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Abstract
Recent results on catalytic wet air oxidation applied to a membrane contactor are presented that give new insight following a series of previous

publications. Model and industrial effluents are treated in both single tube and multichannel catalytic systems. Characterisation of the catalytic

material (solid analyses, electron microscopy, EDS and EPMA) is carried out, in order to determine the catalyst distribution. Catalytic results show

performances heavily dependent on the nature of the effluent and the operating conditions, and to a lesser extent on the catalytic membrane

characteristics. At 80 8C, an industrial effluent is oxidised at a membrane surface related rate of 3.8 mmol/s/m2. This result is achieved using a

membrane containing about 0.1 wt.% Pt. This allows a revised and improved technico-economical evaluation of the Watercatox process.

# 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Wet air oxidation (WAO), developed by Zimmerman 50 years

ago [1], is an attractive technology in which hazardous organics

dissolved in aqueous effluents are broken down, to meet the

requirements of waste reduction. Organics and inorganics are

oxidized in aqueous phase under high pressure (20–200 bar air,

O2, or O3) and temperature (150–350 8C) [2]. WAO is dedicated

to industrial streams that are either too diluted to be efficiently

treated by incineration, or are too concentrated in certain

organics or salts, or contain toxic compounds, in order to be

processed by biological treatment. WAO industrial plants have

been mainly developed for mining and oil extraction industries

[3]. The catalytic wet air oxidation (CWAO) is a further

development of the WAO process using a homogenous [4] or a

heterogeneous [2,3,5–10] catalyst that allows process operation

under less severe reaction conditions. A recent issue of Topics in

Catalysis was devoted to the subject [11]. However, both

homogeneous and heterogeneous technologies require catalyst
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recovery, and are limited by the transfer of the gaseous reactant.

In order to overcome these limitations, a new system was

designed, based on a catalytic membrane reactor (CMR)

operated as a gas–liquid contactor [12]. CMR efficiency has

been proposed in hydrogenation processes as in nitrate removal

from drinking water [13], or pesticides and chlorinated

hydrocarbons abatement from contaminated aqueous effluents

[14]. There are further reports in the literature concerning the use

of contactor CMRs in oxidation reactions applied for environ-

mental applications [15,16].

This paper follows a series of publications [17–23] dedicated

to the Watercatox process [24]. This process is based on a

porous ceramic membrane containing catalyst nanoparticles in

the top layer, acting as a gas–liquid contactor (Fig. 1).

Wastewater is pumped along the contactor on the catalytic layer

side, while air or oxygen flows along the other side of the

contactor. The gas–liquid interface is then located within the

membrane wall by means of a trans-membrane differential

pressure that compensates for the gas/liquid capillary pressure.

In previous papers, it has been shown that:
� T
his configuration favours three-phase (gas–liquid–solid)

contact, leading to a better accessibility of the reactants to the
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Fig. 1. Schematics of the gas–liquid catalytic interfacial contactor. The cata-

lytic zone is in the top layer, on the tube side (dark area).
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catalyst, which improves the conversion rates [18,20,25]. For

example, the catalytic activity for the same catalyst (used first

in membrane form, and then crushed to powder), was up to

four times higher than in the conventional perfectly mixed

stirred tank reactor [18,21].
� T
he membrane structure and properties had to be adapted to

the catalytic process, while the active phase deposition had to

be controlled [17,26,27]. In particular, the membrane ceramic

composition was modified in order to exclude direct contact

of the solution with alumina, as this oxide was proven to be

involved in a slow, but irreversible, deactivation of the

catalyst [18,21]. This was achieved in two cases: either the

alumina-based porous membrane was covered with a

nanolayer of titania, or the whole membrane structure was

made of other oxides than alumina (titania, zirconia and

ceria) [22,28].
� U
sing appropriate overpressure conditions and taking into

account the specific porous structure of the membrane, the

CMR operation can be optimised [20–22,25].
� T
he process has been successfully scaled up to a pilot unit

now operating in Norway [23].

The present paper provides the most recent advances on the

transition from single tubes to more realistic membrane

geometries (multichannel systems), together with other practical
ble 1
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considerations. In particular, the issue of catalyst location within

the membrane and distribution among the channels is addressed,

together with their influence on catalytic performances. The

influence of membrane structure, type of effluent (model and

industrial) and operating conditions on the reaction rate is

presented.

2. Experimental

2.1. Materials

The ceramic materials used as catalytic supports were

provided by Inocermic (Germany) and Pall Exekia (France).

Several characteristics regarding the structure of these

asymmetric membranes are shown in Table 1.

The membranes are made of three or four concentric zones,

showing an average pore size decreasing from the outside to the

internal surface of the tube. The top layer is located on the inner

surface of the tubes. Both endings of the membranes have been

covered (ca. 1.5 cm on each side) with enamel or glaze, to give

a smooth non-porous surface where viton1 o-rings are allowing

a tight seal.

Two different geometries of membranes have been used for

this study, both sharing the structures presented in Table 1. The

first experiments involved single tube membranes, especially

designed and developed for lab-scale tests. For further

experiments, commercial multichannel systems were used.

The single tubes used in this work are 10-mm external

diameter, 7-mm internal diameter and 250-mm long. Multi-

channels supports (see Table 2 and Fig. 2) are 250-mm long.

Inocermic systems, of 25-mm diameter, comprise 19 channels

of 3.3-mm diameter, disposed within a cylindrical geometry,

while Pall Exekia materials, of 31.5-mm diagonal, comprise 37

channels of 3-mm diameter disposed within a hexagonal

geometry.

H2PtCl6 (39.85% Pt, Strem Chemicals) was used as a

platinum precursor to prepare the catalytic membranes. The

concentration was varied according to the desired Pt loading.
PE-4, Pall Exekia PE-3, Pall Exekia

ZrO2 ZrO2

20 50

�2 �6

TiO2 covered a-Al2O3 –

0.2

�14

TiO2 covered a-Al2O3 TiO2 covered a-Al2O3

0.8 0.8

�20 �15

TiO2 covered a-Al2O3 TiO2 covered a-Al2O3

12 12
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Table 2

Channel structure of the membranes used in this work

Inocermic Pall Exekia

Single tube: IN-4-ST Single tube: PE-3-ST, PE-4-ST

Multichannels: IN-4-MC Multichannels: PE-3-MC, PE-4-MC

‘‘IN’’ and ‘‘PE’’ refer to Inocermic and Pall Exekia materials, respectively; 3 or 4 to the number of layers; ‘‘ST’’ and ‘‘MC’’ to single tubes and multichannel systems.
Formic acid (95–98%, Riedel-de Haen) and phenol

(Aldrich) were used to prepare the model solutions of 5 and

1.7 g/l, respectively, which correspond for both solutions to a

total organic carbon titration (TOC) of ca. 1300 mg/l.

Three types of industrial effluents were used as wastewaters.

Some of their properties are shown in Table 3. More detailed

information on their composition was not accessible, due to

confidentiality restriction.

2.2. Catalytic membrane preparation

Catalytic performance may depend on the loading and the

location of platinum in the membrane. The protocol presented

here is the most easily applicable to industrial scaling up. More

sophisticated procedures were investigated, without providing a

crucial benefit in cost to performance ratio.

In this work, catalyst deposition into the membrane support

pores has been carried out using an evaporation–crystallisation

technique. The samples were soaked with an H2PtCl6 precursor

solution and then dried in air in order to allow the solvent to

evaporate. During the evaporation step, due to capillary forces,

a progressive concentration of the platinum precursor solution

towards the top layer of the channel takes place. When reaching

saturation concentration, precipitation of the precursor occurs.

This allowed the platinum particles to concentrate mainly into

these top layers. This process has been described and modelled

in previous publications from our group on single tubes [22,27].
Fig. 2. Configuration of the different zones submitted to chemical analysis in the mul
However some precursor might be lost in the support zone by

evaporation in dead-end pores. This undesired effect will

depend on the texture and connectivity characteristics of the

support porous structure. Impregnated membranes were

calcined at 200 8C in air, in order to decompose the platinum

precursor. The gas flux was then switched to hydrogen, to

reduce the Pt species and form metal nanoparticles. This

temperature of 200 8C is commonly used to ensure both

decomposition and reduction steps.

2.3. Characterisation

The estimation of the total amount of platinum deposited

within the structure of the membrane was based on both the

mass uptake during deposition and the quantity of precursor

solution absorbed within the pores during the soaking step. The

results obtained through these two methods were found to be in

good agreement. When related to the geometric surface area of

the membranes, a surface catalytic load was obtained (in gpt/

m2). This way of expressing the loading is preferred in the case

of catalytic membranes, due to the very low weight loading

used when considering the total support mass.

For multichannel systems, a more detailed estimation of the

local catalyst loading was carried out using elemental chemical

analysis. A special procedure of sampling precise parts of the

multichannel was used. The Pt content in the top layers of the

different rows of channels was obtained from the analysis of
tichannel catalytic materials (Inocermic on the left and Pall Exekia on the right).
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Table 4

Platinum concentration in membrane structure

Sample gPt/m
2

IN-4-ST 6

IN-4-ST-low 0.2

IN-4-MC 6

IN-4-MC-low 0.9

PE-4-ST 7

PE-4-MC 5

PE-3-ST 7

PE-3-MC 5

The ‘‘-low ’’ suffix refers to low-Pt loading samples.

Table 3

Composition and origin of the industrial effluents used in this study

Effluent Wastewater type Owner Specific components TOC (mg/l)

A EOH MONSANTO, Belgium Formaldehyde �0.3%; formic acid �0.15 �1100

B Refinery waste
DUE MILJOE, Norway

Phenolics �6000

C Paper industry waste Oxalate, chlorides, sulphite, sulphates �1300
samples collected by scratching the inner surface of the

channels. The different samples were: the first row of channels

(zone 1, Fig. 2), the second row of channels (zone 2), and in the

case of the PE membranes, the central channels (zone 3).

Moreover, the external surface of the multichannel was also

analysed after local scraping, as well as the rest of the sample

(referred as the bulk support).

The impregnated membranes were also characterised as well

scanning electron microscopy (SEM) using a Hitachi S-4300SE

field emission gun SEM and by electron probe micro-analysis

(EPMA) using a JEOL JXA-8900 superprobe. Backscattered

secondary electron (BSE) images were recorded in both

instruments. BSE imaging is particularly useful as it is sensitive

to the presence of heavy elements such as Pt. Compositions

were measured by energy dispersive spectroscopy (EDS) and

wavelength dispesive spectroscopy (WDS) X-ray analysis in

the SEM and EPMA respectively. The samples for SEM/EPMA

analysis were prepared by standard metallographic procedures,

mounting in resin, grinding on silicon carbide paper, followed

by a final polish using diamond paste. The samples were coated

in a thin layer of carbon to eliminate charging. EMPA

elementary maps were performed at �2000� magnification

with an accelerating voltage of 15 kVand a step size of 0.5 mm.

Normalized Pt levels were measured for each sample.

2.4. Catalytic set-up and experiments

The tubular membrane was mounted in an adapted module,

using compression fittings and separating the liquid and gas

feeds. For the multichannels systems, specific modules have

been designed. The liquid phase was introduced in the lumen of

the channel(s) and was maintained close to atmospheric

pressure. The liquid feed flow rates (7 ml/min in the single tube

experiments, 100 ml/min in multichannel tests, both in laminar

flow) were chosen as to obtain a conversion of about 20%, in

order to (i) get precise enough measurements, and (ii) avoid

kinetic limitation due to an exhaust of any of the reactants. The

liquid feed was kept at 1 bar absolute pressure. The gas phase

was fed on the shell side under an overpressure (1–7.5 bar)

monitored and carefully controlled using a pressure-difference

gauge connected to a PID regulator, acting on the gas feed

through a mass-flow controller. The gas feed flow rates were

50 ml/min in single tube membranes to 500 ml/min in the case

of multichannel systems, keeping oxygen conversion below

25%. The membrane reactor was operated in single-pass

continuous liquid flow mode. The gas overpressure steady state

was reached using nitrogen, before switching to air to start the

oxidation. Most experiments were carried out at 20 8C, some of

them at 80 8C.
The conversion of organic compounds was monitored using

a Shimadzu TOC 5050A total organic carbon analyser. The

reaction rate presented in these CMR experiments is expressed

as converted moles of carbon per unit time, related to the

geometric membrane area, as the membrane area is the cost-

limiting factor of such a process. For the purpose of comparison

with conventional reactor performance, this rate can also be

related to the mass of active phase.

Taking into account Laplace’s law of capillary pressure, the

gas–liquid interface can be shifted from the support zone

toward the top layer, where the catalyst is located, by increasing

the gas overpressure. For optimal control, the sealing and

porous structure of the membrane and the reactor design were

adapted to withstand gas overpressures up to a few atmo-

spheres. In the present study, catalytic experiments were carried

out at gas overpressures up to 10 bar.

3. Results

3.1. Catalytic membrane characterisation

3.1.1. Elemental analyses

The total platinum loading in the single tubes and

multichannel membranes was found to be close to 6 gpt/m
2

(per unit of geometric membrane area), for high-loading

membranes, and below 1 gpt/m
2 for low-loading membranes, as

it is shown in Table 4. The calculation was based on the mass

uptake after reduction and the amount of solution adsorbed in

the sample during the impregnation.

For the IN-4-MC and PE-4-MC multichannel samples, as

indicated in the experimental section, a more detailed

assessment of platinum deposit was carried out by using

elemental chemical analysis. Table 5 presents chemical

analysis from different parts of their structures, for two of

the multichannel systems. The zones refer to those described in

Fig. 3.
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Table 5

Distribution of platinum deposit (chemical analysis basis) in IN-4-MC and PE-4-MC

Membrane Zone Sampling thickness (mm) wt.% Pt Pt distribution (mg) Pt mass/channel (mg)

IN-4-MC 1 (external channel) 91 0.50 45 3.8

2 (central channel) 61 0.23 8 1.1

Bulk support 0.06 115

External surface 245 0.38 55

Total loading 260a

PE-4-MC 1 (external channel) 56 1.48 95 5.3

2 (internal channel) 32 1.72 41 3.4

3 (central channel) 32 1.74 25 3.5

Bulk support 0.03 64

External surface 90 0.08 5

Total loading 378a

a From the precursor solution in the membrane porous volume.
The thicknesses ground from the channel walls were

obtained from the mass of sample obtained. The fourth column

gives the Pt weight loading of the different parts. The

distribution of Pt mass between channels, bulk and external

surface is shown next. The total loading was obtained from the

chemical analysis of the precursor solution, assuming it was

the same in the porous network of the membrane at the start of

the evaporation process. This value was in good agreement
Fig. 3. SEM images showing general microstructure of top and first intermediate lay

crown, (b) intermediate channel crown and (c) central channel, showing the probe
with the weight uptake of the membranes after catalyst

deposition. In the case of the first membrane (IN-4-MC), the

mass balance between the later and the channel, bulk and

external surface chemical analyses is generally rather

satisfactory. However, this is not the case of the second

membrane (PE-4-MC). This sample is mainly composed of a-

alumina that is difficult to dissolve during chemical

analysis. This could explain the inaccuracy when analysing
ers and EDS analysis of top layers for membrane IN-4-MC. (a) External channel

location and size on a backscattering image (left).
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Fig. 4. Backscattering images and EPMA Pt mapping of an external (above) and central (below) channels of sample PE-4-MC.
the bulk part of the membrane, where Pt concentration is very

low. The last data gives the distribution of Pt between the

channels.

According to these results, the PE-4-MC membrane offers

more homogeneous Pt deposition than IN-4-MC.

3.1.2. Electron microscopy analyses

Variations in Pt distribution between channels was also

obtained by electron microscopy analyses. Heterogeneity of

platinum deposition for IN-4-MC is seen in Fig. 3, which

shows the microstructure and analysis obtained from external,

intermediate channels and the single central channel. The BSE

images show the top, first intermediate and beginning of the

second intermediate layers. Contrast is uniform in the BSE

images and no coarse clustering of Pt particles within the top

layers was observed. EDS was performed with the electron

beam scanning in a rectangular region that is indicated

approximately in each top layer. The electron beam current and

counting times were the same for each analysis. The energy

range in the spectra including the PtL peaks, which do not

overlap with peaks form other elements present in the

specimen is shown in expanded detail. Pt is clearly detected

in the outer channel. The signal from the intermediate channel
is extremely weak, and for the central channel no peak is

detected and the Pt level has fallen below the experimental

detection limit.

The amount of Pt decreases from the outer to the inner

channels of the IN-4-MC sample, in keeping with chemical

analyses.

EPMA analysis was also performed to map the distribution

of Pt within the top and intermediate layers. Fig. 4 shows an

example of this analysis performed on the PE-4-MC membrane.

BSE contrast in the top layer is uniformly bright due to the

presence of both Pt and Zr. There is also bright variable contrast

in the first intermediate layer, that can be attributed to the

distribution of Pt.

The EPMA maps show clearly that Pt is concentrated mainly

in the top layer, but that some Pt, whose distribution correlates

with the bright contrast in the BSE images, in the first sublayer

immediately below.

EPMA profiles were also recorded on the first 25 mm depth.

Fig. 5 shows an example of these profiles, that were used to

precise the Pt location. It can be seen that the Pt location follows

that of the zirconia and is consistent with the EPMA mapping.

The asymmetry of the profile is attributed to the longer

scattering distances for the electron beam in the support resin
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Table 7

Reaction rate (mmol/s/m2) on single tube membranes as a function of the type of

gas and temperature

Sample

IN-4-ST PE-3-ST

Gas at 5 bar Air O2 O2 Air O2 O2

Temperature (8C) 20 20 80 20 20 80

Formic acid 0.9 1.0 2.4a 0.9 1.0 –

Effluent A 0.5 – – 0.9 1.3 3.8

a At 3.6 bar.

Fig. 5. EPMA Pt and Zr elemental profiles of an intermediate channel of sample

PE-4-MC. The asymmetric beginning of the profile at low depth is an artefact

due to enhanced scattering and spreading of the electron beam while it is still in

the mounting resin close to the top layer.
used during sample preparation and the partial separation of the

membrane from the resin during curing, which cause Pt and Zr

signals to be generated by the electron beam while it is close to

the top layer surface but still within the resin.

As far as Pt loading homogeneity among channels is

concerned, these mappings suggest an even distribution, in

keeping with the chemical analysis.

3.2. Catalytic results

3.2.1. Single tubes

Reaction rates obtained on single tubes are summarised in

Table 6. This table recalls data previously published on formic

acid [21] and complete them with other effluents.

Using formic acid as an effluent, the maximum reaction rate

was 0.9 mmol/s/m2, at 20 8C under a 5-bar air overpressure.

When phenol was used as an effluent, a reaction rate of

0.08 mmol/s/m2 was obtained on IN-4-ST at 1 bar of air

overpressure. Contrary to what was obtained on formic acid,

increasing the air overpressure to 3.6 bars strongly decreased

the reaction rate down to 0.02 mmol/s/m2. This was probably

due to a deactivation phenomenon.

Industrial effluent A was rapidly oxidised, reaching a

maximum rate comparable to that obtained in the case of formic

acid. By contrast, wet air oxidation of the other two industrial
Table 6

Reaction rate (mmol/s/m2) on single tube membranes as a function of air overpre

Sample

IN-4-ST PE-4

Gas overpressure (bar) 1 3.6 5 1

Formic acid 0.1 0.8 0.9 0.06

Phenol 0.08 0.02 – –

Effluent A 0.08 0.42 0.5 0.04

Effluent B – – – –

Effluent C – – – –

Data in italics are taken from [21].
a Deactivates.
streams exhibited much lower reaction rates. On the PE-3-ST

membrane, industrial effluent B, which contains a significant

level of phenol, showed an initial reaction rate of 0.14 mmol/s/

m2, which decreased with time.

3.2.1.1. Single tubes: stronger experimental conditions. In

the purpose of performance evaluation, harsher conditions were

applied to two effluents: model effluent (formic acid) and

effluent A. These results are presented in Table 7.

Switching to pure oxygen as a gas phase in the reactor did

not bring significant improvements in the reaction rate, as

already noted [21]. Contrarily, increasing the temperature from

20 to 80 8C shows a clear effect.

3.2.2. Multichannel membranes

The catalytic behaviour of multichannel systems obtained

when formic acid was used as effluent over a wider range of

pressure at 20 8C is presented in Fig. 6.

At 1 bar air overpressure, the reaction rate was almost the

same (ca. 0.1 mmol/s/m2) for all three membranes. Increasing

the air overpressure to 3.6 bar, the reaction rate steadily

increased, reaching a maximum of 0.38–0.54 mmol/s/m2,

depending on the membrane. At higher air overpressures, up

to 5 bar and even 7.5 bar, only a minor increase in reaction rate

was observed. It was not possible to operate the membrane PE-

3-MC above 3.6 bar, due to its lower bubble point.

Among the three industrial streams (Fig. 7), the Watercatox

process is more efficient for effluent A. On IN-4-MC, a

maximum of 0.18 mmol/s/m2 was obtained at 20 8C under

3.6 bar air overpressure. Increasing the air overpressure to

6.5 bar, the reaction rate reached 0.3 mmol/s/m2. Using

effluents B or C as liquid feeds, only minor reaction rates,
ssure and effluent nature at 20 8C

-ST PE-3-ST

3.6 5 1 3.6 5

0.44 0.46 0.11 0.48 0.9

– – – – –

0.18 0.2 0.07 0.34 0.9

– – – (0.14a) –

– – – 0.11 –
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Fig. 8. Stability in time on stream of modified Pt/ceramic catalytic membrane

(IN-4-MC-low) in the WAO of formic acid and effluent A at 20 8C and 7.5 bar

air overpressure.

Fig. 7. Reaction rate (mmol/s/m2) as a function of effluent type, during wet air

oxidation in an interfacial CMR at 20 8C under 3.6 bar of air overpressure, using

Pt-impregnated multichannel membranes.

Fig. 6. Reaction rate (mmol/s/m2) as a function of gas overpressure (air) during

the wet air oxidation of formic acid in an interfacial CMR at 20 8C, using Pt-

impregnated multichannel membranes.
lower than 0.1 mmol/s/m2 were detected. Moreover, effluent B

showed rapid catalytic membrane deactivation.

3.2.3. Deactivation and regeneration studies on

multichannel systems

It was checked that stability was not an issue for formic acid

and effluent A (Fig. 8).

Taking into account that effluent C contained high levels of

chlorides, as is often the case in industrial streams, the effect of

chlorides on the catalyst stability has been studied. This

stability assessment was performed using a formic acid solution

containing a large amount of sodium chloride (20 g/l). All three

membranes were tested in wet air oxidation of formic acid

before and after contact with the chloride-containing solution.

The results revealed a high resistance to chlorides, with no

change of reaction rate being observed.

The multichannel membranes were also contacted with an

effluent containing high amounts of phosphates (�10 g/l),

ammonium (38 g/l), sulphates (70 mg/l) and cyanides (4 mg/l)

among other components. The reaction rate of formic acid

oxidation, before and after this contact, was unchanged,
demonstrating the high stability of the catalytic membranes

developed during this work.

The use of different effluents with a large variety of

compositions and sometimes charged with suspended solids

requires cleaning the CMR. The standard cleaning-in-place

(CIP) procedure consists in back-flushing through the membrane

a series of acido-basic solutions. This procedure was adapted to

the laboratory conditions, dipping the membranes in the same

solutions (0.5% NaOCl and 1% NaOH, 15 min at room

temperature; 2% NaOH, 30 min at 70 8C; 2% HNO3, 20 min

at 60 8C), in order to check their efficiency and harmlessness

towards the membrane catalytic performance. For example, the

same formic acid oxidation activity was obtained before and lab-

CIP on a PE-4-MC membrane. Moreover, the catalytic

performance was restored on fouled membranes.

Industrial application of the Watercatox process requires

that no Pt is rejected in the processed stream and then to the

environment. Chemical analysis of the treated effluents showed

no evidence of Pt leaching.

4. Discussion

4.1. Material comparison

The main differences between the two systems are support

pore size (12 and 5 mm for PE and IN samples, respectively),

and channel density (5.6 and 3.9 channels/cm2 section). Both

electron microscopy and solid elemental analyses show that the

catalyst distribution between channels is more even in the case

of the PE supports. Taking into account the above differences,

one can think that the evaporation within the main support zone

is faster in PE tubes. The evaporation path is shorter, as the

support section per channel is 37% lower, i.e. there is less

solvent to evaporate for each channel (23% less). Also, as the

pore size is 2.5 times larger, and the porosity is similar, the

available specific surface in the support zone is about six times

lower in the case of PE tubes. This leaves less surface available

to lose precursor material in the support bulk during the first
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phase of evaporation. As a matter of fact, some precursor is lost

in the support zone, by evaporation into dead-end pores of the

support zone, as was observed in single tubes. The elemental

analyses clearly show that about 50% of the catalyst is

deposited in the channel top layers in PE multichannels,

whereas, in IN systems, this figure decreases to about 20%.

As can be seen, the two materials used here show different

suitability for catalyst deposition. However, let us underline

that none of them were designed for this purpose, as their usual

commercial application is liquid filtration.

Concerning other samples (IN-4-MC-low and PE-3-MC),

less characterisation has been performed, and no definitive

conclusion has been drawn for the time being.

4.2. Catalytic performance of single tubes

Let us underline these tests were carried out in order to

precise the optimal porous structure and operating conditions

for the multichannel systems. Effluent A shows similar

transmembrane air overpressure influence on the reaction rate

to that previously published on formic acid [21]. Let us recall

that this was not attributed to a kinetic effect of the oxygen

partial pressure, as can be seen in Table 7, but rather to the gas/

liquid interface shift within the membrane porous network

[20,21,25,29,30]. This interface shift is more easily evidenced

when comparing the pressure increase from 3.6 to 5 bar on

three- and four-layer PE structures. At 5 bar overpressure, the

gas–liquid interface is closer to the catalytic zone in the three-

layer structure, leading to higher catalytic performance. This is

true for both effluent A and formic acid. However, it should be

emphasised that the composition of effluent A (twice as much

formaldehyde than formic acid), has an influence on the

kinetics, depending on the membrane structure. In most cases,

effluent A shows half the catalytic activity of pure formic acid,

except at higher pressures on membrane PE-3-ST, when the

interface is closer to the top layer. At this stage the activity is

similar for both effluents. When increasing further the oxygen

partial pressure, the conversion of formaldehyde, which

requires more oxygen, is facilitated in the three-layer structure

that offers better oxygen transfer efficiency than four-layer

membranes.

As far as phenol is concerned, low pressure results were

similar to those observed for formic acid and effluent A in the

same conditions. However, deactivation occurs, and pressure

increase lead to poor performance. This deactivation is not due

to catalyst particle sintering, as cleaning-in-place procedures

could recover the membrane catalytic activity. In fact, it is well

known that Pt is not an adapted catalyst to run the oxidation of

this molecule. Some testing with Ru-based catalytic mem-

branes was carried out. These results showed a similar

deactivation behaviour to that of the Pt-based catalytic

membranes. However, this catalyst is known to require higher

operating temperatures (over 150 8C), which were not

accessible to our set-up.

In agreement with its content, mainly phenolic compounds

(Table 3), effluent B showed a rapid deactivation. Effluent C,

among other compounds, contains a complex mixture of
mineral salts, which could explain the low activity of the

catalytic membrane in this case. Thanks to stronger operational

conditions (Table 7), the overall performance is further

improved, as required by the process development for an

industrial application.

4.3. Catalytic performance of multichannel systems

4.3.1. Formic acid

Fig. 6 shows an increase of the reaction rate with the air

overpressure for PE-4-MC. A similar effect has been observed

in the case of single tubes [21]. This has been related, also in

this case, to the shift of the gas–liquid interface towards the

active top layer, due to the progressive liquid emptying of the

porous network. According to Laplace law, at 3.6 bar the gas

phase reaches the 1st intermediate layer (see Table 1). A further

increase of the air overpressure does not improve significantly

the reaction rate, as an overpressure of ca. 14 bars would be

required to flush the liquid out from the first intermediate layer.

As already observed for single tubes, the change from air to

oxygen leads only to a minor increase of the reaction rate,

validating diffusion rather than kinetic effect.

Fig. 6 reveals, in the case of multichannels, the same effect

of the multilayer structure as that observed for single tubes. The

three-layer PE-3-MC performs much better than the four-layer

PE-4-MC at 3.6 bar air overpressure. This is related to the shift

of the gas–liquid interface towards the active zone of PE-3-MC,

as the layer supporting the catalytic top layer shows larger pore

size when compared to that of PE-4-MC (0.8 and 0.2 mm,

respectively). In keeping with the similar porous structure of

their intermediate layers, IN-4-MC shows a similar behaviour

as PE-4-MC when increasing the gas overpressure (Fig. 6).

Both present an increase of the reaction rate with the

overpressure up to 3.6 bars, followed by an almost constant

performance at higher pressures.

However, the catalytic performance of IN-4-MC is clearly

higher. The two materials differ on various aspects: pore sizes

and thickness of support and layers (Table 1), nature of catalyst

support in the top layer (Table 1) and, as shown by SEM and

chemical analysis (Section 3.1), catalyst distribution between

channels:
� I
n principle, the support pore size should not affect the

catalytic reaction, as this whole macroporous zone is under

gas phase for the experimental conditions used here (gas

overpressure above 0.5 bar). By contrast, the top layer pore

size of IN-4-MC is significantly larger than that of PE-4-MC

(�80 and 20 nm, respectively). As this catalytic top layer is

filled up with the liquid phase, such difference in pore size

may affect the transport phenomena of liquid reactants in

favour of IN-4-MC. On the contrary, due to the difference in

layer thickness, the distance between the gas–liquid

interface and the top layer is in favor of the PE-4-MC

system. It is then difficult to conclude on these morpho-

logicals aspects.
� C
eria-doped zirconia-based multichannel IN membranes

exhibit higher activities. This result is in good keeping with



E.E. Iojoiu et al. / Applied Catalysis B: Environmental 69 (2007) 196–206 205

Fi

th

di
previous results obtained on single tubes (Table 6). Ceria-

doped zirconia would then be a better catalyst support than

pure zirconia for this reaction, all other things being equal.
� C
areful examination of the catalyst distribution among the

channels, from microscopy and elemental analyses, shows a

more homogeneous distribution in the case of the PE-4-MC

membrane (Table 5). As a matter of fact, if the platinum

loading in the external channels appears similar for both

systems, this is not the case when going towards the

cylindrical axis, IN-4-MC showing there a much lower

catalyst loading. According to this heterogeneity, one should

expect a lower performance for this membrane. However, the

Pt specific surface available to the reaction, does not

necessarily match the information from the above analyses. A

large part of the metal surface would be out of reach of the

reactant [25], as in the case of other catalytic gas–liquid

systems, such as PEM fuel cells [31]. In order to check this

hypothesis, membranes with much lower catalyst loading

were prepared and tested. Fig. 9 shows a comparison of two

very different loadings in the case of single and multichannel

systems (see IN-4-ST, and IN-4-MC, normal and low loading,

in Table 4).

The performance of low-loading membranes in not

proportional to the very large loading difference. This

demonstrates that only a limited part of the catalyst in high-

loading membranes is actually active. This conclusion will have

important consequences on optimising the preparation route.

4.3.2. Industrial effluents

Effluent A shows a behaviour similar to what was observed

on pure formic acid (Fig. 7): the effect of the three-layer

structure is observed again. This trend is the same than that

observed on single tubes of similar structures (Table 6). This is

an interesting result from the viewpoint of up-scaling to more

realistic membrane geometries and effluent composition.

Regarding effluents B and C, even if their conversion is

limited, performances of the same order of magnitude are found

on multichannel membranes as on single tubes.
g. 9. Reaction rate (mmol/s/m2) as a function of gas overpressure (air) during

e wet air oxidation of formic acid in an interfacial CMR at 20 8C, using

fferent Pt loadings.
In the case of effluent B, deactivation phenomena are

encountered. The complexity of this effluent makes it difficult

to interpret the reasons of this deactivation. Other catalysts,

such as Ru, operated at higher temperatures are under scrutiny.

For effluent C, it was observed that the low activity was not

linked to the presence of salts, and moreover, that after using the

membrane on this effluent, its catalytic activity for formic acid

oxidation was maintained. Therefore, no deactivation could be

considered here. The low overall activity may be due to the fact

that only some components of the effluent can be oxidised in the

present conditions.

4.3.3. Techno-economical evaluation

Effluent A happens to be delivered from the chemical plant at

a temperature that would allow operation of the CWAO process at

80 8C. A new technico-economical evaluation was then carried

out, based on the following parameters: effluent A approximate

1100-mgTOC/l content, 3.8 mmol/s/m2 reaction rate at 80 8C,

2000–2500 s/m2 capital cost of membrane including platinum

(less than 8% of the cost), tubing and carters. According to this

approach, the investment needed per m3/h effluent treated would

be of the order of 7–14,000 s h/m3. Taking into account low

operating cost, this would make the Watercatox process

competitive in certain wastewater treatment applications.

5. Conclusions

This paper presents the progress of the WAO reaction in

membrane reactors from model effluents on single tubes to real

effluents on multichannel systems. A series of parameter have

been identified as important towards the performance. The

complexity of the catalysis in the multichannel system was

shown and studied. Other process issues were considered, such

as cleaning-in-place procedures.

Using commercial membrane materials that were not

initially designed for this purpose, this study reached catalytic

membrane performances that open the door to optimisation in

membrane design, active phase nature and deposition, and

operating conditions.

For this purpose, the study of this process under industrial

conditions is actually under work using a pilot unit currently

operated in Oslo (Norway) [23,32].
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