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ABSTRACT

This study attempted to use zinc oxide (ZnO) nanoparticles in membrane photocatalytic
reactor (MPR) for industrial dye wastewater treatment. Performance comparison of nanofil-
tration (NF) and ultrafiltration (UF) in the MPR system were investigated to produce clea-
ner discharge and to retain the ZnO for reuse. From the results, the optimum operational
condition of MPR occurred under pH 11 and 0.1 gLf1 of ZnO loading. NF membrane per-
formance improved after the addition of ZnO nanoparticles in the wastewater; in terms of
normalized flux reduction (65%), colour removal (100%), chemical oxygen demand (92%),
turbidity reduction (100%) and total suspended solid rejection (100%). In contrast, UF mem-
brane showed worse performance, due to the permeation of dye molecules and nanosized
ZnO across the UF membrane pores. Membrane characterizations of field emission scanning
electron microscopy and energy dispersive X-ray results confirmed that the ZnO nanoparti-
cles and NF membrane application has a great potential for improving MPR system in
industrial wastewater treatment.

Keywords: Zinc oxide nanoparticles; Membrane photocatalytic reactor; Nanofiltration;
Ultrafiltration; Industrial dye wastewater

1. Introduction issue arises from the newsprint industry is generation of
wastewater due to the consumption of large amounts of
water during the printing process. Generally, the waste-
water produced from this industry is characteristically
high in both colour and organic content, consist of
*Corresponding author. complex components, heavily contaminated and difficult

Newsprint printing industry is one of the world’s
most important manufacturing. The main environmental
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to be biodegraded [1,2]. It has also been known as
aesthetically displeasing and most of the pigments are
toxic and mutagenic. These undesirable properties will
affect the biological process in the stream due to the lack
of dissolved oxygen and obstruction of sunlight
penetration [3]. In addition, printing and dyeing
wastewater is not only disrupting the aquatic
communities, but also bring some hazards that pose a
risk to the environment and human health. Conventional
wastewater treatment methods (physical, biological or
chemical) were typically applied to this industry.
However, there are several limitations of these methods
to meet the discharge criterion of environmental quality.
Therefore, development of more advanced technologies
is particularly required for better effluent discharge,
principally to attain environmental cleanliness and
human health safety.

In recent years, photocatalytic degradation pro-
cesses with application of nanoparticles as a photocata-
lyst has become attractive for dye wastewater treatment
due to its efficiency of dye degradation [4-6]. In this
process, hydroxyl radicals ((OH) are generated as soon
as the photocatalyst is illuminated by ultraviolet (UV)
light. Consequently, the dyes are degraded and organic
compounds are reduced to carbon dioxide (CO,), clean
water (H,O) and inorganic constituents. Different nano-
particles have been used in photocatalysis studies
including titanium dioxide (TiO,), zinc oxide (ZnO), tin
dioxide (S5nO,), zinc sulphide (ZnS), cadmium sulphide
(CdS), iron oxide (Fe,O3), etc. for various types of
wastewater treatment. Despite the efficiency of the
nanoparticles to decompose the dyes and toxins in the
wastewater; the most critical limitation is related to
the separation of photocatalyst nanoparticles from the
treated water after photodegradation process [7].

In order to solve the problem, photocatalysis
coupled with membrane filtration systems have been
intensively studied, which has led to the development
of membrane photocatalytic reactors (MPRs). In this
configuration, the membrane would act as a barrier
for the photocatalyst and some molecules/ions from
being transported along with the treated water in the
final stream [8]. Other important advantages are
simple configuration, reduction in the installation size,
energy saving, better control of the residence time,
efficient use of the UV light and photocatalyst,
continuous process whereby the catalyst and products
can be separated simultaneously, and high
possibility to reuse the photocatalyst for further
runs [7,9].

To date, more attention has been focused on the
utilization of TiO, as the photocatalyst in MPR due
to its chemical stability, excellent optical and

electrical properties, strong redox ability and avail-
ability at low cost [10-12]. However, some litera-
tures claimed that ZnO is better than TiO, in
certain photocatalytic degradation process [13,14].
ZnO is a semiconductor with a wide bandgap simi-
lar to TiO, (~3.4eV). The stable wurtzite crystal
structure of ZnO has large exciton binding energy
(60 meV) that can provide efficient UV light at room
temperature. These characteristics have made ZnO
as an attractive photocatalyst in the air/wastewater
treatment by photodegradation mechanism. Further-
more, ZnO has been extensively used as a photocat-
alyst due to higher reactivity and surface area,
photosensitivity, chemical stability, non-toxic nature,
catalytic activity, tuneable nature of their optical and
relatively low cost [15,16]. Based on these consider-
ations, the effectiveness of ZnO in MPR needs to be
explored in order to allow selection of appropriate
photocatalyst for the coupling system. To the best of
our knowledge, there has been no study dedicated
for the use of ZnO photocatalysts in MPR. Previ-
ously, Kanade and colleagues [17] reported that the
particle size and preparation methods of ZnO
greatly influence the characteristics and performance
of ZnO. The report was verified by recent studies,
which confirmed that the photocatalytic activity of
ZnO nanoparticles is very sensitive to precursors
and synthesis process conditions [18]. Therefore, it is
very important to produce much smaller size of
ZnO through a virtuous method in order to acquire
better performance during the photocatalysis process
in MPR.

Over the years, various methods have been imple-
mented for producing ZnO nanoparticles such as so-
nochemical [19], precipitation [17,18], electrolysis [20]
and hydrothermal synthesis [21]. Among these prepa-
ration methods, precipitation has been recognized to
be the preferable technique since it provided a simpler
route, economic and occurs at a moderately low
temperatures [17,18]. However, very limited study
involving the synthesis of ZnO nanoparticles via pre-
cipitation method has been reported. Therefore, this
study attempts to self-synthesis ZnO nanoparticles
via precipitation method in order to produce more
effective of photocatalyst in MPR.

The interest in using pressure-driven membrane
processes, including microfiltration (MF), ultrafiltra-
tion (UF) and nanofiltration (NF) in the MPR coupling
system has grown visibly due to their potential in
resolving the problem concerning photocatalyst sepa-
ration. Among these processes, NF membranes have
shown the best performance and produce the highest
quality of permeate whereas significant membrane
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fouling is observed in MF and UF membrane [7].
In addition, small particles/molecules/ion can pass
easily through the MF and UF membranes, leading to
lower quality of permeate. Thus, in this study, perfor-
mance comparison of NF and UF membrane in MPR
is among the objectives. Literatures claimed that the
polypiperazine amide NF and polyamide UF mem-
brane have excellent performance and favourable eco-
nomics [22-24]. However, very few studies are
available on utilization of these membranes in MPR,
mainly for industrial dye wastewater treatment.

Therefore, the focus of this work was primarily to
study the efficiency of self-synthesized ZnO nanoparti-
cles as the photocatalyst in MPR for industrial dye
wastewater treatment. The ZnO nanoparticle was self-
synthesized via a simple precipitation method; and
the commercial ZnO nanoparticle was also used for
comparison purposes. Two different types of mem-
branes (polypiperazine amide NF and polyamide UF)
were used in the MPR in order to investigate their
performances for attaining high quality of permeates
and membrane fouling mitigation.

1.1. Proposed photocatalytic degradation mechanism of dye
wastewater

In order to understand the degradation of dye
wastewater during the photocatalysis process in MPR,
the proposed photocatalytic degradation mechanism
of dye was described in Fig. 1.
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The degradation process was started by photoexci-
tation of the ZnO, followed by the creation of an
electron-hole pair on the nanoparticles surface:

ZnO + hv — ZnO(eCB~ + hVB") ¢))

The direct oxidation of dyes occurred due to the high
oxidative potential of the hole (hVB*) in ZnO:

hVB" + dye — oxidation of dye )

Very reactive hydroxyl radicals were formed by the
decomposition of water (Eq. (3)) or by the reaction
between hole and hydroxide ion (Eq. (4)). The hydro-
xyl radical was extremely unstable which then lead to
the degradation of organic chemicals [25].

hVB* + H,0 — H +°OH (3)
hVB" + OH™ — ‘OH 4)

The molecular oxygen was reduced to superoxide
anion by electron in the conduction band (eCB"):

eCB™ + 0, — '0; ®)

The radical may form organic peroxides in the
presence of organic scavengers (Eq. (6)) or hydrogen
peroxide (H,O,) (Eq. (7)):

Activated oxygen

3
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C s,

e
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Fig. 1. Proposed photocatalytic degradation mechanism of dyes.
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‘O, + dye — dye — OO (6)
‘O, + HO;, + HY - H,0, + O, @)

Excess H,O, reacts with hydroxyl radicals and holes
to produce HO; (Egs. (8) and (9)).

H,O, + 'OH — H02 + H,O 8
H,O, + hVB" — H' + HO; )

Electrons in the conduction band are also accountable
for the production of hydroxyl radicals (Egs. (10) and
(11)), which have been indicated as the primary cause
of organic matter mineralization (Eq. (12)) [25].

H,O0, +eCB™ — ‘OH + OH"™ (10)
H,O; + 0, — 'OH+OH™ + 0O, (11)
‘OH + dyes — degraded dyes (12)

2. Materials and methods
2.1. Wastewater characteristics

A dye wastewater sample was collected from the
influent sump tank of the central wastewater treat-
ment plant of a newspaper printing factory in Malay-
sia, named as UMWW. Table 1 shows the chemical
properties of UMWW with bluish green of colour
apparent at 25°C.

2.2. Synthesis and characterization of ZnO nanoparticles

ZnO nanoparticle (ZnO-PVP-St) was synthesized
via a combined precipitation method according to
Kanade et al. [17], Behnajady et al. [18] and Lee et al.
[26]. The reactant used for this method are oxalic acid
dehydrated, zinc acetate dehydrated and Polyvinylpyr-
rolidone (PVP); all obtained from R&M Marketing,

Table 1

Essex, UK. The precipitation process was conducted
under vigorous stirring (3h) at room temperature
(25°C). A furnace (Nabertherm model, Germany) was
used for calcination process of the ZnO precipitate
under 550°C for 3h in order to remove impurities.
Commercially available ZnO nanoparticle from Sigma
Aldrich, USA was used for comparison purposes.
Characterizations of the nanoparticles were conducted
by X-ray diffractometer (XRD) (Bruker AXS GmbH
model) and transmission electron microscopy (TEM)
(CM12 Philips model). The purity, crystallinity and
morphology of the ZnO-PVP-St and commercial ZnO
were shown in Figs. 2 and 3. It was clearly revealed
that the nanoparticle used throughout this study
contains high purity and crystallinity of ZnO with
the nanoparticle size ranging from 7 to 30nm
(ZnO-PVP-5t) and 50 to 140 nm (commercial ZnO).

2.3. Membrane and its characterization

Two types of membrane were used in this work: (1)
Polypiperazine amide NF membrane (GE Osmonics,
Trisep TS40, USA) and (2) Polyamide UF membrane
(GE Osmonics, Trisep GMSP, USA). The membrane
characteristics are tabulated in Table 2. The observation
of membrane surface and cross-sectional morphology
was carried out using a field emission scanning electron
microscopy (FESEM; Gemini, SUPRA 55VP-ZEISS)
equipped with an energy dispersive X-ray (EDX) analy-
sis system. For the cross-sectional analysis, the small
pieces of membrane were immersed into liquid nitro-
gen for 4-5h. The samples were fractured and dehy-
drated in an oven under 60°C. Afterwards, the dried
samples were gold sputtered for electrical conductivity
generating. The observation of the prepared samples
was then conducted with the microscope at 3kV. The
intensity of elements on the membrane surface was
analysed by the EDX analysis system.

2.4. Experimental set-up and operation

Before starting the experiment, membrane sample
with an effective membrane area of 22.90 cm® was
wetted out by circulating reverse osmosis (RO) water

Chemical properties of industrial dye printing wastewater (UMWW)

Chemical properties

Mean value + standard deviation

COD (mgL™

Turbidity (FAU)

Total suspended solid (TSS) (mgL™")
pH

Colour intensity (APHA), units

1,099 +3.0
350+5.0
92.8+3.0
8.0+0.3
2,406 +7.0
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Fig. 2. XRD patterns of (a) commercial ZnO and (b) ZnO-
PVP-St.
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Fig. 3. TEM image of (a) commercial ZnO and (b) ZnO-
PVP-St.

in the MPR at 6bar for 30 min. This procedure is
intended to avoid the membrane compaction during
the permeation or separation experiments. Fig. 4
shows the schematic diagram of the laboratory-scale
MPR used in this work. A UV lamp (253.7 nm, 18 W,
GPH295T5L 4PSE, USA) was placed inside the reactor
for the photocatalyst activation. The reactor with 5 L
of working volume was designed to operate either in
batch or continuous methods. ZnO nanoparticle was
added into the reactor filled with the wastewater; and
the mixture was well agitated by PL111 model of
impeller with WiseStir HS-50A overhead stirrer at 300
rpm during the experiments. Furthermore, the temper-
ature was kept constant at approximately 25°C by re-
circulating cooling water using a water chiller (SP
H,0 model). Sodium hydroxide (NaOH) and hydro-
chloric acid (HCI) solutions (purchased from R&M
Marketing, Essex, UK) were used to adjust the solu-
tion pH. The treated water after photocatalysis process
was then fed to the stainless steel flat sheet membrane
module, 9.8 x9.8 x5.1 cm using a masterflex peristaltic
pump at 6bar. The volume of permeate was weighed
by an electronic balance (AND GF-6100, Japan). Con-
sequently, the weighing data was transferred continu-
ously to a personal computer through a programme
installed (RsKey Ver. 1.34). In the first stage of this
study, two parameters were examined which are pH
values (2.0-11.0) and photocatalyst loading (0.8-1.0g
L") in order to determine the optimum operating con-
ditions of the MPR. The optimum operating condition
was then applied for the comparison study of different
types of ZnO nanoparticles and NF/UF membrane
performances.

2.5. Analytical method

A Microprocessor pH metre (Sastec ST-PHS3BW
Model) was used for the pH measurements. Colour
intensity, chemical oxygen demand (COD) and turbid-
ity of the influent and effluent were measured with a
spectrophotometer (HACH DR/2010, USA). Total sus-
pended solid (TSS) of the samples were determined
according to the Standard Methods [27].

3. Results and discussion
3.1. Membrane performances

NF and UF membrane performances in the MPR
system were investigated using NaCl and NaySO,
(300 mg L") solution under 1-6 bar at 25°C. The mem-
branes permeability is determined by plotting the pure
water flux and salts flux vs. operation pressure. It was
found that the membrane permeability during pure
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Table 2
Characteristics of the NF and UF membranes

Membrane characteristics

NF membrane UF membrane

MWCO (Da)*

pH tolerance®

Standard operation pressure (bar)”
Hydrophobicity”

Contact angle (9)°

200 4,000
2.0-12.0 2.0-11.0
2.0-14.0 0.1-6.0
Hydrophilic Hydrophobic
39.0+1.5 60.18 +1.37

AInformation obtained from manufacturer.
PValue obtained from experimental measurements.

Fig. 4. Schematic diagram of MPR system. (1) Water chiller, (2) feed, (3) power, (4) motor, (5) UV lamp, (6) photocatalytic
reactor, (7) agitator, (8) pump, (9) cooling jacket, (10) pressure gauge, (11) bypass flow, (12) membrane filtration system,
(13) recycle fow, (14) reservoir tank, (15) electronic balance, and (16) computer.

water filtration for NF and UF membrane was higher
than salts filtration in the order of Ppure > Pnaso, >
Pnaci- The values of permeability, 7* and salts rejec-
tions were tabulated in Table 3. For NF process, the
rejection of divalent salt Na,5O4 were high compared
to the monovalent salt NaCl, due to the size of ions
and the negatively charged membrane surface [23].
However, UF process presented low rejection
performance for the both salts due to the small parti-

Table 3
Performance of NF and UF membranes

cles/molecules/ion of salts can pass easily through
the UF membranes.

3.2. Effect of initial pH

The effect of pH plays a significant role in control-
ling the photocatalytic efficiency and fouling behav-
iour in MPR system [27,28]. The charge of dye
molecules, ZnO nanoparticles and membrane surface

NF membrane

UF membrane

Permeability Permeability
Substance (Lm?h 'bar ) r Salt rejection (%) (Lm?h 'bar ) 7 Salt rejection (%)
RO water 6.2005 0.9844 - 23.1220 0.9983 -
NaCl 5.2461 0.9763 67 18.1630 0.9883 0
Na,SO, 3.6550 0.9939 94 12.2850 0.9942 0
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will change depending on the solution pH, which con-
sequently influenced the photocatalytic process and
continue to affect the characteristics of membrane dur-
ing the filtration process [29,30]. In order to investigate
the appropriate pH of UMWW in MPR and interac-
tions of membrane-dye-ZnO, the photocatalytic pro-
cess was performed under various initial pH in the
range 2-11, which subsequently moved to the filtra-
tion process. It could be noted that the original pH of
UMWW was pH 8 from influent stream. The fouling
behaviour of NF membrane is shown in Fig. 5, in
terms of normalized flux (J/],) for easy comparison of
the data. The results clearly demonstrate that the per-
meate flux was responsive to the solution pH.

Gradual flux decline could be clearly seen at the
initial two hours of filtration followed by constant flux
declines for all the UMWW conditions. The final
fluxes in a time span of 8 h were about 10, 14, 6 and
23% of the initial flux for initial pH 2, pH 7, pH 8 and
pH 11, respectively. The results were reasonably
related to the effectiveness of the photocatalysis pro-
cess as the pretreatment of wastewater, as revealed in
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Fig. 5. Normalized flux decline of NF membrane under
various pH of UMWW. Test conditions employed were
inlet pressure = 6.0 bar, temperature = 25°C, photocatalyst =
ZnO-PVP-St 0.3gL™".

Table 4. Besides, it was also corresponded to the iso-
electric point (IEP) of the membrane, ZnO and dye
molecules. Since the IEP of NF membrane is ~5.5, the
membrane surface will has negative charge for pH >
IEP, and conversely has positive charge for pH <IEP.
Similarly for the case of ZnO (IEP ~9) and dye mole-
cules (IEP ~5), they will carry positive charges when
the solution pH is lower than their IEP. On the con-
trary, negative charges will predominate when the pH
solution is higher than their IEP. The severe fouling at
pH 2, 7 and 8 is possibly due to the weakest electro-
static repulsion between the membrane surface, ZnO
and the wastewater because all the pH were near to
their IEP. The dye and ZnO could easily accumulate
and deposited on the membrane surface to form a
cake layer. As a result, the flow resistance were
increased at pH around the IEP. For solution pH away
from the membrane surface (pH 11), the stronger elec-
trostatic repulsion resulted in lesser accumulation and
deposition of the dyes and ZnO on the membrane sur-
face. Furthermore, the data in Table 4 also demon-
strate that all the chemical properties including COD,
turbidity and TSS have reduced by 91, 100 and 95%,
respectively. The results revealed that the chemical
properties improvement of UMWW was not respon-
sive to the solution pH. Therefore, it can be deduced
that the initial pH plays an important role in the MPR
for improving the performances of the photocatalytic
degradation process which led to reduction of the
membrane fouling.

3.3. Effect of ZnO loading

Effect of ZnO-PVP-5t loading from 0.08 to 0.50 g
L' in MPR was carried out under pH 11 with con-
stant inlet pressure (6.0 bar) and temperature (25°C). It
was clearly observed in Fig. 6 that the final normal-
ized membrane flux decreased significantly with the
increase of the ZnO loading from 0.10 to 0.50gL™".
The result was associated with the decreasing of
UMWW degraded after the photocatalysis process

Table 4
Characteristics of UMWW after filtration under different initial pH
COD TSS
Solution UMWW degraded after UMWW removal after reduction Turbidity reduction
pH photocatalysis process (%) nanofiltration (%) (%) reduction (%) (%)
2 32 100 90 100 95
7 36 99 91 100 94
8 29 100 91 100 95
11 49 100 91 100 95
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Fig. 6. Normalized flux decline of NF membrane under
various ZnO loading. Test conditions employed were inlet
pressure = 6.0 bar, temperature=25°C, pH 11, photocata-
lyst = ZnO-PVP-5t.

(Table 5), as described previously. According to Wang
et al. [31], enhancement of photocatalyst loading can
cause the obstruction of UV light adsorption, since the
photocatalyst is easier to be overlapped. In case of
0.08gL™" of ZnO-PVP-St loading, severe decrease in
normalized flux was observed for the first 2h, but
almost the same final normalized flux was achieved in
the case of 0.10gL™" of ZnO loading (Fig. 6). This phe-
nomenon is related to the photocatalytic degradation
results (Table 5), since there was an optimum amount
of photocatalyst loading under different experimental
conditions [32]. In addition, the effective surface of
ZnO-PVP-St and adsorption of UV light during the
photocatalysis process also influence the degradation
process which affected the fouling of NF membrane.
Similar with the case of different initial pH
(Section 3.2), the improvement of UMWW chemical
properties was also not responsive to the ZnO loading
with 92% of COD reduction, 100% of turbidity
reduction and 95% of TSS reduction as shown in

3.4. Effect of presencefabsence of ZnO and different types of
ZnO

In order to study the efficiency of ZnO-PVP-5t in
the MPR, the experiments were carried out in the
absence of photocatalyst and presence of commercial
ZnO for comparison purposes. As revealed in Fig. 7,
the order of normalized flux decline was No ZnO >
Commercial ZnO >ZnO-PVP-5t. The outcome verified
that the photocatalysis process has facilitated to
reduce membrane fouling in MPR. Furthermore,
ZnO-PVP-St showed better performance in terms of
the photocatalysis process (Table 6), reducing mem-
brane fouling (Fig. 7) and improvement of UMWW
chemical properties (Table 6). The possible explanation
for these results might be the effect of size and prepa-
ration method of the photocatalyst. It has been noted
in section 2.2 that the size of ZnO-PVP-St is about 10
times smaller than commercial ZnO (Fig. 3). Due to
the decrease of ZnO size, the surface area of ZnO

171 A
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Fig. 7. Normalized flux decline of NF membrane with the
presence/absence of ZnO and different types of ZnO. Test
conditions employed were inlet pressure = 6.0 bar, temper-

Table 5. ature =25°C, pH 11, photocatalyst=0.10g L ™"
Table 5
Characteristics of UMWW after filtration under various ZnO loading
COD TSS
ZnO loading Dye degraded after Dye removal after reduction Turbidity reduction
(gL™ photocatalysis process (%) nanofiltration (%) (%) reduction (%) (%)
0.08 58 100 92 100 94
0.10 68 100 92 100 94
0.30 49 100 91 100 95
0.50 40 100 92 100 95
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Table 6
Characteristics of UMWW after filtration under the presence/absence of ZnO and different types of ZnO
COD TSS

Types of Dye degraded after Dye removal after reduction Turbidity reduction
ZnO photocatalysis process (%) nanofiltration (%) (%) reduction (%) (%)
ZnO-PVP-St 68 100 92 100 94
Commercial 42 100 88 98 88

ZnO
No ZnO - 100 88 98 86

photocatalyst will increase and lead to enhancement
of the photoexcitation of ZnO-PVP-5t. This resulted in
high performance of photocatalytic degradation pro-
cess and subsequently improvement of the NF pro-
cess. In addition, there are a lot of structural defects in
commercial ZnO, which may reduce the effectiveness
of degradation process and consequently affected the
NF process. This is due to the preparation method of
commercial ZnO, which was the main feature which
affected the photocatalytic activity [31].

3.5. Effect of different types of membrane

Polypiperazine amide (NF) and polyamide (UF)
membranes were used in the MPR to investigate their
performances for UMWW treatment under the same
trans-membrane pressure, 6bar. Fig. 8 shows the
behaviour of volume treated in 5h of time span using
NF and UF membrane. It could be seen that higher
volume of UMWW was treated by UF membrane at
the initial time of filtration (~37 mL), however, it was
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Fig. 8. Volume treated after filtration using NF and UF
membrane in MPR. Test conditions employed were inlet
pressure = 6.0 bar, temperature=25°C, pH 11, photocata-
lyst = ZnO-PVP-St 0.10 g L™

rapidly decreases within 30 min followed by gradual
volume declines before reaching the constant rela-
tively low volume at ~2mL. The result was likely
attributed to the pore blocking effect which was
caused by the rapid formation of cake layer on the
membrane surface [33]. In the case of NF, it began
with lower volume treated (~20mL) and gradually
decreases within two hours of time span. This is due
to a starting of a concentration polarization effect
caused by the solutes on the NF membrane surface
[34]. The constant volume treated (~6mL) was
reached, may be attributed to both the pore blocking
and concentration polarization effects [33].

The influence of NF and UF membrane on dye
removal, COD, turbidity and TSS reduction is shown
in Table 7. It can be clearly seen that all the retention
is more noticeable for NF membranes than for UF.
The results were expected since the low molecular
weight and soluble dyes (acid, reactive, basic, etc.)
cannot be removed by an UF process [35,36]. The
result also confirmed that the small particles/mole-
cules/ion can pass easily through the UF membrane.
Therefore, NF was shown to be the appropriate tech-
nique in the MPR for dye wastewater treatment.

3.5.1. FESEM and EDX analysis

FESEM images and EDX analysis of fresh and
fouled NF and UF membrane after filtration in the
presence of ZnO-PVP-St photocatalyst are shown in
Fig. 9 and Table 8. It was clearly observed that both
the membranes after the filtration process have many
contaminants entrapped on the surface, obviously
referring to the chemical elements in UMWW and
ZnO-PVP-St as confirmed in EDX analysis. However,
the percentage of the elements and ZnO retained on
the NF membrane surface were higher in comparison
to UF (Table 8). This is also in accordance with the
earlier observations in previous section, which showed
that the low molecular weight, soluble dyes and small
molecules/ions would be transported in the permeate
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Table 7
Characteristics of UMWW after filtration under different types of membrane

TSS
Types of Dye degraded after Dye removal after COD Turbidity reduction
membrane photocatalysis process (%) filtration (%) reduction (%) reduction (%) (%)
NF 68 100 92 100 94
UF 68 73 12 41 52

Fig. 9. Membrane surface FESEM image of (a) Fresh NF membrane, (b) Fouled NF membrane, (c) Fresh UF membrane,
and (d) Fouled UF membrane.

Table 8

EDX analysis of NF and UF membrane

Condition/element Fresh NF (%) Fouled NF (%) Fresh UF (%) Fouled UF (%)
Carbon (C) 78.52 52.50 78.49 75.29
Oxygen (O) 18.27 33.37 18.24 20.09
Sodium (Na) 0.18 - 0.21 -
Sulphur (S) 3.03 0.29 3.06 0.29
Magnesium (Mg) 0.42 0.23
Aluminium (Al) 0.64 0.33
Silicon (Si) 2.61 1.35
Phosphorus (P) 1.07 0.65
Potassium (K) 0.47 0.10
Calcium (Ca) 1.91 0.76
Iron (Fe) 0.26

Zinc (Zn) 6.47 0.90
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Fig. 10. Cross section FESEM image of (a) Fresh NF membrane, (b) Fouled NF membrane, (c) Fresh UF membrane, and

(d) Fouled UF membrane.

flow. Moreover, the cross-section FESEM image
(Fig. 10) revealed that the fouling layer cake was
formed on the both of membrane surface. The cake
layer is thicker on UF surface (8 um) in comparison to
NF surface (5pm). This was believed to be the pri-
mary source which leads to severe fouling for the UF
membrane.

4. Conclusions

The industrial newsprint wastewater (UMWW)
was successfully treated using MPR with utilization
of self-synthesized ZnO nanoparticles via precipita-
tion method. It was found that pH 11 and 0.1gL™"
of ZnO loading were the optimum operational condi-
tion of the MPR. However, the effluent chemical
properties were not responsive to the effect of vari-
ous pH and ZnO loading. Performances of NF mem-
brane and the chemical properties of effluent were
improved in the presence of ZnO-PVP-5t as the pho-
tocatalyst in the MPR. From the results, NF mem-
brane was shown to be the appropriate technique in
the MPR due to the dye molecules and ZnO nano-
particles could pass through the UF membrane. The
membrane characterizations results confirmed that
ZnO-PVP-5t nanoparticles and NF membrane have a
great potential in MPR for industrial dye wastewater
treatment.
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