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Abstract

Styrene adsorption has always been a research focus in the field of the gas environment due to its widespread usage. Removal
of styrene using activated carbon has been verified because of the physicochemical properties of SMACs prepared by
activating Silybum marianum L. waste powder. Hence, a series of novel SMACs were synthesized from NaOH, KOH, and
H;PO, ratio of 1:1-5 w/w and pyrolyzing at 450-950 °C and then washed activated carbon with HCI and NaOH. SMACS2,
SMAC137, and the optimal AC (SMAC249) had the largest styrene adsorption capacity, 229, 170, and 136 mg/g for 700 ppm
of styrene. Styrene is a typical model for volatile organic compounds (VOCs) in the atmosphere, and the findings demon-
strated that it is rapidly absorbed into SMACS82, SMAC137, and SMAC249 through strong physical sorption. The calculated
adsorption amounts showed that the styrene capture processes were feasible for adsorption within a suitable contact time
and with excellent equilibrium adsorption capacities. Also, the results showed that the highest removal efficiency at 25 °C
by the adsorption of SMAC82, SMACI137, and SMAC249 was 92%, 88%, and 86%, respectively. The efficiency results of
SMACS82, SMAC137, and SMAC249 show that the styrene breakthrough at 25 °C compared to that of 35 and 45 °C increases
approximately two times. Overall, this SMACS2 presented an excellent separation performance for styrene removal and can
be a potential option for industrial applications of other VOCs in gas-phase, indicating good adsorption ability.
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1 Introduction

Industry development has created volatile organic compound
(VOC) emissions that have become progressively worse at
the global and regional levels [1]. Today, the widespread
use of chemicals in human life has led to environmental
and human health problems. Air quality in workplaces has
emerged in recent years as public health concerns arising
from the lack of adequate ventilation and air filtration fol-
lowing the growth of industries. It has been associated with
various hazardous chemicals in the air, including VOCs
[2]. Some VOCs’ toxic and adverse health effects, such as
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benzene, 1,3-butadiene, and styrene, are globally produced
as millions of tons, making them a widely known chemical
worldwide. Styrene (CgHg) has been identified as conceiv-
ably carcinogenic in Group 2A by the International Agency
for Research on Cancer [3] and the US National Toxicology
Program (US NTP). It is derived from the catalytic dehy-
drogenation of ethylbenzene, which is reversible with unfa-
vorable thermodynamics and natural emission sources [4,
5]. Styrene has undergone extensive toxicological research
and potentially harms children’s health. It is included in the
list of Chemical of High Concern to Children in Washing-
ton, USA [6]. High occupational exposures to styrene (over
100 ppm in the air) have been displayed to bring about pre-
narcotic central nervous system depression with symptoms
such as drowsiness, headache, and balance disorder. Sig-
nificant absorption of styrene occurs by inhalation in the
working environment, particularly in the pressed plastic
industries. Styrene is also an environmental pollutant in
small amounts of food [7], drink [8], tobacco smoke [9], 3-D
printers [10], and exhaust gas [11]. More than 100,000 work-
ers are exposed to European Union styrene. According to
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the differences in exposure to concentration levels, it causes
eye, nose, throat, and lung irritation and damages the liver,
kidneys, and central nervous system [12, 13]. It is also seen
in asthma, respiratory symptoms, cardiovascular disease,
and occupational cancer [14].

Styrene, included in VOCs, is one of the widely used aro-
matic organic solvents produced by the dehydrogenation of
ethyl benzene during decomposition [15]. Over 90% of sty-
rene is used to make thousands of everyday products, such as
polystyrene polymers [16], rubber [17], plastics, paints [18],
toys [19], and home appliance components [20]. In the typi-
cal operating environment, air levels are less than 10.0 ppm,
except in some parts of the reinforced plastic industries,
where concentrations of 20.0 ppm or higher are distinct.
Employees may be exposed to hazardous chemicals if they
do not follow safety instructions. Controlling volatile organic
air toxic emissions from industrial plants has become crucial
and expensive for chemical industries, especially small-scale
ones, to meet increasingly stringent quality standards. The
biotechnological route to combat air pollution is a promising
area of research that can provide reliable, facile, and inex-
pensive technologies for air pollution prevention [21]. Also,
thanks to increased attention from regulatory authorities,
legislation controlling air pollutant emissions has increased,
and treatment systems have emerged in recent years to oper-
ate and maintain styrene successfully [22]. Thus, the intense
exposure of people to these compounds in various industries
worldwide has increased the search for filtration-removal
methods in the way they work and work environments. The
main styrene removal methods have been widely studied bio-
filters [23], bioscrubbers [24], adsorption [25], membrane
separation [26], non-thermal plasma catalysis [27], biotrick-
ling filters [28], bioreactors [29], and applied successfully to
eliminate styrene vapor from the air stream.

Adsorption is specially adequate and cost-effective for
treating high volumes of waste gases having low styrene
concentrations [30]. Adsorption can also be combined with
plasma, oxidation, and other technologies to improve purifi-
cation efficiency [31]. Activated carbon (AC) is an effective
adsorbent that removes styrene [32]. The AC is relatively
inexpensive and can be obtained from many sources. Still,
ambient moisture interferes with adsorption technologies used
for volatile organic compound removal, which can reduce the
adsorption capacity of adsorbents [33]. The ACs, dubbed
activated charcoals, are black carbon porous solid substances
with high specific surface areas, reasonable pore size distri-
butions, and high surface reactivities. It is an amorphous and
non-graphitic microcrystalline with a turbostratic structure.

Furthermore, it is environmentally friendly because the
contaminants are completely converted at low temperatures
into non-hazardous final products [34]. It is more effective
in a solid—gas medium than other adsorbents due to their
high surface area available for mass transfer. Studies have
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shown that using lignin-containing ACs can best achieve the
optimum removal of airborne pollutants by aromatic hydro-
carbons [35, 36].

Herein, towards investing in the ability of the novel
SMAC:s to remove styrene vapors, the adsorption scrutini-
zations were conducted to gather sufficient information for
future macro-kinetic studies and valuable data for industrial
application. Among the various lignin-based wastes avail-
able, Silybum marianum L. biomass is renewable, feasibly
accessible, and especially abundant in nature. Disposing of
the massive amount of Silybum marianum L. produces a
severe problem in the spontaneous landscape areas of cit-
ies as they slowly and progressively create waste biomass.
Therefore, this study was conducted by researchers to try
their best to prepare SMACs as low-cost and environmen-
tally friendly precursors. This paper presents three interest-
ing adsorbents from the novelty viewpoint. Firstly, the paper
revises the results of selected SMACs on applying adsorp-
tion methods for styrene; thus, it may be a good coordination
ability. Secondly, morphological structures were investigated
by a comparison procedure for evaluating the influence of
surface functionalization with infrared FTIR (Fourier trans-
form infrared), SEM (scanning electron microscopy), ther-
mogravimetric analysis (TGA), and BET (Brunner-Emmett-
Teller method). Thirdly, a simple tool for the preliminary
selection of the adsorption behaviors of SMACs towards
styrene from gaseous solution. Furthermore, the temperature
and contact time were examined to compare styrene vapor.

2 Materials and methods
2.1 Preparation of activated carbons

To prepare the SMACs from Silybum marianum L. were
stirred in NaOH, KOH, and H;PO, to obtain a chemical
activation process. The collected samples were washed with
distilled water several times to retrieve adherent soil and
impurities. Then, it was separated and brought to the labora-
tory and dried at 75 °C for 48 h. The dried samples (SMB)
were prepared with powdered and sieved at 0.2—1 mm in
certain proportions as 100 g-portion into plastic contain-
ers. The 100 g of rinsed SMB were immersed in aqueous
NaOH, KOH, and H;PO, solution (SMB: NaOH, KOH,
and H;PO,=1:1, 2:1, 3:1, 4:1, and 5:1 by mass) and thor-
oughly stirred for 1 h at room temperature, respectively.
Water content was evaporated at 80 °C from each mixture
by a temperature controller heater. The dried blends were
pyrolyzed in the high-temperature fixed-bed reactor at six
different temperatures heated up to 450, 550, 650, 750, 850,
and 950 °C in a muffle furnace until 3 h upon a heating rate
of 5.0 °C min~! under a nitrogen (N,) flow rate of 50 mL/
min. After the carbonization process, the resulting solid was
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repeatedly washed with 0.1, 0.5, and 1 M HCI for activation
with KOH and NaOH for activation with H;PO, and deion-
ized water until the pH value of filtrate reached neutral for
dissolving ash and inorganic salts. The SMACs were dried at
80 °C for 24 h. More detailed preparation of activated carbon
and carbonization procedure were published in a separate
study [37]. For higher styrene adsorption, 3 samples with
high capacities were determined among 270 carbon samples.
The final products are referred to as SMAC1 and SMAC270.

2.2 SMACs properties

The proximate SMB and SMACs were analyzed using
ASTM D 3172-3175 methods [38]. Textural properties of
the SMB and SMACs were measured using the elemental
analyzer (Eurovector, EA3000-Single) for C, H, N, and O
content. The morphologies of the SMACs were obtained
utilizing SEM (scanning electron microscopy) brand by
FEI Quanta FEG 250 as 15 kV and 1000-10,000 x . The
functional groups of the SMACs surface were identified
using Fourier transform infrared (FTIR) spectroscopy;
thoroughly, the SMACs particles were pelleted mixing
with KBr (KBr: sample weight ratio=150:1) by Perkin-
Elmer, USA. To measure, the specific surface area (Sggt)
was determined by N, adsorption—desorption analysis, and
surface areas of the SMACs were estimated from the BET
(Brunauer—-Emmett—Teller) Quantachrome NOVAtouch
LX4 apparatus (South San Francisco, CA, USA). The
micropore and mesopore volume (V;.,, and V,..,) was
obtained from the t-plot (Harkins—Jura equation) and the
BJH (Barret-Joyner Halenda) models. The devolatilization
behavior SMACs were operated underneath high heating
rate conditions from 50 to 850 °C with oxygenated condi-
tions rate at 10 °C min~! by STA7300 thermal gravimetric
analyzer (TGA, HITACHI).

meso

2.3 Batch adsorption

Batch adsorption experiments of SMAC82, SMAC137,
and SMAC249 were conducted at 25, 35, and 45 °C with
various initial concentrations altering from 10 to 700 ppm
of gas styrene. 750 mg of SMACS82, SMACI137, and
SMAC249 were used for 130 min at tested adsorption tem-
perature with a thermostatic controller. Preliminary experi-
ments indicated that this contact time ensured controlled
the adsorption equilibrium. Also, any leakage, leakage, or
retention rates of the reactor conditions were determined in
these preliminary experiments. It is convenient to remark
that all these styrenes were present as adhesive molecules
in the gas environment at tested operating conditions. After
selecting, the loss and adhesion rates were started under
these conditions in the experiments. First, SMAC82 was
placed, and different initial conditions were loaded into the

system. The nine different samples were collected from the
reactor for 130 min. These sampling times were taken from
10, 20, 30, 50, 70, 90, 110, and 130 min, respectively. For
practical applications, styrene adsorption stability is also
critical. Hence, the vacuum air pump (AirChek XR5000
SKC, USA), which helps collect the reactor samples, was
adjusted and transferred to Tenax tubes without inter-
ruption, according to the US EPA Method TO-17 [39].
Nine sampling tubes were used for each experiment and
kept at —20 °C, closing the mouths tightly until analyz-
ing. TD-GC/MS (Thermal Desorber, Markes Unity)—(Gas
chromatography, Thermo Scientific Trace 1300)/(Mass
detector, Thermo Scientific ISQ QD) and capillary column
(TG-624; 30.0 m x 0.25) used for the analysis of Tenax
tubes at the end of the experiments mm X 1.4 pm) having a
flow rate of 20.0 mL/min N, as carrier gas.

The saturated styrene adsorption capacity was produced
from the breakthrough curve using Eq. 1 reported previous
study [40].

()G <) - ([ 8)
Qimg/g) = % CO s 0 CO t

ey

This equation shows that ¢ is the saturated styrene sorp-

tion capacity (mg/g) and F is the airflow rate (mL/min). The

amount of SMACs (g) represents W; C, and C; are styrene

inlet and outlet concentration (ppm); and ¢, is saturation time
(min), respectively.

3 Results
3.1 Surface morphologies of the SMACs

Table 1 presents the structural parameters of the SMACS2,
SMACI137, and SMAC249, which were produced carbo-
naceous porous substances under different conditions. The
Sger and V.. of SMAC82, SMAC137, and SMAC249
increased significantly compared to SMB; the specific sur-
face areas of the SMB, SMACS82, SMAC137, and SMAC249
were 2.2, 1013, 809, and 573 mz/g, respectively. SMACS82
had a high specific surface area; the dominant micropores
and substantial pore structures enabled styrene to capture
without any structure destruction. SMACS82, SMAC137,
and SMAC249 are carbon-based adsorbents with the high-
est Sgpr and V. among the adsorbents produced. In the
preparation of SMACS2, after it was made with 4:1 (w/w)
KOH at 850 °C carbonization temperature for 3 h, after
washing with 0.1 M HCI. SMAC137 was produced with
2:1 (w/w) NaOH at 650 °C carbonization temperature for
2 h, after washing with 1 M HCl. SMAC249 was made with
3:1 (w/w) H;PO, at a carbonization temperature of 750 °C
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Table 1 Preparation conditions of SMACs

Preparation circumstances Textural properties Labeling of
- - I - . - 2 3 3 samples ID
Activating agent ~ Mass ration  Activation conditions ~ Washing conditions ~ Sppp (m“/g)  V,(cm’/g) V. (cm’/g)
- - - - 2.2 - - SMB
KOH 4:1 850°C,3h 0.1 M HC1 1013 0.48 0.27 SMACS82
NaOH 2:1 650°C,2h 1 M HCI1 809 0.33 0.19 SMAC137
H;PO, 3:1 750°C,2h 0.1 M NaOH 573 0.24 0.13 SMAC249
Table2 Proximate and ultimate  Acyp Ultimate (%) Proximate (%) Yield (%)
analysis of SMB and SMACs
C H N (0] Moisture Fixed carbon Volatile matters Ash
SMB 4647 881 132 434 750 20.49 71.86 015 -
SMACS82 7450 3.59 249 19.42 3.55 75.30 18.86 229 73.8
SMACI137 7029 443 320 22.08 3.76 7222 20.55 320 662
SMAC249 6237 5.71 173 30.19 2.55 7347 20.46 352 687
for 2 h, then washed with 0.1 M NaOH, and dried in an oven
o SMACS2
at 100 °C for 5 h. .
Table 2 shows that the proximate and ultimate analyses 2 800 |
were performed in this study. SMB and SMACs contain S
7.50 and 2.55-3.76% moisture, 71.86 and 18.86-20.55% § 600 [4C137
volatile content, 0.15 and 2.29-3.52% ash, and 20.49 and S I
72.22-75.30% fixed carbon. SMACS?2 involves low vola- 3 400 }
tile substance (18.86%), low ash contents (3.29%), and : SMAC249
a high amount of fixed carbon (75.30%) which gets it a 5 200 -
proper precursor compared to SMAC137 and SMAC249. S
The elemental analysis of SMAC82, SMAC137, and , \

SMAC249 has 74.50, 70.29, and 62.37% C; 3.59, 4.43,
and 5.71% H; 2.49, 3.20, and 1.73% N; 19.42, 22.08, and
30.19% O. The results displayed that the SMACS2 has a
high amount of carbon, and its yield obtained under opti-
mized conditions was 73.80%

Figure 1 demonstrates the N, adsorption isotherms
at— 196 °C for SMACS2, SMAC137, and SMAC249. The
N, molecule’s adsorption at low relative pressures in SMB
is omissible, which can be evidenced to the extent that there
is no porosity due to diffusional problems of N, at this tem-
perature. From the N, isotherms, the microporous charac-
ter of SMACS82, SMAC137, and SMAC249 can be overtly
remarked in which the sequence of N, adsorption capacities
is SMACS82 > SMAC137 > SMAC249. Isotherms are type
IV and H, hysteresis loop, which could be dedicated to the
presence of microporous and mesopores with the major
N, adsorption uptake occurring at relative pressures range
P/P,> 0.5 for the directive of the International Union of
Pure and Applied Chemistry (IUPAC), being the adsorp-
tion almost constant at higher relative pressures [41]. This
outcome evidenced that calcination time is considerable in
well-improvement pores of SMACS2 prepared from SMB
using KOH.

@ Springer
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Fig. 1 Adsorption—desorption isotherms of N, for SMAC82, SMAC137,
and SMAC249

Figure 2 demonstrates the SEM images of SMB,
SMACS82, SMAC137, and SMAC249 prepared under
optimized conditions. The micrographs of SMB have
no cavities, cracks, or crevices, although the surface of
the SMAC82, SMAC137, and SMAC249 has rough and
porous forms of several dimensions. The excavations were
emergent during carbonization due to KOH, NaOH, and
H3PO4 activation. In addition, during the calcination
operation, the release of large volatile molecules from
the surface left behind the porous, rough, and ruptured
surface of SMACs. Thus, sights affirm that the SMACS2,
SMACI137, and SMAC249 are porous and would be useful
adsorbents in the styrene capture mechanism. A similar
SEM scene was also observed for carbon-based adsorbent
acquired from diverse biowastes [42, 43].
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Fig.3 FT-IR of SMACS82, SMAC137, and SMAC249

The surface chemical properties of SMAC82, SMAC137,
and SMAC249 were characterized using FT-IR. Figure 3 dis-
plays recorded spectra in the range of 400 to 4000 cm™!. The
positions of the absorption peaks of SMACS82, SMAC137,
and SMAC249 were roughly the same. Still, the peak inten-
sities were dissimilar, which showed that the functional
group’s kinds before and after the chemical activation of

the SMAC82, SMAC137, and SMAC249 had not altered
but that the number had changed as a total of 7 absorption
peaks. The broad peak between 3488 and 3201 cm™! repre-
sents stretching vibration of O—H bond of cellulose, lignin,
and hemicellulose [44], the small peaks at 2874 cm™! cor-
respond to asymmetric C-H vibration (stretching) of the CH,
moiety existing in lignin, the band located at 2310 cm™! is
assigned to the stretching vibration of C =0 bond [45], the
strong peak at 1524-1477 cm™! might be the bending of
C-H [46], and the peak at 1045 cm™' ascribes to the stretch-
ing vibration of different C—O bond of lactonic, carboxylic,
and alcoholic groups [47]. The broad band centered betwixt
574 and 850 cm™~! may have been caused by the out-of-plane
bending vibration of the C-H compound [48]. It can be seen
that the peak sites of surface functional groups on SMACS2,
SMAC137, and SMAC249 are similar for surface functional
groups, which indicates that some of the groups are almost
the same. However, the contents of surface functional groups
may not be alike.

TGA curves have been demonstrated in Fig. 4, which
were recorded to assess the thermal stability of SMACS82,
SMAC137, and SMAC?249 underneath processing tem-
peratures, followed by their dryness at 80 °C for 3 h. The
three crucial steps of losing weight were present (i) the
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Fig.4 TGA of SMACS82, SMAC137, and SMAC249

water loss at 100 °C and the first step at 227 °C, which
is ingrained in the decomposition of functional moie-
ties on the surface containing oxygen; (ii) the next stage
of weight loss, between 285 and 425 °C, is related to
decomposing epoxy, hydroxyl, and carboxylic groups in
oxygen-containing moieties [49]; (iii) carbon backbone
decomposing after 435 °C [50]. The SMB consists of cel-
lulose, hemicellulose, and lignin. Cellulose decomposes
in temperatures spanning from 486 to 615 °C.

3.2 Styrene adsorption onto SMACs
3.2.1 Effect of initial concentration

The removal efficiency, loss of efficiency, and resistance
to SMAC82, SMAC137, and SMAC249 dosing capacity
are given during filtration. While the highest efficiency
found in this context is 10 ppm, the limit of the response
of the adsorbents varies against increasing concentra-
tions. In particular, it caused significant decreases in
yield after 100 ppm and clogged the pores in the struc-
ture of adsorbents against 300, 500, and 700 ppm. It
caused the styrene molecules in the pores to be more
adsorbed and even released. While the highest efficiency
was found in 10 ppm, styrene removed with SMACS2,
92%, SMAC137, and SMAC249 yields were 88 and 86%.
Yields at 700 ppm dropped significantly and were 24, 21,
and 17% for SMACS82, SMAC137, and SMAC249. More-
over, the performance rates were determined at different
concentrations with and without the adsorbed amount.
They were calculated based on the relevant data from the
curve in Fig. 5.
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3.2.2 Effect of temperature

In order to analyze the impact of different initial conditions
studied in adsorption experiments, 8 different concentration
loadings were made in Fig. 6. The effect of styrene con-
centration from 10 to 700 ppm on SMACS82, SMAC137,
and SMAC249 under other conditions was investigated.
Due to the different physicochemical properties of differ-
ent adsorbents, the results obtained varied. However, the
point where adsorbents exhibit expected behavior is that the
amount adsorbed at 10 ppm is less than when it increases to
700 ppm. Although SMACS82, SMAC137, and SMAC249
had an initial concentration of 10 ppm, the adsorbed at 25
°C was 29, 23, and 17 mg/g; at 700 ppm; it was 228, 170,
and 136 mg/g. Although the same adsorbents had an ini-
tial concentration of 10 ppm and the amount of adsorbed
at 35 °C was 23, 18, and 15 mg/g, it decreased to 199, 144,
and 111 mg/g at 700 ppm. In fact, their performance at 45 °C
reduces significantly compared to other temperatures, 20,
14, and 11 mg/g at 10 and 700 ppm. There was a decrease
up to 166, 117, and 93 mg/g. It was observed that the ambi-
ent temperature harmed the amount of adsorption level. The
styrene was mainly adsorbed at 25 °C, but with an increase
of 10 °C, losses were determined between 11.76 and 21.7%
in the adsorption amount depending on the concentration
at 25-35 °C. In addition, as the temperature increased, sty-
rene began to desorb from the SMAC82, SMAC137, and
SMAC249 until 45 °C and was degraded between 31.03
and 39.13%. These results emerged that the efficiency of
SMAC82, SMAC137, and SMAC249 for low-temperature
adsorption performance was superb, and the styrene mol-
ecules likely played a vital role in the low temperature.

3.2.3 Effect of contact time

To explore the impact of contact time on adsorption capac-
ity was investigated by continuously adjusting the reactor
temperature to 25 °C. The residence time, a fundamental
parameter of the difference in adsorption capacity, depends
on the SMACS82, SMAC137, SMAC249, and the initial
styrene concentration at which they are loaded in Fig. 7.
The main point of adsorbents, which varied according to
the loading level, varied depending on the number of pores
and the porosity of the pores. The fast-growing accumula-
tion of styrene in SMACS82, SMAC137, and SMAC249 is
responsible for the styrene pressure to micropores. When the
media concentration starting from 10 ppm reached 700 ppm,
the adsorbents were rapidly filled and adhered to the pores.
The micropores were filled, and finally, after 300 ppm,
the adsorbents were released into the environment. The
values obtained by SMACS82, SMAC137, and SMAC249
for 10 ppm are 29, 23, and 17 mg/g; 54, 43, and 38 mg/g
for 20 ppm; 81, 62, and 54 mg/g for 50 ppm; 118, 91, and
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76 mg/g for 100 ppm; 165, 129, and 103 mg/g; 204, 157, and
122 mg/g for 300 ppm; 236, 160, and 134 mg/g for 500 ppm;
and 229, 170, and 136 mg/g for 700 ppm. As double the
initial concentration of 10 ppm, the adsorption amount is
46.30-55.27%; while increasing it 5 times, 62.90-68.52% in
adsorption amount. Also, 10 times, the amount of adsorption
is 74.73-77.63%; and growing it 30, 50, and 70 times, it is
seen that there is no significant increase in the amount of
adsorption. The main reasons contribute to a better grasp-
ing the adsorbed capacity of SMACS82, SMAC137, and
SMAC249 by outlining the probable emphasizing process.

4 Discussion

Styrene poses a severe threat to the ecological environment
and human health. It is toxic, carcinogenic, and mutagenic
according to the concentration in the ambient air [51, 52].
In addition to harming human health, it contributes signifi-
cantly to the depletion of the stratospheric ozone layer and
regional ozone formation [53]. Adsorption, an effective way,

has been used to prevent increased emissions in the indoor
environment for VOCs, including styrene, to improve and
advance human well-being [54]. In this method, which many
researchers use to remove styrene in the gas phase, adsor-
bents’ appropriate production and development have been
critical in adsorption efficiency [55, 56]. It is also imperative
that the adsorbents produced are environmentally friendly
and reusable according to the production method and raw
material [57]. To date, styrene has been removed by many
different adsorbents [58], including activated carbons (ACs)
[59], zeolites [60], hyper-crosslinked polymeric resins
(HPR), silica gel [61], metal-organic frameworks (MOFs)
[15], and carbon nanotubes [62].

In particular, activated carbons produced from carbon-
based lignocellulosic wastes have low cost, easy produc-
tion, and high holding capacity compared to the activation
of adsorbents. It has been stated that VOC adsorption is
included in many researchers’ studies as physical adhesion.
Still, a small amount of chemical bonding can be experi-
enced. Some scientific research on removing styrene from
gases uses several adsorbents [63, 64]. Matusik et al. [65]
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studied gaseous styrene adsorption—desorption efficiency
by 18 organosmectites using three host minerals as SWy,
STx, and BId (the Sgpy were from 28 to 127 m%/g) minerals
from ion-exchange method. Like all adsorbents, they have
been reported to be highly affected by relative humidity
(RH). Thus, the experiments were carried out to improve
their adsorption affinity to styrene at RH in the range of
35-55% and at 40 °C. The present study showed that certain
adsorbents played a more influential role in styrene removal
than each adsorbent produced, thereby in ambient condi-
tions such as RH and temperature. Therefore, the physico-
chemical structure of the adsorbent produced is important
between surfactant molecules and was more available for
styrene. Styrene molecules can quickly diffuse and adsorb
into mesoporous adsorbents. Duan et al. [66] investigated
styrene adsorption capacities using 0.05 g raw sepiolite
(the Sgpr: 29.18 m*/g and V, ;. 0.056 cm?/g) and modified
sepiolite (the Spey: 86.66 m%/g and V. 0.066 cm®/g) into
the quartz tube reactor. They determined the initial styrene
concentration as 14.4 mg/L and reactor temperature at 30,
35, and 40 °C. The maximum styrene adsorption capac-
ity onto the sepiolite was 24 mg/g at 30 °C. In the above-
reported studies, the economical production of adsorbent is
significant from an adsorption point of VOC application.
The amount retained in carbon-based adsorbents is higher

@ Springer

than in sepiolite. This finding further confirms the differ-
ences between adsorbents [67-69]. These results supported
that SMACS82 showed the much better-adsorbed amount
of styrene which included decreases as the temperature
increases; however, the adsorption capacity does not reduce
dramatically. To further discover the intermediates formed
over time during styrene adsorption need to determine the
correlation between the surface groups on SMACS82 and
styrene molecules.

5 Conclusion

Styrene is a component of many chemical substances as
reactants and solvents that humans encounter during their
occupational and non-occupational environments. It is one
of the aromatic hydrocarbon groups used in producing thou-
sands of daily products and causes serious health problems.
This study used NaOH, KOH, and H;PO, impregnation to
make SMAC:s derived from biowaste for styrene adsorption
under several conditions. Efficiency results show increased
styrene adsorption capacity after chemically linking with
KOH than NaOH and H;PO, due to increased micropore
formation. Adsorption capacities of styrene on SMACS2,
SMAC137, and SMAC249 were investigated with different
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initial concentrations. The SMACS82 appears to be the best
adsorbent for removing styrene because it has a more sur-
face basic group, larger pore volume, and greater surface
area. Experiments results indicated that the efficiency of
SMACS82, SMAC137, and SMAC249 for 25 °C adsorption
performance was more excellent than 35 and 45 °C, which
improved its molecules activities and played a crucial role in
the adsorption reaction. To generate a more detailed insight
into styrene behavior, further adsorption works to describe
certain molecular pathways are required.
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