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Abstract: Nickel/carbon composites were synthesized by the carbonization method with the use
of the steam-gas activation technique. Beet pulp and corn stems were used as initial raw materials
for composites synthesis. The obtained substances were analyzed by means of scanning electron
microscopy, X-ray diffraction analysis, and magnetic properties investigation. The presence of nickel
in synthesized composites was estimated during analysis, and the average particle size of nickel was
determined as well. The specific surface area of the obtained samples was measured by the technique
of Methylene blue sorption from the aqueous solution. The results of the performed investigation
demonstrate clearly the promising application of synthesized composites as magneto-active sorbents,
which could be easily separated from water solutions.

Keywords: metal–carbon composites; X-ray diffraction analysis; magnetic hysteresis; Curie tempera-
ture; Ni nanoparticles

1. Introduction

The most popular technologies nowadays are those using water. Food, textile, paper,
and many other industries consume large volumes of water resources [1,2]. The world
usage of water per day is commensurate with natural resources capacity per year. Such ten-
dency in world industry development is the main reason that water pollution has become
a global problem. One of the numerous pollutants is heavy metal ions. They influence
human health and the environment strongly even at the trace level [3]. Methods such
as chemical deposition, adsorption, coagulation/flocculation, ion exchange, membrane
filtering, and electrosorption are typically used for heavy metal extraction from water
solutions [4–8]. Adsorption is the most popular method because of the low cost of inputs
for sorbents, simplicity, and high efficiency. Moreover, this method is characterized by a
low level of secondary pollution.

The key role in the water treatment systems is that played by activated carbon sorbent
because of the combination of a developed porous structure and large specific surface
area [8]. However, there is a problem of small sorbent particles extraction in the industrial
water treatment process. The most promising method for this problem solution is the
magnetic separation, which implies that not pure carbon is used, but rather a composite
of active carbon with magneto-active materials [9–12]. It is worth mentioning that Fe, Co,
or Ni nanoparticles in inert carbon matrixes can be used not only as sorbents but also as
magnetic sensors, data recording systems, or catalysts [10,13–16].

The synthesis of the aforementioned composites can be carried out by different meth-
ods, but they are quite complex and require expensive reagents in most cases. Moreover,
the methods are not environmentally benign [17–21].

Magnetochemistry 2021, 7, 31. https://doi.org/10.3390/magnetochemistry7030031 https://www.mdpi.com/journal/magnetochemistry

https://www.mdpi.com/journal/magnetochemistry
https://www.mdpi.com
https://orcid.org/0000-0003-4224-7020
https://orcid.org/0000-0002-2294-9976
https://doi.org/10.3390/magnetochemistry7030031
https://doi.org/10.3390/magnetochemistry7030031
https://doi.org/10.3390/magnetochemistry7030031
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/magnetochemistry7030031
https://www.mdpi.com/journal/magnetochemistry
https://www.mdpi.com/2312-7481/7/3/31?type=check_update&version=2


Magnetochemistry 2021, 7, 31 2 of 8

Corn is one of the world’s major crops, and it is grown in many countries [22]. How-
ever, used cobs and stems often do not undergo utilization and become a waste. Con-
sidering this fact, many scientists work on the ways of possible utilization procedures of
agriculture wastes, and many scientists propose applying corn cobs and stems for the syn-
thesis of highly efficient activated carbon. For example, Martínez-Casillas with co-authors
presented a theoretical and experimental study in which they propose applying a residue of
corncob gasification as an electrode for supercapacitors [23]. Cao with co-authors propose
using an activated carbon synthesized from corn cob as a highly efficient sorbent with
a developed surface area [24]. Mishra with colleagues propose applying the corn husk-
derived activated carbon for the removal of phenol and para-nitrophenol from aqueous
solutions [25]. The beet pulp wastes are the main by-product generated during processing
beet sugar, and these wastes can be used for activated carbon synthesis [26] and as efficient
sorbents, as it is proposed in work [27].

Therefore, this work is focused on the synthesis of an Ni/carbon (Ni/C) composite
from natural beet pulp and corn stem precursors with a simple technique and on the
investigation of structural and magnetic properties of synthesized composites.

2. Experiments and Methods
2.1. Sample Preparation

The beet pulp and corn stems were used as an initial raw material, which was washed
with the distilled water under room temperature until the filtrate became visually trans-
parent. Then, the washed materials were dried in air atmosphere at 100–110 ◦C until the
constant weight was reached.

The nickel chloride NiCl2 (anhydrous, powder, 99.99% trace metals basis) purchased
from Sigma-Aldrich was used for the synthesis of the Ni/C composite. The dry and
milled beet pulp and corn stems were poured over with 1M solution of NiCl2 with the
salt/raw material ratio 1:10 by weight and kept at room temperature for 48 h. Then, the
material soaked with the salt was dried at 110 ◦C until the constant weight was reached.
The synthesis of the Ni/C composite was made by the carbonization method with the
steam-gas activation technique in the reactor with ultrasound generation of water aerosol
in argon (Ar) atmosphere at 700 ◦C for 90 min. Gaseous by-products were withdrawn out
of the reactor with Ar flow through a hydro-seal. The Ar overpressure was kept at the level
of 1 kPa and the gas flow rate was in the range 2–10 L/min.

The synthesis of the control carbon material free of Ni ions was made with the same
initial raw material under the same conditions but without NiCl2 to compare the structural
properties properly.

As-obtained pure carbon materials and Ni/C composites were boiled three times in
distilled water for 30 min every time in boiling flasks with reflux condensers. Then, synthe-
sized materials were dried until the constant weight at 100 ◦C and milled mechanically in
a porcelain mortar. The products of the synthesis were labeled as Activated Carbon Beet 0
(ACB0) and Activated Carbon Corn 0 (ACC0) for pure activated carbons synthesized from
beet pulp and corn stems, respectively, and Ni/C composites were labeled as ACB-Ni and
ACC-Ni for beet pulp and corn stems initial materials, respectively.

2.2. Methods of Investigation

The scanning electron microscope integrated with low vacuum chamber, and energy-
dispersive microanalysis system REMMA-102-02 was used for exploring the morphological
properties of synthesized materials. An X-ray diffraction investigation of synthesized mate-
rials was made by means of a DRON-3 diffractometer with CuKα-radiation (λ = 0.1542 nm)
monochromatized by the reflection from the (002) plane of pyrocarbon. The registration of
scattered radiation was carried out in the scan mode with a 2◦/min scan rate in the angular
range of 2Θ = 5◦ − 120◦ at room temperature.

The specific surface area analysis was made by the method described in detail in [28],
which is based on the sorption of Methylene blue from the aqueous solution by means of
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a mono-beam spectrophotometer SF-46 with an integrated microprocessor system. The
measurements were done in the cells with an optical path length of 10 mm.

Magnetic measurements were carried out with use of a vibrating-sample magnetome-
ter [29], which was calibrated by the method of comparison with a pure nonporous Ni
of density ρ = 8.9 g/cm3 as the etalon material. Magnetic hysteresis measurements were
performed within the +300 to −300 kA/m magnetic field range. The amount of magneto-
active phase in synthesized products was determined according to specific saturation
magnetization data. High-temperature measurements of magnetic properties were carried
out in a micro-oven placed in the working gap of the electromagnet [29]. The coils at the
poles of electromagnet, placed in water-cooling holders, were cooled by running water.
The investigated composites were placed in a cylindrical titanium container of 4–5 mm
diameter, the lid of which served as a punch while pressing the material with the necessary
effort in the container. The magnetic moment of the container was subtracted from the
magnetic moment of the powder with the container. The temperature of the sample was
controlled by chromel-copel (cupronickel) or platinum–rhodium–platinum thermocouples
(type L and type R by IEC 60584-1,2). The inspection of the measured temperature was
carried out by measuring the Curie temperature of pure nickel.

Under measurements in magnetic fields of insufficient magnetic intensity, the mea-
sured magnetization is not a single-valued function of ferromagnetic phase in a sample.
It depends also on the structure of the phase, dispersivity, stresses, sample history, etc.
Therefore, the quantitative measurements of saturation magnetization in phase analysis
have to be done under magnetic fields strong enough for complete saturation. The problem
of valid measurements for saturation magnetization becomes even more complicated when
it should be done for ferromagnetic particles in a nonmagnetic matrix as it is for the Ni/C
composite. The influence of the demagnetization factor for particles is essential in this case,
and the application of intensive fields enables one to get the reliable data. Therefore, the
specific saturation magnetization and its temperature dependence were measured under a
magnetic field of 800 kA/m intensity in this work.

3. Results and Discussion

SEM images of the synthesized carbons and Ni/C composites are presented in Figure 1a–d.
The synthesized substances are mostly carbon-based materials, but there are inclusions
of some other phases. The X-ray investigation confirmed that this phase is quartz. Most
probably, and as it sometimes happens, the presence of small amounts of silica could be
explained by the micro-destructions in ceramic mortar during mechanical milling [30].
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Figure 1. SEM images of ACB0 (a), ACC0 (c) carbons, ACB-Ni (b), and ACC-Ni (d) Ni/C composites.

X-ray diffraction data collected for synthesized samples are presented in Figure 2. The
XRD patterns reveal the presence in investigated samples of two phases, and these are mainly
amorphous carbon and Ni. The two sharp and well-defined peaks at 2Θ = 20.8◦, 26.6◦ corre-
spond to the diffraction on the (100) and (101) crystal planes of quartz, respectively [31–34].
As it was already mentioned, the presence of small amounts of silica could be explained
by the micro-destructions in ceramic mortar during mechanical milling [30]. The two
distinct diffraction peaks at 2Θ = 44.5◦, 51.5◦ as seen in Figure 2a, for samples ACB-Ni
and ACC-Ni, belong to face-centered cubic Ni and correspond to the (111) and (200) crystal
planes of nickel [30,35–38]. No diffraction peaks of other impurities are observed, confirm-
ing the successful formation of the Ni/C magnetic composites. Significantly, there are no
maxima for Ni oxides in the patterns for ACB-Ni and ACC-Ni samples, confirming the
complete reduction of Ni by carbon during the carbonization reaction under the applied
conditions. The nickel phase proves itself with distinct characteristic peaks, suggesting its
high crystallite level [36]. All samples demonstrate one broad weak diffraction peak at 2Θ
around 24◦ corresponding to the diffraction on carbon layers for amorphous carbon [39].
According to the calculated results from the 002 diffraction peaks based on the Bragg
equation, the interlayer distance d of ACB0, ACB-Ni, ACC0, and ACC-Ni are 0.374, 0.375,
0.371, and 0.374 nm, respectively. It could be mentioned that there is a slight decrease in
interlayer distance of Ni/C composites ACB-Ni and ACC-Ni compared to Ni-free carbon
samples ACB0 and ACC0.
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The values of specific surface area for synthesized materials, estimated from the
sorption method [28], are 91 and 187 m2/g for ACB0 and ACC0 samples, respectively
and 138 and 325 m2/g for ACB-Ni and ACC-Ni samples, respectively. It is a well-known
fact that the addition of salts of iron to the initial raw material during the carbonization
procedure induces the development of porosity and specific surface area [27,40]. The
results of the present work show that the salt of Ni causes the development of a specific
surface area in synthesized composites to some extent as well.

Figure 3 shows σ-H loops for Ni/C composites, where σ is specific magnetization
and H is magnetic field intensity. A comparative analysis of the magnetic properties for
synthesized samples attests that the specific magnetization value of the ACB-Ni sample is
twice as much as the specific magnetization value of the ACC-Ni sample. In addition, the
estimated values of specific saturation magnetization σs are twice as much as magnetiza-
tions of studied in previous work [27] featuring Fe/carbon composites, where the Fe3O4
was the source of the magnetic moment.
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Figure 3. σ-H loops for Ni/C composites ACB-Ni (a) and ACC-Ni (b). The region of the low magnetic field is shown in the inset.

Higher values of coercive force Hc for the ACB-Ni sample are obviously caused by
the higher degree of dispersion of Ni particles as magnetic moment carriers in investigated
composites.

The evaluation of size for Ni particles in samples synthesized in the present work was
carried out, following the methodology presented in Ref. [41]. The average particle size of
Ni for the sample ACB-Ni was 80 nm, whereas it was 100 nm for the sample ACC-Ni. The
authors of Ref. [42] mention that the critical transition radius to a single-domain state of Ni
nanoparticles at 300 K is 85 nm, and the critical transition radius to a superparamagnetic
state is 30 nm. However, the low values of coercive force (see Table 1) indicate the excess of
Ni nanoparticle size in synthesized composites over a single-domain critical value.

Table 1. Magnetic properties of synthesized Ni/C composites.

Sample σs, A·m2/kg Hc, kA/m Ni, wt.%

ACB-Ni 7.1 5 13
ACC-Ni 3.9 4 7.2

Phase magnetic analysis made by saturation magnetization measurements at different
temperatures under saturating fields revealed (see Figure 4) the presence of one ferromag-
netic phase with a Curie temperature near 345 ◦C in synthesized composites. The Curie
temperature for the bulk of Ni is 358 ◦C according to Ref. [43]. Apparently, the temperature
difference for magnetic transition is caused by the dispersion of Ni particles as magnetic
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moment carriers [41,44] in investigated composites and by Ni–carbon interaction with
supersaturated solid solution formation through carbon dissolution in Ni.
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The determination of specific saturation magnetization enabled us to calculate the
content of Ni nanoparticles in synthesized composites (Table 1). Since the significant
decrease in magnetization was observed for Ni particles of radii r ≤ 50 nm [45], the value
for specific saturation magnetization for bulk material was used in calculation.

4. Conclusions

The nanostructured Ni/C composites were successfully synthesized from such initial
raw materials as beet pulp and corn stems by the carbonization method with use of the
steam-gas activation technique.

The X-ray diffraction analysis revealed the presence of metallic Ni in the composites
and magnetic measurements, which confirmed the fact that Ni is contained in a porous
carbon matrix in the nanoparticle state. The average particle size of Ni nanoparticles was
estimated using the dependence of coercive force of particles versus their size. It was
determined that for the ACB-Ni sample, the average particle size was 80 nm, and for the
ACC-Ni sample, it was 100 nm. The temperature measurements for specific saturation
magnetization registered the lower values of Curie temperature for investigated samples if
compared with bulk nickel because of the interaction between carbon and Ni nanoparticles
and the formation of supersaturated solid solution of carbon in Ni.

The specific surface area was evaluated for synthesized composites, and it is 138 m2/g
for the sample synthesized from beet pulp and 352 m2/g for the sample synthesized
from corn stems. These values could be increased if the method of composite synthesis is
worked out and optimized. Ni salts provide the carbons with magnetic moment carriers
and promote the surface development of carbon materials and decrease in impurities
content in composites, which are present in initial raw materials. Specific magnetizations
for synthesized composites were determined. They were 7.1 and 3.9 A*m2/kg for the
samples synthesized from beet pulp and corn stems, respectively, which makes these
composites very promising for application as magneto-active sorbents that could be easily
separated from water solution.
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