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Abstract: In this study, carbon nanofibers were synthesized by the catalytic pyrolysis of trichloroethy-
lene (CNF-Cl) and its mixture with acetonitrile (CNF-Cl-N). The addition of acetonitrile resulted in
the incorporation of nitrogen in the CNF (0.33 at%), the removal of chlorine, an increase in oxygen-
containing functional groups on the surface (from 1.6 to 3.6 at%), and an increase in the volume of
mesopores (from 0.35 to 0.41 cm3·g−1) and macropores (from 0.115 to 0.393 cm3·g−1). The study of
2,4-DCBA adsorption on both CNFs revealed that the adsorption capacity showed dependence with
a maximum on the 2,4-DCBA concentration in the solution, which was attributed to the electrostatic
interactions of adsorbate with adsorbent at various pHs. The adsorption forces were effective over
distances greater than the size of the 2,4-DCBA molecule, indicating volume pore filling. The maxi-
mum adsorption capacity occurred at 0.7–1.2 mM and a pH of 3.4 ± 0.1. CNF-Cl-N exhibited lower
2,4-DCBA adsorption than CNF-Cl-N due to its lower specific surface area, lower micropore volume,
and higher concentration of oxygen-containing groups on the surface. However, these differences
were not significant, suggesting that CNFs produced from both chlorine-containing wastes and
their mixtures with nitrogen-containing compounds can be effectively used for water treatment to
remove 2,4-DCBA.

Keywords: chlorinated aromatic compounds; adsorption; carbon nanofibers; trichloroethylene;
2,4-dichlorobenzoic acid

1. Introduction

Chlorinated organic compounds (COCs) have a variety of uses in industry and agri-
culture, including as pesticides, solvents, refrigerants, plasticizers, and pharmaceuticals.
However, these kinds of compounds pose a significant risk to human health and the envi-
ronment due to their high toxicity, mutagenicity, and carcinogenicity [1]. At the moment,
the disposal of COCs after use is a pressing issue. Approaches are preferred that provide
the conversion of COCs to new products according to the resource-saving principle of
“Green Chemistry”. One promising approach is catalytic pyrolysis of COCs, which results
in the formation of carbon nanofibers (CNF). This method allows for the production of
valuable carbon material from a mixture of chlorine-containing wastes [2]. Compared to
traditional methods of organochlorine waste utilization (such as incineration or burial),
catalytic pyrolysis has minimal environmental impact. The advantages of this approach
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also include a simple methodology that does not require expensive equipment, no dioxin
and chlorine emissions, and obtaining a product that can recover the cost of disposal. These
carbon nanomaterials are in high demand as adsorbents [3,4] and catalyst supports [5,6].
Several studies [3,7] have shown that CNF can effectively remove COCs from aqueous
environments, where they or their degradation products accumulate due to their high
stability, low solubility, and slow degradation [8–10]. Consequently, there is a high demand
for research to improve purification technologies for removing these dangerous chemicals
from liquid waste and wastewater.

However, the study of the catalytic decomposition of individual substrates is also
an important task. Working with model substrates helps to understand the mechanism
of CNF formation and find optimal conditions for the process. Beyond that, COCs often
contain impurities from other compounds with different heteroatoms. Therefore, it is
important to study how these impurities affect the adsorption properties of CNF formed
during the catalytic pyrolysis of COCs. Previous research has demonstrated that CNFs ob-
tained from the catalytic decomposition of 1,2-dichloroethane (DCE) and trichloroethylene
(TCE), including in combination with acetonitrile (AN), exhibit high efficiency in adsorbing
1,2-dichlorobenzene (1,2-DCB) from aqueous solutions [11–13]. In this study, we focus
on the removal of 2,4-dichlorobenzoic acid (2,4-DCBA) from water. This compound is a
commodity chemical that finds use as an intermediate in the manufacture of dyes, fungi-
cides, acaricides, insecticides, pharmaceuticals, and other organic chemicals. Its presence in
natural environments is mainly due to its formation as one of the degradation products
of polychlorinated bifenils [14,15], the organophosphorus compound chlorfenvinphos, an
insecticide and acaricide [16], and the fungicide propiconazole [17]. It is a toxic compound
with an LD50 value of 830 mg kg−1 in the median lethal dose test [18], which is lower than
that of 1516 mg kg−1 of 1,2-DCB [19].

In addition, a significant proportion of emerging contaminants are ionizable, which
highlights the importance of investigating the adsorption behavior of weakly acidic com-
pounds such as benzoic acid and its functional derivatives [20,21]. The article [22] also
observed that the adsorption of ionizable compounds such as 4-methylbenzoic acid, 2,4,6-
thichlorophenol, 4-methylaniline, and quinoline is highly dependent on the pH of the
system. This is due to the fact that the degree of ionization of the compound and the
charge of the adsorbent surface change with pH, which affects their affinity. This becomes
especially important for the efficient removal of highly toxic pollutants such as 2,4-DCBA
from water environments, whose pH can vary depending on their composition. Therefore,
considering the pH of the solution, it is possible to predict the degree of purification and
determine the optimal amount of sorbent required to achieve it. However, a literature
analysis has revealed a lack of specific studies investigating the adsorption behavior of
2,4-DCBA depending on pH.

This paper proposes a comprehensive method for the disposal of chlorinated organic
multi-component wastes. At the first stage, TCE and TCE with AN selected as model
aliphatic polychlorinated hydrocarbons were converted into a CNF material on a Ni catalyst.
Then, the produced CNF samples were tested for their efficiency in adsorbing 2,4-DCBA
from aqueous solutions under static conditions (model conditions). A systematic study was
carried out to examine the impact of pH on the adsorption process and to determine the
optimal conditions for achieving maximum adsorption efficiency.

2. Materials and Methods

The following commercial reagents were used as received: trichloroethylene,
C2HCl3—chemically pure (>99.5 wt%, CAS 79-01-6, Component-Reactiv, Moscow, Rus-
sia); acetonitrile, CH3CN—chemically pure (99.7 wt%, CAS 75-05-8, Component-Reactiv,
Moscow, Russia); 2,4-dichlorobenzoic acid, C7H4Cl2O2—pure (99 wt%, TU 6-09-13-660-78,
Reakhim, Moscow, Russia); sodium hydroxide, NaOH—pure (99 wt%, GOST 4328-77,
Reakhim, Moscow, Russia); hydrochloric acid, HCl—0.1 N (TU 2642-001-33813273-97, Baza
No.1 Khimreactivov, Staraya Kupavna, Russia); sodium chloride, NaCl—0.1 N (TU 2642-
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002-62931140-2014, Lenreactiv, St. Petersburg, Russia). Microdispersed Ni-catalyst was
synthesized as described elsewhere [23].

2.1. Synthesis of Functionalized CNFs

The synthesis of carbon nanofibers was performed in a flow-through horizontal quartz
reactor. The composition of the reaction medium was varied. First, microdispersed Ni catalyst
was loaded onto the quartz plate, after which it was placed in the reactor. The catalyst was
heated to 600 ◦C in an argon flow, after which it was reduced in an atmosphere of H2. Then
the reaction mixture was fed, which consisted in one case of C2HCl3/Ar/H2 and in the other
of C2HCl3+CH3CN/Ar/H2. The duration of the experiments was 2 h. At the end of the test,
the reactor was cooled in argon, and the obtained carbon material was removed and weighed.
The product obtained by pyrolysis of C2HCl3/Ar/H2 was designated as “CNF-Cl” and the
decomposition of C2HCl3+CH3CN/Ar/H2 as “CNF-Cl-N”.

To further study the adsorption properties of carbon nanofibers, the samples were
treated with hydrochloric acid (12%). For this purpose, the samples were mixed with
300 mL of HCl and left for a day to dissolve the metal particles. After filtration, the samples
were washed with distilled water to a neutral pH and dried at 100 ◦C.

2.2. Equilibrium Adsorption Study of 2,4-DCBA from Aqueous Solution
2.2.1. Adsorption Experiments

Adsorption studies were performed in model conditions. Adsorption experiments
were carried out by placing 3 mg of carbon sample into a 60 mL solution of 2,4-DCBA at
different concentrations (0.15–2.5 mM). They were prepared from a saturated solution of
2,4-DCBA by serial dilution. The concentration of saturated solution was determined before
each experiment by titration with NaOH solution using the automatic titrator Akvilon
ATP-02 (JSC Akvilon, Podolsk, Russia). pH was adjusted to 2, 3, 4, 5, and 9 using 0.1 mol/L
HCl and NaOH solutions by titration. The mixtures were shaken for 24 h using a shaker
LOIP LS-110 (RNPO RusPribor, Saint-Petersburg, Russia) at a speed of 200 rpm and a
temperature of 25 ± 1 ◦C to ensure complete adsorption. Experiments were carried out
in triplicate, and the differences between the experimental values were within ±3%. The
concentration of 2,4-DCBA was analyzed with a Varian Cary 100 instrument (Agilent, Santa
Clara, CA, USA) at a wavelength of 200 nm to 350 nm. To convert absorbance data to
concentration, calibration curves were constructed for each pH value. The absorption band
at 272 nm was used for calibration, and in the case of pH 2, the band at 281 nm was used.

The adsorption capacity was calculated as follows:

A =
∆C·V

m
, (1)

where A is the adsorption capacity, mmol·g−1; ∆C is the difference in 2,4-DCBA concentra-
tion before and after adsorption, mmol·L−1; V is the 2,4-DCBA solution volume, L; m is the
loading of the adsorbent, g.

The pore filling (F) was determined as a ratio of the volume of 1,2-DCB in adsorbent
pores to the total pore volume:

F =
A·Mr

ρ·VΣpore
·100%, (2)

where A is the adsorption capacity, which was achieved by the adsorption of 2,4-DCBA
from an aqueous solution, mmol·g−1; Mr is the molar mass of 2,4-DCBA (191 g·mol−1); ρ
is the density of 2,4-DCBA (1.517 g·cm−3); VΣpore is the total pore volume of the adsorbent,
cm3·g−1.
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2.2.2. Adsorption Isotherm Modeling

The adsorption data was analyzed using Langmuir, Freundlich, and Dubinin–Astakhov
isotherm models [24]. Nonlinear regression of the data was performed, with the dependent
variable weighted to determine all model parameters. The suitability of the models was
assessed by comparing their correlation coefficients, represented as R2 values.

Langmuir Isotherm

The Langmuir isotherm is a commonly used model for analyzing pollutant adsorption
processes. It is applicable in cases where monolayer adsorption occurs on a surface with a
limited number of identical sites that have uniform adsorption energies and where there is
no transmigration of the adsorbate in the plane of the surface. The Langmuir isotherm is
given by:

A =
KL·Amax·Ceq

1 + KL·Ceq
, (3)

where A—amount of 2,4-DCBA adsorbed per gram, mol·g−1; Amax—maximum adsorption
capacity, mol·g−1; Ceq—equilibrium 2,4-DCBA concentration, mol·L−1; KL—Langmuir
constant, L·mol−1.

Freundlich Isotherm

The empirical Freundlich isotherm is used to describe non-ideal adsorption on hetero-
geneous surfaces as well as multi-layer sorption with interaction between molecules and is
expressed by the following equation:

A = KF·C1/n
eq , (4)

where A—amount of 2,4-DCBA adsorbed per gram, mol·g−1; KF—Freundlich constant,
mol·g−1; Ceq—equilibrium 2,4-DCBA concentration, mol·L−1; 1/n—measure of adsorp-
tion intensity or surface heterogeneity. The closer the value of 1/n is to zero, the more
heterogeneous the surface.

Dubinin-Astakhov Isotherm

The Dubinin theory, which considers volume filling mechanism for vapor adsorp-
tion [25,26], has been shown to be applicable in studying the adsorption of organic com-
pounds from their solutions [27]. The Dubinin–Astakhov equation is presented as follows:

A = Amax exp

−
RT· ln(Cmax

Ceq
)

Ee f f
ads

n, (5)

where Amax is the maximum adsorption capacity, mol·g−1; Cmax is the highest concentration
of 2,4-DCBA in water, mol·L−1; Ceq is the equilibrium 2,4-DCBA concentration, mol·L−1;

Ee f f
ads is the characteristic energy of 2,4-DCBA adsorption, kJ·mol−1.

The maximum amount of 2,4-DCBA (Vmax) adsorbed per gram (or maximum adsorp-
tion capacity) was defined by the Dubinin–Astakhov isotherm model:

Vmax =
Amax·Mr

ρ
, (6)

where Mr is the molar mass of 2,4-DCBA (191 g·mol−1); ρ is the density of 2,4-DCBA
(1.517 g·cm−3).
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2.3. Characterization of the Samples

The structure and morphology of the carbon nanomaterials were studied by scanning
electron microscopy (SEM) on a JSM-6460 instrument (JEOL, Tokyo, Japan) at magnification
factors ranging from 8 to 300,000.

The transmission electron microscopy (TEM) studies were conducted using a Hitachi
HT7700 TEM (Hitachi, Tokyo, Japan) with an acceleration voltage of 100 kV and a W source.
The TEM was also equipped with a STEM system and a Bruker Nano XFlash 6T/60 energy
dispersive X-ray (EDX) spectrometer (Bruker Nano GmbH, Berlin, Germany).

The X-ray powder diffraction (XRD) analysis of the samples has been performed on
a Shimadzu XRD-7000 diffractometer (CuKα radiation, graphite monochromator). The
patterns were recorded in the step mode in the angular range 2θ = 20–100◦, step 0.05◦.

The specific surface area (SSA) and pore volume (VΣpore) were determined using the
low-temperature nitrogen adsorption/desorption method. The samples were degassed
at 150 ◦C for 16 h under an oil-free vacuum. The adsorption isotherms were measured
at 77 K using an ASAP-2400 automated instrument (Micromeritics, Norcross, GA, USA).
Free volume in the cells was measured by means of He displacement before the isotherm
acquisition. The samples were additionally degassed at room temperature under an oil-
free vacuum in situ at the measuring port between the free volume and the isotherm
measurements. The steep increase in a low-pressure region indicates the presence of
micropores, whose amount was calculated by means of the t-method using reference
nitrogen adsorption for carbonaceous materials [28]. Taking in mind the possible presence
of micropores, we applied the MA-BET technique [29] instead of traditional BET [30] to
calculate the specific surface area of the materials.

The X-ray photoelectron spectroscopy (XPS) spectra were acquired using a SPECS pho-
toelectron spectrometer (SPECS Surface Nano Analysis GmbH, Berlin, Germany), which
employed a PHOIBOS-150-MCD-9 hemispheric analyzer and a FOCUS-500 monochro-
mator (Al Kα, hν = 1486.74 eV, 150 W). The spectrometer’s binding energy (BE) scale
was pre-calibrated using the Au 4f7/2 (84.0 eV) and Cu 2p3/2 (932.6 eV) core level peaks.
The binding energies were determined with an accuracy of ±0.1 eV. The samples were
applied to conducting Scotch tape and studied without pretreatment. By analyzing the
individual spectra of the elements, their electronic structures were determined, and the
atomic concentration ratios of elements on the sample surface were calculated, taking into
account the element sensitivity coefficients [31].

The pH point of zero charge (pHPZC) of the carbon materials was determined as
follows: 50 mg of the sample was mixed with 10 mL of a 0.01 M NaCl electrolyte solution at
different initial pH values (ranging from 2 to 12), which were adjusted using 0.1 M NaOH
and 0.1 M HCl solutions. The mixtures were then bubbled with argon and shaken for 24 h
at room temperature. After filtration, the pH of the filtrates was measured. To determine
the pHPZC, a plot of ∆pH versus pH0 was created, where pH0 is the initial pH and ∆pH is
the pH change after 24 h. The pHPZC was determined as the point of intersection of the
curve with the y = 0 axis. The results obtained are shown in Figure 1. The pHPZC was
found to be 5.9 for CNF-Cl and 5.2 for CNF-Cl-N.



C 2023, 9, 98 6 of 20C 2023, 9, x FOR PEER REVIEW 6 of 21 
 

 
Figure 1. pHPZC determination for CNF-Cl and CNF-Cl-N samples. The mass of the carbon samples 
was 0.05 g, and the volume of solution was 10 mL. 

3. Results and Discussion 
3.1. Synthesis and Characterization of CNF Samples 

The CTF samples were synthesized by pyrolysis of TCE and TCE with AN. The mor-
phology and structure of the synthesized carbon nanomaterial were studied by scanning 
and transmission electron microscopy. The data revealed that the material, synthesized 
by decomposing TCE, had a long tape-like filamentous structure (Figure 2a,b), with di-
ameters ranging from 200 to 500 nm, which even varied within a single carbon filament. 
The fibers were chaotically tangled and twisted around each other. The secondary struc-
ture of the material is mosaic, consisting of individual “flakes” of graphite ranging in size 
from 10 to 30 nm (Figure 2d, circled in yellow). These constituent parts of the carbon nan-
ofiber are not uniformly arranged, thus creating empty holes. They can also overlap each 
other, so it is not always possible to identify single “flakes”. It is important to note that 
such a loose fiber structure causes high specific surface area and porosity in the obtained 
material, which will be discussed below. 

It is worth mentioning that the images were taken for the carbon material washed 
from the catalyst, so there are no active Ni catalytic particles in the images. 

SEM and TEM images were also obtained to analyze the carbon product synthesized 
from the mixture of two substrates (TCE and AN). Figure 3a shows that the sample has 
the shape of submicron curved fibers (300–600 nm). Unlike the relatively long and straight 
CNF-Cl fibers, this material is mostly composed of short filaments with a clear segmental 
structure. The individual segments are closely spaced sheets of graphene, highlighted in 
yellow in Figure 3c, with loose, mosaic carbon in between. Additionally, small “flakes” in 
the gaps between the densely packed segments are highlighted in Figure 3d. Apparently, 
such segments are poorly interconnected, so the material is easily broken, and separately 
lying “fragments” of fibers can be seen on SEM images (Figure 3b). This structure was 
previously described and explained by the periodic chlorination-dechlorination process 
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Figure 1. pHPZC determination for CNF-Cl and CNF-Cl-N samples. The mass of the carbon samples
was 0.05 g, and the volume of solution was 10 mL.

3. Results and Discussion
3.1. Synthesis and Characterization of CNF Samples

The CTF samples were synthesized by pyrolysis of TCE and TCE with AN. The mor-
phology and structure of the synthesized carbon nanomaterial were studied by scanning
and transmission electron microscopy. The data revealed that the material, synthesized by
decomposing TCE, had a long tape-like filamentous structure (Figure 2a,b), with diameters
ranging from 200 to 500 nm, which even varied within a single carbon filament. The fibers
were chaotically tangled and twisted around each other. The secondary structure of the
material is mosaic, consisting of individual “flakes” of graphite ranging in size from 10 to
30 nm (Figure 2d, circled in yellow). These constituent parts of the carbon nanofiber are not
uniformly arranged, thus creating empty holes. They can also overlap each other, so it is
not always possible to identify single “flakes”. It is important to note that such a loose fiber
structure causes high specific surface area and porosity in the obtained material, which will
be discussed below.

It is worth mentioning that the images were taken for the carbon material washed
from the catalyst, so there are no active Ni catalytic particles in the images.

SEM and TEM images were also obtained to analyze the carbon product synthesized
from the mixture of two substrates (TCE and AN). Figure 3a shows that the sample has
the shape of submicron curved fibers (300–600 nm). Unlike the relatively long and straight
CNF-Cl fibers, this material is mostly composed of short filaments with a clear segmental
structure. The individual segments are closely spaced sheets of graphene, highlighted in
yellow in Figure 3c, with loose, mosaic carbon in between. Additionally, small “flakes” in
the gaps between the densely packed segments are highlighted in Figure 3d. Apparently,
such segments are poorly interconnected, so the material is easily broken, and separately
lying “fragments” of fibers can be seen on SEM images (Figure 3b). This structure was
previously described and explained by the periodic chlorination-dechlorination process of
the catalytic particle surface [32].
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Figure 4 shows the XRD diffraction patterns of the CNF-Cl and CNF-Cl-N samples
after acidic treatment. Both samples contain a graphite-like phase with an intense 002 reflex
at a 2θ of 25.6◦ and 25.8◦. The peak shape is asymmetric, with a gradually decreasing
shoulder in the region of smaller angles, indicating that the interlayer distances, d002, were
not constant. This shape of the peaks is in accordance with TEM data: in the CNF-Cl sample
there is an irregular layering of graphite “flakes”, and in the CNF-Cl-N sample there is
an alternation of dense segments with loose carbon. Also, peaks related to the Ni phase
were detected, despite the fact that the samples were previously etched with HCl acid.
This suggests the presence of blocked catalyst particles which are completely covered with
carbon. They cannot affect the adsorption characteristics of the material, so their presence
is not important.
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Table 1. Textural characteristics of the CNF-Cl and CNF-Cl-N samples calculated using BET analysis data.

Sample SSA, m2·g−1 VΣpore, cm3·g−1 Vmicropore, cm3·g−1 Vmesopore, cm3·g−1 Vmacropore, cm3·g−1 -
d, nm

CNF-Cl 310 0.53 0.025 0.35 0.155 6.8
CNF-Cl-N 250 0.82 0.017 0.41 0.393 13.2

The pore structure of the CNF samples is similar (Figure 5). However, the CNF-Cl
sample has a 30% higher volume of micropores (0.025 cm3·g−1) compared to the CNF-Cl-N
sample (0.017 cm3·g−1). CNF-Cl-N exhibits a higher total pore volume of 0.82 cm3·g−1,
primarily due to a significant contribution from mesopores, whereas CNF-Cl has a total
pore volume of 0.53 cm3·g−1. This results in CNF-Cl-N having an average pore diameter
almost twice that of CNF-Cl, measuring 13.2 nm and 6.8 nm, respectively. The larger pore
diameter is attributed to the presence of macropores between the segments of carbon fibers
in CNF-Cl-N (Figure 3).

The surface chemistry of CNF-Cl and CNF-Cl-N samples was analyzed using the XPS
method. The survey spectra presented in Figure 6 indicate that surfaces of carbon materials
studied contain, along with carbon, oxygen, nitrogen, and chlorine. The atomic percentages
of these elements were calculated and are shown in Table 2.
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Table 2. Elemental composition of the surface for CNF-Cl and CNF-Cl-N samples (XPS data).

Sample Content, at%
C Cl N O

CNF-Cl 98.1 0.23 - 1.6
CNF-Cl-N 96.1 - 0.33 3.6

The XPS data revealed that the synthesized CNF samples mainly consist of carbon,
with a small percentage of oxygen and trace amounts of chlorine and nitrogen (Table 2). To
identify the functional groups, present on the surfaces of CNF-Cl and CNF-Cl-N, a detailed
analysis of each element’s spectral lines was performed (Figure 7).

The Cl2p XPS spectrum of the CNF-Cl sample shows two Cl2p3/2 and Cl2p1/2 lines,
with binding energies of 200.5 eV and 202.2 eV, respectively (Figure 7a). These values are
almost identical to those observed for chlorinated graphene [33], indicating that all of the
chlorine on the CNF-Cl surface is bound to carbon.

Table 2 shows that the addition of AN to the reaction mixture resulted in the formation
of a carbon material without chlorine. However, this CNF-Cl-N sample contained some
amounts of nitrogen (Table 2) in the form of pyridinic (398.4 eV), pyrrolic (400.1 eV), and
graphitic (401.3 eV) nitrogen groups, as well as NOx-containing groups (Figure 7b) [34,35].
Moreover, this sample exhibited a higher surface oxygen content compared to CNF-Cl
(Table 2). The O1s spectrum could be decomposed into two peaks with binding energies of
531.8 and 533.2 eV (Figure 7c). The first peak was attributed to C=O or O-C=O functional
groups, where there is a double bond between the oxygen and carbon atoms. The second
peak, with a higher binding energy, was attributed to C-OH or C-O-C functional groups
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with a single bond between the oxygen and carbon atoms [36]. Comparing the areas of
these peaks (Figure 7c) revealed that phenol and ether functional groups were predominant
on the CNF-Cl-N surface. Note that these group percentages are notably higher on the
CNF-Cl surface (Table 3), despite containing two times less oxygen (Table 2).
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Table 3. Fraction of oxygen and carbon functional groups on the surfaces of CNF-Cl and CNF-Cl-N
samples based on XPS data.

Sample Functional Groups, % 1

C=C C-O, C-OH, C-O-C C=O O-C=O, COOH

CNF-Cl
O1s - 70.9 29.1
C1s 77.4 12.5 5.5 4.7

CNF-Cl-N O1s - 59.2 40.8
C1s 76.8 15.2 4.6 3.5

1 calculated by taking the total amount of carbon as 100% and oxygen as 100%.

The C1s line exhibits an asymmetric shape at high binding energies (Figure 7d),
indicating the presence of oxygen-containing functional groups on the surface of the
studied CNFs. Deconvolution of the C1s spectrum identified four carbon states with
binding energies of 284.5, 285.8, 287.3, and 289.2 eV, corresponding to sp2 carbon, sp3

carbon bound to a single oxygen, sp2 carbon bound to oxygen, and sp2 carbon bound to
two oxygens, respectively [37]. According to the data presented in Table 3, phenol and
ether functional groups were predominant among oxygen-containing functional groups,
which is consistent with the results of O1s spectrum deconvolution (Table 3, Figure 7c).
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In summary, the CNF-Cl sample synthesized from TCE consists of loose carbon fibers
that form agglomerates with ordered graphene layers. This sample has a specific surface
area of 310 m2·g−1 and a porous structure mainly composed of mesopores. On the other
hand, when AN is added to TCE, the resulting CNF-Cl-N sample has very loosely packed
carbon fibers with randomly arranged segments. These segments are separated by large
pores, resulting in a comparable volume of mesopores and macropores. The presence of
a higher proportion of large pores leads to a lower specific surface area of 250 m2·g−1.
Furthermore, CNF-Cl-N has twice as much oxygen on its surface compared to CNF-Cl,
which can be attributed to the presence of phenol and ether functional groups.

3.2. Adsorption of 2,4-DCBA from Aqueous Solutions

The focus of the study was to investigate the adsorption properties of the synthesized
CNFs with respect to 2,4-DCBA, which is an intermediate product in the degradation of
chlorine-containing pesticides. 2,4-DCBA is a halogenated carboxylic acid that exists as
a white to slightly yellowish crystalline solid. According to publicly available reference
information, it has low solubility in water, approximately 2.5 mM at 25 ◦C, and exhibits
hydrophobic characteristics with a logKow value of 2.82. This weak organic acid has a pKa
of 2.68 at 25 ◦C. The distribution of 2,4-DCBA between its neutral and ionized forms at
various pH levels is shown in Figure S2. At pH values below 2.68, the compound exists in
a protonated, neutral form, which is more hydrophobic and less soluble in water. As the
pH increases, the equilibrium shifts towards the deprotonated form of 2,4-DCBA, which
is more hydrophilic and more soluble in water. Schematically, the shape of 2,4-DCBA
in molecular and ionic forms with a Van der Waals surface is represented in Figure 8. It
was built using the Avogadro program (Version 1.2.0, https://avogadro.cc, accessed on
20 June 2023). The ionic form exhibits greater polarity, reflected by the higher density of
electrostatic charges compared to the molecule form. The cross-section area was estimated
to be 0.82 nm2. The dipole moment, previously calculated in [38], was reported to be
4.43 ± 0.13 D.
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Figure 8. Model of 2,4-DCBA in molecular (left) and ionic (right) forms, visualized using the
Avogadro program. The models are color-coded based on electrostatic surface potentials, with
negative and positive charges represented by red and blue colors, respectively, and neutral residues
shown in gray.

3.2.1. Adsorption of 2,4-DCBA at Natural pH

The equilibrium adsorption of 2,4-DCBA onto the surface of synthesized carbon
nanofibers was studied. Initially, the adsorption process was examined without pH control
under the natural acidity of the solution. A distinctive feature of this research was the use
of concentrated solutions of 2,4-DCBA up to saturation. This approach makes it possible to
determine the maximum adsorption capacity of materials.

Figure 9 shows that the adsorption isotherms of 2,4-DCBA on both CNFs are al-
most identical and exhibit Lmx type, according to Giles classification [39]. At the initial
part of the curve, the adsorption increases until the concentration of 2,4-DCBA reaches

https://avogadro.cc
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1.13 mM. The maximum adsorption capacities are found to be 2.32 mmol·g−1 for CNF-
Cl and 2.29 mmol·g−1 for CNF-Cl-N. However, as the concentration of 2,4-DCBA in the
solution further increases, the extent of adsorption decreases. This dependence remains
consistent even when the ionic strength of the solution varies (Figure S3). Thus, the pres-
ence of additional ions does not affect the adsorption properties of carbon materials for
2,4-DCBA.
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Figure 9. Experimental adsorption isotherms of 2,4-DCBA on CNF-Cl and CNF-Cl-N samples at a
natural pH.

It should be noted that this type of isotherm is not typical. To verify the experimental
data obtained, we carried out several repetitive experiments with different adsorption times
ranging from one to four days. The resulting adsorption curves exhibited negligible differ-
ences, with a maximum deviation of less than 3%. This confirms the high reproducibility of
the data and the reliability of the research results. Furthermore, it indicates that equilibrium
is reached within 24 h, as traditionally used in our experiments, and that external diffusion
does not influence the adsorption process.

Literature suggests that such adsorption isotherms with a maximum are typically
observed in aqueous solutions of substances prone to association, such as detergents. It
is believed that as the concentration of the solution increases, a point is reached when the
attraction between polar solute molecules becomes stronger than their interaction with the
adsorbent. This leads to the desorption of some of the substance from the surface, which
then forms solvated micelles [39,40].

Data on the self-association of 2,4-DCBA in aqueous solutions were not found in the
literature. However, early researches have indicated that benzene [41], some substituted
benzoic acids [42], pyridinic acids [43], and aliphatic carboxylic acids [44] can form a small
number of dimers in an aqueous solution at concentrations near saturation. Nevertheless,
it was later revealed that the formation of dimers and clusters of benzoic acid in diluted
aqueous solutions is not energetically favorable [45]. In addition, no dimerization of 2,6-
diftorobenzoic acid was observed in water, likely since the acid strongly dissociates in the
solution [42]. The pKa values for 2,6-difluorobenzoic acid (2.85) and 2,4-dichlorobenzoic
acid (2.68) are very close. It can therefore be assumed that the self-association effect of 2,4-
DCBA in an aqueous solution is negligible and cannot explain the presence of a maximum
on the adsorption isotherm.

Another possible reason for the decrease in adsorption could be the solvation of
the 2,4-DCBA molecules. At high concentrations, the formation of a hydration shell
around 2,4-DCBA molecules could hinder their adsorption in micropores due to the size
effect. Nevertheless, it is important to note that the maximum amount of 2,4-DCBA that
can be adsorbed in micropores is relatively low, at only 0.2 mmol·g−1 for CNF-Cl and
0.13 mmol·g−1 for CNF-Cl-N. Additionally, the decline in adsorption after reaching the
maximum is significant, dropping from 2.32 mmol·g−1 to 0.76 mmol·g−1 for CNF-Cl and
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from 2.29 mmol·g−1 to 0.56 mmol·g−1 for CNF-Cl-N. These observations suggest that the
majority of adsorption occurs in mesopores.

Moreover, this type of isotherm, known as the excess adsorption isotherm, is typically
observed in the adsorption of binary mixtures of miscible liquids [39,46]. In our study, we
investigated a one-component solution of 2,4-DCBA in water. However, as mentioned
above, 2,4-DCBA is a weak acid that dissociates in an aqueous solution. Over the con-
centration range of 0.15–2.5 mM, pH and their dissociation degree change from 4.2 and
98% to 3.1 and 64%, respectively (Figures 9 and S2). Therefore, at each point on Figure 9,
there are both molecular and ionized forms of 2,4-DCBA present at different ratios. These
different forms are likely to have different affinities for adsorption onto the synthesized
CNF samples, which have a positively charged surface within the pH range under study
(Figure 1) due to interaction with protons (Figure 10).
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Figure 10. Functional groups on the surfaces of carbon materials in alkali and acidic medium.

In the subsequent stage of the research, the adsorption of 2,4-DCBA was therefore
studied at fixed pH values (2, 3, 4, 5, and 9) when the concentrations of the molecular
and ionized forms of the acid were constant. This approach allowed for a more accurate
determination of the effect of the 2,4-DCBA dissociation degree and surface recharging on
the adsorption process.

3.2.2. Adsorption of 2,4-DCBA at Different pH Values

Figure 11 shows the adsorption isotherms of 2,4-DCBA on CNF-Cl and CNF-Cl-N
samples at different pH values. The corresponding 2,4-DCBA dissociation degrees at
each pH are presented in Table 4. The adsorption isotherms were found to exhibit the
L2 type, according to the Giles classification [39]. Notably, the maximum observed at
adsorption at the natural pH of the 2,4-DCBA solution (Figure 7) is absent, which may be
attributed to an increase in positive charge of the CNF surface with an increase in pH of the
solution (Figure 10).

This observation supports the hypothesis that the dissociation degree of the acid has a
greater influence on the adsorption behavior than its solvation and self-association. Recall
that the L2 type isotherm is characterized by the absence of strong competition between
solvent and adsorbate for adsorption sites on the adsorbent surface, and adsorption occurs
due to relatively weak forces such as van der Waals. Moreover, this type of isotherm usually
indicates that the adsorbate molecules are adsorbed flat on the surface [40].
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Table 4. The degree of 1,2-DCBA dissociation at different pHs.

pH 2 3 4 5 9

Dissociation Degree, % 17 67 95 99.5 100

The Langmuir, Freundlich, and Dubinin-Astakhov models were used to fit the isotherm
parameters, and the results are presented in Tables S1 and S2. The Langmuir model was
found to provide a sufficiently high determination coefficient (R2 > 0.9). However, using
the Langmuir model is not entirely justified since it assumes monomolecular adsorption.
Taking into account the specific surface area of the adsorbents (Table 1) and the molecular
size of 2,4-DCBA (estimated as 0.82 nm2), the monolayer capacity (A0) was calculated
as follows:

A0 =
SSA

S2,4−DCBANA
, (7)

where SSA is the specific surface area of the adsorbent, m2·g−1; S2,4−DCBA is the cross-
section area of 2,4-DCBA molecule, m2; NA is the Avogadro number (6.02 × 1023 mol−1).

The calculated values of the monolayer capacity (A0) for CNF-Cl and CNF-Cl-N were
found to be 0.63 mmol·g−1 and 0.5 mmol·g−1, respectively. These values are significantly
lower than the adsorption capacities achieved for all pH values except pH 9 (Table 5).
These adsorption capacities decrease with increasing pH, but this trend is not reflected
in the calculated Langmuir constants (Tables S1 and S2). Based on these results, it can be
concluded that the adsorption of 2,4-DCBA from an aqueous solution on CNF-Cl and CNF-
Cl-N involves multilayer adsorption or volume filling of pores in the carbon nanofibers.
This observation is consistent with the high accuracy of the approximation of experimental
data with the Dubinin-Astachov equation with n = 1 (R2 > 0.947, Tables S1 and S2). The same
determination coefficient value is also observed when experimental data is approximated
using the Freundlich model (Tables S1 and S2). This indicates that the surface of CNF
is heterogeneous, with the presence of centers exhibiting different adsorption forces for
2,4-DCBA. This observation is consistent with the presence of various oxygen-containing
functional groups on the surfaces of CNF (Figure 7). Adsorption forces act at a distance,
causing the concentration of adsorbate molecules in the pores of the carbon material.
However, at different pH values, the ratio of ionized and molecular forms of CNF functional
groups will vary, thereby affecting the adsorption of 2,4-DCBA. This is indirectly supported
by the data obtained from the determination of the pHPZC for CNF-Cl and CNF-Cl-N
samples (Figure 1).
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Table 5. Parameters for the monolayer capacity (A0), the achieved adsorption capacity (A), and the
pore filling (F) for 2,4-DCBA on the CNF-Cl and CNF-Cl-N samples at different pHs.

Sample
A0,

mmol·g−1

Natural pH 1 pH = 2 pH = 3 pH = 4 pH = 5 pH = 9

A 2,
mmol·g−1 F, % A 2,

mmol·g−1 F, % A 2,
mmol·g−1 F, % A 2,

mmol·g−1 F, % A 2,
mmol·g−1 F, % A 2,

mmol·g−1 F, %

CNF-Cl 0.63 2.32 55 2.1 50 1.64 39 1.28 30 1.05 25 0.22 5

CNF-Cl-
N 0.5 2.29 35 1.32 20 0.98 15 0.87 13 0.66 10 0.15 2.3

1 at maximum. 2 standard deviation was with accuracy of ±3%.

Based on Figure 11, Tables 5, S1 and S2, it is evident that pH has a significant effect
on the adsorption of 2,4-DCBA on the surface of the studied carbon nanofibers. Both CNF
samples show a similar trend, with maximum adsorption observed at pH 2 and decreasing
adsorption with increasing pH. The minimal adsorption capacities, which do not exceed
the monolayer capacities, were obtained at pH 9 (Table 5). The reduced adsorption at
alkaline pH can be attributed to electrostatic repulsion between the anions of completely
dissociated 2,4-DCBA (pKa = 2.68) and the negatively charged carbon surfaces (Figure 10).
CNF-Cl-N, which has more oxygen-containing functional groups, exhibits less effective
adsorption of 2,4-DCBA from aqueous solutions.

At pH 5, although 2,4-DCBA is primarily in the dissociated form of the anion (Table 4),
the surface charge of the CNF samples is close to neutral. Therefore, the electrostatic
repulsion between the anions and the CNF surface is reduced, leading to a four-fold
increase in the adsorption of 2,4-DCBA compared to that at pH 9. However, the obtained
adsorption values slightly exceed monolayer capacities (Figure 12).
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Figure 12. Variation of achieved adsorption capacities with pH for (a) CNF-Cl and (b) CNF-Cl-N samples.

As the pH decreases below 5, the carbon surface becomes positively charged (Figure 1).
This results in the electrostatic attraction of the 2,4-DCBA anions, which are still present in
significant quantities in solution at pH 3 and 4, to the surface. This also leads to an increase
in the adsorption of 2,4-DCBA on the surface of CNFs.

At pH 2, maximum saturation of the surface with protons is achieved [47] (Figure 1).
This also promotes the adsorption of 2,4-DCBA from the water solution since even the
non-dissociated molecular form of the acid has a dipole moment that is twice as high
(4.43 D) as water (1.85 D). Additionally, the presence of hydrogen acceptor atoms (N and
O) on the surface of the carbon nanofibers suggests the possibility of hydrogen bonding
with the COOH group in 2,4-DCBA [48,49]. Therefore, despite the electroneutrality of the
2,4-DCBA molecule (83% in the non-dissociated form), these interactions are believed to be
responsible for the enhanced adsorption of 2,4-DCBA on the carbon nanofiber surface at
low pH values.
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It is important to note that nitrogen-containing carbon nanofibers, CNF-Cl-N, exhibit
lower adsorption capacity compared to the CNF-Cl sample across the entire range of pH
values (Figures 11 and 12 and Table 5). One possible reason for this observation is the 30%
lower volume of micropores in CNF-Cl-N (Table 1), which are predominantly filled during
adsorption. Another contributing factor may be the enrichment of the CNF-Cl-N surface
with functional groups, which increases its hydrophilicity.

However, there are no significant differences in the concentrations of oxygen-containing
groups (Table 2). Therefore, at the natural pH of the 2,4-DCBA solution, both CNF-Cl and
CNF-Cl-N have similar adsorption capacities of 2.32 and 2.29 mmol·g−1, or 0.292 and
0.288 cm3·g−1, respectively. This means that during the adsorption process, the pore
volume is filled by 55% for CNF-Cl and by 35% for CNF-Cl-N, even from a saturated
solution (Table 5). The higher values could not be achieved due to the limited solubility of
2,4-DCBA in water. However, these adsorption capacities are higher than those obtained at
fixed pHs (Table 5).

This study demonstrates the effectiveness of using carbon nanomaterials produced
through catalytic pyrolysis of organochlorine wastes for water purification. Specifically,
it focuses on the removal of 2,4-DCBA, which is an intermediate product resulting from
the decomposition of highly toxic chlorinated pesticides. In this case, the inclusion of
nitrogen in the CNF, which occurs as a result of the presence of acetonitrile in the reaction
mixture during its synthesis, has a little effect on its adsorption capacity at the natural pH
of the solution.

Achieving high adsorption capacities is crucial in the field of water purification as
it enables more efficient removal of 2,4-DCBA from aqueous mediums. Significantly, the
adsorption capacities obtained in this study exceed those reported in the scientific literature
(Table S3), indicating a remarkable advancement in the field. For comparison, renowned
materials such as Pd/carbon black, Pd/multi-walled carbon nanotubes, and Pd/granular
activated carbon exhibit adsorption capacities of 0.26 mmol·g−1, 0.16 mmol·g−1, and
0.05 mmol·g−1, respectively [50]. An even lower adsorption capacity of 0.013 mmol·g−1

was observed for functionalized palladium/granular activated carbon with cetyltrime-
thylammonium bromide [51].

These findings are of utmost importance as they demonstrate a substantial improve-
ment over the current state-of-the-art adsorption materials. The enhanced adsorption
capacities achieved in this study pave the way for more efficient and effective water purifi-
cation adsorbents targeting the removal of toxic 2,4-DCBA. Furthermore, producing such
adsorption materials through the utilization of chlorinated organic compounds not only
offers benefits to the environment but also provides cost savings.

4. Conclusions

In this study, two samples of carbon nanofibers were synthesized using the pyrol-
ysis method. The first sample, CNF-Cl, was synthesized from trichloroethylene, while
the second sample, CNF-Cl-N, was synthesized from a mixture of trichloroethylene and
acetonitrile. The objective of the study was to investigate the adsorption properties of these
carbon materials towards 2,4-DCBA, which is an intermediate product in the decomposition
of chlorinated pesticides.

It was found that during the pyrolysis of trichloroethylene, CNF-Cl was formed, with
a specific surface area of 310 m2·g−1. The porous structure of CNF-Cl consists mainly of
mesopores. The addition of acetonitrile to the reaction mixture leads to the fragmentation
of the carbon filaments into separate segments, creating large pores between them. As
a result, the amount of these large pores becomes predominant while the quantity of
micropores is reduced. Consequently, the specific surface area decreases to 250 m2·g−1.
Additionally, CNF-Cl-N has twice as much oxygen on its surface compared to CNF-Cl,
which is attributed to the presence of phenol and ether functional groups.

The study investigated the adsorption of 2,4-DCBA on both CNFs without pH control
under the natural acidity of the solution. It was observed that with an increase in the
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concentration of 2,4-DCBA in the solution, there is a dependence with a maximum on
the adsorption capacity, which weakly depends on the ionic strength. The maximum
adsorption capacity was found to be achieved within the concentration range of 0.7 to
1.2 mM, corresponding to a pH of 3.4 ± 0.1. At this pH, the equilibrium ratio between
the ionized and molecular forms of 2,4-DCBA in the solution is 70:30, respectively. The
carbon surfaces are positively charged due to the ionization of ketonic groups (pHPZC is
5.6 for CNF-Cl and 5.2 for CNF-Cl-N). Therefore, the increase in adsorption capacity to
about 2.3 mmol·g−1 at pH 3.4 ± 0.1 is associated with the increase in concentration of
2,4-DCBA, which has a low dipole moment even in non-ionized form. However, a further
decrease in adsorption capacity may be attributed to the decrease in the concentration of
the ionized form of the acid in the solution, which is adsorbed on the surface of CNFs
through electrostatic interactions.

The detailed study of the adsorption of 2,4-DCBA on CNFs at various pH levels (2, 3,
4, 5, and 9) shows that as the pH of the solution increases, the amount of adsorbed acid
decreases. The highest amount of 2,4-DCBA remains in the solution at pH 9. Apparently,
due to the interaction of alkali with acidic functional groups, the surface of CNFs acquires a
negative charge, resulting in weak adsorption of the fully ionized form of the acid on both
CNF-Cl-N and CNF-Cl surfaces.

It was observed that CNF-Cl-N exhibits a lower adsorption capacity of 2,4-DCBA
compared to CNF-Cl. This can be attributed to the fact that the nitrogen-containing CNF-
Cl-N sample has a lower specific surface area, a lower micropore volume, and a slightly
higher concentration of oxygen-containing functional groups on the surface than CNF-Cl.
However, these differences are not significant, indicating that both carbon materials can
be effectively used for removing 2,4-DCBA from water environments. Additionally, the
achieved adsorption capacities are eight times higher than those reported by other re-
searchers.

These results demonstrate that effective adsorbents for water treatment, specifically
for removing 2,4-DCBA, can be prepared by pyrolyzing chlorine-containing wastes as well
as their mixtures with nitrogen-containing wastes.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/c9040098/s1, Figure S1: Nitrogen adsorption isotherm (77.4 K)
for (a) CNF-Cl and (b) CNF-Cl-N; Figure S2: Species distribution of 2,4-DCBA as a function of solution
pH; Figure S3: The influence of ionic strength on the adsorption of 2,4-DCBA on the carbon material.
(a) Experimental adsorption isotherms of 2,4-DCBA obtained in water and 0.1 M NaCl solution
at a natural pH. (b) Experimental adsorption isotherms of 2,4-DCBA at pH = 2 and different ionic
strengths. Ionic strengths of 0.014 M and 0.044 M were obtained by using HCl with concentrations
of 0.1 M and 2.45 M for adjusting the pH to 2; Table S1: Values of parameters calculated from the
Langmuir, Freundlich, and Dubinin–Astakhov adsorption isotherms for 2,4-DCBA on the CNF-Cl
sample at different pHs; Table S2: Values of parameters calculated from the Langmuir, Freundlich,
and Dubinin–Astakhov adsorption isotherms for 2,4-DCBA on the CNF-Cl-N sample at different
pHs; Table S3: Comparison of maximum adsorption capacities of various adsorbents for 2,4-DCBA.
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