstract: A nanocomposite based on graphene oxide and copper trimesinate was obtained by the in
situ method. The samples have permanent porosity and a microporous structure with a large surface
area corresponding to the adsorption type I. A study of the adsorption properties of the obtained
composites with respect to organic dyes (malachite green, indigo carmine, brilliant green, Rose
Bengal, crystal violet) showed that adsorption largely depends on the content of graphene oxide in
the composites. The complex is an effective sorbent for the extraction of cationic and neutral organic
dyes when the content of graphene oxide in the nanocomposite is 20% of the calculated copper
trimesinate due to electrostatic forces of interaction. For anionic dyes, the maximum adsorption
is achieved when using a composite containing 5% graphene oxide due to the predominance of
physical sorption. Experimental results show that the obtained sorbent can be used for extraction in a
wide pH range, illustrating the excellent pH window offered by this adsorbent. Kinetics data were
properly fitted with the pseudo-second-order model. Equilibrium data were best correlated with the
Freundlich model. The process was endothermic and spontaneous in nature. The composite makes
it possible to achieve a maximum sorption of 393 mg/g, which is a sufficiently high value for the
absorption of dyes.

Keywords: composites; copper trimesinate; solid-phase extraction; graphene oxide; pollutants

1. Introduction

Organic dyes, widely used in the printing, textile, paper, paint and varnish industries
and in the plastics industry, are recognized manufactured pollutants that can slow down
and change the chemistry of the photosynthesis cycle. In addition, they contribute to the
destabilization of metabolic reactions in plant organisms and can cause mutagenic and
carcinogenic diseases in humans and animals [1-4]. Among the developed methods for
the removal of dyes from wastewater, ion-exchange filtration [5], membrane filtration [6],
chemical oxidation [7], photocatalysis [8-10], catalytic degradation [11,12], electrochemical
oxidation [13,14], biodegradation [15,16] and coagulation/flocculation [17-19] should be
noted. The main disadvantages of most traditional methods are a low selectivity, a low
rate of decomposition of dyes and a high energy consumption [20,21]. The adsorption
is the most efficient, cheap, flexible, applicable, compatible, eco-friendly, operable, rapid,
reusable and widely used technique compared to other methods for removing organic
dyes [22]. Therefore, researchers have devoted considerable attention to the search for new
adsorbents as advanced materials for the effective removal of dyes.

In recent decades, the attention of scientists has been focused on a class of polyfunc-
tional materials called metal-organic frameworks (MOFs), which can be used as solid-state
adsorbents for organic dyes [23]. They are characterized by a high chemical resistance
and a significant specific internal surface hundreds of times greater than carbon materials
(up to 10,000 m?2/ g). Among the various MOFs, MOFs such as Cus(BTC),(H,0)3-xH,O
(where H3BTC = 1,3,5-benzenetricarboxylic or trimesic acid) containing the binuclear Cu(II)
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paddlewheel structures are of particular interest for testing the adsorption capacity. This
MOF was first synthesized in 1999 [24] and designated as HKUST-1 (Hong Kong University
of Science and Technology) or MOF-199. It has a high specific surface area and an intercon-
nected 3D pore system with pore sizes of 9 A x 9 A [25,26]. Various Cu-BTC complexes
were studied, including Cuz(BTC),-3H,O [27,28], Cup(OH)(BTC)(H;0),-nH,O [29] and
CU(BTC—Hz)z(H20)2'3HQO [30].

However, MOFs have some limitations associated with high selectivity, easily lose
their adsorption activity in a humid atmosphere and are difficult to post-synthetic function-
alize. To expand the practical application of MOFs, a promising approach is to create their
composites with other materials, which makes it possible to obtain polyfunctional materials
with improved technological properties, which, in addition to the physical sorption pro-
vided by the network structure of MOFs, retain adsorbate molecules using chemisorption
processes. Such materials are graphene-based compounds, since separated and functional-
ized graphene sheets will increase dispersion interactions, while MOFs will increase the
pore space in which adsorbates can be stored [31,32].

The purpose of the work was to obtain a nanocomposite material based on a copper(Il)
trimesinate and graphene oxide (GO) and to study the possibilities of such a material for
the solid-phase extraction of organic dyes. The objectives of the study were the synthesis of
a hybrid composite material based on copper trimesinate and GO, the selection of MOF:GO
ratios to obtain the most effective material, the study of the ability of the obtained material
regarding the solid-phase extraction of model pollutants and the study of the influence
of various variables (pH, initial dye concentration, temperature and contact time) on the
process of solid-phase extraction.

2. Materials and Methods
2.1. Materials

Methanol (MeOH, 99.9%), ethanol (EtOH, 98%) and methylene chloride were sup-
plied by Sigma-Aldrich (Moscow, Russia); the purity of the solvents was determined by
selective gas chromatography. Copper(Il) sulfate pentahydrate (CuSO4-5H,0, >99.0%),
1,3,5-benzenetricarboxylic acid (H3BTC, 95.0%), NaOH, H,SO4, NaNO3, KMnOy4 and H,O,
were purchased from Sigma-Aldrich (Moscow, Russia) and used without further purifica-
tion. As a starting material, we used S-1 flaky graphite (technical grade, Lenreaktiv, Russia)
without additional purification. The graphite particle size was 125-1000 um (mean size
200 pm).

2.2. Characterization Techniques

The Fourier transform IR (FTIR) spectra were taken with a Perkin Elmer Spectrum
100 FTIR spectrometer (Perkin Elmer) from KBr pellets, using Softspectra software for the
data analysis (Shelton, CT). Scanning electron microscopic (SEM) images were taken with
a ZEISS Crossbeam 340 device (Carl Zeiss) at an accelerating voltage of 3 kV. Secondary
electrons were detected with an Everhart-Thornley detector (SE2). The distribution of
chemical elements on the surface of the samples was determined by X-ray energy dispersive
microanalysis (EDX) on an Oxford X-max 80 microanalyzer with an electron probe energy
of <10 keV. The nitrogen adsorption/desorption experiments were performed at 77 K
(liquid Nj) using the AUTOSORB-1 system (Quantachrome, Boynton Beach, FL, USA) by
the static volumetric method; before the analysis, the samples were degassed by heating at
150 °C for 12 h in vacuum. The Brunauer—-Emmett-Teller surface area (Sggr) was obtained
from the amount of N; physically sorbed at various relative pressures (P/Py) based on
the linear part of the six-point adsorption data at P/Py = 0.02-0.10. The total pore volume
(Vitota1) was calculated by the Horvath Kawazoe method at P/Py = 0.99. The micropore
volume (Vmicro) Was obtained by the Barrett—Joyner-Halenda adsorption and the t-plot
methods, respectively. To assess the adsorption capacity, ultrahigh purity gases (99.995%)
were used.
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2.3. Synthesis of the Sorbent

The composite was synthesized in situ in two stages: obtaining GO by the modi-
fied Hummers method, and the subsequent introduction of copper trimesinate into the
synthesis procedure.

2.3.1. Synthesis of Graphene Oxide

GO was prepared by the Hummers method [33] in accordance with the previously
developed protocol [34]. A total of 15 g of finely ground sodium nitrate powder was added
to 115 mL of concentrated sulfuric acid at a temperature not exceeding 0 °C. The mixture
was stirred until completely dissolved. A total of 5 g of crushed graphite was added to
the mixture, stirred until homogeneous and then carefully oxidized, introducing 15 g of
potassium permanganate in small portions so that the temperature does not rise above
20 °C. Then, 230 mL of distilled water was added in small portions, making sure that the
temperature of the system does not exceed 98 °C. The rest of the potassium permanganate is
reduced with a concentrated solution of hydrogen peroxide. As a result, a thin suspension
of GO in water was obtained, stable for a month (Figure 1). GO was purified by dialysis.

Figure 1. Suspension of GO in water.

2.3.2. Synthesis of Nanocomposite

First, a soluble form of 1,3,5-benzenetricarboxylic acid is prepared as the sodium
salt. Then, 3.48 g (0.0166 mol) of 1,3,5-benzenetricarboxylic acid was added to an aqueous
solution containing 1.98 g of sodium hydroxide (in 200 mL of water) while heating to 80 °C.
Then, 0.25 g of GO and an aqueous solution of 6.22 g (0.0250 mol) of copper sulfate are
added to the resulting solution of sodium trimesinate. The precipitate that formed was
sonicated in distilled water (60 W, 40 kHz) for 24 h, filtered off and dried in air. At the
final stage, it is sequentially kept in absolute alcohol and then in dry ethyl acetate and
dichloromethane. The exposure in each solvent was 8 h. At the end of the procedure,
the precipitate was centrifuged, washed with dry dichloromethane and dried for 10 h in
a dynamic vacuum at 120 °C. GO was introduced into the composite in an amount of
5 wt.% of the calculated copper trimesinate. The yield was 4.56 g (91.23% in terms of copper
trimesinate). Similarly, the synthesis of the composite was conducted in the amounts of
10 and 20 wt.% GO of the calculated copper trimesinate. The yield was 4.85 gand 4.74 g
(96.90% and 94.71% in terms of copper trimesinate, respectively).
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2.4. Dye Adsorption Study

In this work, serial adsorption experiments were conducted to remove dyes from
aqueous solutions by using the synthesized sorbents. The following dyes were studied in
the work: malachite green (MG), indigo carmine (IC), brilliant green (BG), Rose Bengal
(RB) and crystal violet (CV) (Table 1). The dye stock solutions were prepared by dissolving
precisely weighed dye powders in distilled water to a concentration of 40 mg/L. Experi-
mental solutions were obtained by diluting the initial dye solution in exact proportions to
the required initial concentrations.

Table 1. Studied dyes.

Name Molecular Structure Amax (nm) Ref.

RB 546 [35]
MG 617 [36,37]
IC 610 (600) [37]
BG 625 [38,39]
cv 590 (594) [40]

2.4.1. Study of the Dependence of Sorption on the Initial Dye Concentration

Solutions of dyes with a volume of 40 mL and with concentrations of 20, 10, 5, 2.5 and
1.25 mg/L were placed in a 100 mL beaker and thermostated at 278, 293 and 308 K on a
magnetic stirrer, adjusting the rotation speed so that the mixing was effective but air was
not drawn into the liquid phase. When the solutions reached a predetermined temperature,
a 10 mg sorbent was introduced. Upon reaching 3 h, 10 mL of the sorbent suspension
was taken from each dye solution and subjected to centrifugation for 5 min. The residual
dye concentration was determined in the filtrate by using a spectrophotometer at specific
wavelengths for each dye.
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The adsorption capacities (q (mg/g)) were evaluated by the following equations:
gt =(Co — C)V/m )

gde = (Co — Ce)V/m ()

where g; and g, are the dye amount (mg/g) adsorbed on the sorbent at time t and in
equilibrium, respectively; Cy, C; and C, are the dye concentrations in the solution (mg/L)
at the initial stage at time t and in equilibrium, respectively; m (g) and V (L) are the sorbent
dosage and the volume of the dye solution, accordingly.
The degree of adsorption R (%) (extraction ratio of the sorbate) was calculated by
the formula:
R (0/0) = (Co - CE)/CO x 100% (3)

The data obtained during the experiment were analyzed using the Langmuir and
Freundlich models.

2.4.2. Study of the Dependence of Sorption on Contact Time

Solutions of dyes with a volume of 40 mL and with a concentration of 20 mg/L were
placed in a 100 mL beaker and thermostated at 278, 293 and 308 K on a magnetic stirrer,
adjusting the rotation speed so that the mixing was effective but air was not drawn into the
liquid phase. When the solutions reached a predetermined temperature, a 20 mg sorbent
was introduced, and a timer was started. Every 5, 10, 15, 30, 45 and 60 min, 10 mL of
the sorbent suspension was taken from each dye solution and subjected to centrifugation
for 5 min. The residual dye concentration was determined in the filtrate by using a
spectrophotometer at specific wavelengths for each dye.

The data obtained during the study of the adsorption process were analyzed using
kinetic models of pseudo-first and pseudo-second order reactions [41,42]. The pseudo-first
order rate equation is:

In (g, — q¢) =In g, - k1t, 4)

where k; (min~1) is the adsorption rate constant of the pseudo first order model.
The differential form of the classical pseudo-second order rate equation is:

d
= ka(ge — 1)’ )

where k; is the adsorption rate constant of the pseudo-second order model (g/mmol min).

Gibbs free energy (AG), standard enthalpy (AH) and entropy (AS) were calculated
from adsorption isotherms at various temperatures. The thermodynamic characteristics
were calculated analytically using the equations [42]:

AG? = —RTInK, (6)

where K, is the thermodynamic equilibrium constant, which can be determined from
the equation:

Ci
Ke=—= 7
=g @
The Gibbs equation can also be expressed as follows:
AG? = AH® — TAS® (8)

2.4.3. Study of the Dependence of Sorption on the pH

Dye solutions with a volume of 40 mL and a concentration of 20 mg/L were placed in
a 100 mL beaker and thermostated at 278, 293 and 308 K on a magnetic stirrer. The pH of
the initial solution was adjusted by adding 0.1 N NaOH or HCI solution dropwise. Next,
adsorption studies were conducted, as mentioned earlier.
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2.4.4. Determining the Number of Work Cycles

A certain volume of a dye solution with a standard concentration is placed in a beaker
and thermostated at a given temperature. The calculated mass of the sorbent is added and
kept at a given temperature until the equivalence point is reached (at least 3 h). The sorbent
is separated by centrifugation, washed with cold distilled water and treated with an eluent
(ethanol) at a temperature of 40-50 °C to desorb the dye; the procedure is repeated several
times until the color of the eluent is gone. The sorbent is washed repeatedly with water
and conditioned. The procedure is repeated 4-5 times.

3. Results
3.1. Synthesis and Characterization of the Sorbent

In this work, we considered the removal of dyes from an aqueous medium using a
MOF-GO nanocomposite material obtained by the in situ method. A characteristic feature
of this synthesis is the introduction of GO at the stage of MOF synthesis to generate MOF
crystals on the surface of GO with a size of up to 100 nm, which leads to the formation of a
nanocomposite material.

The initial GO sample was analyzed by elemental analysis, using EDX analysis and
conventional combustion to determine the content of the elements. Found (%): C—66.5;
0-31.8 (EDX analysis, Figure 2); C-66.4; H-1.72 (burning method).

=y
Spectrum 1

T TT

0 0.5 1 15 2 25 3 35

300pm

Electron Image 1

Full Scale 247 cte Curgor: 0.000 kew
Element | App Intensity Weight% Weight% Atomic%
Conc. Corrm. Sigma
26.38 0.9243 66.53 3.35 68.68
13.67 0.7784  31.81 2.67 30.32
Totals 98.34

Figure 2. Photomicrograph of a section of the surface of a GO sheet and elemental analysis at
this point.

We have obtained the IR spectra of the key compounds involved in the synthesis of
the composite by pressing in a tablet with potassium bromide in the frequency range from
4000 to 400 cm~! (Figure 3). The IR spectrum of GO (Figure 3a) contains a peak in the
region of 3400 cm~!, assignable to stretching vibrations of hydroxy groups of adsorbed
water. There are absorption bands in the region of 2927 and 2849 cm ™!, characteristic of
symmetric and asymmetric vibrations of CH, groups, an intense band in the region of
1720 cm ™!, corresponding to vibrations of the carboxyl group, and a low-intensity band in
the region of 1619 cm !, corresponding to vibrations of C-C bonds which are probably due
to a slight admixture of unoxidized graphite [43]. These data agree well with the results of
studying laboratory and commercial samples of graphene oxide [44,45]. In the IR spectrum
of copper trimesinate (Figure 3c), one can see the formation of a strong absorption peak in
the region of 760 cm~!, which can be interpreted as the formation of a Me-O bond. This
proves that deprotonation of carboxyl groups occurred with the formation of a Cu-O bond.
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However, in the composite, such a peak is shifted by 20 cm ! to the long wavelength
region. Characteristically, in copper trimesinate, the intense band of pure trimesic acid in
the region of 1720 cm~!, corresponding to the carboxyl group in the non-ionized form,
completely disappears. This allows us to assert that there are no free carboxyl groups in the
obtained complex; all three carboxyl groups are deprotonated and form bonds with copper
atoms. In the IR spectrum of copper trimesinate, new bands appear at 1375 and 1560 cm !,
which are characteristic of symmetric and asymmetric vibrations of carboxy groups. Since
Av =185 cm™1, it can be argued that the carboxylate ion can exhibit the character of both a
monodentate and a bidentate ligand. In the composite, these peaks are preserved. At the
same time, GO introduces into the composite a wide strong band with a peak in the region
of 3400 cm 1, which can be attributed to stretching vibrations of adsorbed water hydroxo
groups. The intense band at 1740 cm~! corresponds to vibrations of carboxyl groups and
epoxy carbon atoms, which are also contributed by GO. The absorption band at 1625 cm !
refers to bending vibrations of hydroxo groups. Intense absorption bands at 1200, 1100
and 850 cm ™! can also characterize the formation of epoxy groups. The IR spectrum of the
resulting composite includes a set of spectra of GO and copper trimesinate, regardless of

the amount of GO (Figure 3d).
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Figure 3. IR spectra of GO (a), copper trimesinate (b), trimesic acid (c) and nanocomposite (d).

Since porosity is an important parameter of porous materials as dye adsorbents, the
specific surface area, total pore volume and pore size distribution of MOF and MOF-
GO composites were analyzed using Nj adsorption-desorption isotherms at 77 K. All
samples show typical type I isotherms according to the IUPAC classification, suggesting the
predominance of micropores existing in the materials. A high ratio of micropore volume
to total pore volume (Vmicro/ Viotal) @bove 70% can also confirm this. As can be seen from
Table 2, MOF has a large surface area of 1562 m?/g and a pore volume of 0.85 cm®/g. GO



J. Compos. Sci. 2022, 6, 215

8of 19

is not porous when nitrogen is used as a molecular probe [46], and a low content of GO
in composites leads to a slight decrease in the surface area of MOFs [31]. In our work, a
significant increase in the GO content leads to a sharp decrease in the surface area and the
average pore radius in all three composites due to the structure of the coating. At the same
time, Viota1 and Vpicro practically do not change, which indicates the same microporous
nature of MOFs and composites.

Table 2. Characteristics of MOFs, GO and nanocomposites.

Average Pore

Sample SpeT (M%/g)  Viggal, (em®/g)  Viiero (em®/g) Radius (A)
MOF 1562.3 0.85 0.61 10.9
GO 562 - - 6.2
Nanocomposite (5% GO) 762 0.85 0.6 6.5
Nanocomposite (10% GO) 713 0.85 0.6 6.6
Nanocomposite (20% GO) 689 0.85 0.6 6.8

The composite does not form as dense of a structure as the initial MOF does, but it
has a layered structure irrespective of the amount of the introduced GO (Figure 4). GO
sheets are directly adjacent to copper trimesinate crystals, forming a common system. The
diffraction patterns of the composites have a similar shape which does not depend on the
GO content and coincides with the previously published data [47].

Figure 4. SEM images of the composites of copper trimesinate with 5, 10 and 20% GO, respectively.

Based on the data we obtained and the available literature data, the following structure
can be assigned to the composites (Figure 5).

Figure 5. Scheme of the location of copper trimesinate between graphene layers in the composite.
The Cu atoms are shown in blue; O atoms, red; C atoms, brown; H atoms, pink.
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3.2. Adsorption of Dyes on the Sorbent

The adsorption isotherm plays a crucial role in analyzing the adsorption capacity
of the materials and providing information about the solution—surface interaction. The
adsorption capacity of the sorbent with the increase in the initial dye concentration is shown
in Figure 6. The adsorbed amounts of the dyes increased with the increase in equilibrium
dye concentration. It is evident that a high concentration in the solution implicates a high
dye molecule fixed at the surface of the adsorbent. When studying the dependence of the
solid-phase extraction on the initial concentration, it is noticeable that, with an increase in
the initial concentration of the sorbate, the adsorption increases monotonically.

25

L] L]
0 5 10 15 20
Cp. mg/L

12
h

Figure 6. Dependence of the extraction on the initial concentration of the sorbate for IC dye.

An analysis of the parameters of the Langmuir adsorption isotherm model (Figure 7)
allows us to conclude that this Langmuir model describes the adsorption process well.
The correlation coefficients are quite high, and the maximum adsorption calculated by the
Langmuir model satisfactorily coincides with the experimental one (Table 3).

r 3.5

E a b

3 34

' . 2054

-E » §JJ 2'
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Figure 7. Langmuir isotherms of the solid-phase extraction of IC dye in non-linearized (a) and
linearized (b) form.

An analysis of the Freundlich adsorption isotherms shows that the obtained experi-
mental data satisfactorily agree with this model, since the correlation coefficient is quite
high (R? is more than 0.91) (Figure 8). The values of the Freundlich constants within
the framework of the description of this model characterize the resulting composites as
sorbents with satisfactory adsorption properties. The values of the coefficient 1/n range
from 0 to 1, which indicates favorable conditions for adsorption and is in good agreement
with the other experimental data (Table 3).
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Table 3. Isotherm model constants of dyes by the nanocomposite.

T (K)
Model Sorbate Constants
283 293 308
Nanocomposite with 5% GO
Qmax (Mg/g) 90.9 743 53.1
Ccv Kp (L/mg) 0.036 0.013 0.010
R? 0.992 0.980 0.883
Qmax (Mg/g) 29.0 214 19.6
RB Ky, (L/mg) 3.31 2.20 2.02
R2 0.959 0.765 0.855
Qmax (Mg/g) 37.00 29.4 18.8
Langmuir MG Kr (L/mg) 0.03 0.11 0.53
R? 0.890 0.983 0.964
Gmax (Ng/g) 35.5 29.2 27.1
BG Kp (L/mg) 1.29 1.11 0.76
R? 0.938 0.949 0.918
Qmax (Mg/g) 27.6 17.5 12.4
IC Ky (L/mg) 0.78 0.66 0.60
R? 0.814 0.756 0.737
1/n 0.997 0.73 0.63
Ccv Kg (mg!~1/n/g.L-1/n) 0.11 0.32 0.35
R2 0.951 0.913 0.965
1/n 0.71 0.75 0.78
RB Kg (mg!~1/n/g.L-1/m) 0.10 0.07 0.08
R2 0.972 0.969 0.966
1/n 0.53 0.64 0.60
Freundlich MG Kg (mg!~1/n/g.L71/n) 0.85 0.20 0.10
R? 0.945 0.960 0.930
1/n 0.84 0.65 0.58
BG Kg (mg!—1/n/g.L-1/n) 0.16 0.22 0.24
R? 0.956 0.939 0.998
1/n 0.90 0.53 0.32
IC Kg (mg!~1/n/g.L-1/m) 0.10 0.20 0.40
R2 0.911 0.979 0.919
Nanocomposite with 10% GO
Qmax (Mg/g) 27.27 22.46 21.45
Ccv Kr (L/mg) 0.13 0.18 0.17
R? 0.806 0.795 0.768
Jmax (Mg/g) 34.88 32.41 30.54
RB Ky (L/mg) 0.13 0.14 0.12
R? 0.973 0.934 0.924
Qmax (Mg/g) 9.03 8.67 8.01
Langmuir MG K (L/mg) 0.19 0.18 0.17
R2 0.876 0.847 0.879
Qmax (Mg/g) 32.71 29.04 20.50
BG Kr (L/mg) 0.06 0.05 0.07
R? 0.942 0.917 0.913
Qmax (Mg/g) 18.05 15.40 15.10
IC Kr (L/mg) 0.04 0.02 0.015
R? 0.869 0.910 0.923
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Table 3. Cont.

T (K
Model Sorbate Constants ®
283 293 308
1/n 0.60 0.62 0.63
Ccv Kg (mg!—1/n/g.L=1/m) 2.51 2.46 2.34
R? 0.990 0.991 0.989
1/n 0.58 0.55 0.53
RB Kg (mg!—1/n/g.L-1/n) 1.16 1.12 1.08
R? 0.844 0.797 0.776
1/n 0.55 0.54 0.53
Freundlich MG Kg (mg!~1/n/g.L-1/m) 1.99 1.79 1.67
R? 0.936 0.939 0.940
1/n 0.69 0.65 0.60
BG Kg (mg!~1/n/g.L-1/n) 1.27 1.13 1.04
R? 0.961 0.939 0.910
1/n 0.61 0.51 0.49
IC Kg (mg!—1/n/g.L-1/n) 1.85 1.35 1.08
R2 0.981 0.994 0.998
Nanocomposite with 20% GO
Qmax (Mg/g) 30.77 24.75 23.56
cv Ky (L/mg) 0.18 0.21 0.14
R? 0.998 0.957 0.967
Qmax (Mg/g) 30.78 21.44 18.04
RB K (L/mg) 0.21 0.28 0.32
R2 0.922 0.823 0.851
Qmax (Mg/g) 24.75 16.00 13.76
Langmuir MG Ky (L/mg) 0.06 0.17 0.20
R? 0.945 0.946 0.961
Jmax (mg/g) 27.47 18.81 16.64
BG Ky (L/mg) 0.13 0.16 0.17
R? 0.977 0.953 0.975
qmax (Mg/g) 14.88 13.04 12.05
IC Ky (L/mg) 0.12 0.11 0.10
R? 0.819 0.886 0.970
1/n 0.75 0.70 0.69
Ccv Kg (mg!—1/n/g.L=1/m) 3.142 3.050 2.268
R? 0.984 0.993 0.985
1/n 0.53 0.55 0.56
RB Kg (mg!~1/n/g.L-1/n) 3.370 2.838 2.532
R2 0.998 0.996 0.994
1/n 0.81 0.80 0.82
Freundlich MG Kg (mg!~1/n/g.L-1/m) 1.390 1.333 1.290
R? 0.999 0.998 0.999
1/n 0.73 0.60 0.58
BG Kg (mg!—1/n/g.L=1/m) 3.005 2.950 2.803
R? 0.947 0.979 0.973
1/n 0.55 0.60 0.75
IC Kg (mg!—1/n/g.L-1/n) 1.853 1.501 1.030
R2 0.984 0.996 0.992

Contact time is an important design parameter on which the adsorption process
depends, as it provides information about the dynamic of the reaction in terms of the
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order and the rate constant. As shown in Figure 9, the degree of extraction of dyes on the
composite increases rapidly during the initial contact time and then slows down. Rapid
diffusion to the outer surface is accompanied by diffusion into the pores of the matrix at a
significant rate, which ultimately leads to a rapid achievement of equilibrium.

3.< % §
a0 a I ="5C y=0.631x+0.089
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Figure 8. Freundlich isotherms of the solid-phase extraction of IC dye in non-linearized (a) and

linearized (b) form.
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Figure 9. Degree of extraction (a) and kinetic curves (b) of solid-phase extraction versus contact time
for IC dye.

The linear plots of In(g. — g¢) versus t for a pseudo-first order reaction and of t/g;
versus t for a pseudo-second order reaction for dye adsorption were evaluated to obtain
the rate parameters. Kinetic parameters under different conditions were calculated from
the graphs (Figure 10). The applied pseudo-first-order equation satisfactorily describes
the patterns of adsorption at the initial stages (up to 60 min in the experiment) of the
adsorption process, when the phenomenon of film diffusion has a significant effect on the
process. Apparently, an increase in the concentration of sorbate molecules at the surface
of the adsorbent at the initial moments of the process and at low degrees of the filling
of the adsorption space stimulates the movement of sorbate molecules into the pores of
the adsorbent under the influence of the concentration gradient, but, subsequently, this
process slows down, which in turn potentiates other mechanisms. The calculated values of
the determination coefficient make it possible to judge that the pseudo-first-order kinetic
adsorption model describes the process less accurately, and, consequently, the pseudo-
second-order kinetic model is more preferable (Table 4).
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Table 4. Kinetic parameters of the process of adsorption by a nanocomposite.

Time to Reach R? k 10-3
D T (K) C. (mg/g) Equilibrium Pseudo-Fi Pseudo-S d 2 %10
ye e g/ ! seudo-First seudo-Secon (min—1) (g/mg min)
(min) Order Order
Nanocomposite with 5% GO
278 14.05 90 0.950 0.990 0.60 0.36
IC 293 14.63 920 0.985 0.982 0.65 0.34
308 18.01 90 0.955 0.951 0.81 1.66
278 8.88 90 0.988 0.988 0.68 2.03
BG 293 9.56 920 0.982 0.972 0.81 1.59
308 11.28 90 0.990 0.938 0.55 1.45
278 6.64 20 0.987 0.995 0.68 1.19
CvV 293 7.94 20 0.976 0.998 0.60 1.52
308 9.86 90 0.960 0.962 0.65 1.76
278 5.10 90 0.966 0.889 0.61 1.02
RB 293 5.18 920 0.974 0.895 0.51 0.98
308 5.65 90 0.996 0.995 0.34 0.86
278 14.50 90 0.923 0.963 0.45 2.24
MG 293 15.38 20 0.996 0.998 0.60 5.69
308 17.94 90 0.958 0.994 0.62 19.61
Nanocomposite with 10% GO
278 14.88 20 0.952 0.955 0.55 1.35
IC 293 16.10 90 0.980 0925 0.73 1.26
308 16.54 90 0.901 0.972 1.11 13.40
278 10.36 920 0.995 0.922 0.40 1.33
BG 293 10.96 90 0.994 0.976 0.55 1.65
308 11.16 90 0.988 0.946 0.65 1.94
278 6.30 920 0.990 0.941 0.67 0.77
Ccv 293 6.57 90 0.988 0.929 0.70 0.76
308 6.72 920 0.986 0.948 0.73 0.75
278 4.76 20 0.938 0.995 0.60 2.80
RB 293 5.08 90 0.951 0.996 0.61 2.77
308 5.20 90 0.957 0.992 0.63 2.74
278 15.54 90 0.992 0.968 0.60 3.81
MG 293 15.90 90 0.961 0.977 0.93 5.58
308 16.70 920 0.977 0.917 0.41 4.55
Nanocomposite with 20% GO
278 12.92 90 0.955 0.928 0.65 1.18
IC 293 12.98 920 0.936 0.967 0.61 1.05
308 13.04 920 0.938 0.972 0.51 1.01
278 8.80 90 0.964 0.964 0.73 1.49
BG 293 10.26 920 0.900 0.975 0.60 1.70
308 12.00 920 0.951 0.855 0.70 1.10
278 6.00 90 0.953 0.953 0.63 0.69
Ccv 293 6.70 920 0.938 0.955 0.68 0.76
308 7.70 920 0.924 0.962 0.70 0.82
278 4.42 90 0.988 0.963 0.87 0.80
RB 293 4.70 90 0.978 0.977 0.61 0.71
308 4.95 20 0.967 0.984 0.53 0.65
278 10.50 90 0.850 0.950 0.31 1.23
MG 293 10.70 90 0.873 0.971 0.35 1.25
308 11.20 90 0.965 0.889 0.47 1.36
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Figure 10. Pseudo-first order (a) and pseudo-second order (b) models of the solid-phase extraction
rate for IC dye.

From the data given in Table 5, we can conclude that positive adsorption enthalpies
characterize the process as endothermic, except for the processes of solid-phase extraction
with a nanocomposite containing 5% GO of the dyes MG and IR. For these dyes, the
enthalpy value has negative values, which characterize the processes as exothermic. In
order for the organic dye particles to reach the active centers of the adsorbent, it is necessary
that they be freed from the hydration shell, or at least part of it, for which energy must be
expended. As a result, the calculated value of the enthalpy is the result of two processes—
the dehydration of organic dye ions (an endothermic process) and the adsorption of the
latter on the active centers of the adsorbent, which proceeds with the release of energy (the
heat of adsorption). A positive entropy value indicates an increase in the number of degrees
of freedom at the solid-liquid interface during the dye adsorption process and reflects the
sorbate affinity for adsorbent molecules. The activation energies are small values, which
indicate the feasibility of the adsorption process under these conditions. In addition, since
the values are below 40 k] /mol, it can be assumed with a reasonable degree of confidence
that the limiting process is physical adsorption.

Table 5. Thermodynamic parameters of dye adsorption by the nanocomposite.

Sorbate T,K K. AG® (kKJ/mol) AH? (kJ/mol) AS° (J/mol K)
Nanocomposite with 5% GO

278 1.420 —2.513

(a\Y% 293 1.512 —2.189 0.12 12.1
308 1.705 —2.103
278 1.592 —4.089

RB 293 1.680 —4.203 0.67 1.57
308 1.769 —4.115
278 1.873 —5.835

MG 293 2.315 —6.112 —0.93 1.86
308 2.562 —4.768
278 0.425 —2.123

BG 293 0.769 —1.912 0.84 0.42
308 0.913 —1.105
278 2.440 —5.636

IC 293 2.211 —5.356 —1.28 10.6

308 0.280 -0.7
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Table 5. Cont.

Sorbate T, K K. AG® (KJ/mol) AH? (kJ/mol) AS® (J/mol K)
Nanocomposite with 10% GO

278 1.470 —3.398

(&\Y% 293 1.408 —3.430 0.810 8.94
308 1.374 —3.518
278 1.857 —4.292

RB 293 1.771 —4.314 0.727 12.24
308 1.739 —4.453
278 1.928 —4.456

MG 293 1.662 —4.049 0.715 8.11
308 1.555 —3.982
278 0.621 —1.435

BG 293 0.501 —1.220 0.694 6.53
308 0.460 —-1.178
278 1.071 —2.476

IC 293 0.510 —1.242 0.702 6.74
308 0.374 —0.958

Nanocomposite with 20% GO

278 1.541 —3.562

CV 293 1.379 —3.359 0.732 8.98
308 1.162 —2.976
278 1.953 —4.514

RB 293 1.873 —4.560 0.577 17.53
308 1.805 —4.622
278 1.717 —3.968

MG 293 1.638 —3.990 0.725 16.09
308 1.571 —4.023
278 0.934 —2.159

BG 293 0.641 —1.561 0.754 7.90
308 0.289 —0.740
278 0.092 -0.213

IC 293 0.079 —0.192 0.781 2.01
308 0.065 —0.166

The study of the dependence of solid-phase extraction on the pH of the medium allows
us to conclude that the obtained sorbent can be used for extraction in a wide pH range,
illustrating the excellent pH window offered by this adsorbent (Table 6).

Table 6. Dependence of the degree of extraction of the dyes by the composite (5% GO) on the pH.

BG pH 2 3 4 5 6 7 8
R (%) 51.7 51.9 51.9 51.9 52 52.2 522

oy pH 2 3 4 5 6 7 8 9 10
R (%) 483 50.4 57.2 60.3 60.3 60.3 50.7 432 30.1

RB pH 4 5 6 7 8 9 10
R (%) 60.3 68.2 74.1 74.1 74.1 74.1 74.0 73.8 73.6

MG pH 4 5 6 7 8 9 10
R (%) 23 23 23.1 23.1 23.1 23.1 23.1

H 4 7 1
© P 5 6 8 9 0

R (%) 25 25.3 254 25.6 25.6 25.5 24
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The possibility of the repeated use of the sorbent for the extraction of dyes is an
important parameter. Studies have been conducted on the regeneration of the sorbent after
use in the adsorption of dyes. The data obtained (Table 7) show that the sorbent can be
used for five cycles without a significant loss of sorption capacity.

Table 7. Dependence of the degree of extraction on the number of working cycles.

cv Cycle 1 2 3 4 5
5% GO R, % 60.3 55.7 51.1 46.2 394
Ccv Cycle 1 2 3 4 5
10% GO R, % 67.6 67.4 67.1 66.4 65.2
Ccv Cycle 1 2 3 4 5
20% GO R, % 76.5 76.1 75.8 752 73.1
BG Cycle 1 2 3 4 5
5% GO R, % 52.2 48.6 44.2 38.7 321
BG Cycle 1 2 3 4 5
10% GO R, % 454 45.2 44.6 40.1 38.7
BG Cycle 1 2 3 4 5
20% GO R, % 42.7 421 41.5 40.1 38.6
RB Cycle 1 2 3 4 5
5% GO R, % 742 72.3 70.4 68.1 60.2
RB Cycle 1 2 3 4 5
10% GO R, % 74.7 74.2 73.8 78.2 72.6
RB Cycle 1 2 3 4 5
20% GO R, % 76.6 76.1 754 70.3 68.6
MG Cycle 1 2 3 4 5
5% GO R, % 23.1 22.4 21.6 20.1 18.1
MG Cycle 1 2 3 4 5
10% GO R, % 20.6 20.5 20.3 20.1 19.8
MG Cycle 1 2 3 4 5
20% GO R, % 46.6 46.2 45.2 414 38.2
IC Cycle 1 2 3 4 5
5% GO R, % 25.7 25.6 25.5 25.3 25.1
IC Cycle 1 2 3 4 5
10% GO Cycle 35.2 35.0 34.8 34.1 33.3

The sorbent makes it possible to achieve a maximum sorption of 393 mg/g, which is
a sufficiently high value for the absorption of dyes (Table 8). The complex is an effective
sorbent for the extraction of cationic and neutral organic dyes when the content of GO in
the nanocomposite is 20 wt.% of the calculated copper trimesinate. With an increase in the
content of GO, which consists of many carboxyl groups, in the composite in addition to
physical sorption on the composite, cationic and neutral dyes are also bound chemically
on GO. In the case of anionic dyes, the maximum adsorption is achieved when using a
composite containing 5% GO due to the predominance of physical sorption. A comparison
of the maximum adsorption values for the studied dyes leads to the conclusion that cationic
dyes are adsorbed best. From the obtained metrological characteristics of the adsorption of
dyes, presented in Table 8, we can conclude that the accuracy score does not exceed 4%,
and the accuracy rate does not exceed 5%.
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Table 8. Values of maximum adsorption and degree of extraction for studied dyes (n = 3, p = 0.95).

.. Accuracy
GO Content in Dye q Limit of S::;lrtl t(i)ffica- Score éi(:(::acy Rate
. max o . .
Dye the Composite Nature (mg/g) R (%) Detection tion (Systematic Characteristic)
(%) (mg/L) (mg/L) Error) LA (%)
+Ac (%)
5% Anionic 196.0 25.6 0.625 0.625-10 3.1£2% 42 £2%
IC 10% Anionic 105.6 35.4 0.3 0.3-12.4 31+2% 42+2%
20% Anionic 187.5 35.4 0.625 0.625-7.5 31+2% 42+2%
5% Cationic 74.8 55.6 0.3 0.3-20 3.4+ 3% 3.7+ 3%
BG 10% Cationic 128 48.2 0.3 0.3-20 3.4+ 3% 3.7+ 3%
20% Cationic 130 56.0 0.3 0.3-20 34+ 3% 3.7+ 3%
5% Cationic ~ 89.3 27.5 0.625 0.625-152  5.1+2% 2.9 £2%
MG 10% Cationic 51.5 22.3 1.25 1.25-20 51+2% 29+2%
20% Cationic 233.6 47.5 0.625 0.625-20 51+2% 29+ 2%
5% Neutral 84.0 74.5 0.3 0.3-20 29 £ 4% 2.1£3%
RB 10% Neutral 304.0 76.2 0.3 0.3-20 29+ 4% 21+3%
20% Neutral 345.6 77.9 0.3 0.3-20 2.9+ 4% 21+3%
5% Cationic 93.0 68.5 0.3 0.3-20 3.7 +£2% 35+2%
cv 10% Cationic 380.4 68.5 0.3 0.3-20 3.7+2% 35+2%
20% Cationic 393.0 70.0 0.3 0.3-20 3.7+ 2% 3.5+ 2%
4. Conclusions
The developed one-stage method for the in situ preparation of composites based
on a copper trimesinate and graphene oxide is economical and can be used for large-
scale production. The IR spectrum of the resulting composite includes a set of spectra of
graphene oxide and copper trimesinate, regardless of the amount of graphene oxide. The
diffraction patterns of the composites have similar shapes, which do not also depend on
the graphene oxide content. Nanocomposites showed a good ability to adsorb organic
dyes, such as malachite green, indigo carmine, brilliant green, Rose Bengal and crystal
violet. The complex is an effective sorbent for the extraction of cationic and neutral organic
dyes when the content of GO in the nanocomposite is 20 wt.% of the calculated copper
trimesinate. In the case of anionic dyes, the maximum adsorption is achieved when using a
composite containing 5% GO. The accuracy score does not exceed 4%, and the accuracy
rate does not exceed 5%. The sorbent can be used for five cycles without a significant loss
of sorption capacity.
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