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corrosion process and most probable number (MPN) analysis indicated that the higher
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content of iron-oxidizing bacteria and iron-reducing bacteria in biofilms of the AR treated
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with O3/Cl2 induced higher Fe3O4 formation in corrosion scales. These corrosion scales
became more stable than the ones that formed in the AR treated with Cl2 alone. O3/Cl2
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disinfection inhibited corrosion and iron release efficiently by changing the content of

Ozone

corrosion-related bacteria. Moreover, ozone disinfection inactivated or damaged the

Chlorine

opportunistic pathogens due to its strong oxidizing properties. The damaged bacteria

Corrosion

resulting from initial ozone treatment were inactivated by the subsequent chlorine

Opportunistic pathogens

disinfection. Compared with the AR treated with Cl2 alone, the opportunistic pathogens

Drinking water distribution systems

M. avium and L. pneumophila were not detectable in effluents of the AR treated with O3/Cl2,
and decreased to (4.60 ± 0.14) and (3.09 ± 0.12) log10 (gene copies/g corrosion scales) in
biofilms, respectively. The amoeba counts were also lower in the AR treated with O3/Cl2.
Therefore, O3/Cl2 disinfection can effectively control opportunistic pathogens in effluents
and biofilms of an AR used as a model for a drinking water distribution system.
© 2018 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
Published by Elsevier B.V.

Introduction
The opportunistic pathogens in drinking water distribution
systems (DWDSs) present an emerging health risk to humans,
especially immunocompromised populations (Thomas and
Ashbolt, 2011). Recently, opportunistic pathogens including
Legionella pneumophila, Mycobacterium avium, Pseudomonas
aeruginosa, and the free-living amoeba, such as Acanthamoeba

spp. and Naegleria fowleri, have been found in DWDSs and tap
water (Campese et al., 2011; Wang et al., 2013; Morgan et al.,
2016). Tap water is a direct route for human exposure to
opportunistic pathogens, typically by inhalation of aerosols or
skin contact (Wang et al., 2012a). Amoebae can slough off or
migrate into the bulk water from biofilms and make their way
into contact with humans through the DWDSs (Miller et al.,
2015; Morgan et al., 2016).
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Bacterial growth in DWDSs includes regrowth in bulk
water and formation of biofilms (Langmark et al., 2007; Liu et
al., 2014). Biofilms in DWDSs provide microenvironments for
opportunistic pathogen growth (Berry et al., 2006). Moreover,
biofilms are always formed in the corrosion scales of metal
pipes (Wang et al., 2014). Gomez-Smith et al. (2015) have
found many opportunistic pathogens, such as M. avium, in
the biofilms of corrosion scales. The opportunistic pathogens
in biofilms can release into the bulk water during metal
release from corrosion scales, resulting in higher numbers of
opportunistic pathogens in the bulk water of DWDSs with
iron pipes compared to those with PVC pipes (Wang et al.,
2012b). Yang et al. (2012) have indicated that thick and
densely distributed corrosion scales with higher Fe3O4
content are more stable, and thin corrosion scales with
higher α-FeOOH and FeCO3 content more easily release iron
into the distributed water. More iron release will result in
discoloration of tap water, leading to customer complaints
(Li et al., 2010). Therefore, both the iron release and
opportunistic pathogens growth will affect the bulk water
quality of DWDSs.
In order to control the bacterial growth in DWDSs, the
final disinfection step typically involves the addition of
chlorine or chloramines, and a constant disinfectant
residual concentration is also required (Hwang et al., 2012;
Mi et al., 2015; Moradi et al., 2017). However, opportunistic
pathogens possess several adaptive features, including
resistance to disinfection and tendency to form biofilms,
to aid their survival (Wang et al., 2013), and many
opportunistic pathogens are found in tap water (Wang et
al., 2012a; Delafont et al., 2014; Thomas et al., 2014).
Therefore, more powerful disinfection technologies should
be applied to control opportunistic pathogens in DWDSs.
Advanced disinfection methods, including ozone, hydrogen
peroxide, ultraviolet (UV) and electrochemical treatment,
are promising technologies for removing microorganisms
(Li et al., 2011; Sun et al., 2017). Among these advanced
disinfection technologies, ozone has gained attention for
inactivating microorganisms in drinking water treatment,
due to its strong oxidizing properties (Gunten, 2003;
Alexander et al., 2016). However, ozone also needs to be
employed together with chlorine to maintain a disinfectant
residual in DWDSs. Ozone followed by chlorine disinfection
has been used to inactivate Cryptosporidium parvum oocysts
and Bacillus subtilis spores in drinking water (CoronaVasquez et al., 2002; Cho et al., 2003). Currently, there is
little known about the effect of sequential ozone and
chlorine disinfection on the opportunistic pathogens in
DWDSs. Moreover, the addition of ozone to disinfection will
affect the biofilms bacterial community in DWDSs, which
can affect the corrosion process and iron release in DWDSs
(Wang et al., 2012c). Reports about the effects of O3/Cl2
disinfection on the corrosion and iron release in DWDSs are
also scarce.
Therefore, the objective of this study is to investigate the
effects of O3/Cl2 disinfection on corrosion and opportunistic
pathogens growth in DWDSs, with Cl2 disinfection alone
acting as a reference. The mechanism for control of iron
release and opportunistic pathogens growth in DWDSs by O3/
Cl2 disinfection is also discussed.
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1. Materials and methods
1.1. Materials and model distribution systems
Two annular reactors (ARs) (Model 1320LJ, BioSurface Technologies Co., USA) were used to simulate DWDSs, as described
in other studies (Murphy et al., 2008; Wang et al., 2012c). The
schematic of the experimental set-up was shown in Appendix
A Fig. S1. In the ARs, there were two concentric glass cylinders
and a rotating inner drum that supported 20 cast iron
coupons. The cast iron coupons with an elemental composition (wt%) of C 3.25%, O 1.63%, Si 2.23%, P 0.08%, S 0.10%, Fe
90.48%, Cu 0.76%, Mn 0.72%, and Zn 0.75% were used. Each
coupon had an exposed surface area of 17.5 cm2 for biofilms
growth. The two ARs were arranged in parallel and operated
at a rotational speed of 50 r/min, according to the conditions
employed to simulate DWDSs using ARs in a previous study
(Murphy et al., 2008). The hydraulic retention time (HRT) of
the reactors was 6 hr, which translated to a total flow rate of
2.8 mL/min into the ARs. The HRT was also consistent with
the previous study using ARs (Murphy et al., 2008).
In one AR, the test water used as influent was treated with
O3 for a contact time of 12 min in a 6-L reactor. Approximately
46 mg of gaseous O3/L oxygen-ozone was bubbled into the
reactor through a porous plate in the reactor bottom at a flow
rate of 200 mL/min. The residual ozone dosage in the water
was about 0.55 mg/mg dissolved organic carbon (DOC). After
2 hr, the residual ozone dosage decayed to zero. Then, the AR
was exposed to chlorine as the second disinfectant. Chlorine
was dosed from a stock solution of NaClO. After chlorination
for 4 hr, the water was pumped into the AR. The second AR
was operated with chlorine as the only disinfectant. Before
day 60, the initial chlorine concentration in both ARs was
2.3 mg/L, and it was increased to 2.6 mg/L from day 60 to day
240 in order to increase the chlorine residual in the effluents
of both ARs. The chlorine residual and total iron concentration in effluents of both ARs were analyzed in triplicate. The
results are shown in Fig. 1.

1.2. The tested water and water quality
The tested raw water was collected from a drinking water
treatment plant in north of China, which was treated with
coagulation using polyaluminum chloride, sedimentation,
sand filtration, and biologically-activated carbon filtration
(prior to entering the chlorine contact tanks). Water quality
parameters (Appendix A Table S1) were measured according
to standard methods (EPA of China, 2002). pH was measured
using a Mettler Toledo pH Meter (FE20K, China). The total iron
concentration was analyzed by an Inductively Coupled
Plasma Optical Emission Spectrometer (SHIMADZU, ICPE9820, Japan). The initial chlorine concentration and chlorine
residual were measured using a HANNA HI93711 spectrophotometer (Italy) according to the DPD (N, N-diethyl-ρphenylenediamine) colorimetric method. DOC was analyzed
via a total organic carbon analyzer (TOC-VCPH, SHIMADZU,
Japan). Differences in water quality parameters between the
two ARs were analyzed using analysis of variance (ANOVA)
with a significance threshold of α = 0.05.
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Fig. 1 – The chlorine residual in effluents of both annular
reactors (ARs) treated with O3/Cl2 and Cl2 alone at different
running times. Error bars represent the standard deviation
from the average of three replications.

1.3. Characterizing corrosion process and corrosion scales
The weight loss method was utilized to determine the corrosion
rate. Briefly, the scraped coupons were rinsed with 70% ethanol,
gently wiped with cotton swabs, freeze-dried for a day and
weighed to determine the weight loss. The calculation method
is listed in Appendix A Text S1.
After sampling, the coupons were dried by freeze-drying
under vacuum conditions. Then, the corrosion scales were
scraped from the surface of the coupons with a sterile razor
blade for the analysis of surface characteristics. The surface
characteristics and corrosion features were examined by Field
Emission Scanning Electron Microscopy (FESEM) (Hitachi,
SU8020). Crystalline phase composition was analyzed using an
X-ray powder diffractometer (XRD, X'Pert PRO MPD; PANalytical,
The Netherlands).

1.4. Sample collection, PMA treatment and DNA extraction
One-liter water samples from the influents and effluents of
both ARs were filtered through 0.2-μm polycarbonate filters
using a sterile filter funnel and vacuum flask setup, respectively. The filters were stored in sterile 2-mL microfuge tubes
before DNA extraction. Biofilms in the corrosion scales were
also collected. The corrosion scales were freeze-dried under
vacuum conditions and scraped from the surface of the
coupons. Then, 0.4-g samples were weighed and put into the
microfuge tubes before DNA extraction.
The propidium monoazide (PMA) bound DNA cannot be
amplified in the ensuing polymerase chain reactions (PCR)
(Zhang et al., 2015). This characteristic is often applied to
quantify the DNA of live bacteria and characterize the
changes in viable bacterial communities (Chiao et al., 2014;
Gensberger et al., 2014). The water and biofilms samples were
subjected to PMA treatment by incubating the polycarbonate
membrane filters and 0.4 g of corrosion scales in 40 μmol/L
PMA solution, respectively. The process of PMA treatment of
samples was described in Appendix A Text S2. The E. coli cells

(ATCC 25922, 107–108 CFU/mL) were chosen as representative
microorganisms to determine the optimal PMA concentration
(Chiao et al., 2014; Gensberger et al., 2014). A range of
concentrations (0, 30, 40 and 50 μmol/L PMA) was selected
based on related research to maximize removal of DNA from
70%-isopropanol-killed (30 min incubation) cells while minimizing the effects on DNA from live cells harvested during the
exponential growth phase. The optimum PMA concentration
of 40 μmol/L was used in this study (Appendix A Fig. S2). This
optimum PMA concentration of 40 μmol/L was validated on
untreated (live) and isopropanol-treated (70%) (30-min incubation) (dead) cells from the effluent of DWDSs with raw
water (Appendix A Fig. S3). After PMA treatment, samples
were subjected to DNA extraction with the FastDNA SPIN Kit
(MP Biomedicals, Solon, OH, USA) following the manufacturer's instructions. To determine the method recovery efficiency, E. coli was used as a representative microorganism
according to our previous method (Wang et al., 2017). The
recovery efficiency varied from 19.1% to 40.5% depending on
the concentration of samples. DNA quality was checked on an
agarose gel, and concentrations were measured with a
Nanodrop spectrophotometer (ND-1000, NanoDrop, USA). All
DNA samples were stored at − 80°C until further processing.

1.5. Quantitative PCR
The quantitative polymerase chain reactions (qPCR) experiments
were carried out with the ABI 7300 Fast Real-Time PCR System
(Applied Biosystems, Singapore) using premix Ex Taq or SYBR
premix Ex Taq (TaKaRa, Dalian, China) in a 25-μL reaction
volume. Previously published primer sequences and qPCR
methods were used to detect the 16S rRNA for total bacteria
(Wang et al., 2012a, 2012b), opportunistic pathogens including
Pseudomonas aeruginosa (Zhang et al., 2015), Legionella pneumophila
(Wang et al., 2012a, 2012b), Mycobacterium avium (Wang et al.,
2012a, 2012b), the broader genera Legionella spp. (Wang et al.,
2012a, 2012b), Mycobacterium spp. (Wang et al., 2012a, 2012b), and
the amoebae Acanthamoeba spp. (Wang et al., 2012a, 2012b), and
Naegleria spp. (Thomas et al., 2014). qPCR was performed in a
25-μL final reaction mixture volume consisting of 12.5 μL of
Premix Ex Taq (Takara, Dalian, China), 0.5 μL of 10 μmol/L
forward and reverse primers, 1.0 μL of 3 μmol/L TaqMan probe,
8.5 μL of distilled water, 0.5 μL of ROX reference dye (50×), and
2.0 μL of DNA template. If there was no probe, 12.5 μL of SYBE Ex
Taq (Takara, Dalian, China) and 9.5 μL of distilled water were
used. The PCR program contained an initial 3-min denaturation
step at 95°C, followed by 40 amplification cycles consisting of an
initial denaturation at 95°C for 30 sec followed by 30 sec at 50–
60°C for different bacteria and 30 sec at 72°C. The details of
primer sequences and annealing temperatures for 16S rRNA and
the different opportunistic pathogens are presented in Appendix
A Table S2. The analysis procedures were described in Appendix
A Text S3. Standard curves were generated by serial ten-fold
dilution (109–102 copies/μL) of the plasmids. The information of
average slope of the standard curve and amplification efficiency
of the qPCR tests were listed in Supporting Information (Appendix A Table S3). The amplification efficiency values for quantification ranged from 95.30% to 99.79%. The limit of quantification
(LOQ) for all qPCR assays ranged from 1 to 10 gene copies/reaction
and was implemented as appropriate for each specific run.
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The abundance of culturable Fe(III)-reducing bacteria (IRB) and
nitrate-dependent Fe(II)-oxidizing bacteria (IOB) in the biofilms
of corrosion scales from different pipes was analyzed using a
three-tube most probable number (MPN) technique. Triplicate
pressure tubes containing sterile, anaerobic (N2:CO2; 90:10, V/V)
artificial ground water (AGW) medium (10 mmol/L PIPES,
2 mmol/L NaHCO3, 5 mmol/L NH4Cl, 0.5 mmol/L KH2PO4,
pH 6.8) were inoculated with homogenized corrosion scales.
For testing of the IOB and IRB in the biofilms of corrosion scales,
the AGW medium was amended according to previous studies
(Coby et al., 2011; Wang et al., 2017). For acetate-oxidizing Fe(III)reducing bacteria, the medium was amended with 10 mmol/L of
synthetic hydrous ferric oxide prior to autoclaving, and then
amended with 10 mmol/L Na-acetate and 2 mmol/L FeCl2 (as a
reducing agent) from sterile, anaerobic stock solutions. The
medium for Fe(II)-oxidizing nitrate-reducing bacteria was
amended with 0.5 mmol/L Na-acetate, 5 mmol/L NaNO3 and
10 mmol/L FeCl2 from sterile, anaerobic stock solutions. Visual
assessment of blackening of the medium, and formation of
reddish-brown precipitates, was used to identify positive results
for Fe(III) reducers and nitrate-dependent Fe(II) oxidizers,
respectively.
After the MPN enumerations, the Fe(II) oxidation and Fe(III)
reduction products caused by the bacterial function in biofilms
were analyzed using an X-ray powder diffractometer (XRD,
X'Pert PRO MPD; PANalytical, The Netherlands) to determine
the crystalline phase composition.

2. Results and discussion
2.1. Chlorine residual and total iron concentration
Before day 60, the initial chlorine concentration was 2.3 mg/L
in both ARs which were treated with O3/Cl2 disinfection or Cl2
alone. Because chlorine reacted with the new cast iron
coupons, the chlorine residual in the effluents of both ARs
could hardly be detected before day 10 (Fig. 1). After that, the
chlorine residual in both ARs increased with running time,
and it reached a relatively stable value in both ARs at day 30.
From day 30 to day 60, the chlorine residual was about
0.04 mg/L in the effluents of both ARs, and there was no
significant difference between both ARs (p = 0.07 > 0.05). From
day 60, the initial chlorine concentration was increased to
2.6 mg/L in both ARs in order to increase the chlorine residual.
The chlorine residual increased and reached a relatively
stable value in both ARs at day 100. From day 100 to day 250,
the average chlorine residual in the AR treated with O3/Cl2
was 0.097 mg/L, which was higher than that (0.083 mg/L) in
the AR treated with Cl2 alone (p < 0.05).
Moreover, due to the rapid reaction between chlorine and
the new cast iron coupons, the total iron concentrations in the
effluents of both ARs were very high at day 2 (Fig. 2). The total
iron concentration was 0.273 mg/L and 0.308 mg/L in the
effluents of ARs treated with Cl2 alone and O3/Cl2 disinfection,
respectively. After that, the total iron concentration decreased
with running time, and it gradually arrived at a relatively
stable value from day 10 to day 50. The average total iron
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Fig. 2 – Total iron concentration in effluents of both ARs
treated with O3/Cl2 and Cl2 alone at different running times.
Error bars represent the standard deviation from the average
of three replications.

concentration (0.096 mg/L) in the effluents of AR treated O3/
Cl2 was higher than that AR (0.084 mg/L) treated with Cl2
alone (p < 0.05). However, from day 50 to day 60, the total iron
concentration in the effluents of AR treated with O3/Cl2 was
lower than that in the effluents of AR treated with Cl2 alone.
Moreover, from day 60 on, the initial chlorine concentration
was increased from 2.3 to 2.6 mg/L, and the total iron
concentration in the effluents of both ARs changed very little.
From day 60 to day 250, the average total iron concentration
(0.088 mg/L) in the effluents of AR treated with O3/Cl2 was still
lower than that AR (0.104 mg/L) treated with Cl2 alone
(p < 0.05).
The iron release was related to the iron corrosion process
and physico-chemical characteristics of corrosion scales
(Sarin et al., 2001; Jin et al., 2015). Before day 10, the stable
corrosion scales was not formed in both ARs, and the high
iron release suggested the high corrosion rate. Therefore,
during this period, the corrosion rate of cast iron coupons in
AR treated with O3/Cl2 may be higher than that with Cl2 alone.
After day 50, the lower iron release in AR treated with O3/Cl2
may be caused by the formation of stable corrosion scales.

2.2. Stable corrosion scales formation in different ARs
The corrosion rate of cast iron coupons in different ARs was
detected by the weight loss method. Before day 40, the
corrosion rate (0.138 ± 0.004 mm/year) was higher in AR
treated with O3/Cl2 than that of (0.125 ± 0.003 mm/year) AR
treated with Cl2 alone (Appendix A Fig. S4). From day 40 to day
170, the corrosion rate decreased in both ARs; however, it
(0.076 ± 0.001 mm/year) was lower in AR treated with O3/Cl2
than that of AR (0.093 ± 0.001 mm/year) treated with Cl2
alone.
The different corrosion rates may result in different
corrosion scales formation. The XRD patterns showed that
the main crystalline compounds were goethite (α-FeOOH) and
green rust (GR, Fe6(OH)12CO3) before day 40 (Fig. 3). Calcite
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al., 2015; Sun et al., 2017), which could inhibit corrosion and
iron release. Therefore, more stable corrosion scales were
formed and iron release was lower in the AR treated with O3/
Cl2.
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Fig. 3 – X-ray powder diffraction (XRD) patterns of the
corrosion scales on the surface of cast iron coupons in ARs
treated with O3/Cl2 and Cl2 alone at different running times.
G: goethite, GR: green rust, M: magnetite, Ca: calcite.

(CaCO3) was also formed in both ARs, but the peak intensity
was weak. The peak intensities of CaCO3 increased obviously
in both ARs from day 40 to day 170. The magnetite (Fe3O4) was
also formed in both ARs at day 170. However, the peak
intensity of Fe3O4 in AR treated with O3/Cl2 was higher than
that in AR treated with Cl2 alone. Furthermore, the peak
intensity of α-FeOOH and GR decreased with running time in
both ARs, and the GR almost disappeared in the AR treated
with O3/Cl2. Many studies had indicated that GR could be
transformed to Fe3O4 and α-FeOOH, and α-FeOOH could also
be transformed to Fe3O4 under anaerobic or anoxic conditions
by the function of bacteria (Chaudhuri et al., 2001; Etique et al.,
2014; Sun et al., 2014). The XRD results suggested that GR and
α-FeOOH may be transformed to Fe3O4 in the corrosion scales,
and more Fe3O4 and CaCO3 were formed in AR treated with O3/
Cl2.
In AR treated with Cl2 alone, FESEM micrographs exhibited
a predominant laminar structure for the corrosion scales at
day 40 (Appendix A Fig. S5). From day 40 to day 170, the
laminar structure became more compact. Zhu et al. (2014) had
also indicated that the laminar structure of corrosion scales
was easily formed in AR treated with Cl2 disinfection. In AR
treated with O3/Cl2, the corrosion scales showed globular
tubercles structure at day 40. However, there were some pores
on the surface of the corrosion products. From day 40 to day
170, the globular tubercles became thicker and more compact.
The above results indicated that the higher corrosion rate
before day 40 in AR treated with O3/Cl2 induced the formation
of globular tubercles. From day 40 to day 170, the increase of
CaCO3 content could decrease the porosity of the corrosion
scales and induce the formation of compact tubercles (Wang
et al., 2012c). Moreover, the iron phase composition of the
globular tubercles was Fe3O4 and α-FeOOH. Many studies had
indicated that the formation of Fe3O4 suggested the stable and
compact corrosion scales formation (Yang et al., 2012; Jin et

The chemical parameters of water quality were the main
factors which influenced the corrosion process in DWDSs
(Yang et al., 2012). The main chemical parameters, including
Cl−, SO2−
4 , alkalinity, dissolved oxygen (DO) and pH, were
measured in the influents of both ARs (Appendix A Table S4).
There was no significant difference in water quality between
the influents of both ARs (p > 0.05). However, the microbiologically influenced corrosion (MIC) also played a great role in
stable corrosion scales formation (Sun et al., 2014; Wang et al.,
2014; Jin et al., 2015). The iron-oxidizing bacteria (IOB) and ironreducing bacteria (IRB) can influence the corrosion process and
the composition of the corrosion scales. Therefore, the potential
corrosive bacteria including IOB and IRB were identified using
the most probable number (MPN) technique (Coby et al., 2011).
The results showed that the abundance of IOB and IRB in the
biofilms of corrosion scales in AR treated with O3/Cl2 disinfection was 1.2 × 109 and 4.5 × 107 cells/g corrosion scales, respectively, which was higher than that in the biofilms of AR treated
with Cl2 alone (Table 1).
After the MPN enumerations, the Fe(II) oxidation and Fe(III)
reduction products caused by the bacteria in the biofilms of
corrosion scales in AR treated with O3/Cl2 disinfection were
measured using XRD. In AGW medium with 10 mmol/L FeCl2,
reddish-brown precipitates were formed. The main composition of the precipitates was α-FeOOH (Fig. 4), which came from
the oxidation of Fe(II) by the bacteria in the biofilms of corrosion
scales. In the AGW medium with 10-mmol/L synthetic hydrous
ferric oxide, the color became black. The synthetic hydrous
ferric oxide was amorphous, after the MPN experiment, Fe3O4,
α-FeOOH and green rust were present (Fig. 4). This indicated
that the bacteria in biofilms of corrosion scales could reduce Fe
(III) to Fe(II). Because the MPN experiment showed the number
of culturable Fe(III)-reducing and nitrate-dependent Fe(II)oxidizing bacteria in the biofilms of corrosion scales, the results
indicated that the biofilms indeed affected the corrosion
process and composition of the corrosion scales.
Before day 40, the initial chlorine concentration and chlorine
residual were not different between the both ARs. There was no
difference in the corrosion process caused by chlorine reaction
in both ARs. The higher corrosion rate and iron release may be
caused by the higher contents of IOB in AR treated with O3/Cl2.
The higher corrosion rate also drove the globular tubercles
formation, causing the anaerobic or anoxic conditions formation in the corrosion scales where the dissolved oxygen could
not reach (Jin et al., 2015). Therefore, the contents of IRB
increased in the biofilms of both ARs. However, higher contents
of IRB could favor transformation of the green rust and α-FeOOH
to Fe3O4 (Sun et al., 2014; Jin et al., 2015; Wang et al., 2017).
Therefore, the higher contents of IRB in AR treated with O3/Cl2
induced more Fe3O4 formation, which was also attributed to the
formation of more stable and compact iron corrosion scales.
Meanwhile, the stable and compact corrosion scales inhibited
the iron release in AR treated with O3/Cl2.
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Table 1 – Most probable number (MPN) enumerations of Fe(III)-reducing and nitrate-dependent Fe(II)-oxidizing bacteria in
biofilms of corrosion scales in both annular reactors (ARs) at day 250.
Culture systems

Culture conditions

MPN
(cells/g corrosion scales)
O3/Cl2

Cl2
Fe(III)-reducing bacteria
Fe(II)-oxidizing bacteria

7

Acetate + Fe(III)
NO−3 + Fe(II)

2.5 × 10
3.0 × 108

2.4. Effects of O3/Cl2 disinfection on opportunistic pathogens
Supply of safe drinking water is vital to public health.
Opportunistic pathogens are recognized as one of the leading
sources of waterborne disease outbreaks in developed countries (Wang et al., 2013). The bacteria in the effluents of
distributed systems mainly came from the regrowth of
bacteria in bulk water and the detachment of biofilms from
the internal surface of pipes (Langmark et al., 2007; Liu et al.,
2014). In order to control the opportunistic pathogens in the
effluents and biofilm of DWDSs, O3/Cl2 disinfection was
investigated in this study.
The stable corrosion scales had been formed in both ARs in
the period from day 170 to day 250. During this period, 16S rRNA
for total bacteria, three opportunistic pathogens (L. pneumophila,
M. avium and P. aeruginosa), the broader genera (Legionella spp.
and Mycobacterium spp.), and two amoeba hosts (Acanthamoeba
spp. and Naegleria spp.), were detected in the influents, effluents
and biofilms of different ARs by the qPCR method (Fig. 5). The
results showed that the gene copy numbers of 16S rRNA in the
influents of AR treated with O3/Cl2 was (2.19 ± 0.12) log10 (gene
copies/mL), which was lower than that ((2.94 ± 0.13) log10 (gene
copies/mL)) AR treated with Cl2 alone (Fig. 5a). Moreover, no
opportunistic pathogens were detected in the influents of AR
treated with O3/Cl2, but Mycobacteria spp. at (0.61 ± 0.02) log10
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Fig. 4 – XRD patterns of the Fe(II) oxidation and Fe(III) reduction
products resulting from the biofilms in the corrosion scales of AR
treated with O3/Cl2 disinfection, (a) NO−3 and FeCl2, (b) synthetic
hydrous ferric oxide. G: goethite, M: magnetite, GR: green rust.
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(gene copies/mL) was detected in the influents of AR treated with
Cl2 alone.
The 16S rRNA gene copy numbers increased and different
opportunistic pathogens occurred in effluents of both ARs (Fig.
5b). In effluents of AR treated with Cl2 alone, the gene copy
numbers of 16S rRNA, the opportunistic pathogens P. aeruginosa,
M. avium and L. pneumophila, the broader genera Mycobacterium
spp. and Legionella spp., and two amoeba hosts Acanthamoeba
spp. and Naegleria spp. increased to (5.39 ± 0.31), (0.81 ± 0.03),
(0.46 ± 0.02), (0.22 ± 0.02), (4.46 ± 0.122), (3.05 ± 0.12), (2.19 ± 0.12)
and (0.12 ± 0.05) log10 (gene copies/mL), respectively. Compared
with the AR treated with Cl2 alone, the gene copy number of P.
aeruginosa did not take great changes in effluents of AR treated
with O3/Cl2 disinfection (p > 0.05). However, the gene copy
numbers of Mycobacterium spp. and Legionella spp., and the
amoeba Acanthamoeba spp. were lower in effluents of AR treated
with O3/Cl2 disinfection than that AR treated with Cl2 alone
(p < 0.05). Moreover, the opportunistic pathogens M. avium and L.
pneumophila, and the amoeba Naegleria spp. disappeared in the
effluents of AR treated with O3/Cl2 disinfection.
In the biofilms of both ARs, the 16S rRNA for total bacteria
and the opportunistic pathogens showed the same changes as
these bacteria in effluents of both ARs (Fig. 5c). The gene copy
numbers of 16S rRNA, the opportunistic pathogens P. aeruginosa,
M. avium and L. pneumophila, the broader genera Mycobacterium
spp. and Legionella spp., and two amoeba hosts Acanthamoeba
spp. and Naegleria spp. increased to (11.3 ± 0.57), (5.57 ± 0.25),
(5.39 ± 0.13), (3.60 ± 0.15), (9.78 ± 0.42), (8.93 ± 0.35), (8.37 ± 0.31)
and (3.12 ± 0.06) log10 (gene copies/g corrosion scales), respectively, in biofilms of AR treated with Cl2 alone. Except for P.
aeruginosa, the 16S rRNA, opportunistic pathogens and the
amoeba in the biofilms of AR treated with O3/Cl2 disinfection
were all lower than that in AR treated with Cl2 alone (p < 0.05).
The gene copy numbers of the opportunistic pathogens
M. avium and L. pneumophila decreased to (4.60 ± 0.14) and
(3.09 ± 0.12) log10 (gene copies/g corrosion scales), respectively.
In the effluents and biofilms of both ARs, the gene copy
numbers of the amoeba Acanthamoeba spp., the opportunistic
pathogens M. avium and L. pneumophila, and the broader genera
Mycobacteria spp. and Legionella spp. correlated very well
(r > 0.95, p < 0.05). The results were consistent with other
studies which have demonstrated that the opportunistic
pathogens including M. avium and L. pneumophila could use
amoebae such as Acanthamoeba spp. as a vehicle for protection
and even replication (Delafont et al., 2014; Thomas et al., 2014).
In particular, intracellular replication within an amoeba host
was thought to be a prerequisite for Legionella spp. growth in
oligotrophic environments (Wang et al., 2013; Declerck et al.,
2009). The association between the amoeba and the opportunistic pathogens was contributed to the biofilms formation of
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different opportunistic pathogens in raw water and the water
after O3 disinfection were also analyzed by the qPCR method (Fig.
6). The results showed that O3 disinfection decreased the gene
copy number of 16S rRNA for total bacteria from (5.95 ± 0.34)
log10 (gene copies/mL) to (3.38 ± 0.29) log10 (gene copies/mL).
Moreover, the opportunistic pathogen P. aeruginosa, and two
amoeba hosts Acanthamoeba spp. and Naegleria spp. disappeared
in the water after O3 disinfection. The gene copy number of
Mycobacterium spp. decreased from (2.63 ± 0.11) log10
(gene copies/mL) to (0.99 ± 0.12) log10 (gene copies/mL), and
Legionella spp. decreased from (4.04 ± 0.35) log10 (gene copies/mL)
to (1.67 ± 0.15) log10 (gene copies/mL). The results indicated that
O3 disinfection inactivated or damaged the amoebae and
opportunistic pathogens effectively, due to its strong oxidizing
properties and its ability to penetrate through the cell membrane
according to other studies (Gunten, 2003; Alexander et al., 2016).
The damaged bacteria resulting from O3 disinfection such as
Mycobacterium spp. and Legionella spp. can be inactivated
efficiently by the subsequent chlorine disinfection. Therefore,
Mycobacterium spp. and Legionella spp. were not detected in the
influents of DWDSs treated with O3/Cl2 disinfection. Moreover,
according to the chlorine residual results (Fig. 1), O3 disinfection
reduced the chlorine demand to control bacterial growth and
biofilms formation in DWDSs, which also induced a higher
chlorine residual in DWDSs treated with O3/Cl2 disinfection.
Therefore, opportunistic pathogens L. pneumophila and M. avium,
the broader genera Legionella spp. and Mycobacteria spp., and two
amoeba hosts Acanthamoeba spp. and Naegleria spp. were all
controlled in effluents and biofilms by O3/Cl2 disinfection.

3. Conclusions

6

The results indicated that O3/Cl2 disinfection affected the
corrosion and iron release by changing the contents of IOB
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Fig. 5 – Quantitative polymerase chain reactions (qPCR) of 16S
rRNA (16S) and different opportunistic pathogens in influents
(a), effluents (b) and biofilms of corrosion scales (c) in both
ARs. Error bars represent the standard deviation from the
average of three replications. Aca: Acanthamoeba spp., Nae:
Naegleria spp., PA: Pseudomonas aeruginosa, Myc: Mycobacterium spp., MA: Mycobacterium avium, Leg: Legionella spp., LP:
Legionella pneumophila.
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opportunistic pathogens and their resistance to disinfectants
(Wang et al., 2013). Therefore, the association between the
amoeba Acanthamoeba spp. and the opportunistic pathogens
may be the reason for the higher amounts of these opportunistic
pathogens in effluents and biofilms of AR treated with Cl2 alone.
However, O3/Cl2 disinfection inactivated the amoebae and
opportunistic pathogens effectively. In order to determine the
effects of O3 disinfection on control of the bacteria and
opportunistic pathogens, the 16S rRNA for total bacteria and

Raw water
O3 disinfection

16S Aca Nae PA Myc MA Leg LP

Fig. 6 – qPCR of 16S rRNA (16S) and different opportunistic
pathogens in raw water and the water after O3 disinfection.
Error bars represent the standard deviation from the average
of three replications. Aca: Acanthamoeba spp., Nae: Naegleria
spp., PA: Pseudomonas aeruginosa, Myc: Mycobacterium spp.,
MA: Mycobacterium avium, Leg: Legionella spp., LP: Legionella
pneumophila.
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and IRB. The higher content of IOB in AR treated with O3/Cl2
may induce the higher corrosion rate in this AR before day 40.
The higher corrosion rate drove the formation of globular
tubercles, initiating higher content of IRB in the biofilms of
corrosion scales from day 40 to day 170. Under this condition,
more green rust and α-FeOOH were transformed to Fe3O4. The
greater content of Fe3O4 and CaCO3 induced the corrosion scales
to be more stable, which inhibited the corrosion and iron
release. Moreover, O3/Cl2 disinfection decreased the 16S rRNA
for total bacteria to (2.19 ± 0.12) log10 (gene copies/mL) in the
influents of AR obviously. The damaged bacteria resulting from
ozone disinfection can be inactivated efficiently by the following chlorine disinfection. Therefore, the opportunistic pathogens M. avium and L. pneumophila disappeared in the effluents,
and decreased to (4.60 ± 0.14) and (3.09 ± 0.12) log10 (gene
copies/g corrosion scales) in biofilms, respectively. O3/Cl2
disinfection controlled the opportunistic pathogens in the
effluents and biofilms of AR effectively.
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