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Abstract: In this paper, the mechanism of separation of volatile organic compounds (VOCs) from
activated carbon adsorption beds during closed cycle temperature swing desorption was studied.
Toluene gas at different concentrations was used as the gas for closed cycle temperature swing
desorption to regenerate activated carbon beds saturated with toluene. This research advances our
understanding of the separation of contaminants from activated carbon and the mechanism of the
process by which waste gas with a background concentration desorbs activated carbon in hot gas with
a background concentration, establishing a technological foundation for the closed cycle temperature
swing desorption process of activated carbon. When the background concentration was 2 g/m3, the
average desorption rates of unit activated carbon at 10 cm in 40 min and 60 min were the largest,
at 0.0099 and 0.0067 g/ (g•min), respectively. The fit of the Bangham desorption rate equation was
the best. When the background concentration of toluene was 2 g/m3 and the filling length of the
activated carbon layer was 10 cm, the desorption rate constant was the highest, at 0.0152 min−1.

Keywords: activated carbon; desorption mechanism; diffusion; kinetics; separation of contaminants;
volatile organic compounds

1. Introduction

VOCs are widely produced, mainly from automobile exhaust emissions, industrial emis-
sions, coal and biofuel combustion, diesel gasoline, or natural gas leakage and
volatilization [1]. VOCs are one of the main reactants of near surface O3. Some VOCs
have active chemical properties, which may lead to the generation of photochemical smog
and secondary pollutants after entering the atmosphere [2], causing serious harm to air
quality and human production activities [3]. Commonly used VOC control technologies are
mainly divided into destructive elimination methods and recovery methods [4,5]. Destructive
elimination methods include biodegradation [6], incineration [7], catalytic oxidation [8], etc.
Recovery methods include adsorption [9], absorption [10], condensation [11], etc. Adsorption
is regarded as one of the most efficient ways to treat VOCs among these recovery methods.
As a result of its high purification efficiency, flexibility, recyclable resources, low one-time
investment cost and energy consumption, it is widely used in engineering projects [12].

The adsorption method includes the adsorption process for pollutants in waste gas, as
well as the desorption and regeneration processes of activated carbon [13]. Activated carbon
desorption reduces the force between the activated carbon and the adsorbate through the
introduction of energy or substances, so that the molecules of the adsorbing components
can obtain a certain amount of energy and then be desorbed from the solid surface [14].
Common temperature swing desorption methods include steam desorption regeneration
and thermal nitrogen desorption regeneration. However, high energy consumption, poor
safety and equipment corrosion are the downsides of traditional thermal regeneration
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technology [15]. The thermal nitrogen circulation–split flow condensation recovery process
uses thermal nitrogen as the heat source for activated carbon desorption. The process has
the advantages of high safety, an unlimited desorption temperature, a high desorption
efficiency of activated carbon, and a high adsorption efficiency after regeneration [16].
Meanwhile, the waste emission and energy consumption of recycling desorption are low,
which meets the requirements of a circular economy [17].

Previous research has demonstrated that when the desorption temperature is in-
creased, the desorption rate considerably increases. Desorption with thermal nitrogen has
a good regeneration performance [18]. Ethanol, ethyl acetate, cyclohexane and xylene were
desorbed with activated carbon by temperature programmed desorption. At 160 ◦C, ad-
sorbate molecules on activated carbon can be completely desorbed [19]. Chen et al. found
that the regeneration efficiency could reach 87.09% after three cycles of regeneration when
using I-TiO2 photocatalysis to regenerate activated carbon saturated with toluene [16].

In this study, an experimental device was built to simulate the migration and diffusion
of separation of contaminants from activated carbon by closed cycle temperature swing
desorption. With toluene as the representative target contaminant of VOCs, the process
conditions, such as the filling length of the activated carbon layer and the background
concentration of toluene, were simulated by analyzing the evaluation factors such as
the desorption outlet concentration, desorption amount, average desorption rate and
instantaneous desorption rate. The concentration change of each activated carbon layer
was continuously monitored during desorption to analyze the mass transfer kinetics of
activated carbon by closed cycle temperature swing desorption. This research advances
our understanding of the separation of contaminants from activated carbon, filling a gap in
the understanding of the mechanism of the process by which waste gas with a background
concentration desorbs activated carbon in hot gas with a background concentration, and
establishing a technological foundation for the closed cycle temperature swing desorption
process of activated carbon.

2. Materials and Methods
2.1. Adsorbent

In this experiment, 4.0 mm CTC90 granular activated carbon (GAC) from Ning Xia
Hua Hui Activated Carbon Co., Ltd (Ningxia, China). was selected as the adsorbent. Table 1
is a list of its physical and chemical characteristics.

Table 1. Characteristics of the GAC.

Adsorbent Name Model Diameter
(mm)

Water
Content (%)

Ash
Content (%) Strength (%) Filling

Density (g/L)
Carbon Tetrachloride
Adsorption Value (%)

Granular Activated
Carbon CTC90 4 2.92 13.9 90.2 380 92.15

2.2. Adsorbate

Toluene (analytically pure, content (GC) ≥ 99.5%) was selected as the representative
adsorbate of VOCs. Table 2 is a list of its physicochemical characteristics.

Table 2. Physicochemical characteristics of toluene.

Adsorbate
Name Specifications Content (%) Molecular

Formula
Boiling
Point (◦C)

Molecular
Weight

Relative
Density (kg/m3)

Toluene Analytically
pure 99.5 C7H8 110.6 92.14 865

2.3. Experimental Devices and Methods

The dynamic adsorption technique was used to measure the toluene adsorption
equilibrium isotherms. Figure 1 depicts the experimental device. The adsorption saturated
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activated carbon was acquired by this device. At various temperatures and concentrations,
the saturation adsorption capacities of toluene were measured. The inlet temperature and
concentration of toluene were established 25–180 ◦C and 5–50 g/m3. The concentration of
toluene gas adsorbed by activated carbon was 15 g/m3. The adsorption isotherms were
measured using gravimetric techniques.
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Figure 1. Dynamic adsorption experimental device.

The experimental device took the ambient air of the laboratory as the air source, and
the air was fed into the device by a blower. After the water vapor was removed in the silica
gel drying device, it was divided into two paths according to the calculated proportion
through the control of the digital display mass flowmeter. One way flow of gas entered
the gas generation device with a set concentration, which was the carrier gas of toluene
after volatilization, and entered the adsorption system after fully mixing with the dilution
gas flowing the opposite way in the gas buffer chamber. In the adsorption system, the
adsorption column was filled tightly and evenly with CTC90 activated carbon particles, and
it was vertically placed into the constant temperature drying oven with the set experimental
temperature using an iron frame. The mixed toluene gas first reached the experimental
temperature through the gas preheating pipeline in the constant temperature drying oven,
and then entered the adsorption column filled with activated carbon for the adsorption
experiment. The adsorbed gas entered the detection system through the detection port, and
the smart FID measured the outlet concentration of toluene through continuous sampling.
When the inlet concentration generated by the gas generation device was consistent with
the outlet concentration detected by the smart FID, the activated carbon in the adsorption
column reached adsorption equilibrium.

Then, we used the desorption experimental device to carry out experiments and
observed the separation of contaminants from the activated carbon layer. Figure 2 depicts
the experimental device. Under condition of 0.2 m/s cross-sectional wind speed and 150 ◦C
desorption temperature, the saturated activated carbon was desorbed by toluene gas at
concentrations of 2, 5 and 10 g/m3. The activated carbon layer was 300 mm tall. The same
loading method of the experimental device in Figure 1 was used to generate toluene gas of a
certain concentration, and it was passed to the desorption unit in the constant temperature
drying oven. Three columns of quartz glass, each measuring 10 cm in length and 4 cm in
inner diameter, made up the desorption unit. The bottom of the quartz glass desorption
column was filled with a 5 mm quartz sand layer to support the activated carbon and
ensure the gas flow was even. The saturated activated carbon was desorbed for two hours
under different working conditions, and each detection port was continuously monitored
with a Smart FID. After the experiment, we used a balance to weigh the activated carbon
after desorption.
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Figure 2. Desorption experimental device.

The adsorption capacity of activated carbon was determined by the gravimetric
method. Before and after the experiment, the activated carbon was weighed. Equation (1)
was used to determine the adsorption capacity at the end of the adsorption phase:

x =
m2 − m1

m1
× 100% (1)

where m1 represents the mass of activated carbon prior to adsorption (g), m2 represents the
mass of activated carbon following adsorption (g) and x represents the adsorption capacity
of activated carbon (g/g).

Before and after the experiment, the activated carbon was weighed. The integral
method was used to draw the time curve of the desorption amount based on the time and
toluene outlet concentration.

3. Results and Discussion
3.1. Adsorption Equilibrium Isotherm

The foundation for our subsequent research was the isotherm of adsorption of toluene
on activated carbon. We weighed the activated carbon bed before adsorption. At a particu-
lar temperature and concentration, the toluene gas passed through the activated carbon.
We used a Smart FID to monitor the concentration of toluene gas prior to and following
the stainless steel adsorber. We weighed the saturated activated carbon after the inlet
concentration was stable and equal to the outlet concentration. The outlet concentration
was used to draw the adsorption breakthrough curve. Figure 3 illustrates the toluene
adsorption isotherm curve for a range of experimental temperatures.

A type I adsorption isotherm of monolayer adsorption was suitable for the adsorption
isotherm curve [20]. When the toluene concentration was 5 g/m3, the equilibrium adsorp-
tion capacity of CTC 90 for toluene at 25 ◦C was 0.349 g/g. The equilibrium adsorption
capacities were 0.2720, 0.1490, 0.03650 and 0.01470 g/g at experimental temperatures of 40,
80, 150 and 180 ◦C, respectively. When the concentration of toluene was 50 g/m3, the equi-
librium adsorption capacity at 25 ◦C was 0.5190 g/g. The equilibrium adsorption capacities
were 0.4720, 0.2790, 0.1090 and 0.0660 g/g with experimental temperatures of 40, 80, 150
and 180 ◦C, respectively. The equilibrium adsorption capacity rose at the same temperature
as the toluene concentration. When the toluene concentration was constant, the equilibrium
adsorption capacity decreased with rising temperature. This was an exothermic reaction.
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The curves in Figure 3 were well fit by the Freundlich and Langmuir adsorption
isotherm equations. The adsorption isotherms of toluene at 25, 40, 80, 150 and 180 ◦C on
CTC90 activated carbon were fitted. Figure 4 displays the results and the fitting curves. qs
in the Langmuir equation is the saturated adsorption capacity of a single molecular layer
and qs in Table 3 is close to the measured value of the adsorption isotherm experiment.
B is the empirical adsorption equilibrium constant of the Langmuir equation. Its value
indicates the adsorption capacity of gas molecules on the solid surface. The b value in
Table 3 decreased with the rise in temperature, which was consistent with the conclusion
that the equilibrium adsorption capacity decreased as temperature rose in the experiment.
In the Freundlich equation, the constant k is related to the characteristics and temperature
of the adsorbent and the adsorbate, and the constant n is related to temperature. Both
can characterize the adsorption capacity of an adsorbent to an adsorbate, and these two
parameter values also decrease with an increase in temperature. The R2 of the Freundlich
isotherm equation of activated carbon adsorbing toluene was basically higher than the
Langmuir isotherm equation, and it was more stable, basically above 0.99. Therefore, with
activated carbon adsorbing toluene, the Freundlich isotherm equation performed better
than the Langmuir isotherm equation.

Table 3. Freundlich and Langmuir equation parameters of the adsorption isotherm curves.

Adsorbent Temperature (◦C) Freundlich Langmuir
k (Pa−n) n R2 qs (g/g) B (m3/g) R2

CTC90

25 0.2848 6.1776 0.9898 0.5527 0.3494 0.9966
40 0.1874 4.1884 0.9996 0.5020 0.2124 0.9530
80 0.0973 3.6697 0.9993 0.3033 0.1704 0.9534
150 0.0181 2.1533 0.9978 0.1455 0.0572 0.9905
180 0.0068 1.6950 0.9939 0.1080 0.0315 0.9992
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3.2. Working Capacity Curve

The equilibrium adsorption capacity was not zero when the desorption temperature
reached equilibrium, so the maximum working capacity was used as the evaluation factor
in practical applications. The working capacity was defined as the difference between the
equilibrium adsorption capacity of an adsorbate of a certain concentration at a specific
adsorption temperature and the equilibrium adsorption capacity of the corresponding
equilibrium concentration when gaseous pollutants condense at a specific desorption tem-
perature. The intake air concentration was taken as the abscissa and the working capacity
as the ordinate. The adsorption temperature of activated carbon is 25 ◦C, and the desorp-
tion temperature is 150 ◦C. The working capacity under these working conditions was
obtained by subtracting the equilibrium adsorption capacity corresponding to the toluene
condensation temperature under the desorption temperature from the equilibrium adsorp-
tion capacity under each intake concentration. Figure 5 shows the maximum working
capacity curve of activated carbon to toluene at different concentrations under different
inlet air concentrations.

When the inlet toluene concentration of the adsorption treatment gas was 5 g/m3 and
the condensation temperatures of the circulating gas were −5, 0 and 5 ◦C, the working
capacities of toluene were 0.2650, 0.2520 and 0.2400 g/g, respectively. When the inlet toluene
concentration was 15 g/m3 and the condensation temperatures were −5, 0 and 5 ◦C, the
working capacities of toluene were 0.3850, 0.3730 and 0.3600 g/g, respectively. When the
inlet toluene concentration was 30 g/m3 and the condensation temperatures were −5, 0
and 5 ◦C, the working capacities of toluene were 0.4220, 0.4100 and 0.3970 g/g, respectively.
When the inlet toluene concentration was 50 g/m3 and the condensation temperatures
were −5, 0 and 5 ◦C, the working capacities of toluene were 0.4350, 0.4220 and 0.4100 g/g,
respectively. When the concentration at the inlet of the treatment gas was between 5 and
15 g/m3, the maximum working capacity rose rapidly. The maximum working capacity
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of CTC-90 activated carbon tended to be consistent at toluene concentrations higher than
15 g/m3, particularly at concentrations higher than 30 g/m3.
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3.3. Analysis of Desorption Concentration and Desorption Amount of Closed Cycle Temperature
Swing Desorption

In order to explore the impact of various inlet concentrations of toluene gas on the
mass transfer process desorption by activated carbon in closed cycle temperature swing
adsorption, we designed four different working conditions. The inlet concentrations were
0, 2, 5 and 10 g/m3. We used an FID to monitor the toluene gas concentration at the outlet
of each bed. The desorption unit was composed of three layers of desorption columns.
Figure 6 shows the outlet concentration curve at the outlet of each bed with various
background concentrations (background concentration removed).

In the desorption concentration curves of all background concentrations, the toluene
concentration at the outlet section of each bed rapidly rose to a peak, then dropped rapidly
and finally stabilized at the background concentration. The toluene outlet concentration
measured at 10 cm reached the peak in the shortest time and had the lowest peak con-
centration. The outlet concentration at 10 cm was the lowest throughout this experiment,
and the time to complete desorption and reach equilibrium was the shortest. The time
to reach the peak concentration at 30 cm was the longest and the peak concentration was
the highest. The outlet concentration at 30 cm was always the highest throughout the
experiment, and the time to complete the desorption was the longest. This was due to
the fact that during desorption of activated carbon, the rear end activated carbon bed
continuously adsorbed a high concentration of toluene desorbed from the front end. After
the desorption concentration of the active carbon bed at the front end dropped rapidly, the
activated carbon bed at the rear end was no longer affected by the front end desorption,
and completely began to desorb.
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(d) 10 g/m3.

We compare the outlet concentration curves under different background concentra-
tions in Figure 6. With different background concentrations, the time to reach the peak
value did not change significantly and the peak value did not increase or decrease signifi-
cantly. With the continuous increase in background concentration, the time from complete
desorption to the stabilization of equilibrium was shortened. This is because introducing
toluene at a specific concentration for desorption increased the outlet concentration of the
desorption equilibrium.

Through integrating the desorption concentration curve in Figure 6, the toluene
desorption amount at the outlet of unit activated carbon in each bed under different
background concentrations was obtained, and the results are shown in Figure 7. The
toluene desorption amount per unit activated carbon of each bed started from zero, rose
rapidly in a short time and then tended to be flat and stable. The toluene desorption amount
per unit activated carbon at 10 cm was the highest, and the time to reach the inflection point
and stabilize was the fastest. The toluene desorption amount per unit activated carbon
at 30 cm was the lowest, and the time to reach the inflection point and stabilize was the
slowest. Finally, the toluene desorption amount per unit activated carbon in each layer was
equal. Table 4 shows a summary of the results of toluene desorption per unit activated
carbon at 120 min for each bed under different working conditions.

Table 4. Data of toluene desorption per unit activated carbon at 120 min for each bed under different
working conditions.

Background
Concentration (g/m3)

Toluene Desorption per Unit Activated Carbon at 120 min (g/g)
10 cm 20 cm 30 cm

0 0.398 0.403 0.403
2 0.400 0.400 0.401
5 0.397 0.397 0.397
10 0.392 0.392 0.391
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According to the analysis in Table 4 and Figure 8, under the same desorption temper-
ature and the cross-section wind speed, with the increase background concentration, the
time taken from the rapid rise to the inflection point was shorter, and the toluene desorption
amount of unit activated carbon outlet gas in each bed layer was lower, but the change was
very small.
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3.4. Analysis of Average Rate and Instantaneous Rate of Closed Cycle Temperature
Swing Desorption

The average desorption rate of unit activated carbon at 10 cm in 10 min is
−

V10 (g/ (g • min)),

at 10 cm in 20 min is
−

V20 (g/ (g•min)), at 10 cm in 40 min is
−

V40 (g/ (g•min)) and at 10 cm

in 60 min is
−

V60 (g/ (g•min)). Figure 8 shows the average toluene desorption rate of the
outlet gas at 10 cm at different times. Figure 9 shows the average toluene desorption rate of
outlet gas at 10 cm with different background concentrations.

Separations 2023, 10, x FOR PEER REVIEW 11 of 18 
 

 

 

Figure 9. Average desorption rate of toluene in the outlet gas at 10 cm with different background 

concentrations. 

Under the same working conditions, the 𝑉10
̅̅ ̅̅  at background concentrations of 0, 2, 5 

and 10 g/m3 were 0.0099, 0.0160, 0.0168 and 0.0170 g/ (g•min), respectively. The 𝑉20
̅̅ ̅̅  at 

background concentrations of 0, 2, 5 and 10 g/m3 were 0.0143, 0.0166, 0.0166 and 0.0170 g/ 

(g•min), respectively. It can be concluded that at the same desorption temperature and 

the cross-section wind speed, 𝑉10
̅̅ ̅̅  and 𝑉20

̅̅ ̅̅  increase with the increase in background con-

centration. The 40 min average desorption rates, 𝑉40
̅̅ ̅̅ , at background concentrations of 0, 

2, 5 and 10 g/m3 were 0.0091, 0.0099, 0.0098 and 0.0098 g/ (g•min), respectively. The 60 

min average desorption rates, 𝑉60
̅̅ ̅̅ , at background concentrations of 0, 2, 5 and 10 g/m3 

were 0.0062, 0.0067, 0.0066 and 0.0065 g/ (g•min), respectively. When the background con-

centrations were 0–2 g/m3, 𝑉40
̅̅ ̅̅  and 𝑉60

̅̅ ̅̅  also increased as the background concentration 

increased. 𝑉40
̅̅ ̅̅  and 𝑉60

̅̅ ̅̅  also decreased with the increase in background concentration and 

tended to be stable when the background concentrations were 2–10 g/m3. 

When the background concentrations were 0 and 2 g/m3, the average desorption rate 

at 10 cm first increased and then decreased, and the average desorption rate at 20 min was 

the highest. However, when the background concentrations were 5 and 10 g/m3, the aver-

age desorption rate at 10 cm declined, and the average desorption rate at 10 min is the 

highest. Combined with the analysis of the adsorption isotherm in Section 3.1, the adsorp-

tion isotherm barely changed when the concentration was between 2 and 10 g/m3. There-

fore, when the background concentrations were between 2 and 10 g/m3, the average de-

sorption rate in each period was almost the same. 

The average desorption rate at 10 cm under different background concentrations 

showed a trend of first rising and then declining, and the maximum average desorption 

rate was 𝑉20
̅̅ ̅̅ . 𝑉10

̅̅ ̅̅  reflects the average desorption rate of the initial driving force at the 

beginning of desorption. 𝑉20
̅̅ ̅̅  reflects the average desorption rate when the initial driving 

force of desorption is large. 𝑉40
̅̅ ̅̅  reflects the average desorption rate of the driving force in 

the initial stage of desorption when the concentration of each bed gradually starts to de-

cline gently. 

Figure 9. Average desorption rate of toluene in the outlet gas at 10 cm with different
background concentrations.

Under the same working conditions, the
−

V10 at background concentrations of 0, 2,

5 and 10 g/m3 were 0.0099, 0.0160, 0.0168 and 0.0170 g/ (g•min), respectively. The
−

V20
at background concentrations of 0, 2, 5 and 10 g/m3 were 0.0143, 0.0166, 0.0166 and
0.0170 g/ (g•min), respectively. It can be concluded that at the same desorption tempera-

ture and the cross-section wind speed,
−

V10 and
−

V20 increase with the increase in background

concentration. The 40 min average desorption rates,
−

V40, at background concentrations of
0, 2, 5 and 10 g/m3 were 0.0091, 0.0099, 0.0098 and 0.0098 g/ (g•min), respectively. The

60 min average desorption rates,
−

V60, at background concentrations of 0, 2, 5 and 10 g/m3

were 0.0062, 0.0067, 0.0066 and 0.0065 g/ (g•min), respectively. When the background

concentrations were 0–2 g/m3,
−

V40 and
−

V60 also increased as the background concentration

increased.
−

V40 and
−

V60 also decreased with the increase in background concentration and
tended to be stable when the background concentrations were 2–10 g/m3.

When the background concentrations were 0 and 2 g/m3, the average desorption rate
at 10 cm first increased and then decreased, and the average desorption rate at 20 min
was the highest. However, when the background concentrations were 5 and 10 g/m3, the
average desorption rate at 10 cm declined, and the average desorption rate at 10 min is
the highest. Combined with the analysis of the adsorption isotherm in Section 3.1, the
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adsorption isotherm barely changed when the concentration was between 2 and 10 g/m3.
Therefore, when the background concentrations were between 2 and 10 g/m3, the average
desorption rate in each period was almost the same.

The average desorption rate at 10 cm under different background concentrations
showed a trend of first rising and then declining, and the maximum average desorption

rate was
−

V20.
−

V10 reflects the average desorption rate of the initial driving force at the

beginning of desorption.
−

V20 reflects the average desorption rate when the initial driving

force of desorption is large.
−

V40 reflects the average desorption rate of the driving force
in the initial stage of desorption when the concentration of each bed gradually starts to
decline gently.

Through the differential of Figure 7, the instantaneous desorption rate of unit activated
carbon outlet gas in each bed under different background concentrations was obtained, and
the results are shown in Figure 10. At the beginning of the experiment, the instantaneous
desorption rate of the unit activated carbon outlet gas in each bed was not zero, and it

rapidly rose to the maximum
−

Vmax g/(g•min) in a short time, then rapidly dropped to a
certain value and slowly became zero. The instantaneous desorption rate of unit activated

carbon at 10 cm took the shortest time to reach
−

Vmax, and it was the highest from the

beginning of the experiment to reaching
−

Vmax, and then dropped rapidly to the minimum
until zero. The instantaneous desorption rate of unit activated carbon at 30 cm took the

longest time to reach
−

Vmax, and it was the smallest from the beginning of the experiment to

reaching
−

Vmax.
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Figure 10. Instantaneous toluene desorption rate of gas at the outlet of each bed with different
background concentrations. (a) 0 g/m3, (b) 2 g/m3, (c) 5 g/m3 and (d) 10 g/m3.

Table 5 shows
−

Vmax of each bed under different working conditions. At the same
desorption temperature and the cross-section wind speed, the higher the background

concentration, the larger the desorption
−

Vmax at each bed outlet and the faster the time to
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reach
−

Vmax. However, when the background concentration was too high, the desorption
rate of activated carbon was reduced and the emission of toluene was too large.

Table 5.
−

Vmax data of each bed under different background concentrations.

Background
Concentration (g/m3)

Vmax (g/(g•min))
10 cm 20 cm 30 cm

0 0.0170 0.0154 0.0123
2 0.0176 0.0160 0.0126
5 0.0185 0.0165 0.0128
10 0.0200 0.0166 0.0131

3.5. Dynamic Simulation Analysis of Closed Cycle Temperature Swing Desorption

To investigate the effect of closed-cycle temperature swing desorption with different
background concentrations on the migration of the adsorbate in the activated carbon layer,
the desorption kinetics of toluene between activated carbon beds during desorption were
studied by studying the desorption rate.

There are three typical types of kinetic factors, namely the quasi-first-order kinetic equation,
the quasi-second-order kinetic equation and the Bangham adsorption rate equation. The
differential form of the quasi-first-order kinetic equation is shown in Equation (2) [21,22].

dqt

dt
= ka(qe − qt) (2)

Through the integral of Equation (2), we obtain Equation (3):

qt = qe − qee−kat (3)

The differential form of the quasi-second-order kinetic equation is shown in Equation (4) [23].

dqt

dt
= kb(qe − qt)

2 (4)

Through the integral of Equation (4), we obtain Equation (5):

qt =
kbqe

2t
1 + kbqet

(5)

The differential form of the Bangham desorption rate equation is shown in
Equation (6) [21,22].

dq

dt
= kc

(qe − qt)

tn (6)

Through the integral of Equation (6), we obtain Equation (7):

qt = qe − qee−katn
(7)

where qt represents the desorption amount (g/g) at time t, qe represents the desorption amount
at equilibrium (g/g), ka represents the quasi-first-order desorption rate constant (min−1), kb
represents the quasi-second-order desorption rate constant (min−1), kc represents the Bangham
desorption rate constant (min−n) and n represents the Bangham constant.

Figure 11 shows the fitting of quasi-first-order kinetic equation for each bed with
different background concentrations. The fitting parameters for the quasi-first-order kinetic
equation are displayed in Table 6. Figure 12 depicts the fitting of quasi-second-order kinetic
equation. The fitting parameters for the quasi-second-order kinetic equation are displayed
in Table 7. The Bangham desorption rate equation’s fit is depicted in Figure 13. The fitting
parameters for the Bangham desorption rate equation are displayed in Table 8. The value
of qe was taken from the data in Table 4. According to Figure 11 and Table 6, the R2 value
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of the quasi-first-order kinetic equation was greater than 0.9591, and the fit was good.
According to Figure 12 and Table 7, the R2 value of the quasi-second-order kinetic equation
was less than 0.90, and the fit was poor. According to Figure 13 and Table 8, the R2 value of
the Bangham desorption rate equation was greater than 0.99, and the fit was the best out of
the three equations. The three kinetic models’ desorption rate constants rose initially, then
fell as background concentration rose. A background concentration of 2 g/m3 resulted
in the highest desorption rate constant. However, when the saturated activated carbon
was desorbed by clean gas, the desorption rate constant was low. The Bangham constant
increased with the increase in background concentration. The desorption rate constants
of the three kinetic models decreased with the increase in activated carbon bed length.
This is similar to the analysis of average desorption rate and instantaneous desorption
rate. It shows that under the conditions of closed cycle adsorption, the concentration
polarization layer of activated carbon was broken when a certain concentration of toluene
was purged. While the external diffusion mass transfer effect increased, the internal mass
transfer resistance decreased.
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trations. (a) 0 g/m3, (b) 2 g/m3, (c) 5 g/m3 and (d) 10 g/m3.

Table 6. The fitting parameters of the quasi-first-order kinetic equation.

Background
Concentration (g/m3)

10 cm 20 cm 30 cm
ka R2 ka R2 ka R2

0 0.0548 0.9626 0.0477 0.9638 0.0404 0.9697
2 0.0808 0.9719 0.0555 0.9786 0.053 0.9749
5 0.0783 0.9677 0.0628 0.974 0.0512 0.9774

10 0.0753 0.9591 0.0623 0.9651 0.0518 0.9641
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Figure 12. The quasi-second-order kinetic equation fit for each bed with different background
concentrations. (a) 0 g/m3, (b) 2 g/m3, (c) 5 g/m3 and (d) 10 g/m3.
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Figure 13. The Bangham desorption rate equation fit for each bed with different background concen-
trations. (a) 0 g/m3, (b) 2 g/m3, (c) 5 g/m3 and (d) 10 g/m3.
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Table 7. The fitting parameters of the quasi-second-order kinetic equation.

Background
Concentration (g/m3)

10 cm 20 cm 30 cm
kb R2 kb R2 kb R2

0 0.2871 0.8162 0.2432 0.8109 0.208 0.8234
2 0.4462 0.8507 0.3599 0.8572 0.324 0.8411
5 0.4445 0.839 0.3556 0.8482 0.3136 0.8605

10 0.4267 0.8205 0.3483 0.8285 0.291 0.8212

Table 8. The fitting parameters of the Bangham desorption rate equation.

Background
Concentration (g/m3)

10 cm 20 cm 30 cm
kc n R2 kc n R2 kc n R2

0 0.0131 1.499 0.9931 0.013 1.404 0.9924 0.0102 1.3024 0.991
2 0.0152 1.6326 0.9994 0.0139 1.4421 0.9997 0.0104 1.4845 0.9992
5 0.0129 1.7001 0.9992 0.0125 1.555 0.9996 0.0099 1.5189 0.9993
10 0.0102 1.7578 0.9994 0.0093 1.6489 0.9998 0.0078 1.6049 0.9997

4. Conclusions

Toluene was chosen as this research’s VOC representative target pollutant. By using
the desorption amount, average desorption rate and instantaneous desorption rate as
evaluation factors, process conditions such as the length of activated carbon layer and
background concentration of desorption gas were simulated. The following conclusions
were drawn from the experimental results:

1. When the activated carbon desorbs, the rear end activated carbon bed continuously
absorbs the high concentration of toluene desorbed from the front end. After the
desorption concentration of the active carbon bed at the front end dropped rapidly,
the activated carbon bed at the rear end was no longer affected by the front end
desorption, and began to completely desorb. When the background concentration
was 0 g/m3, the toluene desorption per unit activated carbon at 120 min at 20 and
30 cm were the largest, both at 0.403 g/g.

2. The average desorption rate under different background concentrations showed a
trend of first rising and then declining, and the maximum average desorption rate was
−

V20.
−

V20 at background concentrations of 0, 2, 5 and 10 g/m3 were 0.0143, 0.0166, 0.0166

and 0.0170 g/ (g•min), respectively.
−

V10 reflects the average desorption rate of the

initial driving force at the beginning of desorption.
−

V20 reflects the average desorption
rate when the initial driving force of desorption is large. When the background

concentration was 10 g/m3,
−

V10 and
−

V20 were the largest, both 0.0170 g/ (g•min).
−

V40 reflects the average desorption rate of the driving force in the initial stage of
desorption when the concentration of each bed gradually starts to decline. When the

background concentration was 2 g/m3,
−

V40 and
−

V60 were the largest, at 0.0099 and
0.0067 g/ (g•min), respectively.

3. At the same desorption temperature and cross-section wind speed, the higher the

background concentration, the larger the desorption
−

Vmax at each bed outlet and

the faster the time to reach
−

Vmax. When the desorption temperature was 150 °C, the
cross-section wind speed was 0.2 m/s, the background concentrations were 0, 2, 5

and 10 g/m3 and the unit activated carbon
−

Vmax at 10 cm was 0.0170, 0.0206, 0.0185
and 0.0200 g/ (g•min), respectively.

4. Among the three kinetic models, the fitting effect of Bangham desorption rate equation
was the best, as the R2 value was greater than 0.99. The desorption rate constant was



Separations 2023, 10, 213 16 of 17

the highest when the background concentration was 2 g/m3 and the activated carbon
layer length was 10 cm, with a value of 0.0152 min−1.

This study simplified the subjects and experimental conditions. It is anticipated that it
will offer a theoretical framework for a more extensive, precise and efficient application of
activated carbon closed-cycle temperature swing desorption of VOCs.
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