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ARTICLE INFO ABSTRACT

Handling editor: Raf Dewil Advanced oxidation processes have been widely applied as a post-treatment solution to remove residual organic

compounds in water reuse schemes. However, UV/TiO; photocatalysis, which provides a sustainable option with

Keywords: no continuous chemical addition, has very rarely been studied to treat anaerobically treated effluents. In the
U_V current study, the removal of organics and nutrients from an anaerobic membrane bioreactor (AnMBR) effluent is
erfe)lirobic evaluated during adsorption and photocatalysis processes under various conditions of TiO, dose and UV intensity
Membrane bioreactor and compared to the effluent from an aerobic membrane bioreactor (AeMBR). The sequence for preferential
Adsorption adsorption on TiO; was found to be phosphorus, inorganic carbon and then ammonia/organic carbon were
Nutrients found. The competing effect between the organics and nutrients, along with the low UV transmission efficiency

caused by the need for high doses of TiO9, ultimately compromise the organic removal efficiency in the AnMBR
permeate. TiOy dosage was found to have a greater impact than UV intensity on improving the overall removal
performance as nutrients are competing for the adsorption site but are not photodegraded. Under the same
operational condition, the UV/TiO, photocatalysis displayed a higher removal efficiency of organic matter and
phosphorus in the AeMBR effluent due to a lower initial organics concentration and absence of ammonia as
compared to the AnMBR effluent.

(Kanakaraju et al., 2018; Suzuki et al., 2015; Villegas-Guzman et al.,
2017). In various evidenced AOPs, heterogeneous photocatalytic sys-

1. Introduction

Global water scarcity has led to the pursuit of sustainable and safe
water sourced from treated wastewater (Lazarova, 2015; Salgot and
Folch, 2018). Advanced treatment technologies, such as reverse osmosis
(RO) membranes, ion exchange (IEX), as well as advance oxidation
processes (AOPs) have been widely applied to tackle the residual frac-
tions of organic compounds in the secondary effluent from conventional
wastewater treatment trains (Rebelo et al., 2018; Salgot and Folch,
2018; Tang et al., 2018). However, organic contaminants that present a
neutral charge or have a low molecular weight (molecular size <300 Da)
are poorly removed by the RO and IEX (Finkbeiner et al., 2018; Man-
galgiri et al., 2019), some of which have been reported to cause endo-
crine and toxicological responses in human cells (Li et al., 2018). In
contrast, AOPs are extensively proven as effective tools to remove the
excess organic compounds in particular for water reuse applications,
with numerous studies evidencing a successful elimination of organic
micro pollutants (OMPs), including pesticides and pharmaceuticals
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tems are widely reported as more sustainable and effective over
homogeneous-phase options (Atalay and Ersoz, 2020; Villegas-Guzman
etal., 2017). In particular, titanium dioxide (TiO3), has been reported as
a physically robust and relatively nontoxic material (Levchuk and
Sillanpaa, 2020), with inexpensive overall operation cost due to the
regenerable catalyst and applicable solar power (Loeb et al., 2019).
Anaerobic membrane bioreactors (AnMBRs) offer the potential of
treating municipal wastewater with a lower footprint, energy neutrality,
and less waste sludge production (Shin and Bae, 2018; Song et al.,
2018a). However, AnMBRs deliver limited organic removal perfor-
mance under operating conditions such as low hydraulic retention time
(HRT) (Chen et al., 2015; Mei et al., 2017) or psychrophilic tempera-
tures (Crone et al., 2016; Dolejs et al., 2017). Although, the effluent
quality achieved can meet standards for discharge, this can result in an
inadequate effluent quality to meet the stricter organic parameter
threshold in reuse standards (Augsburger et al., 2021; Foglia et al.,
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2019). Furthermore, as nutrients (ammonia and phosphorus) are not
removed in AnMBRs, there are concerns about their ability to deliver in
the context of high grade water reuse applications such as groundwater
recharge or surface water augmentation (CNEPA, 2021; Harb and Hong,
2017; USEPA, 2017). For discharge and more importantly reuse, the
AnMBR effluent typically will require a post-treatment process to
eliminate the residual organic fraction including trace micropollutants
and possibly nutrients (CNEPA, 2021; ISO, 2018; USEPA, 2017, 2012).
In these regards, photocatalytic TiO; offers a promising post-treatment
solution for AnMBR effluent through adsorption and elimination of
organic matter and ammonia (Lee et al., 2002; Maghsoodi et al., 2019;
Snow et al., 2019; Zhang et al., 2021), while adsorbing the phosphorus
(Lee et al., 2016), to potentially achieve a high effluent quality and
resource recovery for water reuse implementations.

Existing literature has largely focused on the post-treatment of ef-
fluents from aerobic biological systems but with relatively few studies
specifically on aerobic membrane bioreactor (AeMBR) effluents. Inter-
estingly, the combination of AeMBR + UV/TiOy has been shown to
produce an effluent quality sufficient for recycled greywater for toilet
flushing with a high removal of major pharmaceuticals (Ojobe et al.,
2021) while achieving a higher oxidation rate for selected pharmaceu-
ticals in comparison to photo-Fenton, UV/Fe and UV/H20, (Benitez
et al.,, 2011). However, it is critical to know that unremoved organic
matter can inhibit the photocatalytic process through hindering photo-
catalytic formation of OH' radicals by particle aggregation (Janssens
et al., 2019), or extinguish the sorption onto the TiO5 surface hence no
reaction with surface bound OH' radicals (Maghsoodi et al., 2019). as
Also, it can lead to a decrease in the affinity of dissolved organic matter
(DOM) to the catalyst surface (Snow et al., 2019), which ultimately leads
to a strong quenching effect of reactive oxygen species (ROS). Overall,
there is strong evidence in the literature that the water matrix has a
significant impact on the degradation and mineralization efficacy by
affecting the compound adsorption, surface radical generation and UV
transmission efficiency (Kanakaraju et al., 2018; Levchuk and Sillanpaa,
2020; Snow et al., 2019; Villegas-Guzman et al., 2017). Our previous
work with AnMBR and AeMBR pilot systems has shown a clear differ-
ence in organic removal and nitrogen species between the two effluents,
where the COD and DOC of the AnMBR effluent was 2—4 times higher
than AeMBR effluent, while ammonia and nitrate were the unique ni-
trogen forms in the AnMBR and AeMBR effluents, respectively (Huang
et al., 2023). As such, this suggests that a different behaviour can be
expected when treating anaerobically treated effluent with TiO,/UV.
but there is to date very limited literature on the application of AOPs as
the post-treatment step for AnMBR effluent. Augsburger et al. (2021)
proposed that UV/H202 can be the final polishing and disinfection
process while avoiding additional steps for the removal of nutrients,
producing a high-quality effluent as liquid fertilizer for crops produc-
tion. However, no study has investigated the potential application of
UV/TiO; as the post-treatment for AnMBR effluent.

The current study then reports the first investigation of the appli-
cation of UV/TiO5 to an AnMBR effluent, to understand the impact of
operational conditions and nutrient content on the photocatalysis pro-
cess for the post-treatment of AnMBR effluent for reuse. The removal of
organic matter and nutrients in the AnMBR effluent is evaluated during
the adsorption and photocatalysis processes, under various TiOy doses
and UV intensities with a direct comparison to an AeMBR, to evaluate
the potential to achieve sufficient effluent quality and effective large-
scale applications for sustainable water recycling.

2. Materials and methods
2.1. Pilot scale AnMBR and AeMBR
AnMBR and AeMBR pilot plants were installed at Cranfield Uni-

versity’s National Research Facility for Water and Wastewater. The
systems were fed with settled municipal wastewater from the Cranfield
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University sewage works after settling in a primary settling tank. Details
about the MBRs can be found in Huang et al. (2022). Effluents used in
adsorption and photocatalytic tests were sampled simultaneously from
the AnMBR and AeMBR to minimize the effect on the effluent matrix
caused by variation of influent wastewater. Characterization of the ef-
fluents is listed in Table 1.

2.2. TiOy adsorption tests

A standard TiO5 nano powder (CAS: 13,463-67-7) with a 21 nm
primary particle size and >99.5% trace metals basis was obtained from
Sigma-Aldrich (Merck, USA). Under dark conditions, 500 ml samples of
MBR effluent were stabilized to room temperature (20 °C) then trans-
ferred to a 1L beaker (Fisher scientific, UK) to which the TiO, was added.
A constant 400 RPM stirring rate was maintained with a magnetic stirrer
(Benchmark 3770, UK) to mix the TiO, powder within the MBR efflu-
ents. Prior to the adsorption test, blank tests were carried out with no
TiO4 addition to the AnMBR and AeMBR effluent. Adsorption isotherm
tests were conducted with TiO5 dosing concentrations of 0.1, 0.2, 0.5, 1,
2 and 5 g/L. The TiO5 concentrations, test duration and sampling in-
tervals were all chosen based on previous trials reported for wastewater
(Lofrano, G., Libralato, G., Casaburi, A., Siciliano, A., Iannece, P., Guida,
M., Pucci, L., Dentice, E.F., Carotenuto, M., n.d.. n.d.. Municipal
wastewater spiramycin removal by conventional treatments and het-
erogeneous photocatalysis (2018). Science of the Total Environment
624, 461-469. doi:10.1016/j.scitotenv.2017.12.145.; Rivero et al.,
2006; Tsoukleris et al., 2023). A 15 ml sample was taken from the beaker
with a syringe at regular intervals over the duration of the tests to
monitor the adsorbate concentration. Adsorption isotherms were
described with the Langmuir isotherm (Equation (1)), Freundlich
isotherm (Equation (2)) and a normalised Freundlich isotherm (Li et al.,
2002) (Equation (3)).
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Where, g (ing/g) is the amount of material adsorbed per unit weight of
adsorbent, C, is the concentration of material remaining in the solution
(mg/L). In equation (1), b and gy, are constants. These constants can be
determined by plotting é Vs Cle; While in equation (2), Ky and n are the
Freundlich parameters which can be determined by plotting log C,
against log g; and in equation (3), Dy represents the dose of adsorbent
which is applied to normalize the remained concentration.

Table 1
Characterization of AnMBR and AeMBR effluents fed to the photocatalytic
reactor.

Parameter AnMBR AeMBR

mg/L Mean Std Mean Std
pH 7.22 +0.1 7.29 +0.1
TSS ND ND

Coliforms* ND ND

COD 68 +5.5 18 +3.5
DOC 28.02 +2.8 6.75 +1.3
NH4-N 43.96 +3.1 ND

NO3-N ND 33.02 +2.4
TN 44.56 +3.5 33.09 +2.5
PO4-P 6.91 +0.2 5.22 +0.3
TP 6.91 +0.2 5.22 +0.3

Notes: Std: Standard Deviation. Coliforms*: Faecal, Escherichia and total co-
liforms. ND: Non detectable.
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2.3. UV/TiOz photocatalysis tests

UV assisted photocatalysis batch tests were conducted with a lab-
scale quasi-collimated beam apparatus (Herford, Germany) equipped
with three monochromatic low-pressure UV-C (254 nm) lamps placed in
a dark room. The UV irradiance was determined as 30, 40 and 50 W/m?
with the correspondence distance between the lamps and the petri dish
of 17, 12 and 8 cm, respectively. The detailed system setup can be ob-
tained from Carra et al. (2016).

Under dark conditions, room temperature MBR effluent was trans-
ferred to a 250 ml petri dish and placed on a magnetic stirrer (Bench-
mark 3770, UK) under the UV lamps. The mixing of the TiO; powder and
the solution was maintained by a 5 cm long magnetic stirring bar (Fisher
scientific, UK) with a constant 400 RPM stirring rate to overcome the
reduction of the photocatalysis efficiency caused by the poor mixing of
the solution reported in Carra et al. (2016). Each test was done in
duplicate with a total irradiance time of 300 min, a 15 ml monitoring
sample was taken from the centre of the petri dish at the reaction times
of 10, 30, 60, 120, 180, 240 and 300 min. To calibrate the change in
concentration caused by temperature increase from UV radiation, an
evaporation coefficient was calculated with the TN concentration
measured during the UV/TiO, photocatalysis of the AeMBR effluent
since there was no TN removal observed. The coefficients for 30, 40 and
50 W/m? were calculated as a function of the respective UV irradiation
intensity, then applied to each measured parameter under the same
intensity for both AnMBR and AeMBR samples. A summary of the test
conditions is reported in Table 2.

The photocatalytic process for organic matter and nitrogen was
described with a pseudo first order expression (Equation (4)) and the
adsorption process for phosphorus was described by a pseudo second
order kinetic model (Equation (5)) which has been widely applied in
documented literatures (Carra et al., 2016; Lee et al., 2016; Li et al.,
2008; Murgia et al., 2005).

ln%:klt 4
t 1 t
S 4 5)
@ kg q.

Where in equation (4), Cy (mg/L) is the initial concentration of material
in the solution, C, (mg/L) is the concentration of material remaining in
the solution at t time, k; is the rate constant of pseudo first order kinetic,
and t (min) is the time consumed; while in equation (5), ko (g/
mg-min’l) is the rate constant of pseudo second order kinetic, q; and g,
(mg/g) are the adsorption capacity at time t and at equilibrium,
respectively.

2.4. Analytical measurements

Chemical oxygen demand (COD), ammonia nitrogen (NH3-N), ni-
trite (NO2-N), nitrate (NOs-N), phosphate (PO4-P), and total phos-
phorus (TP) were analysed with cell tests and a photo spectrometer
(Merck Spectroquant, Germany). Dissolved organic carbon (DOC) and
total nitrogen (TN) were measured by a Shimadzu TOC analyser (Shi-
madzu 3201, Japan). Characterization of the samples was undertaken
after filtering with 0.45 pm syringe membrane disc filter (Merck

Table 2
UV/TiO, test scheme for this study.

Batch Effluent sTiO, dosage (g/L) UV intensity (W/m?)
1 AnMBR 0.5 30, 40, 50
AeMBR 1 30, 40, 50
2 30, 40, 50
2 AnMBR 5 30

10
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Millipore, Germany) to remove the TiO particles. Although the TiO,
primary particle size is 21 nm, it has been shown to aggregate to form
larger particles when dispersed in water (Pidou et al., 2009) and hence
will be removed by a 0.45-pm filter. Organic composition was evaluated
by a fluorescence spectrometer (HORIBA FLuoroMax-+, Japan) with a
3D excitation—-emission matrices. Scan settings were 200-400 nm exci-
tation and 280-500 nm emission wavelength, 1 nm entrance slit and an
integration time of 0.1 s. The 1st and 2nd Rayleigh scatter was masked
with 5 nm slit width by FluorEssence software (HORIBA, Japan). The
fluorescence integrated composition analysis was extracted with as
described in Huang et al. (2022).

3. Results and discussion
3.1. TiO, adsorption isotherms

No DOC or TN reduction was observed in the blank test for the
AnMBR and AeMBR effluents confirming that any removal observed in
the presence of TiOy can be attributed to adsorption on the media.
Limited DOC adsorption (<20%) was found in all AnMBR (Fig. 1a) and
AeMBR (Fig. 1d) effluent samples even when the TiO, dose was
increased. Also, no clear correlation was observed between the
adsorption performance and the TiO5 dose in both MBR effluents. For
the test with 2 g/L TiO, over an extended period (33 h) (Fig. 1a), the
DOC concentration was found to first decrease, demonstrating some
adsorption before increasing back to just over the initial concentration
(Ce/Cp = 1.05) suggesting a desorption and release back into solution. It
should be noted that the dissolved organic carbon (DOC) is calculated as
the difference between the total carbon (TC) and inorganic carbon (IC)
and, interestingly, the removal profiles of TC (Fig. 1b and 1e) and IC
(Fig. 1c and 1f) for the two effluents displayed a distinguishable removal
linked to the TiO2 dosing concentration. This can be explained by the
fact that the high molecular weight (MW) carbon substances have a
higher adsorption potential by TiO2 (Benkoula et al., 2015; Thomas and
Syres, 2012). Our previous work has suggested that the organic matter
matrix is similar in the two effluents with a high content of humic
acid-like substances (Huang et al., 2022), while the size distribution
results displayed a negligeable difference in Dv50 (size point below
which 50% of the material is contained) between all samples with the
same TiO doses (n = 10). Since the initial TC and IC concentrations in
the AnMBR effluent were more than 4 times higher than for the AeMBR
effluent, this suggests that the IC compounds in both effluents consist of
high MW substances, while in contrast the other fraction of the TC has
low MW. This variation leads to different adsorption rates in the iso-
therms and may ultimately lead to a different degradation rate during
the photocatalysis process of the DOC and IC.

No TN adsorption was identified in any of the AeMBR samples, while
for the AnMBR, all TN adsorption profiles displayed a similar adsorption
rate and capacity irrespective of the TiOy dose. The longer adsorption
test with a 2 g/L TiO; dose in the AnMBR effluent did not reach equi-
librium while keeping the same adsorption rate (Fig. 1g). Noticeably, the
AnMBR effluent only exhibited a 0.15 + 0.1 increase over the initial pH
(7.22), suggesting there is no ammonia volatilization since the main
fraction was ammonium under this pH and temperature (20 °C) (Shin
etal., 2021; Venkiteswaran et al., 2019). This is further supported by the
fact that no removal of ammonium was recorded in the blanks. More-
over, the unreached equilibrium observed for TN in the AnMBR effluent
can be explained by the triple bound adsorption of ammonium ions on
the TiO, surface in the presence of HyO ions (Markovits et al., 1996),
which leads to the largest capacity observed over other adsorbates. For
TP adsorption, the profiles of both effluents displayed a strong
increasing adsorption rate and overall capacity with increasing TiO,
dosage (Fig. 1h and 1i), which agrees with Lee et al. (2016) that
increasing the TiO, dosage can affect the overall adsorption capacity of
phosphorus. The adsorption of phosphate is evidenced to turn the zeta
potential of the water dispersed TiO; surface from positive to negative
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Fig. 1. Adsorption profiles of various compounds in AnMBR (DOC-a, TC-b, IC-c,

between 0.1 and 5 g/L.

(Domingos et al., 2010; Halimi et al., 2014), causing a charge neutral-
isation effect with the positively charged ammonium, as the adsorption
of both ammonia and phosphate in the AnMBR effluent is enhanced.
Therefore, this explains the slightly higher TP removal observed for
AnMBR sample compared to that in the AeMBR sample conducted with
the same TiO2 dosage, but ultimately, this will reduce the adsorption
capacity of the organics by taking the limited adsorption site on the TiO5
surface. Hence the different nitrogen adsorption behaviour was caused
by a different form of nitrogen in the two effluents; in the form of
ammonium in the AnMBR effluent and nitrate in the AeMBR effluent.
However, the adsorption of the ammonia exhibited a completely
different behaviour among all measured compounds as the adsorption
capacity was not affected by the TiOy concentration. There is no clear
explanation for this phenomenon and no evidence of a similar behaviour
has been reported in the literature so further specific research may be
needed for the mechanism to be fully explained.

TN-g, TP-h) and AeMBR (DOC-d, TC-e, IC-f, TP-i) effluents for varying doses of TiO,

The corresponding isotherm parameter Kf for all adsorbents dis-

played in Fig. 2 were obtained with the normalised Freundlich isotherm
as it presented the highest overall coefficient of determination value (R?)
among the three models applied (Table S1, Supplementary material).
DOC was excluded due to poor correlation (R? < 0.3) observed in all
fittings, therefore the displayed K} are for TC, IC, TP and TN (AnMBR
only) with an average R? of 0.9/0.6, 0.9/0.9, 0.9/0.9 and 0.9, for the
AnMBR and AeMBR samples, respectively.

As K'f reveals the adsorption capacity for the compound per unit mass
of dosed TiOs, this can provide an indication of adsorption efficiency at
the corresponding dose. The K'f value for TC and IC from the AnMBR
effluent displayed an obvious variation at each TiO, dose, with the
lowest Kf observed for the lowest (0.1 g/L) and the highest (5 g/L) doses.

The low K'f value obtained for the low dose is due to the limited overall



Y. Huang et al.

e TC IC
(a)
16
[
12
s 8 [ ]
{
[ ]
4
0 |

0 1 2 3 4 5

Journal of Environmental Management 356 (2024) 120628

TN =« TP
(b)
16
12
el
28
4 L)
(J
v 8 e 8
0
o 1 2 3 4 5

TiO2 dosing concentration (g/L)

Fig. 2. K'f of each adsorbent from the normalised Freundlich isotherms for the AnMBR (a) and AeMBR (b) effluents.

adsorption capacity, while the low K} value at the high dose is due to the

limited increase in K} once the adsorbate reached equilibrium as the
residual concentration in the samples remain stable. This result agrees
with Li et al. (2002) who showed that the adsorption capacity is less
affected by increasing the adsorbent dosage in high initial adsorbate
concentration solutions, which in this case is the AnMBR effluent. The
slight increase in K} for TC and IC in the test at 2 g/L TiO2 can be
explained by the fact that the duration of this specific test was extended
and further removal occurred (Fig. 1b and c) hence affecting the overall
capacity. In contrast, the AeMBR samples displayed much less variation
with similar K} values regardless of the dosed amount. Indeed, the K}
values for TC and IC for the AnMBR effluent were higher than for the
AeMBR effluent with TiO5 doses of 0.2, 0.5, 1, and 2 g/L. This agrees
with the findings reported in the literature that a higher unit adsorption
capacity is expected in the more concentrated solution under the same
adsorbent dose (Lim et al., 2011; Thomas and Syres, 2012). Indeed, the
K} values for TC and IC were 15.2 and 10.4 in the AnMBR effluent with
0.2 g/L TiOy, which is significantly higher in comparison to the corre-
sponding values of 2.6 and 0.18 for the AeMBR effluent.

Despite the different initial concentration, the nitrogen species pro-
duced by the different biological stages of two MBRs also impact
differently on the adsorption of organics. The ammonium in the AnMBR
effluent could have a charge interaction effect with phosphate,
competing for the available adsorption site on the TiO, surface, which
leads to a decreased adsorption capacity for the organics. Whilst nitrate
has been shown to decrease NOM adsorption on TiOy (Gora and
Andrews, 2017), along with the competing effect from phosphate, this
explains the significantly lower K} found for the AeMBR effluent even
with a much lower initial compounds concentration compared to
AnMBR effluent. Furthermore, since the performance of the photo-
catalysis process is influenced by the adsorption rate (Azeez et al., 2018;
Levchuk and Sillanpaa, 2020), this suggests a different organic removal
performance should also be expected in the photocatalysis tests.

The higher K} for TP compared to TN in the AnMBR effluent
confirmed the charge neutralisation effect between the ammonium and
phosphate. A similar K)} of TP was observed in both MBR effluents when
the same dose was applied. This confirmed these two effluent matrices
had a negligible impact on the adsorption mechanism of the phosphorus
compound, but may suggest there is no optimum TiO; dosing ratio for
the MBR effluents to prioritise for phosphorus adsorption. However,
phosphate reached an adsorption equilibrium within the shortest time
compared to the other substances, suggesting that phosphate has the
highest adsorption rate due to a higher MW and a positive charge
compared to other compounds in the effluent. As there is no evidence

reported in the literature of the photodegradability of phosphate by UV/
TiO», this may be a cause for concern for the application as the overall
photocatalysis efficiency will be reduced when phosphate occupy
adsorption sites on the surface of the TiOy but is not removed photo-
catalytically. The adsorption priority of each compound is concluded to
be as phosphorus - inorganic carbon - ammonia/organic carbon in the
AnMBR effluent, whilst phosphorus - inorganic carbon - organic carbon
in the AeMBR effluent.

3.2. UV/TiO2 photocatalysis performance

It should first be noted that there was no removal of DOC, TN and TP
from either MBR effluent with direct UV photolysis. Notably, the pH
value in all samples showed a minor change (<0.1) after the addition of
TiOy but remained stable during the whole progress of the photo-
catalysis process, hence volatilization was not considered as a pathway
for ammonia removal from the AnMBR effluent.

3.2.1. Removal of bulk organic and nutrients

The DOC removal profile of the AnMBR effluent exhibited significant
variations corresponding to changes in TiOz dose and UV intensity
(Fig. 3a). The relative linearity of these profiles indicates a steady rate of
removal over time for all tested operational conditions, whereas the
general trend suggests that the TiO, dose has a bigger impact than the
UV intensity on DOC removal. The greater impact of dose over intensity
is evidenced by a sharper reduction gradient in the removal profile and a
higher overall removal observed for the TiO, doses of 5 g/L (60%) and
10 g/L (79%) under the UV intensity of 30 W/m?.

Similarly distinctive trends were observed for the AeMBR effluent
when exposed to different TiO, doses and UV intensities (Fig. 3b). These
data series displayed a similar linearity to the AnMBR samples, indi-
cating that a steady DOC removal rate was experienced over the 300 min
experiment period. In the samples with 1 g/L and 2 g/L TiO5 doses, the
removal profiles exhibited a rapid decrease followed by stabilisation
after reaching a removal of 80%. Indeed, stability was achieved with 1
g/L and 2 g/L TiO, doses regardless of the UV intensity, while the
samples with 2 g/L dose required 120 min and the 1 g/L dosing samples
took 180 min. This highlights a trade-off effect between the catalyst
dosage and energy consumption during the treatment of the AeMBR
effluent. However, a maximum DOC removal of 80% was observed for
both MBR effluents regardless of the operational conditions, suggesting
the potential presence of a recalcitrant fraction of organics or the
adsorption sites were all covered with unreactive compounds. This may
be caused by the colloid substances in the MBR effluents (Maghsoodi
et al., 2019; Snow et al., 2019), as well as the nutrient compounds (Kim
and Choi, 2002; Klare et al., 2000; Lee et al., 2016).
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Fig. 3. Removal profiles in AnMBR (a-DOC, c-TN, d-TP) and AeMBR (b-DOC, d-TP) effluents by UV/TiO,, where the value next to the legend is the correspondence

TiO, dosing concentration and UV intensity.

The TN profiles for the photocatalysis of the AnMBR effluent dis-
played a similar shape (constant removal rate over time) for all tested
conditions but exhibited a significant improvement on the removal rate
constant (Fig. 3c). The average TN removal rate constant increased from
0.00025 min~! to 0.0046 min~!, this 1.5 log enhancement clearly
demonstrates the benefit of the adsorption-photocatalytic process over
monophonic adsorption. The overall removal percentage varies from
56% to 85% with a TiO, dosing amount from 0.5 g/L to 5 g/L, whereas
the UV intensity was found to have a negligible effect on the removal
rate and overall removal percentage. However, literature has shown the
OH' radicals can oxidize the ammonium to the forms of nitrite and ni-
trate in the pure ammonium solution, but suggested a very limited
photodegradation by pure TiO5 suspensions in a neutral pH condition
(Lati etal., 1972; Murgia et al., 2005; Zhang et al., 2021). Indeed, we did
not observe the formation of nitrite or nitrate in any trials. This agrees
with Kim and Choi (2002) and Klare et al. (2000) that ammonium ions

are not degraded under particular conditions similar to this paper,
where the ammonium tend to be photodegradable as the fraction of
ammonia at a pH of 11. Hence this suggests the removal of ammonia in
our experiments was only by adsorption, and ultimately experiences a
competing effect as for the phosphate. This therefore explains the lowest
removal percentage was observed with the highest TiO, dose of 10 g/L,
and the second lowest was the sample dosed with 5 g/L. This suggests
the TiO, dosage in these two tests may have exceeded the optimum
amount for the reactor and the overdose of TiO5 has led to a substantial
reduction in light penetration, which significantly decreases the pho-
todegradation of organics hence much less adsorption site could be
released. This ultimately resulted in a lower removal efficiency for
organic and nitrogen (ammonium) compounds. However, the
non-degradation of ammonia compounds highlights the potential se-
lective removal by varying the UV intensity, and no further denitrifi-
cation required since no nitrite or nitrate is generated, as well as a
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promising insight of ammonia recovery during the regeneration of TiO».

All phosphate removal profiles displayed a short critical removal
period regardless of the dosage, UV intensity and water matrix, whereas
more than 90% of the phosphate was removed within 60 min with TiO2
dosing of 5 and 10 g/L (Fig. 3d). The trends after the equilibrium point
displayed a steady decrease but corresponding to a very limited removal
percentage. Furthermore, the overall phosphate removal percentage
displayed significant correlation to the TiO, dose, while again the UV
intensity had a negligible impact. This agreed with the findings from the
adsorption isotherm that a maximum adsorption capacity is achieved for
phosphate.

The UV photocatalysis of the AeMBR effluent displayed a higher
phosphate removal percentage in each sample compared to the per-
centage in AnMBR sample obtained with the same operational condi-
tion, which is different from the results observed without UV irradiation.
This can be explained by a competing effect between the compounds
which only adsorb and those which are photodegradable, and as the
mineralization of degradable compounds release the adsorption site
hence more phosphate can be adsorbed. The assistance of UV irradiation
did slightly increase the overall removal rate for the 0.5, 1 and 2 g/L
doses for both effluents but reduced in the AnMBR samples with 5 and
10 g/L doses. The reduced overall removal percentage observed with 5
and 10 g/L TiO» dose is respectively similar to the TN result for the same
sample, as the overdose of TiOy reduces the light penetration. This
confirmed the finding in the adsorption tests that a high TiO2:N/P ratio
may not be the optimum dosage if the nutrients removal is set for the
higher priority than organic matter. However, the identified catalyst-
energy trade-off effect suggests that once the TiO, dose exceeds a
certain TiO2:N/P ratio to ensure there is still enough capacity for
photodegradable substance after the adsorption of ammonium and
phosphate, an increase in TiO3 dose can speed up the removal of DOC
regardless of the UV intensity, shortening the time required to reach the
same overall removal percentage.

3.2.2. Removal kinetics

As shown in Table 3, the feed water matrix and UV intensity were
found to have negligible impact on the rate constant of total phosphorus,
while the increasing TiOy dosing concentration had a significant in-
crease on Kyp. However, the Kyp of the AnMBR samples with 5 g/L and
10 g/L TiO, dosing concentrations agreed with the finding from the
adsorption isotherm that a limited increase in adsorption capacity was
achieved once the adsorbent reached a certain ratio (Li et al., 2002),
which in this study was TiO2:TP weight ratio of 724:1. The removal
profiles in Fig. 3 d exhibit a limited overall removal percentage and a
limit removal after the equilibrium point, suggesting that the phos-
phorus present (as phosphate) can have a competing effect by adsorbing
to TiO; at the start of the photocatalysis process but a negligible impact
after reaching the equilibrium point in batch operation mode. However,

Table 3
Removal rate constant for TP under various UV intensities in AnMBR and
AeMBR effluent.

TiO, UV intensity AnMBR K, TiO,:TP AeMBR K, TiO4:TP
dosage (g/ (W/i mz) (min™ 1) w/wW (min’l) w/W
L)
0.5 30 0.2029 72:1 0.2113 96:1
40 0.1875 0.2131
50 0.2115 0.2164
1 30 0.2113 145:1 0.2441 192:1
40 0.2131 0.2560
50 0.2164 0.2529
2 30 0.3661 289:1 0.3755 383:1
40 0.3874 0.3777
50 0.3777 0.3924
30 0.8323 724:1 N/A
10 0.7753 1447:1

Note: N/A: Not available, w/w: weight-to-weight ratio.
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if the system was operating in continuous mode, that phosphorus will
not reach an equilibrium, therefore more phosphorus would be adsorbed
until there is no capacity remaining on the TiO,. In batch mode, phos-
phorus affects the UV/TiOy process by proportionally reducing the
adsorption capacity and the available reactive surface for radical gen-
eration, which will ultimately reduce the overall efficiency of the pho-
tocatalysis process. Therefore, pre-removal of phosphorus from the MBR
effluents can reduce the required dosage of TiO5 and simultaneously
increase the efficacy of the photocatalytic process for the degradation of
organic matter, which may be beneficial to reduce the overall opera-
tional expenditure.

As shown in Fig. 4, the Kpgc value for the AnMBR effluent was lower
than the value for the AeMBR effluent under the sample operational
conditions except the samples with a 0.5 g/L TiO, dose and 50 W/m? UV
intensity. This helps explain the low overall removal observed in Fig. 3
for all AnMBR samples as they have much higher initial DOC concen-
trations compared to the AeMBR samples. This can be explained by the
limited total adsorption capacity of TiO, under a low dosing concen-
tration scenario. In this study the TiO2:DOC for these samples were
below 75:1. The explanatory mechanism here is that phosphate is taking
the initial empty adsorption capacity, then continuously taking the
released capacity after the degradation of organic compounds. Compe-
tition in the AnMBR effluent is more crucial since the ammonia was
simultaneously following the pathway of adsorption, which ultimately
leads to a reduction in the available photocatalysis area. Furthermore,
the rate constant of Kic was higher than Kpc in all AnMBR samples
(Fig. 4a, b, ¢), whereas for the AeMBR samples, Ky is higher than K¢
(Fig. 4d, e, f). Since the degradation mechanism of organic compounds
by UV/TiO3 is strongly dependent on the adsorption of the compounds
(Maghsoodi et al., 2019; Snow et al., 2019), this validated the hypothesis
that the other fraction of the TC, which contributes to DOC substances in
this study, consists of lower MW compounds compared to the IC com-
pounds in both effluents. Since the initial DOC and IC concentrations are
much higher in the AnMBR effluent compared to those in the AeMBR
effluent, the IC compounds with a higher MW experience a higher
adsorption rate, resulting in a higher contact ratio with generated rad-
icals (Carra et al., 2016), ultimately leading to a higher removal rate and
consequently a lower Kpoc for the AnMBR. In comparison, in the AeMBR
samples K¢ was consistently higher than K¢, synchronously leading to a
higher Kpoc. This additionally explains the faster DOC removal in
AeMBR effluent compared to AnMBR.

In the sample taken at 0.5 g/L TiO, dose and 50 W/m? UV intensity,
the Kpoc value (0.0046 min~') was much higher compared to two other
AnMBR samples with 1 g/L (0.0017 min~ 1) and 2 g/L (0.0029 min})
TiO4 dosing concentration under the same UV intensity, while it is only
slightly higher than the Kpoc value (0.0041 min~!) of the AeMBR
sample generated under the same operational condition. This was due to
the fact observed in Fig. 4a, 5b and 5c that Kpoc was inversely propor-
tional to Kyy in the AnMBR samples, indicating there might be a trade-
off effect after the fast adsorption of phosphorus occurred between the
removal of organic compounds and ammonia due to limited capacity of
adsorption. The organic-ammonia trade-off effect was observed in
samples obtained both with a fixed TiO, dosing concentration while
varying the UV intensity and with a fixed UV intensity with various TiO»
dosing concentrations. In Fig. 4 with a fixed UV intensity of 30 W/m?,
Ky decreased with increasing dose, while in Fig. 4 ¢, the Kpoc decreased
with increasing Kty and dose at a UV intensity of 50 W/m?. However,
the removal mechanism is different between the samples displayed in
Fig. 4a and Fig. 4c. This was due to the fact that in the particular con-
ditions reported in this study, only DOC in the AnMBR effluent can be
photocatalytically degraded. Therefore, the removal rate obtained dur-
ing the UV/TiO3 process involves the mechanisms of both adsorption
and degradation for DOC, but only adsorption for the ammonia. In the
samples exposed to 30 W/m? (Fig. 4a), the relatively lower UV intensity
led to an adsorption dependent removal of DOC rather than photo-
degradation. To explain, at low TiO3 doses (<1 g/L) the UV irradiation
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offered a limited promotion of the degradation due to a lower adsorption
capacity, therefore the competing effect between the nutrients and or-
ganics had led to a higher Kyy compared to Kpoc. Whilst in the samples
treated with an increasing TiO dosage from 1 g/L to 2 g/L, an increased
capacity boosted the degradation of DOC and offered more adsorption
capacity for both DOC and ammonia, which explains the increased Kpoc
but constant Kry. This also helps explaining the trend observed for the
samples exposed to a UV intensity of 40 W/m?2, as the same trade-off
effect between DOC and ammonia appeared as seen earlier in the sam-
ples exposed to 30 W/m?2. However, a further increase of the TiO, dosage
(>5 g/L) shifted the adsorption priority from nutrients towards the DOC,
which resulted in a significant increase and decrease for Kpoc and Kry;,
respectively (Fig. 4a).

In contrast, assuming a similar adsorption scenario of DOC and
ammonia in the samples exposed to 50 W/m? (Fig. 4c), increasing the
UV intensity from 30 W/m? to 50 W/m? significantly promoted the
photodegradation of DOC, as well as restricted the adsorption of
ammonia with an increasing temperature (Rouquerol et al., 1999;
Striolo et al., 2005), ultimately resulting in a much higher Kpoc
compared to other samples and the lowest Ky based on the
organic-ammonia trade-off effect. However, the cross point between the
0.5 g/L and 1 g/L dosing concentration in Fig. 4 ¢ may be the result of
the competition effect discussed above, as the phosphate and ammonia
took the released adsorption capacity whilst the degradation is much
faster under a higher UV intensity, leading to a lower overall removal
efficiency. This simultaneously explains the increased Kpoc and Kty by
increasing the TiO, dosage from 1 g/L to 2 g/L under the same 50 W/m?
UV intensity. This performed as a co-effect of higher overall adsorption
capacity and a faster degradation of DOC, creating much more adsorp-
tion capacity in comparison to samples that experienced a lower DOC
degradation rate. Subsequently, this helps explain the different
organic-ammonia trade-off trends observed between Fig. 4a and Fig. 4c
since the adsorption rate and capacity of TN is not promoted by
increasing the TiOy dose. Moreover, comparing the Kpoc and Kry ob-
tained at a fixed TiO, dosing concentration while varying UV intensity,
increasing the UV intensity resulted in a reduction of Kty but an increase
of Kpoc. This suggests the adsorption of ammonia was less favoured than
that of organic compounds by the increasing UV intensity. Therefore,
this explains the similar overall DOC removal but a different removal
rate constant observed for the AnMBR effluent treated by 5 g/L TiOy
dose and 30 W/m? UV intensity (Fig. 3a) and with 2 g/L TiO, and 50
W/m? (Fig. 3c). This addresses the fundamental of the catalyst-energy
trade-off effect which is linked to the adsorption-photodegradation
trade-off effect, where similar removal efficiencies can be achieved by
improving either of the adsorption and photodegradation processes.

The Kpgc obtained in the monophonic photocatalytic degradation of
DOC in the AeMBR effluent was found to have more direct link to the
operational conditions. But the increased TiO, dosage had limited
impact in boosting the removal rate constant due to a low initial con-
centration of pollutants present in the AeMBR effluent.

The ineffectiveness of increasing the UV intensity in the high dose
samples (>1 g/L) may be caused by a limitation in the experimental
setup used for this study. Degradation only occurred at the surface of the
solution, where the UV irradiation contacts the TiO,, and the petri dish
was therefore designed to have a large surface area to receive the UV
irradiation from the lamps installed above. In the high dosage scenarios
(where we observed that even the phosphate does not take all the ab-
sorption capacity) the overall available reacting surface area is too small
due to the formed TiOy mask. This concomitantly leads to a limited ef-
fect through increasing the intensity of UV irradiation when a high TiO,
dosing concentration is used. The increased removal rate found in higher
TiO4 dosing concentration samples was caused more by adsorption not
degradation, which may also explain the cause of the adsorption-
photodegradation trade-off effect found in AnMBR samples, as theo-
retically a higher Kpoc should be expected with the operational condi-
tion of 5 g/L and 30 W/m?.
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3.2.3. DOM removal

As DOC is a component of dissolved organic matter (DOM) (Moody
and Worrall, 2017), monitoring the removal of DOM can also offer a
more comprehensive view of the overall photocatalysis process, as well
as a potential view of the variation of primary halogenated DBP pre-
cursors (Bond et al., 2011; Ma et al., 2016). Therefore, the removal
percentage of each measured DOM fraction was calculated with the
fluorescence integrated composition analysis results (Fig. 5).

The process of DOM fraction removal by UV/TiO, displayed non-
selectivity with regard to each single type of DOM (Fig. 5) regardless
of the effluent type (water matrix) and operational condition (TiO2 dose
and UV intensity). The AnMBR (Fig. 5a) and AeMBR (Fig. 5b) effluents
displayed a similar response in terms of the different UV intensities,
whilst a relatively similar removal percentage was observed between the
two effluents when conducted with the same TiO, dosing concentra-
tions. Both effluents displayed a significant removal of humic acid-like
compounds (HA) (>89%) regardless of the operational condition. The
removal percentage of each DOM category confirmed the adsorption
mechanisms to follow in decreasing order of the MW, whereas the higher
removal is matched with the higher DOM MW (Li et al., 2002; Lim et al.,
2011). Moreover, the negative removal found for APr (tyrosine-like ar-
omatic proteins) and APy (tryptophan-like aromatic proteins) in both
effluents may suggest the aromatic protein-like substances could be the
mineralization by-product of photocatalysis process. However, positive
removal of Apr and APy was then observed with the higher dose for
AnMBR (5 mg/L, 10 g/L) and AeMBR (2 g/L) tests, suggesting the
generated by-product AP could be removed by either high UV intensities
with sufficient adsorption capacity, or exceed amount of adsorption
capacity provided by the high TiO, doses.

Under the optimal operational conditions such as 1 g/L and 40 W/
m?, with respect to achieving high DOM removal performance, a sig-
nificant amount of HA and soluble microbial products (SMP) was
removed by the UV/TiO4 photocatalysis and a very low level of AP was
observed in the permeate produced by both MBRs. This has led to a
significant reduction of primary halogenated DBP precursors (Bond
et al., 2011; Ma et al., 2016), which ultimately would lead to low DBP
formation during the use of chlorine based pathogen control strategies
for recycled water distribution (Capocelli and Piemonte, 2021). This is
similar to the results reported by Gora and Andrews (2017) that TiO4
photocatalysis can reduce the DBP formation potential of surface water
with an treatment time over 30 min. Furthermore, AnMBR samples
displayed a higher SMP removal compared to AeMBR. This was due to
the non-selective removal of DOM while a high initial DOM concen-
tration was present in the AnMBR effluent. In contrast, AeMBR samples
exhibited a higher HA removal compared to the AnMBR. This agrees
with Bekbolet (1996) and Wiszniowski et al. (2002) that under a fixed
TiO4 concentration, increasing the humic acid concentration drives a
decrease of radical generation efficiency. This is because the HA sub-
stances can readily absorb the UVqs4 irradiation, leading to not only a
lower removal of HA, but also a reduced overall photocatalysis effi-
ciency (Carra et al., 2016; Maghsoodi et al., 2019; Snow et al., 2019).
Hence the high amount of HA present in the AnMBR samples is signif-
icantly limiting the overall photodegradation efficiency.

3.3. Future perspective for UV/TiOz as post-treatment of MBR effluents

Due to the energy consumption of the UV lights, the costs of pur-
chasing the catalyst (TiO), replacement due to losses in the process, and
also filtering the TiOy out of the solution, UV/TiO5 is considered an
expensive and energy intensive processes. To illustrate, Al-Bastaki
(2004) reported an energy use of about 4 kWh/m® for TiOo/UV. How-
ever, the regenerable and solar-activatable characters of TiO5 are seen as
having the potential to overcome these limitations (Chatzisymeon et al.,
2013; Loeb et al., 2019; MacAdam et al., 2012). The complex matrix and
high concentrations of organics and nutrients in AnMBR effluents
constitute limitations for the use of UV/TiO; as a single barrier to secure
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a water quality sufficient for many reuse applications. The
non-photodegradation of the adsorbed ammonia leading to competition
for adsorption on the media raise the question if the ammonia should be
removed before the UV/TiOz process. If keeping the ammonia in the
water, the organic-ammonia trade-off effect suggests that by optimising
the intensity of UV irradiation, UV/TiO5 can provide a selective solution
for organic or ammonia prioritised removal for the post-treatment of
AnMBR effluent. However, this highlights the need for research to
potentially recover the adsorbed ammonia during a regeneration of
TiOs. On the other hand, this can be offset with replacing the pure TiOy
with metal loaded ones such as TiO2/Pt, that with the presence of Pt the
adsorbed ammonia can be oxidized to a final product of NoHy (Lee et al.,
2002; Yuzawa et al., 2012), ultimately forming Nitrogen gas due to the
self-decomposition under ambient temperature and pressure (Zhang
et al., 2021). However, by removing the phosphorus and potentially
ammonia as well, this would significantly address the competing effect
between the nutrients with organic compounds, which is beneficial to
achieve the full photocatalytic proficiency of TiO,. Ideally TiO5 can be
used as an eternal catalyst without adsorbing the phosphorus and
ammonia. In this regard, AnMBR technologies will need an extra
post-treatment step but have potential for ammonia and phosphate re-
covery (Lee et al., 2016; Song et al., 2018b; Xie et al., 2016). With the
AeMBR, anaerobic and anoxic stages can be combined with the oxic
stage to remove the nitrogen (nitrate) and phosphorus by biological
processes. The catalyst-energy trade-off effect then can be used to
optimise the operational conditions, reducing the operational cost of
implemented schemes. In general, developments in reactor design (Dai
et al., 2013; Natarajan et al., 2011) are beneficial to enhance the UV
transmission efficiency regardless of the effluent matrix, which can ul-
timately improve the overall photocatalysis performance. Therefore, by
tackling the current weaknesses, UV/TiO, can be a promising
post-treatment solution for the AnMBR effluent, specifically when facing
the challenge from emerging contaminants (Carra et al., 2015, 2016;
Fattahi et al., 2021; Kanakaraju et al., 2018) in modern water reuse
applications.

4. Conclusion

In this study, the first direct comparison of UV/TiO; photocatalysis
for the post-treatment of AnMBR and AeMBR treating real municipal
wastewater was conducted focusing on the removal performance of
organics and nutrients (nitrogen and phosphorus). Results show that the
nutrients present in the effluent, in particular phosphorus and ammonia
in the AnMBR effluent, are adsorbed onto the media but not degraded.
The removal mechanisms in both effluents are then identified as
adsorption for the organic, ammonia and phosphorus, but only photo-
degradation for the organic compounds. Removals of the organics of up
to 80%, was achieved for both effluents, demonstrating good perfor-
mance and the potential to achieve low levels for reuse. However, the
competing effect between the nutrients and organic compounds is ex-
pected to lead to deterioration of the performance over time as the
adsorption sites are saturated by nutrients. As such, a greater impact of
the TiO; dosing concentration than the UV intensity was observed on the
overall removal performance, particularly more crucial with the pres-
ence of ammonia in the AnMBR effluent. With mitigations such as
advancement on the reactor design and pre-treatment of the nutrients,
UV/TiO; photocatalysis can achieve a prioritised removal of organic
matter or nutrients for AnMBR effluent for reuse.
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