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methods. Continuous innovation of adsorbents is constantly developing in the adsorption

Keywords: mechanism, which has been developed based on waste biomass. Pinus nigra cones
Biomass conversion is a lignocellulosic raw material that is fast-growing on various soils and found
Carbonaceous material abundant in nature as a precursor. It may be cheaply found available from some natural
Chemical activation product vendors. It was used to prepare activated carbon by chemical activation with
Surface functionalization phosphoric acid (H;PO,), potassium hydroxide (KOH), sulfuric acid (H,SO4), lithium
VOC capture hydroxide (LiOH), zinc chloride (ZnCl,), sodium hydroxide (NaOH) as the activating

agents between at 550-850 °C for 2 h. Fourier transforms infrared spectrometer
(FT-IR), thermogravimetric analyzer (TGA), scanning electron microscopy (SEM), and
N, gas adsorption-desorption analyzer were used for KAS-ACs characterization. The
high BTEX adsorption capacities by ZnCl, activated carbons were slightly higher than
(Sger: 1849 m?/g for KAS-ACqq, and Vigwi: 0.44 cm3/g) others. ANOVA results show a
high correlation for the KAS-ACs production with ZnCl,, and there was a statistically
significant difference between the mean of Vo (cm®/g) with activation temperatures
p-values<0.05. The removal capacities at 5 pg/L have been done to evaluate using Tenax
TA tubes were 92, 96, 88, and 94.08% for benzene, toluene, ethylbenzene, and xylene,
respectively. The maximum adsorption capacity for benzene, toluene, ethylbenzene, and
xylene onto the KAS-ACq; in the following order: Xylenes (181 g/g)>Toluene (206
iLg/g)>Benzene (171 wg/g)>Ethylbenzene (201 wg/g). This suggests that the KAS-ACq;
is an efficient BTEX adsorbent and represents a promising attempt to enhance BTEX
adsorption in indoor air quality.
© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

BTEX (benzene, toluene, ethylbenzene, and xylene) are known to be volatile and flammable compounds widely
distributed indoors. These compounds have generated a lot of air pollution, which is identified as a significantly persistent

* Corresponding author.
E-mail address: kisinkaralar@kastamonu.edu.tr (K. Isinkaralar).

https://doi.org/10.1016/j.eti.2023.103209
2352-1864/© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).


https://doi.org/10.1016/j.eti.2023.103209
https://www.elsevier.com/locate/eti
http://www.elsevier.com/locate/eti
http://crossmark.crossref.org/dialog/?doi=10.1016/j.eti.2023.103209&domain=pdf
http://creativecommons.org/licenses/by/4.0/
mailto:kisinkaralar@kastamonu.edu.tr
https://doi.org/10.1016/j.eti.2023.103209
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

K. Isinkaralar, A. Turkyilmaz and S. Lakestani Environmental Technology & Innovation 31 (2023) 103209

pollutant due to their solubility (Yang et al.,, 2019; Atamaleki et al., 2021). Through a literature review, BTEX emission
increases in consumption levels emitted from transportation (Rivett et al., 2011), urbanization (Miller et al., 2012;
[sinkaralar and Varol, 2023), production with chemical additives (Gaurh and Pramanik, 2018), oil refinery, silage (Hafner
et al.,, 2013), e-waste recycling (Liu et al., 2022), various cooking styles (Wang et al., 2018a,b), smoking (Jafari et al.,
2020), new furniture (Pei et al., 2016), and paints materials (Liu et al., 2014). It has been described and assessed the BTEX
concentrations that it occurs many diseases and adverse health conditions due to their toxic and carcinogenic features (Jia
et al., 2012; Rafiee et al., 2019). Widespread use rises considerably in the environment where significant BTEX emissions
have raised concerns and possible generation of secondary organic aerosols and ozone formation in the atmosphere (An
et al,, 2014; Lim et al., 2014; Paris et al., 2020). For this reason, ambient BTEX removal is essential for public health
protection and reactivity each other, and efforts to increase removal efficiency have gained momentum from indoor air
quality (Laokiat et al., 2012).

BTEX is one of the most released gaseous pollutants in many household products from fugitive emissions. To restrain
the required further increase in their emission, few investigations focused on the several control and capture techniques
have been developed to remove BTEX by photocatalytic oxidation and degradation (Korologos et al., 2011; Liang et al.,
2022), adsorption (Healy et al.,, 2019; Ouzzine et al., 2019; Isinkaralar, 2022a,b), absorption (Kong et al., 2018; Pontes-
Lopez et al., 2020), bio-filtration (Abdo and Huynh, 2021; Nayyeri et al., 2022), membrane filtration (Torasso et al., 2022),
incineration (Ahamed et al., 2021), and combustion (Cheng et al., 2013). Among reviewed literature, the gas adsorption
technique is one of the most used methods because of the reusability of materials and its high efficiency (Morris et al.,
2013; Shi et al., 2020; Isinkaralar et al., 2022a). Accordingly, the BTEX adsorption capacity increases with the specific
surface area, pore volume, surface functional groups, and especially with the increase of micropore volume (Isinkaralar
and Turkyilmaz, 2022). Although various adsorbents are used in many studies, it is known that the frequently preferred
activated carbons (ACs) are produced from multiple raw materials, indicating an increasing demand for waste biomass.
Although methodologies for removing BTEX from the aquatic environment are commonly performed with ACs, it is seen
that BTEX removal in the gas phase is not familiar.

The ACs are produced from several carbon materials from waste biomass (Mahamad et al., 2015; Zubrik et al., 2017;
Mistar et al., 2020; Serafin et al., 2021; Isinkaralar et al., 2022b). It is an abundant and renewable green raw material
that can be converted into valuable materials and energy. On this basis, the idea of using Pinus nigra cones is quite
innovative and sustainable as a precursor. Pinus nigra ]J. F. Arnold is an evergreen forest tree that can grow up to 50 m
and is one of the most commonly planted tree species (De Schrijver et al., 2008). Its bark is deeply fissured from a young
age, thickens on older stems, and turns from dark gray-black to whitish (Martin-Benito et al., 2008). The female cones
are bright, straw yellow, brown, and ovoid-conical. It is symmetrical and has a very short stem. The shield is prominent,
the belly is dark, and a small thorn is in the middle. Cone length varies between 3-12 cm; as age progresses, it becomes
waste biomass. Although the immature P. nigra cones are sold in small amounts, they cannot be evaluated economically.
However, while the cones need to mature for seed production, they contribute to forest fires and are planted on erosion
slopes and abandoned agricultural land (Mikulova et al., 2019). For this reason, they are collected periodically during the
summer, derived from the large amount of waste biomass used for the ACs. They are produced from carbonization and
are interesting due to their large sample. Consequently, a significant amount of low-cost bio-based materials should be
made to mitigate the BTEX remediation from the air environment.

Based on the authors’ knowledge, this is a practical study that analyses the utilization of multi-component mixed for
capturing BTEX components while simultaneously checking the adsorption behavior of selected KAS-ACs as filter material.
Therefore, the main aims of this experimental study are to identify three complementary strategies:

1. The preparation of carbon-based adsorbent using P. nigra cones was investigated as an ideal feedstock for BTEX
removal because there is no reported research on the utilization of P. nigra cones biomass (PNCB) as a precursor of
ACs (KAS-ACs).

2. The one hotspot for BTEX efficiencies is excellent physicochemical properties because of its varying production
process, such as carbonization and impregnation activating agents.

3. The investigation is needed to understand spearheading research as no reported literature studies on waste biomass
synthesized activated carbon for compressibility behavior and properties of BTEX capture.

2. Materials and methods
2.1. Chemicals and biomass

Black pine (scientific name Pinus nigra) cones were procured from the regional forest in Kastamonu, Tiirkiye, and were
denoted as PNCB. Sulfuric acid (H,SO,4), phosphoric acid (H3PO,), potassium hydroxide (KOH), lithium hydroxide (LiOH),
sodium hydroxide (NaOH), zinc chloride (ZnCl, ), benzene (C¢Hg), toluene (C;Hg), ethylbenzene (CgH1g) and xylene (CgHyq)
were used analytical grade (over 99%). Tenax TA (60/80 mesh) tubes were purchased from Sigma-Aldrich and Supelco
(Bellefonte, PA, USA). BTEX stock solution was reached by adding the required volume of distilled water to generate
solutions of adsorbate with several initial concentrations from 5 to 360 j.g/L.
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2.2. Preparation of KAS-ACs

KAS-ACs were synthesized using as follows: (i) PNCB were cut into small pieces, then solid samples were washed many
times with distilled water to remove impurities and contaminants; (ii) dried before going further operation in an oven at
105 °C for 24 h; (iii) PNCB were ground and sieved range of 250-500 wm for standardization regular particle size before
use and weighed to 20 g for each sample, (iv) 100 mL of 20, 40, and 60% (w/v) KOH were added to 20 g of PNCB powder
with impregnation ratio 1.00: 0.50, 1.00, 2.00, 3.00 and 5.00, i.e., 20 g biomass and 20 g KOH in 100 mL distilled water and
mixed thoroughly; (v) the mixture was left for 24 h and then dried at 105 °C for 5 h, and thermal treatment of samples
by pyrolysis process was applied using a homemade designed stainless fixed-bed reactor equipped with a tubular furnace
at between 550, 650, 750, 850, and 950 °C (heating rate of 10 °C/min) and held for 120 min under continuous flowing
nitrogen (N;) with a flow of 80 mL/min; (vi) Then ACs produced were labeled as KAS-ACs and washed with powerful
mixing using boiling deionized water to eliminate acid-base (adjusted to pH:7.00) and allowed to dry at 100 °C for 20 h;
(vii) the same way was repeated using LiOH, NaOH, ZnCl,, H,SO4, and H3PO,4. The KAS-ACs were stored for further use
in physicochemical characterizations and BTEX application. The final products were named in a range from KAS-AC; to
KAS-ACy for the BTEX adsorption.

2.3. Characterization of KAS-ACs

The physical properties of the KAS-ACs were impregnated with H3PO4, KOH, H,S04, LiOH, ZnCl,, and NaOH, respec-
tively. Their morphologies and surface particulars were studied with a scanning electron microscope (SEM, by FEI Quanta
FEG 250) at 10 kV and 4500 x. Fourier transforms infrared spectrometer (FT-IR) was used in the content and type of
functional groups on the KAS-ACs. During Perkin Elmer FT-IR spectroscopy analysis, a KBr tablet was performed in the
optimum spectral scanning wavenumber range of 400-4000 cm™', scanning speed of 0.2 cm/s and resolution of 0.06 cm™".
The elemental analyses determined the elemental contents of C, H, N, and O by the elemental analyzer (Eurovector brand
by EA3000-Single). The specific surface area (Sggr), volume of BET/total and micropore and pore size distribution were
found using Brunauer-Emmett-Teller (BET) and t-plot method were utilized to calculation their numeric values by the
Quantachrome surface area analyzer device. The volume of KAS-ACs was determined based on the N,-adsorbed’s amount
(P/P0 = 0.95). The adsorption and desorption isotherms were measured until 1.00 atm at 77 K with high purity N;. A
thermal gravimetric analyzer (TGA) was used for the contents of surface groups from 50 to 850 °C at 20 °C/min under N,
flow of 100 mL/min.

2.4. Batch adsorption

The adsorption of BTEX by KAS-ACs was investigated in a batch reactor in Fig. 1. The experiments were performed
in steady-state conditions to verify adsorption conditions, which can be prepared at the following operation conditions:
KAS-ACs dosage of 0.25 g, initial concentration ranging from 5-360 jLg/L, and constant temperature of 23 °C. The 0.25 g
KAS-ACs were placed and positioned in the center of the batch reactor, which executed an adsorption mechanism to
extend contact time up to 100 min. After the addition of KAS-ACs, the quantity of BTEX adsorbed capacity at equilibrium
was calculated by use of Eq. (1):

F x Cy x 1072 G e
Aimg/g) = <7OW ) [(F; X fs> - </0 F;d[>] (1)

where C; (ng/L) and G, (ig/L) denote inlet and outlet BTEX concentration at equilibrium concentration, F and W represent
a feed flow rate (mL/min), and adsorbent weight (g).

Examining the adsorption rate and mechanism for the removal of volatile compounds onto the KAS-ACs is essential to
develop a new solid-gas phase equilibrium model based on experimental data.

Tenax TA® sorbent tube (60/80 mesh and 200 mg) was used to adsorb target compounds, mainly due to the
displacement of diffused molecules. The total number of tubes sampled was 120 Tenax TA tubes experiments. The BTEX
samples were collected into a Tenax TA® sorbent tube connected to an air collector pump (SKC Model 220, USA) with
a 50 mL/min flow rate. Pump rotameters calibrated the air pump with an accuracy of £1%. Collected BTEX samples in
Tenax TA® tubes were further evaluated by gas chromatography/mass spectrometric (GC/MS, brand by Thermo Scientific
Trace 1300) and mass detector with a capillary column (TG-624; 30.0 mx0.25 mm x 1.4 um film thickness, Thermo
Scientific ISQ QD) was connected to thermal desorption unit (TD, ultra-high purity helium gas at a flow rate of 40 mL/min)
Unity-1 and Ultra Series 2 (Markes International, UK) for determine the amount of BTEX. After sampling, each Tenax tube
was tightly sealed, wrapped by aluminum foil, and stored at —20 °C for 2 weeks. Then, GC/MS rapidly prepared for the
selective ion monitoring (SIM) mode for scan and identify BTEX compounds with the MSD operated at electron impact
(EI) ionization at 70 eV and maintained at 230 °C. Also, the desorption efficiency of the BTEX from TD scale was >98%. The
method detection limit (MDL) for the BTEX compounds ranged from 0.009 to 0.165 ppbv, and the measurement precisions
for the analysis of eight replicates of standard samples at 2 ppbv were <5%.
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2.5. Statistical methods

The statistical calculations were performed using Statgraphics Centurion XV software (Statpoint Technologies Inc.,
Warrenton, VA, USA). Descriptive statistics (mean and standard deviation) initially investigated the continuous bacteria
concentration data. Then, a one-way analysis of variance (ANOVA) was performed between the surfaces, activating agents,
and temperatures. A 95% confidence interval was used to evaluate the p-value to inspect the significance of the model. The
multiple comparison procedures were used to determine which means differed significantly from others. Fisher’s exact
test, the least significant difference (LSD) procedure, is currently used to discriminate among the means. The mechanism
associated with the 5% risk of calling each pair of means significantly different when the actual difference equals 0.
Multiple range tests were selected to determine which means are quite different from others. The activating agent for the
BET surface area was applied, and the least statistically significant difference (LSD) was observed between the groups.

3. Results and discussion
3.1. Instrumental characterization of KAS-AC

As significant the physicochemical structures of KAS-ACs, pore development, weight loss, and containing components
on the functional groups were investigated to show the different physicochemical functionality between the combination
of chemical agents. The KAS-ACs surface area and porosity were considered to ascertain discrepancies with H3PO,4, KOH,
H,S04, LiOH, ZnCl,, and NaOH during impregnation. The agglomerated surface in the KAS-ACs was recorded with SEM,
FT-IR, and TGA, respectively. The isotherms were classified by IUPAC, the pore structure accompanied the N, adsorption-
desorption at 77 K in the pore structure parameters (micro, meso, macro size), and all of the KAS-ACs isotherms are typical
type I by the non-local density functional theory (NLDFT) in Fig. 2 These results provide further that the combination of
the microporous-mesoporous structure of KAS-ACs is formed stably and associated with very low relative pressures (P/Pg
< 0.4) (Cazetta et al., 2011). The mesoporous structure comprises visible until 0.6 relative pressure (Peng et al., 2014).
Large and well-developed pores for each activating the impregnated precursor were apparently approved on the surface
of KAS-ACy,, KAS-ACyg, KAS-AC,g, KAS-AC74, KAS-ACyq, and KAS-ACq13 would be the primary factor for enhancing the
BTEX adsorption capacity.

Table 1 shows the elemental analysis of PNCB and KAS-ACs. The condition before the activation of PNCB demonstrates
as follows: C (47.07%), H (5.58%), N (0.65%), O (17.22%), and ash (29.48%), however after activation was obtained to enrich
the KAS-ACs s as follows: C (54.35 to 74.32%), H (2.03 to 3.30%), N (0.11 to 1.78%), O (18.53 to 30.92%), and ash (2.56 to
10.68%). The results of KAS-ACs show the main reason C (%) content indicates a successful conversion from PNCB; the
O (%) content is higher than C, H, and N due to the formation of groups. They were appointed in structures in which
unwanted compounds might happen and replaced by several responsible groups. Lignocellulosic content like PNCB is a
high-grade carbon precursor for factoring ACs due to its high C content of more than >45% (Ahmedna et al., 2000)
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Fig. 2. Adsorption/desorption isotherms (N, at 77 K) of KAS-ACs.

Table 1
The elemental compositions and ash content of PNCB and KAS-ACs.
Elemental analysis (%) PNCB KAS-ACq, KAS-ACy9 KAS-ACyg KAS-AC74 KAS-ACgq KAS-ACy13
C 47.07 70.02 66.45 73.81 58.19 74.32 54.35
H 5.58 3.02 3.49 2.61 2.88 2.03 3.30
0 17.22 18.53 19.61 2091 20.82 18.98 30.92
N 0.65 0.39 1.78 0.11 091 0.46 0.75
Ash 29.48 8.04 8.67 2.56 17.2 421 10.68

Fig. 3 shows SEM images of PNCB, KAS-AC3, KAS-AC,g, KAS-AC4g, KAS-AC74, KAS-ACyq, and KAS-ACq43 in the porosity
characterization before the activation process and after loading the activating agents. A similar morphological structure
has been previously found for other biomaterials, such as corn stalks (Zubrik et al, 2017) and Gleditsia riacanthos
L. (Isinkaralar, 2023a). The changes appear remarkable differences as heterogeneous voids and cracks of surface and
pores. The morphology structure for KAS-ACs was performed according to a previous study by Kang et al. (2015). The
development in the morphology of the structure has emerged, which can be regarded nearly at the medium level. It
has been controlled that the design diversities result from hetero chemical agents used in each of them. The idea of the
irregularly shaped pores suggests that the KAS-ACs surface with increase the diffusion resistance of BTEX molecules; thus,
sorption equilibrium will have a higher sorption capacity.

Fig. 4 shows FT-IR spectral analysis; besides carbon atoms, it examined changes in functional groups (carboxyl,
carboxylic anhydride, phenol, lactone, etc.) of PNCB, KAS-AC;3, KAS-ACyg, KAS-AC4g, KAS-AC74, KAS-ACyq, and KAS-ACq13,
respectively. The FT-IR spectrums represent carbon metrix by heteroatoms such as H,, N, and O,, forming surface
chemistry by the acidity and basicity of KAS-ACs surface (Kumar and Jena, 2016). The bands at 3487 cm™! correspond to
the stretching vibration of the O-H bond of hydroxyl groups (Gonzalez-Garcia et al., 2013). The other peaks concentrated
between 2811 and 3100 cm~! could be dedicated to the asymmetric stretching of C-H, and the small band at 2420 cm™!
argues the stretching of C=C bond. The prominent peak at 1420-1590 cm™"' exhibits C=C bonds from the aromatic ring
(Cao et al,, 2016; Mistar et al., 2020), and 1243 cm™! refers to C-O-C bond stretching. Typically, the other firm peaks at
821 and 1079 cm™!, providing C-H derivatives and C-O bonds stretching between amino groups and chloride compounds
(Ovchinnikov et al., 2016). It is close to the peak values taken by Najafi et al. (2011), who state that they correspond to the
stretching vibration of the (C-S)-others bond at 614 cm™". The FT-IR spectrum of KAS-AC1,, KAS-ACyg, KAS-AC,g, KAS-AC4,
KAS-ACq1, and KAS-AC;q3 depictures notable change at 1400-1700 cm~! with subtle amendments in the band’s intensity.

Fig. 5 represents the carbonation temperature; the TGA thermograms of the KAS-ACs were analyzed of the PNCB, KAS-
ACq3, KAS-ACyg, KAS-AC,g, KAS-AC;4, KAS-ACgq, and KAS-AC 13, respectively. The weight loss curves show three primary
decompositions can be observed at 70 °C as the first step, 358-470 °C as the second step, and 610-726 °C as the third step
during the process of pyrolysis. A systematic decrease and rate loss were observed, with a weight loss from 10.7 to 26.8%
due to the different volatility of compounds. Until 270 °C, weight loss pertains to interlayer water and surface adsorption
evaporation; however, 410-830 °C is essential for KAS-ACs combustion (Liu et al., 2016). This may be attributed to the
remarkable curve between KAS-AC;, and KAS-ACy;3 which makes the H3PO4 and LiOH activation more pronounced and
affects the main surface’s fraction.

Table 2 shows the effect of H,SO4, H3PO4, LiOH, KOH, NaOH, and ZnCl, on production efficiency. The maximum
concentration measured in BET surface area was 1783 cm?®/g at 650 °C for H,S04, 1503 cm?/g for H3POy4, 1390 cm?/g for
KOH, 502 cm?/g for LiOH, 873 cm?/g for NaOH, and 1849 cm?/g for ZnCl, at 750 °C. The maximum value was determined
at 750 °C in all experiments.

Various amounts of the presence of BTEX have been stated in many studies to be dangerous for public health and
atmospheric chemistry (Rad et al,, 2014; Tamrakar et al., 2022). Based on these, studies have been conducted to reduce
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Fig. 3. SEM images of (a) PNCB; (b) KAS-ACy, (c) KAS-ACys, (d) KAS-ACss, (€) KAS-ACs4, (f) KAS-ACe;, and (g) KAS-ACi1s.

BTEX concentrations in the indoor environment due to its high reactivity (Latif et al., 2019; Alenezi and Aldaihan, 2019;
Fang et al, 2019). Due to the continuity of the oscillations of BTEX, which is eliminated by various methods, in the
existing indoor air, it is vital to find a continuous process, not one-time removal or one-time treatment. It is a prevalent
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Table 2

The total surface area (m3/g) of KAS-ACs.
Activating agent *N Mean + SD Minimum Maximum Adsorbent ID
H5PO4 120 728.10 £ 435.56 177 1503 KAS-ACqy
KOH 120 694.60 + 390.73 103 1393 KAS-ACyg
H,S04 120 898.90 + 450.95 288 1783 KAS-ACyg
NaOH 120 466.60 + 232.416 33 873 KAS-AC74
ZnCl, 120 943.10 + 480.964 202 1849 KAS-ACgq
LiOH 120 189.55 + 155.335 11 502 KAS-ACq13

*N: Number of samples.

issue that the materials used in the indoor environment invite diseases with increased BTEX emission via intensive
chemical reactions at room temperatures (even at low concentrations). The literature has reported adsorption with ACs
technologies, which is continuously used among the methods and is cheap and easy to use (Policicchio et al.,, 2015;
Nandanwar et al., 2016). Raw material can be plentiful and free, put into various forms if desired, and allows multiple
gas adsorption, which seems quite reasonable (Pallarés et al., 2018; Laskar et al., 2019). Although much investigation has
been carried out in this context, BTEX removal is a scorching topic because it is very up-to-date, and its removal has not
been done perfectly yet (Li et al., 2020; EI Mohajir et al., 2021).
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Table 3

Comparison of Vpico (cm?/g) by activating agents.
Activating agent *N Mean £ SD Minimum Maximum
H,S04 120 0.29 £ 0.17 0.04 0.71
H3PO4 120 0.27 £ 0.10 0.11 0.50
KOH 120 0.27 £ 0.05 0.16 0.34
LiOH 120 0.10 £+ 0.02 0.06 0.13
NaOH 120 0.19 £ 0.05 0.10 0.34
ZnCly 120 0.22 £ 0.10 0.10 0.44

*N: Number of samples.

Table 4
Multiple range tests for Viicro (cm?/g) by activating agent.
Level Count Mean Homogeneous groups
LiOH 120 189.55 A
NaOH 120 466.6 B
KOH 120 694.6 BC
H3PO4 120 728.1 cD
H,S04 120 898.9 CcD
ZnCl, 120 943.1 D

Table 3 shows the results for the maximum Vpicro values were 0.71 cm?3/g at 750 °C for H,S04, 0.50 cm?/g at 750 °C
for H3POy, 0.34 cm?/g at 750 °C for KOH, 0.13 cm?/g at 850 °C for LiOH, 0.34 cm3/g at 850 °C for NaOH, and 0.44 cm?/g at
850 °C for ZnCl,. The highest amount was determined at 750 °C on the micropore surface for all agents. By comparison,
it is found that several ACs production for gas adsorption has been reported in laboratory-scale experiments via gas-to-
particle transformation processes (Ogungbenro et al., 2018; Guo et al., 2020; Zhou et al., 2020; Isinkaralar, 2023b). It is
well recognized that biomass source remarkably affects the specification of the outcome ACs. Although our focus here is
on BTEX removal, the overall objective of steady-state conditions of BTEX indoors was to better describe each molecule’s
behavior in the adsorption. The BTEX elimination decreased in the order toluene > xylene > benzene > ethylbenzene by
KAS-ACy;.

In order to better comprehend the Vi (cm?/g) of the KAS-ACs pore distribution at the activation conditions was a
statistically significant difference between the mean of Vpcro (cm?/g) with activation temperatures (p < 0.05). However,
it demonstrates no statistically significant difference. A multiple comparison procedure is to determine which means
significantly differ from others. An asterisk has been placed next to 9 pairs. These pairs showed statistically significant
differences at the 95.0% confidence level. Four homogeneous groups are identified using columns of x’s within each
column. The levels containing x’s form a group of means within which no statistically significant differences exist (see
Table 4).

3.2. Effect of experimental variables

The effect of initial compounds concentrations from 5 to 360 g/L and contact time (until 100 min) was maintained
through the adsorption capacity of KAS-ACs in Fig. 6. The efficiency obtained in the first 5 min of the experiments was
compared with the yield at the end, demonstrating a drastic increase in the products found to be close. Against this
baseline, benzene, toluene, ethylbenzene, and xylene had the highest yields at 5 ug/L and the lowest at 360 pg/L. It is
expected that at the low KAS-ACs usage, the dispersion of BTEX particles in the vapor is better; that is, all of the active
sites on the KAS-ACs surface are exactly apparent, which may expedite the approachability of BTEX molecules to a large
number of the KAS-ACs active sites. Accordingly, the adsorption on the KAS-ACs surface is attained to a saturated point,
exhibiting a high elimination capacity by imparting functionalities to the KAS-ACs. Despite the specifications mentioned
above, at higher KAS-ACs loading, the accessibility of active sites with higher energy declines. An enormous amount of
the active sites with lower energy is occupied, decreasing the adsorption mechanism. Therefore, 0.25 g of KAS-ACs was
selected as the proper fit for the rest of the test.

Further along, the capturing with 0.25 g KAS-ACyq, the highest yields in benzene, toluene, ethylbenzene, and xylene
were 92, 96, 88, and 94.08%, while the lowest results were 50, 56.94, 47.25, and 57%, respectively. To support the above
statement, Shen and Zhang (2019) synthesized an adsorbent from the silica-rich rice husk, and its maximum Sggr and Viyicro
were found to be 1818 m?/g and 0.84 cm?/g using the KOH as RH char-3. 300 ppm toluene and 60 ppm phenol within
the sorption column were performed gas-phase by the online GC-FID analysis. The RH char-3 showed excellent toluene
capacity with 263.6 mg/g; however, the phenol adsorption capacity was relatively low at 6.53 mg/g. Similarly, in our study,
depending on the volatility of the molecules and the initial concentration, there are variations in the adsorption capacity.
They produced hydrochars from hickory wood and peanut hull by KOH and H3PO,4. They compared the highest surface area
that H3PO, activation was obtained at 1436 and 1091 m?/g as bigger than KOH activation at 222 and 571 m?/g (Zhang et al.,
2019). Also, they reported acetone and cyclohexane adsorption capacities increased significantly to 50.57-159.66 mg/g.
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Fig. 6. The removal efficiency plots for the adsorption of (a): benzene; (b): toluene; (c): ethylbenzene; and (d): xylene onto KAS-ACs.

This indicates that the mobility of benzene has a relatively low reactivity compared to the dynamism of ethylbenzene
and xylenes; it can be transported to another adsorbent without degradation in a lower amount than others (Bauri et al.,
2016; Dehghani et al., 2018). A similar phenomenon of lignocellulosic adsorbents having superior performance toward
BTEX adsorption was observed in this study. The carbon-based support, KAS-ACgy; could propose an assertive behavior for
a potential industrial gas application.

Adsorption capacities were not checked for each adsorbent. The essential reason for this is the high number of KAS-
ACq1, which has high efficiency and was chosen after the efficiency calculation in Fig. 7. The highest adsorption capacity
for each substance was found during 100 min. As the concentration increased in the first 10 min of contact time, the
trend of the increase was due to availability in the occupancy and vacant sites of pores. But the amount needed to reach
equilibrium was kept constant to be 0.25 g. Among these compounds, the constant amount of adsorbent saturation rate
can be easily seen after 20 min and then at a slow speed. The rapid adsorption at the initial stage until 20 min was
most presumably due to the raised concentration gradient between the BTEX vapor, and that depends, fundamentally,
on the KAS-ACq; as there could be an increased amount of empty regions attainable in the beginning. In contrast, the
concluded plateau after 30 min growth tendency paused when a case of the equilibrium rate of BTEX molecules on the
KAS-ACq;. Its adsorption capacity increases with increasing initial BTEX concentration because the initial concentration
provides a significant driving force to overcome all mass transfer resistance. Similar results for the removal of VOCs have
been reported by many researchers (Baur et al., 2015; Sui et al., 2017; Stdhelin et al., 2018; Wang et al., 2018b). Over
time, the coverage of BTEX molecules on the surface of the KAS-ACy; increased. The enhancement in BTEX concentration
at the outlet flow was remarked to the reduction in the sticking possibility of BTEX as more active sites were occupied
in KAS—ACg].

For illustrative purposes, much more toluene and xylene were sorbed onto KAS-ACy; than KAS-ACs, which the
molecular structure, such as the molecular weight and boiling point, may cause. The molecular weight of volatiles can
impact their adsorption onto an adsorbent. It was found that the diffusion coefficients of xylene and toluene were
significantly higher than benzene molecules. The present amount findings are in line with the gas adsorption studies
that adsorbed amount 206 g/g for xylene had a higher than 181 ng/g for benzene, which may be why xylene had
an excellent capacity than benzene. The boiling points of benzene (80.1 °C) has lower than that of lower boiling point
toluene (110.6 °C) and xylene (138.4 °C), which may be caused by favorably adsorbed for their powerful intermolecular
forces with the KAS-ACq;. According to initial concentration, many recent studies indicated that carbon-based derived
from usually used biomass had BTEX adsorption capacity, which showed large scale mg/g. Also, similar results have been
conducted on volatile adsorption by several adsorbents due to their strong affinity by different boiling points (Dobre et al.,
2014; Giraudet et al., 2014; Shakeri et al., 2016; Verma et al., 2019; Isinkaralar and Meruyert, 2023). As argued by Ahmed
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Fig. 7. Relationship between contact time and adsorption capacity (ng/g) of (a): benzene, (b): toluene, (c): ethylbenzene, and (d): xylene onto
KAS-ACy1.

et al. (2019), there is also prepared several ACs derived from biomasses for adsorbing CO, gas; however, AC-2 was highly
efficient at 39.70 kj mol~!. Meng et al. (2019) tried to eliminate VOCs with activated carbon fibers from Lignin alkali
using KOH (LCFK) and selected toluene, methanol, and acetone for dynamic adsorption. They examined multi-component
volatile adsorption onto LCFK and found that they are combined; fewer yields are obtained than the individual removal
efficiencies. More recent arguments find that BTEX adsorption onto different adsorbents, and several researchers came to
the same conclusion (Seifi et al., 2011; Konggidinata et al., 2017; Rahimpoor et al., 2021). The above results and adsorption
as a dramatic method for VOCs recommend their possible execution in removing gas compounds. On the other hand,
the adsorption mechanisms associated with removing benzene, toluene, ethylbenzene, and xylene using KAS-ACg; can
involve their surface interactions that contribute to each molecule and the negative surface charge of the adsorbent.
Furthermore, a detailed cost estimation would be beneficial to highlight the cost-effectiveness of this process, such as
production, operation, and maintenance.

4. Conclusions

In summary, adsorption is considered the most promising technology due to its many advantages. The adsorption
onto KAS-ACy; of benzene, toluene, ethylbenzene, and xylene (BTEX) in the gas phase was examined in a batch reactor.
Consistent with the applied removal approach, the main conclusions acquired are on four criteria: (i) the KAS-ACq;
was successfully prepared from P. nigra cones as agricultural waste by pyrolysis of is biomass with ZnCl,-activation at
750 °C for 120 min, (ii) the physical and chemical characteristics of KAS-ACy; and PNCB were also analyzed, which would
supply more adsorption zones for BTEX molecules, (iii) differences examined the BTEX adsorption process for initial BTEX
concentrations, and contact time, (iv) gradually increased after penetration, the maximum capacity of benzene, toluene,
ethylbenzene, and xylene were found as 181, 206, 171, and 206 pg/g for KAS-ACy,, respectively. Also, the contact time of
BTEX on the adsorption was short (100 min) and is needed to try several temperatures and may extend to 300 min.
Generally speaking, the BTEX adsorption shows the degradation pathways differ in details resulting from adsorption
operating conditions onto KAS-ACy; due to its micropores playing a role in decreasing. Here we present the BTEX
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findings argue that KAS-ACoq, with a low-cost, environmentally friendly production and high surface area, recommends
the terseness of removing BTEX gases and successful operation with single-component sorption systems into the ambient
air. The conclusions provide that KAS-ACy; could be evaluated as an effective, sustainable material for air pollutants. It
can be easily used for future work from large-scale removal technology.
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