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Abstract. A study of conversion of metal-modified (Fe, Co) sawdust into magneto-sensitive porous
composites using thermal carbonization process in an inert atmosphere is reported herein. Furniture
wastes derived from particleboard and plywood were used as raw precursors. The as-prepared materials
were characterized using nitrogen adsorption, X-ray diffraction, scanning electron microscopy and
thermal analysis methods. The effects of metal precursors on the structure and morphology of
metal-carbon nanocomposites as well on their magnetic properties were investigated. The results show
that the structural and morphological characteristics of the obtained materials depend strongly on the
metal precursor’s types. The specific surface area of micro-mesoporous composites was ~ 58, 328, and
391 m?/g for Fe/C, Co/C, and FeCo/C, respectively, at the total pore volume of ca. 0.2 cm?g.
The efficiency of the composites in dyes sorption was studied. The unmodified sawdust carbon
exhibited nonporous structure at Sger= 4 m?/g and very low adsorption capacity. The maximum
adsorption capacity of the composites was in the range of 2.8-31 mg/g and depended strongly on the
textural characteristics of adsorbents. All samples exhibited soft magnetic properties with the
saturation magnetization of 6.6, 53, 13.5 Am?/kg for Fe/C, Co/C, and FeCo/C samples, respectively.
The magneto-sensitive materials have proven to be effective sorbents, which can be used for
contaminant concentrations from aqueous solutions.
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Introduction

Particleboard and plywood are wood-based
composite materials used for the production of
furniture, construction and finishing works, etc.
A significant part of worldwide production of
wood composites (nearly 75 million m? in
Europe) corresponds to the wood-based panel
production, 50% of which (37.8 million m?)
belong to particleboard manufacturing [1]. They
are manufactured by mixing chopped wood waste,
shavings, and sawdust with synthetic resin
binders. A significant part of the binders consists
of wvarious formaldehyde resins (e.g. urea-
formaldehyde, melamine-urea-formaldehyde,
melamine-formaldehyde,  phenol-formaldehyde,
phenol-urea-formaldehyde, resorcinol-phenol-
formaldehyde resin, isocyanate resins, etc.) [2];
the exact constituents of the boards are varied
from product to product. During machining of
chipboard and plywood, for the production of
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finished goods, a significant amount of waste is
generated [1]. Solving the problem of the disposal
of large-tonnage industrial wastes is one of the
urgent tasks of rational nature management.
To reduce the negative impact of these wastes
on the environment by recycling, these composite
materials could be used for the production of
low-cost carbons supporting a concept
of bio-resources.

The wood composites industry is a
potential supplier of precursors for the production
of carbon adsorbents because of high content of
carbonaceous materials including both polymer
mixtures of natural origin (lignocellulose from
any inferior wood, both coniferous and hardwood
species) and synthetic origin (resins, etc.).
Nowadays many researchers use pyrolysis in an
inert atmosphere of various raw biomaterials
(e.g., brewers spent grain, wheat straw, grass,
walnut shells, energetic willow, olive and peach
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stones) in a different reactor systems as a
promising approach of carbon adsorbents
production due to a significant reduction of
volatile products emission into the air [3-8].
Therefore, using wastes and by-products to
produce carbons is attractive not only from an
economic point of view, as it reduces waste
disposal costs, but from an ecological standpoint,
as well, helping to reduce the impact on the
environment.

To improve the texture of the carbonaceous
materials and their sorption properties, chemical
or physical activation can be applied.
The  physicochemical activation  provides
developed porosity of activated carbons (AC) due
to thermal pyrolysis and partial gasification (by
steam, CO, H:0,;) of the materials [9,10].
Furthermore, it was shown that the microwave
treatment of raw biomaterials can effectively
increase the porous structure of the carbon
composites [11]. The porosity enhancement of
chemically treated carbons is due to chemical
dehydration reactions followed by thermal
activation at relatively low temperatures [12,13].

Until recently, very little data has been
published in the area of obtaining charcoals based
on particleboard and  plywood  wastes.
Gan, Q. et al. reported that chemical activation of
medium density fibreboard sawdust with salts of
zinc(l) and iron(ll) with further thermal
carbonisation process was not effective in
developing a microporous structure, and the
obtained carbons exhibited a very low adsorption
capacity towards the dye [14]. However,
according to Sainz-Diaz, C. et al. a highly
microporous AC derived from furniture waste
with a BET surface area of 855 m?/g were
obtained in a batch fixed bed flaming pyrolyser
[15]. Additionally, Gomes, J.A.F.L. et al. outlined
the synthesis of high-porous AC with surface
areas of 926 -1032 m?g from medium-density
fibreboard and particleboard using physical
activation with CO, and chemical activation with
K.COs; [16]. The scattering of actual results
indicates insufficient coverage of this issue.
It is also worth noting that the benefit of the
proposed method includes the carbonization and
activation processes that can occur in one-step
route, therefore significantly saving the heat
energy during the synthesis. This is provided by a
vertical structure of a reactor, where the
atmosphere in the reaction zone contains not only
argon but also the volatile products of pyrolysis.
Furthermore, the developed method does not
require pre-drying and dehydration of raw
biomass or additional washing of AC in order to

eliminate the excess of chemicals that did not
react with the material after activation.

Many methods have been developed to
remove dyes from liquids, including sorption,
chemical coagulation, photodegradation,
biodegradation, etc. However, it is known that the
dye sorption onto porous carbons is the most
effective purification method because of large
specific surface area, pore volume, chemical
inertness, and good mechanical stability of
carbons. Upon wastewater treatment, the carbon
adsorbents are  used for  purification,
decolorization and removal of toxic organics and
heavy metal ions [17-19]. However, small particle
sizes of AC cause some difficulties in the
separation of spent sorbents. To improve the
application characteristics of carbon adsorbents,
these could be modified to obtain magnetic
properties. The magnetic separation technology is
receiving increasing attention because of
significant simplification of the separation process
of spent adsorbent particles under a weak
magnetic field. Therefore, another advantage of
the reported work is the ease combination of raw
biomaterials with magnetic phase precursors that
provide the possibility of magnetic separation of
as-prepared carbon sorbents. Recently, a series of
magnetic carbon composite materials have been
synthesized using carbonization of metal-doped
agricultural wastes and metal-polymer mixtures
[20-24].

The aim of this work is the development of
a new and effective approach in the production of
porous  magneto-sensitive  carbon-inorganic
composites via pyrolysis in argon atmosphere
of chemically-activated blends of particleboard
and plywood sawdust with such inorganic
compounds as cobalt(ll) or iron(lll) chlorides
separately, and their binary mixture, as well as
to study their structural, textural, and adsorption
properties.

Experimental
Materials

Wood sawdust (particleboard and plywood)
with the size of 0.5-2.0 mm were obtained
from a local factory producing furniture. Iron(I11)
chloride hexahydrate (>97%) and cobalt(ll)
chloride hexahydrate (>97%) were purchased
from Chimlaborreactive (Ukraine) and methylene
blue from Sigma-Aldrich (Germany).
Preparation of the composites

Iron(lll)  chloride  hexahydrate  and
cobalt(ll) chloride hexahydrate were used as
precursors of a magnetic phase in the
carbon/metal composites.
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A general procedure of the composites’
synthesis. Sawdust (fraction 0.5-2.0 mm) and
metal chlorides were weighed in a glass cup, and
then distilled water was added, mixed, closed with
a lid and held for two days at room temperature.
For the binary system Fe/Co, the molar ratio of
the metals was 2:1 (Table 1). The swollen
sawdust samples were placed into porcelain
evaporation cups and dried at 150°C for 4 h.
The resulting products of dark green (Co) and
black (Fe, FeCo) colours were pyrolyzed in a
vertical quartz reactor in an argon flow up to
800°C at a heating rate of 10°C/min and
kept at the maximum temperature for 2 h [25].
The argon flow rate was 100 mL/min.
Further cooling to room temperature was carried
out in the argon flow. The composites
were labelled as Co/C, Fe/C, and FeCo/C.
Pyrolysis of the sawdust up to 800°C under the
argon flow yields black solids with individual
sawdust flakes maintaining their shape but
shrinking slightly.

Characterization methods

Powder X-ray diffraction (XRD) patterns
were recorded at 26= 10-90° using a DRON UM1
diffractometer (Burevestnik, Saint Petersburg,
Russia) with CoK, radiation (1= 0.17903 nm) and
a graphitic monochromator in a reflected beam.
The phase composition was determined using the
XRD database PDF-2. The average sizes of
crystallites were calculated from the full width at
half maxima of the corresponding XRD peaks
by using the Scherrer equation [26].
Semi-quantitative phase analysis was performed
using the Match! program.

The thermal properties as well as carbon
and metal contents in the carbons were studied
using the Q-1500 D derivatograph (MOM,
Hungary) equipped with a computerized
measurement  registration  system.  Samples
(120-125 mg) were heated in a ceramic crucible at
a rate of 10°C/min in a static air atmosphere using
aluminium oxide as a reference substance.
The measurements were carried out at 18-1000°C
in the air atmosphere.

The content of metals was estimated
according to the thermogravimetric data using
Eq.(1) [27].

__N-An
m=" (1)

where, m- the metal content, %;
N- the change in the weight (residue) of
the sample according to TG data, %;
A— the atomic weight of the metal;
n— the number of metal atoms in the oxide
formula;
M- the molecular weight of the oxide.

The carbon content was determined by
subtracting the metal content and physically
adsorbed water from the mass of the sample. The
content of water was evaluated by mass losses on
the TG curves upon heating to 150°C.

To estimate the textural characteristics,
low-temperature (77.4 K) nitrogen adsorption—
desorption isotherms were recorded using a
Micromeritics ASAP 2405N adsorption analyzer.
The specific surface area (Sger) was calculated
according to the standard BET method [28].
The total pore volume (V,) was evaluated from
the nitrogen adsorption at p/po= 0.98-0.99
(p and po denote the equilibrium and saturation
pressure of nitrogen at 77.4 K, respectively).
The nitrogen desorption data were used to
compute the pore size distributions (PSD) with
the modified Nguyen-Do method [29] (PSD,
differential fv®~ dVp/dR and fs®~ dS/dR) using a
model of slit-shaped pores in carbons [30,31]
because the metal phase is masked by carbon in
the core-shell particles. The differential PSD
with respect to pore volume fv(R)~dVp/dR,
[ fv(R)dR~ V,, were recalculated as incremental
PSD (IPSD, Y, @v,i (R)= V,). The fu(R) and fs(R)
functions were also used to calculate contributions
of micropores (Vmicro and Smicro at R< 1 nm),
mesopores (Vmeso and Smeso at 1 nm< R< 25 nm)
and macropores (Vmacro and Smacro at R> 25 nm) to
the total pore volume and specific surface area.

Table 1

The ratio of components used for the preparation of the composites and
the yield of the materials after pyrolysis.

Sample Sawdust, HO,  FeClyH:0, CoClz6HO, . 0o~ The yield after
g g g g pyrolysis, %
Co/C 10.0 35.0 — 10.0 4.04 43.0
Fe/C 10.0 35.6 12.3 — 4.00 38.0
FeCo/C 10.0 35.5 8.2 3.0 4.10 38.2

Reference C 5.0 — —

_ - 24.2

Unmodified sawdust carbon was used as reference C.

70



M. Galaburda et al. / Chem. J. Mold., 2021, 16(1), 68-78

The morphology of carbonized composites
was characterized using a JSM-6700F (GEOL)
field emission scanning electron microscope.

Magnetic properties of the samples were
measured by means of a SQUID magnetometer.
The Magnetic Property Measuring System was
used, model MPMS-XL-5 (Quantum Design,
USA) equipped with 5 T superconducting magnet.

The methylene blue (MB) adsorption by
carbons in series of experiments was performed at
the range of 0.01-0.7 mmol/L concentrations.
The sample (0.05 g) was contacted with 25 mL of
a dye solution. The suspensions were shaken in an
Innova 40 (New Brunswick Scientific) incubator
at 110 rpm, and 25°C for 24 h. Then the
equilibrium concentration of MB was determined
using the spectrophotometric measurements
(Cary 4000, Varian, Amax= 664 nm).

The adsorption capacity ge (mg/g) was
calculated using Eq.(2).

ge =V(Co — Ce)/m 2

where, Co— initial concentration of MB, mg/L;
Ce— residual (equilibrium) concentration,
mg/L;
m-— mass of adsorbent, g;
V- volume of MB solution, L.

The potentiometric titration method was
used to determine the value of surface charge
density, as well as the pHp.c (point of zero charge)
at which the numbers of positively and negatively
charged surface groups are the same. The surface
charge density was calculated from the difference
of the amounts of added acid or base to obtain
the same pH value of suspension as for the
background electrolyte. The Fe/C, FeColC,
Co/C, or C samples were added into a
0.001 mol/L NaCl solution in a 50 mL
termostated Teflon vessel. The measurements
were performed in the suspension with the same
solid content, to keep the identical conditions
of the experiments in the wvessel at 25°C.
To eliminate the influence of CO,, the
measurements were conducted in the nitrogen
atmosphere. The pH values were measured
using a set of glass REF 451 and calomel
pHG201-8 electrodes with the Radiometer
assembly.

Results and discussion
Characterization of the composites

The XRD data for the carbonized systems
with a metal salt used for impregnation show the
formation of several crystalline metal-containing

phases (Figure 1 and Table 2). The formation of
a carbon phase with an interplanar distance
of 0.338 nm of (002) reflection in the
iron-containing sample is observed. A sharp and
narrow peak at 26= 30.58° in the Fe/C sample
indicates a quite high graphitization degree of
carbon coating with the average size of
crystallites of 11 nm. In the Co/C and
FeCo/C samples, an amorphous phase of carbon is
observed. The peaks observed at 26= 45-63°
in the XRD pattern of cobalt-containing
composite match with the (100), (101) and (111),
(200) crystalline planes of the face centered
hexagonal (ICDD no. 5-727) and cubic (ICDD
no. 15-806) structures of Co, respectively.
Carbonization of the sample impregnated with the
salts of two metals leads to the formation of a
phase of solid solution of cobalt in the crystal
lattice of iron, as indicated by a shift in the
reflections of iron toward larger angles (Figure 1).
Cementite (FesC), which gives the greatest
contribution to the phase composition of Fe/C, is
absent in the FeCo/C sample.
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Figure 1. XRD patterns of the composites:
Fe/C (1), Co/C (2) and- FeCo/C (3).
((@)- graphite phase; (*)- cementite (FesC);
(#)- cubic structures; (&)— hexagonal structures)

Table 2
Phase composition and crystallite size
of the samples.

Sample Phas_e_ Crystalline Der,
composition phases, % nm

Cgraphite 35 11

Fe/C FesC 60 22
Fe 5 20

Cocup 64 22

ColC Conex 36 23
FeCo/C Fecun 100 25
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The morphology of the materials was
characterized using SEM and the images are
shown in Figure 2. A certain microstructure of
the biomass used has been retained during
carbonization giving an open framework of
aligned straight fibrils of different sizes with an
array of pores of about 3-5 um. Figures 2(c) and
(f) show that their cross section has a honeycomb-
like structure. However, it is difficult to compare
the diameter of these fibrils in different samples
taking into account the composition and structure
of the waste precursors, especially when different
methods were used to produce the wood materials
(particleboard and chipboard).

The SEM images show that a surface of the
unmodified sample includes porous smooth fibrils
with plenty of interconnected pores, but the
presence of structures of porous wood is
insignificant (Figure 2(a)). The images of
metal-containing composites show that the
morphology of the materials changed after the
modification and pyrolysis. The formation of
composites with a rough morphology and
diversified types of protuberances, as well as with
cracks and cavities and less uniformity is
observed (Figure 2(b)-(i)). The appearance of

larger pores and cracks can be attributed to the
decomposition of fibrous structures during
the process. Apart from that, the highly disperse
metal nanoparticles in the carbon matrix and
large aggregates of irregular shapes at the outer
surfaces of the granules are registered
(Figure 2(c), (e), (g9), and (h)). Furthermore,
modification by metals caused the formation
of a complex corrugated surface with
multiple pores of diameters ranging between
500 and 1000 nm (Figure 2(d) and (g)); however,
the pores were not filled and the porosity was
maintained.

It is well known that graphitized carbons
with a high graphitization degree are more
stable against air oxidation. Therefore, the
TG-DTG analysis was used to study the
air-resistance of the prepared carbons. Figure 3
presents the TG and DTG curves for metal-
containing carbons and reference carbon.
There are two main mass losses on the TG curves
of the reference sample. The first one is due to
evaporation of physically adsorbed water
(< 200°C) and then carbon combustion (> 250°C)
took place with the removal of volatile products
(DTGmax= 580°C).

Figure 2. SEM images of the samples: reference C (a); Co/C (b), (¢);
Fe/C (d)-(f); FeCo/C (g-i).
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From the DTG curves of the as-prepared
metal-containing composites (Figure 3), several
distinct peaks in different temperature ranges can
be seen, indicating a multistage character of the
processes in the carbons. During thermooxidative
destruction of  porous carbon-containing
composites a series of chemical reactions took
place. The TG and DTG curves can be divided
into several sections vs. temperature: (i) weight
loss during heating from room temperature to
200°C corresponding to desorption of physically
adsorbed water (DTGmax~ 110°C); (ii) complex
thermooxidative process after treatment at
200°C. The curves of the mass changes show the
result of two opposite processes, such as mass
increasing due to oxidation of metal phase
because of reaction with oxygen from the air,
and mass reduction during carbon burn-off and
CO; removal. This is especially evident in the
Fe/C sample (Figure 3); (iii) weight decrease
upon heating to ~ 850-980°C indicating the final
oxidation and formation of metal oxides. Taking
into account that the TG curves of the
metal-doped composites bend at about 100°C
lower compared to the reference, metal
modification caused deterioration of thermal

Mass loss, %

400 600 800

Temperature °C

0 200

(@)

1000

0.05

DTG, arb.un.

resistance for carbons due to the catalytic effects
of metallic nanoparticles, which became
accessible for oxygen molecules. The different
thermal resistances of the carbon phase in
different composites are due to the difference in
the morphology of the carbon phase. The greater
the density of aggregates, the higher is the
temperature of complete oxidation of the
particles. This correlates with the reduced value
of the specific surface area and is confirmed by
SEM images.

The content of iron and cobalt in
the samples was calculated based on the
TG analysis. Heating of the metal-carbon
nanocomposites up to 1000°C in air is
accompanied by complete oxidation of carbon
to CO; and of metals to oxides. Considering
the initial weight of the samples and the
residual weight after heating up to 1000°C, the
contents of metallic iron and cobalt could be
estimated (Table 3) using Eg.(1). The formation
of two types of oxides Cos0. and Fe.O; was
considered, because those were the main phases
according to XRD data after the thermal-
oxidative destruction of the corresponding salts
in air [34].

300 450 600 750 900 1050

Temperature °C

0 150

(b)

Figure 3. TG (a) and DTG (b) curves of the samples: reference C (1); FeCo/C (2); Fe/C (3); Co/C (4).

Table 3

Mass residue, carbon and metal content determined by TG measurement.

Carbon content?,

Metal content?,

Mass residue?,

Sample % % %
Fe/C 74.9 25.1 37.6
Co/C 60.1 39.9 51.5

FeCo/C 73.0 18.8 (Fe); 8.2 (Co) 38.7

reference C 91.7 - 2.2

Y Carbon content in the samples without adsorbed water (at 150°C on the TG curve);
2 Metal content in the composites with correction for ash content in carbon and adsorbed water;
3 Mass residue according to the TG data, after cooling the sample to room temperature together with the furnace of

the derivatograph;

The source of errors (less than 5%) is the ash content in sawdust and CoO impurity in the FeCo/C sample.
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Figure 4(a) presents the nitrogen
adsorption/desorption isotherms measured at
77.4 K for the composites. The composites
exhibited adsorption isotherms of type | and IV
according to IUPAC classification,
corresponding to the materials with micro- and
mesoporosity [33]. The type H3 of hysteresis
loops indicates the appearance of pores of
slit-like shape and capillary of non-parallel walls,
typical for carbon materials. The effect of the
filler on pore characteristics of composites during
pyrolysis is significant. The larger adsorption at
low p/po of the Co/C and FeCo/C samples
confirm the presence of micropores. Meanwhile,
the Fe/C sample exhibited a wide hysteresis loop
in the relative pressure range of 0.45-1 indicating
the presence of mesoporosity (Figure 4(a)).
Additionally, high increase of adsorption for
relative pressures over 0.8 corresponds to
adsorption in macropores. The isotherm for the
reference (C sample) is not presented due to very
low adsorption. The Co-containing samples show
an intensive PSD peak of micropores,
but the Fe/C sample shows larger contribution
of mesoporous with several peaks (Figure 4(b)).
Moreover, the capillary condensation

140 3
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the line
indicates the

effect becomes greater in
Co/C< FeCo/C< Fe/C that
mesopores broadening.

The specific surface area of the Co/C and
FeCo/C samples is 328 and 391 m?g,
respectively, (Table 4) and it is much larger than
Seer of the reference C sample (Sger = 4 m?/g).
A smaller value for the Fe/C sample (58 m?/qg)
is due to the carbide phase formation.
A decrease in the specific surface area and
pore volume (Vp) with simultaneous increase
in the mesoporosity is due to the strong
oxidation effect of the metals that leads to
destruction of the pore walls with enhanced
effect of burn-off [32].

Adsorption capacity for methylene blue

Magneto-sensitive porous carbon
adsorbents  are  highly  attractive  for
many applications associated with liquid-phase
processes. In this study, MB was chosen as a
model pollutant for adsorption experiments.
The equilibrium MB adsorption was studied at
natural pH in an aqueous solution at 25°C.
The experiments show that the adsorption
capacity decreases as follows 31> 28> 2.8 mg/g
in the line Fe/C> FeCo/C> Co/C, respectively.

0.014
0.012;
0.010:
0.008 4
0.006 -
0.004

0.002

0.000 | & "

Pore half-width, nm

(b)

Figure 4. Textural characteristics of the Fe/C (1); Co/C (2); FeCo/C (3) composites:
low-temperature nitrogen adsorption/desorption isotherms (a) pore size distribution curves (b).

Table 4
Structural characteristics of the composites.
sample (ML TS e o ona omis omis omie Ve Vel
reference C 4 - - - - - - - -
Fe/C 58 27 30 0.7 0.01 0.10 0.02 0.1 0.74
Co/C 328 311 17 0.3 0.14 0.02 0.01 0.82 0.12
FeCo/C 391 369 22 0.3 0.17 0.03 0.01 0.81 0.15
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It does not show a direct proportionality
between the specific surface area and adsorbed
MB quantities. It is clear that the mesopore
volume is the main factor determining the MB
adsorption. Fe/C composite exhibited the highest
adsorption capacity for MB removal from water
(31 mg/g) due to its large mesoporosity (77% of
the total pore volume). In the case of Co/C and
FeCo/C, the contribution of micropores was much
greater (82% and 81% of the total pore volume,
respectively) and therefore the adsorption value of
the dye was reduced. MB molecules are too large
to be adsorbed in narrow and long micropores.
The adsorption capacity of the reference
composite was close to zero because of very low
porosity and specific surface area (Figure 5).

Additionally, there is a correlation between
the dye exchange capacity and surface charge
density of the adsorbents [35]. It was shown, that
the process of adsorption of organic compounds
on AC occurs mainly as a result of two main types
of factors: the dispersion interactions (between the
aromatic rings of adsorbate molecules and
graphene layers of AC), and electrostatic
interactions. Figure 6 shows the surface charge
density of composites as a function of pH.
At pH of 1-3, the electric charge of carbons is not
only positive but also negative. The pHp, for the
samples are 5.2, 7.0, and 9.4 for Fe/C, FeCo/C,
and Co/C, respectively. It is expected that
adsorption of a cationic dye MB will occur better
at high pH values. The experimental study has
confirmed this assumption. The Fe/C sample has a
higher efficiency of sorption due to the pH
matching of its pHp.c with used experimental pH
value, whereas the FeCo/C and Co/C samples
need significantly higher pH values for better
adsorption of MB. Thus, not only the textural
characteristics of the carbon composites but also

354
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Figure 5. Equilibrium adsorption isotherms of
MB onto the composites: reference C (1); Co/C (2);
FeCo/C (3); Fe/C (4).

the chemical structure of their surface (e.g. the
presence and amounts of various O-containing
surface sites) can affect the MB adsorption.
Magnetic properties of nanocomposites

The magnetic properties of the materials
were evaluated using magnetic hysteresis curves
(Figure 7). According to the XRD data (Figure 1,
Table 2), salts in the Co/C and FeCo/C samples
were completely reduced to metallic state with the
formation of face-centered cubic and hexagonal
Co phases in the Co/C sample and only cubic Fe
phase in the FeCo/C sample. Whereas the phase
state of the nanocomposite based on Fe/C is quite
complex and can be described by different sets of
carbides and the formation of significant number
of graphite-like structures.

The saturation magnetization values
(Ms, determined at 5 T) are much lower than those
of the corresponding iron and cobalt bulk
metal values [36,37]. The highest magnetization
saturation was observed for Co/C composite that
corresponds to ca. 1/3 of bulk metal value.
This composite contains the highest fraction of
ferromagnetic metal particles. The higher
magnetization of the FeCo/C nanocomposite
compared to that of Fe/C could be
attributed to the effect of cobalt. For Fe/C sample,
the reducing of the magnetization can be due to
the formation of the FeCs phase. Thus, the low
saturation magnetization of the samples
may be attributed to the presence of
different fractions of magnetic and non-magnetic
phases. Additionally, it may be related to weak
interaction of the  magnetic  domains
because of the high amount of diamagnetic
graphite in the samples. The sizes of nanoparticles
may affect the value of the coercive field due to
size influence of the magnetization of
nanoparticles.
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Figure 6. The surface charge density as a function of pH
for composites, suspended in 0.001 mol/L NaCl solution:

Fe/C (1); FeCo/C (2); reference C (3); Co/C (4).
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Figure 7. Magnetic hysteresis loops of the
composites: Fe/C (a); FeCo/C (b); Co/C (c).

Hereby, prepared samples exhibit typically
soft magnetic features and can be easily
attracted by a magnet after adsorption that
provides an efficient way to separate
spent magnetic composites from liquids.
Furthermore, magnetically separable porous
carbon composites are highly attractive options
for many applications associated  with
liquid-phase processes. The presented study
represents a starting point for future researches on
the recycling and reuse of sawdust wastes and
related materials.
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Conclusions

An effective approach in production of
adsorbents with developed porous structure and
appropriate magnetic susceptibility was reported
in this study. The composition-structure-property
relationship was identified in the process of
thermal transformation of modified raw materials.

It was shown that the type of dopants had a
significant effect on the morphology, porosity and
magnetic properties of composites. Activation of
the sawdust by iron(lll) chloride promoted
recovery of iron to metallic state and formation of
FesC and crystalline carbon. In the case of
cobalt(ll) chloride, the formation of metal
nanoparticles of cobalt in cubic and hexagonal
crystalline  modifications in an amorphous
carboxyl matrix took place. Activation of sawdust
with the binary mixture of cobalt(ll) and iron(l11)
chlorides led to the recovery of metals during
pyrolysis with the formation of only cubic
crystalline modification without the presence of
crystalline carbon.

It was established that the changes in the
textural/structural properties of the composites
depended strongly on the dopant type.
The specific surface area of composites increased
in the series Fe/C< Co/C< FeCo/C from 58 to
391 m?/g, whereas the reference sample of
carbonized sawdust had only 4 m?g.
The calculated mesopore volume decreased in the
series Fe/C< FeCo/C< Co/C from 0.10 to
0.02 cm®g. Meanwhile, the mesoporosity
correlated with the adsorption capacity of
nanocomposites towards the cationic dye. Thus,
the mesopore volume can be the decisive factor
determining the methylene blue adsorption.

The saturation magnetization values of the
obtained metal-carbon composites varied in the
series Fe/C< FeCo/C< Co/C from 6.64 to
53.0 Am?/kg. The Fe/C sample had the lowest
M; due to the large number of non-magnetic FesC
component.

Thus, varying the nature of chemical
activators of carbon makes it possible to regulate
the sorption and magnetic properties of carbon-
inorganic composites for targeted use in
technological processes.
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