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decorated with TiO, nanoparticles were deposited and stabilized into the pores of ultrafiltration mono-
channel monoliths using the dip-coating technique. Cross-flow and dead-end filtration experiments were
sequentially conducted in dark, under UV and visible light. The membrane surface was irradiated for the
Titanium dioxide elimination of two synthetic azo-dyes, methyl orange and methylene blue, from water solutions. The
Graphene oxide synergetic effects of graphene oxide on pollutant adsorption and photocatalytic degradation capacity
Photocatalysis of TiO, were thoroughly studied, while the influence of the pore size of the monolithic substrate on the
Clean water deposition morphologies was also elucidated. Moreover, the performance of the novel hybrid process was
compared with that of standard nanofiltration with respect to pollutant removal efficiency and energy
consumption, providing firm evidence for its economic feasibility and efficiency.
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1. Introduction pore structure of the membrane). Moreover, hybrid photocat-
) o ) ) alytic membrane processes have the potential to eliminate a major
Photocatalytic membranes exhibiting the simultaneous action drawback of membrane separation technology, which is the gen-

of pollutant rejection and photocatalytic degradation have received eration of toxic condensates. Since the pioneer work of Barni et al.,
much attention [1-7], due to the simplicity of the overall water who described the PHOTOPERM® process [8], and the succeeding
treatment process and the beneficial effects arising from the pres- synthesis of composite TiO,/Al,0; membranes with hierarchical
ence of the photocatalyst on the membrane surface and pores  mesoporous multilayer structure [9,10], there have been persis-
(anti-biofouling, cleaner permeate, higher flux) and vice versa tent efforts toward the development of efficient photocatalytic
(increased pollutant concentration in the vicinity of the photocat- membranes with concurrent water filtration and photocatalytic

alyst, turbulent flow and efficient mixing due to the asymmetric degradation properties. Polymer based [11], free-standing [12] or
ceramic [13] based photocatalytic membranes have already been

successfully prepared and their anti-fouling, high flux, photodegra-
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capacity to be reused after calcination. These characteristics ensure
the integrity of the substrate during the deposition, stabilization
and activation of the photocatalyst [14,15] as well as during the
water treatment process under UV irradiation and the concomitant
attack by the hydroxyl radicals generated on the photocatalyst. The
most common way to develop the photocatalytically active mem-
brane layer is by means of sequential dip-coating of the substrate
into appropriate sols composed of different precursor materials,
that generate ultrathin layers consisting of nanocrystallites with
decreasing size, as we move away from the substrate’s surface.
The purpose of this multi-coating procedure is to mask support’s
defects [16,17] that undermine the integrity of the active top layer.
As a more versatile technique, CVD of various metal-organic pre-
cursors can effectively control the pore size by depositing either
active metal-oxide nanocrystalline layers on the pore mouth of
the rough substrate or uniform nanoparticles, which can be smaller
than those usually formed by the sol-gel routes.

In former studies of our group, CVD derived double sided
active photocatalytic ceramic ultrafiltration (UF) membranes were
employed for organic dye removal from wastewater [18-21]. The
innovative hybrid photocatalytic/UF process involved the filtration
of polluted water in the cross-flow or dead-end membrane con-
figuration, with UV irradiation applied on both photocatalytically
active surfaces of the membranes. The overall concept and method
of implementation into an efficient water purification device are
already protected by a European patent [22]. When compared to
the standard nanofiltration (NF) with ceramic membranes, the
hybrid photocatalytic/UF process achieved five times higher pol-
lutant removal efficiency while performing with the same water
recovery [21]. Most important, due to the low trans-membrane
pressure, the energy expense (kW h/m3) of the pump feeding the
water stream in the membrane module was almost half the energy
usually spent in NF. However, proper evaluation of the economic
feasibility of the proposed hybrid photocatalytic/UF water treat-
ment requires taking also into account the energy consumed for
powering the UV sources. The concern is clearly depicted in Fig. 1,
where the energy consumption of a CVD derived photocatalytic
ceramic membrane [21] is compared with the standard NF and
reverse osmosis (RO) processes. When applying three or more UVA
light sources of 8 W each, with the purpose to achieve sufficient
irradiation density on the photocatalytically active membrane sur-
face, the total energy consumed for treating the same amount of
water exceeds that required in a typical NF process, and in some
cases it is equal to that of the most energy demanding RO.

In this context, the exploitation of cost-free solar energy instead
of UV light sources is highly appealing. Following the spreading of
visible-light-active materials and technologies using solar radia-
tion, like photovoltaics and optical fibers, attempts to extend the
photoresponse of TiO, into the visible region and exploitation of
solar light driven applications has become a topic of great inter-
est. Surface modification of TiO, by anion or metal doping [23-26],
or the development of composites with carbon materials like car-
bon nanotubes (CNTs), fullerenes, graphene, nanodiamonds and
other nanocarbons mainly of graphitic type, have led to significant
enhancement of their photocatalytic activity under visible light
[27-29].

Especially the topic of CNTs-TiO, and graphene oxide-TiO, com-
posites has lately attracted much attention by our group [30,31]
due to charge transfer effects foreseen when the graphitic surface
is coupled with the surface of the photocatalyst.

In the present study, partially reduced graphene oxide/TiO,
composite membranes were developed for a photocatalytic/UF
water treatment process activated by visible light. To this aim,
ceramic membranes were coated with partially reduced graphene
oxide/TiO, composites (GOT) and tested in the photocatalytic
removal of organic dyes from synthetic wastewater, under

continuous flow conditions. Nanofiltration and ultrafiltration
ceramic monochannel monoliths were used as substrates with the
purpose to unveil the effect of the pore size on the stability and
pollutant removal efficiency of the developed GOT photocatalytic
membranes. In addition, a TiO, membrane had been developed by
using the same dipping sol but without dispersing GO, in order to
have a reference material to compare with the GOT membranes and
to elucidate the effect of partially reduced graphene oxide (GO) on
the photodegradation and adsorption capacity.

2. Experimental
2.1. Materials and reagents

Ammonium hexafluorotitanate (IV)(>99.99%), boric acid (>99%),
sulfuric acid (>95%), methyl orange - MO (99%) and methylene
blue - MB (99%) were obtained from Sigma-Aldrich. The substrates
applied for the development of the GOT membranes were silica
NF single channel monoliths with nominal pore size of 1 nm and
molecular weight cut off (MWCOT) of 0.45kD and ~vy-alumina UF
single channel monoliths with nominal pore size of 5 and 10 nm
and respective MWCOT of 7.5kD and 50kD. The NF or UF sepa-
ration layer (1.5 wm in thickness) was located on the shell side of
the monolith, which had a length of 15cm, ID and OD of 7 and
10 mm, respectively, and glazed ends of 1.5 cm length. The rest of
the tubular membrane from the shell to the lumen side consisted
of two intermediate y-alumina layers and a rough macroporous o-
alumina support. Details on the pore size and volume of the several
layers can be found elsewhere [32].

Natural graphite (99.9995% purity, 20 pm, from Sigma-Aldrich)
was used as precursor of GO. First, graphite oxide was prepared
through the modified Hummers method [33,34]. Then, the result-
ing material was dispersed in a given volume of water and sonicated
with an ultrasonic processor (UP400S, 24 kHz) for 1h. The result-
ing sonicated dispersion was centrifuged for 20 min at 3000 rpm to
obtain a suspension of GO.

Then, the GOT composite was synthesized with these dis-
persions by the liquid phase deposition (LPD) method at room
temperature, as described elsewhere [33]. Briefly, ammonium hex-
afluorotitanate(IV), (NH4),TiFg (0.1 mol/L), and boric acid, H3BO3
(0.3 mol/L), were added to a certain amount of the GO dispersion
heated at 60 °C for 2 h under vigorous stirring. The material was sep-
arated by filtration, washed with water and dried at 100°C under
vacuum for 2 h. The carbon loading (4 wt.%) was selected taking
into account the highest photocatalytic activity obtained with this
GOT composite in our previous work [33]. Bare TiO, was also pre-
pared and treated by the same method, without the addition of any
carbon material.

2.2. Membrane development

An aqueous dispersion (50g/L) containing the corresponding
photocatalyst (GOT or bare TiO,) was used to deposit the mate-
rial on the different ceramic membranes by dip-coating (down/up
velocity of 50 mm/min and dip time of 30s). Three layers were
applied on the membranes and after each coating layer the mem-
brane was dried at 120°C in an oven for 30 min. After that, the
coated membranes were treated at 200°C, with a heating and
cooling rate of 1°C/min and under a N, atmosphere. The lat-
ter treatment resulted in the enhancement of the composite’s
photocatalytic activity by the improvement of TiO, nanoparticle
crystallinity and the partial reduction of the GO sheets that fur-
ther enhances charge transfer between the composite constituents
[33]. Finally, the ceramic membranes were softly flushed with com-
pressed air in order to remove the particles not well-adhered before
being used inreaction. The membranes developed on the monoliths
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with pore size of 1, 5, and 10 nm using the GOT aqueous suspen-
sion are referred as GOT-1, GOT-5 and GOT-10, respectively, while
the membrane developed on the monolith with pore size of 10 nm
using the TiO, aqueous suspension is referred as reference mem-
brane.

2.3. Physicochemical and performance characterization

2.3.1. Physicochemical characterization

Micro-Raman spectroscopy measurements were performed in
backscattering configuration on a Renishaw inVia Reflex spectrom-
eter using an Ar* ion laser (A =514.5nm, 2.41 eV) and a high power
near infrared (NIR) diode laser (A =785nm, 1.58 eV) as excitation
sources. The laser beam was focused onto the specimens by means
of a50x (NA=0.75) objective, while analysis of the scattered beam
was performed on a 250 mm focal length spectrometer along with a
1800 lines/mm diffraction grating and a high-sensitivity CCD detec-
tor. Raman mapping on the membrane surfaces was implemented
on a motorized feedback-controlled XYZ mapping specimen stage.

The morphology of the GOT composite was determined by
scanning electron microscopy (SEM) in a FEI Quanta 400FEG
ESEM/EDAX Genesis X4M instrument. The point zero of charge
(pHpgzc) of the powder materials was determined following a pH
drift test described elsewhere [35,36]. Solutions with varying initial
pH (2-12) were prepared using HCI (0.1 mol/L) or NaOH (0.1 mol/L)
and 50 mL of NaCl (0.01 mol/L) as electrolyte. Each solution was
contacted with 0.15 g of the material (GOT or TiO, ) and the final pH
was measured after 24 h of continuous stirring at room tempera-
ture. The PZC value of the material was determined by intercepting
the obtained final-pH vs. initial-pH curve with the straight line
final-pH = initial-pH.

2.3.2. Performance evaluation

The hybrid photocatalytic/membrane filtration processes took
place in a photocatalytic purification device, which has been
described in detail elsewhere [21]. In brief, the purification device
allowed to determine the performance of photocatalytic tests in the
cross-flow and dead-end filtration mode with irradiation applied

on the shell side surface of the single channel monolith. Near-UV
radiation (315-380 nm) with a peak at 365 nm was applied at a light
intensity of 2.1 mW/cm?. This irradiation density was achieved by
four UV lamps of 9W (Phillips-UVA (PUVA) PL-S/PL-L) placed at a
distance of 3 cm from the outer Plexiglas cell of the membrane reac-
tor and sleeved by a cylinder of thick aluminum foil. Four vis lamps
of 9W (Osram DULUX S 9W/21-840 G23 LUMILUX Cool White),
placed at the same distance of 3 cm from the Plexiglas cell, were
used to achieve a vis light irradiation density of 7.2 mW/cm?.

The total flow of polluted water feeding the reactor was
1.5 mL/min for the GOT-5, GOT-10 and reference membranes, and
the filtration was performed in the dead-end mode. The GOT-1
membrane was examined in the tangential flow (cross-flow) mode
with a total polluted water feed of 0.3 mL/min. The concentrations
of MO and MB in the feed solution were 4.4 x 10~3 mg/mL and
1.8 x 103 mg/mL, respectively.

The concentrations (C) of MO and MB collected from the
retentate and permeate side of the membrane, and the concentra-
tion (Cy) of the feed, were determined by measuring the visible
light absorbance at 466 nm and 664 nm, respectively. The total
amounts of removed pollutant were obtained from the mass bal-
ance between the feed, retentate and permeate side of the GOT-1
membrane and between the feed and permeate side of the GOT-5,
GOT-10 and reference membranes.

3. Results and discussion

3.1. The effect of GO on the adsorption and photocatalytic
performance of the membranes

Comparative performance evaluation of the GOT modified
photocatalytic membrane (GOT-10) and that modified with the
respective TiO, phase (reference) was performed in order to unveil
the occurrence or not of synergetic charge transfer and adsorption
effects of GO on the photocatalytic activity of TiO5.

The capacity of the two membranes to remove MO and MB from
their aqueous solutions was examined in the dead-end filtration
mode with a feed flow of 1.5 mL/min. Filtration experiments were
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Fig. 2. (a) Pollutant adsorption and/or rejection efficiency of the GOT-10 and the reference membranes for MB and MO in the dark. (b) The respective evolution of permeance

during the filtration experiments in dark.

sequentially performed, starting without irradiation (in dark) and
continuing with UV and vis irradiation applied on the shell side sur-
face of each membrane. The flow direction of the aqueous solution
was from the shell to the lumen side, and the photocatalytically
active surface of each membrane was approximately 25 cm?.

Fig. 2a presents the retained amount of pollutant (adsorbed
and/or rejected) per square centimeter of membrane surface vs. the
total amount fed in the reactor under dark conditions. The retained
amount was calculated from the mass balance between the feed
and permeate side of the membrane, and normalized over the active
membrane’s surface.

No significant effects due to enhanced adsorption of MB or
MO on the GO surface could be identified (Fig. 2a). In a previous
study of the authors [36], it has been shown that the total pore
volume (V,) and BET surface area (Sggr) are comparable for the
GOT composite (0.17 cm3/g and 110 m?/g, respectively) and TiO,
(0.11 cm3/g and 120 m2/g, respectively), both being higher than for
GO (0.0027 cm3/g and 21 m?2/g, respectively) because aggregation
of GO sheets occurs when the suspension of GO is dried to perform
N, adsorption analysis. Because of the higher porosity, a benefi-
cial effect on the photocatalytic activity of the GOT-10 membrane
could be expected due to increased concentration of the pollutant
molecules in the vicinity of the photocatalyst. However, there was
no difference on the adsorption performance of GOT-10 compared
to the reference membrane (Fig. 2a) which might justify a possible
significant enhancement of the photodegradation efficiency.

In order to elucidate the reasons behind the similar adsorp-
tion capacity of GOT-10 and the reference membranes, the pHpzc
of the GOT composite and the possible charge of the pollutant
molecules were examined in relation to the pH of the involved
solutions. The pHpzc ~ 3.2 of GOT treated at 200 °Creveals a strongly
acidic character. Thus, at the pH conditions of the used MO solution
(pH=6.0 at a concentration of 4.4 mg/L) the surface of the compos-
ite is negatively charged and the same holds for MO, which has
lost its amphoteric character due to deprotonation at the —N=N—
bridge between the rings. The same effect occurs in the case of the
reference membrane, because TiO, also presents an acidic char-
acter (pHpzc~3.5) due to the precursor used in the preparation

of this TiO, material by the LPD method. Concerning the cationic
MB dye, both membranes exhibited a 4-fold higher adsorption
capacity compared to MO, as expected due to the electrostatic
attraction between their negatively charged surfaces (the pH of the
MB solution is 7.2) and positively charged ions (Fig. 2a). Likewise,
the GOT-10 membrane exhibits similar adsorption capacity as the
reference, since the employed GOT and TiO, materials have quite
similar Sggr and pHpzc. On the other hand, the deposition of the GOT
composite exerted a negative effect on the flux capacity of the GOT-
10 membrane. Fig. 2b shows that GOT-10’s permeance reached
steady state after 4h on stream and was considerably lower than
that of the reference membrane. The lower permeance of GOT-10
could be attributed to pore-blocking effects induced by the intro-
duction or attachment of the GOT composite into the 10 nm pores
of the support. The pore size of 10 nm was sufficient to host the
GO-TiO, composites, ensuring the stability of the derived GOT-10
membrane, in contrast to the supports of smaller pore size (see
Section 3.2).

Although high flux is a desirable property of membrane tech-
nology, it should be noted that the 30-35% reduction in the water
permeance of GOT-10 compared to the reference membrane was
not so severe and could be effectively compensated by the advan-
tage of higher stability.

It is also important to note the continuous decline of the per-
meance for both membranes during filtration in dark (Fig. 2b). This
is the result of limitations to the passage of water, posed by the
adsorption (stacking) of MO or MB molecules on the active sites
of the membrane’s surface. The same effect occurs with the ref-
erence membrane as evidenced in Fig. 3a and b where optical
images of the shell side surface of the reference membrane after the
MO filtration experiments in dark and under UV, respectively, are
compared.

Moreover, the observed permeance decline cannot be related
to the membranes’ fouling, which usually results from the adsorp-
tion of larger organic molecules such as humic and fulvic acids that
block the pore entrances. This effect can be ratherrelated to changes
of the membrane’s surface chemistry and charge upon adsorption
of MO and MB. The permeance levels off when all active sites are
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Fig. 3. Photos showing the shell side surface of the reference membrane after the
filtration experiments with MO. (a) Filtration experiment in dark. (b) Filtration
experiment under UV.

occupied, and from this point onward the flux properties of the
membranes reach a steady state (Fig. 2b).

Upon completion of the filtration experiment in dark, the UV
sources located around the reactor cell were switched on and the
experiment under UV irradiation commenced.

Experiments were performed in this sequence in order to enable
the distinction between the effect of photocatalytic degradation
and the transient adsorption on a fully fresh surface. As concluded
from the results presented in Fig. 2a, the amount of pollutant
adsorbed on the unsaturated membrane surface is high and could
have a significant additive effect on the estimated photocatalytic
membrane performance. In this context, our primary purpose was
to allow adsorption equilibrium to be reached and then to start
the irradiation experiments in order to focus our study solely on
the comparison of the photocatalytic efficiency between the two
membranes.

The results obtained under UV irradiation are presented in
Fig. 4a and b. The first significant aspect is the temporal evolution
of the membranes permeance under UV (Fig. 4b). At the beginning
of the irradiation experiment, the permeance increases as a con-
sequence of the photodegradation of the pre-adsorbed pollutant
molecules. In the case of GOT-10, the permeance levels off after
2.0-2.5h on stream and remains stable for the next 3.0 h of the fil-
tration experiment under UV. The stability is due to the continuous
degradation of the pollutant molecules that are newly adsorbed on
the photocatalyst.

On the other hand, the permeance of the reference membrane
levels off much later and more importantly, its steady state value
is 10-13% higher than that obtained at the initial stages of the fil-
tration experiment in dark (Fig. 2b). This fact reveals enhancement
of the hydrophilic character of the deposited TiO, during irradi-
ation. The beneficial effects of photoinduced hydrophilicity have
already been mentioned in previous studies of the authors con-
cerning TiO, photocatalysts [37] and photocatalytic membranes.
Very recently, a thorough investigation was conducted in order to
corroborate the effect of UV irradiation on the flux properties of
photocatalytic ceramic membranes. This study confirmed that the
observed enhancement of the permeance is not due to warming up
of the filtration fluid but rather due to the inherent property of TiO,
to increase the population of surface hydroxyls when irradiated
with UV [23]. In the case of the GOT-10 membrane such an effect
was not evident, indicating that GO prevents the high hydrophilic
character of irradiated TiO,.

Furthermore, a sudden drop in the permeance of both mem-
branes was observed atabout 1 h after switching from UV to vis light
irradiation (Fig. 4d). During MB filtration, the permeance of the ref-
erence membrane dropped well below the value of 30 L/m?2/h/bar
(the initial permeance value), indicating that the reference TiO,
material exhibits moderate efficiency for the photocatalytic degra-
dation of MB under visible light. As a result, adsorption of MB
molecules causes a significant decrease of the water flux. On the
contrary, the steady state permeance value of the GOT-10 mem-
brane under visible light was almost identical to that obtained
during the initial stage of filtration in dark (Fig. 2b), a fact unveiling
continuous degradation of the newly adsorbed pollutant molecules

under vis light irradiation. The plots of MO and MB removal vs. the
amount fed (Fig. 4a and c) reveal the higher photocatalytic activ-
ity of GOT-10 compared to the reference membrane. The enhancing
effect of GO is significant and by comparing the slopes of the plots, a
2-fold higher pollutant removal efficiency is concluded for GOT-10.

As already shown, the adsorption capacity of the two mem-
branes was similar. Therefore, electron sinking effects are
concluded by the fact that GOT-10 is much more efficient than the
reference membrane in the degradation of MB under UV.

Moreover, the much higher activity of GOT-10 under vis light can
be attributed to the fact that GO (4 wt.%) acts as sensitizer (electron
donor) of TiO, under vis light, as already proved in our previous
publication where this material, prepared by the LPD method, was
tested in the form of powder [33,38]. In fact, this GOT composite,
independently of its mode of application, either freely dispersed
in water [33], immobilized into hollow fibers [36] or stabilized into
the pores of UF membranes (as shown in the present work), exhibits
remarkable photocatalytic activity under vis-light.

Finally, we should note that when the target is to compare the
photocatalytic efficiency of different membranes, a filtration exper-
iment of prolonged period under dark must precede the filtration
under irradiation. Indeed, when examining a freshly prepared
sample, unoccupied adsorption sites are available both on the pho-
tocatalytic and non-photocatalytic part of the entire membrane.
In that case, differences in the adsorption capacity can lead to mis-
leading conclusions relevant to the ranking of the photocatalytic
efficiency, since adsorption on photocatalytically inactive sites
and photocatalytic degradation may occur simultaneously. This is
clearly depicted in Fig. 5, where we present the pollutant removal
efficiency of the membranes for the cases when filtration in dark
preceded or not the irradiation experiments. It can be seen that the
reference membrane presented similar (for MB) or slightly better
(for MO) performance compared to GOT-10 when the irradiation
was applied from the beginning of the filtration experiment.

However, as the filtration proceeds and upon occupation of all
active sites with adsorbed molecules the slopes of the plots (Fig. 5)
decline, especially those corresponding to the reference membrane
(compare between Fig. 5a and b) and the steady state performance
highlights GOT-10 as the most efficient photocatalyst.

3.2. Effect of the substrate pore size on the GOT membranes
morphology and performance

To determine the optimum pore size of the ceramic support for
the development of an efficient and stable membrane hosting par-
tially reduced graphene oxide/TiO, composites, GOT-10, GOT-5 and
GOT-1 membranes were comparatively evaluated for the removal
of both MO and MB under dark and UV light conditions. Both the UV
photocatalytic efficiency and adsorption capacity in dark of GOT-5
differed markedly from those of GOT-10 and the reference mem-
branes (Fig. 6a and b), indicative of significant variations in the
deposition efficiency of GOT on membranes of different pore sizes
by dip coating.

The photocatalytic efficiency of GOT-5 was markedly reduced
for both MO and MB pollutants, implying a drastic reduction of
the amount of photocatalyst deposited on the 5nm substrate. As
evidenced by the corresponding micro-Raman analysis (described
below), a relatively smaller fraction of the GOT composite is
introduced and stabilized into the 5nm pores, while a substan-
tial amount of GOT is rejected and leached out of the membrane’s
surface.

The photocatalytic efficiency of GOT-5 is much lower than that
of GOT-10 and reference membranes (Fig. 6b), confirming that less
GOT was stabilized into the pores and surface of GOT-5 in compar-
ison to the GOT-10 membrane.
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On the contrary, GOT-5 exhibited significantly higher adsorp-
tion efficiency in dark compared to both the reference and the
GOT-10 membranes. This can be explained in terms of the larger
fraction of the y-alumina surface in direct contact with the solution.
At the pH conditions involved, y-alumina, with a pHpzc of about 9.1,
is positively charged and can strongly attract the MO molecules.
Indeed, as shown in Fig. 6a, GOT-5 presented about 1.5 fold higher
adsorption efficiency for MB and 3 fold higher adsorption for MO
compared to the reference and GOT-10 membranes.

Besides the photocatalytic efficiency and adsorption capacity,
the permeance properties of GOT-5 reflected the lower amount of
the photocatalyst stabilized into the membrane pores compared to
GOT-10.

During filtration in dark and subsequently under UV, the perme-
ance of GOT-5 (Fig. 6¢c and d) was lower than that of the reference
and higher than that of GOT-10 indicating that the phase stabilized
into the 5nm pores did not provoke intense pore blocking as was
the case for the GOT-10 membrane. Therefore, the stabilized phase
was inferred to be less bulky and/or, more likely, the pores of the y-
alumina layer failed to host most of the GOT composite structures
in the GOT-5 membrane.

Moreover, the GOT-5 membrane performs the filtration exper-
iment without any significant change in its permeance upon UV
irradiation (Fig. 6d), in contrast to the other two membranes, where
the permeance increases continuously due to the higher amount of
TiO, that photodegrades the pre-adsorbed pollutants.
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The degree of surface modification for the GOT membranes was
directly investigated by micro-Raman spectroscopy under 514.5
and 785 nm laser excitations (Fig. 7a and b).

The GOT-10 membrane exhibited a stable Raman spectrum over
its surface, comprising the relatively broad anatase TiO, Raman
modes at lower frequencies (100-700 cm~!) arising from the small
TiO, nanoparticles grown by the LPD method (ca. 4nm). In addi-
tion, the broad graphitic G and the defect activated D bands were
observed at higher frequencies (1300-1700 cm~1), characteristic of
the GO flakes [33]. In the case of GOT-10, the relative intensity of
the most intense TiO, mode at ~156 cm~! with respect to that of
the GO-derived G or D bands was similar to those obtained for GOT
in powder form at both 514.5 and 785 nm excitation wavelengths
(Fig. 7a and b). This confirmed that the GOT sheets were homoge-
neously deposited and stabilized in the 10 nm pores of the UF layer
of the membrane support, retaining their structural integrity. Like-
wise, the broad anatase TiO, modes were detected on the surface
of the reference membrane with similar spectral characteristics
to those for GOT [33], confirming the homogeneous deposition of
small (4-5nm) anatase nanoparticles in the 10 nm UF membrane
layer.

On the other hand, as the pore size of the membrane’s filtration
layer decreased for GOT-5 and GOT-1, a systematic increase of the
TiO, mode Raman intensity relative to that of the G and/or D bands
was observed at both laser excitations, indicating inhomogeneous
deposition and loss of the GOT composite’s integrity on the mem-
brane surface. This was most prominent in the case of GOT-5, where
the presence of dark colored spatial regions was additionally iden-
tified on the membrane surface (Fig. 7cand d). In these dark regions,
only a weak Raman spectrum from anatase nanoparticles could be
traced together with two weak modes at 379 and 418cm~! due

to a-Aly03. This suggests a low amount of TiO, deposition making
visible the inner a-Al;03 membrane layers [39]. On the other hand,
the G and D bands were suppressed in the dark regions, confirming
the absence of GO sheets. A reduction of the overall photocatalyst
loading on the GOT-5 membrane as well as leaching of a substan-
tial fraction of GOT sheets leading to an inhomogeneous coverage
of the membrane surface could be thus evidenced. For GOT-1 a spa-
tially constant Raman signal over its surface is obtained, comprising
a relatively weaker GO Raman spectrum with relatively enhanced
TiO, modes, most likely arising from TiO, nanoparticles that are
not jointed with GO sheets. This indicates a homogeneous though
sparse surface deposition of the photocatalyst on the NF filtration
layer.

A comparison of the performance between GOT-1 and GOT-10
membranes is presented in Fig. 8. When the efficiency is evaluated
in terms of the effective reduction of the pollutant concentration at
the permeate effluent (Fig. 8a), then GOT-1 can be classified as the
best amongst all the developed membranes. Indeed, GOT-1 mem-
brane has the capacity to hinder the passage of the dye molecules
to the permeate side rejecting them to the retentate effluent.

On the other hand, when the target is to degrade (e.g. pho-
tocatalytically) the pollutant from both effluents (permeate and
retentate), then GOT-1 and GOT-10 membranes display similar per-
formance (Fig. 8c).

It is important to note that there were major differences on
the implementation of the photocatalytic filtration experiments
between GOT-1 and GOT-10 that may create the impression of sim-
ilar performance. In particular, due to limitations at the maximum
operating pressure of the photocatalytic membrane reactor (a Plex-
iglas cell was involved to make possible the irradiation on the shell
surface of the membrane), trans-membrane pressures could not
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efficiency of GOT-1 and GOT-10 during filtration in dark.

exceed 20 bar. The pressure limitation in combination with the very
low permeance of the GOT-1 membrane (NF regime), necessitated
its examination in the cross-flow (tangential flow) filtration mode
at a very low total flow rate of 0.3 mL/min. Under these conditions
the water recovery achieved was 27 and 32% for the MB and MO
experiments, respectively. On the contrary, the GOT-10 membrane
was tested in the dead-end filtration mode at a total flow rate of
1.5 mL/min and water recovery of 100%. It can be concluded that in
the case of GOT-1, the contact time of the solution with the pho-
tocatalytically active surfaces was about five times higher than the
respective one with GOT-10. Notably, the large difference in the
contact time only partially explains why GOT-1, while bearing less
amount of photocatalyst, exhibits similar pollutant removal effi-
ciency to GOT-10. The true reason was the failure to fully saturate
the active sites of GOT-1 during the filtration experiment in dark,
which preceded the experiment under UV. Indeed, as observed
in Fig. 8d, the MB adsorption curve was still linear when the UV
experiment started.

It is also important to examine the evolution of the concen-
tration of pollutants at the retentate effluent during the filtration

experiments under UV (Fig. 8b). As mentioned above, at the begin-
ning of the UV filtration with the MB solution, the shell side surface
of GOT-1 still possessed a high population of active sites, where
MB molecules could be easily adsorbed. Thus, contrary to what
would be expected due to size exclusion, adsorption on the sur-
face led to a significant attenuation of the MB concentration in the
retentate effluent. The reduction of the concentration could not be
attributed to the enhanced photodegradation efficiency of the shell
side surface of the membrane, which, as concluded from the Raman
analysis, bears a relatively lower quantity of the photocatalyst.

In the case of MO, and just before starting the irradiation exper-
iment with UV, the GOT-1 surface had already been saturated with
the pollutant molecules (Fig. 8d). With the application of UV, the
small amount of the stabilized photocatalyst was not sufficient to
photodegrade the MO molecules and moreover, due to the size
exclusion effect from the 1 nm pores, the retentate effluent became
progressively more concentrated than the feed stream.

Another interesting feature (Fig. 8d) is the higher MO and MB
adsorption capacity of GOT-1 compared to the GOT-10 membrane.
The higher adsorption capacity was due to the silica NF layer of
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Fig.9. (a)Effect of irradiation on the energy expense and efficiency of the GOT-10 membrane. (b) Comparison between the performance of the GOT-10 and GOT-1 membranes.

the monolith that was used as substrate for the development of
GOT-1. As concluded from the Raman analysis, photocatalyst par-
ticles were only sparsely deposited on the external silica surface of
GOT-1, allowing for the direct interaction of most of the silica layer
with the pollutant molecules. In this context, the GOT-1 membrane

Table 1

mainly consists of the silica NF monolith (pHpzc ~2.5) and, thus, at
the pH of the experiments (6.0-7.2) the membrane is negatively
charged, while MB is positively charged (pKa less than 1 and in the
cationic form above this value [40] and MO is negatively charged
above 4.2 [41]). Even so, for low mass of pollutants loaded into the

Flow and pressure conditions applied during the photocatalytic filtration experiments and performance characteristics of the developed membranes. In all cases the feed
flow rate was 1.5 mL/min except from the membrane developed on the support with the pore size of 1 nm (GOT-1) where the flow rate was 0.3 mL/min.

Pressure (bar) Membrane surface Removal efficiency C|Co permeate Energy consumption by the
area (m?) 10*x (mg/min) pump (KW h/100 m3)

Reference MB UV 1.34 25.1 2.2 0.86 3.7
Reference MB vis 1.42 27.2 1.5 0.88 39
Reference MO UV 1.15 24.7 4.6 0.95 3.2
Reference MO vis 1.14 26.5 1.9 0.98 3.2
GOT-10MB dark 1.70 29.6 N/A 4.7
GOT-10MB UV 1.52 304 7.9 0.65 4.2
GOT-10MB vis 1.50 31.5 4.8 0.77 4.2
GOT-10MO dark 2.30 29.3 N/A 6.3
GOT-10MO UV 1.55 32.8 49 0.92 4.3
GOT-10MO vis 1.83 31.5 3.5 0.94 5.1
GOT-5MB UV 132 204 2.7 0.91 3.6
GOT-5MO UV 1.63 229 1.1 0.99 4.5
GOT-1 MB UV 18.5 33.0 0.9 0.20 51

GOT-1 MO UV 19.1 33.0 14 0.48 53
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reactor, Fig. 8d shows that the removal of these pollutants (in dark)
is quite similar when the GOT-1 membrane is employed. In the case
of the GOT-10 membrane, it consists of a 'y-alumina UF monolith
(pHpzc ~9.1)[42]. Alumina s positively charged at the operating pH
conditions and, thus, the adsorption of MB (positive) is expected to
be quite low and that of MO (negative) quite high in a bare alumina
membrane. However, the adsorption of MB is significantly higher
than that of MO, demonstrating that GOT was really deposited on
this membrane; i.e. since the pHpyzc of the GOT composite is near 3.2,
the GOT-10 membrane is negatively charged at the pH of the exper-
iments (6.0-7.2) and MB is preferentially adsorbed in comparison
with MO.

3.3. Comparison of the performance in terms of pollutant
removal efficiency and energy efficiency of the process

Table 1 presents the operation parameters and efficiency of the
photocatalytic filtration process for each of the membranes devel-
oped in this work. The performance results indicate that GOT-10
was the best amongst the developed membranes.

With the GOT-10 membrane, the hybrid process exhibited a
4-8 fold higher pollutant removal efficiency (4-fold for MO and
8-fold for MB) compared to GOT-1, while simultaneously con-
suming about 13 times less energy for the pump that delivers
polluted water to the reactor. Having evidenced that the GOT-1
membrane failed to retain significant amounts of the GOT compos-
ite, the respective performance results can be regarded as those
of a standard NF membrane with 1 nm nominal pore size. In this
context, if the efficiency of the membranes is evaluated in accor-
dance to their capacity to reduce the dyes concentration (C/Cy) at
the permeate effluent, then GOT-1 is 2-4 times more efficient than
GOT-10. Despite this difference, it can be estimated that the GOT-
10 membrane could achieve identical performance to GOT-1 under
vis-light (performance expressed in terms of pollutant concentra-
tion reduction at the permeate) via recycling 5 and 10 times of the
MB and MO permeate effluents, respectively. This is translated to
5 and 10 times higher energy consumption, which, nevertheless, is
still lower than the energy consumption of GOT-1.

Fig. 9a demonstrates the beneficial effect of irradiation on the
energy expense of the photocatalytic ultrafiltration process focus-
ing on the results obtained for GOT-10.

The ordinate in the plot corresponds to the energy consumed by
the pump that delivered the fluid to the reactor while the abscissa is
the amount of pollutant removed by GOT-10 up to a certain energy
expense. It can be seen that during filtration in dark, the energy
consumed increases exponentially, a trend that is consistent with
the continuous decline of the membrane’s permeance caused by
the adsorption of the pollutant molecules on its surface.

On the other hand, the data of the filtration experiments under
UV fit well to a logarithmic function, a behavior that can be related
to the sudden increase of the permeance at the initial stages of
the experiment under UV (photocatalytic degradation of the pre-
adsorbed pollutant molecules, Fig. 4b). Furthermore, the plots of
energy expense vs. the amount of pollutant removed under vis irra-
diation are almost linear. The underlying reason is that the vis-light
experiment started immediately after the filtration experiment
under UV. Thus, due to the vis-light photocatalytic activity of the
GOT-10 membrane, the population of surface adsorbed molecules
remained unchanged and as a consequence there was not signifi-
cant alteration on the flux capacity of the membrane.

Fig. 9b compares the efficiency and energy consumption of GOT-
10 and GOT-1 membranes, taking also into account the energy
expense of the UV source that irradiated the GOT-10 surface. In
particular, the energy consumed by four UV sources of 9W each
was added to that consumed by the pump during the entire exper-
imental period. The presented plots are very illustrative of the

importance to achieve the development of vis-light active photo-
catalytic ceramic membranes and the challenge to design a hybrid
photocatalytic/ultrafiltration process, where solar irradiation will
be exploited at the maximum possible level.

Although the presented results were obtained in a laboratory
scale reactor, where the small size of the involved membrane sur-
face (one monolith of 30 cm?) does not provide the flexibility for
appropriate process design and optimization of the irradiation den-
sity, it can be concluded that in a hybrid photocatalysis/UF process
the most energy consuming component is the light source. Thus,
besides the many other benefits offered by photocatalytic/UF (less
fouling of the membranes, high flux, no toxic condensates) the
economic sustainability and potential industrial application of the
process will depend on the efficient development of vis-light highly
active membranes that use solar irradiation.

4. Conclusions

Partially reduced graphene oxide/TiO, membranes were devel-
oped by the deposition of GOT composites on ceramic UF and NF
monoliths via dip coating. The pore size of the monolith was cru-
cial for the amount of the GOT composite stabilized on the substrate
and for the vis-light photocatalytic efficiency of the developed GOT
membranes. It has been concluded that only the membrane devel-
oped on the UF monolith with 10 nm pore size exhibited enhanced
photocatalytic performance under visible light. This was attributed
to the capacity of the 10 nm pores to host the GOT composites,
whereas a sparse deposition of TiO,, the active photocatalyst, was
achieved in the membranes developed on the monoliths with pore
sizes of 1 and 5 nm.

The performance of a hybrid photocatalysis/UF process involv-
ing the GOT-10 membrane was improved compared to that of a
standard NF process in regard to the overall dye removal capacity
and to the dye concentration reduction in the permeate effluent.

Theliquid phase deposition method involved to develop the GOT
composites and their further stabilization on to ceramic monoliths
via dip coating are easily up scalable and the hybrid photocatal-
ysis/UF process can be easily transferred to an industrial scale
application for the removal of azo-dyes from water, utilizing a
multitude of monoliths with higher length. It can be estimated
that a photocatalytic membrane reactor module accommodating
30 monoliths of 1 m length is sufficient to produce 1 m3 of water
per day at an energy expense of 4-5kWh/100 m3 which is about
20 times lower compared to a standard NF process. Prerequisite
for this is that solar light is used as the only irradiation source,
something that could be achieved with the graphene oxide/TiO,
membranes developed in this work.
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