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ABSTRACT A green and energy-efficient technique for production of porous carbon-mineral chars from agri-
cultural wastes (rice husk, wheat bran) and sedimentary carbonaceous feedstocks (high-ash peat, coal) was
developed. It is based on partial combustion in fluidized bed of a deep oxidation catalyst at low temperatures
(465 – 600 ◦C). This technique yields porous chars with an elevated mineral content that depends on a feed-
stock used, and gaseous products of complete oxidation. It was found that the obtained chars have developed
porosity with BET specific surface area of ca. 50 – 170 m2g−1, pore volume of 0.05 – 0.17 ml·g−1, and ash
content of 16 – 79 wt. %. They were additionally characterized by TGA and FTIR. Their testing as adsorbents
for heavy metal ions (by the example of Cu2+) and organic dyes (by the example of methyl green) revealed
that their adsorption capacities are comparable to those of chars produced by the conventional pyrolytic ap-
proaches.
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1. Introduction

Nowadays, a lot of literature is devoted to the study of various processes of conversion of plant biomass to obtain solid
carbonaceous products (biochar) that find applications in many fields of science and technology. Biochar is considered as
a cheap environmentally friendly adsorbent with a developed porous structure and a high content of oxygen-containing
surface functional groups. In addition, it also used to increase soil fertility and for remediation, for wastewater treat-
ment, as a feedstock for activated carbons, as well as an energy carrier with a higher calorific value and density than
the feedstock [1, 2]. Biochar from plant biomass can be obtained by gasification [3], hydrothermal carbonization [4] as
well as various types of pyrolysis – torrefaction [5], slow and fast pyrolysis with both the conventional heating [6, 7], and
microwave one [8]. Almost all of the above approaches are characterized by the need to create an environment (e.g., inert
or aqueous) as well as supplying energy on the heating. Currently, pyrolysis is considered to be a more attractive process
for obtaining these materials. Depending on the process time together with the temperature, this approach can be divided
into the following types: slow (t = 5 – 30 min at T = 300 – 600 ◦C), intermediate (t = 10 – 30 s at T = 500 – 600 ◦C),
fast (t < 2 s, at T = 450 – 600 ◦C) and flash pyrolysis (t < 0.5 s at T = 800 – 1000 ◦C) [9]. The last two types of
pyrolysis are usually carried out in a fluidized bed of a heat carrier, which is usually quartz sand. Particles of raw mate-
rials are suspended in a fluidized bed of a heated heat carrier, due to which the intense heat and mass transfer is attained.
These properties of the fluidized bed make it suitable for the processing of particulate feedstock. In addition, processes
using fluidized bed reactors are very flexible in terms of feed calorific value, moisture content, particle size, density and
heteroatom content [10]. A significant increase in the efficacy of this process can be achieved by carrying it out in the
presence of oxygen, as well as using particles of a catalyst instead of the sand. Partial oxidation allows the process to be
carried out in an auto- or exothermic mode, i.e. to reduce power inputs, or even – to receive heat energy, and the use of
catalysts – more efficiently control the process direction [11]. However, currently, catalysts are rarely used for biomass
pyrolysis in a fluidized bed. Except zeolite ZSM-5 that utilized to increase the yield of fast pyrolysis oil [11, 12], there
are practically no other examples of utilization of catalysts of other formulations. Therefore, the search and application
of more suitable and stable catalytic systems is urgent.

At the Boreskov Institute of Catalysis, the technology based combustion in a fluidized bed of a deep oxidation
catalysts has been developed, that was successfully tested for combustion of various fuels [13,14], including such difficult
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to utilize ones like shale heavy coal-tar products [15], heavy high-sulfuric oils [16,17], as well as sewage sludge [18]. The
use of the deep oxidation catalyst for fuel combustion allows heat production and extraction to be carried out within the
same fluidized bed at a near stoichiometric air-to-fuel ratio. Furthermore, this technology can be related to truly green,
since:

– all the combustion products are being practically completely oxidized to CO2 and water, with a content of harmful
substances within the Environmental Standards;

– allows for reduction of combustion temperature from 800 – 1000 ◦C to 450 – 750 ◦C, thus diminishing require-
ments to heat resistance of the construction materials, as well as avoiding the high-temperature NOx formation.

Thus, all the above advantages make this technology suitable for clean, facile and energy-efficient production of char
from biomass and other carbon-containing feedstocks [19].

Recently, in the previous work, a set of chars from two biomass wastes (wheat bran and rice husk) as well as two
sedimentary feedstocks (highly-mineralized peat, and coal) were obtained via partial combustion in the fluidized catalyst
bed (FCB) reactor at 465 – 600 ◦C and evaluated as precursors of porous carbons via acid leaching of the char mineral
phase [20]. The goal of this work is to investigate the obtained materials with a wider set of characterization techniques
that include FTIR and TGA, as well as estimate properties of the synthesized chars as potential adsorbents for wastewater
treatment through the removal of inorganic and organic industrial pollutants. As such pollutants, heavy metal ions (by the
example of Cu2+) and organic dyes (by the example of methyl green) were selected.

2. Material and methods

2.1. Feedstock carbonization in reactor with fluidized catalyst bed

For the study, the following feedstocks have been used: 1) wheat bran (WB) obtained from Kemerovo region (Russia);
2) rice husk (RH, Krasnodar region, Russia); 3) highly mineralized peat Sukhovskoy from deposit Sukhovskoye (Tomsk
region, Russia); 4) coal, grade DOMSSH from “Vinogradovsky” coal mine (Kemerovo region, Russia). The composition
of the feedstocks, including their mineral component, is provided in Tables 1 – 2. The properties of the used WB are
presented in more detail in [21], peat Sukhovskoy – in [22], and RH – in [23].

TABLE 1. Composition of the used feedstocks

Feedstock W a 1, wt. % Ad 2, wt. % V daf 3, wt. % FCdaf 4, wt. %
CHNS-O-composition, wt. %

C daf Hdaf Ndaf Sdaf Odaf 5

WB 8.6 6.9 81.0 12.1 49.14 6.66 3.30 0.07 40.83

RH 5.0 19.5 65.0 15.5 51.55 6.83 0.06 0.02 41.54

Peat 9.9 22.8 74.8 2.4 52.06 6.31 3.58 0.20 37.85

Coal 14.9 8.3 35.8 55.9 77.09 5.43 1.98 0.95 14.55

1 – moisture content; 2 – ash content on dry matter; 3 – volatile matter; 4 – fixed carbon; 5 – calculated by difference

TABLE 2. Composition of ash of the used feedstocks in recalculation to oxides of the corresponding
elements (wt. %). WB and peat – according to the results of energy dispersive X-ray fluorescence
(EDXRF) [21], RH – according to ICP-OES [23]; and coal – provided by the supplier

Feedstock SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O TiO2 Mn2O3 P2O5 SO3

WB 1.74 26.3 0.41 0.93 16.3 28.6 17.9 – – 7.9 –

RH 95.8 0.11 0.12 1.06 0.33 0.3 2.17 – 0.08 – –

Peat 3.8 6.85 8.53 39.8 11.1 23.2 0.26 – – 6.51 –

Coal 54.4 23.8 7.07 5.44 1.34 0.44 1.39 1.1 0.07 0.95 4

The previous studies have shown that mineral component of WB and RH is X-Ray amorphous, while those of coal
includes quartz and those of peat contains CaCO3 and CaO [20].

Carbonization of the feedstocks in air flow was carried out using the laboratory installation set up equipped by the
fluidized catalyst bed reactor with a deep oxidation catalyst (Fig. 1). The catalyst was supplied by the Engineering Center
of the Boreskov Institute of Catalysis and represents CuO–Cr2O3/γ-Al2O3 spherical particles with a diameter of 1.5 –
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2.0 mm and contain Cr2O3 – 6.5 wt. % + CuO – 3.5 wt. %. Its BET specific surface area is 115 m2g−1, pore volume –
0.3 ml·g−1 and mean pore size – 10.5 nm. The installation includes a feedstock tank, from which, via of a screw driver,
a feedstock is fed into a fluidized bed reactor. All the raw materials were previously ground to a particle size less than
1 mm. The FCB reactor is 75 mm i.d. and loaded with 1000 mm of the height of the fluidized catalyst bed (∼ 3.5 L in
volume). Preheated airflow is supplied to the bottom of the reactor and controlled by rotameters. After the reactor outlet,
the carbonized feedstock is separated from the exhaust in the cyclone and falls into the collecting tank. Carbonization
trials were carried out in isothermal mode along with the bed height.

FIG. 1. A scheme of laboratory installation for combustion of solid fuels in a fluidized bed of catalyst.
1 – reactor; 2 – heat exchanger; 3 – electric air heater; 4 – rotameter; 5 – feedstock tank; 6 – screw
feeder; 7 – cyclone; 8 – carbonized feedstock collection tank

Sample designations: feedstocks combusted in the FCB reactor are designated as “XTTT”, where “X” is the abbrevi-
ation of a feedstock (X = P – peat, C – coal, B – wheat bran, and RH – rice husk) and “TTT” designates the carbonization
temperature – 465, 550 or 600 ◦C.

2.2. Characterization techniques

The elemental composition of samples was determined by means of a VARIO EL CUBE CHNS analyzer (Elementar
Analysensysteme GmbH, Germany).

The porous structure of the chars was characterized with nitrogen adsorption at 77 K. Nitrogen adsorption isotherms
were measured by a surface area and pore size analyzer Autosorb 6B (Quantachrome Instruments, Austria). Before the
measurements, all the samples were degassed under vacuum to remove moisture and other adsorbed contaminations. The
char samples were pretreated at 150 ◦C for 4 h. The specific surface area was calculated by the standard BET method
according to IUPAC recommendations [24], micropore volume was estimated by the αS-plot method using the non-porous
carbon Cabot BP 280 as a reference material [25]. The differential pore size distributions (PSD) were computed by means
of Quenched Solid Density Functional Theory Method (QSDFT) equilibrium model for nitrogen adsorption at 77 K in
cylinder-like pores of carbon, applied to the adsorption branch of an isotherm, using software supplied with the above
instrument.

Samples of the chars were investigated by FTIR spectroscopy using a Bruker Alpha II spectrometer equipped the
Platinum Diamond ATR unit (Bruker, USA), in the diapason of 400 – 4000 cm−1 with a resolution of 4 cm−1 and
accumulation of 32 scans.

Synchronous thermal analysis (STA), which includes simultaneous thermogravimetric determination (TG) of differ-
ential scanning calorimetry (DSC) and mass spectrometric analysis of the recovered gas (ABG-MS), was performed on
a STA 449F1 Jupiter® instrument combined with a quadrupole mass-spectrometer QMS 403D Aëolos® (NETZSCH,
Germany). The experiments were carried out using a high-temperature furnace with a graphite heater and water cooling.
We used a measuring sensor DSC/TG Cp S TC: type S (0 . . . 1650 ◦C). The experiments were carried out in open Al2O3

crucibles, within a temperature range of 30 – 900 ◦C, in the Ar atmosphere with the heating rate of 10 ◦C/min, and the
Ar flow rate of 20 ml/min. The processing of the experimental data was carried out using the Proteus analysis software
package (NETZCH, Germany).
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2.3. Adsorption tests by methyl green and Cu2+

As model pollutants, aqueous solutions of methyl green (MG, Fig. 2) with an initial concentration of 0.019 g·L−1

and copper sulfate with a concentration of copper ions of 0.20 g·L−1 were used.

FIG. 2. Structure formula of methyl green

The experiments were carried out in glass vials with a volume of 35 ml. Acidity of the medium during the adsorption
was controlled using a buffer solution with pH = 4. A weighed portion of a sorbent (15 mg) was added to a solution
with the known concentration, followed by leaving the mixture without access to the light for a specified period of time.
Upon the process finishing, an adsorbent was separated on a paper filter. The contaminant concentration in the filtrate was
measured by visible spectrophotometry on a Cary 300 instrument (Agilent Technologies Inc., USA) in quartz cuvettes
with an optical path length of 1.0 cm. The following extinction coefficients were determined in the calibration tests:
4.08·101 L·g−1cm−1 for MG (632 nm); and 5.00·101 L·g−1cm−1 for copper ions (805 nm). When determining the
adsorption capacity, solutions with a volume of 25 ml were left for a week.

3. Results and discussion

Carbonization of biomass and sedimentary feedstocks in fluidized catalyst bed reactor allowed for obtaining of a set
of porous carbon-mineral char samples. Their yields and ash contents (used as the basis for calculation of the yields) are
presented in Fig. 3.

FIG. 3. Yield and ash content of chars from the feedstock carbonized in FCB reactor at 465 – 600 ◦C

As can be seen, in all the cases, as expected, with the temperature increase, yield of chars from every feedstock drops
and mineral phase content increases. Carbonization of wheat bran in the fluidized catalyst bed resulted in the lowest
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yield of the chars compared to other feedstocks. This can be caused by such factors as a low content of fixed carbon
(12.1 wt. %) and the highest contents of alkaline metals (> 46 wt. %, in the recalculation to oxides) well-known as
gasification catalysts [26, 27]. Furthermore, the high content of dispersed alumina (26.3 wt. %) can also contribute to
gasification via facilitating processes of cracking of the biopolymers [28].

For RH, yields of the biochar are significantly higher that seems to be due to the initially high content of the mineral
component (19.5 wt. %) consisting mainly of pure silica, which does not exhibit any notable catalytic activity in the car-
bonization conditions. This SiO2 forms a rigid mineral matrix hindering the diffusion of volatile carbonization products,
making them to transform inside RH particles.

Yields and ash contents in carbonized peat are similar to RH despite it has the lowest fixed carbon content and a high
content of Na. This can also be caused by the initially high ash content (22.8 wt. %) comparable to those of RH, and the
same probable diffusion limitations for volatile oxidative pyrolysis products from the feedstock particles, thus, leading to
the pyrolysis processes inside the solid feedstock particles.

For the coal, the highest yields with the lowest ash contents are observed. At the similar to WB ash content, coal
contains the highest fixed carbon content (ca. 56 wt. %) due to the highest maturation degree. Thus, the carbon-containing
phase of the coal can be characterized by the highest stability to both pyrolysis and oxidation that results in the lowest
burn off degree compared to other raw materials. For example, it was previously found that another feedstock, having
similar composition of carbon-containing phase – petroleum coke, was impossible to be burnt completely in the fluidized
catalyst bed reactor even at 750 ◦C using similar deep oxidation catalyst [29].

The obtained chars were characterized by the following techniques.

3.1. Low-temperature nitrogen adsorption

BET specific surface area, and total pore volume of the samples are presented in Fig. 4 (in more detail, texture
characteristics are provided in Table A1), their nitrogen adsorption isotherms and pore size distributions are shown in
Figs. 5 – 8. In the case of wheat bran, the porous chars were found to have BET specific surface area (ABET ) of ca. 40 –
90 m2g−1 and predominantly mesoporous texture (Fig. 5).

FIG. 4. ABET and total pore volume of char samples from wheat bran (B465 – B600), rice husk
(RH465 – RH600), peat (P465 – P600) and coal (C465 – C600) obtained via carbonization in FCB
reactor at 465 – 600 ◦C

The nitrogen adsorption isotherms can be related to Type II [30], they indicate the presence of meso- and macropores
in the samples. Their desorption branches, as can be seen, do not follow the adsorption ones most probably due to the
phenomenon of swelling and/or deformation [31]. The maximally developed porosity of the sample obtained at 550 ◦C
can be explained by the fact that it mainly depends on the carbon phase porosity, which is, probably, not developed enough
at the lowest temperature, and at 600 ◦C the effect of mineral phase seems to dominate. The carbon-silica biochar samples
from RH have more mesoporous structure (Fig. 6). Nitrogen adsorption isotherms appeared to be similar to those of WB,
including the swelling effect.

The char samples have ABET of ca. 90 – 120 m2g−1 and a high pore volume of 0.13 – 0.18 cm3g−1. In this case,
their ABET values are also maximal at 550 ◦C. However, unlike bran, they are higher and closer, probably due to the
greater dispersity of the silica phase, which is less prone to sintering due to the high purity, and with an increase in its
contribution at 600 ◦C, ABET also decreases, but to a lesser extent.
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(a) (b)

FIG. 5. Nitrogen adsorption isotherms (a) and differential pore size distributions (b) on biochars ob-
tained from wheat bran via carbonization in the FCB reactor at 465 – 600 ◦C

(a) (b)

FIG. 6. Nitrogen adsorption isotherms (a) and differential pore size distributions (b) on biochars ob-
tained from rice husk via carbonization in the FCB reactor at 465 – 600 ◦C

Peat-derived chars were found to be mesoporous and having a low ABET (ca. 10 m2g−1). The adsorption isotherms
are close to Type III [30], indicating on a poorly developed porosity and the presence of large mesopores (Fig. 7). This,
probably, points on the fact that the carbon-containing phase is burnt out/decomposed around the mineral phase particles
evenly, without porous structure development. The mineral phase is composed of large non-porous particles that seem to
be practically not contributing to the porosity. Furthermore, the low-developed porosity can be connected with the fact
that unlike biomass feedstocks, carbon-containing phase of peat is represented by partially repolymerized components of
biomass practically not forming porous structure during carbonization, only gasifying and burning out without a significant
pore formation.

Coal-derived char samples appeared to have significantly different textural properties. Nitrogen adsorption isotherms
and differential PSD of the samples are presented in Fig. 8. They indicate that the chars are microporous and exhibit the
adsorption isotherms of Type I [30]. Similar texture characteristics of samples obtained at 465 and 550 ◦C, and the eminent
properties of the char obtained at 600 ◦C can be connected with a high degree of maturation of the coal carbon-containing
phase that stable to the oxidative treatment in the carbonization conditions.

Thus, the porosity development in the carbon-derived char samples is predominantly occurred due to burning off the
most active, least matured fragments of the carbon-containing phase, resulted in the development mainly of microporosity.

3.2. FTIR spectroscopy

FTIR spectra of the studied chars are presented in Fig. 9. The spectra of WB-derived samples (Fig. 9a) include ab-
sorption bands of SiO2 at 490, 880 and 1118 cm−1 corresponding to the bending vibration of O–Si–O, symmetric and
asymmetric components of the stretching vibration of Si–O–Si, respectively [32]. Furthermore, the spectra show a band
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(a) (b)

FIG. 7. Nitrogen adsorption isotherms (a) and differential pore size distributions (b) on chars obtained
from Sukhovskoy highly-mineralized peat carbonized in the FCB reactor at 465 – 600 ◦C

(a) (b)

FIG. 8. Nitrogen adsorption isotherms (a) and differential pore size distributions (b) of coal carbonized
in the FCB reactor at 465 – 600 ◦C

at 750 cm−1, which can be attributed to the symmetric stretching vibrations of Si–O–Al, characteristic of aluminosili-
cates [33, 34]. The bands corresponding to Al–O vibrations of alumina (554 and 915 cm−1 for aluminum in tetrahedral
and octahedral positions, respectively), in this case overlap with other bands in this region. The band at 1580 cm−1 may
refer to C=C stretching vibrations [35].

FTIR spectra of the RH-derived biochars (Fig. 9b) also exhibit absorption bands characteristic of silica. The bands at
450 and 1055 cm−1 characterize the bending vibration of O–Si–O in the SiO4 tetrahedron and the asymmetric stretching
vibration of Si–O (Si), respectively, and the band at 793 cm−1 is a superposition of bands corresponding to the symmetric
stretching vibration of Si–O–Si and vibrations of silanol Si–OH and siloxane Si–O–Si–OH groups [36, 37]. The broad
low-intensity band in the region of 3000 – 3750 cm−1 refers to the vibrations of hydrogen-bonded OH-groups formed
by silanol Si–OH groups and OH-groups of water adsorbed on the surface. For the RH600 sample, this band is the least
pronounced in intensity. The band at 1593 cm−1 can also be referred to C=C stretching vibrations [35].

For the peat-derived chars (Fig. 10a), a number of intense bands characteristic of calcium carbonate are observed [38].
The bands at 713 and 873 cm−1 refer to bending CO2−

3 vibrations, and the bands at 1040 and 1410 cm−1 to symmetric
and asymmetric stretching C–O vibrations within the CO2−

3 fragment [39].
For the FTIR spectra of coal (Fig. 10b), the absorption bands of silica are also observed. The band at 460 cm−1,

corresponding to bending vibration of O–Si–O in the silicate tetrahedrons, two bands in the area of 780 – 800 cm−1,
associated with symmetric stretching Si–O–Si vibrations, and the band near 1030 cm−1, characterizing asymmetric sym-
metric stretching Si–O–Si vibrations [32, 40]. A doublet in the range of 780 – 800 cm−1 is characteristic of the low-
temperature type of quartz [38]. The band at 1580 cm−1 can be attributed to C=C stretching vibrations in polyaromatic
compounds [35].
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(a) (b)

FIG. 9. FTIR spectra of WB (a) and RH (b) carbonized in fluidized catalyst bed reactor at 465 – 600 ◦C

(a) (b)

FIG. 10. FTIR spectra of peat (a) and coal (b) carbonized in fluidized catalyst bed reactor at 465 – 600 ◦C

3.3. TGA

Thermogravimetric and differentiating scanning calorimetry (DSC) profiles of the studied chars are provided in Ap-
pendix in Figs. A1–A4. For all samples, the thermal stability directly depends on the carbonization temperature: with the
temperature increase, the weight loss decreases down. Samples obtained at 465 ◦C are characterized by distinctively high
weight losses caused by the presence in their composition of incompletely transformed organic compounds, including
polymers. The losses up to 200 – 250 ◦C for all samples are connected with water desorption. For biochars, the weight
loss in the region of 250 – 600 ◦C is related to decomposition of cellulose, hemicellulose and lignin. The weight losses
after ca. 800 ◦C for WB-derived chars are probably caused by the gasification of carbon-containing phase via interaction
with compounds of Na and K (most probably, carbonates) constituting WB ash by ca. a half [23, 41]. In the case of
peat-derived samples, the peaks in DSC profiles at T > 750 ◦C seems to be caused by CaCO3 decomposition [42].

The most stable chars appeared to be RH600 with the minimal weight loss of 8.3 wt. % and RH550 (11.63 wt.
%), while the lowest thermal stability was exhibited by peat-derived samples with the weight losses in the interval of
23.71 – 35.29 wt. %. It is also notable, the profiles of coal-derived chars exhibited the highest similarity between each
other, which, apparently, is related to the highest maturation degree of the carbon-containing phase compared to other
feedstocks. Their weight losses were close and relatively low – 14.5 – 16.4 wt. %.
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3.4. Adsorption tests of the chars by Cu2+ ions and methyl green

Adsorption capacities of the char samples are provided in Fig. 11. They were calculated according to the following
equation:

Γ = (C0 − C) · V

mchar
,

where Γ is the adsorption capacity (mg·g−1); C0, C is the concentration of a model pollutant in a solution (mg·L−1); V
is the volume of solution (L); mchar is the weight of the used adsorbent sample. From the graph it can be seen that the
biochars have exhibited the highest adsorption capacities relating to both Cu2+ ions (WB) and MG (RH). The char samples
obtained from peat and coal appeared to have worse adsorptive properties, especially in the case of peat. Besides, Cu2+

can be adsorbed via formation of complexes and electrostatic interaction with oxygen-containing groups [43]. Also, Cu2+

ions can substitute alkali and alkaline-earth metal ions to get bound by the corresponding O-containing surface species.
In case of dyes, the adsorption mechanism is more complex and can include [44, 45]:

– surface adsorption in pores, when used char has a quite developed porosity;
– surface interaction with functional groups (–OH, –C–O etc.) via hydrogen bonds, van der Waals force;
– π–π stacking;
– electrostatic interactions.

FIG. 11. Adsorption of Cu2+ and methyl green on the (bio)char samples obtained via carbonization in
the fluidized catalyst bed reactor at 465 – 600 ◦C

As can be seen from the results presented in Fig. 11, adsorptive properties of the chars are weakly correlated with
their BET specific surface area indicating on importance of other adsorption mechanisms. It should be noted that unlike
biochars, which are usually prepared by conventional slow pyrolysis that can be conjugated with physical or chemical
activation, chars prepared in this research via partial oxidation in the FCB reactor practically in all cases (except coal-
derived ones) consist mainly of mineral component of the used feedstock: ash content is mostly varied from ∼ 50 to
80 wt. % (Table 3). Therefore, their adsorptive properties are mainly determined by ash component, and adsorption
mechanisms of both transition metal ions and organic dyes apparently governed by composition and chemical properties
of the mineral part. Furthermore, in the case of biochars from RH and WB, their mineral component is distributed quite
homogeneously, while in the peat and coal representing sedimentary feedstocks the mineral component is distributed in
the form of large agglomerates [20, 46, 47]. All the above peculiarities should be taken in consideration in discussion of
the obtained results.

Copper adsorption is correlated with carbonization temperature in the case of WB and coal and inversely correlated
for RH. Such dependence is apparently related to decrease in oxygen content (Table 3) with the carbonization temperature
increase, except coal, when the inverse trend is observed. It is interesting to note, that WB-derived chars exhibit the
highest Cu2+ adsorption capacity rising with the carbonization temperature, despite the drop in O-content. This most
probably is caused by the highest content of alkali and alkaline-earth metals responsible for the cation exchange (see
Table 2), in particularly – sodium, potassium and magnesium.

However, for the peat-derived chars, despite similar content of sodium, calcium and magnesium, their adsorption
capacity is significantly worse that seems to relate with their inaccessibility for cation exchange, unlike WB derived
biochars.
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TABLE 3. Composition of the char samples obtained at 465 – 600 ◦C via oxidative carbonization in
FCB reactor

Char
feedstock

Temperature,
◦C Wa 1, % Ad 2, %

CHNS-O composition, wt. %

C, % H, % N, % S, % O 3, %

Rice
husk

465 2.4 57.1 28.0 3.1 0.49 0.50 9.8

550 2.3 67.8 17.0 3.0 0.45 0.50 10.6

600 1.6 79.9 12.6 3.0 0.46 0.60 3.1

WB

465 2.7 50.9 36.0 3.6 3.80 0.45 4.0

550 2.3 52.6 33.7 3.8 3.10 0.4 5.3

600 2.0 58.2 32.0 4.0 2.60 0.27 2.1

Peat

465 2.0 58.5 20.3 1.9 1.34 0.29 16.9

550 0.7 72.9 10.9 1.5 0.52 0.28 13.7

600 0.7 79.1 7.1 1.3 0.26 0.25 11.9

Coal

465 2.4 16.5 69.2 2.9 2.17 0.29 6.9

550 1.3 18.1 67.0 3.8 2.20 0.29 7.5

600 1.2 19.9 63.0 3.4 2.16 0.27 10.3

1 – moisture content; 2 – ash content on dry matter; 3 – calculated by difference

Adsorption of the MG occurs differently compared to the copper ions. Except coal-derived chars, the MG adsorption
decreases with the carbonization temperature increase. This points on a certain dependence of dye adsorption on content
of the carbon-containing phase forming porous structure with such adsorption sites as functional groups, aromatic rings
(via π–π stacking) and others listed above. Besides, MG adsorption depends, probably, on porous structure and it is lower
for the most of microporous char obtained from coal, despite they have the highest BET surface area. For coal-derived
chars MG adsorption increases with carbonization temperature probably due to increase in ABET and the content of
oxygen being introduced onto the char surface in the carbonization process in the form of surface functional groups that
play a role as one type of adsorption sites.

On the whole, the obtained results have shown that the carbon-mineral chars are promising adsorbents for both
transition metal ions and organic dyes. The obtained adsorption values are comparable with those reported in many
literature sources (Table 4).

4. Conclusions

A novel approach to facile, green and energy-efficient production of porous char adsorbents from the feedstocks of
various nature (wheat bran, rice husk, highly-mineralized peat and coal) is proposed. It represents oxidative carboniza-
tion in fluidized bed of deep oxidation CuO–Cr2O3/γ-Al2O3 catalyst at low temperatures (465, 550 and 600 ◦C). This
technique allowed for production of porous carbon-mineral char materials with different properties that depend on both
temperature and characteristics of the used feedstocks. They appeared to have a quite high BET specific surface area (up
to∼ 170 m2g−1) as well as the content of the mineral part (16 – 79 wt. %). Due to similar nature and composition, wheat
bran and rice husk exhibited similar behavior and properties of the obtained biochars: their maximal BET specific surface
area was reached at 550 ◦C (91 and 117 m2g−1 correspondingly) at similar pore size distribution. Sedimentary feedstocks
(peat and coal) appeared to exhibit different both combustion behavior and properties of the chars produced. Due to the
high content of Ca-containing ash component and partially decomposed biomass-originated organic phase, peat-derived
chars have a relatively low texture characteristics with ABET ≤∼ 10 m2g−1 at the high yield and ash content. Coal-
derived chars represented the highest stability to oxidation and, correspondingly, the highest yield (∼ 40 – 50 wt. %),
ABET (up to 172 m2g−1) as well as the lowest ash content (∼ 16 – 20 wt. %).

Their adsorption properties relating to the tested adsorbates were found to be quite complex that caused by the
complex adsorption mechanisms. Adsorption of Cu2+ ions was detected to be the highest (∼ 24 – 37 mg·g−1) for wheat
bran due to, apparently, the highest content of alkali and alkali-earth metals available for the cation exchange. Adsorption
of the organic dye depended on carbon content in the chars as well as porosity features and specific surface area. The
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TABLE 4. Adsorption capacities of biomass, chars or activated carbons by Cu2+ and methyl green
reported in literature

Feedstock Synthesis conditions
ABET ,
m2g−1

Ash
content,
wt. %

Maximal capacity
(mg·g−1) by: Ref.

Cu2+ MG

Rice straw
Pyrolysis, 400 ◦C, 4 h 3.6 – 27.73 – [48]

Pyrolysis, 400 ◦C, 4 h followed
by treatment with KMnO4

19.4 – 71.60 –

Spent tyres Pyrolysis, 550 ◦C – – ∼ 47 – [49]

Pine sawdust Hydrothermal liquefaction at
300 ◦C; CO2 activation at 800 ◦C

425 2.9 25.18 –
[50]

Rice husk 358 59.96 22.62 –

Date seed Pyrolysis, 550 ◦C, 3 h 104.2 12.67 26.7 – [51]

Waste tires
derived acti-
vated carbon

Activation with H3PO4 at
650 ◦C, 2 h

356 – – 71.43 [52]

Almond shell – – – – 1.1 [53]

highest adsorption capacity by methyl green was achieved by RH-derived chars (28 mg·g−1). On the whole, chars with
the most attractive properties were obtained at 550 and 600 ◦C.

The obtained results show that the chars produced via oxidative carbonization in fluidized catalyst bed reactor with the
deep oxidation catalyst can be suitable adsorbents of both heavy metal ions and organic pollutants. Thus, the developed
approach can be effectively applied for production of chars from carbon-containing feedstocks of very different nature,
including sedimentary one and lignocellulosic biomass.

Appendix

FIG. A1. TG and DSC profiles of WB-derived char samples obtained at 465 – 600 ◦C
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TABLE A1. Texture characteristics, ash content and yield of chars from the feedstock carbonized in
FCB reactor at 465 – 600 ◦C

Sample ABET , m2g−1 AEXT , m2g−1 VΣ, cm3g−1 Vµ, cm3g−1 〈dpore〉, nm

Bran

B465 43 15 0.04 0.01 3.7

B550 91 40 0.05 0.02 2.2

B600 68 36 0.04 0.01 2.3

Rice husk

RH465 87 82 0.13 0 6.0

RH550 117 102 0.17 0.01 5.8

RH600 99 78 0.18 0.01 7.4

Peat

P465 11 11 0.05 0 19.5

P550 9 10 0.06 0 28.5

P600 7 7 0.05 0 32.7

Coal

C465 133 61 0.07 0.03 2.1

C550 126 68 0.07 0.02 2.1

C600 172 92 0.09 0.03 2.1

FIG. A2. TG and DSC profiles of RH-derived char samples obtained at 465 – 600 ◦C
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FIG. A3. TG and DSC profiles of peat-derived char samples obtained at 465 – 600 ◦C

FIG. A4. TG and DSC profiles of coal-derived char samples obtained at 465 – 600 ◦C
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