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A  chemical  vapour  deposition  (CVD)  based  innovative  approach  was  applied  with  the  purpose  to
develop  composite  TiO2 photocatalytic  nanofiltration  (NF)  membranes.  The  method  involved  pyrolytic
decomposition  of  titanium  tetraisopropoxide  (TTIP)  vapor  and  formation  of  TiO2 nanoparticles  through
homogeneous  gas  phase  reactions  and  aggregation  of  the  produced  intermediate  species.  The  grown
nanoparticles  diffused  and  deposited  on the  surface  of  �-alumina  NF membrane  tubes.  The  CVD  reac-
tor  allowed  for  online  monitoring  of  the  carrier  gas  permeability  during  the  treatment,  providing  a first
insight  on  the  pore  efficiency  and  thickness  of the  formed  photocatalytic  layers.  In  addition,  the  thin
F membranes
ontinuous flow
ltra thin TiO2 layers
ollutant photodegradation
ater purification

TiO2 deposits  were  developed  on  both  membrane  sides  without  sacrificing  the  high  yield  rates.  Impor-
tant  innovation  was  also  introduced  in what  concerns  the  photocatalytic  performance  evaluation.  The
membrane  efficiency  to  photo  degrade  typical  water  pollutants,  was evaluated  in  a  continuous  flow  water
purification  device,  applying  UV  irradiation  on  both  membrane  sides.  The  developed  composite  NF  mem-
branes were  highly  efficient  in  the decomposition  of  methyl  orange  exhibiting  low  adsorption-fouling
tendency  and  high  water  permeability.
. Introduction

The treatment of water and other fluids to remove contami-
ants is becoming increasingly important. In particular, drinking
ater may  contain hazardous substances such as toxins and

ndocrine-disrupting compounds [1,2], harmful bacteria and other
icroorganisms that can cause serious health problems, if ingested

y humans or animals. Similarly, untreated wastewater from indus-
rial or agricultural processes usually contains organic pollutants,
uch as organic dyes, phenols and pesticides, which may  be detri-
ental to heath and/or environmentally damaging. Increasingly

tringent regulations for the quality of potable water and the
ischarge of effluents generate the need for more reliable and
ustainable treatment processes, such as highly energy efficient
embrane based separation techniques [3].  If the aforementioned

enefits could be combined with the development of cost-effective
embrane manufacturing methods, this would certainly lead to
 rapid growth in the application of membrane technology in
astewater treatment and reuse [4,5].

∗ Corresponding author. Tel.: +30 2106503972; fax: +30 2106511766.
E-mail address: groman@chem.demokritos.gr (G.Em. Romanos).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.09.081
© 2011 Elsevier B.V. All rights reserved.

Specifically, microporous and mesoporous inorganic mem-
branes have attracted considerable attention for water treatment
over conventional polymeric membranes [6,7], due to their
excellent thermal, chemical, and mechanical stability, and their
reusability. Amongst the materials used for the preparation of
inorganic membranes, TiO2 photocatalysts have lately gained
tremendous popularity, since a membrane skin layer composed of
TiO2 material allows only small molecules and water to penetrate
the membrane pores (i.e., separation function) and simultaneously,
its photocatalytic activity causes the decomposition of the larger
organic pollutants present in water [8,9]. In this way one of the
major problems of membrane separation technology, which is
the generation of toxic condensates, can be considerably abated.
The photocatalytic activity is also expected to enhance the anti-
biofouling properties of the membrane, which is one of the main
challenges for both research and industry in the field of membrane-
based water and wastewater treatment [10,11].

Inorganic membranes generally consist of a macroporous sub-
strate that provides mechanical strength for an overlying thin active
layer [12,13]. The usual way to develop the active membrane layer

is the sequential dip-coating of the substrate into adequate sols
composed of different precursor material, with particles of decreas-
ing size, as we go from the rough support to the active layer.
The purpose of this multi-coating procedure is to mask support’s

dx.doi.org/10.1016/j.jhazmat.2011.09.081
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:groman@chem.demokritos.gr
dx.doi.org/10.1016/j.jhazmat.2011.09.081
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efects [14,15] that undermine the integrity of the active top layer.
his is time consuming and often results in increased preparation
ost and reduced water permeability. Recently, repetition of the
ip-coating procedure using a single sol until the desired thickness
nd homogeneity of the coating layer has been successfully applied
or the development of highly efficient TiO2 membranes [16]. As an
lternative to the sol–gel dip coating techniques, chemical vapor
eposition using various metal-organic (MO) precursors provides
he potentiality to effectively control the pore size by developing
ctive metal-oxide layers on the pore mouth of the rough sub-
trate and/or deposit nanoparticles of very small size that could not
e achieved with the usual sol-gel routes. Furthermore, although
VD provides an easily up scalable procedure that has been widely
pplied for the development of silica based, gas-separating mem-
ranes [17–20],  it has been scarcely investigated as a method of
anufacturing photocatalytic TiO2 membranes [21]. In fact, up to

ate, it was principally involved in the formation of thin photoa-
atalytic layers on non-porous [22,23] or porous substrates in the
orm of powder [24,25].

In addition, the photocatalytic activity of sol-gel derived TiO2
embranes was mainly evaluated in batch reactors [2,16,26] and

ever in a typical cross-flow membrane filtration process. The com-
ination of membrane technology with photocatalysis was solely

nvestigated as the combination of two separated processes in
eries i.e. photocatalytic action of nanoparticles in suspension fol-
owed by membrane filtration [27,28]. Only a few patents have
escribed reactors and water purification devices that involve a
embrane as the photocatalytic and filtration component simul-

aneously [29] and in all these cases, the membrane bears just
ne-photocatalyticaly active side.

In this work we performed a thorough investigation on the
apacity of the CVD method to develop TiO2 photocatalytic layers
n both surfaces of tubular nanofiltration (NF), �-alumina mem-
ranes and we applied these membranes for the photocatalytic
egradation of methyl orange in a continuous flow process. The
olluted water solution was fed in a specially designed mem-
rane purification device that provided the possibility to effectively

lluminate with UV light each membrane surface (external and
nternal) separately or both simultaneously and operated either in
he cross-flow or flow-through membrane mode and pressures up
o 16 bar. It was showed that the photodegradation efficiency of
he developed membranes was almost doubled when irradiation
as applied on both membrane sides and moreover, it was proved

hat the CVD method, under appropriate CVD reactor conditions,
ight constitute a cost effective means for the development of

omposite TiO2 based inorganic membranes exhibiting high flux
nd combined photocatalytic, antibiofouling properties.

. Experimental

.1. Materials – Chemicals

The supports applied for the development of the TiO2 deposits
ere �-alumina NF membrane tubes with nominal pore size of

 nm and molecular weight cut off (MWCOT) of 7.5 kD. The nanofil-
ration layer (1.5 �m in thickness) was located on the external side
f the membrane tube, which had a length of 15 cm,  ID and OD of

 and 10 mm respectively and glazed ends of 3 cm length. The rest
f the tubular membrane from the external to the internal surface
onsisted of two intermediate �-alumina layers and a rough macro-
orous a-alumina support. Details on the pore size and volume of

he several layers can be found elsewhere [30]. The active inter-
al and external surface that was irradiated during the continuous
ow and the batch photocatalytic experiments was 20 and 28 cm2

espectively.
Fig. 1. The prototype CVD reactor applied for the deposition of the TiO2 layers on
the NF membranes.

Titanium tetraisopropoxide (98+% Across 194700010) was used
as TiO2 precursor and Nitrogen gas (99.999) was applied both as
the carrier of TTIP vapour and for the measurement of permeabil-
ity. Oxygen (99.999) was involved as oxidant in the layer-by-layer
CVD procedure and helium (99.999) for the measurement of per-
meability. The methyl orange solution used in the photocatalytic
tests had a concentration of 2 × 10−5 M.

2.2. CVD reactor

The prototype reactor applied for the chemical vapor deposition
of TiO2 and for measuring the gas permeability of the membranes
is illustrated in Fig. 1. The mechanical mass flow controller (MFC –
GPE Limited, 0–1000 ml  min−1) was supplied with nitrogen or oxy-
gen and generated a gaseous stream of constant flow rate which, in
its dry state or after being enriched with TTIP vapor (bubbler), was
introduced inside the reactor from the bore or the annular space of
the tubular membrane, depending on the position of the three-way
valve (V1). The exhaust valves (V4) and (V5) defined the operation
mode (cross-flow or flow-through), while the electronic differential
pressure transducer (DP – ABB Transmitter, 2010TD) allowed for on
line monitoring the pressure difference between the inner and the
outer space of the membrane and vise versa according to the posi-
tion of the three way  valves V2 and V3. The electronic mass flow
controller (EMF–Bronkorst, F200CV-FGA-22E) was supplied with
nitrogen or helium and was used for the accurate measurement of
the permeability at the end of each CVD treatment. The permeabil-
ity data were acquired with the flow-through technique e.g. all of
the gas phase was  forced to flow through the pore structure of the
membrane with a flow rate varying from 5 to 10 ml min−1.

2.3. CVD conditions and characteristics of the developed TiO2
membranes

The nitrogen flow rate during all the applied CVD processes
was  200 ml  min−1 and was introduced into the TTIP bubbler at a
temperature of (20 ◦C). No pressure difference was applied during
the cross-flow technique whereas the flow through technique was
accompanied by pressure differences that started from the level of
80–100 mbar and increased up to the level of 500 mbar during the
CVD procedure.

The method of TiO2 nanoparticles growth and deposition (NPG)
proceeded through the pyrolytic decomposition of the TTIP vapor
and was  performed at a furnace temperature of 600 ◦C. TTIP vapour
exposure and pyrolysis was  performed simultaneously.

One of the membranes was modified by NPG deposition, solely
with the cross-flow technique (MAl5Ti 2), whereas for two more
membranes (MAl5Ti 1, MAl5Ti 3) the cross-flow technique was
succeeded by a further treatment with the flow-through technique.

The maximum possible mass (m)  of the TiO2 photocatalytic lay-
ers was  calculated in accordance to the following equation:( ) ( )

m(mg) = F × Pvap

RT
× MW × t × 1

1013
atm

mbar
× 1

1000
L

ml

× 1000
(

mg
g

)
(1)
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Table 1
Properties of the NPG grown membranes.

MAl5 MAl5Ti 1 MAl5Ti 2 MAl5Ti 3
CVD  technique n/a NPG NPG NPG

Cross-flow outside Time of treatment
(min)/amount deposited (mg)

– 640/ < 14 1300/ < 34 960/<24.6
Cross-flow inside – 350/1.7 1060/27.2 1080/27.6
Flow-through outside – 890/22.8 n/a 600/15.3
Flow-through inside – 410/10.6 n/a 660/17

Water  permeance-UV (l m−2 h−1 bar−1) 0.62 ± 0.02 0.24 ± 0.02 0.37 ± 0.02
Water permeance-control (l m−2 h−1 bar−1) 0.56 ± 0.01 0.20 ± 0.02 0.30 ± 0.01
He  permeance @ 600 ◦C (cm s−1) 13.5 ± 0.3 2.9 ± 0.1 1.7 ± 0.3 1.8 ± 0.1
N2 permeance @ 600 ◦C (cm s−1) 4.5 ± 0.5 1.0 ± 0.1 0.7 ± 0.2 0.69 ± 0.1
Pe  (He)/Pe (N2) 3 2.9 2.43 2.6
Thickness (�m)-external surface <4.5 <3 <5

1.5 2.8 5.5
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Thickness (�m)-internal surface 

PG, nanoparticles growth.

here F (ml  min−1) the flow of nitrogen carrying the TTIP
apor, Pvap (mbar) the vapor pressure of TTIP [31,32],

 = 0.08205 L atm mol−1 K−1, the gas constant, T (K) the tem-
erature of the TTIP bubbler, t (min) the period of treatment
exposure to TTIP vapor) and MW = 79.87 (g mol−1) the molecular
eight of TiO2.

The calculation of the maximum thickness (d) of the deposited
iO2 was performed by introducing in the following equation, the
eometrical characteristics of the tubular membrane, the solid den-
ity (�) of TiO2 and an average porosity ε of 30%:

(ì m) = 104

(√
r2 + m

���(1 − ε)
− r

)
(2)

here m (g) the mass of the deposited layer, r (cm) the radius of
he tubular membrane and � (cm) the length of the tube.

The temperature profile of the reactor was accurately defined
efore each CVD treatment (see supporting information). The total
ot zone (above 400 ◦C) was 5 cm and had a 0.5 cm shift from the
enter towards the exit of the reactor cell, while the temperature
easured on the external and internal surface of the membrane

long the hot zone of the reactor varied from 420 to 450 ◦C and
rom 410 to 442 ◦C respectively. The temperature of the gas phase
weeping the outer side of the membrane was from 410 to 446 ◦C
hereas, in the inner side, the gas phase temperature was  from 415

o 445 ◦C.
Table 1 pertains to the properties of water and gas permeance of

he unmodified and developed TiO2 membranes as measured in the
hotocatalytic membrane purification device (see Section 2.4) and
he CVD reactor respectively. It also includes information on the

aximum possible mass and thickness of the TiO2 layers as well
s the code of the samples that will be used hereinafter to describe
he performed experiments.

.4. Photocatalytic membrane purification device-membrane
erformance

The photocatalytic membrane purification device comprises
 fluid delivery system, the membrane cell unit, the irradiation
ources, a pressure transducer, a stream selection three way valve
nd a backpressure regulator (TESCOM 26-1700 series) mounted at
he retentade side of the cell unit. The fluid delivery system consists
f a stainless steel fluid transfer vessel equipped with a rodded pis-
on. The piston is driven upwards (delivering fluid) or backwards
priming) by means of a gear motor (BONFIGLIOLI RIDUTTORI S.p.A.,

F30 Worm Gearmotor 24 Nm,  0.3 kW), electrically supplied and
ontrolled by an inverter (Mitsubishi, S500E VFD). The minimum
nd maximum flow rates achieved by installing the appropriate
peed reducer are from 0.15 to 15 ml  min−1.
Fig. 2. The unit cell of the photocatalytic purification device with the active TiO2

modified membrane and the irradiation sources.

The photocatalytic cell unit used in this work is illustrated in
Fig. 2. It consists of two concentric tubes placed in the vertical direc-
tion. The larger diameter tube is from Plexiglas and has a length
of 100 mm and OD, ID of 29 and 21 mm,  respectively. The smaller
diameter tube is the NF membrane (see Section 2.1) with TiO2
active porous layers on both its sides. The two tubes define an outer
flow channel (the annular space between the tubes) where polluted
water is fed and an inner flow channel (internal space of the mem-
brane) where clean water flows out in the downward direction.

The ends of the larger diameter tube are tightly sealed by the
inner movable stainless-steel flanges (Fig. 2), via elastomer o-rings
placed on a groove around their circumference. The bottom inner
flange has a water inlet into the outer flow channel, and the top

inner flange has a water outlet from the outer flow channel that
leads to the back-pressure regulator. The ends of the inner tube
(membrane) are open in air, whereas a tight seal between the
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deposition declines significantly towards the outlet of the reactor.
Fig. 4 shows the Raman spectra obtained on both surfaces of

the modified membrane MAl5Ti 2 at a region corresponding to the
center of the CVD reactor. The Raman active modes of the anatase
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uter channel and the environment is provided by means of the
uter screwing stainless-steel flanges that squeeze two  o-rings, the
ne placed in a groove of the inner flange around the glazed ends
f the tubular membrane and the other in a groove of the outer
ange drilled around the water inlet and outlet bore holes. A more
dvanced and highly innovative design of the cell unit includes a
hird flow channel in series with the ones already described. In
his additional channel any active photocatalyst, appropriately sta-
ilized in transparent porous photocatalyst carriers like polymer
bers, can be accommodated and effectively irradiated. The high
urface area of the porous fibers in combination with the two effec-
ive photocatalytic surfaces of the core membrane assures the high
fficiency of the overall process. In this advanced configuration the
urification device is already applied for a patent to the EPO with
he title “Photocatalytic Purification Device” (application number
P10275076.7) [33].

Concerning the light sources, four 9 W UV lamps (Phillips-UVA
PUVA) PL-S/PL-L), placed at a distance of 3 cm from the Plexiglas
ell unit, emitting near-UV radiation (315–380 nm)  with a peak at
65 nm,  were used for irradiating the external surface of the mem-
rane at a light intensity of 2.1 mW cm–2. The inner membrane
urface was irradiated by means of an array of 15 UVA minia-
ure leds (TG PURPLE LED Chip LED (3.5 × 2.8), TOYODA GOSEI
O. LTD) emitting near-UV radiation (360–420 nm) with a peak at
83–392 nm at a light intensity of 0.5 mW cm−2.

All the methyl orange (MO) degradation experiments were
erformed in the cross-flow mode and the concentration of
O solution collected from the retendate and permeate side of

he membrane was determined by measuring the visible light
bsorbance at 466 nm.

Apart from the continuous flow experiments, a batch proce-
ure was also applied to evaluate the photocatalytic efficiency
f the developed membranes and especially of the external TiO2
ayer. These experiments were conducted by immersing the TiO2

embranes into a borosilicate glass reactor containing 25 mL  of
0 �M methyl orange. The irradiation on the external surface
2.1 mW cm−2) as well as the analysis of the water aliquots were
erformed in a way similar to this applied in the continuous flow
xperiments. The results of the batch experiments were proved

aluable in order to define the photocatalytic degradation rate
nd extract conclusions about the contact time of the pollutant
ith the active TiO2 material during the cross flow filtration
ode.
 Materials 211– 212 (2012) 304– 316 307

2.5. Analytical instruments

Raman measurements were performed in backscattering con-
figuration using a Renishaw inVia Reflex microscope with a high
power near infrared (NIR) diode laser (� = 785 nm,  E = 1.58 eV) as
excitation source.

A Jeol JSM 7401F Field Emission Scanning Electron Micro-
scope equipped with Gentle Beam mode and the new r-filter was
employed to characterize the surface morphology of the devel-
oped materials. Gentle Beam technology can reduce charging and
improve resolution, signal-to-noise, and beam brightness, espe-
cially at low beam voltages (down to 100 V).

A Hitachi U-3010 UV–Visible Spectrophotometer was used for
determining the concentration of methyl orange in the aliquots
obtained for the batch as well as the continuous flow photocatalytic
experiments.

3. Results discussion

3.1. Morphology of the deposited layers

In order to investigate the density and homogeneity of the devel-
oped TiO2 layers as well as the extent of surface coverage, the
NPG-cross-flow technique was  also involved to modify borosili-
cate glass tubes at the same conditions as those applied for the
Al2O3 membranes. In this regard, Fig. 3 presents the UV–vis trans-
mission data of the layers deposited on the glass tubes under the
CVD conditions applied for membrane MAl5Ti 2, i.e. cross-flow on
the external surface for 1300 min and cross-flow on the internal
surface for 1060 min. It should be noted that two glass tubes were
used for simulating each of the two  surfaces of the membrane and
avoid masking of the UV absorbance properties between the exter-
nally and internally deposited layers. It can be seen (Fig. 3) that the
internal surface was  fully and densely covered by TiO2 nanoparti-
cles that absorbed all of the UV irradiation up to 360 nm. The two
spectra obtained for each surface correspond to regions with a lon-
gitudinal distance of 3 cm between each other extending in the hot
zone of the reactor. It can be concluded that deposition was uni-
form on the internal side of the glass tube along the length of the
reactor something that does not hold on the external side where
Raman shift  (cm
-1 )

Fig. 4. Raman spectra on the external and internal surfaces of the MAl5Ti 2 mem-
brane at 785 nm.  Dots depict the anatase TiO2 Raman modes.
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Fig. 5. SEM images of the TiO2 layers deposited on silicon wafers: (a, c) Deposition at a distance of 35 mm from the reactor inlet on the internal surface and cross-flow mode.
( ce and
i  65 m

p
c
t
t
T
a
f

b,  d) Deposition at a distance of 65 mm from the reactor inlet on the internal surfa
nlet  on the external surface and cross-flow. (g, h) Deposition at distances of 35 and

hase, which is the most photocatalytically active TiO2 phase, were
learly identified on the internal side of the membrane. However,
he intensity of the anatase Raman peaks decreased markedly for

he external membrane side, supporting the sparse deposition of
iO2 nanoparticles. The Raman intensity reduction was  further
ccompanied by significant shift and broadening, most prominent
or the low frequency Eg anatase mode. The latter band shifted from
 cross-flow mode. (e, f) Deposition at distances of 35 and 65 mm from the reactor
m from the reactor inlet on the external surface and flow-through.

145 to 152 cm−1, while its full-width at half-maximum (FWHM)
increased from 12 to 25 cm−1 for the internal and external mem-
brane faces, respectively. This variation can be primarily explained

by the optical phonon confinement effect, resulting in both broad-
ening and blue shift of the Raman modes in nanosized materials
[34]. Based on these values and the linear scaling of the Raman
shift vs FWHM derived from the phonon confinement effect [35], a
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Fig. 6. Permeability evolution vs the amount of TiO2 deposit, after and during the
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ecrease of the anatase nanoparticle size from approximately 11 to
 nm can be inferred for the titania deposition on the internal and
xternal membrane sides.

Furthermore, in order to investigate the morphology of the TiO2
eposits developed during the NPG-flow-through technique, small
ieces of silicon wafers were placed at different distances along the

ength of a membrane and analysed with SEM after the CVD treat-
ent. For elucidating the morphology of the internally deposited

anoparticles, the silicon wafers were laid along the internal side
f the membrane tube whereas, for the investigations concerning
he morphology of the external deposition the silicon wafers were
emented on the external surface by means of a special graphitic
dhesive (AREMCO GRAPHI-BOND 669). In this case the CVD con-
itions were similar to those applied for membrane MAl5Ti 2 with
he cross-flow technique and for membrane MAl5Ti 1 with the
ow-through technique. Fig. 5a, c and b, d, present the SEM images
f the silicon wafers that were located internally at a distance of 35
nd 65 mm from the inlet of the reactor respectively and treated
equentially with the cross-flow and flow-through techniques. The
niformity of the internal deposition along the length of the reactor

s once again evidenced. In Fig. 5c, d we can distinguish a subjacent
ayer consisting of TiO2 nanoparticles with a uniform diameter of
bout 40–60 nm covered by large but not densely deposited parti-
les of size around 500 nm.

The deposition has a granular structure revealing that both
articles and precursor were deposited. The larger particles were
ormed during the flow-through treatment and started to grow in
xpense of a uniform layer of smaller particles due to diffusion lim-
tations; i.e. protruding entities into the particles boundary layer
row at the expense of their neighbors since they are able to catch
ore of the reactants from the gas stream.
In Fig. 5e, f we present the deposition structure on the externally

ocated wafers treated in the cross-flow mode at distances of 35 and
5 mm from the inlet of the reactor. In this case, due to the counter
cting thermophoretic effect (see also Section 3.2), only small dif-
usion particles of size <20 nm were deposited. Further treatment
n the flow-trough mode led to the structures observed in Fig. 5g,
. It can be seen that the morphology of these deposits is far from
ranular (the vapor is totally consumed in gas phase reactions) and
eem to consist of large particles grown through collisions between
he smaller ones in the gas phase. Moreover the morphology differs
onsiderably for a distance of 3 cm along the length of the reactor
evealing the inhomogeneity of the externally deposited layers.

.2. Effect of the TiO2 deposit morphology on the gas permeability

As already shown by the SEM analysis (Fig. 5e, f), the NPG
eposition on the external surface of the membranes during the
PG-cross-flow technique resulted to the formation of porous lay-
rs, consisting of very small diffusing TiO2 nanoparticles that, had

 size below the threshold of 20 nm.  It can be stated that due to the
uch smaller dimension of the membrane nanopores (5 nm), the
PG deposition occurred just on the top surface of the externally

ocated NF layer (diffusing particles had no access to the NF pore
tructure). On the other hand, the internal rough support exhibits a
acropore structure with a pore size around 2 �m [30] that allows

or the infiltration of larger (>50 nm)  thermophoretic nanoparticles,
t least during the initial stages of the CVD treatment. From the size
f the TiO2 nanoparticles that deposit on the external surface it is
ossible to approximately estimate the pore size of the formed NPG

ayer (one third of the particle size [36]), 5 nm,  which is almost iden-
ical to this of the subjacent �-alumina NF layer. As a consequence

he pores of the �-alumina NF layer remain unaffected and the gas
iffusion through the entire membrane is co-operatively controlled
orm both nanoporous layers, e.g. the already existing �-alumina
nd the CVD deposited TiO2 layer.
CVD modification for the three TiO2 membranes MAl5Ti 1, MAl5Ti 2 and MAl5Ti 3,
(a) Nitrogen in the cross-flow mode, (b) Helium in the cross-flow, (c) Nitrogen in
the  flow-through technique.

Fig. 6 give an overview of the permeance evolution during the
CVD for the three membranes developed with the NPG approach.
The values of the x-axis represent the maximum possible mass (m)
of each TiO2 photocatalytic layer and were calculated in accordance
Eq. (1).

The gas permeance in (mol m−2 s−1 Pa−1) was  calculated accord-
ing to the following equation:

Pe = F

S�P
× Tstand

Tmeas
× Pmeas

Pstand
× 1

60

(
min

s

)
× 1

22,  400

(
mol
ml

)

× 104

(
cm2

m2

)
× 1

100

(
mbar

Pa

)
(3)

where F (ml  min−1) the gas flow measured at the permeate side

of the membrane, S (cm2) the active surface of the membrane, �P
(mbar) the pressure difference between the retendate and perme-
ate side of the membrane, Tmeas (K) and Pmeas (atm) the temperature
and pressure at which the flow was  measured and Tstand (K) and
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stand (atm) the standard conditions 273 K and 1 atm. The decrease
f the gas permeance during the deposition on the external surface
an be mainly attributed to the reduction of the starting surface
orosity and the contribution of an additional higher resistance to
he overall gas flow rather than to narrowing of the already existing
ores. This is further supported by the results presented in Table 1,
here it can be seen that the He over N2 permeance ratio after the
VD modification still resides in the Knudsen regime, indicating
hat the pores of the diffusion controlling layers are in the mesopore
egion (2–50 nm).

Fig. 6a and b present the N2 and He permeability results that
ere obtained after the completion of each CVD cycle (ex-situ) in

he cross-flow mode. It can be observed that the dependence of
itrogen and helium permeance on the amount of deposited TiO2
or time of treatment) for the three modified membranes shows
n almost similar trend, a fact indicating the repeatability of the
PG modification technique. However there exist some deviations,
specially between membranes MAl5Ti 2 and MAl5Ti 3, which can
e attributed to the fact that membrane MAl5Ti 3 was  continuously
reated up to the deposition of a total TiO2 amount of about 25 mg
ithout intermediate interruptions of the CVD procedure for mea-

uring the permeability, as was the case for membrane MAl5Ti 2. A
econd reason for the deviation is that the starting, unmodified g-
lumina membrane cannot be exactly the same material in all the
VD modifications. These also explain the identical permeance val-
es of membranes MAl5Ti 2 and MAl5Ti 3. Although MAl5Ti 3 has
een coated by both cross-flow and flow-through methods and has
ore deposited TiO2 comparing to MAl5Ti 2 (Table 1) it exhibits

dentical permeance values with membrane MAl5Ti 2.
An interesting remark coming up from Fig. 6a and b is that the

VD treatment in the cross-flow mode is accompanied by a gas
ermeance reduction, which is much more pronounced when the
anoparticles deposition occurred on the internal surface of the
embrane. Specifically, deposition seems to be more effective dur-

ng the initial stages of the CVD treatment on the internal side. This
s due to the combined effect of various factors like the different
emperature between the membrane surface and the sweeping gas
hase and the different pore size between the NF layer (external)
nd the rough macroporous support (internal).

It must be noticed that in the inner membrane side, the TTIP
apor is not entirely consumed in homogeneous gas phase reac-
ions due to the relatively moderate temperature of the sweeping
as (445 ◦C). Thereby both vapor and particles are deposited (see
lso Fig. 5a and b). In this mixed type of deposition, the vapor acts
s a binding agent and makes the layer denser as compared to pure
article deposition. Moreover due to the temperature difference
etween the gas phase (445 ◦C) and the internal membrane surface
442 ◦C), all the grown in the gas phase nanoparticles, indepen-
ently of their size, are deposited on the surface under the influence
f a positively acting thermophoretic driving force. These parti-
les are capable to enter the pore structure of the macroporous
upport and effectively block the pores leading to a considerable
eduction of the permeability during the initial stages of the treat-
ent. As soon as there is no further access to the macropore

tructure, the newly produced nanoparticles continue to deposit
n the top surface forming an external layer and for this reason the
ate of permeance reduction becomes slower (see Fig. 6a and b).
oreover since the TTIP vapor is not totally consumed in homoge-

eous gas phase reactions, leaf-like structures are formed, which
ct as adsorption sites for the unreacted vapor and start to grow in
xpense of the layer formation (Fig. 5a and b). On the other hand, the
igher temperature of the external membrane’s surface (450 ◦C),

ompared to this of the gas phase that swept the annular space of
he reactor (446 ◦C), generated a counter acting to the deposition
hermophoretic phenomenon. Only particles exhibiting high diffu-
ion velocity (small size particles) could overcome the competitive
s Materials 211– 212 (2012) 304– 316

thermophoretic driving force (−4 ◦C or ∇T = 10 K/cm) and deposit
on the membrane. Thermophoresis holds for particle size below the
mean free path of the surrounding gas molecules, which is about
180 nm for N2 at 1 atm and 773 K. More specific, the thermophoretic
velocity (Vth) was calculated through the following equation [37]:

Vth = −0.55	∇T

�gT
(4)

where 	 the gas viscosity (Pa s) and �g the gas density (kg m−3)
and was found to be 6 × 10−5 m s−1 for particle size from 5 to
170 nm.  Thereby, diffusion velocities well above 6 × 10−5 m s−1

were required for deposition to occur and this is translated to par-
ticle sizes of well below 20 nm [22,37,38].  In this context it is stated
that most of the formed nanoparticles continued to grow through
collisions and were further deposited downstream in the cold area
of the reactor outlet and only a very small portion of them (dif-
fusion particles with size <20 nm) reached the membrane surface.
Moreover, a fraction of these diffusing particles was deposited on
the walls of the reactor. For these reasons the permeance decline
as a function of time was smooth, even from the beginning of a
cross-flow treatment on the external surface of the membrane.

The evolution of nitrogen permeance during the subsequent
flow-through treatment is presented in Fig. 6c. It should be noted
that the NPG-flow-through modification was applied for two mem-
branes (MAl5Ti 1 and MAl5Ti 3), as a continuation of the cross-flow
and for this reason the permeance evolution results obtained dur-
ing the treatment are further discussed by taking also into account
the morphological characteristics of the already deposited TiO2 lay-
ers. In this regard the flow-through technique did not considerably
altered the way of deposition in the internal side of the mem-
brane (Fig. 6c, curve MAl5Ti 1 inside) and permeance continued to
drop by about 3% for every 2 mg  of deposited TiO2. This rate how-
ever was  lower than this obtained during the last treatment with
the cross-flow technique, 4.5% (Fig. 5a, curve MAl5Ti 2 inside), an
issue revealing that with the application of a differential pressure,
a portion of the TTIP vapour which enters in the reactor, attains
to penetrate through the substrate pores, before been pyrolytically
decomposed, and is further consumed into surface reactions onto
the pore walls of the subsequent macroporous layers. The as formed
ultra thin layers on the macropore walls have not significant effect
on the permeance.

Contrary, during the flow-through modification on the exter-
nal surface, the effect of deposition on the permeance was very
intense, especially in the first treatment (Fig. 6c curve MAl5Ti 1
outside). This was the result of a significant increase in the amount
of deposited nanoparticles (both diffusing particles and larger ones
are deposited) and moreover, it may  be the case that a complete
monolayer of TiO2 nanoparticles covering the entire NF surface was
for the first time accomplished. From the results of Table 1 it can
be observed that at the end of the last CVD treatment with the
cross-flow technique (MAl5Ti 1), the total deposited mass of TiO2
on the external surface was 14 mg.  With the assumption of a 30%
open porosity, this mass corresponds to a layer thickness of about
1.7 �m (Eq. (2)).

However, the average particle size was  <20 nm.  The much higher
calculated thickness compared to the nanoparticle size indicates
that upon completion of the cross-flow treatment for membrane
MAl5Ti 1, a few tenths of nanoparticle layers must have been
formed. However, from the permeance evolution during the cross-
flow, as well as from the UV–vis transmittance spectrum (Fig. 3),
it can be concluded that the deposition was inhomogeneous along

the length of the reactor and that there were uncovered regions
of the membrane surface close to the reactor’s outlet, which were
completely covered during the first run with the flow-through tech-
nique.
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ig. 7. Efficiency of the composite TiO2 NF membranes to photodegrade MO in the
atch mode.

.3. Photocatalysis

.3.1. Batch experiments – Extraction of the reaction rate
onstants

The photocatalytic activity of the developed TiO2 membranes in
he batch mode was evaluated in terms of methyl orange (MO) dye
ecomposition as shown in Fig. 7. It must be noted that during the
atch experiments, the light sources irradiated just the external
urface of the examined membranes. For this reason discussions
oncerning the degradation results are mainly restricted to the dif-
erent morphology of the externally deposited TiO2 layers. In what
oncerns the photocatalytic activity of the internal layer, this was
xamined with a borosilicate glass tube, internally modified under
he conditions applied for membrane MAl5Ti 2 (see Table 1).

.3.2. Photocatalytic efficiency of the external surface
Compared to the unmodified �-alumina membrane (MAl5), the

xternal surface of the NPG derived TiO2/UV photocatalytic mem-
ranes was much more efficient in decolorizing the initial orange
olor of MO  within 6 h (Fig. 7). In the first instance, from the results
resented in Fig. 7 it can be concluded that the efficiency of the
xternal surface of the TiO2 membranes MAl5Ti 2 and MAl5Ti 3
ithin 3 and 6 h under irradiation, was analogous to the amount of

he deposited TiO2, which was 34 and 40 mg  respectively (Table 1).
owever, MAl5Ti 1 constitutes an exception to this rule, since with
7 mg  of deposited TiO2 it has photo degraded higher amounts of
ethyl orange within the respective periods.
Since there was not correlation between the deposited amount

nd the degradation efficiency, the results were further interpreted
n relation to the morphological characteristics of the externally
eposited layers. The examination of the reaction kinetics assisted

n this direction. To this effect, the destruction rate of the MO pho-
ocatalytic oxidation was fitted with the Langmuir–Hinshelwood
L–H) kinetics model [39,40].

The experimental conditions such as the reactor volume the pH,
he photo intensity and the initial concentration Co of the solution
ere identical for all the tested membranes. Moreover at the early

tages of the photocatalytic process any changes such as intermedi-
tes effects or pH alteration had been considered as negligible and
ue to the very small concentration of the pollutant (20 �M solu-
ion) the L–H equation was simplified to an apparent first-order
quation [41]:(

Co
)

n
C

= krKt = kappt (5)

here C (mg  l−1) the concentration of the reactant, t the illumina-
ion time (min), kr the constant of reaction rate (mg  l−1 min−1), K
Fig. 8. Photodegradation kinetics of methyl orange expressed by ln(Co/C) vs time
plots for the different membranes.

the adsorption constant of the reactant (l mg−1) and kapp the pseudo
first-order apparent constant (min−1). The plots of ln(Co/C) versus
time in Fig. 8 represent a straight line. The slope of linear regression
equals to the apparent first-order rate constant. The values corre-
sponding to the developed membranes are presented in Table 2.
Examination of the reaction kinetics in regard to the mass of the
deposited layers and the way  of deposition led to the conclusion
that apart from the amount of the deposited photocatalyst, porosity
and effective illumination are also crucial factors for the develop-
ment of highly efficient photocatalytic ultrafiltration membranes.

More specific, during the beginning of the photocatalytic pro-
cess, MAl5Ti 2 exhibited higher reaction rate than MAl5Ti 1, even
though the TiO2 deposited amount was  lower than this of mem-
brane MAl5Ti 1.Despite the fact that the TiO2 mass which is
sufficient for the formation of a complete monolayer of small
nanoparticles (<20 nm)  is about 0.2 mg  (calculated according to Eq.
(4) for a layer thickness of 20 nm), the permeance evolution dur-
ing the CVD in combination with the UV–vis transmittance data
have already evidenced that the surface of membrane MAl5Ti 2,
with 34 mg  of deposited TiO2, is partially covered. The deposition
consists of multi-layers of small nanoparticles (<20 nm), the num-
ber of the layers declining towards the end side of the membrane
(outlet of the CVD reactor). In this regard there must be extended
areas on the membrane’s surface, especially near its center, covered
by highly active small dimension nanoparticles (Fig. 5e) that can
be effectively illuminated due to the small number of the formed
layers.

Similarly, membrane MAl5Ti 1 underwent partial coverage of
its surface during the cross-flow modification (14 mg). However
the layers of the highly active small nanoparticles were fully cov-
ered by additional layers of larger, overgrown particles, (see Fig. 5g,
h), deposited during the subsequent flow-through modification
(22.8 mg). In this way, the highly active small, deposited under dif-
fusion control, nanoparticles were not efficiently irradiated and the
degradation of MO  was the result of the photocatalytic activity of
just the larger ones. In spite of this, long after the beginning of
the illuminating degradation experiment, the activity of membrane
MAl5Ti 1 overtakes this of membrane MAl5Ti 2 as a consequence
of the higher amount of deposited photocatalyst.

Membrane MAl5Ti 3 with 24.6 mg  and 15 mg  of TiO2 during the

cross-flow and flow-through modification respectively, exhibited
the faster reaction rate amongst the three membranes. Compared
to membrane MAl5Ti 1, membrane MAl5Ti 3 possessed higher
amount of TiO2 deposited during the cross-flow modification. In
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Table 2
Apparent reaction constants for the NPG developed membranes.

kapp × 103 (min−1) R2 Mass TiO2 (mg) cross-flow Mass TiO2 (mg) flow-through

MAl5Ti 1 1.37 0.999 14 22.8
MAl5Ti 2 1.55 0.999 25 n/a
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MAl5Ti 3 3.55 0.994
MAl5Ti 2 Internal surface 4.9 0.999

his respect the layers of the small diffusion particles are not
ully covered by larger ones and consequently they are still effec-
ively irradiated. The higher reaction rate compared to membrane

Al5Ti 1 is attributed to the higher amount of small nanopar-
icles that are effectively irradiated and compared to membrane

Al5Ti 2, the higher reaction rate is attributed to the higher total
mount of deposition.

.3.3. Photocatalytic efficiency of the internal surface
What is important to note is the very different photocatalytic

ctivity between the internal and external surface of membrane
Al5Ti 2. Although the period of CVD treatment inside and outside

f the tubular membrane was identical, the internally deposited
ayer exhibited 3 times faster photodegradation rate during the
nitial stages of the test and 4.5 times higher photodegradation
apacity after 6 h of illumination (Fig. 7). This large difference can-
ot be attributed to the different morphology of the deposited

ayers as already concluded by the SEM analysis (Fig. 5). It is rather
he TiO2 mass/reaction volume ratio that causes this enhanced dif-
erentiation.

Indeed as already discussed in Section 3.2,  the amount of TiO2
eposited on the external surface should be much lower than this
alculated by means of Eq. (2),  since a fraction of the particles
ormed in the gas phase (the thermophoretic ones) are lost down-
tream the reactor and/or are deposited on the reactor walls. In
his case the crucial contribution of the photocatalyst amount to
he photodegradation efficiency of the membrane is evidenced.

.4. Photocatalysis – Continuous flow experiments

.4.1. Irradiation of the internal surface
The efficiency of the internal surface of the modified mem-

ranes MAl5Ti 1 and MAL5Ti 2 to photocatalyticaly degrade MO
n a continuous flow process is shown in Fig. 9a, b. The irradiation
haracteristics are already described in Section 2.4. The figures also
ertain to the results obtained in dark conditions for the unmod-

fied membrane MAl5 and the modified membranes MAl5Ti 1,
AL5Ti 2, as well as to the results obtained for the unmodified
embrane MAl5 under illumination. Furthermore, Fig. 9c, d illus-

rates the percentage of MO removed from the 20 �M solution
ither by photolysis, adsorption and photodegradation as a function
f the total volume of the contaminated water feed. This percent-
ge was calculated from (Eq. (6a)), whereas the net amount of the
O removed (mg) was extracted from the mass balance equation

Eq. (6b)) as following:

% =

⎛
⎜⎜⎜⎜⎜⎜⎝

1 −

t∑
i=0

(Vper)i(Cper)i −
t∑

i=0

(Vret)i(Cret)i

t∫
0

CfeedFwtdt

⎞
⎟⎟⎟⎟⎟⎟⎠

(6a)
(mg) = 10−3

⎛
⎝

t∫
0

CfeedFwtdt −
t∑

i=0

(Vper)i(Cper)i −
t∑

i=0

(Vret)i(Cret)i

⎞
⎠ (6b)
24.6 15.3
22.6 n/a

where Fw (ml  min−1) the constant flow rate of the fluid delivery
system, t (min) the time elapsed from the start of the experiment,
(Vper)i and (Vret)i (ml), the liquid volume collected from the perme-
ate and retendate side at the specific time interval and (Cper)i and
(Cret)i (ppm) the corresponding MO  concentrations.

A first remark (Fig. 9a, b) is that in the absence of irradiation, the
modified membranes (MAl5Ti 1 and MAl5Ti 2 control) exhibited
higher efficiency to remove MO from water when compared with
the unmodified membrane (MAl5-control, MAl5 UV inside).

More specific, the concentration of the methyl orange at the per-
meate side of the modified membranes under dark was reduced
to the 90% of the feed, while the respective retention for the
unmodified membrane was  98% in dark and 94% under illumina-
tion (photolysis of MO). From these differences and especially by
interpreting the results presented in Fig. 9c, d it is possible to dis-
criminate the fraction of methyl orange removed due to photolysis
and due to adsorption on the alumina substrate and extract the net
amount of the pollutant that was photodegraded or adsorbed on
the TiO2 surface.

It must be noted that, electrostatic repulsion or size exclusion
are not considered as possible mechanisms of MO  removal since the
plots of MO  concentration in the retendate side of the membranes
(Fig. 9e, f) did not showed any attribute of pollutant condensation
(the normalised concentration is in the range 0.98–1.08). The cal-
culated amounts of removed MO  are presented in Table 3 together
with the conditions of the continuous flow process that was applied
for each membrane. By taking into account that the maximum total
TiO2 mass deposited on both sides of each modified membrane was
about 50 mg  (Table 3) it was possible to calculate the net methyl
orange adsorption capacity of the developed TiO2 layers up to the
150 ml  and 250 ml  volume of polluted water feed. This was  4 × 10−4

and 5.2 × 10−4 g g−1 for membrane MAl5Ti 1 and 3.1 × 10−4 and
4.6 × 10−4 g g−1 for membrane MAl5Ti 2 respectively.

This difference and especially the contradicting fact that
MAl5Ti 2 with a higher amount of smaller nanoparticles and a more
extended porosity (Section 3.2)  exhibited lower adsorption capac-
ity, leads to the conclusion that adsorption occurred solely on the
external surface, as expected, due to the absence of UV irradiation.
Indeed, when normalising the adsorbed MO amount over the exter-
nally deposited TiO2 mass, the adsorption capacity of membrane
MAl5Ti 2 is 6 × 10−4 and 8.6 × 10−4 g g−1 compared to the values
of 5.2 × 10−4 and 6.8 × 10−4 for membrane MAl5Ti 1.

The effect of adsorption on the external TiO2 layer is also evi-
denced in Fig. 9b. It can be seen that during the first illumination
test with membrane MAl5Ti 2, the concentration of methyl orange
at the permeate side increased suddenly after a permeate volume
of about 50 ml.  At this point, the pollutant molecules have occu-
pied the entire active centers of the externally deposited TiO2 and
MO removal continues solely as the result of the photocatalytic
degradation on the internal surface. The second photocatalytic test
on membrane MAl5T 2 (Fig. 9b) was  performed after washing the
membrane with a certain volume (100 ml)  of pure water with the
purpose to remove the adsorbed MO  molecules. It can be seen that

the pollutant concentration at the permeate side during this second
run was at the level of the end of the first run, (when MO adsorp-
tion was completed), a fact revealing that washing with water was
inadequate for efficient MO desorption. However a small fraction
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Fig. 9. Efficiency of the NPG developed TiO2 membranes MAl5Ti 1 and MAl5Ti 2 to photo degrade MO in the continuous flow mode with internal irradiation in comparison
with  the untreated membrane MAl5: (a) Permeate concentration for membrane MAl5Ti 1, (b) Permeate concentration for membrane MAl5Ti 2, (c) MAl5Ti 1, % amount of
MO  removed from the feed, (d) MAl5Ti 2, % amount of MO  removed from the feed, (e) Retendate concentration for membrane MAl5Ti 1, (f) Retendate concentration for
membrane MAl5Ti 2.

Table 3
Discrimination between the amounts removed by photolysis, adsorption on alumina, adsorption on titania and photodegradation on titania.

Differential
pressure/total
flow/permeate flow
(atm)/(ml min−1)/(ml min−1)

Total removed MO
up to a solution
feed of:
150 ml/250 ml (�g)

Mass TiO2:
internal/external/total
(mg)

Net mass of MO
degraded up to a
solution feed of:
150 ml/250 ml  (�g)

Net mass of MO
adsorbed up to a
solution feed of:
150 ml/250 ml (�g)

MAl5 control 14.7/1.5/0.39 2.6/2.6 0 2.6/2.6
MAl5  UV inside 14.4/1.5/0.42 10.4/10.4 0 7.8/7.9
MAl5Ti 1 control 13.6/1.5/0.13 22/28 12/37/49 19.4/25.4
MAl5Ti 1 UV inside 13.4/1.5/0.16 36.4/53 –/– 14.4/25
MAl5Ti 2 control 14.2/1.5/0.21 17.5/24 23/25/48 14.9/21.4
MAl5Ti 2 UV inside 13.8/1.5/0.25 32/63 –/– 14.5/39
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Fig. 10. Comparison between the experiments with irradiation on both surfaces and
irradiation on the internal surface (a) % amount of MO  removed from the feed, (b)
14 G.Em. Romanos et al. / Journal of Haz

f MO must have been removed since there is again an indication
f MO concentration increase at almost identical permeate volume
Fig. 9b).

After subtracting the photolysis effect (MAl5 UV inside, Table 3),
t was found that the internal surface of membrane MAl5Ti 2 pho-
odegraded 39–7.9 = 31.1 �g of MO while the respective amount
or membrane MAl5Ti 1 was 25–7.9 = 17.1 �g. These results pro-
laim the similar photodegradation efficiency for the TiO2 layers
eveloped in the internal membrane side. Indeed, the photode-
raded MO amount per mass of deposited TiO2 for membranes
Al5Ti 2, MAl5Ti 1 is 1.35 × 10−3and 1.425 × 10−3 g g−1 respec-

ively. The identical photocatalytic activity is in consistency with
he remark already discussed in Section 3.2,  that the morphology
f the internally deposited layers is independent of the applied CVD
echnique (cross-flow or flow-trough).

.4.2. Irradiation of both sides
Fig. 10a  shows that the continuous flow procedure became more

fficient in photodegrading MO  when illumination was applied on
oth membrane sides.

After passing 200 ml  of the feed solution through the purification
evice, membrane MAl5Ti 2 takes off 4.3% of the MO  from the feed
olution while the relevant amount removed by irradiating solely
ts internal surface was 3.3%. Further evidence that the higher effi-
iency was the result of the external irradiation is given in Fig. 10c.
t can be seen that during the test, the pollutant concentration at
he retendate side of the membrane (external) was  retained to a
ower level than this obtained when UV illuminated just the inter-
al surface. Moreover from Fig. 10b, it can be seen that the permeate
oncentration at the steady state is similar to this obtained during
he first run with illumination on the internal surface and that the
teady state photodegradation is reached from the first 20 ml  of
ermeate due to the absence of adsorption on the external surface.

.4.3. Permeability evolution
High flux and inherent anti-biofouling properties of the mem-

ranes are of highly importance in membrane based water
reatment technology. It should be noted that the counterbalance
etween increasing the photocatalytic effectiveness by increasing
he deposited amount and consequently decreasing the perme-
nce must be thoroughly considered for ending up with an efficient
nd economically feasible photocatalytic process involving mem-
ranes. This issue may  consist the subject of very intensive process
ngineering and optimization studies. For this reason, the effort in
his work focused on the development of ultra thin photocatalyt-
cally active TiO2 layers, possessing high porosity and enhanced
ydrophilic character. As shown in Table 1, although the developed
PG layers were ultra thin (<5 �m),  the TiO2 membranes MAl5Ti 1,
Al5Ti 2, MAl5Ti 3, exhibited helium and nitrogen permeance val-

es that were in the range of 13–22% of those measured for the
espective unmodified membrane MAl5.

The water permeance was calculated according to the following
quation:

e = Fw

S�P
× �w × 1

60

(
min

s

)
× 1

18

(
mol

g

)
× 104

(
cm2

m2

)

× 1
101, 325

(
atm
Pa

)
(7)

here Fw (ml  min−1) the water flow measured at the permeate side
f the membrane (inner channel), S (cm2) the active surface of the
embrane, �P  (atm) the pressure difference between the outer
nd the inner channel of the cell unit and �w the density of water
t the temperature of measurement.

What is interesting to note is that the water permeance val-
es of the developed membranes were in the range of 36–54% of
concentration at the permeate side, (c) concentration at the retendate side.

the starting membrane in dark and 39–60% under UV irradiation.
This difference between the gas permeance and water permeance
reduction after the treatment is indicative for the higher photoin-
duced hydrophilicity of the developed TiO layers compared to
2
the �-alumina. The difference between the water permeance in
dark and under illumination is indicative for the occurrence of
photo-induced hydrophilicity effects as observed in several recent
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ig. 11. The permeance evolution of the membranes during the control and illumi-
ation tests.

hotocatalytic efficiency investigations [42]. The permeance evo-
ution of the membranes during the photodegradation tests is
xplicitly presented in Fig. 11.

It can be observed that the NPG membranes irradiated by UV
n their internal surface, exhibited flux increase rather than flux
ecline and no significant fouling formation over time, compared
o the control experiments without UV. This difference is attributed
o the photocatalytic and photolytic activity of the TiO2/UV system.

hile organic contaminants attach at the internal TiO2 mem-
rane surface and interact to form an adsorption fouling layer in
tatic condition, they are also attacked by the photocatalytic and
hotolytic action and thus the foulants are decomposed or their
ttachment strength is weakened.

More specific the unmodified �-alumina membrane MAl5
xhibited a flux decline down to the 90% of the starting value dur-
ng the control test whereas, photolysis under UV allowed for a
table permeance factor of 0.62 l m−2 h−1 bar−1, up to a total feed-
ng volume of 300 ml,  which corresponds to about 3.5 h under of
peration time. The respective flux decline for the modified mem-
ranes MAl5Ti 1 and MAl5Ti 2 in dark was down to 85% and 93%
espectively while during the illuminated experiments their per-
eance was continuously increased both due to decomposition

f the adsorbed pollutant and enhancement of the hydrophilic-
ty induced by the UV irradiation. Interesting to note is that when

embrane MAl5Ti 2 was irradiated on both its surfaces, it exhib-
ted an abrupt increase of the water flux from the very beginning of
he test and a permeance factor that was higher than this obtained
n the absence of external irradiation. This is again an indication
f MO  adsorption occurring on the external TiO2 layer during the
ests performed in the absence of external irradiation.

. Conclusions

The cross-flow CVD deposition of TiO2 nanoparticles strongly
epends on the conditions of the CVD reactor and especially on the
emperature gradient between the gas phase and the membrane
urface. In order to control uniformity of coating, it is necessary to
nsure at least 1 ◦C higher gas phase temperature. In this way  all
f the developed in the gas phase TiO2 nanoparticles are deposited
n the membrane surface under the action of a positively acting
hermophoretic driving force and extended consumption on cold
urfaces downstream the CVD reactor is avoided. Under these con-
itions the coating thickness (amount/m2) of the deposit is linearly

roportional to the period of treatment whereas the particle size
f the deposited nanoparticles depends on the temperature differ-
nce between the gas phase and the membrane surface that must
ot exceed the +5 ◦C to avoid the deposition of large particles with
 Materials 211– 212 (2012) 304– 316 315

lower surface areas and thereby lower photocatalytic activity. The
variance of temperature over the entire membrane length during
pyrolysis does not affect the crystal structure as long as the temper-
ature is above 400 ◦C. Moreover the particle size of the deposited
TiO2 depends strongly on the temperature difference rather than
the absolute temperature of the reactor. Working temperatures of
around 450 ◦C favoured the co-deposition of TiO2 precursor that
acts as a binding agent between the particles and between the par-
ticles and the underlying support ensuring better stability of the
deposited layer. In this case the particles have a granular shape
and at temperature differences of 3–5 ◦C in favour of the gas phase,
optimum treatment periods may  be well below 350 min.

The flow-through CVD techniques led to extended deposition of
overgrown particles (200–500 nm)  of either granular or crystalline
shapes depending on the sign of the temperature gradient. At this
point we should emphasise the advantage of in situ monitoring the
permeability evolution during the CVD treatment, which allows
for promptly control of the reactor conditions in order to enhance
the deposition rate and improve the homogeneity of the deposited
TiO2 layer. Although improvement actions were not applied in this
work, through this procedure it was possible to conclude the low
extend of TiO2 deposition during the cross-flow CVD on the exter-
nal membrane surface, as the result of a counter to the deposition
acting thermophoretic driving force.

Concerning the pollutant degradation efficiency of the mem-
branes, this was for the first time investigated in a continuous
flow rather a batch process. The results concluded to the point
that double-side active TiO2-modified membranes photodegraded
almost double amount of a common pollutant like methyl orange,
when operating in the common cross-flow membrane mode under
UV irradiation of both sides. Under these conditions, the mem-
branes exhibited high rate of purified water yield with no signs of
fouling tendency. In addition, the novel photocatalytic membrane
purification device provided the possibility to effectively illuminate
with UV light each membrane surface (external and internal) sep-
arately and in this way it was  possible to discriminate between the
fractions of pollutant that were removed due to adsorption on the
alumina substrate and the TiO2 layer, due to photolysis and due to
the TiO2 photodegradation.
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