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• Chlorine decay was higher by reacting
with biofilm than with drinking water.

• Chlorine decay was controlled with dif-
fusion and reaction with biofilmmatrix.

• Comparable THM formation was found
with biofilm and with water.
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PVC pipe loops were constructed to simulate household premise plumbing. These pipe loops were exposed to
water treated by physical processes at three water treatment plants in Xiamen, China from August 2016 to
June 2017. After the biofilms were allowed to develop inside the pipes, these pipes were deconstructed and ex-
posed to organic-free chlorine solution buffered at pH 6.8 ± 0.2 for 48 h. The decay of chlorine by these biofilms
was higher than by the effluentwaters thatwere used to grow the biofilms. A chlorine consumptionmass balance
model elucidated the role of both the diffusion of chlorine into the biofilm and the reaction of chlorine with the
biofilmmatrix. Comparable concentrations of trihalomethanes were quantified from the reaction between chlo-
rine and source water organic matters, and chlorine and the biofilm, further emphasizing the role of biofilms in
the safety of disinfected drinking water. These findings imply that when chlorine is used in the drinking water
distribution system, the ubiquitous presence of biofilms may cause the depletion of chlorine and the formation
of non-negligible levels of toxic disinfection byproducts.

© 2018 Elsevier B.V. All rights reserved.

Keywords:
Chlorine
Disinfection
Biofilms
Disinfection byproducts
Water treatment process

1. Introduction

Well-designed water treatment processes, including disinfection
technologies, can meet water quality regulations to produce safe

drinking water. However, maintaining water quality stability during
distribution through a large pipeline infrastructure still remains chal-
lenging (National Research Council, 2006; USEPA, 2007). Deterioration
of distribution system components, including water mains and service
lines owned by water utilities as well as privately-owned premise
plumbing, is unavoidable. Adverse problems, including proliferation of
opportunistic pathogenic microorganisms caused by microbial growth
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in the drinking water distribution systems (DWDS) can lead to prob-
lems, including pathogen accumulation (Berry et al., 2006; Liu et al.,
2014; Lu et al., 2014). Residual disinfectant is required in many coun-
tries, such as the US, to control waterborne pathogens, especially
when DWDS is not adequately maintained (Rosario-Ortiz et al., 2016).
For example, the WHO recommends residual-free chlorine concentra-
tion in the range of 0.2–5.0 mg/L (WHO, 2011). The American Water
Works Association recommends a minimum residual goal of 0.2 mg/L
for free chlorine or 0.5 mg/L for total chlorine to meet EPA coliform reg-
ulation (USEPA, 1989; USEPA, 2007). In China, the recommended doses
of chlorine and chloramine were 0.3–4 and 0.5–3 mg/L, respectively
(ChinaMinistry Of Health, 2006). Concentration of residual disinfectant
in the last part of DWDS, such as premise plumbing inside a building,
depends on many factors, including the duration that the water stays
stagnant (Rhoads et al., 2016). Depending on customers' usage, water
in premise plumbing can stay stagnant for hours and days, leading to
dramatic changes in microbial communities (Ji et al., 2015; Proctor
and Hammes, 2015). Furthermore, smaller pipe diameter in premise
plumbing compared to those inDWDS results in significant loss of resid-
ual disinfectant and higher biomass growth (LeChevallier et al., 1996).
Therefore, when residual disinfectant is chosen to be the primary
means of controlling pathogen contamination at taps, it is important
to understand its reactivity and potential adverse effects on human
health.

While chlorine is themost common disinfectant, the reaction of dis-
infectants with organic matter in water leads to the formation of disin-
fection byproducts (DBPs) (Richardson et al., 2007). In addition to the
formation of DBPs in the bulk water, materials deposited on the pipe
walls of simulated distribution systems also can lead to DBP formation
(Rossman et al., 2001). Increased levels of DBPs in the distribution sys-
tem compared to the treated drinking water at the plants before being
distributed has been reported (Toroz and Uyak, 2005; Pieri et al.,
2014; Charisiadis et al., 2015; Dominguez-Tello et al., 2015; Scheili
et al., 2015; Delpla et al., 2016; Ioannou et al., 2016). This increase in
DBPs can be described by mathematical modeling to imply the role of
ubiquitous biofilms in the pipes (Abokifa et al., 2016). However, it is
not known the extent of chlorine decay and the associated DBP forma-
tion in premise plumbing, where stagnant conditions occur due to cus-
tomers' water consumption patterns. Reactivity of extracellular
polymeric substances produced by biofilms of pure culture Pseudomo-
nas with disinfectants has been studied systematically (Z.K. Wang
et al., 2012; Xue and Seo, 2012; Xue et al., 2014; Coburn et al., 2016).
However, Pseudomonas are not the dominant bacterial species present
in drinking water biofilms (Hwang et al., 2012). Thus, a study that com-
pares the chlorine decay by and the associated DBP formation in drink-
ing water biofilm vs. the chlorine decay by and the DBP formation in
drinking water organic matter is lacking.

The first objective of this study is to systematically compare, for the
first time, chlorine decay and trihalomethane (THM) formation caused
by drinking waters treated by physical and chemical processes at
three treatment plants, and by the biofilms grown from the same drink-
ing water on pilot loop PVC pipes. The second objective is to use
reaction-diffusion mass transfer and second-order kinetics modeling
to elucidate themechanisms controlling chlorine decay by pipes coated
with biofilms and by the feedingwaters, respectively. The results of this
study can help to assess the risks related to coliform regrowth and cus-
tomer exposure to THMs at taps due to the reaction of chlorinewith bio-
film to form THMs.

2. Materials and methods

2.1. Pipe loop setup for biofilm development and water quality monitoring

We set up a pilot scale PVC pipe loop that resembles a small portion
of a drinkingwater pipe system inside a building, i.e., premise plumbing
(Fig. 1). These PVC pipes with a diameter of 2 cm were tightened to a

metal box-shaped frame. Two identical pipe loops were used for each
water container. Each pipe loop had five pipe pieces of about 120 cm
each and a few smaller pieces of 15 cm each connected via screw con-
nectors, which allowed easy disassembling of the pipe loop for further
experiments.

To simulate the worst case scenario of premise plumbing, which is
the end of the drinking water distribution system and is likely to have
no disinfection residues due to prolonged stagnation, the biofilms
were fed by water effluents treated by screening, coagulation, floccula-
tion, sedimentation, and granular filtration before disinfection
(Table S1). The water treatment plants, where the setups were located,
covered a wide range of capacity and service areas, as shown in Table 1.
Both rivers and reservoirs were the sources for these plants. At each
plant, effluent water after the physical treatment, including screening,
coagulation, sedimentation, and granular filtration, was directed into
the pipe loops. The flow rate in the range of 0.2–0.5 L/min with an aver-
age of 0.34 L/min was controlled by a flowmeter before being directed
into the pipe loops.

The time for biofilm growth is shown in Table 1. Biofilm is referred to
as the materials accumulated on the pipe walls during this time. The
pipe loop systems were checked once every two weeks for flow rate,
and the drinking water pumped through the pipe loops was monitored
for eight water quality parameters including total nitrogen (TN), total
phosphorus (TP), chemical oxygen demand (COD), pH, dissolved oxy-
gen (DO), total dissolved organic carbon (DOC), turbidity, alkalinity,
and coliform. Water pH was measured by a pH meter (STARTER 3100,
OHAUS, USA). Turbidity was determined using a Turbidimeter
(2011Q, HACH, USA), while dissolved oxygen (DO) was determined
using an LDO probe (HQ30d, HACH, USA). Dissolved organic carbon
(DOC) was measured using a TOC analyzer (TOC-VWP, Shimadzu,
Japan). Total nitrogenwas detected by the alkaline potassiumpersulfate
digestion UV spectrophotometric method (HJ 636—2012). Total phos-
phorus was detected by the ammoniummolybdate spectrophotometric
method (GB 11893-89). Chemical oxygen demandwas detected by the
permanganate index method (GB 11892-89). Alkalinity was detected
by the acid-base indicator titration. Coliform was detected by the man-
ifold zymotechnics method (HJ/T 347-2007). These measurements
were followed using the protocols in theWater andWastewater Moni-
toring and Analysis Methods (TSEPA, 2002).

To compare data obtained for two or three water sources, we con-
ducted either the ANOVA or Wilcoxon test. First, the dataset was
checked to determine whether the data are normally distributed. If
they are, two-factor ANOVA was conducted to determine whether the
time-dependence and the plant-dependence of the water quality pa-
rameter are significant at the 95% confidence. For all datasets, non-

Fig. 1. Pipe loop setup to grow biofilm.
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