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Electrothermal desorption is an electricity-promoted desorption technology developed
only in the last decade. It is extremely efficient and straightforward when the adsorbent
is electrically conductive, since heating can be achieved by the Joule effect. The volatile
organic compound (VOC) vapors desorbing from micropores might redistribute and
condense in mesopores with high concentration, which is possible since no dilution
occurs. To study this problem, benzene and activated carbon were used as the working
system, and a theoretical analysis was developed. In a wide temperature range up to
400°C, no VOC vapor could be condensed in mesopores with the strong micropore
adsorption effect. With the weak micropore adsorption effect, however, mesopore con-
densation will occur, but it only takes place in mesopores smaller than 3 nm in diame-
ter, and the amount is generally negligible. To prevent any possible condensation, the
desorption temperature should at least equal the liquid boiling point calculated in a

2-nm capillary tube.

Introduction

As an established technology, adsorption has found wide
applications in purification and separation of gas mixtures.
For removal and recovery of the volatile organic compound
(VOC) components, adsorption on activated carbon (A.C.) is
most commonly used since the nonpolar substances have a
relatively high affinity for the hydrophobic carbons. The ad-
sorption capacity of VOC in A.C. is usually appreciable, for
example, on the order of 0.4 to 0.5 mL/g, due to the highly
developed porous structure. As an example of an industrial
application, a VOC recovery facility with a capacity of 125
kg/h in methylene chloride, 2.7 kg/h in carbon monoxide,
and traces of methanol, formaldehyde, and dichloromethyl
ether, has been installed in a company that produces herbi-
cides (Thermatrix Inc., 2001). Nevertheless, the present ad-
sorption technology is still subject to some engineering prob-
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lems, for example, the long operation time and high energy
required for the desorption operation, and in addition, recov-
ery of the VOC is still a difficult task. To develop a novel
compact plug-in adsorption device (CPAD), electrothermal
desorption should be considered as a good candidate.

Electrothermal desorption shows some distinctive advan-
tages over the conventional steam-heated method. In the lat-
ter process, steam is introduced into the system and then
comes in contact with the adsorbent. In spite of its high
heat-transfer efficiency, the negative effects are obvious
(Erpelding and Bart, 1998). Since the steam is in contact with
the cold adsorbent, water condensation will frequently occur
on the external and internal surfaces of the adsorbent. This
may seriously decrease the mass-transfer rate of VOCs from
the adsorbent to the gas phase or may even destroy the struc-
ture of the adsorbent. Moreover, contamination of water by
VOCs would give rise to some additional environmental pot-
lution.
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Electrothermal desorption is a promising new solution to
such desorption problems when electricity is employed in-
stead of steam (Petkovska et al., 1991; Bonnissel et al., 1998).
However, one should keep in mind that VOC may be con-
densed in the mesopores when it is removed from the micro-
pores. Because VOC is not diluted under electrical heating,
and its concentration can be much higher than the typical
relative pressure of 0.35, which has been considered as the
condition of condensation in the mesopore. The purpose of
this article is thus to provide an analysis of the possibility of
condensation of VOC in the mesopores when it is released
from the micropores during electrothermal desorption.

Theoretical Establishment

To establish the theoretical background for the elec-
trothermal desorption of VOC from the adsorbent, a working
system composed of benzene and activated carbon may be
considered for illustration.

Phase equilibria within the micro- and mesopores

Because the VOC molecules and the micropores are simi-
lar in size, adsorption of gases within micropores usually fol-
lows a pore-filling process rather than a surface adsorption
mechanism as described by the Langmuir or BET equations.
Instead, the Dubinin equations, especially the Dubinin—
Astakhov (DA) equation, are often employed (Dubinin, 1989;

DO, 1998)
( )n
ﬁEO

where W, is the micropore volume; A is the chemical poten-
tial defined as R, T In(p,/p); E, is the characteristic energy
and is also a measure of the interaction between the ad-
sorbate and adsorbent; n represents the reduction in free-
dom of the molecular movement due to the restriction by the
pore wall; and B denotes the similarity of VOC with ben-
zene, which is measured by the ratio of their molar liquid
volumes.

For the purpose of this work, the following model parame-
ters from Do (1998) are utilized

W =W,exp 1)

W,=0457TmL/s,  E,=17.61kI/mol,  n=1.46,

and B=1

The preceding parameter values are representative of ben-
zene adsorption over the activated carbon, since the micro-
pore volume of the activated carbon is normally between 0.25
and 0.5 mL /g, the characteristic energy is above 15 kJ/mol
for the VOC, and n is from 1 to 3, depending on the relative
magnitude of the adsorbate molecule diameter to the ad-
sorbent pore size.

However, when the pore diameter is between 2 and 50 nm,
and especially when the reduced pressure is greater than 0.35,
the DA equation is no longer valid and should be replaced by
a model in describing capillary condensation. The Kelvin
equation is the theory used to describe the gas—liquid equi-
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Figure 1. Isotherm for adsorption of VOC in the micro-
pores.

(A) Temperature against the reduced pressure; (B) tempera-
ture against the absolute pressure. Temperature: —50°C;
—=~100°C; - + + + 150°C; — - — - ~200°C.

librium within a capillary tube, but it is questionable when
the pore size is only about 2~4 nm, since the pore wall poten-
tial field will influence the equilibrium. To account for the
wall effect, the classic Kelvin equation should be modified
(Yoshioka et al., 1997)

V3o cos 0

K= RTIn(po/p) @

This correction is necessary, since thg: diameter of the ben-
zene molecule is estimated to be 5.95 A, which is not negligi-
ble when the pore diameter is only several nanometers.

For simplicity, the film thickness ¢ in Eq. 2 may be taken
as the molecular diameter of benzene, which implies that only
one layer of molecules is adsorbed onto the pore wall prior to
the capillary condensation.

The equilibrium relationships of pore filling and condensa-
tion are quite different as compared in Figures 1 and 2. In
Figure 1, which is based on the pore-filling mechanism by Eq.
1, we see that the adsorption in the micropore is insensitive
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Figure 2. Thermodynamic condition for phase transi-
tion of VOC in the mesopore.

(A) Evaporation; (B) condensation. Temperature: — 50°C;
=== 100°C; - - - 150°C; — + — - —200°C.

to the pressure of VOC, but is sensitive to the temperature.
On the contrary, in Figure 2A, which is obtained by Eq. 2, we
see that adsorption due to condensation varies considerably
with the gas-phase pressure, and the mesopore may be com-
pletely filled when the reduced pressure is over 0.95, even if
the temperature is as high as 150°C. In Figure 2B, the de-
sorption process is not simply the reverse of the adsorption,
but shows a hysteresis phenomenon. We should point out that
once the VOC condensate is produced in the capillary tube,
the evaporation will be very slow because the desorption will
be controlled by the vapor-phase diffusion. As an illustration,
the evaporation rate of benzene from a Stefan tube to a flow-
ing air stream is 4.3 mm/day (Do, 1998), which means the
desorption time spent on evaporation will be on the order of
5 to 6 h, if the carbon pellet diameter is about 1.0 mm.

Since the VOC storage in the micropore can be as high as
40% of the weight of the adsorbent, condensation will be
possible in the case of electrothermal desorption. To give an
accurate prediction, we need to make a theoretical analysis
based on the adsorbent structure as well as the adsorption
thermodynamics.
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Definition of the adsorbent pore structure

To simulate the phase transition and redistribution of the
VOC components within the activated carbon, physical prop-
erties of this adsorbent should be first given.

Since the macropore only acts as a transportation channel
rather than the effective adsorption site, a description of its
pore-size distribution is not necessary in the practical ap-
proach; therefore, a double-gamma distribution will give a
satisfactory description of the joint distribution of the micro-
and mesopores

P+ 1 a21’2+1

Py BTN /A A— Py, —asr 3
4 SVZF(PZ‘F])’. € ( )

f(r) =VS.lmr

where f(r) is the pore-size distribution density at radius r,
and the model parameters used are defined as Vs, =V, =
045 mL/g, P,=7, P,=6, a;=15nm !, and @, =3 nm~ .

The preceding parameters are regressed by fitting Eq. 3 to
the experimental data of Paulsen et al. (1999) and Mazyck
and Cannon (2000), and can be regarded as a good represen-
tative for a wide variety of activated carbons.

The average pore radius and the mean variance of the
pore-size distribution are obtained according to

P+1

- )
VP +1

5= )

The overall pore-size distribution given by this relation is
plotted in Figure 3, while the accumulative pore-volume dis-
tribution is shown in Figure 4. The total volume for pore di-
ameters less than 2 nm is 0.457 mL /g, which is used as the
value for W, in the DA equation.

Definition of the boundary between micro- and mesopores

To evaluate the respective volumes occupied by the micro-
pores and the mesopores, it is important to determine the
boundary between them. It should be noted that the defini-
tion given by the IUPAC is only specific to nitrogen at 77.34
K, and thus cannot be applied simply to the present system.

It is known that the transition from micropore to mesopore
is characterized by the occurrence of capillary condensation
when the chemical potential is reduced to a relatively low
value. Considering that the pore-size boundary is related to
the change in the adsorption mechanism, the type of the pore
can be determined from the terminal point in the adsorp-
tion—desorption hysteresis loop. Eiden and Schliinder (1990)
studied this phenomenon and introduced a new parameter,
Ag,, to denote the chemical potential at this phase transition
point. According to their study, A, was found to depend
only on the molecular size of the adsorbate, but was indepen-
dent of the adsorbent property. The boundary radius from
the micropore to mesopore is therefore obtained from a
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Figure 3. Double-gamma pore-size distribution.

modified Kelvin equation

20V

Yo cos+dy, (6)
Gr

where d,, is the molecular diameter of the adsorbate.

The prediction from Eq. 6 for benzene is plotted in Figure
5, where it is found that the r;, value decreases with an in-
crease in temperature. This can be explained by the fact that
under the same chemical potential, the VOC is easier to con-
dense under lower temperatures, and thus the critical pore
size should be correspondingly increased. It is also found that
2 nm is not the exclusive upper limit for the micropore. For
example, from 50°C to 200°C, this critical diameter changes
from 3.8 nm to 1.9 nm. This could be explained by the defini-
tion by IUPéAC, for instance, the molecular diangeter of nitro-
gen is 3.0 A, while that for benzene is 5.95 A, and corre-
spondingly the upper limits of the micropore for these two
adsorbates are 2 nm and 3.8 nm in diameter, respectively.

For the same reason, the upper limit of the mesopore do-
main is not 50 nm either, as defined by the [UPAC. Figure 6
shows the upper limit of mesopores in the meaning of capil-
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Figure 4. Integrated pore-volume distribution.
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Figure 5. Upper limit of the micropore as a function of
temperature.

lary condensation denoted by the Kelvin radius, rg, evalu-
ated from Eq. 2 for temperatures from 50°C to 200°C.

Since the mesopore volume is the volume contained be-
tween rg, and ry, it can be calculated by the following equa-
tions

Vmeso=V(rK)_V(rGr) (7)
where
rce +1,a,r) (P, +1,0,r)
V(r)=V, + = 8
D=V rpan Ty @
and
T(ab) =[x e dv 9)
0

Because rg;, and rg are not constants, the volume of VOC
condensed in the mesopores not only depends on the porous
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Figure 6. Upper limit of the mesopore as a function of
temperature.

1135



400 —————
350 i ‘.: !
3ooi P ]
w01 ;0 ]
O a0l [P ]
150] ; Do ]
100- [ .
s04!: .

400 e
350-‘——3——l A ‘

300 [ :

250 /A -
© 2004 / P ]
150 - ! ]
100 S : :
50: / ‘ _
0 / . VA .
00 02 04 06 08 10
PP,

Figure 7. Phase equilibrium between the gas and the
adsorbent.
Parameters in the DA equation: (A) W= 0457 mL/g; £, =
17.61 kl/mol; n=1.46; (B) W,=0.457 mL/g; E,=10.40
kJ/mol; n =1.10. Adsorbent condition (mL VOC/A.C.):
— 0.442; ~~- 0.40; - - - - 0.35; —-—-— 0.30.

structure of the adsorbent, but also on the temperature and
on the specific isotherm shown in Figure 2.

Results and Discussion
Redistribution of VOC among different phases

In most of the adsorption applications, the VOC concen-
tration in the gas phase to be purified is relatively low. Under
this condition, there will be no capillary condensation in the
mesopore, and only the micropore is involved for adsorption,
as can be seen in Figure 2. When the adsorbent is saturated,
it is believed the VOC in the gas phase is in equilibrium with
the adsorbed VOC in the solid phase. To give an illustration,
we assume the adsorption is performed at 20°C and under a
VOC partial pressure of 0.05 bar. From Eq. 1 with the rele-
vant parameters assumed, the adsorbed VOC amount will be
0.442 mL /g, which is only a little less than the saturated value
of 0.457 mL/g.

As the adsorbent temperature is increased for desorption,
a certain amount of VOC will leave the micropores, that is,
from the adsorbent phase to the gas phase, and a new
gas—solid equilibrium will be established at this elevated de-
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Figure 8. Phase equilibrium between the gas and con-
densed liquid residing in the mesopore of dif-
ferent sizes.

Pore diameters (nm); — 2 ——— 4; -+« 6; —+—+— 8.

sorption temperature. Simultaneously, a gas-liquid equilib-
rium will also be implicitly established between the gas and
liquid condensed in the mesopores. Since the Dubinin equa-
tion is intrinsically different from the Kelvin equation, there
may be an overlap between them in the phase diagram. If
this occurs, the gas phase will not only be in equilibrium with
the adsorbent phase in the micropore, but also in equilibrium
with the liquid phase in the mesopore.

In order to know the influence of the adsorption energy on
the redistribution of VOC between micropores and meso-
pores during the electrothermal desorption, two kinds of acti-
vated carbons are investigated. It is found that the gas—solid
equilibrium is related to the adsorbent property, as can be
observed from a comparison of Figure 7A and Figure 7B.
Obviously, the activated carbon used in Figure 7A has a
stronger adsorption effect, which is characterized by a higher
characteristic energy, E,, and a larger adsorption exponent,
n.

Figure 8 shows the relationship between the thermody-
namic condition and the maximum critical pore diameter
available for the inception of capillary condensation. Since
the upper limit for the micropore is approximately 2 nm in
diameter, there will be no condensation below this pore di-
ameter, and hence the condensation is only possible in the
region right to the 2-nm profile shown in Figure 8.

Figure 9 shows the corresponding relationship between the
temperature and relative pressure of VOC vapor under a cer-
tain amount of VOC adsorbed in the adsorbent. In Figure
9A, the solid line indicated by the Dubinin equation means
0.442 mL VOC/g A.C. can be adsorbed in the micropore if
the temperature and pressure are located on the Dubinin line.
However, any decrease in pressure or increase in tempera-
ture will make the VOC desorbed from the micropore space,
as can be deduced from Figure 7. The dashed line indicated
by the Kelvin equation gives the temperature and pressure
conditions of VOC necessary for condensation in the meso-
pore of 2 nm in diameter. Since 2 nm is the lower limit for
the mesopore, any increase in temperature or decrease in
pressure from the Kelvin line will make the VOC condensa-
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Figure 9. Equilibrium distribution of VOC between mi-
cropore and mesopore.

(A) — VOC in the micropores, W =0.442 cc/g. The DA
equation parameters: W, = 0.457 cc/g; Ey=17.61 kl/mol; n
=1.46; ———— VOC in the mesopores, the largest condensa-
tion diameter d =2 nm. (B) VOC in the micropores, W =
0.40 cc/g. The DA equation parameters: Wy = 0.457 cc/g; E,
=10.40 kJ/mol; n = 1.10; ———— VOC in the mesopores. The
largest condensation diameter d =2 nm. - - -+ VOC in the
mesopores. The largest condensation diameter d = 3 nm.

T,TC

tion impossible. Therefore, no VOC will be condensed for
this kind of adsorbent. However, when a “weak” adsorbent is
employed (Eiden and Schliinder, 1990), a somewhat different
result is obtained. As shown in Figure 9b, the condition indi-
cated by the Dubinin equation under an adsorption amount
of 0.40 mL VOC/g A.C. is equivalent to the Kelvin equation
at a pore diameter of 3 nm. Since 3 nm is above the lower
boundary of the mesopore, it is important to know whether
the VOC vapor released from the micropore can be con-
densed by the mesopores between 2 and 3 nm. It can be cal-
culated from Figure 4 that the integral pore volume in this
range is 0.069 mL /g, which is larger than the volume of 0.042
mL /g that could be released from the micropores. Therefore,
there will be 0.042 mL/g VOC condensed in the mesopore
during the electrothermal desorption. However, it just ac-
counts for 10% of 0.442 mL /g, which is the totally adsorbed
amount.
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Figure 10. Relationship between pore diameter and
evaporation temperature.

Minimum desorption temperature

To prevent any possible capillary condensation of the VOC
species inside of the mesopore, the boiling point of liquid
phase should be selected as the minimum desorption temper-
ature.

The shape of the gas-liquid interface inside of a capillary
depends on whether the outside vapor is condensed or the
inside liquid is evaporated. Since the desorption process fol-
lows a similar mechanism to evaporation, the liquid boiling
point should be predicted according to the Cohan equation
rather than the Kelvin equation (Cheng et al., 2001).

p oV 1
—= - .- 10
Po exp( RgT r) (10)

The relationsip between boiling point and the capillary size
is shown in Figure 10. As is expected, the boiling point in-
creases rapidly when the pore diameter is decreased to 2 nm.
Obviously, the boiling point of 131°C corresponding to the
2-nm tube will be the minimum desorption temperature so as
to avoid any possible condensation of benzene under an op-
eration pressure of 1.0 bar.

Conclusions

As a new kind of temperature swing adsorption (TSA)
technology, which has been developed only in the last decade,
electrothermal desorption shows distinct advantages over the
traditional methods. Based on a phase-equilibrium analysis,
the present work has established a method for evaluating the
possible redistribution of VOC in different scales of porosi-
ties. Because of the strong interaction between the VOC va-
por and the micropore as described by the Dubinin equation,
the VOC vapor can hardly condense in the mesopore under
the desorption temperature. It can be considered that this
kind of electrically based operation can greatly intensify the
VOC desorption, and the operation can also benefit from the
high concentration of VOC and zero pollution to the envi-
ronment.
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Notation

A =chemical potential, R,T In(py/p)
Ag, =chemical potential at the transition point from adsorption
to condensation
d =pore diameter, m
dy, =diameter of a molecule, m
E, = characteristic energy, J/mol
f =pore volume distribution density function
n = adsorption exponent in the Dubinin equation
p =gas pressure, bar
po =saturated gas pressure, bar
P =parameter in Eqgs. 4 and §
P, P, =parameters in Eq. 3
r =pore radius, m
F =average pore radius, m
R, =universal gas constant, J/mol-K
rx =the Kelvin radius, m
¢ = thickness of adsorbed layer, m
T =temperature, K
Vy; =molar liquid volume, mL/g
Vieso = mesopore volume, mL/g
Vs, Vs =parameters in Eq. 3
W =amount adsorbed, mL/g
W, =limiting pore volume, mL/g

Greek letters

a =parameter in Eqgs. 4 and 5
a, a, =parameters in Eq. 3

B =similarity factor in Eq. 1

8 = distribution variance, m

I' =gamma function

6 = angle of contact

o =surface tension, N/m

Literature Cited

Bonnissel, M., L. Luo, and D. Tondeur, “Fast Thermal Swing Ad-
sorption Using Thermoelectric Devices and New Adsorbent,” Proc.
Int. Conf. on Fundamentals of Adsorption, F. Meunier, ed., Paris, p.
1065 (1998).

Cheng, Z. M., A. M. Anter, and W. K. Yuan, “Intensification of
Phase Transition on Multiphase Reactions,” AIChE J., 47, 1185
(2001).

Do, D. D., Adsorption Analysis: Equilibrium and Kinetics, Series on
Chemical Engineering, Vol. 2, Imperial College Press, London
(1998).

Dubinin, M. M., “Fundamentals of the Theory of Adsorption in Mi-
cropores of Carbon Adsorbents: Characteristics of Their Adsorp-
tion Properties and Microporous Structures,” Carbon, 27, 457
(1989).

Eiden, U,, and E. U. Schiiinder, “Adsorption Equilibria of Pure Va-
pors and Their Binary Mixtures on Activated Carbon: 1. Single-
Component Equilibria,” Chem. Eng. Process., 28, 1 (1990).

Erpelding, R., and H. J. Bart, “Modelling and Pilot-Scale Experi-
ments of the Steam Desorption Process with Organic Solvents
Loaded Activated Carbon Column,” Proc. Int. Conf. on Fundamen-
tals of Adsorption, F. Meunier, ed., Paris, p. 1029 (1998).

Mazyck, D. W, and F. S. Cannon, “Overcoming Calcium Catalysis
During the Thermal Reactivation of Granular Activated Carbon
Part I: Steam-Curing Plus Ramped-Temperature N, Treatment,”
Carbon, 38, 1785 (2000).

Paulsen, P. D., B. C. Moore, and F. S. Cannon, “Applicability of
Adsorption Equations to Argon, Nitrogen and Volatile Organic
Compound onto Activated Carbon,” Carbon, 37, 1843 (1999).

Petkovska, M., D. Tondeur, G. Grevillot, J. Granger, and M. Mitro-
vic, “Temperature-Swing Gas Separation with Electrothermal
Desorption Step,” Sep. Sci. Technol., 26, 425 (1991).

Thermatrix Inc., http: / fwww.thermatrix.com/ (2001).

Yoshioka, T., M. Miyahara, and M. Okazaki, “Capillary Condensa-
tion Model Within Nano-Scale Pores Studied with Molecular Dy-
namics Simulation,” J. Chem. Eng. Jpn., 30, 274 (1997).

Manuscript received Feb. 20, 2001, and revision received Oct. 30, 2001.

May 2002 Vol. 48, No. 5

1138

AIChE Journal





