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Abstract: A novel polyaniline-modified CNT and graphene-based nanocomposite (2.32-7.34 nm) was
prepared and characterized by spectroscopic methods. The specific surface area was 176 m? /g with
0.232 cm3/g as the specific pore volume. The nanocomposite was used to remove zinc and lead metal
ions from water; showing a high removal capacity of 346 and 581 mg/g at pH 6.5. The data followed
pseudo-second-order, intraparticle diffusion and Elovich models. Besides this, the experimental
values obeyed Langmuir and Temkin isotherms. The results confirmed that the removal of lead and
zinc ions occurred in a mixed mode, that is, diffusion absorption and ion exchange between the
heterogeneous surface of the sorbent containing active adsorption centers and the solution containing
metal ions. The enthalpy values were 149.9 and 158.6 J.mol'K~! for zinc and lead metal ions. The
negative values of free energies were in the range of —4.97 to —26.3 kJ/mol. These values indicated
an endothermic spontaneous removal of metal ions from water. The reported method is useful
to remove the zinc and lead metal ions in any water body due to the high removal capacity of
nanocomposite at natural pH of 6.5. Moreover, a low dose of 0.005 g per 30 mL made this method
economical. Furthermore, a low contact time of 15 min made this method applicable to the removal of
the reported metal ions from water in a short time. Briefly, the reported method is highly economical,
nature-friendly and fast and can be used to remove the reported metal ions from any water resource.

Keywords: polyaniline-CNTs-graphene nanocomposite; heavy metal ions removal; adsorption;
kinetics; thermodynamics

1. Introduction

Water is the basis of life on our planet, ensuring the existence of humanity. Various
natural and anthropogenic factors can lead to the contamination of water resources with
toxic pollutants, among which heavy metal compounds are the most hazardous and
carcinogenic [1-5]. The growing technological impact of modern industrial enterprises and
factories on the quality and purity of water contributes to the active growth of research
on the effective removal of these contaminants from aqueous media using adsorption
methods [6]. In recent decades, nano materials are gaining importance in many fields [7-9].
In particular, carbon nanotubes (CNTs), due to their highly developed surface, low mass
density, effective porosity and ease of modification, are widely used to remove various
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heavy metals [8]. At the same time, an increase in the accessibility of the CNT surface is
facilitated by their dispersed stability through oxidation. For example, commercial single-
walled and multi-walled carbon nanotubes (CNTs) were used to purify water from zinc
ions Zn2* [9]. To impart hydrophilicity, the CNTs were heat-treated at 350 °C for 30 min,
cleaned with 70% sodium hypochlorite solution and subjected to ultrasonic cleaning for
20 min in a water bath (at 85 °C). The adsorption capacity for Zn (II) was 43.66 mg/g.

Carbon nanotubes oxidized with H,O,, KMnO4 and HNO3 were used to adsorb Cd (II)
ions [10]. Due to the functional groups introduced by oxidation, the adsorption capacity of
Cd (II) reached 2.6, 5.1 and 11.0 mg g_1 for CNTs oxidized with HyO,, HNO3 and KMnOQy,
respectively, at an equilibrium concentration of Cd (II) of 4 mg L~!. The specific surface
area and specific pore volume of CNTs increased after the oxidation of HyOp, HNO3 and
KMnOy. Also, dispersions of oxidized multi-walled CNTs (0-CNTs) were used to remove
heavy metals from acidic solutions [11]. Oxidized multiwalled CNTs (in 65% nitric acid)
were dispersed in deionized water using ultrasound in the presence of various surfactants.
Numerous studies have noted that surface modification of CNTs leads to an increase in the
adsorption capacity of negatively charged surfaces of modified CNTs [12]. An even higher
sorption capacity was demonstrated by a 2D carbon material. Melezhik et al. [13] coated
graphene oxide (GO) with various oxygen-containing groups and reported a high surface
area. Zhao et al. [14] described 106.3 and 68.2 mg/g sorption capacity of Cd (II) and Co (1)
on graphene oxide at pH 6.0 & 0.1 and T = 303 K. Wang et al. [15] used ethylenediamine as a
reducing agent and the obtained GO showed an adsorption capacity of 413.22, 162.33, 55.34
and 42.46 mg/g for Pb (II), Cd (II), Cu (II) and Mn (II), respectively. GO reduced by thiourea
dioxide was studied for the adsorption of Th (IV) from aqueous solutions by Pan et al. [16].
The maximum theoretical adsorption capacity of Th (IV) was 0.21 mmol at 298.15 K. It was
also shown that the adsorption of Th (IV) on r-GO was described by pseudo-second-order
and Langmuir isotherm models. In addition, thermodynamic parameters were determined
(AHp = 4.32 k] /mol, ASy = 69.47 J/mol K and AGy = —16.39 kJ/mol at 298.15 K), which
showed that the adsorption process was spontaneous and endothermic in nature.

An important advantage of r-GO is the possibility of chemical modification of its
surface without damage to the bulk and structural properties of the material, which made it
possible to noticeably increase the adsorption capacity. As a result, r-GO is a more promis-
ing 2D material than the original GO due to the possibility of compacting and forming
various commercial adsorbents for use in aqueous media. Polyaniline (PANI) is a very
promising modifying agent, which contains alternating iminoquinoid and phenylenedi-
amine groups. This is capable of adsorbing cationic and anionic contaminants through
various electrostatic interactions [17,18]. The combination of PANI with carbon nano-
materials made it possible to adsorb heavy metal ions. For example, GO obtained by
polymerization at temperatures below —20 °C with PANI nanodots showed a high Cr (VI)
adsorption capacity of 1149.4 mg g~ ! in combination with the reduction to Cr (IIT). Another
three-dimensional PANI/GO composite showed 80.7 mg g~! at pH 5 adsorption capacity
for Hg (II). In general, it was observed that PANI/GO composites absorb heavy metals
efficiently, but most publications focus on the most common Zn (II), Cd (II), Pb (II) and
Cu (II) ions. Hajjaoui et al. [19] reported good removal capacities of heavy metal ions by
modifying multilayer CNTs with polyaniline. However, the use of PANI is limited by its
extremely low solubility in water and most known solvents, as well as poor mechanical
properties—the polymer powder does not adhere to other materials. One of the ways
to eliminate this disadvantage is to obtain composite systems that combine the effective
functional properties of PANI and the dispersion stability of the carrier adsorbent [20].
There is a method for obtaining an aqueous colloidal solution of PANI, which can be used,
in particular, to obtain composite graphene materials [21]. To obtain a colloidal solution, the
polyaniline base is sonicated in an aqueous solution of a resole-type phenol-formaldehyde
resin. It is reasonable to assume that even more effective adsorbents can be nanocomposites
in which a mixture of carbon nanomaterials is modified with polyaniline. The possibility of
forming such a composite (GNS/CNT/PANI) is mentioned by Rahman et al. [22]. Polyani-
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line (PANI) is a famous conductive polymer, and it has received tremendous consideration
from researchers in the field of nanotechnology for the improvement of material properties
including sorbents. PANI is doped easily because of its easy synthesis and remarkable
environmental stability. PANI is one of the most effective organic polymeric materials
used to remove various cationic and anionic pollutants from aqueous media, due to the
significant content of phenylenediamine and quinonediamine functional groups. Due
to its high nitrogen functionality, this polymer is often used in the extraction of heavy
metal ions from aqueous media [23]. Keeping all these facts into consideration, this article
implements the synthesis of a hybrid nanostructured adsorbent based on r-GO modified
with PANL In this method, 0-CNTs played a role of a structure-forming agent and as an
additional component that improved the efficiency of zinc and lead metal ions removal.
The developed functional nanomaterial is a multicomponent cryogel obtained using the
lyophilization method.

2. Materials and Methods
2.1. Materials

To prepare a nanocomposite (cryogel r-GO/0-CNTs/PANI), the substances and mate-
rials used were oxidized CNTs (0-CNTs) obtained by oxidation of Taunit-M CNTs (Nan-
oTechCenter LLC, Tambov, Russia). Besides this, a solution of sodium hypochlorite in the
form of an aqueous paste with a mass content of 11.48% dry matter; r-GO (NanoTechCen-
ter LLC, Tambov, Russia; prepared by reduction of graphene oxide with ascorbic acid);
acetic acid (1.5 M CH3COOH) (Nevinnomyssky AZOT JSC, Nevinnomyssk, Russia); resole
water-soluble PF Fenotam-GR-326 (Krata PJSC, Tambov, Russia; with a dry matter content
of 50%; aniline hydrochloric acid; ammonium persulfate; aqueous ammonia containing
25% ammonia and hydrochloric acid (JSC REACHIM LLC, Moscow, Russia) were used.
To determine the adsorption capacity of the cryogel for heavy metals, model solutions
of nitrates were used, that is, zinc nitrate Zn(NO3),-6H,O and lead (II) nitrate Pb(NO3),
(Scientific and Production Kama Chemical Company LLC, Perm, Russia).

2.2. Preparation Methods
2.2.1. Polyaniline Preparation Method

PANI was produced under laboratory conditions by the standard method, including
the oxidative polymerization of aniline in an acidic medium [24]. In 0.115 M HC197.2 g
(0.75 mol) of aniline hydrochloride was added and stirred until complete dissolution.
Separately, an aqueous solution was prepared of 213.93 g (0.9375 mol) of ammonium
persulfate in 375 mL water, which was then added to the hydrochloric acid solution of
aniline hydrochloride with continuous stirring in an argon atmosphere, after which the
stirring process was continued for another 2 h. Then the mixture was kept for 11 h to
complete the polymerization process. Then the reaction mixture was transferred to a filter
and washed first with a 0.1 M hydrochloric acid solution until a colorless filtrate was
obtained following washing with distilled water until pH ~ 6. Further, for deprotonation,
the product was washed on the filter with a 1 M ammonia solution and then with distilled
water until the filtrate had a neutral pH. Excess moisture was filtered out using a vacuum
pump, and the finished product was packed in a sealed container. To determine the mass
content of dry matter in the resulting paste, a portion of the sample was dried in an oven
at 110 °C to constant weight. The mass content of dry matter was 11%. The final material
was used in the form of an aqueous paste since complete drying leads to a strong and
irreversible agglomeration of the particles.

2.2.2. Nanocomposite Preparation Method

Synthesis of the base hydrogel was carried out at room temperature without pre-
liminary preparation of materials. Aqueous pastes of the initial components (r-GO/o-
CNTs/PANI/FFS) were taken in an amount corresponding to 1 g of dry matter, mixed in
a ratio of 1:1:1:1 in distilled water, bringing the total weight to 100 g. Then, the mixture
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was subjected to ultrasonication for an hour (frequency 22 £ 0.4 kHz) to destroy particle
aggregates and uniformly distribute the mixture components. Then, 25 mL of 9% acetic
acid was added to the resulting colloid to coagulate the solution. The mixture was kept for
1 h to complete coagulation and then filtered on a polypropylene microfilter and washed
with distilled water to remove reaction side-products. Excess moisture was removed with a
vacuum filter for 10 min. To prepare a dry r-GO/0-CNTs/PANI nanocomposite, the solvent
was removed from the hydrogel pores by freeze-drying at a temperature of —40 ... —50 °C
and a pressure of about 5-8 Pa using a Scientz-10n unit (Science, Ningbo, China).

2.3. Characterization Methods

Micrographs of the materials were obtained using a scanning electron microscope
(SEM) MERLIN (Carl Zeiss, Jena, Germany) and a transmission electron microscope (TEM)
JEM-2010 instrument (JEOL, Tokyo, Japan). The structural characteristics of the initial
components and the nanocomposite were analyzed by X-ray phase analysis using a Thermo
Scientific ARL Equinox 1000 X-ray diffractometer (TechTrend Science Co., Ltd., Taoyuan,
Taiwan). The diffraction patterns were taken at a wavelength of A = 0.1540562 nm (copper
anode). Data registration was carried out in the range of 20 angles from 10° to 110°. Using
the diffraction patterns, the structure of crystalline substances and phase composition were
studied. The sizes of crystallites (regions of coherent scattering) were determined by the
Debye-Scherrer Formula (1) [25]

D™ A
B -cosf

where D is crystallite size, nm; # is the coefficient depending on the particle shape and
close to 1; A is the wavelength of X-ray radiation, nm; 3 is the half-width of the peak in the
diffraction pattern, rad; 0 is peak maximum angle, deg.

To study the dependence of the change in mass with temperature, a combined thermal
analysis was carried out involving the simultaneous use of thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC) using a NETZSCH STA 449 F3 Jupiter
instrument. The study was carried out in air at a heating rate of 10 K/min. The specific
surface area and pore space parameters were measured by nitrogen adsorption at 77 K
using an Autosorb iQ automatic analyzer (Quantachrome Instruments). The multipoint
Brunauer-Emmett—Teller (BET) method was used to determine the specific surface area,
and a mathematical model based on the density functional theory (DFT) was used to
determine the volume and pore size. The degassing procedure was carried out at 200 °C
and a pressure of 1.3 x 1073 Pa for 8-10 h. For calculating the specific surface area, P/P0
values up to 0.3 were used. Samples were analyzed using a DXR Raman Microscope with
an excitation laser wavelength of A = 633 nm and a range of 100-3500 cm™!. To obtain
the FT-IR spectra of the initial components and the nanocomposite, a Jasco FT/IR 6700 IR
Fourier spectrometer was used. FTIR measurements were performed using KBr pellets.
Number of scans—16. Resolution—4 cm~!. Samples were prepared for analysis. The
aqueous pastes and suspensions were dried in an oven at 50 °C to constant weight and
pressed into tablets with potassium bromide.

)

2.4. Adsorption Study

The equilibrium concentration of heavy metal ions in selected aliquots of aqueous solu-
tions (deionized water) was measured using energy dispersive X-ray fluorescence spectrom-
etry (ARLQuant ThermoScientific spectrometer, ThermoScientific, Waltham, MA, USA).

Static sorption capacity of sorbents g., mg g~ ! was calculated by the formula:

(Cog—Ce)V
— _—e) 7 2
de " )
where Cy and C, are initial and final concentrations of substances in solution, mg LLVis
the solution volume, L; m is the weight of sorbent sample, g.



Molecules 2022, 27, 5623

50f23

2.4.1. pH Effect

The study of the effect of the solution pH on the sorption capacity of the r-GO/o-
CNTs/PANI nanocomposite was carried out using an H1 2210 pH Meter. A buffer system
with a given pH value was gotten by adding the required acids (hydrochloric, acetic and
amino acetic) and alkali (NaOH) to deionized water in given proportions. The experiments
were carried out at room temperature. Stock solutions were obtained using zinc nitrate
[Zn(NO3),-6HpO] and lead (II) nitrate [Pb(NOs3),] of analytical grade by dissolving weighed
portions in 1 L of deionized water, which were then diluted to the required concentrations.
The sorbent weighing 0.005 g was placed in conical tubes with a capacity of 50 mL and
poured into 30 mL of a model solution of heavy metals with Cy = 100 mg L~!. The tubes
were shaken for an hour on a rotator, then the solution was filtered to distinguish the solid
phase. All experimental situations for the process were stable for each sample.

2.4.2. Dosage Effect

For precise valuation of the sorption activity of the material, it is essential to use
the weight of the adsorbent sample at which the sorption ability for each extractable
component is maximum under the designated experimental situations of the process. To
regulate the effect of the weight of the adsorbent on its sorption capacity, samples were
used, which are acetic acetate buffer systems with a volume of 30 mL, containing solutions
of Zn(NO3),-6H,O and Pb(NO3), with Cy = 150 mg L-1. For experimental studies, the
sorbent weights used were 0.001, 0.005, 0.01, 0.02, 0.03 and 0.05 g. The tubes were stunned
for 30 min on a rotator, then the solution was cleaned to separate the solid phase, and the
equilibrium concentration of ions in the solution was measured.

2.4.3. Kinetic Study

To determine the optimal sorption time of Pb (II) and Zn (II) ions on the synthesized
nanocomposite, kinetic experiments were carried out in a limited volume (batch kinetics
experiments). The sorbent weighing 0.005 g was placed in 30 mL of heavy metal solution
with Cy = 100 mg L~!. Given the significant sorption activity in the initial period of the
process, it is necessary to determine a larger number of samples in the preliminary period
of time. The experiments were carried out at 5, 10, 15, 30, 45 and 60 min time intervals.
Then the solution was filtered to discrete the solid phase, and the equilibrium amount of
ions in the solution was decided.

2.4.4. Isotherm Study

The study of the state of adsorption equilibrium was carried out using samples of
model solutions of metal ions with varying concentrations at a sorbent dose of 0.005 g. A
solution of the required concentration was made by sequential dilution of acetic acetate
buffer solutions with an amount of 300 mg L~! (solutions with Cy = 20, 50, 100, 200 and
300 mg L~! were obtained). The tubes were shaken in a rotator for 30 min and filtered to
discrete the solid phase. Then the equilibrium amount of ions in the solution was measured.

2.4.5. Thermodynamic Study

To confirm the correctness of the expectations around the nature of the studied sorption
procedures on the made nanocomposite, it is required to examine the effect of temperature
on the efficacy of ion removal from aqueous solutions. For this, 30 mL solutions of various
concentrations Cy = 20, 50, 100, 200, 300, 400 mg L~1 were used. Sorbent in the amount of
0.005 g was added to the solution and then shaken for 30 min. In this case, the isotherms
were obtained at different temperatures: 25, 35 and 45 °C. The solution was filtered to
remove the solid, and the equilibrium amount of ions in the solution was measured.

2.4.6. Desorption Study

To study the effect of desorption, 30 mL of a solution with a given concentration and
0.005 g of a sorbent were taken. The initial solution was prepared by successive dilution
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of acetic-acetate buffer solutions of lead and zinc ions with Cy = 400 mg L~! (solutions
were obtained Cy = 20, 50, 100, 200, 300, 400 mg L’l). The tubes were shaken on a rotator
for 30 min, and the filtrate was taken to measure the equilibrium concentration. Then,
after separating the solid phase, it was dried at a temperature of 55 °C for ~15 min to
remove surface moisture. After that, the dried nanocomposite was poured with a 30 mL
buffer solution with pH = 6 and shaken for an hour on a programmable rotator. The
suspension was then filtered and the equilibrium concentration was measured after the
desorption stage.

2.5. Process Modeling
2.5.1. Adsorption Kinetics

To describe kinetics, models are traditionally used that simulate the processes of mass
transfer using formal equations of chemical kinetics. This is due to the complexity of the
quantitative description of diffusion processes using simple models. This approach most
often involves the use of pseudo-first- and pseudo-second-order models [26,27].

The pseudo-first-order equation of the Lagergren model has the following form.

d
% = K1(qe — q¢) 3)

where g, is adsorption at equilibrium, mg g~!; g; is adsorption at time t, mg g~!; Kj is
pseudo-first-order adsorption rate constant, min~!.
After integration and application of boundary conditions (from t = 0 tot = t and

g: = 0 to and g; = g;) the equation takes the following form.

_ Ky
log(ge — 1) = log ge — 5257t @)

It should be noted that the equation of the pseudo-first-order kinetics model coincides
mathematically with the equation characteristic of diffusion processes. However, the value
of the sorption rate constant was used here as a fixed parameter of the model. In the case
of diffusion, the rate of the process depends on the size of the sorbent particles and the
film thickness. If the limiting stage is chemical kinetics, then the sorption rate does not
depend on the above factors but depends only on the concentration and temperature. Thus,
when the sorption process kinetics is described by a pseudo-first-order kinetics model, the
sorption of a substance is preceded by its diffusion.

The classical form of the equation of the pseudo-second-order kinetics model [28,29]
has the following form.

dq t

= = Ka(ge —q1)? ®)

where Kj is pseudo-second-order adsorption rate constant (g mg ! min—1).
After integration and application of boundary conditions (from ¢t = 0 tot = t and
gt = 0 to and g; = g;) the equation takes the following form.

! Zl—FKzt 6)
Je — qt e

The linearized form of the equation that is most commonly reported in the literature
has the following form.
Lo L
9 Kagi * qe
The applicability of this model indicated the occurrence of a chemical reaction that
limits the sorption kinetics. Azizian [30] and Liu and Shen [31] showed that Langmuir
kinetics could be reduced to either pseudo-first-order velocity equations or second-order
velocity equations. However, there are works in which the pseudo-second-order model is

@)
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considered a rather flexible mathematical formula capable of modeling the sorption kinetics
of internal mass transfer (diffusion) for systems with flat and spherical particles [32].

The Elovich model is mainly used to describe chemical adsorption on highly hetero-
geneous adsorbents, but it does not suggest any specific mechanism for the adsorbate—
adsorbent interaction [33].

The equation of the Elovich model has the form:

qr = ;ln(txﬁ) + [1317” (8)

where « is the preliminary adsorption rate constant (min~! mg g~!); B is the surface
coverage and activation energy of chemisorption (g mg™1).

Weber and Morris described the intraparticle [34] uptake of the adsorption process to
be proportional to the half-power of time:

g = kigt™ +C )

where kj; is the internal diffusion coefficient (mg g_lmin_O'E’ )

thickness (mg g~ 1).

; C is the boundary layer

2.5.2. Adsorption Isotherms

The Langmuir equation deals with monolayer adsorption [35]. Adsorption occurs on
a homogeneous surface covered with adsorption sites. The free centers of the sorbent and
the adsorbate form an interaction in an ideal solution.

The linear form of the Langmuir isotherm has the following form:

1
Ce_ + (10)
e Kr-Gmax Gmax

where g0y is maximum sorption capacity, mg g~!; K is adsorbent-adsorbate affinity
distribution (adsorption energy), L mg~!.

The Freundlich isotherm is one of the earliest empirical equations used to describe
non-ideal sorption equilibrium data and describes polymolecular adsorption. According to
Freundlich'’s theory, the absorption process is most often initial surface adsorption followed
by condensation resulting from strong interactions [35].

The linear form of the Freundlich isotherm is given below.

InC,
br

Inge = InKp + (11)
where Kr and bf are Freundlich constants, by giving an indication of how favorable the
adsorption process and Kr (mg g~! L mg~!) is the adsorption capacity of the adsorbent.

The Temkin isotherm contains a parameter that takes into account interactions between
adsorption sites and the adsorbate. The model assumes that the heat of adsorption of all
molecules in the layer decreases linearly as the layer is filled. This process proceeds to a
greater extent according to a linear law than according to a logarithmic one [36].

The linear form of the Temkin isotherm is given below.

e = BrInKr + BrlnC, (12)
RT
Br=—- (13)

where K7 is equilibrium binding constant corresponding to the maximum binding energy
(L.mg’l) Br is the Temkin isotherm constant. T is an absolute temperature (K). R is a
universal gas constant (8.314 ] (mol K)~1). bis a constant related to the heat of sorption
(J.moL™1).
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2.5.3. Adsorption Thermodynamics

To determine the spontaneity of the adsorption process and describe the absorption
mechanism, enthalpy change (AH®), entropy change (AS°) and free energy change (AG®)
are measured [37].

The Gibbs equation is used to study the effect of temperature on equilibrium adsorp-
tion. The equation can be represented as follows:

AG® = —RTInK, (14)

K. is a thermodynamic equilibrium constant (L mol~!), which can be found through

the following equation:
_ Cae
Cse

where Cy, is the equilibrium concentration of the adsorbate adsorbed on the sorbent
(mg L~!) and Cg, is an equilibrium concentration of adsorbate in solution (mg L.

The value of the enthalpy of the sorption process is found by graphical interpolation
of experimental data using the Van’t Hoff isotherm equation.

K. (15)

AH
n RT +C (16)

2.5.4. Desorption
To calculate the desorption, we used the following equation.

Cges

Ries = —————~
des (CO _Cg)

(17)
where C45,Cy C, are equilibrium concentrations in solution during desorption, initial

concentration of the solution and equilibrium concentration in solution during adsorption,
respectively [38].

3. Results and Discussion
3.1. Characterization
3.1.1. Scanning and Transmission Electron Microscopy

Figure 1 shows SEM and TEM images of the surface structure of a freeze-dried cryogel.
CNTs are randomly distributed over the surface of graphene planes, which are uniformly
coated with a layer of polyaniline.

(a)

Figure 1. Cont.
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(d)
Figure 1. SEM (a,b) and TEM (c,d) image of the surface of the nanocomposite cryogel.

The presented SEM and TEM images enable us to conclude that all the obtained
samples have an ordered porous structure. In this case, CNTs act as a structure-forming
agent and a supporting frame that prevents the aggregation of graphene sheets while
maintaining the target functional properties of materials. PANI uniformly coats reduced
graphene oxide and CNT sheets.

3.1.2. XRD Analysis

Figure 2 shows X-ray diffraction patterns of the initial components and the nanocom-
posite. It is known that material with well-crystallized and uniform lattice parameters gives
narrow diffraction peaks, while a poorly crystallized inhomogeneous material produces
wide ones. For crystallites (coherent scattering regions) of small size, the diffraction lines
are broadened. The half-width of the diffraction peak is larger than the smaller size of the
coherent scattering regions (CSRs).

| 002 1100 1110

Intensity, (a.u.)

\
! E ——Nanocomposite
|

| —PANI
.

Figure 2. XRD-pattern of the initial materials and the r-GO/0o-CNTs/PANI nanocomposite cryogel.
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Table 1 shows the values of interplanar distances (d) for initial materials.

Table 1. Interplanar distances of initial materials.

Name

Interplanar Distance Interplanar Distance Interplanar Distance Interplanar Distance
(d) for Angle 20 in the  (d) for Angle 20 in the  (d) for Angle 26 in the  (d) for Angle 20 in the

Region of 19°, A Region of 25°, A Region of 42°, A Region of 77°, A

CNTs

3.50 (25.41°) 2.13 (42.40°) 1.23 (77.81°)

polyaniline

4.64 (19.11°) 2.12 (42.63°)

r-GO

3.58 (24.88°) 2.15 (42.10°) 1.23 (77.24°)

PANI is a semi-crystalline polymer and can crystallize into phases with triclinic and
monoclinic lattices, characterized by peaks at 20 = 15°, 20° and 25° in a diffraction pattern.
An increase in the crystallinity leads to an increase in the ordering of the structure and an
increase in charge mobility between polymer chains. The diffraction pattern of polyaniline
shows a peak at 20°, which corresponds to a periodicity along the polymer chain. This
is explained by the fact that; in the deprotonated form of PANI (base); the periodicity
across the chains was practically lost and only a peak with periodicity along the chains
remained [39,40]. For r-GO and CNTs, three peaks at 25°, 42° and 77° 26 values are observed
in the region of intense diffraction. These peaks at 26 = 25° correspond to (002) planes
(basic planes) of graphite. The broader peak centered on 26 in the 44° region originated
from (101) planes. The peak at 20 in the 78° region was of halo and originated from (110)
planes [41]. A nanocomposite is a material having a layered structure with an interlayer
distance close to the interlayer distance of graphene layers in graphite. After freeze-drying
(Figure 2), the ordered structure of the carbon framework of the materials is preserved. The
material contains reflections characteristic of the original substances (Table 2).

Table 2. Interplanar distances for the final nanocomposite.

Material

Interplanar Distance Interplanar Distance Interplanar Distance Interplanar Distance
(d) for Angle 20 in the  (d) for Angle 20 in the  (d) for Angle 26 in the  (d) for Angle 20 in the

°

Region 19°, A Region 25°, A Region 42°, A Region 77°, A

Cryogel

4.641 (19.11°) 3.476 (25.60°) 2.120 (42.61°) 1.215 (78.68°)

The sizes of the crystallites (regions of coherent scattering), calculated by the Debye—
Scherrer formula, for angles 26 in the region of 19.11° amounted to 2.32 nm; for 25.22°
—3.55 nm; for angles 20 in the region of 42.59°—7.34 nm.

3.1.3. Thermal Analysis and Differential Scanning Calorimetry

Figure 3 shows the TG/DSC curves obtained for the nanocomposite under study.

From the presented data, it can be seen that in the temperature range of 50-300 °C, the
weight loss was ~ 9.6%, which can be associated with the elimination of water or other low
molecular weight components. In the temperature range of 300-550 °C, the main weight
loss occurred at about 89%, probably due to thermal-oxidative degradation [42].
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Figure 3. TG-DSC-curve of the r-GO/0-CNTs/PANI nanocomposite cryogel.

3.1.4. Analysis of Specific Surface Area, Volume and Pore Size

Figure 4 shows the results of diagnostics of the porous structure for samples obtained
from the base hydrogel by freeze-drying (lyophilization).
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Figure 4. Pore space parameters of the r-GO/0-CNTs/PANI nanocomposite cryogel: (a) nitrogen
adsorption-desorption isotherms, (b) pore size distribution obtained from DFT calculations assuming
spherical/cylindrical pores (QSDFT Model).

The specific surface of the cryogel calculated by the BET method was 176 m? g~ 1. The
specific pore volume was 0.232 cm® g1, In addition, the material mainly contains pores
with a size of 1.5-4 nm.

3.1.5. Raman Spectroscopy

Figure 5 shows the Raman spectra of the initial components and the synthesized
nanocomposite. The spectrum of polyaniline is typical for the typical emeraldine basic
form of PANI. The intense band at 1590 cm~! and the relatively narrow band at 1166 cm ™!
are due to the stretching and bending vibrations of the C-C bonds in the quinoid ring,
respectively. The dominant peak in the spectrum at 1470 cm~! and a fairly well-defined
peak at 1218 cm ™! are associated with the presence of C-N bonds. A number of bands at
840, 780 and 747 cm ! are due to bond vibrations in substituted aromatic rings, includ-
ing in phenazine-like fragments. Two bands at 525 and 416 cm ™! refer to out-of-plane
deformations of the benzene ring [43]. The spectrum of CNTs and r-GO contains two
characteristic modes: G (1500-1600 cm™), caused by vibrations of carbon atoms in the
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plane of the graphene layer in the state of sp?-hybridization and D (1250-1450 cm™), asso-
ciated with the presence carbon atoms in the state of sp3-hybridization, which occurred
when topological defects appeared in graphene layers or associated with the presence of
amorphous carbon particles [44]. The second-order scattering spectrum (2400-3200 cm™ 1)
was represented by wide low-intensity bands at ~2700 (G) and 2950 (D + D’) cm~!, which
are characteristic of oxygen-containing functional groups [41].
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Figure 5. Raman-spectra of the initial materials and nanocomposite.

The peak intensity ratio Ip/Ig is used to assess the defectiveness of the CNT surface.
During oxidation, new defective areas may appear on the surface of graphene layers
due to the formation of functional groups. At the same time, the Ip/Ig indicator should
increase. Thus, the Ip/Ig ratio for CNTs, r-GO and nanocomposite were 1.14, 1.43 and
1.22. The cryogel spectrum (Figure 5) contains all the peaks characteristic of the original
components. This fact confirmed the presence of both carbon nanostructures and PANI in
the nanocomposite.

3.1.6. Infrared Spectroscopy

The IR spectrum of r-GO/0-CNTs/PANI nanocomposite cryogel (Figure 6) contains
peaks due to the presence of various functional groups and bonds of carbon atoms with
them. Peaks at 2982, 2943, 2865 cm™! are caused by vibrations of C-H bonds in alkyl
groups [45]. The same peaks are usually found in the spectra of CNTs and GO [46,47].
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Figure 6. IR-spectrum of the r-GO/0-CNTs/PANI nanocomposite cryogel.
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The peak at 1627 cm! is caused by vibrations of C=C bonds in aromatic rings [48-50],
which are structural units of the graphene planes of the initial carbon nanomaterials, as
well as fragments of PANI and PFC molecules. Various oxygen-containing groups are
present on the surface of the resulting nanocomposite. Thus, the peak at 3400 cm™ is due to
vibrations of O-H bonds in hydroxyl groups [48,50]. The peaks at 1733 and 1167 cm™ are
due to vibrations of C=O and C-O bonds, respectively. The same groups are found in GO.
The presence of PANI fragments in the nanocomposite is confirmed by peaks at 1468 and
1313 cm™! caused by the vibrations of the C=N bonds in secondary aromatic amine, C-N in
the secondary aromatic amine [48,51], as well as a peak at 822 cm™! due to N-H bond The
prominent 1137 cm™! band is assigned to a vibration mode of -NH*~ structure [52]. It can
also be assumed that the broad-band in the region 3100-3500 cm ! contains an additional
peak at 3300 cm !, which is characteristic of N-H bonds. Electron-donating oxygen and
nitrogen-containing groups, which are identified according to IR spectroscopy data in the
composition of the nanocomposite, can be active centers for the adsorption of heavy metal
ions due to the possibility of forming coordination bonds (Figure 6), similarly to how it was
shown in [53].

3.2. Determination of the Sorption Characteristics of the Samples
3.2.1. pH Test

The optimization of the pH of water is important in the adsorption process. Therefore,
the experiments were carried out from 2.0 to 9.0 pH values. The pH value of the solution
has a significant effect on the efficiency of the sorption interaction of the contaminant with
the sorbent.

The results showed that the maximum adsorption capability of the nanocomposite was
attained at pH = 6.5. As can be seen from the presented graph (Figure 7), the dependences of
adsorption on the pH of the solution have an extreme character. Relatively low absorption
rates in an acidic medium at pH ~ 2—4 are related to a high content of competing hydronium
ions. In the range of pH values from 3 to 6, there is an increase in the capacity of the sorbent
with a maximum at pH = 6. In this area, the amount of H* hydroxonium ions was maximum
reduced, which intensified sorption. With a further augment in the pH of the solution,
the capacity of the sorbent decreased. This was due to the transition to the region of
precipitation of metal hydroxides (pH ~ 7-10). Thus, the experimental data are in full
agreement with the existing ideas about the course of exchange reactions on the surface
of the nanocomposite. It should be noted that at pH =9, the concentration in the solution
(C) is affected not only by the sorption activity of the sorbent but also by the formation
of hydroxo complexes, which inevitably affects the final values of the adsorption capacity.
Thus, further studies were conducted in buffer aqueous solutions for pH = 6.

600

500

400

300

200

Sorption capasity, mg~g'1

100

Figure 7. The influence of pH of aqueous solution on the sorption of lead and zinc ions in buffer
systems.
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3.2.2. Dosage Effect

The study of dose-effect is also important in water treatment, especially on an economic
and large scale. As a result of determining the effect of the adsorbent weight on its sorption
capacity, under otherwise equal conditions (volume of solution, concentration, pH, etc.), it
was found that the optimal weight of a sample of a nanocomposite for a solution volume
of 30 mL was 0.005 g. Further increase in dose could not increase the removal capacity of
the reported metal ions. Figure 8 presents the findings. This low amount of dose indicated
a good sorption capacity of the nanocomposite material. Moreover, this low value of dose
also dictates that the method is economic in nature.
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Figure 8. The influence of sorbent weight on sorption of lead and zinc ions in acetic-acetate buffer
systems.

3.2.3. Time Effect

The effect of time on the removal of metal ions is very important for an economic
adsorption method. Therefore, the optimization was carried out from 1.0 to 60 min time.
The results are plated in Figure 9. A look at this Figure indicates that the sorption had
increased from 1.0 to 15 min and then become constant. In this case, it is obvious that the
curves have a linear section in the initial region, described by the Henry equation. This is
followed by a gradual inflection and transition to a plateau in the saturation region. It is
important to note that the sorbent demonstrated high sorption activity since more than 90%
of the sorbate is extracted in the first 15 min of phase contact.
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Figure 9. Kinetics of the Pb?* and Zn?* sorption onto nanocomposite.
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3.2.4. Kinetics Study

The study of kinetics is very important to understanding the mechanism of sorption.
To approximate the kinetic variables and define the possible mechanisms of sorption of
heavy metal ions on the nanocomposite, the pseudo-first-order (Equation (4)) and pseudo-
second-order (Equation (7)) models, the Elovich model (Equation (8)) and intraparticle
diffusion (Equation (9)) were used. A model description of the sorption extraction of lead
and zinc ions according to the above equations is shown in Figure 10.
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Figure 10. Kinetic modeling: (a) Pseudo-first order, (b) Pseudo-second order, (c) Intraparticle diffusion
model, (d) Elovich model.

The results of calculations of the key parameters of the kinetics of the process of
adsorption of heavy metal ions by the nanocomposite are presented in Tables 3 and 4.

Table 3. Parameters of the sorption kinetics of lead ions.

Pseudo-first order (a) Pseudo-second order (b)

e k1 R? de ko R?
364 0.09 0.94 588 0.00027 0.991
Intraparticle diffusion model (c): Elovich model (d)
kig C R? o B R?
Period 1 119.8 17.9 0.977
3.5 x 102 3.46 x 1073 0.860
Period 2 3.43 501.3 0.996
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Table 4. Parameters of the sorption kinetics of zinc ions.
Pseudo-first order (a) Pseudo-second order(b)
Ge kq R2 Ge ko R2
194 0.092 0.89 357 0.0005 0.992
Intraparticle diffusion model (c): Elovich model (d)
kig C R? o B R?
Period 1 73.4 8.83 0.98
Period 2 0.52 312 0.98 146 > 10° L0 084

According to the findings, the pseudo-second-order model (R? = 0.99) demonstrates
the best correlation, which indicates the chemical nature of the interaction between the
metal ion and the active center of the nanocomposite. Also, a good approximation of the
experimental data is shown by the intraparticle diffusion model (on average R? = 0.98). We
can assume the implementation of two processes occurs sequentially. At the same time,
both of them occur quite efficiently, which led to high total values of the sorption capacity
(and coefficients of determination). The first straight section can be attributed to diffusion
in macropores (period 1), that is, to the transfer of contaminant molecules from the volume
of the solution to the surface of the adsorbent, and the second linear section to diffusion
in micropores (period 2), that is, heavy metal ions are sorbed on active centers. Thus, it
can be argued that the adsorption processes on the nanocomposite under study have a
mixed character.

3.2.5. Isotherm Study

The construction of an adsorption isotherm made it probable to regulate the maxi-
mum adsorption capacity for the extracted component. The nature of the isotherm helps
to interpret the sorption interactions between the active surface of the sorbent and the
contaminants to be extracted and to establish the key features of sorption bonds. Figure 11
shows the sorption isotherms of lead and zinc ions on the synthesized cryogel.
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Figure 11. The isotherms of Pb>* and Zn?* sorption onto nanocomposite.

For the theoretical interpretation of the adsorption isotherms of ions and molecules of
various substances, a number of model dependencies are often used, such as Langmuir,
Freundlich and Temkin. The linear forms of the graphs corresponding to the experimental
isotherms of ion extraction are shown in Figure 12. The key properties of the sorption
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process can be understood in the presence of the conforming calculated parameters of the
isotherm equations (Table 5).
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Figure 12. Linear forms of the Langmuir (a), Freindlich (b) and Temkin (c) equations.
Table 5. Isotherms parameters for lead and zinc sorption on the nanocomposite.
Langmuir Freundlich Temkin
Pb
Gmax Ky, R? br Kg R? Bt Kt R2
588 0.25 0.998 3.2 8.51 x 103 0.81 94.5 3.9 0.837
/n
Elmax KL R2 bp Kp R2 BT KT R2
400 0.03 0.94 1.79 1.07 x 10° 0.82 96.5 4.6 0.82

According to Figure 12, the experimental sorption isotherms of lead and zinc ions are
reliably described by the Langmuir equation, which indicated the occurrence of monomolec-
ular sorption and the filling of the monolayer on the surface of the nanocomposite. The
sorption capacity of the nanocomposite is weakly affected by the heterogeneity of its surface
since the correlation of the experimental data (according to Temkin’s model) has a rather
low R?. Using the Langmuir equation, the maximum theoretical adsorption values were
obtained: g (Pb) = 588 mg g’l, Gmax (Zn) = 400 mg g’l.
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3.2.6. The Influence of Temperature on the Sorption Capacity

The study of the thermodynamics of the adsorption process is important for under-
standing the nature of the ongoing interactions between the adsorbent and the contaminant.
For this, experiments were carried out to determine the sorption capacity of the synthesized
material using lead and zinc metal ions at different temperatures (Figure 13).
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Figure 13. Sorption isotherms of (a): lead and (b): zinc ions by a nanocomposite at different
temperatures.

As can be seen from the presented dependences, with increasing temperature, the
sorption activity of the prepared composite material increased. The highest adsorption
capacity (830 mg g~!) was reached at a temperature of 45 °C. An important step is the
correct choice of the constant for calculating the main thermodynamic parameters of the
process. The method used in this work is described in detail in [54]. The plot of 1/T



Molecules 2022, 27, 5623

19 of 23

versus InK (Figure 14); under the assumption that the enthalpy of reaction is a constant
value in the narrow temperature range considered in this work; did not depend on the
process temperature.
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Figure 14. Dependence graph of InK versus reciprocal temperature.

The presented graph with a good correlation fits into the assumption that the enthalpy
is independent of temperature. Using the presented graphic dependence, it is possible to
calculate the value of enthalpy, entropy and Gibbs free energy as given in Table 6.

Table 6. Thermodynamic parameters of lead and zinc ions in the adsorption process.

La(K) AH B AG B A%l
T, K 1T kJ-mol kJ-mol J-mol K
Pb Zn Pb Zn Pb Zn Pb Zn
298 0.0033 8.99 7.43 —22.3 —4.97
308 0.0032 9.36 7.87 36.9 26.6 —239 —5.28 158.6 149.9
318 0.0031 9.94 8.07 —26.3 —5.52

Table 6 presents the main thermodynamic parameters of the sorption process. It is
established that the enthalpy of the process is positive. This is typical for processes that
increase efficiency with increasing temperature. The Gibbs free energy for this process is
negative, which indicates the fundamental prospect of the spontaneous occurrence of the
sorption procedure. The sorption entropy is positive. Perhaps this is due to an increase
in the activity of ions in an aqueous solution associated with an increase in the process
temperature. The enthalpy value of the sorption process is 36.9 kJ-mol~!. According
to the well-known classification [36], this value is typical for transient heterogeneous
processes of sorption extraction, in particular, ion exchange. This confirms the previously
accepted expectations about the nature of the procedures under study. Thus, the conducted
thermodynamic studies are in good agreement with the existing ideas about the nature of
interactions between the nanocomposite and the extracted heavy metals.

3.2.7. Desorption Study

To study the desorption by the synthesized nanocomposite, we chose the conditions
for gmax, which are achieved by extracting Zn and Pb ions at 45 °C.

The results of the experimental studies are presented in Figure 15.
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Figure 15. Dependence of the desorption on the nanocomposite adsorption capacity toward the Zn
and Pb ions.

The analysis of the experimental data shows that the highest desorption R 5 is ~0.275%
for the Pb ions and ~0.583% for the Zn ions. The desorption curve naturally reaches a
plateau, which indicates that a further increase in the concentration of ions in the sorbent
did not lead to an increase in desorption. These low values of the desorption are a good
indication of the strong adsorption of metal ions. It is due to the chemisorption nature of
the metal ions removal.

Along with the desorption, an important indicator of component retention in the
sorbent structure is the distribution constant calculated by the formula

(Co—Co—Cles)V gl
mcges Cedes

ngs _

Using the presented calculation formulas and the experimental data obtained, the main
parameters of the desorption process presented in Table 7 were assessed. The analysis of the
presented data allows us to draw several conclusions. The value of the distribution constant
indicates that the process of sorption extraction of heavy metal ions on the developed
nanocomposite is practically irreversible.

Table 7. Calculated parameters of the desorption process for both ions.

Pb Zn
Ce,mgL-1 (Cds mgL-1  K%s.1073 Ries, % Co,mgL-1 (% mgL-1  K%s.10—2 Ryes, %
10 0.55 1.04 0.275 6.0 0.49 1.71 0.583
30 0.9 3.44 0.225 23.1 0.85 1.90 0.451
76 0.95 4.38 0.198 38.3 0.89 4.16 0.240
175,5 0.91 4.29 0.185 134.1 0.82 4.82 0.207
275 0.87 4.27 0.174 234 0.81 493 0.202
374 0.88 4.42 0.169 232 0.83 491 0.203

3.3. Schematic Diagram of Zn (1) and Pb (1I) Ions Adsorption on a Nanocomposite

The results of FI-IR Fourier and Raman spectroscopy confirmed the presence of
reduced graphene oxide, oxidized carbon nanotubes, polyaniline and phenol-formaldehyde
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resin in the nanocomposite. Zinc and lead ions (which are designated in the scheme of
Figure 16 as Me?") are Lewis acids and have the ability to form coordination bonds with
the main groups, which can be the alcohol groups of the phenol-formaldehyde resin, the
amino groups of polyaniline and the oxygen-containing groups (phenolic and carboxyl);
present on the surface of carbon nanostructures [37]. Figure 16 shows the bonds formed
between Zn (II) and Pb (II) ions and fragments of the PANI molecule. In addition, Figure 16
also shows two possible options for the formation of coordination bonds with fragments of
phenol-formaldehyde resin molecules. Oxygen-containing groups may partially remain
on the surface of r-GO and o-CNTs. Figure 16 also shows options for the formation of
bonds between metal ions and oxygen-containing groups on the surface of CNTs and r-GO.
Thus, each component of the developed composite has the ability to bind Me?* ions, which
together leads to a high sorption activity of the resulting functional nanomaterial.

Nanocomposite / Me?* | N[

after sorption

— N~

!
°
Me?*

PANI / Me?*

-

---r-GO/Me* or o-CNT/Me™ -/ . |

Figure 16. The proposed mechanism for the adsorption of contaminants on the nanocomposite.

4. Conclusions

The article proposed a new nanocomposite material based on reduced graphene oxide
and oxidized CNTs modified with polyaniline. To stabilize the composite in an aqueous
medium, the phenol-formaldehyde resin was added as a component. Physical-chemical,
textural, structural and morphological properties were studied using SEM and TEM, Raman
and IR-Fourier spectroscopy, XRD and TG/DSC. To preserve the structure and volume
of the porous space at the final stage of preparation, the nanocomposite was dried using
lyophilic treatment. In this study, the sorption properties of nanocomposite were studied
for the elimination of lead and zinc metal ions from water. The adsorption kinetics of
metal ions removal was pseudo-second-order, Elovich and intraparticle diffusion models.
When describing the equilibrium state of adsorption, the Langmuir and Temkin models
were fitted well. The removal capacities were 346 and 581 mg/g at pH 6.5, 0.005 g/30 mL
dose and 15 min contact time. These conditions made this method highly applicable,
nature-friendly and fast. Therefore, the reported method may be used successfully for the
removal of lead and zinc from water.
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