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Abstract: Volatile organic compounds (VOCs) released in air represent a major potential for envi-
ronmental pollution. Capture methods based on activated biochar have attracted attention because
of their low cost and for the high removal capacity of the material due to its physical and chemical
properties. In this paper, activated biochars were developed and their adsorption performance
for VOC capture was evaluated. In the first step, biochars derived from rapeseed cake (RSC) and
walnut shells (WSC) were obtained through a carbonization process and then were activated using
basic/acid agents (KOH/H2SO4) to increase their performance as adsorbents. Acetone and toluene
were used as the VOC templates. The adsorption capacities of toluene and acetone for non-activated
biochars were reduced (26.65 mg/g), while that of activated biochars increased quite significantly, up
to 166.72 mg/g, and the biochars activated with H2SO4 presented a higher adsorption capacity of
VOCs than the biochars activated with KOH. The higher adsorption capacity of biochars activated
with H2SO4 can be attributed to their large surface area, and also to their larger pore volume. This
activated biochar adsorbent could be used with good results to equip air purification filters to capture
and remove VOCs.

Keywords: activated biochar; residual biomass; carbonization; chemical activation; VOC adsorption;
environment application

1. Introduction

The large-scale use of fossil fuels, as well as industrial activities, produce a variety
of atmospheric pollutants that are harmful to both the environment and human health.
Among them, volatile organic compounds (VOCs) are emitted in large quantities and come
mainly from industrial production [1,2]. The discharge of volatile organic compounds
into the atmosphere affects the quality of the environment and human health, because
most of them are carcinogenic toxic compounds and produce by even more dangerous
products by degradation, such as organic aerosols, that lead to the appearance of smog and
the depletion of the ozone layer [3–5]. Therefore, it is necessary to develop efficient and
ecological systems for the elimination of VOCs.

There are some methods for removing air pollutants, such as the separation method
based on membranes [6], a method based on the adsorption process [7]. Additionally, an
adsorption-based method is usually used to remove air pollutants [8]. Other methods
based on the use of chemical compounds and catalysts increase the costs and can lead to
supplemental pollution and equipment damaged by corrosion. Among the VOC removal
methods, adsorption is considered one of the most suitable methods to remove VOCs,
mainly because it is low-cost and high-efficiency [9]. The adsorption method has > 90%
efficiency, moderate energy consumption and is easy to apply [10,11]. Air pollutants, such
as CO2, H2S, NH3 or VOCs, can be removed by adsorption on porous materials with a high
specific surface area [12,13].

The main problem is finding the optimal adsorbent that is the key factor for the
commercial application of the adsorption technology. Carbon materials, in spite of some
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disadvantages such as hygroscopicity and pore blocking, are considered to have the most
potential as a low-cost, high-efficiency, and good-stability adsorbent for VOC removal [14].
On the other hand, their large-scale use is still limited because of their high cost of produc-
tion [15,16]. As a result, it is necessary to develop low-cost adsorbents which can efficiently
retain pollutants from the air and thus reduce the risk to the environment and human
health. In this context, activated biochar is considered a suitable material for such applica-
tions. Biochar is a porous carbonaceous material obtained by the conversion of biomass
under an atmosphere with low oxygen content, or even in an inert atmosphere [17,18].
Due to its properties such as low cost [16], high adsorption capacity, and the activity of
functional groups on the surface [19,20], biochar can be used in systems for removing air
pollutants, such as VOCs. There are various methods to prepare and modify biochar for
its applications in the removal of VOCs from air. The raw material frequently used for the
production of biochar includes biomass, agricultural waste, sludge, manure, etc. [21,22],
and the preparation methods typically used are pyrolysis, carbonization and hydrothermal
carbonization or gasification [23,24]. The differences that exist between the raw materials
used, as well as between the preparation methods, influence the physicochemical properties
and implicitly the adsorption capacity of the biochar.

The gasification method consists of a partial oxidation and then combustion of raw
materials in the presence of air or steam at a temperature in the range of 600 to 1200 ◦C;
the main resulting product is gas and the biochar yield is small [25,26]. Hydrothermal
carbonization refers to a method of processing of biomass at a temperature of 180–320 ◦C,
and under a certain pressure, which was previously immersed in water. The biochar
obtained by this method usually has high surface functionalized groups, high moisture
content and acidity [27,28].

Another method of producing biochar is pyrolysis, which consists of a process of
thermal decomposition of the raw material. The process takes place in an inert atmosphere
or in an environment with a low concentration of oxygen [28]. There are two types of
pyrolysis: slow and fast pyrolysis. Slow pyrolysis is used to produce a high yield of biochar,
while fast pyrolysis produces a high yield of bio-oil and gas [29]. The slow pyrolysis
process utilizes a slow heating rate, the residence time is long and the temperature is
in a large range [30,31]. Based on pyrolysis temperature, slow pyrolysis is divided into
pyrolysis at low temperature (300–400 ◦C), pyrolysis at medium temperature (400–500 ◦C)
and pyrolysis at high temperature (>500 ◦C) [30,31]. The biochar produced at low and
medium temperatures is hydrophobic and has more surface functional groups, but its
surface area and porosity are reduced [32]. Pyrolysis at high temperatures produces biochar
with increased hydrophilicity and pore structure, but the surface functional groups may
be reduced [32,33].

The biochar obtained by the carbonization method performed under a temperature
of 230–700 ◦C is considered as an effective new material, and compared with activated
carbon, it presents some advantages, such as the low consumption of energy because of the
low temperature used in production, the lack of requirement for a drying process, the high
production yield, and the reduced ash content due to the carbonization process [24,34]. The
application of biochar (BC) in environmental depollution is usually in cases of removing
contaminants by adsorption [35,36]. From the consulted literature, it appears that there is
a limited number of studies that refer to the use of biochars for the removal of pollutants
from the air. Thus, to increase the adsorption capacity of biochars, the modification of their
structure and properties is required. Generally, the modification methods of biochar refer
to a treatment using various agents such as steam, CO2, acids, salts, and bases, which can
change the biochar structure and increase their adsorption capacity [37,38].

The raw materials usually used to produce biochar are wood, agricultural waste,
invasive plants, residues from the food industry, seaweed, sludge, etc. [12,22,23]. The
differences in raw materials and the preparation method used can influence the physical
characteristics and chemical properties, and therefore also the carbon adsorption capac-
ity [14]. The improvement of the physical and chemical properties of the biochar is a
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requirement to increase its capacity to remove air pollutants. The modification methods are
usually physical activation and chemical treatment. As the physical activation surface area
increases, the porosity and surface functionalized groups are also increased [22,23]. The
chemical modification is based on a treatment with acid or alkali agents. This method favors
increasing the number of micropores, improving the biochar adsorption capacity [26,39].
Physical activation is based on a simple and low-cost method, while chemical activation
usually increases micropore structure, surface area and the number of surface functional-
ized groups, but it is a more expensive method. Consequently, the relationship between
cost and performance must be balanced when choosing the activation method.

In this work, biochars prepared by the carbonization of rapeseed cake and walnut
shells were modified by treatment with H2SO4 and KOH, activated biochars (ABC) were
created, and then they were tested for VOC adsorption. A polar and nonpolar compound—
acetone and toluene, respectively—were used as the VOC template. The aim of this work
was to evaluate the performance of this activated biochar as an effective VOC sorbent,
to analyze the effects of H2SO4 and KOH activation on the VOC adsorption capacity of
activated biochars and to show the VOC adsorption mechanisms of activated biochar.

2. Materials and Methods
2.1. Materials

Renewable raw materials with high carbon content were employed as precursor
materials. Rapeseed cake (RSC) and walnut shells (WS) were used to prepare biochars
and activated biochars. Figure 1 shows the two kinds of raw materials that were used for
producing biochars. The RSC and WS are structurally different from each other, and as a
result, both raw materials produce biochar with different surface area, surface morphology,
porosity and pore size.
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Figure 1. Raw biomass samples: (a)—rapeseed cake; and (d)—walnut shells; Biochars: (b)—rapeseed
cake biochar (RSC); (c)—rapeseed cake biochar (RSC) with particles size ≤ 1 mm; (e)—walnut shell
biochar (WSC); (f)—walnut shell biochar (WSC) with particle size ≤ 1 mm.

The elemental compositions of RSC and WSC are presented in Table 1. The carbon
content of raw biomass (RC and WS) were 45.91% and 47.67%, respectively.
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Table 1. The main characteristics of biochars and activated biochars prepared by carbonization at
650 ◦C from rapeseed cake and walnut shells and activated by KOH and H2SO4 at 800 ◦C.

Sample
SABET PV Dp C H N S O Ash O/C

(m2/g) (cm3/g) (nm) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (mol/mol)

RSC 8.5 0.124 0.92 46.05 6.14 6.68 0.85 39.62 6.24 0.645

WSC 9.6 0.126 1.12 47.62 5.72 0.35 0.68 45.63 7.26 0.718

RSCK 583 0.64 67.56 85.52 1.85 1.85 0.63 10.14 4.45 0.089

RSCS 1114 1.47 89.16 91.71 1.73 1.28 0.62 4.65 4.05 0.038

WSCK 235 0.47 57.45 83.34 1.76 0.32 0.64 13.93 6.45 0.125

WSCS 1020 1.29 97.05 89.73 1.87 0.28 0.37 7.74 6.12 0.064

SABET—surface area; PV—pore volume; Dp—pore diameter.

2.2. Raw Material Carbonization

The main purpose of carbonization is to remove the volatile matter from the biomass
in order to convert it to a suitable biochar for activation. During the phase of carbonization,
the carbon content in the biochar arrives at a higher value than raw materials. Most of the
non-carbon elements, and also hydrogen and oxygen, are removed in gaseous form.

Before carbonization, the rapeseed cake was in the form of extrudates (diameter of
5 mm and length of 6–8 mm) as a result of extracting the oil from the seeds (Figure 1a),
while walnut shells were crushed into a particle size of ≤5 mm (Figure 1b) in order to
perform homogeneous drying and carbonization. Before carbonization, both types of
samples were dried for 24 h at 105 ◦C to remove moisture content from their mass. The
carbonization for both biomass samples was performed at 650 ◦C at a heating rate of
5 ◦C/min with N2 flow rate of 80 mL/min for 60 min, after the set temperature was
reached. The carbonization reactor was made of stainless steel, was heated electrically
and was provided with a temperature controller, and a rotameter was used to control the
nitrogen flow.

The resulting biochars were rinsed for 15 min by submersion in DI water to remove
the soluble matter in water and then were dried in a oven for 24 h at 80 ◦C. Afterwards,
the biochar samples were crushed and sieved to a size of 100 µm (1 mm) for the VOC
adsorption tests. The activated biochar samples were obtained by the following procedure.
The biochar sample (with a particle size of 100 µm) was mixed in a 1:2 w/w ratio with either
5 M (KOH) or 5 M (H2SO4) solution. Each mixture was magnetically stirred on a hot plate
for 4 h at 85 ◦C, and the resulting slurry was dried in a oven for 24 h at 105 ◦C. The dried
biochar slurry was then activated in a furnace for 1 h at 800 ◦C under N2 gas flow at a rate
of 100 mL/min. Afterwards, the samples were cooled to room temperature and washed
repeatedly with DI water to remove any residual chemical substances and until the pH of
the rinsing water was stabilized. Biochar derived from rapeseed cake and walnut shells
were labeled as RSC and WSC. Those modified by KOH and H2SO4 were labeled as RSCK,
RSCS, WSCK and WSCS, respectively. The physical and chemical properties of the biochars
have been determined and are shown in Table 1.

2.3. Physiochemical Analysis of Biochar Samples

The porous characteristics of all samples were determined using N2 adsorption/ des-
orption experiments at (−196.15 ◦C) using a Quantachrome Inst. (Boynton Beach, FL, USA),
Nova 2200 e analyzer; the Brunauer–Emmett–Teller (BET) method was used to calculate
the surface area; the pore volume distribution was at a relative pressure of P/Po = 0.99 and
the pore size distribution resulted from the Brunauer–Joyner–Halenda (BJH) model. The
ultimate analysis determined the carbon, hydrogen, nitrogen and sulfur content, while the
oxygen content was determined by difference. A Carlo Elba 1106 instrument (Elemental
Microanalysis Ltd., Devon, UK) and ASTM 128 D 5373 standard were used. The ash
content was determined according to the standard ASTM D3174 89. Acetone and toluene,
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analytical grade, provided by Sigma-Aldrich (St. Louis, MO, USA), were used as VOC
templates. The VOCs’ (toluene and acetone) properties are presented in Table 2. Scanning
electron microscopy (SEM) analysis was performed to study the morphological structure
and a Scanning Electron Microscope type Quanta 200 was used, operating at 20 kV with
secondary electrons. Additionally, FTIR analysis was performed and an FTIR spectrometer
Nicolet 6700 (International Equipment Trading Ltd., Mundelein, IL, USA) was used.

Table 2. Some characteristics of toluene and acetone used as VOC templates in adsorption experiments [40,41].

VOCs FM WM (g/mol) ρ (g/mL) Bp (◦C) Dm (D) DK (nm)

Toluene C7H8 92.141 0.87 111 0 0.58

Acetone C3H6O 58.08 0.7845 56.05 2.91 0.46
FM—Molecular formula; WM—Molecular weight (g/mol); ρ—Density (g/mL); Bp—Boiling point (◦C); Dm—
Dipol moment (D); DK—Kinetic diameter (nm).

2.4. Adsorption and Desorption of VOCs

The adsorption/desorption experiments were performed by the gravimetric method
using a TGA (TGA/DSC System, Mettler Toledo, Columbus, OH, USA). Around 15 mg
biochar sample was introduced into the vessel and it was degassed at 105 ◦C for 2 h, under
a N2 flow of 50 mL/min. Afterwards, the sample was cooled to the adsorption temperature
(room temperature, about 20 ◦C) and the inlet line was switched from N2 gas to VOCs
vapor stream (50 mL/min) until the mass change arrived at an equilibrium. The toluene
and acetone adsorption performance of biochars were carried out for each separately. The
simulated gas consisted of 1000 ppm toluene or acetone in N2 used as carrier gas and the
running adsorption was made at the same time (15 min). The desorption process was
carried out by the increase of the temperature from room temperature to 150 ◦C at a heating
rate of 10 ◦C/min. Three adsorption tests at the same conditions were performed for each
experiment and an average value was considered. The data standard deviations were
determined and the relative error was less than 1.5%.

3. Results and Discussion
3.1. Biochars and Chemically Activated Biochars

The feedstock type of biochar influences its physio-chemical characteristics that further
determine its adsorption capacity. As shown in Figure 1, the raw biomass used in this
study was: (a)—rapeseed cake and (b)—walnut shells. After the carbonization step, the
samples became (c)—rapeseed cake biochar (RSC) and (d)—walnut shell biochar (WSC),
which were further ground and sieved, resulting in the samples: (e)—rapeseed cake biochar
(RSC) with a particle size of ≤1 mm; (f)—walnut shell biochar (WSC) with a particle size of
≤1 mm. The characteristics of biochars were affected by the activation agent and treatment
conditions (Table 1). The biochar derived from walnut shells presented a higher surface
area and pore volume than rapeseed cake biochar, whereas it resulted in the opposite effect
after activation by KOH or H2SO4.

Non-activated biochars (as resulting from the carbonization process) exposed low
surface areas (less than 10 m2/g), whereas after chemical treatment with KOH or H2SO4
and thermal treatment at 800 ◦C, the surface area increased. In addition, the activation by
H2SO4 produced higher surface area on the biochar as is shown in Table 1. Additionally,
for the pore volume, a similar change was observed; the RSCS presented a surface area of
1114 m2/g and a pore volume of 1.47 cm3/g, while the WSCS had a smaller surface area
(1020 m2/g) and pore volume (1.29 cm3/g). The difference between the surface area and the
pore volume may be due to the fact that RSC contains a larger amount of volatile organic
compounds [42], which can react with chemical agents and are removed from char mass,
and as a consequence create larger porosity and implicitly a larger surface area (Table 1).
As reported in the literature [43,44], the biochar treated with an acid and activated by
thermal treatment mainly presents a microporous structure, while the biochar treated with
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a basic agent presents a more mesoporous structure. The different structure of the pores
in the activated biochar mass is due to the different activation mechanisms of the acidic
and basic agents used. The acid agent produces bond-breaking reactions, which favors the
pyrolytic decomposition of the biochar and leads to the loss of the content of non-carbonic
substances in the biochar mass and to the subsequent formation of micropores through
carbonization [43]. Regarding the basic agent introduced into the biochar mass, it can react
at high temperatures with the carbon formed of carbonates and alkaline oxides, which
can further interact with the carbon and widen the structure, which therefore leads to the
formation of mesopores [44]. The results obtained by us agree with these findings.

The ash content in the RSC untreated biochar was initially higher (6.24%), while after
treatment and activation by H2SO4 or KOH, the ash content decreased for the RSCS and
RCSK samples (4.16% and 4.45%, respectively). On the other hand, for the WSCS and WSCK
samples, the ash content remained almost unchanged (Table 1). This behavior can probably
be attributed to the fact that the chemical agents solubilize and remove more compounds
from the initial ash in the case of the biochar prepared from rapeseed cake, while for the
biochar obtained from walnut shells this process does not take place.

Regarding the oxygen content, it can be seen from Table 1 that the RSCS sample treated
and activated with H2SO4 has a lower oxygen content than that contained in the untreated
sample (RSC) or treated with KOH (RSCK). The WSC samples treated with H2SO4 or KOH
(WSCS or WSCK) also have a lower oxygen content than the untreated sample (WSC). This
behavior can be explained by the fact that, in the case of biochars obtained from rapeseed
cake and walnut shells and activated by H2SO4 or KOH, this probably resulted in more
groups without oxygen content on the surface, while for non-treated biochars these groups
were increased [45–47].

3.2. Morphological Structure of Non and Activated Biochars

The pore structure of the prepared biochars depends on the precursor biomass materi-
als and activation methods, and represents the reason why surface area or pore volume
of biochar vary from one kind to another. The porous structures of all prepared biochars
were investigated using a scanning electron microscope (SEM) to study the changes in
morphology during raw material carbonization and activation process.

The SEM images of RSC and WSC materials are shown in Figure 2a,d.
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Figure 2. SEM images: (a) rapeseed cake biochar (RSC); (b) rapeseed cake biochar activated with
KOH (RSCK); (c) rapeseed cake biochar activated with H2SO4 (RSCS); (d) walnut shell biochar
(WSC); (e) walnut shell biochar activated with KOH (WSCK); (f) walnut shell biochar activated with
H2SO4 (WSCS).

The RSC biochar (Figure 2a) is composed of irregularly shaped particles with different
sizes, which shows the tendency of agglomeration. The external surface of the RSC biochar
presents deep slits, which could have appeared due to the removal of volatile organic
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compounds during the carbonization process. During the carbonization process, most of
the non-carbon elements are removed, which results in a biochar retaining the shape of the
biomass precursor and forming the initial porosity of the biochar.

As can be seen in Figure 2b,c, the surface area of RSC activated with KOH and H2SO4
was fairly smooth with some occasional cracks, mainly for the RSCK sample. Both activated
biochar samples (RSCK and RSCS) presented well-developed and orderly pores, which
correspond mainly to micropores. The use of KOH and H2SO4 in the chemical activation
process led to organized surfaces on the surface of the crystalline carbon characterized
by microporosity, indicating a higher surface area for the biochar sample activated with
H2SO4 (Table 1). Therefore, the H2SO4 is a more effective activating agent than KOH, and
activated biochar also resulted in a higher surface area. This observation is supported by
the BET surface area (Table 1).

As shown in Figure 2d, only a small amount of pores and low porosity existed on the
surface of carbonized raw material (walnut shells). Figure 2e,f show the biochar prepared
by activation using KOH and H2SO4, whose pore structure became developed. The main
reasons for the pore formation are the volatilization of KOH and H2SO4 during the thermal
treatment, the reaction of chemical agents with surface carbon, and the removal of some
carbon particles by acid and base washing. The H2SO4 had a more significant effect on
the surface morphology of biochar, showing a larger number and a more uniform pore
size structure. Activation with base and acid agents effectively removed the layer on the
surface of walnut shells biochar, allowing the internal structure to be revealed (Figure 2e,f).
Additionally, a higher surface area resulted for the biochar sample activated with H2SO4
(Table 1). It was reported that the type and number of chemical functional groups on the
surface adsorbent material has a great influence on adsorption capacity and selectivity. In
order to analyze the surface chemical functional group of biochar samples, FTIR analysis
was performed and an FTIR spectrometer Nicolet 6700 was used. The dried sample was
blended with KBr and the resulting mixture was placed in the sample holder. The FTIR
spectra are presented in Figure 3a,b.
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As can be seen, in both cases there is a clear difference between the spectra of the
untreated biochars and the biochars treated with KOH and H2SO4. For untreated biochars
the peaks at 2926 cm−1 and 2829 cm−1 for RSC and 2951 cm−1 and 2866 cm−1 for WSC, re-
spectively, are associated with alkyl groups, which can be correlated with the hydrophobic
nature of biochars. The peaks around 1736 cm−1 for RSC and 1789 cm−1 for WSC, respec-
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tively, correspond to the C=O (carboxyl) stretch, while the peak around 1628 cm−1 for RSC
and 1661 cm−1 for WSC, respectively, are associated with the C=C stretch (aromatics). The
peaks at 1567 cm−1 for RSC and 1584 cm−1 for WSC, respectively, are associated with C–H
or N–H bonds. On the other hand, the peaks at 1123 cm−1 for RSC and 1095 cm−1 for WSC,
respectively, are associated with the C–O group from esters and ethers. The FTIR spectra
of the treated biochars (RSCK, RSCS, WSCK si WSCS) showed that chemical activation
using H2SO4 produced biochars with a much more active surface, as shown by the number
of peaks and intensity. The biochars treated with H2SO4 have strong peaks at 1612 to
1581 cm−1 (aromatic C=C stretching or conjugated C-O stretching) and ~1166–1157 cm−1

(C–O–C stretching of ester groups). The biochars treated with KOH also have a peak
around the same region, but of much lower intensity than with the biochars treated with
H2SO4. (see Figure 3a,b). The biochars treated with KOH presented a strong peak at
~1078 cm−1 for RSCK or at ~1086 cm−1 for WSCK, respectively, corresponding to the C-O
stretching of carboxylic, ester and ether groups. The disappearance of peaks in the range
1078 to1086 cm−1 for the biochars treated with H2SO4 is probably due to dehydration and
depolymerization reactions during the activation [43,48].

3.3. VOCs Removal

The VOC compounds can be sorted into the following categories: alkanes, alkenes,
aromatic hydrocarbons, halogenated hydrocarbons, aldehydes, ethers, esters, ketones,
organic acids, and others. Most VOC compounds are released during the use of fossil fuels,
and they are very important precursors to the formation of other secondary pollutants and
fine particulate matter. These compounds can cause air pollution by smog forming [47]. The
removal of VOCs using activated biochars has been the subject of much research [8,14,22].
For example, Zhang et al. [14] prepared biochars using hickory wood and peanut hull and
used them to adsorb acetone and cyclohexane. After treatment with H3PO4, the surface
area of the biochars increased by 155 and 180 times, respectively, and the biochar obtained
from hickory wood presented a large capacity for acetone removal. Kinetic analysis showed
that the physical adsorption played a key role in the VOC removal [48]. Lamplugh et al. [49]
used a biochar to remove acetone, and it was observed that the adsorption capacity was
influenced by the porosity, surface area and average pore size of the biochar. Regarding
the mechanisms of removal, it was shown that physical adsorption was the prevailing
mechanism for VOC removal using biochar. The adsorption data can be described by the
models pseudo-first-order, according to Equation (1), and pseudo-second-order, according
to Equation (2):

qt = qe (1 × 10−k1t) (1)

qt = t·k2·qe
2/1 + qe·t·k2 (2)

where qt (mg/g) and qe (mg/g) are the amount of VOCs adsorbed at time t (min) and
equilibrium, respectively; k1 (min−1) and k2 (g/mg·min) are adsorption rate constants.

The pseudo-second-order model fit the VOC adsorption on carbonaceous adsorbents
better than the pseudo-first-order model, which was consistent with the other litera-
ture [50–52]. According to this data, the pseudo-second-order model corresponds better
to the adsorption of VOCs on carbonic adsorbents than the first-order model. In these
studies, it is emphasized that the specific surface area of carbonic adsorbents is mainly
responsible for the physical adsorption of organic compounds. Therefore, biochars with
a larger surface area may have higher adsorption rate constants, implying that physical
adsorption may be the dominant mechanism for biochars with a larger surface area. As can
be seen in Table 1 and Figure 3, RSCS presented the highest specific surface (1114 m2/g)
and had a higher adsorption capacity for acetone and toluene. Additionally, as presented
in the literature [53,54], VOC adsorption involves two parts: VOC adsorption at the surface
and diffusion in the pores. Moreover, intraparticle diffusion plays a major role, which could
affect the adsorption rate [54].
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Other investigations showed that π–π interaction can be an important removal mech-
anism for VOCs when biochar is used, especially for benzene removal [14]. Due to the
various different characteristics of VOCs, the mechanisms of VOC removal using activated
and non-activated biochars still requires further investigation. It is necessary to use suit-
able raw materials and preparation methods to improve the biochar properties that are
important for the removal of a variety of VOC pollutants. The activated biochars prepared
in this study were evaluated in terms of their performance in the adsorption of toluene and
acetone, compounds that are part of VOCs.

3.4. VOC Adsorption on Biochar Samples

Figure 4 presents the adsorption capacity of toluene and acetone (VOC templates)
on different activated and non-activated biochar samples prepared in this work at room
temperature (20 ◦C).
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Figure 4. The adsorption capacity of toluene and acetone (VOCs) on different activated and non-
activated biochar samples at room temperature (20 ◦C).

The adsorption capacity of toluene and acetone on RSC and WSC biochars were low,
as can be seen in Figure 4, the values being in the range of 16.76–26.65 mg/g, whereas
after activation by KOH the adsorption capacity of biochars increased significantly to
51.28–73.46 mg/g for RSCK and to 63.72–110.53 mg/g for WSCK, respectively. Activation
with H2SO4 increased the adsorption capacity to 153.34–166.72 mg/g for RSCS and at
103.68–120.85 mg/g for WSCS, respectively (Figure 4).

Generally, most of the H2SO4-activated biochars have a higher adsorption capacity
than that of KOH-activated biochars. The toluene and acetone adsorption capacity on
RSCS was 153.34 mg/g and 148.25 mg/g and on WSCS was 98.77 mg/g and 120.85 mg/g,
respectively which are bigger than that on RSCK and WSCK. A greater amount of acetone
was adsorbed on H2SO4-activated biochars than that on KOH-activated biochars, which
may be due to the following aspects: firstly, the biochar activated with H2SO4 has a larger
surface area, which means that it can offer more adsorption sites for sorbate molecules
(acetone, toluene) and the second aspect refers to the fact that the activation with the acid
agent (H2SO4) possibly generated functional groups containing oxygen on the surface of
the biochar, which can improve the adhesion of the hydrophilic VOC compound (acetone)
on the surface of the biochar.

A similar behavior of activated carbons obtained by treatment with an acid was also
presented in other studies [55,56]. These adsorbents presented a higher adsorption capacity
to polar VOC compounds, but at the same time it was found that the presence of groups
containing oxygen on the carbon surface decreased the adsorption capacity for nonpolar
VOC compounds, determining the inhibition of the interactions between nonpolar VOCs
and the adsorption sites rich in p-electrons. However, as shown in other studies [46,57],
activation with a basic agent can remove functional groups containing oxygen from the
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surface of the carbonaceous material. This may be the reason why, when RSC and WSC
were activated with KOH, the resulting activated biochars (RSCK and WSCK) presented a
higher toluene (nonpolar VOC) adsorption capacity (73.46 and 103.68 mg/g, respectively),
although the surface area of the RSCK and WSCK was almost 2.5 and 5 times lower than
biochars activated with H2SO4 (Table 1).

These data are in agreement with results presented in other studies [46,57,58], such as
lower adsorption capacities for activated carbons with an acid being obtained for nonpolar
VOCs (o-xylen, benzene, or CCl4). The toluene adsorption capacity of most of the used
activated biochars was bigger than that of adsorption capacity corresponding to acetone.
This can be correlated with the characteristics of VOC molecules, such as molecular weight,
boiling point, density, etc. (as shown in Table 2).

The VOCs’ molecular weight can influence their adsorption on an adsorbent, and
this was confirmed in the study from reference [59]. In this study, the adsorption of VOCs
on sludge-derived carbonaceous materials was compared, showing that the diffusion
coefficients of bigger molecular weight VOCs were lower than that of VOCs with higher
molecular weight. In our study, toluene has a higher molecular weight (92.141 g/mol)
than acetone (58.08 g/mol); however, it had a larger adsorption capacity than acetone.
This is possibly due to the non-polar character of the toluene molecule. In addition, the
VOC adsorption on a porous adsorbent material can be compared to vapor–liquid phase
transition (condensation), when the VOC compound with a higher boiling point is adsorbed
due to their stronger interaction with the adsorbent material by intermolecular forces [34].
Therefore, for toluene, which has a higher boiling point (111 ◦C) than acetone (56.05 ◦C)
(Table 2), the prepared biochars had higher adsorption capacities (Figure 4). On the other
hand, it is more difficult for VOC compounds with a higher boiling point to desorb due to
their stronger affinity with the surface of the adsorbent material.

One of the most important factors that contributes to the commercial use of an adsor-
bent material is the one that ensures reuse (lifetime). To investigate the reuse of biochars,
the desorption process was carried out using TGA and samples of biochars saturated with
VOCs (toluene, acetone), at a heating rate of 10 ◦C in the temperature range from 20 ◦C to
150 ◦C. Figure 5 shows the efficiency of toluene and acetone desorption process.
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Figure 5. Efficiency of toluene and acetone desorption (T-RSC, T-RSCK, T-RSCS and A-RSC, A-RSCK,
A-RSCS) from nonactivated (RSC) and activated (RSCK, RSCS) rapeseed cake biochars.

As can be seen in Figure 5, toluene and acetone adsorbed on non-activated RSC were
completely desorbed at temperatures ≤40 ◦C, while those on activated RSC (RSCK and
RSCS) were desorbed at higher temperatures (80–100 ◦C) for acetone and (140–150 ◦C) for
toluene. The desorption temperature for toluene was higher than that of acetone; this could
be due to the fact that toluene has a larger kinetic diameter (Table 2) and the release of
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toluene molecules from the micropores was inhibited, and the toluene adsorbed in the
narrow micropores required a higher temperature for desorption.

On the other hand, the highest toluene and acetone adsorption capacities were ob-
tained on RSCS (rapeseed cake biochar activated with H2SO4), Figure 4. For this biochar,
the breakthrough curves are shown in Figure 6.
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Figure 6. Adsorption capacity of toluene and acetone on rapeseed cake biochar activated with H2SO4

(T-RSCs and A-RSCs).

Both the toluene and acetone adsorption capacities on RSCS increased in the first
10–20 min, reaching a maximum value of 166 mg/g for toluene and 152 mg/g for acetone,
respectively, values that remained for around 40 min, after which they decreased rapidly,
which indicated the complete saturation of the material with VOCs.

Table 3 shows the adsorption capacity for biochars prepared in this work and other
materials from other studies [60–64]. The data indicate a good adsorption capacity of acti-
vated biochars prepared in this work, these being comparable with other results presented
in the literature (Table 3).

Table 3. The adsorption capacity of the prepared biochars compared to data from the literature.

Material SBET Adsorption Capacity (mg/g) Reference

Commercial AC 934 41 [60]

AC (rice husk) 1818 264 [61]

AC/ZrO 837 127 [60]

AC (petroleum waste) 2692 659.9 [62]

AC-Z 795 258 [63]

HPC-900 578 182 [64]

RSCS 1114 166.72 [This work]

WSCS 1020 152.34 [This work]

3.5. Main Factors Influencing Adsorption on Activated Biochars of VOCs

Characteristics of adsorbent materials, such as specific surface area and pore structure,
together with functional groups on the surface area of adsorbents, are three key factors
which could directly influence their performance on VOC removal by adsorption [64–67].
Carbon materials with a large specific surface area usually have superior adsorption
performance because their surface area provides the sites for adsorption of VOC molecules.
Alkaline metal compounds are commonly used for biochar activation, and they can produce
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large surface areas and highly microporous structures. Activation with KOH has been
proposed to proceed as 6KOH + 2C→ 2K + 3H2 + 2K2CO3 [68,69], where the reactivity
of the precursor has been linked to the start of hydrogen evolution during heating. When
hydrogen evolution begins earlier, the precursor is more reactive towards KOH. H2SO4 is
another efficient activator agent; it can be efficiently absorbed in the pores of a material and
is used as an impregnation chemical in activation. The suitability of H2SO4 for activation of
biochars is clear; the low surface area of RSC and WSC biochars was improved (see Table 1).
This is probably due to the different activation mechanisms, as KOH reactions are oxidative,
but with H2SO4 the pore structure formation is based on the dehydration reactions and
the occupation of the acid in the pores, which prevents destructuring. The content of
functional groups on the biochars influence the VOC adsorption. As is mentioned in the
literature [70,71], the correlations between the amount of different surface chemical groups
and adsorption capacities revealed differences between the adsorbent materials. As it
appears from the FTIR analysis (Figure 3), the prepared biochars present phenolic, carbonyl,
and carboxyl functional groups that are correlated with the hydrophilic surface of the
material, while the C-H, N-H or C=C groups are correlated with the hydrophobicity of
the surface. The results confirm that activation with H2SO4 and KOH produce different
content of superficial surface on activated carbons, which may have strong influence on
selectivity and sorption capacity of VOC applications.

The surface area of the RSCs and WSCs samples prepared in this study (Table 1)
(1114 m2/g and 1020 m2/g, respectively) is comparable to that presented in another
study (Table 3), and toluene adsorption capacity is similar. A carbon material with a
greater surface area captures a greater amount of VOCs. As a result, the preparation
of carbonaceous materials with a large specific surface area is desirable to use in VOC
capture. Pore size shows the morphology structure of a carbonaceous material, and the
pore size distribution is particularly responsible for their VOC adsorption capacity [58,64].
Their pores can be classified as micropores (Dp < 2 nm), mesopores (2 nm < Dp < 50 nm),
and macropores (Dp > 50 nm). As is presented in other studies [46,58,64], in general, the
micropores provide main adsorption sites, while the mesopores increase the intra-particle
diffusion and decrease the adsorption time. VOC adsorption onto carbon materials is
influenced by pore size in various ways; micropores, particularly the narrow micropores,
dominate VOC adsorption onto carbon materials [72,73]. It has been reported [74,75] that
narrower micropores (size < 1 nm) contribute to a better adsorption capacity for VOCs than
the total micropore volume [67]. As can be seen from Table 1, the RSCs and WSCs biochars
prepared in this study present micropores with diameter < 1 nm of 0.89 nm and 0.97 nm,
respectively, which confirms the good behavior of these materials in the process of VOC
capturing (toluene and acetone).

The VOC adsorption of carbonaceous adsorbent materials is usually controlled by
physical and chemical processes. Besides the morphology structure, the surface chemical
functional groups of carbon materials also influence their adsorption of VOCs [65]. The
surface functional groups of carbonaceous materials can be associated with both with the
raw material and with the material activated by thermal and chemical treatment [76]. The
oxygen groups are of different types such as acidic, basic, or neutral. Most of the oxygen
groups represent the source of surface acidity, which favor the hydrophilic VOCs to be
adsorbed on the carbon material surface [64,65]. The treatment by acids produces the
surface oxidations and introduces surface oxygen groups to carbonaceous materials [77].
RSCs and WSCs resulted from treatment using H2SO4, which implies that oxygen groups
appeared on the surface of these biochars, and therefore the adsorption capacity for toluene
and acetone was improved, as can be seen in Figure 3. A carbon material with a high
adsorption capacity for VOCs will be regenerated at longer time intervals [66], which
means a lower cost for a process of removing VOCs from the air.

Another factor that influences the adsorption capacity of carbon materials is the molec-
ular polarity of VOCs. Usually, the polar VOCs are adsorbed on adsorbent materials which
have polar groups, while nonpolar VOCs are adsorbed easier on the adsorbents without
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polar groups. Comparing various VOC adsorptions on carbonaceous adsorbents [64–66,74],
the results show that nonpolar VOCs exhibited higher adsorption capacity on biochar and
activated carbon than other polar VOCs, and this is attributed to their zero dipole moment,
which is well matched with the carbonaceous adsorbents. As can be seen in Table 2, toluene
has zero dipole moments, which explains the higher value of the adsorption capacity for
this than for acetone (Figures 4 and 6).

In addition, the boiling point of VOCs influence their adsorption process. The physical
adsorption on a porous adsorbent material is similar to vapor–liquid phase transition,
where the adsorbate with a higher boiling point could be preferentially adsorbed compared
to those with a lower boiling point because of the stronger intermolecular forces [78]. The
same finding also emerges from the data obtained in this study; toluene, with a higher
boiling point than acetone (Table 2), was adsorbed in a larger amount on prepared activated
biochars (Figure 4). Because of the strong affinity between high-boiling-point VOCs and
adsorbent materials, they will easily replace the lower-boiling-point VOCs during the
competitive adsorption process. The adsorption performance of VOCs with a high boiling
point is superior to those of VOCs with a low boiling point, whereas the desorption process
of high-boiling-point VOCs is more difficult to achieve because of their strong affinity with
adsorbent surfaces.

3.6. Effects of VOCs on Environment and Human Health, and Abatement Methods

VOCs have a negative impact on both the environment and human health. They
affect human health, and most VOCs, such as aldehydes, ketones, alcohols, acids, aromatic
compounds, polycyclic aromatic hydrocarbons, etc., are highly toxic and carcinogenic. Even
low-level exposure to aldehydes, ketones, and alcohols can cause respiratory problems such
as throat irritation, difficulty breathing, eye irritation, and chest tightness [79]. On the other
hand, high concentration or long-term exposure increases the risk of acute intoxication or
chronic toxicity, as well as the occurrence of nasal tumors [15,79]. Aromatic compounds,
another group of VOCs, mainly including benzene, toluene and ethylbenzene, are toxic and
carcinogenic [79]. Low-concentration exposure produces confusion, fatigue and nausea, as
well as memory and vision loss. Exposure to higher concentrations causes unconsciousness,
dizziness and even death [79]. Inhalation of benzene or toluene vapors is a major cause of
leukemia; it can harm human beings specifically and systematically [80]. A concentration
of approximately 2% benzene/toluene in the air can be fatal if the exposure lasts 5–10 min,
because the maximum allowed exposure concentration is 16.25 µg/m−3 [80]. Other VOCs,
such as polycyclic aromatic hydrocarbons (PAHs), including mainly naphthalene, phenan-
threne and pyrene, are carcinogenic compounds [79,80]. In addition to their negative effects
on health, VOCs have negative effects on the environment, contributing majorly to the
effect of global warming and the depletion of the ozone layer. The threshold concentration
of aromatic compounds is 200 ppm in air [79,80].

Taking into account this negative impact determined by VOCs, it is necessary to
develop effective methods of removing them from the air to avoid their inhalation by
people and at the same time to protect the environment from their negative effects. VOC
control methods can generally be divided into recovery (capture) methods and destruction
methods. The recovery methods include the adsorption process, which is based on the use
of absorbent porous materials. Compared to destruction methods, which convert VOCs
mainly to CO2 and H2O, recovery methods are more economical because they can achieve
VOC capture and recovery. Among the recovery methods, adsorption-based technology is
considered one of the most feasible methods to capture VOCs, mainly because it has low
cost and high efficiency [59,64]. The use of the optimal porous solid adsorbent is crucial
for the commercial application of the adsorption method for the capture of VOCs. Despite
some inherent disadvantages, such as the blocking of pores present and hygroscopicity,
carbon materials have great potential as adsorbents; they have low costs, good stability and
high efficiency for the capture and reduction of VOCs [64–66]. The adsorption capacity of
COVs of carbonaceous materials varies from tens of milligrams to hundreds of milligrams
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per gram, depending on the physico-chemical properties of the carbonaceous materials
(as mentioned in Section 3.5) Based on the experimental data obtained in this study, the
activated biochars prepared from residual biomass (rapeseed cake and walnut shells)
could be used with good results as adsorbent materials to equip air purification filters
for the capture and removal of VOCs because of their low production cost, good stability
and performance.

4. Conclusions

Biochars derived from rapeseed cake (RSC) and walnut shells (WSC), as well as
activated biochars resulting from treatment with H2SO4 and KOH, were prepared and
investigated to determine their performance in terms of VOC adsorption. Their adsorption
and desorption capacity for toluene (non-polar compound) and acetone (polar compound)
was determined. After activation by chemical treatment with H2SO4 and KOH, the BET
surface area of activated biochars increased significantly, and activation with H2SO4 created
a higher surface area for biochars than that of KOH-activated biochars. The adsorption
capacities of toluene and acetone for non-activated biochars were reduced (26.65 mg/g),
while that for activated biochars increased quite significantly, up to 166.72 mg/g. Addition-
ally, the biochars activated with H2SO4 presented a higher adsorption capacity than the
biochars activated with KOH. The higher adsorption capacity of biochars activated with
H2SO4 can be attributed to their large surface area, and also to their larger pore volume.

Based on the experimental data obtained in this study, the activated biochars prepared
could be used with good results as adsorbent materials to equip air purification filters
for the capture and removal of VOCs because of their low production cost, good stability
and performance. Although great progress has been made in the adsorption of VOCs on
carbonaceous materials, there are still gaps in knowledge that need to be filled. Further
studies are still needed to further improve the VOC absorption capacity of carbonaceous
materials, increase the adsorption performance of low-boiling VOCs, decrease the desorp-
tion temperature of high-boiling VOCs, increase the selectivity of carbonaceous adsorbents
for the reuse of VOCs and also improve the adsorption of VOCs on carbonic adsorbents
in the presence of moisture. Future research will address the development of low-cost
adsorbents, which can efficiently retain pollutants from the air and thus reduce the risk to
the environment and human health. In this context, activated biochars will be considered
a suitable material for such applications. Biochars with a high porous structure may be
obtained by the pyrolysis process of other different kinds of biomass and the parameters
process may be optimized. The differences that exist between the raw materials used, as
well as between the preparation methods, will influence the physico-chemical properties
and implicitly the adsorption capacity of the biochar. Due to its properties, such as low cost
and high adsorption capacity, the activity of functional groups on the surface of biochars
could be used in systems for removing air pollutants, such as VOCs.
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32. Usevičiūtė, L.; Baltrėnaitė-Gedienė, E. Dependence of pyrolysis temperature and lignocellulosic physical-chemical properties of
biochar on its wettability. Biomass Convers. Biorefin. 2020, 11, 2775–2793. [CrossRef]

33. Song, G.; Qin, F.; Yu, J.; Tang, L.; Pang, Y.; Zhang, C.; Wang, J.; Deng, L. Tailoring biochar for persulfate-based environmental
catalysis: Impact of biomass feedstocks. J. Hazard. Mater. 2022, 424, 127663. [CrossRef]

34. Guo, S.; Dong, X.; Zhu, C.; Han, Y.; Ma, F.; Wu, T. Pyrolysis behaviors and thermodynamics properties of hydrochar from bamboo
(Phyllostachys heterocycla cv. pubescens) shoot shell. Bioresour. Technol. 2017, 233, 92–98. [CrossRef]

35. Flora, J.F.R.; Lu, X.; Li, L.; Flora, J.R.V.; Berge, N.D. The effects of alkalinity and acidity of process water and hydrochar washing
on the adsorption of atrazine on hydrothermally produced hydrochar. Chemosphere 2013, 93, 1989–1996. [CrossRef] [PubMed]

36. Islam, M.A.; Ahmed, M.J.; Khanday, W.A.; Asif, M.; Hameed, B.H. Mesoporous activated carbon prepared from NaOH activation
of rattan (Lacosperma secundiflorum) hydrochar for methylene blue removal. Ecotoxicol. Environ. Saf. 2017, 138, 279–285. [CrossRef]
[PubMed]

37. Wang, B.; Gao, B.; Fang, J. Recent advances in engineered biochar productions and applications. Crit. Rev. Environ. Sci. Technol.
2017, 47, 2158–2207. [CrossRef]

38. Xue, Y.; Gao, B.; Yao, Y.; Inyang, M.; Zhang, M.; Zimmerman, A.R.; Ro, K.S. Hydrogen peroxide modification enhances the ability
of biochar (hydrochar) produced from hydrothermal carbonization of peanut hull to remove aqueous heavy metals: Batch and
column tests. Chem. Eng. J. 2012, 200–202, 673–680. [CrossRef]

39. Al-Wabel, M.; Elfaki, J.; Usman, A.; Hussain, Q.; Ok, Y.S. Performance of dry water- and porous carbon-based sorbents for carbon
dioxide capture. Environ. Res. 2019, 174, 69–79. [CrossRef]

40. Toulene. Available online: https://en.wikipedia.org/wiki/Toluene (accessed on 2 November 2022).
41. Acetone. Available online: https://en.wikipedia.org/wiki/Acetone (accessed on 2 November 2022).
42. Lamplugh, A.; Harries, M.; Nguyen, A.; Montoya, L.D. VOC emissions from nail salon products and their effective removal using

affordable adsorbents and synthetic jets. Build. Environ. 2020, 168, 106499. [CrossRef]
43. Yorgun, S.; Yıldız, D. Preparation and characterization of activated carbons from Paulownia wood by chemical activation with

H3PO4. J. Taiwan Inst. Chem. Eng. 2015, 53, 122–131. [CrossRef]
44. Thubsuang, U.; Laebang, S.; Manmuanpom, N.; Wongkasemjit, S.; Chaisuwan, T. Tuning pore characteristics of porous carbon

monoliths prepared from rubber wood waste treated with H3PO4 or NaOH and their potential as supercapacitor electrode
materials. J. Mater. Sci. 2017, 52, 6837–6855. [CrossRef]

45. Uchimiya, M.; Wartelle, L.H.; Lima, I.M.; Klasson, K.T. Sorption of Deisopropylatrazine on Broiler Litter Biochars. J. Agric. Food
Chem. 2010, 58, 12350–12356. [CrossRef] [PubMed]

46. Li, L.; Liu, S.; Liu, J. Surface modification of coconut shell based activated carbon for the improvement of hydrophobic VOC
removal. J. Hazard. Mater. 2011, 192, 683–690. [CrossRef] [PubMed]

47. Ojala, S.; Pitkäaho, S.; Laitinen, T.; Koivikko, N.N.; Brahmi, R.; Gaálová, J.; Matejova, L.; Kucherov, A.; Päivärinta, S.;
Hirschmann, C.; et al. Catalysis in VOC Abatement. Top. Catal. 2011, 54, 1224–1256. [CrossRef]

48. Zhang, X.; Gao, B.; Fang, J.; Zou, W.; Dong, L.; Cao, C.; Zhang, J.; Li, Y.; Wang, H. Chemically activated hydrochar as an effective
adsorbent for volatile organic compounds (VOCs). Chemosphere 2019, 218, 680–686. [CrossRef] [PubMed]

49. Li, L.-Q.; Song, J.-F.; Yao, X.-L.; Huang, G.-J.; Liu, Z.; Tang, L. Adsorption of volatile organic compounds on three activated carbon
samples: Effect of pore structure. J. Central South Univ. 2012, 19, 3530–3539. [CrossRef]

50. Nasri, N.S.; Mohammed, J.; Zaini, M.A.A.; Hamza, U.D.; Zain, H.M.; Ani, F.N. Equilibrium and Kinetic Studies of Benzene and
Toluene Adsorption onto Microwave Irradiated-Coconut Shell Activated Carbon. Adv. Mater. Res. 2014, 1043, 219–223. [CrossRef]

51. Son, H.K.; Sivakumar, S.; Rood, M.J.; Kim, B.J. Electrothermal adsorption and desorption of volatile organic compounds on
activated carbon fiber cloth. J. Hazard. Mater. 2016, 301, 27–34. [CrossRef]

52. Zhang, X.; Gao, B.; Zheng, Y.; Hu, X.; Creamer, A.E.; Annable, M.D.; Li, Y. Biochar for volatile organic compound (VOC) removal:
Sorption performance and governing mechanisms. Bioresour. Technol. 2017, 245, 606–614. [CrossRef]

53. Lei, B.; Liu, B.; Zhang, H.; Yan, L.; Xie, H.; Zhou, G. CuO-modified activated carbon for the improvement of toluene removal in
air. J. Environ. Sci. 2020, 88, 122–132. [CrossRef] [PubMed]

54. Li, X.; Zhang, L.; Yang, Z.; Wang, P.; Yan, Y.; Ran, J. Adsorption materials for volatile organic compounds (VOCs) and the key
factors for VOCs adsorption process: A review. Sep. Purif. Technol. 2020, 235, 116213. [CrossRef]

55. Kim, K.-J.; Kang, C.-S.; You, Y.-J.; Chung, M.-C.; Woo, M.-W.; Jeong, W.-J.; Park, N.-C.; Ahn, H.-G. Adsorption–desorption
characteristics of VOCs over impregnated activated carbons. Catal. Today 2006, 111, 223–228. [CrossRef]

56. Subramanian, S.; Pande, G.; De Weireld, G.; Giraudon, J.-M.; Lamonier, J.-F.; Batra, V.S. Sugarcane bagasse fly ash as an attractive
agro-industry source for VOC removal on porous carbon. Ind. Crops Prod. 2013, 49, 108–116. [CrossRef]

http://doi.org/10.1016/j.jhazmat.2019.121147
http://www.ncbi.nlm.nih.gov/pubmed/32145924
http://doi.org/10.1016/j.chemosphere.2021.130378
http://doi.org/10.1021/acs.est.7b02528
http://www.ncbi.nlm.nih.gov/pubmed/29116778
http://doi.org/10.1007/s13399-020-00711-3
http://doi.org/10.1016/j.jhazmat.2021.127663
http://doi.org/10.1016/j.biortech.2017.02.072
http://doi.org/10.1016/j.chemosphere.2013.07.018
http://www.ncbi.nlm.nih.gov/pubmed/23931904
http://doi.org/10.1016/j.ecoenv.2017.01.010
http://www.ncbi.nlm.nih.gov/pubmed/28081490
http://doi.org/10.1080/10643389.2017.1418580
http://doi.org/10.1016/j.cej.2012.06.116
http://doi.org/10.1016/j.envres.2019.04.020
https://en.wikipedia.org/wiki/Toluene
https://en.wikipedia.org/wiki/Acetone
http://doi.org/10.1016/j.buildenv.2019.106499
http://doi.org/10.1016/j.jtice.2015.02.032
http://doi.org/10.1007/s10853-017-0922-z
http://doi.org/10.1021/jf102152q
http://www.ncbi.nlm.nih.gov/pubmed/21049997
http://doi.org/10.1016/j.jhazmat.2011.05.069
http://www.ncbi.nlm.nih.gov/pubmed/21683520
http://doi.org/10.1007/s11244-011-9747-1
http://doi.org/10.1016/j.chemosphere.2018.11.144
http://www.ncbi.nlm.nih.gov/pubmed/30504043
http://doi.org/10.1007/s11771-012-1439-x
http://doi.org/10.4028/www.scientific.net/AMR.1043.219
http://doi.org/10.1016/j.jhazmat.2015.08.040
http://doi.org/10.1016/j.biortech.2017.09.025
http://doi.org/10.1016/j.jes.2019.07.001
http://www.ncbi.nlm.nih.gov/pubmed/31862054
http://doi.org/10.1016/j.seppur.2019.116213
http://doi.org/10.1016/j.cattod.2005.10.030
http://doi.org/10.1016/j.indcrop.2013.04.014


Materials 2023, 16, 389 17 of 17

57. Niu, Y.; Shang, T.; Zeng, J.; Wang, S.; Gong, Y.; Hui, S. Effect of Pulverized Coal Preheating on NOx Reduction during Combustion.
Energy Fuels 2017, 31, 4436–4444. [CrossRef]

58. Oh, K.-J.; Park, D.-W.; Kim, S.-S.; Park, S.-W. Breakthrough data analysis of adsorption of volatile organic compounds on granular
activated carbon. Korean J. Chem. Eng. 2010, 27, 632–638. [CrossRef]

59. Tsai, J.H.; Chiang, H.M.; Huang, G.Y.; Chiang, H.L. Adsorption characteristics of acetone, chloroform and acetonitrile on sludge-
derived adsorbent, commercial granular activated carbon and activated carbon fibers. J. Hazard. Mater. 2008, 154, 1183–1191.
[CrossRef]

60. Zhou, K.; Ma, W.; Zeng, Z.; Ma, X.; Xu, X.; Guo, Y.; Li, H.; Li, L. Experimental and DFT study on the adsorption of VOCs on
activated carbon/metal oxides composites. Chem. Eng. J. 2019, 372, 1122–1133. [CrossRef]

61. Shen, Y.; Zhang, N. Facile synthesis of porous carbons from silica-rich rice husk char for volatile organic compounds (VOCs)
sorption. Bioresour. Technol. 2019, 282, 294–300. [CrossRef]

62. Tehrani, N.H.M.H.; Alivand, M.S.; Rashidi, A.; Shamskar, K.R.; Samipoorgiri, M.; Esrafili, M.D.; Maklavany, D.M.; Shafiei-
Alavijeh, M. Preparation and characterization of a new waste-derived mesoporous carbon structure for ultrahigh adsorption of
benzene and toluene at ambient conditions. J. Hazard. Mater. 2020, 384, 121317. [CrossRef]

63. Hu, L.; Peng, Y.; Wu, F.; Peng, S.; Li, J.; Liu, Z. Tubular activated carbons made from cotton stalk for dynamic adsorption of
airborne toluene. J. Taiwan Inst. Chem. Eng. 2017, 80, 399–405. [CrossRef]

64. Tang, M.; Huang, X.; Peng, Y.; Lu, S. Hierarchical porous carbon as a highly efficient adsorbent for toluene and benzene. Fuel
2020, 270, 117478. [CrossRef]

65. Deng, Z.; Zhang, Q.; Deng, Q.; Guo, Z.; Seok, I. Modification of coconut shell activated carbon and purification of volatile organic
waste gas acetone. Adv. Compos. Hybrid Mater. 2022, 5, 491–503. [CrossRef]

66. Baur, G.B.; Yuranov, I.; Renken, A.; Kiwi-Minsker, L. Activated carbon fibers for efficient VOC removal from diluted streams: The
role of surface morphology. Adsorption 2015, 21, 479–488. [CrossRef]

67. Lillo-Ródenas, M.A.; Cazorla-Amorós, D.; Linares-Solano, A. Benzene and toluene adsorption at low concentration on activated
carbon fibres. Adsorption 2011, 17, 473–481. [CrossRef]

68. Lillo-Ródenas, M.A.; Cazorla-Amorós, D.; Linares-Solano, A. Understanding chemical reactions between carbons and NaOH and
KOH: An insight into the chemical activation mechanism. Carbon 2003, 41, 267–275. [CrossRef]

69. Lillo-Ródenas, M.A.; Marco-Lozar, J.P.; Cazorla-Amorós, D.; Linares-Solano, A. Activated carbons prepared by pyrolysis of
mixtures of carbon precursor/alkaline hydroxide. J. Anal. Appl. Pyrolysis 2007, 80, 166–174. [CrossRef]

70. Dos Reis, G.S.; Larsson, S.H.; Mathieu, M.; Thyrel, M.; Pham, T.N. Application of design of experiments (DoE) for optimised
production of micro- and mesoporous Norway spruce bark activated carbons. Biomass Convers. Biorefinery 2021, 1–19. [CrossRef]

71. Guy, M.; Mathieu, M.; Anastopoulos, I.P.; Martínez, M.G.; Rousseau, F.; Dotto, G.L.; de Oliveira, H.P.; Lima, E.C.; Thyrel, M.;
Larsson, S.H.; et al. Process Parameters Optimization, Characterization, and Application of KOH-Activated Norway Spruce Bark
Graphitic Biochars for Efficient Azo Dye Adsorption. Molecules 2022, 27, 456. [CrossRef]

72. Das, D.; Gaur, V.; Verma, N. Removal of volatile organic compound by activated carbon fiber. Carbon 2004, 42, 2949–2962.
[CrossRef]

73. Qian, Q.; Gong, C.; Zhang, Z.; Yuan, G. Removal of VOCs by activated carbon microspheres derived from polymer: A comparative
study. Adsorption 2015, 21, 333–341. [CrossRef]

74. Mao, H.; Zhou, D.; Hashisho, Z.; Wang, S.; Chen, H.; Wang, H.; Lashaki, M.J. Microporous activated carbon from pinewood
and wheat straw bymicrowave-assisted koh treatment for the adsorption of toluene and acetone vapors. RSC Adv. 2015, 5,
36051–36058. [CrossRef]

75. Mao, H.; Huang, R.; Hashisho, Z.; Wang, S.; Chen, H.; Wang, H.; Zhou, D. Adsorption of toluene and acetone vapors on
microwave-prepared activated carbon from agricultural residues: Isotherms, kinetics, and thermodynamics studies. Res. Chem.
Intermed. 2016, 42, 3359–3371. [CrossRef]

76. Jaramillo, J.; Álvarez, P.M.; Gómez-Serrano, V. Preparation and ozone-surface modification of activated carbon. Thermal stability
of oxygen surface groups. Appl. Surf. Sci. 2010, 256, 5232–5236. [CrossRef]

77. Deng, Z.; Deng, Q.; Wang, L.; Xiang, P.; Lin, J.; Murugadoss, V.; Song, G. Modifying coconut shell activated carbon for improved
purification of benzene from volatile organic waste gas. Adv. Compos. Hybrid Mater. 2021, 4, 751–760. [CrossRef]

78. Wang, H.; Jahandar Lashaki, M.; Fayaz, M.; Hashisho, Z.; Philips, J.H.; Anderson, J.E.; Nichols, M. Adsorption and desorption of
mixtures of organicvapors on beaded activated carbon. Environ. Sci. Technol. 2012, 46, 8341–8350. [CrossRef]

79. Kamal, M.S.; Razzak, S.A.; Hossain, M.M. Catalytic oxidation of volatile organic compounds (VOCs)—A review. Atmospheric
Environ. 2016, 140, 117–134. [CrossRef]

80. Patnaik, P. A Comprehensive Guide to the Hazardous Properties of Chemical Substances; John Wiley & Sons: New York, NY, USA, 2007.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1021/acs.energyfuels.6b02984
http://doi.org/10.1007/s11814-010-0079-9
http://doi.org/10.1016/j.jhazmat.2007.11.065
http://doi.org/10.1016/j.cej.2019.04.218
http://doi.org/10.1016/j.biortech.2019.03.025
http://doi.org/10.1016/j.jhazmat.2019.121317
http://doi.org/10.1016/j.jtice.2017.07.029
http://doi.org/10.1016/j.fuel.2020.117478
http://doi.org/10.1007/s42114-021-00345-7
http://doi.org/10.1007/s10450-015-9685-5
http://doi.org/10.1007/s10450-010-9301-7
http://doi.org/10.1016/S0008-6223(02)00279-8
http://doi.org/10.1016/j.jaap.2007.01.014
http://doi.org/10.1007/s13399-021-01917-9
http://doi.org/10.3390/molecules27020456
http://doi.org/10.1016/j.carbon.2004.07.008
http://doi.org/10.1007/s10450-015-9673-9
http://doi.org/10.1039/C5RA01320H
http://doi.org/10.1007/s11164-015-2217-9
http://doi.org/10.1016/j.apsusc.2009.12.109
http://doi.org/10.1007/s42114-021-00273-6
http://doi.org/10.1021/es3013062
http://doi.org/10.1016/j.atmosenv.2016.05.031

	Introduction 
	Materials and Methods 
	Materials 
	Raw Material Carbonization 
	Physiochemical Analysis of Biochar Samples 
	Adsorption and Desorption of VOCs 

	Results and Discussion 
	Biochars and Chemically Activated Biochars 
	Morphological Structure of Non and Activated Biochars 
	VOCs Removal 
	VOC Adsorption on Biochar Samples 
	Main Factors Influencing Adsorption on Activated Biochars of VOCs 
	Effects of VOCs on Environment and Human Health, and Abatement Methods 

	Conclusions 
	References

