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Abstract

In this work, Ni/C/N nanocomposites were synthesized from wheat straw and sugar beet
pulp by two-stage direct pyrolysis using nickel chloride and urea as activating agents. It was
demonstrated that nitrogen doping of the precursor, achieved using urea as the nitrogen
source, induces ferromagnetic behavior in the carbon material. Upon additional activation
with nickel chloride, the magnetic behavior of the C/Ni/N composites is governed by both
Ni nanoparticles with an average size of approximately 100 nm and the magnetism of the
nitrogen-doped carbon matrix. Wheat-straw-derived composites exhibited predominantly
microporous structures with larger BET surface areas, whereas sugar-beet-pulp-derived
samples contained a higher proportion of mesopores. Although the latter possessed lower
specific surface areas, they demonstrated superior adsorption capacities toward Congo Red
owing to improved accessibility of adsorption sites for large dye molecules. The adsorption
process was best described by the Langmuir model, while the Dubinin–Radushkevich
model suggested strong specific physicochemical interactions between dye molecules and
the adsorbent surface. The results demonstrate that the adsorption efficiency of biomass-
derived Ni/C/N nanocomposites is governed not only by the total surface area but also by
pore architecture and surface chemistry.

Keywords: carbon nanocomposites; porous structure; specific magnetization; Congo Red;
adsorption isotherm; adsorption capacity

1. Introduction
Access to clean freshwater has become increasingly limited in many countries in recent

decades. Rapid industrial and agricultural development, together with population growth,
has increased pressure on freshwater resources and contributed to their deterioration. As
a result, the growing demand for freshwater has led to an increasing global shortage of
potable water. Considering that freshwater accounts for only approximately 3% of the
Earth’s total water resources, the development of efficient water purification technologies
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has become an issue of paramount importance [1,2]. Wastewater represents the most
heavily contaminated type of water and is generally classified into municipal, agricultural,
and industrial wastewater [3]. Natural water bodies possess a certain self-purification
capacity, enabling the natural removal of some contaminants. However, excessive discharge
of untreated wastewater and the high concentrations of persistent pollutants exceed the
self-purification capacity of aquatic ecosystems, as demonstrated by studies conducted in
different regions of the world [4–6]. Therefore, the implementation of integrated wastewa-
ter treatment technologies is essential, although challenging because of the wide variety
of contaminants, the number of which continues to increase. Such integrated treatment
approaches should combine the advantages of physical, chemical, and biological meth-
ods for contaminant removal, as each of these methods possesses its own strengths and
limitations [7–10].

In wastewater treatment systems, adsorption is widely employed because it provides
high purification efficiency at a relatively low cost [11,12]. Numerous studies have demon-
strated that modified adsorbents derived from natural precursors and carbon composites
impregnated with nanomaterials have considerable potential for removing a broad spec-
trum of contaminants from wastewater [12–15]. However, powdered carbon adsorbents
suffer from a significant drawback that limits their practical application in many cases,
as they are extremely difficult to separate from the treated aqueous medium because the
average density of porous carbon materials is comparable to that of water. Consequently,
additional separation steps, such as filtration or centrifugation, are required, which increase
both the overall treatment cost and processing time. One promising approach to overcom-
ing this limitation is the synthesis of magnetically responsive carbon nanocomposites. Such
composites combine the beneficial properties of carbon materials with those of nanopar-
ticles incorporated into the carbon framework. The carbon matrix offers a high specific
surface area and substantial pore volume, whereas the magnetic nanoparticles impart mag-
netic properties to the synthesized nanocomposite. This combination allows the adsorbent
to be efficiently recovered from the treated aqueous medium by magnetic separation.

Numerous studies [16–18] have shown that iron oxide nanoparticles are environmen-
tally benign, inexpensive, and readily available components for the preparation of such
composites, making them promising materials for various applications. However, in the
absence of protective coatings, these nanoparticles may undergo oxidation or dissolution
when exposed to acidic aqueous media, thereby limiting their practical applicability [19].
Consequently, considerable efforts have been devoted to developing alternative routes
for producing magnetic particles in carbon composites. One such approach involves the
incorporation of nickel nanoparticles. Nickel nanoparticles are most commonly employed
in carbon composites as catalysts for various processes [20,21]. Nevertheless, the presence
of a highly porous carbon component also makes these composites attractive adsorbents
for removing contaminants efficiently from aqueous solutions [22]. Another strategy for
enhancing both porosity and specific magnetization is the incorporation of nitrogen atoms
into the composite structure. In our earlier work [23], we showed that adding urea in
addition to nickel chloride promotes more efficient incorporation of nickel into the carbon
structure. Hydrolysis lignin was used as the carbon precursor in that study. The magnetic
behavior of the resulting C/Ni/N composite was associated with superparamagnetic Ni
nanoparticles smaller than 30 nm, together with the magnetic contribution of the carbon
matrix. Importantly, this nanocomposite exhibited no residual magnetization. In contrast,
when the C/Ni composite was synthesized without nitrogen doping, the Ni nanoparticles
were larger than 30 nm on average, resulting in the emergence of magnetic hysteresis.
However, the proposed synthesis approach and the conclusions drawn from it require
further validation using other organic precursors. In addition, the previous study [23] did
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not investigate the practical application of the synthesized carbon materials. Specifically,
the influence of this synthesis approach on the adsorption efficiency toward contaminants
in aqueous solutions was not established.

Accordingly, this study focused on synthesizing C/Ni/N carbon composites from
different biomass precursors and investigating their structural characteristics, porous
architecture, magnetic behavior, and adsorption performance.

2. Materials and Methods
2.1. Sample Synthesis

Agricultural wastes, namely wheat straw and sugar beet pulp, were used as carbon
precursors. The nanocomposites were synthesized following the procedure previously
reported for the preparation of magnetically responsive nanocomposites in [23]. The first
stage for both types of biomass consisted of a pre-pyrolysis step. Pelletized wheat straw
or dried sugar beet pulp was loaded into a furnace crucible and pre-pyrolyzed at 400 ◦C
for 90 min. In the second stage, each resulting carbonizate was mixed separately with
NiCl2·6H2O and urea at a mass ratio of 0.75:1:0.5. Next, distilled water was introduced,
and the mixtures were heated under continuous stirring until complete dissolution of
NiCl2·6H2O and urea. The resulting mixtures were dried, transferred again into furnace
crucibles, heated to 800 ◦C at 10 ◦C min−1, and held at this temperature for 60 min. The
synthesis was carried out under an argon atmosphere. The synthesized nanocomposites
were subsequently washed with hot distilled water and subsequently dried at 100–110 ◦C
in a drying oven. Hereafter, the C/Ni/N nanocomposites synthesized from wheat straw
and sugar beet pulp are designated as CW3 and CB3, respectively.

Following the procedure described in [23], additional composites were synthesized
using nickel chloride or urea separately as the activating agent. The preparation of these
samples likewise involved a two-stage process. Initially, wheat straw and sugar beet pulp
were pre-pyrolyzed at 400 ◦C for 90 min. The resulting pre-pyrolyzed materials were then
separately mixed with NiCl2·6H2O at a mass ratio of 0.75:1, after which sufficient distilled
water was introduced to dissolve the salt. The obtained mixtures were dried, transferred
into furnace crucibles, and pyrolyzed under argon at 800 ◦C for 60 min. The resulting
samples are hereafter denoted as CW2 for the wheat-straw-derived composite and CB2 for
the sugar-beet-pulp-derived composite.

To synthesize nitrogen-doped carbon materials, the pre-pyrolyzed wheat straw and
sugar beet pulp were combined with urea at a mass ratio of 1.5:1, followed by the addition
of distilled water to dissolve the urea. The impregnated materials were then dried and
pyrolyzed under argon at 800 ◦C for 60 min. The obtained carbon materials are hereafter
designated as CW1 for the wheat-straw-derived sample and CB1 for the sugar-beet-pulp-
derived sample.

2.2. Experimental Methods

XRD measurements of the synthesized carbon composites were performed using a
DRON-3 diffractometer (NGO ‘Burevestnik’, Saint Petersburg, Russia). Monochromatized
Cu Kα radiation (λ = 0.1542 nm) served as the X-ray source. The diffraction patterns were
recorded continuously at a rate of 2◦ min−1 across a 2θ interval of 5–110◦.

Elemental composition was determined by energy-dispersive X-ray spectroscopy
(EDX) using an analyzer integrated into a Phenom ProX scanning electron microscope
(Thermo Fisher Scientific, Waltham, MA, USA).

The pore structure of the composites was characterized using nitrogen adsorp-
tion/desorption measurements at 77 K using a Quantachrome NOVAtouch LX2 porosimeter
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(Anton Paar QuantaTec Inc., Boynton Beach, FL, USA). Prior to the measurements, all sam-
ples were subjected to vacuum degassing at 473 K for 16 h.

The magnetic characteristics of the synthesized nanocomposites were investigated
with a vibrating sample magnetometer, whose design, operating principle, and speci-
fications have been described in [24]. Prior to measurements, the instrument was cali-
brated by the comparison method with dense nonporous nickel (specific magnetization
of 54.8 emu g−1) as the reference material. Hysteresis loops were recorded at room tem-
perature in magnetic fields ranging from −3000 to +3000 Oe. The specific saturation
magnetization of the synthesized carbon materials was determined at a magnetic field
strength of 10,000 Oe.

The point of zero charge (pHPZC) of the synthesized composites was evaluated fol-
lowing the procedure reported in [25]. Measurements were performed using 0.05 M NaCl
aqueous solutions whose initial pH values ranged from 2.5 to 10. Initial pH values were
adjusted with 0.1 M NaOH and 0.1 M HCl solutions. The composite samples were equi-
librated for 24 h in the solutions of different initial pHi, after which the final pHf was
recorded. The pHPZC value was determined from the intersection of the curve representing
pHf − pHi = f (pHi) with the x-axis.

The adsorption performance of the synthesized carbon materials was assessed using
Congo Red (CR) aqueous solutions to construct the adsorption isotherms. To determine
the equilibrium adsorption capacity, approximately 20 mg of each sample was weighed
and transferred into glass test tubes, after which 10 mL of the CR model solution at a
predetermined initial concentration was added. The adsorption isotherm experiments
were performed in parallel using three samples of each material. Initial CR concentrations
were varied between 100 and 300 mg L−1. The pH of all aqueous solutions was 6. The
experiments were conducted at a temperature of 20 ◦C. The test tubes were tightly sealed
and placed on the platform of a laboratory shaker WU-4 (PREMED, Łódź, Poland). The
suspensions were shaken for 12 h at a frequency of 120 oscillations min−1 and subsequently
left undisturbed for a further 12 h to establish equilibrium. After this equilibration period,
the liquid phase was separated from the solid particles by centrifugation of an aliquot of the
suspension. The dye concentration was determined spectrophotometrically according to the
procedure described in [7,26]. Measurements were performed using an SF-46 single-beam
spectrophotometer (ASMA-PRYLAD, Svitlovodsk, Ukraine) equipped with an integrated
microprocessor control system. All measurements were performed using glass cuvettes
with a 10 mm optical path length. To ensure the accuracy of the determination, blank
measurements of changes in the CR concentration in the investigated solutions were
performed in parallel with the solutions containing the adsorbent.

3. Results and Discussion
3.1. X-Ray Diffraction and EDX Analysis of the Synthesized Carbon Materials

Figure 1 presents the X-ray diffraction patterns obtained for the synthesized compos-
ites, while the pattern of pure nickel is included in Figure 1(a) for reference.

The CW1 sample consists predominantly of an amorphous carbon phase (Figure 1(b)).
The position of the main diffraction maximum (2θ ≈ 22.3◦) corresponds to an interlayer
spacing of d ≈ 0.400 nm between graphene layers. This indicates a disordered arrangement
of the graphene layers, since the interlayer spacing in crystalline graphite is approximately
d ≈ 0.335 nm. A weak shoulder is observed on the low-angle side of the main maxi-
mum. Its maximum is located at 2θ ≈ 11.0◦, corresponding to an interplanar spacing
of d1 ≈ 2d ≈ 0.800 nm. The presence of the shoulder at this position may indicate that
the carbon phase develops a clustered structure. Similar shoulders are characteristic of
amorphous alloys of the Al–TM–REM system, with TM referring to transition metals and
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REM referring to rare-earth elements, in which clusters with predominant Al–REM atomic
interactions are formed [27]. A similar diffraction profile was previously reported by us
in [28] and was interpreted as evidence for the formation of an intermediate-range order
in addition to the short-range atomic order. This intermediate-range order arises from
correlations in the arrangement of carbon atoms over distances considerably exceeding the
characteristic interatomic spacing. For the maximum observed at 2θ ≈ 11.0◦ (Figure 1(b)),
the characteristic cluster size is estimated to be L ≈ 0.8 nm. Therefore, if the main maximum
results from X-ray scattering within individual carbon clusters, the shoulder preceding the
main maximum can be attributed to intercluster scattering [28]. In addition, several weak
broad peaks can be distinguished in the diffraction pattern shown in Figure 1(b), the most
intense of which is located at 2θ ≈ 44.4◦. These amorphous contributions may originate
from impurity elements naturally occurring in the plant-derived precursor alongside the
predominant carbon phase.

 
Figure 1. Diffraction profiles recorded for (a) pure nickel and the synthesized carbon nanocomposites,
(b) CW1, (c) CW2, (d) CW3, (e) CB1, (f) CB2, and (g) CB3.

The diffraction pattern of the CW2 sample (Figure 1(c)) exhibits a broad diffuse maxi-
mum centered at 2θ≈ 23.7◦, corresponding to scattering from the amorphous carbon phase.
The observed maximum is associated with an average interlayer spacing of d ≈ 0.375 nm
between graphene layers. The sharp diffraction peaks are assigned to the polycrystalline
Ni phase. The average size of the coherent scattering regions, estimated from the full width
at half maximum (FWHM) of the diffraction peaks, is approximately L ≈ 65 nm. The lattice
parameter of the Ni phase is a = 0.35258 ± 0.000031 nm.
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Similarly, the diffraction pattern of the CW3 composite (Figure 1(d)) also exhibits a
series of diffraction peaks corresponding to the polycrystalline Ni phase, with an average
crystallite size of approximately L ≈ 90 nm. The Ni phase has a lattice parameter of
a = 0.35275 ± 0.000037 nm. The diffuse maximum observed at 2θ ≈ 23.7◦ can be assigned
to the amorphous carbon phase, with an average interlayer spacing between graphene
layers of approximately d ≈ 0.375 nm.

In the case of CB1 (Figure 1(e)), the recorded diffraction profile contains a larger
number of phases than that of CW1. In addition to the amorphous carbon phase, several
diffraction peaks corresponding to SiO2 were identified, together with additional phases
that possibly originated from impurities initially contained in the sugar beet pulp. The
amorphous carbon phase gives rise to a diffuse maximum at 2θ ≈ 23.2◦ corresponding to
an average interlayer spacing between graphene layers of approximately d ≈ 0.380 nm.

The XRD profile obtained for CB2, obtained by pyrolysis in the presence of NiCl2 as
the activating agent, reveals SiO2 and polycrystalline Ni phases alongside the amorphous
carbon phase (Figure 1(f)). The diffuse maximum at 2θ ≈ 23.3◦ corresponds to an average
interlayer spacing of d ≈ 0.380 nm in graphite-like clusters. The polycrystalline Ni phase is
characterized by a lattice parameter of a = 0.3528 ± 0.0002 nm, while the average crystallite
size is L ≈ 100 nm.

Similarly to the CB2 sample, the diffraction pattern of CB3 also reveals the forma-
tion of SiO2 and polycrystalline Ni phases together with the amorphous carbon phase
(Figure 1(g)). The main diffuse maximum is located at 2θ ≈ 23.3◦, corresponding to an
average interlayer spacing of d ≈ 0.380 nm in graphite-like clusters. The polycrystalline
Ni phase is characterized by the same lattice parameter (a = 0.3528 ± 0.0002 nm) and an
average crystallite size (L ≈ 100 nm).

The major-element composition of the synthesized samples was assessed by EDX
analysis. Table 1 lists average concentrations of elements with contents exceeding 1 wt.%.
The data show that the addition of urea resulted in an increased nitrogen content in both
series of samples. An interesting observation is that both biomass precursors already
contained a certain amount of nitrogen in their structure. This is evident from the EDX
analysis of samples CW2 and CB2, which were synthesized without the addition of urea.
Another notable feature of these samples, compared with those reported in [23], is the
higher nickel content in the composites synthesized without urea. It is likely that when
nitrogen is already present in the precursor, urea and nickel chloride no longer exhibit a
synergistic effect on nickel incorporation into the composite structure. No nitrogen was
detected by EDX analysis in the hydrolysis lignin used as the precursor for composite
synthesis in [23]. Consequently, the addition of urea in that case promoted more efficient
incorporation of nickel into the synthesized composites. Furthermore, silicon and calcium
were detected in the sugar-beet-pulp-derived composites, confirming the X-ray diffraction
results presented in Figure 1(e)–(g).

Table 1. Elemental composition of the synthesized nanocomposites.

Sample
wt. %

C N O Ni Ca Si

CW3 76.95 8.29 9.01 5.75 - -
CW2 74.11 4.64 11.33 9.92 - -
CW1 82.19 8.60 9.21 - - -
CB3 67.26 7.01 13.66 9.64 - 2.43
CB2 60.45 4.09 15.30 13.23 4.41 2.52
CB1 67.75 6.93 15.55 - 7.42 2.34
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3.2. Porous Structure and Textural Properties of the Synthesized Nanocomposites

Figure 2 shows the nitrogen adsorption/desorption behavior of the synthesized
nanocomposites, measured to characterize their porous structure. Based on the IUPAC
classification, CW1, CW2, and CW3 display features of both Type I and Type IV isotherms,
whereas the profiles obtained for CB1, CB2, and CB3 correspond to Type IV isotherms [29].
In addition, all synthesized nanocomposites exhibit a divergence between the adsorption
and desorption branches that becomes more pronounced in the low-pressure region. This
phenomenon is referred to as low-pressure hysteresis. Such behavior of the isotherms in
porous materials of different origins may arise from various causes. However, in carbon
materials, this hysteresis is attributed to kinetic limitations on the diffusion of nitrogen
molecules within narrow slit-shaped pores or pores with an ink-bottle geometry [29,30].
A hysteresis loop of the H4 type is also observed at relative pressures above P/P0 > 0.4,
in accordance with the IUPAC classification [29]. This hysteresis is more pronounced for
samples CB2 and CB3, synthesized from sugar beet pulp in the presence of nickel chlo-
ride as the activating agent (Figure 2b). H4 hysteresis loops are characteristic of nitrogen
adsorption/desorption on activated carbons and other adsorbents containing narrow slit-
shaped pores [31]. Therefore, the carbon component of the synthesized nanocomposites
derived from both biomass precursors most likely contains a significant proportion of
slit-shaped pores.

 
(a) (b) 

Figure 2. Nitrogen adsorption/desorption profiles recorded for the nanocomposites: (a) CW1, CW2,
CW3; (b) CB1, CB2, CB3.

The Quantachrome TouchWin software (version 1.12) was employed for quantitative
analysis of the different pore types with respect to the porous structure of the synthesized
nanocomposites. The multipoint BET procedure was applied to calculate the total specific
surface area. Mesopore parameters were calculated by the BJH method, whereas micro-
pores were analyzed using the MP method [31]. The calculated textural parameters are
summarized in Table 2.

Table 2. Textural parameters of the synthesized nanocomposites.

Samples SBET, m2 g−1 R2 Vtotal, cm3 g−1 Smicro, m2 g−1 Vmicro, cm3 g−1 Smezo, m2 g−1 Vmezo, cm3 g−1 <d>, nm

CW3 112.4 0.998 0.094 81.7 0.044 5.6 0.012 1.67
CW2 98.5 0.988 0.086 66.7 0.05 4.7 0.011 1.74
CW1 46.8 0.99 0.053 44.9 0.035 1.3 0.0042 2.34
CB3 33.8 0.997 0.058 13.8 0.009 15.3 0.036 3.44
CB2 26.6 0.997 0.054 10.2 0.008 11.1 0.032 4.07
CB1 11.0 0.973 0.028 2.2 0.002 7.1 0.018 5.18
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As can be seen from Table 2, the nanocomposites synthesized from wheat straw
are predominantly microporous materials. The BET method provides a good correlation
coefficient for all synthesized samples. However, the presence of a considerable amount of
micropores makes this method suitable only for estimating the total surface area. Moreover,
for samples CW2 and CW3, the sum of the specific surface areas of the micropores and
mesopores does not coincide with the total value obtained from BET analysis. Calculation
of mesopore parameters by the BJH approach relies on the Kelvin equation and is applicable
only to pores larger than approximately 4–5 nm. The average pore diameters determined
for nanocomposites CW2 and CW3 are, however, well below this threshold (Table 2). Under
these conditions, the Kelvin equation loses its physical significance because the properties of
nitrogen in narrow slit-shaped pores differ from those of the bulk liquid. This is responsible
for the low values obtained for the mesopore parameters of samples CW2 and CW3.

According to the data presented in Table 2, the nanocomposites synthesized from
sugar beet pulp are predominantly mesoporous materials with a very small fraction of
micropores. The shape of the adsorption/desorption isotherms in Figure 2 also suggests
that the mesopore parameters calculated for CB2 and CB3 may be underestimated. In both
cases, the desorption branch drops sharply at approximately P/P0 ≈ 0.45. Because the
mesopore surface area and pore volume were derived from this branch, the BJH calculation
produces an artificial maximum in the pore-size distribution at this relative pressure. This
most likely leads to a distortion of the calculated mesoporous structure parameters of
nanocomposites CB2 and CB3.

An important conclusion that can be drawn from the data presented in Table 2 is that
the addition of both activating agents during synthesis increases the overall porosity of the
resulting materials. Thus, both urea and nickel chloride promote the development of the
porous structure. It should also be noted that the addition of the activating agents promotes
the development of both micropores and mesopores.

3.3. Magnetic Properties of the Synthesized Nanocomposites

Figure 3 presents the magnetic hysteresis loops of the synthesized samples. The
corresponding values of specific saturation magnetization (σs), remanent magnetization
(σr), coercivity (HC), and Ni mass fraction were determined (Table 3).

Table 3. Magnetic properties of the synthesized nanocomposites.

Sample σs, emu g−1 HC, Oe σr, emu g−1 σr/σs Ni Content 1, wt.%

CW3 5 22 0.07 0.014 8.5
CW2 8 20 0.15 0.019 14.1
CW1 0.4 85 0.03 0.075 —
CB3 7 48 0.2 0.029 12.2
CB2 8 20 0.1 0.013 14.1
CB1 0.4 194 0.04 0.100 —

1 The contribution of the nitrogen-doped carbon matrix was subtracted from the specific magnetiza-
tion of the composite when calculating the Ni mass fraction.

The XRD results shown in Figure 1 indicate that the magnetic properties of nanocom-
posites CW2, CW3, CB2, and CB3 are governed by the presence of polycrystalline nickel.
In contrast, the mechanism responsible for the magnetic behavior of the carbon structures
CW1 and CB1 (Figure 3a,b), which do not contain metal atoms, is fundamentally different
and is apparently associated with the presence of nitrogen at concentrations of 8.6 wt.%
and 6.93 wt.%, respectively (Table 1).
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Figure 3. Magnetic hysteresis of the nanocomposites: (a,b) CW1, CB1; (c,d) CW2, CW3; (e,f) CB2, CB3.

In an earlier study [32], ferromagnetism was investigated in pyrolyzed polyacryloni-
trile. The authors hypothesized that the magnetism originated from islands of a ferromag-
netic graphitic phase embedded in a nonmagnetic carbon matrix. Nitrogen doping has
become an effective approach for imparting magnetic properties to carbon-based materials
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by modifying their electronic structure and inducing spin polarization [33,34]. Carbon
and nitrogen have similar atomic sizes, and nitrogen has five valence electrons. Therefore,
substitutional doping of graphene can occur through the formation of strong covalent
bonds with carbon atoms while preserving the planar structure. This process can gener-
ate unpaired spins and substantially modify the physical properties of graphene [35]. It
has been shown [36] that ferromagnetism in nitrogen-doped carbon materials emerges
when the nitrogen concentration exceeds a critical threshold and depends on both the
concentration and structural configuration of nitrogen within graphene clusters.

For ferromagnetic carbon structures synthesized from nitrogen-containing precursors,
the presence of a disordered amorphous structure has also been found to play an impor-
tant role. The spontaneous magnetization increases with increasing amorphous phase
content [37]. Variation in the defect concentration within the carbon structure provides
another means of controlling its magnetization [38]. Structural defects, together with the
nitrogen present in the precursor, induce ferromagnetic behavior in biocarbon materials
synthesized by direct pyrolysis [39]. XRD analysis of CW1 and CB1 (Figure 1) revealed an
increased interlayer spacing between graphene layers within graphitic clusters compared
with polycrystalline graphite. Therefore, the disordered arrangement of graphene layers
and the increased interlayer spacing are indicative of a higher concentration of structural
defects in the carbon framework. The combination of structural defects and nitrogen-doped
graphene clusters is the most probable reason for the emergence of ferromagnetic behavior
in samples CW1 and CB1 synthesized without the addition of ferromagnetic elements. The
similar nitrogen contents of CW1 and CB1 may account for the nearly identical specific
saturation magnetization values measured for these composites. The almost twofold higher
coercivity of composite CB1 compared with CW1 may be attributed to impurity elements,
such as silicon, present in CB1.

The average nickel particle size was estimated from the reported room-temperature re-
lationship between coercivity and nanoparticle size [40] and was found to be approximately
110 nm for CW2, CW3, and CB2 and approximately 100 nm for CB3. These particles are ap-
parently multidomain because their estimated diameters exceed the critical single-domain
diameter of 85 nm for Ni nanoparticles at 300 K [41]. For CB2 and CB3, the particle-size
estimates are consistent with the values obtained from X-ray diffraction. However, for
samples CW2 and CW3, the X-ray coherence lengths of nickel are smaller. This may be
attributed to the influence of the substantial fraction of micropores within the porous
structure of these samples on X-ray scattering (Table 2).

3.4. Surface Charge Characteristics of the Synthesized Nanocomposites

The point of zero charge (pHpzc) is one of the key parameters influencing the adsorp-
tion performance of a porous material. This parameter characterizes the surface charge state
of the adsorbent in contact with an aqueous solution at a specified pH. Figure 4 presents the
average change in solution pH as a function of the initial pH for all synthesized composites.

The following pHpzc values were determined from Figure 4 for each nanocomposite:

• pHpzc (CW1) = 9.82 ± 0.05;
• pHpzc (CW2) = 9.52 ± 0.05;
• pHpzc (CW3) = 9.52 ± 0.05;
• pHpzc (CB1) = 9.83 ± 0.05;
• pHpzc (CB2) = 8.87 ± 0.05;
• pHpzc (CB3) = 8.95 ± 0.05.

As can be seen from these values, the addition of the nickel chloride activator results
in a slight shift in the pHpzc values toward lower pH. Nevertheless, all pHpzc values remain
considerably higher than the pH of the CR solution used in this study (pH = 6). Because of
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its sulfonate (–SO3
−) groups, CR predominantly occurs in aqueous media in an anionic

form. At pH values below the pHpzc of the adsorbent (pH < pHpzc), the surface acquires
a positive charge, which promotes electrostatic attraction of the negatively charged CR
species and consequently favors their adsorption [42]. Therefore, based on the pHpzc values
obtained, all synthesized nanocomposites are expected to effectively adsorb negatively
charged CR ions.

 
(a) (b) 

Figure 4. Determination of the point of zero charge of the synthesized nanocomposites: (a) CW1,
CW2, CW3; (b) CB1, CB2, CB3.

3.5. Adsorption Isotherm Analysis of Congo Red Removal by the Synthesized Nanocomposites

The equilibrium adsorption capacity, qe, was determined from the decrease in dye
concentration resulting from contact between the solution and the synthesized carbon
materials, using the initial (C0) and the equilibrium (Ce) concentrations. The adsorption
capacities obtained at equilibrium were used to construct the isotherms (qe = f (Ce)) shown
in Figure 5.

 
(a) (b) 

Figure 5. Congo Red adsorption isotherms of the synthesized nanocomposites: (a) CW1, CW2, CW3;
(b) CB1, CB2, CB3.

The isotherms obtained for CR adsorption exhibit the characteristic features of the
L-type classification [43]. Such isotherms are commonly analyzed using two-parameter
adsorption models. The experimental data were therefore fitted using the Langmuir,
Freundlich, and Dubinin–Radushkevich (D–R) models.

https://doi.org/10.3390/app16189012

https://doi.org/10.3390/app16189012


Appl. Sci. 2026, 16, 9012 12 of 19

The Langmuir model is the classical model for L-type isotherms and describes mono-
layer adsorption on a homogeneous adsorbent surface. The nonlinear form of the Langmuir
equation is expressed as

qe =
qmKLCe

1 + KLCe
, (1)

where qm represents the maximum adsorption capacity, whereas KL denotes the Lang-
muir constant.

Using the Langmuir constant, the dimensionless separation factor (RL), also referred
to as the equilibrium parameter, can be determined from the following equation [44]:

RL =
1

1 + KLC0
, (2)

where C0 denotes the initial concentration of the dye.
The separation factor RL is used to characterize the adsorption behavior: values above

unity indicate unfavorable adsorption, RL = 1 corresponds to linear adsorption, values
between 0 and 1 indicate favorable adsorption, whereas RL = 0 denotes an irreversible
process. The minimum dye concentration was used to calculate this parameter.

The Freundlich equation is commonly used to represent adsorption occurring on
energetically heterogeneous surfaces. Unlike the Langmuir model, it does not assume
that all adsorption sites possess identical adsorption energies. Consequently, adsorption
preferentially occurs at the sites with the highest adsorption energy.

For the Freundlich model, the nonlinear equation can be written as follows:

qe = KFC
1/n
e , (3)

where KF represents the Freundlich constant, whereas n characterizes the heterogeneity of
the adsorbent surface.

Information on the energy characteristics of adsorption can be obtained by applying
the Dubinin–Radushkevich model to the experimental isotherms. An important advantage
of this model is that it does not require the adsorbent surface to be homogeneous. The
nonlinear D–R equation and its associated parameters are expressed as

qe = qsexp
(
−KDRε2

)
, (4)

ε = RTln
(

1 +
1

Ce

)
, (5)

E =
1√

2KDR
, (6)

where qs denotes the D–R isotherm constant related to the adsorption capacity, while KDR is
related to the mean free energy of adsorption. R and T represent the universal gas constant
and absolute temperature, respectively. The Polanyi potential ε describes the isothermal
work required to transfer one mole of dye from the bulk solution to the adsorbent surface,
and E denotes the mean adsorption energy.

The mean adsorption energy (E) provides information about the nature of the interac-
tions occurring between the adsorbate and active sites on the adsorbent surface. According
to the commonly used criteria, E < 8 kJ mol−1 is associated with physisorption, values of
8 < E < 16 kJ mol−1 indicate adsorption dominated by ion exchange, and E > 16 kJ mol−1

is characteristic of chemisorption [45].
Table 4 compiles the adsorption parameters obtained by fitting the CR adsorption

isotherms shown in Figure 5.
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Table 4. Parameters of the adsorption isotherm models for Congo Red adsorption by the synthesized
nanocomposites.

Adsorption
Model Parameters

Sample

CW3 CW2 CW1 CB3 CB2 CB1

Langmuir

qm, mg g−1 66.7 44.5 6.02 86.2 78.1 8.77
KL, L mg−1 0.045 0.061 0.042 0.069 0.086 0.032

RL 0.84 0.79 0.85 0.77 0.73 0.88
R2 0.995 0.998 0.992 0.999 0.999 0.988

Freundlich

KF,
(mg g−1) (L mg−1)1/n 13.6 19.4 1.22 24.2 25.7 1.04

1/n 0.304 0.144 0.286 0.245 0.216 0.39
R2 0.982 0.92 0.989 0.954 0.974 0.964

Dubinin–
Radushkevich

qs, mg g−1 181.6 103.9 14.1 204.0 166.5 27.6
KDR, mol2 kJ−2 0.0027 0.0023 0.0024 0.0022 0.0019 0.0033

E, kJ mol−1 13.7 14.9 14.3 15.1 16.2 12.4
R2 0.99 0.841 0.987 0.968 0.984 0.959

The data in Table 4 indicate that the Langmuir model provides an almost perfect
description of the adsorption isotherms for samples CW1, CW2, and CW3. This indicates
the presence of adsorption sites with nearly identical adsorption energies and the absence
of interactions between already adsorbed molecules. The progressive increase in qm from
CW1 through CW2 to CW3 is consistent with the corresponding development of porosity
in these samples (Table 2). The Langmuir constant provides an indication of the interaction
affinity between the adsorbent surface and the adsorbate. Among these samples, CW2
exhibits the highest affinity, suggesting that this nanocomposite possesses more active
adsorption sites than CW1 and CW3. The values of RL are lower than 1 for all carbon
materials synthesized from wheat straw, indicating favorable adsorption.

For samples CW1 and CW3, the experimental isotherms are adequately represented
by the Freundlich model. However, the correlation coefficient (R2) is lower for sample
CW2. This sample also exhibits the lowest value of the parameter 1/n (0.144), indicating
the highest degree of energetic heterogeneity of its adsorption surface. At the same time,
all samples (CW1, CW2, and CW3) have 1/n < 0.5, confirming that adsorption is favorable.

Similarly to the previous model, the D–R model shows good agreement with the
adsorption isotherms of samples CW1 and CW3 but provides a poorer fit for sample CW2.
The value of qs is higher than the qm value obtained from the Langmuir isotherm. This
behavior is typical because the D–R model estimates the theoretical adsorption capacity
of the microporous space. However, not all adsorption sites participate in the adsorption
of CR molecules because of steric constraints associated with such large molecules. As
noted above, the mean adsorption energy is the highest for sample CW2. Nevertheless, the
adsorption energies of samples CW1, CW2, and CW3 all fall within a relatively narrow
range. The D–R model is particularly informative for microporous carbon materials.
However, because CR molecules are relatively large, their adsorption is expected to occur
predominantly in the mesoporous space accessible within the synthesized nanocomposites.
Therefore, the obtained adsorption energy values should be regarded only as indicative
estimates of the strength of adsorbate–adsorbent interactions rather than as definitive
evidence of a specific adsorption mechanism. Several interactions may contribute to the
observed adsorption, such as π–π coupling between the aromatic moieties of CR and
graphitic domains, electrostatic forces, and hydrogen bonding.

Similar adsorption behavior is observed for the sugar-beet-pulp-derived samples CB1,
CB2, and CB3. Sample CB3 exhibits the highest adsorption capacity, and its experimental
isotherm is described almost perfectly by the Langmuir model. As in the case of sample
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CW2, sample CB2 has the highest Langmuir constant, indicating the greatest affinity of the
adsorbent surface toward CR molecules. This is consistent with the lowest value of the
1/n parameter obtained from the Freundlich model for this sample. For all CB1, CB2, and
CB3 samples, the values of 1/n are lower than 0.5, indicating favorable adsorption. The
favorable nature of the adsorption process is also confirmed by the RL values, all of which
are below 1.

The D–R model also provides a satisfactory description of the experimental data,
although its correlation coefficients are lower than those of the Langmuir model. Sample
CB2 exhibits the highest mean adsorption energy, reaching 16.2 kJ mol−1. This value lies
at the boundary between physisorption and chemisorption. However, the D–R model
alone does not allow the unequivocal conclusion that chemisorption occurs. It is likely
that the strongest interactions between CR molecules and the oxygen-containing and/or
nitrogen-containing functional groups on the surface occur in sample CB2.

A comparison of the CW and CB sample series reveals several interesting features.
Samples CB2 and CB3 exhibit nearly 1.5-fold higher maximum adsorption capacities (qm)
than samples CW2 and CW3. Both the Langmuir constant and the adsorption energy
derived from the D–R model also increase, indicating a greater affinity of the adsorbent
surface toward CR molecules. For both series, however, the Langmuir equation gives the
best representation of the experimental isotherms. Thus, the higher adsorption capacity
appears to result primarily from a greater number of accessible active sites rather than from
a change in the underlying adsorption mechanism. Although the CW samples derived
from wheat straw possess substantially higher specific surface areas than the CB samples
(Table 2), most of this surface area is associated with micropores. In contrast, the mesopore
content of samples CB2 and CB3 is nearly three times higher than that of CW2 and CW3.
Given that the length of a CR molecule is approximately 2.6 nm [46], it is expected to be
adsorbed primarily within mesopores. This difference in pore structure likely explains the
higher adsorption capacities of CB2 and CB3 compared with CW2 and CW3.

Table 5 compares the Congo Red adsorption performance of the materials prepared
in this study with values reported for other magnetic carbon composites and nickel-
containing adsorbents.

Table 5. Comparison of Congo Red adsorption performance of magnetic and nickel-containing
adsorbents.

Adsorbent
Biomass

Precursor/Magnetic
Phase

qm, mg
g−1 pH C0, mg

L−1 Kinetics Regeneration Magnetic
Characteristics Reference

C/NiO-ZnO Carbon nanofibers/
NiO-ZnO 613 6–7 50 PSO ~98% after

5 cycles not magnetic [47]

MBC 1:1 Rosa
roxburghii/Fe3O4

172.88 7 50 PSO 69.81% after
4 cycles magnetic [48]

NiFe2O4
nanofibers –/NiFe2O4 65 - 100 PSO not reported magnetic [49]

m-Cell/
Fe3O4/ACCs

cellulose/activated
carbon/Fe3O4

66.09 ~5 80 PSO 80% after
5 cycles magnetic [50]

CW2 wheat straw/Ni 44.5 6 100 - not studied magnetic This study
CW3 wheat straw/N/Ni 66.7 6 100 - not studied magnetic This study
CB2 beet pulp/Ni 78.1 6 100 - not studied magnetic This study
CB3 beet pulp/N/Ni 86.2 6 100 - not studied magnetic This study

As shown in Table 5, the synthesized nanocomposites exhibit adsorption capacities
comparable to those reported for other magnetic carbon composites and nickel-containing
adsorbents under broadly comparable experimental conditions. This is particularly evident
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when compared with the Congo Red adsorption capacity reported for nickel ferrite
nanofibers [49].

The practical potential of the synthesized magnetic carbon nanocomposites for Congo
Red removal from aqueous solution is illustrated in Figure 6. Initially, the aqueous CR
solution exhibited an intense red color characteristic of the dye (Figure 6a). After addition
of the CB3 magnetic carbon adsorbent and mechanical mixing, the solution became vis-
ibly turbid because of the dispersion of the composite particles throughout the solution
(Figure 6b). After completion of the adsorption process, an external permanent neodymium
magnet was placed next to the vessel. Under gentle mixing, the magnetic adsorbent rapidly
migrated toward and accumulated near the bottom or sidewall of the vessel, resulting in
the separation of nearly all visible solid particles from the treated aqueous phase (Figure 6c).
The resulting aqueous phase appeared visually clear, while the adsorbent was retained by
the magnetic field. This simple magnetic separation demonstrates the potential practical
advantage of biomass-derived magnetic carbon adsorbents over conventional powdered
carbon materials, for which solid–liquid separation after treatment may require filtration,
prolonged sedimentation, or centrifugation.

Figure 6. Sequential adsorption and magnetic separation of CR from aqueous solution using the
synthesized magnetic carbon nanocomposite: (a) initial dye solution, (b) aqueous suspension after
contact with the magnetic adsorbent, and (c) magnetic separation of the dye-loaded composite from
the treated aqueous phase.

Potential Ni leaching should be carefully considered when assessing the suitability
of these magnetic adsorbents for wastewater treatment applications. Adsorption capacity
and potential reusability alone are insufficient to establish the environmental safety of Ni-
containing adsorbents, because the chemical stability of the magnetic phase and the possible
release of Ni ions into the treated water must also be considered. Previous studies indicate
that Ni leaching strongly depends on the structural organization and chemical composition
of the magnetic phase. Stijepović et al. demonstrated that a ZnFe2O4 shell surrounding a
NiFe2O4 core substantially reduces Ni release when the material is exposed to ultrapure
water and saline solution, indicating that appropriate structural design can effectively
control Ni release from nickel ferrite [51]. In contrast, Leichtweis et al. reported measurable
Ni release from NiFe2O4/biochar during a 28 h flow-through experiment, with Ni detected
already at the initial stage of adsorption. Their results also showed that contact time and
the chemical environment can substantially affect the stability of Ni-containing magnetic
materials [52]. Study [53] reported that the presence of a carbon phase can contribute to Ni
stabilization and minimize its leaching into the aqueous phase. These findings indicate that
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potential Ni release should not be overlooked when considering the practical application
of such adsorbents, particularly under continuous-flow or chemically aggressive operating
conditions. In the present study, Ni leaching was not experimentally evaluated; therefore,
no quantitative conclusions regarding the stability of Ni in the synthesized materials under
the applied adsorption conditions can be drawn. Direct monitoring of Ni concentrations
in the aqueous phase as a function of pH, contact time, ionic strength, and repeated
adsorption–desorption cycles should therefore be included in future studies.

4. Conclusions
Porous Ni/C/N nanocomposites were successfully synthesized from wheat straw and

sugar beet pulp using a two-stage direct pyrolysis process with NiCl2 and urea as activating
agents. The proposed synthesis approach simultaneously promoted pore development,
nitrogen incorporation, and the formation of ferromagnetic nickel nanoparticles embedded
within the carbon matrix.

Structural characterization demonstrated that the precursor strongly influenced the
pore architecture. Wheat-straw-derived materials exhibited predominantly microporous
structures with higher specific surface areas, whereas sugar-beet-pulp-derived samples
contained a larger fraction of mesopores. Nitrogen incorporation and structural de-
fects also induced intrinsic ferromagnetism in metal-free carbon matrices, while nickel-
containing samples exhibited enhanced magnetic properties due to the presence of metallic
Ni nanoparticles.

Adsorption studies revealed that the Langmuir equation provided the closest fit to all
Congo Red isotherms, suggesting that the adsorption occurs predominantly as a monolayer
on active sites with similar adsorption energies. The enhanced adsorption performance of
sugar-beet-pulp-derived composites, despite their lower BET surface area, highlights the
decisive role of mesoporosity and pore accessibility for large dye molecules rather than the
total surface area alone.

Overall, these results establish clear relationships among the biomass precursor, porous
structure, magnetic behavior, and adsorption performance. The developed magnetic
Ni/C/N nanocomposites combine efficient dye removal with facile magnetic separation
for wastewater treatment.
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