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ABSTRACT

A photocatalytic membrane reactor (PMR) was developed indigenously by integrating a flat sheet
ultrafiltration (UF) membrane with a slurry UV-TiO, photocatalytic reactor for the removal of
phenanthrene (PHE). The effect of operating parameters including initial PHE concentration (1000
1500 pg/L), catalyst dosage (0.1-0.9 g/L) and pH (3.0-9.0) on PHE degradation and TOC removal
were investigated. The batch study of the integrated process showed 99.3% PHE degradation and
97.2% TOC removal for optimized values (PHE concentration-1000 pg/L, TiO, dosage-0.5 g/L and
pH-3) during 3 h reaction while the individual processes; UV-TiO, (84% PHE degradation and 60%
TOC removal) and membrane separation (53% PHE removal) showed lower removal rates for the
same experimental conditions. Lowering the initial PHE concentration was found to increase its
percentage removal. The degradation rate of PHE during integrated process (UV-TiO, + Membrane)
was almost doubled than that during solo photocatalytic process (UV-TiO,). The PHE degradation
followed pseudo-first-order kinetics. The agglomerations of photocatalyst particles were measured
by dynamic light scattering (DLS) instrument and the sizes were found to vary between 220-1253
nm for the pH range of 3-9. The obtained experimental results were analysed with response surface
methodology (RSM) using Design Expert software. The experimental data showed good agreement

with the predicted results obtained from statistical analysis.
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1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are environ-
mentally persistent organic pollutants (POPs) [1] containing
two or more fused benzene rings. They are neutral and non-
polar compounds having high melting points, low vapour
pressure and low water solubility. With an increase in the
number of fused benzene rings, solubility of PAH decreases
and hydrophobicity increases. Because of their toxic, muta-
genic and carcinogenic effects, 16 PAHs especially those
with four or more rings were included in the priority list of
pollutants of US EPA and European Union [2,3]. Humans
are exposed to PAHs as a part of everyday life because of
their ubiquitous nature. The sources of them may be natural
or anthropogenic. The natural sources are mainly volcanic
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eruptions and forest fires [4,5]. Anthropogenic sources are
of two types namely pyrogenic (incomplete combustion of
fossil fuels, burning of wood, biomass at high temperature)
and petrogenic (oil spills from crude and petroleum).
PAHs are one of the main source of pollutant in aque-
ous matrices including surface, ground and drinking
water and wastewaters. Atmospheric deposition, surface
runoff, industrial discharges and oil spills causes their
presence in surface water. Atmospheric precipitation con-
tributes to 10-80% of the PAHs presence in the oceans
[6]. Lipiatou et al. [7] quantified the total PAHs inputs of
47.5 t/year from the atmosphere to the Mediterranean Sea
while Rhone and Ebro rivers showed 5.3-33 t/year and
1.3 t/year respectively. The presence of PAHs in ground
water may be due to surface water contamination, land-
fill leachate and agricultural water. Zoller et al. [8] esti-
mated 0.2 and 6.9 ng/L of PAHs in inland waters of the
United States and 2.50 ng/L in surface water. The usage of
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coated pipes of coal tar in water supply systems contrib-
ute to the presence of PAHs in drinking water [9]. Several
PAHs concentrations were also detected in wastewaters of
India [10-12]. Gowri et al. [10] detected the PHE concen-
tration of 1.772 mg/L in Chennai-Nagapattinum coastal
water. The water solubility of PHE is 1.6 mg/L. The con-
centration greater than its water solubility might be due
to the presence of organic colloids present in water which
would have increased their concentrations beyond their
solubility [4,13]. Brindha et al. [11] reported the PHE and
acenaphthene (ANA) concentrations of 0.143 and 0.121
mg/L in Chennai-Rayapuram ground water. Malakar and
Saha [12] also detected 4.48 mg/L of naphthalene (NAP)
in Kolkatta refinery wastewater. Therefore the presence of
PAHs are not only the issue of soil and air pollution but
also a serious problem of water pollution. Several studies
were carried out on photocatalytic degradation of PAHs in
aqueous solutions [6,13-15].

Nowadays micropollutants such as PAHs present in
the wastewaters are very challenging because of their tox-
icity even at nanogram level of concentrations. PAHs are
non-biodegradable and conventional treatment methods
that include coagulation, flocculation, filtration, ozonation
and chlorination were found to be ineffective in degrading
PAHs in water [6,16]. Though membrane separation and
activated carbon reduced the concentrations of these pol-
lutants considerably, several compounds detected in the
membrane permeate and effluent of the activated carbon
processes indicate the partial removal of these compounds
[17]. In addition, the incomplete mineralization during the
most effective advanced oxidation processes lead to the
presence of the compound intermediates which are more
toxic than the parent compound. Considering the toxicity of
phenanthrene and its intermediates at lower concentrations
in water on humans and animals, it becomes necessary to
apply advanced methods that could promote to achieve
complete degradation and mineralization of the target com-
pound.

UV photolysis was described to be effective in degrad-
ing a wide range of organic micro pollutants. However,
direct photolysis using low pressure lamps were limited
due to the drawback of the by-products formed whose
formation rate and toxicity were higher than the parent
compound [16]. Progress in water treatment have led the
researchers to the development of photocatalytic processes
using semiconductor materials (ZnO, TiO, etc.) that can
create significant changes in the chemical structure of the
pollutants to abate them from aqueous solutions. These
processes are called advanced oxidation processes (AOPs)
and could be coupled with conventional methods [18]. Due
to low cost, small foot print and high efficiency, photoca-
talysis was recognized as an effective solution to remove
PAHs from wastewater [19]. Among the photocatalysts,
nanoparticles of TiO, were considered to be very effective
for the degradation of organic pollutants [20] and several
researchers employed nanoTiO, as a photocatalyst for the
degradation of PAHs [6,13-15]. In this study, we examined
the removal of phenanthrene (PHE) which is one of the 16
PAHs classified by USEPA as priority pollutants [21].

During photocatalysis, catalyst applied may either be
in the form of powder suspended in slurry or immobilized
on various supports such as glass, quartz or stainless steel.

The advantages of slurry photoreactor are; high surface
area for adsorption and reaction, high degradation rate, no
mass transfer limitation and simple reactor configuration.
However, the application of slurry reactors are limited due
to the additional step of the photocatalyst separation after
detoxification. This problem could be overcome by con-
fining or recycling the photocatalyst within the treatment
unit [22] by advanced membrane separation in which the
membrane acts as a physical barrier against photocatalyst
particles and organic molecules or intermediates to be
degraded while the separated catalyst can be reused in a
slurry photocatalytic reactor and operated continuously
[23]. These type of reactors are called photocatalytic mem-
brane reactors (PMRs). PMRs have certain advantages
with respect to photoreactors that include: (i) photocat-
alyst confinement in the reaction environment by means
of membrane, (ii) control of residence time of compound
molecules in the reactor, (iii) realization of continuous pro-
cess with simultaneous separation of catalyst and prod-
uct from the reaction environment, (iv) save energy and
reduce the cost of installation for additional operations
and (v) possibility of further reuse of catalyst recovered
from the reaction mixture.

The PMRs reported in the literatures can be grouped
into five categories viz., (i) slurry type of PMR in which
photoreactor and membrane unit are placed separately
[24]. The membrane employed may be microfiltration
(MF) or ultrafiltration (UF) membranes with cross flow
filtration, (ii) slurry PMRs in which the photoreactor
contains submerged MF/UF membranes with cross
flow mode of filtration [25], (iii) slurry PMRs in which
the membrane module submerged in the slurry is sur-
rounded by UV lamps placed outside the photoreactor
[26], (iv) immobilized PMRs with TiO, doped membranes
[27] and (v) photocatalytic membrane distillation sys-
tems [28]. Though researchers had developed many PMR
configurations, slurry reactors confined by means of a
submerged flat sheet or hollow fibre membrane seems
to be more suitable for practical and industrial applica-
tions [26,29,30] and seems to be better solution for the
removal of persistent organic pollutants (POPs) such as
pharmaceuticals and endocrine disrupting compounds
in aqueous solutions [24,26]. In the literature reported
PMRs, there are two major drawbacks; (i) non uniform
irradiation (light source is placed outside/inside the
photoreactor) and (ii) non simultaneous photodegrada-
tion and separation (membrane module is kept outside/
on one side of the submerged photoreactor) [31]. More-
over, all PMR studies were conducted on either dye or
other phenolic compounds. To the best of our knowledge
no one study was carried out to evaluate the performance
of PMRs on PAHs removal.

Therefore the aim of this study is to evaluate the per-
formance of a novel slurry PMR for PHE removal. This
PMR with centrally placed UV-C lamp was designed in
such a way to have uniform irradiation. The non-addi-
tion of chemicals and the placement of membrane and UV
lamp in one unit reduces the installation cost. Since the
reject is on the feed side, this particular PMR eliminates
the subsequent treatment of wastes that were generated
during membrane filtration. Moreover this PMR exhibited
good fouling control by means of various adopted fouling
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control strategies (aeration, periodic cleaning and cross
flow filtration).

In this PMR, batch experiments were conducted to assess
the effect of initial PHE concentration, TiO, dosage and feed
solution pH and the process parameters were optimized
during individual and combined processes (membrane
filtration, UV-TiO, and UV-TiO, + membrane filtration)
for PHE degradation and TOC removals. In addition, this
paper also includes a kinetics study of PHE degradation
and TOC removals. Response surface methodology with
central composite design (CCD) method was employed to
assess the interactive effects of various operating variables
during integrated process.

2. Materials and methods

2.1. Materials and reagents

Phenanthrene (C H,, MW-178) and titanium oxide
(Evonik Degussa P25, Germany TiO,, 21 nm TEM size) were
purchased from Sigma Aldrich. The key physical charac-
teristics of PHE were; molecular weight-178 g/mol; CAS
Number-85-01-8 and water solubility-1.6 mg/L. The intrinsic
hydrophobicity of these compounds were reflected by their
octanol-water partitioning coefficient (Log K_ ) values which
is 4.46 for PHE. TiO, P25 Degussa was a mixture of 70% ana-
tase and 30% rutile with BET surface area 50 m?/g and band
gap 3.2 eV. Hydrochloric acid (36.5-38.0% HCl) and sodium
hydroxide (99% NaOH), dichloromethane, acetonitrile and
hexane were of HPLC grade purchased from Merck. Double
distilled water (Merck) was used for TOC analysis. Reaction
mixture was prepared by adding the required concentrations
of model compound in distilled water. Required pH was
adjusted by 0.1 M NaOH and 0.1 M HCL.

Stock solutions were prepared by dissolving 100 mg of
PHE in 100 ml of acetonitrile so that the concentration of
the solution was 1000 mg/L. The required concentrations

(a) Schematic diagram of a slurry photocatalytic membrane
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of PHE were obtained from this stock solution. The samples
were magnetically stirred to get the homogeneous solution.
All glassware used in this experiments were washed with
methanol, deionized water and acetone and dried at 110°C
for 3 h.

Commercial ultrafiltration (UF) flat sheet membrane of
size 305 mm x 305 mm (purchased from Sterlitech Corpo-
ration, Kent, WA 98032, USA) was used in fabricating the
reactor. This membrane was made up of polyethersulphone
(PES) with molecular weight cut-off (MWCO) 100 KDa and
the following are the characteristics of the membrane as per
the manufacturer: hydrophobic, pH 2-11 and maximum
flux 693-741 ml/min for 50 psi.

2.2. Experimental setup

The schematic diagram of the developed laboratory
scale slurry PMR is shown in Fig. 1. The reactor of 2.1 L vol-
ume consisted of a UV-C lamp (Philips TUV 16 W, A, =254
nm, irradiation intensity = 1.54 W/m?) and a flat sheet poly-
ethersulphone (PES) YMLY3001 - Synder LY Membrane
(size 305 mm x 305 mm and MWCO 100 KDa purchased
from Sterlitech Corporation, Kent, WA 98032, United States
of America). The flat sheet membrane was rolled into a cyl-
inder of 97 mm diameter and 305 mm height and placed
between two stainless steel perforated sheets and fixed on a
flange plate at the bottom. In this type of set up, the reaction
mixture remains inside the membrane and since the reject is
on the feed side, there is no separate reject stream. In order
to provide uniform irradiation,UV lamp was placed at the
centre of the rolled membrane. The lamp which was in
direct contact with the aqueous solution was protected by a
double layered quartz glass tube through which water was
recirculated. In order to collect the membrane permeate,
the reactor was surrounded by an outer vessel made up of
Plexiglas. An air diffuser plate was provided at the bottom
of the reactor for which an air pump was connected.

(b) Structure of Phenanthrene
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Fig. 1. The experimental setup of the photocatalytic membrane reactor (PMR).
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2.3. Analytical methods and measurements
2.3.1. Experimental procedure

The batch studies were carried out in a 2.1 L of reaction
mixture containing known concentrations of PHE and TiO,
in distilled water. Prior to the experiment, the reaction mix-
ture was continuously stirred in dark environment for 30
min in order to reach adsorption equilibrium of PHE on the
catalyst’s surface. Batch studies were carried out with dif-
ferent initial concentrations (1000-1500 pug/L) of PHE. After
optimizing the pollutant concentration (1000 pg/L), pH of
the reaction mixture was varied from 3-9 and optimized.
Permeates were withdrawn at 31 mL/min (flux 20 L/m?h)
and recycled back into the reactor. To separate the photocat-
alyst particles from the solution, samples were collected at
30 min interval and centrifuged at a speed of 4000 rpm for
5 min. In order to produce the reproducibility of the results,
each experiment was performed at least twice. This PMR
system was continuously aerated at a flow rate of 1.5 L pm
since higher aeration rates produce greater shear rates and
prevent agglomeration of photocatalyst particles which in
turn increases the availability of surface area for the degra-
dation of the compounds [32].

2.3.2. Degradation and mineralization study

To minimize photolytic decomposition, samples and the
standards were stored in amber bottles. The concentrations
of PHE in the samples taken from the reactors were quanti-
fied by gas chromatography (GC) mass spectrometry (MS)
detection after concentrating the sample by liquid-liquid
extraction (LLE). The mineralization efficiency was deter-
mined by analysing the TOC of the samples using TOC-
VCPH/CPN PC-controlled TOC Analyser (SHIMADZU
Corporation, KYOTO, Japan) with an NDIR detector (680°C
combustion catalytic oxidation technique). The repeatabil-
ity of the measurements from GC-MS and TOC analyser
was checked by standard deviation (SD) and coefficient of
variation (CV). The errors in measurement for all samples
were estimated to be within + 5%. PHE degradation per-
centages were calculated using Eq. (1):

PHE Degradation (%) = [GoG/l %100 (@)

[,

where C = initial PHE concentration and C, =final PHE con-
centration.

2.3.3. Analysis of TiO, particle size

TiO, agglomerations in this work were measured using
Dynamic Light Scattering (DLS) instrument ZEN 3600,
He-Ne laser (633 nm). The size range that could be mea-
sured using this instrument is 0.3 nm to 10000 nm.

2.3.4. Experimental design data analysis

To optimize the PHE degradation and TOC removal,
response surface methodology (RSM) based upon central
composite design (CCD) was employed. The three factors/
parameters; Initial PHE concentration, TiO, dosage and pH
were assessed for two responses; PHE degradation and

TOC removal. The obtained experimental data was anal-
ysed by Design-Expert software.

3. Results and discussion
3.1. PHE-TiO, adsorption in the dark and PHE photolysis

At the first step of experimentation, dark control tests
were carried out to evaluate the possible adsorption of PHE
on TiO, photocatalyst. For dark adsorption, 2.1 L sample
containing 1000 pg/L PHE and 0.5 g/L TiO, was covered
with aluminium foil sheet and kept for 24 h in a dark envi-
ronment. The initial pH of the sample was the sample pH
(6.1) and was not modified. The sample was analysed for
PHE concentration and the results showed that only 8%
of PHE molecules were adsorbed onto TiO, surface which
may be due to the effect of electrostatic repulsion. More-
over, the extent of UV-C photolysis on PHE degradation
was evaluated by recycling batch experiments for 3 h (in
the absence of UF module and TiO, nano particles) and was
found to be 34%. Similar results were observed by others
[16,33]. Sanches et al. [16] investigated the degradation
of 3 PAHs namely anthracene (ANT), fluoranthene (FLU)
and benzo [a] pyrene [BaP] using low pressure UV lamps
of 254 nm and observed the percent degradation of 48%,
13% and 36% on surface waters after 2.5-3.2 h, 2.5-2.9 h and
3.6-4.6 h of irradiation respectively. Zhu et al. [33] carried
out UV photolytic experiments on 5 g soil samples using
two UV lamps of 254 nm (irradiation time 5 days) for the
degradation of PHE and reported the percent degradation
of approximately 32%. In order to appropriately design
the main experiments and to minimize the errors due to
non-photocatalytic phenomena such as adsorption and
photolysis, these tests were conducted.

3.2. Membrane separation experiments

Experiments on membrane separation were carried out
by varying initial PHE concentrations (1000, 1100, 1300,
1400 and 1500 pg/L) and pH (3, 6.1, 7 and 9). Samples were
taken at a time interval of 30 min for 3 h and samples were
analysed. The obtained results are depicted in Fig. 1S (sup-
plementary content). In this study, the maximum removal
of PHE during membrane separation was found to be 53%.
There are two possible explanations for PHE removal.

Size exclusion and adsorption are the two phenomena
responsible for the reduction in pollutant concentration
during membrane separation [24]. In this study, since the
molecular size of PHE is lesser than the pore size of the
membrane, size exclusion did not favour for the reduction
in PHE concentrations. Therefore, the reduction in PHE
concentrations could be due to adsorption of PHE mol-
ecules on the membrane surface alone. This is one reason
for compound removal. The other reason for PHE removal
could be explained with respect to the hydrophobicity of
the membrane. Since PHE molecules are hydrophobic and
having higher log K (4.46) value greater than 4, the mem-
brane might have retained the PHE molecules and favoured
the removal [26,34,35]. Similar observations were made by
others [36-38]. Luks-Betlej and Dudziak [36] investigated
the removal of PAHs (initial concentrations: 55 to 2300 mg/
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dm?®) using NF membrane and noticed 90% removals. Smol
and Wlodarczyk-Makula [37] investigated the percent deg-
radation of PAHs using UF membrane (pore size 0.04 pm)
and reported that nearly 66.6% of PAHs could be removed
by the UF membrane when the initial concentrations of
PAHs were 8.9-19.3 mg/L. Another study carried out by
Gong et al. [38] revealed that UF membrane with 5000 Da
MWCO could be able to remove 42.5% of PAHs. All the
above studies reported that the removal mechanism during
membrane separation was due to adsorption of PAH mole-
cules on the membrane surface.

3.3. UV photocatalytic experiments

Photocatalytic experiments were performed by varying
PHE concentrations (1000, 1100, 1300, 1400 and 1500 ng/L),
TiO, dosage (0.1, 0.3, 0.5, 0.7 and 0.9 g/L) and pH (3, 6.1, 7
and 9). Samples were collected at a time interval of 30 min,
centrifuged, decanted and analysed. In this study, the max-
imum degradation of PHE during UV photocatalytic exper-
iments was found to be 84%. The results obtained in this
study could be compared with the results of others [13,15].
Lin and Valsaraj [13] examined the degradation of PAHs in
dilute water streams (20 nm Degussa P25 [TiO,] = 2.128 g,
[PHE] = 0.838 g, 4 UV lamps of 8.1 mW/cm?) and found
that only 67% PHE was degraded during 3 h irradiation.
Liu et al. [15] investigated the degradation of PAHs in off-
shore produced water (1.2 L reaction mixture, 3 UV-C lamps
254 nm, 3.7-3.8 mw/cm?, 13.5 nm nano [TiO,] = 0.05 g, [16
PAHs] = 500 ug/mL) reported that PAHs with less than 4
aromatic rings had k values higher than 0.0005/min indi-
cating that more than 50% of the compound was destructed
within 24 h. PAHs were not completely degraded during
photocatalytic oxidation (PCO). However, the addition
of oxidants H,O, [39] and Na,5,0, [6] and acetone [40]
enhanced the degradation rate up to certain extent.

The results obtained from the individual processes
(membrane separation and UV-TiO,) and the above dis-
cussed research results reveal that only partial removal of
PHE could be possible during individual processes and
hence made the necessity to go for integrated processes in
order to achieve complete degradation and mineralization
of the target compound.

3.4. PHE remouval in photocatalytic membrane reactor
3.4.1. Effect of photocatalyst loading

The previous studies reveal that PAHs undergo efficient
photodegradation by TiO, [14,41,42]. The effect of catalyst
loading on photodegradation of PHE was studied by many
researchers [6,14]. In this study, the effects of TiO, loading
on PHE and TOC removals were investigated in a batch
reactor for the dosages of 0.1, 0.3, 0.5, 0.7, 0.9 g/L and the
results are shown in Fig. 2 (a and b). It is very much inter-
esting to note that for the variations of TiO, dosages from
0.1 g/L to 0.5 g/L, the PHE (57-99%) and TOC (52-97%)
removals increased and reached the maximum percent-
ages of 99% and 97% respectively. The possible explanation
could be; increase in catalyst load increased the surface area
on which large number of photons and compound mole-
cules were absorbed. On the other hand, increasing the

catalyst loading from 0.5 to 0.9 g/L, decreased the percent
removal of PHE to 50%. This may be due to light scattering
effect and particle aggregation [43,44]. When suspended in
water, due to agglomeration, the size of the catalyst parti-
cles increases from nm to pm. The agglomerated sizes were
measured by Dynamic Light Scattering (DLS) instrument
and the sizes are depicted in Figs. 3 a—c. In this studyTiO,
particle sizes varied from 220 to 1253 nm. These results
were in coincidence with the particle sizes reported by oth-
ers [26,42,43] in which the TiO, agglomerations were mea-
sured to be in the range from 200 to 1200 nm. The particle
agglomeration and particle to particle interaction would
have reduced the available active sites for surface holes and
electrons and reduced the degradation and mineralization
efficiencies. Furthermore, the increase in catalyst loading
increased the turbidity of the reaction mixture and reduced
the light intensity in the solution which in turn reduced the
concentration of photogenerated holes and electrons. This
also could be the reason for the reduction in photocatalytic
efficiency of the process. For practical applications, in order
to avoid the unnecessary excess of catalyst and to ensure
total absorption of efficient photons the optimum dosage of
catalyst should be chosen [44]. The maximum percentage of
PHE degradation and TOC removals were achieved at 0.5
g/L of TiO, and this was found to be the optimum dosage
for the experimental condition.

In this study, the recirculating fluid contained more
catalyst particles at the beginning and reduced later. The
initial feed turbidity (for 0.5 g/L of TiO,) was 3010 NTU.
Though the turbidity of permeate was 30-35 NTU at the
beginning, after 3 h, the turbidity of permeate dropped to
0.19-0.22 NTU. The reductions in permeate turbidity may
be due the retention of agglomerated catalyst particles
(agglomerations were measured by DLS and shown in
Fig. 3) on the feed side. The permeate turbidity measure-
ments obtained in this study could be compared with the
observations of others. Sopajaree et al. [45] employed a PES
UF membrane with 100 KDa MWCO in PMR and noticed a
permeate turbidity of 0.22 NTU to 0.42 NTU for which the
feed turbidity was 5200 NTU (corresponds to the TiO, dose
of 1 g/dm?) after 35 min of operation of PMR. Mozia et al.
[46] employed polysulfone UF membrane with MWCO 500
KDa and observed that the initial turbidity of the feed 2100
NTU (corresponds to TiO, dose of 0.3 g/L) dropped to 0.08
NTU in permeate after 5 h.

3.4.2. Effect of feed pH

pH is one of the main factors influencing the degrada-
tion rate of organic compounds during photocatalytic pro-
cess [47] and in heterogeneous photocatalytic process, pH
affects the surface charge of the photocatalyst, size of the
catalyst aggregates as well as the position of the valence
and conduction band [24,30,48]. The effect of pH on pho-
todegradation of PHE was studied by varying pH of feed
solution (3, 5, 6.1 and 9). The feed pH was adjusted by add-
ing 0.1 M NaOH or 0.1 M HCl during experimentation. The
results obtained are demonstrated in Figs. 2c and d and the
results reveal that the feed pH had significant effect on PHE
degradation. High degradation of 99% was obtained at pH
=3 and at pH =9, lower percentage removal of 71% was
obtained. The effect of feed pH parameter on integrated
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Fig. 2. Effect of TiO, dosage, feed solution pH and initial PHE concentrations on PHE degradation (a), (c) and (e) and TOC removal

(b), (d) and (f); [PHE] = 1000 pg/L, [TiO,] = 0.5 g/L, Time = 3 h.

photocatalytic UF membrane process is very complex
because of its multiple roles such as electrostatic interac-
tions between catalyst surface, PHE, charged radicals and
membrane surface [26].

The point of zero charge (P_) of TiO, P25 is 6.8. The
catalyst surface was positively charged in acidic solutions
(P_ < 6.8) and negatively charged in alkaline solution (P_
> 6.8).The greater PHE degradation and mineralization at
acidic pH was due to the strong affinity of PHE molecules
on the TiO, surface because of electrostatic interactions.
This facilitates the attack of hydroxyl radicals formed on
the photon-activated catalyst surface for the degradation of
PHE molecules. On the contrary, as the pH increases and is
> 6.8, the TiO, surface gradually becomes negatively charged
and develops more repulsive forces between TiO, surface

and PHE molecules and thereby retarding the adsorption of
PHE molecules on the TiO, surface. Hence at alkaline pH,
the hydroxyl radicals have to diffuse away from the parti-
cles to degrade the compound in the solution. In this study,
lower percentage removal of 71% was obtained at pH = 9.
These results were in agreement with the results obtained
by others during photocatalytic processes [47,49,50].

During membrane separation, adsorption plays major
role for PHE removal. In addition, the hydrophobicity of
PHE molecules (Log K >4) would also have caused for the
retention of PHE molecules by UF membrane and increased
the removal efficiency.

However in PMR, the zeta potential and agglomerated
sizes of TiO, would have probably enhanced the rejection
of PHE that were adsorbed onto TiO, particles by UF mem-



C.N. Rani, S. Karthikeyan / Desalination and Water Treatment 145 (2019) 11-25 17

Size Distribution by Intensity Size Distribution by Intensity
220 nm
O sy R A S R e e oy
\ | . .
.- |- 2 121
§ §
3 e
G| TETUUNEPI. . TEARRR. ARSI | e §
[ e .l
2 z 8
E ) SRR L L § Bfrorrreree e
E = £ 4 |
24-- [t
o + 0 . '
01 1 10 100 1000 10000 01 1 10 100 1000 10000
Size (d.nm) Size (d.nm)
(a) (b)
[ Record 4823 Tio2PH3 1 Record 4831: PHO 1
Size Distribution by Intensity
S N 3B¥lam_
B e (o S e
g
e
&
R s Senommsrtesun oy Plenkeny S nanmenguet
> 10
@
£
L L L L T e s R
w . - :
01 1 100 1000 10000
Size (d.nm)
(c)
Record 4835: TiO2 1

Fig. 3. DLS measurements of agglomerated sizes of TiO, for various feed pH (a) pH = 3; (b) pH = 9; (c) pH = 6.1.

branes thus contributing to increase in removal efficiency.
Moreover, the charge characteristics of UF membrane
including surface zeta potential as a function of feed water
pH remains still unclear [24,51].

From the preceding discussions we can conclude that
controlling pH (in the acidic range) in PMRs could improve
the degradation rate during PCO process.

3.4.3. Effect of PHE initial concentrations on photocatalytic
degradation and its kinetics

The effect of initial PHE concentrations on percent
removal was studied in a batch reactor by varying the initial
concentrations of PHE from 1000 pg/L to 1500 png/L with
0.5 g/L TiO, dosage for 3 h and the results are shown in
Figs. 2e and f. The samples were collected at every 30 min
intervals and PHE concentrations were analysed by GC-MS.
It can be seen from Figs. 2e and f that as the initial PHE
concentration increased (from 1000 pg/L to 1500 png/L),
both percent degradation (from 99.3 to 68.9%) and mineral-
ization (TOC) (from 97.2 to 57.4%) decreased. The possible
explanation for this behaviour is that when the initial PHE
concentration was increased, more and more PHE mole-
cules were adsorbed onto TiO, surface. This increases the
requirement of reactive species ("OH and *O,’) to degrade
PHE molecules. Since the light intensity, irradiation time
and catalyst dosage are constant, the amount of hydroxyl
radicals formed on the TiO, surface also remains constant.
Hence, the available reactive species were inadequate for

PHE degradation at higher initial concentrations which in
turn reduces the PHE degradation rate at higher initial con-
centrations [52]. Similar observations were made by others
for dye removal [25,53].

Furthermore, the steeper slope in the figure indicates
that the rate of PHE removal was initially higher and
slowed down at higher concentrations. The initial steeper
trend may be due to the availability of sufficient catalyst
surface for PHE degradation at early stages. However, the
intermediate compounds which were formed during the
breakdown of compound molecules might have competed
with the PHE molecules for active sites resulting in lowered
rate of degradation at later stages. Similar behaviours were
observed by others on dyes; Reactive Red 2 [44], Acid Red
and Acid Green [54] and Reactive Black 5 [25]. In this study,
the maximum percent removal of PHE and TOC removals
of 99% and 97% were obtained when PHE concentration
was 1000 pg/L. Hence, the optimum concentration was
taken as 1000 pg/L.

The obtained experimental PHE removal data in this
study could be fitted to pseudo-first-order kinetics with
respect to the concentration of PHE [Egs. (2) and (3)]

d[PHE], _

" k[PHE], @

In[PHE],
e, ©
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where [PHE] (ug/L) - concentration of PHE at time t;
[PHE] (ng/L) - initial concentration of PHE; t (min) - reac-
tion time and k (min~') - pseudo first order rate constant.
First order rate constants were determined by regression
analysis. Table 1S (Supplementary content) shows the
pseudo-first-order rate constant (k and R*>values) for dif-
ferent PHE concentrations. These results revealed that
the initial PHE concentrations had significant influence
on the degradation rate. The plot for In[PHE] /[PHE] and
In [TOC],/[TOC], vs. t are shown in Figs. 4a and b. The
calculated R? values (correlation coefficient) (shown in
Table 1S - Supplementary content) confirm the pseudo
first order kinetics of PHE removal. Furthermore, it was
also observed that as the initial concentrations increased
from 1000 pg/L to 1500 pg/L, the rate constant decreased
from 0.028 to 0.00539 min'. This is due to the fact that as
the PHE concentration increases, the path length of the
photons entering the solution decreases. On the contrary,
as the PHE concentration decreases, the path length for
the photons increases [55]. Since the illumination time
and amount of photocatalyst are constant, the reac-
tive species (hydroxyl radicals and superoxide anions)
attacking the PHE molecules decrease with increase in
PHE concentration. Hence at higher concentration, the
degradation and mineralization decreases due to the
retardation of penetrating light [56]. Similar observations
were made by others [29,57,58]. Damodar and You [29]
investigated the degradation of RB5 in a slurry PMR and
reported that an increase in RB5 concentration from 25 to
125 mg/L ([TiO,] = 0.5 g/L; 15 W, UC-C lamp; irradiation
time = 5 h), decreased the degradation rate from 0.070
to 0.0211 min™'. Laohapropanaon et al. [57] examined the
degradation of RB5 in a slurry PMR and observed a rapid
decrease in kinetic constant from 0.1981 to 0.0090 min™
for an increase in RB5 concentration from 25 to 150 mg/L
([ZnO] = 1.25 g/L; Two low pressure UV-C lamps; irradi-
ation time = 4 h). Sobana and Swaminathan [58] noticed a
decrease in kinetic constant values during degradation of
AR18 from 0.059 to 0.016 min~ while increasing theA18
concentrations from 2 to 10 x 10~ mol/L. The comparison
of pseudo first order kinetic data for PHE degradation
and TOC removal rates during UV-TiO, and UV-TiO, +
Membrane processes are shown in Table 1S.

3.5. Comparison of PHE and TOC removal during individual
and integrated processes

The graphical representation of comparative results (for
optimized values) of PHE degradation, TOC removal and
kinetic constants obtained during individual (membrane
separation, UV-TiO,) and integrated processes (UV-TiO, +
membrane separation) are shown in Figs. 5a and b. During
membrane separation, at initial stages, a rapid decrease in
PHE concentration was observed. This was due to the fast
adsorption of compound molecules on the membrane sur-
face. Finally PHE removal was 53% after 3 h during mem-
brane separation. During UV-TiO, process, maximum PHE
degradation of 84% and TOC removal of 60% were obtained
for the optimized parameters. The reduction in concen-
tration of PHE during UV-TiO, process may be due to the
destruction of compound molecules by hydroxyl radicals.
Furthermore, 99% PHE and 97% TOC removals obtained
during integrated experiments (UV-TiO, + Membrane sep-
aration) were found to be greater than other individual
experiments. Less fouling observed on the membrane sur-
face indicates that higher PHE removal was mainly due to
the adsorption on the surface of TiO,not on the membrane
surface. If the available adsorptive area of TiO, and mem-
brane surface are considered, the adsorptive area during
membrane photocatalytic processes (with an active sur-
face area 50 m?/g for P25) are 10000 times higher [26]. The
comparative results of UV-TiO,, Membrane and UV-TiO, +
Membrane processes with various catalyst dosages and pH
are depicted in Fig. 2S (Supplementary content). According
to the results obtained, the higher k values with R? values
greater than 0.9 at lower initial concentrations (1000 pg/L)
indicates that lower initial concentrations favoured for
greater removal of the target compound. During this study
it was also noticed that the degradation rate was almost
doubled during integrated process (UV-TiO, + membrane
separation).

3.6. RSM modelling and optimization of photocatalytic
degradation

In this work, the three parameters/factors such as pol-
lutant concentration, TiO, dosage and pH were chosen as

6
(2)
*
©1000 pg/L.  W1100 pg/L
| 1300 pg/LL.  X1400 pg/L
o X1500 p/L
3
=2
1 _ x—X
— g—K—
0 7
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(b)
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(3]

0 B
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Fig. 4. The pseudo first order kinetic plot of (a) In([PHE] /[PHE],) and (b) ([TOC],/[TOC]) vs. time for PHE.
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individual and integrated processes.

independent variables while PHE degradation (%) (Y,) and
TOC removal (%) (Y,) were chosen as responses. Based on
the CCD matrix and the experimental data (for the UV-TiO,
+ membrane processes), two second order polynomial
expressions were obtained and are shown in Egs. (4) and (5).

PHE degradation (%) (Y,) = +94.42 — 14.72*x,
—2.31%x, - 14.21%x,— 20.60 * x,2— 35.26 *x,2 @)

TOC removal (%) (Y,) = 83.64 —16.33 * x, + 0.63 *x,
—14.88 * x,— 13.44 *x > 35.97*x ? (5)

The parameters used in the CCD and the experimental
data in the CCD for the study of photodegradation of PHE
are shown in Tables 1 and 2.

The significance and adequacy of the model was tested
by ANOVA (Analysis of variance). The ANOVA results of
quadratic model for PHE degradation and TOC removal
efficiencies are shown in Tables 2S and 3S (Supplementary
content). F-values greater than unity and probability val-
ues lesser than 0.0001 revealed that the models obtained
were highly significant. The model large F-value (27.75
and 27.97 for PHE degradation and TOC removal effi-
ciencies) and “Prob > F” less than 0.0500 indicate that the
model terms are significant and only 0.01% chance that
this could occur due to noise. Moreover, the adequate
precision value (14.293 and 14.446) for PHE degradation

Table 1
Parameters used in central composite design

Parameter Symbol Low Center High
) © (+1)
X PHE conc 1000 1250 1500

(Micrograms per Litre)
Catalyst dosage (g/L) 0.1 0.5 09
pH 3 9 6

and TOC removal percentages > 4 also confirm the ade-
quacy of the model. It can also be seen a good correlation
between the experimental data and the predicted values
and hence the data fitted well with the range studied.
This could be confirmed with the normal probability plot
of residuals (Figs. 6a and c) and the plot of residuals vs
predicted response (Figs. 6b and d). The residuals fallen
on a straight line suggested that the errors are distributed
normally.

The three dimensional response surface plots shown
in Figs. 7a—d are the graphical representation of the regres-
sion Egs. (4) and (5). An increase in PHE degradation was
observed with increase in TiO, dosage. However with the
increased number of active sites, a decrease in efficiency
was observed at high values of TiO, dosage. This may be
due to the light screening and scattering effects as well as
the agglomeration of the catalyst particles which caused
for the decrease in efficiency [54,59,60]. The degradation
efficiency did not increase after 0.5 g/L (optimum value)
of TiO,. On the contrary, increase in PHE concentration,
showed negative effect on degradation and TOC removal
efficiency. This may be due to the inadequate availability of
reactive species (hydroxyl radicals) as their amount needed
is more at higher concentrations. Furthermore, at acidic
pH, the higher PHE and TOC removalS may be due to the
surface charge of TiO,. Similar observations were made by
various authors for different compounds such as dyes (acid
blue 92 and basic blue 3) [61] and triclosan [62].

The effects of three factors studied for the removal of
PHE and TOC are shown in Figs. 7a-d. The optimization
software with desirability approach was utilized to find
the specific points that maximize PHE and TOC removal
percentages. The highest PHE removal and TOC removals
were obtained at the operating conditions of 1000 ng/L of
PHE, 0.5 g/L of TiO, and pH of 3.

4. Conclusion

A submerged slurry PMR was evaluated for PHE
removal and the maximum PHE and TOC removals
obtained were 99.3% and 97.2% for optimized conditions
([PHE] = 1000 pg/L, [TiO,] = 0.5 g/L, pH = 3) during batch
studies. The rate of PHE and TOC removals obtained
during integrated process (UV-TiO, + membrane process)
in PMR was almost 15% and 37% greater than the con-
ventional UV-TiO, process and the PMR was efficient to
mineralize PHE. Initial PHE concentrations had signif-
icant influence on PHE degradation and the maximum
degradation was obtained at lower initial concentration
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Experimental data in the central composite design for the study of the photodegradation of PHE

Run  Block Factor 1 Factor 2 Factor 3 Response 1 Response 2
A: PHE concentration B: Catalystdosage pH PHE degradation TOC removal
(ug/L) (g/L) % %
1 Block 1 1000.00 0.50 6.10 99.3 97.2
2 Block 1 1100.00 0.50 6.10 921 89.7
3 Block 1 1300.00 0.50 6.10 89.62 78.8
4 Block 1 1400.00 0.50 6.10 83.1 68.1
5 Block 1 1500.00 0.10 6.10 62.1 574
6 Block 1 1000.00 0.30 6.10 56.9 52.4
7 Block 1 1000.00 0.50 6.10 70.7 65.4
8 Block 1 1000.00 0.70 6.10 76.35 68.5
9 Block 1 1000.00 0.90 6.10 50.2 47.0
10 Block 1 1000.00 0.50 3.00 100 98.3
11 Block 1 1000.00 0.50 7.00 86.6 83.6
12 Block 1 1000.00 0.50 9.00 70.5 67.6
13 Block 2 1000.00 0.50 6.10 99.3 972
14 Block 2 1300.00 0.50 6.10 89.6 78.8
15 Block 2 1500.00 0.50 6.10 52.4 49.8
16 Block 2 1000.00 0.10 6.10 56.8 46.2
17 Block 2 1000.00 0.90 6.10 50.3 472
18 Block 2 1000.00 0.50 3.00 99.1 98.4
19 Block 2 1000.00 0.50 7.00 83.7 83.9
20 Block 2 1000.00 0.50 9.00 70.5 67.8
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Fig. 6. Normal probability plot of residuals and predicted vs. actual values for photocatalytic degradation of PHE [(a) and (b) and
TOC removal [(c and (d)]].
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and pH. The experimental data was fitted to pseudo first
order kinetics. RSM modelling using Design expert soft-
ware was used to analyse the obtained experimental data.
ANOVA with high coefficients of correlation (R*= 0.9143;
Adjusted R?= 0.8814; predicted R?= 0.8384 for PHE degra-
dation and R?= 0.9150; Adjusted R*= 0.8822; predicted R*
= 0.8419 for TOC removal) confirmed the good agreement
between the experimental and predicted values. Further-
more, the 3D surface plots of RSM revealed that all the
operating parameters studied had significant impact on
PHE removal.
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Fig. 1S. Effect of (a) Initial PHE concentrations and (b) pH on PHE removal during membrane separation; [PHE] = 1000 pg/L, Time
=3h.
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Fig. 2S. Comparison of PHE removals for the effect of (a) TiO, dosage and (b) pH during individual and integrated processes.

Table S1
Comparison of pseudo first order kinetic data the PHE degradation and TOC removal rates during UV-TiO, and UV-TiO, +
Membrane processes

PHE PHE Degradation TOC Removal

&;I}‘Bntration (UV-TiO,) (UV-TiO,) + Membrane  (UV-TiO,) (UV-TiO,) + Membrane
K (min™) R? K (min™) R? K (min)™ R? K (min™) R?

1000 0.0098 0.994 0.028 0.9965 0.0052 0.9847 0.0188 0.9954

1100 0.0066 0.9972 0.0141 0.9989 0.0053 0.9913 0.0137 0.997

1300 0.0053 0.9948 0.0127 0.9988 0.0044 0.9971 0.0121 0.9961

1400 0.004 0.9919 0.00989 0.9957 0.0041 0.9928 0.0105 0.9979

1500 0.0032 0.9904 0.00539 0.9994 0.002 0.9917 0.0086 0.9974
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Table S2
ANOVA results of quadratic model for degradation of PHE (%) (Y,)

Source Sum of Squares  df Mean Square  F Value p-value

prob> F

Block 40.65 1 40.65

Model 5382.30 5 1076.46 27.75 <0.0001 Significant

A-PHE Concentration 1574.26 1 1574.26 40.58 <0.0001

B-Catalyst Dosage 2392 1 2392 0.62 0.4464

C-pH 839.67 1 839.67 21.65 0.0005

A? 680.74 1 680.74 17.55 0.0011

B? 3350.54 1 3350.54 86.38 <0.0001

Residual 504.27 13 38.79

Lack of Fit 23.44 6 391 0.19 0.9581 Not significant

Pure Error 60.81 3 20.27

Cor Total 5927.21 19

Std. Dev. 6.23; Mean = 76.96; CV % = 8.09; R? = 0.9143; Adj. R? = 0.8814; Pred.R? = 0.8384; Adeq Precision = 14.293

Table S3
ANOVA results of quadratic model for TOC Removal (%) (Y,)
Source Sum of Squares  df Mean Square  F Value p-value
prob>F
Block 13.10 1 13.40
Model 5883.68 5 1176.74 2797 <0.0001 Significant
A-PHE Concentration 1937.62 1 1937.62 46.06 <0.0001
B-Catalyst Dosage 1.81 1 1.81 0.043 0.8391
C-pH 921.35 1 921.35 2190 0.0004
A? 289.85 1 289.85 6.89 0.0210
B? 409347 1 4093.47 97.30 <0.0001
Residual 546.91 13 42.07
Lack of Fit 186.82 8 23.35 042 0.8685 Not significant
Pure Error 278.61 5 55.72
Cor Total 6443.99 19

Std. Dev. 6.49; Mean =72.17; CV % = 8.99; R? = 0.9150; Adj. R* = 0.8822; Pred.R? = 0.8419; Adeq Precision = 14.446



