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Abstract—Adsorption and desorption dynamics of CF, on an activated carbon bed were studied experimentally and
theoretically, focusing on pressure-changing steps. The theoretical model used the ideal adsorbed solution (IAS) theory
and the linear driving force (LDF) approximation as equilibrium and mass transfer models, respectively. Adsorption
breakthrough curves of raw CF, gas (500, 1,000, and 1,500 ppm) were well predicted by the theoretical model and the
diffusion time constant for CF, was found to be 3.3x10°s™' from breakthrough curve fitting. Changes in the CF, con-
centration during depressurization could be easily predicted using the above mathematical model when the half-cycle
time (&) was above 0.1. However, significant discrepancies were observed between the predicted CF, concentrations
and the experimental data when 6, was 0.1. Nakao and Suzuki also reported that proportional constant of LDF approx-
imation (=KD,/ R;) needs to be modified when @, is less than 0.1.
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INTRODUCTION

Perfluorocarbons (PFCs) are widely used in the semiconductor
industry for cleaning and other purposes, possessing extremely high
global warming potentials that are thousands to tens of thousands
times higher than that of CO,. Accordingly, PFCs are controlled
under the Kyoto Protocol, with global efforts made to reduce their
emissions.

Carbon tetrafluoride (CF,) is a PFC widely used for cleaning in
chemical vapor deposition and semiconductor etching processes,
having a global warming potential approximately 5,700 times higher
than that of CO, and an atmospheric lifetime of ~50,000 years.
Methods of reducing CF, emissions include oxidative decomposi-
tion (e.g, combustion), catalytic and plasma oxidation, recycling
through reclamation and concentration, and substitution with alter-
native compounds.

Hou et al. [1] reported PFC decomposition by dielectric barrier
discharge plasma, while Marilena [2] studied CF, decomposition
by microwave plasma and reported that 98% of CF, in raw gas (flow
of 16 L/min) could be decomposed using a power of 1.9 kW. How
and Rung [3] conducted a study of CF, decomposition using tan-
dem packed-bed plasma (TPBP) and Sun and Park [4] conducted a
study of CF, decomposition by thermal plasma processing.

Among the above methods, decomposition of PFCs by com-
bustion is the one most extensively studied. PEC combustion sys-
tems using natural gas or hydrogen fuels exhibit decomposition
efficiencies above 90% for compounds such as C,F, and NF,. How-
ever, CF, is reported to have a low decomposition rate due to the
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considerably high C-F bond energy of 486 k]/mol.

The disadvantages of the combustion method include excessive
amounts of fuel required for decomposition and high operating
costs, since the generated HF needs to be removed by scrubbing.
Numerous catalytic oxidation studies have been conducted to over-
come these shortcomings, e.g,, Takita et al. [5] reported that CF,
can be decomposed at 973 K using mixed aluminum phosphate
and rare earth metal phosphate catalysts. However, this process
faces the problem of high-temperature catalyst stability due to the
formation of HF in the decomposition reaction. Xua et al. [6] stud-
ied the oxidative decomposition of CF, using an alumina catalyst
and investigated the hydrolytic decomposition of CF, using an alu-
mina catalyst supported on metal oxides (e.g., potassium and cop-
per oxides).

The decomposition of CF, by both plasma treatment and high-
temperature combustion (above 1,600 °C) requires a large supply
of electrical energy and fuel, increasing operating costs. Therefore,
finding ways to reduce energy consumption is important for mak-
ing these processes economically feasible. Generally, the level of PFC
emission from the electronics industry corresponds to several hun-
dreds to several thousands of ppm. The emitted PFCs contain an
excessive amount of nitrogen, since it is used for cleaning at the front
end of vacuum pumps in chemical deposition and etching processes.

In the combustion process, large amounts of energy are required
to raise the temperature of the excess N,, since the temperature of
PFCs can be raised only by simultaneously heating nitrogen. For
plasma treatment, more free radicals are required to process diluted
PFCs, leading to a larger consumption of electricity. Thus, enrich-
ment of PFCs can greatly contribute to reducing the energy con-
sumption of PFC decomposition via combustion or plasma treat-
ment.

PFCs diluted by nitrogen has been concentrated by using mem-
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brane- and adsorbent-based gas separation technologies [7,8], with
the adsorption process exhibiting significant advantages such as
the use of simple apparatus and ease of operation. These advan-
tages have already been utilized in the separation of oxygen from
air [9,10] and hydrogen from petrochemical emission gases [11-
13]. Adsorption-based separation processes can be classified as
either pressure swing adsorption (PSA) or thermal swing adsorp-
tion (TSA), depending on how the adsorbent is regenerated [14].

PSA features adsorption at high pressure, with desorption per-
formed by lowering the pressure. Therefore, the PSA process includes
pressurization and depressurization of the adsorption bed, with
parameters determined by the number of adsorption beds and the
purpose of this process. Since these pressurization and depressur-
ization steps significantly influence the overall process performance,
an accurate understanding of PSA adsorption and desorption dy-
namics is crucial for the design and optimization of this method.

Since PSA is extensively used in various industries, numerous
mathematical models have been developed to describe its dynam-
ics, being based on mass balance and energy balance equations
and adopting various forms depending on the adsorption equilib-
rium, heat transfer rate, and mass transfer rate equations [15]. For
porous adsorbents, a simple linear driving force (LDF) approxima-
tion is commonly used as the mass transfer rate equation instead
of the diffusion equation. The LDF approximation was first pro-
posed by Glueckauf [16], and its simplicity has led to its extensive
use for analyzing the PSA process. Furthermore, many studies were
performed to overcome the limitations of the LDF approximation.
Nakao and Suzuki [17] studied the mass transfer coefficient (MTC)
changes in different adsorption and desorption cycles using a sin-
gle adsorbent. Alpay et al. [18] used theoretical analysis to numeri-
cally calculate MTCs in cases where the half-cycle time of adsorp-
tion and desorption is short compared to the diffusion time con-
stant (qc:tf(De/R;)<O.1). Raghavan et al. [19] investigated the effects
of adsorption isotherm non-linearity on the MTC, whereas Liaw
et al. [20] demonstrated that the MTC initially proposed by Gluec-
kauf (k:15(De/R;)) is obtained when the adsorbate concentration
within the adsorbent can be approximated with a quadratic equa-
tion. Do and Mayfield [21] expanded Liaw’s study by deriving the
MTC with the help of concentration distribution equations with
degrees higher than two, and Kim et al. [22] proposed an improved
LDF approximation method, taking into account that the adsor-
bent surface boundary conditions change with time.

Confirming the validity of the LDF approximation during PSA
pressurization and depressurization steps is required for the use of
mathematical analysis to understand the performance of this pro-
cess. The aforementioned studies have also attempted to expand
the applicability and validity of the LDF approximation for cyclic
adsorption and desorption; however, its applicability was investi-
gated using the frozen solid approximation, which assumes that
adsorbate adsorption and desorption do not occur during pressur-
ization and depressurization [14].

Tondeur et al. [23] studied the suitability of the LDF mass trans-
fer approximation by comparing simulated concentration distribu-
tions of adsorbates obtained using diffusion and LDF models for
pressure-changing pressurization and depressurization steps. LDF
approximation applicability by actual testing has usually been con-

firmed by using an indirect method for predicting pressure changes
in the adsorption bed during pressurization and depressurization
[23-26]. Todd and Webley [27] compared and verified LDF and dif-
fusion models for a short-cycle oxygen separation process and used
an indirect method to compare the corresponding performances
for determining the accuracy of the LDF model.

Pressurization and depressurization in actual PSA processes greatly
influence their performance. However, experimental and theoreti-
cal studies analyzing the adsorption and desorption dynamics of
this process are scarce. Here, we studied the adsorption and de-
sorption dynamics of CF, on activated carbon experimentally and
theoretically as a pre-step to designing an adsorption process for
the selective removal of CF, from a mixture of CF,/N,. In particu-
lar, adsorption and desorption dynamics were studied for pressure-
changing steps, which are important for the PSA process, with the
accuracy of the LDF approximation also investigated.

EXPERIMENTAL

1. Materials

CF, (99.9 vol%) and nitrogen (99.99 vol%) were used for single-
component adsorption equilibrium measurements. For adsorption
and desorption breakthrough tests, extra pure N, (99.999%) and
mixed gas (1vol% CF, in N,) were used. All gases were obtained
from Special Gas Co., Ltd. Commercially available coconut shell
(WSC-470)-based activated carbons purchased from the Calgon
Carbon Corporation were used as adsorbents.
2. Single-component Adsorption Equilibria of CF, and N,

Single-component adsorption equilibria of CF, and nitrogen on
activated carbons (WSC-470) were characterized using a volumet-
ric adsorption equilibrium apparatus (BELSORP mini, BEL Japan,
Inc,, Japan). Experiments were conducted at pressures of 0-1 atm
and temperatures of 10, 25, 40, and 60 °C.
3. Adsorption and Desorption Breakthrough Tests

Adsorption and desorption breakthrough experiments were per-
formed using the apparatus shown in Fig. 1. A stainless steel tube
with a length of 100 cm and an inner diameter of 13 cm filled with
6.5kg of adsorbent was used as an adsorption column. A mass
flow controller (MFC) was installed to control the supply of mixed
and desorption gases, and thermocouples were placed 10, 30, 50,
70, and 90 cm from the bottom of the adsorption bed to measure
the temperature changes inside it. A back pressure regulator (BPR)
was installed on the upper part of the adsorption bed to maintain
the pressure within the bed constant during adsorption. Pressure
changes were measured using a pressure gauge installed on the
upper part of the bed. The concentration of CF, in the feed was
controlled by mixing pure nitrogen (99.999%, obtained by vapor-
izing liquid nitrogen) and the mixed gas (1 vol% CF, in N,, sourced
from a commercial supplier). A vacuum pump (Edwards XDS35i)
was connected to the bottom of the adsorption bed to enable the
investigation of desorption characteristics under vacuum. The com-
position of gases emitted during the adsorption experiment was
measured in real time using a quadrupole mass spectrometer (Omni-
Star GSD 301 O,).

Adsorption and desorption experiments were performed in the
following manner. Prior to the adsorption experiment, the adsor-
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Fig. 1. Schematic diagram of the apparatus used for breakthrough experiments.

bent was regenerated for 5h with pure nitrogen supplied at 20 L/
min under vacuum (0.05 atm). Once the regeneration process was
completed, the back pressure was controlled to raise the desired
pressure within the adsorption bed, while N, was supplied at 200
L/min. As the pressure was raised, the temperature inside the ad-
sorption bed, which had risen due to the adsorption of nitrogen,
was lowered to room temperature using a sufficient amount of
supplied N,. After the adsorption bed was sufficiently saturated with
nitrogen gas at room temperature, the valves on its top and bot-
tom were shut off.

Before the adsorption experiment, the flows of N, and CF, were
adjusted using the MFC to obtain the desired mixture composi-
tion. The composition was monitored using the mass spectrome-
ter by passing the gas through the analysis line (V1 valve (Fig. 1)
opened; flow controlled using the metering valve). Subsequently,
breakthrough experiments were conducted by passing the mixed
gas over the adsorption bed that was completely regenerated.

To investigate the adsorption and desorption dynamics in the
pressure-changing steps of the PSA process, N,/CF, mixed gas was
supplied until full adsorbent saturation. The adsorption bed satu-
rated with N,/CF, at a given pressure was depressurized to 1 atm
by opening the V8 valve, with depressurization time controlled by
a metering valve located behind the V8 valve. The changes in CF,
concentration during depressurization were analyzed by a mass
spectrometer; with samples supplied using the depressurization line.

The following experiment was performed to examine the desorp-
tion characteristics of CF, in vacuum. The adsorption bed was sat-
urated with N,/CF, (1,000 ppm of CF,) at room temperature and
a pressure of 3.2 atm. Subsequently, the V8 valve was opened for
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30's to lower the pressure to 1 atm. Then, the V3 valve was opened
for depressurization using a vacuum pump, and the V6 valve was
simultaneously opened for nitrogen purging. Purging was performed
at 40 and 60 L/min until CF, was completely desorbed, and the
changes in CF, concentration were analyzed using a mass spec-
trometer.

THEORETICAL BACKGROUND

To simulate adsorption bed dynamics, a system of related equa-
tions must be solved, such as the adsorption bed mass balance,
energy balance, adsorption rate within the adsorbent, as well as
the adsorption equilibrium for predicting adsorption isotherms.
The following assumptions were made in the employed mathe-
matical model:

(1) All gases used are ideal gases.

(2) Diffusion in the axial direction and the radial gradients of
flow rate, concentration, and temperature can be ignored.

(3) The adsorption rate is modeled by the LDF equation, fea-
turing a linear dependence on the adsorption amount.

(4) The adsorbent physical properties and rate equation param-
eters are virtually unaffected by temperature.

Based on these assumptions, the mass balance equations for all
mixed gas components and the overall mass balance equation can
be expressed as follows.

Mass balance equation for individual components:

oC,, 6(uC) L3-9 oq; _

T s e W
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Overall mass balance equation:

aC, dwQ) s 1-¢ og;

ot o TR P 0 @

When heat transfer to the adsorption bed wall is taken into account,
the atmospheric heat balance equation is expressed as follows:
oT oT
(chgC+(1—g)cpspp)a +é&c uCa— o

0q;
~3,(-AH,)(1- &) pp—+—(T T,)=0

In Eq. (3), the last term represents heat transfer to the adsorption
bed wall, and the corresponding heat balance can be expressed as:
oT,,
o0y =27, RAT=T,) 27U, Ry(T, ~ T7) 4)

The LDF model representing the rate of mass transfer to the adsor-
bent can be expressed as:

0q; =
o k(q;-q) 5)

Glueckauf [16] claimed that the overall MTC is proportional to
15(D,/R)).

Multicomponent adsorption equilibria were modeled using the
IAS theory, which can predict these equilibria based on pure-com-
ponent adsorption equilibrium data. This theory is well suited for
multicomponent adsorption equilibria, particularly for those of hy-
drocarbons. Although numerous types of pure-component adsorp-
tion equilibria can be used in the IAS theory, we used the simplest
adsorption equilibrium model, the Langmuir model, which can be
expressed as:

9.4b.P;

9= 1op, ©)

where b; and q; are parameters related to the adsorption intensity
and amount of adsorbate at saturation, respectively, with their tem-
perature dependences given by:

b=b,exp(b;/T) and q;=a;,+q; /T @)

The pressure drop within the adsorption bed was calculated using
the Ergun equation:

P

o -K,u-K,u’ (82)

K,= 2 8) 9 k-1, 75p0—% (8b)
d’p &

The following boundary conditions were used.

Adsorption:
Yi(o) t) ZYi, 2] T(O) t) :TIZ u(oa t):uI-I> P(L: t):Pad (9)

Depressurization:

u(L> t):uD:CvX(Pz:L_ atm)n> u(o) t):O) P(L> t):Parm (10)

Vacuum cleaning:
Yi(L) )=y, T(L, )=Tx u(L, )=up, u(0, t)=u,,, P(L, t)=P,,, 11)

Table 1 lists the physical properties of the adsorption bed and adsor-

Table 1. Physical properties of the used adsorption bed and adsor-
bent and parameters used in the corresponding simulations

Physical properties of bed and adsorbents

Bed inner diameter [em] 13

Bed outer diameter [em] 13.5
Bed height [cm] 100
Bed porosity [-] 0.36
Particle density [g/cm’] 0.82
Particle diameter [cm] 0.3
Wall density [g/cm’] 8.0
Gas heat capacity [cal/(mol-K)] 6.95
Adsorbent heat capacity [cal/(g-K)] 0.23
Wall heat capacity [cal/(g-K)] 0.11

Mass and heat transfer coefficients

h, [cal/(cm*s-K)] 2.1x107*
U, [cal/(cm*s-K)] 1.87x10™
Ky, [s7] 0.5
Kepy [s7'] 0.05
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Fig. 2. Adsorption isotherms of N, on activated carbon.

bent used in this study and the values of parameters used in the
corresponding simulations.

RESULTS AND DISCUSSION

1. Adsorption Equilibrium

Figs. 2 and 3 compare the adsorption isotherms of N, and CF,
on activated carbon, respectively, with the simulated results (Lang-
muir model). As is evident from these figures, activated carbon
adsorbed CF, in preference to N,. The adsorption of these species
followed the general trends of physical adsorption, with the amount
of adsorbate increasing with increasing pressure and decreasing
with increasing temperature. The obtained results confirm that these
adsorption equilibria were successfully simulated by the Langmuir
model, with the corresponding equilibrium constants listed in Table
2. These values were used to calculate the selectivity of CF, adsorp-
tion, which was maximal at 25 °C and minimal at 60 °C. The mean
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Fig. 3. Adsorption isotherms of CF, on activated carbon.

Table 2. Langmuir isotherm parameters and heats of adsorption

A 1e q;; b; o 10’ b;, —AH,

[mol/g] [mol-K/g] [mmHg'] [K] [kcal/mol]
N, 2.323 0.0 4.737 1787 3.542
CE, -2.506 1.52 60.191 1583 5.399

Table 3. Langmuir isotherm parameters

Temperature [K] q, [mmol/g] b [mmHg™] (q,xb)c/(q:xb)y,

N, 2323 2.624x107*
283.15 ~ 7.24
CF, 2.870 1.537x10
293,15 N, 2323 1.903x10™* -9
’ CF, 2.663 1.293x107 '
N, 2323 1.428x10™
313.15 » 6.64
CF, 2.208 9.980x10
35315 N, 2323 1.016x10™* 600
) CF, 2.126 6.659x107* ’

deviation between the predicted values and experimental results
equaled 0.34% for N, and 5.7% for CF,. The adsorption heats of
CF, and N, were calculated using the Clausius-Clapeyron equa-
tion. The loading ratio correlation (LRC) was used to predict the
adsorbate amount, being a non-iterative method and giving better
predictions than the Langmuir model. The adsorption heats of N,
and CF, derived from adsorption isotherms equaled 3.542 and
5.399 keal/mol, respectively:
2. Fixed Bed Adsorption Experiments

Fig. 4 displays the experimentally determined (feed flow rates of
100, 150, and 200 L/min, pressure of 3 atm, CF, concentration of
1,000 ppm) and simulated breakthrough curves. Accurate predic-
tions of binary adsorption equilibria are required to predict the
adsorption dynamics. As mentioned, the binary adsorption equi-
libria in this study were modeled using the IAS theory based on
pure-component adsorption equilibria of N, and CF, as long as it
was possible. As shown in Fig. 4, the simulated breakthrough curves
well matched the experimental ones for all feed flow rates, con-
firming that the IAS theory could accurately model the adsorption
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Fig. 5. Effect of CF, concentration in the feed on breakthrough
curves (feed flow rate, 200 /min; adsorption pressure, 3 atm).

equilibrium of CF, in the CF,/N, binary system. Although not shown
in the figure, hardly any temperature changes were observed in the
bed during the adsorption experiment, indicating that the concen-
tration of adsorbed CF, was low even at 1,000 ppm, just as the cor-
responding heat of adsorption was.

The time required for the concentration of CF, in the down-
stream emission gas to drop to 10 ppm at N, flow rates of 100, 150,
and 200 L/min was 217, 130, and 83 s, respectively. Operating a
continuous CF, concentration process requires keeping the amount
of CF, emissions into the atmosphere to a minimum. Therefore,
the adsorption time for a continuous process must be shorter than
the aforementioned adsorption breakthrough time.

Fig. 5 shows the adsorption breakthrough curves for CF, con-
centrations of 500, 1,000, and 1,500 ppm at a feed flow rate of 200
L/min and an adsorption pressure of 3 atm. The simulated results
(also displayed in this figure) accurately predicted the experimen-
tal breakthrough curves, confirming that the IAS theory can accu-
rately predict binary adsorption equilibria of CF, in different con-
centration ranges. As shown in the figure, the stages of major CF,
mass transfer and the early breakthrough times for CF, concentra-
tions of 500, 1,000, and 1,500 ppm were almost identical for both
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simulated and experimental results, indicating that the experimen-
tal CF, transfer velocity within the adsorption bed (velocity of the
CF, concentration wave front) was constant and independent of
the CF, concentration.

3. Depressurization Experiments and Data Correlation

During PSA, the adsorbent is regenerated by changing the pres-
sure; therefore, this process must include a depressurizing step fol-
lowing adsorption. For this reason, an accurate understanding of
the corresponding adsorption and desorption dynamics is import-
ant for predicting the performance of continuous processes. For the
depressurization experiment performed in this study, the adsorp-
tion bed was saturated with feed components at a given pressure,
with depressurization rates subsequently modified to study changes
in the emitted gas composition.

The adsorbent was saturated with CF, by supplying mixed gas
with a CF, concentration of 1,000 ppm for a sufficient amount of
time at an adsorption pressure of 3 atm. Subsequently, the adsorp-
tion bed was depressurized to atmospheric temperature within
~2 min, with the corresponding pressure and temperature changes
shown in Figs. 6(a) and 6(b), respectively. Since depressurization
was achieved by opening a valve to atmosphere, the pressure dropped

3.5
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Fig. 6. Experimental and simulated (a) pressure and (b) temperature
evolution during 2-min depressurization. Simulation was per-
formed with two different n values (Eq. (10)).

rapidly at an early stage due to the large pressure difference, slow-
ing down as this difference decreased. For an accurate simulation
of this process, it was necessary to describe precisely the gas flow
change through the valve. In general, this change was estimated
using flow coefficient, as follows:

xR
chvx/\/; (12)

However, as shown in Eq. (10), the gas flow rate during depressur-
ization was assumed to be proportional to n.

Fig. 6(a) shows the results of simulating pressure changes using
Eq. (10), demonstrating that pressure changes were predicted more
accurately by n=1/5 than by n=1/2. In the latter case, the early stage
pressure drop was more rapid than that observed experimentally.
However, as the pressure approached 1atm, the corresponding
change was slower than the experimentally observed one. On the
other hand, for n=1/5, the pressure decrease was slow in the early
depressurization stage, with the overall trend being similar to experi-
mental results. Based on this, it was concluded that Eq. (12) was
suitable for predicting the gas flow rate at both ends of the valve,
not being able to describe rapid pressure changes.

Fig. 6(b) shows the experimental temperature changes within
the adsorption bed during depressurization to atmospheric pres-
sure, together with the simulated results. During a 2-min depres-
surization experiment, the adsorption bed temperature decreased
almost linearly. However, for n=1/2, a greater amount of nitrogen
was desorbed due to the more rapid pressure decrease at the early
depressurization stage. Consequently; the temperature decrease within
the adsorption bed was faster than that observed experimentally.
Moreover, as the pressure approached 1 atm, the rate of pressure
change decreased, decreasing the amount of desorbed N, and the
rate of adsorption bed temperature change. On the other hand, for
n=1/5, the slow initial depressurization rate caused a slower decline
of the adsorption bed temperature compared to the case of n=1/2.
However, although the pressure change trend was more accurately
predicted by n=1/5, the corresponding temperature decrease at the
early depressurization stage was faster than that observed experimen-
tally, slowing down as the pressure approached 1 atm. As shown in
Fig. 6(b), the experimentally determined and simulated final tem-
peratures were very similar at the end of depressurization. There-
fore, simulations were performed assuming that the flow rate through
the valve during depressurization was proportional to the pressure
difference raised to the power of 1/5.

Fig. 7(a) shows experimental and simulated CF, concentration
changes for depressurization from 3.0 atm to atmospheric pressure.
Experimental CF, concentrations increased almost linearly as the
adsorption bed pressure decreased with time, reaching ~1,940 ppm
when depressurization was close to completion. The increase in
the CF, concentration during depressurization was due to its high
adsorption selectivity, resulting in a greater amount of CF, being
desorbed per unit pressure change, compared to that of nitrogen.
The simulated CF, concentration increased almost linearly with
time and was accurately predicted for the initial depressurization
stage. According to the results shown in Fig. 7(a), the simulated
CF, concentrations accurately reproduced experimental results for
approximately the first 60 s of depressurization, subsequently drop-
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Fig.7. Change in the CF, concentration during depressurization
with (a) time and (b) bed pressure. The bed was saturated
with 1,050 ppm of CF, before depressurization.

ping below the experimental values and reaching a maximum at
1,880 ppm. As shown in Fig. 6(a), the simulated pressure trend
resembled the experimental one, but the absolute pressure values
were not identical. The desorption of CF, was caused by adsorp-
tion bed pressure changes, necessitating the examination of CF,
concentration changes as a function of adsorption bed pressure.
Fig. 7(b) shows the correlation between adsorption bed pres-
sure and CF, concentration for depressurization from 3.0 atm to
atmospheric pressure, with the CF, concentration increasing with
decreasing pressure. This increase was slow at the initial depressur-
ization stage, becoming faster with progressing depressurization,
which implies that as the pressure dropped further, the amount of
desorbed CF, per unit pressure change exceeded that of nitrogen.
Fig. 7(b) compares the simulated CF, concentration changes to the
experimental results, showing that these changes were successfully
predicted for the entire pressure range. Therefore, it was concluded
that the LDF approximation used for the simulation accurately pre-
dicted changes in the CF, concentration even for the depressuriza-
tion step. The MTC proposed by Glueckauf [16] is given by 15(D,/
R;), while Nakao and Suzuki [17] expressed MTC as a function of
the dimensionless half-cycle time (d:tc(DZfRf,)). Based on the MTC
derived from the simulated adsorption breakthrough curve, the
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Fig. 8. Effect of depressurization time and bed pressure on the con-
centration of CF,. The bed was saturated with 1,050 ppm of
CF, before depressurization.

value of DB/RIZ, for CF, was determined as 3.33x10™". For a depres-
surization time of 1205, €, equaled 0.4, and the MTC calculated
aslS(D,_,/Rf,) for 6>1 shows that it can be used to successfully
model the actual mass transfer phenomenon.

CF, concentration changes were examined for depressurization
times of 0.5, 2, and 5 min, with the results of this experiment and
the corresponding simulation shown in Fig. 8. Experimental results
reveal that the pressure-concentration curves obtained for depres-
surization times of 2 and 5 min showed similar trends. However,
when depressurization lasted 305, the CF, concentration at any
given pressure was slightly lower than that observed for 2-min and
5-min depressurizations, reaching ~1,670 ppm at the final depres-
surization pressure. This CF, concentration was significantly lower
than the approximate value of 1,950 ppm obtained for 2-min and
5-min depressurizations. Fig. 8 also shows the simulated pressure-
concentration changes, with very similar pressure-concentration
curves observed for 2-min and 5-min depressurizations. How-
ever, a pressure-concentration curve distinctly different from those
of 2-min and 5-min depressurizations was obtained for a 30-s
depressurization. When the half-cycle time was substituted for de-
pressurization time to calculate €, values of 0.4 and 1.0 were ob-
tained for 2-min and 5-min depressurizations, respectively, indi-
cating that within this range of €, the experimental pressure-con-
centration curves could be accurately modeled using the conventional
term proposed by Glueckauf, ie., 15(D,/R}) [16]. For a depressur-
ization time of 30's, 6. equaled 0.1, with accurate modeling of ad-
sorption and desorption phenomena possible using MTC=15(D,/
R;) according to Nakao and Suzuki [17]. However, as shown in
Fig. 8, the simulation failed to accurately model experimental results
in the case of a 30-s depressurization. The corresponding predic-
tions for the initial depressurization stage (up to approximately 2
atm) were quite accurate, significantly deviating from experimental
results as depressurization progressed further. This demonstrated
that for a depressurization time of 30, the rate of CF, desorption
predicted using the LDF approximation was faster than that ob-
tained experimentally. According to Nakao and Suzuki [17], for
6=0.1, the LDF approximation using 15(D,/R?) as the MTC accu-
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Fig. 9. Effect of N, mass transfer coefficient on the time dependences
of (a) pressure (b) CF, concentration; (c) the effect of N, mass
transfer coefficient on the pressure dependence of CF, con-
centration during depressurization from 3 to 1 atm (the bed
was assumed to be saturated with 1,000 ppm of CF, before
depressurization).

rately predicted the cyclic steady state derived from the diffusion
model, but failed to predict the concentration changes during the
half-cycle of adsorption and desorption. Chahbani and Tondeur
[23] compared changes in the concentration of strongly adsorbed
species during pressurization and compression calculated using
the diffusion model and the LDF approximation. According to
their results, the concentrations of these adsorbates predicted using
the LDF approximation were higher than the ones obtained using
the diffusion model, even for €>0.1. Based on the aforementioned
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Fig. 10. Effect of CF, mass transfer coefficient on the dependence of
CF, concentration on (a) time and (b) pressure during de-
pressurization from 3 to 1 atm (the bed was assumed to be
saturated with 1,000 ppm of CF, before depressurization).

results, even for §>0.1, the values predicted using MTC=15(D,/
R)) disagreed with experimentally determined ones.

The effects of MTC changes for N, and CF, during the depres-
surization step on CF, concentrations are shown in Figs. 9 and 10.
Fig. 9(a) shows the pressure change during depressurization when
the MTC of N, changed from 0.05 to 5.0 . The pressure changes
were virtually the same for MTC values of 5 and 0.55 ", but the
pressure dropped more rapidly during the initial depressurization
stage for MTC=0.05s . This was due to the desorption rate of N,
being slow for MTC=0.055", resulting in a small amount of de-
sorbed N, in the gas phase during the initial depressurization stage.
Fig. 9(b) shows the changes in the CF, concentration with depres-
surization time, with the trends for N, MTCs of 5.0 and 0.5s"
being very similar, whereas for an MTC of 0.05s ", the concentra-
tion of CF, during the initial depressurization stage was higher than
in the above two cases. As mentioned, this was due to the N, de-
sorption rate being slow at an MTC of 0.05s ", resulting in a reduced
amount of desorbed N,. However, the plot of CF, concentration
change with pressure (Fig. 9(c)) showed that the MTC of N, did
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not have a significant effect on the concentration of CF,.

Fig. 10 shows the simulated effects of the MTC of CF, on its
concentration during depressurization, obtained for 5-min depres-
surization of the adsorption bed saturated with 1,000 ppm of CF,
from 3atm to atmospheric pressure. Unlike the changes in the
MTC of N, in Fig. 9(a), those of the MTC of CF, did not affect
the trend of adsorption bed pressure change. Thus, the adsorp-
tion bed pressure changes remained the same even when the
MTC of CF, changed from 0.005 to 0.5 ', because the concentra-
tion of CF, in the mixed gas was low (several thousands of ppm),
and the amount of desorbed CF, was not large enough to affect
the pressure changes in the adsorption bed. Fig. 10 shows the changes
in CF, concentration as a function of adsorption bed pressure,
which were quite steady for the corresponding MTC values of 0.05
and 0.5s". This demonstrated that when the MTC of CF, was
equal to or greater than 0.05s ", the desorption rate reached equi-
librium almost instantaneously during 5-min depressurization.
However, when this parameter equaled 0.01 or 0.005s ", the con-
centration of CF, dropped below the feed concentration of 1,000
ppm in the initial depressurization stage, increasing afterwards.
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Fig. 11. (a) Pressure and (b) CF, concentration histories for various
N, purge flow rates during the vacaum purge (the bed was
saturated with 1,000 ppm of CF, at 3.2 atm and then depres-
surized to 1 atm in 30s).
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This is because the CF, desorption rate was much slower than that
of N,, causing CF, to be diluted by the desorbed N, in the initial
depressurization stage.
4. Vacuum Desorption Experiments and Simulations

Fig. 11 shows pressure changes within the adsorption bed and
changes in the CF, concentration in the desorbed gas observed in
vacuum desorption experiments performed after saturating the
adsorption bed with 1,000 ppm of CF, and depressurizing it from
32atm to atmospheric pressure within 30s. The above figure
shows the results obtained for vacuum desorption with simultane-
ous N, purging (40 and 60 L/min). As shown in Fig. 11(a), the pres-
sure dropped to ~0.1 atm for purging at 40 L/min and to 0.16 atm
for purging at 60 L/min. The vacuum pump used in the experi-
ment had a suction capacity of 600 L/min; however, a value of 350
L/min was used for simulations because of the possible pressure
drop caused by the vacuum tube and valve. As a result (Fig. 11(a)),
the minimum vacuum pressure corresponded to 0.13atm for
purging at 40 L/min and to 0.19 atm for purging at 60 L/min, being
slightly higher than the experimental results. Despite this, the ini-
tial desorption pressures were lower than the experimental values
for both purging rates. The inconsistent pressure trends can be ex-
plained by several reasons, including changes in the vacuum pump
suction capacity with pressure, errors in predicting the possible
amount of adsorbed N, using the IAS theory, and changes in the
MTC of N, with pressure. The exact reason should be identified
in further studies. Fig. 11(b) shows the changes in CF, concentra-
tion for vacuum desorption performed at N, purge rates of 40 and
60 L/min, with purging at 40 L/min, resulting in a roughly eight-
fold increase in the CF, concentration, with a maximum of 8,000
ppm. Purging at 60 L/min resulted in a five-fold increase in the CF,
concentration, with a maximum of 5,300 ppm. The simulated results
were similar to the experimental ones, showing peak CF, concen-
trations of 7,800 and 5,400 ppm for purging at 40 and 60 L/min,
respectively. The maximum CF, concentrations were observed when
the vacuum pressure was at its minimum in both experimental
and simulation analyses, but the time of the maximum CF, con-
centration in the experiment and simulation differed. The above
findings demonstrate that accurate predictions of pressure changes
are required to accurately model CF, concentration changes during
vacuum desorption.

CONCLUSION

As a pre-step to designing an adsorption process for concentrat-
ing CF, from a mixture of CF,/N,, we examined the dynamics of
CF, adsorption and desorption on activated carbon. In particular,
a theoretical analysis of CF, desorption dynamics during depres-
surization was performed based on experimental data and simula-
tions.

In this theoretical analysis, binary adsorption equilibria were
predicted using the IAS theory, and the mass transfer rate of each
component was calculated using the LDF approximation. This
model accurately predicted adsorption breakthrough curves for CF,
concentrations of 500-1,500 ppm and flow rates of 100-200 L/min,
showing that the IAS theory could accurately predict the binary
adsorption equilibria of CF, for a wide range of concentrations.
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To understand the desorption dynamics during depressuriza-
tion, changes in CF, concentration were analyzed during the de-
pressurization of an adsorption bed saturated with 1,050 ppm of
CF, from 3.0 atm to atmospheric pressure. Moreover, the corre-
sponding concentration changes were simulated using the LDF
model. The concentration of CF, increased slowly in the initial de-
pressurization stage, rising faster as the pressure approached 1 atm.
The effects of depressurization time on CF, concentration were
studied for the corresponding values of 30s, 2min, and 5min.
Experimentally determined concentration changes were nearly
identical for 2- and 5-min depressurizations, while the simulated
CF, concentrations were higher than the experimental ones for
30-s depressurization. This result demonstrated that MTCs obtained
from adsorption data were not directly applicable in the case of
short depressurization times (6,<0.1).

The effects of N, and CF, MTCs (varied in the ranges of 0.05-
50s " and 0.005-0.5s ", respectively) on CF, concentration during
depressurization were studied by simulation. The MTC of CF, ex-
hibited a significant effect on the concentration of the same in the
desorbed gas. When the MTC of CF, was equal to or greater than
0.05s ", the CF, concentration curves for 5-min depressurization
were fairly unchanged. However, when this parameter equaled
0.01 or 0.005s ", the concentration of CF, dropped below its feed
concentration of 1,000 ppm during the initial stage of depressur-
ization, increasing thereafter.

To characterize vacuum desorption, the adsorption bed was sat-
urated with 1,000 ppm of CF, and depressurized from 3.0 atm to
atmospheric pressure within 30's. Subsequently, N, purging (40 and
60 L/min) was performed simultaneously with vacuum desorp-
tion to analyze the CF, concentration. Both experimental and sim-
ulated CF, concentrations increased roughly eight-fold for purging
at 40 mL/min and approximately five-fold for purging at 60 L/min,
with peak CF, concentrations observed when the vacuum pres-
sure was at its minimum. However, the times when the CF, con-
centration reached its maximum were different, being shorter for
simulated results. Thus, this study opens new ways of reducing PFC
emissions and demonstrates that accurate prediction of pressure
changes is important for precise modeling of CF, concentration
changes.
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SYMBOLS USED

a; :Langmuir isotherm parameter defined in Eq. (7) [mol/g]
a, :Langmuir isotherm parameter defined in Eq. (7) [mol-K/g]
b,  :Langmuir isotherm parameter defined in Eq. (6) [atm ']
b, :Langmuir isotherm parameter defined in Eq. (7) [atm ']
b,  :Langmuir isotherm parameter defined in Eq. (7) [K]

C  :total molar concentration [mol/m’]
C,p Gy C,, : gas, adsorbent, and wall heat capacities, respectively
[cal/(g-K)]

D, :effective diffusion coefficient [cm?/s]

—AH, : average heat of adsorption [cal/mol]

h, :heat transfer coefficient of the internal wall surface [cal/(cm™
s'K)]

K,, K, : ergun equation parameters defined in Eq. (8)

L :bed length [m]

p  :total pressure [atm]

q  :amount of adsorbed i" component [mol/g]

qy; :parameter defined in Eq. (6) [mol/g]

R,  :gas constant [cal/(mol-K)]

: pressure [atm]

- atmospheric pressure [atm]

R,  :adsorbent particle radius [cm]

T  :absolute temperature [K]

Tr  :feed temperature [K]

T, :column wall temperature [K]

t : time [s]

u  :superficial velocity [cm/s]

uy  :superficial velocity of feed [cm/s]

up  :superficial velocity at bed outlet during depressurization [cm/
s]

upy  :superficial velocity of purge gas [c/s]

u,,. :superficial velocity at bed outlet during vacuum purge [cm/
s]

U, :heat transfer coefficient at outer wall surface []

y;  :mole fraction of species [-]

z :axial distance in bed from the inlet

Z  :height of packing [-]

Greek Letters

6. :half-cycle time [-]

g :bed porosity [-]

Po Pp Py - g3, adsorbent, and wall densities, respectively [g/cm’]
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