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a b s t r a c t

The hydrogenation of nitrates in aqueous solution has been studied using Pd–Cu catalysts deposited in
mesoporous ceramic membranes operated in a flow-through catalytic membrane reactor. The effect of
eywords:
itrate hydrogenation
rinking water
atalytic membrane contactor
ater treatment

the top-layer pore size (5, 10 or 25 nm) on the catalytic activity was explored. The activity increased
with trans-membrane flow rate for the three membranes, although moderately with the 25 nm pore
membrane. At a similar flow rate, the activity increased when the pore size decreased. Concentration
polarization of nitrates was evidenced by ultrafiltration experiments with bare membranes, and was
enhanced when the pore size decreased. Concentration polarization appeared effective in improving

e to a
the catalytic activity, du
membranes.

. Introduction

Nitrates are the main components of agricultural fertilizers, and
heir intensive use leads to a regular increase of nitrate concentra-
ion in surface and ground waters. Because of their toxicity, the
uropean Commission has set to 50 mg/L the maximum nitrate
oncentration allowed in drinking water [1]. This limit is now
argely exceeded in many ground waters, which therefore require
reatment to meet the requirements for potable water. Current
hysico-chemical processes used for nitrate removal from drinking
ater are ion exchange and membrane processes (reverse osmosis

r electrodialysis). A general limitation of these technologies is the
ormation of concentrated brines, which have to be treated before
isposal.

Catalytic hydrogenation of nitrates offers an elegant solution to
ater denitrification, since the nitrates are reduced into a harm-

ess product, nitrogen. Supported palladium catalysts promoted by
opper have been the most studied catalysts for nitrate hydrogena-
ion in water [2,3]. Mechanistic and kinetic studies showed that the
eduction of nitrates is a stepwise reaction, in which nitrates are
rst converted into nitrites on copper by a redox mechanism. The

alladium ensures subsequent catalytic reduction of nitrites into
itrogen and/or ammonium, which is an un-desired by-product
4,5].

∗ Corresponding author. Tel.: +33 472 445 389; fax: +33 472 445 399.
E-mail address: Nolven.Guilhaume@ircelyon.univ-lyon1.fr (N. Guilhaume).

1 Deceased on 21st January, 2009.

920-5861/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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local increase in nitrate concentration in the catalytic top-layer of the

© 2010 Elsevier B.V. All rights reserved.

The reaction has been investigated mainly in fixed bed reac-
tors, operating in batch or semi-batch conditions. As often in
three-phase reactions, the reaction rate is strongly limited by mass
transfer of hydrogen to the catalyst surface, related to the low
solubility of hydrogen in water. Strong external and/or internal dif-
fusion limitations have been evidenced, depending on the catalyst
particle size and the porosity [6,7]. In addition, diffusion limitations
of hydroxyl ions formed during the reaction are also detrimental to
the selectivity towards nitrogen.

Membranes are widely used for water and beverage process-
ing, whereas catalytic membrane reactors (CMRs) are particularly
adapted to control activity and selectivity issues in gas/liquid cat-
alytic reactions [8,9]. In the contactor configuration, the porous
membrane provides a contact area between the solid catalyst,
incorporated in the membrane, and the gas/liquid phases (interfa-
cial configuration) or between the solid catalyst and the reactants
dissolved in the liquid phase (flow-through configuration). As
regards the catalytic reduction of nitrates, the expected benefits
of membrane reactors, compared to conventional reactors, are: (i)
better efficiency, due to an improved contact between the reac-
tants and the catalyst (absence of diffusion limitations due to short
diffusion path length), (ii) higher selectivity (in interfacial config-
uration, the hydrogen supply can be controlled by dosing through
the membrane, whereas the contact time can be accurately con-
trolled in flow-through configuration), and (iii) there is no need to

separate the catalyst from the treated water. Additionally, mem-
brane reactors are particularly adapted to continuous processes in
a simple and compact reactor design.

Ilinitch et al. [10] compared the catalytic reduction of nitrates
with Pd–Cu catalysts deposited on �-alumina powders or on disk-

dx.doi.org/10.1016/j.cattod.2010.04.048
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:Nolven.Guilhaume@ircelyon.univ-lyon1.fr
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haped alumina membranes with a pore size around 1 �m. Indeed,
ronounced diffusion limitations were evidenced with powder cat-
lysts, whereas the mass transfers were improved with the catalytic
embranes operated in forced-through mode, as shown by a mul-

ifold increase in the reaction rates.
Similarly, Strukul et al. [11] compared the behavior of Pd–Cu

r Pd–Sn catalysts supported on zirconia or titania powders or on
orous ceramic membranes coated with a porous layer of titania
r zirconia by sol–gel method. The catalytic membranes, tested in
ecirculation or as interfacial contactor, were found less active and
elective than the powder catalysts. The pore size of the mem-
ranes, however, was not controlled, and cracks in the top-layer
ere observed by SEM. High selectivities towards NH4

+ (>50%)
ere obtained.

Nitrate and nitrite hydrogenation in membrane reactors has
een essentially studied using macroporous membranes (pore size
0–400 nm [12], and up to 10 �m [13]). Both interfacial contactor
nd flow-through configurations have been applied and some-
imes compared [14–16]. The flow-through configuration showed
higher activity and selectivity towards nitrogen than the interfa-

ial diffuser, due to a more efficient contact between the reactants
nd the catalyst [15].

In one study, a microporous polymer membrane has been oper-
ted for the hydrogenation of nitrates in forced-through mode
17]. A Pd–Cu/Al2O3 powder catalyst was dispersed in the poly-

er precursor solution, and incorporated in the membranes during
heir preparation. A high selectivity (70–80%) towards nitrogen was
btained in all experiments, in which the pH, the temperature and
he flow rate were varied.

In the present work, we used Pd–Cu catalysts supported on
esoporous membranes (pore size 5–25 nm) for nitrate hydro-

enation. The flow-through configuration was chosen to study the
embrane performances and the influence of pore size on the

ydrogenation of nitrates.

. Experimental

The membranes used were commercial porous alumina tubes
Pall Exekia, length 25 cm, outer diameter 1 cm), with an asym-

etric structure composed of 3 �-alumina layers of decreasing
ore size (12, 0.8 and 0.2 �m) from shell to lumen side, and a
nal mesoporous layer (lumen side) made of �-alumina with pores
f 25, 10 or 5 nm. Pd and Cu were deposited simultaneously in
he membrane using the evaporation–crystallization technique
18]. Pd(NO3)2 (10 wt.% in aqueous 10 wt.% HNO3, Aldrich) and
u(NO3)2·3H2O (Aldrich) were used as precursors and dissolved

n demineralized water at a concentration of 0.077 mol/L Pd and
.031 mol/L Cu (Pd/Cu = 2.5). The tubes were rotated vertically in
his solution for 15 h, then removed and dried at room tempera-
ure in horizontal position under rotation (60 rpm) for 24 h. The

etal nitrates were thermally decomposed at 250 ◦C (heating rate
◦C/min), followed by metal reduction under pure hydrogen at the

ame temperature 250 ◦C for 15 h.
The hydrogenation of nitrates was carried out at room tem-

erature (20 ◦C) by pumping a solution of NaNO3, saturated with
issolved hydrogen, through the catalytic membrane with an HPLC
ump.

In the present study, we chose to work with low initial nitrate
oncentrations (10–50 mg/L range), although 50 mg/L corresponds
o the maximum legal limit for nitrates in drinking water. This

hoice was imposed by the fact that, in a flow-through mem-
rane reactor configuration, only dissolved hydrogen is available
or nitrate reduction. The reaction is therefore limited by the low
olubility of hydrogen in water (0.81 mmol/L at 20 ◦C under 1 bar
2 [19]). Since the H2/NO3

− stoichiometry required for reducing
Fig. 1. Conversion of nitrates in single pass and reaction rate versus trans-
membrane flow rate. Conditions: Al2O3 membrane with 5 nm pores, Pd/Cu = 2.5, 1 bar
H2, 33 ppm (0.53 mmol/L) NO3

− .

nitrates into nitrogen is 2.5 (Eq. (1)), the reaction will indeed be
limited by the hydrogen supply as soon as the nitrate concentra-
tion exceeds 0.32 mmol/L (20 mg/L), provided that 100% conversion
of nitrates into N2 is achieved in a single pass.

2NO3
− + 5H2 → N2 + 4H2O + 2OH− (1)

The nitrate solution was fed by the lumen side, i.e. on the meso-
porous side, and the permeate collected on the shell side was
analyzed using two ion chromatographs (Dionex ICS-90) equipped
for the analysis of anions (NO3

−, NO2
−) and cations (NH4

+, Na+),
respectively. The selectivity towards nitrogen was calculated from
the material balance for N-containing salts in solution, assuming
that only N2 is formed as gaseous product (negligible N2O forma-
tion).

Ultrafiltration experiments were performed on bare alumina
membranes, previously calcined at 600 ◦C under air to remove any
possible contaminant. The nitrate solution (fed by the lumen side)
was pumped through the membranes with an HPLC pump, the per-
meate being collected and analyzed at regular time intervals. When
necessary, the whole retentate volume (≈10 mL) was collected and
analyzed.

3. Results

3.1. Activity of catalytic membranes with 5 nm top-layer pores

The catalytic activity was evaluated in forced-through config-
uration, in which the nitrate solution saturated with hydrogen is
pumped through the catalytic membrane, and the products com-
position was analyzed after a single pass. Several factors influencing
the catalytic activity were studied: trans-membrane flow rate, ini-
tial nitrate concentration and hydrogen saturation pressure.

3.1.1. Influence of trans-membrane flow rate
The trans-membrane flow rate directly determines the contact

time between the reactants and the catalyst deposited in the mem-
brane. The expected behavior, as in most catalytic reactions, is that
the reaction rate decreases when the contact time decreases, i.e.

when the trans-membrane flow rate increases. Using a catalytic
membrane with 5 nm pores, however, the opposite behavior is
observed (Fig. 1): the conversion of nitrates increases with the
trans-membrane flow rate, and the reaction rates increases linearly
when the trans-membrane flow rate increases.
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Fig. 2. TTi/TTg plot of products selectivity in single pass versus nitrate conver-
sion. Conditions: Al2O3 membrane with 5 nm pores, Pd/Cu = 2.5, 1 bar H2, 33 ppm
(0.53 mmol/L) NO3

− .
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Fig. 4. Rate of nitrate disappearance in a single pass as a function of trans-membrane
flow rate, at two initial nitrate concentrations. Conditions: Al2O3 membrane with
5 nm pores, Pd/Cu = 2.5, 1 bar H2.
ig. 3. Nitrate conversion in a single pass as a function of trans-membrane flow rate,
t two initial nitrate concentrations. Conditions: Al2O3 membrane with 5 nm pores,
d/Cu = 2.5, 1 bar H2.

In single pass, NO2
− (first step of the reduction) is the main prod-

ct (Fig. 2). At low conversion of nitrates (<20%), the selectivity is
ssentially into NO2

− and N2, no ammonium being detected. NO2
−

eduction into N2 appears to be faster than its hydrogenation into
H4

+.
It should be mentioned that the selectivity towards N2 was

alculated from the N-containing compounds balance, and might
nclude the possible formation of N2O. Some authors indeed ana-
yzed N2O in the gas phase during the catalytic reduction of nitrates

ith Pd–Cu catalysts [20,21], whereas others actually did not
22,23], and therefore N2O formation still appears a matter of
ebate. Since the gas phase is seldom analyzed in literature, and
as not in the present study, the nitrogen selectivity should be

onsidered with caution.

.1.2. Influence of initial nitrate concentration

The conversion of nitrates in a single pass at different

rans-membrane flow rates, starting with two different initial con-
entrations, is shown in Fig. 3. The corresponding rates of nitrates
isappearances are plotted in Fig. 4.
Fig. 5. Permeate composition after a single pass versus flow rate, at an initial
nitrate concentration 0.52 mmol/L. Conditions: Al2O3 membrane with 5 nm pores,
Pd/Cu = 2.5, 1 bar H2.

The reaction rate increases with initial nitrate concentration,
in good agreement with previous kinetic studies showing that, for
low initial nitrate concentrations (<100 ppm), the apparent reac-
tion order is positive and ≈1 with respect to nitrates [3]. In both
cases, the reaction rate increases linearly with the trans-membrane
flow rate.

The product composition, however, is very different depend-
ing on initial nitrate concentration (Figs. 5 and 6). When the initial
nitrate concentration is 0.52 mmol/L, the nitrates are mainly con-
verted into nitrites, whereas ammonium and N2 are formed in
similar amounts. Starting with an initial nitrate concentration of
0.16 mmol/L, there is only formation of nitrites and ammonium
when increasing the permeation flow rate. Low catalyst surface
coverage by N-species probably prevents N2 formation, whereas
the hydrogen excess should favor the formation of NH4

+.

3.1.3. Influence of hydrogen saturation pressure
In flow-through configuration and in a single pass through the

membrane, only dissolved H2 is available for nitrate reduction.

According to the product formed, the NO3

−/H2 stoichiometric ratio
is different (Eqs. (2)–(4)):

NO3
− + H2 → NO2

− + H2O (2)
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Fig. 6. Permeate composition after a single pass versus flow rate, at an initial
nitrate concentration 0.16 mmol/L. Conditions: Al2O3 membrane with 5 nm pores,
Pd/Cu = 2.5, 1 bar H2.
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Fig. 8. Permeate composition versus nitrate conversion, at two H2 saturation pres-
sures. Full symbols: 1 bar H2; open symbols: 2 bar H2. Conditions: single pass, initial
nitrate concentration 0.42 mmol/L, Al2O3 membrane with 5 nm pores, Pd/Cu = 2.5.
ig. 7. Rate of nitrate disappearance versus trans-membrane flow rate, at differ-
nt H2 saturation pressures. Conditions: single pass, initial nitrate concentration
.42 mmol/L, Al2O3 membrane with 5 nm pores, Pd/Cu = 2.5.

O3
− + 2.5H2 → 0.5N2 + OH− + 2H2O (3)

O3
− + 4H2 → NH4

+ + 2OH− + H2O (4)

The solubility of hydrogen in water at 20 ◦C and under 1 atm H2 is
.81 mmol/L [19]. According to Henry’s law, the hydrogen solubility

s proportional to the hydrogen partial pressure in the gas phase.
able 1 reports the calculated hydrogen concentrations required
n solution to achieve the reduction of various amounts of nitrates
nto NO2

−, N2 or NH4
+, assuming that only one reaction (2), (3) or

4) occurs with 100% conversion of nitrates.
At increasing initial nitrate concentrations, the reaction will be

apidly limited by hydrogen availability, unless gas phase hydro-
en is pressurized to increase its concentration in solution. Starting
ith 30 ppm dissolved nitrates and under 1 bar H2, the concentra-

ion of dissolved hydrogen allows at maximum 67% conversion of
O3

− into N2 in a single pass.
Fig. 7 shows the effect of hydrogen saturation pressure on the

ctivity, at different trans-membrane flow rates. The initial nitrate

oncentration was 0.42 mmol/L (26 ppm).

The hydrogen conversion, calculated on the basis of nitrate
onversion and products formed, does not exceed 50% in all exper-
ments, so the activity should not be limited by hydrogen. The
ctivity increases with the concentration of hydrogen in solution,
Fig. 9. Conversion of nitrates in single pass, at different trans-membrane flow
rates. Conditions: Pd–Cu/Al2O3 membranes with 5, 10 or 25 nm top layer pore size,
Pd/Cu = 2.5, 30 ppm (0.48 mmol/L) NO3

− , 1 bar H2 in the gas phase.

which suggests a positive reaction order with respect to H2. The
maximum activity is obtained at H2 pressure ≥3 bar: the nitrate
conversion in a single pass reaches 92% at a trans-membrane flow
rate of 5 mL/min, but NO2

− is the main product (Fig. 8). No ammo-
nium is detected at conversions <20%.

3.2. Effect of membrane top-layer pore size on the catalytic
activity

The effect of the top layer pore size was investigated using mem-
branes with pores of 5, 10 or 25 nm, in which the same amount of
Pd–Cu catalyst was deposited. The conversion of nitrates as a func-
tion of trans-membrane flow rate in different membranes is shown
in Fig. 9. With the 5 and 10 nm pores membranes, the conversion
of nitrates increases with the flow rate, i.e. when the contact time
decreases. This is not observed with the 25 nm pores membrane, in
which the conversion decreases when the flow rate increases.

The reaction rate, however, increases with the trans membrane
flow rate for the three membranes, but only moderately with the

membrane with 25 nm pore size (Fig. 10). At similar flow rates, the
activity is higher when the pores size decreases.

At a flow rate of 3 mL/min, the reaction rates are 0.22 �mol
(NO3

−) s−1 gPdCu
−1 (or 1.25 mmol(NO3

−) min−1 molPdCu
−1) with

the 5 nm pores membrane, and 0.19 �mol(NO3
−) s−1 gPdCu

−1 (or
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Fig. 11. Nitrate concentration in the permeate and retentate sides, after 8 h forced
flow of a feed solution at 146.5 ppm NO3

− (1 mL/min, bare Al2O3 membranes). Each
bar represents the average value of 3 different analyses, the error bar shows the
standard deviation of the measurements.

concentration curve in the permeate leads to a total mass of

T
T

ig. 10. Rate of nitrates disappearance at different trans-membrane flow rates. Con-
itions: Pd–Cu/Al2O3 membranes with 5, 10 or 25 nm top layer pore size, Pd/Cu = 2.5,
0 ppm (0.48 mmol/L) NO3

− , 1 bar H2 in the gas phase.

.1 mmol(NO3
−) min−1 molPdCu

−1) with the 10 nm pores mem-
rane. In comparison, Ilinich et al. [24], using Pd–Cu catalysts
eposited in macroporous membranes (pore diameter 0.4 �m) in
orced-though mode at a trans-membrane flow rate of 2.4 mL/min,
btained a reaction rate of 0.56 mmol(NO3

−) min−1 molPdCu
−1 for

n initial nitrate concentration of 200 ppm. Decreasing the pores
ize significantly enhances the catalytic activity of the membrane.

.3. Concentration polarization of nitrates and ultrafiltration
xperiments

Concentration polarization is a well-known phenomenon in
ano- or ultra-filtration [25] processes like reverse osmosis or
lectro-dialysis. One or several dissolved salts are rejected by the
embrane, and since the convective flow through the membrane is

arger than the backflow diffusion to the bulk feed solution, an accu-
ulation of the rejected components takes place at the membrane

urface.
The ceramic membranes used in the present work fall in the

ange of ultra-filtration membranes, which corresponds to pore
izes in the 2–100 nm range. Therefore, the flow-through configu-
ation of the CMR may lead to concentration polarization of nitrates.
n order to check this point, nitrate solutions were filtered through
are alumina membranes with 5, 10 and 25 nm pores, and the
itrate concentrations were measured in the permeate and reten-
ate sides after 8 h of filtration (Fig. 11).

Significant variations in the nitrate concentrations are evi-
enced after filtration experiments, in the absence of any catalytic
eaction: the nitrates are more concentrated in the retentate than
he feed solution, whereas they are less concentrated in the per-
eate. The difference between the two concentrations increases
s the pore size decreases. This reveals that concentration polariza-
ion takes place during the filtration, and that it is more important
ith small pores membranes.

able 1
heoretical hydrogen concentration in solution and corresponding gas phase hydrogen pr

[NO3
−] [H2] for reaction (2)

ppm mmol/L mmol/L bar

10 0.16 0.16 0.2
30 0.48 0.48 0.6
50 0.80 0.8 1.0

100 1.61 1.61 2.0
Fig. 12. Evolution of nitrate concentration in the permeate as a function of filtra-
tion duration. Conditions: Membrane with 5 nm pores, [NO3

−] = 150 ppm in the feed
solution, trans-membrane flow rate 1 mL/min.

Since nitrates cannot accumulate indefinitely and the system
must reach steady state, the time dependence of concentration
polarization was studied. Fig. 12 shows the evolution of nitrate
concentration in the permeate with the filtration time. Nitrate
retention increases with time and reaches a maximum after
20–25 h of filtration, then its concentration in the permeate slowly
tends back to the concentration of the feed solution after ≈50 h.
Integration of the area between the feed solution and the nitrate
17 mg NO3
− accumulated in the membrane. If these nitrates were

exclusively concentrated in the porous volume of the membrane,
this would correspond to a concentration of 0.1 mol/L, i.e. ≈40 times
more concentrated than the feed solution. A more realistic picture,

essure required for reduction of various amounts of nitrates into NO2
− , N2 or NH4

+.

[H2] for reaction (3) [H2] for reaction (4)

mmol/L bar mmol/L bar

0.4 0.5 0.64 0.8
1.2 1.5 1.92 2.4
2 2.5 3.2 4
4 5 6.4 8.1
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Fig. 13. Dependence of nitrate concentration in permeate and of nitrate reten-
tion on filtration duration, at different trans-membrane flow rates. Conditions: two
membranes with 5 nm pores, initial nitrate concentration 145 ppm.
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ig. 14. Composition profile with recirculation time, membrane with 5 nm pores.
onditions: 50 ppm nitrates, trans-membrane flow rate 5 mL/min, 1 bar H2 in the gas
hase. The lines are visual guides.

owever, is that the nitrates are concentrated in a film at the surface
f the mesoporous layer.

The effect of trans-membrane flow rate on the concentration
olarization of nitrates is shown in Fig. 13. Two different mem-
ranes with a pore size of 5 nm were used, in order to start each
xperiment with a clean membrane.

The difference in nitrate concentration between the perme-
te and the feed solution is similar at the two flow rates tested.
owever, since the initial nitrate concentration is the same, the
umulated mass of nitrates retained is more or less tripled when
he flow rate changes from 1 to 3 mL/min, as shown in Fig. 13.

.4. Effect of membrane top-layer pore size on the catalytic
ctivity in recirculation

The objective of the CMR process being to eliminate the nitrates
rom potable water, the catalytic activity was also studied with
ecirculation of the solution, until total conversion of nitrates was

eached. The most active membranes, i.e. with 5 and 10 nm top-
ayer pore size, were tested in recirculation (Figs. 14 and 15).

Initial rates of nitrate disappearance are roughly similar with
he two membranes, but the product selectivity is different. The

ain product is nitrite (intermediate reduction product) with the
Fig. 15. Composition profile with recirculation time, membrane with 10 nm pores.
Conditions: 50 ppm nitrates, flow rate 5 mL/min, 1 bar H2 in the gas phase. The lines
are visual guides.

10 nm pore size membrane, even at high conversions of nitrates.
After 1410 min, the conversion of nitrates is 98.3% with the 5 nm
pores membrane, but only 94.6% with the 10 nm pores membrane.
The membrane with 10 nm pores appears less active than the 5 nm
pores membrane. The amount of ammonium formed at total con-
version of nitrates (0.14 mmol/L or 2.5 ppm, with the 5 nm pores
membrane) exceeds by a factor of five the European standards for
ammonium concentration in drinking water (0.5 ppm [1]). Because
of polarization concentration, controlling the reaction selectivity by
controlling the contact time between the nitrates and the catalyst
appears difficult. However, these objectives could be achieved from
the optimal control of the whole system after adequate modelling
of the reactor.

4. Discussion

Mesoporous catalytic membranes with 5 and 10 nm pores
exhibit an unusual behavior in the catalytic reduction of nitrates:
the conversion of nitrates reaction increases when the reaction
contact time decreases. The same trend, although not explained,
has been observed by Lüdtke et al. [17], using microporous poly-
mer membranes in forced-through mode: the activity increased
linearly from ≈40 to ≈210 �mol min−1 m−2 (NO3

− reacted) when
the volume flow density was changed between 5 and 25 L h−1 m−2,
whereas the selectivity towards N2 remained more or less con-
stant. Using macroporous membranes (1 �m pore size), Ilinich et
al. [7,10] also observed an increase in the reaction rate with the
trans-membrane flow rate. It was attributed to an improved mass
transfer in the pores. The mass transfer coefficient is indeed related
to the hydrodynamic properties of the system. It is improved by
increasing the flow rate and, for a similar flow rate, by decreasing
the hydrodynamic diameter.

With the mesoporous membranes used in the present work
(membranes with a top-layer pore size of 5, 10 and 25 nm), a linear
increase in the activity as a function of trans-membrane flow rate is
observed, but the slope decreases as the pore size increases (Fig. 10).
Although the pore size could affect the mass transfer of reactants,
filtration experiments of sodium nitrate solutions also clearly evi-
dence concentration polarization of nitrates. In a porous material,

the diffusion of solutes is restricted by the porosity of the solid and
by the pore tortuosity. When the size of the solute molecule is com-
parable to the pore size, hydrodynamic particle/wall interactions
play a dominant role. The diffusion coefficient of solutes is there-
fore smaller in the pores than in the bulk solution [26]. The ratio �
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Table 2
Calculation of nitrate diffusion coefficient ratio in solution and in the pores.

Pore diameter (nm) �a = Ø(NO3
−)/Øpores Dp/Dbulk from Eq. (5)b

5 0.089 0.57
10 0.045 0.65
25 0.018 0.71
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a Size of the nitrate ion with its immobilized hydration shell: 0.446 nm, from Ref.
28].

b Tortuosity factor = 1.3, from the tube manufacturer.

f the molecule size on the pore size has been directly related to
atio of the diffusivity in the pores Dp on the molecular diffusivity
n the bulk solution Dbulk, through the relations [27]:

Dp

Dbulk
= 1 + 1.13� Ln� − 1.54�

�p(1 − �)2
for � < 0.2 (5)

r

Dp

Dbulk
= 1 − 2.10� + 2.09�3 − 0.98�5

�p
for � > 0.2 (6)

Calculation of the Dp/Dm ratio for different membrane pore sizes
s shown in Table 2. Whatever the pore size, the diffusivity of
itrates in the pores is lower than the diffusivity in the bulk solu-
ion. The nitrate diffusivity in the pores also decreases with the pore
ize.

The diffusion coefficients of aqueous chromium nitrate [29] or
ickel nitrate [30] into porous materials have been measured for
aterials with pore diameters in the 2–20 nm range. When the pore

iameters are larger than 5 nm, the structural resistance to the dif-
usion of ions was negligible [30]. The pore diffusion coefficient Dp

as proportional to the pore size, but only 2–3 times smaller than
he bulk diffusion value. These results are in agreement with the
alculations presented in Table 2. However, in pores with diameter
f ≈3–5 nm, physical restrictions to the diffusion appeared because
he size of the hydrated ion (0.45 nm for Cr3+) became close to the
ore size, and Dp decreased steeply (i.e. Dp/Dbulk = 0.1 in pores of
.16 nm [diameter [29]], Dp/Dbulk = 0.18 in pores with diameter of
nm [30]). When the pore size was close to micropores, the dif-

usion of the metal salt was strongly restricted and Dp decreased
y orders of magnitudes (i.e. Dp/Dbulk = 0.02 in pores with diam-
ter of 2.6 nm [29], Dp/Dbulk < 4 × 10−3 in pores with diameter of
.1 nm [30]). The pore size of ≈5 nm appeared the critical limit to
he diffusion of aqueous ions.

When the catalytic reduction of nitrates is performed with
esoporous catalytic membranes, the restriction of nitrate diffu-

ion into the mesopores leads to nitrate accumulation on the top
ayer of the alumina membrane, which is essentially the catalytic
one, as shown previously: because of the asymmetric structure
f the porous support and of capillary forces, the solution of metal
recursors migrates from the large to the small pores during the
reparation of the catalytic membranes, leading to metal concen-
ration in this area [31–33]. Therefore, the nitrate concentration
ncreases locally in the catalytic zone and the reaction rate increases
imilarly, as long as hydrogen transfer does not limit the reaction.
he effect on the catalytic activity is particularly strong with the 5
nd 10 nm pore membranes (Fig. 10), in which the concentration
olarization of nitrates is important (Fig. 11). In contrast, with the
5 nm pores membrane the polarization concentration is modest,
nd the catalytic activity is only slightly improved when the flow
ate increases.

As far as nitrate reduction in a flow-though CMR is concerned,

he concentration polarization has an immediate effect: it improves
he reactivity of nitrate ions by increasing their concentration in the
atalytic zone. High amounts of nitrites, however, are formed in a
ingle pass, and recirculation of the solution is required to push
orward the reaction towards N2. As a perspective, a two-stage

[

[
[
[
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membrane reactor could be foreseen, to first convert nitrates into
nitrites, and then perform nitrite reduction in a second stage. The
negative effect of concentration polarization, however, is that one
of the main advantages of CMRs, i.e. the control of contact time,
is cancelled. Consequently, the ammonium selectivity remains an
issue, like in other previously published studies where the amounts
of ammonium at total nitrate conversion are always too high
[10–16,23]. It should be mentioned, however, that the low initial
NO3

− concentrations used in the present study do not favor the
selectivity towards nitrogen.

5. Conclusion

Tubular mesoporous membranes supporting Pd–Cu catalysts
were operated as CMRs in forced-through configuration for the
hydrogenation of nitrates in water. We have explored the effect of
pore size (5, 10 and 25 nm) on the catalytic activity. The conclusions
drawn from this study are as follows:

• In forced-through configuration, the membranes exhibit an
unusual catalytic behavior: the rate of nitrate disappearance
increases with the trans-membrane flow rate, i.e. when the
contact time decreases. At a similar trans-membrane flow
rate, the rate of nitrate disappearance follows the order
5 nm > 10 nm > 25 nm.

• Concentration polarization of nitrate ions was evidenced by ultra-
filtration experiments, the amounts of nitrates retained in the
pores following the order 5 nm > 10 nm > 25 nm. Increasing the
trans-membrane flow rate also increases the amount of nitrates
accumulated in the membrane. The concentration polarization is
only moderate with the 25 nm pore membrane.

• Concentration polarization of nitrates appears correlated with
the catalytic activity: nitrate accumulation in the catalytic zone
results in an increase in the reaction rate. A high activity is
obtained with small pores membranes (92% nitrate conversion
in a single pass with the 5 nm pores membrane at a flow rate
of 5 mL/min), which also exhibit the strongest concentration
polarization effect. The main product, however, is nitrite, an inter-
mediate product of the reaction.

• Despite the improvement in activity imparted by concentration
polarization, it has a detrimental effect on the selectivity because
the control of contact time becomes impossible and too many
ammoniums are formed.

More generally, these results suggest that mesoporous catalytic
membranes could take advantage of polarization concentration to
simultaneously concentrate traces of pollutants and enhance their
destruction.
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