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The kinetics of gas-liquid catalytic reactions can be strongly promoted when these
are performed in interfacial catalytic membrane reactors instead of other three-phase
reactors such as slurry stirrers or trickle beds. The well-defined gas-liquid-catalyst
contact in this system avoiding diffusional limitations is usually argued as the main
reason for such enhancement. In this work, using nitrobenzene hydrogenation as a
model reaction, we propose that this increased catalytic performance might also be
attributed, at least partially, to increased gas solubilities in mesoconfined solvents (or
simply ‘‘nanoliquids’’) in interfacial contactors overcoming the values predicted by
Henry’s Law. To support this hypothesis, we provide experimental evidence of a dra-
matic increase of H2 solubility in confined ethanol using mesoporous c-Al2O3 as con-
fining solid. Gas-liquid solubilities can be enhanced up to five times over the corre-
sponding bulk values for nanoliquid sizes lower than 15 nm as long as the gas-liquid
interface is confined in a mesoporous array. In such a situation, the volume of the gas-
liquid interface is no longer negligible compared to the total volume of the confined
liquid, and the high surface excess concentrations of the gas adsorbed on the liquid
surface make solubility grow up dramatically. According to these measurements, we
discuss how nanoliquids might form in catalytic membrane contactors, which gas-liq-
uid configuration in the reactor appears to be more appropriate, and how the structure
of the mesoporous catalytic layer contributes to their increased gas solubilization per-
formance. � 2008 American Institute of Chemical Engineers AIChE J, 55: 434–441, 2009
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Introduction

Catalytic membrane reactors (CMRs) have attracted atten-
tion because of their advantages related to the synergy of the
catalyst and membrane when implemented in the same
device. Within this family, interfacial contactors CMRs
(icCMRs) are characterized by a triple contact between two

different reactant fluid phases (usually gas-liquid contact)
and the catalyst.1–3 This helps circumventing diffusional
resistances to mass transfer, leading to higher catalytic activ-
ities than other three-phase reactors (e.g., slurry stirrers and
trickle-beds).3,4 Moreover, the catalyst being part of the reac-
tor, its recovery does not need any separation from the liquid
medium.

Interfacial catalytic membranes usually consist of multilay-
ered tubular ceramic tubes (usually made of alumina, titania,
zirconia or titania coated with titania depending on the appli-
cation4–6) with decreasing pore size from the outer to the
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inner layer, this latter lying in the mesoporous range and
containing most of the catalyst, for instance, Pt (see Figure
1). The catalyst is usually dispersed in the mesoporous layer
by ionic impregnation or evaporation-crystallization with a
convenient precursor (e.g., hexachloroplatinic acid in the
case of Pt deposition) and activated by reduction under H2

flow at 673 K.7,8 Using this procedures, Pt nanoparticles up
to 1.5 nm in size can be synthesized with loadings in the
contactor up to 1.5 wt % for mean pore sizes lying in the
range 5–20 nm.4

The position of the gas-liquid interface within the mem-
brane thickness plays a relevant role in the performance of
icCMRs, as has been reported in several studies.9–11 Higher
reaction rates are achieved by locating the gas-liquid inter-
face as close as possible to the catalytic zone. In this way,
two gas-liquid configurations can be defined, as shown in
Figure 1: (1) liquid flowing outside and gas flowing inside
(liquid out, gas in), and (2) gas flowing outside and liquid
flowing inside (gas out, liquid in).

In this context, the first experiments carried out by our
group during the 90s using nitrobenzene hydrogenation as a
model reaction4 revealed a zero-order kinetics for hydrogen
in an interfacial contactor CMR operated using configuration
1 for mean pore sizes of the mesoporous layer lower than 25
nm. Above this value, the kinetics turns into first order for
hydrogen. An apparent first order for hydrogen is also found
when operating with icCMRs in configuration 2 as well as
for slurry-type reactors in absence of diffusion limitations.
Table 1 summarizes the most relevant information related to
the kinetics of this reaction for the different configurations of
interfacial-type catalytic contactors and slurry-type reactors.
These observations suggest that, in configuration 1, gas

access is not a limiting factor, the H2 coverage of the catalyst
active surface being much higher in this case. This translates
into rate enhancement factors up to 5 when compared to con-
figuration 2 and similar reaction rates to those obtained in a
model slurry-type reactor. This improved efficiency has also
been observed in other recent applications of gas-liquid cata-
lytic membrane contactors, for instance, in the catalytic wet
air oxidation of formic acid, conceived and developed in the
framework of the WaterCatox European project.14–16 In this
article, we will concentrate our attention on nitrobenzene
hydrogenation.

It is known that, at the scale of a few nanometers, the physi-
cochemical properties of condensed matter differ from their
corresponding macroscopic values.17,18 In this way, it has
been suggested that the enhanced catalytic activity of mem-
brane contactors might be at least partially attributed to
increased gas solubilities in the solvent confined in the meso-
pores of a membrane.4 This idea is sustained by a recent ex-
perimental study performed by our group,18 where the solubil-
ity of H2 and light hydrocarbons in different solvents confined
in the cavities of mesoporous c-alumina and silica has been
measured using a methodology based on proton nuclear mag-
netic resonance (1H-NMR). These results revealed that, in all
cases, one or two signals ascribed to the dissolved gas in the
mesoconfined solvent could be identified after peak deconvo-
lution. Liquid confinement appears to promote gas solubility
by three to five times over the corresponding macroscopic val-
ues. Moreover, gas solubility increases dramatically when tun-
ing the nanoliquid size to values lower than 15 nm. Moreover,
gas solubility appears to be only promoted when the gas-liquid
interface is localized in the solid mesopores, suggesting an im-
portant role of surface excess concentrations at the
gas-liquid interface in the measured solubilities.

To provide more insight into this phenomenon and its impli-
cations in the performance of interfacial contactors CMRs,
herein, we report the measurement of H2 solubility in meso-
confined ethanol (solvent used in4 for nitrobenzene hydrogena-
tion) by microvolumetry. Also, the confining solid used in this
study is the same as the membrane material, c-alumina. Our
major goal is to describe how nanoliquids are formed and
behave in interfacial contactors CMRs, and to discuss the
influence of the gas-liquid configuration and the mean size of
the mesoporous layer in its catalytic performance.

Experimental

Materials

Ethanol (purity [ 99.9%), supplied by Sigma-Aldrich
(Germany), was used as solvent. Hydrogen gas (purity [

Figure 1. Gas-liquid configurations in multilayered
interfacial CMRs: (1) Gas in, liquid out; (2)
gas out, liquid in.

The small and larger cycles refer, respectively, to the cata-
lyst and alumina grains of the membrane structure. [Color
figure can be viewed in the online issue, which is avail-
able at www.interscience.wiley.com.]

Table 1. Summary of Kinetic Data for the Reaction of
Nitrobenzene (NB) Hydrogenation Catalyzed by Pt/c-Al2O3

Reactor
Apparent
H2 Order

Apparent
NB Order

Catalytic
Activity (31010

mol s21 cm22 Pt) Refs.

(1) 0 0.3–0.6 9.5 4
(2) 1 0 2.0 4,12

Slurry 1 0 10 13

Experimental conditions: NB, 0.62 mmol L21; H2 pressure, 101 kPa; temper-
ature, 313 K; DP, 50 mbar. The reactor type refers to the configurations
described in Figure 1.
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99.99%) was obtained from Air Liquide (France). The con-
fining solid was c-alumina GFS-400, with skeletal density of
3.5 g cm23, measured by microvolumetry using He, 235 m2

g21 specific surface, 0.62 cm23 g21 Broekhoff-de-Boer
(BDB) pore volume and 10.9 nm mean pore size, as mea-
sured on our premises by N2 adsorption at 77 K. The corre-
sponding pore size distribution obtained by the BDB method
is shown in Figure 2.

The mean pore size of c-alumina filled up by the liquid
(also referred later as nanoliquid size) was computed from
the BDB pore size distribution of the solid by considering
the liquid loading of the solid. In these calculations, on the
basis of the form of the adsorption/desorption isotherm of
ethanol on mesoporous c-alumina (Type V), it was implicitly
assumed that pore filling takes place from smaller to larger
pores according to the Kelvin equation. The nanoliquid mean
size, �d, for a given liquid loading, f, was computed and tuned
from the pore volume distribution (BDB, from N2 desorption
at 77 K) by Eq. 1, where the pores have been assumed to be
slit-like (see Refs. 19,20 for further details):

�d ¼ 1

Vðf Þ
Z Vðf Þ

0

ðd � 2tÞ3dV
" #1=3

(1)

where 2t is the statistical thickness of the pore wall. The
effect of pore filling on average nanoliquid size can be
visualized in Figure 3. The application of bulk density values
to mesoconfined ethanol is well supported by Morishige and
Shikimi21 and Tzevelekos et al.22

Set-up

Gas solubility was measured by microvolumetry. The set-
up used for this purpose consisted of two units (see Figure
4). Unit 1 included a stainless steel cell of perfectly known
volume, a calibrated reference volume, a differential pressure
gauge (Rosemont 3051, Emerson Process Management,
USA, accuracy \0.06% full scale, 0–630 mbar), and two

total pressure gauges (Keller AG, Jestetten, Germany, 0–20
bar and 0–400 mbar, respectively) to carry out the microvo-
lumetry measurements. Compared to the methodology used
in a previous work relying on 1H-NMR analysis,19 microvo-
lumetry is not limited to proton-free solvents, and the meas-
urements are faster and easier to perform.

Unit 2 includes a primary vacuum line equipped with a
membrane pump (MVP 035-2, Pfeiffer Vacuum Technology,
Germany) to evaporated fixed amounts of solvent in the cell,
and a secondary vacuum line provided with a turbomolecular
pump (TMH 071, Pfeiffer Vacuum Technology, Germany,
maximum pressure \1027 mbar) for previous outgassing of
the target solid in the cell. A cold trap cooled with liquid
nitrogen was placed between both units for vapor condensa-
tion. Further details on this experimental system can be
found elsewhere.20

Measurement of gas solubilities

Some preliminary solubility experiments of H2 in bulk
ethanol previously degassed in an ultrasonic bath and in situ
revealed that the concentration of dissolved H2 increases lin-
early with pressure according to Henry’s Law, the solubilities
matching the literature values (see Table 2). This validates
the measurement technique.

In the case of confining the target solvent in the porous
solid, prior to any measurement, the solid placed in the cell

Figure 2. Pore size distribution of c-alumina, as
obtained from nitrogen adsorption at 77 K.

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

Figure 3. Mean pore size, d, filled by the liquid accord-
ing to the liquid loading of the confining solid
volumetric pore-size distribution.

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

Table 2. Values of H2 Solubility in Ethanol at 101 kPa in
Different Liquid-Solid Environments Using c-Al2O3 as

Confining Solid

System at Equilibrium with Gas Phase ‘H2 [%]

(1) Bulk solvent 5 6 2 (8.7)*
(2) Bulk solvent with porous solid 10 6 3
(3) Solvent confined in mesopores

(average diameter 4 nm)
45 6 7

The gas pressure was kept at 100–120 kPa in all experiments.
*Value obtained from Ref. 23.
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was first outgassed at 423 K for at least 3 h under secondary
vacuum (\1024 mbar). Subsequently, the volume of the
solid was measured from He expansion, and blank H2

adsorption tests were performed on dry c-alumina by micro-
volumetry (the H2 loading was as low as ;2 lmol g21 at
101 kPa). The solid was then soaked with a large volume of
solvent previously degassed in an ultrasonic bath for 15–30
min. The solvent was later outgassed in situ and evaporated
by the action of primary vacuum down to the desired load-
ing, as monitored by weight change.

As soon as the saturation vapor pressure of the liquid was
stabilized, perfectly known H2 doses measured in the refer-
ence volume were submitted to the cell. Care was taken that
the pressure in the cell was stabilized before introduction of
the next dose. After each dose, the pressure of the gas was
reduced from that measured in the reference volume due to
expansion and solubilization in the confined liquid. All
the experiments were performed at room temperature (284–
289 K) in the pressure range 101–202 kPa. Precautions were
taken to avoid any contamination from adsorption on c-alu-
mina on the measured solubilities.19 H2 solubilities are given
as the ratio of the H2 dissolved in the solvent to that in the
gas phase (i.e. ‘H2 5 CH2/Cg,H2 5CH2RT/ PH2). Using the
present protocol, H2 solubilities were accurate to within
15%. Further details dealing with the calculations can be
found in Ref. 20.

Results

Table 2 summarizes the results obtained for H2 solubility
in ethanol in different liquid-solid environments. As can be

seen, within the limits of the experimental error, our protocol
reproduces fairly well published data in bulk ethanol (row
1).23 Moreover, the solubility of H2 dissolved in the solvent
containing the porous solid (row 2) also approaches the bulk
solubility value. On the opposite, H2 solubility shows an
increase up to four to five times over the bulk value when
the solvent is confined in the solid mesopores (row 3),
namely for solvent loadings lower than the total pore volume
of the solid.

Figure 5 plots the concentration of dissolved hydrogen as
a function of pressure in ethanol confined in c-alumina for
different nanoliquid sizes ranging from 4 to 9 nm. As can be
seen, regardless of the liquid loading, H2 concentration
evolves linearly with pressure under confinement. Moreover,
H2 solubility increases with a reduction of the liquid loading
in alumina, which implies in its turn a reduction of the pore
size filled by the liquid or nanoliquid size. The solubility
turns into bulk values when the whole solid is soaked by the
liquid.

Figure 6 shows the effect of nanoliquid size on H2 solubil-
ity in ethanol confined in c-alumina. As can be seen, H2 sol-
ubility is dramatically enhanced over the bulk value for
nanoliquid sizes lower than 9 nm, as long as gas-liquid inter-
faces are confined in the mesoporous system. In contrast,
bulk solubility values tend to be recovered for higher nano-
liquid sizes, which corresponds to the situation where the
solid is completely soaked by the liquid (row 2 in Table 2).
The results shown in Figure 6 confirm the idea put forward
in Ref. 19 that gas solubility is only enhanced as long as
gas-liquid interfaces are located at the level of the solid mes-
opores (i.e. for solvent loadings\100%).

Figure 4. Scheme of the microvolumetry set-up used to measure gas solubility values.

Nomenclature: PG, absolute pressure gauge (piezo); DeltaP, differential pressure gauge; PPG, pumping pressure gauge (Pirani 1 cold cath-
ode); VACell, isolation valve cells; TMP, turbomolecular pump; MPump, membrane pump; VAC, Valve cross zone (unit 1); VAP, valve
pumping zone. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Taking into account this experimental observation, gas sol-
ubility can be related to the nanoliquid size, d, through a
mass-balance based model as proposed previously.19 Regard-
ing a gas-liquid interface confined in a slit-like mesopore as
illustrated in Figure 7 (for simplicity, the meniscus has been
omitted and the pore depth has been equaled to the pore
size), the overall H2 solubility, ‘H2, can be obtained from a
mass balance as follows

nH2 ¼ nbulkH2 þ nintH2

CLV
T ¼ Cbulk

L Vbulk þ Cint
L Vint ðVT ¼ Vbulk þ VintÞ

‘gV
T ¼ ‘bulkg Vbulk þ ‘intg Vint

‘g ¼ ‘bulkg þ Vint

VT
‘intg � ‘bulkg

� �

where ‘bulkH2 and ‘intH2 are, respectively, the bulk and interfacial
H2 solubility. Assuming now that that the thickness of the
gas-liquid interface, z, approaches the molecular size of H2

(2.9 Å), Vint / VT � z/d, the overall H2 solubility, ‘H2, can be
approached as follows for a mean pore size (i.e. nanoliquid
size) �d (Eq. 2)

‘H2 � ‘bulkH2 þ z
�d

‘intH2 � ‘bulkH2

� �
(2)

The interfacial H2 solubility can be related to the surface
excess concentration of H2 at the gas-liquid interface, Gð1Þ

H2,
according to Eq. 3

‘intH2 ¼
Cð1Þ
H2

zCg;H2
(3)

Introducing Eq. 3 into Eq. 2, the following final expression
is obtained for the overall gas solubility (Eq. 4)

‘H2 ¼ ‘bulkH2 þ 1
�d

Cð1Þ
H2

Cg;H2
þ z‘bulkH2

 !
(4)

Discussion: icCMRs vs. Nanoliquids

Increased gas solubility in nanoliquids

The experimental trends of H2 solubility in ethanol with
the nanoliquid size depicted in Figure 5 and summarized in
Table 2 are qualitatively consistent with those found by 1H-
RMN in our previous study19 for CH4 and C2H6 in CCl4 and
CS2. H2 solubility is increased up to four to five times for

Figure 7. Simplified visualization of a liquid confined in
a slit-like mesopore with a size and depth
equaling to d and a confined gas-liquid inter-
face with thickness z.

The meniscus has been omitted for simplicity. The volume
of the confined liquid, VT, can be expressed as VT 5 Vbulk

1 Vint.

Figure 6. Pressure evolution of the concentration of
dissolved H2 in ethanol with pressure as a
function of the nanoliquid size.

The solid and dashed lines correspond, respectively, to the
fittings to Eq. 2 and to bulk solubility values. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

Figure 5. Evolution of the concentration of dissolved
H2 in ethanol as a function of pressure for
different nanoliquid sizes.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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nanoliquid sizes lower than 5 nm while bulk solubility tends
to be recovered beyond 15 nm.

Figure 6 shows that Eq. 2 predicts fairly well the experi-
mental trend of H2 solubility data with the nanoliquid size.
The fitted surface excess concentration of H2 in ethanol con-
fined in c-alumina is Gð1Þ

H2 5 2.4 3 1022 mol nm22 at 101
kPa H2 pressure and room temperature.

To evaluate the validity of this fitted parameter, an inde-
pendent estimation was carried out. The variation of sur-
face tension of the H2/ethanol system with hydrostatic
pressure has been estimated by the Macleod-Sugden corre-
lation.24 From this plot, the Gibbs equation leads to a
value of surface excess concentration, Gð1Þ

H2 5 1.2 3 1022

mol nm22. Considering the totally independent approaches,
both values are comparable. Moreover, the model predicts
recovery of bulk solubility for nanoliquid sizes beyond 15–
20 nm.

Formation of nanoliquids in icCMRs

To relate the increased solubility in nanoliquids to the
enhanced catalysis of icCMRs, let us first discuss the forma-
tion of confined liquids in membrane porous layers according
to the general configurations displayed in Figure 1.

In configuration 1 (gas in, liquid out, see Figure 1 on top),
the gas is in direct contact with the catalyst nanoparticles
surrounded by nanosized liquids. On the opposite, when
operated using configuration 2 (gas out, liquid in, see Figure
1 on bottom), a direct contact between the gas and nanosized
liquids surrounding the catalyst cannot be established, the
gas-liquid interface being located within the support macro-
pores. Therefore, on the basis of the influence of nanoliquid
formation, configuration 1 appears more favorable to cata-
lytic performance. Let us now examine in more detail the
influence of the nanoliquid size on the catalytic performance
of icCMRs when operated in this configuration.

Catalytic performance vs. nanoliquid size

First of all, the mesoporous layer is expected to be practi-
cally completely filled with the liquid at conventional trans-

membrane pressures due to capillary forces. Nevertheless,
depending on the mean pore size of the catalytic top layer,
the nanoliquid size is expected to be smaller for top layers
made of smaller-sized mesopores (i.e. \10 nm) than for
larger ones.

Figure 8 illustrates this nanoliquid size effect on the cata-
lyst environment in a catalytic contactor operated in configu-
ration 1. Qualitatively, the ratio of gas molecules, including
those adsorbed on the gas-liquid interface, over the catalyst
surface is larger in smaller pores when considering the same
sample volume. Moreover, in smaller pores, the catalyst is,
in average, closer to the gas-liquid interface.

Quantitatively, in configuration 1, the catalyst could bene-
fit from the large amount of H2 available in the nanoliquid
when compared to a bulk situation in a conventional reactor.
According to the plots in Figure 4, the surface excess con-
centration of H2, ‘

int
H2, is 2 orders of magnitude higher than

the bulk solubility (9.5%). Let us consider ‘intH2 5 Gð1Þ
H2/zCH2

(with Gð1Þ
H2 5 2.4 3 1022 mol nm22, z 5 0.2 nm, and CH2 5

0.04 mol l21), leading to a value of ‘intH2 � 500%. This much
higher local concentration of H2 compared to the bulk might
therefore contribute positively to the kinetics of the reaction
of nitrobenzene hydrogenation.

On the basis of physically and chemically well-founded
assumptions with respect to the reaction mechanism,25–27 the
kinetics of nitrobenzene hydrogenation catalyzed by noble
metals is usually described through a Langmuir-Hinshelwood
type model stemming from noncompetitive adsorption of
nitrobenzene and hydrogen (Eq. 5)28,29

r ¼ kKNBKH2CNBCH2

ð1þ KNBCNBÞð1þ KH2CH2Þ (5)

The model Eq. 5 applies to a situation where, although
most of the catalyst surface is covered by chemisorbed nitro-
benzene, enough surface is still accessible to H2 for adsorp-
tion. Furthermore, it is also assumed that an active site con-
sists of two adjacent metal atoms onto which H2 dissociates.
For convenience, Eq. 5 can be rewritten in the form

Figure 8. Scheme of a mesoporous layer showing the intimate gas-liquid-catalyst contact at the nanoscale in con-
figuration 1 (gas in, liquid out) for (left) small-sized mesopores (<10 nm) and (right) larger-sized meso-
pores (>20 nm).

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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r ¼ kKNBCNB

ð1þ KNBCNBÞ/ðCH2Þ (6)

where

/ðCH2Þ ¼ KH2CH2

ð1þ KH2CH2Þ (7)

The function / described by Eq. 7 can be rewritten by
expressing the H2 concentration in terms of ‘H2

/ð‘H2Þ ¼ KH2ðPH2‘H2=RTÞ
½1þ KH2ðPH2‘H2=RTÞ� (8)

Assuming that the dissolved H2 is at equilibrium with the
gas phase, the increased catalytic activity in icCMRs using
configuration 1 could be ascribed to an asymptotic increase
of function / toward 1. As an example, Figure 9 shows the
evolution of function / with the solubility of H2 in ethanol
at room temperature. The value of KH2 5 134.1 l mol21 at
298 K, fitted from published H2 adsorption data on Pt,30 was
used in these calculations.

As can be deduced from Figure 9, under conventional re-
actor conditions (‘H2 5 9.5%), it can be seen that a change
from 1 to 3 bar has a large influence on / because of the
sharp increase of the plots at low abscissa values. On the
contrary, for larger values of H2 solubility due to nanoliquid
formation (icCMR case operated in configuration 1), it can
be seen that a change in pressure has a much more limited
effect. This effect of H2 pressure on the kinetics (value of /)
is in good keeping with the observed kinetic orders of H2 in
the different types of reactors (see Table 1). From a mathe-
matical point of view, this increase of function / approach-
ing to saturation could simplify Eq. 4, eliminating the
influence of H2 concentration. This would translate into a
zero-order dependence of the reaction rate on H2 pressure.

In addition, the intimate contact between the gas, the
nanoliquid and the catalyst makes the concentration in the

vicinity of the latter practically constant during the reaction.
This idea is sustained by the experimental observation that
using ethanol pre-saturated with H2 keeps the reaction almost
rate unchanged.12

In contrast, when dealing with icCMRs operated in config-
uration 2, the apparent order for H2 tends to 1 because func-
tion / is far from the asymptote. In this configuration, the
H2 surface coverage of the catalyst is expected to be much
lower, as the H2 concentration in ethanol corresponds now to
the bulk value. Accordingly, as reported in Ref. 12, addi-
tional supply of H2 by pre-saturation of the solvent signifi-
cantly promotes the reaction rate.

Finally, despite the increased H2 adsorption on the catalyst
using icCMRs in configuration 1, this reactor does not offer
higher reaction rates when compared to those obtained in a
slurry-type reactor (see Table 1). This is likely because of
the fact that the direct comparison between both performan-
ces is made difficult owing to the very different reactor
nature. However, it could be anticipated that in the case of
an icCMR, the long diffusional path of nitrobenzene from
the outer surface to the nanoliquid zone in the mesoporous
layer might restrict the reaction rate. This has been demon-
strated by Torres et al.31 when modeling nitrobenzene hydro-
genation in an icCMR and by Peureux12 from the analysis of
the apparent activation energy of the system. This limitation
is evidenced from the experimental observation that the
apparent order for nitrobenzene in an icCMR operated in
configuration 1 lies in the range 0.3–0.6 (see Table 1)
depending on the temperature (a higher order is obtained at
higher temperatures due to the higher catalytic activity), while
this order is 0 when the reaction is performed in a slurry-type
reactor. This is why, as it has been addressed in recent publi-
cations,9–11,32 it seems better to operate using an intermediate
configuration where the liquid is kept mostly out of the porous
membrane. In this system, the liquid located on the inner side
and the gas pushes the gas-liquid interface deep within the po-
rous system and as close as possible to the mesoporous cata-
lytic layer. This might help reducing the diffusional path of
the solute to the catalytic zone while maintaining the positive
effect of nanoliquid formation described in this article.

Conclusions

Hydrogen solubility in ethanol increases dramatically over
the corresponding bulk value (up to five times) when tuning
the nanoliquid size to values in the range 4–15 nm. This
oversolubility effect has been evidenced when considering a
gas-liquid interface confined in solid mesopores. Although
the bulk Henry’s Law constant no longer applies in these
conditions, gas solubility also increases linearly with pressure
for these systems. On the opposite, when the liquid is con-
fined but the gas-liquid interface is kept outside of the pores,
the solubility is reduced to bulk values. This becomes true
when the pore size exceeds 15 nm.

The increased gas solubility in mesoconfined solvents
seems to be a key factor in explaining the enhanced catalytic
activities found in interfacial contactors CMRs. These results
reinforce the idea that the intimate contact between the gas
and the catalyst surrounded by nanosized liquids (con-
figuration 1) is the underlying phenomenon that explains
the apparent H2-zero-order kinetics for the nitrobenzene

Figure 9. Evolution of function /(CH2) at 323 K with H2

solubility in ethanol at room temperature.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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hydrogenation reaction. These conclusions have stimulated
novel configurations of interfacial contactors CMRs for other
reactions of industrial interest.9–11,32
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Notation

C5 concentration (mol m23)
d5pore size (nm)
d5nanoliquid mean size defined by Eq. 1 (nm)

‘H25H2 solubility (%)
f5 solvent loading
k5kinetic constant (mol s21 cm22Pt)
K5 adsorption constant (mol m23)
P5pressure (Pa)
R5 constant of gases (8.314 Pa m3 mol21 K21)
2t5 statistical thickness of the pore wall (nm)
T5 temperature (K)
V5volume (m3)
z5gas-liquid interface thickness (nm)

Greek letters

G(1)5 surface excess concentration (mol nm22)
/5 function defined by Eq. 4

Subscripts

g5gas
H25hydrogen
NB5nitrobenzene

Superscripts

bulk5bulk phase
Int5 interface
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