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Novel catalytic membranes have been prepared by linking phosphotungstic 83 4., (W12), a
polyoxometalate having interesting properties as photocatalyst, on the surface of plasma-modified
membranes. Porous flat-sheet membranes made of polyvinylidene fluoride (PVDF) have been prepared
by a phase-inversion technique induced by a nonsolvent. These membranes have been modified by plasma
treatments on the surface to graft N-containing polar groups that are able to act as binding sites with
W12 (PVDF—NH2—-W12). A comparison of the surface and bulk properties of the native and modified
PVDF membranes has been reported. Catalytic activity of the PMIHR2—W12 membranes has been
evaluated in the aerobic degradation reaction of phenol in water. Catalytic tests have been carried out in
a membrane reactor operating in continuous mode. Better catalytic performances have been observed for
the W12 heterogenized on PVDF membrane than for W12 in a homogeneous phase. Moreover, PVDF
NH2—W12 membranes have given proof of their complete stability under photooxidation conditions
and their good recycle. This study has shown the possibility of heterogenizing catalysts by a controlled
modification of the membrane surface via a plasma technique. This new method is very versatile and
can be easily extended to other catalysts. Further studies are actually in progress with other catalysts
belonging to the polyoxometalates group.

Introduction interesting implications in both environmental and industrial

Early transition metals (V, Nb, Ta, Mo, W) in their highest sectors, allowing the same catalyst to be reused several times,
oxidation states can form metabxygen cluster anions, " Many cases with higher catalytic activity.
commonly named polyoxoanions or polyoxometalates .Among the dlffgrent heterogenization routes, th.e_gntrap—
(POMSs)! These compounds have interesting acid and redox Ping of catalysts in membranes offers new possibility for
properties for catalytic applications. In particular, POMs in the catalyst design. Moreover, catalytic membranes can be
the solid state are particularly suitable for catalyst design at €aSily applied in the continuous processes required in the
the atomic and molecular levéThere are several large scale industry. One of the main advantages of membrane reactors,
industrial applications of POMs as oxidation and acid N comparison to traditional reactors, is the easy recycling
catalysts, both in the solid state and in solufichHowever of the catalyst; furthermore, the selective transport properties
POMs are characterized by a low surface area that in many©f the membranes can be used to improve the yields of
cases limits their applicatiofsTo overcome this problem, ~ €quilibrium-limited reactions, selectively remove products
researchers have made numerous attempts to disperse POMEM the reaction mixture in order to prevent undesired
on various supporting materials such as silig¢and organic ~ consecutive reactions, and selectively supply reagérits.

polymersi-13 The heterogenization of catalysts also has [N our previous work? we reported the heterogenization
of decatungstate (WOs2*"), an interesting photocatalyst, in
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polymeric membranes made of polyvinylidene fluoride
(PVDF) or poly(dimethylsiloxane). The polymeric catalytic
membranes prepared have been successfully applied in the
photooxidation of organic substrates in water. These pho-
tocatalytic systems are characterized by different and tunable
properties depending on the nature of the polymeric mi-
croenvironment.

In this work, we have investigated the possibility of

supporting phosphotungstic acidPVi:0s0 (W12), one of  gegradation is an important research area; advanced oxidation
the most widely used photocatalytic POMSs, on the surface yrqcesses (AOP) are very promising methods for wastewater
of plasma-activated PVDF membranes. The application of {eatment£€223 These methods mainly based on the photo-
a plasma technique for the heterogenization of a catalyst onjnqyced generation of hydroxy! radicals, can lead to complete
the surface of membranes is very interesting because,mineralization of organic pollutants. POMs have been largely

generally, when a catalyst is heterogenized on a solid supporty,seq s efficient photocatalysts for the complete degradation
it results in the catalyst being only partially active because ¢ organic pollutants, including phendts:26

of diffusion limitations and aggregation phenomena.
Plasma treatments (PT) represent a versatile tool for Experimental Section

mod.n‘ymg only the few to.pmost layers of solid surfaces thus  \jaterials and Methods. Phosphotungstic acid hydrate £H
leaving the bulk properties totally unalter€d® PT allow PW:,040aq), phenol, anél,N-dimethylacetamide (DMA) were used
one to graft, in a controlled way, different functional groups  as received from Sigma-Aldrich without further purification. MilliQ

on solids surfaces (e.g., COOH, OH, NHetc.)!® These deionized water was used in the experiments. PVDF homopolymer
functionalities can be conveniently used as anchor groupswas supplied from EIf Atochem under the trade name Kynar 460.
for catalyst binding, which can be well dispersed on the The cross section and surface morphology of the membranes were
membrane surface, Overcoming diffusion and aggregation examined by a Cambridge Instruments Stereoscan 360 scanning
limits. In particular, in our experiments, we have used electron microscope. Cross sections were prepared by fracturing
ammonia-fed dischargé®,because the grafting of basic the membrane in liquid nitrogen. All the samples were coated with
groups on membrane surfaces can allow the instauration of® M 1ayer of gold before SEM observations. RX maps on the
ionic interaction with the acid W12 catalyst. Moreover, the membrane surface, coated with a thin layer of graphite, were

. 3 performed on an EDAX-Phoenix instrument (detector Super Ul-
formation of hydrogen bonds with other polar groups grafted {,a¢hin Window. Si/Li crystal analyzer).

on the surface is also possible. XPS analyses were performed on a PHI ESCA 5300 equipped
The membrane surfaces and cross section, before and aftefith a nonmonochromatic Mg Kradiation (1253.6 eV) at an
plasma treatment, have been examined by scanning electromperating power of 300 W. The measurements have been performed
microscopy (SEM). X-ray photoelectron spectroscopy (XPS) at a takeoff angle (TOA) fixed at 45measured with respect to
and RX maps have been used to characterize the compositiorihe sample surface).
of membrane surface and to assess the initial grafting of The casting knife was supplied by Braive Instruments. The
nitrogen groups and subsequent immobilization of the Membrane thickness was determined by a Carl Mahr D7300
W-based catalyst. The effect of the plasma modification on Esslingen a.N digital micrometer. Results reported are the mean

surface and bulk prooerties of the PVDE membrane was aISOof 10 measurements from different regions of each membrane.
inuvestigated ulk propert w The contact anglef)) is a quantitative measure of the wetting

) ~of a solid by a liquict” It is defined geometrically as the angle
The catalytic membranes have been successfully appliediormed by a liquid at the three-phase boundary where a liquid, gas,

in the aerobic photooxidation of phenol in water, providing and solid intersect as shown in Figure 1.

stable and recyclable photocatalytic systems. These results Low values off indicate that the liquid spreads, or wets the

have been compared to those of a similar reaction carriedsurface well, whereas high values indicate poor wetting. Contact

out in the homogeneous phase. angles (CA) and surface tension of the liquid tested were measured

This reaction has been chosen because phenol and it®Y @ CAM 200 contact angle meter (KSV Instruments, Ltd.,
derivatives constitute one of the main organic pollutants to Helsinki, Finland). Th_e measurements were perfqrmed by the sessile
drop method at ambient temperature. The sessile drop was formed
be removed from wastewat&r.The development of new

. . . by depositing the used test liquid (water or phenol solution, 0.002
effective and environmentally benign methods for phenol M) from above, using a motor-driven microsyringe on the mem-

brane surfaces. Results are the mean of four measurements from
(17) Wilson, D. J.; Williams, R. L.; Pond, R. Gurf. Interface Anal2001, different regions of the membrane surfaces.
31, 385.
(18) Ratner, B. D.; Chilkoti, A.; Lopez, G. P. Inld@ma Deposition,
Treatment and Etching of Polymerd'Agostino, R., Ed.; Academic (21) Tsoka, C.; Johns, W. R.; Linke, P.; Kokossis,@reen Chem2004

Figure 1. Geometrical definition of the contact angie)(

Press: London, 1990. 6 (8), 401.
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Figure 2. Schematic diagram of the plasma reactor.
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Cross-flow water filtration experiments were carried out at 30
°C using bench lab ultrafiltration equipment, constituted by a flat-
sheet membrane cell that was assembled in our laboratory and fe
with distilled water at different transmembrane pressures.

The mean pore diameters, the pore diameter at the maximu
distribution, and the pore size distribution were determined by a
CFP 1500 capillary flow porometer, Porous Materials, Inc., Ilthaca,
NY.

Membrane porosity was measured by the gravimetric method,
which determined the weight of water contained in the membrane
pores. The porosity was calculated by the following equation:

_ (WZ - Wl)/ Dw
(W, — wy)/D,) + (Wy/D,)

€

1)

wherew; is the weight of the dry membrane;, the weight of the
wet membraneD,, the water density, anB, the polymer density
(1.76 g/cm).

Membrane Preparation. Flat-sheet membranes made of PVDF
were prepared by a phase-inversion process induced by a nonsol
vent. DMA was used as the solvent and distilled water as the
nonsolvent. A solution (15.0 wt %) of PVDF was prepared by
dissolving the polymer in DMA (85.0 wt %) with magnetic stirring
at room temperature for about 24 h. The solution was cast on a
glass plate by setting the knife gap at 260 and then immersed
for 2 h in acoagulation bath containing distilled water at 202
°C. Finally, the membranes were removed from the coagulation
bath and dried in a oven at 6€C under vacuum for 24 h.

Plasma Treatments.Plasma treatments have been performed
in a quasiparallel tubular pyrex glass reactor equipped with two

electrodes. The upper external electrode is conformal to the reactor.

and connected to a radiofrequency generator (RF, 13.56 MHz, ENI-
ACG-10) through an impedance matching network, and the lower

internal electrode (substrate holder) is connected to the ground. A
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Figure 3. Scheme of the membrane photoreactor used in the catalytic tests.

grafted by the plasma technique on hydrophobic polymeric
surfaces? It consists of the orientation of the untreated polymeric
chains outward from the modified interface, and that of the grafted
polar groups inward, leading to the recovery of the surface
properties of the original polymer and to the reduction of the polar
groups available on the surface.

Ar pretreated membranes have then been plasma treated in a

J\Hs RF glow discharge (20 sccm, 300 mTorr of pressure, 20 W,

5 min) to obtain stable N- containing groups grafted to the surface.

rn(In the following text, a PVDF membrane submitted to Ar/NH

treatment will be indicated by PVDHNH,.) As a consequence of
the plasma pretreatment, the hydrophobic recovery of the PVDF
chains is reduced after the Midlasma-grafting process of N-
containing groups, and the modified surfaces remain more stable
with time.

Catalyst Heterogenization. The PVDF-NH2 membrane has
been immersed in an aqueous solution of W12 (0.086 mM) for 24
hours; after it has been washed three times with water and finally
has been dried at room temperature (in the following this membrane
will be indicated as PVDFNH2—-W12).

Photooxidation Experiments. The photocatalytic experiments
were carried out in a flat-sheet membrane reactor (Figure 3).

The membrane module, equipped with a quartz window, has an
active surface area of 4.5 émin the catalytic test, an aqueous
phenol solution (150 mL; 0.002 M) was fed to the membrane with
a tangential flow rate of 65 mL/min. Retentate and permeate
samples were collected at regular time intervals. The feed solution
was hosted in a thermostated bath held at@punder magnetic
stirring, and pure oxygen was bubbled into the reacting mixture at
0.3 bar. Irradiation was performed with a 500 W quartz UV mercury
vapor lamp, emitting from 310 nm to visible light (Helios Italquarz,
Milan, Italy), placed 10 cm from the membrane surface. In all
experiments, the membranes were irradiated on the upper surface.
Homogeneous catalytic tests were carried out using an aqueous
phenol solution (150 mL; 0.002 M) in the presence of phospho-
tungstic acid (7.0< 104 M). To better compare the homogeneous
and heterogeneous reactions, we also carried out homogeneous tests
in the reactor shown in Figure 3, but in this case, the permeate
side was closed, putting a thin stainless steel sheet in place of the
membrane position. The photocatalytic reactions were monitored

simple sketch of the reactor is shown in Figure 2. The gases haveby HPLC determination of phenol. Analyses were performed on a

been fed into the chamber through a calibrated MKS mass
flowmeter. A rotative pump allowed for chamber evacuation; the
pressure has been controlled with an MKS baratron.

The membranes have first been plasma treated in RF glow
discharge fed with Ar (20 sccm, 800 mTorr of pressure, 30 W, 1
min) to induce a cross-linking of the membrane surface and reduce
the hydrophobic recovery of the PVDF chafisHydrophobic

HPLC Hitachi D7000 System Manager, equipped with an L-7400
UV detector; the column was Hypersil C 18, 2504.6 mn?, 5

um (Alltech, Italy). The mobile phase was 65:35 (v/v) acetonitrile:
water. The operating conditions were as follows: flow rat®.8
mL/min; T = 25°C, P = 73 bar,A = 254 nm.

Results and Discussion

recovery is a phenomenon that can occur when polar groups are

(28) Lopez, L. C.; et al. Submitted.

(29) Favia, P.; Milella, A.; lacobelli, L.; d’Agostino, R. IRlasma Processes
and Polymersd'Agostino, R., Favia, P., Oehr, C., Wertheimer, M.
R., Eds.; Wiley-VCH: Weinheim, Germany, 2005; p 271.

Membrane Characterization. One of the main issues in
the selection of polymers for the heterogenization of catalysts
is their stability under reaction conditions. As reported in
our previous work® membranes made of PVDF, a polymer
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Figure 4. SEM images of the native PVDF membrane: (A) cross sectiatf0), (B) top layer x15 000), (C) bottom layer{500). SEM images of the
PVDF—NH2-W12 membrane: (D) cross sectior1900), (E) top layer x15 000), (F) bottom layerx5 000).

Table 1. XPS Analysis of the PVDF Native Membrane, the Membrane Treated with Ar/NH Plasma (PVDFNH2), and the Membrane
Immersed in W12 Solution after the Ar/NH3 Treatment (PVDF—NH2—-W12)

oIC N/C N/F wiC FIC
substrate C%  O%  W4fw  P2p%  F%  N% (+0.03)  (+£0.04)  (£0.04)  (+£0.03)  (40.03)
PVDF 54.2 1.9 438 0.04 0.80
PVDF—NH2 57.6 47 280 94 0.08 0.16 0.33 0.48
PVDF-NH2-W12 531  18.3 35 0.4 193 51 0.34 0.10 0.26 0.07 0.36

characterized by a high chemical, thermal, and mechanicalcross sections (Figure 4a,d) are characterized by macrovoids
stability, are also stable under aerobic photooxidation condi- with a drop-shaped structure extending from the upper
tion. The hydrophobic properties of this material can also surface toward the bottom surface. Microphotographs of the
positively influence the approach, near the catalytic sites, of upper and bottom surfaces of the PVDF native membranes
organic substrates dissolved in water. PVDF is of particular (Figure 4b,c) reveal significant differences between the two
interest in photocatalytic applications because of its optical sides. The pore size in the bottom surface is much larger
transparency; moreover, the fluorinated environment can than that of the upper one. This difference is due to the initial
promote oxidation reactior?$. evaporation of solvent, during the membrane preparation
Porous flat-sheet membranes have been prepared by #rocess, from the upper surface and the consequent formation
phase-inversion technique induced by a nonsol¥eats of a denser skin layer. The permeability and selectivity of

described in the Experimental Section. the membrane depend on this skin layer, and the porous
The surfaces and the cross sections of the native PvDFSuUbstructure ?CtS only as a support. | o
membrane and catalytic PVDRH2—W12 have been Polar chemical groups (we hypothesize principally NH

examined by SEM (Figure 4). The SEM images show an together with OH, CN, NH, and CO) have been grafted by
asymmetric structure for both the membranes. The membranéNHs plasma discharge on the upper surface of a PVDF
membrane pretreated with Ar in order to control hydrophobic

2,28
(30) Berkessel, A.; Andreae, M. R. Metrahedron Lett2001, 42, 2293. recovery? The_group_s_g_rafted on _the surface can act as
(31) Kimmerle, K.; Strathmann, HDesalination199Q 79, 283. anchor sites for immobilizing the acid catalyst W12.
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Figure 6. Contact angles#standard deviation) with water and a phenol
solution (0.002 M) on the upper surface of the PVDF-based membranes

0.018
0016 | = PVDF-NH2-W12 .
0014 | *PVDF -
< 0.012 |
§
0 48 46 44 42 40 38 36 34 32 30 28 < 0.01
.. K5 P
Bindina Eneray € 0.008 . .
Figure 5. XPS W4f component. = 0.006 o
Surface-diagnostics techniques such as X-ray photoelectron 0.004 o
spectroscopy, contact angle measurements, and RX maps g2 | T
have been used to attest to the surface modification by plasma 0 L
The XPS N% value can be taken as a measure of the TMP (bar)

efficiency of the grafting of N'grouDS after the Niglasma Figure 7. Water flux @) at 30 °C of the native PVDF membrane and
treatments. The N content is lowered from 9.4 for P¥DF  PVDF—NH2-W12.

NH2 to 5.1 for PVDFNH2—-W12 surfaces. When W12 is Table 2. Properties of the PVDE. PVDE-NH2. and
added to the surface, W%, O%, and P% XPS values increase, ' pV%F_NHZ_le Membranes
whereas C%, F%, and N% values are lowered. W-based -
. . membrane mean pore pore diameter
catalyst binding can be monitored by the XPS W%. The W4f membrane thickness diameter at the maximum porosity

peak shows two major components; this behavior is typical code (um) (um)  distribution im) (%)
of tungsten oxide8 (See Table 1 and Figure 5). PVDF 47 0.06 0.06 24
RX maps (data not shown) on the upper surface of the PYDF-NH2 42 0.35 0.33 24
PVDF—NH2-W12 46 0.37 0.36 25

PVDF-NH2—-W12 membrane underline a good dispersion
of the catalyst with a homogeneous W and F surface

distribution. changed, in a controlled way, the surface chemistry and

W\ll\ée h):jpor:heljize that principarl1ly ioqicr;] iEtedraction tt)metv(x;gen properties of the systems without altering its bulk structure,
and the NH groups, together with hydrogen bonding as revealed by the comparison of the SEM image of the

and different interactions with the other polar groups also native PVDF membrane (Figure 4a) and PVDF-NH2—

grafted by plasma treatments, link the catalyst on the W12 (Figure 4d-f). The pores on the upper surface of the

membrane surface. CA measurements on the upper Surfac%lasma-modiﬁed membranes (PVBRH2 and PVDF-
of the membranes confirm the presence of polar groups byNHZ—WlZ) are larger than those on the upper surface of

decreasing the water contact angle with respect to the native[he native PVDF membrane (Table 2). This peculiarity

membrane (Figure 6). The water CA values further decreasedIogether with the more hydrophilic character of the same
after the immobilization of W12 occurred, probably because can explain the higher water flux observed for these'

of the presence of many oxygen moieties (Figure 6). membranes compared to the native membrane (Figure 7).

Interesting results were obtained considering the contact
. . . However, all the prepared membranes have a narrow pore
angle with a 0.002 M phenol solution (Figure 6). As . s A
size distribution, as shown in Figure 8.

expected, the surface tension of the phenol solution was o , . .
No significant differences in overall porosity have been

lower than that of the pure water (73.47 and 75.24 mN/m, - >
respectively); consequently, the plasma-modified membranesdétected between native and plasma-modified membranes

have a higher contact angle with the phenol solution than (Table 2).
does the native PVDF membrane, but the values are still Photocatalytic Tests.To analyze the catalytic activity of
less than 99 (Figure 6). the W12 heterogenized on the plasma-activated membranes
surface, we chose oxidative degradation of phenol as a
(32) Favia, P.; Sardella, E.; Gristina, R.; d’AgostinoJRirf. Coat. Technol. reaction test. In our study, we have compared the catalytic
2003 169-170, 707. o activity of W12 in homogeneous phasex710~4 M aqueous
(33) (a) Khyzhun, O. YJ. Alloys Compd200Q 305 1. (b) Martin-Litas, solution) versus heterogeneous reaction carried out with

I; Vinatier, P.; Levasseur, A.; Dupin, J. C.; Gonbeau, D.; Weill, F.
Thin Solid Films 2002 416, 1-9. PVDF—NH2—W12 membranes.

The plasma treatment of the PVDF membrane has
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Figure 9. Photocatalytic degradation of phenol (150 mL; 203 M; homogeneous W12 and heterogeneous P¥YNFA2—W12 reactionsrf is
T = 30°C; 4 > 310 nm) in homogeneous W12 (70 104 M) and the initial moles of phenol and; the moles at time).

heterogeneous PVDRMNH2—-W12 membrane.
A relevant enhancement of the phenol oxidation rate was Table 3. First-Order Rate Constant ) for Phenol Photodegradation

observed for the reaction catalyzed by the PVIDH2— and Correlation Coefficient (R?) for the First-Order Plot
W12 membrane (Figure 9) despite the fact that the amount process k (min~1) R
of catalyst present on the membrane surface is less than that 12 0.00110 0.99
used in the homogeneous phase (¥.20* mol/L). PVDF=NH2-W12 (TMP= 0) 0.00199 0.97
PVDF—NH2-W12 (TMP= 1 bar) 0.00313 0.98

We can estimate, by a rough calculation on the basis of

crystallographic data, that the moles of catalyst present on N gitference in the phenol concentration was observed
the membrane surface are several orders of magnitude lowefqteen retentate and permeate in the catalytic tests.

than that in the homogeneous reaction. As determined by gt order kinetics with respect to phenol concentration

XRD, the Keggin anion [PWO*" can be contained in a a5 found for both homogeneous and heterogeneous reac-
cube 10.27 A on a sid¥,consequently, on a surface of 4.5 tions (Figure 10).

cm¥, no more than 7x 10 umol of catalyst can be The rate of disappearance of phenol can be described by
accommodated. More work is in progress to determine the o following equation:

exact number of chemical groups introduced by plasma

treatments. d[C]

The influence of transmembrane pressure (TMP) on the VST a0 KC] @)
reaction rate has also been investigated. The flux through
the membrane depends on the TMP value and has a largevhere [C] is the phenol concentration (mol/lt)s the time
influence in the performance of a catalytic membrane (min), andk is the rate constant (min).
reactor®®>3¢When the reactor is operated at TMP1 bar, a First-order rate constants for both the homogeneous and
higher phenol disappearance rate is observed than at TMPheterogeneous systems are reported in the Table 3.
= 0. When the reactor is operated at higher TMP, the phenol The regeneration of the heterogeneous systems is another
can accumulate in proximity of the membrane surface, and important subject for practical applications. The PVDF
thus a concentration gradient between the membrane interfacdNH2—W12 membrane can be used in further catalytic runs
and the bulk of the solution is realized. This phenomena without a loss of activity.
induces the increase in the mean contact time between the No catalytic properties were observed using the mem-
phenol and the catalyst and the increase in phenol concentrabranes functionalized by Ar/Nplasma treatment (PVDF
tion around the catalytic sites. The phenol is retained on the NH2) but without the catalyst linked on the surface for the
membrane surface until its complete mineralization. How- phenol photodegradation.
ever, in both cases (TME 0 bar and TMP= 1 bar), the
heterogeneous reactions led to a faster phenol degradation Conclusions
than the homogeneous reaction (Figure 9). Further studies
are in progress to determine the better hydrodynamic
condition for the photocatalytic oxidation.

A better dispersion of the catalyst on the membrane
surface, with respect to the homogeneous solution, can als
contribute to an increase in catalyst efficiency in terms of
both the percent active catalyst and the superficial area of
the catalyst.

In this work, novel polymeric photocatalytic membranes
operating in water with © have been synthesized by
anchoring Keggin type phosphotungstic acid (W12) on the

surface of plasma-activated polymeric membranes made of
%vDF (PVDF—NH2—-W12). Polar chemical groups (prin-
cipally NH,, together with OH, CN, NH, and CO) have been
linked on the membrane surface by an Ar/Nplasma to

act as binding sites for W12, principally by ionic interaction
and hydrogen bonds. Evidence of the anchoring of N-groups

(34) Brown, G. M.; Noe-Spirlet, M. R.; Busing, W. R.; Levy, H. Acta

Crystallogr., Sect. B1977, 33, 1038. and, for the catalytic membranes, W-based catalyst was
(35) fzigrri%L.; Molinari, R.; Natoli, M.; Drioli, EJ. Membr. Sci1997, provided by XPS analysis. The characterization of surface

(36) Deckman, H. W.: Corcoran, E. W.; McHenry, J. A.; Meldon, J. H.: and bulk properties of the plasma-modified membranes was
Papavassiliou, V. ACatal. Today1995 25, 357. also carried out and compared to native membranes.
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Photocatalytic activity of the PVDFNH2—W12 mem- furthermore, no catalytic activity was detected for the plasma-
branes has been tested in the aerobic degradation reactiomodified membranes prepared without the catalyst.
of phenol in water. Higher photocatalytic activity was
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