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Abstract

Biofilms are ubiquitous in the pipes of drinking water distribution systems (DWDSs), and recent
experimental studies revealed that the chlorination of the microbial carbon associated with the
biofilm contributes to the total disinfection by-products (DBPs) formation with distinct
mechanisms from those formed from precursors derived from natural organic matter (NOM). A
multiple species reactive-transport model was developed to explain the role of biofilms in DBPs
formation by accounting for the simultaneous transport and interactions of disinfectants, organic
compounds, and biomass. Using parameter values from experimental studies in the literature, the
model equations were solved to predict chlorine decay and microbial regrowth dynamics in an
actual DWDS, and trihalomethanes (THMs) formation in a pilot-scale distribution system
simulator. The model’s capability of reproducing the measured concentrations of free chlorine,
suspended biomass, and (THMs) under different hydrodynamic and temperature conditions was
demonstrated. The contribution of bacteria-derived precursors to the total THMs production was
found to have a significant dependence on the system’s hydraulics, seasonal variables, and the
quality of the treated drinking water. Under system conditions that promoted fast bacterial re-
growth, the transformation of non-microbial into microbial carbon DBP precursors by the biofilms
showed a noticeable effect on the kinetics of THMs formation, especially when a high initial
chlorine dose was applied. These conditions included elevated water temperature and high
concentrations of nutrients in the influent water. The fraction of THMs formed from microbial
sources was found to reach a peak of 12% of the total produced THMs under the investigated
scenarios. The results demonstrated the importance of integrating bacterial regrowth dynamics in
predictive DBPs formation models.
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INTRODUCTION

Water quality reaching the consumer’s tap is largely dictated by the physical, chemical and
biological processes that take place in the distribution system. While chlorine is routinely
used by drinking water utilities to inhibit microbial regrowth in their distribution systems, it
reacts with the residual natural organic matter (NOM) leading to the undesired formation of
carcinogenic disinfection byproducts (DBPs).1 Moreover, the biodegradable fraction of
NOM fed to the system supports the growth of biofilms2, which plays a major role in the
accumulation and release of bacterial and pathogenic species, thus compromises the
microbiological quality of the treated drinking water.3-6 Significant modeling efforts have
been devoted over the past three decades to predict the formation of DBPs during water
treatment 7-10; yet more research is still required to understand their formation and transport
in the distribution system. Specifically, the role of biofilms has been generally overlooked in
previous modeling studies despite their ubiquitous existence in drinking water distribution
systems with considerable surface biomass concentrations (up to 10% — 107 CFU/cm?).11

Previous field studies found consistently higher levels of trihalomethanes (THMS) in the
distribution network and at the points of use compared to finished water.12:13 Experimental
pilot studies showed that the production of THMs in a simulated pipe environment was
always higher than that observed for glass bottle tests, which was accompanied by faster
chlorine consumption rates in the pipe environment.14 This observation was attributed to the
existence of a reservoir of THMs precursor material attached to the pipe wall, which can be
explained by the radial mass transfer of organic compounds to the biofilm, and the bio-
sorption of NOM to the extracellular polymeric substance (EPS).1°> On the other hand,
biofilms were found to biodegrade haloacetic acids (HAAS), which influences their fate as
their levels do not typically show a consistent increase with the residence time as in the case
of THMs.16

The microbial carbon content associated with the biofilm has been recently shown to act as a
precursor for DBPs formation in the distribution system as a result of the chlorination of
both pure bacterial cells 18, or the EPS17:19, which is largely composed of dissolved organic
compounds such as polysaccharides, proteins and nucleic acids. Hence, the detachment of
biomass from the biofilm matrix by either active dispersal of planktonic cells 2%-21 or passive
dispersal due to fluid shear or grazing 22 can contribute to the total budget of DBPs
precursors. Therefore, the question arises whether this contribution is significant enough to
influence the dynamics of DBPs formation in the distribution system? Moreover, what
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would be the system conditions that might promote or depress this contribution? A multiple-
species reactive transport model was developed to help answer these questions.

Numerous mathematical multispecies models have been developed in the literature to
describe disinfectant decay and bacterial regrowth in the distribution system. 23-28 A good
review of these models and their limitations can be found in the literature.2% One of the first-
generation models was presented by Lu et al. 25, which accounted for the simultaneous
transport of substrates, disinfectants and microorganisms in the bulk phase and the biofilm
under steady state conditions. However, their model did not account for substrate utilization
and bacterial re-growth in the bulk phase, and assumed a simple first order reaction kinetics
for chlorine decay. Munavalli and Kumar (2004) 23 presented a dynamic multi-component
model that considered a more realistic expression for chlorine decay with a parameter that
depends on the concentration of the organic carbon, while Zhang et al. (2004)24 applied the
alternating split-operator (ASO) algorithm to decouple the transport and reaction processes,
which significantly simplified the numerical solution for complex reaction mechanisms of
the multi-component model. Yet, all these models were mainly concerned with simulating
the biological processes in the system, and none of them extended to include the formation
and transport of DBPs. EPANET-MSX 30 is an advection based, public domain, generalized
multi-species model that can be used to simulate the reaction and transport of any set of
interacting chemical or biological species. However, like most of the other multi-species
models, EPANET-MSX does not account for dispersion as a solute transport mechanism.
Hence, it is not capable of providing accurate simulations for constituent transport in low
flow pipes and dead-end zones. These zones are known to be responsible for most of the
water quality degradation that takes place in the system due to extended residence times, and
therefore require a special modeling approach such as the one we developed in our previous
study (WU-DESIM).31 With the increasing public awareness of the need for water
conservation, the effect of these zones on water quality deterioration is expected to even
magnify because of the generally lower flow rates.32:33

In this study, a 1-D multi-component reactive-transport model (WU-MSRT — Washington
University Multi-Species Reactive Transport) is developed to simulate the transport and
consumption of disinfectants, transformation of the biodegradable fraction of NOM into
biomass through bacterial regrowth in the biofilm, the release of biomass to the bulk fluid
through detachment from the biofilm, and the formation of DBPs from precursors of both
microbial and non-microbial orgin. The model considers both advective and dispersive
transport mechanisms, and hence is capable of efficiently simulating constituent transport
under different flow conditions, ranging from the advection-dominated transport in the main
trunk pipes to the dispersion-dominated transport in dead-ends. The model was applied to
investigate the system conditions under which microbial carbon can significantly contribute
to the overall DBPs budget in the finished drinking water including the effect of using
booster re-chlorination to control bacterial regrowth in the system.
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2.

2.1.

METHODOLOGY

Model development

2.1.1. Mathematical Model—For a water parcel moving through a distribution pipe
containing disinfectants, organic compounds, nutrients, biomass and disinfection
byproducts, the biochemical reactions are considered to take place at two interconnected
sites within the bulk flow and in the accumulated biofilm at the pipe wall. Solute transport
can be appropriately modeled by a dynamic 2-D convection-diffusion equation in cylindrical
coordinates to represent the mass balance on the concentration of each of the bulk phase
constituents C; 4(x,r,t) as given by:

9Cip 9C;p 1l 9Cip
at (u f(r)C‘ B~ ( LL 9x ) 7 ar| Pir gy @)
= .Zr (Cl_1 b) forO <r<r;

While for wall zone constituents C; , it can be written as:
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where, x & rare the axial and radial spatial coordinates, respectively (m); ¢is the time (sec);
u is the average flow velocity in the pipe (m/sec); f(r)is the radial flow distribution
parameter; D;; and D; are the longitudinal and radial molecular diffusivities of the solute
in bulk water (m?/sec); Dy is the molecular diffusivity in the biofilm (m?/sec); Rjjis the
reaction involving species 7in the bulk reaction j, and R, x is the reaction involving species /
in the wall reaction &; N pand A, are the number of species in the bulk and the wall
phases; r¢is the radial location of the bulk/biofilm interface (m); and ry is the pipe radius

(m).

In our previous study 3, the reduction of the 2-D model into a 1-D model for numerical
simplicity purposes was discussed, together with the associated incorporation of the
dispersive transport mechanism for the case of single-component (chlorine). The governing
1-D advection-dispersion-reaction (ADR) equation for each of the bulk phase constituents
Cjp (x,t) can hence be written as:

N
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While for wall zone constituents C; it can be written as:
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where, D;is the axial dispersion coefficient of constituent /; k¢ is the lumped mass transfer
coefficient of constituent 7at the bulk/biofilm interface (m/sec); and ry, is the hydraulic mean
radius (m). Although the dynamic 2-D convection-diffusion equation provides a superior
description of the solute transport compared to the 1-D model, the computational
requirement for the numerical solution of a multi-species 2-D model is immense.34
Nevertheless, previous studies showed that both models qualitatively generate similar
patterns for solute concentration distributions.34 Therefore, we applied the simplified 1-D
ADR formula in this study to create WU-MSRT.

The bulk zone represents the mobile portion with both advection and hydraulic dispersion
controlling the transport of bulk phase constituents in the axial direction (Eq.3). The wall
zone represents a thin biofilm layer uniformly distributed over the inner pipe surface, and it
represents the stagnant portion with a behavior resembling a batch reacting system with zero
net convective flux (Eqg.4). Constituents are assumed to have uniform concentration profiles
across the pipe cross section in the bulk phase as well as within the biofilm at the wall zone.
Mass transfer of constituents at the bulk/biofilm interface is modeled as a thin film
concentration boundary layer (CBL) with a lumped mass transfer coefficient (k3 as appears
in the second term on the right side of (Eq.3&4). This coefficient is dependent on the flow
conditions and the molecular diffusion coefficient of the component. 35-37

The disinfectant considered in our model is chlorine, which is the most commonly adopted
disinfectant by water utilities worldwide. THMSs were selected as the representative DBP
species for simulation because they typically constitute the largest fraction of DBPs in
drinking water (typically accounts for approximately 50% of identified halogenated DBPs
on a weight basis).38 However, the developed approach in this study can be applied for
simulating any other disinfectant (e.g. chloramines), or DBP species (e.g. HAAs or
nitrogenous DBPs) given that the appropriate set of reaction mechanisms is implemented.
Total organic carbon (TOC) was adopted as a surrogate of the NOM, while biodegradable
organic carbon (BDOC) was used as a measure of the microbial growth substrate.

Monod kinetics expressions were adopted to simulate bacterial regrowth and substrate
utilization in the bulk flow and within the biofilm.23-28 The rate of biomass detachment from
the biofilm is assumed to have a first order dependence on both the shear stress at the pipe
wall,35:37:39 and the attached biomass concentration. Second order reaction kinetics were
used to describe chlorine-TOC reaction and THMs formation from NOM-based THMs
precursors.#0-42 Details of the various processes considered in the model are included in the
Supplementary material section S2.

The model consists of 10 mass balance equations (see Eq. S.1-S.10) to represent the spatial
and temporal distributions of five constituents: chlorine, TOC, BDOC, biomass, and THMs,
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in two phases: bulk solution (Eq. S.1- S.5), and within the biofilm at the wall (Eq. S.6- S.10)
(Figure 1). To solve the complex system of partial differential equations (PDEs) that
constitute the model, we applied the split-operator method (SOM) to decouple the transport

and reaction processes of the multi-component system (see Supplementary material section
83)_24,43—45

2.1.2. Modeling THMs formation from Biomass.—A simple two constituent second
order kinetic model was developed to simulate the kinetics of chlorine-biomass reaction, and
THMs formation from microbial carbon in the bulk solution:

aCl, ,bX, — cH, (5)

The reaction rate is assumed to be of second order; first order with respect to both chlorine
and biomass. The formation of THMs is then proportional to the chlorine demand of the
reaction, which yields the following system of differential equations representing mass
balance on each of the constituents:

oCl,
— = ~ka xClhXy  (6)
X, b
T = - YXkCI,XCIbXb’ YX = Z (7)
0H, c
ot Yy, oker, xClpXy Yy, = a (8)

Where, Cly, is the free chlorine concentration in the bulk solution (mgCI/L); Xy, is the bulk
biomass concentration (mgC/L); Hy, is the concentration of THMs in the bulk phase (ug/L);
Kci x is the second order reaction rate (L/mgC.sec); Y is the yield coefficient representing
the consumption of chlorine reactive sites in the biomass (mgC/mgCl); Y 2 is the THMs
formation yield as a fraction of chlorine demand (ugTHM/mgCI). The previous system of
equations can be analytically solved to yield the temporal distribution of the three
constituents (Clark, 1998). The model is applied to the experimental data of Wang et al.
(2012b) for chloroform formation at different contact times between a bacterial cell solution
and free chlorine in a bench scale reactor, where a non-linear least squares method was used
to calibrate the values of kg x Yx and Yy . The second order model yielded a good fit for
the experimental measurements (Fig. 2)., and the parameter values that gave the best fit are
listed in Table S3. (See Supplementary material section S4 for more discussion). A
sensitivity analysis was performed on the given second order model, and the yield parameter
for THM formation Y% > (MgTHM/mgC) was found to have the highest influence on the
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ultimate concentration of THMs, followed by the rate constant k¢ x (L/mgC,sec). The yield
parameter for the decay of organic carbon Yyx (mgC/mgCl) showed a conditional sensitivity,
where increasing this parameter considerably lowered the THM formation, while decreasing
it didn’t show an effect on THM formation, which is attributed to the second order reaction
being limited by the biomass concentration instead of chlorine concentration.

2.2. Model Implementation.

The model was verified by comparing the simulation results to the field measured
concentrations of free chlorine and heterotrophic plate counts (HPCs) in a full-scale DWDS,
and THMs in a pilot-scale pipe loop setup. The model was then used to predict THMs levels
in the full-scale DWDS and to investigate the effects of hydrodynamics, water temperature,
and the concentration of organics on bacterial regrowth and THMs formation from biomass
in a hypothetical pipe system. Table 1 summarizes the simulations conducted in this study.

2.2.1. Bacterial dynamics module verification—The model was applied to simulate
chlorine decay and bacterial regrowth in an actual DWDS, where the field measurements
conducted by Prevost et al.%6 in the sampling campaign of the distribution system of the city
of Laval, Quebec, Canada were used (see Table S5). The published data set included
heterotrophic plate counts (HPCs) and free chlorine concentrations measured at estimated
progressive residence times downstream the Pont Viau treatment plant. The sampling data
reveled the seasonal dependence of organic matter concentrations, where BDOC contents
were generally higher in warm water samples.4” Data samples collected from large diameter
transmission lines were used for comparison against model simulations with the exception of
the final data points at a residence time of 20 hr, which were collected from small diameter
pipes. The steady state conditions were simulated by running the simulations using the
average flow conditions (z = 0.1 m / s — Re = 30,000) until convergence (0.1%) was achieved
for the concentrations of the ten constituents.

2.2.2. THMs module verification—The model was implemented to simulate chlorine
disappearance and THMs formation in a pilot scale distribution system simulator to
understand the effects of flow conditions and pipe materials. Experiments were performed
on two pipe loops in the U.S. EPA’s Test and Evaluation (T&E) facility in Cincinnati, Ohio,
USA.48 The first loop consisted of a new PVC pipe while the second loop was an aged
ductile iron pipe with heavy scale build up. The published data set included the
concentrations of THMs and free chorine in water samples collected at regular time intervals
under different flow regimes including turbulent, transitional, laminar and stagnant flows. To
simulate the new PVC pipe, wall zone was omitted from the model, and simulations were
performed for only the five bulk-phase species.

2.2.3. Model application—The model, Wu-MSRT, was then applied to simulate a
hypothetical water distribution pipe that receives the effluent of a water treatment plant with
the properties tabulated in Table S4 for a total residence time of 72 hours. Re-chlorination
was assumed to take place after 36 hours by introducing a chlorine dose to increase the
residual concentration back to the initial level of 1 mg/L. The effects of altering the flow
conditions (Re = 5000-30,000), water temperature (T = 0°C-30 °C), and initial TOC/CI ratio
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(TOCy/Cly = 1-3) on bacterial regrowth and THMs formation from biomass were
investigated.

2.2.4. Parameters acquisition—The model equations comprise 22 parameters that can
be categorized into three sets: i- parameters for the bacterial regrowth module; ii- parameters
for the THMs formation from chlorine-NOM reaction; and iii-parameters for the THM
formation from the chlorination of biomass. The values or formulae used for the three sets
are given in Tables S1, S2 and S3 in the supplementary material, respectively, together with
the corresponding literature sources or the actual values used to give the best fit for the
verification simulations.

3. RESULTS AND DISCUSSION

3.1. Model Verification.

3.1.1. Bacterial Regrowth in the full-scale distribution system—Generally, the
model showed good capability to simulate microbial regrowth and chlorine disappearance in
the Pont Viau system under different temperatures and initial substrate concentrations. Fig. 3
shows the results of the model simulations plotted against field measurements for HPC and
free chlorine concentrations. The model was able to demonstrate the increase in the initial
rate of bacterial growth corresponding to an increase in the water temperature. In warm (T =
23.1 °C) and lukewarm (T = 13.5 °C) water samples (Figure 3a and b), rapid bacterial
growth took place until reaching a maximum value corresponding to near-full substrate
utilization. More importantly, the applied high chlorine dose (Clp = 0.83 mg/L) for the high
temperature case (T = 23.1 °C) was shown to be unable to inhibit fast microbial regrowth as
shown in Figure 3a. In the cold-water samples (T = 1 °C and 1.8 °C) (Figure 3c and d),
slower bacterial growth took place, where in one of the cases the chlorine dose has almost
completely depleted while microbial growth is still taking place due to the remaining
unmetabolized substrate (Figure 3c). Simulation results showed a noticeable sensitivity
towards four of the model parameters: the maximum substrate utilization rate (¢;4y), the
detachment coefficient (ky), the temperature dependence rate constant ( 7;), and the rate
constant of the second order reaction between chlorine and bacteria (4 ), which is in good
agreement with previous studies.23:4

An interesting remark was that the same set of parameters (shown in Table S1) was used to
simulate perform the four scenarios under different temperatures and initial water quality
conditions. This implies that the model has a high predictive capability, where after being
calibrated for a certain distribution system under different seasonal scenarios without the
need for recalibration with every scenario. The only exception was for the rate of biomass
detachment, which showed an obvious dependence on the temperature that could not be
accounted for using a constant detachment coefficient (k) as done by previous researchers.
Future experimental and modeling studies might be required to elucidate the role of
temperature in biomass detachment from the biofilm.

3.1.2. THMs formation in the pilot-scale distribution system simulator—

Simulations were performed for all the described experimental cases for both the DI and
PVC pipe loops (except for the stagnant flow case). Comparisons with measured
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concentrations were plotted in Figure 4 for the turbulent and transitional flow regimes and
Figure 5 for the laminar flow regime. Overall, the model results were consistent with the
measurements for both pipe loops under different hydrodynamic conditions, although it
generated better results for the ductile iron pipe loop, which can be explained by the detailed
consideration of the bulk and wall compartments, and properly accounting for mass transfer
at the interface under different flow conditions. One important observation was that THMs
formation continued in both pipe loops for several hours after complete chlorine
disappearance. This illustrated the inadequacy of the second order model that implies that
THMs formation should cease once chlorine is totally depleted from the system. A different
model that separates the kinetics of THMs formation from chlorine decay through
introducing the fast formation of a chlorinated intermediate followed by slower formation of
THMs can be more suitable.#® The model predicted minimal bacterial growth in the PVC
pipe under different flow regimes due to the absence of a biofilm layer that is typically
responsible for bacterial production. For the DI loop, bacterial populations showed delayed
development because of the high initial chlorine concentrations, which was consistent with
the experimental results as no increase in the water turbidity was noticed in the samples
collected at different times. The overall THMs production from bacteria was hence
negligible under these conditions.

Under laminar flow regimes (Figure 5), the model showed superior performance when
compared to an advection-based technique that was simulated by ignoring the dispersive
transport mechanism. Moreover, dispersive transport in real distribution network pipes will
have an even higher impact on solute transport due to the dynamic nature of the inlet solute
profile compared to the studied pipe loop with a fixed boundary condition. 50 To the best of
the authors’ knowledge, this is the first study to consider dispersive transport in modeling
THMs formation in drinking water pipes. We noted that the dispersion coefficient required
to fit the laminar flow regime in the DI pipe was almost one tenth of the calculated Taylor’s
dispersion rate, while no adjustment was required to yield a good fit for the smooth PVC
pipe. This might be a result of the introduction of local mixing near the pipe wall due to the
roughness of the DI pipe, which disturbs the velocity profile.

The PVC pipe loop required a slower second order reaction rate constant (ky ») compared to
the DI pipe loop by a factor of 28%, implying faster chlorine decay in the DI pipe, which is
in agreement with the literature.51:52 The yield coefficients for TOC decay ( Y3), and THMs
formation ( Y}1) were found to consistently increase with the initial TOC/CI ratio (see
Figure S2), which is a characteristic of the second order kinetics, and was observed by
previous researchers for bench scale experiments as well. 41

3.2. THMs formation in the full-scale distribution system.

The model was applied to predict THMs levels in the Pont Viau distribution system that was
used to verify the bacterial growth module. The calibrated relationships for the coefficients
of THMs formation from NOM-precursors (see Figure S2), and from biomass precursors
(see Table S3) were used for simulation. Since THMs formation yields are strongly
dependent on the pH level, it is important to remark that the average pH of the water in the
distribution system (8.1) 23 was consistent with the pH of the experimental studies used to
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calibrate the model. Figure 6 shows the simulated total THM concentrations as well as the
fraction of THMs formed from biomass-derived precursors. The results indicated that the
THMs concentrations in the system are generally lower than the maximum permissible
concentration of 80pug/L. During the earlier described sampling study, the concentration of
total dissolved halogens (DOX) was sampled with the THMs levels estimated to constitute
3.8-7.9% (molar basis). 53 The provided regression model (based on field samples in the
presence of free chlorine) was used herein to estimate the concentration of THMs for each
one of simulated four scenarios. The calculated THMs ranges were: (a) 14.0-29.0 ug/L; (b)
9.6-20.0ug/L; (c) 4.3-8.9 pg/L; and (d) 3.9-8.1 pg/L, and they all were in good agreement
with what the model predicted (Figure 6). This validated the predictive capability of the
model to estimate the THMs levels in real DWDSs.

The fraction of THMs generated by biomass-derived precursors was found to depend mainly
on the factors controlling the rate of bacterial regrowth, including the concentration of
nutrients, water temperature, and the initial chlorination dose. The maximum fraction was
observed for sample (a) (Figure 6a), which had the highest temperature (T = 23.1 °C) and
initial substrate concentration (BDOC; = 0.83 mg/L) that lead to a relatively quick bacterial
growth (Fig. 3a). More importantly, the use of a high dose of free chlorine (Clp = 0.83 mg/L)
to control the bacterial regrowth resulted in a high fraction of THMs formed from biomass-
derived precursors of about 5% of the total THMs, compared to less than 2% for sample (b)
that had the same nutrient concentration (BDOCg = 0.82 mg/L) but a much lower chlorine
dose (Clg = 0.38 mg/L). The same remark can be noted by comparing the two cold-water
samples (c) and (d), with both having almost similar temperatures (T =1 °C and 1.8 °C).
More interestingly, the contribution of THMs formation was slightly higher for the cold-
water sample (d) compared to the lukewarm (T = 13.5 °C) sample (b) since it had a higher
chlorine dose, (Clg = 0.54 mg/L), despite the higher temperature and BDOC concentration in
the latter. To further elucidate the role of initial chlorine dose, we ran two more scenarios of
simulation (a), with the first one having the initial chlorine concentration increased to 1.24
mg/L (1.5 times the original dose), while the other having the initial BDOC concentration
decreased to 0.55 mg/L (0.66 times the original dose), to represent two alternative measures
for controlling bacterial re-growth. Increasing the initial chlorine dose failed to control the
fast regrowth observed in the warm sample (results not shown), but more importantly the
contribution of bacteria-derived precursors increased to 7.6%. On the other hand, reducing
the influent substrate concentrations was found to be more effective in controlling the fast
regrowth, and the contribution dropped to 3.2%. These results highlighted the significant
effect of the initial chlorine dose on the contribution of bacteria-derived precursors to THMs
formation.

It is important to note that despite the generally low contribution of bacteria-derived
precursors observed for the studied system, their formation mechanisms were different from
that of NOM-based precursors. While THMs formation proceeds once the chlorine dose is
applied, a clear delay is observed in the THMs formation from biomass until bacterial re-
growth takes place. This delay period is mainly dictated by the rate of bacterial growth,
which depends on the water temperature and the concentration of substrates. Furthermore,
this contribution is expected to become more significant if the drinking water was re-
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chlorinated 4, where bacterial re-growth would increase rapidly after the complete
exhaustion of the initial chlorine dose if enough nutrients still exist in the system.

3.3. Model application — hypothetical pipe system

3.3.1. Influence of hydraulic conditions—Applying the model to the hypothetical
pipe system described in Section 2.2.3 at different flow conditions, we found that the flow
velocity significantly affects THMs formation from biomass as it controls bacterial regrowth
through two simultaneous processes: (1) Increasing the flow velocity enhances the mass
transfer of solutes across the bulk/biofilm interface. This includes the transport of
disinfectants and substrates, which are the two key species controlling bacterial growth in
the biofilm; (2) High shear stresses enhances the detachment of the biomass from the
biofilm. The Blasius equation implemented to estimate shear stress under turbulent
conditions shows that the shear stress increases with the flow velocity to a power greater
than 1.

Figure 7a shows the bacterial growth dynamics in the simulated pipe system under different
flow conditions. In these simulations, the flow velocity was altered to effectively change the
Reynolds number. The growth scheme can be seen to have two distinct patters based on the
hydraulic conditions. The first pattern takes place at Reynolds numbers in the range (5,000 —
15,000), while the second scheme takes place in the range (25,000-30,000) with a transition
stage taking place in between (15,000-25,000). The first pattern is characterized by
immediate bacterial growth within the first 6 h until reaching a maximum peak of HPC =
2.5-3*10% CFU/mL, followed by a fast mortality within the following 12 h that kills the
major portion of biomass (around 70% of suspended biomass) before introducing re-
chlorination after 36 h. The second growth pattern shows a delayed growth phase, where the
peak biomass concentration is reached after 12h, followed by a very slow mortality rate
during the following 24 h. In the first pattern, the increase in the flow velocity from Re =
5000 to 15,000 is shown to enhance the initial bacterial growth rate (higher peak
concentration at an earlier time), which can be explained by the improved delivery of
nutrients to the biofilm where bacterial growth mainly takes place. Although increasing the
flow velocity also promotes mass transfer of chlorine to the biofilm, its overall effect on
biomass mortality and inactivation is greatly reduced by the resistance factor (k;) — (See Eq.
S.(9)). Bacterial growth then reaches a maximum after fully utilizing the substrate (BDOC
concentration drops to 10% of initial value in less than 4 h). However, this happens at a point
where high chlorine residuals are still existent in the bulk phase (chlorine concentrations are
20% of initial dose after 6 h), which can explain the fast mortality of bacteria after reaching
this maximum.

To help better understand the two patterns, the total biomass growth rate in the biofilm (Eq.
S.9) can be viewed as a combination of four terms:

X

0_tw = [substrate utilization — detach . rate — chlorination]X  + attach. rate  (9)
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The rate of mass transfer of bacterial cells from the bulk phase to the biofilm and the rate of
natural biomass mortality have a smaller magnitude compared to the other terms and do not
play a significant role in the initial growth phase, and hence were ignored in this analysis.
Increasing the flow velocity will generally increase the absolute magnitudes of the three
terms but with different rates. In the first pattern, the substance utilization term dominates
over the detachment rate and the chlorination rate terms leading to rapid bacterial growth. A
threshold is then reached somewhere at Re = 15,000-25,000, where the detachment rate
combined with higher chlorine delivery becomes significant enough to initially inhibit the
fast-bacterial growth in the biofilm. In the second pattern, bacterial growth slowly takes
place after some delay period that increases with the flow velocity or more precisely, the
shear stress as the detachment rate term increases. Since chlorine depletes by parallel
reactions with NOM and pipe material demand, bacterial decay then proceeds at a much
slower rate compared to the first pattern (chlorine residuals drop to only 4% of the initial
dose after 10 h). When the water is re-chlorinated such that the residual concentration is
raised back to the initial chlorine dose of 1 mg/L, a spontaneous death of all the remaining
bacteria is observed under all simulated flow regimes. Regrowth is then inhibited after
booster chlorination as the substrate has been fully utilized at this point.

The effect of flow conditions on the THMs production from biomass can be realized from
Figure 7b. THMs formation from biomass can be divided into two phases; the initial-
chlorination phase and the re-chlorination event. Both phases can be readily explained by the
bacterial growth dynamics shown in Fig. 7a. For the initial-chlorination phase, higher THM
formation rates are observed for the first growth pattern corresponding to fast bacterial
growth that is concurrent with high chlorine residuals in the system. This leads the THMs
yield to increase with the flow velocity until reaching the previously described threshold. For
the second growth pattern, the delayed bacterial growth leads to a delay in THMs
concentrations with a magnitude that corresponds to the remaining fraction of biomass in the
system after the initial chlorination phase, which reflects the quantity of bacteria-derived
precursors available for THMs formation. The maximum THMs yield from biomass took
place at the case of Re=15,000 with the ratio of THMs formed from microbial origin of
maximum 12% of the total THMs yield of the pipe (see Figure S.5a).

3.3.2. Influence of water temperature—Temperature has an interesting effect on the
dynamics of bacterial regrowth where an increase in temperature affects multiple
simultaneous processes: (1) a rise in the temperature leads to faster disappearance of
chlorine residuals, due to the increased reaction rate with organic compounds. A
simultaneous consumption of the substrate will also take place. (2) Temperature enhances
bacterial growth with an exponential dependence term in the Monod’s expression to a
certain threshold (see Egs. S.4 & S.9). (3) Temperature increases the reaction rate between
chlorine and biomass, leading to faster mortality, and faster THMs production. Figure S3a
shows the bacterial growth dynamics in the simulated pipe under different temperatures. It
can be seen that as the temperature drops from 30°C to 0°C, a clear delay in the bacterial
growth takes place, where the peak biomass concentration increases from 5 h for 30 °C to
more than 36 h for 0 °C. This happens since for lower temperatures, substrate utilization
proceeds at a slower rate, in addition to the slower chlorine consumption that leads the bulk
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phase residuals to exist for a longer residence time at a higher concentration. The peak
biomass concentration drops from 3*10% CFU/mL to 2.2*10* CFU/mL (36%) as the
temperature rises 20°C to 30°C, due to the higher chlorine residual concentration at the point
where the peak biomass takes place, while it drops from 3*10* CFU/mL to 1*10% CFU/mL
(67%) as the temperature drops from 20°C to 0°C due to the consumption of the substrate.
Figure S.3Db illustrates the effect of temperature on THMs formation, where in the initial
chlorination phase the production of THMs consistently increases with temperature from
0°C to 25°C. THMs production from the 25°C case was still larger than the 20°C case even
though bacterial populations reached a higher magnitude for the latter. THMs production
following the re-chlorination event was proportional to the concentration of suspended
biomass in the system at the point of chlorine dosing where the maximum yield was
observed for the case of 10°C. However, overall THMs production of the 25°C simulation
was the highest with the fraction of THMs from bacteria-derived precursor of (-11%) (see
Figure S.5h).

3.3.3 Influence of TOC/CI ratio—Increasing the influent concentration of TOC to the
system promotes bacterial growth in the distribution system as this increases the substrate
concentration and simultaneously consumes chlorine residuals. Figure S4a shows the HPC
concentrations in the simulated pipe under different initial TOC/CI ratios, where the rate of
microbial growth is consistently enhanced as this ratio increases. As the inlet TOC/ClI ratio
increases from 1 to 3, the peak biomass concentrations increase from 1*10* CFU/mL to
5*10 CFU/m/L, and the time taken to reach this peak drops from 15 to 4 h. Furthermore,
the surviving biomass in the system after chlorine consumption increases with the influent
TOC concentration, which leads to higher THMs formation under re-chlorination condition
as shown in Figure S4b. The fraction of THMs formed from bacteria-derived precursors
consistently increases with the inlet TOC concentration where the maximum contribution
(-10.5%) was observed for TOC/CI=3 (see Figure S.5c).

3.4. Environmental Implications.

The results of this study demonstrated the importance of considering a parallel route for
DBPs formation represented by the mass transfer of NOM to the biofilm followed by
biotransformation and then detachment of biomass-derived precursors back to the bulk phase
as an important alternative to the well-known DBP formation route from direct chlorination
of NOM-based precursors. Previous field studies showed that a BDOC concentration of as
low as 0.5 mg/L is sufficient to support bacterial regrowth if low disinfectant residuals
existed in the system.>’ If water utilities responded by simply increasing the disinfectant
dosage, this might lead to the adverse effect of forming excessive harmful DBPs in the
distribution system, especially if the system conditions, i.e. hydraulics and temperature,
assisted fast bacterial regrowth. A safer practice would be to implement a treatment
technique that efficiently removes microbial substrates, such as biofilteration.11 While HPCs
are typically used as an indicator of the microbiological quality of drinking water, they are
currently not enforced in the US under the safe drinking water act (SDWA), as they do not
necessarily reflect a health hazard. 29:55:56 However, the current practice overlooks their
important contribution to the formation of disinfection byproducts, which are potential
carcinogens, teratogens or mutagens. Future modeling work on other disinfection
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byproducts, such as HAAs and nitrogenous DBPs can provide the full picture on the role of
biofilms in the formation and fate of the overall DBPs.

4. Conclusions

A multi species reactive transport model for simulating the transport and interactions of
disinfectants, organic compounds, biomass, and disinfection byproducts (DBPS) in the pipes
of drinking wate3r distribution systems was developed. This study presents the first attempt
to model the formation of DBPs from organic precursors of microbial origin which is
implemented to investigate the role of biofilms in the formation and fate of trihalomethanes
(THMs) in the distribution system. The capability of the model to simulate chlorine decay,
bacterial regrowth dynamics, and THMs formation in an actual distribution system under
different hydraulic, seasonal and water quality scenarios was demonstrated.

Simulation results revealed that fast bacterial regrowth in the system increases the
contribution of biomass-derived precursors to the total THMs budget, especially if high
initial chlorine doses were applied to preserve the microbiological quality of the finished
water. While this contribution was found to increase almost consistently with the water
temperature and the concentration of nutrients, system hydraulics had a rather interesting
effect, where multiple completing phenomena are significantly controlled by the flow
conditions. These phenomena include the rate of mass transfer of nutrients and disinfectants
from the bulk flow to the biofilm, and the rate of biomass detachment from the biofilm under
shear stresses. Under the studied conditions, the contribution of bacteria-derived precursors
was found to reach a maximum of 12% of the total formed THMSs, which is significantly less
than those formed from NOM-based precursors. However, while the formation of THMs
from NOM proceeds instantly after applying the chlorine dose, the mechanism of THMs
formation from bacterial sources was mainly controlled by the rates of bacterial regrowth in
the system, which influenced the overall THM formation mechanism.

These results highlighted the importance of integrating bacterial growth dynamics modeling
with predictive DBPs formation models. The presented model can be used by water utilities
to balance the risks of microbiological vs. DBPs contamination, by simulating different
scenarios for the quality of the treated drinking water effluent from the treatment plant. The
model can also be implemented to identify the locations where excessive microbial regrowth
or DBPs formation is expected to take place, and to further optimize the operational schemes
to insure safe drinking water supply at all points in the network.
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Refer to Web version on PubMed Central for supplementary material.
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Schematic diagram of the different processes considered in the model. NOM: Natural
organic matter; BDOC: Biodegradable organic carbon; THM: Trihalomethanes.
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Figure 3.

Model simulation results against experimentally measured concentrations of free chlorine
(mg/l) and TTHM (pg/l) for Yang et al. 48 pilot scale study — DI pipe loop: (a) Re=52,500:
(b) Re=5,000 ; and (c) Re=3,500, and PVC pipe loop: (d) Re=52,500; (e) Re=5,000; and (f)
Re=3,500.
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Figure 4.
Model simulation results against experimentally measured concentrations of Yang et al. 48

pilot scale study for free chlorine (mg/l) in: (a) DI pipe loop; and (b) PVC pipe loop, and
TTHM (ug/l) in: (c) DI pipe loop; and (d) PVVC pipe loop.
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Model application results for the concentrations of (a) HPC (log CFU/ml); and (b) THM
(ug/), produced from bacterial biomass precursors, under different flow conditions.
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Figure 6.
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Model application results for the concentrations of (a) HPC (log CFU/ml); and (b) THM
(ug/), produced from bacterial biomass precursors, under different temperature conditions.
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Figure 7.
Model application results for the concentrations of (a) HPC (log CFU/ml); and (b) THM

(ug/), produced from bacterial biomass precursors, under different initial TOC/CI ratios.
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Table 1.

List of simulations conducted

Simulation No. of : : ]
No. Type Simulations Investigated Property Comparison Against
1 4 Bacterial regrowth and Chlorine decay Field measurements - actual DWDS
Model Verification ) ) .
2 THMs formation from NOM Pilot scale pipe loop system
3 Model Application 4 Total THMs formation Field measurements — actual DWDS
4 6 Hypothetical system - Variable Flow
5  Model Application 5 THMs formation from Biomass Hypothetical system - Variable Temperature
6 5 Hypothetical system - Variable TOC,
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