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ABSTRACT

This study aims to investigate the effect of binder used in dip-coating techniques on ceramic photo-
catalytic membrane reactor (PMR) and to evaluate the performance of the PMR in the treatment of
secondary effluent from two hospitals. The catalytic membrane was dipped and coated with TiO,,
then either sodium lauryl sulfate (SLS) or polyethylene glycol (PEG) was used as binders. The pho-
tocatalytic membranes were characterized using scanning electron microscopy and X-ray diffraction.
Organic matter in the wastewater effluent was measured and characterized using chemical oxygen
demand, dissolved organic carbon (DOC), and fluorescent excitation-emission matrix (EEM). DOC
removal efficiencies of the PMR experiments using the TiO,-PEG and the TiO,-SLS membranes
were 20.0% and 28.5%, respectively. EEM characterization revealed four fractions of organic mat-
ter were presented in the system, namely tyrosine-like, tryptophan-like, humic-like and fulvic-like
organic matter. The TiO,-assisted PMR had preferential removal of protein-like dissolved organic
matter (DOM) over humic-like substances, as protein-like DOM was preferably oxidized by hydroxyl
radicals in the reactor.

Keywords: Photocatalytic membrane reactor; Ceramic membrane; Dissolved organic carbon;

Fluorescent spectroscopy; Hospital effluent

1. Introduction

The photocatalytic process is environmentally friendly
with a number of advantages compared to some alterna-
tive technologies. Many researchers have been studied the
application for hardly biodegradation compound in water
and wastewater such as synthetic azo dye [1], azo dye (Acid
Orange) [2], oily wastewater [3], humic acid [4,5], carbaryl
[6], antibiotic pharmaceutical [7], micropollutant [8], etc.
The well-known catalysts are metal oxide such as titanium
(TiO,), zinc (ZnO), zirconium (ZrO,), hematite (FeO,).
Titanium dioxide (TiO,) has been previously used as a cat-
alyst to remove organic pollutants for its economic cost,
practical and eco-friendly products [9]. The photocatalytic
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membrane reactor (PMR) is the process that combines mem-
brane filtration and photocatalysis in the same reactor.
There are two types of photocatalytic membranes, which
are (i) polymeric membrane and (ii) ceramic membrane.
The ceramic membrane was commonly used for its high
temperature and chemical resistance, high water flux, and
stability during operation [7,10].

Al O, based ceramic membrane was studied for macro-
porous supports that immobilize photocatalysts for mem-
brane photocatalytic processing according to the composi-
tion of the hydroxy group that increased hydrophilicity of
the membrane [2,11]. Sol dip-coating technique is widely
used for coating the TiO, on a ceramic membrane. Zhang et
al. [12] have studied the preparation of TiO,/Al,O, composite
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membranes by sol-gel technique, demonstrating anatase
crystal structure. The induction of TiO, and combining PMR
improved the dye removal efficiency to 82% compared to
that of 65% by the membrane filtration alone. Mendret et al.
[13] have studied the preparation of TiO, immobilized on
flat-sheet alumina ceramic membrane by using a sol-gel.
The experimental variables included layer coating, initial
Acid Orange 7 concentration and pH. There were two main
mechanisms for organic matter removal, including pho-
todegradation and adsorption. In addition, higher pho-
tocatalytic activity was found at acidic pH (pH = 4) due
to the higher adsorption. This indicated that pH had an
influence on the organic matter removal mechanisms and
that removal efficiency increased as photocatalytic activ-
ity increased. Wang et al. [14] have prepared TiO, cata-
lyst immobilization on porous ceramic tubes by using a
dip-coating technique and reported that the efficiency of
the system increased with catalyst loading increased. In a
study of humic acid removal by ceramic TiO,-UF PMR, the
parameters that affected PMR fouling included pH, cross-
flow velocities (CFV), and feed composition. A high CFV
helped mitigating membrane fouling while changes in the
permeate flux were related to TiO, loadings [15].

In addition, the PMR is able to use for microorganism
removal/inactive or disinfection. Guo et al. [16] have stud-
ied TiO,-photocatalytic membrane with coated outer sur-
faces for virus and bacteriophage P22 removal. Parallel
experiments were performed for the alternative treatment of
the turbid effluent. It found that hybrid TiO,-coated mem-
brane coupling with UV was high efficiency than other
processes. The photocatalytic coating method was effective
for the inhibition of virus removal and inactive by the tur-
bidity. Jiang et al. [17] have studied PMR for the inactiva-
tion of bacteria from treated wastewater from the activated
sludge process. The efficiency of microorganism removal
is depending on the TiO, particle dosing that induced the
adsorption mechanism on the TiO, surface before mem-
brane rejection. Based on a literature review above, two
key aspects that affect the performance of a photocatalytic
membrane process are membrane preparation (materials,
formulations, and techniques) and the operating conditions
(flow rate, pH, initial concentration, etc.).

The use of organic chemical binders or additives in
membrane ceramic synthesis can enhance the performance
of the membrane-active layers [18]. The binder could pen-
etrate into the membrane surface, obtained narrower
retaining lines, enlarged the pores and increased ceramic
density, thus induced higher flux [18,19]. Examples of var-
ious binders that were used to improve the properties of
membranes in previous studies are polyvinylpyrrolidone
[2,20], carboxymethyl cellulose [21], polyethylene glycol
(PEG) [21,22], polyvinyl alcohol [23], sodium lauryl sulfate
(SLS) [24], etc. Zhang et al. [22] used PEG as an additive
and reported that increasing in PEG induced a larger pore
size of the membrane. Boussemghoune et al. [25] had inves-
tigated different organic binders on ceramic support mem-
brane and found that using PEG successfully enlarged the
membrane pore size as confirmed by Brunauer-Emmett—
Teller analysis. SLS is an anionic surfactant that is widely
used for binding on polymeric or composite membranes
[26]. SLS was used as a solution to disperse nanosized TiO,

particles on the membrane surface, which resulted in mem-
brane morphology improvement [27]. Even though using
binder successfully improved pore size and TiO, particle
distribution on the ceramic membrane, there is still a need
to evaluate the effect of SLS and PEG binder on the ceramic
photocatalytic membrane in an application where disinfec-
tion is needed.

In Thailand, activated sludge process, aerated lagoon
and stabilized pond followed by chlorination for disin-
fection are commonly employed in hospital wastewater
treatment plant (HWWTP). Even though the concentra-
tion of biochemical oxygen demand (BOD) and chem-
ical oxygen demand (COD) in hospital wastewater are
not high, the BOD/COD ratio was 0.64 and the total
organic carbon (TOC) was approximately 223 mg/L [28].
Organic compounds are commonly found in the efflu-
ent of HWWTP and the reaction between these organic
compounds and chemical disinfectants like chlorine can
lead to the formation of harmful disinfection by-products
(DBPs) including trihalomethanes (THMs). Jutaporn et
al. [29] reported a significant correlation between THMs
formation potential (THM-FP) and dissolved organic
carbon (DOC). Hence, instead of chlorination, the pho-
tochemical reaction is proposed for hospital wastewater
disinfection to minimize DBPs formation. Therefore, the
objectives of this study are to evaluate the effects of binder
in dip-coating of a ceramic membrane for PMR and to
apply the coated ceramic membrane to remove organic
compounds in treated wastewater effluent from hospitals.

2. Materials and methods
2.1. Preparation of ceramic membrane

The ceramic membrane was prepared from alumina
(93 wt.%) and bentonite white (7 wt.%), by ball milling for
6 h, leaving in place for 1 d. The slip was then cast into a
plaster mold. The tubular sample had a diameter, length
and thickness for 50, 250 and 5 mm, respectively. The sam-
ples were then oven-dried at 110°C until the weight of the
membrane samples became constant. Then the tempera-
ture was increased by 4.0°C/min until 1,100°C was reached.
The samples were sintering at 1,100°C for 1 h, and then
naturally cooled to a room temperature [30].

2.2. Deposition of photocatalytic coating on the membrane surface

TiO, powder (Sigma-Aldrich, Inc.) was used as a photo-
catalyst to coat on the lumen surface of the ceramic mem-
brane. A mixture containing 10 wt.% of the catalyst was
prepared by dissolving 100 g of TiO, powder into 900 g of
Milli-Q water, then 0.02 g of SLS was added into the mixture
as a dispersant. The suspension was stirred with a magnetic
stirrer for 12 h and then sonicated in an ultrasonic bath for
another 12 h. The dip-coating procedure using TiO, cata-
lyst on the ceramic membrane was conducted according to
Guo et al. [16]. The membrane coated with TiO, catalyst and
SLS binder is referred to as TiO,-SLS membrane. PEG was
also used as a binder in the same dip-coating procedure,
and the membrane prepared with TiO, catalyst and PEG is
named TiO,-PEG membrane.
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2.3. Membrane characterization

The pore size of the membrane was determined using
the mercury porosimetry method followed a procedure
previously described by Huang et al. [31]. Morphological
analyses of the non-coated membrane and the membrane
coated with TiO, were conducted using scanning electron
microscopy (SEM, TESCAN VEGA) to determine pore size,
thickness and membrane structure. Crystal structure and
phase composition of the membranes were characterized
using X-ray diffraction (XRD) technique with Cu Ka wave-
length and angle (20) of diffraction was varied from 20° to
70° (XRD, JSM-7600F diffractometer).

2.4. Sample collection and organic matter characterization

Treated wastewater effluent was collected from the
two hospital wastewater treatment plants prior to chlo-
rination. The first WWTP is an aerated lagoon (AL) locat-
ing in a private hospital, while the second WWTP is an
activated sludge (AS) treatment plant locating in a public
hospital. COD, pH, total suspended solids (TSS), and tur-
bidity were analyzed following the Standard Method [32].
DOC was analyzed by TOC Analyzer (Multi N/C 3100,
Germany). Dissolved organic matter (DOM) in the samples
was characterized using the fluorescent excitation-emis-
sion matrix (EEM) (FP-8200, JASCO, Japan). EEM contour
plots were visually inspected and the peak-picking method
[33] was employed to determine the relative abundance of
DOM fractions in the samples before and after treatment
with PMR. EEMs were collected at excitation wavelengths
from 200 to 500 nm at 5 nm increment and emission wave-
lengths from 210 to 550 nm at 5 nm increment. Four dis-
tinctive EEM peaks were observed at different excitation/
emission (ex/em) coordinates, including tyrosine-like
peak B (230/340 nm), tryptophan-like peak T (275/340 nm),

terrestrial fulvic-like peak A (250 nm/420 nm), and terres-
trial humic-like peak C (345/420 nm) [33,34]. Sample EEMs
were subtracted with blank EEM of Milli-Q water, 1st and
2nd order Rayleigh masking, and then normalized to 1 using
the highest value across all EEMs [35].

2.5. Evaluation of TiO, photocatalytic membrane performance

For a PMR batch experiment, the membrane was
fully submerged in 1 L of wastewater effluent and then
was placed under UV irradiation inside the membrane as
shown in Fig. 1. The flow rate of the system was controlled
at 120 mL/min by a peristaltic pump (Masterflex, USA).
The pressure of the system was determined by a pressure
sensor (Lutron MPS-384SD, Taiwan) directly connected to a
personal computer.

The membrane permeate was collected in a beaker and
the weight of the permeate was measured using a digital
balance (AND, GF-3000, Japan) with an accuracy of 0.1 g.
Permeation flux (J, L/m? h or LMH) was calculated using
the following equation:

J=—~ 1)

where M is the mass of permeate (L), A is the effective
membrane area (m?), and At is the permeation time (h). COD
and DOC removal efficiencies were calculated as follows:

feed — permeate
feed

%Removal = value x100 )

where the feed and permeate correspond to the COD or
DOC of the feed and permeate solutions, respectively.
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Fig. 1. Diagram of the experiment set-up.
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The collected permeate samples were analyzed for pH, TSS,
turbidity, COD, DOC, and fluorescent EEM.

3. Results and discussion
3.1. Membrane characteristics

The inner layer and cross-section images of the mem-
brane obtained from SEM analysis are shown in Fig. 2.
The ceramic membrane has a separation layer with 0.8 um
nominal pore size at the inner side of the membrane tube.
SEM morphological analysis showed that, with TiO,-coating,
the membrane surfaces were smoother. The membrane
thickness, including the intermediate and the top layers, is
approximately 10.5 and 11 pum for TiO,-SLS and TiO,-PEG
membranes, respectively. With TiO, dip-coating technique
and hydroxyethyl cellulose organic binder, 3 um layer of
TiO, was reported in a previous study [36]. Thus, the cycles
of the coating had a major effect on the thickness of the top
layers. The lumen side of the TiO,-SLS membrane is com-
pacted and the top layer is separated distinctively compared
to that in the TiO,-PEG membrane (Fig. 2b and c). Moreover,
the mass increase of the membranes was 5.39 and 3.37 g for
TiO,-SLS and TiO,-PEG membranes, respectively, which
suggesting that SLS was a more effective binder for the
dip-coating technique.

XRD spectra were used to determine the elemental com-
position of the membranes (Fig. 3). The non-coated ceramic
membrane composed of 49.3% aluminum (Al), 49.5% oxy-
gen (O) and 1.2% calcium (Ca) (Fig. 3a). There was no sig-
nificant difference of Ti components observed between

Inner layer x10000

<2 S 2

Inner layer x30000

the XRD spectra of TiO,-SLS and TiO,-PEG membranes.
However, for the TiO,-SLS membrane, silica (Si) was pre-
sented by 3%. This observation agreed well with the results
from a previous study [12] reporting that the addition of
20%—-33% silica into the photocatalytic membrane could
suppress the phase transformation of TiO, from anatase to
rutile. Hence, enhance the generation of hydroxyl radicals
("OH) for DOM oxidation [37]. This property of the TiO,-SLS
membrane could enhance its removal efficiency. Based on
these membrane characterization results, it can be assumed
that the TiO,-SLS membrane would have greater removal
efficiency compared to the TiO,-PEG membranes.

3.2. Wastewater characteristics

The characteristics of the two treated wastewaters used
in this study are presented in Table 1. Despite the higher
turbidity of AS effluent, the two effluent samples had sim-
ilar TSS concentrations. AS effluent had lower COD and
DOC than AL effluent.

3.3. Membrane flux

Fig. 4a and b show the permeate flux obtained from
the PMR experiments using AL effluent and AS efflu-
ent as feed solutions, respectively. For the PMR experi-
ment using AL effluent as the feed, the initial flux of the
non-coated, TiO,-SLS and TiO,-PEG membranes were
180, 179, and 133 LMH, respectively. Similarly, for the
experiment using AS effluent, the initial flux of TiO,-PEG
membranes was lower than the other two membranes.

Cross section x2500

Fig. 2. SEM images of the ceramic membranes; (a) non-coated membrane, (b) TiO,-SLS membrane, and (c) TiO,-PEG membrane.
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Fig. 3. XRD spectra of (a) non-coated membrane, (b) TiO,-SLS membrane, and (c) TiO,-PEG membrane.

The membrane resistance (R ) was calculated according to
Khongnakorn et al. [38], and R of the non-coated, TiO,-
SLS and TiO,-PEG membranes were 5.49 x 10", 5.94 x 10"
and 6.25 x 10 m™, respectively. Thus, the greater thick-
ness (Fig. 2c) and the Ti dispensed in the inner surface of
the TiO,-PEG membrane (Fig. 3c) results in the greater
R, and subsequently less initial flux. Bu et al. [39] previ-
ously reported that PEG molecule can be exothermically

adsorbed onto a TiO, oligomer through hydrogen bond for-
mation. However, it seems that the step of coating in each
cycle was also important to hydrophilicity/hydrophobicity
of the top layer formed, thus affect membrane resistance.
After 30 min of PMR experiments, flux declined
occurred 53%—69% for the non-coated membrane. While flux
declined in the experiments using TiO,-SLS and TiO,-PEG
membranes were in the range of 43%-74% and 60%—68%,
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respectively. The least flux decline (43%) was observed on
the TiO,-SLS membrane experiment using AS effluent.

3.4. Performance of the PMRs
3.4.1. Feed and permeate qualities

The operational conditions of the PMR experiment
were kept constant with the flow rate of 120 mL/min and
the temperature of 30°C for 30 min. The quality of feed
and permeate water from the experiments are shown
in Fig. 5. After 30 min of operation of the three types
of PMR experiments, turbidity of the wastewater was

Table 1
Characteristic of treated wastewater collected from two hospitals

Water quality parameter AL effluent AS effluent
pH 8.6 6.7
TSS (mg/L) 30 30
Turbidity (NTU) 20 43
COD (mg/L) 160 127
DOC (mg/L) 12.8 11.8
200
oo --@--Non-Coated
[=¥
150 + D&a‘ - O+ TiO,SLS
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Fig. 4. Flux of the non-coated, TiO,-SLS and TiO,-PEG ceramic
membranes obtained from the PMR experiments using (a) aer-
ated lagoon effluent and (b) activated sludge effluent as feed
solutions.
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drastically decreased in the range of 93%-97%. The per-
meate turbidity from the experiments using AL and AS
effluent was 0.781.36 NTU and 1.10-1.14 NTU, respectively.
These results show great turbidity removal efficiency of
the PMR, which could be applied to treated secondary
effluent to achieve better water quality.

For the experiments with AL effluent, COD remov-
als by the non-coated, TiO,-SLS and TiO,-PEG membranes
were 58%, 82% and 77%, respectively. For AS effluent, the
COD removals by these three membranes were 56%, 78%
and 61%. Thus, for the two water sources, the TiO,-SLS
membrane achieved the highest COD removal efficiency.
Similarly, for DOC removal, PMR with TiO,-SLS membrane
achieved the highest removal of 32% and 25% for AL and
AS effluent, respectively. While the treatment with the non-
coated and the TiO,-PEG membrane results in only 12%-28%
DOC removal. Therefore, similar trends were observed
in COD and DOC removals and that the highest removal
occurred in the experiments with the TiO,-SLS membrane.

Overall, these results have promising commercial-
ization possibilities in applying the PMRs to treat sec-
ondary effluent for a non-portable water reuse applica-
tion. The PMR with the TiO,-SLS membrane showed the
highest organic matter removal. Based on the membrane

200
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1207 &DOC (mg/L)
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Fig. 5. Feed and permeate quality of the PMR experiments con-
ducted using (a) aerated lagoon and (b) activated sludge as feed
water. The operation condition; Q = 120 mL/min; ¢ = 30 min; tem-
perature = 30°C.
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characterization results, the high efficiency of the TiO,-
SLS membrane was due to the presence of Si elements in
the membrane structure and the increase of TiO, mass in
the membrane. The deposition of TiO, on top of the mem-
brane surface could also maximize the illumination of a
light source to the surface of TiO,, which could increase the
photocatalytic activity.

3.4.2. DOM characterization using EEM

In this study, two feed and four permeate samples were
collected from the experiments using coated membranes
for DOM characterization using EEM analysis. A repre-
sentative EEM contour plot obtained for the AL effluent
feed water is shown in Fig. 6a. Based on the peak picking
method [33], the EEM contour indicates that the main
DOM presented in the AL effluent was humic-like and ful-
vic-like DOM (peaks C and A). Protein-like DOM, includ-
ing tryptophan-like DOM (peak T) and tyrosine-like DOM
(component T), also presented in the sample but their nor-
malized fluorescent intensities were lower than those of
humic and fulvic peaks. The presence of humic and ful-
vic-like DOM in AS system was contributed to their low
biodegradability and the release of EPS from flocs [40].

After treatment with PMR-PEG (Fig. 6b), fluorescent
intensities of the four peaks decrease noticeably by the
chance in color scale. For a quantitative comparison, the
fluorescence intensity at peaks A, B, C and T for all feed
and permeate water is presented in Fig. 6c. Compared to
AS effluent, AL effluent had lower fluorescent intensity at
protein-like peaks B and T, but the higher intensity at peak
C. This result could be explained by the lower concentra-
tion of microorganisms in the AL and also the ability of AL
to remove tyrosine-like and tryptophan-like DOM [41].

For the experiments using TiO,-PEG membrane, the
PMRs exhibited good removal of protein-like DOM (peak
B and T, 6.8%-22%) for both AS and AL feed water. For AL
feed water, great removal of humic-like DOM (peak C, 29%)
was also observed. However, an increase in fluorescent
intensity of humic and fulvic DOM (peak C and A) in the
range of (14%—41%) was observed after PMR treatment.
This phenomenon could be explained by the generation of
humic-like DOM caused by the photocatalytic degradation
of protein-like DOM [42]. It is possible that a membrane
treatment had preferential removal of protein-like DOM,
and the breakdown of protein-like DOM could generate
humic-like DOM, as a previous study [43] reported that per-
meate from membrane bioreactor contained predominantly
humic-like DOM.

For the experiments using TiO,-SLS membrane, the
greatest fluorescent loss at peak B (40%) was observed in
the case of AS effluent feed water. The reduction of fluo-
rescent intensity at peak T was moderate (7.7%—-27%). An
increase in fulvic-like peak A (22%-34%) was also observed,
similar to the experiments using TiO,-PEG membrane.
Overall, the PMRs exhibited preferential removal of pro-
tein-like DOM over humic and fulvic-like DOM, which
agrees well with a previous study [42] reporting that the
rate of photocatalytic degradation of protein-like DOM was
found to be greater than that of humic-like DOM. During
the photocatalytic reaction in the PMR, the protein-like
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DOM could be directly and preferably oxidized by the
hydroxyl radicals in the solution. However, the break-
down of protein-like DOM by photocatalytic reaction could
also lead to an increase in fluorescent intensity of humic-
like DOM.

Previously, humic-like DOM was associated with the
formation of carbonaceous DBPs [19,34], while protein-like
DOM was previously associated with bacteria re-growth
in distribution systems [44] and membrane fouling [45].
Hence, the greater removal of peak B and T suggests that
the TiO,-assisted PMR could be useful for membrane foul-
ing reduction and prevention of bacterial re-growth in
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Fig. 6. Fluorescence excitation-emission matrices (EEMs) for
(a) aerated lagoon effluent and (b) aerated lagoon effluent
treated with PMR-PEG. (c) Normalized fluorescent intensi-
ties at peak A, B, C, and T. All data is normalized based on the
highest peak value across all EEMs.
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pipelines, but treatment for DBPs precursor removal might
not be beneficial as much from the TiO,-assisted PMR.

4. Conclusions

SLS and PEG were used as the binder in the synthesis
of TiO, photocatalytic membrane for treatment of second-
ary effluent from the two hospitals. The PMR treatment
with TiO,-SLS membrane resulted in the highest COD
removal and also moderate removal of DOC and fluo-
rescent intensity of protein-like DOM. The main factors
enhancing the performance of the TiO,-SLS membrane
were the presence of silica at the membrane surface and
the formation of TiO, at the top layer for which increase
photocatalytic activity. EEM characterization revealed that
the TiO,-assisted PMR had preferential removal of pro-
tein-like DOM over humic-like substances, as protein-like
DOM was preferably oxidized by hydroxyl radicals in the
reactor. Hence, the TiO,-assisted PMR could be useful as a
treatment for membrane fouling reduction and prevention
of bacterial re-growth in pipelines.
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