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Head-to-head experimental performance comparisons for flow through pleated microfibrous structures (flat-, V-, and W-
shaped) were made with wash-coated monolith of different cells per square inch (230 and 400). Microfibrous entrapped
catalyst (MFEC) was prepared by entrapping support particles (c-Al2O3, 150–250 lm diameter) into nickel microfibers.
Pleated structures of MFECs and wash-coated monoliths containing Pd-Mn/c-Al2O3 were investigated systematically for
volatile organic compound (e.g., ethanol) removal at various face velocities (ca. 3–30 m/s) and at low temperatures
(�473 K). The experimental studies showed that pleated MFEC (W-shaped) had shown significantly improved perform-
ance in VOC removal in terms of conversion and pressure drop than tested monolith for high face velocity system. The
flexibility of pleating lowered the effective velocity inside the media that resulted lower pressure drop and higher con-
version. Furthermore, a reaction kinetic model was developed for pleated MFEC considering the Peffer’s model to sub-
stantiate the experimental results. VC 2014 American Institute of Chemical Engineers AIChE J, 60: 3814–3823, 2014
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Introduction

Background

The amount of research and development invested on new
reactor design is comparatively scarce than that of catalyst
synthesis, its improvisation by utilizing new materials and its
characterization. Catalytic reaction applications which
involve short contact time require a new formulation of het-
erogeneous contacting scheme. To achieve this goal,
researchers are now paying more attention to the microstruc-
tured and/or microengineered systems which provide small
characteristic dimensions and higher external surface area.1–4

Microfibrous entrapped catalyst (MFEC) and sorbent
(MFES) exhibited significant benefits in heterogeneous catal-
ysis and adsorption applications.5–7 MFEC offers a new
approach for creating a small, efficient, and lightweight het-
erogeneous contacting system. Microfibrous entrapped ZnO/
SiO2 has proved remarkable improvement over packed
beds8–11 in hydrogen reformate streams of gas-phase desul-
furization. Microfibrous entrapped small particulates has pro-
duced high contacting efficiency sorbents suitable for
applications demanding high levels of contaminant removal.
Advantages of MFES over packed bed of small adsorbent
particles has been experimentally demonstrated and investi-
gated in terms of axial dispersion effects.12 Furthermore, for
single pass removal of molecular contaminants, that is,
ozone13 and VOCs14 (e.g., ethanol, toluene, and n-hexane),

pleated MFEC has shown promising performance which pro-
moted the authors to investigate the experimental perform-
ance comparison among the conventional reactor systems.
Pleated MFEC can lead to higher reactions rates and lower
pressure drops due to smaller characteristic dimensions and
reduced effective velocity compared to the other heterogene-
ous contacting systems.

The authors have mentioned the importance and the mech-
anistic details of VOC removal for high performance plat-
forms, for example, military ships, tanks, aircraft cabin air,
and so forth in their previous study.14 Among the toxic air
pollutants regulated by EPA, 90% belongs to VOCs. The
authors had considered the aforementioned VOCs based on
the survey conducted by Nagda and Rector.15 In this study,
ethanol was considered among the aforementioned VOCs.
Catalytic ethanol removal at high mass flow rates was per-
formed experimentally using different dimensional structured
reactors (Pd-Mn/Al2O3 as catalyst), for example, wash-
coated monoliths of various cells per square inch (CPSI),
and MFEC with various pleat numbers, based on the theoret-
ical investigation conducted by Kalluri et al.13 for ozone
removal. The theoretical investigation showed that while
packed bed had resulted higher pressure drops and monolith
had caused low fluid-solid mass-transfer rates, pleated
MFEC had shown significantly improved performance in
ozone removal. However, this theoretical investigation
required an experimental verification. Therefore, a perform-
ance evaluation parameter, heterogeneous contacting effi-
ciency (gHCE), was applied to evaluate the performance of
those aforementioned reactor geometries.14 Balakotaiah and
West16 and Giani et al.17 have also considered this parameter
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for comparing the performance of monolith with packed bed
and catalytic foam. Many performance features, for example,
pressure drop, chemical conversion, amount of catalyst utili-
zation, cost of construction, catalyst life, and so forth would
be involved in evaluating the overall performance of a reac-
tor system. As it is difficult to define one single parameter
which will consider all these aforementioned features, chem-
ical conversion and pressure drop across the reactor were
considered in this study. This parameter relies on the loga-
rithmic removal of reactant concentrations per unit of pres-
sure drop. This is a dimensionless number, defined as the
product of mass efficiency (i.e., conversion achieved) to flow
efficiency (i.e., inverse of pressure drop), per unit surface
area of the catalyst (a measure of catalyst utilization). How-
ever, the experimental comparisons were restricted only to
monolith and MFEC considering the practical difficulties of
construction and testing of packed beds with the existing
apparatus and operating conditions of the experiments.

The underlying mechanism behind the enhanced reactivity
of microfibrous media requires investigation. To understand
the basic physical and chemical characteristics of MFEC and
optimizing the effectiveness and performances, a reaction
kinetic model was established for pleated MFEC using
Peffer’s equation18 in order to investigate the reaction
kinetics. The reaction kinetic model will provide a deep
insight on the global reaction kinetics occurred in the pleated
structure of MFEC at high face velocities.

Microfibrous entrapped catalyst

MFECs developed by Auburn University, are designed for
chemical and electrochemical applications. Figures 1a, b
show SEM images of MFEC consisting of 150–250 mm
Al2O3 entrapped in 8-mm Ni microfibers and the cylindrical-
shaped Ni microfibers (8 mm) with ridges on the surface,
respectively. These microengineered heterogeneous contact-
ing materials are composite structure of fibers (2–20 lm)
that can entrap small catalyst particulates (50–300 lm). The
catalyst particles are held in space by three-dimensional (3-
D) sinter-locked networks of microfibers, resembling a
“frozen-fluidized bed.” The choice of fiber materials can be
metals (e.g., copper, nickel, and stainless steel), glass or
polymer, conditional to the process consideration. The prop-
erties of the fiber can be tailored which rely on the process
requirement. The surface area of MFEC can vary roughly
from 1.5 to 1500 m2/g, depending on the fraction of higher

surface area material. The distinctive volume loading of cat-
alyst and fibers in MFEC are about 10–25 and 1–5%, respec-
tively, with rest being void. However, voidage of these
materials can be adjusted from 98% down to values similar
to a packed bed.

MFEC possesses many inherent beneficial properties. Due
to the exclusive ability to entrap small catalyst particles,
MFECs exhibit a great promise to increase intraparticle and
interparticle mass-transfer rates, as opposed to the larger par-
ticles typically used in the conventional packed bed systems.
MFECs are prepared by the wet lay process, in which the
microfibers and the particles settle in a highly viscous
medium (water); this assemblage of particles is self-correcting
and hence leads to a uniform structure. This structural uni-
formity eliminates “channeling” or “flow maldistribution.”
The high voidage and the high aspect ratio (length to diame-
ter) of fibers in MFECs decrease the axial dispersion, improve
the radial dispersion, and create a plug flow like condition.
Furthermore, high voidage in MFECs helps to reduce the
pressure drop significantly. Moreover, another unique feature
of MFECs is the flexibility of pleating, which helps to achieve
higher conversion and to lower the pressure drop.

Reaction Kinetic Modeling for Pleated MFEC

Ethanol removal is a highly exothermic reaction, however,
due to the low concentration involved in this research; no
significant temperature rise was observed in the reactor. Fur-
thermore, the reactor Pe numbers were considerably high
(Pe � 32–83) due to the high face velocity involved in this
process. This indicates to the isothermal plug flow condi-
tion.19 The gas-phase differential equation for reactant A in
any plug flow reactor is given by Eq. 1

2
vo

PF

dCA

dx
5kmxc 12ebð Þ CA2CSð Þ (1)

To predict the gas–solid mass-transfer coefficient in
MFECs, the Peffers’s model (Eq. 2) was applied,20 which is
applicable for low Re number and high Pe number. Peffer’s
equation was specifically proposed for particulate beds oper-
ating in laminar flow conditions. The pleated formation and
small characteristic dimension of the MFECs enhances the
laminar behavior inside the media even though the inlet
velocity is high. In this study, the flow inside the pleated
MFEC was laminar with very little lateral mixing caused by
the fibers. Another reason for applying this equation was

Figure 1. Micrograph of (a) 150–250 lm Al2O3 entrapped in 8 m sintered Ni fiber; (b) cylindrical Ni fiber with the
ridges on the surface.
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because it considers the bed voidage. Most of the other semi-
empirical correlations widely used for estimating mass-transfer
coefficients of packed beds are applicable for a limited voidage
range. PF term (Eq. 3) was also included in this equation due
to the decreased velocity inside the pleated MFEC. The effect
of fibers on mass-transfer rates was studied using computa-
tional fluid dynamics simulations and was found to be insignifi-
cant for low Re.20 Hence, the presence of the fibers was
neglected in mass-transfer calculation for MFEC. However, it
was considered for bed voidage calculations

Sh51:26
12c5

W

� �1
3 Rep

PF
Sc

� �1
3

(2)

PF5
Total face area of MFEC media

Total cross-sectional area of the reactor
(3)

The mass-transfer rate to the catalyst surface in the above
expression (Eq. 1) should be equal to the surface reaction
rate inside the catalyst. The assumption is that the catalytic
VOC removal follows first-order reaction kinetics21,22

km CA2CSð Þ5gkrCS (4)

The intraparticle transport rates were estimated using the
following effectiveness factor correlation (Eq. 5), which
involves Thiele modulus. The relation between the effective-
ness factor and the Thiele modulus indicates the diffusion
and reaction limitation phenomena19
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For the pleated geometries compared in this study, the
effective diffusivity of ethanol inside the catalyst support fol-
lowed Eq. 7 with the values of sp 5 3.0 and ep 5 0.82. These
values of intraparticle tortuosity and porosity resemble to the
c-Al2O3 particles used in the experiments
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The molecular diffusivity (Dm) of ethanol in the air was
estimated using Fuller’s method, as shown in Eq. 8.23 All
the other gas properties considered in this study are based on
the operating conditions
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keff is the effective reaction rate per unit volume of cata-
lyst, which is defined by Eq. 9. This is a function of both
mass-transfer coefficient and reaction rate constant. The bal-
ance among Eqs. 1, 4, and 9 results Eq. 10. Integration of
Eq. 10 results in Eq. 11
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Experimental Details

MFEC preparation

MFEC was prepared by the wet lay paper making tech-
nique. Nickel fibers (12.5 g) (Ni-200, 8-mm nominal diame-
ter) and 1.5 g of cellulose were dispersed in high viscosity
water. The viscosity of the water was modified by the addi-
tion of 0.8% (w/w) hydroxy ethyl cellulose (HEC) followed
by hydrolysis of HEC at pH �10 using sodium hydroxide.
After the addition of Ni fibers and cellulose to the modified
water, the mixture was stirred in a blunt propeller to disperse
the Ni fibers. To ensure proper dispersion of the Ni fibers,
initially the stirring was conducted at low RPM. At this
stage, most of the Ni fibers were dispersed, and the mixture
was then stirred at high RPM to disperse the few Ni fibers
still in bundles. The viscosity modifier of water and the two-
stage mixing helped to disperse the fibers without excessive
reduction in their aspect ratio. Then, the suspension of fibers
and cellulose were placed on a 20.32 3 20.32 cm2 hand
sheet former. The suspension was stirred vigorously and
25 g of aluminum oxide particles (150–250 lm) were added
to the suspension in the sheet former. The excess water
inside the sheet was drained, and thereby, the preform of
MFEC, a 3-D structure consisting of fibers, cellulose, and
particles, was formed. Protective layers, containing only Ni
fibers and cellulose, were also prepared in the similar fash-
ion. Main media was composed of two protective layers and
one particles incorporated layer, as a “sandwich” format.
Cellulose acts as a binder for the Ni fibers that provide wet
and dry strength to the preform due to the hydrogen bonding
between cellulose fibers. The preform was dried at 373 K for
2 h. Afterward, this perform was oxidized at 723 K to
remove the cellulose. Subsequently, the media was sintered
at 1173 K for 40 min using hydrogen. In this stage, fibers
were bonded to each other and prepared a sinter-locked
structure. Thus, MFEC was prepared. The samples were
placed between two 25.4 3 25.4 3 0.15 cm3 tight thickness
tolerance steel plates with washers, used as spacers between
the plates, to define the final thickness of the nickel MFECs.

Catalyst preparation and characterization

Pd(NO3)2 solution and Mn(NO3)2 solution (Pd(NO3)2�
2H2O and Mn(NO3)2�4H2O from Alfa Aesar) were used to
wet impregnate the c-Al2O3 particles in microfibrous media.
For preparing the Pd-Mn catalyst, 0.1 M Pd(NO3)2 solution
and 1.98 M Mn(NO3)2 solution were mixed. Pd is used
widely in VOC abatement due to its stability and higher
activity. Finally, the impregnated MFEC samples were dried
at 373 K and calcined at 748 K for 4 h. Thus, MFEC sheets
with PdO-MnOx/c-Al2O3 were prepared. The amounts of Pd
and Mn in the catalysts were determined by inductively
coupled plasma-atomic emission spectroscopy (Hazen
Research), which is shown in Table 1. The amount of indi-
vidual metal catalyst load for MFECs and wash-coated
monoliths was constant.

For experimental comparison, ceramic honeycombs (Syn-
thetic cordierite, 2MgO�2Al2O3�5SiO2) from Applied
Ceramics of 230 and 400 CPSI were used for the catalyst
preparation. The support particles were loaded onto the
ceramic substrate by sol-gel technique.24–27 In this case 1:2:5
(wt) of urea, 0.3 M HNO3, and boehmite (CATAPAL B of
packing density 800–1100 kg/m3, from Sasol) were used.
The substrate was immersed into the solution for 5 min fol-
lowed by the removal of the excess solution by flowing air
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through the substrate. The substrate was dried at 393 K and
subsequently calcined at 773 K for 6 h. These steps were
continued until 30 g support was loaded onto the substrate
which possessed equal amount pore volume as the MFEC
possessed. The wash-coated monolith was then impregnated
by Pd(NO3)2 and Mn(NO3)2 solution. These were subse-
quently dried and calcined at the same temperature as con-
ducted for MFEC. These loaded monoliths had equal amount
of metal which matches MFEC contained. Hence, each
monolith and MFEC had equal amount of pore volume and
metal content. However, the particle size of c-Al2O3 in
wash-coated monoliths and MFECs were significantly differ-
ent due to the differences in their structure and preparation
technique. Figure 2 shows the SEM images of monolith
before and after applying the wash-coat.

Test setup

The bed properties and the pleat numbers of MFEC, and
the structural properties of monoliths, used in this study are
listed in Tables 2 and 3, respectively. Figure 3 shows the
uniquely designed system for testing microfibrous material to

achieve catalytic VOC removal at microsecond contact
time.14 The test setup consists of a high pressure 40 hp
radial blower (Fan Equipment Company), which circulates
air inside the closed-loop system. A variable speed drive is
used to control the system speed, which can reach over
30 m/s inlet velocity. Heaters as well as purging air are used
to control the system temperature, which can be raised to as
high as 473 K. The main reactor section is square shaped
and has a dimension of 12.7 3 12.7 3 22.9 cm3. The
MFEC formations were flat, V-shaped, W-shaped which cor-
respond to the numbers of pleat 1, 2, and 4, respectively,
(Figure 4). The dimension of the monolith was 12.7 3 12.7
3 11.45 cm3. Therefore, two monoliths were placed in series
to make the length equal to MFEC structure. As shown in
Figure 5, the prepared MFECs were placed in aluminum U-
shaped channels to form the structure. Compressed air was
used to vaporize ethanol and mixed with the air stream from
the blower to obtain the desired challenge gas concentration
(100 ppmv) at the inlet of the reactor. The operating condi-
tions are listed in Table 4.

Results and Discussions

Experimental comparison

Figure 6 shows experimentally obtained pressure drops at
different velocities for various reactor formations. The con-
struction and operation of the packed beds may not be feasi-
ble in practice for the operating conditions (velocity used

Table 1. Metal Content of the Tested Catalyst

Metal Content (wt %) MFEC Monolith

Pd 3.59 1.83
Mn 7.57 4.84

Figure 2. Micrograph of monolith (change in the structure after wash-coating the surface).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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and mobile settings) used in this application, as this would
require construction of extremely thin (� MFEC thickness)
packed beds for keeping the pressure drop sufficiently low.
Therefore, packed beds were not included in this study. The
plot exhibits that W-shaped MFEC had relatively low
pressure drop than the other tested structures. This can be
attributed to the fact that an increase in pleat number
reduced the effective velocity inside the media, which
thereby, reduced the pressure drop. However, flat-shaped and
V-shaped MFECs showed relatively higher pressure drop
than wash-coated monoliths despite of the media having
higher voidage. This is because monoliths offered low resist-
ance to flow due to straight channel. Hence, experimental
pressure drop occurring across different reactor geometries
showed the following order: flat-shaped MFEC>V-shaped
MFEC> 400 CPSI monolith> 230 CPSI monolith>
W-shaped MFEC.

The experimental ethanol conversion comparison among
MFECs of flat-shaped and W-shaped design, monoliths of
230 CPSI, and of 400 CPSI are shown in Figure 7. In all
cases, the total amount of metal loading and the operating
conditions were kept constant. For both flat-shaped and W-
shaped MFECs, the thickness of the media was same. Con-
versions of all cases decreased with the increase of inlet
velocities. These high gas velocities indicated low intralayer
residence times inside the catalytic structure which had
resulted short contacting reaction. The low conversion for all
cases can be attributed to the fact that overall reaction rates
were limited by surface reaction rate as the compound dif-
fuses through the pore mouth of the catalyst rapidly. Further-
more, the system temperature (<473 K) was not high
enough for the ethanol to undergo complete removal due to
the limitations in the design of the present test apparatus.
However, the experimental temperatures in this study were
chosen so as to match the operational range of the high per-
formance platforms (e.g., commercial aircraft cabin).
Though, a change in operating conditions would not alter
the reactivity order of different geometries which is as fol-
lows: W-shaped MFEC> 400 CPSI monolith> 230 CPSI
monolith> flat-shaped MFEC. The reason behind monoliths
and flat structures having comparatively low conversion than
W-shaped MFEC can be attributed to the relatively low gas–
solid mass-transfer rates and higher intralayer residence time
inside the media due to the pleated geometry. Pleated

geometry reduces the effective velocity inside media by the
factor of PF term, which thereby increases the intralayer res-
idence time. Furthermore, the properties (e.g., pore volume
and particle density) of the support particle of wash-coated
monolith and MFECs were not the same.

Based on the experimental pressure drop and ethanol con-
version data, the gHCE values were calculated using Eq. 12
and shown in Figure 8. As for both pressure drop and con-
version measurements, W-shaped MFEC exhibited improved
performance than the other tested geometries, the gHCE val-
ues for this structure were considerably higher for the same
operating conditions. In this study, pleat number was

Table 2. Properties of the MFEC

Numbers of pleat 1, 2, and 4
Thickness (mm) 3.6
Nominal fiber diameter, df (lm) 4, 8, and 12
Particle diameter, dp (mm) 0.19
Catalyst particle sphericity, up 0.7
Fiber sphericity 1.05 (5 1.5 3 0.7)
Catalyst (vol %) 11.1
Metal (vol %) 2.2
Void (vol %) 86.7

Table 3. Properties of the Monolith

Cells per square inch (CPSI) 230 400
Wall thickness, tw (0.001 in./lm) 8/203 6.5/165
Catalyst washcoat thickness, tc (lm) 12.5 12.5
Channel diameter, dch (mm) 1.422 1.054
Void (vol %) 72.13 68.89
Catalyst (vol %) 3.484 4.685

Figure 3. Schematic diagram of the experimental
setup.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 4. Schematic diagram of various MFEC reactors.
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restricted to 4, although this value can be raised further.
However, a further raise in pleat number might negatively
affect the advantages of pleating. Furthermore, wash-coated
monoliths were restricted to 230 CPSI and 400 CPSI due to
manufacturer limitation

gHCE5
1

2
qv2

o

log CAi

CAo

	 

2DP

(12)

To verify this experimental performance comparison, theo-
retical gHCE values of the tested geometries were calculated
for ethanol conversion. To achieve the theoretical gHCE

value, it is essential to consider mass-transfer and momen-
tum transfer correlation for both monoliths and pleated

MFECs. For monoliths, well established mass-transfer corre-
lation28 and friction factor correlation29 were used. Table 5
shows the friction factor correlation and mass-transfer corre-
lation those are considered in this study. For a first-order
reactor kinetics, maximum conversion is attainable when the

Figure 5. Structures those were experimentally tested.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table 4. Operating Conditions

Temperature (K) 423–473
Pressure (kPa) 101.3
Inlet velocity (m/s) 3–30
Challenge gas Ethanol
Inlet concentration (ppmv) 100

Figure 6. Experimental pressure drop occurring across
different catalytic structures for various inlet
velocities (T 5 473 K).

Figure 8. Experimentally obtained heterogeneous con-
tacting efficiency for different catalytic struc-
tures at different inlet velocities (T 5 473 K).

Figure 7. Ethanol conversion vs. inlet velocity using dif-
ferent catalyst structures (T 5 473 K).
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reactor is operated in a complete gas–solid mass-transfer
controlled regime30, that is, CAs 5 0. Integration of Eq. 1
results in Eq. 13

log
CAi

CAo

� �
5kmxc 12ebð Þ L

vo=PF

� �
(13)

The pressure gradient occurring across monoliths and
MFECs can be described by a general equation, as shown in

Eq. 14, where f is the friction factor and dc is the characteris-
tic length, specific for each reactor type. The characteristic
length (dc) of MFECs is equal to the effective particle diame-
ter (updp) whereas for monoliths, it is equal to the channel
diameter (dch)

2
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2
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qv2
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Table 5. Friction Factor and Mass-Transfer Correlations Used in this Study for Pleated MFEC and Wash-Coated Monolith

Correlation Pleated MFEC Wash-coated monolith
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Figure 9. Theoretical heterogeneous contacting efficiency vs. inlet velocity for different catalytic structures
(T 5 473 K).

Figure 10. Comparison between model prediction and
experimentally obtained conversion at dif-
ferent inlet velocities using flat structure of
MFEC.

Figure 11. Comparison between model prediction and
experimentally obtained conversion for dif-
ferent inlet velocities using W-shaped struc-
ture of MFEC.
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Substitution of Eq. 14 for pressure drop and Eq. 13 for
log reduction of concentration, converts Eq. 15 to the
following

gHCE5
kmxcdc 12ebð ÞPF

fvo

5
Shacxcdc 12ebð ÞPF

fReSc
(15)

Figure 9 illustrates the theoretical comparison of heteroge-
neous contacting efficiency (gHCE) vs. inlet velocities for
monoliths and MFECs. The gHCE values were calculated
based on Eq. 15. For theoretical comparison, the perform-
ance order was similar to the experimental comparison. The
choice of these correlations used in this study was based on
the operating conditions, bed properties, Re, and Sc. A dif-
ferent correlation might slightly change the values but would
not significantly alter the gHCE value trends obtained in this
study.

Kinetic modeling

Figures 10 and 11 show the comparisons between the
model predicted conversions and the experimental conver-
sions for flat-shaped and W-shaped MFECs, respectively,
based on the kinetic study discussed in Reaction Kinetic
Modeling for Pleated MFEC Section. The conversion pre-
dicted by the kinetic model considered both surface reaction
rate and mass-transfer rate as the experimental conversion
result had shown that the operation was not solely in the
mass-transfer controlled regime. The model predictions were
in reasonable agreement with the experimental values for flat
structures. For W-shaped structure, the experimental values
differed from the model predictions. This difference can be
attributed to the actual velocity inside the media and the
change in media thickness due to the media compressibility.
As the nickel fibers are malleable in nature, the voidage of
media decreases due to compression, which eventually
reduces the media thickness. Voidage and media thickness
play significant roles in conversion measurement, according
to Eq. 11. Furthermore, due to the pleated formation, vorti-
ces might form at the entrance of the structure. As discussed
before, during actual velocity (inside the MFEC) calculation
by the inclusion of PF term, these vortices were not taken
into account which might result slight difference in actual
velocities. These explain the difference between the model-
predicted conversions and the experimental conversions for
the W-shaped MFEC.

The VOC removal kinetics follows a first-order rate
law.21,22 The kinetic modeling was fitted by tuning the sur-
face reaction rate for a particular temperature. An Arrhenius
plot for different pleated MFEC is shown in Figure 12.
Based on the conversion result at different temperatures,
activation energies for pleated MFECs were calculated and
are shown in Table 6. For all cases, the total amounts of Pd
and Mn were kept constant. Although the MFECs were dif-
ferently pleated, the activation energies were almost equal
for both pleated configurations. Furthermore, Table 6 con-
tains the information of intralayer residence times and Re
numbers corresponding to the operating conditions. As men-
tioned before, pleating and small characteristic dimension of
the MFECs enhanced the laminar behavior inside the media.
The intralayer residence time corresponded to the space time
in the reactor geometry. As the MFEC thickness and the
effective velocities were substantially low due to pleating,
these reduced the residence times inside the media.

In the above experiments, MFEC reactor operation was
not in the interphase mass-transfer controlled regime, and
hence, there is further scope for improving the reactant con-
version in MFEC by increasing the catalytic activity. Hence,
a higher catalytic activity and a higher temperature will
affect more positively to the performance of MFEC. As the
ethanol conversion was very low, the bed compositions and
properties of the MFECs require further optimization. The
bed properties and compositions of the MFECs can be easily
tailored based on the specific application. Hence, our future
work will be MFEC optimization and operate it in interphase
mass-transfer controlled regime in order to achieve better
conversion.

Conclusions

Head-to-head experimental contacting efficiency compari-
son (i.e., pressure drop and chemical conversion compari-
sons) of wash-coated monoliths and pleated MFECs were
performed in this study for VOC removal. The results
showed that W-shaped MFEC exhibited improved perform-
ance than 230 CPSI and 400 CPSI monoliths. This increase
in performance was the result of decreased effective velocity
(inside the MFEC) due to the pleated formation. The
decreased effective velocity lowered the pressure drop and
increased the intralayer residence time which resulted better
conversion. However, monoliths performed better relative to
the MFECs of low pleat numbers because of the low resist-
ance to flow and better conversion. The theoretical perform-
ance comparison verified the experimental trend.
Furthermore, a reaction kinetic model was developed for the
pleated MFEC to predict the global reaction parameters for
high mass throughput systems. The model considered an iso-
thermal plug flow reactor model and Peffer’s equation. The
model has shown reasonable agreement with the

Figure 12. Arrhenius plot for catalytic VOC removal
reaction for different pleated MFEC.

Table 6. Comparison among W-Shaped MFEC and Flat-

Shaped MFEC

Structures

Activation
energy,

Ea (kJ/mol)

Intralayer
Residence
timea (ms)

Reynolds
Number,a Re

W-shaped MFEC 40.9 6 5 2750–275 2.84–28.4
Flat MFEC 42.9 6 3 690–69 11.4–114

aValues are calculated based on T 5 473 K.
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experimental findings. Using this kinetic model, it would be
possible to design better and more practical pleated MFEC
configuration.

Pleated MFEC showed promising performance as it pro-
vided a large surface/volume ratio for the entrapped catalyst.
This attribute facilitates the weight and volume demand of
the air handling system in a limited space. Furthermore,
microstructured reactor system provides the designer with
the opportunity to “engineer the microfibrous properties of
the media” to the desired intraparticle or intraparticle trans-
port rates required to feed the embedded kinetics of the
applications. The efforts were made to provide “second gen-
eration” structured reactor as compared to the conventional
packed bed reactor and wash-coated monolith. As this study
showed some remarkable advantages of pleated MFEC, fur-
ther improvements of MFEC bed properties and composi-
tions (Pleat numbers, voidage, catalyst loading, etc.) appear
to be very promising.
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Notation
ai = external surface area per unit volume of solid component i, m21

ap = external surface area per unit volume of particles, m21

ac = external catalyst surface area per unit volume of catalyst, m21

CA = gas-phase concentration of reactant, ppm
CAi = inlet concentration of reactant, ppm
CAo = outlet concentration of reactant, ppm
CD = coefficient of drag ðCD5 30

Rep
1 67:289

e5:03u Þ
Cf = coefficient of friction

CFD = coefficient of form drag, ðCFD5CD2CfÞ
Cr = correction factor

Dm = molecular diffusivity, m2/s
De = effective diffusivity inside catalyst
dc = characteristic length of reactor, m
di = diameter of the solid component i, m

dch = monolith channel width, m
dp = catalyst particle diameter, m

EA = activation energy of reaction, kJ/mol
f = friction factor

fF = Fanning friction factor
Gz = Graetz number, RechScdch=L

keff = effective reaction rate per unit catalyst volume, s21

kf = gas-phase mass-transfer coefficient, m/s
km = kf ac, s21

kr = surface reaction rate per unit catalyst volume, s21

L = length/thickness of reactor bed, m
Mi = molecular weight of gas component i, g/mol

MAB = 2 1=MAð Þ1 1=MBð Þ½ �21
, g/mol

DP = pressure drop across the reactor, kPa
Pe = reactor Peclet number
PF = pleat factor
Re = Reynolds number, dcvoq=l

Rech = Reynolds number based on monolith channel width, dchvoq=l
Rep = Reynolds number based on particle diameter, updpvoq=l

Sc = Schmidt number, l=qDM

Sh = Sherwood number
T = temperature, K

tw = catalyst wash-coat thickness, m
tc = monolith wall thickness, m

x = position along the reactor length, m
xFD = form drag parameter, e2

b=12ð12ebÞ
xi = volume fraction of solid component i

xc = volume fraction of catalyst support particles
W = function of c, W5223c13c522c6

Greek letters
q = gas density, kg/m3

qc = catalyst support density, kg/m3

m = gas viscosity, kg/m s
sb = bed tortuosity, 11ð12ebÞ=2
sp = particle tortuosity

c = 12ebð Þ
1 3=

eb = bed void fraction
ep = intraparticle voidage
h = flow path angle through bed

ui = sphericity of solid component i
up = sphericity of particles
vo = superficial gas velocity, m/s
g = internal effectiveness factor
U = Thiele modulus

gHCE = heterogeneous contacting efficiency
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