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Abstract: Evaporative emissions from automobiles, which mainly consist of hydrocarbons, are a
major source of air pollutants. As such, prevention means are required to minimize such emissions.
Evaporative emissions are collected using adsorbents, where the adsorption capacity is directly
influenced by the ratio of oxygen-containing functional groups, which have high polarity. This
study investigated the effect of controlling the oxygen functional group (OFG) on the hydrocarbon
adsorption/desorption performance of activated carbon fiber (ACF) in adsorbents. We used mi-
crowave heating to remove OFG on the ACF surfaces. The removal of surface OFG by microwave
heating was analyzed using scanning electron microscopy-energy-dispersive X-ray spectroscope
(SEM-EDS), Fourier transform infrared spectroscopy (FT-IR), thermogravimetric-infrared gas analysis
(TGA-IR), and X-ray photoelectron spectroscopy (XPS). According to microwave heating, textural
properties were analyzed using N, /77K adsorption/desorption isotherms. The hydrocarbon ad-
sorption/desorption performance of the ACF was evaluated according to a modified ASTM D5228.
Compared to the untreated ACF, the butane working capacity of the modified (non-polarized) ACF
was increased by up to 20% (adsorption capacity 27%).

Keywords: activated carbon fiber; oxygen functional group; microwave heating; evaporative gas

1. Introduction

As per the definition (World Health Organization (WHO)), volatile organic compounds
(VOCs) are organic compounds with a Reid vapor pressure of more than 10.3 Pa at ambient
temperature (25 °C) and pressure (101.325 kPa). Furthermore, they are hydrocarbon (HC)-
based compounds that evaporate easily at room temperature [1-3]. Automotive emissions,
a major source of VOCs, can be classified into two types: exhaust gas and evaporative
gas. Between these, evaporative gas, which mainly consists of HC, is harmful to human
health and the environment. Hence, the removal of these pollutants is imperative [4-7].
Automotive evaporative gas emissions can be classified into three main loss mechanisms:
running, hot soak, and diurnal breathing loss (DBL) [8]. Between these, DBL occupies
the largest proportion of evaporative gas emissions [9,10]. Produced evaporative gas is
collected into canisters or HC traps via an evaporative emission control (EVAP) system.
When an engine operates, vapors are drawn from the storage canister into the intake
manifold, followed by combustion in the cylinder before being used as fuel [11]. Therefore,
an adsorbent with an excellent HC adsorption/desorption performance is required for
enhanced evaporative gas removal.

Commercially available adsorbents include activated carbon (AC), activated carbon
fiber (ACF), zeolite, silica gel, and alumina [12-16]. Among these, ACF is especially
effective in adsorbing VOCs from a gaseous stream compared to other commercially
available adsorbents due to well-developed micropores on the surface and exhibits optimal
performance in removing low-concentration HC pollutants, especially under high-gas-flow-
rate conditions [17].
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For developing porous microstructures in ACF, an activation process based on ox-
idation at high temperatures is required, which involves the inevitable production of
oxygen-containing functional groups on the surface of ACF [18-20]. The oxygen func-
tional group (OFG) reduces the HC adsorption capacity, which is a non-polar compound;
thus, the removal of surface OFG on ACF is instrumental for increased HC pollutant
adsorption [21,22].

In previous studies [23-25], heat treatments in different atmospheres (inert, reducing,
etc.) were performed to remove the OFG on AC and ACF. Furnaces, microwaves, and
induction are commonly used for the heat treatment of the AC and ACF [25,26]. Several
previous studies have used the furnace method [24,25]. It presents the advantages of
scalability and high versatility. However, since the heat source in furnace heating is
located outside the samples and heat is transferred by radiation, the heat conduction of
ACF samples from the outside to the inside requires an extended time and high energy
consumption. In the case of induction heat treatment, heat generation varies depending
on the material density, and the method is unsuitable for low-density ACF. In contrast,
microwave heating supplies energy to the carbon particles, where the energy is converted
into heat within the carbon particles of ACF by dipole rotation and ionic conduction,
enabling quick heating [27]. Conclusively, microwave heating presents the advantages of
rapid heating, allowing fast heat treatment and saving energy compared to conventional
methods such as furnace heating [28]. Therefore, microwave heating was used in this study
for removing OFG on ACF.

The n-butane adsorption mechanism of ACF is achieved by van der Waal's interaction
(physical adsorption). The polar OFG of the ACF surface combines with carbon to reduce
the interaction with non-polar n-butane, which causes a decrease in adsorption performance
due to a decrease in adsorption heat. Therefore, the removal of OFG in the ACF surface
affords improved n-butane adsorption performance. However, recent research reported on
the changes in HC adsorption performance according to the changes in textural properties
by the pore structure of the adsorbents. To date, few studies have investigated the n-
butane adsorption/desorption behavior of ACF with surface chemical modification by
varying the OFG only—without changing the textural properties of ACF via pore structure
control. Consequently, we examined the effect of OFG removal on the ACF with different
microwave heating conditions on the HC adsorption/desorption performance of ACF.
Microwave heating enabled the simple removal of OFG on the ACF with a short treatment
time. Accordingly, correlations between textural properties, surface oxygen content and
surface OFG composition and butane working capacity (BWC), butane retentivity (BR),
and butane activity (BA) for n-butane were also analyzed.

2. Experimental
2.1. Sample Preparation

Rayon-based ACF (FM10, Calgon Carbon Corporation, Pittsburgh, PA, USA) was
used for the acquired samples. Preceding microwave heating, the ACF samples were cut
into sizes of 3 X 3 cm and stored at 105 °C for 24 h. A microwave heating system for the
experiment was built using a household microwave oven (MW22CD9D, LG Electronics,
Seoul, Republic of Korea). Prior to heating, all ACF samples (1.0 g) were placed in a built
quartz reactor (diameter 70 mm X length 100 mm) at room temperature, and N, flow was
maintained at 200 mL/min to sufficiently exclude air. The samples were then microwaved
for 1-7 min at an input power of 400 W. An inert atmosphere was maintained during
microwave heating by passing high-purity N, maintained at a flow rate of 200 mL/min.
After microwave heating, the ACF samples were left to naturally cool and stored at 105 °C
for 24 h under a vacuum. The ACF samples subjected to microwave heating were termed
“reduced activated carbon fiber (rACF)-microwave heating time (M)”.
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2.2. Characterization
2.2.1. Surface Functional Group Analyses

Various analysis techniques were used to analyze the changes in OFG of the ACF by
microwave heating. The change in the elemental composition of ACF with microwave
heating was analyzed using scanning electron microscope—energy dispersive X-ray spec-
troscopy (SEM-EDS), SEM (CX-200TA, COXEM, Daejeon, Republic of Korea) combined
with EDS (Element SDD, AMETEK, Berwyn, PA, USA), under the conditions of 20 kV
accelerating voltage and pressure of <1 x 1073 torr.

The OFG changes on the surface of ACF according to microwave heating were an-
alyzed using transmission infrared spectra obtained by Fourier transform infrared spec-
troscopy (FT/IR-4600, Jasco, Tokyo, Japan) using 7 mm-diameter pellets with ACF and KBr
mixed in the same weight ratio. For the FT-IR analysis, the laboratory environment was
maintained under the same conditions of temperature (25 °C) and humidity (30%).

The ACF composition changes of surface OFG before and after microwave heating
were analyzed employing an X-ray photoelectron spectroscopy (XPS) (Nexsa, Thermo
Fisher Scientific, Waltham, MA, USA). Spectra were collected with an X-ray source (Al
Ko, photon energy 1486.6 eV). During the analysis, the pressure inside the chamber was
maintained at <2 x 107 Torr. The collected spectra deconvolution was performed using a
nonlinear least-squares curve-fitting program with a Gaussian-Lorentzian function.

A thermogravimetric (TGA /DSC 3+, Mettler-Toledo, Columbus, OH, USA)-infrared
gas analyzer (I 4001-E, MIDAC, Westfield, NJ, USA) was used to analyze the gases released
during the TGA experiment in real time using FT-IR by connecting the TGA with an IR
gas analyzer. To evaluate the changes in OFG of the ACF, FT-IR spectra of CO and CO,
released during pyrolysis of ACF samples in the inert atmosphere (N;) were analyzed. The
experimental conditions were set to a heating rate of 10 °C/min, a heating temperature
range of 25-900 °C, and an N, flow rate of 200 mL/min. Before performing TGA-IR, the
ACF samples were stored under a vacuum at 105 °C for 24 h. Following air exclusion Np,
the same sample weight (5 mg) was used for analysis.

2.2.2. Textural Properties

The textural properties of ACF were analyzed based on N; /77K adsorption—-desorption
isotherms using BELSORP-Max II (Microtrac BEL, Osaka, Japan). Prior to the analysis, the
respective ACF samples (0.15 g) were treated at 300 °C and <1 x 1073 torr pressure. Based
on the Nj adsorbed to the ACF, the specific area and total pore volume of the ACF were
calculated by the Brunauer-Emmett-Teller (BET) equation [29], and the micropore volume
of the ACF was calculated by the t-plot method [30].

2.3. Evaluation of the Butane Working Capacity (BWC) of Activated Carbon Fibers

The BWC of the ACF was determined following the standard method specified in the
modified ASTM D5228 [31]. A schematic diagram is shown in Figure S1. The ACF samples
(0.5 g) were placed in a U-shaped cell and placed in a water bath at 25 °C. N-butane was
fed into the U-shaped cell at a rate of 250 mL/min for 15 min. The mass change due to the
adsorption of n-butane to the ACF was measured, and n-butane adsorption was repeated
at 10 min intervals until there was no change in ACF mass. When the ACF was saturated
to the point where no mass change was observed, the cell was purged by flowing N, at
a rate of 300 mL/min for 40 min. This process of measurement was repeated five times,
and the calculated average value was recorded and used. BWC, butane activity (BA), and
butane retentivity (BR) were calculated using the following Equations (1)—(3).

B—
Butane working capacity (%) : TC x 100 1)

Butane activity (%) : x 100 2)
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A

where A denotes the weight of the ACF sample, B represents the weight of the sample
saturated with n-butane, and C is the weight of the purged ACF sample using N, for
40 min.

Butane retentivity (%) :

x 100 @)

3. Result and Discussion
3.1. SEM-EDS

SEM-EDS is a useful method to analyze elemental composition changes in the ACF
according to microwave heating conditions. Table 1 presents the elemental composition
of ACF obtained based on the SEM-EDS analysis. The ACF carbon content increased
by 87.9-92.1%, and the ACF oxygen content decreased by 10.5-5.3% with the increasing
microwave heating time. Furthermore, the oxygen/carbon (O/C) ratio of the ACF was
reduced to 0.119-0.058. Conclusively, it is recognized that OFG on the ACF are removed by
microwave heating, and the oxygen content on the ACF surface is reduced, whereas the
carbon content increased.

Table 1. Elemental Ratio of Activated Carbon Fibers obtained through Scanning Electron Microscope-
Energy Dispersive X-ray Spectroscopy.

Sample C (at.%) O (at.%) o/C
As-received 88.0 10.5 0.119
rACF-M3 91.9 6.7 0.073
rACE-M7 92.1 5.3 0.058

3.2. FT-IR

The OFG on the ACF are bound to the edge sites of carbon crystallite and exist in the
form of carboxyl, carbonyl, phenolic hydroxyl, and ether. The OFG may alter the polarity of
the ACF surface [32,33]. FI-IR is effective at analyzing the changes in the OFG of the ACF
using spectra obtained via the wavelength of light absorbed by the ACFE. Figure 1 shows the
FT-IR spectra of ACF according to microwave heating time. Changes were observed for all
the ACF samples in peaks of similar ranges at wavenumbers of 3300-3600 cm !, 1650 cm ™!,
and 1100 cm~!. The broad peak at 3300-3600 cm ! was ascribed to OH vibrations including
hydrogen bonding of ACF [34]. The peak at 1650 cm ™! was affected by the C=0 stretching
vibrations of the carbonyl group adjacent to the quinone and hydroxy groups of ACF [35],
and the peak at 1100 cm ! was attributable to the C-O stretching vibrations of the ether,
phenolic hydroxyl, carboxylic, and carboxylic anhydride groups of ACF [36]. The OH
peak change at 3300-3600 cm ! was determined by removing moisture from ACF using
microwave heating and reducing the carboxyl group. The change in the C=0O peak at
1650 cm~! was ascribed to the reduction in carbonyl and quinone groups in the ACF.
Finally, the C-O peak change at 1100 cm ! was caused by the ether, phenolic hydroxyl,
carboxylic, and anhydride group reduction in the ACFE. The FT-IR analysis confirmed that
the intensity of the peaks related to ACF OFG showed a gradual decrease overall with an
increased microwave heating time.

3.3. TGA-IR

The curves of the evolved gases, CO and CO;, that are released from the ACF, were
obtained using TGA-IR analysis (Figure 2). In the ACF pyrolysis process, CO is released
via the ether, phenolic hydroxyl, carbonyl, and quinone decomposition in ACF [37], and
CO; is released via carboxyl and lactone decomposition [38,39]. With the increasing
microwave heating time, the CO and CO, released from the ACF pyrolysis decreased. This
is attributable to ACF OFG that were actively removed in the early stage of microwave
heating due to the fast temperature rise. Changes in the curve shape of CO, were observed
at <400 °C, which is caused by the decomposition of the carboxyl group and lactone.
Furthermore, CO; release at temperatures >400 °C could be due to the decomposition of
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lactone and carboxylic anhydride [37], and decomposition due to a rising temperature was
clearly observed. The shape of the CO curve showed a significant change >700 °C, which
is likely due to ether, phenolic hydroxyl, carbonyl, and quinone decomposition at high
temperatures. The ACF produced CO with higher intensity than that of CO,, along with a
notable change in the amount of released CO. The composition of ACF OFG, ether, phenolic
hydroxyl, carbonyl groups, and quinones account for higher proportions than those of the
carboxyl group and lactones. In addition, the changes in the curve of CO indicated that the
temperature of the microwave heating reached approximately >700 °C.
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Figure 1. Fourier transform infrared spectroscopy spectra of activated carbon fibers according to the
microwave heating time.
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Figure 2. Intensity curves of carbon monoxide and carbon dioxide during the pyrolysis of activated
carbon obtained through the thermogravimetric analysis—infrared gas analyzer.
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3.4. XPS

XPS is used for surface analysis via electronic state and atom binding investigations on
the ACF surface using X-rays, and it allows for an analysis of changes in the surface OFG of
the ACF. Figure 3a exhibits the survey spectra of the untreated ACF sample (As-received)
and the ACF that were subjected to 3 min of microwave heating. The results indicated that
due to the removal of surface OFG of ACF, the intensity of the C;g region increased, and
the intensity of the O;g region decreased.

Figure 3b,c show the results of deconvolution of the C;g region of the As-received
and rACF-M3, respectively, indicating that the C;5 spectrum deconvoluted into C-C peak
(approximately 284.6 eV), C-O peak (approximately 285.8 eV), C=0 peak (approximately
287.0 eV), and a COOH peak (approximately 281.1 eV) [40]. The C-C, C-O, C=0, and
COOH peaks of the As-received accounted for 66.4%, 16.2%, 9.5%, and 7.9%, respectively,
and those of rACF-M3 accounted for 69.9%, 14.1%, 8.9%, and 7.1%, respectively. The C-C
peak area increased after microwave heating, and the other peak areas (except for the C-C
peak) decreased. We assume that the C-C bond formation increased with the removal of
OFG on the ACF surface by microwave heating.

Figure 3d,e show the results of deconvolution of the O;g region of the As-received
and rACF-M3, respectively, indicating that the O;g spectrum deconvoluted into O=C
(approximately 531.9 eV) and O-C (approximately 533.0 eV) peaks [41]. The O=C and
O-C peaks of the As-received and rACF-M3 accounted for 61.7-76.6% and 38.3-23.4%,
respectively. The O-C peak intensity of rACF-M3 was decreased compared to that of the
original ACF samples, but the intensity of the O=C peak was similar between the two
samples. This is likely caused by the active decomposition of the carboxyl group, ether,
and phenolic hydroxyl, which are decomposed at relatively low temperatures, and weak
decomposition of carbonyl and quinones, respectively. Therefore, the results of XPS analysis
confirmed the active decomposition of the carboxyl group, ether, and phenolic hydroxyl,
which are decomposed at relatively low temperatures, and the weak decomposition of
carbonyl and quinones, which are decomposed at relatively high temperatures. In addition,
the XPS analysis technique is limited to the surface in the wavelength range of 10-100 A,
and microwave heating forms a thermal gradient where the temperature inside the sample
is higher than the temperature outside. Hence, it is inferred that the decomposition of
carbonyl and quinone on the surface of the sample was relatively weak.

The OFG changes on the ACF by microwave heating were analyzed using SEM-EDS,
FT-IR, TGA-IR, and XPS techniques. As a result of SEM-EDS analysis, with the increasing
microwave heating time, the elemental composition of ACF changed, and the oxygen
content decreased whereas the carbon content increased. Similarly, the FT-IR analysis
indicated a decrease in ACF OFG-related peaks with increased microwave heating times.
Changes in ACF OFG were established using the changes in CO and CO; released from
ACEF pyrolysis, and the amount of the evolved CO and CO, showed a decrease with ACF
OFG removal. XPS analysis revealed that in the C;g region, with the removal of OFG, the
intensity of C-C bonds increased, and accordingly, the intensities of other peaks (C-O, C=0,
and COOH), decreased. A decrease in the intensity of the O-C bond was observed in the
Ojs region, and the change in the O=C bond was insignificant. This is considered to be the
result of the active decomposition of carboxyl ether and phenolic hydroxyl and the weak
decomposition of carbonyl and quinone on the ACF surface, respectively. The results of
analysis based on SEM-EDS, FT-IR, TGA-IR, and XPS indicated that with an increase in
the microwave heating time, the amount of ACF OFG removed increased, and OFG was
quickly removed in the early stage of microwave heating (within 3 min).



Environments 2023, 10, 52

7 of 14

—— As-received
—— rACF-M3 Cis
c-C
66.4%
= =
&) s
>
[y c
k3] ] c-0
= <
e c=0 16.2%
COOH o 50
7.9% =7
1200 1000 800 600 400 200 0 290 288 286 284 282
Binding energy (eV) Binding energy (eV)
(a) (b)
=) =
) S
2 2
e =
f c
2 3
k= =
290 288 286 284 282 538 536 534 532 530 528
Binding energy (eV) Binding energy (eV)
(©) (d)
=
S
P
B
[
Q
=
538 536 534 532 530 528

Binding energy (eV)

(e)

Figure 3. X-ray photoelectron spectroscopy survey spectra (a); high-resolution C;g spectra of As-
received (b) and rACF-M3 (c); high-resolution O;g spectra of As-received (d) and rACF-M3 (e).
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3.5. N»/77K Adsorption—Desorption Isotherms

N, /77K adsorption—desorption isotherms are useful for analyzing the textural prop-
erties of ACFE. Figure 4 shows the N, /77K adsorption-desorption isotherms of the ACFE.
All ACF were classified as type I according to the International Union of Pure and Ap-
plied Chemistry (IUPAC) classification [42], and hysteresis patterns from the formation of
mesopores were not observed. This is mainly due to the development of wedge-shaped
micropores on the ACF surface. Compared to the untreated ACF, the microwave-heated
ACF exhibited more adsorption of N at a relative pressure (P/Py) of <0.1. This is con-
sidered to be caused by the development of micropores by microwave heating. Carbon
materials with a sp? structure may undergo alteration in their physical structures due to arc
discharge caused by a potential difference during microwave heating [43]. Furthermore,
microwave-heated AC in an inert atmosphere can result in closed pore opening by OFG
decomposition [44,45]. Therefore, an amorphous and quasi-crystalline decomposition
constituting carbon domains by arc-discharge, and the opening of closed pores by OFG
decomposition, led to the development of micropores on the ACFE, which resulted in more
N, adsorption at a relative pressure (P/Py) of <0.1.

400

] —=— As-received
100 ¢ —e— rACF-M1
b rACF-M3
rACF-M5
—&o— rACF-M7

Volume adsorbed (cm3/g, STP)

0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure (P/P )

Figure 4. N, /77K adsorption—desorption isotherm of activated carbon fibers according to the mi-

crowave heating time.

Table 2 lists the textural properties of the ACF samples according to microwave heating
time. The specific surface area and total pore volume of the ACF were 1090-1190 m?/g
and 0.48-0.54 cm?/g, respectively. All microwave-heated ACF samples showed a more
pronounced development of micropore volumes compared to the untreated ACF samples.
The rACF-M5 samples exhibited the most developed micropore volume, and the volume
was reduced in the rACF-M7 sample. Additionally, the increase in the development of
mesopore volume of the ACF samples was observed with the increasing microwave heating
time. ACF micropores are reasoned to be developed by the decomposition of ACF OFG by
microwave heating and the decomposition of amorphous and small crystallites of carbon
domains due to pyrolysis. Further, the decomposition of the OFG on the ACF into CO and
CO; may result in the opening of closed pores, which in turn contribute to the development
of micropore volume. The development of mesopores is thought to be due to the oxidation
of the edge sites of crystallite constituting the carbon domain by CO, CO,, and H,O released
from the decomposition of the OFG on the ACF [37,38]. The decrease in the micropore
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volume of rACF-M7 is due to the change in micropores to mesopores with the increasing
oxidation of the crystallite edge. However, in the final results, the observation showed that
changes in the total pore volume and micropore volume of all ACF samples were similarly
small and approximately 10%.

Table 2. Textural Properties of Activated Carbon Fibers according to the Microwave Heating Time.

SBET Votal VMicro VMeso Micropore Ratio Yield

Sample
(m?/g) (cm3/g) (cm3/g) (cm3/g) (%) (%)
As-received 1090 0.48 0.46 0.02 95.8 100.0
rACF-M1 1120 0.50 0.47 0.03 94.0 96.4
rACF-M3 1110 0.49 0.46 0.03 93.9 94.7
rACF-M5 1190 0.54 0.50 0.04 92.6 922
rACF-M7 1170 0.52 0.48 0.04 92.3 91.4

Spet: Specific surface area; Brunauer—-Emmett-Teller (BET) method; Vo, Total pore volume; The amount
adsorbed P/Py = 0.99; Vpicro: Micropore volume; The pore volume of micropores was calculated by t-plot; Vieso:
Mesopore volume; Vrota — VMicros Micropore ratio: Viicro/ Vrotal % 100.

3.6. BWC

BWC determined, according to the ASTM D5228, is an effective method for evaluating
the canister performance of ACF. In this study, the n-butane adsorption evaluation of
ACF was performed according to the modified ASTM D5228. ASTM D5228 observes the
weight change in ACF according to the adsorbed n-butane after a certain time. When
confirming the first weight change, ACF is extremely close to the adsorption equilibrium,
so it is considered that there is almost no change in the adsorption amount at the second
measurement because the micropores are almost filled in the first measurement. Therefore,
the n-butane adsorption behavior of ACF is expected to be extremely close to that of
monolayer adsorption according to the Langmuir model. Figure 5 shows the butane
activity (BA) and butane retentivity (BR) for the n-butane of ACF determined according to
the modified ASTM D5228 standard. As the microwave heating time increased, BA and
BR gradually increased. This is a result of an increase in the interaction between the ACF
surface, modified to a non-polar surface by removing OFG with microwave heating, and
n-butane, a non-polar hydrocarbon. The result values were similar for all five repeated,
independent measurements according to the ASTM-D5228 standard, and it was confirmed
that the adsorption—desorption performance of ACF was not decreased by the repeated
adsorption and desorption of n-butane.

Table 3 presents the BWC, BA, and BR of ACF determined according to the modified
ASTM D5228. The density of the ACF decreased to 0.37-0.34 g/mL according to the
microwave heating time. The BA and BR of the ACF samples gradually increased as the
microwave heating time increased, and the values were in the range of 25.67-32.63% and
3.83-6.65%, respectively. Using the N /77K adsorption—desorption isotherms described
in the previous section, we confirmed that all changes in the ACF textural properties
were similar and approximately 10%. Accordingly, the continuously increasing BA is
thought to indicate an improvement in the adsorption capacity of ACF due to the increased
interaction with n-butane by the removal of the OFG of the ACF. Lee et al. [17] demonstrated
that an increase in the mesopore ratio improves the n-butane desorption performance of
ACF. However, in this study, no improvement in n-butane desorption performance was
observed with the development of ACF mesopores. Therefore, the gradual increase in
BR is considered to decrease the desorption performance due to the increase in the heat
of adsorption by the increase in the interaction between the OFG-removed ACF and n-
butane. The determined BWC value was in the range of 21.84-26.17%. An increase in BA
(adsorption) and a decrease in BR (desorption) are required to obtain optimal performance
in terms of BWC. Accordingly, optimal BWC performance was achieved in the rACF-M5
sample. The highest BA was observed in the rACF-M7 sample, but the BWC performance
was reduced to 25.98% due to the increase in BR. The values of BWC determined, according
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to the ASTM D5228 standard, confirmed that there was an improvement in the BWC
performance of the ACF with the removal of OFG by optimal conditions of microwave
heating, whereas BWC performance might have been decreased due to the increased heat
of adsorption of the ACF in the case of excessive microwave heating.

—&— As-received
04 —=&— rACF-M1
rACF-M3
rACF-M5
- —&— rACF-M7
0.3 4 "
n
0.2

& after purged (g/9)

ol |
i / / /

1 2 3 4 5
Cycle number of times

Butane amount adsorbed

0.0

Figure 5. Five repeated butane adsorption and desorption measurements of activated carbon fibers
as a function of the microwave heating time.

Table 3. Butane Adsorption/Desorption Behaviors of Activated Carbon Fibers according to the
Microwave Heating Time.

BWC! BA? BR 3

Sample
(%) (%) (%)
As-received 21.84 25.67 3.83
rACF-M1 2417 29.55 5.39
rACF-M3 26.09 31.62 5.53
rACF-M5 26.17 32.23 6.06
rACF-M7 25.98 32.63 6.65

I BWC: butane working capacity; 2 BA: butane activity; > BR: butane retentivity.

3.7. Correlation between the Textural Properties, Oxygen Functional Groups, and Butane
Adsorption Behaviors

Figure 6a shows the correlation between the specific surface area and total pore volume,
which are the textural properties of ACF and BA. The R? values between the textural
properties of ACF and BA were 0.45 and 0.37, respectively, indicating no clear correlation.
As-received, rACF-M1, and rACF-M3 samples showed different BAs even though they had
similar textural properties. Therefore, ACF textural properties do not have a significant
effect on BA. Figure 6b shows the correlation between the specific surface area and total
pore volume of ACF and BR. The R? value between the ACF textural properties and BR
were 0.58 and 0.47, respectively. A decrease in BR according to the continuous development
of mesopores was not confirmed, and as in the case of BA, a clear correlation with the
textural properties of ACF could not be established. Figure 6¢,d show the correlation
between OFG, BA, and BR using the area obtained by integrating the curves of CO and
CO, released from ACF pyrolysis, obtained from TGA-IR analysis. In Figure 6c, the R
values were 0.98 and 0.97, and the n-butane adsorption capacity of ACF was confirmed



Environments 2023, 10, 52

11 0f 14

CO intensity curve integral area

Specific surface area (mzlg)

to have a high correlation with the OFG on the ACFE. As OFG is removed by microwave
heating, the surface is modified to a non-polar surface, and the interaction with n-butane, a
non-polar hydrocarbon, increased, resulting in the enhancement of the adsorption capacity

of ACF. In Figure 6b, the R? values were 0.85 and 0.93, respectively, and BR indicated
a high correlation with the OFG on the ACE. With OFG removal, the BR also increased,

which resulted in an increase in the heat of adsorption due to OFG removal. Furthermore,
we presume that the reason for the high correlation between BR and OFG compared to

the correlation between BA and OFG is due to the improvement in n-butane desorption

performance by mesopore development. Therefore, the n-butane adsorption/desorption
performance of ACF may have been affected by the textural properties of ACF to some

extent, but the performance was mainly affected by OFG content on the ACFE.
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Figure 6. Correlations between the butane activity with the specific surface area and total pore
volume (a); butane retentivity with specific surface and total pore volume (b); butane activity with a
CO and CO; intensity curve integral area (c); butane retentivity with a CO and CO; intensity curve
integral area (d).

4. Conclusions

To improve the performance of canister and HC-traps, which constitute parts of
the vehicular evaporative emissions control system, the effect of changes in the OFG
on the surface of ACF regarding hydrocarbon adsorption/desorption performance was
investigated by varying microwave heating conditions.

In this study, a range of analytical techniques was used to observe and examine the
removal of the OFG via microwave heating. The elemental composition of ACF changed,
and a decrease in oxygen content was confirmed. The analyses also confirmed the effective
removal of the OFG on the ACF. The textural properties of ACF were changed by microwave
heating; however, the range of these changes was not substantial, indicating similar values
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of approximately 10%. The BWC of ACF was dependent on the OFG, and a 20% increase
in BWC was confirmed in the rACF-M5 sample compared to the untreated sample. This
change is caused by an increase in the Van der Waals interaction between the non-polarized
surface of ACF and n-butane. The study results signify that the canister and HC-trap
performance can be improved only by controlling the OFG without significant changes in
the textural properties of ACFE.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/environments10030052 /s1. Figure S1: Schematic diagram of
modified ASTM D5228.
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