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The long-term performance of an anaerobic bioreactor combined with electrochemical oxidation and
integrated into a self-contained public bathroom under daily use was investigated over 14 months in
Coimbatore (Tamil Nadu, India). With varying daily number of users and across all seasons, the
electrochemical treatment of the bioreactor effluent consistently generated a highly chlorinated (>400 mg
Cl, per L) and clear effluent that was negative to a fecal coliform assay. During 8 months of testing under
Received 21st June 2023, water recycling conditions, the treatment maintained its performance for disinfection, as well as solid and
Accepted Ist September 2023 nitrogen removal, due to breakpoint chlorination; however, the COD removal capacity of the system was
slightly reduced. The strongly oxidizing condition of this electrochemical based disinfection raised the

concern of generation of toxic disinfection byproducts (DPBs). This study also examined the formation of

DOI: 10.1039/d3ew00454f

rsc.li/es-water chloroform and haloacetic acid DBPs under non-recycling and recycling conditions.

Water impact

Onsite treatment of toilet effluents is a potential source of non-potable water for reuse that simultaneously addresses the global need for safely managed
sanitation. This study reports the long-term field testing of a small-scale single toilet system re-using its highly chlorinated treated effluent for flushing.
Water reuse resulted in considerable water saving; however, it also affected the water quality.

1. Introduction Onsite small-scale treatment to remove pathogens that
cause diseases and recover resources from waste where it is
generated (household and community toilets) without any
need for its transport has recently gained extensive research
interest.® A few onsite treatment systems including onsite
water re-use have reached maturation to be tested in a
relevant environment, and to leverage electrooxidation,”®
membrane bioreaction’ and electrochemical treatment
combined with constructed wetlands'® with granular
activated carbon'" and solid/liquid separation."?

A critical element of urban sanitation are public toilets,
and a great emphasis of the Swachh Bharat mission in India
has been the construction of public toilets in areas not
necessarily covered by sewers.'**

This work describes the field testing and characterization

Effective treatment of blackwater, human waste in the effluent of
water-flush  toilets, is essential for public health and
environment." The 2030 Sustainable Development Goals (SDGs)
of the United Nations include SDG 6 aimed to ensure “availability
and sustainable management of water and sanitation for all”. In
combination with 2.4 billion people who lack improved
sanitation services worldwide, water scarcity is a large global risk
due to climate change and changing consumption patterns, thus
making water reuse a major priority.”

The development of SDG 6 has triggered large-scale
sanitation programs in Africa,’> the “Toilet Revolution” in
China® and a Clean India Swachh Bharat Mission in India.”

< Duke India Services Private Ltd, Bangalore, India of onsite treatment and water reuse on the scale of single
b ERAM Scientific, Trivandrum, India public toilet booth that could operate without sewer
“ Department of Civil Engineering, IIT Madras, Chennai, India connection. The electrochemical generation of reactive

d . [ [ . . . . .
Center for WaSH-AID, Duke University, Durham, NC 27701, USA chlorine species (RCS) that include free chlorine (FCl) is at
¢ California Institute of Technology, Pasadena CA 91125, USA.

Email: ccid@caltech.edu the core of the treatment technology (electrochemical

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/ oxidation, EO) and the removal of organic matter primarily
10.1039/d3ew00454f by anaerobic bio-digestion.
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In collaboration with Eram Scientific Instruments
(Trivandrum, Kerala India), the authors integrated an
electronic public toilet booth with automated flush (e-Toilet
Model Beta with a biological and electrochemical oxidation
(EO) system as described in a previous study’). Although a
previously published study has shown the effectiveness of
combined biological and EO for the treatment of raw and
domestic sewage with water reused for toilet flushing,® that
installation size exceeded 500 L per day allowed for the
tolerance of variability in wastewater flows and composition.

This study reports the evaluation of a small-scale system
(130 L per day) under the condition of re-use of its highly
chlorinated effluent for toilet flushing. The system was
operated beyond the chloride oxidation breakpoint to remove
ammonium and to ensure high levels of free chlorine for
robust disinfection. Such conditions generated a high-quality
effluent, which under water reuse, we anticipated, would
have a negative impact on the microbial community in the
biological reactor. The strongly oxidizing condition of this
electrochemical based disinfection raises the concern of
generation of toxic disinfection byproducts (DPBs) including
previously reported high-level trihalomethanes and haloacetic
acids (HAAs)."

This field-testing study was conducted in a real-life
condition in public toilets in India where users had
unrestricted access with the purpose of measuring 1) the
properties of the treated effluent under the highly variable
real-life use; 2) the effect of water reuse for toilet flushing on
the quality of blackwater; and 3) the formation of organic
DBPs under water reuse conditions.

2. Material and methods
2.1 Technology description

ERAM e-Toilets are prefabricated single-user booths that are
equipped with a self-cleaning and washing (flush and floor
wash) mechanism. The ERAM Beta e-Toilet model was
connected to an anaerobic baffled reactor (ABR) followed by
electrochemical treatment technology that was developed at
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the California Institute of Technology (Caltech), described in
detail in an earlier work.”

The ABR was a 4-chamber 2200 L capacity system whose
purpose was to reduce the nutrient and organic load before
wastewater electrochemically treated. The
electrochemical treatment was conducted in an
electrochemical reactor (ECR) 50 L tank (44 L effective
treatment volume). The electrodes were a set of 7 pairs of Ir-
Ru-Ti anodes and stainless-steel cathodes (Entrustech,
China) with an effective anode surface area of 2041 cm?. The
electrodes were powered at a constant voltage of 4.1 V with a
typical current of 80 A (range 71-90 A) and a current density
of 27 A m™. For a 3 hour batch treatment cycle of 44 L, the
total energy requirement was 3.6 MJ.

The electrochemically treated wastewater was pumped
through a polishing 10 um pore filter cartridge and stored in
a 100 L treated water tank (TWT) and, when reused, was
connected to toilet flushing and periodic floor washing
(Fig. 1A).

Freshwater from a bore-well was connected to an overhead
water tank (OHT) and was used to supply the personal wash
wand (i.e., bidet) and a small handwash sink inside the
booth. The e-Toilet effluent was connected via a splitter valve
to either the ABR treatment or to a nearby sewer line.

NaCl addition to wastewater enhanced the chlorine
production during ECR treatment. NaCl was added by
pouring a NaCl solution through the hand wash sink, which
was plumbed to the ABR4. The volume of wastewater in the
ABR4 was estimated based on liquid level, and the
appropriate weight of food-grade NaCl dissolved in 1 liter of
tap water was added to result in the desired molarity in
ABRA4.

Sampling points throughout the treatment pathway
allowed for the full characterization of the process.

The top of each of the 4 ABR chambers (ABR1 through
ABR4) featured a sampling port and wastewater was sampled
using a macerator pump connected to a hose lowered in the
chamber at a pre-determined depth (i.e. 50 cm from bottom).
Two spigots along the plumbing line allowed sampling by

was

Fig. 1 A) Schematic of the apparatus. B) Picture of the system (doors of the ECR cabinet were removed to show the ECR tank).
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gravity the system effluent, namely, the ECR-out after the
polishing filter and the TWT.

2.2 Test site, users, and operation

The e-Toilet booth apparatus was installed next to an existing
public toilet in a car parking lot at PSG research hospital in
the city of Coimbatore, Tamil Nadu India. The e-Toilet was
designated for male users and was visited mostly by car
drivers and visitors of the hospital.

The e-Toilet software system electronically tracked the
number of users entering the booth and water usage such as
flushes. Additional electronic controls drove and recorded
the ECR cycles and tank level sensors as described in an
earlier work.”

The system operated in two configurations “open loop”
and “closed loop”. In the open loop, the electro-chemically
treated water was not reused but discharged to sewer and the
overhead tank supplies bore-well water for all uses
(handwash, personal wash, floor wash and flush events). In
closed loop, the treated wastewater was recycled and the
Treated Water Tank (TWT) was connected to the toilet flush
and floor wash pipes while fresh water from OHT continued
to feed the sink and personal wash.

The system was installed in October 2018, and after
commissioning and baseline data collection, a study that
started in late 2019 was interrupted multiple times by
shutdowns and people's movement restrictions ordered by
the government facing the COVID-19 pandemic. The data
reported in this study were collected from August 2021
through September 2022.

2.3 Analytical measurements

Samples from ABR1 and ABR4 chambers as well as the
treated ECR effluent were collected in autoclaved glass
bottles and transported in a secondary container to a
laboratory located on the same research hospital campus.
Immediately after transport, the ABR 1 and ABR 4 samples
were pasteurized in a water bath at 60 °C for 90 minutes to
ensure the safety of personnel from SARS-CoV-2. A separate
study found no difference due to pasteurization under these
conditions in the physico-chemical parameters of wastewater
(Rosario et al., submitted). The ECR effluent samples were
not heat-treated.

Electrical conductivity and pH were measured using a
Myron L Ultrameter II, Model 6P.

Physico-chemical parameters of wastewater were analyzed
using commercially available test kits and Multiparameter
Portable Colorimeter (DR900, Hach). Free Chlorine (FCl) and
Total Chlorine (TCl) were measured with Hach kits Method
8021/8167. A dry thermostat reactor (DRB 200, Hach) was
used for the digestion step, and vendor protocols were
followed to measure Chemical Oxygen Demand (COD) by
Reactor Digestion (Method 800), Total Nitrogen (TN) by
Persulfate Digestion (Method 10072) and Total Phosphorus
by Acid Persulfate Digestion (Method 8190).

This journal is © The Royal Society of Chemistry 2024
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Total suspended solids (TSS) were measured according to
the EPA 160.2 method. Turbidity was measured in
Nephelometric Turbidity Units (NTU) using a turbidimeter
(2100 Q, Hach).

Disinfection was confirmed by measuring the fecal
coliform levels according to the most probable number
(MPN) assay adapted from the literature and described in an
earlier work'" with a limit of detection of 3 MPN per mL.
Chloride measurements were performed at third-party NABL-
certified laboratory (T. Stanes, Coimbatore) analyzed as per
Indian standard 1S:3025 part 32.

2.4 Disinfection byproduct analytical methods

2.4.1 Chloroform. Chloroform was measured using a gas
chromatograph with an electron capture detector (GC-ECD)
(Perkin Elmer Clarus 500) equipped with an Elite-35 column.
The liquid samples were extracted using n-pentane by a
liquid-liquid extraction method with a sample-to-solvent
ratio of 6/1. First, 30 mL of n-pentane was quickly added to 5
mL of unfiltered sample, followed by vortexing of the mixture
for 5 min. To remove the residual water from the organic
layer, 20 g of anhydrous sodium sulphate anhydrous (Na,SO,)
salt was added to the vortexed solution. The mixture was
then sealed and agitated for 4 min (2500 rpm) and left
undisturbed for 2 min to obtain clear separation of the
layers. The organic layer (5 mL) was extracted with care from
the mixture using Pasteur pipettes. Then, 1 pL of the
collected sample was automatically injected into the GC-ECD.
The injector and detector temperatures were maintained at
150 and 250 °C, respectively. The GC column was kept at a
temperature of 58 °C for 1 min, then increased to 59 °C at
0.5 °C min™" and held for 1 min. Nitrogen was employed as
the make-up and carrier gas at flow rates of 60 and 2 mL
min ", respectively.

The minimum detection limit of 0.06 mg L™ was
estimated by injecting seven replicates of 1 mg L™ of
chloroform standards. The product of the standard deviation
of the replicates and ¢-statistic with n — 1 degree of freedom
is defined as MDL. The linearity was determined in ultra-
pure water with a blank and various analytical chloroform
standards ranging between 0.1 and 500 mg L'
concentrations. The calibration curves were linear with R* >
0.998.

The accuracy of the analysis was established by
performing recovery studies, whereby 1 mg L™" of chloroform
standards was spiked at the beginning of the extraction
process.

2.4.2 Halo-acetic acids. The samples were extracted
following a modified solid-phase extraction procedure.
Samples were filtered through a 0.22 um filter and the pH
was adjusted to <2. Oasis-HLB (500 mg, 6 mL) solid-phase
extraction (SPE) cartridges were used to concentrate the
HAAs. Each SPE cartridge was conditioned with 5 mL of
methanol and 10 mL of acidified water. Then, 50 mL of the
sample was passed at a flow rate of 5 mL min" to the
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activated cartridge. The cartridge was rinsed with 5 mL of
acidified water and air dried for 10 minutes. HAAs absorbed
on the cartridge were eluted using 5 mL of acidified
methanol and 3 mL of methyl tert-butyl ether (MTBE). The
eluent was collected in 20 mL glass extraction vials and
incubated in a water bath at 50 °C for 2 h. The methyl esters
were separated from the aqueous layer by cooling the vials at
4 °C for 10 minutes, 7.5 mL of an aqueous sodium sulfate
solution (150 g L") was added, vortexed for 2 minutes and
allowed to settle for 10 minutes. The aqueous layer was
discarded, and the organic phase was neutralized by adding
1 mL of an aqueous saturated sodium bicarbonate solution
(89 g L™, vortexing for 2 min, and settling for 5 min. The
residual organic layer was transferred into an amber bottle
and 500 pl of MTBE was added. The solution was dried
overnight at 80 °C in an oven. The extracted sample was
reconstituted in 1 mL of acetonitrile (AcN) and analysed
using a liquid chromatograph (LC) (electron spray ionization)
(ESI)-/mass spectrometer (MS) (Agilent, 6120, USA) equipped
with a single quadrupole detector. The linearity was
determined in ultra-pure water with blank and analytical
standards. The calibration curves were linear with R* > 0.99.
The accuracy of the analysis was measured by 50 ug L™" of
analytical standards spiked at the beginning of the extraction
process. The detection limit was estimated by injecting seven
replicates of the analytical standard (50 ug L™).

2.4.3 Sample shipment for DBP measurement. Wastewater
samples in 0.5 L high-density polyethylene amber bottles
were shipped overnight on ice from the test site to the
analytical laboratory of IIT-Madras reaching within 28 hours
under cold condition. For chloroform analysis, the liquid-
liquid extraction was conducted onsite and the extracted
solution in 1 mL vials was included in the shipment.

3. Results and discussion
3.1 Operation

The toilet system under test was a mature version of earlier
prototypes, and for this study, it underwent long-term testing
under steady use. Our intent was to assess the consistency of
the treatment under the highly variable real-life use and
assess the impact of water reuse for toilet flushing (closed
loop) on the operation of the system and the quality of the
treated water.

Table 1 Operational achievement of this field testing
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Environmental Science: Water Research & Technology

We recorded data for 52 weeks of up-time over a 14 month
period, of which 23 weeks in the open loop were followed by
29 weeks in the closed loop. Table 1 summarizes the
operational results of this field testing.

The study reflects nearly 5000 users of the toilet (the
number of users was recorded automatically with daily
resolution, see ESIf Fig. S1). The daily use of the toilet was
higher at the beginning of the study due to increased foot-
traffic to an adjacent COVID-19 visitor screening site
belonging to PSG Hospitals that was later dismantled. The
system's treatment capacity of 350 L per day exceeded the
treatment requirement dictated by the number of the users
(150 L per day at peak use of 30 users per day), and thus, the
ECR was not run when TWT was full.

We conducted a detailed evaluation of water use for flush
and personal wash from a large dataset, and obtained an
estimate of 5.1-5.3 L per use of which 1.0-1.5 L per use are
for personal wash (a detailed water use analysis is reported
in ESI{ material Section S2).

3.2 Chlorination and use of NaCl as an additive

The Ir-Ru-Ti anodes in the ECR oxidize Cl” to produce RCS,
incl. FCL In prior studies, a similar type of electrode achieved
breakpoint chlorination after 3 hours of EO at [Cl | > 20 mM
under similar conditions."® The bore-well freshwater
connected to the system has a high mineral content (typical
EC = 2400 pS em™"), including 9 + 1.5 mM CI".

The influent ABR1 had an EC = 4065 + 250 uS cm ' and
15 mM CI, a Cl” concentration in agreement with expected
contribution from urine."”

In the first two weeks of field testing, we observed that the
chlorination breakpoint could not be consistently achieved
with the as-received influent (n = 10 tests). Thus, from week 2
onward, 10 mM of NaCl was added to ABR4 as described in
the Methods section of this manuscript. During field testing
in the open loop, the average ABR4 EC = 4903 + 503 pS cm™"
was thus higher than ABR1 EC. The EC for ABR1 (influent)
and ABR4 (post-biological treatment) measured over the
course of the study is shown in Fig. 2.

When the loop was closed, the EC started to increase in
ABR1 as expected by the influx of high chloride concentration
effluents instead of freshwater for toilet flushing. ABR1 EC
reached 6000 uS cm™*. We observed that addition of NaCl

Closed loop Total

Open loop
Dates 1 Aug 2021-17 Jan 2022
Duration (weeks) 23
Users (number) 2566
Users per day 16 + 8
ECR hours (cycles) 540 (180)
Volume treated (L) 7920

Volume reused (L) 0
Free chlorine (mg L") (av + st dev) 609 + 208
Total chlorine (mg L™") (av * st dev) 645 + 204

160 | Environ. Sci: Water Res. Technol., 2024, 10, 157-167

Jan 18 2022-Sept 07 2022 Aug 2021-Sep 2022

29 52
2189 4755
12+7

1041 (347) 1581 (527)
15268 23188
8404 8404
417+ 95 451 + 142
445 £ 100 480 * 145

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ew00454f

Open Access Article. Published on 13 2023. Downloaded on 01.2.2026 04:52:31.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Environmental Science: Water Research & Technology

Electrode Operation (hours)

0 500 1000 1500
8000 L L L
7000
6000 W
£
% 5000 -+ABR 1
= 4000 —~-ABR4
2
3000
Open Loop - Closed Closed
2000 10mM Loop - Loop -
10mM 5mM
1000
0 T T T T T T T T T T |
0 4 8 12 16 20 24 28 32 36 40 44 48 5

Time (week)

Fig. 2 Electrical conductivity over test time (bottom horizontal axis)
and electrode operation time (top horizontal axis). The first green
vertical line indicates transition from open to closed loop, and the
second vertical line indicates the change in concentration of added
NaCl in ABR4 from 10 mM to 5 mM.

continued to be a requirement to prevent drops in EC due to
dilution with freshwater wused for personal cleaning
(estimated to be 20% of the total volume, see details in ESIY
S2). We also observed that the system required EC ~ 6000 puS
cm " to consistently achieve breakpoint, which we interpreted
as due electrode aging. The electrode hours of operation are
reported on the top horizontal axis in Fig. 2. The chlorine
evolution reaction rates of the electrode conducted at the
beginning and the end of the study are reported in Fig. S3 of
the ESIf Section and illustrated a reduction in the FCl
production of aged electrode for the same Cl” concentration.

As a result of ClI” addition, the system consistently
produced FCl and TCl exceeding 400 mg L.

View Article Online
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Breakpoint was achieved throughout the duration of the
study, even when the electrodes aged beyond 1000 h of
electrolysis, as evidenced by the ammonia level below detectable
levels at all timepoints mentioned in ESIf Fig. S4.1.

A major design requirement for the system was to produce
pathogen-free effluents safe for water re-use for flushing. No
pathogens were detected in the effluent in this study. An assay
for a fecal contamination indicator, fecal coliform bacteria,
was periodically performed in both the ECR effluent and the
TWT (when in closed loop). The fecal coliform content of the
ECR effluent was found to be consistently below the detection
limit of the assay (3 MPN per mL) (n = 16).

Given the long-term operation of the ECR, mineral scaling
was observed on the electrodes and it was removed by using
a similar reverse polarity scheme as the one described by
Varigala et al.® The reverse polarity cleaning was carried out
as preventive maintenance prior to any observed decrease in
oxidation efficiency at an average interval of 30 + 12 cycles
during the open loop and at a longer interval of 64 + 18
cycles in the closed loop.

3.3 Effluent physico-chemical parameters in open and closed
loops

Fig. 3 reports the values of TN across the treatment stages
and compares results between the open and closed loop
configuration. The figure also includes the use number to
support the interpretation of TN decreases associated with a
longer retention time.

The dashed rectangle insert in Fig. 3B highlights TN
decreasing in ABR1 as soon as the loop closed. This sudden
decrease was probably due to the effect of highly chlorinated

A 200

Users/week
o S o
L =] { == [=}

-A-Users/week - Open
—&—Users/week - Closed

-=-ABR 1 Open
-#-ABR 1 Closed

--ABR 4 Open
-s-Effluent Open
-o-ABR 4 Closed
-o-Effluent Closed

0 2000

4000

Volume Treated/Reclaimed

Fig. 3

(A) Users per week. Total nitrogen values in (B) ABR1 and (C) post-biological ABR4 and post electrochemical treatment (effluent). Open =

open loop, closed = closed loop. Dashed line box inset highlights TN decrease as soon as reclaimed water user started. The arrow indicates a drop
in user number that occurred over 4 weeks in the closed loop due to system repairs and resulted in a longer residence time in ABR and

corresponding dip in ABR1 and ABR4 values.
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recycled water reacting with nitrogen compounds in ABR1.
The same effect can be observed in ABR4 (Fig. 3C), lagging by
a week in time and 400 L of treated water, as a result of the
fluid transport in the ABR. TN values in ABR1 and ABR4
stabilized at around 6 weeks of closed loop operation and
2000 L reused by the system. A technical incident at week 11
prevented the usage of the system for a period of 4 weeks,
leading to a sharp decrease in TN values due to extended
treatment and sluggish restart of the system with weekly
users below 50 users per week.

After this decline, a ramp up on TN was observed in both
chambers with a similar one-week delay as observed
beforehand. Steady values similar to those in the open loop
were observed at 4000 L until the end of the study.

Overall, the TN reduction obtained by EO was significant
with effluent TN = 15 + 7 mg L™ in the open loop, and
similar TN = 16 + 9 mg L™ during the entire closed loop
period. The ammonia results (in ESIT Fig. S4) followed closely
the TN trends over time, and also exhibited no difference
between the close and open loops. An effluent ammonia
concentration of 0 mg L' was measured, as expected in a
system operated beyond the chlorination breakpoint.

Fig. 4 illustrates the COD values measured in open and
closed loops. This treatment system reduces organics in the
effluent thanks to both digestion in the ABR and oxidation in
the ECR. Fig. 4A shows that the mean COD values increase in
the closed loop as compared to the open loop across all
sampling points. In ABR1, COD = 662 + 257 mg O, per L
(open) increased to COD = 879 + 277 mg O, per L (closed), in
ABR4 COD = 186 + 48 mg O, per L (open) nearly doubles to
COD = 371 + 109 mg O, per L (closed) and importantly, the
effluent COD = 41 + 19 mg O, per L (open) increased to COD
=118 + 45 mg O, per L in the closed loop. Fig. 4B and C
show the COD values relative to volume treated and illustrate
that, despite the variability of the values due to the
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fluctuating nature of the influent, the closed loop COD values
are consistently higher over the open loop values.

Because the number of users in the closed loop does not
increase over the open loop, we interpret the COD increase as
a reflection of the highly chlorinated effluent impact on the
microbial population of the biodigester and its ability to
remove organics.

The effect of chlorinated recycled water on TSS is a
reduction in the values in ABR (TSS = 202 + 150 mg L™ (open
loop) to TSS = 144 + 99 mg L' (closed loop) (Fig. 5)).
Similarly, in ABR4, TSS = 64 + 49 mg L™" in the open loop
decreases to TSS = 38 + 24 mg L™ in the closed loop. The
effluent featured consistently low solids with average TSS = 8
mg mL ™" (range = 1 to 23 mg L") and average turbidity = 4.2
NTU (range 1-27 NTU). We interpret the reduction in closed
loop of TSS in ABR 1 and ABR 4 as the impact of the
chlorinated influent that breaks down organic portion of the
suspended solid, thus reducing TSS.

3.4 Benchmarking

In order to evaluate the quality of the wastewater treatment of
the tested system, we compared our results to quality targets of
available water and wastewater quality standards. We
compared the field testing results to an international standard
for non-sewered sanitation systems, the ISO 30500 (ref. 18) and
specifically the Category A limits for unrestricted urban reuse,
which explicitly includes treated wastewater reuse for toilet
flushing. The limited applicability of local and national
regulatory framework to novel small-scale wastewater
technologies particularly with water recycling has been
discussed in the literature.'>*® Indeed, the country of this field
testing (India) has not issued a national requirement for water
reuse for recycling technologies or onsite wastewater treatment
systems such as the one tested. Nonetheless, for reference, in

-=-ABR 1 Open
--ABR 1 Closed

-=-ABR 4 Open
-8-ABR 4 Closed

-o-Effluent Open
-e-Effluent Closed

2000 4000
Volume Treated/Reclaimed

6000 8000

Fig. 4 COD results. (A) Box and whisker plot for different sampling points. Each data point represents the average value. The top and bottom
hinges of the box plot represent the highest (Q3) and lowest (Q1) quartiles, respectively. The middle segment represents the median treated EC
value. The bottom inner fence represents Ql - 1.5 x (Q3 - Q1) and the top inner fence represents Q3 + 1.5 x (Q3 - Q1). (B) ABR1 COD and (C)
ABR4 and effluent COD as a function of volume treated (open loop) and of volume of reclaimed wastewater (closed loop).
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Fig. 5 Total suspended solids (TSS) results: (A) box and whisker plot for different sampling points. Each data point represents the average value.
The top and bottom hinges of the box plot represent the highest (Q3) and lowest (Q1) quartiles, respectively. The middle segment represents the

median treated EC value. The bottom inner fence represents Q1 - 1.5 x

(@3 - Q1) and the top inner fence represents Q3 + 1.5 * (Q3 - Q1). (B)

ABR1 TSS and (C) ABR4 and effluent TSS as a function of volume-treated (open loop) and volume-reclaimed wastewater (closed loop).

Table 2 we compare our results against the current India
standard established by Indian National Green Tribunal (NGT),
New Delhi in 2019 for sewage treatment plants, thus for
systems that are significantly larger scale output measured in
million liters per day.”" The 2019 NGT has different thresholds
for urban areas of different populations and we reported in
Table 2 the limits for Metropolitan Cities (population more
than 1 million) since the test site city of Coimbatore population
is 3 million people in 2023.

Table 2 reports the effluent parameter values averaged
over the period of the study and the percentage of measured
values that meet the respective reference limit. Additional
data are provided in ESI} S5.

The effluent TSS concentration met the NGT standard
requirements for 100% of the measurements and the ISO
30500 standard 80% or more. We note that according to the
field testing requirements for environmental parameters of
the effluent described in ISO 30500, all the required
thresholds of at least 4 out of 5 test events (i.e., 80% of the
measurements), and results are not to be averaged.

While TSS results were similar in open and closed loops,
the COD was significantly higher in the closed loop than in
the open loop. The COD values fully met both standard
requirements in the open loop but only 10% and 24% of the
times in the closed loop for the ISO 30500 and NGT
standards. The pH in closed loop was higher on average and
exceeded pH = 9 in 14% of the measurements. Variations in
the pH in EO processes can be caused by changes in the
buffering capacity of the solution as well as the increase in
parasitic oxidation reactions such as oxygen evolution
reactions, directly in completion with CER.

The effluent TN values met the ISO limit (70% removal),
and was on average very close to the NGT limit of 15 mg L™
it met the limit 70% of the time in the open loop and 59% of
the time in the closed loop.

The treatment removed only 50% of the TP and thus
effluent TP exceeded the limits of both reference standards.

We did not compare the microbiological results obtained
in this study to the ISO 30500 and NGT standards because
the procedure followed in this study measured yielded results

Table 2 Physico-chemical parameters of treated wastewater. The results are expressed as average t standard deviation and as the percentage of test
results that meet the limits of ISO 30500 Category A and the Indian National Green Tribunal (NGT 2019) standards. As a reference, we report the
thresholds for 1ISO 30500 Cat A unrestricted urban use (explicitly including toilet flushing) and the effluent discharge limits for sewage treatment plant

for NGT 2019

Open loop (n = 20)

Closed loop (n = 29)

Influent Effluent % results meeting Influent Effluent % results meeting Reference
Parameters Av + SD Av + SD ISO Cat A NGT 2019 Av + SD Av + SD ISO Cat A* NGT 2019” 1ISO 30500 NGT 2019”
TSS (mg L_l) 202 + 150 8+5 80% 100% 144 + 99 8+5 86% 100% <10 30
COD (mgL') 662+257 41+19  80% 95% 879 +277 118 +45 10% 24% <50 100
pH 7.8+0.2 7.7+04 100% 100% 7.7+0.3 83+0.8 86% 100% 6-9 5.5-9.0
TN (mgL™) 150+33  15+7 95% 70% 113 + 44 16+9  90% 59% 70%° 15
TP (mg L) 55+10  22+4 0% 0% 78 + 20 37413 0% 0% 80%° 1

“ Pass % of all measurements relative to the respective reference limits. ” For class I cities, with more than 1 million population. ¢ The

threshold is not a concentration, but a load reduction percentage.

This journal is © The Royal Society of Chemistry 2024
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in MPN per mL that cannot be converted in the units
required by standards. Nevertheless, the fecal coliform
content was always observed to be below the limit of
detection of the assay for all measurements.

3.5 Chloroform disinfection byproducts

This field-testing study evaluated the production of DBP
chloroform (CFM) and haloacetic acids (HAAs) from the
treatment and compared the results in the open and closed
loops.

CFM has been reported as the main trihalomethane
byproduct when chlorine reacts with organic materials.>” For
CFM quantification, the liquid-liquid extraction was
conducted onsite to avoid analyte loss due to evaporation
during shipment to the laboratory. To ensure the procedure
was carried out properly at the field site, the results of the
same specimen (14 samples over 10 shipments) were
compared for onsite extraction and extracted at a later date
at the analytical laboratory. Differences ranged up to 150%,
but were on average 10% and typically within a 20%
reduction in the laboratory measurement. Thus, carrying out
analyte extraction onsite provided the most accurate
extraction method. As an additional quality control,
shipments also included an additional treated wastewater
sample spiked with 1 mg L™ of CFM and extracted on site to
determine the percentage recovery of CFM. We report data
from samples with a recovery range between 52% and 200%.

The CFM concentration over six separate measurements
in the open loop ranged between 1 and 12 mg L™". (Fig. 6A).
The sample-to-sample variability was attributed to the
composition of the wastewater. The incoming wastewater in
the ECR from ABR4 contained no CFM in the open loop (n =
3). These CFM values compared well with the CFM
concentration reported with similar electrodes setup at
breakpoint chlorination with 30 mM chloride wastewater,
CFM = 2.1 mg L' (17.5 uM)."® In drinking water, 1-12 mg
L™ CFM DBPs generated by the treatment are 3 to 50 times
that mentioned in the guidelines for CFM (0.3 mg L™
according to WHO 2021 (ref. 23) and 0.2 mg L™ according to

A
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~10 14.\' —e—ABR 4
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s 6 & \
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G4l e
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the 2012 Bureau of Indian standards (BIS)**). No guidelines
are available for the limit of CFM in treated wastewater
effluents.

Fig. 6B shows the CFM concentration (log scale) in the
closed loop versus the percentage recycled wastewater
volume.

As the system reached one complete volume recycled
water, the electrolysis produced 12 mg L™ of CFM and the
ABR wastewater contained similar CFM concentrations, as
expected. However, when the system achieved 3 and 4
recirculation volumes, the CFM concentration after
electrolysis increased dramatically and consistently to over
100 mg L. Such concentration was 500 times higher than
the BIS guidelines for drinking water.

Surprisingly the values in the ABR where such CFM
treated water was recycled remained at a value of 1-10 mg
L™ It has been reported that anaerobic conditions favor
biodegradation of chloroform* and additionally CFM is
highly volatile, thus these factors may justify the low ABR
values in the closed loop. The high CFM values produced by
the ECR are thus not due to an accumulation effect. We
observed that in the closed loop, the pH increases relative to
the open loop, and it has also been reported that the pH
increase results in THM increase.”>*® However, the relatively
modest increase in pH (in average from pH = 7.7 to pH 8.3)
cannot unambiguously justify the observation. The addition
of NaCl in a reaction of organics and chlorine also favors
CFM formation,””*® and in the closed loop, the CI°
concentration in the influent to the ECR nearly doubled from
an estimated 22 mM to 49 mM (ESIT S6).

We hypothesize that ABR adaptation to highly chlorinated
influent could alter the microbial behavior and fraction of
effluent organics resulting in a composition that is highly
favorable to CFM formation. The increased concentration of
chlorine can create two opposite effects: 1) the solubilization
and hydrolysis of the organic matter can be increased due to
the strong oxidative nature of the FCl, which could increase
the COD load in the effluent (as shown in Fig. 4), 2) the more
dissolved organic matter could easily react with residual
chlorine to produce CFM.>° Thus, a combination of increased

CFM - closed loop

1000
-@-ECRout
—-ABR4  @-.-.-
100 1 ——Twr
10
1

63% 97%  319% 346%
Recycled volume

(% of system capacity)

389%

Fig. 6 DPB chloroform (CFM) generation. (A) Open loop at different field testing timepoints; ECR out: electrochemical reactor after treatment; (B)
closed loop from three sampling points (ABR4, ECR out, treated water tank (TWT)), with measurements carried at different stages of recycled

volume.
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Fig. 7 Di-chloro acetic acid (DCAA) and mono-chloro acetic acid (MCAA) are disinfection byproducts of the ECR treatment form the HAA family.
(A) Open loop, ECR: electrochemical reactor after treatment; (B) HAA from two sampling points (ABR4, ECR out), while the system operates in the

closed loop at different stages of the recycled volume.

pH, increased NaCl and altered organic fractionation may
collectively be the cause of the significant increase of CFM in
the closed loop.

3.6 Halo acetic acid disinfection byproducts

HAA measurements were conducted in the open and closed
loops for the same wastewater samples as measured for CFM
(Fig. 7). The HAA compounds were generated at much lower
concentration than CFM, namely, ug L™" instead of mg L™".

The observed values for MCAA and DCAA in the open loop
exhibited sample-to-sample variability ranging between 1 g
L™ and the detection limit of 0.002 ug L™" (Fig. 7A).

Because the HAA compounds are not volatile, we
anticipated them to accumulate over time in the closed loop
while surprisingly, the opposite was observed. After closing
the loop, the MCAA and DCAA values were measured to be as
high as 16 ug L', and indeed, had to be diluted for the
measurement; however, this byproduct generation ceased to
occur after the recycled volume increased to 300% of the
system capacity (Fig. 7B). TCAA is not reported in Fig. 7 and
was negligible for all measurements except for an increase to
12 pg L™ during the first closed loop point.

Several recovery studies were performed in spiking
wastewater with 1 ug L™ and 50 ug L™ HAA as quality control
of these measurements. The results of this study indicated
that the system produces HAA byproducts at concentrations
below 10 pg L. These levels are quite different from
previous work reporting, for similar electrolysis conditions,
concentrations 1000 times higher, namely 2, 15 and 6 mg L™"
for MCAA/DCAA/TCAA, respectively.'

The values measured under open- and closed-loop
conditions were below the WHO guidelines for drinking
water MCAA = 20 ug L™, DCAA = 50 pg L™ and TCAA = 200
ug L' (there are no HAA regulations in Indian standards for
discharge/drinking water).

The same hypothesis of altered microbial community we
invoked for the CFM production could justify the HAA
reduction observation, as the effects of chlorine disinfectant
on microbial community have been reported to delay the
production of volatile fatty acids, which are highly plausible
precursors of HAA.>® Additionally, it has been reported that

This journal is © The Royal Society of Chemistry 2024

the rate of CFM production is faster and it competes with
HAA for residual chlorine.®® Similar results were reported by
Jasper et al'® whereby chloroform production was
predominant on both TiO,/IrO, and BDD electrodes. It
should be noted that other than chlorine, pH and
temperature, the nature of organic matter significantly affects
the production of CFM and HAA. For instance, effluent
anaerobic digester contains simpler organic matters such as
volatile fatty acid alcohols, which are known to favor CFM
production over HAAs.*" Thus, the nature of organic matter
and microbial community in the anaerobic reactor can
significantly affect the formation of DBPs.

4. Conclusions

An onsite blackwater treatment and water-reuse system
connected to a single public e-Toilet booth under frequent
daily use has been evaluated with weekly measurements over
14 months.

With varying daily number of users and across all seasons,
the electrochemical treatment of the ABR effluent
consistently generated a highly chlorinated (>400 mg L)
and clear effluent that was negative to a fecal coliform assay.

The wastewater treatment achieved effective removal of
solids, organics and nitrogen, and modest removal of
phosphorus as  benchmarked against Indian and
international wastewater standards.

Onsite recycling of treated wastewater for toilet flushing is
an appealing approach to address discharge in the
environment and achieve water efficiency; however, one can
expect negative effects of highly chlorinated water on the
biological activity of the ABR.

Over 8 months of test under water recycling conditions,
the treatment maintained its solids and nitrogen removal
performance due to breakpoint chlorination; however, the
COD removal capacity of the system was somewhat reduced.

The strongly oxidizing condition of this electrochemical
based disinfection raised the concern of generation of toxic
disinfection byproducts (DPBs). This study examined the
formation of chloroform and HAA DBPs, and found that the
CFM concentration was 10 times above the limit of drinking
water, while the HAA values were modest. Under wastewater

Environ. Sci.: Water Res. Technol., 2024, 10, 157-167 | 165


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ew00454f

Open Access Article. Published on 13 2023. Downloaded on 01.2.2026 04:52:31.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

recycling, the CFM generation increased dramatically and
this could be due to an increased and altered organic load.

These findings demonstrate that the evaluated system
provides robust ability to carry out onsite treatment of
wastewater at the scale of a single toilet. The reuse of highly
chlorinated wastewater for toilet flushing demonstrated
excellent water savings; however, it likely induced alterations
in the biology and chemistry of the digester and resulted in
increased byproduct generation. Additional studies are
needed to elucidate the role of the microbial community and
organic precursors responsible for the formation of DBPs
during highly chlorinated wastewater recycling.

The authors recommend including risk assessment for
discharge or reuse of treated wastewater containing these
levels of DBP and mitigation strategies for DBP generation
such as optimization of the electrochemical operation.
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