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1 Introduction

Background

Abatement of Hazardous Air Pollutants (HAPs) has become an important issue
for the U.S. Army.  Many of the top chemicals on the Army Toxic Release Inven-
tory (TRI) are volatile organic compound (VOC) HAP.  Recently, combined with
VOC emission control, HAP control became the number three ranked Army User
Compliance Requirement, due to current and forthcoming air toxic regulations.
The Army needs cost effective technologies to bring its facilities into compliance
with these regulations.  The Activated carbon fiber-cloth (ACFC) Adsorber and
Cryogenic Condenser system is a promising new technology for the control and
recycling of organic HAP such as methyl ethyl ketone (MEK) and chlorinated or-
ganics.  This research continues the work described by Rood et al. (1998).

ACFC possesses unique physical and chemical properties that make it an ideal
adsorbent for removal of gas-phase VOCs from gas streams.  ACFC can have N2-
BET surface areas > 2000 m2/g compared to 1000 m2/g for typical activated car-
bon adsorbents.  The precursor of ACFC is a phenolic resin, which is free from
impurities such as ash.  Individual ACFC fibers are ~10 µm in diameter, which
provide excellent kinetic properties.  Because of its chemical and physical prop-
erties, ACFC readily desorbs using electro-thermal treatment.  ACFC is micro-
porous and has a narrow distribution of pore sizes due to the homogenous nature
of the feedstock (Hayes 1981).  These properties give ACFC high adsorption ca-
pacities for many organic HAPs.

For example, ACFC properties are superior to conventional activated carbon ad-
sorbents in the adsorption of aldehydes and ketones, and ACFC is better suited
for use in small chlorinated organic solvent recovery systems.  Conventional
activated carbon beds are known to be susceptible to bed fires (Cheremisinoff
and Cheremisinoff 1993).  However, CERL researchers have not observed such
behavior with ACFC adsorbing MEK from air.  It is possible that ACFC has not
exhibited bed fires due to ACFC’s lack of impurities (i.e., ash) that are observed
in conventional activated carbons.  The ash may catalyze exothermic reactions,
which may lead to combustion.  ACFC’s ability to inhibit bed fires may also be
due to its physical woven form, which minimizes the formation of localized hot
spots.  Moreover, ACFC systems that recover chlorinated solvents can
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incorporate electro-thermal desorption without the need for an inert carrier gas.
This allows a compact, energy-efficient chlorinated solvent recovery system to be
constructed with electricity as the only utility required to regenerate the
adsorbent.

ACFC offers the same advantages for pollution abatement as other recovery pro-
cesses.  ACFC adsorption and recovery does not contribute to the formation of
greenhouse gases, as do methods using combustion.  Capture and recovery re-
sults in the lower total emissions than other currently acceptable methods used
to comply with 1990 Clean Air Act Amendments (CAAAs), such as the use of low-
VOC containing substitutes (USEPA 1990).  Capture and recovery methods will
become more important in the future as Maximum Available Control Technology
(MACT) standards for 188 HAPs are developed by the U.S. Environmental Pro-
tection Agency (USEPA).

MEK was selected as the target compound for this study because it is an impor-
tant and widely used solvent, and also because it is designated as one of the 188
regulated HAPs in Title III of the 1990 CAAAs, due to its impact on human
health and the environment.  In 1995, MEK ranked sixth on the list of HAPs
emitted into the environment, at nearly 27 x 106 Kg/yr for the United States
(USEPA 1998).

Objective

The overall objective of the research was to complete a bench-scale investigation
with system integration and optimization to obtain design parameters for a pilot-
scale system.  The pilot-scale system is to consist of an ACFC adsorber-cryogenic
condenser for removal and recovery of MEK or other valuable organic vapors
from industrial gas streams.

Approach

1. A new adsorption bed was designed and implemented to minimize deformation of
the walls during electro-thermal desorption of the saturated ACFC adsorbent.
Details of the new adsorption bed are provided in Chapter 2.

2. Experiments were done with the adsorber at elevated dry-bulb temperature for
initially high relative humidity (RH) conditions.  The data was used to assess the
potential for minimizing the amount of competitive adsorption that can occur by
water vapor.  Competitive adsorption by water vapor inhibits the adsorption of
HAPs and can result in freezing of the water vapor in the condenser during
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regeneration of the adsorbent.  Increasing the dry-bulb temperature decreases
RH, resulting in a decrease in ACFC’s adsorption capacity for water vapor; this
allows penetration of the water vapor during adsorption of the HAPs.

3. The entire bench-scale system was operated on a continuous basis.  Operational
parameters of the system were adjusted to carefully evaluate the algorithms and
set points used for adsorption, electro-thermal desorption, and cryogenic conden-
sation of MEK.

4. A preliminary design and cost analysis was done for a pilot-scale ACFC adsorber-
cryogenic condenser system to be operated at a U.S. Army industrial operation
facility.

Mode of Technology Transfer

It is anticipated that the results of this research will be used to develop, test, and
implement a pilot-scale ACFC adsorber-cryogenic condenser system to be oper-
ated at a U.S. Army industrial operation facility.
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2 Experimental System

Overall System Design

Figure 1 shows the bench-scale ACFC adsorption-cryogenic vapor recovery sys-
tem.  The integrated system is composed of the gas generator, the ACFC adsor-
ber, electro-thermal regeneration power supply, cryogenic condenser, analytical
instruments, and a data acquisition and control system (DACS).  During MEK
adsorption, the MEK-laden air stream passes through the ACFC bed, where the
organic material is separated from the carrier gas by adsorption.  The exhaust
gas from the adsorber is continually analyzed for the concentration of MEK by a
flame ionization detector (FID).  The exhaust gas is vented to a laboratory hood.

After the ACFC is saturated with MEK, pure N2 gas is passed through the ad-
sorption bed and electrical power is supplied to the ACFC to desorb the MEK.
The concentration of MEK in the N2 carrier gas is controlled by the electrical
power applied to the ACFC and the flow rate of the carrier gas.  The N2 gas flow
rate is fixed during individual runs, while the electrical power is controlled with
a variable voltage power supply, which receives feedback from the FID that sam-
ples the gas stream emitted from the regenerating adsorber.  The concentrated
stream of MEK then passes through tubing immersed in a cryogenic bath where

the MEK condenses and is collected in an Erlenmeyer flask.

Figure 1.  Bench-scale ACFC adsorption-cryogenic vapor recovery system.
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Simulated Gas Generation

Figure 1 also shows the gas generation system used to produce MEK in dry air.
Compressed air passed through a silica gel desiccant, a fibrous filter, and a
granular activated-carbon bed.  Combustion air from a compressed gas cylinder
for the FID was treated by a separate system (Drierite, Model L68GP).  The puri-
fied air was branched into two separate streams controlled by two mass flow con-
trollers (Tylan, Models FC-260 and FC-280).  One air stream passed through two
fritted glass bubblers that contained liquid MEK.  The bubblers were immersed
in a temperature-controlled water bath (Neslab, Model RTE-110).  The air bub-
bling through the liquid MEK became saturated.  The saturated gas stream was
then mixed with the second pure air stream to produce a gas mixture with a de-
sired MEK concentration and total flow rate.

A humidifier and hygrometer were added to the system for the 90 percent RH
tests.  The air stream passing through the bubbler that contained liquid MEK
bypassed the humidifier since the gas flow containing MEK was < 1 percent of
the total flow.  The dilution air stream passed through a custom annular humidi-
fier.  The humidifier consisted of a (2.54 cm outer diameter) stainless steel tube,
with a concentric (1.6 cm diameter) Goretex™ Teflon® membrane on the inside.
Deionized water was circulated in the annular space between the stainless steel
tube and the membrane.  The air stream passed through the inside of the tubu-
lar membrane.  The membrane permitted transport of water vapor only into the
air stream.  Heating tape surrounding the outer stainless steel tube controlled
the temperature of the liquid water, and thus controlled the partial pressure of
water vapor at the membrane’s surface.

The RH of the gas stream was determined downstream of the humidifier using a
dew-point hygrometer and Type K thermocouple.  The RH of the resulting gas
streams was controlled by adjusting the voltage applied to the heating tape
wrapped around the humidifier.

Flow rates through the mass flow controllers were verified with a flow calibrator
(BIOS International, Dry-Cal Model DC-2).  The actual concentration of the in-
fluent stream was measured using a total hydrocarbon (THC) analyzer with an
FID (MSA Inc., Series 8800).

Adsorber

The initial version of the fixed bed of ACFC contained three banks of cloth
aligned normal to the flow of the HAP laden gas stream.  The ACFC in the bed
was supported by 304 stainless steel frames.  The side walls of the fixed-bed
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adsorber were made of electrical-grade Teflon® sheets.  Each bank of ACFC
consisted of 30 pleats of cloth, for a total of 90 pleats.  The modules inside the
bed were connected electrically in series.  The total mass of ACFC in these three
modules was 19.2 g (Figure 2A).  The revised adsorber developed and tested as
part of this research was an annular cartridge-type fixed-bed configuration
(Figure 2B).

The ACFC was rolled into a hollow cylinder resembling a cartridge filter.  There
are several advantages to this configuration.  First, this configuration keeps the
ACFC out of contact with the sidewalls of the adsorber.  This eliminates localized
heating where the ACFC would otherwise be compressed onto the side walls of
the adsorber.  Also, heating during electro-thermal desorption of the ACFC
would cause deformation of the adsorber’s Teflon® walls.  The new configuration
also minimized channeling around the ACFCs.  The new configuration required
a relatively small amount of insulating material and was simple and inexpensive
to construct.  The new design was readily scalable and/or modularized.  Finally,
the new configuration allowed for a lower pressure drop across the adsorber.

Each new adsorber bed consisted of two sheets of ACFC, which were 14.6 cm by
67.3 cm.  Each cylindrical roll of ACFC had eight layers.  The mass of ACFC/
sheet was 24.0 g to 30.5 g, depending on the lot of ACFC used (Table 1).

Figure 2.  The first and second generation adsorbers.
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Table 1.  Identification and properties of the ACFC used for the specified experiments.

ACFC Type
Identification of
ACFC Lot

Surface
Area

(m2/g)

Areal
Density

(g/m3) Test Performed

5092-20 (A) 1600 153
Resistivity, single bed adsorption,
desorption

5092-20 (B) 1971 111 Resistivity

5092-20 K61031-605, (C) Na* 122
Resistivity, continuous operation,
and material balance tests

* = not available

Lot A of the ACFC was used for all adsorption and desorption tests performed
with a single adsorption bed.  Lot B was used for electro-thermal resistivity
tests.  Lot C of the ACFC was used:  (1) when two adsorption beds operated si-
multaneously for continuous operation, and (2) during the gravimetric material
balance experiments.

Electro-thermal desorption was used to regenerate the adsorption capacity of the
saturated ACFC.  Electrodes attached to the inlets and outlets of the adsorption
bed conducted electricity through the ACFC elements in series.  During the elec-
tro-thermal regeneration process, an electric current was passed through the
ACFC adsorbent.  Electrical energy was transformed to thermal energy in the
ACFC.  The adsorbed MEK molecules overcame the surface bonding energy and
were carried out of the adsorber in the N2 stream.  Consumption of energy was
minimized since electrical energy was applied directly to the adsorbent instead
of the surrounding gas stream.  The ACFC “resistor” circuit was connected to a
120 V, 60 Hz AC power supply controlled by a variable voltage transformer
(Variac) and monitored by a voltmeter and an external ammeter during manual
tests.  During automated desorption tests, the voltage was controlled by a Silicon
Controlled Rectifier (SCR).

During electro-thermal regeneration, the carrier gas was switched from air to
ultra high purity (UHP) N2 to minimize possible explosion hazards.  The flow
rate of pure N2 gas that passed through the adsorption bed was < 20 percent of
the total gas flow rate during adsorption.  Because of the low carrier gas flow
rate and the short desorption time, the MEK concentrations leaving the fixed
bed during regeneration were orders of magnitude higher in concentration com-
pared to the inlet gas concentration that existed during adsorption.  It was nec-
essary to carefully control the power applied to the ACFC and dilute the desorp-
tion stream exiting the bed with additional N2 at an 18:1 ratio prior to detection
with the FID.  Careful control of applied power and amount of dilution kept the
resulting gas stream in the FID’s calibration range.
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Condensation Unit

The previous condensation unit was a shell-and-tube counter-current cryogenic
condenser that used liquid N2 (LN2) as the refrigerant.  This is an efficient refrig-
eration strategy considering that it allows gaseous N2 to be used during electrical
regeneration.  Lordgooei et al. (1996) have shown that the volume of N2 required
for refrigeration can be balanced with the volume of N2 required as a regenera-
tion carrier gas.  In a larger-scale system, this configuration is favorable.

The LN2 condenser was replaced in the bench-scale system with a closed loop re-
frigeration system (FTS Systems FC100 immersion cooler).  Such substitution
eliminated logistical problems of the LN2 supply during extended automated
runs.  The new system chilled a 1-L bath of 70 percent commercial automobile
antifreeze and 30 percent water to a temperature sufficient to condense the
MEK.  Copper tubing with an outer diameter of 0.635 cm and length of 183 cm
was immersed in the cryogenic bath.  The bath temperature was measured and
controlled by the integrated thermocouple and PID controller of the FC100 im-
mersion cooler.  The condenser was able to cool a gas stream to thermal equilib-
rium at twice the flow rate used to regenerate the ACFC.  A 125 ml Erlenmeyer
flask was immersed in the bath to capture the MEK condensate.

Analytical Measurement Instruments

Calibration of the gas generation system, monitoring of MEK concentrations ex-
iting the adsorber, and measuring of the regeneration stream were done using
THC analyzers with FID (MSA Inc., Series 8800).  The instruments contain a
calibration routine, which involved sending a given flow rate of “zero” (or clean
carrier) gas to the FID, followed by a given flow rate of a gas stream of known
concentration.  Gas standard cylinder mixtures of 977 ppmv MEK in N2 and 4950
ppmv MEK in N2 were used for these standard gases (Matheson, Inc.).

The RH of the humidified air stream was computed with temperatures from a
dew-point hygrometer (General Eastern, Model HYGRO M1, Model 1111H
transducer) and a Type K thermocouple (Omega, Inc.).

Data Acquisition and Control System (DACS)

The DACS consists of:

•  Keithley 500 series DACS mainframe system (supporting two AIM7 thermo-
couple cards, one AIM3 high speed 10 mV to 10 V voltage card, one AOM5 +/-
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1 to 10 V high speed analog output, one AMM2 global amplifier and A/D 16
bits converter module, and an IBIN computer interface card)

•  PC computer (Gateway 586-100 MHz)
•  Omega OM9-31382AHDI voltage transducer
•  Omega OM9-31382AHDI current transducer
•  Omega CTL-050005 50:5 current transformer
•  Robicon series 440 silicon controller rectifier (SCR)
•  STACO energy variable AC voltage transformer (Variac)
•  ViewDAC data acquisition software package.

The DACS automatically measured/controlled and recorded the influent gas
temperature, the dew-point temperature, the applied voltage and current to the
adsorber during the electro-thermal regeneration, and concentrations of MEK for
the inlet gas stream during adsorption and the outlet gas stream during regen-
eration.

Theory and Experimental Procedures

Before each manual run, the FID was calibrated with MEK from a standardized
compressed gas cylinder.  An influent stream containing ~1000 ppmv was then
generated and sent to the exhaust hood until stable conditions were achieved.
The adsorber was also bypassed at the end of each run to again record the inlet
conditions.  The inlet concentrations for the beginning and end of each test were
then averaged.  The RH of the inlet gas stream was also checked during the sta-
bilization period.  The concentration of MEK exiting the bed was plotted in real-
time to the computer screen to aid in monitoring of the experiment.  The adsor-
ber was electro-thermally regenerated after it was saturated with MEK.  Desorp-
tion was considered complete when the concentration of MEK at the outlet of the
desorbing bed was < 200 ppmv.

Adsorption experiments provided data to generate breakthrough curves.  The
curves describe the change in MEK concentration of the gas stream emitted from
the adsorption bed with time when MEK is adsorbing from the inlet gas stream.
Analysis of breakthrough curves provide the total mass of MEK adsorbed, the
adsorption capacity of the ACFC, the length of unused bed (LUB), and the bed
throughput ratio (TPR).
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Equation 1 determines the total mass of MEK adsorbed by the ACFC (Msat):

( ) �
��
�

�

−
−

−
=

satt

0 out

out

in

inair
sat dt

C1
C

C1
C

T R
Q (MW) PM [Eq 1]

where:

P = the total pressure of the inlet gas stream (atm)

MW = the molecular weight of the adsorbate (g/g-mole)

Qair = low rate of carrier gas (sLpm), R is the ideal gas constant (atm-L/g-
mole-K), T is absolute temperature of the inlet carrier gas (K)

Cin = the concentration of adsorbate in the inlet gas stream (mole fraction)

Cout = the concentration of adsorbate in the exhaust gas stream (mole
fraction)

tsat = time at which Cout has reached its final, steady-state value because
the ACFC is saturated with respect to MEK.

The integral term is the area above a breakthrough curve, and has the unit of
time.

The adsorption capacity of the ACFC in the adsorption bed is the ratio of Msat to
the mass of ACFC in the adsorption bed, usually expressed in units of mg of ad-
sorbed adsorbate/g of adsorbent.

The TPR describes the percent of time the bed is on line that is influenced by the
adsorption zone.  TPR is defined as the ratio of time required to reach 5 percent
breakthrough, to the time to reach 50 percent breakthrough (Equation 2):

TPR �
t5%

t50%

��

��
�� ��

��
��100� � [Eq 2]

As TPR approaches unity, the time required to develop the mass transfer zones
becomes insignificant compared to the breakthrough time.  The LUB describes
the percent of adsorption bed that is not used due to the length of the adsorption
zone within the bed (Equation 3):

 
LUB � 1 �

M 5%

M sat

��

��
��

��

��
	�100� � [Eq 3]

where:

M5% = the mass of the adsorbate in the bed at 5 percent breakthrough

Msat = the mass of the adsorbate in the bed at saturation.
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For all desorption tests, N2 gas flow rate through the bed was 1 sLpm.  The de-
sorption stream was diluted downstream of the adsorption bed with additional
N2 gas at a ratio of 18:1 to reduce the concentration of MEK to a detectable con-
centration range for the FID.  Dilution of the gas stream during electro-thermal
desorption also prevented condensation of MEK in the sample lines downstream
of the bed.  The mass of desorbed MEK was calculated by Equation 4:

Mdesorb� � �
P (MW) QN2

R T
Cout

1 � Cout

��

��
��

��

��
	�dt

0

tfin

� [Eq 4]

where:

P = the total pressure (atm)

MW = the molecular weight of the adsorbate (g/g-mole)

QN2 = the carrier gas flow rate (sLpm)

R = the ideal gas constant (atm-L/g-mole-K)

T = the absolute temperature (K)

Cout = the concentration of adsorbate in the gas stream exiting the bed
(mole fraction)

tfin = the time at which the desorption cycle is terminated.

The desorption cycle was terminated when either the effluent concentration or
vessel temperature reached a target value corresponding to nearly complete de-
sorption.  The integral term is the area below the curve in a time vs. concentra-
tion plot, and has the unit of time.

The general equation for electrical resistivity, ρ==(ohm • length) is defined in
Equation 5 (Lordgooei et al. 1996):

R �
L

A
��
��
��

��
��
�� �� � [Eq 5]

where:

L = the length of the resistor

A = the cross-sectional area of the resistor

R = the resistance of the resistor (ohms).

The cross-sectional area of ACFC is the width times the thickness of one sheet of
cloth.  The thickness of a sheet is specific to a particular ACFC weave and areal
density.  The thickness of the ACFC sheet is considered to be of unit thickness
and is included into the resistivity factor, as follows:
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R �

L

W
��
��
��

��
��
�� ρ� � [Eq 6]

where:

the units of ρ are now ohms

W = the width of the ACFC sheet.

Resistivity is also a function of temperature.  Resistivity is typically corrected for
temperature as in Equation 7:

 
� � �o 1�� ( T � TR )� � [Eq 7]

where:

T = the temperature

TR = reference temperature

α= = the thermal resistivity factor

ρ=and ρo= the resistivity and reference resistivity with units of ohm • length,
or for ACFC units of ohm.

Resistance measurements were taken with a standard digital multimeter on
pieces of ACFC with select sizes and aspect ratios.  Electrical connections to the
ACFC were made by clamping stainless steel bars along each end of the ACFC.
Resistance measurements were obtained at room temperature and peak tem-
peratures during desorption.

Liquid-vapor equilibrium of the MEK was determined using the Wagner Equa-
tion 8 (Reid, Prausnitz, and Poling 1987):

ln 
Pvp

Pc

��

��
��

��

��
���

VPA  x +  VPB x1.5 +  VPC x3 +  VPD  x6

1- x
��
��
��

��
��
�� [Eq 8]

where:

x �1 	
T
Tc

��

��
��

��

��
��

Pvp = vapor pressure, Bar

Pc = critical pressure; for MEK = 42.1 Bar

Tc = critical temperature, K; for MEK = 536.8

T = temperature, K

VPA, VPB, VPC & VPD = Constants; for MEK = -7.71476, 1.71061, -3.6877, -
0.75169.
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3 Experimental Results and Discussion

Resistivity Results

Resistivity of ACFC as individual sheets is described by the slope of the lines
shown in Figure 3.  The Y axis represents the resistance in ohms measured for a
particular sheet of ACFC.  The X axis represents the ratio of the length of ACFC
sheet to the width of the ACFC sheet.  The length of the ACFC sheet is defined
in the direction of flow for the electrical current.  The width of the ACFC sheet is
defined in the direction perpendicular to flow of the electrical current.  Resistiv-
ity values for Lots A, B, and C were 18.055, 27.456, and 28.848 ohms, respec-
tively, as defined in Equation 6.  The areal density of Lot A was 25 percent
higher than that of lot C, which at least partially explains the 35 percent lower
resistivity for Lot A compared to Lot C.

Figure 3.  Length/width ratio vs. resistance for three ACFC lots.
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Table 2.  Resistances of the assembled beds of ACFC, Lot C.

Adsorption Bed

Resistance of ACFC,

Unsaturated, 25°C

(Ω)Ω)Ω)Ω)

Resistance of ACFC,
Saturated, 25°C

(Ω)Ω)Ω)Ω)

Resistance of ACFC,
after desorption, 100°C

(Ω)Ω)Ω)Ω)

A 8.1 7.1 5.0

B 8.4 7.4 5.0

Resistance across the adsorption bed assembled with ACFC was 5.4 ohms at
room temperature (~24 °C) for Lot A.  Table 2 lists additional resistances for the
assembled beds for Lot C.  The width of the clamps on both ends of the ACFC
bundles was ~ 4.45 cm.  After subtracting this width, the measured resistances
of the assembled bed of ACFC agree within 2 percent of the values computed by
the resistivity correlations for individual sheets shown in Figure 3.  This indi-
cates that the resistance of an assembled adsorber can be accurately predicted
from the resistance measurement of a flat sheet of ACFC.

These results also indicate that α, the thermal resistivity factor, is ~ –5.25x10-3

°C-1.  However, additional data are needed to verify this value.  The temperature
for post-desorption conditions was measured in the gas ~ 5 to 10 mm away from
the ACFC surface, and may not accurately reflect the temperature of the ACFC
itself.  The adsorbed MEK appears to decrease resistance of the unsaturated
ACFC.

Adsorption Experimental Results

Pressure drop in the new adsorption bed is significantly reduced compared to the
pressure drop in the original adsorber (Figure 4).  At 5 Lpm total gas flow, the
pressure drop is ~2 percent of the pressure drop for the original adsorber.  About
11.4 cm of the ACFC’s length as a cylinder was exposed directly to the gas flow.
This configuration yields a cross-sectional area 4.3 times greater than the origi-
nal adsorber.  The superficial gas velocity through the ACFC in the new adsorber
is 1.2 cm/sec at a total gas flow of 5 Lpm.

Figure 5 shows breakthrough curves from the original adsorber alongside typical
breakthrough curves from the new adsorber.  A comparison of the two shows that
the new adsorber has no detectable channeling of MEK while MEK was adsorbed
by the ACFC.  There was initial concern regarding the length of MEK’s mass
transfer zone in the new adsorption beds that contained 16 instead of 90 layers
of ACFC.
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Figure 4.  Comparison of the pressure drop through the first and second generation adsorbers.

Figure 5.  Comparison of breakthrough curves of the first and second generation adsorbers.
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Although the length of the adsorption zone is about one-third of the current bed
length, the new design allows for reasonable TPR and LUB values, as described
below.  Configuring the cloth with more layers will result in higher electrical cur-
rent passing through the ACFC at the same voltage during electro-thermal re-
generation.  The breakthrough curve for the new adsorption bed is slightly asym-
metric, with a more rapid change in outlet concentration after ts than before ts.

Replicate adsorption breakthrough curves for an air stream containing ~ 1000
ppmv MEK demonstrate a high degree of reproducibility (Figure 6).  The average
adsorption capacity for the tests was 358 mg/g, with a standard deviation (n = 5)
of 17.  (Note that Figure 6 does not show one breakthrough curve that was com-
pleted at a higher gas flow rate.)  The dynamic adsorption capacity measured
with the adsorption bed is 4.5 percent lower than the gravimetrically determined
value of 375 mg/g for MEK in N2.  (Gravimetric measurements were made with a
Cahn™ micro-balance, Model C2000.)  The dynamic adsorption tests resulted in
a mean TPR value of 86.9 percent, with a standard deviation (n=5) of 0.34 per-
cent.  The mean LUB was 20.9 percent, with a standard deviation (n=5) of 2.2
percent.

Figure 6.  Replicate breakthrough curves for the new adsorber.
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Increase in temperature, MEK concentration, and gas flow rate result in de-
creased breakthrough times for the system (Figure 7).  The breakthrough curve
with total gas flow rate of 7.5 Lpm showed a proportional reduction in break-
through time, but did not exhibit any observable channeling or change in shape
of the mass transfer zone.  The system appeared capable of further increases in
total gas flow rate assuming the reduced run time would accommodate the de-
sorption cycle.

Adsorption tests were also performed to demonstrate performance of the adsor-
ber under high RH conditions.  Two runs were performed at RH = 90 percent
with the adsorber at room temperature.  The adsorption capacity of MEK for
these runs was 205 mg/g, resulting in a 43 percent reduction in MEK adsorption
capacity compared to tests at dry conditions.  Two additional runs were com-
pleted with the same dew-point temperature (Tdp) but increasing the dry-bulb
temperature by 10 °C.  The adsorption capacity of MEK for these tests was 281
mg/g, a reduction of 21 percent from the dry adsorption capacity tests.  Figure 8
summarizes results from these tests and the MEK adsorption capacities during
desorption cycles.

Figure 7.  Breakthrough curves for different operating conditions.  (The curve for 4360 ppmv is
normalized with 100% being equal to 1000 ppmv.)
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Figure 8.  Comparison of adsorption capacities.

Experimental Desorption Results

Figure 9 shows desorption curves obtained under manual control of electrical
power applied to the adsorption beds.  Voltage was controlled between 12 and 20
V during the tests.  Mass of MEK desorbed for these runs averaged 330.5 mg/g
with a standard deviation (n=3) of 12.  The desorbed mass averaged 92 percent of
the adsorbed mass, indicating mass closure within 8 percent for MEK adsorption
and desorption cycles.

Figure 10 shows the dependence of outlet MEK concentration and bed tempera-
ture on duration of the desorption cycle.  Voltage is automatically controlled by
the SCR and the PID function in the DACS.  The setpoint for the beds’ outlet
MEK concentration was manually changed from 0.5 to 3.5 percent at 1400 sec,
resulting in the step change in MEK concentration and the smaller step change
in bed temperature.  Increasing voltage applied to the bed results in an almost
instantaneous increase in the desorption of MEK.  The 2-minute lag time in the
response from the FID results in the oscillation in the desorbed MEK concentra-
tion.  The temperature of the adsorbent increases dramatically when a majority
of the MEK has been desorbed.  Such response indicates that electrical energy is
consumed due to the heat of desorption of the MEK until the bed is nearly re-
generated.  As less MEK is available to desorb from the ACFC, more electrical
energy is consumed by heating the ACFC.  The mass of MEK evolved during the
desorption test (Figure 10) is 96 percent of the MEK mass for the corresponding
adsorption test.
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Figure 9.  Electro-thermal regeneration curves with voltage under manual control.

Figure 10.  Electro-thermal regeneration curve with voltage under PID control.
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Experimental Condensation Results

The condenser was tested to verify its ability to remove MEK from the regenera-
tion gas stream (Figures 11 and 12).  The condenser was tested at twice the nor-
mal gas flow rate (2 Lpm) at the highest concentration readily generated by the
gas generation system at that total flow rate (~ 4500 ppmv).  The bath tempera-
ture vs. effluent concentration was measured while cooling the bath with the re-
frigeration system and while allowing the bath to naturally reheat.  These two
curves are designated “heating” and “cooling” in Figure 12.  The experimentally
determined “MEK concentration vs. temperature data” bracket the equilibrium
MEK concentration data modeled by Equation 8.  To estimate the recycle loop
concentration, equilibrium conditions in the condenser can be assumed.

Development and Operation of the Automated ACFC
Adsorption/Desorption/Cryogenic Condensation System

An automated ACFC adsorption/desorption/cryogenic condensation system was
developed to allow continuous separation and recovery of MEK from a simulated
gas stream.  The system was developed to better understand the important pa-
rameters needed to design the pilot-scale system.  The system treated a net gas
flow of 5 Lpm that contained 1,000 ppmv MEK in air.  Each adsorption bed was
regenerated with N2 gas at 1 Lpm.  The system allowed for reverse N2 gas flow in
each adsorber during regeneration of the ACFC.  Reverse flow provides for faster
desorption, especially for high molecular weight compounds that may exist in
industrial gas streams.
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Figure 11.  Condenser concentration and temperature vs. time for 2 Lpm flow.

Figure 12.  Condenser effluent concentration vs. temperature.
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The desorption stream passed through the cryogenic condenser to remove the
concentrated MEK.  The cryogenic constant temperature bath was set to –43 °C,
which equates to a condenser discharge concentration of 1000 ppmv.  The gas
stream emitted from the condenser then passed through the bed that was ad-
sorbing the 5 Lpm air stream containing 1000 ppmv MEK.  Therefore, the total
gas flow rate through the bed that was adsorbing MEK was ~ 6 Lpm at 1000
ppmv MEK when the second bed was experiencing electro-thermal regeneration.
The system was operated with continuous detection of MEK at the outlet of the
adsorbing bed with an FID.  The adsorbing bed was taken offline for regenera-
tion when breakthrough occurred.  Breakthrough is defined when the MEK con-
centration downstream of the adsorbing bed achieved 50 ppmv (5 percent of the
inlet concentration).  Figure 13 shows the automated system.

The automated bench-scale system was operated on a continuous basis with
temperatures and concentration of MEK recorded (Figure 14).  The top half of
the figure shows the temperatures of the two adsorption beds (A and B).  The
lower half of the figure shows the concentration of MEK at the outlet of the bed
that was adsorbing MEK.  The bed that was adsorbing MEK was online for ~ 7
hr before breakthrough occurred.
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Figure 13.  The automated ACFC adsorption/desorption/cryogenic system.

There was no detectable channeling of MEK through the adsorption bed and the
adsorption cycles were reproducible for both beds.  In contrast to the adsorption
cycle, desorption of the saturated bed occurred over a 2-hr period.  One hour was
required to desorb the MEK from the ACFC while a second hour was allowed for
the ACFC to cool to room temperature.  The overall removal efficiency of MEK
during continuous operation was 99.9 percent by mass.
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Figure 14.  Adsorber effluent concentration and temperature vs. time for continuous operation.

It became apparent during continuous operation of the system that operating
costs would be reduced if the adsorption beds were designed to allow for:  (1)
more electro-thermal power to be applied to the ACFC over shorter time periods
and (2) condensation and drainage of liquid MEK within the adsorber during re-
generation of the ACFC.  This mode of operation would reduce the duration of
the desorption cycle time and the amount of LN2 consumed per cycle.

It also became apparent that a pressure-swing-adsorber or membrane-based N2

generator could be used to produce N2 for electro-thermal regeneration of the
ACFC.  If an on-site source of N2 is available, then mechanical refrigeration for
condensation could replace the use of LN2.

An alternate power application algorithm was also developed for regeneration of
ACFC that does not have feedback control.  Adequate regeneration was achieved
by applying approximately 1000 watts/kg of ACFC and ramping linearly toward
2000 watts/kg of ACFC over for 1 hr.  Temperature of the ACFC can then be used
to determine when to stop the regeneration process.

A Type K thermocouple (Omega, Inc.) was placed ~ 1 cm from the ACFC during
electro-thermal regeneration experiments.  Desorption cycles were initially



CERL TR 99/90 29

terminated at 100 °C, and subsequently lowered to 90 °C and then 80 °C.  A
desorption cycle terminating at 76 °C resulted in incomplete desorption.

Two additional continuous adsorption tests were completed to generate larger
quantities of recovered MEK for the gravimetric material balance of the com-
plete system.  Each of these runs consisted of four adsorption/desorption cycles.
Ninety-five and ninety-one percent of the MEK was recovered and sent to the
adsorber beds during adsorption.
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4 Pilot Design and Cost Estimates

A total gas flow rate of 0.5 m3/min is proposed for the pilot-scale adsorber.  This
is 100 times larger than the bench-scale system.  The pilot-scale system can use
industrial sized components, yet is still small enough to limit ACFC mass (cost)
and to allow the system to be semi-portable.  The adsorber’s physical sizing and
configuration takes into consideration the standard width of the ACFC material.
The ACFC is available in a width of ~ 1 m.  This width is sufficient for the pilot
unit’s size and allows for minimal waste of ACFC.

The bench-scale unit has relatively low electrical resistance, leading to high cur-
rent and low voltage requirements.  For an equivalent amount of energy applied,
electrical costs are lower for a high voltage/low amperage combination.  It is de-
sirable to increase the resistance of the ACFC, as this will result in lower electric
power costs during regeneration.  Increasing the aspect ratio of the ACFC will
increase resistance, but lower the number of sheets, or bed depth, of ACFC that
the MEK-laden gas stream will pass through.  Lower bed depth results in a
lower TPR, which indicates less efficient use of the ACFC.  These competing ob-
jectives must be balanced to achieve the most economical system.

A modular system allows for maximum flexibility in configuring the unit for
various test sites and conditions.  Possible adsorber module configurations in-
clude:

1. Tubular vessels constructed with nominal 8-in. OD pipe with flanged ends and a
length of 2.5 m to accommodate two ACFC bundles in series.  The system would
consist of two of these vessels.  This configuration would yield the lowest fabrica-
tion labor cost.

2. Rectangular vessels of 1.5 m in length and 0.33 m by 0.33 m cross-section.  Each
of these vessels can contain an array of four ACFC bundles.  This configuration is
more compact.

Either configuration of the adsorption beds will have end plates constructed of
an insulating material in order to electrically isolate the ACFC bundles.  All four
ACFC bundles in the adsorption train should be electrically connected in series.
Figure 15 shows a conceptual drawing of the pilot system.  The proposed ACFC
modules are drawn to scale, assuming the human figure is 6 ft in height, while
the scale of the other elements in the drawing is only approximate.
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Figure 15.  Concept drawing of pilot scale system.

Table 3 lists a summary of the calculations related to the scale-up.  The adsorp-
tion capacity of MEK used for the calculations was the value obtained at the
10 °C elevated temperature, in case the feed stream is humid.  The adsorption
capacity was divided by the experimental TPR of 80 percent to get the working
mass of ACFC.  The run time corresponds to the bench-scale breakthrough test
times.  The superficial gas velocity was held constant for the bench-scale and pi-
lot-scale systems.

Table 3.  Design parameters for bench and pilot systems.

Design Parameter Bench-Scale Pilot-Scale Units

Total gas flow rate 0.005 0.500 m3/min

Concentration of MEK 1000 1000 Ppmv

Molecular weight 72 72 g/mole

Adsorption capacity, x/m 0.275 0.275 g/g

Breakthrough/run time 6.0 6.0 hr

Superficial gas velocity (ACFC) 1.35 1.35 cm/sec

Mass MEK recovered/hr 0.00096 0.0964 kg/hr

Mass MEK recovered /cycle 0.0058 0.579 kg

Mass ACFC/bed 0.026 2.630 kg

Number of beds 2.0 2.0 ea.

ACFC mass for two bed system 0.053 5.260 kg

Cost/kg ACF-5092-20 733 733 $

Total cost of ACFC 39 3,857 $
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Design Parameter Bench-Scale Pilot-Scale Units

Aspect ratio (L/W) of ACFC 0.434 0.900 na*

ACFC cartridges/bed 2 4 ea.

ACFC cartridges in series 2 2 ea.

ACFC electrically parallel units 1 1 ea.

Surface area of  ACFC/bed 0.175 17.532 m^2

Carbon length (electrical) 0.276 3.972 m

Min physical vessel length 0.138 0.993 m

Hydraulic bundle area 0.00617 0.61728 m^2

ACFC cartridge diameter 0.021 0.101 m

Layers ACFC/cartridge 9.614 13.876 ea.

Resistance of bed 8.23 24.07 ohms

Power consumption 53 5260 Watts

Current 2.5 14.8 Amp

Voltage 20.8 355.8 V

* = not applicable

The recommended power supply for regeneration is a 460V, 60 amp model as it is
only marginally more costly than a 40 amp model.  If the ACFC is electrically
configured as 2-2 series parallel, the adsorber specifications change, and a higher
power application rate is desired.

The system cost estimate (Table 4) does not include additional diagnostic sen-
sors/analyzers for FIDs/PIDs/RH/flow detection and data acquisition system ad-
ditional capacity modules to accommodate the detectors.  These items would add
~ $40,000 of additional temporary cost to the pilot-scale system.

Table 4.  Pilot-scale system cost estimate.

Item Cost [$] Source

ACFC 3,857 American Kynol

Control system 8,000 Intuitech, SLC

Valves 7,880 Windustrial, SLC

Vessels 4,000 UI Machine Shop

Pipe/ducts & fittings 2,000 McMaster-Carr

Power supply 3,000 Robicon, New Kensington, PA

Skid/frame 1,000

Sensors 1,964 Intuitech, SLC; Omega, Stamford CT

Condenser 3,500 Tranter, Wichita Falls TX

Vessel heating & insulation 1,000 McMaster-Carr

Supply blower 763 McMaster-Carr

Materials subtotal 36,964

Tax, freight 4,436 12%

Design & assembly 18,482 50%

Total equipment cost 59,882
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The proposed control system is based on a Modicon™ or Allen-Bradley™ stan-
dard industrial Programmable Logic Controller (PLC) with a rack-mounted per-
sonal computer running the Windows® NT™ operating system and Wonder-
ware™ Man Machine Interface (MMI) software.  System capabilities include
data logging, real time and historical trending, remote access and system pro-
gramming via the Web, data reporting via email, and system alarm reporting via
phone.  This is a standard industrial turn-key product identical to that used on
full-scale systems.  All programming, control algorithms, graphic interfaces, etc.,
would be directly transferable to a full-scale system.  The control system pricing
includes a NEMA 4X control panel enclosure and solenoids to actuate all of the
valves in the system.

The pricing for the valves includes pneumatic actuators.  Pneumatic-actuated
valves offer several advantages including lower cost, ease of manual operation,
and increased safety (they are explosion proof).

Condensation of the MEK is achieved with LN2.  The mass consumption ratio of
LN2 to MEK is = 10:1.  The dewar can be rented from an LN2 supplier for the pi-
lot-scale system.  The LN2 volume required for cooling is more than the volume
required for purging during regeneration.  The N2 flow sequence would be from:
(1) the dewar, to (2) the tube side of the heat exchanger, to (3) the desorbing ves-
sel, to (4) the shell side of the heat exchanger, through (5) a condensate trap, and
then (6) merging the stream with the influent stream entering the vessel that is
adsorbing MEK, and then (7) venting the gas stream to the atmosphere with the
clean effluent carrier gas stream.  The pilot-scale system should be constructed
of stainless steel.

Table 5 lists the projected operating costs of a full-scale system.  Methods used to
estimate the operating costs are provided by Vatavuk (1990).

A carbon life of 5 years was assumed.  A lower consumption ratio of N2:MEK of
7:1 was also assumed.  A process size of 50 m3/min at 1000 ppmv was selected, or
~ 100 times the size of the pilot-scale unit.  The estimate shows a cost per recov-
ered kilogram of MEK at ~ $2.  This figure indicates that the ACFC adsorp-
tion/cryogenic recovery system can be an economically viable means to capture
and recover MEK.
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Table 5.  Annual operating cost and
cost per unit mass MEK recovered for
full-scale system.

Cost Category Cost ($)

Capital cost $ 251,022.83

TCI* $ 313,778.54

Elec/yr, $0.06/kwh $ 46,075.32

LN2/yr, $0.2/gal $ 44,408.94

Labor $ 5,475.00

Carbon repl. (5 yr) $ 36,630.16

CRC** $ 24,354.74

PTIAC*** $ 12,551.14

Cost/yr $ 169,495.30

Recovered MEK, Kg 84471.4

Cost/Kg recovered $ 2.01

*TCI = Total Capital Investment, generally 125
percent of the purchased equipment
cost.

**CRC = Capital Recovery Cost, amortized TCI
cost over a period of time.  Generally an
interest rate of 10 percent is assumed,
with an appropriate equipment life, in
this case 15 yr.

***PTIAC = Property Taxes, Insurance, and
Administrative Charges, generally 4 per-
cent of TCI.
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5 Summary and Conclusions

An automated bench-scale activated carbon fiber-cloth (ACFC) adsorption sys-
tem was designed and built to simulate the capture and recovery of dilute haz-
ardous air pollutants (HAPs) from gas streams.  The new design for the adsorber
does not limit ACFC temperatures during electro-thermal desorption.  This con-
figuration will allow future optimization to reduce desorption cycle times.  The
new design is simple and inexpensive to construct and maintain, and also has
the added benefits of low pressure drop.

The adsorber has operated under high humidity conditions.  It was shown that
increasing the adsorption bed’s dry-bulb temperature by 10 °C (at the same dew
point temperature) can reduce the adverse effects of treating high humidity gas
streams in half.

Careful material balances were performed for adsorption and desorption cycles.
Dynamic adsorption capacities are within 5 percent by mass MEK with gra-
vimetrically determined results.  Adsorption and desorption cycling test results
are within 7 percent when comparing influent mass of MEK to adsorbed and
condensed mass of MEK.

Set points and algorithms have been developed for continuous and automated
operation of the system.  Continuous adsorption, desorption, condensation, and
recovery of MEK has been demonstrated.

A preliminary design and cost estimate for a pilot-scale system is also provided.
An economic analysis of a proposed full-scale ACFC adsorption/electro-thermal
regeneration/condensation system shows that a process recovery cost of $2/kg of
MEK is achievable.
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