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Highlights
o Different turbidities have different effects on chlorine disinfection
e Humic acids interfere with chlorination at > INTU (2 mg/L)
e Chalk does not interfere with chlorination up to 5 NTU

e Both culture and flow cytometry lead to same conclusions



Abstract

Chlorine is globally the most widely used chemical for water disinfection. Whereas
disinfection efficiency is well known to depend on water pH and temperature, the effect of
turbidity is less well studied. Although turbidity is measured online in most drinking water
works and most countries where regulations exist have set limits of < 1 NTU for water
leaving the works, the composition of turbidity is typically unknown. Given the
heterogeneous nature of substances contributing to turbidity, the aim of this work was to study
the effect of selected compounds on chlorination efficacy. The effect of humic acids and chalk
on the inactivation of the indicator bacteria Escherichia coli and Enterococcus faecalis was
assessed at neutral pH at different turbidity levels using both plate counting and flow
cytometry in combination with membrane integrity staining. For humic acids, a turbidity of 1
NTU (corresponding to 2 mg/L) was identified as a critical threshold, which when exceeded
was found to have a negative impact on chlorine disinfection. Chalk, on the other hand, had
no measurable impact up to 5 NTU. The observation applied to both bacterial species with
identical conclusions from the two diagnostic methods. Results corroborate that different
turbidity causing substances affect chlorination efficiency to very different extents  with
chlorine demand by organic material probably being the most important determinant. In case
of turbidities > 1 NTU, turbidity measurement benefits from the consideration of the organic

content as mere NTU values do not allow predicting an impact on chlorination efficiency.



1. Introduction

Disinfection of drinking water is a critical microbiological barrier prior to water distribution.
Non-compliance with regulatory water safety standards can lead to microbiologically unsafe
water and can have severe consequences on public health. Among the chemical disinfectants,
chlorine is by far the most commonly used agent. In addition to the well-known influences of
pH and temperature on the efficiency of chlorination at a given dose and contact time [1],
turbidity is accepted to interfere with chlorine disinfection (apart from being of aesthetic
concern).
Turbidity is a measure of how much the material suspended in water decreases the passage of
light through the water and is expressed in form of a uniform number (typically as
nephelometric turbidity units, NTU). Turbidies are strictly regulated. In England and Wales,
the maximum allowable levels for turbidity are set by the Drinking Water Inspectorate to 1
NTU for water prior to disinfection and 4 NTU for water at the consumer’s tap [2]. In the
European Union turbidity requirements are <1 NTU for surface water post treatment
(European Union (Drinking Water Regulations 2014), whereas in the US turbidity should not
go above 5 NTUs at any time and must be < 0.3 NTUs in at least 95 % of samples in any
month for systems that use conventional and direct filtration (Long Term 1 Enhanced Surface
Water Treatment Rule (LTIESWTR, 2002). WHO eventually suggests that turbitity of
drinking water should at no point exceed 5 NTUs and should preferably be less than 1 NTU
[3]. A turbidity threshold of below 0.2 NTU is promoted (WHO, 2011). To reduce turbidity to
these levels, water treatment facilities need an appropriate removal capacity depending on the
turbidity range of the corresponding raw waters [4]. Whereas groundwaters tend to have very
low turbidities, the turbidities of surface waters can be high and subject to great variation.
Turbidity is composed of a heterogeneous mixture of different particle types and

materials present in water in the form of particulates, colloids and dissolved materials.



Turbidity causing materials (TCMSs) can be of inorganic and organic nature. They are either
naturally present in water or can be introduced into drinking water via the water treatment
process [5,6]. Important natural TCMs include natural organic matter (NOM, humic and non-
humic), sediments, clay, chalk, sand and biomass such as bacteria, plankton, algae or biofilm
[7,8,9]. TCMs introduced during water treatment (from insufficient clarification) include
chemical flocs formed by the addition of metal salts such as AP* and Fe** coagulants [10].
Turbidity can also originate from precipitates caused by changes in the water pH or through
chemical reactions. Whereas turbidity is mostly regulated as its presence, apart from aesthetic
concerns, is often associated with elevated levels of pathogens, knowledge to what extent
these different substances impact chlorine disinfection is very limited. Due to their
heterogeneous nature, TCMs can be assumed to have very different effects on disinfection
efficiency. It has been stated from as early as 1978 that the ‘interference of turbidity with
disinfection depends more on the types of turbidity present than on the number of turbidity
units present’ [11]. However, there is little direct evidence supporting this view.

In this study the chlorine demand of a range of TCMs was measured across turbidity
gradients. Humic acids and chalk were then selected as representative TCMs with high and
low chlorine demands respectively to take forward for disinfection testing. Whereas humic
acids are comprised of complex water-soluble polymers and represent the major fraction of
organic matter in natural water [12], chalk carbonates are common in karstic areas [13]. The
aim was to identify whether and at which turbidity values the presence of these substances
interferes with disinfection efficacy. The effect on chlorination efficiency was studied using
two important microbiological water quality indicators (Escherichia coli and Enterococcus
faecalis). Both cultivation and flow cytometry (in combination with cell membrane integrity
staining) as a cultivation-independent diagnostic tool for viability assessment were applied

with the intention to assess the comparability of results.



2. Materials and methods

2.1. Preparation of turbidity and chlorine solutions

Stock solutions (approx. 100 NTU) of humic acids (Sigma-Aldrich, UK, CAT: H16752),
manganese dioxide (Sigma-Aldrich, CAT: 13242) and chalk (calcium carbonate, Fischer
Scientific, UK, CAT: C/1040/60) were made by dissolving commercial powders in filtered
(0.2 pm) mineral water (Evian, Evian-les-bains, France). Fe(lll) hydroxide precipitate was
produced by dissolving FeCl; (Sigma-Aldrich, CAT: 15774-0) in ultrapure (UP) water (Ultra
GE MK?2 Purelab, Elga, High Wycombe, Buckinghamshire, UK) at a concentration of 25
mg/L at pH 4.5. The pH was subsequently adjusted to 7 using 0.1 M NaOH solution and the
resulting Fe(lll) hydroxide precipitate was washed three times in UP water, separated by
centrifugation (1,000 x g) and re-suspended in filtered mineral water. Stock solutions were
further diluted with filtered mineral water to turbidity levels two-fold (for assessing chlorine
demand) or four-fold (humic acids and chalk for the bacterial inactivation experiments) higher
than the desired final turbidity levels. In case of humic acids and chalk the final turbidity
values were 0, 0.1,0.2,0.4, 1, 2, and 5 NTU to cover the extremes of turbidity that may be
given in drinking water. Turbidities of all solutions were verified using a turbidimeter (Hach
2100 N turbidimeter, Salford M50 1DL, UK). All pH values were adjusted to neutral pH 7.0
if necessary.

The chlorine gradient of 0, 0.01, 0.02, 0.1, 0.25, 0.5, 0.75 and 1 mg L™ used in the study to
assess bacterial inactivation was made by stepwise dilution of a chlorine stock solution of
11.15% (Sigma Aldrich, St. Louis, MO, USA) with UP water to a concentration of 100 mg
L. This concentrated chlorine solution was further stepwise diluted with filtered mineral
water (to ensure osmotic balance when added to the bacterial suspensions) to working

concentrations four-fold higher than the desired final concentrations. All solutions were made



in chlorine demand-free glassware. The free chlorine concentration of the chlorine stock and
the correctness of the 100 mg L dilution were measured prior to every experiment using a
pocket colorimeter (Hach-Lange, Salford, UK) and DPD sachets (Hach, Salford, UK; free
chlorine reagent powder pillows, product nr. 2105569) after appropriate dilution to meet the
adequate measurement range < 2 mg L. The mineral water only exerted negligible chlorine

demand in the time necessary to perform the corresponding experiments.

2.2. Preparation of chlorine demand-free glassware

Borosilicate glassware was machine-washed and rinsed three times with ultrapure water. It
was then filled with 0.2 N hydrochloric acid and incubated overnight to allow for acid
hydrolysis followed by repeated thorough rinsing (three times) with ultra pure water.
Glassware was subsequently air dried, covered with aluminum foil and heated at 550°C for at
least 6 hours in a muffle oven (Muffle Furnace 1400, PaveTesting Ltd, Hertfordshire, UK).

Glassware was stored in a dry place away from sunlight until use.

2.3. Assessment of chlorine demand Kinetics

Solutions (250 mL) of defined turbidity 1 NTU of selected TCMs were prepared with filtered
(0.2 pm) mineral water in 250 mL chlorine demand-free Erlenmeyer flasks. Samples were
supplemented with a small volume of diluted chlorine stock (approx. 2,000 mg L free
chlorine) to obtain a disinfectant concentration of 1 mg L™ (+ 0.05 mg L) free chlorine.
Flasks were shaken at 290 rpm at room temperature (20 + 2°C). Aliquots of 10 mL were taken
at different times (up to 30 min) and assessed for free and total chlorine using a pocket
colorimeter (Hach-Lange, Salford, UK). For this the water was mixed with the contents of a
DPD sachet (Hach, Salford, UK; free chlorine reagent powder pillows, product nr. 2105569;

total chlorine reagent powder pillows, product nr. 2105628) in a measurement cuvette, swirled



for 30 seconds and measured after one min and three min incubation, respectively, as outlined

in the instructions by the manufacturer.

2.4. Bacterial strains and growth conditions

Escherichia coli (E. coli; ATCC 25922) and Enterococcus faecalis (E. faecalis; ATCC
29212) were grown at 35°C in 10% Tryptone Soya Broth (TSB CMO0129, Oxoid, Basingstoke,
Hampshire, UK) for 15 hours at 290 rpm. The resulting E. coli culture was adjusted to an
optical density (ODgg) (Jenway 6310, Essex, UK) of 1.0 using pre-warmed 10% TSB. This
optical density corresponds to a bacterial concentration of 10° E. coli cells mL™. Cell aliquots
of 1 mL were subsequently harvested by centrifugation (5,000 g, 5 min) and the supernatant
carefully removed with atip. The E. coli pellet was washed three times by resuspension in 0.2
um filtered mineral water to remove chlorine demand. E. coli cells were subsequently diluted
100-fold by adding 100 pL of bacterial suspension to 9.9 mL of filtered mineral water (to
obtain a concentration of 10 cells mL™) followed by another 50- fold dilution resulting in a
suspension of 2x10° cells mL™. The E. faecalis culture was adjusted to an ODggg of 0.4 using
10% TSB. This optical density corresponded to 8x10° E. faecalis cells mL™. Aliquots (1 mL)
of these suspensions were subsequently pelleted by centrifugation (5,000 g, 5 min), followed
by careful removal of the supernatant with a pipette tip and resuspension of the bacterial pellet
in filtered mineral water. This washing was done three times. The bacterial suspension was
eventually diluted 80-fold by mixing 0.1 mL of bacterial suspension with 7.9 mL of filtered
Evian to a concentration of 10° cells mL™ followed by another 5-fold dilution to obtain 2x10°

cells mL™*. The pH of the suspensions was 7.2.



2.5. Disinfection in absence of TCMs

Disinfection experiments were performed in a laminar flow hood by adding aliquots of 100
pL bacterial suspensions (2x10° cells mL™) to the wells of a chlorine demand-free 96-well
glass plate (Zinsser NA Inc., Northridge, USA) containing 50 pL pre-aliquoted filtered
mineral water and 50 pL chlorine solution (at concentrations four-fold higher than the desired
final concentration). Final chlorine concentrations were 0.01, 0.05, 0.1, 0.25, 0.5, 0.75and 1
mg L ! and the final bacterial concentration was 10° cells mL™. Samples without chlorine
served as controls. The plates were shaken for 30 minutes at 290 rpm. The well contents were
subsequently transferred into 96-well plastic plates (Porvair Sciences Ltd, Wales, UK)
containing 2 YL of pre-aliquoted 0.1 N thiosulfate (Acros Organics, Geel, Belgium) per well
to quench the chlorine and were thoroughly mixed by pipetting up and down several times

using a multichannel pipette.



2.6. Disinfection in presence of TCMs

For disinfection in the presence of turbidity, aliquots of 110 pL of bacterial suspension (2x10°
cells mL™*) were added to the wells of round-bottom plastic plates containing 55 pL of pre-
aliguoted humic acid or chalk solutions at a turbidity level four-fold higher than the desired
final turbidity during disinfection to compensate for subsequent dilution in the final mixture.
The plates were shaken at 290 rpm for 2 hours at room temperature (20 £ 2°C) to allow for
potential attachment of the bacteria to any particulates. Volumes of 150 pL of these mixtures
were subsequently transferred to the wells of a chlorine demand-free 96-well glass plate with
each well containing 50 pL of chlorine solution (also with concentrations four-fold higher
than the desired final chlorine concentration). Final concentrations were as follows for TCMs:
0;0.1; 0.2; 0.4; 1; 2; 5 NTU, for chlorine: 0, 0.01, 0.05, 0.1, 0.25, 0.5, 0.75, 1 mg L'!; and for
bacteria at 10° cells mL™. The pH values were between 7.0 and 7.2. Glass plates were shaken
for 30 minutes followed by transfer of 200 L well contents into plastic plates with pre-

aliuoted thiosulfate to quench the chlorine (as described before).

2.7. Viability assessment by spot plating

The impact of chlorination on bacterial viability was assessed using a drop spotting method as
described by Nocker et al. [14]. Using a multichannel pipette, volumes of 1 pL (100 cells) of
the quenched samples (located in the wells of a 96 well plate) were spotted in a grid format
onto a nutrient agar square plate (Greiner square dish, 120 x 120 x 17mm, Sigma-Aldrich,
UK, CAT. Z 617679). Membrane Lactose Glucuronide Agar (MLGA CM1031, Oxoid,
Hampshire, UK) and MacConkey (CMO0007; Oxoid, Hampshire, UK) were used as growth
media for E. coli and E. faecalis, respectively. Droplets were allowed to soak into the agar

plate for 5 min prior to reversing the plates for incubation for 16 hours at 35°C. Pictures of
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plates were made on a ProXima C16 Phi+imaging system (Isogen Life Science, Netherlands)

using the following grayscale settings: exposure 40 ms, zoom 3.0, iris 3.1, focus 84, no filter.

2.8. Flow cytometric analysis

Fluorescence staining was carried out following the protocol developed by Hammes et al.
(2008) with a few amendments. In order to quantify total cell counts (TCCs), a 10,000x% stock
of SYBR Green | (CAT S-7567; Life Technologies Ltd., Paisley, UK) was diluted with
dimethyl sulphoxide (DMSQO) (Fisher Scientific, Fair Law, NJ) to obtain a 100x working
stock solution. Aliquots of 1 uL of this dye solution were pre-aliquoted in the wells of a 96
well plate (Porvair Sciences Ltd, Wales, UK) followed by addition of sample (volumes of 100
ulL) for staining at a 1x final SYBR Green concentration using a multichannel pipette. Mixing
was achieved by pipetting down several times. For the quantification of intact cell
concentrations (ICCs), a dye mixture was made of SYBR Green | (100x) and propidium
iodide (PI; 1 mg mL, corresponding to 1.5 mM; CAT P3566; Life Technologies Ltd,

Paisley, UK) ata ratio of 5:1. Volumes of 1.2 uL of this dye mixture were pre-aliquoted into
the wells of a 96 well plate followed by addition of 100 uL of sample to give a final dye
concentrations of 1x and 3 uM for SYBR Green | and PI, respectively. The mixtures were
subsequently incubated at 37 °C for 13 minutes in a Grant-bio PHMP thermo-shaker (Grant
Instruments Ltd, Cambridgeshire, UK) at 600 rpm. Samples were analyzed using a BD Accuri
C6 cytometer (Becton Dickinson UK Ltd., Oxford, UK) equipped with a 488 nm laser. All
analyses were carried out in triplicates. Analyzed volumes were 25 pL with the trigger set on
FL-1. The flow rate was set to “fast’ corresponding to 66 pL min't. FL-1 signals smaller than
800 fluorescence units were excluded from analysis. TCC and ICC signals were analyzed

using the FL3 (red fluorescence, 670 nm) vs FL1 (green fluorescence, 533 nm) density plots.
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2.9. Statistical analysis

At least three independent repeats were carried out for every experiment. Data for chlorine
demand kinetics is shown with error bars reflecting standard deviations (calculated in Excel
and Statistica). Representative images are shown for spot plating results. Color schemes

showing flow cytometric results are based on averages from at least three experiments.

3. Results

3.1. Chlorine demand of selected TCMs

In a first experiment the chlorine demand of five important TCMs (humic acids, Fe®*, chalk,
kaolin clay and MnO;) was determined by supplementing TCM solutions of 1 NTU with
chlorine (initial concentration of 1 mg L free chlorine). Among the five TCMs, only humic
acids (as the only organic substance) was found to react strongly with around half of the free
chlorine being consumed after 1 to 2 min (Fig. 1). Chlorine inactivation subsequently slowed
following concentration-dependent first order kinetics and eventually stopped when all
chlorine had been consumed. The inorganic substances did not show chlorine inactivation
over 30 min. The apparently slight increase in chlorine demand was shown to be caused by
their interference with chlorine measurement. Measurement of total chlorine followed the
same trend with concentration values being nearly identical with the ones of the free chlorine

(data not shown).

3.2. Assessment of bacterial inactivation by flow cytometry

Suspensions of E. coli and E. faecalis (10° CFU mL™*) were exposed to increasing chlorine
concentrations for 30 min followed by quenching of the disinfectant with thiosulfate,
membrane integrity staining and analysis by flow cytometry. The extent of membrane damage

12



was visualized on FL1/FL3 density plots (Fig. 2). Membrane damage inflicted to E. coli was
gradual. Whereas bacteria appeared intact at 0.05 mg L™, a signal transition to a region
indicating moderate membrane damage was observed at 0.1 and 0.25 mg L™ chlorine. At
higher disinfectant concentrations all signals were located in the area that is characteristic of
significant membrane damage. The transition was captured by defining two flow cytometric
gates (Fig. 2A). In the case of E. faecalis, signals underwent a more abrupt transition from
intact to strongly damaged when increasing the chlorine concentration from 0.1 to0 0.25 mg L™
with no intermediate damage status visible with the chosen resolution of the disinfectant
gradient. Due to the lack of a transitory membrane integrity status, only one gate was defined

for this reason for E. faecalis. This gating strategy was applied to the following experiments.

3.3. Disinfection efficacy in presence of humic acids

In the next stage of the work, bacterial suspensions were subjected to the chlorine
concentration gradient in the presence of increasing turbidities of humic acids. Bacteria were
exposed to chlorine for 30 min followed by neutralization of the disinfectant. Samples without
humic acids and/or without chlorine served as controls. Aliquots from this experimental grid
were subsequently analyzed by cultivation (spot plating) and flow cytometry. For E. coli,
viability was not affected by chlorine concentrations up to 0.05 mg L™ as bacteria both grew
on nutrient agar and had intact cell membranes (Fig. 3A). Culturability was affected at 0.1 mg
L chlorine at turbidity values up to 0.4 NTU, whereas at higher turbidities (> 1 NTU,
corresponding to 2 mg/L) of humic acids bacterial growth was observed. The loss of
disinfection efficacy at turbidities > 1 NTU was corroborated by membrane mtegrity staning,
although the effect was seen at a higher chlorine threshold of 0.25 mg L. It is known that
higher chlorine concentrations are necessary to inflict membrane damage than to compromise

culturability [15]. At higher turbidities increasing proportions of bacteria maintained
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membrane integrity as indicated by the green color. In other words, higher humic acid
concentrations had the consequence that more chlorine was necessary to achieve membrane
damage.

The same tendencies were observed for E. faecalis. At 0.1 mg L initial free chlorine,
colony formation became visible again in the presence in the presence of humic acid turbidity
> 1 NTU (Fig. 3B). In case of membrane integrity, this applied at free chlorine of 0.25 mg L~
! Although, like in the case of E. coli, more chlorine was therefore necessary to induce
membrane damage compared to culturability, it could be concluded also with this bacterial

species that humic acids at turbidities > 1 NTU can interfere with chlorine disinfection.

3.3. Disinfection efficacy in presence of chalk

In line with experiments with humic acids, a grid system of increasing chlorine concentrations
and chalk turbidities was applied to both E. coli (Fig. 4A) and E. faecalis (Fig. 4B). For chalk,
no loss of disinfection efficacy was observed along the entire turbidity gradient, by both
culture and flow cytometry. However, as seen for humic acid, higher chlorine concentrations
were needed to inflict membrane damage than to affect culturability. For chalk, a clear loss of
culturability/integrity was observed at 0.1 and 0.25 mg L™ free chlorine for culture and flow
cytometry methods, respectively, regardless of the turbidity level in the sample. It was

concluded that chalk did not compromise chlorine efficacy at turbidity values up to 5 NTU.
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Discussion

Humic acids and chalk were chosen in this study as representatives of TCMs with and without
a chlorine demand to assess whether they interfere with chlorine disinfection efficacy. The
obtained results support the hypothesis that different substances contributing to turbidity have
different effects on chemical disinfection. Whereas humic acids clearly weakened the effect of
chlorine at higher turbidity levels, chalk did not show a dose-response relationship. In the case
of suspended turbidity, data suggests that the impact on chlorine is primarily caused by
substances with a chlorine demand. The humic acids used in this study reacted with chlorine
within minutes. Their presence nevertheless only negatively impacted disinfection efficacy at
turbidities values > 1 NTU. Humic acids that are mainly found in surface waters [16] can be
assumed not to be present at such high levels in the final disinfection step as for the purpose
of drinking water production surface water-impacted raw water undergoes multistep
treatment. When complying with WHO or national guidelines requiring turbidities of water
prior to disinfection to be <1 NTU, these results are reassuring for drinking water process
operators even in the unlikely case that all turbidity were composed of such organics reacting
with chlorine. It should be noted that the humic acid product used in this study was of natural
origin resulting from the decomposition of organic matter (particularly dead plants, MW
2,000 — 500,000 Da). The term “humic acid” is however generic and refers to the fraction of
soil organic material soluble in alkaline solutions but not in acid or ethyl alcohol [17]. Most of
the chlorine consumption was reported to be due to the reaction with activated aromatic
structures, however different humic acids show different reactivities mainly due to their
nitrogen content and humic acids were found to be more reactive with chlorine than fulvic
acids [18].

It is unclear how many of the vast diversity of organic compounds have light

scattering properties and thus contribute to turbidity (as measured in NTU). As early as 1976,
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a list of 1259 organic compounds identified in water has been published [19]. Amino acids
have been reported to be some of most reactive organic compounds, whereas some humic
acids show low reactivity [20]. A detailed review about the reactivities of organic and
inorganic compounds with chlorine was presented by Deborde and von Gunten [21]. Despite
the enormous diversity of organics in water, humic substances tend to represent 50 — 90 % of
dissolved organic material in surface waters [22] and therefore deserve special attention. An
indication about the extent of organic content within the turbidity pool can be obtained by
spectrophotometric analysis in the UV range (e.g. UV 254; due to absorption of nucleic acids,
aromatic amino acids and humic and fulvic acids) or directly by measuring the TOC or DOC
content. Apart from the nature of the organic compound, reactivity also depends on other
parameters like pH or the ratio of chlorine to substrate [22].

The low chlorine reactivity of the inorganic TCMs chalk, Fe (I11), Mn?* and kaolin
clay is in line with previous reports of low reactivity at neutral pH [21]. It is tempting to
explain the lack of a dose-response relationship in the disinfection experiment with the lack of
a chlorine demand within the studied time frame of 30 min. Nevertheless other parameters
given in disinfection of real water in water treatment works have to be considered. Factors
like bacterial attachment to particles and aggregate sizes as occurring in real water need
further assessment. Despite co-incubation of bacteria with TCMs on a shaker over 2 hours to
allow for attachment, stronger protection of bacteria from chlorination by TCMs through
stronger interactions (e.g. complete masking by inclusion of bacteria in aggregates) cannot be
ruled out from this study. Microbial attachment to surfaces is driven by complex multivariate
factors including electrostatic interactions, van der Waals forces, hydrophobicity, surface
tension and surface roughness [23, 24,25] that are difficult to be simulated. Also the particle
size is critical in protection of particle associated microorganisms. When studying the
susceptibility of indigeneous coliforms from primary sewage effluent, bacteria that were

associated with the <7 pm particle fraction were found to be more rapidly inactivated by 0.5
16



mg L chlorine (5°C, pH7) than coliforms associated with the >7 pm fraction [26].
Homogenization of the >7 pum fraction (resulting in particle dispersal) gave a coliform
inactivation rate similar to the one observed for the smaller particle fraction. None of the
generated particles in this study exceeded 6 um [27], which could potentially explain the
absence of protective effects other than chlorine demand. Disinfectant demand associated
with organic carbon concentrations have also been reported to be an important parameter in
one of the first studies reporting a correlation between turbidity and chlorine disinfection
efficiency [28]. When examining coliform inactivation, a 4-log reduction in culturable cells
was obtained at a turbidity of 1.5 NTU. Increasing the turbidity to 13 NTU, coliform
inactivation efficiency dropped to 1-log under the conditions chosen. Total organic carbon
was shown to interfere with the maintenance of a free chlorine residual. Turbidity control to
1- 5 NTU was suggested to be necessary to maintain adequate chlorine disinfection
efficiency. This result holds true for waters with a clear correlation between turbidity and
chlorine demand by TOC, but such a correlation must not always be given when turbidity is
caused by substances without chlorine demand (Lantagne et al. 2008). A laboratory study by
Wilhelm et al. (2018) where turbidity was artificially created by addition of kaolin clay
showed that such demand-free turbidity did not have an effect on the log reduction of E. coli.
No substantial differences in chlorination efficiency were reported when comparing water
adjusted to turbidities of 10, 100 and 300 NTU. In cases where turbidity and chlorine demand
is not correlated, mere turbidity values are thus not meaningful for predicting the efficiency of
chlorine disinfection. Rathermore residual chlorine needs to be measured to ensure that an
appropriate residual is maintained.

Comparing the two analytical methods applied here, the overall conclusions were
identical. Although the sensitivity towards free chlorine was stronger in the case of
cultivation, the relative impact of turbidity on disinfection efficiency showed the same pattern

increasing the confidence in the data. Monitoring membrane damage as an indirect viability
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parameter can be seen a convenient analytical alternative to cultivation due to the fact that the

data is obtained much faster and due to the compatibility of the method with automation.

4. Conclusions

This study identified pronounced differences between different TCMs in regard to their effect
on chlorine-based disinfection. Whereas humic acids were found to have an effect at turbidity
levels > 1 NTU, the presence of chalk did not show any effect up to S NTU. The result is
reassuring as within the permitted turbidity range of finished water, little effect on
chlorination efficiency could be seen. The study thus corroborates the maximal turbidity limit
of 1 NTU for finished drinking water. When treating waters with higher turbidities, better
knowledge about the composition of the turbidity can be seen greatly beneficial to judge its
impact on disinfection. Determination of the UV254 value as an indicator of organic content
or direct determination of TOC or DOC appear useful to gain information about the organic
content contributing to turbidity and to predict a possible interference with chlorination
efficacy. Ideally the chlorine residual is measured. Furthermore, flow cytometric assessment
of disinfection efficacy provided the same conclusions as cultivation with the benefit of much
faster data availability. Directly measuring bacterial damage would help to avoid chemical

overdosing and trim disinfection-by-products from excess use of chlorine.
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Figure legends

Fig. 1. Chlorine consumption kinetics of five selected TCMs (1 NTU each) mixed with
chlorine (1 mg L initial concentration at time point zero). Concentrations of free chlorine

were measured at time points 0 and after 1, 2, 5, 10, 20 and 30 min.

Fig. 2. Effect of chlorine on flow cytometric profiles of E. coli and E. faecalis. (A) Gates
used to assess the extent of membrane damage. Two gates (defined by dotted lines) were used
in case of E. coli where a transition from intact via moderately damaged (intermediate) to
strongly damaged bacteria could be well differentiated. One gate was used for E. faecalis as
the transition from intact to damaged was more abrupt. (B) Change of FCM patterns after
exposing bacteria to different chlorine concentrations for 30 min followed by neutralization of
the disinfectant and membrane integrity staining. Non-treated suspensions without chlorine
serve as controls. Loss of membrane integrity is reflected by signals migrating outside of the

intact cell gate.

Fig. 3. Effect of different free chlorine concentrations on the culturability and membrane
integrity of (A) E. coli and (B) E. faecalis suspensions along a humic acid turbidity gradient.
Bacterial suspensions (10° CFU mL™) were mixed with humic acids prior to adding chlorine
at indicated initial concentrations. Samples without chlorine and/or without humic acids
served as controls. After incubation for 30 min and subsequent chlorine neutralization aliquots
were spotted on nutrient agar plates (representative agar plates shown) or analyzed for
membrane integrity by flow cytometry. Flow cytometric quantification of intact and
membrane-damaged bacteria was transformed into a colour grid with intense green colour
representing membrane intactness and intense red colour representing membrane damage.

Transition states are indicated by a colour gradient.
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Fig. 4. Effect of different free chlorine concentrations on the culturability and membrane
integrity of (A) E. coli and (B) E. faecalis suspensions along a chalk turbidity gradient.
Bacterial suspensions (10° CFU mL™) were mixed with chalk (calcium carbonate) prior to
adding chlorine at indicated initial concentrations. Samples without chlorine and/or without
humic acids served as controls. After incubation for 30 min and subsequent chlorine
neutralization aliquots were spotted on nutrient agar plates (representative agar plates shown)
or analyzed for membrane integrity by flow cytometry. Flow cytometric quantification of
intact and membrane-damaged bacteria was transformed into a colour grid with intense green
colour representing membrane intactness and intense red colour representing membrane

damage. Transition states are indicated by a colour gradient.
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Fig. 1. Chlorine consumption kinetics of five selected TCMs (1 NTU each) mixed with
chlorine (1 mg L initial concentration at time point zero). Concentrations of free chlorine

were measured at time points 0 and after 1, 2, 5, 10, 20 and 30 min.
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Fig. 2. Effect of chlorine on flow cytometric profiles of E. coli and E. faecalis. (A) Gates
used to assess the extent of membrane damage. Two gates (defined by dotted lines) were used
in case of E. coli where a transition from intact via moderately damaged (intermediate) to
strongly damaged bacteria could be well differentiated. One gate was used for E. faecalis as
the transition from intact to damaged was more abrupt. (B) Change of FCM patterns after
exposing bacteria to different chlorine concentrations for 30 min followed by neutralization of
the disinfectant and membrane integrity staining. Non-treated suspensions without chlorine
serve as controls. Loss of membrane integrity is reflected by signals migrating outside of the

intact cell gate.
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Fig. 3. Effect of different free chlorine concentrations on the culturability and membrane
integrity of (A) E. coli and (B) E. faecalis suspensions along a humic acid turbidity gradient.
Bacterial suspensions (10° CFU mL™) were mixed with humic acids prior to adding chlorine
at indicated initial concentrations. Samples without chlorine and/or without humic acids
served as controls. After incubation for 30 min and subsequent chlorine neutralization aliquots
were spotted on nutrient agar plates (representative agar plates shown) or analyzed for
membrane integrity by flow cytometry. Flow cytometric quantification of intact and
membrane-damaged bacteria was transformed into a colour grid with intense green colour
representing membrane intactness and intense red colour representing membrane damage.

Transition states are indicated by a colour gradient.
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Fig. 4. Effect of different free chlorine concentrations on the culturability and membrane

(&)1

integrity of (A) E. coli and (B) E. faecalis suspensions along a chalk turbidity gradient.
Bacterial suspensions (10° CFU mL™) were mixed with chalk (calcium carbonate) prior to
adding chlorine at indicated initial concentrations. Samples without chlorine and/or without
humic acids served as controls. After incubation for 30 min and subsequent chlorine
neutralization aliquots were spotted on nutrient agar plates (representative agar plates shown)
or analyzed for membrane integrity by flow cytometry. Flow cytometric quantification of
intact and membrane-damaged bacteria was transformed into a colour grid with intense green
colour representing membrane intactness and intense red colour representing membrane

damage. Transition states are indicated by a colour gradient.
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