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Abstract—Adsorption and desorption characteristics of CF,, which is considered a significant global warming com-
pound, were experimentally investigated. Dynamic behavior of feed gas mixture of CF, and N, was observed by break-
through curve. Effects of CF, concentrations in the feed gas were investigated, and three pressurization methods were
compared. Desorption experiments were carried out using vacuum blowdown and purge. Desorption curves with var-
ious N, flow rates, feed compositions, and purge time were obtained. The enrichment factor was high for low concen-
tration of CF,. However, the time required for complete desorption was independent of CF, concentration. In the opera-
tion of separate vacuum blowdown and purge steps, a short period of vacuum blowdown followed by the purge step

was effective.
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INTRODUCTION

PFCs (Perfluorocompounds) are used in the semiconductor in-
dustry for cleaning of dry etching and CVD (chemical vapor de-
position) process. Since PFCs are global warming gases, their use
is regulated by the Kyoto Protocol of 1997. GWP (global warming
potential) of PFCs is 6,500-9,200 times higher than carbon diox-
ide, and the lifetime of PFCs is 50-200 times longer than that of
carbon dioxide [1,2]. The semiconductor industry in Korea is in-
creasing rapidly, and the consumption of PFCs is increasing sharply.
The emission of PFCs in the semiconductor industry will be strictly
regulated in the near future. The export of semiconductors will be
reduced without a reduction of PFC emission. Therefore, PFC abate-
ment technology must be developed. An increase in the production
of semiconductors causes an increase in the use of PFC gases. The
semiconductor industry cannot be grown without the PFC abate-
ment technology.

Three technologies are used to separate or recover the PFC gases.
The first method is a condensation of the gases using the differ-
ence of volatility, and it needs high power consumption to liquefy
the gases to very low temperature. The second method is a mem-
brane separation using the selective transfer of molecules by the
difference of molecular size or polarity; it has difficulties in making
a membrane with a high selectivity for certain molecules. When the
membrane is used for a long time, the surface of the membrane can
be deteriorated or the pores can be plugged. The third method is an
adsorption of molecules based on the difference of affinity between
gas and solid molecules. PSA (pressure swing adsorption) and VSA
(vacuum swing adsorption) are the typical adsorption processes [1,
3,4]. For the purpose of PFC recovery, most researches have con-
centrated on the condensation and membrane separation processes,
and a few researches have been reported on the adsorption pro-
cesses. The power consumption of the adsorption process is rela-
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tively low, and the process can be operated without maintenance
because of the long adsorbent lifetime [5-8].

Since research on PFC adsorption is in the primary stage, the se-
lection of the proper adsorbent is required in the early stage. Iso-
therms are obtained from the equilibrium adsorption data, and adsorp-
tion parameters can be determined [9-15]. In order to design the ad-
sorption bed, the dynamic behavior inside the bed must be under-
stood by modeling and simulation. After adsorptive separation, PFC
gases can be decomposed by plasma processing [16,17].

The objective of this study is to obtain adsorption and desorp-
tion characteristics to develop a process of PFC recovery in a type
of cyclic operation. The adsorption profile of CF, inside the adsorp-
tion bed was examined by a dynamic adsorption experiment, and
the desorption behavior of the strong adsorbate was examined by
using the method of evacuation and purge of weak gas.

THEORY

The Langmuir isotherm was derived with the assumption of mono-
layer adsorption, uniform surface, no attraction between adsorbed
molecules, and no mobility of adsorbed molecule:

_bq,.P
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As P becomes very small, the equation is close to Henry’s law
of g=KP (K=bq,,.,). As P becomes very large, q=q,,,. The Lang-
muir constant b can expressed by an Arrhenius equation,
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The adsorption is an exothermic reaction, and the sign of AH is
minus. As the temperature increases, the value of b decreases. The
temperature dependence of g, is
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The Langmuir isotherm of multicomponent adsorption can be ex-
tended as

bi max. iPi
qp= DesiPs @
1+>bP,

Jj=1

This equation can be used under the assumption of no interac-
tion between adsorbed molecules. Multicomponent adsorption can
be estimated from the Langmuir constant of single component [5-8].

Shock wave velocity equation was obtained from the local equi-
librium model by Suh and Wankat [18], and it was used to estimate
the breakthrough time by using the data obtained from the static
adsorption experiment. The local equilibrium model assumes a local
equilibrium between gas and solid. It neglects axial and radial disper-
sion, mass transfer resistance, and pressure drop. It also assumes an
ideal gas, constant gas velocity, and constant temperature. The solute
movement velocity can be calculated by solving the material balance
equation with the method of characteristics under constant pressure.
The shock wave velocity can be obtained with the assumption of
no accumulation at the shock wave. The velocity equation of the
shock wave can be obtained from the following equations.
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If there is no mass transfer resistance in the bed, the period of the
adsorption step can be predicted by using the shock wave velocity.

The breakthrough time of the strong adsorbate can be calculated
from dividing the bed length by the shock wave velocity. This estima-
tion could be the first guideline in developing a new process.

EXPERIMENTAL

A dynamic adsorption experiment was done to obtain the con-
centration profile and temperature change in the adsorption bed.
The feed gas was a mixture of CF, and N,. The experimental con-
ditions were room temperature (25 °C) and atmospheric pressure
(1 atm), and the bed was insulated without heating and cooling. The
process was vacuum swing adsorption (VSA), because the adsorp-
tion step was operated under 1 atm and the desorption step was op-
erated under vacuum.

The apparatus for the dynamic adsorption experiment consisted
of a feed section, adsorption section, and measurement section as
shown in Fig. 1. The adsorption bed is 100 mm long and its inner
diameter is 25 mm. The gas flow rate was controlled by mass flow
controller (MFC), and the gases were mixed in the buffer tank to
send to the inlet of the bed. The feed and product gases were analyzed
by gas chromatography with thermal conductivity detector (TCD),
silica gel column, and helium carrier gas. The analysis time was
within 2 minutes, and the gas chromatogram showed the N, peak
first and CF, peak next. The composition of product gases was an-
alyzed every 2 minutes. The pressure of the bed was measured by
a pressure transducer (PT) before and after the bed. A back pres-
sure regulator (BPR) was installed after the PT to maintain the bed
pressure constant. K type thermocouples were located at three po-
sitions of the bed to measure the temperature increase and the ther-
mal wave motion. A vacuum pump was located after the sampling
port to evacuate the bed during the desorption step. The maximum
vacuum of the pump capacity is 5% 10 torr. Activated carbon was
used as an adsorbent and the properties were particle size of 20-40
mesh, BET surface area of 633 m*g, median pore size of 5.9 A,
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Fig. 1. Experimental apparatus for dynamic adsorption.
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pore volume of 0.231 cm’/g, particle density of 1.02 g/cm?’, and bulk
density of 0.582 g/cm’.

Before the experiment, the activated carbon was evacuated under
vacuum at 150 for 10 hrs. The bed was cooled to room temperature,
and it was pressurized to 1 atm by N,. Sometimes, different gases
were used instead of N, to test the effect of the gas. The flow rates
of CF, and N, were controlled by mass flow controllers. The total
flow rate of the feed gas was regulated to 100 ml/min (STP), and
the concentration of CF, was above 1%. Before the experiment,
the concentration of the feed gas was analyzed with a gas chro-
matograph by opening a bypass line. The adsorption experiment
was started by closing the bypass line and opening the valves of
the adsorption bed. The flow of feed gas was stopped when the ad-
sorption bed was saturated with the feed gas.

After the adsorption, the flow direction inside the bed was reversed
to perform the desorption experiment. During the vacuum desorp-
tion step, one valve of the bed was closed and the other valve was
opened, while the bed was evacuated by the vacuum pump. For
the purpose of purge, N, was used as a purge gas. The effect of the
purge gas amount was observed with changing the N, flow rate.
The concentration of the desorbed gas was analyzed every 2 minutes.
There was no heating and cooling during the adsorption and des-
orption steps. The temperature changes during the adsorption and
desorption were measured by three thermocouples at the bed.

RESULTS AND DISCUSSION

1. Adsorption of CF,

The static adsorption amount was measured at 30 °C, 50 °C, and
70 °C under pressure from 0 psia to 30 psia. The adsorption amounts
of CF, and N, on activated carbon are shown in Fig. 2. The data
points are the experimental data and the solid lines are obtained from
the fitting of the Langmuir isotherm [15]. The parameters in Egs.
(2) and (3) of CF, adsorption on activated carbon are obtained from
the fitted data. AH is —4.902 kJ/mol, by is 1.124x10° kPa’!, q, is
1.35x10° mol/g-K", and m is 3.189. These parameters are used in
Eq. (8) to estimate the breakthrough time. The temperature change
in the bed was smaller than 1 °C under the experimental conditions.

® 30

q(mol/Kg)

240
p(kPa)

Fig. 2. Adsorption amount of CF, and N, on activated carbon 20
to 40 mesh at various temperatures.
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Fig. 3. Breakthrough curves of 1% CF, with various pressuriza-
tion methods.

Therefore, isothermal operation could be assumed.

The breakthrough curves were observed depending on pressur-
ization conditions. Three pressurization conditions were compared:
N, pressurization, feed pressurization, and no pressurization. N, pres-
surization is a method which uses the weak adsorbate product ob-
tained during the adsorption step. Feed pressurization is used when the
amount of strong adsorbate in feed is much more than the amount
of weak adsorbate or recycled amount of weak adsorbate in multi-
bed process is small. In the no-pressurization method, there is no
separate pressurization step. The feed step starts right after the de-
sorption step terminates. The feed gas is introduced to the bed and
the product gas comes out of the bed, simultaneously. The pressure
in the bed increases to high pressure slowly as compared with the
other pressurization methods. The no-pressurization method is simi-
lar to the feed pressurization method in the sense that there is no
introduction of the weak adsorbate for pressurization of the bed.

The breakthrough curves of 1% CF4 with various pressurization
methods are shown in Fig. 3. N, pressurization shows long break-
through time and a steep slope. Long breakthrough time means that
the amount of adsorbate is large. Steep slope means that the mass
transfer zone (MTZ) in the bed is small and the adsorption is very
effective. Strong adsorbate does not enter into the bed during the
N, pressurization, so the adsorption amount becomes large. The
adsorption of strong adsorbate occurs during the feed pressuriza-
tion, and the adsorption amount is reduced during the adsorption
step. The slope of the breakthrough curve with no separate pressur-
ization is between the slopes of the breakthrough curves with feed
pressurization and N, pressurization. During the feed pressurization
step, CF, enters the bed resulting in smooth adsorbate front. From
these phenomena N, pressurization was determined to be the effec-
tive method. In order to design a continuous process of high pro-
ductivity, the N, pressurization method could be employed instead
of feed pressurization for a mixture of feed gas of CF, and N.,.

The effect of CF, concentration on the breakthrough time is shown
in Fig. 4. Feed concentration was changed to 1%, 2%, 3%, 5%, and
10%. As the concentration of CF, becomes high, the breakthrough
time becomes short. This implies non-linear properties of adsorp-
tion isotherm. Breakthrough time was calculated from the theory of
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Fig. 4. Breakthrough curves of CF, and estimation of breakthrough
time with various CF, feed compositions.

the shock wave velocity equation. Since the local equilibrium model
does not consider the mass transfer and diffusional resistance, the
concentration profile maintains a sharp shape until breakthrough oc-
curs. However, in real systems the concentration profile is affected
by the mass transfer and diffusion, resulting in an S-shape. If the
concentration profile is concentric, the time at y/y,=0.5 is the same
as the breakthrough time of the vertical concentration profile. In
Fig. 4, experimental breakthrough curves are shown with the break-
through times estimated by the local equilibrium model. Experimen-
tal and estimated values are similar for CF, adsorption. However,
changes of the breakthrough times with CF, concentration were more
significant in the experiment than in the prediction by the local equi-
librium model. Therefore, mass transfer effects should be considered
for modeling of the process in detail.

2. Desorption of CF,

Changes of concentration and temperature were observed dur-
ing the desorption step, which included blowdown step and purge
step. The blowdown step was operated at a pressure below 1 atm.
The enrichment factor (E) is the ratio of strong adsorbate concen-
tration in the desorption product to that in the feed gas. It could be
used to measure the ability of separation.

E(enrichment factor) = Yiou ©)
Yifeea
As the enrichment factor becomes high, the mixture gas can be sep-
arated easily and the recovery of the desired component becomes
larger.

The bed was initially saturated with CF, gas before the desorp-
tion experiment was performed. Feed concentrations of CF, were
1%, 3%, 5%, and 10%. The desorption step was N, purge with evac-
uation. The enrichment factor becomes high when the feed con-
centration of CF, is low as shown in Fig. 5. This result explains that
a small change of strong adsorbate concentration in the low con-
centration range gives large changes of adsorbed amount. This is
one indication of the nonlinearity of the adsorption curve. Never-
theless, the concentration of the outlet gas was high when the con-
centration of feed gas was high. The time for complete desorption
was almost the same at four different feed concentrations. Therefore,
in commercial operation it is not necessary to change the period of

—e— 1% CF,
—= 3%CF,
—b— 5% CF,
—o— 10% CF,

Time (min)

Fig. 5. Desorption curves according to various CF, feed composi-
tions with N, purge rate of 30 ml/min under vacuum.
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Fig. 6. Desorption curves of CF, according to various N, purge rates
under vacuum for the feed composition of 1% CF,.

vacuum desorption when the feed concentration in upstream gas
varies. It follows from this result that the diffusion rate inside the
particle during desorption primarily depends on the evacuation force
rather than on CF, concentration.

Desorption curves according to the purge gas flow rate after 1%
CF, adsorption step are shown in Fig. 6. The pressure in the bed
was increased with the increase of the purge flow rate because the
bed was evacuated with the vacuum pump. As the N, purge flow
rate increased, the enrichment factor became small due to dilution
effect. However, the increase of the purge flow rate reduced the de-
sorption time. High flow rate around particles facilitated the mass
transfer of CF,.

Figs. 7 and 8 show the desorption curves of CF, with separate
blowdown and purge step. The bed was cleaned with weak adsor-
bate during the purge step. In Fig. 7, desorption curves of CF, with
various N, purge rate are shown for the feed composition of 1%
CF,. For desorption, 20 min of vacuum blowdown was followed
by N, purge under vacuum. The enrichment factor was dropped
right after vacuum blowdown due to the introduction of purge gas

Korean J. Chem. Eng.(Vol. 25, No. 6)
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Fig. 7. Desorption curves of CF, with various N, purge rate for the

feed composition of 1% CF,; 20 min of vacuum blowdown
followed by N, purge under vacuum.
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Fig. 8. Desorption curves of CF, with various vacuum blowdown
times for the feed composition of 1% CF, and N, purge rate
of 30 ml/min; vacuum blowdown followed by N, purge un-
der vacuum.

resulting in dilution. As the purge gas flow rate increased, the enrich-
ment factor became smaller and the desorption time became shorter.
This result obtained for the case of purge after pure evacuation is
consistent with Fig. 6 where simultaneous operation of evacuation
and purge is employed. If desorption by evacuation is insufficient
for complete desorption, the purge gas flow rate has the same effect
regardless of the type of desorption operation.

Desorption curves of CF, with various vacuum blowdown time
for the feed composition of 1% CF, and N, purge rate of 30 ml/min
are shown in Fig. 8. As vacuum blowdown time increased without
the purge gas, more CF, was desorbed from the adsorbent, leading
to a high enrichment factor. The time between the start and end of
purge for complete desorption was almost the same for three differ-
ent vacuum blowdown times. As a result, operation of short vac-
uum blowdown time combined with large purge rate reduces the
total desorption time.

November, 2008

The mass transfer resistance around the adsorbent particles dur-
ing the evacuation without purge gas flow is higher than that in the
following purge step where gas flow is introduced from the bed inlet.
The longer evacuation time is, the more energy is required. The lar-
ger purge gas flow rate is, the more consumption of weak adsor-
bate is required. Since PSA or VSA process is a continuous process
which has a cycle time and energy requirement for evacuation is
significant, there is a limitation of evacuation time and the purge
step is needed. Therefore, optimization of evacuation time and purge
time for a given total cycle time is very important to obtain a large
amount of pure product and to realize economic operation.

CONCLUSION

The adsorption amount of CF, and N, on activated carbon was
measured by the static adsorption of a single component. From the
adsorption experimental results it was found that CF, can be sepa-
rated from N,. The adsorption data of CF, can be fitted with the Lang-
muir isotherm. Langmuir constants were obtained from the temper-
ature variation experiment, and they can be applied to the process
design. The dynamic behavior of adsorbate in the bed was moni-
tored by adsorption and desorption experiments. N, pressurization
during the pressurization step makes the MTZ short. As the con-
centration of feed becomes high, the breakthrough time becomes
short. This is due to the non-linearity of adsorption amount versus
pressure or concentration.

The desorption of CF, was performed with vacuum desorption
and purge with vacuum together. As the concentration of feed gas
was high, the enrichment factor was low. However, the product con-
centration of CF, was high in case of high feed concentration. When
the purge gas flow rate was high, the enrichment factor was low
and the desorption time was short. The desorption time can be con-
trolled by the purge flow rate. For operation of separate vacuum
blowdown and purge steps, the time required for complete desorp-
tion during the purge step was independent of vacuum blowdown
time. Since the mass transfer resistance around the particles during
evacuation is higher than in the purge step, desorption by vacuum
blowdown alone is not appropriate from the viewpoint of econom-
ics. In order to reduce the total desorption time, a short period of
vacuum blowdown followed by the purge step is effective.
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NOMENCLATURE

: Langmuir constant [psia ']
: pre-exponential factor [psia™']
: enrichment factor
H : heat of adsorption [J/mol]
: pressure [psia]

[oxile o

S

o >

q : adsorption amount per unit mass of adsorbent [mol/g]
Qo :adsorption amount constant [mol/g-K"]
Quee - Maximum adsorption amount per unit mass of adsorbent

[mol/g]
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R : gas constant [cm*-atm/molK]

T : temperature [K]

Yizea : mole fraction of gas for i component in adsorption feed
Y. - mole fraction of gas for i component in outlet stream

Greek Letters

: relative nonlinearity

: porosity

: defined by Eq. (7)

: density

: dimensionless form of the linear adsorption coefficient in
Eq. (6)

R n MR
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