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ABSTRACT

Turbidity in water can be caused by a range of different turbidity causing materials (TCM). Here the characteris-
tics and attachment of bacteria to TCMs was assessed and the resultant impact on UV disinfection determined.
TCMs represent potential vehicles for bacterial penetration of water treatment barriers, contamination of potable
supplies and impact on subsequent human health. The TCMs under investigation were representative of those
that may be present in surface and ground waters, both from the source and formed in the treatment process.
The TCMs were chalk, Fe (III) hydroxide precipitate, kaolin clay, manganese dioxide and humic acids, at different
turbidity levels representative of source waters (0, 0.1,0.2,0.4, 1, 2, and 5 NTU). Escherichia coli and Enterococcus
faecalis attachment followed the order of Fe(III) > chalk, with little to no attachment seen for MnO,, humic acids
and clay. The attachment was postulated to be due to chalk and Fe(III) particles having a more neutral surface
charge resulting in elevated aggregation with bacteria compared to other TCMs. The humic acids and Fe(III)
were the TCMs which influenced inactivation of E. coli and E. faecalis due to decreasing UV transmittance
(UVT) with increasing TCM concentration. The presence of the Fe(Ill) TCM at 0.2 NTU resulted in the poorest
E. coli inactivation, with 2.5 logyo reduction at UV dose of 10 mJ cm ™2 (kg of —0.23 cm® mJ™ ') compared to a
3.9 log;o reduction in the absence of TCMs. E. faecalis had a greater resistance to UV irradiation than E. coli for
all TCMss. Effective disinfection of drinking water is a priority for ensuring high public health standards. Uniform
regulations for turbidity levels for waters pre-disinfection by UV light set by regulators may not always be appro-

priate and efficacy is dependent on the type, as well as the amount, of turbidity present in the water.
© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Control of water quality presented prior to disinfection processes is
of great importance to ensure that the water can be effectively treated
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and that water is safe at the point of use. The ability to kill or inactivate
microorganisms largely depends on the water quality that is achieved at
the end of the treatment process when disinfection is applied. Turbidity
is one of the most widely used parameters for measuring water quality
prior to disinfection. In Europe and the US, the regulatory requirement
for water presented for disinfection and water post treatment is for a
turbidity level of <1 NTU. The World Health Organisation (WHO) pro-
motes an even lower turbidity threshold of below 0.2 NTU (WHO,
2011).

UV disinfection of drinking waters and wastewaters is expanding
due to reduced formation of the currently regulated disinfection by
products (DBP) and the high efficacy of UV irradiation against chlorine
resistant pathogens such as Cryptosporidium and Giardia (Hijnen et al.,
2006). The efficiency of UV disinfection is dependent on the turbidity
of the water treated and the resultant transmittance of UV light through
the water (Cantwell and Hofmann, 2011). There is therefore an impor-
tant requirement to understand the impact of different turbidity caus-
ing materials (TCMs) on inactivation using UV irradiation.

TCMs can impact UV inactivation through various mechanisms, in-
cluding scattering and absorption of incident UV light and through
shielding of bacteria, protozoa and viruses, preventing sufficient UV
dose for pathogen inactivation (Huber et al., 2011). TCMs can be com-
prised of many different types of material including natural organic
matter (NOM), inorganic particles and biological particles (including
bacteria and algae). Water treatment derived TCMs such as flocs formed
from Al and Fe coagulants and naturally occurring TCMs, (such as NOM,
clay and chalk) can both impact on water turbidity and be highly vari-
able between source waters. Turbidity can arise during water treatment
as dissolved substances may precipitate from the water phase. For ex-
ample, coagulants are typically added resulting in the formation of pre-
cipitated flocs. Ineffective clarification processes may mean that metal
hydroxide particulates are present in water which is presented for dis-
infection. Furthermore, as the pH of treated water may be raised
through subsequent treatment processes, dissolved metals may again
be encouraged to precipitate, thus increasing turbidity. In contrast, up-
land source waters often contain high concentrations of specific TCMs
such as natural organic matter (NOM). Although NOM is predominantly
dissolved, and not a true particle, its presence can still cause a turbidity
signal and importantly have a UV absorbance or chlorine demand.
Therefore, water with similar measured turbidity values can have differ-
ent UV inactivation potential due to the type and concentration of TCMs
(Passantino et al., 2004). Knowledge of TCM sub-components could
question the validity of reported inactivation dose-response relation-
ships of undesired microorganisms (Douterelo et al., 2016; Huber
et al, 2011; Templeton et al., 2005) and challenge current guidelines
on turbidity levels for treated waters or prior to UV disinfection.

Another important parameter influencing the inactivation of micro-
organisms is the potential for them to attach to the surface of particulate
TCMs, or be bound together by large organic molecules, complexes of
which can aggregate (Hess-Erga et al., 2008; Liu et al., 2013; Mamane,
2008; Wu et al., 2005). Attachment can add an additional layer of pro-
tection to microorganisms as a result of the proximity to the particulate
matter, both by shading and, depending on the properties of the partic-
ulate, through absorbing incident UV light. Even greater protection can
be provided through complete enclosure of microorganisms in the floc
aggregates, which may be very resistant to UV penetration, principally
due to their size. Microbial attachment to surfaces is driven by electro-
static interactions, van der Waals forces, hydrophobicity, surface tension
and surface roughness (Hassard et al., 2016). The majority of bacteria
and viruses are TCM-associated in soils and wastewater (Ormeci and
Linden, 2002) however, the extent of TCM association in microbes with-
in drinking systems is less clear (Liu et al,, 2016). However, bacteria at-
tached to particles have greater mobility in water than static biofilm
bacteria and are potentially more resistant to inactivation than unat-
tached planktonic bacteria (Liu et al., 2013, 2016). TCMs therefore, rep-
resent possible transmission vehicles for microbes through disinfection

processes, which can lead to contamination of potable supplies by bac-
terial, protozoan or viral pathogens (Camper et al., 1986; Gall et al.,
2015). Here model TCMs Fe(III), chalk, MnO,, humic acids and clay
were characterised and their impact on the aggregation behavior of bac-
teria was evaluated. Further, the impact of selected TCMs on the inacti-
vation efficacy of different UV doses (0-39.9 m] cm™2) on key bacterial
indicators (E. coli and E. faecalis) was then established.

2. Materials and methods
2.1. Bacterial growth and quantification

Experiments were performed with faecal indicator organisms, E. coli
(ATCC 25922) and E. faecalis (ATCC 29212) as routinely measured com-
pliance parameters for monitoring the microbial safety of drinking
water. The gram-positive E. faecalis typically has greater resistance to
stresses compared with the gram-negative E. coli (Anderson et al.,
2005; Tree et al., 2003). Bacterial cultures were streaked from glycerol
stocks on Trypticase Soy Agar (TSA) plates and grown at 37 °C for
24 h. Plates were then stored at 4 °C. A single colony was loop inoculated
aseptically into 10 mL Tryptic Soy Broth (TSB, 10%) in a 50 mL centrifuge
tube for E. coli and 10 mL TSB (35%) in an Erlenmeyer flask for E. faecalis
followed by incubation at 30 °C on a rotary shaker (280 rpm). Different
concentrations of TSB were used to ensure that the final optical density
(ODggo) was equal to, or exceeded, a value of 1.0. The ODggg Was deter-
mined using a spectrophotometer at 600 nm and adjusted to an ODggg
of 1.0 using the same concentration of TSB as used for growth. The bac-
teria were harvested by centrifugation (5000g, 5 min) and re-
suspended in filtered (0.22 um) mineral water (Evian, France). Washing
was repeated twice prior to resuspension of bacteria in the original vol-
ume of mineral water. Samples were subsequently diluted to obtain
working concentrations of 1 x 10° CFU/mL. Dilution factors were
10,000 x for E. coli and 1200 for E. faecalis. Viable bacteria were quan-
tified after UV treatment using a membrane filtration technique with
averages calculated from appropriate serial dilutions (APHA-AWWA-
WEF, 2012). All samples were serially diluted from 10> CFU/mL to
102 CFU/mL in microcentrifuge tubes (1.5 mL, Fisher Scientific, UK).
The filter manifold (Combisart, Sartorius, UK) was heat-sterilised and
prewashed with filtered mineral water (~5 mL). 1 mL of diluted sample
was filtered onto sterile 0.22 pm cellulose filters (Fisher Scientific, UK)
and filters were placed onto lactose glucuronide agar (MLGA; Oxoid,
Fisher Scientific, UK) in the case of E. coli or MacConkey agar (Oxoid,
Fisher Scientific, UK) in the case of E. faecalis. Plates were incubated at
37 °C for 24 h before enumeration.

2.2. Assimilable Organic Carbon (AOC) free glassware

AOC free glassware was prepared according to the method described
in APHA-AWWA-WEF (2012). In brief, borosilicate glassware was
machine-washed and rinsed three times with ultrapure (UP) water
(Purelab Option - S7/15, 18.2MX c¢cm and TOC <3 ppb). Glassware was
incubated overnight in 0.2 M hydrochloric acid and rinsed with UP
water. Glassware was air dried, covered with aluminum foil and incu-
bated at 550 °C for 6 h in a muffle oven (Muffle Furnace 1400,
PaveTesting Ltd., Hertfordshire, UK) and stored in a dry place away
from sunlight until use. Teflon coated screw caps were washed with
HCl as above and immersed into hot (60 °C) sodium persulphate solu-
tion (10%) for 1 h, rinsed 3 times with UP water and air dried. Glassware
was stored in a dry place until use.

2.3. Preparation of TCM solutions

The TCMs selected represent a range of model suspended inorganic
and organic materials found in drinking water sources and formed in
the treatment process itself. Chalk (Fisher, CAT: C/1040/60), humic
acids (Aldrich, CAT: H1675-2), manganese dioxide (Aldrich, CAT:
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13242), kaolin clay (Aldrich, CAT: K7375) were obtained and used as
supplied. Fe(Ill) hydroxide precipitate was produced by adding FeCl;
(Aldrich, CAT: 15774-0) to UP water at a concentration of 25 mg/L at
pH 4.5. The pH was subsequently adjusted to 7 using 0.1 M NaOH solu-
tion, the resulting Fe(IIl) hydroxide precipitate was washed three times
in UP water, separated by centrifugation (1000 x g) and re-suspended in
filtered mineral water. This Fe (III) hydroxide precipitate (henceforth
Fe(Ill)) was subsequently used as the final TCM. Solutions of defined
turbidities of these TCMs were prepared in 250 mL of filtered mineral
water in AOC-free glass Erlenmeyer flasks. Stock solutions were made
for each of the TCMs at a nephelometric turbidity level four-fold higher
than the maximum working solution. Working TCM solutions were ob-
tained by dilution of the concentrated stock solution. All solutions were
made up to 100 mL using filtered mineral water, adjusted to pH 7 using
HCI (0.1 M) or NaOH (0.1 M) to ensure that the osmotic balance of bac-
terial cultures was stable during the experiments. The water matrix pH
was maintained at pH 7 to remain representative of typical final treated
drinking waters and reduce experimental variables. The TCMs were pre-
pared at turbidity values of 0, 0.1, 0.2,0.4, 1, 2, and 5 NTU. Turbidity was
measured using a Hach 2100 N turbidimeter. These turbidity ranges
were chosen to cover the extremes of turbidity that may be experienced
in source waters or prior to disinfection.

2.4. TCM characterisation

The particle size distribution was measured using a Malvern
Mastersizer (Mastersizer 2000, Malvern Instruments Ltd., Malvern,
UK) and particle count was assessed using a Spectrex analyser (PC-
2200, Spectrex Corporation, USA). The UV light absorption of the sample
was measured by spectrophotometry (Jenway 6715 UV, Dunmow,
Essex, CM6 3LB) and the zeta potential ({) was measured using a
zetasizer (Zetasizer Nano ZSP, Malvern Instruments Ltd., Malvern, UK).
A field of 40 V was applied across an electrode spacing of 16 mm.
Three repeat measurements on each sample were made to check the re-
peatability of the results obtained. The UV absorbance was measured by
spectrophotometer at UV;s4 following standard method 5910 (APHA-
AWWA-WEF, 2012).

2.5. Bacterial attachment to TCMs

Solutions of selected TCMs were prepared to 0.2 and 2 NTU in 99 mL
of filtered mineral water at pH 7. The solution was stirred constantly
using a magnetic stir bar and stirring plate at 250 rpm. The bacteria
were diluted from a stock at 10”7 CFU/mL to the working concentration
of 10°> CFU/mL in both the control (0 NTU) and turbid solutions (0.2
and 2 NTU). All experiments were prepared in triplicate. 1 mL samples
were taken directly after mixing bacterial cells with the TCM solution
(time point zero, t = 0) and after 2 h (t = 2 h) of stirring to promote at-
tachment. After 2 h, stirring was stopped to allow any particles, and
particle-associated bacteria, to settle for 30 min prior to collection of an-
other 1 mL sample (t = 2 h + set.). The bacteria were enumerated in
the samplesatt = 0,t = 2 and t = 2 h + set. by membrane filtration
to assess the extent of E. coli and E. faecalis attachment and the settle-
ment properties of the TCMs (Boulos et al., 1999). In these experiments,
the pH was measured before and after the attachment assays, which in
all cases confirmed that the pH did not change from pH 7. Therefore, at-
tachment was predominantly linked to the different TCM properties
and not water chemistry.

2.6. UV inactivation experiments

The UV inactivation experiments were carried out using a UVC-LED
system consisting of a UVCLEAN lamp with multi-chip arrays of UV
LEDs enclosed in a metal and glass housing from Sensor Electronic Tech-
nology (Columbia, South Carolina). UV light emitted by the LEDs was at
a wavelength of 256 nm with a power output of 14 mW. A 25 mL Petri

dish (50 mm x 12 mm) was used as the reactor and was placed under
the lamps so that the system was completely illuminated. The reactor
was continuously mixed with a magnetic stirrer. A 20 mL solution was
placed in the Petri dish (comprising 19.8 mL TCM solution + 0.2 mL
of bacterial suspension), which resulted in a UV path-length of
9.6 mm. Solutions of selected TCMs were prepared to 0.2 and 2 NTU in
19.8 mL of water at pH 7. In this set of experiments, the TCMs assessed
for inactivation of E. coli and E. faecalis were Fe(IIl), chalk and humic
acids. These were selected based on the results obtained from the TCM
characterisation experiments. The solution was stirred continuously
using a magnetic stirrer bar (mico, Fisher, UK) and stirring plate at
400 rpm. The bacteria were diluted from the initial stock suspension
(107 CFU/mL) to the working concentration (10> CFU/mL) in both the
control (0 NTU) and the turbid solutions (0.2 and 2 NTU). All experi-
ments were undertaken in triplicate. Samples were exposed to 0, 2.8,
4.9,10.5,15.4 and 39.9 m] cm ™2 (0-48 minute incubation time). A radi-
ometer (VLX-3W from Vilber Lourmat) was used to ensure the correct
UV dose was applied to each sample.

2.7. UV inactivation kinetics of bacterial indicators

The efficacy of UV disinfection was described by inactivation kinet-
ics. UV inactivation is defined as the reduction in the abundance of
culturable bacteria (N), due to exposure to a UV dose and is commonly
described by the first order disinfection model (Chick, 1908). The inac-
tivation of bacterial indicators is described by the linear relationship be-
tween log inactivation and UV dose:

log(%> = —kg x UV dose (1)

where N, is the bacterial concentration after contact time (t), UV dose
(mJ cm™2) is the product of the UV fluence rate (mW cm™2) and the ex-
posure (t) (Hijnen et al., 2006). The log Ni/N was assessed for the two-
bacterial species at six UV doses for each TCM. k4 is the inactivation rate
constant (cm? mJ™ ).

2.8. Statistical analysis

A two-way repeated measures ANOVA was used to determine the
impact of TCM and UV dose on inactivation of E. coli and E. faecalis.
The assumptions of ANOVA were met and the difference in the
ANOVA was deemed significant at p < 0.05. Separate (for each species
and TCM) hierarchical multiple linear regression analysis (MRA) was
undertaken to understand the impact of each dependent variable (UV
dose, UVT, ¢-potential, particle count, particle size, turbidity and attach-
ment att = 2 h + set) on the independent variables (UV inactivation of
E. coli and E. faecalis). In all cases the assumptions of MRA were met and
standardised regression coefficients (> coefficient) permitted compari-
son of the impact of dependent variables to each independent variable
on the same scale (Germain et al.,, 2005). ANCOVA analysis was under-
taken to differentiate between the effects of TCM type, attachment sta-
tus (categorical predictor 0, 2 h, 2 h + set.) and TCM x attachment
(interaction effect) on the bacterial concentration in the attachment
microcosms.

3. Results and discussion
3.1. TCM characterisation

The particle size was similar across the turbidity ranges for most of
the TCMs investigated. For MnO, and kaolin clay the median particle
sizes were between 2 and 4.5 um (Table 1). These results were consis-
tent with the particle sizes measured previously for MnO, and kaolin
particles (Luo, 2007; Murray, 2000). The Fe(IIl) particles increased in
size from 3 to 6 um as the turbidity increased between 0.1 and 5 NTU,
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Table 1
¢-Potential, particle size and particle counts and UV,s4 transmittance of TCMs at 2 NTU.
(-) = data not applicable.

TCM ¢-potential at  Average particle  Average particle  UVT (%)
pH 7 (mV) size (um) counts/mL

Chalk —354+28 28+ 04 9138 + 509 99.9

Fe(III) —394+0.1 42+04 21,257 4+ 3071 724

Humic acids —13.9+ 0.8 - - 75.8

Clay —1724+03 36+1.1 29,458 + 1411 99.9

MnO, —9.7 +£ 0.6 2403 7199 + 644 99.9

suggesting some aggregation was occurring at elevated Fe(III) particle
concentration (Fig. 1A). The neutral surface charge of Fe(Ill) hydroxide
particles (¢-potential of 0 to &5 mV) made these particles favourable
for aggregation as a result of a low net energy barrier (Fig. 1B)
(O'Brien and Hunter, 1981). At high turbidity, the high particle concen-
tration increases the opportunity for particle-particle collisions in the
Fe(III) system, increasing aggregation rates.

The same could have been expected for chalk which had a ¢-
potential which was between 0 and 5 mV at pH 7, which is similar to
previously reported values for chalk (Mahani et al., 2015). These parti-
cles carried minimal charge, suggesting that they may also aggregate
under favourable mixing conditions, although this was not seen during
the particle characterisation analysis here. The measured size range for
chalk was 3-4 um (Fig. 1A) which was consistent with that measured
for calcite crystals (<5 pm) isolated from chalk soils (Kerry et al.,
2009). The lack of aggregation suggests that other factors were control-
ling particle stability for chalk, such as a weak floc being formed that
stabilised at a consistent particle size regardless of the particle
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concentration (Jarvis et al., 2005). Humic acids and clay on the other
hand had more negative ¢-potential values (— 10 mV) suggesting that
these TCMs had a higher repulsive energy barrier and were unlikely to
aggregate (Fig. 1B). The zeta potential profiles for all TCMs (from turbid-
ity 0.1-5 NTU) showed increased negative charge with increasing tur-
bidity. This may have been through accumulation of electrostatic
surface charges due to greater particle surface area per volume
(Quinlan and Tam, 2015) or possibly an artefact of measurement of
zeta potential using laser Doppler electrophoresis (Kaszuba et al., 2010).

Consistent with the increase in turbidity, the particle counts in-
creased with turbidity for all TCMs. Peng et al. (2009) demonstrated a
strong positive relationship between light scattering (turbidity) and
particle area and volume in environmental heterogenous populations
of TCMs, which is consistent with the observations seen here. However,
the particle concentrations were different between the TCMs for a given
turbidity, in the order from greatest to least: clay > Fe(Ill) > MnO, =
chalk (Fig. 1C). This illustrates that turbidity is dependent on multiple
attributes of the particle population such as the physical and chemical
composition, size distribution and particle shape. This means that parti-
cles of the same concentration may have very different values of turbid-
ity. A material such as chalk which scatters light efficiently therefore
requires fewer particles to scatter the same light as for a material such
as iron hydroxide, which has poor scattering properties. As scattered
light is directly proportional to the measured turbidity, the material
properties will therefore influence the observed turbidity.

The increase in turbidity and particle concentration was not linear
for all the TCMs, suggesting that the number of particles needed to in-
crease the turbidity gets lower at higher turbidity levels for Fe(Ill) and
clay (Fig. 1C). The relationship between concentration and turbidity
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Fig. 1. A.TCM average particle sizes, B. Zeta (&)-potential of TCMs, C. Particle concentration of TCMs, D. UVT of TCMs at 254 nm. Data represent average + 1 standard deviation. Particle size

or particle counts were not measured in humic acids.
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deviates from linearity for most TCMs above a turbidity value of >2 NTU.
This was due to increased aggregation at higher turbidity (in the case of
iron), omnidirectional re-radiation and increased likelihood of multiple
scattering events at higher particle concentrations.

The TCMs exhibited differences in their absorbance of UV light at
254 nm. Fe(III) had a UVT of ~100% at 0.2 NTU which decreased to
38% UVT at 5 NTU (Fig. 1D). Humic acids also exhibited a high UV absor-
bance with UVT decreasing to 47% at 5 NTU. Clay, chalk and MnO-, did
not exhibit any significant UV,54 absorbance across the studied turbidi-
ty range. Linear regression analysis revealed that at turbidity >0.4 NTU
there was a ~12% decrease in UVT for every 1 NTU increase in turbidity
for Fe(Ill) (p < 0.001) and humic acids (p < 0.05). Therefore, near com-
plete obscuration (>99.9%) of incident UV,s4 was extrapolated to occur
at 7.9 and 9.2 NTU for Fe(Ill) and humic acids respectively. In terms of
UV obscuration, Fe(Ill) and humic acids therefore both represent signif-
icant risk factors in reducing critical UV doses required for bacterial in-
activation. This suggests that different compositions of TCMs in water
may have a greater impact on reducing UV disinfection efficacy through
interaction with UV light or acting as pathogen carriers, despite identi-
cal turbidity.

3.2. Bacterial attachment to TCMs

3.2.1. Attachment

E. coli and E. faecalis attachment to different TCMs was measured at
turbidity of 0.2 and 2 NTU. Recovered colony numbers after the addition
of the TCM were compared with those of control samples without tur-
bidity. Reduced colony numbers were taken to indicate bacteria-
particle attachment, with >1 bacterium attaching to a particle or anoth-
er bacterium on average. This enabled the calculation of TCM-bacteria
concentration as a percentage of the control. The presence of the
TCMs may have also inhibited the bacteria in other ways, although
this was considered unlikely due to the inert nature of the TCM mate-
rials under test. There was no significant change in bacterial cell num-
bers between the control experiments, therefore relative change was
examined between each TCM and attachment scenario. At t = 0O there
was 102, 81 and 95% recovery of E. coli compared to the control for
chalk, clay and humic acids at a turbidity of 0.2 NTU, suggesting little
rapid attachment. If attachment was occurring, it was doing so based
on a one-to-one ratio of particle and bacteria (Fig. 2A,B). There were
similar concentrations of E. coli measured for MnO, compared to the
control for both turbidity levels studied (p < 0.05), suggesting limited
rapid attachment occurred for this TCM. E. faecalis had slightly lower
concentration for chalk, clay and humic acid (~80% of those of the con-
trol without TCMs) at both 0.2 and 2 NTU at t = 0, whereas no initial
change in bacterial numbers were seen for Fe(Ill) at both 0.2 and 2
NTU (Fig. 2B,D).

The presence of Fe(III) led to a reduction of colony counts for in-
creasing exposure times to the TCMs particularly for E. faecalis (Fig. 2,
p = 0.015 Table S1). For example, after 2 h of mixing, there was evi-
dence of E. coli attachment to Fe(IIl), shown by reduced colony numbers
of 69 and 86% at turbidity of 0.2 and 2 NTU respectively of those of the
control without TCMs (Fig. 2C, E). The numbers of both E. coli and
E. faecalis were very different for Fe(Ill) compared to other TCMs p <
0.001 in all cases (Table S1). However, the biggest difference in bacterial
counts were seen for chalk at a turbidity of 2 NTU, where there were 50%
of the E. coli colony numbers of those of the control without TCMs after
2 h, suggesting some attachment or inhibition had occurred. Only limit-
ed attachment (>90% numbers of those of the control without TCMs)
was observed to have occurred at the lower turbidity of 0.2 NTU. Pro-
posed attachment was typically greater at higher turbidity levels for
most TCMs. For example, E. faecalis had 75% of the colony numbers of
those of the control without TCMs at a chalk turbidity 0.2 NTU which
further decreased to 50% colony numbers at 2 NTU. There was little or
no attachment seen for MnO,, humic acids or clay after 2 h of mixing
(Fig. 2).

The Fe(IlI) TCM saw the most significant removal of bacteria from
the water during the quiescent settlement phase, shown by the pairwise
comparison between t = 2 + set. and other attachment conditions
(Table S1, p < 0.001). This was likely to be a result of enmeshment of
bacteria as the precipitated iron hydroxides settled in the water, typical
of a sweep flocculation mechanism. There were 51% of the colony num-
bers of E. coli compared to the control without TCMs from an experi-
ment containing 0.2 NTU Fe(IIl) which decreased to 26% at 2 NTU,
suggesting greater attachment during settlement as a result of the pres-
ence of more settling particles (p = 0.028). Similar observations were
seen for the recovery of E. faecalis which reduced to 31 and 18% of
those of a control without TCMs, after settlement for 0.2 and 2 NTU of
Fe(IIl) respectively.

Across the study, the only significant attachment observed was for
chalk and for Fe(III). For these particles, their neutral surface charge pro-
vides supporting evidence for the mechanism of attachment to the bac-
teria. For the other TCMs, with more negative surface charge,
attachment was not likely to be favourable and if it was occurring
then this was thought to be one-to-one attachment, due to the small
changes in bacteria counts observed between the clay, MnO, and
humic acids experiment and the controls which did not contain a
TCM. Previous studies have estimated that up to 25-50 bacterial cells
may attach to single particles, although this has been shown to vary be-
tween water and particle types (Liu et al., 2013). Bacterial attachment to
surfaces is complex, particularly in the environment, where there are in-
teractions between multiple bacteria, using signalling mechanisms such
as quorum sensing (Emge et al., 2016). In addition, the background
water matrix influences attachment mechanisms. However, here we
have shown that a low magnitude of particle surface charge supports
mechanisms for bacterial attachment. In addition, although shown to
be limited here, particle association to TCMs introduces the potential
for underestimation of bacterial abundance using widely used methods
for enumeration, such as culturing on nutrient plates. In these methods
bacterial colonies cannot be easily distinguished as having arisen from a
single bacteria, aggregated bacteria or from bacteria attached to parti-
cles (Camper et al., 1986; Dietrich et al., 2007; Liu et al., 2016).

3.3. UV disinfection of E. coli and E. faecalis

3.3.1. Impact of TCMs

Fe(III), chalk and humic acids were selected for the disinfection tests
as they represented materials which had high UV absorbance (humic
acids and Fe(Ill)) and/or were shown to have the potential to attach
with bacteria (Fe(Ill) and chalk). The E. coli log reduction at 0.2 NTU
for Fe(Ill) increased from — 0.4 to —4.3 as UV dose increased from 2.8
to 39.9 mJ cm~ 2 (Fig. 3A). The addition of Fe(lll) significantly reduced
the inactivation of E. coli with a kq of —0.23 cm? m]~" for Fe(Ill) com-
pared to a kg of —0.31 cm® m] ™! for the control at 0.2 NTU (Table 2; p
< 0.05). At the higher turbidity of 2 NTU for Fe(III), the inactivation of
E. coli (kq) was 0.09 cm? mJ ™', much lower than that seen at 0.2 NTU
turbidity (kq of —0.29 cm? mJ ™, Table 2). Humic acids reduced the in-
activation of E. coli compared to a control at turbidity of 2 NTU, as shown
by a kg value of —0.15 cm? mJ~! (p < 0.001) compared to
—0.29 cm? mJ~ ! at 0.2 NTU. Chalk did not significantly impact the UV
inactivation of either bacterial strain at the UV doses studied (p >
0.05). Overall, E. faecalis was more resistant to UV inactivation than
E. coli in the presence of TCMs (Fig. 3), as only Fe(Ill) conferred
protection at low turbidity with kq of —0.03 cm? m]~! at 0.2 NTU
(Table 2; p = 0.001), compared to other TCMs which had similar kq
values to the control (—0.31; p > 0.05). This could be due to structural
proteins encoded by uvrA-like genes on plasmids, which enhance the
resistance of some E. faecalis strains to the DNA damaging effects of
UV light (Ozawa et al., 1997).

At the elevated turbidity, Fe(Ill) probably conferred greater protec-
tion from UV disinfection through the combined effects of having a
low UVT (35% Fig. 1D) and offering some protection to bacteria through
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Fig. 2. Change of E. coli and E. faecalis concentration after period of mixing in microcosms containing different TCMs at 0.2 and 2 NTU compared to control experiments which did not
contain TCMs A. E. coli at 0.2 NTU B. E. faecalis at 0.2 NTU C. E. coli at 2 NTU. D. E. faecalis at 2 NTU. t = time of mixing experiment (hours), t = 2 + set. represents the bacteria which
could be recovered from the suspended phase after 2 h mixing and 30 min settlement. Bacteria were enumerated from the suspended phase therefore reduction of bacterial CFU from
suspended phase suggests attachment. ANCOVA analysis of between subjects' effects is presented within graphs where bold text indicates significance at p < 0.05. Comprehensive

ANCOVA report presented in Table S1.

attachment compared to other TCMs (Table 3, 3 > 0.3, p < 0.05). A sim-
ilar trend was identified for humic acids, where only a small degree of
attachment and settlement was seen (Table 3, 3 = 0.26, p < 0.05) but
this material resulted in a low UVT (45%, Fig. 1D), which meant that
the UV dose dominated impacted disinfection efficacy (B = —0.88, p
< 0.01). Fe(Ill) coagulants are widely used in drinking water as the pri-
mary coagulants for particle removal. Ineffective clarification during
water treatment or precipitation of naturally occurring soluble Fe in
the source water could result in carryover of particulate Fe. However,
iron coagulants have been widely implicated with poor UVT therefore
reduced pathogen inactivation. These results confirm that the presence
of iron particles, and also other strongly UB absorbing compounds such
as humic acids, represent high risk factors relative to other types of tur-
bidity in the success of UV disinfection (Kozak et al., 2010; Teunissen
et al., 2008). In addition to providing photo-protective properties
some, TCMs such as NOM, also increase regrowth potential in distribu-
tion systems as they represent direct substrates for bacterial growth.
Other TCMs may also act as carriers of NOM through adsorption onto
their surfaces leading to elevated biofilm growth rates and providing
opportunities for bacterial re-growth following disinfection processes

(Costerton et al., 1995; Douterelo et al., 2016). This further supports
the minimisation of TCMs in drinking water.

3.3.2. Impact of UV dose

UV doses >15 m] cm ™2 were sufficient to achieve a 5 log; E. coli in-
activation at 0.2 NTU. Higher UV doses did not significantly improve in-
activation of E. coli (p > 0.05) (Fig. 3A). In contrast, the maximum UV
dose of 39.9 m] cm™~2 was required for complete E. coli inactivation in
the presence of Fe(Ill) and humic acids (p < 0.001). The chalk TCM of-
fered minimal UV protection as 5 log¢ E. coli inactivation was observed
at UV doses >10.5 m] cm™2. At turbidity of 0.2 NTU Fe(llI), more than
twice the UV dose was required for E. faecalis than E. coli to achieve a
3 log,o inactivation of bacteria. In the elevated turbidity experiments,
the maximum inactivation was 2.4 and 3.5 logyo for E. faecalis at
39.9 mJ cm ™2 for Fe(Ill) and humic acids respectively, which was ~1
logio lower inactivation than at the lower turbidity of 0.2 NTU
(Table 2). However, this was thought to be due to the inherent resis-
tance of E. faecalis as opposed to attachment to Fe(IIl) particles as
E. faecalis had 13% lower attachment than E. coli at this turbidity
(Fig. 2). Other studies have demonstrated that the most UV resistant
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Fig. 3. UV dose on disinfection of bacterial indicators in the presence of TCMs at different turbidity A. E. coli 0.2 NTU, B. E. coli 2 NTU, C. E. faecalis 0.2 NTU and D. E. faecalis 2 NTU. Dashed line

indicates missing data point.

organisms are viruses such as Adenoviruses with reported UV doses of
up to 306 mJ cm ™2 required to attain 6 log; reductions (Hijnen et al.,
2006). In this work 2.8-fold greater UV dose was required to attain a 4
log E. coli reduction at 2 NTU of Fe(Ill) compared to a control. Assuming
a similar impact of turbidity on the log reductions for Adenovirus as
E. coli, very high UV doses (>850 m] cm~2) may be required to attain
6 log reductions at 2 NTU of Fe(III) or humic acids. This is pertinent as
water utilities are giving more attention to the effective treatment of vi-
ruses (Gall et al., 2015). Other studies have shown that E. coli has a ~5
log;o inactivation at UV doses of 9 mJ cm ™2 using polychromatic UV
sources (Oguma et al., 2002) and up to 15 mJ cm~?2 using monochro-
matic UV sources (Hijnen et al., 2006). Therefore, even at the turbidity
levels in water prior disinfection proposed by WHO (0.2 NTU), the UV
dose required for equivalent 5 log; inactivation was ~40 mJ cm™ 2 for
Fe(Ill) and humic acid TCMs, while this was only 10.5 mJ cm~2 for
chalk (Fig. 3). This highlights that UV disinfection efficacy is dependent
on different bacteria, the concentration of particles, and the type of tur-
bidity present.

Table 2

The overall importance of UVT on disinfection was shown when con-
sidered independently of TCM. There was strong correlation between
UVT and bacterial inactivation, independently of the TCM composition
(Fig. 4). This was shown for both E. coli (R> = —0.9, p = 0.01) and
E. faecalis (R = —0.83, p = 0.023) based on averaged log inactivation.
When considered by TCM type, the UV doses required for 3 log;o inacti-
vation of E. coli were approximately double for Fe(IlI) and humic acids at
2 NTU (lower UVT) compared to 0.2 NTU (greater UVT) (Table 2). AUV
dose of 14.7 m] cm™2 for 0.2 NTU and 34.7 m] cm ™2 for 2 NTU was re-
quired for 3 log;o inactivation of E. faecalis. At the higher Fe(lIl) turbid-
ity, 3 log,o inactivation of E. faecalis was not attained. Multiple
regression analysis revealed that the UV dose governed most of the var-
iability in E. coli (3 = —0.74 p <0.001) and E. faecalis (p = —0.79, p <
0.001) inactivation in the MLR model which contained all data based on
the UVT of the TCMs. The importance of UV dose increased when con-
sidering Fe(IIl) (3 = —0.84, p < 0.001) and humic acids (p = —0.88,
p < 0.001) TCMs separately, highlighting the significant photo-
protective properties of these TCMs.

First order disinfection model for log, o inactivation of bacterial species at UV doses (0-39 mJ cm™~2) examined by linear regression analysis. Tailing of inactivation at higher UV doses were

excluded from analysis.

Bacteria TCMs 0.2 NTU 2 NTU
kq cm? Max. inactivation (log;o) at UV dose for —3 logyo kg cm? Max. inactivation (log;o) at UV dose for — 3 log;o
m]~! (R?) 39.9 mj cm—2 inactivation mjcm=2  mJ~! (R?) 39.9 mj cm—2 inactivation mJ cm~2
E. coli Control (noTCM)  —0.31(0.95) —5 3.8 —0.44(095) —5 7.5
Fe(III) —0.23(0.99) —43 13.6 —0.09 (099) —32 36.1
Humic acid —029(099) -5 10.6 —0.15(0.99) —48 212
Chalk —034(099) -5 7.1 —039(098) —5 8.1
E. faecalis  Control (no TCM) —0.41 (0.97) —42 —0.19(094) —42 3.04
Fe(Ill) —0.03 (0.86) —43 —0.02(0.88) —24 -)
Humic acid —0.41 (0.97) —44 —0.05(0.87) —3.5 347
Chalk —0.59 (0.95) —4 —034(093) -5 93

(=) indicates experimental conditions did not achieve 3 log;o inactivation.
UV dose for 3 log;o inactivation was calculated based on linear interpolation of plots of inactivation/UV dose.
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Multiple linear regression models to predict the role of TCM parameters and UV dose on
disinfection of bacterial indicators E. coli and E. faecalis. A model containing all TCMs is pre-
sented. Each TCM was then modelled separately. Standardised (3 coefficients are reported
with p value deemed significant at p < 0.05.

Model dependent variable —

Standardised P coefficient (p value)

E. coli inactivation

E. faecalis inactivation

Independent variables |

All TCMs included in model

¢-potential 0.22 (p=10.93) 0.07 (p =0.73)
Particle size - 0.30 (p = 0.01)
Particle count 0.23 (p = 0.68) —0.18 (p = 0.67)
UV dose —0.74 (p<0.001) —0.79 (p <0.001)
UvT —0.05 (p =0.98) —0.32(p=10.27)
Turbidity —0.04 (p=10.79) 0.31 (p = 0.03)
Control model

UV dose —0.77 (p = 0.03) —0.79 (p = 0.01)
Turbidity 0.02 (p = 0.94) 0.04 (p = 0.94)
Fe(III) model

UV dose —0.84 (p<0.001) —0.82(p<0.001)
Turbidity 0.39 (p = 0.07) 0.38 (p = 0.07)
Attachment t = 2 + set. 0.39 (p<0.01) 0.29 (p = 0.021)
Chalk model

UV dose —0.77 (p = 0.02) —0.77 (p = 0.02)
Turbidity 0.06 (p = 0.76) 0.06 (p = 0.76)
Attachment t = 2 + set. (settled) 0.06 (p = 0.75) 0.09 (p = 0.69)
Humic acids model

UV dose —0.88 (p <0.001) —0.88 (p <0.001)
Turbidity 0.26 (p = 0.04) -

Attachment t = 2 + set.? 0.27 (p = 0.04) 0.26 (p = 0.04)

Bold indicates variable that adds significant predictive value to the multiple linear regres-
sion model.
(-) indicates independent variable could not be included in the analysis. Variables exclud-
ed due to multi-collinearity are not presented.

2 It was not possible to distinguish aggregation from attachment as humic acids result in
aggregation and therefore turbidity and bacterial loss from suspension.

Attachment effects were small but important contributors influenc-
ing disinfection for some of the TCMs. Multiple regression analysis
showed that bacterial attachment to Fe(Ill) was more important for
preventing inactivation (3 = 0.39, p < 0.01, Table 3) in E. coli compared
to E. faecalis (p = 0.29, p = 0.021, Table 3) despite similar attachment
rates (Fig. 2). This suggests the photo-protection afforded by TCMs
could further increase the recalcitrance of more naturally resistant bac-
teria (demonstrated by lower 3 value for E. faecalis than E. coli) and in-
teraction effect between TCM and attachment (p < 0.001). This could
have important implications in water treatment particularly with

UV2s54 transmittance (%)

20 40 60 80 100

Inactivation logqg (Ng/N¢)

RZ = .0.9, p=0.01
o E.faecalis R? = -0.83, p=0.023

e FE coli

Fig. 4. Inactivation efficiency with UVT for E. coli and E. faecalis. Log,o reduction values
were averaged across TCMs with similar % transmittance values.

respect to the significant role of settlement (Table S1, p < 0.001) when
considering the emergence of pathogenic strains (Chiao et al., 2014).

Translation of these results to real water sources is complex due to
the presence of multiple TCMs and background organic compounds, as
well as opportunities for particle-surface conditioning by organic com-
pounds such as proteins and humic/fulvic acids (Busscher et al., 1995;
Gottenbos et al., 2001; van der Mei et al., 2008; Autin et al., 2013;
Huber et al., 2011). However, these results show that knowledge of
high risk TCMs in water prior to disinfection can enable public health
engineers to adapt and modify treatment processes to the water quality.
This research shows that mechanisms exist for bacteria to attach to
some TCMs. This and, more importantly, the UV absorbing properties
of the TCMs, results in significant impacts on UV disinfection efficacy.
Particles such as Fe(Ill), that have a high UVT, and where there as evi-
dence of attachment and aggregation with bacteria, are ideal transport
vehicles to enable bacterial penetration through UV treatments. While
both bacterial species displayed moderate attachment to chalk, particu-
larly at high turbidity, the high UVT and poor photoprotective proper-
ties did not provide a protective benefit to bacteria from disinfection.
The importance of UVT as the dominant control on disinfection efficacy
was shown by humic acid, which didn't show significant attachment
with bacteria, but had a big impact on overall disinfection efficacy.

The comparatively smaller impact of bacteria-particle association on
disinfection may be explained by the relative sizes of bacteria to the
sizes of the TCM particles of interest (Cantwell and Hofmann, 2011).
This is important because it has been shown that some types of particle
can protect much smaller microorganisms such as viruses from UV dis-
infection (Templeton et al., 2005). For example, association of bacterio-
phages MS2 and T4 to oxidized iron particles was shown to shield the
viruses from UV light at a turbidity of 2.7 NTU. It has also been demon-
strated that a shielding effect can occur when viruses were associated
with humic acids and activated sludge flocs, whereas clay particles did
not provide significant protection (Templeton et al., 2005). This is be-
cause clays and chalks typically scatter rather than absorb incident UV
light, their impact on protecting microbes is much less (Bitton et al.,
1972). This is in agreement with the results observed here where
there was little to no impact of chalk on the disinfection of both E. coli
and E. faecalis.

The relationship between turbidity and radiation dose has regularly
been applied as a method to estimate dynamic decay rates in hydrody-
namic models of faecal indicator bacteria (Kay et al., 2005; Whitehead
etal,, 2016). Data presented here suggests that turbidity significantly in-
fluences the survival of faecal bacteria exposed to incident UV light.
Therefore, maximising UVT by minimising high risk TCMs is deemed
critical for high UV inactivation efficacy and minimising public health
risks. This basis of this research could be used to tailor the UV dose to
the turbidity fingerprint of water prior to UV treatment as here it has
been shown that the uniform turbidity recommendations for final treat-
ed waters set by some regulators may not be appropriate to promote
sufficient disinfection for some types of turbidity.

4. Conclusions

Humic acids and Fe(IIl) most influenced disinfection of E. coli and
E. faecalis. The reason was seen in the high UV,s, of these two TCMs
which increased with TCM concentration to 38% and 48% UVT at 5
NTU turbidity level. E. coli and E. faecalis attachment was only seen for
chalk and Fe. The attachment was postulated to be as a result of these
particles having a more neutral surface charge. The UV dose was the
dominant mechanism governing >74% of the variability in E. coli and
E. faecalis inactivation over a range of UV doses (0-39.9 m] cm~2, p <
0.02), irrespective of TCM. The presence of some TCMs substantially re-
duced the efficacy UV inactivation of E. coli for Fe(IIl) (3 = 0.39) and
humic acids (® = 0.27) with some of this attributed to attachment,
but the majority due to reductions in UVT. Overall, E. faecalis was
more resistant to UV inactivation in the presence of TCMs than E. coli
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suggesting that the impact of TCMs could further increase the recalci-
trance of more resistant strains reducing ability of UV to achieve statu-
tory log reductions. Specific TCMs have significant photo-protective
properties therefore they represent potential vehicles for bacterial pen-
etration of water treatment barriers. Reducing carryover of Fe(Ill) and
UV absorbing organic compounds to the disinfection stage is important
as this TCM had both properties of light attenuation and flocculation. In
conclusion, maximising UVT by minimising specific TCMs was critical
for UV inactivation of bacterial indicators. Uniform regulatory turbidity
levels for waters pre-disinfection set by regulators may not be appropri-
ate depending on the TCM profile of the inlet water. To reduce the public
health risk of particles and pathogens requires treatment which
prioritises particle removal process upstream of effective disinfection
of residual particles/pathogens.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2017.12.173.
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