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ABSTRACT

In this study a concept for gas-liquid-solid (G-L-S) microreaction technology was developed and opti-
mized which ensures that the gaseous and liquid reactants directly meet at the solid catalyst surface
with a simple contacting approach. Fabrication, catalyst deposition and surface modification steps were
carried out to develop porous ceramic (alumina—Al,03) mesoreactors. In order to realize liquid flow
inside the intrinsically hydrophilic porous reactor channel and to obtain a stabilized gas-liquid-solid
interface different surface modification (hydrophobization) strategies were successfully implemented.
Catalytically active reactors with varying surface properties along the cross-section were obtained and
their performance was tested for nitrite hydrogenation as a G-L-S model reaction. Results showed that
the performance of the reactor could be drastically enhanced by tuning the surface properties. With
the proposed concept, even at dilute concentrations of the gaseous reactant, the reactor performance

remained constant.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The development of miniaturized devices (in micro- and
mesoscale) for carrying out chemical analysis and chemical reac-
tions has shown a rapid improvement in the past years. A micro- or
mesoreactor is a chemical reactor with a reduced dimensional scale
(hydraulic diameter) which results in a very large surface/volume
ratio. This large ratio provides enhanced heat and mass trans-
fer enabling the development of more efficient processes (process
intensification). Micro- and mesofluidic devices allow new chem-
ical processes that were previously not applied in conventional
systems. In addition they are sustainable by creating less waste,
occupying less space, and enabling safer operation due to their
small volume [1-5].

Multiphase reactions for gas-liquid (G-L) and heterogeneously
catalyzed gas-liquid-solid (G-L-S) systems are conventionally per-
formed in various types of reactors. The most widespread types
include agitated tanks, slurry reactors, bubble or spray columns,
and trickle-bed reactors [6]. Also membrane reactors have been
intensively investigated due to their various advantages including
well-defined contact regions and simple reactor design. In these
types of reactors, the G-L interface is generally stabilized by the
use of a pressure difference across the membrane (trans-membrane
pressure) [7-14].
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With the rapid developments in microreaction technology,
some analogues of the macro-scale reactors became available for
G-L and G-L-S reaction systems in the microscale [3,4,6,15,16].
Multiphase microreactors for these systems were classified by Hes-
sel et al. [6] in two main types: continuous and dispersed phase
microreactors. In the continuous phase reactors, both phases are
separately fed to and withdrawn from the reactor without being
dispersed into each other (e.g. the falling film microreactor). In
the dispersed phase reactors, one phase is dispersed into the other
one. Various flow patterns (e.g. Taylor flow and annular flow) are
obtained in these microchannels. In these microreactors the G/L
flow ratios have to be well controlled to create a stable interface
between both phases[16]. For both continuous and dispersed phase
systems, the gaseous reactant has to diffuse through a liquid film to
reach the solid catalyst that can be immobilized on the microchan-
nel wall.

The aim of the present work is to introduce a membrane reactor
concept for G-L-S microreaction technology. The contact between
gas and liquid for reaction purposes is achieved using membrane
technology and selective wetting of porous ceramic membranes
(Fig. 1).

The contacting between both phases takes place directly at
the inner membrane surface, where the catalyst is immobilized.
Using this continuous process concept, the gas phase composition
can be kept constant along the full length of the reactor. Further-
more, no separation of gas and liquid reactants is necessary at
the reactor outlet. The G-L interface and the positioning of the
reaction area are controlled using surface modification (hydropho-
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Fig. 1. Contacting concept of the porous ceramic mesoreactor for G-L-S reaction systems.

bization) techniques, as opposed to controlling trans-membrane
pressure.

The heterogeneously palladium (Pd) catalyzed hydrogenation
of nitrite ions in aqueous phase was chosen as G-L-S model reac-
tion system for this study. The removal of nitrite (NO, ~) and nitrate
(NO3 ™) ions from groundwater is a relevant reaction from an envi-
ronmental point of view. It can be carried out via biologic and
catalytic hydrogenation processes. Due to the low reaction rates
of the biologic processes, the catalytic hydrogenation process is
mentioned to be more promising for the nitrite removal. Via the
catalytic route the nitrite ions are converted to nitrogen (N, ) or the
undesired product ammonia (NH4*) [17-21].

2. Experimental
2.1. Materials

Commercial a-Al; 03 hollow fibers InoCep M800 (Hyflux CEPA-
ration Technologies (Europe)) with average pore diameter of
800 nm were used as membrane support in this study. The mem-
brane fibers had an inner diameter of 2.8 mm, an outer diameter of
3.8 mm and they were prepared with a length of 13.5 cm. y-Al;03
(Alfa Aesar, 3 wm APS Powder), MilliQ-water, polyvinyl alcohol
(PVA; Sigma-Aldrich, 99+% hydrolyzed) and acetic acid (Merck, pro
analysi) were used for catalyst support preparation. Palladium(II)
2,4-pentanedione (Pd(acac),; Alfa Aesar, 34.7%) in toluene (Merck,

Commercial hollow
fiber (a-AlzO3)

Catalyst support
(y-Al203)
N

1. Coating of the y-Al,O; catalyst support
2. Catalyst deposition
3. Surface modification (hydrophobization):

a) Complete, b) Selective

Hydrophobic —————

(a- and y- AlLO;)

ACS) was used as catalyst precursor solution. For the surface mod-
ification steps a perfluorinated octyltrichlorosilane (FOTS; Aldrich,
97%) and n-hexane as solvent (Merck, ACS) were used as received.
An aqueous solution of Phenol Red sodium salt (Merck, ACS) was
used as wetting indicator solution. Sodium nitrite (NaNO,, Merck,
ACS) was used as source for nitrite ions (NO, ).

2.2. Reactor preparation

The preparation of the porous ceramic mesoreactor consists of
3 main stages which are summarized in Fig. 2.

The inner surface of the commercial a-Al;03 membrane (BET
surface area: ~0.1 m?/g) was coated with a y-Al, 05 layer as catalyst
support to increase the active surface area. For the coating proce-
dure a standard recipe for the aqueous 20 wt% y-Al, O3 suspension
was used [22]. With the help of a syringe pump the suspension was
fed into the fibers; the excess suspension was removed by flowing
air (1 ml/min) through the fiber for 2 min. The coated samples were
then dried in the oven at 50°C for 1h and then calcined at 600°C
for 2 h.

For the catalyst (Pd) deposition the samples were immersed
into a precursor solution prepared of 300 mg of Pd(acac), in 50 ml
toluene for 24 h. The samples were removed from the solution and
dried at 50°Cin air overnight. Finally the samples were calcined for
1hat250°Cin oxygen (O;), followed by a 1 h reduction treatment
with hydrogen (H; ) at the same temperature. For a second group of

Catalyst particles
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Hydrophilic
(y-Al203)

. Hydrophobic
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SePHOB

Fig. 2. Summary of the porous ceramic mesoreactor preparation steps: drawings represent the cross-sections of the membranes after each step.
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Fig. 3. Schematic representation for the surface modification of Al,03 using FOTS, adapted from [23].

samples, the above mentioned treatments (immersion, drying, cal-
cination and reduction) were repeated 3 times on the same sample
to increase the palladium (Pd) content in the reactor walls.

Al,03 hollow fiber membranes were hydrophobized by coating
their surface with a fluorinated alkyl trichlorosilane (FOTS). The
surface modification process of Al, O3 is illustrated in Fig. 3 [23].

Two different routes were performed for the surface modifica-
tion: complete or selective hydrophobization.

Complete hydrophobization (liquid phase)

Adapted from Geerken et al. [24] the samples were immersed in
a solution containing a few drops of FOTS in 40 ml n-hexane. They
were kept in the solution for 1 h, taken out and placed in an oven at
100°C for 1 h in order to realize the surface reaction between FOTS
and Al,0s3. After this reaction step the samples were rinsed with
isopropanol to remove the excess FOTS on the membrane surface.
The samples which were prepared using this method were labeled
as “PHOB".

Selective hydrophobization (gas phase)

To prevent FOTS from reaching the y-Al, 03 catalyst support on
the inner part of the hollow fiber membrane, its ends were sealed
(Fig. 4). The principle of FOTS gas phase deposition was adapted
from previous work [25,26] and modified to the requirements in
this study. The sealed membranes were placed in a desiccator and
vacuum was applied to reach 6 x 10~2 mbar. After closing the vac-
uum pump FOTS was purged into the chamber for a short time (in
the order of minutes). Then the FOTS compartment was closed and
water vapor was introduced into the chamber for 10s. The reac-
tion of the FOTS with the surface took place at room temperature.

VACUUM

FOTS Hollow Fiber Sample

reservoir

reservoir

Fig. 4. Illustration of the selective hydrophobization setup and method.

These samples were labeled as “SePHOB” after this selective surface
modification step.

2.3. Reactor characterization

The coating thickness and morphology were investigated using
Scanning Electron Microscopy (SEM; JEOL TSM 5600). The sam-
ples were sputtered with a thin gold layer (Baltzers Union SCD 40)
before imaging. To determine the active surface area of the y-Al,03
layer, BET surface area was measured using the N,-adsorption
isotherm obtained at 77 K (Micromeritics Tristar). The weight of
the sample before and after the coating of the y-Al,03 layer was
measured with an analytical balance.

The average Pd content on the samples with and without -
Al, 03 catalyst supports was determined using X-ray fluorescence
spectroscopy (XRF). The qualitative distribution of Pd at the cross-
sections of the y-Al,03 layer was obtained by Scanning Electron
Microscopy (LEO 1550 FEG-SEM) with energy dispersive X-ray
analysis (EDX; Thermo Noran Vantage system). The dispersion and
active particle size of Pd was determined by CO-chemisorption
(Micromeritics, ChemiSorb 2750: Pulse Chemisorption system) at
room temperature.

Contact angle measurements (OCA 15 Dataphysics) were car-
ried out for each hydrophobization procedure. Due to the curved
surface of the hollow fibers these measurements were performed
on flat polished dense alumina wafers. Laplace pressures (for PHOB
and SePHOB samples) at which the liquid (H,O) wets the hydropho-
bic membrane from the tube to the shell side were measured. One
end of the surface modified hollow fiber samples was sealed and
water was pressurized from inside until water droplets appeared
on the outer surface. This pressure difference at which the wetting
occurred (Ap) can be correlated to the Laplace equation:

_2-yL-c050

Ap = (1)

T'max
where y| is the surface tension of the liquid, 6 is the contact angle
of the liquid on the membrane material and rpax is the maximum
pore radius of the membrane.

An aqueous Phenol Red sodium salt solution (~300 mg/l) was
prepared and pumped through the surface modified reactors (PHOB
and SePHOB) for a minimum time of 15 min, in order to visualize the
wetting behavior throughout the sample. Then the samples were
cut and the cross-sections were examined by optical microscopy
(Zeiss Axiovert 40).

2.4. Reactor operation

The performance of the reactor was tested for heterogeneously
catalyzed hydrogenation of nitrite (NO,~) ions over palladium cat-
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Fig. 5. Schematic representation of the experimental setup.

alyst in aqueous phase.

2NOj + 3Hy~% Ny + 20H" + 2H,0 2)
2NO; + 6Hy - 2NH}, + 40H" (3)

The conversion and the reaction rate of the nitrite ions were
the main performance criteria. The production of the undesired
product ammonia (NH4*) was also measured and used to calcu-
late selectivity of the reaction. Selectivity to nitrogen (N;) follows
directly based on the well known fact that no other products are
formed. The porous ceramic mesoreactors were placed into a stain-
less steel module with separate in- and outlets for liquid and gas
(Fig. 5). The module was placed in a vertical position (liquid inlet
at the bottom) inside an oven at 298 K. The liquid reactant (aque-
ous solution of NO,~) was pumped into the tube and the gaseous
reactant (hydrogen: H,, atmospheric pressure) was delivered to the
shell side of the porous reactor.

Solutions of sodium nitrite with two different initial NO,~
concentrations of ~11 and ~110mg/l were prepared. The liquid
reactants flow rates were chosen as 0.1 and 0.3 ml/min. The back
pressure of the liquid before the entrance of the reactor was mea-
sured. The liquid outlet was connected to an ion chromatograph
(IC; Dionex ICS 1000) and the NO,~ and NH4* concentrations were
measured. The volumetric concentration of H, in the gas phase
was varied between 1 and 100% using a mixture of H, and Argon

Table 1
Experimental parameters: reactor types and operation conditions.

Reactor types PHOB-SePHOB

Catalyst (Pd) deposition on reactor (times) 1-3
Reaction temperature (K) 298
Reactor volume (ml) 0.83
Initial nitrite concentrations (mgj1) 11-110
Liquid flow rates (ml/min) 0.1-0.3
Liquid flow back pressures (bar) 0.3-0.6

Gas flow rate (ml/min) 100
Volumetric H, concentrations in gas phase (%) 1-100

(Ar) at different concentrations. The gas flow rate at the shell side
was kept constant as 100 ml/min. The experimental parameters are
summarized in Table 1.

In addition to the above mentioned 3-Phase (G-L-S:
H,(g)-NO;(aq)-Pd(s)) experiments, a 2-Phase (L-S: Hy(aq)
and NO;,~(aq)-Pd(s)) operation mode was tested where the liquid
was presaturated with H; (in a mixture with Ar) in a reservoir and
fed to the reactor. During the 2-Phase operation mode pure Ar gas
was flown at the shell side of the reactor.

3. Results and discussion
3.1. Reactor characterization

The structures of the y-Al,03 coated ceramic hollow fiber used
in this study are displayed in the SEM images in Fig. 6. The micro-
graphs show that there is a clear difference in the morphology
between the a- and y-Al,03 layers. The BET active surface area
of the y-Al,03 support was found to be around 73 m2/g, which is
significantly higher compared to the commercial a-Al,03 support
(~0.1m?2/g). The weight increase of the sample due to the coated
support was measured to be 5.6 wt%. Thickness of the support was
on average 80 wm.

Catalyst deposition was performed on samples with- and with-
out y-Al,03 support coating. The overall weight percentage of Pd
(measured by XRF) for the sample consisting of only a-Al,03 was
found to be 0.026 wt% and for the sample with additional y-Al,03
coating this value has increased to 0.073 wt%. This indicates that
the amount of deposited catalyst could be significantly increased
with the y-Al,03 coating due to the high surface area of this layer.
For the samples with 3 times catalyst deposition the corresponding
values increased to 0.12 and 0.26 wt%. It was observed that the Pd
is mainly located in the y-Al, O3 layer. The EDX results qualitatively
showed a homogeneous distribution of Pd along the cross-section
of the y-Al,03 coating. Both samples (containing additional y-

Trmsd534

o

Fig. 6. SEM images of the ceramic membrane cross-section after y-Al, 03 catalyst support coating: (a and b) a-Al,03/y-Al, 03 intersection and (c) porous structure of the

v-Al, 05 layer.
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Fig. 7. Visualization of the wetting behavior for the selectively hydrophobized (SePHOB) hollow fibers. Optical microscope cross-section images for tracking the liquid flow,
indicating where the liquid reaches. (a) Partially wetted a-Al, O3 layer and (b) completely hydrophobic a-Al, 05 and hydrophilic y-Al, O3 layers.

Al,03 coating) with 1 and 3 times catalyst deposition were used
in this work as reactors in order to study the effect of catalyst load-
ing on the reactor performance. These samples were referred as Pd
loading =0.073 wt% (1 time deposition) and Pd loading=0.26 wt%
(3 time deposition) in Section 3.2.

The Pd dispersion of a sample (measured by CO-chemisorption)
with a- and y-Al, 03 layer was 7.9% (average particle size =14 nm)
after a single exposure for Pd deposition, and 6.5% (average parti-
cle size =17 nm) after 3 times repetitive Pd deposition. However, it
must be noted that these XRF and CO-chemisorption results were
obtained for the entire sample (- and y-Al; 03 ) and not specifically
for the y-Al, 053 layer which is relevant for catalytic activity.

Contact angles were measured on dense flat Al,03 samples
after the hydrophobization step (for both liquid and gas phase
hydrophobization methods). For both samples, the contact angles
were around 115° which confirms that both methods were success-
ful in hydrophobizing Al,0Os3.

The wetting behavior of the porous ceramic fibers modified
by the complete (PHOB) and selective (SePHOB) hydrophobization
methods were investigated using an aqueous Phenol Red solution
as wetting indicator. Samples without any surface modification
were completely wetted by the indicator solution within a few
seconds. For the PHOB (completely hydrophobized) sample no con-
siderable coloring in the cross-sections along the length of the fiber
was observed indicating that the entire sample was hydrophobized.
For the SePHOB (selectively hydrophobized) samples wetting was
observed only in the y-Al,03 layer. This method apparently allows
hydrophobizing only the a-Al, 053 selectively while y-Al,03 layer
remains hydrophilic. Apparently, by sealing the ends of the fiber
the direct transport of FOTS to the inner membrane surface and
therefore hydrophobization of the y-Al,03 layer could be pre-
vented.

To determine the parameters for the selective hydrophobiza-
tion (SePHOB) procedure, the FOTS exposure time was varied and

different degrees of wetting were observed (Fig. 7). In samples
with shorter exposure times wetting was seen also in the a-Al,03
layer (Fig. 7a) which indicates that some regions also in this layer
remained hydrophilic. But for longer FOTS exposure times it was
observed that the a-Al;03 layer became completely hydrophobic
(Fig. 7b). Also the wetting behavior was identical along the length
of the fiber. Further increase of the exposure time on the order of
minutes resulted in the same wetting behavior as in Fig. 7b; the y-
Al;03 layer remained still hydrophilic. These results indicate that
gas phase modification of the y-Al,03 layer is a slower process
compared to modifying the a-Al, 03 layer. Most likely, this results
from the adsorption of FOTS at the a-Al,03 layer, combined with
the smaller pore sizes and high surface area of the y-Al,03 layer
(Fig. 6). Probably, the diffusion of FOTS is slower due to the smaller
pores and larger amount of FOTS is needed to cover the high surface
area in this layer.

Laplace pressures of the PHOB and SePHOB samples were mea-
sured. These pressures were 1.7 bar for the PHOB samples and
1.1 bar for the SePHOB samples. For the PHOB sample the liquid
has to wet the hydrophobic y-Al,03 layer first, whereas for the
SePHOB sample the hydrophilic y-Al,03 layer is already wetted,
explaining the higher Laplace pressure for the PHOB sample. The
measured Laplace pressure for the SePHOB sample is comparable
to the value predicted from the Laplace equation for the a-Al;03
layer, ~1.5 bar for a maximum pore radius of 800 nm. However, a
higher wetting pressure than 1.7 bar should be expected for the
PHOB sample due to the significantly smaller pore sizes in the y-
Al,03 layer (Fig. 6). This low value indicates the presence of defects
in the y-Al,053 layer, such as macrovoids (large pores), cracks or
incomplete hydrophobization.

It must be noted that both of the measured Laplace pressures are
higher than the back pressures (Table 1) for each flow rate, which
ensures a stable gas-liquid interface without the liquid reactant
leaking to the gas side.
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Table 2

Effect of the surface properties on the reactor performance: NO,~ conversions
and reaction rates for PHOB and SePHOB reactors (initial nitrite concentra-
tion=~11mg/l, H, concentration=100%, Pd loading = 0.073 wt%).

L-Flow rate Reactor NO,~ conversion Reaction rate
(ml/min) (x10° mmol/min)
0.1 PHOB 25% 0.6

SePHOB 71% 1.8
0.3 PHOB 11% 0.8

SePHOB 39% 2.8

3.2. Reactor performance

The catalytic performance of the obtained reactors was investi-
gated using heterogeneously Pd catalyzed hydrogenation of nitrite
in aqueous phase as a model reaction. The main performance crite-
ria were the nitrite conversion and the reaction rates which were
determined by measuring the initial and final concentrations of the
nitrite ions before and after the reactor.

In order to determine the influence of the surface properties on
the reactor performance two reactors (Pd loading = 0.073 wt%) with
different surface properties were tested:

e PHOB (hydrophobic a- and y-Al, 053 layers),
e SePHOB (hydrophobic a-Al,05 and hydrophilic y-Al, 03 layers).

Table 2 shows the overall conversions of nitrite ions and reaction
rates as a function of the liquid flow rate for both reactors. It can be
seen that the performance increased drastically using the SePHOB
reactor. These results clearly show the improvement achieved by
altering wall wetting conditions. This significant increase in the
nitrite conversions can be explained by the increased contact inter-
face between the liquid reactant and the Pd catalyst. While in the
PHOB reactor the liquid reactant was in contact with a hydrophobic
v-Al,03 catalyst support preventing efficient contact between the
nitrite solution and the active Pd, in the SePHOB reactor the liquid
reactant was able to contact the complete hydrophilic y-Al, 03 layer
resulting in significantly higher conversion values. The measured
selectivity values to ammonia were found to be approximately 53%
for the PHOB and 40% for the SePHOB reactor.

The effect of the H, concentration in the gas phase of the reactor
was investigated for the PHOB and SePHOB reactors (Pd load-
ing=0.073 wt%). The flow rate of the gas phase was kept constant,
but the volumetric concentration of gaseous reactant H, in the gas
flow was varied between 1% and 100% (H, partial pressures) using
Ar as diluting agent.

As can be seen in Fig. 8, the performance of the reactor
remained constant with decreasing hydrogen concentration. A
slight decrease in conversions was observed when the H, con-
centration dropped below 5%. The selectivity to the undesired
product NH4* decreased very slightly with decreasing H, concen-
tration. Results show that even at low values of H, concentration,
the gaseous reactant could easily reach the reaction area (y-Al,03
layer) through the non-wetted pores of the hydrophobic a-Al,03.
This concept ensures negligible mass transport limitations for the
gasreactant. Even at low hydrogen concentrations in the gas phase,
enough hydrogen is provided to maintain the reaction with dis-
solved nitrite (~0.24 mmol/l).

The initial nitrite concentration in the liquid phase was
increased from 11 to 110 mg/l. The experiments were carried out
with the SePHOB reactor for different H, concentrations (5-100%)
and at two different liquid flow rates (0.1 and 0.3 ml/min).

For increased nitrite concentrations, even though the nitrite
conversion values have decreased compared to the experiments
with lower nitrite concentration (Table 3), the reaction rates have
significantly increased. The selectivity of the reaction towards

80.0%
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Fig. 8. The effect of the hydrogen concentration on the reactor performance.
Nitrite conversion values for PHOB and SePHOB reactors (initial nitrite concentra-
tion=~11mg/l, Pd loading =0.073 wt%).

ammonia was approximately 24%. In addition, with the variation
of the H, concentration (down to 5%) it was observed that the
nitrite conversion performances again remained constant over the
full concentration range. These high nitrite reaction rates at high
initial nitrite concentration (~2.40 mmol/l) show that the contin-
uous supply of the gas phase provides enough H, to the reaction
area even though H; has a low solubility in water (~0.78 mmol/l
at 25°C [27]). The apparent order in H; for this configuration is
zero, suggesting that the Pd surface is almost completely covered
with H-atoms. Apparently, this way of introducing H; is extremely
efficient. The turn-over-frequency (TOF), representing the amount
of NO,~ ions converted per surface-Pd-atom, was calculated for
the SePHOB reactor (Pd loading =0.073 wt%, initial NO, ~ concentra-
tion=~11mg/1) to be ~0.5 x 10-3 s, This value is relatively small
compared to the TOF obtained in previous work (~3.4 x 10-3s~1)
for y-Al, 03 supported Pd catalyst [20]. However, this is not a sur-
prise when considering the high level of conversion as reported
in Table 3, as compared to differential experiments [20]. Therefore,
the TOF obtained here is an averaged value due to variations in both
nitrite concentration as well as pH along the axis of the reactor.

In order to investigate the effect of the amount of catalytically
active sites on the membrane wall, two reactors with two different
catalyst loadings were tested. SePHOB reactors with 0.073 wt% Pd
loading and with 0.260 wt% Pd loading were used and the tests were
carried out for initial nitrite concentrations of ~11 and ~110 mgj/l.

Fig.9illustrates the obtained nitrite conversions for each reactor
under the different process conditions. Higher conversion values
were obtained for the reactor with higher catalyst loading. The
increments in conversions and reaction rates for each flow rate
were more evident for higher initial nitrite concentrations (from
9.9 and 13.7 x 10~ mmol/min to 15.0 and 22.7 x 10~ mmol/min)
because of the lower conversion levels (closer to differential condi-
tions), where the concentration gradients along the reactor length
are less significant. These results show that the performance can be

Table 3

Effect of initial nitrite concentration on the performance of the SePHOB reactor:
NO;~ conversions and reaction rates (initial nitrite concentrations=~11mg/l and
~110 mg/l, H, concentration=100%, Pd loading = 0.073 wt%).

Initial L-flow rate NO,~ Reaction rate
NO;~ concentration (ml/min) conversion (x10° mmol/min)
~11mg/l 0.1 71% 1.8

0.3 39% 2.8
~110mg/l 0.1 40% 9.9

0.3 18% 13.7
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Comparison of 2-Phase and 3-Phase Systems for a SePHOB reactor (initial nitrite concentration=~11 mg/l, Pd loading 0.260 wt%).

245

Operation mode

L-flow rate (ml/min)

Nitrite conversion (%)

H, conversion (%)

Selectivity to NH4* (%)

X(Hz) (vol.) Xx(Hz) (vol.) X(Hz) (vol.)
10% 100% 10% 100% 10% 100%
2-Phase 0.1 11 72 51 47 4 36
03 14 53 72 40 5 60
3-Phase 0.1 80 80 - - 37 40
03 46 46 - - 42 38

«—— Lowinitial NO, conc. —>*—— Highinitial NO, conc. —>
80% !

P

60% SePHOB

(0.073 W% Pd)

# SePHOB
(0.260 wt% Pd)

40%

Conversion of NO2

20%

0%

0,1

=1
w

0,1
-Flow Rate, mLimin

o

-

Fig. 9. Effect of catalyst loading on the reactor performance. Nitrite conversion val-
ues for SePHOB reactors with 0.073 wt% and 0.260 wt% Pd loading (initial nitrite
concentration=~11 (low) and ~110 (high) mg/l, H, concentration = 100%).

improved by increasing the amount of Pd catalyst in the selectively
hydrophobized reactor. However, the extent of the increase is far
smaller than the increase in Pd loading, which is due to the high
conversion levels and hence a significantly lower concentration in
the downstream of the reactor (integral conditions), as well as to
the decreased dispersion of Pd.

The nitrite conversions of the proposed 3-Phase concept were
compared with the performance of a 2-Phase system for the same
reaction using the same reactor. In the 2-Phase system the initial
nitrite feed solution was saturated with the gaseous reactant of Hy
or its mixtures with Ar. For this mode, both reactants (NO, ~ and H;)
are dissolved in water (L) reacting on the catalyst (S) surface and no
reactant (Hy) is fed from the gas phase. The solution was fed into
the same porous ceramic mesoreactor. For this comparison, two
different liquid flow rates (0.1 and 0.3 ml/min) and two different
H, concentrations (x(H;)) were used. Tests were carried out in the
SePHOB reactor with 0.260 wt% Pd loading. The conversion values
of the presaturated H, in the liquid phase were calculated for the
2-Phase experiments from the reaction stoichiometry ((2) and (3))
considering the selectivity of the reaction.

The experiments clearly show (Table 4) that the performance
of the 2-Phase system is more sensitive to the H, concentration.
For 10% H, concentration, the conversion values dropped drasti-
cally in the 2-Phase system while for 100% H, concentration these
values were in the same range for both operation modes. The
decrease of the conversions for low H, concentrations at 2-Phase
operation mode is caused by depletion (exhaustion) of dissolved
hydrogen in the liquid phase along the reactor axis. Presaturation
with 10% H; (partial pressure=0.1bar) results in ~0.078 mmol/l
dissolved H; at 25 °C, whichis not sufficient to convert the dissolved
nitrite (~0.24 mmol/l) completely. These results demonstrate the
key advantage of the proposed 3-Phase contacting system, where
a continuous supply of the gaseous reactant along the full length
of the reactor via the membrane prevents depletion of the gaseous
reactant, without dispersing the gas in the liquid phase.

4. Conclusions and future work

In this study, a contacting concept for gas-liquid-solid (G-L-S)
microreaction technology was studied. Porous ceramic mesore-
actors in tubular geometry with controllable wetting properties
and catalytic activity were developed. The reactors were charac-
terized and the proposed reactor concept was applied for catalytic
hydrogenation of nitrite. The developed reactors showed promising
performance for this environmentally relevant catalytic reaction
system.

Main conclusions of this study are as follows:

e The wetting behavior for the liquid reactant on the catalyst sur-
face and the position of the G-L interface can easily be tuned
and a stable G-L-S interface for heterogeneously catalyzed reac-
tion processes can be obtained applying surface modification
(hydrophobization) techniques.

Reactors prepared with selective hydrophobization techniques
(SePHOB), in which the membrane support is hydrophobized
while the catalyst support remains hydrophilic, proved to be the
most effective configuration for this reactor approach.

The performance of the reactor remained constant even when
the gaseous reactant (H, ) concentration was decreased. This con-
cept provides very efficient transfer of H, by continuous addition
through the membrane, allowing operating at low partial pres-
sures of Hy.

Membrane technology shows to have a promising potential
to be implemented for microreactors in G-L-S reaction systems.
Despite the above mentioned conclusions some issues remain to be
investigated. Ongoing work is focused on different configurations
inside the reactor such as the influence of different thicknesses of
the catalyst support layer, effect of the decreased internal diameters
(microscale) and mixing strategies to increase the performance.
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