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To facilitate broader implementation of potable reuse, it is important to fully account for pathogen logig
reduction values (LRVs), including unit processes that are historically uncredited or under-credited. Despite
its potential for pathogen removal, coagulation coupled with flocculation (C/F) has historically been
omitted or overlooked when pursuing credits for potable reuse. However, with greater implementation of
carbon-based advanced treatment (CBAT), which utilizes a combination of ozone, biofiltration, and
granular activated carbon treatment as an alternative to membrane treatment (i.e., reverse osmosis), C/F
may emerge as a valuable unit process for achieving improvements in water quality, operational
performance, and public health protection in potable reuse systems. This study evaluated the ability of C/F
with ferric chloride to improve both bulk and microbial water quality of secondary wastewater effluent and
improve downstream ozone performance. This study also evaluated potential surrogates for microbial
removal during C/F treatment. C/F removed 17-54% of DOC with ferric doses ranging from 10-50 mg Fe
per L, with 30 mg Fe per L sufficient for meeting TOC removal requirements from the Stage 1 D/DBPR for
all evaluated secondary effluents. Coagulant doses of 30 mg Fe per L obtained LRVs ranging from 2-3 for
MS2 and B. subtilis spores. MS2 and B. subtilis spore removal exhibited strong (r = 0.8) and significant (p <
0.05) Pearson's correlation with the removal of intact cell counts and total cell counts via flow cytometry
(FCM), DOC, total adenosine triphosphate (ATP), and intracellular ATP. C/F immediately preceding ozone
treatment improved inactivation of B. subtilis spores, lowered applied ozone doses, and increased ozone
exposure (Ct) for similar specific ozone doses as compared to secondary effluent without C/F pre-
treatment. Overall, C/F with ferric chloride was determined to be a valuable treatment step for removal of
dissolved organic matter, MS2 bacteriophage, B. subtilis spores, and improvement of downstream ozone
treatment. Furthermore, FCM, ATP, and DOC were determined to be strong potential candidates as
surrogates for microorganism removal during C/F treatment, although further testing with pathogens is still
necessary to justify LRV crediting.

This work demonstrated the ability of coagulation to improve overall water quality of secondary effluents, remove spiked viruses and bacterial endospores,
achieve correlation of microbial removal with rapidly measured surrogates, and improve the performance of downstream ozone treatment. These data are

necessary for greater implementation of coagulation in carbon-based advanced treatment schemes for potable reuse.

1. Introduction

In the past decade,

interest
treatment (AWT) and potable reuse has grown significantly in

the United States (U.S.) and in Europe, particularly in
Switzerland." A critical priority for any AWT or potable reuse
system is minimizing pathogen exposure through robust
multi-barrier treatment that integrates physical removal and
disinfection. In the U.S., indirect potable reuse (IPR) and
direct potable reuse (DPR) guidelines and regulations include

in advanced wastewater
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strict criteria for pathogen log;, reduction values (LRVs) that
must be carefully demonstrated and monitored.> For
example, California's DPR regulations specify LRVs of 20, 14,
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and 15 for viruses, Giardia cysts, and Cryptosporidium oocysts,
respectively.® Achieving such LRV targets necessitates
implementation of reverse osmosis-based advanced
treatment (RBAT) and/or carbon-based advanced treatment
(CBAT), both of which have extensive design, capital, and
operational costs. CBAT generally includes ozone,
biofiltration, and granular activated carbon (GAC) as key unit
processes, although other processes can be included to
improve overall treatment train performance or achieve
specific criteria. To facilitate broader adoption of potable
reuse, it is important to fully account for LRVs throughout
these AWT trains. This includes unit processes that are
historically ~uncredited or under-credited, such as
coagulation/flocculation (C/F) with or without sedimentation
and sub-residual ozone applications.

In the U.S., pathogen LRV targets and credits are well
established for drinking water treatment systems through
various guidance manuals and regulations.”” The C/F process
has been demonstrated to remove viruses and other
pathogens from source waters in addition to its more
common treatment targets such as turbidity and dissolved
organic matter (DOM).*™"* Because of this, U.S. drinking
water systems are credited with LRVs of 2.5 to 3.0 for
Cryptosporidium, 2.0 to 2.5 for Giardia, and 1.0 to 2.0 for
viruses with direct filtration (i.e., coagulation, flocculation,
filtration) and conventional filtration (i.e., coagulation,
flocculation, sedimentation, and filtration), respectively.*”

Despite its potential for pathogen removal, C/F has
historically been omitted or overlooked when pursuing LRV
credits for potable However, with greater
implementation of CBAT, C/F may emerge as a valuable unit
process for achieving improvements in water quality,
operational performance, and public health protection in
potable reuse systems. For example, removal of bulk organic
matter can be a challenge in IPR/DPR systems seeking to
avoid RBAT, which highlights an opportunity for an
‘enhanced’ C/F process. As defined by the Stage 1
Disinfectants and Disinfection Byproducts Rule (D/DBPR) in
the U.S., enhanced coagulation refers to C/F processes
targeting removal of dissolved organic matter (DOM), often
by decreasing pH and/or applying a coagulant dose beyond
what is optimal for particle removal.'> This approach has
been demonstrated to yield improvements in downstream
ozone performance in wastewater applications.’® C/F removes
ozone-reactive DOM, which decreases ozone demand and
decay, leads to greater dissolved ozone exposure (i.e., Ct), and
justifies a higher pathogen LRV credit for a given applied
ozone dose."® More generally, lower levels of DOM may also
reduce disinfection byproduct (DBP) formation during
downstream disinfection processes."®

Treatment processes that are awarded pathogen LRV
credits in potable reuse treatment trains are often described
as critical control points (CCPs). Removal or inactivation at a
CCP must initially be demonstrated for the pathogen target
itself, but it is also necessary to frequently and rapidly
monitor performance during long-term operation. The most

reuse.
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accurate approach would be to directly analyze the fate of the
pathogen(s) of interest. However, current methodologies for
directly monitoring pathogen concentrations require
timelines ranging from hours (PCR-based techniques) to
weeks (cultivation), and these methods require skilled
technicians, potentially large sample volumes, and a range of
labor-intensive sample processing steps. Therefore, LRV
crediting often involves identification of one or more
surrogate water quality parameters that correlates to
pathogen attenuation and can be rapidly analyzed to
demonstrate treatment process performance.

Flow cytometry (FCM) allows for rapid (<30 min)
detection of bacterial cells, and some studies also highlight
its potential to rapidly detect virus-like particles.'”*® It can
be implemented on-line, allowing for near-real-time
assessment of microbial water quality.”*>' An additional
microbial target amenable to rapid measurement is
adenosine triphosphate (ATP). ATP is a molecule that
provides energy to cells during cellular metabolism, the
measurement of which can provide an estimate of cellular
activity in an environmental sample. There are several
commercialized methods for rapid estimation of ATP
concentrations on surfaces and in aqueous samples, ranging
from grab sample tests (Hygiena, LuminUltra) to on-line
measurements (Hach). ATP measurements take anywhere
from 15 seconds to 15 minutes, depending on the method
used. Previous studies have demonstrated the ability of FCM
cell counts and ATP to monitor the disinfection of
autochthonous bacteria during ozone treatment of drinking
water*® and wastewater effluents.>® However, the applicability
of these methods to C/F has yet to be demonstrated.

The objectives of this study were as follows: (i) evaluate
the performance of C/F with ferric chloride for treatment of
secondary wastewater effluent based on common water
quality parameters (e.g., DOM and turbidity) and removal of
spiked MS2 bacteriophage and Bacillus subtilis spores; (ii)
evaluate FCM, ATP, DOC, and UVA,s, as surrogate measures
of MS2 bacteriophage and B. subtilis spore removal; and (iii)
evaluate the benefits of C/F on downstream ozone process
performance. This study provides valuable information for
utilities, regulators, and other stakeholders considering
treatment options for potable reuse, particularly for inland
communities where CBAT may be preferred over RBAT. The
microbial removal data may help justify extension of drinking
water-focused regulations/benchmarks for C/F to potable
reuse applications, and the surrogate measurements may
offer a means of CCP verification and future LRV crediting.

2. Experimental
2.1 Wastewater sample collection and storage

Testing was conducted in two phases (Fig. 1). For test one,
secondary wastewater effluent was collected from full-scale
water reclamation facilities located in Nevada (WWyy),
Virginia (WWy,), and California (WWg,). Test 2 was solely
conducted on secondary effluent from Virginia collected on a
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Fig. 1 Overview of the experimental set up. Test 1 focused on bulk water quality changes due to coagulation/flocculation with ferric chloride
across three secondary effluents from different locations in the United States (Nevada, Virginia, and California). Test 2 evaluated the removal of
spiked microorganisms by coagulation/flocculation with ferric chloride on a single secondary effluent from Virginia. Additionally, the secondary
effluent from Virginia was treated with either 0 or 30 mg Fe per L and subsequently filtered, spiked with microorganisms, and ozonated to
evaluate the impact of upstream coagulation/flocculation on ozone treatment.

different date (WWy,,). All three treatment plants receive
wastewater primarily from municipal sources, with limited
industrial inputs. All three plants are nitrified and either fully
or partially denitrified via activated sludge processes. For the
current study's sampling events, the three plants varied in
their usage of coagulant at full-scale: WWg, added no
coagulant, WWyy added ferric chloride at the headworks at 6
mg Fe per L, and WWy, added ferric chloride to the mixed

Table 1 Secondary wastewater effluent characterization

liquor entering the secondary clarifiers at concentrations
ranging from 5-20 mg Fe per L (depending on plant flow).
Secondary effluent was shipped overnight to the laboratory at
Southern Nevada Water Authority and stored for less than
one week at 4 °C until experimentation. Testing with each
individual water was conducted within the same day after
equilibrating to room temperature. Initial characterizations
of wastewater samples are provided in Table 1.

DOC UVA,5, Alkalinity Bromide = Ammonia Nitrate Nitrite Total phosphate
Wastewater pH (mgCperL) (em™") (mgL™'asCaCO;) (ugl™") (mgNL") (mgNL") (mgNL™) (mgPL™)
Nevada (WWyy) 7.5 6.3 0.116 123 189 0.71 11.9 0.084 0.120
virginia-1 (WWy,) 6.9 6.7 0.148 127 241 0.06 0.8 <0.020 0.046
California (WWc,) 7.7 9.1 0.173 126 214 1.00 3.1 0.518 0.056
Virginia-2 (WWy,,) 7.0 7.0 0.144 107 ND 0.11 0.8 <0.020 ND

ND = not determined.
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2.2 Target microorganisms and surrogate parameters

MS2 bacteriophage and Bacillus subtilis spores were used in
spiking experiments as surrogates for enteric viruses and
encysted protozoan parasites, respectively. MS2 is a single-
stranded RNA, Escherichia coli-infecting bacteriophage. It has
an icosahedral capsid that is roughly 20-30 nm in diameter,
has an isoelectric point of 3.1-3.9,* and is hydrophobic in
nature.”® It is commonly used as a surrogate for human
enteric viruses due to its ease of use and non-pathogenicity.
B. subtilis spores are bacterial endospores that have been
proposed as surrogates for protozoan pathogens, particularly
Cryptosporidium oocysts. The spores are oval shaped,
generally 1 pm x 2 pm in size, have an isoelectric point of
<3.0,%° and are also hydrophobic.>” Additionally, removal of
indigenous total coliforms and E. coli was evaluated. Total
and intracellular ATP were measured to rapidly estimate
changes in microbial activity. Total cell counts (TCC) and
intact cell counts (ICC) (i.e., limited or no cellular membrane
damage) were analyzed by FCM as potential surrogates for C/
F process efficacy.

2.3 Cultivation and enumeration of MS2 bacteriophage and
B. subtilis spores

MS2 stock solutions were propagated by growing ~10* plaque
forming units (PFU) on an E. coli ATCC 15597 lawn using the
double agar overlay method*® on tryptic soy agar (TSA) plates.
MS2 was extracted from plates by applying ~7 mL of
phosphate-buffered saline (PBS) to each plate and allowing to
sit for ~2 hours at room temperature. PBS was collected from
the plates and centrifuged at 3500 x g for 15 min to remove
cellular debris. The supernatant was passed through a 0.22
um filter (SteriFlip) and stored at 4 °C until use. Enumeration
of MS2 was performed using the double agar overlay method
with E. coli ATCC 15597 as the bacterial host, TSA plates, and
soft agar composed of tryptic soy broth (TSB) supplemented
with 0.8% agar.

B. subtilis spore stock solutions were prepared by
transferring a single colony of B. subtilis ATCC 3366
maintained on a TSA plate into ~50 mL TSB, which was
then incubated overnight at 37 °C. Overnight cultures were
washed twice in 50 mL of PBS, with centrifugation at 3500
x g for 10 min. Several TSA plates were then inoculated
with the resulting PBS solution and incubated for 5-7 days
at 37 °C to induce sporulation. B. subtilis spores were
extracted from plates by applying ~7 mL of PBS to each
plate and allowing to sit for ~2 hours at room temperature.
PBS was collected from each plate and washed twice, with
centrifugation at 3500 x g for 10 min. The final spore
suspension in PBS was heat treated (80 °C for 20 min) to
inactivate any vegetative cells. The heat treatment was also
repeated immediately prior to spiking experiments. B.
subtilis spores were enumerated after additional heat
treatment (80 °C for 20 min) and subsequent spreading on
TSA plates.

This journal is © The Royal Society of Chemistry 2024
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2.4 Coagulation/flocculation

Coagulation was performed with ferric chloride on 1.5 L
wastewater aliquots following methods described in Wert et al.
(2011).* An 80 g Fe per L working solution of ferric chloride was
prepared from a 40% ferric chloride stock (Kemira PIX-311).
Coagulant doses varied by experiment (0-50 mg Fe per L) and
are described in Fig. 1. Coagulant was added to secondary
effluent immediately preceding jar testing with a six-paddle
programmable jar tester (Phipps & Bird PB900, VA, USA). Sample
mixtures were rapidly mixed for 2 min at 100 rpm (G = ~130 ™),
followed by 20 min of flocculation at 20 rpm (G = ~13 s™) and
settling for 30 min. A portion of settled water was carefully
decanted to avoid disturbing or resuspending the settled floc for
subsequent analysis (microbial analysis, turbidity), while the
remainder of the settled water was filtered sequentially through
1.5 and 0.7 pm glass microfiber filters (Whatman GF/A and GF/F
filters, respectively) for the remainder of the analyses and also
for subsequent ozone treatment. Filtration was not evaluated for
microbial removal as part of this study. For MS2 and B. subtilis
spiking tests, organisms were spiked into each individual jar to
achieve a concentration of 10° PFU per mL and 10°> CFU per mlL,
respectively, prior to ferric chloride addition. Microorganisms
were spiked in small volumes, 100 to 1000 pL for MS2 and
B. subtilis spores, respectively, resulting in an added DOC of
<1 mg C per L.

2.5 Batch ozonation

Bench-scale ozone tests were performed by generating a high
concentration ozone stock solution using methods described
in Wert et al. (2011)."* Briefly, gaseous ozone is diffused
through a 4 L reactor filled with Milli-Q water chilled to 4 °C
to achieve final aqueous ozone concentrations ranging from
60-70 mg L', Aliquots from the stock ozone solutions were
added to 1 L batch reactors containing either secondary
effluent without C/F pretreatment or secondary effluent
pretreated with 30 mg Fe per L ferric chloride. All secondary
effluents (with and without C/F pretreatment) were filtered
prior to ozonation and re-spiked with MS2 and B. subtilis
spores. Ozone aliquots were selected to target specific ozone
doses of 0.5, 0.75, and 1.0 mg Oz per mg DOC (Fig. 1).
Dissolved ozone residual was measured after contact times of
0.5, 1, 1.5, 2, 4, 6, 8, and 10 minutes, and an ozone residual
profile was generated to calculate ozone exposure (Ct)
according to the extended log integration method,* although
simplified due to not having to account for hydraulic
implications when using batch reactors. Briefly, ozone decay
rates were calculated from the slope of the natural log (In)
transformed ozone residuals vs. time, and Ct was calculated

with the following equation: Ct(mg minL™?) = %e(’“),

where C, is initial ozone residual (mg L"), k is the ozone
decay rate constant (min™"), and ¢ is the amount of time until
ozone was fully dissipated (min). The time (¢) for ozone to
fully dissipate was estimated based on the ozone demand/
decay curve, and samples were allowed to sit beyond this

Environ. Sci.. Water Res. Technol., 2024, 10, 3158-3171 | 3161
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time to assure that all ozone had been depleted prior to
sample collection. Applied specific ozone doses (i.e., O3/DOC)
were calculated after accounting for the dilution caused by
ozone stock addition (~4-8%) as well as any increase in DOC
due to spiked organisms (<1 mg C per L). Hydroxyl radical
exposure was estimated during batch ozone tests through the
addition of the probe compound para-chlorobenzoic acid
(pCBA).>° Hydroxyl radicals formed during ozone reaction
and decomposition contribute to micropollutant abatement
and to the formation of DBPs (i.e., bromate), although they
play little to no role in disinfection.?*

2.6 Analytical methods

Indigenous total coliforms and E. coli were enumerated using
Colilert-24 with Quanti-Tray/2000 (IDEXX). TCC and ICC were
determined by FCM in units of events per pL using the
techniques described in Gatza et al. (2013).** Briefly, samples
were stained with either 1x SYBR Green (Invitrogen) for the
TCC or a combination of 1x SYBR Green and 0.3 mM of the
counterstain propidium iodide (Invitrogen) to isolate the ICC.
The stained samples were incubated at 37 °C for 10 minutes
prior to FCM using a BD Accuri C6 Plus with an FL1-H
acquisition threshold of 800. Specific gating information can
be found in Gatza et al (2013).*> Total and free (ie.,
extracellular) ATP (tATP and fATP) were measured using
Hygiena Aquasnap Total and Free ATP test devices with a
Hygiena SystemSURE luminometer (Camarillo, CA, USA) in
relative light units (RLU) which are then converted to pg ATP
using guidance from Hygiena (personal communication).
Intracellular ATP (iATP) was calculated using the following
formula: iATP = tATP — fATP.

UV,5, absorbance (UVA,s,) was measured using a Hach
DR 6000. pH was measured using an Accumet portable
AP110 pH probe (Fisher Scientific). Turbidity was measured
using a Hach 2100N Turbidimeter. DOC was measured
following Standard Methods 5310B. Specific UV absorbance
(SUVA,54) was determined using the following equation:
SUVAsss (L mg™t mt) = vt (em )

DOC (mg C per L)
Alkalinity was measured following Standard Methods 2320B.
Ammonia and total phosphate were measured following
Standard Methods 4500, and nitrite/nitrate was measured
using EPA method 300. Ozone residuals were measured using
the indigo method described in Standard Methods 4500-O;.
PCBA was measured using the LC-MS/MS method described
in Vanderford et al. (2007).>

x100 (cm m™).

2.7 Statistical analysis

Statistical analysis was performed using R (version 4.2.2) with
o = 0.05 for all analyses. To evaluate if different wastewaters
impacted treatment efficiency, a type III analysis of
covariance (ANCOVA) was performed, using the R library car,
with post hoc Tukey's analysis using the R library multcomp.
To determine if there were significant differences in removal
of microorganisms and other water quality parameters

3162 | Environ. Sci.: Water Res. Technol., 2024, 10, 3158-3171
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between the different coagulant doses, analysis of variance
(ANOVA) with post hoc Tukey's analysis was implemented.
Pearson's r correlation analysis was performed using the
rcorr function from the R library Hmisc.

3. Results and discussion
3.1 Coagulation of three secondary effluents (test 1)

3.1.1 General water quality changes. DOC removal ranged
from 17% to 54% for ferric chloride doses ranging from 10 to
50 mg Fe per L (Fig. 2a), in agreement with Wert et al
(2011)."* Because of the consistent linear increase in DOC
removal, a point of diminishing return, as defined by the U.S.
Environmental Protection Agency,** was not apparent for any
of the secondary effluents within this ferric dosing range.
UVA,s54, which can be interpreted as an estimate of the
aromatic portion of DOM, exhibited similar removal trends
to that of DOC (Fig. 2b). There were no statistically
significant differences in DOC removal efficiency between
WWy, and WWc, (p > 0.05), however DOC removal was
significantly lower for WWyy (p = 0.001). UVA,5, removal
from WWy, was significantly higher (p < 0.001) when
compared to WWg, or WWyy,. It is currently unclear what
caused these differences, but they may be attributable to the
effluent organic matter (EfOM) composition and
susceptibility to removal via coagulation. As mentioned
earlier, WWyy and WWy, had been previously treated with
ferric chloride in the respective full-scale plants prior to
sample collection. Additionally, there were differences in the
upstream activated sludge treatment processes, with the
extent of denitrification varying as follows: WWyy < WWg, <
WWy,. It is worth noting that despite statistical significance,
the differences in removal for DOC and UVA,s, were relatively
low between wastewaters. Because DOC and UVA,;, were
removed to the same relative extent, SUVA,s;, remained
relatively constant across the various ferric doses (Fig. 2c).
Raw values for DOC, UVA,s54;, and SUVA,s, are provided in
Table S1.7

Turbidity removal (Fig. 2d) ranged from 6% to 84% and
generally increased with increasing ferric dose for WWy, and
WWea. It is currently unclear why turbidity removal for
WWhyy appeared to establish a point of diminishing return at
the lowest dose of 10 mg Fe per L before exhibiting a spike in
turbidity at 50 mg Fe per L (Table S1}), particularly when
considering the consistent removal of the other water quality
parameters (DOC, UVA,s;,, among others). This could
potentially be due to WWyy already having been treated with
ferric at the headworks, although this same effect was not
exhibited in WWy, which also dosed ferric at full-scale.
Additional water quality data related to coagulation (e.g., pH
and alkalinity) are provided in Table S1;i as expected for
enhanced coagulation with metal salts,> higher ferric
chloride doses resulted in lower pH values (total drop
ranging from 0.6 to 1.6 pH units at 50 mg Fe per L,
depending on the secondary effluent) and considerable
consumption of alkalinity (91-95% removal at 50 mg Fe per

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Percent removals of (a) dissolved organic carbon (DOC), (b) UV,s4 absorbance (UVAzs,), (c) specific UV,s4 absorbance (SUVA), and (d)

turbidity during enhanced coagulation of different secondary effluents.

L). The target pH post-coagulation for waters with alkalinities
greater than 120 mg L™ is 7.0,>* and each of the secondary
effluents either met this criterion (WWg,, WWyy), Or were
slightly below it (WWy,) at a ferric dose of 30 mg Fe per L.
WWy,, was already at the target pH prior to coagulation.
Overall, effective of organics in secondary
effluent was demonstrated with coagulation using ferric
chloride, which has implications for TOC/DOC removal
targets in potable reuse applications and downstream DBP
formation during primary/secondary disinfection.’® As
recommended in the Stage 1 D/DBPR, enhanced coagulation
specifically targeting TOC removal (in addition to turbidity)
can be implemented to minimize DBP formation during
drinking water treatment. If a framework similar to the
Stage 1 D/DBPR was applied to potable reuse, 30 mg Fe per
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L would have been sufficient for each secondary effluent to
meet the specified TOC removal requirements based on the
data from this study (i.e., at least 25% for WWyy and WWy,
and 30% for WW¢, due to its higher initial TOC).

3.1.2 Removal of total ATP and intact cells (via flow
cytometry). Removal trends for tATP were similar between
each wastewater (p > 0.05), exhibiting increased LRVs with
increasing ferric doses and ultimately achieving LRVs of 3-4
with 50 mg Fe per L (Fig. 3a). Removal of tATP was
significantly (p < 0.05) correlated with removals of DOC and
UVA,s, for all three secondary effluents (Fig. Sla and bt).
Removal of tATP was only significantly (p < 0.05) correlated
with turbidity for WW¢,4 (Fig. Sict).

LRVs based on ICC were positively correlated with ferric
dose for WWy, and WWg, (Fig. 3b), albeit to a lesser
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log;p removals of (a) total ATP (tATP) and (b) intact cell count (ICC) as determined by flow cytometry, during enhanced coagulation of

different secondary effluents. Note: ICC was not measured in Nevada effluent.

This journal is © The Royal Society of Chemistry 2024

Environ. Sci.: Water Res. Technol., 2024, 10, 3158-3171 | 3163


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ew00638k

Open Access Article. Published on 01 November 2024. Downloaded on 6/21/2026 3:23:50 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

magnitude when compared to tATP. ICC removal was not
measured for WWyy. Strong (r > 0.9) and significant (p <
0.05) correlations between ICC and DOC, UVA,s,, and
turbidity were observed (Fig. S1d and ft). ICC removal did
exhibit minor tailing at ferric doses greater than 30 mg Fe
per L, a deviation from tATP removal, which suggests a point
of diminishing return specific to ICC removal. Despite the
tailing, a strong (r > 0.9) correlation between tATP and ICC
removal was determined (Fig. S21). The slope of the line is
greater than one, indicating that ICC was more conservatively
removed than tATP, potentially making ICC more valuable
for estimating removal of microbial constituents in full-scale
applications.

3.2 Coagulation of secondary effluent with spiked
microorganisms (test 2)

3.2.1 General water quality changes. Ferric doses of 10, 30,
and 50 mg Fe per L were used to treat WWy,., spiked with
MS2 bacteriophage and B. subtilis spores. Removals for DOC
and UVA,s, diminished beyond ferric doses of 30 mg Fe per
L (Fig. S3at), contrary to the results from test 1 (Fig. 2). In
fact, DOC reached a point of diminishing return (PODR)
between 30 and 50 mg Fe per L based on the USEPA
definition,** and UVA,s, actually increased when the ferric
chloride dose increased from 30 to 50 mg Fe per L, although
there was still an overall reduction in UVA,5, relative to the
untreated secondary effluent. Furthermore, turbidity levels
increased by nearly 300% at 50 mg Fe per L (Fig. S3bt),
which was unexpected. While there was some variability in
turbidity removals between wastewaters during test 1
(Fig. 2c¢), all ferric chloride dosing conditions still resulted in
overall reductions in turbidity. Direct comparison of DOC,
UVA,s54, SUVA,54, and turbidity between the two tests with
WWy, and WWy,, highlights the discrepancy at 50 mg Fe
per L (Fig. S4a-ct).

Based on these results, it appears that 50 mg Fe per L
resulted in sub-optimal, or off-specification, coagulation
during this particular test, despite successful coagulation at
this dose during test 1 (Fig. 2). A significant drop in pH
occurred at 50 mg Fe per L (pH = 3.4) during test 2 (Table
S27), which did not occur during the first test (pH = 6.3),
despite similar initial pH (pH = 7). This may have been due
to lower initial alkalinity in test 2 (107 vs. 127 mg L™ as
CaCO3), which caused alkalinity to drop below the limit of
detection after dosing with ferric chloride at 50 mg Fe per L.
In the absence of alkalinity, ferric chloride will produce
hydrochloric acid during initial hydrolysis, which lowers
solution pH.?”> Extremely low pH and high ferric doses could
potentially lead to re-stabilization of particles, which could in
part explain the increased turbidity. Another potential
explanation is that some of the dissolved ferric persisted
through 0.7 pm filtration with 50 mg Fe per L in test 2, which
may impact pH, turbidity (due to issues with floc settling),
and UVAys,.>” Regardless of the cause, a pH of 3.4 is well
below the target pH for a water with alkalinity between 60
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and 120 mg L™ as CaCO;,** and such an impractically low
pH would undoubtedly cause problems for downstream
treatment. These results highlight the necessity of
preliminary jar testing as described in the USEPA
Coagulation and Softening Manual to determine optimal
doses for the water of interest.**

3.2.2 Removal of spiked and naturally occurring
microorganisms. Removals of spiked MS2, spiked B. subtilis
spores, and naturally occurring total coliforms and E. coli
during test 2 are summarized in Fig. 4a. Both spiked
microorganisms were effectively removed with increasing
ferric doses. Despite off-specification coagulation at 50 mg Fe
per L, removals greater than 3log;, for each organism were
observed. One-way ANOVA indicated that B. subtilis spore
removal at a ferric dose of 50 mg Fe per L (LRV = 3.5) was
significantly higher than at 10 and 30 mg Fe per L (LRV =
1.6 and 2.5, respectively). MS2 removal at 30 mg Fe per L
(LRV = 2) was significantly higher than at 10 mg Fe per L
(LRV = 1) but similar to 50 mg Fe per L (LRV = 2). As a point
of reference, the LRVs of 2 to 3 for MS2 and B. subtilis spores
achieved with 30 mg Fe per L would be comparable to or
greater than the typical LRV credits awarded to RO for
viruses, Giardia, and Cryptosporidium in potable reuse
applications, at least when RO membrane integrity is
evaluated based on electrical conductivity or TOC.**®

Based on the data available, it is unclear whether the MS2
and B. subtilis spore LRVs at 50 mg Fe per L were due solely
to physical removal, or potentially due to the low pH
condition (i.e., pH = 3.4). A pH of 3.4 is near the isoelectric
point for MS2 (pI = 3.1-3.9), which could cause significant
aggregation of virus particles and thus lower perceived PFUs
during plating.*>*® The low pH may also impact the viability
of MS2, although there is limited evidence demonstrating the
impact of pH on MS2 decay, particularly within the
timeframe of this test (<4 hours at low pH)."" Given the short
contact times at low pH in this study, it is more likely that
the decrease in PFU at pH 3.4 would be due to aggregation
and physical removal (via coagulation) than inactivation. For
B. subtilis spores, which have a lower isoelectric point (pI <
3.0) than MS2 and a similar ability to withstand gastric
conditions,"*™** it is unlikely that low pH is a contributing
factor in B. subtilis spore removal/inactivation. In other
words, coagulation is likely the primary contributor to spore
removal even at 50 mg Fe per L.

MS2 removals demonstrated in this study were consistent
with Abbaszadegan et al. (2007) and greater than those
determined in Mayer et al. (2008) (Fig. 4b), both of which
focused on ferric chloride coagulation but for surface water
rather than secondary effluent.”>*® While virus removal is
lower in Mayer et al. (2008), it appears that DOC removal is
similarly lower in that study when compared to
Abbaszadegan et al. (2007) and this study, indicating that
DOC removal may be a useful surrogate for virus removal
during coagulation.”>*® There are few published studies on
B. subtilis spore removal during coagulation with ferric salts.
Rice et al. (1996) was able to demonstrate LRVs of 1.5 to 2.0

This journal is © The Royal Society of Chemistry 2024
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for B. subtilis spores in pond water using ferric doses ranging
from 20-40 mg Fe per L, which is consistent with the results
in the current study.”” In a pilot study conducted by Dugan
et al. (2001), ferric chloride coagulation of raw river water
with ~5 mg Fe per L achieved an LRV of ~1.0 for aerobic
endospores (i.e., Bacillus and other aerobic endospore-
forming bacteria).'® Therefore, it appears that coagulation
with ferric salts can effectively remove spores from a wide
range of environmental water matrices.

In addition to spiked microorganisms,
naturally occurring E. coli and total coliforms was also
analyzed (Fig. 4a). In contrast to MS2 and B. subtilis spore
removal, total coliforms and E. coli appeared to follow
UVA,s4/turbidity removal trends more closely, with
diminished removals at 50 mg Fe per L. Because only
duplicate total coliform and E. coli tests were performed,
statistical ~significance between treatments was not
determined. Nonetheless, LRVs of between 2 and 3 were
achieved for a ferric chloride dose of 30 mg Fe per L.
Pritchard et al., (2010) reported E. coli LRVs of less than 1 for
a ferric dose of 10 mg L™, similar to the current study,
although it is unclear if the coagulant was dosed on a mass-
Fe basis.*® Furthermore, bench-scale data from Chalapati
Rao et al. (1988) demonstrated LRVs of 0.7 to 1.1 for total
coliforms with 8 mg Fe per L.” Samples taken from a full-
scale drinking water treatment facility applying a coagulant
dose of 3 mg Fe per L were able to demonstrate an LRV of 2.2

removal of

This journal is © The Royal Society of Chemistry 2024

for total coliforms,® higher than anticipated from the current
study, though pH and other water quality characteristics
could impact results. Overall, comparison of microbial
removals during coagulation from different studies can be
difficult due to differences in coagulant type, dosing amount
and nomenclature, method of application, matrix pH, and
other water quality characteristics that may interfere with
removal capabilities. Despite this, removals from this study
are generally consistent with other studies for each of the
observed microorganisms.

In the USEPA's Surface Water Treatment Rule (SWTR),
higher LRVs are awarded for treatment trains that utilize
filtration after coagulation/flocculation/sedimentation (C/F/S).”
Evaluations of ferric C/F/S combined with subsequent
microfiltration have repeatedly demonstrated higher removals
for viruses and protozoan pathogens when compared to C/F/S
alone.”'*'%9°% This is due to microfiltration achieving
better removal of smaller flocs that do not settle efficiently
under typical sedimentation conditions. This is illustrated by
Zhu et al (2005) and Meyn et al (2011), in which greater
removals of MS2 were demonstrated at lower ferric doses
when compared to results from this study.”®*® Nasser et al.
(1995) compared MS2 removal from filtration with and
without prior coagulation with alum and polyelectrolytic
cations.” Poor removal was determined from filtration alone,
whereas C/F with filtration resulted in an LRV of 2—one
log;o higher than with C/F alone. Dugan et al. (2001) and
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States et al. (1997) both demonstrated lower occurrences of
protozoan pathogens or endospores in the resulting filtrate
following C/F/S and filtration than from the settled
supernatant following C/F/S.'*'> Removal values demonstrated
in this study may potentially be enhanced when followed by
filtration processes, in line with the SWTR.

3.2.3 Rapid surrogate removal. ATP and cell counts via flow
cytometry were analyzed to compare their removals against the
target microorganisms, as well as to compare against
corresponding data from test one. tATP and iATP (Fig. S57)
approached their limits of detection (LoD) at 30 mg Fe per L,
resulting in LRVs of ~3, and they were removed beyond their
LoDs at 50 mg Fe per L. Overall, ATP removal values were
consistent with previous experiments (Fig. 3a) and trend similarly
to MS2 and B. subtilis spore removal for 10 and 30 mg Fe per L
(Fig. 4a, c and d). Removals based on FCM data, particularly ICC,
increased significantly (p < 0.05) with increasing ferric doses. In
contrast with DOC, turbidity, and indigenous coliform bacteria,
but consistent with spiked MS2 and B. subtilis spores, ICC and
TCC removals were less affected by the off-specification event at
50 mg Fe per L. At 50 mg Fe per L, ICC removal was
approximately 1log;, greater in test 2 relative to test 1 (Fig. 3b).
One possibility is potential cellular inactivation, via membrane
damage, occurring at this dose, which is supported by a shift in
intact cell to dead cell log;, ratio (Fig. S67). This could potentially
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be due to intolerance of certain bacterial communities to low
pH, as the composition of secondary effluent bacterial
communities would likely be a mixture of gastrointestinal
organisms (tolerant to low pH) and environmental organisms
from the sewer collection and wastewater treatment systems
(potentially more sensitive to low pH). This may also explain the
deviation from E. coli and total coliform results (Fig. 4a).
Coliforms, including E. coli, are tolerant to low pH due to the
enteric nature of the organism® and therefore significant
inactivation at low pH would not be expected.

3.24 Use of surrogate parameters to predict
microorganism removal. Beyond its ability to consistently
achieve pathogen removal, another important criterion for
coagulation to be recognized as a valid CCP is the potential
for LRV verification. For this reason, various surrogate
parameters that are amenable to rapid, on-line monitoring
were evaluated via Pearson's correlation (r).

Correlation analysis was performed on the full range of
ferric doses in test 2, despite off-specification coagulation at
50 mg Fe per L (Fig. 5a). MS2 removal exhibited strong (r >
0.8) and significant (p < 0.05) Pearson's correlation with the
removal of ICC (r = 0.95), TCC (r = 0.95), DOC (r = 0.94), tATP
(r = 0.93), and iATP (r = 0.92). B. subtilis spore removal
exhibited strong and significant Pearson's correlation to ICC
(r = 0.92), TCC (r = 0.90), DOC (r = 0.84), tATP (r = 0.84), and
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Omission of
50 mg-Fe/L
10, 30, 50 mg-Fe/L Data
Turb. .
UVA,,, Pearson's .
Correlation
boC - .
-1.0 -05 00 05
o
o
iATP .
-
EC
TC
o o
o = -
Vv © O O Q ¢] O O & O R
RSP &3‘2 ) \?’S KOG &L \)4?% < OA?W" AR

Fig. 5 Pearson's correlation values between (a) different measured variables after coagulation of secondary effluent at ferric doses ranging 10-50 mg Fe
per L and (b) UVA,s4 and turbidity with the omission of 50 mg Fe per L. Correlations with red values indicate positive correlations, blue values indicate
negative correlations, color intensity indicates the strength of the correlation value, and Pearson's r is provided within each box. Values with * indicate a
significant correlation at p < 0.05. UVA,s4 = absorbance at 254 nm, DOC = dissolved organic carbon, TCC = total cell count, ICC = intact cell count, iATP
= intracellular ATP, tATP = total ATP, EC = Escherichia coli, TC = total coliforms, and Bsub = Bacillus subtilis spores.
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iATP (r = 0.84). Total coliforms were strongly and significantly
correlated with tAPT (r = 0.97), iATP (r = 0.97), DOC (r = 0.95)
and TCC (r = 0.84), whereas E. coli only correlated strongly
with both iATP and tATP (r = 0.85 and r = 0.84, respectively).
DOC, or TOC, is a critical parameter in water reuse systems,
particularly for CBAT, and is already integrated as an on-line
parameter in most systems. On-line monitoring capabilities
of FCM (ICC/TCC) have been successfully demonstrated,™*°
and on-line ATP monitors already exist on the market (e.g.,
Hach EZ7300 Microbial Activity ATP Analyzer). Despite this,
neither on-line FCM nor ATP have been broadly
implemented.

UVA,s, and turbidity removals were either weakly or
inversely correlated to microbial parameters for test 2,
contrary to test 1 and several previous drinking water studies
which found both turbidity®'*"" and UVA,s, ™ removal to be
correlated to removal of viruses or protozoan pathogens. To
determine if the poor correlations in test 2 were caused by
the off-specification event at 50 mg Fe per L, a second
correlation analysis was performed, excluding this particular
dosing condition (Fig. 5b). Correlative relationships between
UVA,s, and turbidity increased for all parameters, indicating
that the off-specification event likely impacted the ability of
UVA,s4 and turbidity to accurately predict microbial removal.
While these parameters may not provide accurate prediction
of microbial removal during adverse conditions, they were
able to detect what might be considered an off-specification
or sub-optimal condition (i.e., particle re-stabilization or over-
dosing of ferric), which is critically important in the context
of public health protection.

Based on test 2, FCM (ICC, TCC), ATP (iATP, tAPT), DOC,
and potentially UVA,s, appear to be strong candidates to
serve as pathogen removal surrogates for coagulation in
water reuse applications that require LRV verification.
However, further testing, including more wastewaters, direct
correlation with pathogen removal (ie., enteric viruses,
Giardia cysts, and Cryptosporidium oocysts), or at least a
larger suite of potential indicator organisms, would be
necessary to fully validate this approach. ICC was the only
rapid microbial measurement that was consistently
conservative in  predicting the removals of MS2
bacteriophage, B. subtilis spores, and E. coli (Fig. S7T). MS2
has often been used as a surrogate for human enteric virus
removal, particularly in reuse applications,** but the addition
of bacteriophages with different characteristics (isoelectric
point, hydrophobicity, capsid structure, genome structure,
etc.), or enteric viruses themselves, would strengthen the case
for applying these surrogates as a means of crediting C/F
treatment for virus LRVs. There are fewer studies evaluating
the use of B. subtilis spores as an indicator of protozoan
pathogen fate during potable reuse or even water treatment
in general. There appear to be differences in the surface
chemistry (isoelectric point, hydrophobicity) between B.
subtilis spores and Cryptosporidium oocysts,” which could
potentially impact the utility of B. subtilis spores to predict
protozoan pathogen removal for processes such as

This journal is © The Royal Society of Chemistry 2024
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coagulation. Despite this, Dugan et al (2001) found that
aerobic  endospores strongly  correlated  to
Cryptosporidium oocyst removal during coagulation.’® Further
research is necessary to explore the ability of B. subtilis spores
to accurately predict removal of protozoan pathogens such as
Cryptosporidium oocysts.

were

3.3 Downstream inactivation by ozone

Inactivation of MS2 and B. subtilis spores by ozone following
coagulation with 30 mg Fe per L of ferric chloride was
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Fig. 6 Ozone treatment of secondary effluent with and without pre-
treatment by enhanced coagulation (30 mg L™ FeCls). Inactivation as a
function of specific ozone dose is provided for (a) MS2 and (b) B.
subtilis spores. Inactivation as a function of ozone exposure (Ct) is
provided for (c) MS2 and (d) B. subtilis spores. The effects of pre-
treatment on (e) ozone Ct, (f) ozone decay rate constant (ko,). (9)
ozone demand at 30 s, and (h) applied ozone dose are provided as a
function of specific ozone dose. Open points indicate removal beyond
LOD (1 PFU or CFU per mL).
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evaluated at O3/DOC ratios ranging from 0.48-1.18 (after
accounting for dilution from the ozone spike and DOC
additions from the microbial stocks). Significant inactivation
of MS2 (i.e., >4log;,) was demonstrated at all specific ozone
doses, with and without upstream coagulation (Fig. 6a). Os/
DOC ratios greater than 0.75 often achieved MS2
concentrations less than 1 PFU per mL and LRVs >6. The
effect of upstream coagulation was more apparent for B.
subtilis spore inactivation, with LRVs <1 for all ozone dosing
conditions without pre-coagulation and LRVs up to 4 with
pre-coagulation (Fig. 6b). Negligible inactivation of B. subtilis
spores at an O3/DOC of 1.0 in secondary wastewater effluent
was similarly demonstrated in Gamage et al. (2013).>*

Based on this study and other published literature, ozone
exposure (Ct) appears to be a primary driver of microbial
inactivation during ozone treatment, particularly for bacterial
spores. For example, Gamage et al. (2013) observed negligible
levels of inactivation of B. subtilis spores when ozone was
combined with hydrogen peroxide to drive advanced
oxidation conditions (i.e., ozone conversion to hydroxyl
radicals), which results in minimal ozone Ct.’* Similarly,
Fig. 6¢ and d demonstrate that inactivation of MS2 and B.
subtilis spores is directly dependent on ozone Ct, so any water
quality changes that result in higher ozone Ct would be
expected to yield improved ozone disinfection performance.
Interestingly, samples with upstream coagulation achieved
higher ozone Ct for similar O;/DOC ratios (Fig. 6e), which
was driven by the lower ozone decay rate constants with
upstream coagulation (Fig. 6f). Additionally, pre-coagulation
with ferric chloride also significantly reduced the 30 s ozone
demand for comparable O;/DOC ratios (Fig. 6g).
Improvements in ozone stability in pre-coagulated and
filtered secondary effluent could be due to the slight decrease
in pH,* or potentially due to selective removal of ozone-
reactive organics during coagulation.’® Despite ozone
exposure (or Ct) potentially being both a driver and reliable
predictor of microbial inactivation, other metrics such as O3/
DOC ratio (Fig. 6a and b) might still be useful surrogates for
LRV crediting, particularly for viruses.

Hydroxyl radical exposure was lower in coagulated
samples (Fig. S8af), indicating that less ozone was being
transformed to hydroxyl radicals, which would be expected
with increased ozone stability. Hydroxyl radical exposures of
non-coagulated samples are in agreement with those
determined in Lee et al. (2013), however hydroxyl radical
exposures for pre-coagulated samples are lower than those
with a similar O3/DOC.>®> The ratios of hydroxyl radical to
ozone exposure (Rcr) for each condition are provided in Fig.
S8b.t As expected, Rcr values decrease when secondary
effluent is pre-coagulated, indicating an increase in ozone
exposure/decrease in hydroxyl radical exposure. A decrease in
Rer could have implications for DBP (i.e., bromate) formation
during ozone treatment for potable reuse, as the interplay
between hydroxyl radicals and ozone play an important role
in bromate formation during ozonation of wastewater.’®
Several bromate minimization strategies involve lowering the
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Rcr, such as pH depression, monochloramine addition, and
the upstream addition of HOCI during the chlorine-ammonia
process.® Therefore, it is probable that upstream coagulation
with ferric chloride could aid in the minimization of bromate
during ozone treatment.

Additionally, lowered hydroxyl radical exposures following
C/F have resulted in lowered oxidation of ozone recalcitrant
micropollutants,* which should be taken into consideration.
Furthermore, ozone treatment more generally can contribute
to the formation of biodegradable organic transformation
products,” which is one of the reasons biofiltration is
integrated into CBAT trains.”®”® Further studies of the
impact of upstream C/F on DBP formation, micropollutant
oxidation, and the formation of transformation products
during ozonation are warranted.

Because of the decrease in DOC following coagulation, the
amount of applied ozone necessary to achieve specific ozone
doses also decreased (Fig. 6h). Therefore, similar ozone Ct
and microbial inactivation can be achieved with lower
applied ozone doses following C/F treatment, or greater
ozone Ct and microbial inactivation for the same applied
ozone dose. One potential drawback of utilizing low ozone
doses for disinfection in potable reuse applications is the
difficulty in measuring Ct due to rapid ozone decay (i.e.,
subresidual dosing applications). C/F pretreatment may
result in sufficient dissolved ozone stabilization to allow for
easier and more reliable monitoring of ozone Ct in low-dose
applications. This might facilitate LRV crediting in the
absence of alternative crediting frameworks.

4. Conclusion

Overall, this study demonstrates the ability of ferric chloride
coagulation and flocculation (C/F) to improve the overall
quality of treated wastewater effluent based on common
water quality parameters, including turbidity, DOC, and
UV,s,. In particular, the ability of C/F to remove DOC is
critically important for potable reuse systems seeking to
avoid reverse osmosis, and this also translates to ancillary
benefits for downstream treatment process performance,
including ozonation. Consistent with prior literature focusing
on conventional drinking water applications, C/F treatment
of secondary wastewater effluent also achieves significant
of microorganisms. These are also
correlated with rapid microbiological surrogates, which is
beneficial for regulatory LRV crediting.

Coagulation with ferric chloride consistently reduced total
ATP and intact cell counts with increasing ferric doses (10-50
mg Fe per L) across three wastewaters. LRVs of up to 3 for
MS2 bacteriophage and B. subtilis spores were demonstrated
for the same range of ferric doses, and their removals were
highly correlated to tATP, total and intact cell counts (TCC
and ICC) via flow cytometry, and DOC removal, even during
off-specification coagulation conditions. UVA,s, removal was
correlated to microbial removal during nominal coagulation
conditions and had the added benefit of being able to detect

removal removals

This journal is © The Royal Society of Chemistry 2024
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off-specification  coagulation  conditions.  Additionally,
treatment with enhanced coagulation improved downstream
ozone performance based on ozone Ct and microbial
inactivation, although this greater ozone stability resulted in
slightly reduced hydroxyl radical exposure. Specific ozone
doses between 0.8 and 1.0 achieved LRVs >5 for MS2 with
and without coagulation, while LRVs for B. subtilis spores
increased from <0.5 LRV without coagulation to ~2.0 with
coagulation. This was driven by the significant increase in
ozone Ct for similar specific ozone doses. Thus, C/F
treatment, particularly when coupled with downstream
granular media filtration, could warrant LRV credits similar
to those awarded to reverse osmosis in potable reuse
applications, and consistent with those awarded in
conventional drinking water treatment systems. This would
be highly valuable for inland communities seeking to
implement CBAT and could potentially broaden adoption of
potable reuse.
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