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2The

Coordinating Polymers Based on Nickel(II) and Cobalt(II) Trimesinates
as Promising Adsorbents of Organic Dyes
Metal-organic frameworks (MOFs) are crystalline compounds consisting of metal ions coordinated by bridging organic ligands. Depending on the coordination geometry of the metal and the direction of the bond of
donor atoms, as well as on the geometry of the bridging ligand, 1D, 2D, or 3D polymer structures are formed.
The characteristic features of metal-organic frameworks are low density, high porosity and crystallinity, and
large specific surface. Wide attention is paid to the technological aspects of creating such materials and their
integration into various devices. To obtain MOFs, various synthetic approaches have been developed based
on precipitation reactions at room temperature and under convective heating, including hydrothermal and solvothermal syntheses. In this work metal organic framework structures based on nickel and cobalt trimesinates
were synthesized by a modified procedure by reacting nickel acetate and cobalt nitrate with trimesic acid in
the presence of alkali. The obtained compounds were used to study the adsorption of Congo Red and Methylene blue organic dyes from their aqueous solutions. The degree of adsorption depends on temperature and
reaches a value of 97% for Congo Red, while for Methylene blue it is 83%. The mechanisms and characteristic parameters of the adsorption process were analyzed using empirical models of Langmuir, Temkin, and
Freundlich isotherms, of which the adsorption process was optimally described by the Freundlich model. The
calculated thermodynamic parameters indicate the spontaneity of the process and its insignificant endothermic character.
Keywords: Metal organic framework structures, coordination polymers, trimesic acid, pollutants, adsorption,
Congo Red, methylene blue, thermodynamic parameters, adsorption isotherms, adsorption capacity.

Introduction
Metal organic framework structures (MOFs) play an important role in science and technology, since
they are widely used in catalysis [1], separation and selective purification of substances [2], are necessary for
the creation of nonlinear optical materials [3] and the synthesis of new compounds capable of a magnetic
phase transition at high temperatures [4]. Due to the wide variety of organic and inorganic building blocks
that make up MOFs, there are a huge number of opportunities for designing such materials with defined
structures and desired properties [5]. In recent years, there has been a noticeable interest in MOFs based on
benzenepolycarboxylic acids. Such MOFs are characterized by a regular structure and constant porosity after
thermal/vacuum activation, which allows them to encapsulate various guest molecules in a bulk structure and
makes them promising solid materials for a number of applications such as gas storage and separation of
substances in solutions. In addition, they attract the attention of researchers due to their different modes of
coordination with respect to metal ions, in particular, exhibiting monodentate, bridging, chelating modes, etc.
For example, C3v-symmetrical trimesic (1,3,5-benzenetricarboxylic) acid has been used to create MOF systems with interesting application possibilities. The first representative of this series of MOFs was synthesized
in 1999 [6] and designated as HKUST-1 (HKUST – Hong Kong University of Science and Technology).
A distinctive feature of Cu(II)-containing MOFs is the presence of binuclear fragments of the “Chinese lantern” type. This structure serves as a benchmark both in terms of stability and the ability to absorb various
sorbates. Importantly, HKUST-1 stands out as a representative example, forming an isostructural series with
other transition metal ions, including Zn [7], Mo [8], Cr [9, 10], Fe [11], Ni [12], Ru [13, 14], Co [15]. These
MOFs have two very important features: (1) the metal Lewis acid sites available for coordination by donor
substrates are located within the pore walls; (2) materials can be activated (including removal of axially coordinated molecules) without destroying the underlying scaffold. An important role in their properties is
played by a variety of supramolecular structures and such structural details as pores, channels, and voids of
© 2022 The Authors. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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nanometer dimensions. The latter circumstance makes it possible to use such polybenzene carboxylates as
selective adsorbents, catalysts, electrodes for supercapacitors, etc. [16–21]. MOFs are of considerable interest for the extraction of technogenic pollutants, in particular, organic dyes from wastewater and the return of
the latter to nature without damaging it [22]. It is important that many coordination polymers, in turn, are
biologically and environmentally safe compounds. All metals and linkers can be used even for biomedical
applications, but at different doses depending on several parameters, such as degradation kinetics, biodistribution, accumulation in tissues and organs, etc.
The synthesis of MOFs is usually carried out by the solvo- or hydrothermal method [23]. At present, the
strategies for the synthesis of MOFs are quite well developed, and, in particular, they are described in the
literature for nickel and cobalt trimesinates [24, 25]. However, such methods are often laborious and require
special equipment and a long time; at the same time, as shown in [26], they can be successfully replaced by
more accessible synthetic methods carried out by the “RT” method.
The aim of this work was to develop procedures for the synthesis of nickel(II) and cobalt(II) complexes
based on trimesic acid in aqueous solutions without the use of modulating agents. In addition, the investigation task was to study the ability of the resulting nickel and cobalt trimesinates to adsorb organic dyes from
their aqueous solutions.
Experimental
Materials
Commercially available reagents were used in the work, namely trimesic acid (98 %, Acros Organics,
cat. no. 105350500), NaOH (technical, AO Kaustik), Ni(CH3COO)24Н2О (99 %+, Acros Organics, cat.
no. 223141000), Co(NO3)26H2O (99 %, Acros Organics, cat. no. 213091000). Ethanol, methanol, ethyl acetate, chloroform and diethyl ether were used as solvents (all of the above reagents were produced by JSC
Reakhim, chemically pure). All reagents were not subjected to additional preparation and purification. The
solvents were dried by standard procedures. The sorbates were cationic Methylene blue and anionic Congo
Red (Sigma-Aldrich, cat. nos. 556416 and B24310.14).
The synthesis of nickel and cobalt trimesinates consisted of two stages. At the first stage, a soluble form
of trimesic acid was obtained in the form of a sodium salt. To an aqueous solution containing 0.09 mol of
sodium hydroxide (in 50 mL of water), 0.03 mol of acid was added while heating to 80 °C, the process was
controlled by the pH value of the solution, carrying it out in the range of 5.5–6.0. At the second stage, an
aqueous solution containing 0.09 mol of Ni(CH3COO)24H2O or Co(NO3)26H2O (calculated as anhydrous
salt) in 30 mL of hot water was introduced into the resulting sodium (I) trimesinate solution. The resulting
mixture was stirred for 6 h, maintaining the temperature at 80°C, and left for crystallization for 12 h at room
temperature. Cobalt(II) trimesinate precipitates almost immediately as a pink fine crystalline precipitate (hydrated form), while nickel(II) trimesinate precipitates within a few hours as a light green crystalline precipitate (hydrated form). The precipitated crystals were separated by filtration on a glass filter, washed with hot
water and then with alcohol, and dried in air to an air-dry state. The dried product was treated sequentially in
absolute ethanol, dry ethyl acetate, and chloroform, keeping in each solvent with constant stirring on a magnetic stirrer for 12 h. At the final stage, the compound was dried in air and kept for 36 h in a dynamic vacuum at a temperature of 150 °C (nickel(II) trimesinate) and 180 °C (cobalt(II) trimesinate). As a result, anhydrous salts were obtained with a yield of 73% (nickel(II) trimesinate), which is a yellow-green loose powder,
and 88 % (cobalt(II) trimesinate) in the form of loose violet crystals. The weight loss on drying was 25.92 %
for nickel(II) trimesinate (theoretical calculation for a loss of 12 water molecules, 26.6 %), for cobalt(II) trimesinate, 26.1 % (theoretical calculation for the loss of 12 water molecules is 26.57 %), which is in good
agreement with the literature data. The resulting compounds were characterized by elemental analysis, the results are presented in Table 1.
Elemental analysis was performed on a Vario Micro cube analyzer (Elementar GmbH, Langenselbold).
Ni and Co were determined on an AAS-3 atomic absorption spectrometer (Zeiss, Jena). X-ray phase analysis
was performed on a Phywe XR 4.0 instrument (CuKα, λ = 0.15418 nm, scanning speed 2 deg/min, step size
0.02°). Fourier transform infrared spectra were obtained on a Perkin-Elmer Spectrum 100 FTIR spectrometer
using KBr pellets and Softspectra data analysis software (Shelton, CT). Scanning electron microscopy was
performed on a ZEISS Crossbeam 340 instrument with an accelerating voltage of 3 kV. Secondary electrons
were detected using an Everhart-Thornley detector (SE2) with a change in magnification from 1.92 to
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50000 times. The dye concentration was determined using a UV-visible spectrophotometer (Varian, Cary 50)
at λmax = 492 nm (Congo Red) and 664 nm (Methylene blue), respectively [28].
Table 1
Elemental Analysis of Synthesized nickel(II) and cobalt(II) trimesinates

Element

Found, %

С
Н
Ni
Со

25.93
3.44
22.12
–

Element

Found, %

С
Н
Ni
Со

35.3
1.1
30.0
–

Hydrated form
Calculated for
С18Н6О12Ni3·12Н2О, %
26.58
3.70
21.67
–
Anhydrous form
Calculated for
С18Н6О12Ni3, %
36.2
1.00
29.5
–

Found, %
26.93
3.58
–
22.4
Found, %
36.8
0.99
–
30.2

Calculated for
С18Н6О12Co3·12Н2О, %
26.56
3.69
–
21.74
Calculated for
С18Н6О12Co3, %
36.17
1.00
–
29.6

For adsorption studies, the dye solution with a volume of 200 mL and an initial concentration of
C0 = 20 mg/L was placed in a beaker with a capacity of 300 mL, thermostated at 283, 293, and 308 K on a
magnetic stirrer, adjusting the rotation speed so that mixing was effective, but air in the liquid phase was not
drawn in. When the desired temperature was reached, an adsorbent was introduced, which was the synthesized MOF. To determine the maximum adsorption capacity, a series of experiments was carried out, in
which adsorbents were introduced into the dye solution under the same conditions, equal to 6.25, 12.5, 25,
50, 100 mg, and stirring was continued for 3 h, considering that this time was sufficient until equilibrium was
reached in system. After the specified time, the mixture was centrifuged, and the residual concentration of
the dye was determined in the supernatant.
The adsorption capacity of the MOF in aqueous solutions of Methylene blue and Congo Red at 283,
293, and 308 K was determined by suspending 0.1 g of MOF in 200 mL of the initial dye solution
(C0 = 20 mg/L) and the mixture was stirred. At predetermined time intervals, 10 mL of the mixture was taken, quickly centrifuged, and the residual concentration of the dye in the solution was determined. The results
obtained were compared with the calibration curve and the equivalent concentration of the dye in a given
time period was determined.
To obtain adsorption isotherms, 20 mL of a dye solution of various concentrations (10–200 mg/L) was
added to a sample of the adsorbent (10 mg) and stirred for 3 hours. This time was considered sufficient to
achieve equilibrium. Then a portion of the solution was taken and the concentration of the dye was determined.
The adsorption value was calculated using the following equations:
(C − Ct )V
;
(1)
qt = 0
m
( C − Ce ) V
qe = 0
,
(2)
m
where qt and qe — are the amounts (mg/g) of the dye adsorbed on the adsorbent at time t and in the equilibrium state, respectively; C0, Ct, and Ce — are the concentrations of the dye in the solution (mg/L) at the initial
stage, at time t, and in the state of equilibrium, respectively; m (g) and V (L) — are the amount of adsorbent
and the volume of dye solution, respectively.
The degree of adsorption R (%) (extraction ratio of the sorbate) was calculated by the formula:
(C − Ce )
(3)
R ( %) = 0
100 .
C0
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Results and Discussion
Nickel(II) and cobalt(II) trimesinates were synthesized by direct interaction of metal salts and trimesic
acid in water in the presence of alkali. The morphology of the synthesized nickel and cobalt(II) trimesinates
was studied by scanning electron microscopy. Nickel(II) trimesinate consists of prismatic crystals ranging in
size from 3×1.2×0.6 (65 %) to 7.3×2.3×1 µm (20 %), some of which are visualized as broken. A characteristic feature of the crystals is their layered character (Fig. 1A). Cobalt(II) trimesinate is also formed by elongated prismatic crystals, more uniform and monolithic (with a smooth surface) compared to nickel(II) trimesinate. The size of the crystals varies from 3.1×0.6×0.6 (15 %) to 3.6×0.5×0.5 (80 %) µm, and less than
2 % is represented by wide but short crystals (in the form of tablets) with dimensions of 2.6×1.86×0.33 µm
(Fig. 1B ).
A

B

Figure 1. Images of nickel(II) (A) and cobalt(II) (B) trimesinate crystals obtained by scanning electron microscopy

X-ray phase analysis was carried out in order to identify the obtained compounds. The observed sharp
and distinct diffraction peaks indicate that the prepared samples of nickel and cobalt trimesinates have good
crystallinity and high phase purity. All positions of the diffraction peaks are in good agreement with the results of modeling performed in the program for processing X-ray phase analysis data “Match-3” (Fig. 2) and
previously published works [24, 25]. In addition, X-ray diffraction data show that the peaks intensity does
not completely match the theoretical calculation and may indicate the presence of crystals with a preferred
growth orientation that are in the state of formation. The diffraction patterns of both compounds have much
in common, which characterizes the compounds as isostructural [29].

Figure 2. Calculated and experimental diffraction patterns of nickel(II) (A) and cobalt(II) (B) trimesinates

The IR spectra of trimesic acid and synthesized compounds were studied in order to determine the coordination mode of the organic ligand. The IR spectrum of trimesic acid shows bands with an absorption
4
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maximum in the region of 1720, 1430 and 1276 cm-1. The first band is characteristic of stretching vibrations
of the carboxyl group; the other two are due to a combination of planar bending vibrations of the hydroxyl
group and stretching vibrations of the С–О bond in carboxylic acid dimers. The IR spectra of nickel and cobalt trimesinates are almost identical and are in satisfactory agreement with the results previously published
in the literature [25]. The IR spectrum of the resulting nickel(II) and cobalt(II) trimesinates lacks a band at
1720 cm–1, which indicates complete deprotonation of carboxyl groups and their binding to metal ions. The
latter is confirmed by the formation of the M–O bond and is proved by the formation of a new strong absorption band in the region of 765 cm-1 (Ni) and 768 cm-1 (Co). At the same time, absorption bands appear, which
are not recorded in the spectrum of trimesic acid, located in the region of 1562 cm-1 (Ni) and 1565 cm-1 (Co),
characteristic of asymmetric stretching vibrations of carboxylate ions. Stretching symmetric vibrations of this
anion are fixed in the region of 1375 cm-1 (Ni) and 1376 cm-1 (Co). The difference between the wave numbers of asymmetric and symmetric stretching vibrations of carboxylate anions is 187 cm -1 (Ni) and
189 cm-1 (Co), which allows us to conclude that in this case, a bidentate-bridging mode of coordination of
the carboxylate ion is possible.
The ability of nickel(II) and cobalt(II) trimesinates to adsorb organic dyes from aqueous solutions at
different temperatures was studied (Fig. 3). The dependences found indicate that the adsorption value tends
to slightly increase with increasing temperature in the studied temperature range.

1 — Nickel(II) trimesinate – Congo Red; 2 — nickel(II) trimesinate – Methylene blue;
3 — cobalt (II) trimesinate – Congo Red; 4 — cobalt(II) trimesinate – Methylene blue
Figure 3. Effect of temperature on the adsorption of dyes in systems

The extraction efficiency versus the contact time of the sorbate with the sorbent is shown in Fig. 4. It
can be seen from the presented figure that the degree of adsorption is higher in the case of Congo Red, reaching a value of 97 %, while for Methylene blue it is about 83 %.
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Figure 4. Time dependence of the adsorption degree of Congo Red (A, C) and Methylene blue (B, D)
by nickel (A, B) and cobalt (C, D) trimesinates at different temperatures

The data obtained in the study of the adsorption of organic dyes by the studied MOFs were analyzed using various adsorption models. Preference was given to the models of Langmuir, Freidlich, and Temkin.
Langmuir adsorption model. This model gives a quite specific quantitative characteristic of the adsorption process at low and high sorbate concentrations. The Langmuir adsorption isotherm assumes that adsorption occurs at certain homogeneous sites within the adsorbent and has been successfully applied in many
monolayer adsorption sorption processes [30]. The Langmuir isotherm can be written as [31]:
q K C
(4)
qe = max L e ,
1 + K L Ce
where KL — is the Langmuir constant (L/mg) related to the set of binding sites and the free energy of adsorption; qmax — is the limiting adsorption, which expresses the concentration of the dye during the formation of
a monolayer on the adsorbent (mg/g).
Equation (4) is usually represented in a linear form:
Ce
C
1
(5)
=
+ e .
qe K L qmax qmax
For the Langmuir equation, the favorable nature of adsorption can be expressed in terms of the dimensionless equilibrium parameter RL, which is determined as follows:
1
.
(6)
RL =
1 + K L C0
RL values indicate that the process type is irreversible (RL = 0), favorable (0 < RL < 1), linear (RL = 1) or unfavorable (RL > 1) [32].
Freundlich adsorption model. The empirical equation of the Freundlich isotherm is usually used to describe heterogeneous systems with medium coverages of the adsorbent surface [30]. It looks like this:
1

(7)
qe = kF Ce nF ,
1-1/n 1/n -1
where KF — is a constant showing the adsorption capacity of the adsorbent (mg
L g ); 1/n — is an empirical constant related to the adsorption driving force.
The value of 1/n quantitatively determines the conditions favoring adsorption and characterizes the degree of inhomogeneity of the MOF surface [33]:
q
K F = max
.
(8)
1
n
C0
It is necessary to work with a constant initial concentration C0 and a variable mass of the adsorbent to
determine the maximum adsorption (qmax).
Temkin’s adsorption model. The Temkin model takes into account sorbent-sorbate interactions and assumes that the heat of adsorption as a function of the temperature of all molecules in the layer will decrease
linearly as the layer is filled [34]. However, this model has very specific limitations associated with the impossibility of using it at extremely low or high sorbate concentrations in the solution. This model contains a
parameter that takes into account interactions between adsorption sites and sorbate.
6
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The experimental results on the determination of adsorption isotherms were processed according to the
Temkin equations:
RT
(9)
qe =
ln Kt Ce ;
b
RT
.
(10)
Bt =
b
Equation (9) can be expressed linearly:
(11)
qe = BT lnKT + BT lnCe ,
where T — is the absolute temperature, K; R — is the universal gas constant, R = 8.314 J/(mol K); KT — is
the equilibrium constant; b — is the constant associated with the heat of adsorption, J/mol; BT — is the Temkin isotherm constant.
The calculated values of the maximum adsorption and adsorption equilibrium constants at different
temperatures are given in Table 2. The RL values for dye adsorption on MOFs at different temperatures are
less than 1 and greater than zero, which indicates the conditions favoring adsorption. In addition, experimental data show that the adsorption process is optimally described by the Freundlich model. The values of
the coefficient 1/n range from 0 to 1, which also indicates favorable conditions for adsorption, while the lowest values are observed for the cobalt trimesinate – Methylene blue system, which is in good agreement with
other experimental data and generally characterizes cobalt trimesinate as a relatively inefficient adsorbent
with respect to cationic dyes (Methylene blue), while its adsorption capacity for anionic dyes (Congo Red) is
quite satisfactory.
Table 2
Parameter values of adsorption isotherms
Model

Adsorbent

Sorbate

Parameter

1

2

3

Congo Red
Nickel(II)
trimesinate
Methylene blue
Langmuir
Congo Red
Cobalt(II)
trimesinate
Methylene blue

Congo Red
Nickel(II)
trimesinate
Methylene blue
Freindlich
Congo Red
Cobalt(II)
trimesinate
Methylene blue

CHEMISTRY Series. 2022

Т, К
283

293

4

5

6

308
7

qmax
KL
RL
R2
qmax
KL
RL
R2
qmax
KL
RL
R2
qmax
KL
RL
R2
1/n
KF
R2
1/n
KF
R2
1/n
KF
R2
1/n
KF
R2

123.4
0.81
0.058
0.896
107.5
4.65
0.01
0.967
120.5
8,3
0.006
0.862
133
3.75
0.013
0.864
0.81
0.51
0.965
0.72
0.7
0.895
0.72
0.33
0.911
0.71
0.35
0.83

128.2
0.6
0.076
0.994
119
8.4
0.006
0.993
143
7.0
0.007
0.981
149
2.23
0.022
0.905
0.6
0.690
0.932
0.7
2.3
0.905
0.7
0.69
0.932
0.67
0.1
0.815

161.3
0.62
0.074
0.956
153.8
6.5
0.007
0.895
161
6.2
0.008
0.902
156
0.45
0.1
0.814
0.57
0.75
0.937
0.63
4.1
0.9
0.65
0.78
0.92
0.75
0.33
0.865
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Continuation of Table 2
1

2

3

Congo Red
Nickel(II)
trimesinate
Methylene blue
Temkin
Congo Red
Cobalt(II)
trimesinate
Methylene blue

4

5

6

7

b
KT
R2
b
KT
R2
b
KT
R2
b
KT
R2

36.18
2.3
0.929
33.6
2.66
0.926
31.37
12.5
0.943
37.93
2.48
0.946

40.58
5.41
0.944
38.64
2.0
0.949
27.98
43.5
0.975
40.58
0.9
0.991

46.53
6.47
0.958
44.9
0.57
0.968
32.8
78
0.982
45.1
0.45
0.998

In addition, an analysis of dye adsorption isotherms shows that they refer to monomolecular adsorption
isotherms and the curves monotonically approach a certain limiting value corresponding to monolayer filling.
The data obtained during the study of the adsorption process were analyzed using kinetic models of
pseudo-first and pseudo-second order reactions. An equation that satisfactorily describes adsorption from a
liquid medium by solid adsorbents was proposed by Lagergren and can be represented in the differential
form as [35]:
dqt
(12)
= k1 ( qe − qt ) ,
dt
where k1 (min-1) — is the adsorption rate constant of the pseudo-first order model.
After a certain integration from t = 0 to t = t and from q = 0 to q = qe, equation (12) takes the form:
ln (qe – qt) = ln qe – k1t.
(13)
The differential form of the classical pseudo second order velocity equation is:
dqt
(14)
= k2 (qe − qt ) 2
dt
or
1
1
1
(15)
=
+ t
2
qt k2 qe qe
transforming which you obtain:
t
qt =
,
(16)
1
t
+
k2 qe2 qe
where k2 — is the adsorption rate constant of the pseudo second order model (g/mmol·min).
Linear plots of ln(qe – qt) versus t for a pseudo first order reaction and t/qt versus t for a pseudo second
order reaction for dye adsorption were tested to obtain rate parameters. Kinetic parameters under various
conditions were calculated from these graphs. They are given in Table 3. The applied pseudo-first-order
equation satisfactorily describes the regularities 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 adsorbent surface at the initial
moments at low degrees of filling of the adsorption space stimulates the movement of sorbate molecules into
the adsorbent pores 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 model of adsorption describes the process less
accurately, and, therefore, the pseudo-second-order kinetic model is more preferable.
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Table 3
Kinetic parameters of the adsorption process
Adsorbent

Nickel(II)
trimesinate
Cobalt(II)
trimesinate

Nickel(II)
trimesinate
Cobalt(II)
trimesinate

R2
Pseudo first Pseudo second
order
order
Congo Red
0.898
0.946
0.949
0.925
0.943
0.984
0.989
0.948
0.981
0.909
0.979
0.954
Methylene blue
0.978
0.985
0.999
0.996
0.961
0.992
0.949
0.999
0.991
0.988
0.998
0.986

t, °C

Cе,
mg/g

Time to reach
equilibrium, min

k1,
min-1

k2,
g/mg min

10
20
35
10
20
35

31.2
34.4
35.2
34.3
36.8
37.2

165
120
105
60
60
45

8·10-3
6·10-2
8.6·10-2
1.6·10-2
1.1·10-2
1·10-2

3.44·10-3
0.2·10-3
0.06·10-3
0.69·10-3
0.32·10-3
0.016·10-3

10
20
35
10
20
35

32.4
32.8
35
7
9.4
12.6

195
180
120
90
75
60

6.8·10-3
7.3·10-3
9.2·10-2
6.9·10-2
0.137
0.152

3.2·10-3
0.44·10-3
0.073·10-3
0.25·10-2
0.09·10-2
0.04·10-2

The activation energies of the adsorption process of dyes on nickel(II) and cobalt(II) trimesinates were
calculated from the dependence of ln k2 on the reciprocal temperature (Fig. 5), which amounted to 5.15
(nickel(II) trimesinate – Congo Red), 2.99 (nickel(II) trimesinate – Methylene blue), 3.32 (cobalt(II) trimesinate – Congo Red), 1.44 kJ/mol (cobalt trimesinate – Methylene blue). The activation energies are small
values, which indicates the feasibility of the adsorption process under these conditions, in addition, since all
values are below 40 kJ/mol, it can be assumed with a reasonable degree of confidence that the limiting process is physical adsorption.

1 — Nickel(II) trimesinate – Congo Red; 2 — nickel(II) trimesinate – Methylene blue,
3 — cobalt(II) trimesinate – Congo Red; 4 — cobalt(II) trimesinate – Methylene blue
Figure 5. Dependence of the pseudo-second order adsorption rate constant
on the reciprocal temperature for the systems

To determine the spontaneity of the adsorption process and verify the obtained experimental data, three
main thermodynamic parameters were used, namely the change in enthalpy (ΔH0), entropy (ΔS0), and Gibbs
free energy (ΔG0). The Gibbs equation was used to study the effect of temperature on the equilibrium adsorption:
(17)
G0 =−RT ln Kc ,
where Kc — is the thermodynamic equilibrium constant, which can be determined from the equation
C
(18)
Kc = t .
Ce
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Taking into account the change in concentrations in the real time interval and depending on the dose of
the adsorbent, equation (19) can be written as:
( C − Ce )V
Kc = 0
.
(19)
mCe
The Gibbs equation can also be expressed as follows:
G 0 = H 0 − T S 0 .
(20)
Combining the above equations, we obtain
S 0 H 0
.
(21)
lnK c =
−
R
RT
The thermodynamic parameters of the process calculated graphically from the dependence of the thermodynamic equilibrium constant on the reciprocal temperature are given in Table 4.
Table 4
Thermodynamic parameters of the dye adsorption in the temperature range of 283–308 K
Adsorbent

Sorbate

Nickel(II)
trimesinate

Congo Red

Nickel(II)
trimesinate

Methylene blue

Cobalt(II)
trimesinate

Congo Red

Cobalt(II)
trimesinate

Methylene blue

T, K
283
293
308
283
293
308
283
293
308
283
293
308

Kc
7.1
12.3
13.4
8.5
9.1
14.6
11.3
23
26.6
0.42
0.61
0.92

ΔG0, kJ/mol
–4.6
–6.1
–6.6
–5.03
–5.35
–9.91
–5.7
–7.6
–8.44
–2.04
–1.21
–0.23

ΔH0, kJ/mol

ΔS0, J/mol K

3.2

27.5

3

28.3

1.3

24.7

0.4

6.1

From the data given in Table 4, it can be seen that for the compounds under study, the adsorption process is characterized by negative values of the Gibbs free energy, and the enthalpy of the process takes positive values, which describes the process as a whole as endothermic. However, the adsorption of Methylene
blue with cobalt(II) trimesinate has much lower Gibbs free energy and minimal enthalpy values compared to
other systems, which can be explained by the competition of sorbate and water molecules on the sorbent surface. The decrease in the value of the Gibbs free energy with increasing temperature indicates a greater efficiency of adsorption at moderately elevated temperatures. The endothermic nature of adsorption under these
conditions is explained by the need for the particles of the organic dye to reach the active centers of the adsorbent, and for this it is necessary that they are free from the hydration shell, or at least part of it, for which
energy must be expended. As a result, the calculated value of enthalpy is the resultant of two processes,
namely dehydration of organic dye ions (endothermic process) and adsorption of the latter on the active centers of the adsorbent, which proceeds with the release of energy (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. An exception is the system cobalt
trimesinate – Methylene blue, which is characterized by the low heat of adsorption and the loss of some degrees of freedom of the adsorbent in relation to Methylene blue in the adsorption process, which is confirmed
by the low system entropy.
Conclusions
In this work, we developed an easily accessible procedure for the synthesis of nickel and cobalt trimesates in water in the presence of alkali. The possibility of using nickel and cobalt trimesinates for the adsorption of organic dyes from aqueous solutions was studied. Equilibrium adsorption data were analyzed using three typical adsorption models, namely Langmuir, Freundlich, and Temkin in the temperature range of
283–308 K. It was found that the adsorption of organic dyes on nickel and cobalt trimesinates was best described by the Freundlich isotherm equation. The values of thermodynamic parameters (ΔG0, ΔH0, ΔS0) indicate the competitive advantage of sorbate molecules over solvent molecules in the case of adsorption of
10
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Congo Red by cobalt(II) and nickel(II) trimesinates, and in the case of methylene blue adsorption, water
molecules have a competitive advantage over sorbate molecules. Cobalt(II) trimesinate has a good ability to
adsorb anionic dyes, while it shows an average adsorption activity for cationic dyes and can be used as a selective adsorbent.
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В.А. Жинжило, А.Ю. Литвинова, В.М. Лямина, Г.И. Джардималиева, И.Е. Уфлянд

Органикалық бояғыштардың перспективті адсорбенттері ретінде никель
және кобальт тримезинаттар негізіндегі координациялық полимерлер
Металл органикалық каркастары (МОК) органикалық лигандтарды байланыстыратын металл
иондарынан тұратын кристалдық қосылыстарМеталлдың координациялық геометриясына және донор
атомдарының байланыс бағытына, сондай-ақ көпірлік лигандтың геометриясына байланысты 1D, 2D,
немесе 3D полимер құрылымдары түзіледі. Металл органикалық каркастардың сипатты белгілері
төмен тығыздық, жоғары кеуектілік пен кристалдылық және үлкен меншікті бетінің ауданы болып
табылады. Мұндай материалдарды жасаудың технологиялық аспектілеріне және оларды әртүрлі
құрылғыларға біріктіруге көп көңіл бөлінеді. MOК алу үшін бөлме температурасында және
конвективтік қыздыру кезінде тұндыру реакцияларына негізделген әртүрлі синтетикалық тәсілдер
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әзірленді, соның ішінде гидротермиялық және солвотермиялық синтез. Бұл жұмыста никель ацетаты
мен кобальт нитратының сілтінің қатысуымен тримезин қышқылымен әрекеттесуі арқылы
модификацияланған процедурамен никель және кобальт тримезинаттары негізіндегі металл
органикалық қаңқалық құрылымдар синтезделді. Алынған қосылыстар Конго қызыл және Метилен
көк органикалық бояғыштарының сулы ерітінділерінен адсорбциялануын зерттеу үшін
пайдаланылды. Адсорбция дәрежесі температураға байланысты және Конго қызылы үшін 97 % мәнге
жетеді, ал Метилен көкі үшін шамамен 83 % құрайды. Адсорбция процесінің механизмдері мен
сипаттамалық параметрлері Лангмюр, Темкин және Фрейндлих изотермаларының эмпирикалық
үлгілері арқылы талданады, олардың ішінде адсорбция процесі Фрейндлих моделімен оптималды
түрде сипатталған. Есептелген термодинамикалық параметрлер процестің өздігінен жүретіндігін және
оның елеусіз эндотермиялық сипатын көрсетеді.
Кілт сөздер: металлорганикалық каркас құрылымдары, координациялық полимерлер, тримез
қышқылы, ластаушы заттар, адсорбция, конго қызыл, метилен көк, термодинамикалық параметрлер,
адсорбция изотермалары, адсорбциялық сыйымдылық.

В.А. Жинжило, А.Ю. Литвинова, В.М. Лямина, Г.И. Джардималиева, И.Е. Уфлянд

Координационные полимеры на основе тримезинатов никеля и кобальта
как перспективные адсорбенты органических красителей
Металлоорганические каркасы (МОК) представляют собой кристаллические соединения, состоящие
из ионов металлов, координированных мостиковыми органическими лигандами. В зависимости от координационной геометрии металла и направления связи донорных атомов, а также от геометрии мостикового лиганда формируются 1D-, 2D- или 3D-структуры полимера. Характерными особенностями
металлоорганических каркасов являются низкая плотность, высокая пористость и кристалличность,
большая удельная поверхность. Большое внимание уделяется технологическим аспектам создания таких материалов и их интеграции в различные устройства. Для получения МОК разработаны различные синтетические подходы, основанные на реакциях осаждения при комнатной температуре и при
конвективном нагреве, включая гидротермальный и сольвотермальный синтезы. В настоящей работе
металлоорганические каркасные структуры на основе тримезинатов никеля и кобальта были синтезированы по модифицированной методике взаимодействием ацетата никеля и нитрата кобальта с тримезиновой кислотой в присутствии щелочи. Полученные соединения использованы для изучения адсорбции органических красителей Конго красного и Метиленового синего из их водных растворов.
Степень адсорбции зависит от температуры и достигает величины 97 % для Конго красного, в то время как для метиленового синего она составляет порядка 83 %. Механизмы и характерные параметры
процесса адсорбции проанализированы с применением эмпирических моделей изотерм Ленгмюра,
Темкина и Фрейндлиха, из которых оптимально процесс адсорбции описывается моделью Фрейндлиха. Рассчитанные термодинамические параметры указывают на самопроизвольность процесса и незначительный его эндотермический характер.
Ключевые слова: металлоорганические каркасные структуры, координационные полимеры, тримезиновая кислота, поллютанты, адсорбция, конго красный, метиленовый синий, термодинамические параметры, изотермы адсорбции, адсорбционная емкость.
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