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Assessing Adsorption and Desorption Performance in the Recovery of Volatile Organic
Compounds: A Carbon Fiber Filter Design Perspective

Dong-Hwan Jeon, Hoon-Min Park, Hyun-Min Jung, Dal-Hwan Yoon*

Abstract: In this study, the activated carbon fiber filter design and VOC adsorption and desorption performance were evaluated based on the development of a filter regeneration
device to treat VOCs in high efficiency and low cost. Activated carbon fiber (ACF) has the advantage of fast adsorption speed and high adsorption capacity because micropores
are formed on the surface and a large specific surface area. However, the specific gravity is about 25 times lower than that of activated carbon (AC), so the amount of adsorbent
that can fill the same volume is small. In order to solve this problem, the regeneration device is implemented by repeating adsorption and regeneration for a short time, and a
cylindrical adsorption filter made of activated carbon fiber is designed according to the operating conditions of the regeneration device. At this time, the pollutant gas and
regenerated air are uniformly distributed over the entire adsorbent, and the flow characteristics according to the supply of the pollutant gas and the regeneration gas are analyzed.
When the size of the lower part of the cylindrical adsorption filter is smaller than the size of the upper part under the condition that the pollutant gas flows downward, a uniform
distribution of the pollutant gas is possible. In addition, as the space velocity decreases, the adsorption capacity decreases, and the differential pressure increases rapidly. Through
the regeneration experiment, it was confirmed that the desorption concentration of MEK was higher and the desorption concentration was higher. In addition, the regenerated air
is uniformly dispersed throughout the adsorption filter, toluene, o-xylene, and methyl ethyl ketone, which are representative substances of volatile organic compounds (VOCs), are
injected with 400 ppm, and then regenerated air is supplied at 150 °C to analyze adsorption characteristics and regeneration concentrations. As a result of the experiment, the
adsorption capacity ratio to 1 g of regeneration air according to the type of VOCs was 0.48, 0.36, and 0.25 g in the order of o-xylene, toluene, and methyl ethyl ketone. In addition,
as the space velocity decreases, the adsorption capacity decreases, and the differential pressure increases rapidly. Through the regeneration experiment, it was confirmed that
the desorption concentration of MEK was higher and the desorption concentration of o-xylene was discharged at a relatively low concentration. Moreover, even if the adsorption
concentration changes, there was no difference in the regeneration concentration change. Therefore, the filter was designed based on the spatial speed of the regeneration device
of 51,000 -h or less, and the adsorption capacity ratio to 1 g of the regeneration air amount was 0.1 g, thereby enhancing the filter's recycling performance and VOCs emission
effect.
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1 INTRODUCTION carbon, the same volume can be filled with adsorbents.

Therefore, there is a problem that the adsorption efficiency is

Efforts to reduce greenhouse gases are being made in
various fields as global warming caused by greenhouse gases
has reached a serious level worldwide. Volatile organic
compounds (VOCs), known as representative greenhouse
gases, can be efficiently and safely recovered and recycled at
VOC emission sites, thereby minimizing environmental
pollution and maximizing greenhouse gas reduction when
generating desorption heat energy using renewable energy
[1-10]. VOCs are selectively discharged from the discharge
system through adsorption, oxidation, absorption, and
condensation, depending on their material properties and
concentration. Until now, most of the poorly soluble VOCs
discharged below 800 ppm using activated carbon have been
treated with adsorption technology. Activated carbon has
been used for a long time for gas separation and purification
because it has the advantage of having pore structures of
various sizes. It has been used as an adsorbent for gas
purification in a new field through chemical treatment [11].

Activated carbon fibers have developed micropores on
the fiber surface, are capable of rapid adsorption due to their
large specific surface area, and are known to have superior
adsorption rate and selective gas adsorption than activated
carbon [12, 13]. The activated carbon fiber can control a
specific surface area through heat treatment and formation
processes in the manufacturing process and is used for gas
separation purification or water treatment in various fields
[14-18]. However, since activated carbon fiber have a
specific gravity of about 25 times lower than activated

better than that of activated carbon, but the adsorption time
needs to be longer. In order to solve this problem and utilize
high-performance adsorption properties, adsorption and
regeneration must be repeated for a short period.

In addition, the pressure drop characteristics for process
gas and the airflow characteristics for the uniform
distribution of process gas and regeneration gas throughout
the filter should be considered [19, 20]. These characteristics
are essential factors in device design, and pollutant gas
purification characteristics may vary depending on the filter
shape and structure [21]. Computational flow analysis can
confirm the airflow characteristics and the optimal shape can
be obtained [22, 23].

Table 1 Comparison of design specifications of activated carbon fiber and activated
carbon adsorbent in VOCs treatment equipment.
Activated carbon

Adsorbent type fiber Activated carbon
Adsorben | Fill amount | S6kgx2=112ke 14(;%1&% ;gz -
Layer thickness 120 mm 600 mm
Change time Adsorption 6 min/col 120 min/col
Escape 6 min/col 30 min/col
Adsorbent LxWxH 1600x1100x1500 2600x1500
container Volume 2.64 m’ 7.96 m’
Recall Yapor 350 kg/h 1660 kg/h
consumption Cooling water 10 t/h 25t,48 t/h
Power 15 kW 15 kW

Tab. 1 compares the design specifications of activated
carbon fibers and activated carbon adsorbents in VOCs
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treatment units. In the case of activated carbon, it consists of
a macro-pore with a pore diameter of 50 nm, a meso-pore
with a pore diameter of 2-50 nm, and a micro-pore with a
pore size of 2 nm or less deep inside. It is possible to adsorb
various substances and is inexpensive, but the adsorption and
desorption rate is slow and requires a lot of renewable
energy. Activated carbon fibers mainly have micro-pores
formed on the surface, so fast adsorption and desorption, less
renewable energy is required, and the device can be
miniaturized due to excellent adsorption efficiency.
Therefore, when an activated carbon fiber adsorbent is used
in comparing the performance of activated carbon and
activated carbon fiber, the amount of desorption steam
supplied is only 20% compared to activated carbon, the size
of the device is 33%, the operating cost can be reduced by
4.8 times, and the size of the facility can be reduced.

In this study, activated carbon fibers are designed in the
shape of a filter to develop a system to process VOCs with
high efficiency and low cost, and a computational flow
analysis and VOC adsorption and desorption characteristics
were conducted to derive primary design conditions for
adsorption filters.

Structure design of adsorption filter
Basic Case 1
w0
g g
Lo | |20 |
s00
Case 2 Case 3

Figure 1 Adsorption filter design for flow analysis

2 IMPLEMENTATION OF OPTIMAL ACTIVATED CARBON
FIBER FOR ADSORPTION

Using the high adsorption properties of ACF and
designing a filter shape that can adsorb and regenerate
quickly, the optimal fluid flow was confirmed using
computational flow analysis. The program used for the flow
analysis was Solid Edge 2022 Classic version. The
adsorption filter shape is cylindrical, generally used in filters,
and the grid size for the analysis area was 0.002 m. A matrix
consisting of 24,934 cells was applied. The sagging gas
supplied to the adsorption filter flows into the lower part of
the filter, and the flow rate is 50 Nm3/min. Recycled air

flowed into the top of the adsorption filter and steam controls
at a pressure of 2 bar. Gage was supplied at 0.83 kg/min.

Fig. 1 shows the basic filter size designs with an external
diameter of 600 mm, an internal diameter of 400 mm, and a
height of 1500 mm. In addition, the size of the lower filter
was adjusted to 350 mm, 300 mm, and 200 mm to derive a
shape in which pollution gas and regenerated air can be
dispersed evenly throughout the adsorption filter.

Fig. 2 shows the flow analysis results under adsorption
conditions according to the filter shape change. The basic
configuration confirmed that gas flow concentrates at about
1 m/c at all eight corners. In addition, as the size of the lower
part of the filter decreases, the concentration of the gas flow
decreases, confirming of the gas flow decreases, confirming
that the gas flow distributes throughout the filter.

Case Simulation of fluidity analysis of steam

Basic

Case1

Case2

Case3

Figure 2 Results of confirmation of éés flow characteristics under adsorption
conditions

Fig. 3 shows the results of flow analysis under
regeneration conditions. In the case of the Case 1 shape filter,
steam is distributed relatively evenly than the primary filter,
but it shows that strong steam flow is generated locally at the
bottom. In the case of Case 2 shape filters, steam is
distributed and supplied to the entire filter compared to Case
1. However, steam flow concentrates around the corner of the
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upper chamber of the filter, and it shows that there are areas
where steam is not supplied intermittently to the middle and
lower ends of the filter. The Case 3 shape filter also shows
the supplied steam concentration under the filter, but the
steam is evenly distributed and supplied compared to the
primary Case 1 and 2 shape filters. Therefore, it judges that
the Case 3-shaped filter is the most efficient for regenerating
the adsorption filter using a steam supply.

Case Simulation of fluidity analysis of steam

Basic

Case1

Case2

Case3

Figure 3 Results of confirmation of gas flow characteristics under desorption
conditions

Fig. 4 designs and manufactures a wrinkle filter using
activated carbon fiber, which is a filter adsorption material,
based on the gas flow analysis in Fig. 3. A wrinkle pattern is
designed in consideration of a 5 CMM-class regenerator, and
the adsorption filter has an outer diameter of 200 mm and an
inner diameter of 100 mm. At this time, the wrinkle height is
30 mm and the number of wrinkles is 30. And after
calculating the area required for the adsorbent according to
the processing gas flow rate, the filter height is set to 500 mm
by applying a margin of 10 %. During the filter
manufacturing process, a SUS mesh is attached to support the
wrinkle shape of the activated carbon fiber adsorbent.

g

Figure 4 Wrinkle filter of 5 CMM grade

3 ADSORPTION CHARACTERISTICS OF VOCS IN
ACTIVATED CARBON FIBER

Fig. 5 shows the configuration of the test device for
checking the adsorption performance of activated carbon
fibers. The activated carbon fiber used in this study was a
product with a thickness of 3 mm and a specific surface area
of 1,700 m*g sold by the Korea Active Carbon Fiber
Company to recover organic solvents. The test gas supplies
gas flow rate using a mass flow controller manufactured by
Brooks. For the adsorption, Toluene, o-xylene, and methyl
ethyl ketone reagents, which are representative materials of
volatile organic compounds, were used. The vaporized liquid
adsorbate in the test gas controls the desired concentration
and is used in adsorption experiments. The liquid adsorbate
vaporizer was controlled at 150 °C using a PID-type
temperature controller after installing a heating wire on the
outer surface of the cylindrical reactor. The liquid adsorbate
uses a micro syringe to precisely supply the control at 2-12
mL/hr. After mixing the adsorbed material vaporized into a
gaseous state with the test gas, the concentration of the
adsorbed gas confirms the use of an FID-type portable THC
analyzer manufactured by Polaris. The research conducts the
adsorption experiment by converting the test gas to be
supplied to the adsorption reactor using a valve once it
confirms the test gas concentration.

.
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Figure 5 Configuration diagram of activated carbon fiber adsorption performance
test

For the stable performance of the development facility
and smooth operation, an integrated control system (Timer
and Integrated Control System) operation method is
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proposed based on the adsorbent performance evaluation test
results. This control method is a method in which each
chamber operation is controlled by a timer, and the operation
of another chamber is sequentially performed based on the
operation state of the chamber in which adsorption is
performed. The blower operation operates to maintain a
constant discharge gas flow rate by varying and controlling
the blower rotation speed according to the filter differential
pressure. If the inverter proceeds in real time, a change in the
discharge gas flow rate may occur temporarily due to an error
in the measuring instrument or the influence of production
facilities. Therefore, it is controlled with a sequential control
program so that it is variably operated according to the
difference between the average filter differential pressure
value measured for 2 to 5 minutes and the standard
differential pressure value. Fig. 6 shows a net self-control
flowchart.

Adsorber

I
Steamn |

chamber Adsorption ‘ - Dry
Recovery !
es] 1ics)) [cs] i
i

Adsarber

chamber Dry Adsorption - Recove |
1ics] # 1ics) ‘ ics) !

Figure 6 Net self-control flowchart

Tab. 2 shows the evaluation conditions for the adsorption
performance of activated carbon fibers. The adsorption
characteristics according to spatial speed change confirm the
adsorption characteristics under spatial speed (10,000
~254,000 m3/hour) conditions by installing activated carbon
fibers in the adsorption reactor and adjusting the adsorbent
filling height in the range of 3 to 75 mm under the test gas
supply flow rate of 100 L/min and VOCs concentration of
400 ppm.

Table 2 The adsorption and regeneration test conditions

Category Contents
Column size 100 mm x 400 mm H
VOCs Supply method Micro syringe pump
Adsorbate Toluene, o-xylene, MEK
Test gas Air (50, 100 L/min)
Operation Temperature/Concentration 26-28 °C/100-400 ppm
Condition Height of ACF 3,6,9,15,25,75 mm

4 EXPERIMENTAL RESULTS

The adsorption characteristics according to spatial speed
change confirm the adsorption characteristics under spatial
speed conditions by installing activated carbon fibers in the
adsorption reactor and adjusting the adsorbent filling height
in the range from 3 to 75 mm under the test gas supply flow
rate of 100 L/min and VOCs concentration of 400 ppm. As
the spatial speed increased, the adsorption capacity for 1 g of
regenerated air capacity tended to increase from 0.36 g to
0.40 g, but the adsorption capacity tended to decrease based
on the breakthrough point. And the breakthrough time is
maintained at 9 minutes and 15 seconds, likely to the

operating time of commercial facilities at a spatial speed of
51,000 m*/hour. Fig. 7 shows the adsorption characteristics
and breakthrough time results according to the change in the
conditions of Tab. 3.
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Figure 7 The toluene adsorption concentration of the adsorption outlet

Fig. 8 show the changes in the adsorption layer thickness
and differential pressure with respect to the spatial velocity.
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Figure 8 Variation of adsorption height and differential pressure with respect to
spatial velocity

Table 3 Comparison of the space velocity and the differential pressure
characteristics in the adsorption thickness

Adsorption thickness Space velocity (SV) Differential pressure
(mm) (m*/hour) (mmH,0)
24 32,000 80
9 85,000 32
6 127,000 20
3 254,000 14
Table 4 Variable adsorption performance according to concentration change
=} ?D a
s- | E2 | _z | £2 | ss| si%
£ E £= g2 gz | 0z | S&&
i Z _§ Z % = nzgd
200 40.37 13.55 0.34 0.14 71'15"
300 40.37 14.18 0.35 0.14 46'45"
400 40.37 14.37 0.36 0.14 34'30"

Tab. 3 presents the comparison results of space velocity
and differential pressure characteristics according to the
adsorption height and the adsorption thicknesses 3, 6, 9 and
24 mm of the activated carbon filter. When the adsorption
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thickness decreases, the space velocity increases, while the
differential pressure decreases.

Tab. 4 confirms the variable adsorption performance
according to the change in concentration while supplying
toluene concentration at 200, 300, and 400 ppm.

Fig. 9 show the ACF adsorption amount characteristics
according to changes in the toluene concentration.
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Figure 9 Adsorption curve according to changes in toluene concentration

Fig. 10 shows the desorption characteristics curve of the
activated carbon filter according to the adsorption
concentration. We can confirm the maximum desorption
time.
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Figure 10 Desorption characteristics according to adsorption concentration

As the concentration of the adsorbed material increased,
the amount of adsorption and the time required for the
breakthrough point increased. However, the adsorption
capacity for effective breakthrough point was 0.14 g/g. The
difference between the total adsorption amount according to
the concentration change and the adsorption capacity at the
breakthrough point was not significant because adsorption
from activated carbon fibers takes place on the surface of the
adsorbent.

Tab. 5 is to estimate the experimental adsorption
performance according to the Toluene, o-xylene, and MEK
as representative materials to confirm the adsorption
characteristic.

Fig. 11 compares the adsorption characteristics
according to three gas types of VOCs. The adsorption

characteristic experiment according to the change in the
simulated gas of Toluene, the adsorption amount and the
breakthrough time tended to be longer as the concentration
increased, but the adsorption capacity up to the effective
breakthrough time was the same at 0.14 g.

Table 5 Adsorption experiment data by volatile organic compounds type

) )
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= =T E S = - = E &
i 25 | 2R | EE|gg| 258
= 2 4 _% 2 s [ gz 3
< o
Toluene 40.37 14.37 0.36 0.14 34' 30"
O-xylene 40.37 19.21 0.48 0.19 41' 15"
MEK 40.37 10.05 0.25 0.09 29" 45"

500

400

300

200 4

100 -

Toluene Concentration of Adsorber Outlet [ppm ]

Time [hh:mm]
Figure 11 Adsorption curve according to adsorbate type

Fig. 12 confirms the regeneration characteristics
according to the type of volatile organic compound and the
maximum regeneration concentration of MEK, which has the
lowest boiling temperature of the material, was the highest at
89,146 ppm, and desorption completes within about 5
minutes.
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Figure 12 Desorption concentrations according to adsorbate type

[=}

On the other hand, o-xylene, with the highest boiling
temperature, had the lowest desorption concentration of
7,528 ppm. After the desorption operation started, it was
discharged at a specific concentration for about 35 minutes
and gradually decreased. The desorption air temperature was
150 °C under the same conditions. However, it is necessary
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to maintain 30 °C higher than the adsorbent material's boiling
temperature to complete the adsorbent's regeneration
quickly.

Fig. 13 shows the adsorbent regeneration characteristics
according to the change in the amount of dry air. When the
amount of air increases by 1 L/min based on the amount of
dry air 16.8 L/min, the adsorption efficiency increases by
about 0.06 %, and when the amount of dry air is supplied at
42 L/min, the adsorption performance is maintained up to
96.4 % of the initial adsorption performance.
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Figure 13 Regeneration characteristics according to the change in dry air amount

Fig. 14 compares the regeneration characteristics
according to the supply location of dry air. When the amount
of dry air was 42 L/min, the supply location of dry air was
adjusted to the upper part of the reactor, the lower part of the
reactor, and the lower part of the heat exchanger, and the
regeneration characteristics were compared according to
each condition.
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Figure 14 Comparison of the regenerative characteristics according to the supply
location of dry air

When supplied to the upper part of the reactor, similar
performance was shown at about 96.4 % of the initial
adsorption performance. As a result of testing in the order of
the lower part of the reactor and the lower part of the heat
exchanger, the regeneration efficiency decreased by 69.8%

and 42.2 %, respectively. When dry air is supplied to the
lower part of the heat exchanger, it is judged that the drying
performance decreases due to the residual moisture inside the
heat exchanger, and the regeneration performance of the
adsorbent decreases.

As a result of the hot air regeneration experiment,
according to the adsorption concentration of Toluene, the
maximum regeneration concentration was about 26,000 ppm
and 64 % of the desorption after about 10 minutes of
completion. The discharge time of 5,000 ppm or more, which
can condense at low temperatures, was about 15 minutes, and
continuous operation was determined if the adsorbent fills
twice the total adsorption amount of the adsorbent for
continuous operation facility application.

5 CONCLUSION

In this study, the flow characteristics according to the
shape of the adsorption filter were checked to design an
adsorption filter to efficiently process volatile organic
compounds using activated carbon fibers, and a shape in
which pollution gas can disperse evenly throughout the filter
was derived. In addition, excellent adsorption efficiency and
fast adsorption properties of activated carbon fibers confirm
the adsorption and desorption experiments using Toluene, o-
xylene, and methyl ethyl ketone. In order to use activated
carbon fiber as an adsorption filter material, the adsorption
and desorption time must be kept short, so it is necessary to
control the regeneration air temperature 20 °C higher than the
vaporization temperature of the adsorbent, and it is
appropriate to maintain the acceptable adsorbent filling
height above 32,000 m*/hour. As a follow-up study, based on
the design data obtained through the experiment, it plans to
manufacture commercial facilities with a 100 Nm?/min scale
and link the production process. Once planned testing is
complete, which expects the commercial facility to secure the
design and operational technology.
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