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Abstract

Formaldehyde and BTEX have been used for different industries and other activities. They release many ways that negatively
affect the environment and human health due to inadequate ventilation and rapidly increasing oscillation conditions. The
widely used technology, which activated carbon, is emerging new studies on air pollutants removal. This study was produced
activated carbon for formaldehyde and BTEX removal from Aesculus hippocastanum L. biomass. It was used as organic
waste that is abundant in nature. The carbonization was taken place at 600 °C and chemical activation by mixing with ZnCl,.
The produced activated carbon has a surface area is 1858.42 m?%/g. The adsorption capacity acquired from experimental data
of VOCs were range from 638 to 1114 pg/g for AC-KN, respectively. The removal capacity of produced activated carbon
was investigated in a batch reactor. Also, Freundlich and Langmuir’s isotherms were applied in the study. Accordingly, the
experimental data were found compatible with both and a hybrid structure that the formaldehyde and BTEX adsorption by
AC-KN was better fitted into the Freundlich model. Overall, the study showed that the produced AC-KN from the Aesculus

hippocastanum L. biomass has a perfect potential in the removal of the formaldehyde and BTEX from indoor air.

Keywords Biomass-derived - Formaldehyde - BTEX - Lignocellulosic waste - Porous carbon

1 Introduction

The emission of toxic gaseous, volatile organic compounds
(VOCs), and odorous is increased with the development pro-
cess, which has increased raw materials and processes in
industrialization management including modern technolo-
gies [65]. Air pollution is increasing in urban and industrial
areas [27]. The WHO reported that more than 8 million
people died every year due to exceeding limits of air pollut-
ants [44]. They cause air pollution which occurs in different
forms such as small or bigger particles, which can create
danger according to the concentration levels in the indoor
or outdoor environment for humans and all livings [21, 24,
26, 49, 51]. Especially the effects of a high amount of dif-
ferent pollutants in indoor air cause negativities to human
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beings due to people spending most of their time indoors
such as house, office, and schools [40, 57]. Various oscilla-
tions take place in harmful air pollutants like benzene, tolu-
ene, ethylbenzene, xylene, and formaldehyde (HCHO). They
are the most common pollutant that is flammable, pungent
odor, colorless, and easily evaporate under room conditions
in the indoor air [7, 33]. They easily come from insufficient
ventilation, cigarette smoke, medical wastes, wood-based
products, paint polishing products, cosmetics, and solvent-
based chemicals in the buildings (especially in unventilated
indoor air) [38, 58]. Indoor air quality (IAQ) is up to 10
times more dangerous than outdoor air quality in terms of
human health. The worried people then try reduced indoor
air quality in living spaces [30]. Also, they are contributing
to ozone formation, global warming, and greenhouse gases
from all these sources that lead to react with other radicals
[10, 14, 19, 20, 53].

The high concentration of HCHO and BTEX creates some
disorders that rise above 100 pg/m? for 30 min it can because
of itching and reddening of the eye [37]. Additionally, it gives
rise to respiratory system disorders, premature birth, disor-
ders gene distribution, Alzheimer’s disease, and even cancer
[3, 18, 31]. Arrangements need to keep formaldehyde levels
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in the atmosphere between 61.4 and 492 pg/m? in some coun-
tries [47]. The formaldehyde usually present ranges from
61.4 to 2333.2 ug/m’ depending on the temperature and age
of the house in the indoor environment [17, 39]. The WHO
recommends a limit of formaldehyde for 30-min indoor envi-
ronment of 122.8 ug/m? [62]. Some studies show that it can
be cancer for a high value of 2000 ug/m?® [41]. Similarly, the
BTEX are used for different industrial activities as several
concentrations in the treatment of some gases includes ben-
zene, ethylbenzene, xylene, and toluene [6, 56]. They are
caused to nervous and respiratory diseases and several cancer
types although limit values are given for benzene as 5 ug/m*
[59]. The American Conference of Governmental Industrial
Hygienists (ACGIH) reported that the benzene limit value
is 0.5 ppm for an 8-h time-weighted average due to working
exposure [1, 13, 15, 52].

The many studies on the removal of HCHO and BTEX on
industrial scale or indoor air have applied various removal
methods such as condensation, adsorption, absorption, com-
bustion, and biological oxidation [67]. Among the many
removal methods like them, adsorption is frequently the
preferred method due to practicality, lack of energy, low
cost, and low environmental impact [66]. Activated carbon
is widely chosen for the removal of undesirable substances
such as bad odors and environmental pollutants from silica
gel, zeolite, and metal—organic lattice [5, 32, 35, 42]. They
have used waste raw materials that are easy to access, cheap,
and readily available as agricultural waste or lignin-based
such as peach stones, olive stone, rice bran, acorn shell, cof-
fee residue, hazelnut bagasse, and tobacco stem [3, 36, 48,
50, 54]. Especially, gas purification is processed with acti-
vated carbon that is used as gas-phase applications such as
chemical solvent [9]. Activated carbon application areas are
increasing rapidly, and it is frequently used in filter produc-
tion [23]. The surface area of activated carbon used in gas
treatment should be relatively higher than the surface area
of activated carbon used in wastewater treatment. In addi-
tion, granular or cylindrical form is preferred rather than
powder form [22]. After the gas purification and removal
methods, the recovery of the released gases has been the
subject of research. Capturing and recovering the elements
lost by being released from the flue gas has started to be
applied in the recycling industries [46, 63]. By determin-
ing the gases to be recovered, activated carbons with higher
micropore volume and higher desorption rate are preferred
(> 3000 m%g). However, if gas removal rather than recovery
is desired, it is sufficient to have an average surface area
(800-3000 m%/g) [8]. Its performance and efficiency may
hinge on certain circumstances (adsorbent type, residence
time, and usage area) [2, 16].

In this study, AC was generated by classical chemi-
cal activation and pyrolysis method from Aesculus hip-
pocastanum L. which is organic waste and collected as
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solid waste from nature. In addition, commercial activated
carbon was purchased and compared each other in the
experimental study. The adsorption efficiency of produced
activated carbon (AC-KN) and commercial activated car-
bon (AC-COM) were investigated at different concentra-
tions of formaldehyde and BTEX in a batch reactor. In
other words, there are very limited studies on the capture
of them with ACs in batch reactors. Therefore, this study
is important in terms of the removal of formaldehyde and
BTEX for the evaluation of agricultural wastes and the
removal of indoor air pollutants.

2 Materials and methods

2.1 Preparation of AC-KN

The Aesculus hippocastanum L. as lignocellulosic biomass
was collected from Kastamonu City, Tiirkiye. All samples
were washed with distilled water and allowed to dry at
110 °C for 24 h in a controlled oven. After the samples were
dried at 105 °C. They were ball milling (Retsch PM100) and
then sieved (Retsch AS200) at 0-250 mesh. Zinc chloride
(ZnCl,) from Merck was used for chemical activation as
powder. The raw material was mixed ZnCl, as 1-5 M and
then was heated at 200 °C for 25 min in a controlled oven.
It brought consistency by stirring without stopping until a
paste. Then it was allowed to stand at room temperature
for 1 day. After the remaining water was evaporated in the
oven at 105 °C for 24 h. Pyrolysis was carried out in a stain-
less steel reactor with high temperatures (1200 °C) and N,
(120 mL/min). The N, flow under a constant increasing the
temperature until 600 °C (10 °C/min) and stayed for 1 hin a
muffle furnace. Then they were washed with hot deionized
water to remove the excess of ZnCl, until pH between 6 and
7. It was put into the controlled oven for 24 h to dry, and the
AC-KN was obtained. Also, commercial activated carbon
(AC-COM) was purchased from Merck for comparison of
adsorption capacity performance in this study.

2.2 Characterization of AC-KN

The AC-KN were analyzed with SEM-EDX (FEI Quanta
FEG 250) and BET (Quantachrome Nova 2200e) that were
degassed at 250 °C for 24 h before BET surface area meas-
urements and pore size. Surface area measurements and
pore size distributions of degassed samples were carried out
using Quantachrome Nova 2200e series device by using pure
nitrogen gas as an adsorbent in a liquid nitrogen environment
(77 K). In addition, SEM-EDX images of the samples were
taken using Zeiss SUPRA 50 VP microscope.
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2.3 Adsorption experiment
2.3.1 Formaldehyde adsorption

The batch reactor specially designed from quartz glass with
two outlets from upper side. C, values were obtained after
injection of different concentrations of formaldehyde into
the reactor (volume of 2 L). The carrier gas N, and formal-
dehyde concentration are withdrawn from the gas-washing
bottle by the pump (SKC The AirChek XR5000). The analy-
sis was carried out under three different conditions: (i) non-
AC, (ii) AC-COM, and (iii) AC-KN. Each experiment con-
sisted of three replicates and the mean values of the results
in the analysis. The amount of adsorbed formaldehyde was
determined by a spectrophotometer at 412 nm wavelength.
The EPA 323 method is based on the reaction of formalde-
hyde with the acetylacetone and its read by a spectropho-
tometer. Firstly, the spectrophotometer was calibrated for the
quantitative determination of formaldehyde. Then calibra-
tion curve was drawn through eight concentration levels (0,
50, 100, 150, 250, 350, 500, and 750 pg/L) [60]. The N, gas
(120 mL/min) was used during experiments in Fig. 1.

While 0.1 g of ACs were placed at the same time, the
HCHO was injected into the reactor. Then it was evapo-
rated at 25 °C via water bath. A tube made of silica gel
(Sigma-Aldrich) was connected to the outlet of the pump
to remove moisture from the atmosphere. Forty milliliter
of ultra-pure water was added to two gas washing bottles
at each measurement. The flow rate of the pump was regu-
lated with 200 mL/min. Each experiment occurs a total of
1 h (10-min intervals). Then vials were filled with 2 mL
samples and 2 mL acetylacetone reagent. They were mixed
for 1 min in each repetition. It was placed in the water bath
at 60 °C for 10 min. After cooling samples were read by
spectrophotometer.

gl A=

e

I |
Wl

Ice Water
Bath

=]

(a)

J— KN-AC/COM-AC =
| 1Y =
? o lﬁ‘ N I|| PR Ai‘:::mp
u-C~H c|||[ |||| Ly
= |

2.3.2 BTEX adsorption

The BTEX removal was achieved by modifying the formal-
dehyde experimental setup with a sorbent tube (Tenax TA).
The experiments were analyzed by TD-GC/MS (Markes
Unity-2 TD and Agilent 6890 N Network Gas Chromato-
graph and Agilent 5975 Series). Many studies have used high
separation performed with US-EPA TO-17 Method [28]. The
standards of the BTEX used standard commercial mixtures
at a concentration of 200 pg/mL in methanol (Ultra Scien-
tific brand Aromatic Hydrocarbons Mixture DWM-550-1)
from Supelco, USA. The column was an Agilent J&W
DB-5 ms Ultra Inert column 30 m X 0.25 mm X 0.25 pm film
thickness. The carrier gas was He with the constant flow as
1.0 mL/min, 50 kPa. The injector was used in splitless mode.
The programmed temperature ramp for the oven was set as
follows: (i) isothermal at 38 °C for 10 min, (ii) increase of
10 °C/min up to 300 °C, (iii) actual duration of the run was
approximately 36 min, while the post-run cleaning took
2 min at 300 °C.

3 Results and discussion
3.1 Surface properties of AC-KN

The BET surface area was measured to identify the struc-
tural characteristics of the AC-KN between 400 and 900 °C
with 1-5 M in Fig. 2.

When the surface areas were examined, the highest values
were found at 1 M (550 °C and 1062 mz/g), while it was
found at 3 M (700 °C and 1858.42 mz/g) and 5 M (600 °C
and 1600 m?/g). The micropore volumes (V,...,) for 1 M,
3 M, and 5 M were calculated as 0.25 cm3/g, 0.49 cm3/g,
and 0.34 cm?/g, respectively.
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Fig. 1 Schematic diagram of experimental setup batch reactor a formaldehyde and b BTEX

@ Springer



4282 Biomass Conversion and Biorefinery (2023) 13:4279-4289
M 5M
1600
1200 1062 1600
1400
1000
- \95 788 o 1200 11/\)88
[ [
< 80 - < 1000
g g
£ 600 £ 800
a a
2 400 339 o 600 462
“ @ 200
200 \54 \s/
1 3 200 6 4
0 Cmm————— ) —_—
400 500 600 700 800 900 400 500 600 700 800 900
Thermal Activation Temperature (°C) Thermal Activation Temperature (°C)
3M
1802
1800
H 2
oo 1533 \175 VM}eso VM;cro BET (m2 /g) R
1400 (em’/g)  (cm’/g)
:<N: 1200
& 1000
a & 0.11 0.25 1062 0.998
5 600
@
o 63 0.24 0.49 1858.42 0.999
200 13 4
. 0.07 0.34 1600 0.999
400 500 600 700 800 900
Thermal Activation Temperature (°C)

Fig.2 BET surface area (m?/g) and effects of activation temperature

3.2 SEM-EDX analysis

The SEM micrographs were identified as homogeneity that
an increased porosity of the raw material is visible. The AC-
COM overtly reveals regular porosity although AC-KN dem-
onstrates an irregular and rough surface in Fig. 3.

The oxygen contents of AC-KN were decreased which
is significant changes in the structure of raw material with
activation process from the removal of hydroxyl func-
tional groups in the cellulose structure in EDX analysis.

The FTIR-ATR analysis of pore size distribution results
showed similar data of surface areas in Fig. 4.

The samples were investigated by the nitrogen adsorp-
tion isotherm DFT method. Their porosity usually consists
of the micro- (0-20 A) and mesopores (20-500 A) that
figure supported by SEM micrographs due to changes in
surface morphology. The carbon and oxygen contents of
ACs were compared that AC-KN has higher carbon and
lower oxygen content except for AC-COM in Table 1.

(a) (b)

Fig. 3 SEM micrographs at 20 nm: a raw material, b AC-COM, and ¢ AC-KN
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Table 1 Elemental content of the ACs (wt%) Table 2 Calibration parameters for BTEX
Samples C (0] Si K Ca VOCs Retention R? Average Accuracy
time (min)
Raw material 55.16 40.79 0.13 3.16 0.77
AC-1M 66.46 10.17 0.16 _ _ Benzene 4.89 0.997 97.36 —-2.64
AC-3 M (AC-KN) 87.81 8.83 1.43 _ _ Toluene 6.86 0.996 100.78 0.78
AC-5M 69.08 25.09 0.23 _ _ Ethylbenzene 9.34 0.999 98.89 —-1.11
M, p-xylene 9.59 0.990 101.01 1.01
O-xylene 10.29 0.995 99.54 0.46

3.3 Quality assurance and quality control

The calibration was prepared as 10 ng/pL, 20 ng/pL, 40 ng/
pL, 60 ng/puL, 80 ng/pL, 100 ng/pL, and 200 ng/pL. It was
loaded by 1 pL of each concentration (R>>0.986 is a cor-
relation for 3 replicates). The Tenax tubes were cleaned and
stored at— 18 °C until taken to the sampling time without
any contamination. Before starting experiments, all tubes
were checked in TD-GC-MS (cleaned according to USEPA
TO-17 protocol). Tubes were changed every 15 min, with a
total sampling time of 1 h by GC-MS in SIM mode.

3.4 Investigation of blank values

The GC-MS calibration parameters were performed with
BTEX standard and also were found retention time, cor-
relation coefficient, average, and accuracy of each gas in
Table 2.

All cleaned tubes were checked whether any contamina-
tion of the environment and blind samples were given in
Fig. 5.

3.5 Efficiency of BTEX removal

The removal efficiency (RE) was calculated with Eq. (1)
for the performance of ACs in Fig. 6. Initial concentration

(Cy) and with adsorbent use (C,) in equilibrium (pg/m3) was
defined in the process. The initial concentration of HCHO is
in the range of 5-500 ug/m?>.

U_Ce

x100

Removal% =

ey

The efficiency of BTEX gases, which are required to be
removed with AC-COM, is seen to be lower than AC-KN
(57.69-78.25%). While these values are low especially in
benzene at 63.29%, these values are high in o-xylene at
85.56%. The adsorption capacity of the COM-AC and COM-
KN in benzene were 441 and 844 mg/g; in toluene were 423
and 876 pg/g; in ethylbenzene were 488 and 812 ug/g; in
m-p xylene were 587 and 1070 pg/g; and in o-xylene were
603 and 1114 pg/g, respectively.

3.6 Sorption equilibrium modeling of BTEX

The adsorption data of BTEX on the AC-COM and AC-KN
were examined with Langmuir and Freundlich isotherms
that were used at different initial concentrations. The Lang-
muir isotherm explains the physical or chemical adsorption
of adsorption on the surface of the adsorbent better than
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other isotherms [12]. Adsorption conditions were plotted
with equilibrium values at different concentration values
according to Langmuir isotherm in Fig. 7.

Fig.5 Chromatogram of blind
BTEX samples
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Fig.6 The efficiency of AC-COM (A) and AC-KN (B) with contact time
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Fig. 7 Langmuir isotherm graph for AC-COM (A) and AC-KN (B)
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Freundlich gives information about surface heterogene-
ity and an exponential distribution of active sites and their
energies [43]. Adsorption conditions were plotted with
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equilibrium values at different concentration values accord-
ing to Freundlich isotherm in Fig. 8.

3.7 Efficiency of formaldehyde removal

The experiments were performed with 12 different initial
concentrations ranging from 170 to 110,000 pg/m>. The
highest yield obtained was 170 + 14.92 pg/m?, and the low-
est yield was 110,000 +497.21 ug/m? in all concentrations.
It was to have 47.83% for AC-COM and 73.37% for AC-KN
at the lowest concentration of 170 ug/m?® and 26.39% for
AC-COM and 32.89% for AC-KN at the highest concentra-
tion of 110,000 +497.21 ug/m>. The experiments show that
firstly the removal efficiency rapidly increases depending
on the time and then the efficiency decreases with filling the
solid surface of the adsorbent in Fig. 6. However, adsorbent
pores clogged earlier period due to the higher concentration
of formaldehyde, so yield was significantly an earlier time
in Fig. 9.

The high concentration of formaldehyde led to the rapid
establishment of the adsorbent balance. Adsorption effi-
ciency decreased after equilibrium. The AC-COM removal
efficiency was constantly remained and then was not seem
to change much after 30 min at the end of the study. The
adsorption capacity of the COM-AC and COM-KN were
321 and 638 ug/g, respectively.

3.8 Sorption equilibrium modeling
of formaldehyde

When the calculated n value is greater than one which
indicates the intensity of the adsorption process. Loga-
rithmic states that the log g, to log C, graph of AC-COM
(A) and AC-KN (B) and plotted with equilibrium values
at different concentration values and constants drawn by
equilibrium data in Freundlich Isotherm. The graph was

L@

drawn linearly for values of 170 and 7650 pg/m3 (low con-
centration) although high concentration range from 30000
to 110000 pg/m3 was not drawn linearly for AC-COM and
AC-KN in Fig. 10.

3.9 Assessment and comparison

The assessment of the holding capacity and performance
on AC-COM and AC-KN was helpful to ensure compre-
hension for capturing indoor air pollutants. The com-
parison was based on the adsorption of prevalent indoor
air pollutants as HCHO and BTEX from several initial
concentrations on AC-KN derived from lignocellulosic
biomass. Many studies of various indoor air pollutants
such as sulfur dioxide, hydrogen sulfide, toluene, and
ammonia were conducted with ACs from lignocellulosic
biomass varied by type of reactor [11, 25, 45]. Mirzaie
et al. [34] reported that benzene vapor adsorption was
studied in a fixed bed reactor with different operating
conditions (VOC concentration from 700 to 1000 ppm).
Scope of study AC was produced with nitric acid
(HNO;), and adsorption capacity was found as 640 mg/g.
Zhou et al. [66] used removal and recovery with commer-
cial AC for removal of methanol, acetone, and toluene in
pressure swing adsorption. These molecules can recover
at low and high vacuum due to having smaller kinetic
diameters and greater polarity. Awad et al. [4] produced
activated carbon nanofibers from electrospun polyacry-
lonitrile/cellulose nanocrystal fibers for VOC adsorp-
tion. The pore size distribution indicated large volumes
of micropores and mesopores as smooth morphology
that was exhibited a high surface area of 3497 m?%/g. The
performance of produced adsorbent was higher pore and
mesoporosity than commercial adsorbent. Zhang et al.
[66] were generated activated carbon from biomass-
derived with H;PO, chemical activation. They studied
toluene adsorption from air, and adsorption capacity was
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Fig.8 Freundlich isotherm graph of different initial concentrations for AC-COM (A) and AC-KN (B)
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reached 417 mg/g. Chen et al. [7] prepared activated car-
bon via Ni-KOH (a porous graphitized carbon) for VOC
removal (under humid conditions). Humidity conditions
had a negative effect on the adsorption process. Li et al.
[30] were evaluated toluene adsorption (321.9 mg/g) and
ethyl acetate adsorption (240.4 mg/g) on activated car-
bon from straw agricultural biowastes via ZnCl,/PM, w/w
of 1.6. Lara-Ibeas et al. [29] studied HCHO adsorption
with carbon, MOF, silica, and zeolite at a formaldehyde
gaseous flow of 164 ppb. The adsorption capacity, which
varies according to the adsorbent they use, was found
to be between 4.5 +0.6and 34.9 + 8 pg/g. This study
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also showed how strongly the humidity rate affects the
adsorption capacity. Similarly, their compatibility with
adsorption isotherms for multilayer adsorption was inves-
tigated for gas removal that was researched; the most
suitable isotherm is Freundlich than others [55, 61, 64].
The common idea of these studies, produced activated
carbon has a high surface area under optimum condi-
tions from lignocellulosic and agricultural residues. In
addition, it is an indication that various pollutants in
the indoor air can be easily removed with this activated
carbon.
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4 Conclusion

In this research, the adsorption of HCHO and BTEX on
lignocellulosic biomass-based (lignin is a large fraction
of biomass) was studied and compared the performance
between AC-COM and AC-KN with several concentra-
tions (activating agent, temperature, pH, humidity, and
raw material). The removal of VOCs is closely related
to AC-KN’s high surface area, and polarity as the main
pore size has a better adsorption effect on small molecules
than on large molecules in a batch reactor. In particular,
o-xylene was adsorbed quite successfully compared to oth-
ers. The experimental data are studied and fit to adsorption
isotherms. The excessive presence of VOCs in indoor air
threatens human health. The continuous active removal of
these pollutants is quite laborious and expensive. There-
fore, passive removal with adsorbent is a much smarter
method. However, some problems arise such as easy
accessibility, low cost, desorption, and long service life
arise. For this reason, it is very reasonable to use activated
carbons produced from materials with high surface area
and waste in nature for passive removal of VOCs.
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