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Abstract 

A commercially available beaded activated carbon (KBAC) was selected for combination with a novel electrothermal 
swing system in examining the Joule heating effects on the physical and chemical properties of activated carbon and 
its adsorption regenerability at various regeneration temperatures (120, 140, and 160 °C) after saturation by toluene 
(TOL) and methylethylketone (MEK). The specific surface area (1278 m2 g− 1) and micropore volume (0.48 cm3 g− 1) for 
KBAC after one adsorption/desorption cycle were slightly reduced, while KBAC micropore surface area (1158 m2 g− 1) 
and micropore volume decreased significantly after six adsorption/desorption cycles. It can be inferred that the pores 
of KBAC, especially micropores, are blocked by heel buildup caused mainly by formation of cracked TOL and MEK coke 
generated by cyclic Joule heating. The desorption efficiencies of TOL-KBAC and MEK-KBAC (KBAC saturated with TOL 
and MEK, respectively) evaluated per the gravimetric method ranged from 55 to 80 and 85–90%, respectively, and 
both showed great correlation between regeneration temperature and desorption efficiency. Notably, the desorp‑
tion efficiencies calculated from the integral method based on breakthrough curves were 8 and 16% lower than 
those directly obtained by the gravitational method for TOL-KBAC and MEK-KBAC, respectively. The larger difference in 
desorption efficiency evaluated by the two methods for MEK-KBAC is likely caused by the decomposition of MEK into 
CO or CO2, which was less prominent in TOL-KBAC. In the cyclic adsorption/desorption tests, the adsorption capacities 
of both TOL-KBAC and MEK-KBAC decreased after the 6-cycle electrothermal swing regeneration, such that TOL-
KBAC adsorption capacity significantly reduced to around 50%, while that of MEK-KBAC retained around 70% of their 
respective original adsorption capacities. As aforementioned, heel buildup blocks the pores and leads to decreasing 
adsorption, especially for TOL.

Keywords:  Beaded activated carbon, Volatile organic compounds, Toluene, Methylethylketone, Electrothermal swing 
regeneration

1  Introduction
Volatile organic compounds (VOCs) are common air pol-
lutants emitted from anthropogenic activities and are 
harmful to human beings and the earth’s environment. 
In addition to the profound adverse effects on human 
health, VOCs indirectly enhance global warming effects 
as they undergo complex, long-term transport photo-
chemical reactions in the stratosphere. Since VOCs are 
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released from various sources in significant amounts, the 
Taiwanese government has relentlessly tried to clarify the 
distribution of VOCs to form appropriate strategies for 
VOCs abatement. Therefore, it is imperative to reduce 
VOCs emission from stationary sources and explore 
relatively sustainable recycling techniques in the reuse of 
high-priced VOCs [1–4].

Myriad control techniques, including absorption, ther-
mal/catalytic oxidation, biotreatment, and adsorption, 
have been developed in response to necessary VOCs 
release reduction in the environment. An adsorption-
based process combined with a suitable adsorbent has 
been regarded as one of the most promising strategies 
to remove low concentrations of VOCs due to its high 
removal efficiency, simplicity, cost-effectiveness, and low 
energy requirement [1, 5–11]. Among commonly used 
adsorbents, activated carbon (AC) is a compelling mate-
rial per the following advantages: high surface area and 
pore volume, low cost, accessibility, reusability, and ease 
of tailoring. In addition, employing adsorption via AC is 
economically feasible for recovering valuable solvents by 
adsorbent regeneration, which is equally significant to 
the adsorption process [12–14].

One widely used AC for VOC capture is beaded AC 
(BAC), which could be produced from various poly-
meric precursors, including divinylbenzene-based poly-
mer [15], copolymer of vinylidene chloride and styrene 
[16], polystyrene-based resin [17], and phenol-formal-
dehyde (PF) resin [18, 19]). Its outstanding characteris-
tics, including high abrasive resistance, low ash content, 
good fluidity, low pressure drops, porous structure, and 
excellent adsorption performance, have enabled it to 
be adopted en masse in various industrial applications 
[1, 18, 20, 21]. We have compared a self-prepared BAC 
(SBAC) derived from waste bamboo tar or PF resins 
with a commercially available KBAC (where K stands for 
Kureha Corp., Japan) based on their physical properties, 
and adsorption performance toward toluene (TOL) and 
methylethylketone (MEK). Detailed information regard-
ing the comparison of these BACs may be found in our 
previous studies [22–24]. Briefly, the adsorption capaci-
ties of TOL on the BACs could be up to 85% greater than 
those of MEK under the same test conditions, suggesting 
a stronger nonpolar interaction between TOL molecules 
and the adsorbent [23]. Hsiao et al. [24] also showed that 
physisorption is the dominant TOL and MEK adsorption 
mechanisms by the two tested BACs, and the adsorption 
amount influences the adsorption heat.

After amassing VOC on the adsorbent, it is necessary 
to desorb the adsorbate, a reverse behavior of the adsorp-
tion process, to limit the replacement frequency of AC, 
operating costs, and potential environmental damage 
due to incineration or landfilling of toxic pollutant-laden 

AC. The hot steam method is conventionally adopted for 
AC regeneration. Nevertheless, a tremendous amount 
of energy is required for the regeneration process, and 
separating VOCs from the effluent gas stream is tedious. 
Furthermore, water vapor condensation within the pore 
structure of AC worsens adsorption performance due to 
stronger competition with the water molecules, thereby 
either increasing the cost of replacement AC or waiting 
time between operating procedures. Our earlier works 
[23, 24] have shown that microwave regeneration is effec-
tive and feasible in regenerating BAC samples within a 
short period. Additionally, an electrothermal swing sys-
tem (ETS) has also been shown to successfully overcome 
the abovementioned defects of conventional hot steam 
regeneration [25–31]; the ETS has been applied for con-
tinuous adsorption and desorption of gaseous pollutants 
such as CO2, VOCs, and even elemental mercury.

Compared with conventional thermal treatments (e.g., hot 
steam and furnace heating), ETS is a promising and com-
petitive technique per the merits highlighted below [28]:

1.	 High energy efficiency: Whereas conventional ther-
mal treatment requires massive energy input to raise 
the temperature of the water or inert gas for adsor-
bent regeneration, ETS applies current directly to 
the adsorbent, and the Joule effect occurs due to the 
adsorbent’s conductivity, while heterogeneous dis-
tributed resistivity raises the adsorbent’s tempera-
ture despite low energy input. More importantly, the 
entire electrothermal regeneration process takes only 
a few minutes to complete [30], while the hot steam 
method or furnace heating requires 0.5–20 h.

2.	 High flexibility: The heat capacity of the carrier gas 
is unrelated to the heating of the adsorbent. Namely, 
there is no limitation in the ratio of gas volume to 
mass of adsorbent for heat transfer. Therefore, the 
outlet concentrations can be easily controlled by 
adjusting the flow rate of the carrier gas.

3.	 Simplicity: The setup and operation of an ETS are 
much simpler and eco-friendlier than the hot steam 
regeneration method. Notably, an electrothermal 
regeneration process does not generate wastewater 
and subsequent treatment of regenerated adsorbents 
is unnecessary.

Adsorbents such as AC monolith and AC fiber cloth 
are commonly selected for ETS adsorption and regen-
eration due to their appropriate morphologies and 
physical properties, including heterogeneous distributed 
resistivity and conductivity, which lead to the Joule effect 
heating up the adsorbent directly. Nevertheless, to our 
best knowledge, there is still little research regarding 
VOC adsorption and regeneration using BAC combined 
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with an ETS. This study concentrates on investigating 
the feasibility of KBAC regeneration using a novel ETS 
after saturation with TOL and MEK, two major solvents 
emitted from the polyurethane industry in Taiwan. The 
main objectives of the present research are: (i) charac-
terizing the physicochemical properties of KBAC before 
and after electrothermal regeneration, (ii) exploring 
the effect of regeneration temperatures (120, 140, and 
160 °C) on the regenerated KBAC, and (iii) identify-
ing the heel buildup effect during a consecutive cyclic 
adsorption/regeneration experiment, and subsequently 
proving the feasibility of this technology. The find-
ings from this study can help develop a new pathway 
for effective VOC adsorption/recovery and adsorbent 
regeneration approaches when BACs are applied in a 
joint fluidized-bed adsorption/ETS system.

2 � Materials and methods
2.1 � Adsorbent preparation and characterization
KBAC was commercially obtained, dried in an oven at 
105 °C for 24 h to remove adsorbed moisture, and placed 
in a desiccator prior to experiments.

The chemical composition of KBAC was analyzed by 
an elemental analyzer (Elementar, model vario EL cube). 
The sample was completely burned and the mass fraction 
of each element, C, H, O, N, and S, was determined based 
on the gas mixture by a thermal conductivity detector 
downstream.

The surface morphology of virgin and regenerated 
KBAC was analyzed using a scanning electron micros-
copy (SEM, JEOL model JSM-7600F) with an accelerat-
ing voltage of 10 kV. The N2 adsorption was carried out at 
77 K using Micromeritics model ASAP 2420 instrument. 

All samples were degassed at 150 °C for 15 h to remove 
moisture and impurities prior to analyses. The total 
specific surface area (Stotal) was obtained based on the 
Brunanuer-Emmett-Teller equation. Total pore volume 
(Vtotal) was calculated using the Barret-Joyner-Halenda 
method and recorded at P/P0 = 0.994. Micropore surface 
area (Smicro) and micropore volume (Vmicro) were obtained 
from the t-plot analysis by applying the Harkins and 
Jura thickness curve, t = [13.99/(0.034-log(P/P0))]0.5. The 
range of relative pressures used to determine Smicro and 
Vmicro was based on a statistical thickness t-value of 0.45–
0.80 nm. Nonlocal density functional theory (NLDFT) 
was used to access the pore size distribution (PSD) within 
the micropore size range.

Thermogravimetric analysis (TGA) was conducted 
by a thermogravimetric analyzer (Simultaneous Ther-
mal Analyzer model 6000). The experiments were car-
ried out at atmospheric pressure using N2 as a purging 
gas (50 mL min− 1) and the samples were heated from 30 
to 600 °C at heating rates of 5, 10, and 15 °C min− 1. The 
weight loss of the samples and the temperature were con-
tinuously recorded.

2.2 � Adsorption and regeneration experiments
2.2.1 � Adsorption of TOL and MEK over a fixed‑bed unit
Figure  1 shows the schematic diagram for the experi-
mental setup for KBAC adsorption testing. The detailed 
information pertaining to VOC adsorption measure-
ment and adsorption bed operation can be found in 
our previous studies [22, 24]. Briefly, the fixed-bed 
unit comprises a VOC generating system, a tempera-
ture-controlled fixed bed, an online total hydrocarbon 
(THC) analyzer (Ratfisch Analysensysteme, model 

Fig. 1  VOC generation, adsorption, and data acquisition system
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RS53-T), and a data acquisition (DAQ) unit consist-
ing of a data logger (National Instruments, model 
USB 6000) and LabView software (National Instru-
ments, program developed by Institute for Informa-
tion Industry, Taiwan). In this study, the mixing TOL/
N2 or MEK/N2 gas with a downward flow at 1.6 SLPM 
passed through a fixed-bed adsorber containing KBAC 
(Fig.  1). The concentration of TOL (Honeywell-Rie-
del-de Haёn,≧99.7%) and MEK (Merck,≧99.0%) was 
controlled at 500 ppmv and the bed temperature was 
30 °C. The mass of the adsorbent was 0.2 g and the cor-
responding height of the fixed bed was around 0.7 cm 
(Fig. 2). All the tests were triplicated.

Two approaches to obtain the TOL and MEK adsorp-
tion capacities are used. The first involves integrating 
the area above the breakthrough curve detected by the 
THC analyzer, while the other, directly measures the 
weight change before and after the adsorption/regen-
eration process, which, based on our preliminary tests 
[23, 24], demonstrated higher accuracy and consistency 
throughout the experiments.

For the integral method, the adsorption capacity of 
BAC was calculated by Eq. (1):

(1)Adsorption capacity =
1

WI

∑tb

t=0
QG

(

Cin − Cout

)

�G�t

where WI stands for the initial mass of dry BAC, QG is 
the total gas flow rate, Cin and Cout are the inlet and outlet 
concentrations during time step Δt, setting at 1 second 
in this experiment, ρG is the density of the organic vapor, 
and tb is the time required to reach total breakthrough.

For the gravimetric method, the adsorption capacity 
was calculated by Eq. (2):

where WAA and WBA indicate the weight of the adsorbent 
after and before the adsorption test, respectively.

2.2.2 � ETS experiment
The ETS used for KBAC regeneration is demonstrated in 
Fig. 3. KBAC saturated with TOL or MEK was placed in 
the center of the reactor, coming into contact with two 
stainless steel conductive rods, which allowed the cur-
rent to pass through. As the direct current (DC) and volt-
age were applied to the KBAC via a DC power supplier 
(ITECH model IT6721), the temperature of the KBAC bed 
increased due to the Joule effect resulting from the hetero-
geneously distributed conductive and resistant structures 
within KBAC as the current passed through. The targeted 
regeneration temperatures of the KBAC fixed bed, moni-
tored by a K-type thermocouple inserted in the fixed bed 
and read out and controlled by a temperature controller, 
were set to 120, 140, and 160 °C by applying suitable power 
to the fixed bed ranging from 2 to 2.5 W. The applied 
power was manually adjusted to the target temperature 
and lasted for approximately 90 and 50 min for TOL and 
MEK desorption, respectively. The desorbed VOC outlet 
concentration was detected by the THC analyzer with N2 
as the carrier gas (1.6 SLPM). All the tests were triplicated. 
Desorption efficiency is described as in Eq. (3):

where WBR and WAR are the adsorbent’s weight (mg) 
before and after regeneration, respectively, and q500ppmv 
represents the adsorption capacity (mg mg− 1) at 30 °C 
and 500 ppmv.

2.2.3 � Cyclic adsorption and electrothermal regeneration test
The cyclic adsorption and electrothermal regeneration 
experiments were carried out by exposing the KBAC 
to TOL or MEK vapor to achieve saturation and sub-
jected to a 6-cycle of electrothermal desorption opera-
tion. The regeneration temperatures were controlled at 
120, 140, and 160 °C. The regeneration efficiency was 
calculated by Eq. (4):

(2)Adsorption capacity =
WAA −WBA

WI

(3)Desorption efficiency (%) =
WBR −WAR

WI × q500ppmv

× 100%

Fig. 2  Photo of KBAC sample packed in the glass fixed bed
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where:
q0 = quantity of adsorbate adsorbed per unit weight of 

virgin KBAC.
qr = quantity of adsorbate adsorbed per unit weight of 

regenerated KBAC.

3 � Results and discussion
3.1 � Adsorbent characterization
3.1.1 � Chemical and physical properties of virgin 

and electrothermal regenerated KBAC
Table  1 shows the elemental analysis (EA) results for 
both virgin and electrothermal regenerated KBAC 
samples at 120, 140, and 160 °C. It is worth noting 
that because the EA of this study separately analyzed 
C/H/N/S and O, the sum of the relative contents may 
exceed 100%. These experimental results indicate that 
the carbon content decreased, while the oxygen content 
increased with an increase in desorption temperature. 
The decrease in carbon content is mainly due to hot-
spot formation caused by uneven electrothermal heating 
[28–30], which causes the materials instantaneously heat 
up in limited regions, causing the vaporization of hydro-
carbon species. For MEK-KBAC, however, the increase 
in oxygen content after electrothermal regeneration 
may also be attributed to the reaction of MEK with the 
carbon surface of KBAC. It is also worth noting that in 
our study, the in-situ adsorption-desorption tests could 
not be carried out immediately, and the increase in the 
oxygen content of KBAC may have been caused by the 
adsorption of water vapor or oxygen during placement 

(4)Regeneration efficiency (%) =
qr

q0
× 100%

or weighing process, which could have occurred in both 
TOL-KBAC and MEK-KBAC operations. Furthermore, 
the oxygen content presented within TOL-KBAC after 
the electrothermal regeneration process was lower than 
that of MEK-KBAC. Studies have shown that oxygen is 
inclined to actively interact with p-orbital electrons to 
exchange electrons and form chemically-bound spe-
cies, resulting in less oxygen groups on the surface of 
TOL-KBAC, rather than MEK-KBAC after electrother-
mal regeneration. In other words, the lower fraction of 
oxygen functional groups may be due to residual chem-
ically-adsorbed TOL on the KBAC, as the regeneration 
temperature was not high enough to remove 100% of 
adsorbed TOL [13, 24, 32, 33].

The sulfur content also decreased after desorption tests 
due to the chemical reaction between MEK/TOL and sul-
fur in BAC, where TOL was shown to be more reactive 
with sulfur than MEK (Table 1).

The porous properties of KBAC obtained from this 
study are in accordance with those previously published 
[34], in which Stotal was reported as 1300 m2 g− 1 and 

Fig. 3  Electrothermal swing system with FID signal acquisition

Table 1  Elemental analysis results for virgin and electrothermal 
regenerated KBACs

Sample C (%) H (%) O (%) N (%) S (%)

KBAC 95.6 2.59 2.96 0.44 0.47

MEK-KBAC-120 °C 92.8 2.71 4.17 0.50 0.26

MEK-KBAC-140 °C 92.8 2.98 4.96 0.60 0.22

MEK-KBAC-160 °C 85.9 2.83 9.17 0.47 0.10

TOL-KBAC-120 °C 95.6 2.41 1.70 0.26 0.00

TOL-KBAC-140 °C 95.1 2.31 2.62 0.43 0.00

TOL-KBAC-160 °C 91.5 2.13 4.87 0.31 0.00
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Vmicro was 0.56 cm3 g− 1. Overall, this KBAC sample has 
excellent micropore development. It can be seen from 
Table  2 that after one adsorption/desorption cycle, the 
micropore area/volume of the two BAC samples was 
reduced, which further decreased after another 5 cycles. 
For micropore area, TOL-BAC decreased from 881 to 
534 m2 g− 1, and MEK-BAC decreased from 1070 to 694 
m2 g− 1. For micropore volume, TOL-BAC decreased 
from 0.36 to 0.22 cm3 g− 1, while MEK-BAC decreased 
from 0.43 to 0.27 cm3 g− 1. Based on these results, it can 
be inferred that during the cyclic adsorption and desorp-
tion process, the pores of KBAC were blocked by the coke 
generated from the Joule heating process, resulting in the 
observed decrease in pore area and volume. Importantly, 
with respect to pore volume ratio, the proportion of the 
micropores in the total volume decreased, suggesting 
that micropores are more affected by coke blockage than 
mesopores or macropores.

The standard N2 adsorption-desorption curves and 
PSD within the microporous regime for KBAC samples 

are shown in Fig. 4a and b. All samples followed the Type 
I isotherm classified by the 2015 version of the Inter-
national Union of Pure and Applied Chemistry defini-
tion, suggesting the presence of microporous structures. 
Notably, the N2 adsorption capacity decreased as KBAC 
was regenerated after saturating with TOL or MEK, 
and the overall trend from greatest to least follows the 
order: MEK-KBAC-160 °C, TOL-KBAC-160 °C, MEK-
KBAC-160 °C-6-cycle, and TOL-KBAC-160 °C-6-cycle. 
It has been proven that TOL has a stronger affinity for 
AC materials due to its low- to non-polarity compared 
to MEK. The overall decreasing trend in N2 adsorption 
capacity indicated that TOL could be more challeng-
ing to desorb, and coke formation might occur during 
the Joule heating process, leading to the aforementioned 
declining trend in adsorption capacity. In addition, the 
TOL-KBAC-160 °C-6-cycle held the smallest N2 adsorp-
tion capacity, likely due to higher amount of aggregated 
TOL trapped from each electrothermal regeneration 
procedure, which contributes to a portion of the heel 

Table 2  Surface area and pore volume analysis for KBACs

a  Stotal: specific surface area; Smicro: micropore surface area; Vtotal: total pore volume; Vmicro: micropore volume

Sample Stotal 
a

(m2 g− 1)
Smicro
(m2 g− 1)

Smicro/Stotal (%) Vtotal
(cm3 g− 1)

Vmicro
(cm3 g− 1)

Vmicro/Vtotal (%)

KBAC 1280 1190 93.2 0.52 0.48 91.8

MEK-KBAC-160 °C 1260 1070 84.9 0.55 0.43 77.0

TOL-KBAC-160 °C 1160 881 76.1 0.50 0.36 73.1

MEK-KBAC-160 °C-2-cycle 1210 743 61.3 0.51 0.32 62.9

TOL-KBAC-160 °C-2-cycle 1150 603 52.7 0.47 0.22 47.3

MEK-KBAC-160 °C-6-cycle 1180 694 59.0 0.48 0.27 56.4

TOL-KBAC-160 °C-6-cycle 1140 534 47.0 0.47 0.22 46.3

Fig. 4  Pore structure analysis for both virgin and regenerated KBAC samples. a 77 K N2 adsorption-desorption curve and b PSD within microporous 
regime
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formation. Similar results can be deduced from the PSD 
derived using the NLDFT model for each sample, which is 
typically used in the pore with width less than 2 nm, with 
virgin KBAC possessing the highest micropore volume.

3.1.2 � Morphology of KBAC samples
The morphology of virgin and post-regenerated KBAC 
under various resolutions is shown in Fig. 5. According to 
the micrographs, the appearance showed little difference 
under lower resolutions, depicting a perfectly spherical 
shape with a partially rough surface. Compared to virgin 
KBAC, the post-regenerated KBAC samples appeared to 
have a smoother surface, likely from the interphase reaction 
between VOC molecules and KBAC’s surface during the 
electrothermal heating process or the remaining by-prod-
ucts after regeneration. In contrast, the corrosion phenome-
non in TOL-KBAC-160 °C seemed to be even more evident 
than in MEK-KBAC-160 °C, which could be attributed to 
the electron transfer from the interaction between TOL 
molecules and oxygen functional groups on the KBAC’s 
surface, corroding the partial surface of KBAC either during 
the adsorption or electrothermal regeneration processes.

3.1.3 � TGA and differential thermal gravimetry (DTG) results
TGA and DTG can provide essential information regard-
ing the desorption behavior of adsorbates, as well as 

indicate the thermal stability of adsorbents used. In 
this study, the TGA analysis for virgin KBAC was car-
ried out from room temperature to 800 °C at a heating 
rate of 5 °C min− 1 prior to the analysis of KBAC expo-
sure to TOL or MEK (Fig.  6a). Significant weight loss, 
which could be attributed to the desorption of adsorbed 
water molecules in virgin KBAC, occurred between 50 
and 100 °C. The other sharp decrease in KBAC’s weight 
occurred around 700–800 °C, probably due to the gasifi-
cation of carbonaceous species into CO or CO2 (Fig. 6a). 
For KBAC saturated with TOL or MEK, the weight loss 
was observed throughout a wide range of temperatures 
from around 100 to 300 °C, demonstrating the desorp-
tion and/or decomposition of TOL or MEK within KBAC 
samples (Fig.  6b and c). The TGA results of TOL/MEK 
saturated KBAC proved that the KBAC saturated with 
TOL or MEK could be successfully regenerated below 
300 °C.

Figure 6b and c also show that under conventional con-
ductive heating, the weight loss percentages of loaded 
KBACs were less significant at rapid heating rates. This 
may result in more heel formation at a rapid heating rate. 
Niknaddaf et al. [35] indicated that increasing the heating 
rate or lowering the purging gas flowrate leads to higher 
1,2,4-trimethylbenzene exposure at higher tempera-
tures; therefore, residence time was extended, leading to 

Fig. 5  SEM micrographs of a virgin KBAC, b TOL-KBAC-160 °C, and c MEK-KBAC-160 °C under resolutions of X100, X500, and X5,000
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Fig. 6  TGA desorption curves for a virgin KBAC at heating rate of 5 °C min−1, b TOL-KBAC-160 °C, and c MEK-KBAC-160 °C at heating rates of 5, 10, 
and 15 °C min− 1
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pore-blockage or high carbon residue (i.e., coke) within 
the inner structure of adsorbents. This suggests a higher 
chance of heel formation after regeneration.

DTG derived from TGA data was used to evaluate the 
activation desorption energy (Ed) of organic compounds 
(Fig.  7). According to the DTG curves of TOL-KBAC 
and MEK-KBAC, the temperature peaks below 100 °C 
were attributed to water molecule desorption [36]. Since 
desorption temperature is highly correlated with affinity 
between molecule and adsorbent, a more robust interac-
tion yields a higher desorption peak. Assuming that the 
desorption followed first-ordered kinetics and the heat-
ing rate was constant (i.e., T = T0 + βt), based on the 
Arrhenius equation, activation desorption energy could 
be calculated by the following equation [37]:

where TM is the peak desorption temperature, β is the 
heating rate, Ed is the desorption activation energy, R is 
the gas constant, and C is a constant dependent on the 
desorption kinetics. As such, a plot of ln

(

β

RTM
2

)

 versus 1/
TM yields a straight line with a slope -Ed/R.

By using Eq. (5), the activation desorption energies 
of 54 and 33 kJ mol− 1 for TOL-KBAC and MEK-KBAC 
were obtained, respectively (Table  3), demonstrating 
that MEK was more easily desorbed from KBAC than 
TOL. Compared to the heat of vaporization for TOL and 
MEK (i.e., 32.8 and 31.2 kJ mol− 1 at boiling points for 
MEK and TOL, respectively), the calculated Ed for TOL 
(54 kJ mol− 1) is 1.7 times larger than its corresponding 
heat of vaporization, yet is similar to that of MEK (33 ver-
sus 31 kJ mol− 1). This result further suggests the greater 
affinity of TOL for KBAC than MEK, and the adsorption 
mechanism is dominated by physical adsorption [36]. 
These results are also consistent with the desorption 

(5)ln
β

RTM
2

=
Ed

RTM
+ C

efficiency obtained from the ETS desorption tests 
described in the following sections.

3.2 � Electrothermal regeneration on saturated KBACs
3.2.1 � Shape of desorption curves and desorption efficiency
To assess the desorption performances of KBAC, the sat-
urated samples (loaded with 500 ppmv of TOL or MEK 
at 30 °C) were subjected to electrothermal heating under 
various temperatures (120, 140, and 160 °C), at a constant 
N2 purging flow (1.6 SLPM). The shape of the desorp-
tion curves for all the KBAC samples depicted a similar 
trend during the electrothermal heating process (Fig. 8). 
In addition to the peak concentrations with varying 
input power during the process, the desorption curves 
occurred later at lower regeneration temperatures (i.e., 
120 and 140 °C), likely resulting from the nonhomogene-
ous heat transfer among the fixed bed of KBAC samples. 
The highest concentration for TOL and MEK peaked at 
around 600 and 1000 ppmv at 160 °C, further demonstrat-
ing that TOL was more challenging to desorb and would 
likely form more coke to block the pore structures.

The desorption efficiency shown in Fig. 9 was evaluated 
by both gravimetric and integral methods. The gravi-
metric method involved weighing adsorbents before and 
after the electrothermal regeneration, while the integral 
approach integrated the area beneath the desorption 
curves recorded by the FID. Generally, the desorption 

Fig. 7  DTG curves for a TOL-KBAC and b MEK-KBAC under heating rates of 5, 10, and 15 °C min− 1

Table 3  Peak desorption temperature and activation desorption 
energy derived from DTG for TOL-KBAC and MEK-KBAC

Peak desorption temperature (°C) Activation 
desorption 
energy (kJ mol− 1)5 °C min− 1 10 °C min− 1 15 °C min− 1

TOL-KBAC 197 218 232 53.6

MEK-KBAC 158 182 205 33.3
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efficiency for TOL-KBAC and MEK-KBAC obtained by 
measuring the weight change ranged from 55 to 80% and 
85 to 90%, respectively, whereas, the calculated desorp-
tion efficiency by integral method was consistently lower 
for both TOL-KBAC and MEK-KBAC, ranging from 49 
to 72% and 66 to 74%, respectively.

The desorption efficiency for MEK-KBAC was higher 
than TOL-KBAC, either estimated by the gravimetric 
or integral method, which could be attributed to the 
lower boiling point of MEK and greater affinity of TOL 
for KBAC, as shown in the TGA/DTG analytical results. 
For TOL-KBAC, the efficiency evaluated by desorption 

concentration was slightly lower than that by weight 
change (− 7% on the average for TOL-KBAC at three 
desorption temperatures). However, for MEK-KBAC, 
the desorption efficiency calculated from the mass bal-
ance of the desorption concentration was significantly 
lower than that calculated from weight change (− 18% 
on the average for MEK-KBAC under three desorption 
temperatures). These results are inconsistent with our 
previous study [24], whose measured efficiency via gravi-
metric method was consistently more notable than that 
of the integral approach. These results may be due to the 
decomposition of organic compounds or the release of 

Fig. 8  Desorption patterns of a TOL-KBAC and b MEK-KBAC under 120, 140, and 160 °C

Fig. 9  Desorption efficiencies for a TOL-KBAC by gravimetric method, b TOL-KBAC by integral method, c MEK-KBAC by gravimetric method, and d 
MEK-KBAC by integral method (n = 3)
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impurities that were undetected by THC analyzer [5]. 
Hsiao et  al. [24] employed a gas analyzer downstream 
of the microwave regeneration system to measure the 
composition of the tail gas stream. For MEK-KBAC, 
the decomposition of MEK into CO or CO2 could not 
be measured by the THC analyzer [38], furthering the 
inconsistency in desorption efficiency of MEK-KBAC as 
evaluated by gravimetric and integral methods. In con-
trast, significant SO2 emission (25.04 μg as S) during the 
regeneration process occurred from sulfur removal at 
higher temperatures, leading to a possible overestima-
tion of desorption efficiency by the gravimetric method.

3.2.2 � Cyclic electrothermal swing adsorption 
and regeneration experiments

Figure  10 shows the saturated adsorption capacity and 
the regeneration efficiency of TOL-KBAC’s and MEK-
KBAC’s 6-cycle electrothermal operation under 160 °C. 
We defined the regeneration efficiency as the compari-
son between the adsorption capacities of the regenerated 
versus virgin KBAC. According to the results, the regen-
eration efficiency for TOL-KBAC drastically reduced 
from 100 to around 50–60% compared with 70–80% for 
MEK-KBAC, inferring that possible pore blockage due to 
coke formation or heel buildup during the electrothermal 

Fig. 10  Cyclic adsorption and electrothermal regeneration for a TOL-KBAC and b MEK-KBAC (n = 3)
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heating process is more severe in TOL adsorption. It is 
also worth noting that the adsorption capacity for regen-
erated TOL-KBAC, though reduced to 50% of initial 
capacity, fluctuating between 160 and 210 mg g− 1, still 
proved higher than that of MEK-KBAC, which could be 
due to stronger affinity toward low to nonpolar aromatic 
hydrocarbons such as TOL.

Comparing the ETS regeneration results with our 
previous work [24] using microwave regeneration at 
800–1000 W power, the regeneration efficiency for 
TOL-KBAC and MEK-KBAC was both approximately 
75–100%, indicating that microwaves effectively provide 
energy to heat saturated KBAC. Direct heating regenera-
tion induced from electrothermal Joule effects seems to 
cause adverse effects in pore structures, which is of great 
concerns when used in future real-scale application.

Importantly, the ETS regeneration efficiency for MEK 
decreased slightly to approximately 80% and remained stable 
throughout the 6-cycle electrothermal adsorption/regenera-
tion. The relatively higher ratio of regeneration efficiency of 
MEK-KBAC noted advanced potential in MEK recovery by 
regenerable adsorbents either in lab- or engineering-scale 
industries. Meanwhile, the cyclic electrothermal adsorption 
and regeneration experiments provided a novel technique 
in VOC recovery via the more effective and energy-efficient 
electrothermal heating with greater prospects.

4 � Conclusions
The present study reported a successful application of a 
novel and promising electrothermal regeneration tech-
nique in cyclic VOCs adsorption and desorption on a 
commercially available BAC (i.e., KBAC) toward TOL and 
MEK. The physical and chemical analyses showed that 
KBAC possessed an ultra-high surface area and pore vol-
ume with well-developed microporous structures favora-
ble for VOC capture via physisorption. The N2 adsorption 
analysis revealed that the decrease in surface area and 
pore volume of KBAC may result from pore structure col-
lapse or pore blockage due to coke formation. The peak 
desorption temperature as well as the desorption activa-
tion energy proved that the affinity between TOL and the 
KBAC surface was stronger than that of MEK. The desorp-
tion efficiency for TOL-KBAC was consistently lower than 
MEK-KBAC, serving as more evidence that MEK is easier 
to recover either in a lab- or engineering-scale site com-
pared to TOL. In addition, the difference in the desorption 
efficiency using the gravimetric method and the integral 
method was likely due to the decomposition of adsorbates 
into CO, CO2, or sulfur dioxide (SO2). Finally, the decrease 
in the regeneration efficiency from 100% to 50–60% for 
TOL-KBAC was more significant than for MEK-KBAC, 
suggesting that formation of coke blocks the pores and 
causes heel buildup during desorption.

The novelty and rationality of this study are that we 
have proven the feasibility of using an electrothermal 
swing system in adsorbent regeneration to be more 
energy-efficient without wastewater or byproduct gen-
eration as compared to conventional steam regenera-
tion. However, future research should focus on how to 
control the power supply and track the adsorbent bed’s 
temperature accurately to further improve efficiency and 
accuracy in electrothermal regeneration on adsorbents.
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