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Abstract

Benzene, toluene, ethylbenzene, and xylene (BTEX) removal is one of the most common
difficulties in air pollution control. They are emitted from several processes, prejudicial to
the environment and humans. BTEX leads to various environmental risks, and there is a
significant need for a creating process for the complete removal of BTEX from air streams.
This study’s objective is the multi-component adsorption of BTEX pollutants from an air
stream, by synthesizing activated carbons (ACs) under several operations. A lignocellu-
losic waste biomass, Abelmoschus esculentus L. (AE), was utilized as the precursor for
synthesizing activated carbons (AE-ACs), and their surface chemical characteristics were
investigated. Optimization processes were examined, and the change in the surface area of
AE-ACs was investigated as change of some variables results like activation agent, impreg-
nation ratio, temperature, and activation time. The maximum surface area of 968 mz/g and
total pore volume of 0.51 cm®/g were attained at 1:2 impregnation ratio, activation time of
110 min, and activation temperature of 800 °C, under N, atmosphere. A mixture of BTEX
pollutants was employed to consider the effect of humidity (0.5, 1, 1.5, and 2 wt%) and ini-
tial concentrations (from 5 to 300 mg/m3), using a contact time of 120 min at the tempera-
ture of 25 °C. Under the studied conditions, the multi-component and single-component
BTEX adsorption capacities by HCl-activated carbon, AE-ACy, were specifically achieved
to 6.86-51.36 mg/g and 22-93.62 mg/g, respectively. Overall, Abelmoschus esculentus L.
was exploited for the synthesis of AE-ACy which was successfully utilized for efficient
BTEX capture from a polluted air stream.
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Introduction

Volatile organic compounds (VOCs) have become quite common air pollutants in indus-
tries which apply them as well as in their manufacturing unites [22, 23]. The most common
VOC:s in the chemical processes are acetaldehyde, acetone, carbon tetrachloride, formalde-
hyde, heptane, methyl ethyl ketone, monomethyl ether, naphthalene, and styrene [24, 25].
In addition, benzene, toluene, ethylbenzene, and xylene are known as aromatic hydrocar-
bons, BTEX, which participate in the atmospheric environment and can lead to environ-
mental pollution as toxic or hazardous materials. The BTEX emissions from the indoor or
outdoor environment can easily be accelerated with the vapor phase between 50 and 250
°C at atmospheric pressure [8, 11, 26, 27].

Several researchers have mentioned the existence of BTEX in many solvents, clean-
ing materials [28], degreasers [29], industrial regions [15], the automotive industry [10],
aviation fuels [30], cosmetic products [4], wood furniture coatings [16], and cafeterias
and volatile gas sources [31, 32]. The presence of BTEX adversely affects the radiation
absorption and reactions performed under the influence of sunlight (undergo photochemi-
cal oxidation) with various molecules that cause climate change and air pollution (such
as photochemical smog and ozone), by releasing into the atmosphere [9, 33]. Also, they
prepare the background for PM, 5 and O; formation in the environment [34-36]. The levels
of their presence are examined in different environments, and it has been stated that their
effects on many other health-related issues are not known yet. Although it has been noted
that exposure to these pollutants could occur in various ways, its principal way of entrance
to human’s body is inhalation. However, the adverse effects of BTEX on humans are mani-
fested in multiple diseases, including eczema, headaches, dizziness, and injuries to internal
systems [37, 38]. Peroxidative damage to protein structures and polyunsaturated fatty acids
and DNA damage due to exposure to oxidative stress products in hydrocarbon classes are
the beginning of carcinogenic activities [39—41]. In fact, due to exposure to high amounts
of aromatic hydrocarbons, it has been determined that respiratory diseases, nose-throat
damage, and even advanced carcinogenic diseases are seen in humans. Poor air quality,
especially indoors; inadequate ventilation in cars, homes, offices, cafeterias, stationery,
clothes drying centers, public transportation, museums, and schools; and increased BTEX
emission due to insufficient clean air increase possible health problems [12, 42]. Although
it seems that the main responsible for indoor air quality (IAQ) is outdoor air, there has been
a serious increase in the incidence of industrial-origin BTEX, which has been increased
with the frequent use of industrial products in indoor spaces after the 1980s.

Environmental organizations have defined BTEX as a dangerous air pollutant and
have proposed to control it with some legislation in various countries [43]. They have
agreed to reduce the presence of these materials in the environment via issuing some
urgent environmental regulations, such as Directive 1999/13/E.C. and 2004/42/E.C.
The US Environmental Protection Agency recommended exposure of maximum hydro-
carbon as 1.6x10™* kg/m? (0.24 ppm) in 3 h that it should not be exceeded for more
than a year [44]. Therefore, in-depth research of BTEX emissions from the gas envi-
ronment is key to overextending air quality. After seeing that regulations are not com-
pletely effective in the control of BTEX, many reduction techniques for improving
VOC control were continued to be used, and the main logical manner for BTEX con-
trol was considered to be its emission control at the source locale [18]. Although the
BTEX elimination methods have been extensively studied, many techniques are infer-
tile because of their unsustainability and high cost. They contain various structural
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(physical and chemical) limitations [1, 14], and such methods should usually exert
restricting policies on the decomposition of BTEX. Methods of BTEX control which
need low energy, use materials which are abundant in nature, and need low budget
are preferable, like BTEX removal via adsorption process. Successful adsorbents such
as organo-silica clay [45], activated carbon [20], activated carbon fiber [46], polymer
[47], metal, and organic framework [7] have been applied in the previous adsorption
studies. It can be claimed that adsorption is one of the best technologies for removing
BTEX, since most adsorbents are often regeneratable, and many adsorbents provide
fast and efficient disposal of BTEX.

The removal efficiency reaches high levels for some appropriate adsorbents due to
their large specific surface area and good stability. It is aimed to recover BTEX using
filtration with the aid of adsorbents with larger volumes, from the air streams with
high emitting rates in industry. Numerous types of research have shown that activated
carbons show different performance and properties for BTEX adsorption, dependent
on the biomass type and/or pyrolysis conditions [17, 21, 48, 49]. However, because the
pores of the adsorbents used are tiny and immediately clogged, and due to other limita-
tions, the researchers’ speed for fabrication of suitable adsorbents has accelerated. In
search of a new adsorbent, the first goals are the fabrication of an adsorbent with large
pores, low-cost production of adsorbent, and reusability of the fabricated adsorbent.
At the same time, researchers have been focused on the exploitation of agricultural,
lignocellulosic, and forestry wastes for adsorbent production, which are abundant and
available at low costs.

The elaborated aims of the present study are, therefore, as follows: (i) development
of an adsorbent from the waste biomass of Abelmoschus esculentus L., which has a
low-cost, effective, and reusable lignocellulosic structure, for efficient adsorption of
gaseous BTEX from air streams; (ii) determination of the removal efficiency and its
optimization by changing some variables; and (iii) evaluation of the effects of vari-
ables on the removal efficiency. Overall, the results of this investigation provide an
enormous basis to support the evolvement of the wondrous BTEX control mechanism.
Furthermore, obtaining well-developed pore structure and efficiency with the chemical
activation process is foreseen to improve the large specific surface area of the activated
carbon which is prepared from agricultural waste.

Materials and Methods
Materials and Chemicals

The agricultural residues of Abelmoschus esculentus L. (AE) were collected from
cropland in Kastamonu, Tiirkiye. All the spent chemicals, including hydrochloric acid
(37% purity; HCI) and sodium hydroxide (98% purity; NaOH), were of analytical grade
brand, Merck, Germany. Aromatic hydrocarbons were used as received from Sigma-
Aldrich. 400 mg/L BTEX solution, in which all compounds had equal concentration,
was prepared in distilled water and kept in the refrigerator at 4 °C prior to using in the
experiment. BTEX samples were obtained using higher trapping Tenax TA tubes sup-
plied by Millipore/Sigma and stored at —20 °C until analysis.
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Preparation of Activated Carbon

The preparation process step was as follows:
(i) Waste residue of Abelmoschus esculentus L. was washed with distilled water to
remove undesired surface compounds.

(i) It was dried at 48 °C for 48 h in an oven.

(iii) Fifty grams of waste was grounded as particles diameter was < 250 pm.

(iv) Ten grams of powdered AE was mixed with 20 g chemical activation agent, dissolved
HCI or NaOH, to achieve impregnation ratio of 2:1 (activating agent: biomass waste).

(v) Batch mixer was applied to prepare a paste.

(vi) The stainless steel reactor, which was resistant at high temperatures, was heated
from 20 to 900 °C at 10 °C/min under an N, flow rate of 80 mL/min. The activation
temperatures of 500, 600, 700, 800, and 900 °C for 110 min were tested for activa-
tion process. After activation process, the mixture was left to cool up to ambient
temperature under N, flow at the rate of 80 mL/min of N, gas.

(vii) Finally, either 0.01M HCl and 0.01M NaOH solutions were utilized to neutralize the acti-
vated carbons and achieving pH of 6-7. Afterward, they were washed several times with
boiling distilled water to remove any acid or base remained in the pores. The carbon materi-
als were labeled and kept in polyethylene containers as AE-ACs for subsequent uses.

AE-ACs Characterization

Firstly, the characterization analyses of powdered AE-ACs were performed to evaluate porous
structures using BET (Brunauer-Emmett-Teller, Quantachrome Instruments, USA), to obtain
information about the morphology of the AE-ACs using SEM (scanning electron microscope,
FEI Quanta FEG 250), to identify organic materials and chemical bond on the AE-ACs by
FT-IR spectra between 400 and 4000 cm™! wavelength (using Fourier-transform infrared spec-
trometer, PerkinElmer, Waltham, MA, USA), to assess elemental comonents (C, H, N, and
O) of the AE-ACs and their degree by the elemental analyzer (Eurovector, EA3000-Single),
to examine ash amount with ASTM standard test procedures [3], and to determine thermal
stability of the AE-ACs using TGA (a thermogravimetric analyzer, STA7300, Hitachi Corp.,
Japan) under the N, (80 mL/min) from 50 to 1100 °C at the heating rate of 10 °C/min.

Multi-Component Dynamic Adsorption

The adsorption experiments were executed using AE-ACs in a batch reactor for 120 min
at atmospheric pressure in Fig. 1. Benzene (C¢H), toluene (CsH CH;), ethylbenzene
(C¢HsC,Hs), and xylene (CcH,(CH;),) were inserted in a stainless-steel tubular reactor as
vapor-phase with a length of 210 mm and an internal diameter of 70 mm and maintained until
their masses remained steady by a mass flow controller. The initial concentration was injected
corresponding to the threshold level in a stock solution under 80 mL/min of N, flow as the
carrier gas. The lowest relative pressure was P/Py = 0.05.

TD-GC-MS Analysis and System Control

BTEX samples were analyzed through TD-GC/MS (thermal desorber, Markes Unity-
gas chromatography-mass spectrometry, Thermo Scientific Trace 1300 - M.S., Thermo
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Fig. 1 Configuration of the experimental setup for a multi-component adsorption system

Scientific ISQ QD) and using US EPA Method TO-17 [50]. Tenax®TA tubes were ana-
lyzed with TG-624; 30.0 m X 0.25 mm X 1.4 pm column for diffusive samples. Their
sampling was accomplished via air pump (200 mL/min) AirLite 110-100 (SKC, USA).
In order to clean Tenax®TA tubes before sampling, the cleaning process was carried out
by providing He flow of 1.5 mL/min at 350 °C, for which heating was started from 50 °C
and raised with 30 °C ramps. For detection purposes, temperature scheduling continued
from 65 to 170 °C with a steady rise of 5 °C/min, and, after that, it was escalated by 10 °C/
min up to 220 °C and kept isothermal at 220 °C for 5 min. The input mass spectra were
recorded at 70 eV, 150 °C ion source, and 230 °C interface temperature. An explication of
the mass spectrum of GC-MS was made using the National Institute Standard and Tech-
nology (NIST) database having more than 62,000 patterns. The method limit of detection
(MDL) was calculated, which was ranging from 0.001 to 0.37 ppb depending on the ana-
lyte, with less precision to some hydro-compound as an acceptance criterion for analytical
curve determination coefficients (R? for all components was >0.99). Quality control of the
chromatographic process was provided by comprehensive five-point calibration for BTEX
compounds, including routine standard checks using VOC mix gas component standards
and periodic duplicates, methods, and field blanks of subsequent values. External stand-
ardization was calibrated with a standard BTEX solution (EPA TO-1 Toxic Organic Mix
1A from Sigma-Aldrich).

Adsorption Equilibrium

The BTEX adsorption process was conducted under the isothermal conditions. Samples
were collected using 0.2 g of the AE-AC to periodically determine the adsorption behavior
(P/Py = 0-0.2). The system was put into priority operation for the specified temperature
for 30 min, and then after running without AE-ACs for 30 min. It stabilized the system and
reduced the error rate between fitted and experimental values. The study was carried out
in several initial concentrations of 5-10-20-30-50-70-90-100-130-150-250-300 mg/m? at a
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temperature of 25 °C and a variety of humidity of 0.5, 1, 1.5, and 2 wt% by a temperature
and humidity controller. The humidity and temperature were equilibrated with different
levels by extracting the mass increase from the total mass uptake. The BTEX adsorption
removal at steady state conditions per gram of AE-AC was evaluated with the differential
between the inlet and outlet concentrations for equilibrium in Eq. (1), suggested by Lv

etal. [51].
FxCyx107° C, e
domg/o =\ —w G t ) = . G d, ¢))

where C; (mg/L) is the inlet BTEX concentration at equilibrium concentration, C,
(mg/L) is the outlet BTEX value, and a feed flow rate (F) of 300 mL/min, along with 200
mg of adsorbent (W), was utilized for each adsorption system. Examination of the rate of
adsorption and mechanism for removing volatile compounds was evaluated at 2 mg/mL
level of each component in methanol. The AE-ACy and AE-ACy were tested with a con-
tact time of 120 min which was essential for developing a new solid-gas phase equilibrium
model based on experimental data under atmospheric pressure. Correlation coefficient val-
ues for adsorption of each component on AE-ACy; and AE-ACy have changed from 0.991
to 0.999 at reached equilibrium. The measurements were carried out by analytical curves,
and no dilution was essential.

Results
Characterization of AE-AC

The physicochemical properties were investigated along with physicochemical functional-
ity to show the difference between lignocellulosic biomass and AE-AC. The surface area
and porosity were compared to reveal discrepancies after activating process. The signif-
icant change in the AE-ACs was determined with SEM, FT-IR, and TGA, respectively.
Furthermore, the pore structure parameters (micro, meso, macro size) were studied by the
N, adsorption-desorption isotherm at —196 °C which is a type I isotherm, based on the
International Union of Pure and Applied Chemistry using the non-local density functional
theory (NLDFT), shown in Fig. 2. The partial pressure (P/P,) range was from 0.05 to 0.9,
and the isotherms became horizontal; N, adsorption was saturated due to the micropores
filling. When P/P, was close to 1.0, the isotherms rose slightly as N, condensed in inter-
particle voids.

Table 1 shows the ultimate analysis of biomass, AE-ACy and AE-ACy. The carbon
content of Abelmoschus esculentus biomass (AEB) was found to be 42.06%, although that
of AE-AC increased up to 79.02% under various circumstances. HCI enriched the carbon
content in AE-ACy, and it has larger pores and surface area than AE-ACy. The nitrogen
content of AE-AC has increased to 1.75% because of the existence of nitrogen-containing
moieties in the activated carbons. The main reason that the oxygen element is high in a
sample, compared to the others, is the presence of hydroxyl and carboxyl.

SEM analyses were carried out to appraise the surface morphology of AEB, AE-ACN,
and AE-ACH, and the representative micrographs are screened at 5000x magnification in
Fig. 3. It can be observed that while AEB is rough and has many clusters in its struc-
ture, the surface of AE-ACy and AE-ACy; has knurly particles and large pores, including
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Fig.2 A N, adsorption/desorption isotherms and B pore size distributions of AE-ACy; and AE-ACy (P/P:
relative pressure)

micropores and a less percentage of mesopores and different sizes and shapes due to chem-
ical activation and carbonization. Irregular and spongy pores have emerged from the acti-
vation process [13, 52].

The FT-IR spectra of the AEB, AE-ACy, and AE-ACy in Fig. 4 show the functional
bonds before and after activating, to compare the effect of chemical activation on the exist-
ing functional groups in the adsorbents. Most of the bonds have similar shapes in all three
adsorbents. The identified bands are located at 3214 cm™!, assigned to hydroxyl groups’
O-H stretching vibrations, and C-H stretching vibration peak in aliphatic carbon com-
pounds, which appeared at 2899cm™'. Also, the peaks observed at 2734 and 1978 cm™'
were related to CH, of CH; deformation, respectively [2]. In addition, the bonds related to
large aromatic skeleton and O—H bending peak were observed at around 1400 cm™'. The
region between 800 and 1350 cm™! contains C=C and C=O0 stretching vibrations [53]. The
peak recorded at 721 cm™! was due to the bending vibration of the C—H bond which is
observed just in AEB.

According to Fig. 5, the TGA thermograms of the AE-ACs show the temperature ranges
of gradual mass losses, in the range of temperature 20-670 °C, which were recorded as
follows: (i) less weight loss ensues at the beginning with 150 °C; (ii) significant mass dras-
tically decreases in about 440 °C by exothermic peak, and three primary decompositions
with CO and CO, loss between 420 and 630 °C [54]; (iii) a systematic decrease in weight
and rate loss after that, from 630 to 670 °C, which was complex in all samples and is due
to decomposition of functional groups; and (iv) no remarkable weight loss is located after
670 °C. The main mass losses are due to the loss of a small or a large number of functional
groups in AE-ACy; and AE-AC, and such losses represent the functional groups’ decom-
position in each ascending temperature step [55, 56]. In fact, the adsorption capacity of the
AE-ACy and AE-ACy is exceedingly influenced by their presence.

Table 1 Ultimate analysis (%) of

clements in AEB, AE-ACy, and Biomass Ultimate analysis (%)

AE-ACy C H (0] N Ash
AEB 42.06 1.56 38.25 0.34 9.79
AE-ACy 79.02 1.05 14.5 1.35 4.08
AE-ACy 72.36 1.30 17.92 1.75 2.67
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Fig.3 SEM micrographs of A
AEB, B AE-ACy;, and C AE-
ACy at 5000 minification level

Table 2 shows the activation agents’ mean, maximum, minimum concentrations, and
standard deviations. The maximum concentration of HCl and NaOH led to BET surface
areas of 968 cm?/g at 800 °C and 779 cm®/g at 700 °C, respectively, which were labeled

@ Springer



4872 Applied Biochemistry and Biotechnology (2023) 195:4864-4880

Fig.4 FT-IR spectra of AEB,
AE-ACy, and AE-ACy
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as AE-ACy and AE-ACy. Table 2 presents statistical values (mean, standard deviation,
minimum and maximum) of BET surface area in terms of several activating agents and
temperatures.

Multi-Component BTEX Adsorption

The BTEX adsorption isotherms were described for the low-pressure adsorption of non-
polar compounds depending on micropore filling. The adsorption capacities of the multi
and single components were calculated when the adsorbents were exposed to P/P val-
ues from 0.1 to 1. The practical circumstances for adsorption at a temperature of 25 °C
were adjusted to analyze the adsorption performance of AE-ACy and AE-AC. The break-
through curves are indicated depending on relative pressure in Fig. 6. The AE-ACy and
AE-ACy adsorption capacities were reached a plateau at P/P, of 0.6 in single-component
system, while such plateau were reached at P/P,, of 0.4 in multi-component system.

Fig.5 Thermal stability curves 100
of AEB, AE-ACy, and AE-ACy

80

w— AE-ACH
w— AE-ACN

20

Abelmoschus esculentus
biomass

0 200 400 600 800

Temperature (°C)
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Table 2 Statistical values according to several activating conditions

Activating Carbonization *N Mean = SD Minimum Maximum V, (cm’/g) Production-

agents temperature activated carbon
(§(®)] name

HCl1 500 25 220432 188 252 0.15+0.06 AE-ACy,
600 25 355458 297 413 029.4£0.08 AE-AC;
700 25 581+132 449 713 033.4£0.09 AE-ACq
800 25 773+195 578 968 0.38+0.13 AE-ACy
900 25 685+187 498 872 036.+0.14 AE-ACy

NaOH 500 25 188+55 133 243 016.+0.03 AE-AC,
600 25 324469 255 393 022.+0.05 AE-AC,
700 25 5284251 277 779 033.+0.09 AE-ACy
800 25 457+192 265 649 030.+£0.12 AE-ACy
900 25 3344201 133 535 028.+0.11 AE-ACy

*N number of samples

Figure 7 demonstrates the adsorption curves of BTEX at 25 °C against time, in which
it can be observed that a more amount is adsorbed onto AE-ACy in single-component sys-
tem, ranging from 22 to 93.62 mg/g. As a result, a higher adsorbed amount leads to more
adsorption capacity in single-BTEX removal with AE-ACy;. At the same time, the multi-
component system led to lower adsorbed amounts, ranging from 6.86 to 51.36 mg/g, result-
ing in lower adsorption capacities.

As the temperature increases, even if the humidity ratio remains constant, there is a
decrease in the adsorption capacity. Fig. 8 shows removal efficiency values, in which the
lowest value was obtained at 71.3% at 300 mg/m?® for AE-ACy, while the highest value was
obtained at 92% at 5 mg/m? in the adsorption experiments. However, the highest capacity
of the compared adsorbent, i.e., in AE-ACy, was attained at 84% and at 5 mg/m3, and the
lowest value was found at 52.1% and at 300 mg/m’. On both AE-ACy and AE-ACy,, xylene
and toluene are adsorbed more easily than benzene and ethylbenzene, which can be attrib-
uted to both adsorbates properties and the pore structure of AE-ACs.

The interaction of molecules of xylene and toluene are more robust than those of benzene
and ethylbenzene, and adsorbed performance of both AE-ACy and AE-ACy reaches the maxi-
mum levels at 0.5 wt% humidity. In different studied humidity percentages, the adsorption

T 200 (a) oo ®)
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Fig.6 Gas—solid adsorption isotherms curves for adsorption onto AE-ACy and AE-ACy; under relative
pressure in a multi-component and b single-component systems
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efficiency for benzene, toluene, ethylbenzene, and xylene in the multi-component system
in the case of AE-ACy was from 29.87 to 59.76, 48.77 to 66.92, 21.29 to 62.34, and 41.90
to 91.47 %, and in the case of AE-ACy was from 13.61 to 32.98, 17.49 to 38.65, 18.93 to
36.77, and 23.61 to 52.88, respectively. According to a single or multi-component system,
the adsorption amount of BTEX in 0.5 wt% humidity is 1.91-2.62 times greater than that
in 2 wt% humidity. These results indicate that the adsorption selectivity of AE-ACy for total
BTEX is higher than that of AE-ACy.

Discussion

The gas adsorption process can serve as a technology which causes the removal of
unwanted compounds (such as BTEX) from the air streams and effective treatment is
achievable by the utilization of suitable adsorbents. Activated carbon is a widely used
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Fig. 8 Humidity amount effect on adsorption efficiency of BTEX onto a AE-ACy and b AE-ACy in multi-
component systems
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adsorbent which has the ability to remove many VOCs from multi-component systems
[57]. The most effective and promising fundamental approach for BTEX has always been
adsorption which is a superior technology in the gas environment [58]. As used in the cur-
rent work, agricultural wastes and lignocellulosic biomasses have been used by research-
ers to produce activated carbon. Unused fruits and vegetable pulps, that can be considered
waste, and many other lignin-containing biomaterials have been exploited in air pollution
control studies [59-61]. In particular, various adsorbents used in the removal, purifica-
tion, or elimination of single BTEX or VOCs have been successfully prepared and applied
[62, 63]. However, since the decrease in the multiple removal efficiencies of the adsor-
bents is significant, in most studies, single gas pollutants have been studied by researchers
[6, 64—66]. For example, studies on the remediation of BTEX-containing air streams have
shown that the used adsorbents are unable to remove all the components effectively. Rajabi
et al. [67] reported a char-based adsorbent for the removal of acetone, p-xylene, toluene,
and hexane adsorption capacities in single and multi-component systems which were cal-
culated. For all components, the maximum adsorption capacity in the multi-component
system was noticeably lower than that of the single-component, despite the agreement of
the total adsorption capacity of the adsorbent for multi BTEX with those obtained in previ-
ous works [68, 69]. Such studies confirm that the replacement of the adsorbents with new
and more suitable adsorbents can be a good solution to this problem.

Huang et al. [19] synthesized carbon adsorbents from several biomass wastes to
remove benzene, toluene, and chlorobenzene. They used the adsorbents to examine fixed
bed dynamic adsorption systems, in the concentration range of 150-300 ppm. The results
showed that the studied adsorbents have different adsorption capacities, and their perfor-
mance was related to the micropore distribution and adsorbent structure. Among the stud-
ied adsorbents, NHPC-CC from corncob displayed a high VOC adsorption performance
between 3.92 and 6.25 mmol/g. Batur and Kutluay [5] generated DBCB-AC adsorbent
from Nigella sativa L. by ZnCl, activation for dynamic adsorption of multi-component
BTEX. The adsorption capacity was employed as a dependent variable to analyze the effi-
ciency at several initial concentrations (from 10 to 30 mg/L). The maximum adsorption
capacity in single-component adsorption was determined as 503 mg/g for benzene, 589
mg/g for toluene, and 692 mg/g for xylene; however, the adsorption capacity of the BTX
was observed to be lower, between 83 and 307 mg/g for benzene, between 168 and 451
mg/g for toluene, and between 390 and 621 mg/g for xylene, in the binary- and ternary-
component adsorption systems. However, by focusing on this study, the temperature and
humidity seem to be the most important parameters which affect BTEX adsorption, and
also an inverse correlation between the VOC adsorption capacity and the micropore vol-
ume exists, especially for their high concentrations. The highest adsorbed amount onto
adsorbents in both single- and multi-component systems at room conditions was obtained
when the humidity content was low.

Shin et al. [70] tested the adsorption of some VOCs (including aromatics and chlorin-
ated compounds) by commercially SGA-100 (Samchonli Ltd. Korea) activated carbon,
obtained from a landfill area in Korea. They adjusted the initial concentration (at 400
and 600 ppmv) and moisture (at 0, 40, 60, and 90%) by regulating the airflow meter, then
maintained it between 24 and 26 °C. The adsorption capacity of aromatics and chlorin-
ated compounds per 1 g activated carbon ranged from 12 to 42 mg/g and 4 to 73 mg/g,
respectively. Similarly, BTEX was entirely adsorbed onto the activated carbon surface
at the beginning of the sorption process. The weakly bounded BTEX adsorption led to
increasing their concentrations in the effluent gas stream. Vikrant et al. [71] studied ben-
zene adsorption with activated carbon and MOFs, using concentrations of 0.1-1 ppm and
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5-50 ppm respectively, and determinations were conducted by a TD-GC/MS instrument.
They found that the adsorbents had the order of M199 (94.8 mg/g) > A.C. (93.5 mg/g) > U6
(27.1 mg/g) for the adsorption capacities. Similar to our study, perhaps the most critical
part, the low amount of adsorbents were used at the presence of high initial concentra-
tions. While each adsorbent readily achieves to high success in the presence of low ini-
tial concentrations, these conditions are different when the same amount of adsorbent is
used but the initial concentrations have been raised. The AE-ACy studied in the current
study had the ability to remove BETEX from the polluted streams at both high and low
initial concentrations. Mataji and Khoshandam [72] enquired about benzene removal in the
rich amine stream of gas sweetening systems via activated carbon. They prepared it from a
walnut shell using ZnCl, and H;PO,, and ZnCl, acted as a better-activating agent at 1544
m?/g. Benzene uptake from amine solution was 61.22 mg/g at 300 mg/L, using 0.1 g of
activated carbon. Overall, in the current work, AE-ACy was proved to be very good at the
sorptive removal of BTEX components, simultaneously, under real-world conditions. The
practical applications of AE-ACy must be planned for high initial BTEX loading condi-
tions. In the future, experiments should be conducted under realistic ambient conditions,
and suitable performance metrics should be utilized for a meaningful comparison between
other VOCs’ uptakes.

Conclusion

The present work deals with producing AE-ACy and AE-ACy from A. esculentus as agri-
cultural waste biomass for reducing gaseous BTEX pollutants from the streams in which
such pollutants are present in different concentrations. The adsorption experiments were
used to investigate the effect of some parameters like time, humidity, and concentration
in both single- and multi-component systems. The prepared adsorbent was successful in
the trapping of BTEX pollutants. The physical and chemical characteristics of AE-ACy,
AE-ACy, and AEB were studied. The AE-ACy; showed a higher success in comparison
with AE-ACy. Capture capacities of AE-ACy in a mixture of BTEX compounds were
obtained to be between 6.86 and 93.62 mg/g, in tandem with the conditions applied. The
overall findings indicate that AE-AC, with a low-cost and high surface area of 968 m%g,
supports future work to develop the progress of gaseous BTEX removal. Adsorption effi-
ciency results indicated that the adsorption performance of multi-BTEX pollutants onto
AE-ACy and AE-ACy might be attributed to the useful interaction between the adsorbent
surface and the pollutant. Results indicated that the multi-component adsorption system
leads to lower adsorption capacities, with stronger adsorption affinities for non-polar
molecules. Mono-component adsorption of BTEX has a better performance compared
to multi-component adsorption system. In future research, conducting more studies and
developing highly productive materials and processes for the preparation of suitable adsor-
bents will bring about sustainability in the elimination of BTEX compounds from the gas
environment.
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