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A new method to achieve steady-state and dynamic-
tracking desorption of organic compounds from activated
carbon was developed and tested with a bench-scale
system. Activated carbon fiber cloth (ACFC) was used to
adsorb methyl ethyl ketone (MEK) from air streams. Direct
electrothermal heating was then used to desorb the
vapor to generate select vapor concentrations at 500 ppmv
and 5000 ppmv in air. Dynamic-tracking desorption was
also achieved with carefully controlled yet variable vapor
concentrations between 250 ppmv and 5000 ppmv,
while also allowing the flow rate of the carrier gas to
change by 100%. These results were also compared to
conditions when recovering MEK as a liquid, and using
microwaves as the source of energy to regenerate the
adsorbent to provide MEK as a vapor or a liquid.

Introduction
There are numerous industrial processes (e.g., coating
operations) that generate organic vapors with a wide range
of highly variable concentrations (e.g., paint spray booths).
Many of these gas streams need to be treated by devices
such as biofilters or oxidizers before the gas streams are
emitted to the atmosphere. Such variable vapor concentra-
tions make it challenging to effectively remove the vapors
from the gas streams without over-sizing the biofilter or
oxidizer to achieve a specified removal efficiency of the vapor,
or to produce more than necessary CO2 emissions from
burning excessive amounts of auxiliary fuel with a thermal
oxidizer (1-6). Combining adsorption with concentration-
controlled

desorption to an pretreat gas streams upstream of a biofilter
or an oxidizer was reviewed for a wide range of systems and
was then discussed in detail for a microwave swing adsorption
(MSA) system (7). The MSA system used activated carbon
fiber cloth (ACFC) adsorbent to remove methyl ethyl ketone
(MEK) from air streams and then steady-state tracking
desorption to provide a readily controllable feed stream of
that vapor in air at a specified concentration and a constant
gas flow rate.

In this research, a bench-scale electrothermal swing
adsorption (ESA) system (8) that was developed to capture
a wide range of organic vapors from gas streams and recover
them as a liquid stream with in-vessel condensation was
modified to allow for adsorption and then steady-state
tracking (SST) desorption of that vapor. The system was
modified to control its outlet vapor concentration during
desorption cycles based on user-defined constant or dynamic
set-points that were independent of gas flow rate or inlet
concentration for the conditions that were tested. This well-
defined concentration of organic vapor could then be treated
at low concentrations (100s ppmv) with biofiltration or at
high concentrations (1000s ppmv) by oxidation at a specified
gas flow rate (Figure 1).

Experimental Section
Experimental Setup. The bench-scale system used to evalu-
ate the performance of ESA-SST desorption consisted of a
vapor generation system, adsorption/regeneration vessel,
organic vapor detector, and a data acquisition/instrumenta-
tion control system (Figure 2). The vapor generator consisted
of a source of filtered compressed air, a custom silica gel
adsorber, a mass flow controller (Aalborg, model GFC571S),
and a syringe pump (KD Scientific, model 200) with a 100 mL
syringe (Hamilton). The adsorption/regeneration vessel
consisted of an aluminum cylinder and conical base with a
Teflon top plate. The external diameter of the vessel was
15.2 cm with a wall thickness of 1.9 cm. The cylindrical and
conical portions of the vessel were 23.5 and 8.2 cm tall,
respectively (8). The top plate was made of Teflon to ensure
electrical isolation of the ACFC during electrothermal
regeneration of the ACFC. Two annular cartridges of ACFC
(American Kynol, ACC-5092-20) with a total weight of 73.5
g were located vertically in the cylindrical portion of the vessel.
The external diameter of the cartridges was 3.1 cm with a
length of 20 cm. Temperatures of the cartridges and external
wall of the vessel were measured with Type K thermocouples
(0.0254 cm diameter, Omega Inc.) that were located at the
vertical center of the cartridges and the cylindrical portion
of the vessel’s external wall. Cartridge temperature is reported
as the mean value for the two cartridges. During the
adsorption cycle, the gas stream entered the bottom of the
vessel’s cylindrical section, passed through the cartridges in
parallel from the outside to the inside of the cartridges, and
then exited through the top of the vessel. The organic vapor
concentration was detected at the vessel’s outlet with a
photoionization detector (PID, RAE Systems Inc., PDM-10A).
Regeneration of the ACFC occurred by direct electrothermal
heating of the adsorbent while air passed from the top of the
vessel, through both cartridges from their inside to their
outside, and then exited through the bottom of the vessel.
The measured electrical power applied to the cartridges (Q̇e,m)
was determined with root mean squared voltage and current
values obtained from the fully automatic microprocessor-
based measurement and control system (National Instru-
ments Inc.) using Labview software. There was no operator
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intervention of the data acquisition and control system during
the adsorption or regeneration tests.

Methodology. The syringe pump injected liquid MEK
(HPLC grade, >99% purity, Sigma Aldrich) into the dry and
clean air stream to generate the vapor-laden gas stream that
contained the specified concentration of MEK. A material
balance for the MEK and air streams was used to calibrate
the PID with multi-point calibrations at the gas flow rates
used to complete the ESA-SST tests. The outlet gas stream
was diluted with dry/clean air during the desorption cycles
at high concentration (5000 ppmv) and the dynamic tracking
test to prevent saturation of the PID sensor.

All adsorption tests were performed at an inlet air flow
rate of 100 slpm (standard liters per minute, at standard

temperature and pressure, STP ) 0 °C, 101 kPa) and 500
ppmv of MEK. Nominal laboratory conditions were 25 °C
and 98 kPa. The gas stream initially bypassed the vessel before
each adsorption test, until the MEK concentration in the air
stream achieved its specified steady-state value. The adsorp-
tion cycle then occurred with the MEK-laden gas stream
passing through the vessel until the vessel’s adsorbent was
>98% saturated with MEK. The total amount of MEK
adsorbed at saturation was estimated by multiplying the
amount of time to achieve 50% breakthrough curve by the
mass feed rate of MEK vapor flowing into the system.

SST desorption tests were performed at an air flow rate
of 20 slpm for the 500 ppmv MEK test and 10 slpm for the
5000 ppmv MEK test. The dynamic-tracking desorption test

FIGURE 1. ESA-SST pretreatment system upstream of a biofilter or oxidizer.

FIGURE 2. Bench-scale ESA-SST system.
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occurred with variable pre-defined set-points ranging from
250 to 5000 ppmv, and 10 or 20 slpm. The concentration of
MEK at the vessel’s outlet during the regeneration tests was
controlled with the use of proportional-integral-derivative
control of the electrical power applied to the ACFC to achieve
the desired set-point concentrations. Repetitive adsorption
and regeneration tests were performed to make sure the
results were reproducible and consistent. No deterioration
in the performance of the ACFC was noticed after 11
adsorption and steady-state regeneration tests. Performance
criteria included breakthrough times, amounts of vapor
adsorbed at breakthrough, and the temperature achieved by
the ACFC at select power settings.

The total mass of MEK that desorbed during each
desorption cycle (md) was calculated using a material balance
for the MEK

where V̇air ) flow rate of air during the regeneration cycle at
STP; P° ) standard pressure; MMEK ) molecular weight of
MEK; R ) ideal gas law constant; T° ) standard temperature,
treg ) total regeneration time; yout ) mole fraction of MEK in
the outlet gas stream; and δt ) time interval. The extent of
adsorbent regeneration (ηreg) is defined as the percent of the
initially adsorbed MEK that was desorbed during the
regeneration cycle

where mai ) amount of initially adsorbed MEK during the
preceding adsorption cycle. The extent of adsorbent regen-
eration was also characterized by assuming equilibrium
conditions, ηreg,eq, and is defined as the percent of the
adsorbed MEK that is desorbed during the regeneration cycle
assuming the MEK in the gas stream is in equilibrium with
adsorbed MEK

where mai,eq is the initial equilibrium loading of MEK from

the previous adsorption cycle, and ma,eq is the equilibrium
loading of MEK that was calculated based on the MEK
concentrations in the bulk gas stream, temperature of the
cartridge, and the Dubinin-Radushkevich (DR) isotherm
equation (12).

An energy balance for the control volume around both of
the ACFC cartridges and fittings was developed based on
Sullivan et al.’s work (9) to calculate the energy applied to
the cartridges (Q̇e,c) during the regeneration cycles (eq 4).
The energy balance considered the (1) specific heats of the
adsorbent, adsorbed MEK, cartridges’ fittings, and air; (2)
convective heat transfer; (3) radiative heat transfer; and (4)
isosteric heat of adsorption of MEK (Table 1).

The heat transfer coefficient, hc, was calculated by the same
correlation that was used by Sullivan et al. (9). The general
method to calculate the radiation shape factor, Fc-w, was
provided by Mills (11). The temperature of the cartridges’
fittings and the cartridges were assumed to be the same.

The absolute relative difference (ARD) is used to compare
the difference between two relevant properties and is defined
by:

where N is the total number of corresponding data points,
and x(1) and x(2) represent corresponding properties of interest.

Results and Discussion
The MEK concentration at the outlet of the vessel and the
corresponding set-point of 500 ppmv, the temperature of
the cartridges and vessel, ηreg and ηreg,eq, and Q̇e,m and
cumulative energy during SST desorption are described in

TABLE 1. Parameters Used for the ESA-SST System’s Energy Balance

parameter description value unit

mACFC total mass of adsorbent cartridges 73.53 g
cp,ACFC heat capacity of adsorbenta 0.971 (11) J g-1 K-1

mMEK mass of MEK remaining in the adsorbent f(t) g
cp,MEK heat capacity of liquid MEK 2.19 (9) J g-1 K-1

mfittings total mass of the fittings 366 g
cp, fittings heat capacity of the fittings 0.47 (11) J g-1 K-1

T temperature of the cartridges f(t)b K
t time - s
Mair molecular weight of air 28.97 g-mol-1

Tin temperature of air at the inlet of the vessel 298 K
cp, air heat capacity of air f(T) J g-1 K-1

hc convective heat transfer coefficient f(T) (9) W m-2 K-1

Ac external surface area of cartridges 0.039 m2

Tw temperature of vessel wall f(t) K
σ Stefan-Boltzmann constant 5.667 × 10-8 W m-2 K-4

εACFC emissivity of ACFC 0.9 (9) -
εw emissivity of vessel wall 0.09 (10) -
Fc-w radiation shape factor 0.922 -
Aw internal area of the vessel wall 0.0982 m2

∆Hads isosteric heat of adsorption 700 (18) J g-1

ṁMEK mass flow rate of desorbed MEK f(t) g s-1

a Same as graphite. b Varies with time.

Q̇e,c ) (mACFCcp,ACFC + mMEKcp,MEK + mfittingscp,fittings)
dT
dt

+

V̇airP
oMAir

RTo ∫Tin

T
cp,airdT + hcAC(T - Tw) +

σ(T4 - Tw
4)

(1 - εACFC)

εwAc
+ 1

AcFc-w
+

(1 - εw)

εwAw

+ ∆Hadsm̆MEK (4)

ARD )
1

N
∑
i)1

N [|xi
(1) - xi

(2)|

xi
(1)

× 100] (5)

md )
V̇airP

oMMEK

RTo ∑
t)0

t)treg yout

1 - yout

δt (1)

ηreg ≡ md

mai
× 100 (2)

ηreg,eq ≡ mai,eq - ma,eq

mai,eq
× 100 (3)
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Figures 3a-d, respectively. The measured MEK outlet
concentration was 496 ( 3 ppmv (average ( standard
deviation). The ARD between the set-point and the measured
MEK concentration was 0.94%. Temperature of the adsorbent
increased from 25 to 100 °C because of the additional energy
applied to the cartridges to maintain the constant outlet
concentration despite the reduction in the amount of
adsorbed MEK as time elapsed during the test. The ARD of
20% between ηreg and ηreg,eq is most likely due to the
assumption of equilibrium between vapor phase and ad-
sorbed phase, possible heterogeneity within the adsorbent,

and use of the DR equation (Figure 3c). Assuming equilibrium,
conditions should be reasonable due to the ACFC’s small
fiber diameter of 12.3 ( 1 µm (13). However, adsorbate loading
and temperature may not be uniformly distributed in the
cartridges. Also, the DR equation has an ARD e 9.2% when
comparing measured and modeled equilibrium adsorption
capacities for the ACFC-MEK system between 20 and 175 °C
(12). The average Q̇e,m value was 15.5 W resulting in an energy
per unit mass of desorbed MEK of 28.6 kJ/g.

Desorption of MEK at a constant set-point of 5000 ppmv
resulted in a measured MEK outlet concentration of 4962 (
32 ppmv and an ARD of 0.8% between these two parameters

FIGURE 3. Steady-state tracking desorption test results to achieve
a MEK concentration of 500 ppmv in 20 slpm air: (a) the vessel’s
outlet vapor concentration with a set-point of 500 ppmv; (b)
temperature of the ACFC and the vessel wall; (c) extent of
regeneration of the ACFC; and (d) power and cumulative energy
deposited to the ACFC.

FIGURE 4. Steady-state tracking desorption test results to achieve
an MEK outlet concentration of 5000 ppmv at 10 slpm in air: (a) the
vessel’s outlet vapor concentration with a set-point of 5000 ppmv;
(b) temperature of the ACFC and the vessel wall; (c) extent of
regeneration of the ACFC; and (d) power and cumulative energy
deposited to the ACFC.
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(Figure 4). Maximum temperature of the adsorbent was
152 °C, which is 52 °C more than the test at 500 ppmv MEK
because more power was required to achieve a faster rate of
desorption to obtain the higher set-point concentration. The
average Q̇e,m value was 25.8 W resulting in an energy per unit
mass of desorbed MEK of 9.9 kJ/g. Although more power is
required at a higher outlet concentration, the duration of the
desorption cycle is less, and the electrical energy is 65% less
than for the 500 ppmv case. Discussion about the distribution
of energy during each desorption cycle is described later.

Results from the dynamic SST outlet concentration tests
at two air flow rates demonstrate that the system is very

responsive at controlling the concentration of MEK based
on the set-points with an ARD between the measured and
set-point concentrations of 2.8% (Figure 5a). The sharp spikes
in the middle of the plots in Figure 5 are due to the specified
air flow rate increasing by 100% and the change in the dilution
ratio for the PID. However, the controller quickly responded
to return the outlet MEK concentration to its set-point value.
The temperature of the cartridges ranged between 25 and
112 °C as Q̇e,m increased or decreased between 1.0 and 84 W.
The average Q̇e,m was 22 W resulting in an energy per unit
mass of desorbed MEK of 9.2 kJ/g.

The concentration of MEK at the outlet of the vessel was
kept below its lower flammable limit (LFL) in air during all
desorption tests. It is important to keep the concentration
of flammable vapors below their LFL if regeneration occurs
with sufficient oxygen to sustain a flame. LFL for MEK in air
is calculated by (14)

where T is the temperature of the air (°C), ∆HC is the net heat
of combustion (kcal/mol), and the subscripts define the
temperature for the LFL of MEK vapor in air. The maximum
temperature during all of the desorption tests was 156 °C.
The LFL at this temperature is 14 773 ppmv, which is 200%
higher than the maximum MEK set-point concentration of
5000 ppmv. It should be noted that MEK concentration is
higher within the ACFC’s pores than the bulk gas, but the
maximum temperature experienced by the adsorbent was
less than the autoignition temperature of 514 °C for the bulk
MEK concentration in air, and no fires were observed during
the regeneration tests.

The electrothermal/microwave swing adsorption-recovery
systems (ESA-R/MSA-R) remove organic vapors from gas
streams with ACFC and recover the vapors as liquids with
electrothermal/microwave regeneration of the ACFC with
rapid in-vessel condensation of the organic vapors (8, 9,
15, 16). This approach promotes recovery of the organic
vapors as a liquid and helps to provide a more sustainable
technology. However, when recovery with the MSA-R/ESA-R
systems is not feasible, then destroying these pollutants can
be more applicable.

The net energy consumed while regenerating ACFC when
using ESA-R, ESA-SST, MSA-R, and MSA-SST are described
in Table 2. These values are based on all the bench-scale
experimental tests. Energy applied to the ACFC for the liquid
recovery tests and the steady-state vapor generation tests
ranges from 2.5 to 24.5 kJ/g of MEK and 9.9 to 38.7 kJ/g of
MEK, respectively. These values do not provide sufficient
justification to favor one or the other method. However, liquid
recovery (ESA-R and MSA-R) of flammable vapors should
not occur in air because the vapor concentrations in the
bulk gas can exist between the upper and lower flammability
limits for the vapor. Therefore an inert gas such as N2 is used

FIGURE 5. Dynamic tracking desorption test results to achieve
MEK outlet concentrations between 250 ppmv and 5000 ppmv at 10
and 20 slpm in air: (a) the vessel’s outlet vapor concentration with
a variable set-point; (b) temperature of the ACFC and the vessel
wall; (c) extent of regeneration of the ACFC; and (d) power and
cumulative energy deposited to the ACFC.

TABLE 2. Energy Consumed for MEK Recovered as Liquid and
Vapor

desorption technique

energy/mass of adsorbate
produced as liquid (R)

or as vapor (SST) (kJ/g)

ESA-R 2.5-24.5 (8)
ESA-SST 9.9-28.6
MSA-R 6.6-19.8 (16)
MSA-SST 16.1-38.7 (7)

LFLT ) LFL25°C[1 -
0.75(T - 25)

∆HC
] (6)

VOL. 41, NO. 14, 2007 / ENVIRONMENTAL SCIENCE & TECHNOLOGY 9 5067



to displace O2 from the vessel and as a carrier gas during the
regeneration cycles. The amount of energy required by an
air compressor to generate N2 from ambient air with a
membrane-based gas separation device was 3.3 times the

total energy required to regenerate ACFC (18) for a pilot-
scale ESA-R system. Consequently, recovery of MEK as a
liquid requires 10% to 270% more energy to regenerate the
adsorbent than for steady-state desorption. These values are

TABLE 3. Advantages and Disadvantages of ESA and MSA Systems
system advantages disadvantages

ESA simple to design and operate possibility of electrical channeling depending on
the type of adsorbent and its configuration

more cost-effective not possible to achieve selective desorption
based on the system’s microwave properties

can readily use different shapes of ACFC (e.g., pleated filter,
cylinder)

MSA potential for selective desorption based on microwave properties more complicated to transform microwave
energy to thermal energy

can use different types of adsorbents (e.g., granular, fiber,
felt, cloth)

higher cost for power supply

can readily use different shape of ACFC (e.g., pleated filter,
cylinder)

FIGURE 6. Calculated and measured electrical power for the three desorption scenarios.
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considerably larger than the isosteric heat of adsorption for
the MEK-ACFC system of 0.7 kJ/g (18).

The amounts of energy consumed for the ESA and MSA
systems are of the same order of magnitude. However,
depending on the type of application one system might be
favorable over the other (Table 3). For instance, the MSA has
the potential for selective desorption based on the microwave
properties of the adsorbent and adsorbate which can enhance
the energy efficiency of the system. In contrast, the ESA system
is less complex than the MSA system and allows for direct
application of energy to the adsorbent.

Comparison of Q̇e,m to Q̇e,c resulted in ARD values <30%
between those parameters for all three types of regeneration
tests (Figure 6). The distributions of deposited energy once
80% of the MEK was desorbed from the ACFC (Figures 3-5)
were determined with integration of eq 4 (Figure 7). Sensible
heat for the gas is the largest energy term (49-76%), as it
increased with decreasing temperature and decreasing MEK
outlet concentration, but increased with increasing duration
of the desorption cycle. Convection energy was the distant
second largest term (10-18%), as it increased with increasing
temperature and increasing MEK concentration, but de-
creased with increasing duration of the desorption cycle.

These results demonstrate that steady-state and dynamic-
tracking desorption of organic vapor can be readily achieved
with ESA technology to provide a gas stream with a readily
controlled gas flow rate and organic vapor concentration,
even if there is a rapid change in total gas flow rate. The
resulting gas stream could be tailored for further processing
in a manufacturing process, or treated at a high concentration
by an oxidizer or at a low concentration by a biofilter.
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FIGURE 7. Energy distribution for steady state and dynamic tracking desorption tests.
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