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Abstract

Drinking water production needs to increasingly consider removal of background organic
matter and trace micropollutants without increasing disinfection-by-product (DBP) formation
potential. The presented data demonstrates the efficacy of both UV/H-O. and UV/TIOz in
removing the pesticide metaldehyde to below drinking water compliance levels in both real
and synthetic waters. This pesticide has proven to be unaffected by conventional water
treatment processes such as granular active carbon and is responsible for many of the water
company compliance failures in the UK. The potential of UV/H20: is further demonstrated to
offer an alternative approach for the removal of recalcitrant organic matter to ensure DBP
compliance as long as extended UV doses of over 10000 mJ cm are applied at the optimum
peroxide dose of 8 mM. Alkalinity and UV dose have an impact on DBP formation: at low UV
fluences, increased alkalinity reduced the DBP formation. The UV/TiO: process was observed
to be inhibited in the presence of alkalinity. Aggregation studies and comparison of the catalyst
fractal dimension showed that the process inhibition is mainly due to aggregation. This restricts
the surface area available for reactions, rather than changes in the catalyst properties or
carbonate radical scavenging, which is often the reasoning attributed to photocatalysis
inhibition. Hence, the presented results indicate that decreasing the catalyst aggregation is

the key to apply photocatalysis as drinking water treatment.
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1. Introduction

The need to remove micropollutants from drinking water sources is of growing concern due to
an increase in their occurrence [1, 2] and our understanding of the adverse effects they may
have on human health [3, 4, 5]. Accordingly, adaptation of existing water treatment facilities is
required to extend their capability beyond removal of bulk dissolved organic carbon (DOC),
turbidity and microorganisms to also include removal of trace concentration of specific
micropollutants. Some steps have been given towards this direction, with ozone processes

and activated carbon being the most significant additions to water plants

One of the most recurrent groups of pollutants are pesticides as modern formulations tend to
produce compounds which are uncharged, of low molecular weight and persistent to
conventional treatment. Consequently, water plants have to be adapted to meet the European
Union drinking water standard of 0.1 pug L' for all individual pesticides and a maximum
allowable limit of 0.5 ug L™ for the sum of all pesticides [6]. The problem of effectively treating
pesticides can be illustrated through the case of the pesticide metaldehyde, which has been
found to by-pass drinking water treatment [7]. Metaldehyde was first identified in drinking water
in the UK in 2007 and was reported in 2014 to be responsible for 61% of the water company
failures due to pesticides in the UK [8]. Similar concerns exist across Europe for other
recalcitrant pesticides such as triazine pesticides [9, 10] and the pyridine pesticide clopyralid
[11]. The result of these concerns means that alternative approaches are required at drinking

water treatment plants (WTPs).

The most common adaptation at a WTP to deal with persistent compounds involves the

inclusion of either membranes [12] or chemical processes such as advanced oxidation



processes (AOPs) [13, 14]. One group of AOPs utilises UV irradiation to start a selection of
different reactions to produce the highly reactive hydroxyl radical (HO®) in water. The
processes used in combination with UV include heterogeneous photocatalysis (UV/TiO2) and
hydrogen peroxide photolysis (UV/H2Oz). The key difference between both is the phase in
which the reaction occurs. In the UV/H,O, process, the free radicals are formed in the liquid
phase and can directly react in solution. Whereas TiO, is a solid catalyst such that the free
radicals form at the catalyst surface limiting reactions to the proximity of the catalyst. A large
number of complex reactions are involved in AOPs and the rate of oxidation will generally vary
with the HO® generation rate, oxygen and pollutant concentrations, among other parameters.
Whilst the efficacy of AOPs has been shown previously in many studies [14, 15], the impact
of the background matrix remains an active area of investigation focused mainly on
understanding the impact of the competing organic and inorganic species typically present in

source waters [16, 17].

A logical extension to this line of investigation leads to the consideration of AOPs for bulk DOC
removal. Their potential has been demonstrated previously with DOC removals as high as
87% reported for the photocatalysis of a raw water containing 2.3 mg L' DOC [18] and around
80% for a reservoir surface water with an initial DOC of around 10 mg L" [19]. The nature and
concentration of organic matter in raw waters, which often depends on geological conditions,
has an impact in the performance of AOPs. Hydrophobic and high molar mass compounds
have been reported to be better oxidised by heterogeneous photocatalysis or hydrogen
peroxide photolysis; while low molar mass compounds would be better degraded by the photo-
Fenton process [20]. Another issue of particular concern for drinking water treatment is the
formation of disinfection by-products (DBPs). One of regulated DBP groups in the UK are
trihalometanes (THMs). In the UK, a maximum concentration value of 100 ug L™ at the
consumer’s tap has been set for the sum of trichloromethane, bromodichloromethane,
dibromochloromethane, tribromomethane [21] and they are also subject to WHO guidelines

due to their potential health risk [22]. Therefore, studying the impact of AOP treatment on DBP



formation is of special interest. Typical UV doses for drinking water treatment are in the order
of 1000-5000 mJ cm2 [23] but it has been suggested that higher UV doses could be required
for both micropollutants removal and DBP formation reduction [24]. As an example, the need
to apply sufficient UV dose has also been demonstrated for two hydrophilic surface waters,
where sub-optimum photocatalysis increased the THM formation potential (THMFP) in the
water [25]. The required fluences would restrict the economic suitability of the solution but the
development in low energy UV delivery with UV-LEDs offers a promise for the near future

when their efficiency is improved.

The current paper builds on such findings by examining the impact of high UVC dose in terms
of micropollutant, bulk DOC removal and THMFP in drinking water for UV/TiO2 and UV/H202
and the effect of different alkalinity concentrations on the process performance. To this end,
synthetic and natural waters were used at different alkalinity concentrations. Metaldehyde was
selected as model micropollutant whereas three organic compounds were selected as bulk
organic matter surrogates (serine, leucine and resorcinol) due their hydrophilic/hydrophobic

nature.

2. Materials and Methods

2.1 Chemicals

Metaldehyde, serine, leucine, hydrogen peroxide (35% w/w), CaCl, and NaHCOs; were
obtained from Fisher Scientific.Resorcinol, ammonium acetate, formic acid and acetonitrile
were acquired from Sigma-Aldrich at analytical purity or above. Titanium dioxide (Aeroxide®
TiO2 P25 Degussa) was purchased from Lawrence Industries (Tamworth, UK). All synthetic

solutions were prepared in ultrapure water (Purelab Option — S7/15, 18.2 MQ cm and TOC <

3 ppb).

2.2 Experimental set-up



UV/TiO2 and UV/H20: experiments were all conducted in a Wedeco AG bench scale quasi-
collimated beam apparatus (Herford, Germany) equipped with four 30 W UVC low pressure
lamps emitting monochromatic light at 254 nm. A volume of 250 mL of test solution was placed
in a Petri dish at 22 cm from the light source and stirred. UV irradiance was determined to be
23.3 W m? using the uridine actinometry method as described by von Sonntag and

Schuchmann [26].

The experiments were conducted using synthetic water and a natural sample taken from a
water treatment plant (WTP) in the Severn Trent Water region in the UK. The synthetic water
contained a mixture of surrogate compounds: serine, leucine and resorcinol. These
compounds have been previously used as surrogate compounds since they are good
representatives of the organic matter found after coagulation treatment [27]. The properties of
the compounds are shown in Table 1. Leucine represents the hydrophilic fraction, serine the
transphilic fraction, and resorcinol the hydrophobic fraction as identified by their octanol-water
partition coefficient (Table 1). This is important when the THMFP is studied since the
hydrophilic and hydrophobic characteristics of organic matter have an impact on THM
formation [28]. Therefore it is important to have representatives of both fractions in the
synthetic water. Additionally, these compounds were selected for their low adsorption
properties and low reactivity with hydroxyl radicals in comparison with metaldehyde (Table 1),
making them a good choice as bulk organic matter [16]. Surrogates were added in quantities
to deliver the same DOC concentration each, adding a total DOC of 5mg L™ (4.6 mg L™ serine,
3 mg L' leucine, 2.4 mg L' resorcinol). Metaldehyde was used as the target micropollutant at

a concentration of 10 pug L.

The effect of alkalinity and hardness on TiO2 aggregation was also studied. The former was
evaluated through addition of NaHCOs and covered the range of alkalinity values typically

seen in UK drinking waters (5-120 mg/L expressed as CaCQOs); the latter was studied through



the addition of CaCl, as Ca?* source, also in the range of common values found in the UK (5-

120 mg L expressed as CaCOs). pH of the water was not adjusted.

The natural water was collected post-GAC treatment and had a DOC of 3.5 mg L' (26.5%,
25.3% and 48.3% of hydrophobic, transphilic and hydrophilic fractions respectively) and an
alkalinity of 120 mg L' expressed as CaCOs. All water samples were stored in the dark at 4°C

until used for experiments.

Both UV/TiO2 and UV/H-0- experiments were conducted using the optimum dose of chemical
for metaldehyde removal. These were 100 mg L' (TiOz) and 8 mM or 272 mg L' (H202) [29].
The system was continuously mixed with a magnetic stirrer. All experiments were carried out
at natural pH (7.8-8.2) with the exception of synthetic water without NaHCOs where the pH
was 6.7-7.0. The experiments were run at room temperature (20-22°C). Evaporation was
negligible during the experiments. Adsorption of metaldehyde, resorcinol, leucine and serine
on TiO2 was found to be negligible after 2 h. Photolysis of the four compounds was carried out
as blank and found insignificant except for serine, which was degraded 20% after a dose of
3000 mJ cm™. The experiments were carried out in duplicate. The experimental errors for
metaldehyde, leucine, serine, resorcinol, DOC and THMs were 3.2%, 4.3%, 2.9%, 6.9%, 4.1%

and 8.7%, respectively.

2.3 Analytical methods

For UV/TiO2, samples were filtered through 0.45um syringe filters (Millex-HA) before analysis
to separate the TiO. particles from the treated water prior to analysis. For UV/H20>
experiments samples were directly analysed after each experiment. The absorbance at 254
nm was measured with a UV-Vis spectrophotometer (Jenway, UK) and DOC measured as
non-purgeable organic carbon (NPOC) using a Shimadzu 5000A TOC analyser. The alkalinity

was measured by HCI titrimetric method 2320B [30].



The size and fractal dimension of the TiO2 aggregates were measured using laser diffraction
(Malvern Mastersizer 2000, Malvern Instruments, UK) according to the methods outlined by
Jarvis et al. [31]. The suspension was monitored by drawing water through the optical unit of
the Mastersizer and back into the jar by a peristaltic pump. The inflow and outflow tubes were
positioned opposite one another at a depth just above the paddle in the holding ports. Size

measurements were taken every minute for the duration of the jar test and logged onto a PC.

Quantification of the concentration of each specific compound was performed using a Waters
2695 LC system coupled with a Waters Quattro Premier Xe MS-MS. The aqueous mobile
phase A consisted of 5 mM ammonium acetate/0.1% formic acid and the organic mobile phase
B was acetonitrile/0.1% formic acid. The flow rate was set to 0.2 mL.min"' and the conditions
were 50% A and 50% B held for 2 minutes. The Quattro Premier Xe tandem quadruple MS
was operated under positive electrospray ionization mode for metaldehyde, leucine and serine
and negative electrospray ionization mode for resorcinol. The instrument was operated in
multiple reaction monitoring set to monitor ions m/z 194 for metaldehyde, m/z 131.7 for
leucine, m/z 105.7 for serine and m/z 108.5 for resorcinol. Source conditions were as follows:
capillary 3.5 kV, source temperature 120 °C, desolvation temperature 350 "C, and nitrogen
drying gas 1000 L h*'. Calibration curves were generated prior to each new sequence for each
compound and the concentrations were determined using Micromass QuantLynx. Limits of
detection for metaldehyde, leucine, serine and resorcinol were 0.5, 0.8, 1.2 and 1.6 ug/L,
respectively. The column was a Gemini 3 um C18 110A (100 x 2.0 mm) (Phenomenex,

Cheshire, UK).

THMFP was measured using an adapted version of USEPA method 551.1. UV-H202 samples
were quenched with magnesium oxide (99%) to remove all residual H2O». All samples were
filtered and diluted 5 times with UP water before being chlorinated at 5 mass ratio (Clz: DOC)
and then buffered to pH 7 with a phosphate buffer solution. The chlorinated samples were
stored in 100 mL PTFE bottles for 7 days after which time the residual chlorine was quenched
with sodium sulphite (0.3 mL of 20 g.L" solution in a 40 mL vial). The pH of all samples was
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then standardized to 4.8-5.5 by addition of 1 g of a buffer containing 1% sodium phosphate
dibasic and 99% potassium phosphate monobasic. The THMs were then extracted by addition
of 2 mL of methyl tert-butyl ether and 14 g sodium sulphate. The top layer was transferred to
a GC vial and analysed for THMs using a gas chromatograph with electron capture detector
(Agilent 6890 GC-ECD). The THMs detected were trichloromethane, dichlorobromomethane,
dibromochloromethane and tribromomethane. A capillary column (ZB-1ms column
(Phenomenex, UK) 30 m x 0.25 mm x 0.25 um) was used with helium carrier gas at a constant
linear velocity of 25 cm/second. The split ratio was set at 10:1. A volume of 1 uL was injected.
The initial oven temperature was 35 °C held for 22 minutes followed by a 10 °C per minute
temperature ramp to 145 °C and held for 2 minutes. The temperature was increased to 225
°C at a rate of 20 °C/minute and held for 15 minutes followed by an increase to 260 °C at a
rate of 10 °C/minute and held for 30 minutes. The temperature of the injector was set at 200°C

and the detector at 290°C.

3. Results and Discussion

3.1 Comparison in synthetic water

Both UV/TiO2 and UV/H-O. systems were carried out using UVC light, dosing up to 40000 mJ
cm2 (Figure 1). The sequence of removal of the bulk organic matter with respect to UV dose
was consistent with the molar extinction coefficients of the individual compounds (Table 1).
UVC doses of 3000, 5000 and 10000 mJ cm were required to reduce the concentration of
resorcinol, leucine and serine to below detection with photocatalysis. In the case of UV/H202
doses of 5000 and 10000 mJ cm were required demonstrating an equivalent efficacy for both

AOPs.

These results are also consistent with the nature of the organic matter. Resorcinol is a
hydrophobic compound (Table 1) with an aromatic ring, which makes it an easy target for

hydroxyl radicals through electrophilic addition. In the case of leucine and serine, they are



hydrophilic substances with lower reactivity towards hydroxyl radicals than resorcinol (Table

1),

In the case of metaldehyde, the target micropollutant was removed at irradiation doses with
the same order of magnitude in both processes, 5000 and 3000 mJ cm2 with UV/TiO. and
UV/H20., respectively. Importantly, metaldehyde was effectively removed in the presence of
high molar ratios of background organic matter demonstrating the efficacy of both AOPs as a
pesticide treatment, provided conditions are optimised and a sufficient UV dose is applied to
meet the scavenging demand of the competing species [29]. In the case of UV/H20- it should
be pointed out that, although the concentration of hydrogen peroxide required to achieve fast
metaldehyde removal is high (8 mM), the residual concentration can be quenched with

innocuous sodium sulphite, which is oxidised to sulphate.

With respect to DOC, the difference between the AOPs was greater. UV/H2O. could only
achieve 60% mineralisation after dosing 40000 mJ cm2; while for UV/TiO2 85% mineralization
could be obtained for the same irradiation fluence. It should be pointed out that the DOC
removal was faster at the beginning of both AOPs (Figure 1), especially with photocatalysis,
where 65% mineralisation was already achieved after 5000 mJ cm. As the oxidation process
progressed, mineralisation was slowed. This effect has been reported in other works and
attributed to the formation of aliphatic organic acids which present low reactivity towards the
hydroxyl radicals and this was common for both hydroxyl radical-based processes [32]. The
difference in the performance between UV/H>O, and UV/TIO: is related to the intrinsic
mechanism for the formation of radicals. The generation of radicals via photocatalysis occurs
in the heterogeneous phase, i.e. the catalyst surface. When the catalyst, a semiconductor, is
illuminated, the absorption of photons provokes the migration of electrons from the valence to
the conduction band, giving place to an electron-hole pair (Equation 1). Then, the holes can
oxidise water (Equation 2), hydroxyl groups (Equation 3) or other organic matter present

(Equation 4) [33]. In comparison, hydrogen peroxide leads to the generation of hydroxyl
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radicals through photolysis of the HO> molecules, with a molecular extinction coefficient of
approximately 20 M' cm™ at 254 nm. This value is rather low in comparison to other

compounds such as ozone (3300 M cm™) [34].

TiO2 + hv > e + h* (Eq. 1)
h* + H.0 > HO' (Ea. 2)
h* + OH > HO’ (Eq. 3)
h* + organic matter > HO" (Eq. 4)

3.2 Influence of UVC dose in natural water

Equivalent trials using a natural water source were carried out. The key difference between
the natural water and the synthetic water was the presence and absence of alkalinity
respectively, with the natural water having an alkalinity of 120 mg L' expressed as CaCO:s.
Under these conditions the UV dose needed by UV/TiO- to remove metaldehyde was 40000
mJ cm2 (Figure 2) rather than the 5000 mJ cm2needed in the synthetic water without alkalinity
(Figure 1a). In the case of UV/H.O, the UV dose was 5000 mJ cm, similar to the value needed
in the synthetic water. The metaldehyde pseudo-first order constant was obtained for the
degradation with both AOPs in the natural water, being 12 times higher with UV/H202 than
UV/TiO2 (0.597 h' versus 7.058 h'). Similarly, after a UV fluence of 3000 mJ cm? DOC
concentration was stabilised at 90% with UV/TiO., even after dosing 40000 mJ cm. However,
over 60% removal was achieved with UV/H>O- for the same UVC dose, which corresponds to

the removal obtained in the synthetic water.

The presence of alkalinity significantly affects photocatalysis efficiency. The point of zero
charge for TiO2 P25, the most common of the TiO» types and used in this work, is close to
neutral pH. The closer the water pH is to the point of zero charge, the lower the electrostatic
potential is. As a result, the catalyst particles begin to agglomerate forming aggregates up to
4 mm in diameter [33]. The effect decreases the available holes in the catalyst surface and

therefore reduces the process effectiveness. This effect is further studied in Section 3.4.
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3.3 Impact of UVC dose on THMFP

Another important aspect of the treatment is the influence of the UV dose on THMFP. AOP
transformation by-products are an issue of concern for water scientists and in the case of

drinking water, DBPs constitute a transformation by-product group of concern.

A great difference in THMFP was observed between both AOPs in natural and synthetic water
(Figure 3). The impact of partial organic matter degradation at lower UV fluences was shown
during UV/TIO2 treatment in synthetic water where it was observed that THMFP increased
after an initial drop to 200 pg mg™ at 1000 mJ cm? to 400 ug mg™' at 4000 mJ cm2 and
remained above 280 ug mg™' thereafter. Such observations are in agreement with previous
reports of increasing THMFP from partially degraded organic matter typically found in
hydrophilic waters [19] and from the hydrophilic model compound leucine [35]. A coupling of
maximum DOC removal and an increase in THMFP has also been reported when exposing

high TiO- concentrations to extended UV fluences [36].

However, the THMFP response with the UV/H2O: system was very different to the UV/TiO>
system (Figure 3). Commensurate THMFP data was consistently lower than in the case of
UV/TiOz, reducing from a raw water level of 332 ug mg™' down to between 19 and 52 pg mg
across all applied fluences in the case of the synthetic water and from 445 ug mg™ to 70 g
mg" in the natural water. The divergence in THM formation that occurs when identical mixtures
of organic compounds are treated by the two AOPs infers the formation of different
degradation by-products. Identification of the degradates was not undertaken here, however
previous studies have demonstrated that DBP formation potential relates to chlorine
substitution efficiency as opposed to either chlorine demand or the physiochemical properties
of the molecules [28]. In the case of high THMFP, as observed in this work when applying
UV/TiO2 to a mixture, high chlorine demand and high chlorine substitution efficiency is

congruent with the presence of organic matter composed of activated aromatic compounds,
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b-dicarbonyls and amino acids type molecules. In terms of THM speciation, in synthetic water
total THMs were represented totally by trichloromethane; and in the case of natural water, this
species represented more than 92%, the rest being bromodichloromethane and

dibromochloromethane.

Translation of THMFP data to anticipated THM levels in practice remains an area on ongoing
discussion with published correlations, suggesting a conversion factor of 0.199 from the
THMFP to the THM after 24 hours [37]. Current regulations in the UK has moved to a risk
assessment approach for controlling DBPs such that sites exceeding 50 pg L' THMs have to
be reported to the regulator. This level of THMs equates to a THMFP of 250 ug mg™' based
on the correlation above. Correspondingly, both AOPs were therefore able to directly treat raw
water to a level that would meet DBP legislation without the need for a risk assessment, with

a required UV dose of 35000 mJ cm for UV/TiO2and around 10000 mJ cm2for UV/H2Oo.

3.4 Performance of UV/TiO: at different UVC doses and alkalinity concentration

To elucidate the impact of alkalinity on the UV/TiO- process a further set of experiments were
conducted on the synthetic water supplemented with varying amounts of alkalinity (Figures 4-
7). Addition of even trace amounts of alkalinity reduced the efficacy of the photocatalytic
process for DOC removal with the observed loss of removal increasing in accordance with the

supplemented alkalinity concentration.

To better investigate the influence of alkalinity on the kinetics, k', the pseudo-first order
constants for metaldehyde and DOC concentrations were obtained (Figure 4). A similar trend
was observed for both, where the increase in alkalinity gave rise to an exponential decrease
in the kinetic constant. For metaldehyde, k' decreased from 2.7 h™' in the absence of alkalinity
to a stabilised value of 1.8 h™', 1.9 times slower, for alkalinity above 60 mg/L as CaCOs. In

contrast, the effect on DOC was more marked, as k’ decreased by a factor of 19 times in the
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presence of alkalinity up to 60 mg/L (from 1.4 to 0.09 h"). This has to do with the fact that
DOC mineralisation involves several oxidation steps beyond the initial oxidation of the parent

molecule.

The impact of alkalinity on THMFP was also assessed (Figure 5). For all alkalinity values, an
increase in the UV dose decreased the THMFP following an exponential decay. At the same
time, it was also observed that for a given UV dose below 5000 mJ cm as alkalinity increased
the THMFP decreased (e.g. from approximately 590 pg L' with no alkalinity to 300 pg L™ with
60 mg L' of alkalinity. Above this UV dose, between 10000 and 30000 mJ cm2, the THMFP
was 256171 ug L' for all alkalinity concentrations. The reduction in THMFP in the higher
alkalinity cases at low fluences reflects the inhibition of degradation such that increasing
amounts of the total DOC are still derived from the parent molecules. At low UV fluences,
increased alkalinity reduced the THMFP whereas at higher fluences increased alkalinity did
not increase THMFP. The observations are congruent with the synthetic organic compound
experiments, where partial degradation of the parent molecules initially lowered THMFP but

then increased as further degradation occurs.

In terms of pollutant degradation, and as explained in Section 3.2, the presence of alkalinity
reduces photocatalysis efficiency due to particle aggregation. Alkalinity derived inhibition has
also been attributed to hydroxyl radical scavenging by the carbonate radical [38, 39]. However,
this has been found to be applicable in cases where only trace organics are present. In
situations where bulk DOC is present, such as the current study, alkalinity only contributes
between 1.8 and 12.7% of the total scavenging rate [16]. Support for this is provided in the
current study from the UV/H2O, process where no significant inhibition took place confirming

that scavenging was not the dominant mechanism as it would equally apply to both AOPs.

Therefore, a subsequent study was made on particle size. The analysis was carried out to

study alkalinity-based aggregation of TiO2 (Figure 6). In the absence of alkalinity, the median
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aggregate size was 3.5 um, which is a standard value for Degussa P25 [33]. Addition of 5 mg
L' of alkalinity increased the median particle size to 40.7 um which increased in median size
to 120.2 um, 440.9 um and 456.6 um with the addition of 60 mg L', 80 mg L' and 120 mg L
! respectively. This is in agreement with the kinetic constant profiles obtained at different
alkalinities (Figure 4), where it was shown that alkalinity above 60 mg L' resulted in a
stabilised kinetic constant for DOC and metaldehyde degradation. These results show that the
decrease in the process rate was due to the aggregation effect the catalyst goes through in
the presence of alkalinity. To separate the possible effect of hardness on aggregation from
alkalinity, additional experiments were made adding calcium (from 0 to 120 mg L' expressed
as CaCO:s). Results showed that there was no aggregation effect with hardness up to 40 mg
L'. Only slight aggregation effects could be observed with a hardness value of 120 mg L™,

where particle size was 10.4 um (data added as supplementary information) (Figure S1).

The inference from the aggregation of TiO: is that it reduces the available surface area for
reaction, although this needs to be considered in relation to be the dendritic nature of
aggregates and the local volumetric rate of photon absorption [40]. The latter defines the
volume space around the irradiation source where catalyst activation occurs and consequently
only the proportion of the catalyst that enters this zone will result in being available for
degradation. In the case of TiO», the absorption, scattering and emission of photons by the
catalyst restrict the reactive volume such that annular reactors with narrow channels are
preferred. Accordingly, increasing aggregate size results in a reduced percentage of the total
catalyst audit that is able to reside within this reactive volume at any point in time and hence

this inhibits degradation.

Considering the shape as well as size of the formed aggregates completes the picture as the
two factors can change independently. This is provided from analysis of aggregate structural
properties in the current study through measurement of the particle volumetric fractal

dimension (df) by small angle light scattering (SALLS). The fractal dimension provides
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information on the particle shape and openness of structure. An increase in the fractal
dimension infers an increase in the aggregates compaction. Hence it is an indication of the
total available catalyst surface and the degree by which UV may penetrate into the TiO2
aggregate [41, 42]. It is therefore postulated that an aggregate with a more porous, open
structure would enable greater opportunity for UV light to penetrate and photoactivate TiOx,

hence increase the reactive volume and improve contaminant removal

In the absence of alkalinity the df was 0.42 which increased to 1.86 and 2.05 for alkalinities of
10 and 20 mg L. A further increase in alkalinity resulted in a reduction in df to between 1.52
and 1.58 at all subsequent alkalinity levels tested. The changes in df reported here are
consistent with a previous study utilizing SALLS to investigate the reversibility of floc structural
properties during aggregation in the presence of NaCl. In the absence of NaCl the fractal
dimension was 0.6 which then increased to 1.7 during growth before further increasing to 2.05
during periods of elevated shear rate [31]. In the current case the results indicate that the
aggregate becomes more compact in the presence of low levels of alkalinity and become
slightly more open as the alkalinity increases and stabilises above 20 mg/L as CaCOs.
Translation of the findings to overall removal rates shows that aggregates will form that have
a similar df for the vast majority of water sources given that the majority of target waters are
medium-alkalinity and few exist below 40 mg L. Therefore the principal impact of treating
source waters with different alkalinities will be from a change in catalyst aggregate size rather
than its structure. This is more clearly shown by the rapid change in the DOC and metaldehyde
rate constants concurrent with the size change rather than any significant change in df (Figure

7).

Given that most water sources have significant levels of alkalinity present, the inhibitory impact
it has on the UV/TiO- process for both micropollutant and bulk contaminant removal means
that an amelioration approach must be developed. Ultimately, the improved efficacy of the

process requires destabilisation of the aggregation process such that smaller TiO> clusters
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form in order to increase the degradation rate. Whilst chemical approaches are available they
are undesirable due to additional costs and potential impacts on downstream water quality.
Future focus should therefore be on mechanical breakage of aggregates before photocatalytic

reactions take place.

4. Conclusions

The presented data demonstrates the efficacy of AOPs in removing micropollutants in real
waters providing a viable approach to the management of currently recalcitrant compounds
such as metaldehyde. The potential of UV/H20: is further demonstrated as a robust treatment
to offer an alternative approach to recalcitrant organic compound removal commensurate with
DBP compliance as long as sufficient UV dose is applied. For UV/TiO: efficiency is dependent
on alkalinity-derived aggregation rather than carbonate radical scavenging. Hence, the overall
suitability will be further enhanced once technology is developed to ameliorate against the
alkalinity derived aggregation of the catalyst in the UV/TiO- process which will then enable the

further development of a chemical free water treatment approach.
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FIGURE CAPTIONS
Figure 1. Influence of UV dose on the (a) UV/TiO2 process and (b) UV/H202 process in relation
to the removal of bulk organic matter (3 mg L™ of leucine, 4.6 mg L' of serine and 2.4 mg L

'of resorcinol), DOC (5 mg L") and the micropollutant metaldehyde (10 pg L™).

Figure 2. Influence of UV dose on DOC and micropollutant metaldehyde removal in natural

water with UV/TiO2 and UV/H20..

Figure 3. THMFP under UVC doses up to 40000 mJ cm in synthetic and real water with

UV/TiOz and UV/H20:.

Figure 4. Influence of alkalinity on the DOC and metaldehyde pseudo-first order kinetic

constants with UV/TiO. degradation. Alkalinity expressed as mg/L as CaCOs.

Figure 5. THMFP under different UVC doses and alkalinity (0, 5, 10, 20, 40, 60 mg L as

CaCO3) with UV/TiOs.

Figure 6. Impact of alkalinity on the photocatalyst aggregate size distribution (alkalinity as mg

L CaCOs).
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Figure 7. The link between median aggregate size and fractal dimension on the DOC and

metaldehyde apparent first order rate constant.
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Table 1.Metaldehyde, serine, leucine and resorcinol properties.

Organic kHO- &254b |OgKoWb MW Classificationb
q Structure
compoun (M s (M cm’") (g mol™)
Metaldehyde f;ﬁ 13x10°%  19.0 0.12 176 Hydrophobic
H
Serine ’immz 3.2x108® 0.3 -3.07 105 Hydrophilic
O
H
(0]
HoN,,,
Leucine H:CI/H%" 1.7x10°° 0.5 -1.52 131 Transphilic
Hy
H
Resorcinol é\ 1.2x10'0¢ 559.8 0.80 110 Hydrophobic
OH

a: value from Autin et al., 2012; b: values from Xu and Chance, 2005; c: value from Minakata
et al., 2009; d: values from Chemspider chemical data base search. Available at:
http://www.chemspider.com [accessed 2015].
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Table 2. Metaldehyde and DOC kinetic degradation constants with UV/H202 and UV/TiOo.

UV/H,0; UV/TiO,
Water
. Metaldehyde DOC Metaldehyde DOC
Matrix
k' r2 k' r2 k' r2 k' r2
Synthetic 8.69 0.994 0.88 0.986 2.28 0.999 0.49 0.994
Natural 7.06 0.989 0.26 0.973 0.58 0.989 - -
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Figure 5
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