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ADSORPTION AND STEAM
REGENERATION OF n-HEXANE,
MEK, AND TOLUENE ON ACTIVATED
CARBON FIBER

Jong-Hwa Kim, Yong-Ki Ryu, Seungjoo Haam,
Chang-Ha Lee,* and Woo-Sik Kim

Department of Chemical Engineering, Yonsei University,
Shinchon-dong, Seodaemun-gu, Seoul, 120-749,
South Korea

ABSTRACT

The adsorption and steam regeneration of n-hexane, MEK,
and toluene on an activated carbon fiber (ACF) were conducted for
single, binary, and ternary systems and were compared with those
on a granular activated carbon (GAC). An ACF bed showed not
only larger adsorption capacity but also faster steam regeneration
than the GAC bed. Also, the tailing effect of desorption on a GAC
loaded with polar MEK was significant compared with the result
on an ACF. Especially, after several adsorption-desorption cycles,
there was a significant drop in the adsorption capacity of the GAC
within 20% whereas the adsorption capacity of the ACF dropped
within 5%. Because adsorption affinity on the ACF became stronger
for toluene, MEK, and n-hexane in sequence, roll-up phenomena
appeared for binary and ternary systems. Because the roll-up phe-
nomenon was affected by the molar ratio (MR), the magnitude of
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264 KIM ET AL.

roll-up increased with a decrease of MR. Therefore, the adsorption
step in a TSA process could be determined largely by the behav-
ior of a weak adsorbate in the adsorption bed, whereas a strong
adsorbate could play a key role in the steam regeneration step.
However, under a high MR, both the high concentration compo-
nent and strongest adsorbed component played an important role
in steam regeneration.

Key Words:  Adsorption; Steam regeneration; ACF; MR; Roll-up

INTRODUCTION

Volatile organic compounds (VOCs) are among the most common pollu-
tants emitted by chemical process industries (CPI). Accordingly, VOC emission
control is a major portion of the CPI’s environmental activities (1). VOCs cause
ground level ozone through photochemical reaction and have been one of the
major causes of air pollution. VOCs are usually discharged in the air at a gas
phase due to their strong volatility and directly affect a laborer’s health as well
as air pollution. Current maximum achievable control technologies for VOCs are
condensation, incineration, adsorption, and absorption. Of these technologies, the
adsorption process is more common, offering some advantages over the others (2).
This process is cost effective because it is a proven and reliable pollution control
technology that has the added benefit of recovering valuable materials for reuse
(3). For many adsorption applications, both a granular activated carbon (GAC) and
an activated carbon fiber (ACF) are used (4).

ACFs provide greater ease of use than GACs because the ACFs are not
granules but can be manufactured in the form of cloth. Also, it has many favorable
characteristics such as high adsorption capacity and high mass transfer rate for both
adsorption and desorption. Because an ACF has a large specific surface area and
a pore structure with less than 2 nm micropores, its diffusion path for adsorbates
is short (5). Therefore, an ACF typically exhibits higher adsorption capacities and
faster adsorption kinetics than a GAC.

When the GAC or ACF becomes exhausted or when the effluent from the
bed reaches a maximum allowable discharged level, the spent GAC or AFC must
be processed to remove the adsorbate, which regenerates the carbon for subse-
quent use again as an adsorbent. The regeneration process can be carried out by
extraction using chemical regeneration or thermal treatments. Steam regeneration,
one of the several regeneration methods, is the most widely used in situ method
of GAC bed regeneration. Because of partial condensation and adsorption, steam
with its high heat content can provide significantly more energy to desorb the
solvent than hot inert gas does. Furthermore, adsorbed water competes with the
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solvent for pore volume of the adsorbent to enhance desorption (7). However,
although regeneration is the energy-intensive phase of an adsorption cycle, it is
rarely the time limiting step. Some fundamental researches of either theoretical or
experimental nature for steam regeneration in the GAC bed have been performed
to improve our understanding of the process (6,7).

In this study, the adsorption and steam regeneration of MEK, toluene, and
n-hexane on the adsorption bed packed with ACFs were investigated. The effects of
feed concentration, temperature, and steam flow rate were studied and the results
in the ACF bed were compared with those in the GAC bed. To understand the
effect of polarity and adsorption affinity, the adsorption and steam regeneration
experiments have been carried out for single, binary, and ternary systems. It is
desirable to have a basic understanding of the mechanisms controlling adsorption
and steam regeneration of VOCs in the ACF bed as a basis for designing reliable
and efficient adsorption process based separation devices. Therefore, the ultimate
goal of this work is to establish a feasible recovery system of VOCs in the ACF
adsorption process by steam regeneration.

MATERIALS AND EXPERIMENTAL METHODS

MEK (Reagent grade, Tedia, USA), toluene (HPLC grade, Aldrich, USA),
and n-hexane (HPLC grade, Sigma-Aldrich, USA) were selected as adsorbates.
VOC concentrations in the range of 0.078-0.708 mol/m? were tested. As adsor-
bents, a GAC (GURACOAL-GW, Kuraray Co., Japan) of uniform size obtained
by sieving and a felt-type celluose-based ACF (KF-1500, Toyobo Co., Japan) were
used in this study. The ACF and GAC were boiled in deionized and ultrafiltered
water to remove fines. To eliminate any trace of pollutants, the ACF and GAC
were kept in a drying oven for 24 h at 448 K. The results of the BET analysis
showed that only micropores (less than 20 A) were well developed in the ACF
and micropores and mesopores (20-500 A) coexisted in the GAC. The physical
properties of the ACF and GAC are listed in Table 1.

To determine dynamic behavior during adsorption and steam regenera-
tion, experimental adsorption and desorption curves were collected under various

Table 1. Properties of Adsorbents

Property GAC ACF
Approximate shape Sphere Cylinder
Average particle diameter 425 pm 17.5 pm
Specific surface area 12001300 m?/g 1440-1450 m?/g
Average micropore diameter <20 A <20 A
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loading and steam conditions. The schematic diagrams of the fixed bed apparatus
are presented in Figure 1.

The adsorption column used in this study was made of a stainless steel tube
with an inside diameter of 1.27 cm. The length of the bed packed with the same
amount of pretreated ACF and GAC, respectively, was less than 4 cm to prevent
the steam condensation in the bed. In addition, glass wool was packed on both
ends of the bed to prevent the carryover of adsorbent and the end effect. After
packing the prepared carbon in the bed, the system was filled with N, at 1 atm
to prevent surrounding air contact. Temperature in the bed was measured with
a K-type thermocouple located at the bottom of the adsorbent through the bed.
Additional thermocouples were installed in the feed or steam line to measure the
inlet temperature. To prevent condensation, all lines carrying steam or feed vapors
were heat-traced using electrical heating tapes, and the bed was insulated by glass
fiber.

Flows in the bed were upward for the adsorption experiment and downward
for steam regeneration. The feed flow rate from a VOC generator was measured
with arotameter that was precalibrated against a wet gas meter. The system pressure
was measured by pressure gauges, which were installed above and below the bed.

As shown in Figure 1, in order to provide a sufficient mixing time and prevent
condensation, a 20-liter mixing chamber was installed at the inlet of the adsorp-
tion bed with a temperature of 298 K using an electrical heater. In the adsorption
experiments, the inlet concentrations of VOCs were adjusted by diluting VOCs
generated from the generator with nitrogen in the mixing chamber. The feed was
vented until its concentration was constantly maintained at the desired value. To
prevent the change of feed concentration from a pressure drop, the identical ad-
sorption bed was equipped with a vent line. Then, this concentration was identified
several times by a GC with a flame ionization detector (FID) before feeding the
adsorption bed. The concentration of column effluent was collected at the sam-
pling port and was measured by the GC. The experiment was terminated when the
effluent concentration of VOCs became equal to the imposed concentration at the
inlet.

The saturated column previously used for breakthrough experiment was
applied for steam regeneration. After generating 373 K steam at a preheater, the
desired steam temperature was controlled by a steam generator. The steam temper-
atures were measured by the K-type thermocouples installed in the top of the bed
and the bottom of the adsorbent inside the bed. After the generated steam reached
the desired temperature and flow rate, the steam was used for the regeneration
of the bed. The steam flow rate from an electric steam generator was set with a
metering valve and measured with a balance by condensing the steam through the
condenser. Desorbed adsorbates by steam were condensed and collected in a vial
bottle filled with CS,. Then, desorbed amounts of adsorbates were measured by
the GC periodically. After removing moisture in the column at a drying oven, the
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1. Adsorption column 2. VOC generator
3. Mixing tank 4. Steam preheater
5. Steam generator 6. Sampling port
7. Thermocouple 8. Condenser
9. Pressure gauge 10. Rotameter
11. Pressure regulator 12. Backpressure regulator

13. Heating tape

Figure 1. Schematic diagram of experimental adsorption and steam regeneration
apparatus.
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adsorption capacity of regenerated adsorbents was tested through breakthrough
experiments.

RESULT AND DISCUSSION

Comparison of Adsorption Capacity between Regenerated
ACF and GAC

Figure 2 shows the comparison of the adsorption capacity between the regen-
erated ACF and GAC. After the adsorption experiment, the ACF and GAC loaded
with MEK were regenerated by steam at 393 K. As shown in Figure 2a, there was
approximately a 5% drop in the adsorption capacity of the ACF after three cycles of
regeneration. However, the difference in the adsorption capacity between the third
regeneration and the fourth regeneration was very small. In the case of the GAC,
the adsorption capacity dropped by 20% after the fourth regeneration showed a
significant decrease of adsorption capacity in the first regeneration. This signifi-
cant drop in the adsorption capacity of the GAC can be explained by irreversible
chemisorption. It is well known that there are more various functional groups in the
GAC surface than in the ACF surface, and chemisorption by interaction between
adsorbates and functional groups may occur (16,17). Moreover, the breakthrough
time of the fourth regenerated ACF bed packed with 0.6 g adsorbents was longer
than that of the third regenerated GAC bed packed even with 1.0 g adsorbents.
Also, in all cases, the breakthrough curves at the ACF bed were much steeper than
those at the GAC bed. Therefore, it implies that the ACF can be more efficiently
used for treatment and recovery of VOCs in terms of adsorption capacity.

Adsorption and Desorption of Single Component System

The effect of bed temperature on the breakthrough curves of MEK and
n-hexane was experimented. In Figure 3, because it was very difficult to make
the exact same concentration for each adsorbate run by the saturating generation
system, the feed concentration was slightly different at each run. As shown in
Figure 3, the adsorption capacity increases almost proportionally with a decrease
of temperature because physical adsorption is an exothermic process. However,
the breakthrough time of each curve is not much different in the experimental
range of temperature.

Experimental breakthrough curves for pure components on the ACF and
GAC are shown in Figure 4. The degree of separation depends on the sharpness
of the concentration wave front, also referred to as the mass transfer zone. The
sharpness of the concentration front is measured by the breakthrough curve (8). As

Copyright © Marcel Dekker, Inc. All rights reserved.
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Figure 2. Breakthrough curves of MEK on regenerated a) ACF and b) GAC. a) ACF:
0.600 g, Cj,: 0.484 gmol/m?, Flow rate: 49 ml/min. b) GAC: 0.600 g, C;,: 0.487 gmol/m?,
Flow rate: 48 ml/min.

shown in Figure 4, the lower the feed concentration, the longer the breakthrough
time in the ACF bed. Also, the breakthrough curves for all three adsorbates in the
ACF bed were steeper than those in the GAC bed. This is because adsorbates in an
ACF with only micropores reach adsorption sites through micropores without the
additional diffusion resistance of mesopores, unlike a GAC. Therefore, the ACF
provided faster adsorption and narrower mass transfer zone compared to the GAC.

When the adsorption amount of each pure adsorbate in both the ACF and
GAC was calculated from the breakthrough curve, the adsorption amount of toluene
in the ACF was about 62% higher than that in the GAC. However, the adsorption
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Figure 3. Breakthrough curves of a) MEK and b) n-hexane in ACF bed at 298 K.
a) Adsorbent: 0.600 g, Cj,: 0.147 gmol/m*, Flow rate: 40 ml/min. b) Adsorbent: 0.602 g,
Cip: 0.323 gmol/m3, Flow rate: 40 ml/min.

amount of MEK in the ACF was about 15% higher than that in the GAC. In the
case of n-hexane, the adsorption amount in ACF was slightly higher than that in the
GAC. Especially, in spite of the lower molecular weight and feed concentration of
MEK, the breakthrough time of MEK in both the ACF and GAC was longer than
that of n-hexane due to a polarity of MEK. Therefore, the higher the adsorption
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affinity, the larger the difference in the adsorption capacity between the ACF and
GAC.

The results of steam regeneration of the adsorption bed adsorbed by a sin-
gle component are shown in Figure 5. The desorption time was lengthened in
the sequence of adsorption affinity. And the dip phenomenon of the desorption
curve (13,14) was not observed due to the high heat capacity of steam. Because
the hot steam lost its energy by the cold bed and strong endothermic processes,
the desorption rate at the beginning period of regeneration was affected by a steam
flow rate in Figure 5. However, the complete desorption time in the ACF bed
was almost the same regardless of steam flow rate due to the heat transfer by
steam with the high heat capacity. The desorption of the VOC was faster in the
ACF bed than in the GAC bed due to the ACF’s unique pore structure. In all
three cases, the tailing effect was more significant at the GAC bed than at the
ACF bed.

In Figure 5a, the polar MEK in the saturated GAC bed was desorbed very
well by steam at the initial interval. However, after a short period of time, the
mass transfer zone of the desorption curve became very broad and showed a large
tail due to the high adsorption affinity on the surface of the activated carbon. The
regeneration of the ACF adsorbed by toluene in Figure Sb was almost completed
within 20 min like the result of MEK in Figure 5a even though the regeneration
rate of the ACF at the beginning period was slower than that adsorbed by MEK.
However, the toluene on the GAC bed was desorbed steadily by steam showing
the shorter desorption tail than that of MEK even though the desorption rate of
toluene was slower than that of MEK due to the strong adsorption. In Figure 5c,
the desorption of a n-hexane made a little difference according to the steam flow
rate and the adsorbent in comparison with the results of MEK and toluene, as
n-hexane is a weak and nonpolar adsorbate. In the case of toluene and MEK, the
tailing effect at the ACF bed even in the low steam rate became smaller than that
at the GAC bed in high steam flow rate. Meanwhile, the difference between the
desorption tails of n-hexane in both adsorbents was relatively very small.

From the result of steam regeneration of the adsorption bed adsorbed by a
single component, more steam and higher energy are needed for the GAC bed than
the ACF, which is adsorbed by n-hexane, MEK, and toluene to complete the regen-
eration. Therefore, in the case of these VOCs, ACF showed better characteristics
for adsorption and steam regeneration than GAC.

Adsorption and Desorption of Binary System
The shapes of the mass transfer zone in breakthrough curves for a binary

system were different from those for a single component system. The velocity
of each concentration wavefront can be determined mainly by feed rates, feed
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Figure 5. Desorption curve of a) MEK, b) toluene, and c¢) n-hexane at 393 K.
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compositions, and adsorption capacities as revealed by the equilibrium theory
(9). As shown in Figure 6, the roll-up of MEK in a MEK/toluene system was
observed due to the strong adsorption of toluene. This roll-up phenomenon was
also observed in n-hexane/toluene and n-hexane/MEK systems. The well-known
roll-up phenomenon results from the fact that weakly adsorbed components lose
their adsorption sites due to the competitive adsorption of more strongly adsorbed
components that follow the preceding wavefronts of weakly adsorbed components
(18). The desorbed adsorbates join the bulk stream and increase the concentration
more than the feed concentration.

According to these binary breakthrough experiments, an adsorption affin-
ity to an ACF was toluene, MEK, and n-hexane in sequence as expected in
Figure 4. The roll-up phenomenon was affected by molar ratio (MR) defined as
the ratio of the influent concentration of a weak adsorbent to the influent con-
centration of a strong adsorbent (10). It was found that the magnitude of roll-
up was larger at a smaller MR as clearly shown in Figures 6b and c. Also, in
MEK/toluene and n-hexane/toluene systems with a similar MR, the magnitude of
roll-up by toluene was much higher in the n-hexane/toluene system than that in the
MEK/toluene system. However, the breakthrough time of toluene was similar in
these systems.

After the bed was saturated with a binary mixture, regeneration was started
by using hot steam. As shown in Figure 7, the strong adsorbate played a key role in
the steam regeneration of the ACF because a strong adsorbate was mostly adsorbed
by displacing a weak adsorbate at the adsorption step. Also, the desorption of a
strong adsorbate by steam showed a long tail. As shown in Figure 7a in the case of a
high concentration of MEK in the toluene/MEK system, a certain amount of MEK
was adsorbed even though MEK was rolled up by toluene in the adsorption step.
However, in the n-hexane/toluene system in Figure 7b, only a fraction of n-hexane
was left in the bed after the adsorption step although a higher concentration of
n-hexane was fed to the adsorption bed. Similarly, because most of the bed was
saturated with MEK in the n-hexane/MEK system, the regeneration time depended
on the desorption of MEK in Figure 7c. Also, at less than a 1.1 g/min steam flow
rate, the desorption of solvents in Figures 7a and ¢ was hardly affected by the
steam flow rate because the hot steam lost its energy by the cold bed and strong
endothermic processes.

Adsorption and Desorption of Ternary System

As shown in Figure 8, n-hexane was the first breakthrough component fol-
lowed by MEK at close intervals, and finally, the breakthrough of toluene oc-
curred in the ACF bed. As expected in Figure 6, there was no big difference in
magnitudes of roll-up for MEK and n-hexane at similar MR (MR = 1~2). After
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—OS— MEK : Steam flow rate 0.601g/min.
—&— toluene : Steam flow rate 0.601g/min.
0.4 - —O— MEK : Steam flow rate 1.109g/min.
—E}— toluene : Steam flow rate 1.109g/min.

0515 @
\
\

0.3

0.2

Concentration ratio (G/C, )

0.1 4

0.0
Time (min.)

0.9

08 (b)
~ 0741 ! —&— n-hexane : Stema flow rate 0.281g/min,

3 | —E&— toluene : Steam flow rate 0.281g/min.

Q 0.6 - | —€— n-hexane : Stema flow rate 7.021g/min.
< | —&— toluene : Steam flow rate 7.021g/min.
°
£ 05 |
= |
=
2 044 |
[
£ !
£
1]
o
=
S
o

Time (min.)
04
©
—6— MEK : Steam flow rate 0.320g/min.
—~ 03 - —B— n-hexane : Steam flow rate 0.320g/min.
g \ | ~o— MEK : Steam flow rate 0.721g/min.
Q__ —£1— n-hexane : Steam flow rate 0.721g/min.
Qo
2
s 02
=
2
= -
£ =}
£ B
S 3
0.1 2
Z
0.0 %E‘ G5 TOT T T T T T

T T A
0 2 4 6 8 1012 14 16 18 20 22 24 26 28 30

Time (min.)

Figure 7. Desorption curve of a) MEK/toluene, b) n-hexane/toluene, and c) n-hexane/
MEK system at 393 K steam temperature.
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Figure 8. Breakthrough curve of MEK/toluene/n-hexane system under a) similar MR and
b) different MR conditions at 298 K. a) Adsorbent: 0.600 g, Cj,: 0.147 gmol/m?, Flow rate:
40 ml/min. b) Adsorbent: 0.602 g, C;,: 0.323 gmol/m3, Flow rate: 40 ml/min.

starting the breakthrough and roll-up of n-hexane, the breakthrough of MEK began
at the highest point of the roll-up of n-hexane. Then, the roll-ups of both n-hexane
and MEK decreased smoothly from the breakthrough point of toluene as shown in
Figure 8a. At a different MR with a high concentration of MEK (MR for MEK/
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Figure 9. Desorption curve of toluene/MEK/n-hexane system under a) similar MR and
b) different MR conditions at 393 K steam temperature.

toluene = 14.73, MR for n-hexane/MEK = 0.042), a significant roll-up of n-hexane
was observed by a high concentration of MEK. However, the roll-up of MEK was
not prominent in the ACF bed, as shown in Figure 8b. This wide but small roll-up of
MEK showing a plateau results from the small amount of toluene in the feed. Also,
the breakthrough time of toluene was elongated more than that in Figure 8a, due

ght © Marcel Dekker, Inc. All rights reserved.
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to the low concentration of toluene. Therefore, the wavefront of toluene proceeds
slowly and some preoccupying adsorbates, such as MEK and n-hexane, continue
to diffuse out due to a competitive adsorption until the breakthrough of toluene
occurs.

The bed saturated with a ternary mixture was regenerated by using hot steam.
By displacing n-hexane by strong adsorbates in Figures 8a and b, n-hexane was
hardly adsorbed in the ternary system, as shown in Figures 9a and b. In the case of
an adsorption bed adsorbed by a similar MR condition in Figure 9a, only a fraction
of MEK was left in the bed. And the adsorbed MEK was relatively desorbed
within a short period of time, while the adsorbed toluene was desorbed with a long
tail. However, in the case of a high concentration of MEK in the ternary system,
as shown in Figure 9b, a certain amount of MEK was adsorbed. However, the
adsorbed MEK was desorbed at the beginning of regeneration without a tail, and
the desorption of toluene showed a long tail like Figure 9a. Therefore, under the
experimental MR range in the ternary system, the adsorption step time could be
determined largely by the behavior of n-hexane in the adsorption bed due to the
early breakthrough and roll-up of n-hexane. Meanwhile, the toluene could play a
key role in the steam regeneration step time because of the slow desorption and
long tail.

CONCLUSIONS

The adsorption and steam regeneration of n-hexane, MEK, and toluene were
investigated in a fixed bed packed with activated carbon fiber (ACF). The adsorp-
tion and desorption experiments of these solvent vapors on the ACF were conducted
for single, binary, and ternary systems and compared with those on granular acti-
vated carbon (GAC).

In single component systems, due to the ACF’s unique structure with only
micropores and large surface area, the adsorption capacity of VOCs was higher
at the ACF bed than at the GAC bed, and breakthrough curve was steeper at
the ACF bed than at the GAC bed. The tailing effect of desorption on the GAC,
especially loaded with polar MEK, was significant when compared with the result
on the ACF. Also, after several adsorption-desorption cycles, the decrease of the
adsorption capacity was much larger for the GAC than for the ACF. It implies that
an ACF could be more efficiently used for VOC treatment than a GAC.

In this study, the adsorption affinity of toluene with the largest molecular
weight on both adsorbents was stronger than that of the others. However, MEK,
which is polar, showed stronger adsorption than n-hexane with a larger molecular
weight. Therefore, the roll-up phenomena appeared for both binary and ternary
systems. Because roll-up was affected by molar ratio (MR), the smaller MR made
the larger roll-up. When the adsorption in the bed occurred under similar molar
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the toluene was a key component in steam regeneration due to the roll-

up phenomena of the weak adsorbates. However, in the case of a breakthrough
under different molar ratio, both the high concentration component and strongest
adsorbed component played an important role in steam regeneration.
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SYMBOLS

C adsorbate concentration in the bulk fluid phase [gmol/m?]
G component desorbed concentration [gmol/l]
Ciniizr  1nitially desorbed concentration [gmol/1]
Ciota  total component desorbed concentration [gmol/1]
Coi weakly adsorbed species [gmol/cm3]
Coo strongly adsorbed species [gmol/cm?]
T temperature
Subscripts
in  input adsorbate concentration [gmol/m?]
out output adsorbate concentration [gmol/m?]
i component number
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