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Abstract

Both indoor and outdoor contamination continually contain benzene vapor. It has primary concerns about long-term health
risks to the living environment. Benzene is a crucial airborne pollutant in the environment due to its apparent acute toxicity,
high volatility, and poor degradability. It is especially urgent to restrain benzene emissions due to the persistent concentration
increase and stringent processes. Benzene adsorption is a highly efficient mechanism with low cost, low energy consump-
tion, and a simple process. In this study, biomass-derived porous carbon materials (TCACs) were synthesized by pyrolysis
activation combined with H;PO,, HNO;, and HCl. TCAC44 has the best activation conclusion, showing that surface area
and pore volume were 1107 m%/g and 0.58 cm?/g treated with H;PO, and so was chosen for subsequent benzene adsorption/
desorption tests. The adsorption capacities of benzene for TCAC44 were increased from 58 mg/g for 35 °C + 95% RH to
121 mg/g for 25 °C + 15% RH and presented a higher adsorption capacity of benzene than TCAC101 and TCAC133. Oth-
erwise, well recyclability of TCAC44 was revealed as the benzene adsorption capacity reductions were 22.49% after five
adsorption-desorption cycles. Furthermore, the present study established the property-application relationships to promote

and encourage future research on the newly synthesized innovative TCAC44 for benzene removal.

Keywords Volatile organic compounds (VOCs) - Porous carbon - Structure effect - Sustainable manufacturing

Introduction

Benzene (C¢Hy) is a non-polar deleterious contaminant
among aromatic volatile organic compounds (VOCs)
released by residential, urbanization, and industrial sources
which are ongoing global problems to the atmosphere (Spi-
nelle et al. 2017). Benzene is one of the most familiarly
used solvents and a major air pollutant today, which partici-
pates in atmospheric photochemical reactions as precursor
gaseous (Szulejko et al. 2019). Exposure to this substance,
which is very easy to change from liquid to gaseous, can
be severe and dangerous to the ecological environment and
human health (Rich and Orimoloye 2016; Sun et al. 2018a;
Isinkaralar 2023a). Benzene exposure is announced in the
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carcinogen capability to humans that it has been graded as
Group 1 by the International Agency for Research on Cancer
(IARC 1987). The Occupational Safety and Health Admin-
istration (OSHA) emphasized the importance of the effects
on the workplace people determined the short-term exposure
limit values as 1 ppm (3.25 mg/m®) as an 8 h mean or 5 ppm
for 15 min (OSHA 1987), and the European Union (EU)
has decided an annual limit of 5 pg/m? for gaseous benzene
exposure (European Directive 2008/50/EC) due to that 99%
of the world’s population lives in polluted air that does not
encounter the WHO recommendation (WHO 2021).
Benzene, commonly found in the indoor and outdoor
atmosphere, causes significant amounts of release at various
concentrations from there to ambient environment (Baberi
et al. 2022; Singh et al. 2023). Among these sources, the
petroleum refineries (Bayatian et al. 2021), the petrochemi-
cal industry (Jephcote and Mah 2019), gas stations (Hsieh
et al. 2021), coal combustion (Fan et al. 2014), traffic arter-
ies (Alfoldy et al. 2019), industrial solvents (Luijten et al.
2020), domestic care products (Du et al. 2014), building-
related materials (Zhang et al. 2018), and cigarette smoke
(Antonucci et al. 2020) are attributed to large quantities of
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benzene emission for the atmospheric environment. The
dominant benzene has caused health problems including
nausea, eye and throat irritation (Tunsaringkarn et al. 2012),
asthma attacks (Orru et al. 2018), headache, dizziness, and
fatigue (Norbick et al. 2017), cognitive confusion (Hu et al.
2021), acute leukemia (Janitz et al. 2017), and hematotoxic-
ity (Ren et al. 2022).

People ordinarily spend more than 19 h of daily time in
indoor areas where indoor air quality is affected by benzene
emission from several sources (Liu et al. 2020). Especially
benzene is a significant contributor to poor indoor air qual-
ity. Therefore, air change allows extraction and dilution to
reduce the benzene amounts from indoor sources (Sun et al.
2019; Fan et al. 2022). However, if the ventilation is insuf-
ficient to balance indoor emissions, some control approach
should be individually considered for reduced emissions (Ye
et al. 2017; Deng et al. 2021). The benzene pollution control
technologies significantly challenge defending environmen-
tal health with recovery and destruction mechanisms.

Benzene reacts with other air pollutants to be transformed
into various types of byproducts, such as biphenyl, anthra-
cene, naphthalene, and pyrene, which can assist to haze for-
mation in the atmosphere (Ji et al. 2020; Chu et al. 2021).
The removal of benzene, which has a liquid or gaseous form,
has been tried using various methods and techniques. In light
of the environmental and health hazards of benzene, there
are different sustainable techniques such as catalytic com-
bustion (Yang et al. 2017), membrane (Ge and Choi 2017),
catalytic technologies (Zhao et al. 2023), nonthermal plasma
(Jiang et al. 2018), catalytic oxidation (Huang et al. 2016),
UV-ozone technology (Oliva et al. 2022), photocatalytic
oxidation (Kang et al. 2018), biofiltration (Rajamanickam
et al. 2020), and adsorption (Isinkaralar 2023b). Among
these options, adsorption has been suggested as a promis-
ing option as high efficiency and low cost to reducing ben-
zene emissions without secondary pollution if performed
successfully. There are different application routes used for
gaseous benzene by considering adsorption. Typically, the
adsorbents used are MOF (Xie et al. 2018), biochar (Vikrant
et al. 2020), silica (Alipour et al. 2021), activated carbon
(Shi et al. 2022), modified activated carbon (Zhou et al.
2019), hollow carbon spheres (Chen et al. 2023), diatomite
(Khalighi Sheshdeh et al. 2013), and zeolites (Yu et al. 2015)
to achieve efficient adsorption of benzene (Li et al. 2020).
Besides, types of carbon-based adsorbent applications have
been made to develop benzene adsorption with economic
feasibility, simplicity, and effectiveness.

Over the last few decades, gas adsorption has been inves-
tigated preferentially for carbon-based adsorbent materials
depending on a large extent on their amount, type, position-
ing, and surface properties of the loaded which should be well
known in the removal of gaseous benzene (Zhang et al. 2017;
Zhu et al. 2020; Kumar et al. 2023). Although its applications

to investigate its efficiency in benzene removal are quite
common, it is still researching a hot and famous topic on air
quality. The principal reason is to reduce the cost, increase
efficiency, and increase adaptability to daily life. Therefore,
the preferred biogenic raw materials for adsorbent are forestry
and agricultural residues (Mao et al. 2016; Seku et al. 2019;
Kadimpati et al. 2020; Zhu et al. 2021). In particular, materials
with lignin-containing structure, no economic value, difficult
and non-reusable materials, and massive amounts have mainly
been preferred for promising feedstocks for producing ACs
(Kadimpati et al. 2021).

The great potential of lignocellulosic waste with chemi-
cal activation has been chosen to develop a carbon-adsorbent
that can efficiently treat gaseous benzene with better porous
structure using the most common chemicals such as ZnCl,,
KOH, H;PO,, and K,CO; (Mohammed et al. 2015). Despite
its ecologic and economic value, wastes are generated with
extreme climatic events such as summer droughts and heat
waves, which cannot be evaluated for functionality in forest
and ecological management. Tilia cordata has also emerged
potential precursor for the production of carbon-based adsor-
bents in environmental approaches (De Jaegere et al. 2016). It
is a forestry byproduct, has a lignin structure, and can be found
as renewable plant feedstocks for the formation of pyrolyzed,
which has the most remarkable effect followed by the heating
rate, the nitrogen stream rate, and the duration (Ansari et al.
2022; Gayathiri et al. 2022). In doing so, the basic components
of T. cordata include lignin, which tends to produce nonpo-
rous graphitic carbon, hemicellulose for eliminating other
compounds, and cellulose for graphite formation, effectively
contributing to the adsorbent structure.

The study hopes to assist in decreasing gaseous benzene
concentrations in producing activated carbon using 7. cordata.
It was investigated, and the removal efficiency at different
concentrations with the activated carbons with a high surface
area was investigated due to the potentially harmful effects of
contaminated air which are the most serious and essential for
life, and air quality dramatically affects people’s health. Opti-
mum performance was achieved by changing the amount of
activated carbon in line with the data obtained. The aim of this
paper was to assess the performance of TCAC44, TCAC101,
and TCAC133 as effective benzene sorbents, to analyze the
effects of H;PO, HNO;, and HCl activation on the benzene
adsorption capacity of TCAC44, TCAC101, and TCAC133
and to show the benzene adsorption-desorption mechanisms.

Material and methods
Synthesis of TCACs

In this study, Tilia cordata residues (TCRs) were obtained
at a local forest of Kastamonu, Tiirkiye, and have been used
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as a biomass precursor for the production of activated car-
bon (TCACs). The TCRs were first cleaned with deion-
ized water and dried for several days at 55 °C for 2 weeks
to remove any surface moisture. Then they were crushed
and sieved to reduce the size to 2—3-mm diameter for the
next step. The acid solutions were prepared to the desired
impregnation ratios of 1.0, 2.0, and 3.0, defined as the ratio
of the dry weight of acid solutions to the weight of the
TCR powder. Twenty to 60 g of the precursor was used per
sample, and dried powder was dissolved in 250 mL of dis-
tilled water. Then the solids were impregnated with H;PO,,
HNO;, and HCI which were stirred at approximately 150 +4
°C for 20 min to ensure a whole reaction between chemicals
and TCR powder.

The soaking time at room temperature for 24 h and 20 g
of the impregnated sample was placed on a ceramic crucible
into a carbonization reactor in a tubular furnace (Carbolite,
CTF 1200) with a programmable controller under the N,
flow. The tubular furnace was started with a heating rate
of 10 °C/min to a final temperature of 450, 550, 650, 750,
850, and 950 °C and (an accuracy of +5°C) kept at 60, 90,
and 120 min, respectively, at this temperature in the ratio
of 100 cm*/min N, gas flow. The N, atmosphere contin-
ued until the samples were cold, and took out the cooled
samples for washing until the pH reading was at 6-7. They
were washed with 0.1 M sodium hydroxide (NaOH) solu-
tion and cleaned using boiling deionized water. Then washed
TCACs were dried in an oven with a temperature set at 105
°C for 48 h and were named “TCAC1,” “TCAC2,” and

Table 1 Carbonization and activation condition of TCACs

“TCAC3 until TCAC162” based on their ratios before ben-
zene adsorption experiments in Table 1. All chemical agents
used for the TCACs production, including H;PO,, HNO;,
HCI, C¢Hg, and all other reagents, were analytical grade by
Sigma-Aldrich.

The yield of TCACs was calculated using Eq. 1 as the
mean of three tests by standard deviations (Liu et al. 2021).

. Final weight of TCAC

Yield of TCAC (wt%)
ield of (w%) Initial weight of TCR

x 100 (1)

Characterization of the TCAC preparation

The morphologies of the TCR and TCACs were assessed in
contents of carbon, hydrogen, and nitrogen using a EuroVec-
tor, EA3000 Single elemental analyzer with +0.3% accu-
racy (EuroVector, Italy), and oxygen contents were made an
inference by the difference of others. In order to identify the
surface area and the pore structure of TCACs, N, adsorption/
desorption isotherms and pore size distribution at a tempera-
ture of —196 °C were quantified by DFT (density functional
theory) method with an automated adsorption device Quan-
tachrome-Autosorb-1C (Quantachrome Instruments, USA).
Surface area, pore volume, and distribution were retrieved
from N, adsorption measurements by Quantachrome com-
puter software (P/P, = 0.99). TCACs were evaporated in
the vacuum at 300 °C for 3 h and the visible surface area of
N, was analyzed on a NOVA touch LX4 (Quantachrome,

Impregnation ratio of the weight of the Carbonization Carbonization con-  Activating agent
activating agents and precursor time (min) dition (°C)
H,PO, HNO;, HCI

1:1,2:1, 3:1 60 450 TCAC1-3 TCAC55-57 TCAC109-111
1:1,2:1, 3:1 60 550 TCAC4-6 TCAC58-60 TCAC112-114
1:1,2:1, 3:1 60 650 TCAC7-9 TCAC61-63 TCAC115-117
1:1,2:1, 3:1 60 750 TCAC10-12 TCAC64-66 TCAC118-120
1:1,2:1, 3:1 60 850 TCAC13-15 TCAC67-69 TCAC121-123
1:1,2:1, 3:1 60 950 TCAC16-18 TCAC70-72 TCAC124-126
1:1,2:1, 3:1 90 450 TCAC19-21 TCAC73-75 TCAC127-129
1:1,2:1, 3:1 90 550 TCAC22-24 TCAC76-78 TCAC130-132
1:1,2:1, 3:1 90 650 TCAC25-27 TCAC79-81 TCAC133-135
1:1,2:1, 3:1 90 750 TCAC28-30 TCACS82-84 TCAC136-138
1:1,2:1, 3:1 90 850 TCAC31-33 TCAC85-87 TCAC139-141
1:1,2:1, 3:1 90 950 TCAC34-36 TCAC88-90 TCAC142-144
1:1,2:1, 3:1 120 450 TCAC37-39 TCAC91-93 TCAC145-147
1:1,2:1, 3:1 120 550 TCAC40-42 TCAC94-96 TCAC148-150
1:1,2:1, 3:1 120 650 TCAC43-45 TCAC97-99 TCAC151-153
1:1,2:1, 3:1 120 750 TCAC46-48 TCAC100-102 TCAC154-156
1:1,2:1, 3:1 120 850 TCAC49-51 TCAC103-105 TCAC157-159
1:1,2:1, 3:1 120 950 TCAC52-54 TCAC106-108 TCAC160-162
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USA) following the BET (Brunauer-Emmett-Teller) equa-
tion. Fourier transform infrared spectra (FTIR) of surface
functional groups were characterized with the use of Perkin-
Elmer TGA 7 (Waltham, MA). Surface morphologies were
studied in Quanta FEG 250 (FEI, USA) by scanning electron
microscopy (SEM). The decomposition processes of TCR
and TCACs were determined using a thermal gravimeter
analyzer (STA7300, Hitachi, Japan) under the N, ambient.

Experimental test procedure

The general experimental procedure with TCAC44
TCAC101 and TCAC133 as individual carbonaceous adsor-
bents were premixed at threshold concentrations of 10 to
200 mg/m3 benzene. On one hand, 0.3 g of the TCAC44,
TCAC101, and TCAC133 was used for each investigation
under 35 and 95% RH for 70 min. For periodic sampling, a

temperature-controlled batch reactor connected to a 50 mL/
min N, flow rate as a surrogate gas, which allows the ben-
zene to evaporate, following the mass balance of benzene
steam, was directly collected into a Tenax®-TA single sorb-
ent tube directly using a vacuum air pump (200 mL/min,
AirLite 110-100, SKC, USA) as depicted in Fig. 1. Simply
put, Tenax vials were subsequently tested and analyzed using
thermal desorption (TD; Markes Unity Series 2, Markes
International Ltd., Llantrisant, UK) in combination to a
gas chromatography/mass spectrometry detector (GC-MS;
Thermo Scientific Trace 1300 and ISQ-QD Thermo Fisher
Scientific). A TG-624 capillary column (60 m X 0.25 mm ID
X 1.4 pm film) for the thermal desorber was deployed to con-
trol compounds based on US EPA Method TO-17 (US EPA
1999). Experiments were repeated at least once under the
same conditions to ensure that the differences in the test
results calculated from Eq. 2 for TCAC44, TCAC101, and
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Fig. 1 Illustration of process steps in the benzene adsorption
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TCAC133 were due to the amount of TCAC44, TCAC101,
and TCAC133 rather than experimental errors. Rather than
experimental errors, these are due to the amount of TCAC44
TCACI101 and TCAC133.

The benzene adsorption capacities were calculated with

Eq. 2 (Isinkaralar 2023c).
_ [ FxCyx107° o} . /f G 4
q(mg/g) - w C() X N o C() t
(2)

where g (mg/g) and # (min) represent saturated capacity and
the time of benzene adsorption; C, and C, (mg/m?) display
the inlet and outlet concentration of benzene at any time ¢;
F (mL/min) and V (mg/m3) show gas stream ratio and the
benzene rate, and also m (g) corresponds to the mass of the
TCACs.

Recyclability

This study intends to examine the benzene desorption tests
performed on TCAC44 to search for recyclability. Inevitably,
the single component adsorption had reached the equilib-
rium, and the desorption method was performed at 300 °C
with a gas flow rate of 100 mL/min N, at 300 °C until no
benzene was desorbed from TCAC44. Following the step,
the adsorption was consecutively realized again as five
cycles on TCAC44.

Results
Selection of the best TCACs

The result of proximate and elemental analyses of TCR,
TCAC44, TCAC101, and TCAC133 is shown in Table 2. It
is evident that the fixed carbon content percentage is higher
in the TCACs than in the TCR, respectively. The fixed car-
bon, volatile matter, moisture, and ash contents were deter-
mined ASTM methods for TCR which were 16.27, 71.49,
10.43, and 1.81%, while the fixed carbon, volatile matter,
moisture, and ash contents for TCAC44, TCAC101, and
TCAC133 were 69.74, 68.59, and 65.77%; 23.70, 24.43, and
27.31%; 2.90, 3.40, and 2.10%; and 3.65, 3.58, and 4.82%.

The TCR’s moisture, ash, and volatile content are lesser than
TCAC44, TCAC101, and TCAC133. The TCR has high
volatile matter reduced from 71.49 to 23.70%. The decrease
resulted from the carbonization and activation processes at
high temperatures.

The fixed carbon was significantly enhanced from 16.27
to 69.74% due to effective physiochemical activations of
their structure. The decrease in ash contents has seen that
TCAC44, TCAC101, and TCAC133 are promising materi-
als for benzene removal. Elemental content emerged with a
comparable tendency with that of proximate analysis. The
proportion of carbon (C) element in the precursor, TCR,
increased from 27.63 to 78.05% given its suitable perfor-
mance and efficiency for benzene treatment.

Hemicellulose, cellulose, and lignin contributed to the
mass and the porous properties of TCACs. The lignocel-
lulosic compositions of TRC are presented and the results
showed that hemicellulose, cellulose, and lignin weight frac-
tions were 14.7, 23.5, and 46.4%.

The large specific surface area and porosity surface
remain significant features prompting the unique capability
and efficacies of TCAC44, TCAC101, and TCAC133. This
betterment on the mesopore surface area, BET surface area,
average pore diameter, and total pore volume are displayed
in Table 3. The TCAC44, TCAC101, and TCAC133 exhibit
enhanced BET surface areas of 1107, 803, and 657 mz/g
and total pore volumes of 0.67, 0.48, and 0.39 cm3/g. The
notable rise in total pore volume and BET surface area were
due to the runout of volatile matter and water from the TCR.
The TCAC44, TCAC101, and TCAC133 exposited a mean
pore diameter of 2.28, 1.89, and 1.84 nm, respectively.

The results of representative N, adsorption/desorption
isotherms and pore size distribution of TCAC44, TCAC101,
and TCAC133 are shown in Fig. 2a. The isotherms for all
these TCACs were outgassed in vacuum at an ambient

Table 3 BET surface area and pore volumes of selected TCACs

Carbon ID  Yield (%) Sggr (m?/g) V.

micro

\4 (cm3/g D (nm)

(cm’/g)
TCAC44 759 1107 0.53 0.67 2.8
TCACI01 73.3 803 0.39 0.48 1.89
TCACI33 72.8 657 027 0.39 1.84

Table 2 Lignocellulosic

o . Material Proximate analysis (w/w%) Ultimate analysis (w/w%)
compositions and proximate
analyses of TCR and TACS Moisture ~ Ash Volatile matter ~ Fixed carbon C H (0] N
TCR 1.81 1043  71.49 16.27 27.63 5872 12.87 0.78
TCAC44 2.90 3.65 23.70 69.74 78.05  2.14 1891  0.90
TCAC101  3.40 3.58 24.43 68.59 7273 483 20.79  1.65
TCAC133  2.10 4.82 27.31 65.77 69.68 5.18 22.66 248
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temperature of 300 °C for 5 h, and then showed a verti-
cal increase in the amount of adsorbed N, with increasing
order of relative pressure. Both the hysteresis cycle and the
curve slope exhibited an S-shape and type IV isotherm at the
onset of P/P;>0.45 as per the International Union of Pure
and Applied Chemistry (IUPAC) categorization. Type IV
isotherm is defined by its hysteresis loop, associated with
capillary condensation in the mesopore. The most critical
textural changes caused by H;PO,, HNO;, and HCl-acti-
vation were an increase in the micro/mesoporous network
of the TCACs due to the splitting of particles (Oginni et al.
2019). The scope of such changes were dependent on the
operating parameters (acid strength, temperature, duration,
etc.) (Jankovié et al. 2019; Nasrullah et al. 2019).

The pore size distribution curves of the TCAC44,
TCAC101, and TCAC133 are given in Fig. 2b. In a word, the
dominant pore’s diameter (d,) was observed to fall between
0.5 and 5 nm, validating the excellent agreement to the
mesoporous surface morphology of TCAC44, TCAC101,
and TCAC133. Treatment with acid caused the creation of
fewer pores in the rigid particles, leading to a greater total
surface area. As a consequence, the H;PO,, HNO;, and HCI-
activation caused variation in the cumulative pore volume,
which was responsible for the improvement of the adsorp-
tion properties of the TCAC44, TCAC101, and TCAC133,
which led to an improvement in the porosity of the virgin
material (Adan-Mas et al. 2021).

Figure 3 shows the scanning electron micrographs of
prepared TCR, TCAC44, TCAC101, and TCAC133 under
optimized conditions in which their surface morphology
has visible cavities, crevices, pores, and holes of various
sizes. The interaction between H;PO,, HNO;, HCI, and car-
bon is also enhanced, forming well-developed pores. The
TCR precursor is subjected to elevated irregular shapes
in nature and the absence of porosity. Figure 3 b shows
that the TCAC44 was somewhat monitored to possess
many smooth pores over its surfaces. The TCAC133 and
TCAC101 developed a small number of uniformly immo-
bilized pores from the evaporation of the HCl and HNO,

during carbonization. Thus, verifying its effectiveness of
chemical activation combined with H;PO, heating at 650
°C in preparing a well-developed and homogeneous struc-
ture of TCAC44 indicates that the activation process using
HNO; has formed the widening aggregates and cavities of
pores on the TCAC101 for fully enhanced experiments.

The functional group composition of TCR, TCAC44,
TCACI101, and TCAC133 is shown in the FT-IR spectra in
Fig. 4. Both spectra have similar properties and the adsorp-
tion peaks demonstrate complicated surface chemistry which
plays a critical factor in gaseous benzene adsorption through
Lewis acid-base interactions. The strong and broad band
between 3322 and 3286 cm ™! of TCR, TCAC44, TCAC101,
and TCAC133 can be nominated to O-H groups, carbox-
ylic groups, or amide N-H stretching, corresponding to the
vibration of functional groups in cellulose or hemicellulose
(Danish et al. 2014). There is a clear band around 2879 cm™"
which is reported to be symmetric or asymmetric stretch-
ing vibrations of C-H bonds in CH, and CH; groups. The
relatively intense bands at 1617 cm™! were attributed to the
stretching vibration of C=0 in carboxylic acids, and the
band intensity was reduced in TCAC44.

The intense band around 1520 cm™' confirmed olefins and
skeletal vibrations in the aromatic structures related to C=C
vibrations (Rashid et al. 2019). The decreased adsorption of
small peaks with oxidized carbons in TCAC113 at 1118 cm™!
was caused by the stretching vibration of C=0 in phenols,
alcohols, acids, ethers, and esters (Reffas et al. 2010). The
C—H and C-O cellulose bands in TCAC44, TCAC101, and
TCAC133 could be observed from 1150 to 937 cm™', and
the damaged cellulose structure might cause decreased inten-
sity. The intensity of absorption peaks at 1617 and 983 cm™
appear to be the presence of C=0, aromatic C=C, and the
symmetric stretching C—O-C, and the bands centered at
1399 cm™! and 867 cm™! are assigned to the C-N and N-H
groups (Djilani et al. 2012). FT-IR spectra revealed that the
conversion resulting in intensity change and peak shift and the
functional groups (amine groups) were charged successfully
on TCAC44, TCAC101, and TCAC133.

Fig.2 N, adsorption/desorption &
isotherm (a) and pore diameter = 0.5
distribution patterns (b) of ‘f, 500 (a) (b) —e TCAC44
the TCAC44, TCAC101, and 5’ ) 0.4 She 18:8(3):1;
TCAC133 =] =
2 400
N2 - =03 ~ AA
-g 300 | ._.,.,..—0——--—0~l 8-0-8—0=0—0-0—e—0—1 = 1 11 N
= e s are Y\
§f et S0l MM N
= —e— TCAC44 0. [
v 100 —+— TCAC101 -
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Fig.3 Scanning electron micrographs of a TCR, b TCAC44, ¢ TCAC101, and d TCAC133

Fig.4 FT-IR spectra of TCR,
TCAC44, TCAC101, and
TCAC133

Transmitance (%)

3322

2879 2613

| \/ TCAC44

TCAC101

TCAC133

4000

TGA is beneficial in establishing the decomposition
behavior and thermal stability of the experimental speci-
mens, and the TGA curves of TCR, TCAC44, TCACI101,
and TCAC133 are shown in Fig. 5. The weight loss of TG
curves could be divided into three stages. The first stages
appear by 25 to 235 °C for TCR, 95 to 385 °C for TCAC44,
90 to 360 °C for TCAC101, and 75 to 305 °C for TCAC133
due to the loss of water physisorbed about 10.26-13.20%,
respectively (Gupta et al. 2022). The second stage started

@ Springer

350
wavenumber (cm-)

hemicellulose degradation at about 240 to 475 °C for TCR,
390 to 550 °C for TCAC44, 375 to 520 °C for TCACI101,
and 310 to 515 °C for TCAC133.

The total weight losses of TCR, TCAC44, TCACI101,
and TCAC133 were about 73.26, 35.69, 39.51, and 42.38%
during pyrolysis. They were significant consecutive weight
losses that the sharp exothermic degradation of cellulose,
hemicellulose, or lignin mainly occurred for each TCACs
(Tuli et al. 2020). The observable evolution profile of
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Fig.5 TG curves of TCR, TCAC44, TCAC101, and TCAC133

480-630 °C was minimal in the third stage, indicating the
presence of stable oxides at high temperatures. The criti-
cal degradation temperatures of TCR, TCAC44, TCAC101,
and TCAC133 began at 235 °C, respectively, verifying that
the modification reaction can enhance the stability of the
compositions of the sample. Similarly, the devolatilization
of several biomass is associated with the differences in the
textural characterization of the samples (Ahmed et al. 2019).

Effect of different initial conditions of benzene
adsorption

Differences in adsorption conditions revealed a remarkable
difference in adsorption capacities. In particular, changes in
temperature and humidity show variations in equilibrium
conditions. Although the adsorbents used and their amounts
are the same, the results are quite remarkable in Fig. 6. Ben-
zene adsorption capacities for 25 °C are 121 mg/g at 15%
RH, 93 mg/g at 42% RH, 81 mg/g at 76% RH, and 70 mg/g
at 95% RH. The results here were found to be inversely cor-
related with relative humidity. Benzene in the pores was

-
w
=]

Amount adsorbed (mg/g)

@ g ¥ "
_100 &
o0 8 ® @
= e © ® ¢ ¢
;80 & L3 A A A A A A
] @ A e © © e
3 8 @
%60 L2 4 ]
A
;40 B ¢ a @ ©25°C +95% RH
g 425°C +76% RH
E DN
20 & 4 e ©25°C+42% RH
g °© 825 °C + 15% RH
0 &

0 25 50 75 100 125 150 175 200

Initial concentration (mg/m)

Fig.6 Adsorption capacities of a 25 °C and b 35 °C

found notably in moisture and molecular. However, when
the temperature is increased from 25 to 35 °C, it is seen
that there is a severe decrease in the adsorption capacity.
By keeping the same humidity values constant, by increas-
ing the adsorption bed temperature, 85 mg/g at 15% RH,
76 mg/g at 42% RH, 67 mg/g at 76% RH, and 58 mg/g at
95% RH. In fact, it was clear from the amount it adsorbed
that temperature and humidity play an essential role in its
adsorption capacity.

Another critical parameter that affects the adsorption
capacity is the waiting time. Figure 7 shows the effect of
the lengthening or shortening of the time on the amount
of adsorption. The performance obtained by exposing the
adsorbents to different concentrations during the sampling
period is given. In particular, the success of adsorbents
increased the amount of adhesion, regardless of the concen-
tration of the medium, as it began to adsorb from the first
minute. Benzene adsorption efficiency for 25°C in the first
5 min was found as 25.71, 41.43, 55.71, and 70% at RH 15,
42,76, and 95% respectively. Similarly at 35 °C in the first
5 min, it was recorded as 15.71, 30, 42.86, and 57.14% at
RH 15, 42, 76, and 95% respectively. While the adsorption
capacity of benzene reaches equilibrium in the first 25 min
at 25 °C, this value comes after 38 min at 35 °C.

Recyclability

Benzene adsorption by TCAC44 is a simple and prevalent
way in the mechanism. Nevertheless, the used TCAC44
would be a dangerous solid residue following the saturated
sorption and thus its utilization should have low economic
efficiency without being recycled. Thus, it is essential to
check out the recyclability of the TCAC44. Thermal heat-
ing is extensively implemented to desorb benzene from
TCAC44 and rescue invaded occupied pores. Figure 8 dem-
onstrates the results of the calculation of adsorption capaci-
ties. After five adsorption/desorption cycle experiments,
a very small decrease of 22.49% in benzene adsorption
capacity was observed. Hence, 300 °C is a favorable heat

90
(b)

2
]

® P> ¢ B

® P> ¢ B

2

e p ¢ B

® P> © B
® p € B

® p & B
® > & B8
® p & B
® p & B

@35 0C + 95% RH
435 °C +76% RH
©350C +429% RH
B35 °C + 15% RH

w -
=) n
® p o B

® po|

-
>
P OB

ep o B

0 25 50 75 100 125 150 175 200
Initial concentration (mg/m")

@ Springer



108714

Environmental Science and Pollution Research (2023) 30:108706-108719

120 ® .. g @B B B B 8
a8
_ 100 B
g 80 A A A A A A A A
H B¢ L2, 00 0@ 0 00
% 60 ® A g ®
«é 0 z A @ ©25 °C + 95% RH
i s @ £25°C +76% RH
20 ® ©25 °C + 42% RH
825 °C + 15% RH
0&
0 10 20 30 40 50 60

Contact time (min)
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process conditions for the TCAC44 regeneration. Therefore,
TCAC44 has excellent benzene recyclability and must be
a high-quality adsorbent for efficient benzene removal in
gaseous applications. Overall, the results confirm that the
adsorption capacity of TCAC44 shows a downward trend
from 121 to 93.79 mg/g, with a different degree of decline
due to reducing the number of micropores serving as the
leading reaction site for the benzene adsorption.

Discussion

In gaseous benzene in indoors, many societies are currently
suffering from deteriorative impacts including climate
change adaptation and urban/regional planning (Istanbullu
et al. 2023; Isinkaralar and Varol 2023). An important point
in the removal of benzene gas is the optimum adsorption

application conditions, requiring planning through a long-
term adsorptive approach. Benzene molecules are very
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active, and there may be differences according to the appli-
cation area. Generally, the study on competitive adsorp-
tion of VOCs based on adsorbent differences (Zaitan et al.
2016), initial concentration-temperature-humidity (Laskar
et al. 2019), single-multi component (Rajabi et al. 2021),
and reactor types (Li et al. 2023) yields differences which
were found during the sorption process (Trinh et al. 2016;
Yao et al. 2020). It is to ensure that the adsorbents with the
desired properties can be used repeatedly to remove ben-
zene and other VOC:s. In the studies, in adsorbents obtained
from raw materials with lignocellulosic content, although
the yield was found to be high at first, significant decreases
were observed in subsequent loadings. This has created the
need to increase the stability of the structure by highlight-
ing the differences in the active carbon construction phase.

Porosity, micropore volume, and homogeneity in adsor-
bent structures are important stages of gas adsorption. The
difference in the activation agents used in the production
stage is the key functions that directly affects the formation

Cycle3

Cycle4

Difference (%)
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in the pores (Singuru et al. 2016; Sarkar et al. 2019; Paul
et al. 2020; Boro et al. 2023). In studies conducted in this
context, the difference of adsorbents has shown various suc-
cesses in benzene removal efficiency. From existing litera-
ture, Vohra (2015) successfully prepared GAC (Sggp: 822
m%/g and V, : 0.346 cm®/g) from palm date pits by chemical
activation for gas-phase benzene adsorption. The benzene
gas stream flow rate of 1.1 L/min as a total of 23 ppmv
passed through the GAC-packed column at room tempera-
ture. The column breakthrough time displayed that saturated
points were obtained between 774 and 951 min. Wang et al.
(2015) synthesized OMC using the EISA route to investigate
the static adsorption properties of benzene. The adsorption
temperature was arranged at 25, 35, and 45 °C, and ben-
zene was reached at 17.34, 16.86, and 16.71 mmol/g. In our
research, the maximum adsorption amount was obtained at
25 °C and was reduced at 35 °C. Evidently, the adsorption
of benzene gradually decreased with increasing temperature,
indicating the adsorption mechanism’s physical nature.

Liu et al. (2016) compared hydrophobic-modified PDMS
as new porous materials with commercially bare-AC for
benzene adsorption. The difference in adsorption capacity
was more notable for PDMS/AC-150 and PDMS/AC-250
when the relative humidity increased to 50 and 90% RH.
The water vapor adsorption capacities of PDMS/AC-150
and PDMS/AC-250 at a 50% RH were 56.4 + 5.3 and 8.7
+ 0.3 mg/g. Similar to the findings under several relative
humidities, TCAC44 showed a significant decrease with
95% RH. Some researchers deemed the conventional mod-
els for the description of adsorption isotherms of benzene
onto activated carbon (Ushiki et al. 2015; Wjihi et al. 2017);
however, these models are insufficient to describe exactly the
adsorption behavior due to the lack of quantitative discus-
sions about physic-chemical factors, such as temperature,
humidity, and relation of adsorbate-adsorbent features on
the fitting model (Konggidinata et al. 2017). Previous studies
focused on the development of high-efficiency adsorbents
for the enhanced gaseous stream of benzene, which was ana-
lyzed under the equilibrium conditions by Sun et al. (2018b),
Jafari et al. (2018), and Rubahamya et al. (2019), although
the activated carbon from lignocellulosic biomass is widely
used and an important approach in benzene control with the
developed microporous structure and favorable pore size.
Bedane et al. (2019) reported high adsorption capacities for
adsorption of ethyl benzene, toluene, and p-xylene from air
streams using the prepared AC (Sgpp: 1025 m*/g and Vi
0.49 cm?/g) from peanut shell using ZnCl,. Ha et al. (2020)
purchased granular activated carbon (Sgpr: 936.8 m?/g of
GAC) for PAC (Sggr: 956 m?/g) preparation to explore the
surface and diffusion adsorption mechanisms of benzene
within the Bohart—-Adam (B-A) model. They compared the
removal performance 200 mg of GAC and PAC, which the

intraparticle diffusion induced to the higher performance of
GAC over PAC compared to the film mass transfer process.
TCAC44 exhibited similar adsorption performances with
GAC and PAC, in which the benzene molecules have driven
into most porous zones at higher flow rates. With the advent
of an effective capturing strategy in benzene, the purification
system of adsorption onto carbon-based materials from lig-
nocellulosic biomass has been recognized from the reported
literature (Wang et al. 2021; Yu et al. 2021; Valencia et al.
2022; Wang et al. 2022). Moreover, the research on the
carbonaceous materials showed good operational stabil-
ity between 4 and 6 cycles due to regenerating and reus-
ing understanding for eco-friendly, cost, and energy-saving
approaches. On the other hand, the total adsorption capac-
ity achieved during the benzene adsorption also showed the
TCAC44 was highly stable for the gas separation.

Conclusion

Benzene, which has a carcinogenic effect among the sub-
stances revealed in studies on indoor air quality, is quite
dangerous at room temperature under normal conditions.
TCAC44 has been produced from T. cordata as a low-cost,
effortless, highly reusable, efficient, and human health biofil-
ter. The competitive adsorption behaviors of TCAC44 indi-
cate that 25 °C + 15% RH could reach adsorption equilib-
rium faster than other conditions. Temperature and relative
humidity have a non-linear relationship with the adsorbed
amount of benzene. The highest adsorption capacity of ben-
zene onto TCAC44 at 25 °C + 15% RH was 121 mg/g. Suc-
cess has been achieved by examining the holding capacity of
benzene gas at different concentrations and conditions of this
bio-adsorbent. Especially in ambient conditions, TCAC44
was found quite reasonable to use and showed an effective
result. Additionally, the recyclability of adsorption further
validated that TCAC44 is an economically feasible material
for gas applications. In fact, it is expected to be a source of
inspiration for researchers to remove other volatile organic
compounds, equitably protect the indoor air in the future.
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