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ARTICLE INFO ABSTRACT

Keywords: A pilot scale chlorine contact tank (CCT) with flexible baffling was installed at an operational water treatment

lemfem‘m_ plant (WTP), taking a direct feed from the outlet of the rapid gravity filters (RGF). For the first time, disinfection

zgfrof)rgamsms efficacy was established by direct microbial monitoring in a continuous reactor using flow cytometry (FCM).
orine

Disinfection variables of dose, time, and hydraulic efficiency (short circuiting and dispersion) were explored
following characterisation of the reactor’s residence time distributions (RTD) by tracer testing. FCM enabled
distinction to be made between changes in disinfection reactor design where standard culture-based methods
could not. The product of chlorine concentration (C) and residence time (t) correlated well with inactivation of
microbes, organisms, with the highest cell reductions (N/Ny) reaching <0.025 at Ct; of 20 mg.min/L and above.
The influence of reactor geometry on disinfection was best shown from the Ct;o. This identified that the initial
level of microbial inactivation was higher in unbaffled reactors for low Ct;( values, although the highest levels of
inactivation of 0.015 could only be achieved in the baffled reactors, because these conditions enabled the highest
Ctyp values to be achieved. Increased levels of disinfection were closely associated with increased formation of
the trihalomethane disinfection by-products. The results highlight the importance of well-designed and operated
CCT. The improved resolution afforded by FCM provides a tool that can dynamically quantify disinfection
processes, enabling options for much better process control.

Drinking water
Flow cytometry

1. Introduction

Disinfection by chlorine remains the final barrier in most drinking
water treatment systems before water enters distribution. The efficacy of
disinfection is typically designed using the product of the chlorine
concentration (C) and the disinfection contact time (t), known as the Ct.
The desired flow conditions in chlorine contact tanks (CCT) used for
disinfection should be as close to plug flow as possible to ensure the full
contact time is experienced by all portions of the water being treated.
True plug flow is seldom achieved due to incompatible geometries (the
ideal is a narrow channel with a length to width (L/W) ratio greater than
40) or increased dispersion due to turbulence caused by friction effects
with the walls and baffles (Rauen et al., 2012). Non-ideal flow condi-
tions are detrimental to the performance of CCTs, leading to
short-circuiting and unwanted recirculation within the reactor. Short
circuiting occurs when a proportion of the fluid by-passes much of the
available reactor volume and exits the reactor sooner than the
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theoretical hydraulic retention time (HRT). In turn this can lead to
insufficient inactivation of microorganisms, as that portion of the flow
would not receive the desired Ct. Recirculation leads to excessive con-
tact time in ‘dead zones’ and promotes short circuiting due the reduction
in the effective operating proportion of the tank. The importance of
having as close to ideal flow conditions in CCTs has been demonstrated
previously using both empirical and theoretical testing (Angeloudis
et al., 2014a; Teixeira et al., 2008; Rauen et al., 2008). The effectiveness
of a CCT can be described with hydraulic efficiency indicators (HEIs)
that are derived from residence time distributions (Teixeira et al., 2008).

HEIs can also be derived via computational fluid dynamics (CFD), a
simulation approach that does not require physical experimental testing
and avoids potential scaling issues (Rauen et al., 2012; Angeloudis et al.,
2014a, b, 2016; Goodarzi et al., 2020). However, calibration of CFD
models is required and it is preferential to carry out physical testing to
best calibrate the simulations (Falconer, 1986). Estimates of disinfection
efficacy in CCTs have been made using established disinfection
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inactivation kinetic calculations (Chick-Watson law) and disinfection
by-product (DBP) formation kinetics (Brown et al., 2011; Angeloudis
et al., 2014a). However, these experiments did not record real microbial
inactivation rates. This is an important consideration given that organ-
isms of different characteristics have a unique residence time distribu-
tion in tanks, in addition to having different inactivation kinetics
(Asraf-Snir and Gitis, 2011). As a result, research is ongoing as to which
model best describes the transport of particles (in this case bacteria)
through the reactor and the most appropriate disinfection kinetic model
that should be used in CFD approaches (Angeloudis, 2014). To date, no
papers have reported the use of direct microbial monitoring of envi-
ronmental microbes to assess disinfection variables in CCTs.

The traditional approach of monitoring microbial inactivation dur-
ing disinfection is by using indicator organisms. This becomes chal-
lenging at the low bacterial concentrations presented at disinfection
stages, resulting in limited detection and a high error on measurements
(Cheswick et al., 2019). In addition, pathogen surrogates (coliforms,
Escherichia coli or Enterococci) are not suitable performance indicators
due to the rare occurrence of these organisms before and after disin-
fection as well as their high sensitivity to chlorine. An alternative is to
monitor heterotrophic bacteria using heterotrophic plate counting
(HPC). These bacteria are typically abundant in drinking water and may
have higher recovery rates following disinfection, making them a more
suitable process indicator (Hijnen, 2008). However, chlorination can
lead to the loss of bacterial culturability without destroying the cell,
which can lead to skewed representations of inactivation (Berney et al.,
2006). In addition, it has been concluded that HPC measurements do not
provide any information on the hygienic quality of the water (Van Nevel
et al., 2017).

An alternative approach is the use of flow cytometry (FCM) for
quantifying the autochthonous bacterial population in drinking water.
There have been many demonstrations of the benefits of this technique
over traditional culture based methods (Hoefel et al., 2005; Berney et al.,
2007; Ho et al., 2012; Van Nevel et al., 2017; Cheswick et al., 2019).
Successful application has been shown in laboratory studies
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investigating various oxidant kinetics (Ramseier et al., 2010; Ding et al.,
2019; Cheswick et al., 2020) and real-time monitoring of biocide ki-
netics (heat and ciprofloxacin exposure) (Arnoldini et al., 2013). This
methodology has also gained significant attention as a tool for assessing
operational water treatment plants (WTPs) (Helmi et al., 2014; Ches-
wick et al., 2019), distribution systems (Gillespie et al., 2014; Nescer-
ecka et al., 2018) and in water reuse (Safford and Bischel, 2018;
Whitton et al., 2018). However, there is a knowledge gap in the ability of
FCM to be used for optimisation and design of disinfection processes.

The aim of this work was to determine the role that FCM can play in
developing our understanding of disinfection in continuous flow chlo-
rine contact tanks and establish relationships between hydraulic effi-
ciency indicators and inactivation. This was achieved by comparing
traditional microbial monitoring parameters (HPC and indicator or-
ganisms) with that of total and intact cells measured by FCM in a pilot
scale CCT reactor with various baffling arrangements and flow rates
treating real water. The inactivation achieved was compared to other
disinfection parameters, including formation of disinfection by-products
(DBPs) in chlorinated water. The novelty of the present work was to
therefore use FCM to directly determine disinfection efficacy, estab-
lishing the role that advanced microbial monitoring can play in future
development and monitoring of chlorine disinfection.

2. Materials and methods
2.1. Experimental conditions

A pilot scale CCT was located at an operational WTP in Scotland, UK.
The WTP was a conventional surface water treatment plant (Fig. 1a).
The pilot plant was supplied with water from the WTP following
filtration and was representative of real water presented to disinfection.
The reactor mimicked a typical longitudinal serpentine baffled CCT with
the option of removing baffles to change the hydraulic conditions
(Fig. 1b). The CCT was 1.8 m long, 1.2 m wide with a water of depth
0.42 m. The minimal channel width was 0.23 m when fully baffled and
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Fig. 1. Schematic drawing of the water treatment plant used to supply the filtered water for this study and arrangement of sensor and dosing points (a), and pilot CCT

baffle configurations (b).
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1.3 m when unbaffled. Flow rates were varied using a pump supply from
the filtered water channel and monitored using a flowmeter (Siemens
SITRANS F M MAG, Nordborg, Denmark). Sodium hypochlorite was
dosed via a dosing pump (Grundfus Digital Dosing Control (DDC),
Grundfos Pumps Ltd, Bedfordshire, UK) prior to an inline static mixer.
Downstream of this mixer was a turbidity metre (AMI Turbiwell, Swan
Analytical USA Inc, Illinois, USA) and a free chlorine monitor (Hach
Cl17, Manchester, UK). At the outlet of the tank was a rhodamine sensor
with internal data logger (CYCLOPS-7, Turner Designs, California, USA)
for tracer testing and a second free chlorine monitor. A programmable
logic controller (PLC) allowed for outlet chlorine concentrations to be
controlled.

Tests were carried out over a range of flow rates to provide theo-
retical HRT (T) of between 10 and 40 min. Two chlorine doses were
applied (0.5 and 1 mg/L Cly) and three baffling conditions, incorpo-
rating an un- (UB), partially (2B) and fully baffled (FB) reactor geome-
try, with 0, 2 and 4 baffles, respectively. Conditions were selected to
cover arange of operational chlorine concentrations and residence times
as well as considering best to worst baffling arrangements (Table 1).
Sampling took place once a period of three theoretical HRT had expired
and the outlet chlorine concentration was stabilised to allow complete
turnover of the water and an equilibrium to be reached for each con-
dition tested. 500 mL samples were taken from a sample tap in the outlet
pipework, immediately at the exit of the tank. The diameter of this outlet
pipe was 10 cm and hence the sample taken was assumed to be repre-
sentative of the bulk flow. Chlorine was quenched from the sample using
sodium thiosulphate, with a subsample taken for analysis on the day of
collection. For each condition, three replicate samples were taken, with
data reported as the arithmetic mean of the samples.

2.2. Tracer experiments

Tracer experiments were carried out using the pulse trace method-
ology with Rhodamine WT (Acros Organics, Geel, Belgium). A sub-
mersible fluorometer at a maximum resolution of At = 3 s was used for
the detection of the rhodamine trace. Each tracer experiment lasted for a
minimum of three theoretical retention times and subsequent tests were
only carried out after a fourth retention time had passed to allow com-
plete turnover of the water within the reactor. The tracer was added to
the inlet of the reactor via a manual syringe injection of rhodamine WT
solution (20 mL at 35 mg/L, mass of rhodamine added = 7000 pg). This
injection time was within that recommended by Marske and Boyle
(1973) and was no more than 1/50th of the reactor retention time. To
effectively describe the residence time distribution (RTD) the results
were normalised using the E-curve method (Levenspeil, 2012). The
mean residence time (tx) was calculated from the area under the Con-
centration (C)/ time (t) curve, Equation 1:
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— > CAr
>0 (C-Ar)
This curve was transformed into the E curve, such that the area under

the curve was unity. Using the tracer mass (M) and reactor flow rate (Q),
Equation 2:

_ -0
E=Co

~

The E curve was then translated into an E(6) curve from Equation 3:
E(0) = XE

Finally, the normalised time () was calculated from the measured
time (t) and the theoretical retention time (T), Equation 4:

0= —
T
The RTD variance (¢?) was calculated from Equation 5:
-C-At
o SPCA

S C-At

The variance and the mean residence time was then used to calculate
the dispersion index of the RTD curve (¢?), Equation 6:

t =2

This normalisation allows for interpretation of the hydraulic per-
formance across variable flow rates. Time specific tracer parameters
were recorded and HEIs (Table 2) were calculated using the RTD results
and were classified from poor to excellent based on criteria from AWWA
(2006) and Angeloudis et al., 2014a (SI Table S1).

2.3. Water quality measurements

HPCs were determined by mixing 1 mL of sample into 18 mL of
molten Yeast Extract Agar (YEA) (Oxoid, ThermoFisher Scientific, UK).
These plates were duplicated with one incubated at 37 °C for 48 h (HPC
37 °C) and the second at 22 °C for 72 h (HPC 22 °C), in accordance with
standard methods. The determination of coliforms and E. coli was car-
ried out by membrane filtration. 100 mL of sample was passed through a
0.45 pm membrane filter. Plates were incubated at 30 °C for 4 h and then
37 °C for 14 h.

FCM analysis for determination of intact (ICC) and total cell counts
(TCC) was carried out using an adapted method as described previously
(Gillespie et al., 2014) with the amendment of a 25 pL undiluted sample
volume in accordance with the rapid method described by Van Nevel
et al., 2013. For measurement of TCC, SYBR Green I (10, 000 X stock,
cat. no. S-7567; Life Technologies Ltd, Paisley, UK) was diluted with

Table 1
Experimental conditions and reactor parameters.
CCT configuration ~ No. of baffles (n)  Length to width (L:W) ratio  Reactor volume (m®)  Flow rates tested (L/min)/HRT (mins)  Chlorine Reynolds number (Re)*
doses
(mg/L)
UB 0 1.5 0.924 92.4 (10) 0.5 1.0 3020
46.2 (20) 1510
23.1 (40) 755
2B 2 23.4 0.924 92.4 (10) 0.5 1.0 5000
46.2 (20) 2500
23.1 (40) 1250
FB 4 39.1 0.924 92.4 (10) 0.5 1.0 5757
46.2 (20) 2879
23.1 (40) 1439

UB - unbaffled; 2B - 2 baffles; FB — fully baffled.
*Reynolds number >2000 for open channel flow is considered turbulent.

Reynolds number calculated from Re = 4*V*Hr/v, where V = flow velocity (m/s), Hr = Hydraulic radius (m), v = kinematic viscosity (m?/s). Hr was calculated from

A/P,, where A = flow cross sectional area (m?) and P,, = wetted perimeter (m).
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Table 2

Commonly used time specific and hydraulic efficiency indicators (HEIs) for
describing residence time distributions (RTDs) of tracer tests (adapted from
(Wang and Falconer, 1998; Teixeira et al., 2008).

Class Name Description
Time specific T Theoretical hydraulic retention time
parameters t Time for initial tracer front to pass the outlet
tio Time taken for 10% mass of tracer to pass the
outlet
tso Time taken for 50% of the tracer mass to pass
the outlet
tp The maximum tracer concentration arrival
time
tg Tracer mean.

Relative time taken for 10% of the tracer to

pass. Standard value for assessing short

circuiting within reactors.

too/T Relative time taken for 90% of the tracer to
pass. A measure of the recirculation within
the tank

tz/T Relative tracer mean. Used to identify if there

V% are dead spaces/stagnation within the
reactor in conjunction with T. If t; = T then
all of the tank volume is in use by the fluid. If
tg < T then some of the vessel is not being
used (indicating dead regions) and finally if tg
> T this indicates there is recirculation within
the reactor holding the tracer back.
The dead volume in the reactor:
(1- tz/T)*100

Morril index, The Morril index is the ratio between the time

Mo taken for 90 and 10% of the tracer to pass the
outlet (too/t10)

Dispersion The dispersion index is a measure of the

index, ;> variance of the RTD function (¢%/T)

too-t1o The time elapsed between 10 and 90% of the

tracer leaving the vessel.

Short circuiting t10/T
indices

Mixing indexes

dimethyl sulphoxide (DMSO; Fisher Scientific, Fair Lawn, NJ) to a
working stock concentration of 100x, of which 2 pL were added to
sample volumes of 200 pL (final SYBR Green I concentration: 1x). For
measurement of ICC, dye mixtures were made containing five-parts of
100 X SYBR Green I and one-part propidium iodide (PI) (1 mg/mL,
corresponding to 1.5 mM; cat. nr. P3566; Life Technologies Ltd., Paisley,
UK). 2.4 pL of this dye mixture was added to 200 pL water samples in 96
well plates (final concentrations of SYBR Green I: 1 X, final concentra-
tion of PI: 3 pM). Following the addition of the dyes the samples were
incubated in a plate incubator for 30 min at 30 °C in the dark. Following
incubation, 25 pL samples were analysed using a BD Accuri C6 flow
cytometer equipped with a 488 nm solid state laser (Becton Dickinson
UK Ltd, Oxford, UK) in accordance with the rapid method described by
Van Nevel et al., 2013. The FCM was calibrated with Spherotech vali-
dation beads (Becton Dickinson UK Ltd, Oxford, UK) to ensure that the
instrument was operating within acceptable limits as stated by the
manufacturer. Green fluorescence was collected in the FL1 channel at
533 nm (FL1) and red fluorescence in the FL3 channel at 670 nm (FL3)
with the trigger set on the green fluorescence. No compensation was
used. TCC and ICC were quantified using a fixed gate as used previously
for detection of bacteria present in natural water sources (Gatza et al.,
2013; Cheswick et al., 2020). All data were reported back above the
reported limit of quantification of <1 x 102 cells and well below the
upper limit of quantification (1 x 107 cells). The frequency of micro-
organisms contained in this gate after staining with SYBR Green I or
SYBR Green 1/PI formed the basis for calculations of TCC or ICC (per
mL). Data was processed using the Accuri C6 software.
Trihalomethane (THM) concentrations were measured in samples
exiting the CCT following chlorination following methods reported
elsewhere (Golea et al., 2019). Chlorine was quenched with excess so-
dium thiosulphate following sampling. The total THM concentration
(tTHM) was measured using gas chromatography spectrometry with
headspace injection using the standard USEPA 551 method (USEPA,
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1998). A minimum of 7 injections were undertaken for each
measurement.

3. Results and discussion
3.1. General water quality

The water quality entering the pilot remained stable throughout the
trial with respect to pH (pH = 6.4 + 0.1), temperature (12.7 + 0.5 °C)
and DOC (2.7 + 0.3 mg/L) such that a consistent chlorine demand of
0.18 + 0.05 mg/L was presented (SI Table S2). The consistency of the
water quality enabled the inactivation data to be directly related to the
two components of chlorine dose and hydraulic conditions (White,
2010; Haas and Engelbrecht, 1980). The culture based bacterial counts
in the inlet had significant variation. For example, the HPC 22 °C had an
average of 40 CFU/mL with a minimum of non-detectable and a
maximum of >300 CFU/mL. The HPC 37 °C had even lower counts with
most samples returning non-detect samples and a maximum of 4
CFU/mL. In contrast, the FCM ICC remained relatively consistent
throughout the trial (5.20 x 10° + 3.36 x 10* cells/mL), with cell
concentration values that were between 3 and 4 orders of magnitude
higher than seen for the culture-based method. Only three HPC positive
detections were observed after chlorine addition from the samples taken
at the reactor outlet (maximum CFU/mL = 3). All other samples (n = 53)
were reported as non-detectable. These results highlight the poor reso-
lution afforded by traditional culture based methods for assessment of
log reductions across water treatment processes. This impact is partic-
ularly seen for disinfection due to the low number of cells going into and
out of the process. FCM, on the other hand, was able to detect significant
cell concentrations in both the inlet and outlet (see inactivation section),
allowing much better assessment of the true efficacy of disinfection.

3.2. Hydraulic performance

The hydraulic performance of the pilot CCT was improved as baffling
increased, approaching idealised plug flow (PF) conditions. This high-
lights the importance of considering the hydraulic efficiency in Ct cal-
culations. The unbaffled condition (UB) showed a large spike of tracer
leaving the reactor shortly after injection due to streaming across the
tank. This was followed by a long tail of the trace caused by the large
recirculation zone in the centre of the tank (example for HRT of 20 min
shown in Fig. 2). This profile was typical of an unbaffled reactor and
similar to that of a continuously stirred reactor (CSTR) rather than the
desired PF conditions (Levenspiel, 2012).

Summary RTD values show how the baffles improve hydraulic effi-
ciency for each of the flow rates (SI Figure S1 and Table S3). To
demonstrate, analysis of the RTD for the UB reactor at a theoretical
HRT=20 mins gave a t1o/T of 0.09 showing in this case that 10% of the
tracer had exited the reactor within 1.8 min of the injection. Approaches
to quantify mixing in the tank using the dispersion index (o> = 0.735)
and the Morril index (Mo = 15.45) resulted in values classified as poor by
the HEI descriptors. With the introduction of two baffles in the tank the
RTD profile improved. The tracer front was held back from short cir-
cuiting the reactor rapidly, and the tail of the RTD was shortened. The
introduction of these channels reduced the dispersion and improved the
value of the dispersion index to a level associated with an HEI descriptor
of acceptable (cst2 = 0.188). Similarly, the Morril Index improved from an
HEI descriptor of compromising to one classified as acceptable (Mo =
2.15) (Table S3). Short circuiting was reduced (t;o/T = 0.47) but was
still evident as a result of 50% of the tank volume remaining un-baffled,
which allowed for streaming in the final compartment. It was evident
from visual observation of the tracer that recirculation was occurring in
this final section of the tank (Fig. 3). When fully baffled, the RTD
resembled a normally distributed curve, centred around the theoretical
residence time (0 = 1). Short circuiting was significantly reduced to a
value associated with an HEI descriptor of excellent for serpentine CCT
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Fig. 2. Normalised residence time distributions (RTDs) for each of the baffling conditions at a theoretical retention time of 20 min. UB20 = unbaffled at a theoretical
HRT of 20 mins; 2B20 = 2 baffles at HRT of 20 mins; FB20 = fully baffled at 20 mins HRT.

CCT-2B CCT-UB

CCT-FB

Increasing residence time

Fig. 3. Images of the rhodamine tracer in the pilot CCT captured over the theoretical residence time. Inlet and outlet locations are indicated by arrows and are in the

same location for each test.

reactors (tjo/T = 0.79), and dispersion was brought down to a level
commensurate with the descriptor excellent (cst2 = 0.034). This was
visually confirmed by a compact tracer block moving through the tank
(Fig. 3 and video files available here: doi.org/10.17862/cranfield.
rd.16773220).

Comparison of the hydraulic efficiency of the different baffle ar-
rangements was assessed at three HRTs and compared in relation to t;o/
T, 2 and Mo (SI Figure S1 and Table S3). The normalised HEIs indicated
only small variation as a function of HRT as illustrated through the t;o/T

ranges which were 0.09-0.13, 0.46-0.49 and 0.79-0.89 for the unbaf-
fled, two baffles and fully baffled tanks, respectively. Importantly, only
the fully baffled arrangement delivered acceptable hydraulic conditions
for all flow rates investigated. Whilst partial baffling improved the hy-
draulic performance relative to the unbaffled reactor, appropriate con-
ditions were only seen for specific flow rates, revealing a loss of
resilience in the system. This distinction between baffling arrangements
was also seen for the two mixing indices (o, and Mo), although the
separation was less clearly defined between the two-baffle reactor and
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the fully-baffled system for the Mo. The tgo/T increased substantially
from 1.1 to 1.7 for the unbaffled reactor as the residence time decreased,
evidence of the long tail of tracer as the flow rate through the reactor
reduced (SI Figure S2). Less distinction was seen for tgo/T in the baffled
systems. Overall, baffling had a larger impact on HEI’s than the flow
rate, a finding supported by Zhang et al. (2014) who also saw that the
t10,T and Morril index were unaffected by changing flow rates. For the
fully baffled contactor, no dead zones were evident (although tz was >T,
indicating that there was some recirculation of the tracer at the outlet of
the tank, an effect that was exaggerated at the longer HRT of 40 mins).
For the two-baffle contact tank, the dead volume remained similar at the
different HRT, between 19.2 and 24.2%. For unbaffled reactors, the
volume of the dead zone in the reactor increased from 32.0, 38.3 and
71.3% with theoretical HRT of 10, 20 and 40, respectively.

The comparison of the HEIs indicate that the different tank ar-
rangements were best distinguished by the t;o/T. The two mixing HEIs
should not be considered in isolation, as an acceptable o;> and excellent
Mo could be classified as compromising with regards to the short-
circuiting index (t;o/T), a situation seen for the two-baffle chlorina-
tion reactor. When considering mixing, the o2 has been reported to be
the most suitable mixing index for assessment of CCTs as it considers the
whole RTD function (Teixeira et al., 2008). This was consistent with the
observations seen here, where better distinction was seen between the
mixing in the two-baffled system compared to the fully baffled reactor.

3.3. Inactivation efficiency

In order to assess the efficacy of disinfection, samples were taken
from the inlet and outlet of the CCT for each experimental assessment of
baffling and HRT condition (Fig. 4a). At the inlet to the CCT there was a
median HPC count of 26CFU/mL, with the minimum reported value as
‘non-detectable’ and a maximum reported as >300 CFU/mL. As noted,
nearly all samples from the outlet were reported as non-detectable, thus
preventing assessment of removal efficacy across the CCT using culture-
based methods. This variation is typical of that seen when using total
viable count methods and is routinely seen in operational practice,
where more than 92% of samples in chlorinated water are typically

350 1
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150 A
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100 A
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returned as non-detects (Cheswick et al., 2019). Irrespective of the
disinfection conditions, only a single coliform colony was detected by
standard microbiological analysis (Table S2). No E. coli were detected
throughout the entirety of the study. These findings reinforce the chal-
lenge of microbial monitoring of disinfection processes when using
traditional methods.

In contrast, the results from FCM analysis carried out on the same
sample offered more insights into process performance, providing data
that has not been previously available. At the inlet to the CCT there was
a median TCC observed of 613,440 cells/mL, reaching a maximum of
867,200 cells/mL and a minimum of 510,160 cells/mL. The median ICC
at the inlet was 86% of the TCC median at 527,960 cells/mL showing
that a proportion of cells had compromised membrane integrity prior to
disinfection. At the outlet of the reactor there was a much wider varia-
tion in the TCC than those observed at the inlet. The median TCC was 5%
lower in the outlet than the TCC at the inlet (579,600 cells/mL) whilst
the range of TCC went from 23,600 to 835,200 cells/mL. As cells were
oxidised by chlorine in the CCT, many cellular structures will be suffi-
ciently damaged such that they will no longer interact with the fluo-
rescing dyes. As a result, this will reduce the total number of cells
counted, particularly in systems where microbes had been exposed to
longer Cts (represented by the long bottom whisker in Fig. 4b). The
median ICC was much lower than for the inlet at 25,280 cells/mL (range
7080 to 39,920 cells/mL). Importantly, this enabled the importance of
baffling and the connection between inactivation and hydraulic in-
dicators to be re-examined through a more detailed lens. The results also
show the suitability of using ICC to determine the efficacy of chlorine-
based disinfection. Chlorine is a non-selective oxidant that damages
cellular components, notably the cell membrane. Damage to cell mem-
branes is strongly associated with reduced viability of both pure
cultured and environmental bacteria (Nocker et al., 2017). No re-
lationships were found between the concentrations of HPC and FCM cell
counts for either ICC or TCC. This is a result consistent with previous
studies, highlighting the differences in microbial populations that are
quantified by these different methods (Van Nevel et al., 2017; Cheswick
et al., 2019).

To elucidate the impacts of flow on the efficacy of disinfection, the

1,000,000
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Cell count/mL
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Fig. 4. Box whisker plots for inlet (n = 53) and outlet (n = 53) microbiological monitoring throughout the trial period. This data has been pooled into one sample set
irrespective of the disinfection conditions for comparison of methods. Heterotrophic plate counts (HPC) are shown (a) and flow cytometric data for intact and total

cells are included (b).



R. Cheswick et al.

cell inactivation was correlated to the various HEI adjusted Ct values
using the mean residence time (tz), the 10th (t;9) and 90th (tgo)
percentile residence time (Fig. 5). Cell inactivation was considered by
determining the cell survival ratio, defined as the proportion of ICC in
samples taken from the outlet of the contact tank relative to those seen in
the inlet. The survival ratio was therefore the inverse of cell inactivation.
During these tests, the range of survival ratios were between 0.08 and
0.015. For the highest survival ratio of 0.08, this represented cell inac-
tivation of 92%, while the lowest survival ratio of 0.015 was equivalent
to inactivation of 98.5%. Higher levels of cell inactivation was seen with
increasing Cty (Fig. 5a). The steepest drop in cell survival was seen at
low Ctx values up until 10 mg.min/L, with around 4% of the cells
measured as intact. At higher Ct the increase in cell inactivation slowed,
reaching between 1.5 and 2% cell survival at Ct >20 mg.min/L. The
surviving cells represent the bacteria that were more resistant to chlo-
rine disinfection, attributable to heterogenous bacterial populations
present in any system which have varying tolerance to oxidation (Cerf,
1977). Those bacteria surviving chlorine disinfection have been identi-
fied previously as spore forming species, acid-fast, partially acid-fast and
Gram-positive bacteria, linked to their thicker cell walls (Norton and
LeChavallier, 2000; WHO, 2022).

While the baffling arrangements clearly led to differences in the
HEIs, there was little to distinguish between the cell survival ratios for
the different baffling arrangements when the Ctz was considered
(Fig. 5a). Instead, the inactivation was more linked to the ability of the
reactor to be able to deliver longer residence times. These conditions
were predominately observed when the highest degree of baffling was
applied and dead zones in the reactor were minimised. However, best
practice for disinfection considers the more conservative Ctjo which
considers the first 10% of the residence time distribution leaving the
CCT (Angeloudis et al., 2014a). The highest bacterial inactivation could
only be achieved for the highest Ct;o values, and these could only be
achieved when baffling was in place (summarised for Ct;o in Table 3).
The maximum Ct;( achievable for the different baffling arrangements
was 3.3 mg.min/L for the UB reactor and 31.9 mg.min/L for the FB
reactor (Fig. 6b). The lowest cell survival ratios of 0.015 were only seen
when the Ct;p was >15 mg.min/L, conditions that could only be ach-
ieved with baffling.

For the UB conditions, there was an initially steep drop in the sur-
vival ratio from 0.075 to 0.035 as the Ct; increased from 0.3 to 3.6 mg.
min/L (the maximum value achievable). In comparison, the 2B and FB
reactors followed a more shallow inactivation profile. To illustrate,
inactivation only declined from 0.075 to 0.060 as the Ct;( increased
from 0.3 to 3.6 mg.min/L. As noted, however, these baffled reactors
were able to achieve the highest residence times which was when the
highest inactivation was seen.

When the Ctgy was considered, there was a bigger difference in the
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Table 3
Summary of the cell inactivation as determined by flow cytometry for disin-
fection in chlorine contact tanks with different baffling arrangements, chlorine

concentrations and residence time at tyq.

Baffling T tio C Ctyo Survival Log inactivation
(min) (min) (mg/ (min) ratio N/Ng -log (N/No)
L)
FB 10 8.0 0.50 4.00 0.057 1.246
0.93 7.44 0.040 1.396
20 15.8 0.46 7.27 0.054 1.270
0.97 15.33 0.022 1.648
40 35.7 0.52 18.56 0.029 1.533
0.89 31.77 0.018 1.746
2B 10 4.6 0.45 2.07 0.080 1.095
1.00 4.60 0.063 1.202
20 9.4 0.47 4.42 0.060 1.224
0.93 8.74 0.035 1.453
40 19.6 0.50 9.80 0.031 1.507
0.97 19.01 0.016 1.792
UB 10 1.3 0.47 0.61 0.077 1.112
0.93 1.21 0.063 1.199
20 1.8 0.47 0.85 0.058 1.237
0.97 1.75 0.048 1.321
40 3.4 0.57 1.94 0.034 1.462
0.96 3.26 0.041 1.387

inactivation between reactor geometries as the Ctgy went beyond 20 mg.
min/L (Fig. 5¢). For example, at a Ctgy of 42.7 mg.min/L for the UB
reactor, the inactivation was 0.041 while at a similar Ctgg of 46 mg.min/
L for the FB reactor, the inactivation was only 0.018.

As similar picture was observed when THM formation in the reactors
were considered, with values ranging from 6 to 16 pg/L. While the DBP
concentrations were low relative to the drinking water quality standards
of Europe and North America (Evlampidou et al., 2020; Chen et al.,
2019), the highest THM concentrations were associated with the longest
residence times (Fig. 6a-c). As seen for microbial inactivation, most
discrimination between reactor layout was seen when the Ct;o was
considered, showing a more rapid increase in formation with residence
time for the UB reactor (Fig. 6b). Slower rates of increase were seen for
the FB followed by the 2B reactors, although the highest THM concen-
tration values were seen for these systems, due to their ability to be able
to deliver longer contact times. The Ctz and Ctyg did not provide a clear
distinction between baffling arrangements with respect to DBP forma-
tion (Figs. 6a and c).

These results support the use of the Ctjg as an HEI that can provide
the most appropriate discrimination between reactor types, providing
insight into how short-circuiting impacts on disinfection efficacy and
disinfection by-product formation. The results presented here are
interesting because they demonstrate a higher initial level of
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inactivation and DBP formation for unbaffled reactors in comparison to
fully and partially baffled systems at low Ct;¢ values (<5 mg.min/L). It is
posited that this reflects the change in the flow pattern when operating
the CCT without baffles, where the RTD profile deviates significantly
away from plug flow. As a result, a significant proportion of the water
exiting the tank has had an extended period of contact time in the
reactor for both inactivation and chemical reactions to take place. This
was a view supported by the significantly higher dead volumes and
recirculation zones present in UB reactors. These dead zones have pre-
viously been modelled to be hotspots for increased DBP formation
(Angeloudis et al., 2014a; Angeloudis et al., 2016) and presumably this
would also be the case for high levels of disinfection, assuming that
residual chlorine is still present. However, the fact that a larger pro-
portion of the flow has had a relatively short contact time as a result of
short-circuiting when compared to the baffled reactors means that the
highest inactivation values could not be achieved. This is particularly
relevant when considering the range of microbes present in environ-
mental systems that will have different tolerances to chlorine and hence
will require longer contact for inactivation (Ridgway and Olson, 1982).
Similarly, under conditions of significant short circuiting, there will be
large volume of water in the CCT with an extended residence time,
providing opportunities for increased formation of disinfection
by-products

With regards to the dispersion index, an excellent HEI value (Gt2 =
0.1) did not guarantee consistently similar levels of disinfection, with
survival ratios between 0.018-0.057, showing the dominance of the Ct
on microbial inactivation. In the present case, the partially baffled
reactor produced a similar level of performance to that seen for the FB.
This was posited to be due to the high susceptibility to chlorine of the
organisms present. It would be expected that the FB reactor with the best
hydraulic indicators would handle microbes with increased chlorine
tolerance much better.

The log inactivation rates observed here did not achieve the 2-log
(99%) reduction (Fig. 6e) that is typically considered for effective
disinfection (WHO, 2017). In the present study, a maximum log reduc-
tion of 1.79 was observed for Ct >19 mg.min/L from an initial cell
concentration of 6.38 x 10° TCC/mL. In comparison, laboratory
assessment of chlorine disinfection using FCM to assess bacterial inac-
tivation saw up to 1-log inactivation at a Ct of 20 mg.min/L at an initial
bacterial concentration of 14 x 107 TCC/mL (Ramseier et al., 2010). In
this case the authors showed that FCM, which measures membrane
integrity, had lower inactivation than culture-based methods that have
been used to traditionally define inactivation rates, regardless of the
oxidant used, and were not able to achieve 2-log reduction. The present
results extend this understanding further, confirming similar

observations for continuous systems, more akin to real disinfection
practice. The implication of these results being that FCM provides a
more conservative measure of disinfection efficacy such that adjustment
of target log reductions may be required if it is to be used as a validation
indicator. The difference relates to the fact that FCM measures mem-
brane integrity, whereas traditional methods reflect culturability. For
example, E. coli cells have been reported to lose culturability well before
the loss of membrane integrity (Lisle et al., 1999; Ramseier et al., 2010;
Nocker et al., 2017). This observed loss of culturability supports the
concept of chlorination inducing a viable but not culturable (VBNC)
state for the bacterial cells (Wang et al., 2010) and explains why all but
three HPC samples returned a ‘non-detectable’ results in the current
study, while significant numbers of intact cells were still measured by
FCM.

4. Future perspectives of FCM as monitoring technique for
disinfection efficacy

Methods such as FCM for total bacterial counts should not be
considered an alternative for measurement of indicator organisms as
part of compliance monitoring as no clear correlation exists between the
two (Cheswick et al., 2020). FCM should be viewed as a complimentary
tool, enabling the efficacy of CCT to be viewed through a different, more
sensitive lens that enables closer to real time measurement and avoids
the more limited insights that results from the predominately
non-detectable results obtained from culture-based approaches. It
should also be acknowledged that, while used for regulatory monitoring,
the bacteria that are cultured during HPC tests are largely
non-pathogenic and hence there is no clear-cut public health risk,
particularly for healthy individuals (WHO, 2003). Indicator organisms
that are indicative of faecal contamination of drinking water have a
strong rationale for inclusion but are fortunately rarely found in prop-
erly treated water.

The application of FCM provided new insights in relation to differ-
ences in inactivation rates for increasing contact time that were
dependent on reactor configuration, with more rapid initial reduction in
cell survival seen in unbaffled reactors for equivalent low values of Ctjq.
To the authors’ knowledge, this is an observation that has not been
previously reported. The practical consequence of this is not to advocate
the use of unbaffled reactors because the highest inactivation could only
be observed at the longer Cts when baffling was added. Instead, it shows
the importance of considering the whole bacterial population when
considering disinfection. In reactors with significant short-circuiting,
bacteria which have low chlorine tolerance can still be easily killed,
but those which have a higher tolerance may pass straight through the



R. Cheswick et al.

reactor. This became clearer when equivalent Ctyg values were consid-
ered, where the highest inactivation was only seen in baffled systems.
Further, the results showed the merits of even partial baffling where
significant inactivation was still possible. The implication of this relates
to existing CCT, where a significant number in operation around the
world have little to no baffling. Adaptation of these existing tanks to
incorporate some degree of baffling will have a significant impact on
inactivation and offer the possibility of low cost upgrading of existing
CCTs. This can be achieved relatively simply and effectively using ret-
rofitted baffle plates and curtains (Nasyrlayev et al., 2020).

The FCM approach quantifies a fuller representation of the native
microbial community, importantly including the non-culturable organ-
isms. This provides measurable numbers with sufficient resolution to
enable effective exploration of design and operating impacts. In addi-
tion, the method was able to reveal hitherto unexplored impacts related
to the breadth of chlorine tolerances within environmental populations,
allowing for greater understanding of variation both within the same
water supply and between different water sources. Importantly, it en-
ables us to move beyond the use of surrogate organisms (such as E. coli,
total coliforms and Enterococci) which are known to exhibit a particu-
larly high susceptibility to chlorine at Ct levels of between 0.01-1 mg.
min/L (Stanfield, 2005). Moreover, FCM is a fast, practical technique
that can be used as a routine measurement in practice (Cheswick et al.,
2020) to compliment more advanced techniques around species and
strain identification. Direct microbial monitoring could be used more
effectively alongside modelling approaches to demonstrate the efficacy
of new innovations to CCT design and operation that have been devel-
oped by CFD (Angeloudis et al., 2016; Bruno et al., 2021). Numerical
modelling of disinfection and by-product formation remains a challenge
due to the dependency on kinetic models that are not equipped to deal
with the complexities of real systems. Hence the methods described in
this work have the potential to significantly help in the development of
more accurate and functional numerical based modelling of disinfection
processes.

FCM has the potential to offer significant value with regards to
optimisation, process investigations and route cause analysis. With the
development of online FCM and the increasing uptake in the application
of this approach for monitoring treatment process dynamics (Besmer
et al., 2016; Favere et al., 2020) it is likely that FCM could be applied in
near real time for active disinfection monitoring.

5. Conclusions

The work aimed to explore the use of flow cytometry to understand if
it could provide fresh insights into the design or operation of chlorine
contact tanks. The results provided novelty in presenting the first set of
experimental data to explore the use of FCM for CCT, alongside
comparative data based on traditional microbial monitoring and hy-
draulic efficiency parameters. Importantly, FCM provides positive data
throughout, negating the problems associated with large datasets of
non-detectable results that occur when using culture-based approaches.
This empowers fresh consideration into the performance of CCT both in
terms of design and performance monitoring. This is most apparent in
the comparison between the impact of baffling on hydraulic efficiency
indicators and inactivation. Clear distinction was observed with the
former but was not always seen in the case of the latter and thus suggests
the need to re-evaluate the role of baffling on organism inactivation.
Interestingly, the unbaffled systems initially provided more rapid
decrease in cells at low Ct values compared to the baffled system. This
was attributed to the higher proportion of dead zones and recirculation
that prevailed in the unbaffled system. Ultimately, however, the highest
inactivation rates were connected with the ability of the reactor to be
able to deliver the longest Ctjo. This was delivered most consistently
with the fully baffled system. However, partial baffling also had the
ability to deliver similar inactivation levels. The importance of this re-
lates to the potential for enhancement of existing systems with
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achievable modifications, such as insertion of curtains to provide some
degree of baffling.

These new insights offered here show the importance of monitoring
the whole native population. In practice, regular monitoring of inacti-
vation is required to ensure that the diversity of organisms present is
captured and to ensure that the Ct can be tailored to the specific re-
quirements. The measurement of the survival of intact cells enabled
accurate derivation of inactivation from a real water source containing
only environmentally relevant bacteria.
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