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Abstract: 2,4,6-trichloroanisole (2,4,6-TCA) formation is often reported as a cause of taste and odor
(T&O) problems in water distribution systems (WDSs). The biosynthesis via microbial O-methyla-
tion of 2,4,6-trichlorophenol (2,4,6-TCP) is the dominant formation pathway in distribution pipes.
This paper attempted to utilize the reported data on the microbial O-methylation process to formu-
late deterministic kinetic models for explaining 2,4,6-TCA formation dynamics in WDSs. The pipe
material’s critical role in stimulating O-methyltransferases enzymatic activity and regulating 2,4,6-
TCP bioconversion in water was established. The kinetic expressions formulated were later applied
to develop a novel EPANET-MSX-based multi-species reactive-transport (MSRT) model. The effects
of operating conditions and temperature in directing the microbiological, chemical, and organolep-
tic quality variations in WDSs were analyzed using the MSRT model on two benchmark systems.
The simulation results specified chlorine application’s implication in maintaining 2,4,6-TCA levels
within its perception limit (4 ng/L). In addition, the temperature sensitivity of O-methyltransferases
enzymatic activity was described, and the effect of temperature increase from 10 to 25 °C in accel-
erating the 2,4,6-TCA formation rate in WDSs was explained. Controlling source water 2,4,6-TCP
concentration by accepting appropriate treatment techniques was recommended as the primary
strategy for regulating the T&O problems in WDSs.

Keywords: 2,4,6-trichloroanisole; 2,4,6-trichlorophenol; taste and odor; microbial O-methylation;
water quality; EPANET-MSX

1. Introduction

The propagation of water parcels through water distribution systems (WDSs) alters
its physical, chemical, and biological characteristics. Thus, the main task during WDS op-
eration is to distribute microbiologically and chemically safe and aesthetically pleasing
drinking water. Globally, water with color (turbidity) and off-flavor is considered un-
healthy, and taste and odor (T&O) perception in the water is a common symptom of water
quality failure. In addition, the discoloration and T&O problems may mask the graver
concerns related to microbiological and chemical quality failures. To this end, many coun-
tries have executed non-mandatory (secondary) standards to guide the aesthetic and or-
ganoleptic quality of drinking water [1]. A recent study found out that the traditional
characterization measures and the prevailing secondary standards [2] for some chemical
contaminants are insufficient to minimize the T&O issues in WDSs [3]. These findings are
linked with the increased demand for drinking water quality with improved human liv-
ing standards. Incidentally, understanding the causes and mechanisms of the formation
of T&O problems in WDSs gains significance.

Water 2021, 13, 638. https://doi.org/10.3390/w13050638

www.mdpi.com/journal/water



Water 2021, 13, 638

2 of 26

The T&O problems in the delivered drinking water may be caused by the ubiquitous
presence of off-flavor compounds in the source water [4]. However, studies conducted in
different parts of the globe support the argument that the T&O problems in the delivered
water have their principal origin inside the distribution pipe networks [5]. The abiogenic
T&O issues in WDSs, caused by leaching from pipes [6] and the formation of disinfection
by-products (DBPs) [7], could be sufficiently resolved by pipe material replacing and/or
by reducing organic matter content. However, the biogenic T&O issues in WDSs are chal-
lenging to control due to their low molecular weights [1]. This necessitates critical inves-
tigation on the crucial role of biofilm growth and planktonic microbial regrowth in caus-
ing the WDS T&O problems.

As a definite sensory process, out of T&O, taste is seldom a problem in WDSs, and
most “tastes” are concerned almost exclusively with odors [8,9]. Nonetheless, in the ver-
nacular concerning drinking water, the terms “taste” and “odor” are generally combined.
The definition of T&O problems in WDSs and the evaluation methods are detailed in Sup-
plementary Material Section 1. The human olfactory system can recognize various T&O
and distinguish the different chemicals in the water [10]. The T&O recognized by the wa-
ter consumers are commonly described as earthy, musty, chlorinous, grassy, swampy,
septic, sulfide, hay-like, manure, geranium, fishy, moldy, paint-like, woody, marshy, io-
doform-like, medicinal, phenol, aromatic, and petroleum [5,8]. Out of the above, the T&O
problem most frequently reported in WDSs is “earthy-musty flavor” and is known to be
caused predominantly by the presence of geosmin (GSM, earthy) [11], 2-methylisoborneol
(2-MIB, musty) [4], and 2,4,6-trichloroanisole (2,4,6-TCA, musty) [6] in water. The olfac-
tory threshold of 2,4,6-TCA is very low (30 ng/L) compared to that of GSM (4 ng/L) and
2-MIB (9 ng/L) [12]. Interestingly, 2,4,6-TCA concentrations as high as 122.3 ng/L have
been detected in a WDS of China [13]. A more recent survey conducted by [14] in 11 Chi-
nese cities revealed a very high detection frequency of haloanisoles (including 2,4,6-TCA),
ranging between 78 and 100%, in the tap water. The water quality investigation conducted
in France by [12] discovered the individual or combined presence of 2,4,6-TCA in causing
earthy—musty odor problems in >75% of the tap water, untreated groundwater, and un-
treated surface water samples tested. Likewise, a study conducted in Sweden also re-
ported the detection of 2,4,6-TCA with concentrations varying between 0.5 and 2.0 ng/L
in a lake water source [15].

Although 2,4,6-TCA is frequently detected and induces serious organoleptic effects,
its formation pathways in WDSs were not well-explored compared to GSM and 2-MIB
until lately. Recent research identified two independent pathways for 2,4,6-TCA for-
mation [16]: chlorination of anisole in natural organic matter (NOM); microbial O-meth-
ylation of precursor 2,4,6-trichlorophenol (2,4,6-TCP). The formation of 2,4,6-TCA via
para-position substitution by chlorine reactions with anisole occurs only at very acidic
conditions (pH = 4) [17]. Hence, biomethylation is regarded as its dominant formation
pathway in WDSs [18].

The precursor for 2,4,6-TCA formation by bioconversion, 2,4,6-TCP, is a toxic envi-
ronmental pollutant and is commonly detected in drinking water sources [19]. During the
microbial O-methylation process, the microorganisms, utilizing chlorophenol O-methyl-
transferases (CPOMTs) enzyme, transfer a methyl group from donors to the hydroxyl
group of 2,4,6-TCP [20]. This is similar to the Sx2 reaction where the nucleophile attacks
the substrate, donates an electron pair to the new bond, and replaces the leaving group (a
substitution). CPOMTs is a category of methyltransferases, a mix of enzymes, of which
over 95% uses S-adenosyl methionine (SAM) as the methyl donor [21]. Apart from SAM,
the other methyl donors include methanol, methylamines, and methanethiol, which are
amply present as NOM in the natural waters [20]. Since 2,4,6-TCA is less toxic than its
precursor 2,4,6-TCP, the microbial O-methylation process could be regarded as a detoxi-
fication mechanism [22].
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Recently, [16] investigated the formation of 2,4,6-TCA by the microbial O-methyla-
tion process in a pilot-scale WDS by conducting “long column-type” experiments. From
the experimental dataset, they proposed a pseudo-first-order kinetic model to explain
2,4,6-TCA formation kinetics. However, their model (kinetic parameters) did not incorpo-
rate the effects of microbial quantity, 2,4,6-TCP concentration, temperature, flow velocity,
pipe material, and free chlorine in the formation of 2,4,6-TCA. Likewise, due to the em-
pirical nature of this model, its extension for predicting 2,4,6-TCA formation in real-world
WDSs becomes impracticable. This paper specifically addresses this issue by developing
a mechanistic multi-species reactive-transport (MSRT) model allowing deterministic in-
vestigations of the occurrence of T&O issues due to 2,4,6-TCA formation in WDSs.

The present study attempted to conceptualize the biosynthesis of 2,4,6-TCP via mi-
crobial O-methylation process based on the inferences reported by [16,20]. The reaction
kinetics pertaining to 2,4,6-TCP degradation and 2,4,6-TCA formation was transformed
into deterministic kinetic model equations based on scientific knowledge. The data ex-
tracted from [16] were applied to calibrate the developed kinetic models, and the role and
influence of microbial density and temperature on the bioconversion of 2,4,6-TCP to 2,4,6-
TCA were deterministically evaluated. The kinetic models depicting the relationship be-
tween the microbial density and 2,4,6-TCP degradation and/or 2,4,6-TCA formation were
integrated with the governing equations of the existing microbial regrowth model by [23],
and an MSRT model capable of predicting microbiological and organoleptic quality vari-
ations in WDSs was developed. The MSRT model, implemented using the multi-species
extension of EPANET (EPANET-MSX) [24], considers the advective transport and reac-
tions of chlorine, NOM, microorganisms, and 2,4,6-TCP in WDSs. Simulations were con-
ducted within two benchmark systems, and the resulted output includes concentrations
of the relevant biotic and abiotic parameters signifying the physicochemical and biological
interactions in WDSs. The simulations presented herein are of the natural occurrence of
T&O issues in WDSs, as the outcome of the interactions between the microbiota and 2,4,6-
TCP, under operating conditions relevant to WDSs all over the world.

The proposed MSRT model was developed as a simulation engine to aid in the design
of WDSs, specifically to meet the microbiological and organoleptic quality constraints of
drinking water. The model is generic, and due to this reason, any configuration of the
WDS could be incorporated into the model in discerning the T&O variations of the deliv-
ered water at different locations. In addition, the paper aims to set a potential base for
future elaboration in applying the model to pilot or real-world systems. In this regard, the
simulation results may help future research to conduct experimental/field investigation
to understand and control the various factors that affect the T&O problems in WDSs. The
precision in measuring quality parameters such as microbial cell counts, chlorine, NOM,
2,4,6-TCP, and 2,4,6-TCA will become pertinent then. Measuring minor variations in these
parameters poses a challenge. Nonetheless, highly accurate and sensitive analytical meth-
ods have already been developed and can be applied in the context of WDSs.

The remainder of the paper is systematized as follows: Section 2 explains the deriva-
tion of deterministic kinetic expressions to define the 2,4,6-TCP degradation and 2,4,6-
TCA formation, utilizing the dataset reported by [16]. Section 3 presents the conceptual
and numerical details of the proposed MSRT model. Section 4 features the MSRT model
application on two WDSs to demonstrate the spatial distribution of microbiological,
chemical, and T&O issues under different operating and temperature conditions. Limita-
tions and conclusions of the present study are summarized in Sections 5 and 6, respec-
tively.

2. Reaction Kinetics of Microbial O-Methylation Process
2.1. Modeling 2,4,6-TCP Degradation and 2,4,6-TCA Formation

It is postulated that the detoxification of 2,4,6-TCP and biosynthesis of 2,4,6-TCA by
microbial O-methylation are performed by the planktonic microorganisms present in
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WDSs. Thus, a first-order model (Equation (1)) was developed to simulate 2,4,6-TCP deg-
radation based on the assumption that the planktonic microbial density governs the reac-
tion kinetics and the bulk phase 2,4,6-TCP concentration limits the reaction rate.
Z—I: = —Kgoc X P 1)

where P is the 2,4,6-TCP concentration (mg/L); t is time (h); Ky, is the effective 2,4,6-
TCP degradation constant (1/h). The value of the kinetic constant, K., depends on the
concentration of planktonic microbial cell count in water.

The formation of 2,4,6-TCA is presumed to have the same rate as that of the degra-
dation of 2,4,6-TCP. Thus, a yield coefficient [25] was applied to simulate the 2,4,6-TCA
formation, as shown in Equation (2).

dA dpP

ar -

where A is the 2,4,6-TCA concentration (ng/L) and Y is the effective yield coefficient cor-

responding to 2,4,6-TCA formation (ng/mg). It is assumed that the 2,4,6-TCA formation

yield has first-order dependence on the planktonic microbial density and zero-order de-

pendence on both CPOMT enzymatic synthesis and methyl donor distribution in the bulk

water. These assumptions were accepted to accommodate the knowledge gap in compre-
hending the effects of CPOMTs on non-SAM methyl donors in WDSs [20].

For a closed system with no continuous flow of reactants entering the system or prod-

ucts leaving the system, the previous equations (Equations (1) and (2)) were analytically
solved to obtain the temporal distribution of 2,4,6-TCP and 2,4,6-TCA.

()

P(t) = P, X exp(—Kgec X 1) 3)
A(t) = Ay + Y X By X [1 — exp(—Kgee X t)] 4)

where P, and A, are the initial concentrations of 2,4,6-TCP (mg/L) and 2,4,6-TCA (ng/L),
respectively.

2.2. Selection and Extraction of Literature Data

The model equations (Equations (3) and (4)) were applied to the experimental dataset
of [16] for 2,4,6-TCA formation due to microbial O-methylation at different residence
times in a pilot-scale reactor. The experimental setup consisted of three closed loops made
of polyethylene (PE), stainless steel (SS), and ductile iron (DI) pipes of 150 mm diameter.
The pipes used were approximately 80 m long. The reported dataset corresponds to the
experiments conducted, using tap water spiked with 2,4,6-TCP concentration as 0.2 mg/L,
at three flow velocities (0.1, 0.6, and 1.4 m/s) in two different water temperatures (20 and
30 °C). The other basic parameters of the tap water used were: total organic matter (TOC)
=1.5+0.2 mg/L; conductivity = 35-80 mS/cm; pH =7.2 + 0.1; residual chlorine < 0.05 mg/L.
The authors of [16] described the effects of temperature, flow velocity, pipe material, free
chlorine, composition, and microbial community diversity on the biosynthesis of 2,4,6-
TCA under the test conditions described above. They have also calibrated the kinetic pa-
rameters of a pseudo-first-order kinetic model, [TCA];4, (ng/L) and k (1/h), describing
maximum formation concentration of 2,4,6-TCA and rate constant of 2,4,6-TCA formation,
respectively, using the experimental dataset. Ideally, the pilot-scale long-column experi-
ments by [16] are comparable to batch-scale closed-system experiments. Hence, the model
parameters (Equations (3) and (4)) were related with the [TCA]q, and k. Ky, was
equaled with k and Y; was related with the ratio of [TCA],q, and P,.

2.3. Estimation of Planktonic Microbial Cell Count

Due to the continuous circulation of the water under substrate-limiting conditions,
the steady-state assumption is presumed for planktonic microbial concentration inside the
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long-column reactor [16]. Thus, Equation (5) was formulated to determine the planktonic
microbial cell counts inside the closed loops of the pilot-scale reactor under non-chlorin-
ated conditions.

_ kger X1y X X
Rh X (kdep + kmort)

where X, is the planktonic microbial cell count (CFU/mL); kg, is the biofilm detach-
ment coefficient (m. h/g); t,, is the shear stress induced by the flow velocity (g. m/h?); X,
is the biofilm concentration (CFU/cm?); Rj, is the hydraulic mean radius (m); kg, is the
microbial deposition coefficient (1/h); ko is the natural mortality constant (1/h). The
values of kger, Kgep, and ky,,re were selected as 1.838 x 1019 m. h/g [26], 0.20 1/h [27], and
0.27 1/h [28], respectively. The Blasius equation [29] (Table S1) defined the flow-induced
shear stress at the pipe walls.

To account for the uncertainties associated with the mechanisms defined in Equation
(5), a diverse set of estimations (total 27 in number) were made by making +10% changes
to the above-mentioned values of the parameters ke, Kgep, and kpop, and by varying
the values of X, between (3.74 £ 0.65) x 104 (2.22 = 0.41) x 105, and (3.50 + 0.51) x 10°
CFU/cm? for PE, SS, and DI pipe loops, respectively [16]. The steady-state model was ap-
plied to the long-column experimental cases reported for PE, SS, and DI pipe loops. The
estimated planktonic microbial cell counts under 20 °C and non-chlorinated conditions
are given in Table 1. The wide disparities in the values of the planktonic microbial cell
counts validate the direct effects of the flow velocity in the biofilm layers’ detachment and
enhancement of the planktonic microbial density in the bulk water.

©)

Xp

Table 1. Estimated planktonic microbial cell counts inside the pipe loops at 20 °C under non-chlo-
rinated conditions.

X, + (CFU/mL)

Pipe Material u * (m/s)

Range Mean * S.D.
0.1 2.5-5.4 3.8+0.7
PE 0.6 58.0-123.2 86.4+15.8
1.4 255.7-542.7 380.6 +69.5
0.1 14.8-32.1 223+42
SS 0.6 340.0-738.0 5129+97.3
1.4 1497.8-3251.1 2259.4 + 428.8
0.1 24.4-48.9 352+5.8
DI 0.6 561.7-1125.3 808.6 +133.6
1.4 2474.3-4957.0 3562.1 + 588.7

*u denotes pipe flow velocity; *number of samples = 27.

2.4 Relationship between Model Parameters and Planktonic Microbial Cell Count

It was postulated that a logarithmic function (Equation (6)) defines the relationship
between the kinetics of 2,4,6-TCP degradation due to microbial O-methylation and the
planktonic microorganisms (Table 1).

Kq = a; xloge(b X X;) (6)

where a; is the 2,4,6-TCP degradation constant (1/h) and b is the empirical microbial ac-
tivation constant (mL/CFU). The K, values (k values reported by [16]) were fitted using
the proposed logarithmic model, and the values of the parameters a; and b were esti-
mated using linear regression (Microsoft Office Excel 2016 Solver). The best-fitting value
of a, was estimated as 0.002 1/h, and the value of b was obtained as 1.37 x 10° mL/CFU,
2.87 x 106 mL/CFU, and 2.15 x 108 mL/CFU for PE, SS, and DI pipe loops, respectively. The
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obtained b values could be considered to infer that the influence of the planktonic micro-
organisms in 2,4,6-TCP degradation is maximum in the PE pipes and minimum in the SS
pipes. Nonetheless, based on the least-squares method, the value of b was determined as
5.5 x 107 mL/CFU. The goodness of fit between the predicted and reported K, values is
given in Figure 1a. The R?, p-value (a = 0.05), and F-value (Feitical = 4.494) for the predic-
tions were obtained as 0.681, 0.684, and 0.172, respectively. Thus, it may be inferred that
the model predictions are approximately identical to the experimental data. Furthermore,
it would be naive not to stress the significance of pipe material on the kinetics of 2,4,6-TCP
degradation in WDSs. However, the available dataset is insufficient to pursue further in
this direction, and hence, additional investigations are recommended.

As mentioned before, a first-order dependence (Equation (7)) of the planktonic mi-
crobial cell count is approximated to the yield of formation of 2,4,6-TCA during the mi-
crobial O-methylation of 2,4,6-TCP.

Yf=a2 XXb+Ypf (7)

where a, is the yield coefficient corresponding to 2,4,6-TCA formation by microbial O-
methylation (ng.mL/mg.CFU) and Y, is the pipe material-dependent yield coefficient
(ng/mg). The value of a, was determined as 0.429 ng.mL/mg.CFU using linear regres-
sion. Remarkably, the Y, values (Table 2) for SS and DI pipe loops were approximately
3 and 6.4 times greater than that of the PE pipe loop. These obvious distinctions in the
yield coefficient value could be attributed to the existence of Mn?* and Mg?* ions in water,
possibly due to leaching from SS and DI pipes, that are reported to enhance the 2,4,6-TCA
formation [20] by stimulating O-methyltransferases enzymatic activity [30] in WDSs.
However, due to data paucity, the role of metal ions is not verified in the present paper,
and further research is suggested. Figure 1b shows the goodness of fit between the model
predicted and experimentally derived Y; values. The results confirmed that the predic-
tions of the linear model (Equation (6)) are statistically significant (R2= 0.999, p-value =
0.950, and F-value = 0.004), and are well-replicating the experimental observations.

Table 2. Estimated values of pipe-material-dependent yield coefficient and temperature coeffi-
cients.

Pipe Material Y,r (ng/mg) Eg, Ey ;
PE 163.4 9.40 11.79
SS 491.0 4.05 3.11
DI 1049.0 9.07 4.40

Reported K, (1/h)
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Figure 1. Goodness of fit between predicted and experimentally derived values of (a) K; and (b) Y;. The open circle sym-
bol represents the experimentally derived value. The continuous solid line symbolizes the perfect fitting and the dashed
line represents 90% confidence line.

2.5. Effects of Temperature on Model Parameters

The reported dataset corresponding to 20 and 30 °C [16] indicated the critical effects
of water temperature on the kinetics of degradation of 2,4,6-TCP and subsequent for-
mation of 2,4,6-TCA. Therefore, a temperature-dependent model (Equations (8) and (9)),
derived from the Arrhenius equation, was developed to comprehend the direct role of
temperature in enhancing the planktonic microbial activity in the bioconversion of 2,4,6-
TCA from 2,4,6-TCP by CPOMTs.

293

Kd,T = Kd,ZO X exp [EKd X (1 — m)] (8)
293

Hrr = Yyan % exp B, % (1= 75575 )

where K;r and Kg,, are the effective 2,4,6-TCP degradation constant (1/h), and Y;r and
Y; 50 are the effective yield coefficients corresponding to 2,4,6-TCA formation (ng/mg) at
T °Cand 20 °C, respectively. Eg, and Ey, are the temperature coefficient corresponding
to K; and Y, respectively. The temperature coefficient is defined as the ratio of the acti-
vation energy and the average kinetic energy at 20 °C.

Wide variations were observed in the estimated values of Ex, and Ey ; for PE, SS,

and DI pipe loops (Table 2). Temperature influence on the reaction kinetic parameters
determining 2,4,6-TCP degradation and 2,4,6-TCA formation was obtained to be maxi-
mum for the PE pipes and minimum for the SS pipes. Concerning the 2,4,6-TCP degrada-
tion kinetic parameter, the value of the temperature coefficient for DI was almost 2.2 times
that for SS. In comparison, the same corresponding to 2,4,6-TCA formation yield for DI
was almost 1.4 times of SS. Yet, a logical relationship between the temperature coefficient
values and the pipe material could not be derived due to the lack of sufficient data. Further
investigation might be vital in unmasking the effects of water temperature on the plank-
tonic microbial activity in the biosynthesis of 2,4,6-TCA in WDSs.

3. Development of MSRT Model
3.1. Conceptual Model Development

The conventional MSRT models, investigating the microbiological and chemical
quality in WDSs, incorporates the biotic and abiotic reactions between chlorine, NOM,
and microbial biomass [23,28,31-33]. Nevertheless, a mechanistic model integrating the
biological processes relating to 2,4,6-TCP detoxification and 2,4,6-TCA formation with the
regrowth dynamics of planktonic microorganisms in WDSs has not been developed to
date. The present MSRT model’s novelty hinges on predicting the spatiotemporal distri-
butions of 2,4,6-TCA causing T&O issues in WDSs.

The proposed one-dimensional mechanistic MSRT model integrates the propagation
(via advection) and reactions of the following seven species in WDSs: chlorine, total or-
ganic carbon (TOC), biodegradable dissolved organic carbon (BDOC), microorganisms
(planktonic and biofilm), trihalomethanes (THMs), 2,4,6-TCP, and 2,4,6-TCA (Figure 2).
Chlorine is considered the primary disinfectant chemical. TOC indicated the mass of the
total organic material, and BDOC signified the biodegradable fraction of NOM utilizable
as substrate by the microorganisms in WDSs. The equivalent organic carbon content of
the planktonic and biofilm microorganism cells was approximated as 10-° mg/CFU [34].
THMs were considered the surrogate parameter for DBPs in WDSs [32].
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The existing scientific knowledge was applied during the model development to de-
fine chlorine decay, NOM degradation, planktonic microbial regrowth, biofilm dynamics,
and THM formation inside the distribution pipes. For minimizing the interdependent pa-
rameters, the mechanisms that cannot be experimentally investigated were omitted. The
microbial O-methylation mechanism was abstracted using the model equations defined
in the previous section (Section 2). The Monod equation represented the substrate utiliza-
tion and regrowth of planktonic microbiota, while a simple first-order model denoted the
biofilm growth. The direct effects of chlorine and temperature on microbial activity were
incorporated via empirical expressions [28,31]. The second-order kinetics was assumed
for chlorine reactions with NOM and microbial biomass [35]. Yield coefficients were se-
lected to represent THMs formation by chlorine reactions with NOM [25] and planktonic
microorganisms [36]. The natural mortality of microorganisms was modeled using first-
order kinetics, and 30% of the dead microbes were assumed to be later contributing as
BDOC [37]. A detailed explanation of the multi-species interactions considered in the
model formulation is included in Supplementary Material Section 2.

Reaction with

pipe wall
Microbicidal action
of chlorine e® .

cl O
C Organi @ ‘ @

tilizati o i
3o ) @ @’

a — £ °

Chlorine reaction with
NOM

diffusion to
pipe wall

o  Chlorine * TOC + BDOC @ Microbial cell

1" DBPs : 2,4,6-TCP 2,4,6-TCA CPOMT

Figure 2. Schematic representation of multi-species reactive-transport (MSRT) model domain.

3.2. Numerical Model Development

The mass balances of all seven species in the distribution pipes are represented using
partial and ordinary differential equations of the following form:

04y 4 ux 32 _ ZN 10
it u dx - i:er‘i ( )

dA, _ ZN s 1)
dt =1

The notations denote: A = concentration of reactive-species (mg/L); b =bulk phase;
a = wall phase; x = distance (m); N =number of reactions; 7,; = i*" reaction of species
A. For microorganisms, both the planktonic (bulk phase) and biofilm (wall phase) distri-
bution was considered, while only the bulk phase concentrations were selected for the
remaining six reactive species. The bulk phase is the dynamic portion of the pipe in which
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the advection mechanism controls the axial distribution of the seven model species. On
the other hand, the wall phase was approximated as a static portion uniformly distributed
over the inner pipe surface. The partial differential equations (Equation (10)) defined the
spatiotemporal distributions of the species considered in the bulk phase, and an ordinary
differential equation (Equation (11)) represented the biofilm regrowth. The eight govern-
ing advective-reactive (AR) equations of the model are defined in the Supplementary Ma-
terial Section 3. The values of the kinetic parameters used, and their corresponding litera-
ture sources are provided in Table S1.

The mass balance equations of all seven species at the nodes/junctions where two or
more pipes meet (Equation (12)) are formulated by assuming that the mixing of the water
parcels is complete and instantaneous at the mixing points. The flow-weighted average of
concentrations coming from the incoming pipes is assigned as the water parcels’ concen-
tration leaving these nodes after mixing. Accordingly, the concentration of any bulk phase
species leaving any node j at any time t can be expressed as follows:

A= ?I:pll Qi X Api(x = L;) + Qgj X Ag;j
e Qi+ Qs
i=1 i j

where A, ;= concentration of any bulk phase species at node j (mg/L); N,;= number of
incoming pipes at node j; Q; = flow rate in pipe i (L/s); A,; = concentration of any bulk
phase species inside pipe i (mg/L); L; =length of pipe i (m); Qg; =external source flow
rate into node j (L/s); Agj = external source concentration of any bulk phase species at
node j (mg/L); N; = total number of nodes in the network.

For applying the mass balance equations in the storage tanks, the complete mixing
model [38] is selected by assuming that the water parcels entering a tank are completely
mixed instantaneously with the previously present water parcels. The complete mixing
model is relatively simple, and it requires no extra parameters. Furthermore, the model is
suitable to model the storage components operated in a fill-and-draw manner.

=10 (12)

3.3. Model Implementation

The concentrations of the seven species at different x and t values can be derived
by solving the model governing equations (Equations (10)—(12) and Equations (S1)—(S8)).
In the present study, the AR equations were applied using the EPNET-MATLAB interface
[39] to generate .msx files and were solved using the EPANET-MSX dynamic link library
(DLL) for Windows. The advection parts of the AR equations were solved with the default
Lagrangian transport algorithm, and the reaction parts were solved utilizing the fifth-or-
der Runge-Kutta method with automatic time step control. The EPANET 2.0 [38] DLL for
Windows was applied for performing hydraulic analysis.

4. Application of MSRT Model
4.1. Test Networks

The proposed MSRT model was applied to two benchmark problems: the Balerma
network [40] and the KLmod network [41]. The schematics of the two test networks are
shown in Figures S1 and S2. The Balerma network with four reservoirs, 443 demand
nodes, and 454 pipes is an adaptation of the irrigation network in the province of Almeria
(Spain). The KLmod network is a single-sourced network consisting of 935 demand nodes
and 1274 pipes, meeting the average demand of 29.1 million liters/day. Both the test net-
works considered were applied in the recent work of [23] to examine the microbial re-
growth and DBP formation in WDSs. Balerma and KLmod networks are distinct from
each other in terms of configuration and hydraulic characteristics. Hence, the model ap-
plication in these two test networks would help discern the role of network characteristics
in influencing the organoleptic quality variations of the delivered water at different loca-
tions and prove the generality of the proposed model. The results presented in Section 2
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exhibit the direct influence of the pipe material on microbial O-methylation kinetics in
WDSs. Apparently, due to the lack of exact information on the pipe material used in
Balerma and KLmod networks, PE was considered as the pipe material. Furthermore, the
selection of PE as the pipe material enabled the usage of the kinetic parameters, derived
in Section 2, in the MSRT model application without any necessary correction for pipe
material.

4.2. Test Conditions

Different test conditions applicable to the normal operation of WDSs worldwide
were chosen to elucidate the influence of system operating conditions and source water
quality characteristics in determining the microbiological, chemical, and T&O issues in
WDSs (Table 3). The water delivered through the two test networks was assumed to be
pretreated by processes representing characteristic drinking-water physicochemical treat-
ment processes, including alum coagulation, dynamic settling, and dual media filtration
(sand and anthracite) [42]. Chlorine residual is typically maintained in WDSs to prevent
microbial regrowth and accidental contamination. Considering the recent drift towards
non-chlorinated operation [43], both non-chlorinated and chlorinated (€, = 0.5 and 1.0
mg/L) conditions were considered for the simulations. The post disinfection of the pre-
treated water was supposed to be carried out using sodium hypochlorite under chlorin-
ated conditions.

Table 3. Test conditions considered for conducting simulations.

Parameter Notation Unit Value(s)
Balerma Network KLmod Network
Temperature T °C 10 and 25
TOC N, mg/L 1.0
BDOC S, mg/L 0.01,0.1,0.3 0.01
Planktonic microbial Xy, CFU/mL 01 0.01
cell count
Free chlorine C, mg/L 0,05,1.0
THMs H, ug/L 0
2,4,6-TCP P, mg/L 0.01, 0.05,0.1,0.2 0.01,0.2
2,46-TCA A, ng/L 0

BDOC is the fraction of NOM in the delivered water in WDSs that can be assimilated
and/or mineralized by the heterotrophic microbial community residing in WDSs [44].
Thus, the BDOC loading of the treated drinking water in the reservoirs was presumed as
the determinative factor for the delivered water’s biological stability in WDSs [45]. For the
Balerma network simulations, the S, was varied as 0.01, 0.1, and 0.3 mg/L conforming to
substrate-limiting, substrate-well-off, and substrate-rich conditions in WDSs to represent
different degrees of biological stability of the delivered water [46]. However, for the
KLmod network simulations, the S, was selected as 0.01 mg/L to signify a biologically
stable condition. The P, values were varied as 0.01, 0.05, 0.1, and 0.2 mg/L for the Balerma
network, and for the KLmod network, the same was varied as 0.01 and 0.2 mg/L. The F,
values reflected the fluctuating extent of the 2,4,6-TCP pollution of the source water. The
T was varied as 10 and 25 °C to corroborate the seasonal variations in the T&O problems
in WDSs [16]. The pH of the delivered water was fixed as 7.2 + 0.1, confirming the USEPA
guidelines for drinking water [47].

The water quality analyses of the Balerma network were conducted under two sce-
narios (Scenarios I and II) corresponding to hydraulic characteristics. The demand-driven
hydraulic analysis was performed using EPANET 2.0 DLL. Scenario I corresponded to the
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condition in which the variations in the pipe flow velocity, water age, and residual pres-
sure at the demand nodes were 0.07-3.38 (average = 0.89) m/s, 0.1-2.63 (average =1.15 h),
and 20-68.46 (average = 32.57) m, respectively. Under Scenario II, the variations in the
pipe flow velocity, water age, and residual pressure at the nodes were obtained as 0.01-
0.92 (average = 0.23) m/s, 0.1-8.91 (average = 3.04 h), and 22.95-111.21 (average = 60.85) m,
respectively. For the KLmod network, the variations in the pipe flow velocity, water age,
and residual pressure at the nodes were calculated as 0-2.35 (average = 0.19) m/s, 0.1-24
(average = 6.93) h, 28.35-59.60 (average = 40.08) m, respectively. The distribution of flow
velocities, water age, and residual pressure in the pipes and demand nodes of Balerma
network (under Scenarios I and II) and KLmod network are schematically depicted in
Figures S3-S5. Due to the comparatively lower water age in the Balerma network, the
planktonic microbial cell count (X;,) value of 0.1 CFU/mL in the source water was used
to demonstrate the microbial activity effects on the bioconversion of 2,4,6-TCP. For the
KLmod network, X, =0.01 CFU/mL was selected to represent the treated water meeting
the bacteriological quality requirements for direct human consumption. The simulations
of both the test problems were performed with a time step 300 s until a 0.1% convergence
in the values of all the reactive species (steady-state condition) was achieved in the nodes.

4.3. Reliability Indices

In the water quality context, reliability can be defined as the probability that the
chemical species concentration stays in a safe and standard domain [48]. In this study, the
reliability indices were used to compare the effects of the test conditions in managing the
microbial regrowth, THM formation, and 2,4,6-TCA formation in WDSs. In this regard,
planktonic microbial colony count, THM concentration, and 2,4,6-TCA concentration
were considered in determining reliability values, and dedicated functions were formu-
lated to evaluate the indices based on their temporal variations in the demand nodes.

The dedicated evaluation function for 2,4,6-TCA concentration at the j* demand
node at time ¢t was defined as follows:

1,ifA(j,t) <0
fi(G,t) =11 —0.25 X A(j, t),if 0 < A(j, t) < Aipres (13)
0,if A(j, t) = Athres

where f; is the evaluation function for 2,4,6-TCA and A;p,.s is perception threshold con-
centration for 2,4,6-TCA (ng/L). The value of Aypes Was selected as 4.0 ng/L [49], and a
linear variation of f from 1 to 0 was assumed for an increase of the 2,4,6-TCA concentra-
tion from 0 to 4.0 ng/L (Equation (13)).

The evaluation functions proposed for microbial biomass (f;) and THM concentra-
tions (f3) are defined in Equations (14) and (15), respectively.

. 1; ibe (j; t) < Xthres
t) = . , 14
fZ(] ) {0; leb (]' t) > Xinres ( )
. _ 1, if H(j: t) < chres
OO =0 G0 > Ho (15

where Xipres and Hippes are the threshold values for planktonic microbial colony count
(CFU/mL) and THM concentration (pg/L), respectively. The values of X;p,es and Hippes
were selected as 0.1 CFU/mL and 80 pg THMs/L [50], respectively. The dedicated evalua-
tion functions for 2,4,6-TCA, microbial biomass, and THM:s are illustrated in Figure Sé6.

The proposed water quality reliability indices (ay, k =1, 2, 3) (Equation (16)) de-
scribed the temporal variations of 2,4,6-TCA, planktonic microbial biomass, and THMs in
the demand nodes (J in number) over the time period [T,,T].

_ Z§=1 Z;o fk(j' t)

= 16
Z§=1 Z;o fkmax ( )

Ak
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where fi, . is the maximum/desirable value of f;, i.e., 1. The value of @; =0 indicated
that the 2,4,6-TCA concentration exceeded 4.0 ng/L at all demand nodes over the consid-
ered time period. The second (a,) and third (a;) reliability indices evaluated the feasibility
of the WDS operation practice in controlling the microbial regrowth and THM formation,
respectively.

4.4. Results and Discussion

Figures 3 and S7 compare the model predicted distribution of 2,4,6-TCA under the
non-chlorinated condition in the Balerma network at T =25 and 10 °C, respectively. The
2,4,6-TCA distribution for the Balerma network with P, = 0.2 mg/L and the KLmod net-
work with B, =0.01 and 0.2 mg/L are shown in Figures 4, 5, S8 and S9, respectively. Fig-
ures 6 and 7 illustrate the temperature influence on the 2,4,6-TCA distribution under P, =
0.2 mg/L and S, =0.01 mg/L in the Balerma network and KLmod network, respectively.
The simulation results obtained on microbiological, chemical, and organoleptic quality
under all the test conditions considered are detailed in Tables 4, 5, S2 and S3.

4.5. Effects of Source 2,4,6-TCP Concentration

For the Balerma network, under the substrate-rich condition and Scenario I, the up-
surge in the concentration of 2,4,6-TCP in the source water from 0.01 mg/L to 0.2 mg/L
effectuated in increasing the average concentration of 2,4,6-TCA in the demand nodes
from 0.07 ng/L to 1.43 ng/L. Under Scenario II, the equivalent increase was from 0.22 ng/L
to 4.33 ng/L. For the KLmod network under T =25 °C, the similar increase in the source
concentration of 2,4,6-TCP resulted in increasing the average 2,4,6-TCA concentration
from 0.38 ng/L to 7.5 ng/L and increasing the number of demand nodes exceeding the
2,4,6-TCA perception threshold from zero to 624 (out of 935). Thus, it can be inferred that
under similar settings concerning biomass density, an increase in the source concentration
of 2,4,6-TCP directly affects the 2,4,6-TCA formation inside WDSs [1] (Figures 3 and S7
and Tables 4, 5, S2 and S3).

Whilst 2,4,6-TCP has been shown to influence the 2,4,6-TCA formation directly; it is
essential to note the effect of water age and the system pressure head in influencing its
formation rate. Under substrate-rich condition and P, = 0.2 mg/L, the a; value under
Scenario I was obtained as 0.633. In addition, the T&O at all the demand nodes was lower
than its perception threshold (Figure 3e). However, under Scenario II, the a; value de-
clined to 0.188, and the 2,4,6-TCA concentration exceeded A;,es Value in 223 (out of 443)
demand nodes. Such a greater formation rate of 2,4,6-TCA estimated with the increase in
the water age and operating pressure head could be largely attributed to the rise in the
planktonic microbial cell count (from 0.182 to 1.818 CFU/mL) and its direct impacts on the
kinetics of the microbial O-methylation process (Equations (6) and (7)) in WDSs. Though,
it may be argued that 2,4,6-TCP, being toxic, could hinder microbiota activity inside WDSs
[51]. Nevertheless, this inhibitory mechanism was not explicitly included in the model
formulation. Hence, the apparent decline in the planktonic and biofilm growth rate and
its subsequent impact on 2,4,6-TCA formation under high concentrations of 2,4,6-TCP
were not reflected in the model predictions (Tables 4, 5 and S2).
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Table 4. Balerma network simulation results under T =25 °C

s, c, P, - P, - = P, - P, - A‘;)erage. Bi(;gislm ,11} c‘;;?(g:el\};i[;?ol;ﬁ-l é;;era.ge Iéesidual éverage TIr.IM

(mg/L) (mg/L) 0.2 0.1 0.05 0.01 é:ls;/ty (2 Cell Count % orne onien' Oncentiahon *2
mg/L mg/L mg/L mg/L cm?) (CFU/mL) tration (mg/L) (pg/L)
Scenario |
NIL 0.643 0.821 0.911 0.982 3.14 0.085 1 - - 1
0.01 0.5 0.646 0.823 0.912 0.982 2.25 0.066 1 0.424 8.22 1
1.0 0.650 0.825 0.913 0.983 1.65 0.052 1 0.853 15.80 1
NIL 0.638 0.819 0.909 0.982 4.37 0.125 0 - - 1
0.1 0.5 0.642 0.821 0.911 0.982 291 0.089 1 0.424 8.22 1
1.0 0.647 0.823 0.912 0.982 2.01 0.066 1 0.853 15.80 1
NIL 0.633 0.816 0.908 0.982 6.11 0.182 0 - - 1
0.3 0.5 0.638 0.819 0.910 0.982 3.79 0.121 0 0.424 8.22 1
1.0 0.643 0.822 0.911 0.982 2.48 0.084 1 0.853 15.80 1
Scenario II

NIL 0.202 0.504 0.751 0.950 2.45 0.064 1 - - 1
0.01 0.5 0.208 0.517 0.758 0.952 1.37 0.036 1 0.323 19.04 1
1.0 0.214 0.530 0.765 0.953 0.82 0.022 1 0.673 35.01 1
NIL 0.195 0.485 0.740 0.948 7.66 0.222 0 - - 1
0.1 0.5 0.201 0.501 0.749 0.950 2.65 0.079 1 0.323 19.04 1
1.0 0.208 0.516 0.758 0.952 1.26 0.037 1 0.673 35.01 1
NIL 0.188 0.468 0.729 0.946 65.30 1.818 0 - - 1
0.3 0.5 0.195 0.485 0.740 0.948 14.40 0.354 0 0.323 19.04 1
1.0 0.203 0.503 0.750 0.950 2.19 0.071 1 0.673 35.01 1
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Table 5. Balerma network simulation results under T =10 °C and P, =0.2 mg/L

Average 2,4,6-TCA . Average Planktonic Mi- Average Residual Average THM

So c, . Average Biofilm . R .

(mg/L) (mg/L) Concentration o, Density (CFU/cm?) crobial Cell Count a, Ch101:1ne Concentra- Concentration a,
(ng/L) (CFU/mL) tion (mg/L) (ug/L)
Scenario I
NIL 0.48 0.881 2.88 x 103 0.083 1 - - 1
0.01 0.5 0.48 0.881 2.55 % 103 0.075 1 0.469 3.06 1
1.0 0.47 0.882 227 x 103 0.069 1 0.939 6.04 1
NIL 0.48 0.880 3.41 x 103 0.101 0 - - 1
0.1 0.5 0.48 0.880 2.92 x 103 0.088 1 0.469 3.06 1
1.0 0.48 0.881 2.53 x 103 0.078 1 0.939 6.04 1
NIL 0.48 0.879 4.01 %108 0.121 0 - - 1
0.3 0.5 0.48 0.880 3.34 x 103 0.103 0 0.469 3.06 1
1.0 0.48 0.880 2.82 x 103 0.089 1 0.939 6.04 1
Scenario 11

NIL 1.35 0.663 2.16 x 103 0.059 1 - - 1
0.01 0.5 1.33 0.666 1.71 = 103 0.047 1 0.418 8.15 1
1.0 1.32 0.670 1.38 x 103 0.038 1 0.842 15.65 1
NIL 1.38 0.655 3.43 x 103 0.102 0 - - 1
0.1 0.5 1.36 0.660 2.43 x 103 0.071 1 0.418 8.15 1
1.0 1.34 0.665 1.80 = 103 0.052 1 0.842 15.65 1
NIL 1.41 0.647 6.22 x 103 0.193 0 - - 1
0.3 0.5 1.39 0.653 3.59 x 103 0.112 0 0.418 8.15 1
1.0 1.36 0.659 2.40 x 103 0.074 1 0.842 15.65 1
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Figure 3. Predicted distribution of 2,4,6-TCA in the Balerma network under T =25 °C, S, = (a,b) 0.01, (¢,d) 0.1, and (e,f) 0.3
mg/L, Scenario (a,c,e) I and (b,d,f) II, and under non-chlorinated condition.
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Figure 4. Predicted distribution of 2,4,6-TCA in the Balerma network under T =25°C, P, =0.2mg/L, S, =(a,d) 0.01, (b,e) 0.1, and (c,f) 0.3 mg/L, and Scenarios (a—c) I and (d-
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Figure 5. Predicted distribution of 2,4,6-TCA in the KLmod network under T =25°C, and P, =(a) 0.2 and (b) 0.01 mg/L.

Nonetheless, it is interesting to appraise the comparative significance of 2,4,6-TCP
and planktonic microbial density in influencing the bioconversion of 2,4,6-TCP in WDSs.
Under the case with very high level of 2,4,6-TCP in the source water (P, = 0.2 mg/L) and
very rich substrate content (S, = 0.3 mg/L), 223 demand nodes were found to exceed the
Ainres Value (a; =0.188) under Scenario II. However, under reduced substrate concentra-
tion (S, =0.01 mg/L) and the same source 2,4,6-TCP concentration, the number of demand
nodes exceeding the A;p,s value reduced to 209 (a; = 0.195). It was observed that under
a drop in the substrate availability in the source water (S, from 0.3 to 0.01 mg/L), the av-
erage planktonic microbial cell count value in the Balerma network, under Scenario II,
reduced from 1.818 to 0.064 CFU/mL. Surprisingly, the number of demand nodes exceed-
ing the T&O perception threshold under the substrate-limiting condition and substrate-
rich condition was found almost equal (3.2% difference) (Figure 3). This could be at-
tributed to the response of the planktonic microbial density on the microbial O-methyla-
tion process kinetics. At T =25 °C, the 88% reduction in the planktonic microbial activity
inside the distribution pipes resulted in declining the scale of the effective 2,4,6-TCP deg-
radation kinetic rate constant and effective 2,4,6-TCA formation yield coefficient only by
12.9% and 0.4%, respectively. The obtained results seem to confirm that compared with
the planktonic microbial density, 2,4,6-TCP concentration in the source water is the dom-
inant factor for causing T&O issues in WDSs (Tables 4, 5 and S2). Hence, based on the
simulation outputs, it may be argued that the primary strategy for regulating 2,4,6-TCA
formation in WDSs should be to control the levels of its precursor 2,4,6-TCP by accepting
appropriate treatment techniques.
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4.6. Effects of Source Chlorine Concentration

It has been reported that chlorine can oxidize/chlorinate 2,4,6-TCP
and slow down the 2,4,6-TCA formation rate inside WDSs [1,16]. Never-
theless, the mechanisms concerning the chlorination of 2,4,6-TCP were
not specifically included in the 2,4,6-TCP degradation module of the
MSRT model. Hence, the probable influence of chlorine in suppressing
the biosynthesis of 2,4,6-TCA formation via oxidation of 2,4,6-TCP was
not replicated in the simulation outputs.

In the Balerma network under the substrate-rich condition at T =25
°C, the diminution in the planktonic microbial cell count by chlorination
(C, =0.5and 1.0 mg/L) under Scenarios I and II was obtained as 34% and
54% and 80% and 96%, respectively (Table 4). For the KLmod network,
the corresponding reduction in the planktonic microbial activity via chlo-
rination was estimated at 38% and 59% (Table S2). As anticipated, the
chlorination brought out a noticeable impact in controlling the microbial
activity in WDSs. Subsequently, the planktonic microbial inactivity
slowed down the microbial O-methylation kinetics and declined the for-
mation rate of 2,4,6-TCA inside the system (Figures 4, 5 and S8-59).
Hence, it may be inferred that under similar settings concerning the bio-
logical stability of water and 2,4,6-TCP concentration, an increase in the
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chlorine concentration directly suppresses the biosynthesis of 2,4,6-TCA
in WDSs.

In this context, it is appropriate to elucidate the impacts of the deliv-
ered water’s biological stability in determining the chlorine influence to-
wards directing the organoleptic quality. Under Scenario II in the
Balerma network at T = 25 °C, the average planktonic microbial cell
count and the a; value under the substrate-rich condition and C,= 0.5
mg/L were obtained as 0.354 CFU/mL and 0.188, respectively. However,
the corresponding values under non-chlorinated conditions were found
as 0.222 and 0.195 and 0.064 and 0.208 for substrate-well-off and sub-
strate-limiting conditions. These values seem to validate the importance
of the relative concentrations of residual chlorine and substrate availabil-
ity in determining the microbiological activity [32], and subsequently, the
T&O issues inside WDSs. Hence, it may be reasoned that for the Balerma
network, improving the biological stability/reducing the substrate load-
ing is more beneficial than inducing chlorination to control 2,4,6-TCA for-
mation (Tables 4 and 5).

An interesting remark from the simulation results is that the faster
planktonic microbial regrowth in the distribution pipes caused by the in-
creased influent concentration of BDOC does not necessarily contribute
towards residual chlorine consumption nor THMs formation inside the
WDSs (Tables 4, 5 and S2). Compared with the planktonic microbiota, the
significant share of chlorine consumption inside the bulk phase of WDSs
was caused by its reactions with TOC (=1.0 mg/L). Correspondingly, the
contribution of microbial biomass to the THMS formation was obtained
to be subservient compared to that by NOM [33]. This is mainly attribut-
able to the relative values of the second-order kinetic parameters govern-
ing the chlorine reactions between NOM and microbial biomass used in
the model for the simulations.

4.7. Effects of Temperature

Temperature is known to be an imperative factor affecting the rate
and extent of chlorine decay, NOM degradation, planktonic microbial ac-
tivity, DBP formation, and 2,4,6-TCP degradation in WDSs [20,52]. Due
to this reason, the model employed empirical expressions for defining the
temperature influence of the reaction kinetics of chlorine (Table S1),
planktonic regrowth (Equations (S2)-(54)), and the microbial O-methyla-
tion process (Equations (7) and (8)). For a temperature increase from 10
to 25 °C, the model estimated an almost two-fold (193%) increase in the
values of the kinetic rate constants defining the chlorine reactions in the
bulk phase. The equivalent increase in the kinetic rate constant defining
the planktonic microbial regrowth was 92%. Due to the temperature sen-
sitivity of the CPOMT enzymatic synthesis by the microbiota [20], the in-
crease in the parameter values defining 2,4,6-TCP degradation kinetics
and 2,4,6-TCA formation yield for a similar temperature increase was ob-
tained as 70% and 78%, respectively.

Under similar settings concerning planktonic biomass density, a re-
duced rate of 2,4,6-TCA formation occurred at 10 °C compared to the
same at 25 °C (Figures 6 and 7) due to the inferior biosynthetic activity on
2,4,6-TCP at lower temperatures. However, due to the reduced response
of the planktonic microbial density on the microbial O-methylation pro-
cess kinetics at lower temperatures, the planktonic microbial cell count
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reduction has shown subservient effects over 2,4,6-TCA formation inhi-
bitionat T =10°Cthanat T =25°C. As expected, a slower rate for plank-
tonic microbial regrowth, specifically under non-chlorinated conditions,
was observed in both the Balerma and KLmod networks under T =10 °C
than under T =25 °C (Tables 4, 5 and S2). Interestingly, a conflicting pic-
ture arose when the results corresponding to chlorine application were
considered. The average planktonic microbial cell count in the Balerma
network under S, = 0.01 mg/L, C, = 1.0 mg/L and Scenario II was ob-
tained as 0.038 and 0.022 CFU/mL at T =10 and 25 °C, respectively. At
an equivalent chlorine dose and temperature increase, the average plank-
tonic microbial cell count in the KLmod network was obtained as 0.018
and 0.014 CFU/mL. Even though these differences were trivial, they re-
vealed the obvious influence of temperature in shaping the chlorine in-
hibitory effects on the planktonic microbial activity. Hence, from the ob-
tained results, it may be inferred that even with high chlorine levels, the
reduction in the planktonic microbial cell count at lower temperatures is
caused primarily by the slower rate of substrate utilization by the micro-
biota due to the subservient inhibitory effect of chlorine on planktonic
microbial activity. Thus, it may be argued that reducing the organic con-
tent of the source water is more advantageous than chlorine application
in controlling the microbial activity, THM formation, and 2,4,6-TCA for-
mation simultaneously.

4.8. Controlling 2,4,6-TCP Levels in the Source Water

The proposed mechanistic model’s application on the two bench-
mark problems shed light on the effects of temperature and the levels of
2,4,6-TCP, chlorine, and organic matter in the 2,4,6-TCA formation in
WDSs. Out of all factors analyzed, 2,4,6-TCP concentration in the source
water was identified as the principal factor influencing the kinetics of mi-
crobial O-methylation mechanism leading to the biosynthesis of 2,4,6-
TCA. More importantly, microbial regrowth is ubiquitous in drinking
water distribution pipes, and the water delivered via WDSs is far from
sterile [53]. Regulating the 2,4,6-TCP levels in the source water can thus
be regarded as the prime approach for controlling the 2,4,6-TCA for-
mation and subsequent T&O problems. Application of several biological
and physicochemical treatment methods such as biodegradation, aquatic
phytoremediation, adsorption, membrane separation, ion exchange, sol-
vent extraction, ozonation, and electrochemical oxidation, etc., to remove
phenolic pollutants including 2,4,6-TCP from the aqueous environments
can be found in the literature [54-56].

Among several advanced treatment technologies, adsorption has
been proven to be an effective technology for removing 2,4,6-TCP [57].
Some of the natural and synthetic adsorbents, such as biochar derived
from macroalgae [58], bentonite modified by exchanging Na* ions with
the cationic surfactant [57], biomass prepared from an agricultural solid
waste in the form of Acacia leucocephala bark [59], biomass prepared from
Azolla filiculoides [60], biochar prepared from water hyacinth [61], un-
treated agricultural waste pine cone powder [62], powdered activated
carbon [56], have been reported to be useful. However, the difficulty in
preparing and characterizing the same hinders their application towards
2,4,6-TCP removal from water [55]. Extensive research on 2,4,6-TCP re-
moval from water continues, and the interest is slowly changing from
methods such as adsorption to new technologies such as enzymatic treat-
ment [54,63]. Improvements in the treatment techniques are expected to
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increase the efficiency of removing phenolic compounds in water, elimi-
nating 2,4,6-TCP in the drinking water sources.

5. Limitations of the Study and Future Scope

The paper developed kinetic models to define the bioconversion of
2,4,6-TCP and simultaneous formation of 2,4,6-TCA in WDSs. Neverthe-
less, due to data paucity, a detailed examination of the effects of pipe ma-
terial, metal ions (Mn?* and Mg?¥), and temperature in the microbial O-
methylation kinetics were not attempted. Additionally, the present study
neglected the effects of CPOMT enzymatic synthesis and methyl donor
distribution in the water on 2,4,6-TCA formation. Further investigations
are hence required in this direction. The proposed MSRT model applied
the computing environment of EPANET-MSX, and so, the simulation re-
sults were affected by the numerical constraints of the default Lagrangian
transport algorithm. Moreover, the MSRT model utilized the existing sci-
entific knowledge and reported values from the literature to define the
interactions between chlorine, NOM, and microbiota inside the WDSs.
Nevertheless, the biological and physicochemical reactions may get de-
termined by the pH, water chemistry, and hydraulic conditions to a great
extent. The proposed kinetic models applied for microbial regrowth,
chlorine decay, NOM degradation, and 2,4,6-TCP bioconversion to 2,4,6-
TCA assume the influence of pH, iron, and bromide concentration, am-
monia, and phosphate content on the bulk phase reactions is negligible.
A detailed experimental investigation may assess the relative significance
of all the biotic and biotic factors in controlling the microbiological and
organoleptic quality of the delivered water. Thus, a comprehensive ex-
perimental/field study may be vital in fine-tuning the model parameters.
Therefore, future work intends to calibrate and validate the MSRT model.

6. Conclusions

The long-column experimental dataset by [11] regarding 2,4,6-TCA
formation was applied to derive a deterministic model for defining the
kinetics of microbial O-methylation process in WDSs. The planktonic mi-
croorganisms were found to influence the 2,4,6-TCP degradation kinetics
logarithmically, while a linear relationship was established between the
2,4,6-TCA formation yield and the planktonic microbial density. The rate
and extent of the bioconversion process were found to be critically influ-
enced by the pipe material, plausibly due to its role in contributing Mn?*
and Mg? ions in water and its ensuing impact on stimulating O-methyl-
transferases enzymatic activity.

The first-ever MSRT model, integrating the biological processes re-
lating to 2,4,6-TCA formation with the regrowth dynamics of planktonic
microorganisms, was developed for predicting the spatiotemporal varia-
tions of T&O issues in WDSs. The effects of temperature and the levels of
2,4,6-TCP, chlorine, and organic matter in the 2,4,6-TCA formulation
were analyzed by applying the MSRT model on two well-tested systems:
Balerma and KLmod networks. The simulation results indicated that, un-
der similar settings concerning biomass density, the concentration of
2,4,6-TCP in the source water directly impacts the 2,4,6-TCA formation
inside WDSs. Out of all factors, 2,4,6-TCP concentration in WDSs was cat-
egorized as the predominant factor influencing the 2,4,6-TCA biosynthe-
sis. Hence, regulating its levels in the source water was recommended as
the principal strategy for T&O problem control. Increasing the chlorine
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levels of the delivered water displayed an evident impact in slowing
down the microbial O-methylation kinetics and declining the formation
rate of 2,4,6-TCA. However, chlorination was found less effective, specif-
ically at lower temperatures, due to the greater temperature sensitivity of
chlorine reactivity. In addition, improved biological stability of source
water brought out more significant control of planktonic microbial re-
growth and 2,4,6-TCA formation than chlorine addition. Thus, the results
corroborated the benefits of BDOC reduction in the source water over in-
ducing chlorination in controlling disinfection by-products and 2,4,6-
TCA formation in WDSs.

Supplementary Materials: The following are available online at
www.mdpi.com/2073-4441/13/5/638/s1, Figure S1: Schematic of Balerma network,
Figure S2: Schematic of KLmod network, Figure S3: Distribution of pipe flow ve-
locity in the Balerma network ((a) Scenario I and (b) Scenario II) and KLmod net-
work, Figure S4: Distribution of water age in the nodes of Balerma network ((a)
Scenario I and (b) Scenario II) and KLmod network, Figure S5: Distribution of
residual pressure in the nodes of the Balerma network ((a) Scenario I and (b) Sce-
nario II) and KLmod network, Figure S6: Dedicated evaluation functions for the
determination of reliability in terms of (a) 2,4,6-TCA, (b) microbial biomass, and
(c) THMs, Figure S7: Predicted distribution of 2,4,6-TCA in the Balerma network
under T =25°C, P, =02 mg/L, S, =(a,b) 0.01, (c,d) 0.1, and (e,f) 0.3 mg/L, and
Scenarios (a, ¢, e) I and (b, d, f) I, and under non-chlorinated condition, Figure
S8: Predicted distribution of 2,4,6-TCA in the Balerma network under T =10 °C,
P, =02 mg/L, S, =(a,d) 0.01, (b,e) 0.1, and (c,f) 0.3 mg/L, and Scenarios (a—c) I
and (d—f) II, Figure S9: Predicted distribution of 2,4,6-TCA in the KLmod network
under T =25°C, and P, =(a) 0.2 and (b) 0.01 mg/L, Table S1: Values and litera-
ture sources of the model parameters used, Table S2: Results of KLmod network
simulations, Table S3: Average 2,4,6-TCA concentrations at the nodes and a; val-
ues for the Balerma network under T =10 °C.
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