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AbstractWe investigated the visible-light sensitive photocatalytic ability of a designed ternary Pd-GO/TiON nano-
composite for use as an effective photocatalyst in membranes. We succeeded in synthesizing the TiO2-based photocata-
lyst for Suzuki coupling reaction and application of this photocatalyst for fabricating high performance photocatalytic
membrane. In this regard, palladium metal as a complementary metal in combination with N-doped TiO2 (TiON) and
graphene oxide (GO) nanosheets was utilized to synthesize the upgraded version of the visible light sensitive nanocom-
posite photocatalyst. The synthesis of Pd-GO/TiON hierarchical nanostructure was confirmed by detecting Ti, Pd, C, O
and N elements by X-ray photoelectron spectroscopy (XPS), energy dispersive X-ray (EDX) and EDX mapping analy-
sis. Then, a series of PVDF-based photocatalytic nanocomposite membranes (PhNMs) filled with Pd-GO/TiON was
fabricated. Evaluating the yield of Pd-GO/TiON photocatalyst was around 99% and 70% for heterogeneous system and
the prepared PhNM containing 3% Pd-GO/TiON, respectively. Although, yield of Pd-GO/TiON photocatalyst in mem-
brane is not comparable with the high yield reported by other researchers in heterogeneous system; however, it can be
considered as a valuable result because of the importance of photocatalytic reactions and the environmental advan-
tages of membrane technology. Furthermore, various analyses were also performed to study the synthesized photocata-
lysts and the prepared photocatalytic membranes, including thermogravimetric analysis (TGA), scanning electron
microscopy (SEM), X-ray powder diffraction (XRD) and diffuse reflectance spectrophotometry (DRS).
Keywords: Photocatalytic Membrane, Palladium, N-doped TiO2, Graphene Oxide, Polyvinylidene Fluoride

INTRODUCTION

In the past, membranes were usually made by ceramic and metal-
lic materials. However, nowadays polymeric membranes, which
are less concentrated than inorganic ones, have drawn consider-
able attention for their low cost and high proficiency [1]. Polymeric
nanocomposite membranes are contrasted with the traditional poly-
meric membranes in view of their enhanced properties [1]. Most
famous polymeric nanocomposite membranes were prepared by
graphene or graphene with functional groups (e.g., graphene oxide)
[2], metal oxides [3], zeolites [4], carbon nanotubes [5,6] and C60
[7]. Catalytic reactions, among the most important reactions in
industrial processes such as chemical industry, energy conversion
and waste water treatment, have also been considered in PNMs [8].

A membrane as a multiple-phase reaction framework which can
effectively separate reaction materials like products and catalysts is
one of the interesting research subjects in chemical synthesis [9].
Recovery and reuse of catalyst are the fundamental issues in cata-
lytic reactions [10,11]. Therefore, the utilization of catalytic mem-
brane reactors (CMRs) as an important part of membrane tech-
nology has been considered to compensate the aforesaid problems
[11,12]. By introducing CMRs, metallic catalysts, especially inter-
mediate metals embedded into polymeric membranes, can be effec-

tively used several times [9]. Thus, nowadays, polymeric catalytic
membrane is known as a momentous efficiency path for C-C cross-
coupling in multiple-phase strategies. Development and improve-
ment of multiple-phase reaction frameworks such as CMRs for
Suzuki reactions would provide an extensive variety of utility in
synthetic chemistry, whereas organic synthesis is ordinarily per-
formed by mixing solutions [13]. To our knowledge, there is no
comprehensive investigation of using photocatalyst in the CMRs;
however, membrane technology combined with photocatalyst has
been used for purification of wastewater [14].

TiO2 has been widely used as a photocatalyst due to good chem-
ical stability, acceptable photoactivity and economic efficiency, more
than all semiconductors [15]. However, TiO2 needs to be modified
because the photocatalytic properties of TiO2 can only be seen at
wavelengths less than 400 nm [15,16]. According to the literature
reviewed, anion doping of TiO2 with B-, P-, S-, F-, and N-elements
has been reported as promising for improving visible-light sensi-
tive photocatalytic ability of TiO2 [17,18]. However, anion doping
resulted in the massive charge carrier recombination, which dra-
matically declined the photocatalytic activity of anion-doped TiO2

under visible light illumination. Therefore, using carbon compounds
category, including multi-walled carbon nanotubes, GO and graphene,
has been introduced to improve the photocatalytic activity of anion-
doped TiO2 [19]. Thus, in introducing this work, taking advan-
tage of the unique electronic properties of the GO, we expect that
the combination of GO with visible-light sensitive photocatalyst
(N-doped TiO2) may induce interesting charge transfer and thus
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enhance the photocatalytic activity of that. The Suzuki coupling
reaction can be mentioned as one of the most important represen-
tatives of the palladium-catalyzed reactions. In recent years, sev-
eral reports have been published on the effects of palladium (Pd)
derivatives, such as palladium oxide on the photocatalytic proper-
ties of TiON [20,21]. Although, metals such as nickel plus palla-
dium have been used as photocatalyst for the Suzuki coupling
reaction [19], there is no specific report on the study of the Suzuki
reaction using photocatalytic properties of TiON. According to
important functional traits of palladium for Suzuki reactions, it is
anticipated that utilizing palladium element in combination with
N-doped TiO2 and GO can be an effective way to enhance the pro-
ficiency of TiO2 photocatalyst for Suzuki reaction, because this noble
metal can optimize the transfer pathway of photogenerated elec-
trons across the interface of GO and N-doped TiO2 photocatalyst.
Furthermore, noble metals can also be utilized as electron reser-
voir to delay the recombination of photogenerated electron-hole
pairs of photocatalysts [19].

PVDF is an interesting polymer for use as a membrane because
of its great film forming, high chemical resistance to acids, oxida-
tive stability, thermal stability, and good mechanical properties [22].
Therefore, we fabricated photocatalytic nanocomposite membranes
by PVDF and photocatalyst agents including Pd/TiON and Pd-
GO/TiON for the Suzuki reaction. To attain the photocatalytic abil-
ity of TiO2 in the visible region, nitrogen doping of TiO2 was per-
formed [18]. In addition, to improve the electron transfer efficiency
and lifetime of photogenerated electrons of photocatalyst, graphene
oxide nanosheets, which include good properties such as good sur-
face electrons, high electron conductivity, large surface area, and
high adsorption capacity, were used to synthesize a TiO2-based pho-
tocatalyst [23]. It is expected that the positive effects of the GO
nanosheets along with palladium improve the photocatalytic activ-
ity, thereby raising the yield of the Suzuki reaction.

EXPERIMENTAL

1. Materials
PVDF (Hylar_ 5000) was purchased from Elf Atochem, UK.

Graphite flakes (Aldrich), sulfuric acid (H2SO4, Merck, 98%), nitric
acid (HNO3, Merck, 99%), potassium permanganate (KMnO4,
Merck, 99%), sodium dodecyl sulfate (SDS, Aldrich, 98%), iodo-
benzene (Aldrich, 98%), 4-iodoanisole (Aldrich, 98%), 1-naphtha-
lenebronic acid (Aldrich, 95%), phenylboronic acid (Aldrich, 95%),
potassium carbonate (Aldrich, 99.99%), titanium tetrachloride (TiCl4,
97%, Sigma-Aldrich), palladium acetate (Pd(OAc)2, 99%, Sigma-
Aldrich) and sodium sulfide (Na2S, Merck, 99%) were used as
received.
2. Synthesis of TiO2 and TiON

For synthesizing the TiON, TiCl4 (7.43mL, 48.6mmol) was added
dropwise to Na2S solution (140 mL, 51.2 mmol). The pH of solu-
tion was adjusted to approximately 8 by dropwise addition of NH3.
The precipitate was continuously stirred for 5 h, then filtered and
washed several times with distilled water to remove the chloride
and sulfide ions [24]. The final product was calcined at 400 oC for
4 h in air condition. TiO2 was also synthesized by this procedure
but the Na2S was not used [24].

3. Synthesis of a Binary Pd/TiON Nanocomposite
First, 0.02 mg of Pd(OAc)2 was added into 50 mL of distilled

water, then placed in an ultrasonic bath for 30 min. Afterwards,
TiON powder (500 mg) was added to this solution and stirred at
80 oC. Under this condition, aqueous NaBH4 solution (50 mL, 1.0 g)
was added dropwise to the suspension. After ageing for 10 h, the
solid product was collected by centrifuging and then washed with
distilled water. Finally, this powder was dried overnight in a vac-
uum oven at 60 oC.
4. Synthesis of a Ternary Pd-GO/TiON Nanocomposite

GO nanosheets were synthesized according to the Hummers
method [25,26]. Pd/GO was also synthesized according to previ-
ously reported protocol [27]. Pd-GO/TiON nanocomposite was
synthesized in one step using TiON, Pd-GO and deionized water.
An aqueous dispersion of Pd-GO was prepared by mixing of 10
mg Pd-GO in 100 mL of distilled water. Then, 10 mg of TiON was
dispersed in 20 mL of distilled water and sonicated in an ultrasonic
bath for 30 min. Afterwards, TiON dispersion was added to Pd-
GO dispersion and stirred for 14 h at room temperature to obtain
a homogeneous solution. The precipitate was filtrated and dried in
vacuum oven at 50 oC for 4 h [28].
5. Preparation of Photocatalytic Nanocomposite Membranes
(PhNMs)

The different quantities of each component for preparation of
the PhNMs are given in Table 1. First, PVDF was added to DMF
solvent and stirred for 5 h at 60 oC. After the relative dissolution of
PVDF, photocatalytic agent was added to the polymeric solution
and allowed to be stirred for 24 h. After removing the bubbles of
polymeric solution by a vacuum pump, this polymeric solution was
cast on a glass plate using Dr. Blade (200m) and then, immedi-
ately immersed in a deionized water bath and kept in distilled water
at room temperature.
6. Photocatalytic Suzuki Reaction in Heterogeneous System

The desired amount of water (10 mL), aryl halide (1 mmol), aryl
boronic acid (1.2 mmol), K2CO3 (2.5 mmol), SDS (1.0 mmol) and
catalyst (Pd-TiON (5mg) or Pd-GO/TiON (3mg) or Pd (2mg)) was
mixed in a 25 mL round bottom flask. The photocatalytic reaction
under visible light irradiation was conducted with an LED light bar
in the wavelength range 400-700nm (10W, 30pcs) in water bath at
25 oC. The distance between the LED light bar and flask was 25
cm. The yield of reaction was determined by gas chromatography.

Table 1. Composition of the prepared photocatalytic nanocompos-
ite membranes

Samples PVDF(g) Pd-GO/TiON (g) Pd-TiON (g) DMF (g)
A 0.6 --- --- 4
AI(1%) 0.6 0.006 --- 4
AII(2%) 0.6 0.012 --- 4
AIII(3%) 0.6 0.018 --- 4
AIV(4%) 0.6 0.024 --- 4
BI(1%) 0.6 --- 0.006 4
BII(2%) 0.6 --- 0.012 4
BIII(3%) 0.6 --- 0.018 4
BIV(4%) 0.6 --- 0.022 4



948 H. Mahdavi et al.

June, 2020

7. Photocatalytic Suzuki Reaction using the Prepared Photo-
catalytic Nanocomposite Membranes

The performance of the prepared photocatalytic nanocompos-
ite membranes for the Suzuki reaction was investigated using a
dead-end filtration system. The membrane reactor cell is shown in
Fig. 1. An LED strip in the wavelength range 400-700 nm as a vis-
ible light source was wrapped around the filtration cell. To acti-
vate the photocatalyst, the related nanocomposite membrane was
exposed to visible light for 15 min before performing the Suzuki
reaction. Afterwards, the desired amount of aryl halide (1 mmol),
aryl boronic acid (1.2 mmol), K2CO3 (2.5 mmol) and SDS (1.0
mmol) was mixed with 10 mL of water and sonicated for 20 min.
Then, this solution was poured into the filtration cell and exposed
to visible light for 20min. By applying a pressure of 4bar, this solu-
tion passed through the membrane bulk and was exposed to the
photocatalyst nanoparticles within the membrane. For yield of Suzuki
reaction, concentration of products in permeate was analyzed by
gas chromatography.
8. Flux Determination

Pure water flux (PWF) of all membranes was also measured by
aforementioned dead-end filtration cell. Before measurement of
PWF, all membranes were kept in deionized water for 24 h and
then pre-pressurized at 0.4 MPa for 15 min in a dead-end cell to
stabilize the membrane state. All permeation tests and photocata-
lytic reaction were performed at room temperature and at a pres-
sure of 0.4 MPa. Pure water flux (J) (Lm2h1) was calculated by the
following equation:

J=V/At (1)

where V is the volume of the permeate (L), A is the touchable sur-
face area (4.91×104 m2) and t is the permeation time (h).
9. Characterization

A PL thermogravimetric analyzer (TGA 1000, UK) was employed

to determine thermal stability of all samples in the range of 25-
800 oC at the heating rate of 10 oC min1. The morphology of all
samples was monitored by field emission scanning electron mi-
croscopy (FESEM) (Zeiss SUPRA 35VP). The modification of TiO2

was characterized by (Gammadata-scienta ESCA 200) X-ray pho-
toelectron spectroscopy (XPS). XPS was done in an ESCA/AES
system equipped with a concentric hemispherical analyzer (CHA,
Specs model EA10 plus). The data acquisition was at a nominal
resolution of 0.1 eV. For exciting the X-ray photoelectrons, we used
Al K line at 1,486.6 eV. The energy scale was calibrated against
the carbon binding energy (284.6 eV). Before data acquisition, the
samples were degassed for 3 h at 298 K under a pressure of 1.0×
109 Torr to minimize surface contamination. X-ray diffraction
(XRD) spectra (X-ray diffraction instrument (Siemens D5000)
with a Cu target (=0.1540 nm) at room temperature) was used to
study the crystalline structure of TiO2-based photocatalyst sam-
ples. This instrument included a rotating anode generator which
operated at 35 kV and 20 mA. The samples were scanned from
2=10 to 80o at the step scan mode; the diffraction pattern was
recorded using a scintillation counter detector. The ultraviolet (UV)-
visible diffuse reflectance spectroscopy (DRS) spectra were recorded
with a Shimadzu MPC-2200 spectrophotometer.

RESULTS AND DISCUSSION

Due to poor photocatalytic activity of TiO2 nanoparticles in the
visible wavelength, N-doping of TiO2 nanoparticles and use of GO
nanosheets are considered to attain high performance photocata-
lyst in the visible region. Referring to the literature [28], GO nano-
sheets can act as suitable species to accept and transport the elec-
trons from TiON photocatalyst under light irradiation. In addi-
tion, it has been reported that Pd nanoparticles as an effective
catalyst for Suzuki reaction and GO as an electron reservoir rein-
force the interfacial contact between Pd nanoparticles and photo-
catalyst, thereby providing a desirable transfer pathway of electrons
between the interface of Pd nanoparticles and photocatalyst [19].
Therefore, in this work, a multifunctional efficient photocatalyst
consisting of the TiO2 photocatalyst, GO nanosheets and the cata-
lytically active Pd-noble metal nanoparticles was synthesized to
prepare effective PhNMs as suitable supports containing photocat-

Fig. 1. The filtration cell in (a) turn-off and (b) turn-on LED state.

Fig. 2. FTIR spectrum of GO nanosheets.
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alyst for Suzuki coupling reactions under visible light irradiation.
The synthesis of GO nanosheets was investigated by FTIR analy-
sis. FTIR spectrum of GO is shown in Fig. 2. The characteristic
peaks related to the hydroxyl and carbonyl groups appeared at
around 3,400-3,500 and 1,727 cm1, respectively [26,23]. Moreover,
several peaks observed at 1,066 and 1,400 cm1 are attributed to
C-O absorption band and C=O symmetric stretching vibration,
respectively [23,26].

A careful analysis of the Pd-GO/TiON nanocomposite by XPS,
EDX and EDX mapping provided evidence that synthesis of this
photocatalyst was successful. To characterize the chemical compo-
sition of the synthesized photocatalyst, XPS analysis is considered
as a powerful technique. Fig. 3(a) is the wide scan XPS spectra of
Pd-GO/TiON nanocomposite, which illustrates the characteristic
signal of C, O, Ti, N, and Pd elements. Fig. 3(b) shows the bond-
ing energy of C 1s of GO; this peak can be deconvoluted in three
particular peaks at 284.6 eV for C-C/C=C, 286.5 eV for C-OH,
and 287.9 eV for O=C-OH, respectively [29]. This observation
more confirms the synthesis of GO nanosheets. As can be seen in
Fig. 3(c), unlike general XPS, peak for N 1s appeared at 400 eV; this
peak was observed at 398.2 eV for N-doped TiO2 which confirms
the consolidation of the N-anion in TiO2 [24]. Likewise, the char-
acteristic peaks observed at 532.0 eV and 533.5 eV are assigned to
O 1s (Fig. 3(d)), which can belong to functional groups contain-
ing oxygen atom bonded with C atoms of GO such as -OH and -
COOH [29]. Moreover, the peak at 530 eV is related to O 1s of tita-
nium-bound oxygen in TiON [24]. The binding energies observed
with a spin-orbit gap of 5.3 eV at 335.4 eV and 340.7 eV (Fig. 3(e))
belong to Pd 3d3/2 and Pd 3d5/2, respectively, which reveals the

existence of metallic Pd(0) [19]. As shown in (Fig. 3(e)), there are
two shoulders in 338.5eV and 343.5eV which belong to Pd2+. How-
ever, the high intensity peak of Pd(0) in comparison with Pd2+

manifests that high amount of Pd2+ was reduced to Pd(0). Ti 2p3/2
core level peaks of TiON sample appear at 458.5 eV (Fig. 3(f)). A
low binding energy of Ti 2p in TiON sample compared with TiO2

reveals the successful synthesis of TiON. XPS analysis obviously
corroborated that the electronic interaction of Ti with anions is
distinctly different from TiO2 [24].

XRD analysis was performed to imply synthesis of GO nano-
sheets and immobilization of TiON/Pd onto Go nanosheets. As

Fig. 3. (a) Wide scan XPS spectra of Pd-GO/TiON nanocomposite, (b) high-resolution XPS spectra of C1s peak, (c) N 1s peak, (d) O 1s peak,
(e) Pd 3d peak and (f) Ti 2p peak in Pd-GO/TiON nanocomposite.

Fig. 4. XRD pattern of the Pd-GO (black graph) and the Pd-GO/
TiON nanocomposites (purple graph).
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shown in Fig. 4 (black and purple graph), a main peak at 11o is
shown for GO nanosheets which confirms the synthesis of GO
nanosheets [23]. This peak was also observed in other samples
with lower intensity. The decline in intensity of GO peak and appear-
ance of several new peaks in XRD patterns of modified GO nano-
sheets corroborates the attachment of TiON and Pd nanoparticles
onto GO nanosheets. The XRD patterns of Pd-GO nanocompos-
ite show several peaks at 40.10o, 46.60o and 60.20o which belong to
the (111), (200) and (220) diffractions of crystalline Pd, respectively
[19]. This observation can represent the presence of the metallic
Pd with the fcc structure, which is shown in the purple graph with
less intensity. As implied by Fig. 4 (purple graph), the XRD pat-
tern of Pd-GO/TiON represents the existence of the anatase phase
(25o) in the TiON crystal structure [30]. In addition, by consider-
ing the index peak at 25o for Pd-GO/TiON and 40.10o for Pd-GO,
the sizes of the palladium and TiON nanoparticles was calculated
by Debye Scherrer equation around 30 and 35 nm, respectively.

In addition, the elemental mapping by EDX was used to detect
surface covering of GO nanosheets with Pd and TiON and their
distribution on GO nanosheets. As can be seen in Fig. 5(a), (b) and
(c), the EDX mapping shows a uniform distribution of Pd elements
for Pd-GO and N, Pd and Ti elements for Pd-TiON and Pd-GO/

TiON nanocomposites, respectively. The presence of C and O
belongs to GO nanosheets as also manifested by this analysis. The
presence of Ti and Pd can be clearly observed and confirmed by
EDX patterns of Pd-GO and Pd-GO/TiON nanocomposites. How-
ever, the presence of N element is not clearly observed in EDX
pattern of TiON nanocomposite, which can be attributed to less
sensitivity of this analysis to detecting low content of elements. Thus
XPS analysis was applied to more study of Pd-GO and Pd-GO/
TiON nanocomposites. Complete explanations of XPS analysis are
provided in the above section.

Absorption ability of N-doped TiO2 in the visible light region
and its absorption shift compared with TiO2 were studied by DRS.
DRS of TiON and TiO2 are shown in Fig. 6. Blue and black lines
show TiO2 and TiON absorbance properties, respectively. As shown
in Fig. 6, the absorption region for TiON is significantly higher than
the TiO2 in the visible region. It is clearly observed that the visible
light absorption tails up to 800 nm in TiON. The inset curves dis-
tinctly show a different band gap energy for TiON compared with
TiO2. For TiON in comparison with TiO2, an obvious decrease in
the band gap of the valence band on TiON is illustrated. Also, a
specific shift from ultraviolet area to the visible area is observed
about 0.19 eV in the optical absorption range of TiON in compari-

Fig. 5. EDX spectrum and EDX mapping of (a) the Pd-GO, (b) the Pd-TiON and (c) the Pd-GO/TiON nanocomposites.
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son with TiO2. This phenomenon can be attributed to the presence
of nitrogen in the TiO2 structure [24,31].

The results from previous analysis were corroborated by SEM
analysis. The morphologies of the synthesized materials were char-
acterized by SEM. The SEM images of Pd-GO and TiON nano-
composites are illustrated in Fig. 7(b) and 7(c). Comparing SEM
images of GO and modified GO obviously reveals the changes of
GO nanosheets surface in Fig. 7(a) and 7(b). Observation of a
smooth surface for GO nanosheets in comparison with Pd immo-
bilized GO nanosheets is well reflected in Fig. 7(a)-(b). Moreover,
as can be seen in Fig. 7(b) and 7(c), spherical nanoparticles on the
surface of GO nanosheets belonging to Pd nanoparticles are clearly
manifesting the immobilization of Pd on the surface of GO nano-
sheets. From Fig. 7(b) and 7(c), the size of the Pd and TiON nano-
particles is in the range of about 30-40 nm and 45 nm, respectively.
SEM images of Pd/GO nanocomposite are in good agreement
with XPS results. These results confirm that Pd nanoparticles haveFig. 6. DRS and transformed diffuse reflectance spectra (inset curve

in Fig. 6).

Fig. 7. SEM images of the (a) GO, (b) Pd-GO and (c) TiON nanoparticles.

Fig. 8. SEM images of the cross section of (a) A, (b) AIV, (c) BIII, and top-layer surface of (d) A, (e) AIV and (f) BIII samples.
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been successfully immobilized on the GO surface. The well dis-
tributed Pd nanoparticles with spherical shape onto the surface of
GO nanosheets are also observed by SEM images and imply the
EDX mapping results.

Fig. 8 shows the morphology of PVDF and PVDF nanocom-
posite membranes. For PVDF containing 4% Pd-GO/TiON (AIV)
(Fig. 8(b)), an obvious increase in the number of the finger-like
structures and also a size enlargement of the cavities compared to
PVDF membrane (Fig. 8(a)) is illustrated. Morphology changes
can be attributed to the addition of Pd-GO/TiON and its hydro-
philic nature [32]. As can be seen in Fig. 8(c), SEM images demon-
strate more and larger cavities for PVDF filled with 3% Pd-TiON
(BIII) in comparison with other samples. Adding of TiON nano-
particles in the membrane resulted in the formation of this cavity
due to the hydrophilic property of the TiON nanoparticles. In fact,
the exchange rate of the solvent and non-solvent (distilled water)
during the phase inversion process can be affected by addition of
TiON nanoparticles [33]. Thus, adding of the hydrophilic TiON
nanoparticles increases the exchange rate of the solvent and non-
solvent, thereby forming larger cavities. Top-layer surface of the
prepared nanocomposite membranes was also monitored by SEM
images to detect the effect of the addition of TiO2-based photocat-
alyst nanoparticles. The appearance of more pores on the top sur-
face of the nanocomposite membranes also confirms the morphology
changes due to the addition of nanoparticles [13]. Furthermore, as
shown in Fig. 8(e), the presence of GO nanosheets contributes to
the collapse of the symmetry in the porous structure and reduces

Fig. 9. PWF data of PVDF membrane and its nanocomposite mem-
branes.

Scheme 1. Suzuki coupling reaction.

the number of pores but increases the flux (Fig. 9) due to an in-
crease in the average pore size [13].

Changes in the morphology of PVDF-based nanocomposite
membranes are more confirmed by PWF (Pure Water Flux) data.
As shown in Fig. 9, by adding TiO2-based photocatalytic nanopar-
ticles, PWF of nanocomposite membranes dramatically increases
by increasing nanoparticles loading within PVDF matrix. In cor-
relation with the SEM images, PWF data reveals the significant in-
crease in porosity and cavity size of nanocomposite membranes
compared with PVDF (see SEM images). As can be seen in Fig. 9,
a significant increase in PWF is observed when the fraction of Pd-
TiON and Pd-GO/TiON nanoparticles is increased up to 2 and
3 wt% in the PVDF-based nanocomposite membranes; however,
the nanocomposite membranes containing higher nanoparticles
loading demonstrated a reduction in PWF. As described above,
the PWF enhancement can be attributed to hydrophilic nature of
nanoparticles [13,34]. But, decreasing of PWF in higher nanopar-
ticles content resulted from the accumulation of nanoparticles and
blockage of membrane pores with nanoparticles [13,32]. In addi-
tion, as can be seen in Fig. 9, pore-filling of nanocomposite mem-
brane containing Pd-TiON occurred in low nanoparticle content
in comparison with nanocomposite membranes filled with Pd-
GO/TiON, which is due to the smaller size of Pd-TiON nanoparti-
cles compared with Pd-GO/TiON. The large size of Pd-GO/TiON
nanoparticles is related to the large dimensions of GO nanosheets
used as support for Pd and TiON nanoparticles. Therefore, high
content of Pd-TiON (4wt%) was not more investigated due to unde-
sirable effects of Pd-TiON nanoparticles on PWF of the related nano-
composite membranes.

Nanocomposite membranes containing 3% Pd-GO/TiON (AIII)
and 3% Pd-TiON (BIII) were selected to evaluate the photocatalytic
performance. Photocatalytic performance of the prepared nano-
composite membranes was evaluated for Suzuki coupling reac-
tion (Scheme 1).

The efficiency and rate of this reaction depends on the type of
halogen substituent of aryl halide compounds (I, Br, Cl) and the
position and type of the substituent groups (electron-withdrawing
or donating-electron groups) used for that [35]. Therefore, differ-
ent types of aryl bronic acid and aryl halide compounds were uti-
lized to assess photocatalytic performance of the prepared nano-
composite membranes. It is known that the effect of the halogen
substituent in Suzuki coupling reaction rate is as follows I>Br>Cl.
Therefore, in this work, aryl iodide was only used for photocata-
lytic assay of the prepared nanocomposite membranes. Yield of
Suzuki coupling reaction for different components is presented in
Table 2. High efficiency and high reaction rate for Suzuki cou-
pling reaction are achieved when aryl halide compounds have
electron-withdrawing groups [19]. From Table 2, it is observed that
PVDF@Pd-GO/TiON was a more efficient photocatalytic mem-
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brane for Suzuki coupling reaction, especially when naphthalene-
1-boronic acid was used. This result clearly reveals the synergy
effect of GO on Pd-TiON. Hence, the higher yield of this nanocom-
posite membrane in respect to the other nanocomposite mem-
branes can be attributed to the synergy effect of GO on Pd-TiON.
In addition, this can result from the - interaction between GO
nanosheets and naphthalene-1-boronic acid [36].

The thermal stability of AIII and BIII nanocomposite membranes
was studied by TGA analysis (Fig. 10). From TGA results, a signif-
icant improvement in the temperature degradation and ash con-
tent of PVDF-based nanocomposite membrane was detected. En-
hancement of thermal stability of the nanocomposite membrane
in comparison with neat PVDF is mainly attributed to the hydro-
gen-bonding interaction between the PVDF chains and the polar
group of Pd-TiON and Pd-GO/TiON [13,37]. Additionally, for nano-
composite membrane containing Pd-GO/TiON nanoparticles, the
barrier effect of GO nanosheets can delay thermal transport in
PVDF matrix, thereby improving thermal stability of nanocompos-
ite membranes.

CONCLUSIONS

Recovery and reutilization of catalyst are important factors and
fundamental issues in synthetic chemistry and green chemistry
approach. Therefore, in this work, designing of PVDF@Pd-GO/
TiON as a photocatalytic nanocomposite membrane was consid-
ered to overcome these aspects. Use of membrane process can be
promising in the chemical industry due to reduced costs of the
separation process, reduction of production stages and decrease of
environmental damage. Nitrogen doping of TiO2 in combination
with use of GO nanosheets and Pd element was employed to pre-
pare the visible-light sensitive TiO2-based photocatalysts in which
is used the fabrication of photocatalytic nanocomposite membranes.
The reduction of band gap of the TiON compared with TiO2 is
manifested by DRS analysis. In addition, the anion doping of TiO2

with nitrogen element and the presence of Pd(0) in the synthe-
sized nanocomposite photocatalyst were confirmed by XPS analy-
sis. An efficiency of more than 70% and 99% was obtained in
evaluation of Pd-GO/TiON as photocatalyst for Suzuki reaction in
heterogeneous system and the prepared photocatalytic nanocom-
posite membranes containing 3% Pd-GO/TiON, respectively.
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