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prehensive review of pipe corrosion in DWDSs, including corrosion process, corrosion scale
formation, influencing factors and monitoring technologies utilized in DWDSs. In terms of
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structure is illustrated. Furthermore, the influences of water quality and microbial activity
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on scale transformation are comprehensively discussed. Corrosion-related bacteria at the
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genus level and their associated corrosion mechanism are also summarized. This review
helps deepen the current understanding of pipe corrosion and scale formation in DWDSs,
providing guidance for water supply utilities to ensure effective measures to maintain water
quality stability and guarantee drinking water safety.
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Introduction
A clean and safe drinking water supply is a basic human
right and a main aspect of the clean water and sanitation
sustainable development goal (SDG6), as established by the
∗

United Nations in 2015. Drinking water safety relies on the
performance of whole water supply systems, including the
water source, water treatment plant (WTP) and drinking water distribution systems (DWDSs). Drinking water quality stability refers to the concept of providing all consumers with
drinking water from the tap of same quality as produced by
the WTP (Liu et al., 2017a, 2017b). DWDSs are the final stage
in the process of ensuring stable quality tap water for con-
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of water quality. This process can manifest in different ways,
including pipe degradation, release of iron by-products, water
flow restriction, microbial growth and the reduction of drinking water safety for consumers, which present a significant
threat to water supply safety (Baig et al., 2017; Imran et al.,
2005; Imran et al., 2006; Świetlik et al., 2012; Yang et al., 2012a,
2012b).
The objective of this paper was to review the existing knowledge, recent challenges and emerging technologies related to iron pipe corrosion and scale formation
in DWDSs, including (1) The occurrence, development and
types of corrosion; (2) A description of the characteristics and composition of corrosion scales and their formation under different conditions; (3) A summary of the indices used to predict the possibility of corrosion and corrosion measurement methods; (4) Analysis of the physicchemical and microbial factors affecting corrosion and scale
transformation.

Fig. 1 – Schematic of the complex interactions between
water and the iron pipe surface during corrosion and
corrosion scale transformation.

sumers. However, water deterioration occurs widely and frequently in DWDSs, especially after long periods of transportation and storage (Li et al., 2016; Liu et al., 2013; Proctor and
Hammes, 2015). In recent years, drinking water quality disruption due to DWDSs failure has been reported more frequently
than water source and WTPs incidents, such as lead contamination from DWDSs in Flint, Michigan (US) in 2016 and yellow
water in Beijing (China) in 2008 and Tucson, Arizona (US) in
1992. Thus, to guarantee drinking water safety throughout the
whole distribution process, more attention should be paid to
the quality and safety of supply pipes.
Iron is the most widely applied pipe material in DWDSs
worldwide and has been used to transport potable water for
more than 500 years. It has been estimated that iron-based
pipes account for a large proportion of DWDSs worldwide,
e. g. 56.6% in the United States, 67.2% in Italy and 75.5% in
China respectively, an extremely high proportion was also reported, e. g. 91% in Warsaw (Poland) and 93% in Innsbruck
(Austria) (AWWA. 2004; Shi and Taylor, 2007; Świetlik et al.,
2012; Veschetti et al., 2010). These iron-based pipes laid underground are difficult to replace and upgrade, thus, the iron
pipes utilization and operation will continue for a long time
in the future (Hou et al., 2014; Li et al., 2015b; Mcneill and Edwards, 2001). Most of the pipes used earlier were unlined cast
iron pipes (Li et al., 2016; Lytle et al., 2020; Yang et al., 2012a).
Corrosion and scale formation occur easily and simultaneously in these pipes, involving complex reactions between the
iron pipe surface and the transported water, as illustrated in
Fig. 1 (Zhang and Niu, 2006). On one hand, the formation of
stable corrosion scales can inhibit further development of the
corrosion process and reduce the risk of contamination of the
transported water. On the other hand, ferrous and ferric chemicals released during the corrosion process and from unstable
scales, referred to as iron release, can cause the deterioration

1.

Processes of corrosion and scale formation

1.1.

Corrosion process

Corrosion in iron pipes occurs naturally, via a complicated
electrochemical process in which the iron substrate acts as an
anode or electron donor, while oxidants in the water act as a
cathode or electron acceptor (Benson et al., 2012; Miyata and
Asakura., 2002; Zhang et al., 2020a). The most common oxidants in DWDSs include dissolved oxygen (DO), chlorine (Cl2 ),
hypochlorous acid (HOCl) or hypochlorite ions (OCl− ), which
can rapidly react with zero valent iron (Fe0 ) within the pipe
wall. Thus, once a new iron pipe is fed with water, rapid electrochemical corrosion reactions occur (as shown in Eqs. (1)(4)). The corrosion products formed mainly include iron oxides or iron hydroxides, which are gradually deposited on the
pipe wall (Cui et al., 2016; Miyata and Asakura., 2002). The accumulation of corrosion products enhances corrosion resistance, blocking the diffusion of electron acceptors and creating a barrier between the transported water and metallic pipe,
which further slowed down the corrosion rate (Hang et al.,
2004; Zhang et al., 2020b).
Fe − 2e− → Fe2+

(ε 0 = −0.44 V )

O2 + 2H2 O + 4e− → 4OH−
HClO + H+ + 2e− ⇔ Cl− + H2 O

(ε 0 = 0.40 V )
(ε 0 = 1.49 V )

ClO− + H2 O + 2e− ⇔ Cl− + 2OH− (ε 0 = 1.09 V )

(1)

(2)

(3)

(4)

In most cases, corrosion process occurs non-uniformly. Actually, it may process in one location for a while and shift to
different location once the above electrochemical reaction is
no longer viable (Ray et al., 2010). This process is referred to as
non-uniform corrosion or localized corrosion, which is often
characterized as transient, high anodic current density and
strong on the pipe surface (Tang et al., 2006). The commonlyobserved types of non-uniform corrosion include galvanic,
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Fig. 2 – Depiction of different stages of corrosion scale formation: (a) initial stage; (b) intermediate stage (note: An− represent
ions); (c) stable stage (Modified from Sarin et al., 2001; Sarin et al., 2004a, 2004b); (d) image of actual iron pipe corrosion scale
from DWDSs in Hangzhou city of China.

crevice corrosion, and pit corrosion (Benson et al., 2012). Pipes
experiencing non-uniform corrosion can form anomalous corrosion scales (tubercles), leading to further under-deposit corrosion (Gerke et al., 2008; Li et al., 2018).

1.2.

Corrosion scale formation

Once corrosion starts in pipes, the corrosion products will accumulate and form scale gradually. Corrosion scales present
different mineralogical characteristics, depending on the specific corrosion process (Tamura, 2008). The main components
of new scales on the surface of iron pipes are iron oxides and
iron hydroxide products, such as ferric hydroxide (Fe(OH)3 ),
goethite (α-FeOOH), lepidocrocite (γ -FeOOH) and maghemite
(γ -Fe2 O3 ) (Clement, 2002; Benson et al., 2012; Cornell and
Schwertmann, 2003). Fig. 2a illustrates the initial stage of iron
scale formation, in which DO oxidizes zero valent iron (Fe0 )

on the pipe surface into ferrous ions and then further into ferric ions, while hydrogen ions (H+ ) can also oxidize zero valent
iron (Fe0 ) (Sarin et al., 2004a). Numerous studies have reported
the occurrence of micro-structure corrosion scales during the
corrosion process, mainly including sandy crystals or lamellar, flowery and spherical structures (Cui et al., 2016; Jin et al.,
2015; Yang et al., 2012a).
Fig. 2b depicts the intermediate phase of corrosion scale
formation. As corrosion proceeds, a shell-like layer is formed,
firmly sticking to the pipe surface and encapsulating the
porous iron oxide materials. This shell-like layer is mainly
composed of goethite (α-FeOOH) and magnetite (Fe3 O4 ) and is
relatively compact, blocking the diffusion of oxidants to the
metal substrate and therefore, inhibiting the corrosion process from proceeding further (Sarin et al., 2001, 2004b).
The typical multi-layer structure and components of corrosion scales were established by Sarin et al. (2001) and confirmed thereafter in later studies (Gerke et al., 2008), as shown
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Table 1 – Proportion of components of different iron pipe corrosion scales, formed with different transported water conditions.
Pipe
Category

Source
water

Operation
Times

DIP

GW

CIP

GW
SW
SW/GW
SW/GW
SW/GW
GW
SW

Day 20
Day 60
Day 90
/
/
2025
years
20 years
30
years

CIP

CIP
CIP-Inner layer
CIP-Middle layer
CIP-Outer layer

Proportion of corrosion scale components (%)
CaCO3

α-FeOOH

β-FeOOH

γ-FeOOH

Fe2 O3

Fe3 O4

Minor Peaks

Reference

19.8
23.4
43.6
0
0

18.1
35.7
17.6
6.2
30.9
34
43
50
54
39
43
46

0
0
0

28.1
2.3
1.8

24
10.6
3.9
22.5
47.3

10
28
33.1
58.3
0
43
36
45
17
35
28
27

/
/
/
13
21.8

Zhang et al.,
(2020b)

19
12

4
3
5

6
29
26
29
27

Tang et al.,
(2006)
Yang et al.,
(2012a)
Li
et al.,
(2018)

Note: DIP (ductile iron pipes); CIP (cast iron pipes); GW (ground water); SW (surface water).

in Fig. 2c. Four layers are typically observed in many iron
pipe corrosion scales: (1) The zero-valent iron pipe surface
is the source of corrosion and forms the base of the scale;
(2) A porous layer covers the metal base, referred to as the
porous core, which is composed of iron compounds such
as goethite (α-FeOOH), lepidocrocite (γ -FeOOH), ferrous hydroxide (Fe(OH)2 ), ferric hydroxide (Fe(OH)3 ), hematite (Fe2 O3 ),
siderite (FeCO3 ), and green rust (a layered double hydroxide
containing Fe(II) and Fe(III) formed from under anoxic conditions) (Sarin et al., 2001, 2004a, 2004b); (3) A compact shelllike layer of a few millimeters thick covers the porous core,
with this layer often being considered as a skeleton, maintaining the structural stability of corrosion scales (Gerke et al.,
2008); (4) A loose and heterogeneous sediments layer on the
surface of the scale, typically comprising ferric hydroxide,
goethite, lepidocrocite, silicates, phosphates and carbonates
(Sarin et al., 2001; Sontheimer et al., 1981). In addition to the
aforementioned iron oxides and hydroxides, siderite (FeCO3 )
was also reported to play an important role in skeleton of corrosion scales (Yang et al., 2012a).
The composition of a corrosion scale depends on various
factors, such as the transported water quality, pipe material
and/or lining, as well as the duration of operational use (service period). The proportions of different components of iron
pipe corrosion scales, as reported in the literature, are summarized in Table 1. Results show that γ -FeOOH mainly exists
in pipes that have been used for a short service period, with
the decrease in its proportion with increasing operational duration. In contrast, α-FeOOH and Fe3 O4 become the main components of corrosion scales in pipes used for long service periods. It is well known that α-FeOOH is more stable than γ FeOOH. The standard free Gibbs energies of formation (r Gf )
of α-FeOOH is -485.1 kJ/mol, which is lower than that of γ FeOOH (-471.0 kJ/mol), so the transformation from γ -FeOOH to
α-FeOOH is spontaneous. Besides, the specific proportions of
α-FeOOH or Fe3 O4 often changed with the transported water
quality (Tang et al., 2006; Zhang et al., 2020b). For same iron
pipes, more Fe3 O4 was found to form on pipes transporting

surface water than those transporting ground water (Li et al.,
2018).

1.3.

Iron release due to scale destabilization

Iron release often occurs when a stable corrosion scale is disturbed by abrupt changes in the transported water quality, especially when the water source is switched from ground water to surface water or a new water source is utilized via longdistance water transportation (Bei et al., 2019; Liu et al., 2017b;
Yang et al., 2014a). Many cities, such as Beijing (China) and Tucson, Arizona (US) have suffered from serious yellow drinking
water problems, caused by the shift in the water source utilized (Zhang et al., 2014). Factors influencing scale destabilization are mainly associated with the transported water chemistry (pH, redox potential and ion compositions) and biological processes (different bacterial communities), although the
importance of different factors has not been consistently reported in the previous literatures (Peng et al., 2010; Sun et al.,
2014; Wang et al., 2014; Zhuang et al., 2021).
The variable compositions of corrosion scales induce different corrosion promoting or inhibiting effects. For example,
the main products of corrosion, including FeCO3 , α-FeOOH and
γ -FeOOH, are unstable and less protective, inducing high levels of iron release, while thick and compact corrosion scales
with a higher proportion of Fe3 O4 are more stable and reduce
the iron release into water (Liu et al., 2013; Wang et al., 2014;
Yang et al., 2012a).

2.

Methodologies

2.1.

Corrosion measurements

Corrosion measurements are typically performed using the
weight loss method (ASTM G 31, 1994), allowing highly accurate measurements based on Eq. (5) as follows:
Corrosionrate(mm/a ) =

87600Wloss
A×D×T

(5)
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Fig. 3 – Schematic diagrams of an electrochemical testing system and its generated results: (a) A traditional three-electrode
cell (Xu et al., 2015); (b) Schematic of an electrochemical monitoring system; (c) Electrochemical impedance spectra (EIS)
results; (d) Equivalent circuit diagrams used to fit EIS results (Zhang et al., 2020b); (e) The polarization curves acquired by
electrochemical testing for corrosion caused by chloride ions (Mo et al., 2017); (f) Image of an electrochemical monitoring
system installed in a DWDSs (Orlikowski et al., 2013).

where mm/a refers the corrosion depth expressed by millimeter (mm) every year; Wloss (g) is the weight loss during the
corrosion process; A (cm2 ) is the test surface area; D (g/cm3 )
is the density of the test material; T (hr) is the experimental duration. However, this method cannot reflect real-time
corrosion dynamics, due to the sampling delay. Thus, efforts
have been made to develop in-situ electrochemical assays for
instantaneous corrosion process measurements (Wang et al.,
2014; Xing et al., 2018; Zhang et al., 2020b).

2.2.

Online electrochemical approaches

In-situ electrochemical assays developed in recent years provide an effective approach for the online monitoring of
corrosion and scale formation. When only one metal is
present in the system, electrochemical measurements are often performed using a traditional three-electrode cell (Fig. 3a)
(Xu et al., 2015). Electrochemical measurement systems can be
installed within the pipes of simulated DWDSs (Fig. 3b), with
the generated electrochemical impedance spectra (EIS) and
the equivalent circuit diagrams used to fit EIS results shown in

Fig. 3c and d. Furthermore, experimental polarization curves
are shown in Fig. 3e.
As shown in Fig. 3a, a saturated calomel electrode (SCE)
(or Ag(Cl)/saturated KCl) is commonly used as the reference
electrode (Ma et al., 2009), with a platinum sheet used as
the counter electrode (Skale et al., 2008), whereas the working electrode is generally made of iron segments cut from
real pipes (Sancy et al., 2010). Fig. 3b shows an electrochemical measurement system installed on a flow cell simulating a DWDS. Using an electrochemical measurement system,
electrochemical impedance spectra (EIS) can be obtained, as
shown in Fig. 3c. The EIS can then be fitted using the equivalent circuit diagram to determine electrochemical characteristics such as the resistance and capacitance of a corrosion scale
or its double electric layer (Fig. 3d). Moreover, the acquired
polarization curves (Fig. 3e) can be used to establish factors
such as the corrosion potential (Vcorr ), corrosion current density (Icorr ) and polarization resistance (Rp ), which are important indicators for the corrosion tendency and rate (Shim et al.,
2004; Yohai et al., 2016). Both of the EIS and polarization curves
methods evaluate the corrosion process in completely differ-
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Fig. 4 – (a) Galvanic corrosion cell (Xu et al., 2015); (b) Current density variation during Galvanic corrosion (Ng et al., 2020); (c)
Image of severe galvanic corrosion for the two coupled metal pipes (Desantis et al., 2018).

ent ways. Fig. 3f shows a corrosion rate monitoring system installed on an actual pipe, using polarization and resist metric methods. However, the utilization of this approach might
be limited by the requirement for customized electrodes and
pipes.
When two metals with different corrosion potentials (Ecorr )
are connected together electrically, galvanic corrosion preferentially occurs (Ng et al., 2020). Thus, an electrochemical
galvanic corrosion testing system was designed to study this
phenomenon, containing two working electrodes and one
reference electrode (Fig. 4a), allowing the galvanic corrosion
current (Icouple ) and galvanic corrosion potential (Vcouple ) to
be determined (Fig. 4b). The Icouple /Icorr value indicates the
galvanic corrosion effect, with high values often suggesting the occurrence of severe galvanic corrosion. An image
of severe galvanic corrosion on two coupled metal pipes
composed of commonly occurring metals can be seen in
Fig. 4c.
Electrochemical assays can provide continuous and dynamic data on various parameters such as the corrosion potential, scale erosion potential, corrosion current density, corrosion scale resistance, electron transfer resistance, surface
coverage, and scale capacitance. Therefore, the electrochemical approach is relatively efficient, convenient and accurate,
which helps to explain the corrosion mechanism and provide a more detailed description of localized corrosion (pitting corrosion and crack corrosion) or corrosion scale deposition (Fabbricino et al., 2014; Guo., 2017; Rakitin and Kichigin, 2009; Refait et al., 2006; Rios et al., 2013; Rocca et al., 2019;
Zhang et al., 2018a; Zhu et al., 2020). Thus, more attention
should be paid to the electrochemical measure methods in the
future.

2.3.

Water quality indices for corrosion analysis

More than 20 water quality parameters have been proven to
affect corrosion, either in a positive or negative manner. Sev-

eral water quality indices have been developed to provide a
preliminary assessment of the corrosion process, as shown in
Table 2 (Khorsandia et al., 2015; Xu et al., 2020).
The Larson-Skold Index (LI) is commonly used to evaluate
the corrosion potential of the transported water (Larson, 1975;
Larson and Skold, 1958). Generally, more amorphous ferrous
oxides form in water with a higher LI value, resulting in a
higher amount of iron release (Niu et al., 2015). In some studies, a clear linear relationship has been found between the
iron release and the LI index value (Mi, 2015a; Zhang et al.,
2016). This relationship between LI values and iron release is
independent on other water quality parameters, such as the
content of organic matter (Lytle et al., 2020). In contrast, no obvious linear correlation has been found between the corrosion
rate and LI values (Li et al., 2015b).
The Langelier saturation index (LSI) is a commonly used
index, evaluating the causticity of water, which has been included in the drinking water standards for both the US and
Japan. Positive LSI values suggest that calcium in water has
the tendency to precipitate as CaCO3 , while negative LSI values imply the tendency for CaCO3 to dissolve (Langelier, 1936).
LSI values close to zero suggest that the water is saturated
with calcium, presenting a tendency for the occurrence of pitting corrosion (Ravikumar et al., 2012; Shankar, 2014).
The Ryznar stability index (RSI) and aggressive index (AI)
were designed to predict the scaling and corrosion tendency
of transported water, which are often used in combination
with the LSI (Ravikumar et al., 2012). The calcium carbonate
precipitation potential (CCPP) index provides a quantitative
prediction of the amount of undissolved calcium carbonate
under certain water quality conditions. However, the CCPP
value alone cannot be used directly as a corrosion index
(Brodeur et al., 2006), as its relevance must be evidenced with
other water quality parameters.
Despite the widespread utilization of these indices, no single index is effective for predicting all aspects of water corrosivity. Therefore, some studies have attempted to combine
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Table 2 – Commonly used indices for corrosion and scale formation in water.
Index

Equation

Larson- Skold index (LI)

Larsonindex =

Langelier saturation
index (LSI)

LSI = pH − pHs

Interpretation
[Cl− ]+2[SO4 2− ]
[HCO3 − ]

LI<0.8
0.8<LI<1.2
LI>1.2
LSI<-2
-2<LSI<-0.5
-0.5<LSI<0
LSI=0
0.5<LSI<2

Calcium carbonate
precipitation potential
(CCPP)
Ryznar stability index
(RSI)

CCPP(mg/L) =
100([Ca2+ ]i − [Ca2+ ]eg )

Aggressive-ness index
(AI)

AI = pH + log[Ca2+ ][Alkalinity]

RSI = 2pHs − pH

-5 <CCPP<5
5<CCPP<10
15 <CCPP
4<RSI<5
5<RSI<6
6<RSI<7
7<RSI<7.5
7.5<RSI<9
RSI>9.0
AI<10
10<AI<12
AI>12

Reference
Scaling
Relative corrosion
Pitting corrosion
Intolerable corrosion
Serious corrosion
Slight corrosion but
no-scale forming
Balance but pitting
Slight scaling forming
and corrosive
Balance
Slight scaling
Serious scaling
Heavy scale
Light scale
Little scale or corrosion
significant corrosion
Heavy corrosion
Intolerable corrosion
High corrosion
Significant corrosion
Scaling

(Benson., 2009; EsmaeiliVardanjani et al., 2015;
Zhang., 2005;)
(Langelier, 1936;
Benson., 2009; Shankar.,
2014)

(Wan et al., 2015;
Zhang et al., 2020b)
(Benson., 2009 Shankar.,
2014; Xu et al., 2020)

(Ahmad., 2006;
Bum et al., 2015;
Davil et al., 2009)

Note: pHs refers to the saturated pH value in water at a certain temperature, indicating the pH when calcium carbonate reaches saturation in
water at a certain temperature; [Ca2+ ]i is the concentration of calcium in the actual measured water; [Ca2+ ]eg is the concentration of calcium
when calcium carbonate reaches a state of equilibrium.

these indices to establish a comprehensive water corrosiveness evaluation index. Kim combined LSI, CCPP and RI for the
assessment of water corrosiveness, and they indicated that
the composite index exhibited a good correlation with iron release (Kim, 2017). Li et al. (2015b) introduced dissolved oxygen,
free chlorine and nitrate into the LR index to predict the water quality stability during the source water switching (Eq. (6)).
They reported the accuracy of the modified LR index for predicting results is obviously higher than that of utilizing original LR index alone (Li et al., 2015b).
 −   2−  

Cl + SO4 + NO−
3
WQCR =
(6)
Alk × (DO + chlorine )
Overall, each individual index is designed to address a specific water quality aspect, with no single index able to effectively and completely evaluate pipe scale or drinking water
stability under varying conditions. The use of different indices may lead to contradictory results and therefore, in addition to these indices, common water quality parameters
and corrosion scale states should be considered comprehensively (Peng et al., 2013; McNeill and Edwards, 2001; Li et al.,
2015b).

2.4.

Reactors for DWDSs simulation

Two types of devices have commonly been used to investigate
pipe corrosion and water stability in DWDSs, pipe loop reactors and rotating flow reactors (Fig. 5a, b), both of which allow
samples to be taken and measured periodically to better understand the corrosion process (Li et al., 2016; Mi et al., 2015a,

2015b; Shi et al., 2018; Yang et al., 2014b). Pipe loop reactors can
accurately simulate the underground DWDSs environment,
although the high level of energy and water consumption impairs the affordability of this reactor system. Rotating flow reactors are composed of a pipe section and a motor-driven propeller which can simulate the water flow speed vertically instead of axially. Although the water flow direction is different
to real DWDSs scenarios, this reactor provides high affordability and efficiency.
Practically, iron corrosion and iron release are two different concepts, which occur via different processes. Iron corrosion mainly focuses on the mass loss of metallic iron, while
iron release mainly refers to the amount of iron corrosion
products released from scale and entering into bulk water.
In the initial corrosion stage, iron release is the sequential
process of iron corrosion process on newly installed pipes
when the corrosion products enter into bulk water directly
(Sander et al., 1996). For the aged pipes with developed corrosion scale, the total iron concentration in water depends on
corrosion rate, re-precipitation rate, dissolution rate of corrosion scales (Li et al., 2015b; Mutoti et al., 2007). Here, the iron
is released mainly in ferric particulate form and could not reliably reflect iron corrosion rate actually (Li et al., 2016). Furthermore, iron release can be exacerbated greatly due to scale
breakage caused by source water switching, excessively large
scales or the physical destruction of small scales due to the
flow of water. Thus, a higher corrosion rate does not automatically mean a higher amount of iron release, especially for aged
(approximately 20 years old or more) iron pipes (Sun et al.,
2014).
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Fig. 5 – Example of simulated drinking water distribution system. (a) Pipe loop reactors (Shi et al., 2018; Yang et al., 2014b);
(b) Rotating flow reactors (Li et al., 2016; Mi et al., 2015a, 2015b).

3.
Chemical factors affecting corrosion and
scale formation
Some water quality parameters have been reported to affect
the corrosion (Previous studies did not make a strict distinction between corrosion and iron release, thus, the original expression of them has been preserved in the present studies)
and scaling process, such as pH, alkalinity, hardness, oxidants
and anion concentrations (Baig et al., 2017).

3.1.

Oxidants

Dissolved oxygen (DO) plays an important role as an oxidant
in many DWDSs reactions, oxidizing iron and iron corrosion
products, such as the conversion of ferrous species into ferric species (e.g., FeOOH and Fe3 O4 ), which is beneficial for
scale formation and iron release inhibition (Lu et al., 2014;
Zhang et al., 2018b). However, this inhibition effect is weakened by excessively high or low DO levels (Lu et al., 2014;
Niu et al., 2015; Sun et al., 2013). Previous studies found that 20
mg/L DO accelerate the iron release while lower DO concentration (lower than 4 mg/L) cause a reduction of the scale outer
layer and also enhance the iron release (Lu et al., 2014; Niu
et al., 2006a, 2006b). Disinfectants, such as free chlorine, chloramines and chlorine dioxide, are primary oxidants, which
can directly interact with metal pipe materials. It is widely
accepted that residual disinfectants increase corrosion rates
due to their high oxidation potential (McNeill and Edwards,
2001). However, some studies have reported contradictory results. Eisnor and Gagnon (2004) reported that chlorine dioxide
and chlorite enhanced the corrosion rate compared with that
in reference experiments, while chloramine and free chlorine
restrained the corrosion rate. Lu et al. (2014) reported that
an increase of free chlorine concentration (0.3-3.6 mg/L) had
no obvious effect on iron release, while chloramine with a
low concentration (1.3-2.0 mg/L) promoted iron release obviously. These differences might be caused by variations in the
specific chlorine concentration and water quality characteristics. Both DO and disinfectants contribute to the oxidationreduction potential (ORP) in the system. Under higher ORP
conditions, ferrous corrosion products can be oxidized into
ferric products, forming more stable and compact corrosion
scales, limiting further corrosion or iron release. Some stud-

ies have tried to establish a relationship between ORP and
the iron release, indicating that iron release increased under low ORP conditions (< 300 mV), while iron release decreased under high ORP conditions (>400 mV) (Mi et al.,
2015a).

3.2.

Corrosive anions

Chloride (Cl− ) and sulfate (SO4 2− ) are considered to be typical
corrosive anions participating in the corrosion process. Chloride with a higher mobility could penetrate the scale layer
easily, impair the scale stability and enhance iron release
(Liu et al., 2013). This situation often occurs when the water
source is changed, with an increase in chloride concentrations
from the new water source (Hu et al., 2018; Lu et al., 2014).
Some studies have shown that total iron release has a positive relationship with chloride concentration (Mi, 2015a; Niu
et al., 2007). Moreover, chloride can also be involved in pitting
corrosion and induce an acidic environment on pipe surface,
which further promotes the corrosion process (Zhang et al.,
2020a). Chloride ions will compete with oxygen ions in iron
oxides for adsorption sites, which will transform iron oxides
into more soluble iron chlorides, resulting in the decline of the
stability of pipe scale (Ma et al., 2009; Wang et al., 2014).
High sulfate concentrations can also increase the tendency
for corrosion and iron release in DWDSs (Jin et al., 2013). A significant relationship has been reported between iron release
and sulfate concentrations (Mi et al., 2015a), although the relevant mechanism remains unclear. Some studies have speculated that sulfate might react with FeOOH on the scale surface,
forming (FeO)2 SO4 as the product, which promoted the scale
vulnerability and enhanced iron release (Mi et al., 2012). Moreover, an increase in sulfate concentration benefits the growth
of sulfate reducing bacteria (SRB), which also leads to the destruction of outer scale layers. In some cases, the iron release
rate increased more than 10 times after switching to a new
water source containing sulfate concentrations over 400 mg/L
(Sun et al., 2013; Zhang et al., 2014).

3.3.

pH and Alkalinity

It has been well established that high pH conditions can inhibit pipe corrosion and iron release, increasing the water
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Table 3 – Possible reaction for corrosion scale transformation of iron pipes.
Reactions
3+

−

References
−

Fe +Cl +OH →FeOCl+HCl
2Fe(OH)2 +H2 O+O2 →2Fe(OH)3
Fe(OH)2 →FeO+H2 O
Fe(OH)2 +1/4O2 →γ -FeOOH+1/2H2 O
Fe(OH)3 →FeOOH+H2 O
2FeOOH→Fe2 O3 +H2 O
2Fe2+ +1/2O2 +4OH− →2α-FeOOH+H2 O
Fe(OH)2 +2Fe(OH)3 →Fe3 O4 +4H2 O
3Fe(OH)2 +1/2O2 →Fe3 O4 +3H2 O
3α-FeOOH+H+ +e− →Fe3 O4 +2H2 O
2Fe2+ +HClO+H+ →2Fe3+ +Cl− +H2 O
2FeCO3 +1/2O2 +4OH-→2α-FeOOH+CO2
FeOOH+Cl− →FeOCl+OH−
FeOOH+SO4 2− →(FeO)2 SO4 +2OH− _
3FeOCl→γ -Fe2 (OH)3 Cl→γ -FeOOH
γ -FeOOH+2Fe2+ +4OH− →Fe3 O4 +2H+

quality stability of DWDSs (Mi et al., 2012). Under the conditions of pH >7, iron chemicals exist mainly in the form
of insoluble species (Weber et al., 2006a). Higher pH conditions are favorable for the formation of Fe3 O4 , which is a more
dense and stable scale component than γ -FeOOH (Baig et al.,
2017; Cornell and Schwertmann, 2003; Niu et al., 2007; Shi
et al., 2013). Ferrous solids (such as Fe(OH)2 and FeCO3 ) can
re-precipitate under high pH or high alkalinity conditions
(Sarin et al., 2004b). However, pH levels >10 favor the nonprotective ferric ions formation in scale components, inducing
higher corrosion rates. Thus, pH levels between 7 and 10 are
ideal for the of corrosion inhibition (Larson and Skold, 1958).
Alkalinity increment promotes the precipitation potential of
iron oxides and induces the formation of stable corrosion
products (Fe3 O4 and α-FeOOH), thereby inhibiting further corrosion (Zhang et al., 2020b; Ketrane et al., 2021). An inverse relationship between alkalinity and iron release has often been
reported, which might be explained by the siderite model
mechanism (Hu et al., 2018; Mi et al., 2012; Sontheimer et al.,
1981).

3.4.

Corrosion scale transformation

Some studies have reported that α-FeOOH, β-FeOOH, γ -Fe2 O3 ,
Fe3 O4 , FeCO3 and green rusts (GRs) are the main crystalline
compounds in corrosion scales, although their reported proportions vary greatly (Gerke et al., 2008; Li et al., 2018;
Tang et al., 2006). The observed differences in components
are mainly caused by different source water characteristics
such as pH and the content of oxidants, chlorides and sulfates
(Li et al., 2018; Lytle et al., 2005a; Ray et al., 2010). Table 3 summarizes the possible reaction mechanism for corrosion scale
transformation.
However, the relationships between corrosion scale characteristics and water quality are not well understood. Initially,
there is sufficient DO present in the DWDSs transported water for zero valent iron to be used as the electron donor, being oxidized into Fe2+ by O2 . The released Fe2+ can then combine with OH− to form Fe(OH)2 or other iron hydroxide con-

Ma et al., 2009
Xiao et al., 2008; Xu et al., 2015; Zhang et al., 2019
Cui et al., 2016
Xu et al., 2015; Zhang et al., 2019
Lu et al., 2014; Xu et al., 2015; Wang et al., 2012
Benson et al., 2012; Lu et al., 2014; Cui et al., 2016
Benson et al., 2012; Sun et al., 2014
Little et al., 2014; Zhang et al., 2019
Jin et al., 2015
Little et al., 2014; Zhang et al., 2019
Wang et al., 2012; Zhang et al., 2019
Sontheimer et al., 1981; Sun et al., 2014
Zhang et al., 2019
Liu et al., 2017b
Ramya et al., 2010
Sun et al., 2014

stituents. As the corrosion process proceeds, Fe(OH)2 is further oxidized into Fe(OH)3 , which has much lower solubility
under neutral pH conditions. Fe(OH)3 in the sediment is gradually dehydrated to form Fe2 O3 and FeOOH (Teng et al., 2008).
Under the condition of less than 0.5 mg/L dissolved oxygen or
less than 100 mV ORP, there will be a trend of FeOOH reducing
to Fe3 O4 (Lair et al., 2006; Sugae et al., 2019; Zhang et al., 2019).
Meanwhile, γ -FeOOH formed in the early stage of corrosion is
transformed into α-FeOOH as the oxidation process decreases
(Baig et al., 2017). The continuous accumulation of corrosion
products can hinder further diffusion of DO inside the scale,
with these anoxic or anaerobic conditions in the scale favoring Fe3 O4 formation. Fe3 O4 is more thermodynamically stable
than α-FeOOH or γ -FeOOH (Cornell and Schwertmann. 2003).
Chloride was assumed to break Fe-O-Fe linkages and promote the formation of γ -FeOOH (Zhang et al., 2019). The chloride and sulfate can also promote GRs formation. Green rust
refers to layers of double hydroxides, with positively charged
layers and charge balancing anions located in the interlayer
region. The crystal structure of green rust depended on the
type of interlayer anions present (Evans and Slade, 2006).
Green rusts containing Fe(II) and Fe(III) can contain typical
sulphate [(Fe6 (OH)12 (SO4 )(H2 O)8 ], chloride [(Fe6 (OH)10 Cl(H2 O)3 ]
and carbonate anions [(Fe6 (OH)12 CO3 (H2 O)3 ] (Aissa et al., 2006;
Makris et al., 2014; Pekov et al., 2007; Refait et al., 2006). Green
rusts are generally unstable and can only exist in wet conditions in the absence of oxygen, as they can be converted into
more stable phases in the drying process, such as γ -FeOOH, αFeOOH or Fe3 O4 (Pineau et al., 2008; Świetlik et al., 2012). That
explains why GRs could hardly be detected in scales after the
conventional freeze-drying process.
Disinfectants are also involved the corrosion scale transformation process. α-FeOOH and Fe2 O3 comprise the predominant phases in corrosion scales subjected to free chlorine
disinfection, while CaPO4 (OH)2 H2 O and α-FeOOH become
dominant after replacing free chlorine with chloramines. The
transported water treated with O3 /Cl2 cause higher Fe3 O4
formation than that treated with Cl2 alone (2.3-2.6 mg/L),
inducing a lower level of corrosion (Wang et al., 2018). UV/Cl2
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Fig. 6 – The mechanisms of corrosion scale transformation involving typical water quality parameters.

disinfection causes corrosion passivation more rapidly than
Cl2 (0.85 mg/L) alone, due to the enhanced formation of
Fe3 O4 (Zhu et al., 2014). However, some researchers have
presented conflicting evidence, indicating that the relative
abundance of stable components a-FeOOH and Fe3 O4 was
lower after disinfection with polyquaternary ammonium,
as compared with the reference system (Sun et al., 2014).
Zhang et al. (2018a) also revealed that scales exist in a relatively lower crystalline state under the conditions of NaClO
and ClO2 disinfection (flocculant morphology) than that in
reference experiments (compact, needle-like structure).
Based on the above analysis, a comprehensive depiction of
the corrosion scale transformation process involving typical
water quality parameters, is shown in Fig. 6.

4.
Microbial factors affecting corrosion and
scale formation
4.1.
Corrosion-related bacteria and their corrosion
mechanisms
Certain microorganisms in DWDSs are involved in the anodic/cathodic corrosion kinetics, referred to as corrosionrelated bacteria (CRB) (Rajala et al., 2015). Most probable
number (MPN) enumerations have been employed to culture the CRB and establish their abundance (Chen et al.,
2013; Wang et al., 2014). Pyrosequencing analysis of 16S rRNA
genes was performed, with a high-throughput sequencing
platform used to establish the microbial community composition, abundance, diversity and species of CRBs commonly
(Liu et al., 2017b; Mi et al., 2015b; Prest et al., 2016; Wang et al.,
2015b; Xing et al., 2018).
The most widely reported CRBs in DWDSs include ironoxidization bacteria (IOB), iron- reducing bacteria (IRB),
nitrate-reducing bacteria (NRB), sulfate-oxidizing bacteria
(SOB), SRB, acid-producing bacteria (APB), nitrate-reducing
bacteria (NRB), and siderophore-producing bacteria (SPB)
(Beech and Sunner. 2004; Li et al., 2015a; Little et al., 2014;
Lytle et al., 2005b; Muehe et al., 2009; Perez-Miranda et al., 2007;

Ray et al., 2010; Wang et al., 2012; Weber et al., 2006a, 2006b;
Yang et al., 2014a).
The IOB are often present in an elliptical spherical form,
growing under the condition of pH 5-8. IOB are early colonizers of the surface of iron pipes, followed by other anoxic
or anaerobic bacteria. IOB can also establish a long-term
presence in the aged corrosion products (Emerson, 2019;
Javaherdashti and Alasvand, 2019). SOB are aerobic bacteria,
which require oxygen for growth and induce pH reduction
through sulfuric acid production (Korehi et al., 2013). IRB are
often defined as facultative growth microorganism, which can
respire with O2 under aerobic conditions and reduce ferric
iron into ferrous iron through an anaerobic respiratory pathway (Scala et al., 2006). SRB are one of the most frequently reported microbial groups, which use sulfate as an electron acceptor. Reductive sulfides (e.g., H2 S, HS− and S2− ) are produced
through this process and the corrosion process is therefore
promoted in such sulfate-rich environments (Lytle et al, 2005b;
Yang et al., 2014a). NRB are capable of using nitrate as an electron acceptor (nitrate-dependent Fe(II) oxidation) for the oxidization of ferrous cations (Muehe et al., 2009; Pantke et al.,
2012). In the absence of an exogenous terminal electron acceptor, such as sulfate and nitrate, APB can adsorb the electrons
released from the oxidation of organic carbon and ferrous
scales (Gu et al., 2012). SPB produce siderophores to capture
iron, forming porous corrosion scales (Zhu et a., 2020). Moreover, an antagonistic effect might occur between these coexisting microorganisms. For example, NRB growth can outweigh SRB growth in anoxic or anaerobic environments, as
the energy gained from nitrate reduction is greater than the
energy obtained from sulfate reduction (Wang et al., 2014). Finally, the CRBs at the genus level and their associated corrosion mechanisms are summarized in Table 4.

4.2.

Inactivation of CRBs by disinfectants

Generally, most previous studies have used disinfectants to
control microbial growth, with the effect on corrosion often being investigated comprehensively. The abundance of
IOB and IRB treated with O3 /Cl2 disinfection was found to
be higher than in pipes treated with Cl2 alone, inducing a
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Table 4 – CRB microorganisms at the genus level and their associated corrosion mechanisms.
CRB category

Microorganisms (genus level)

Corrosion mechanisms
2+

IOB

Acidiferrobacter, Alicyclobacillus, Gallionella,
Leptothrix, Pedomicrobium, Rhodomicrobium,
Thiobacillus

Oxidize Fe to Fe ;
Oxidize Fe2+ to Fe3+

IRB

Acidobacterium, Anaeromyxobacter, Arthrobacter,
Bacillus, Clostridium, Escherichia, Ferribacterium,
Geobacter, Geothrix, Microbacterium, Pseudomonas,
Rhodobacter, Rhodomicrobium, Shewanella
Acidithiobacillus, Alicyclobacillus, Sulfuricella,
Sulfuricurvum, Sulfurospirillum, Thiobacillus
Desulfobacterium, Desulfomicrobium,
Desulfosporosinus, Desulfotomaculum, Desulfovibrio

Reduce Fe3+ to Fe2+ ;
Fe(III) corrosion product
reduction

SOB
SRB

APB
NRB

SPB

Massilia, Nocardioides, Propionibacterium,
Propionivibrio, Streptococcus
Acidovorax, Aquabacterium, Azospira,
Bradyrhizobium, Brucella, Comamonas,
Dechloromonas, Flavobacterium, Herbaspirillum,
Hydrogenophaga, Hyphomicrobium, Klebsiella
mobilis, Ochrobacterum, Ralstonia, Sphingomonas,
Variovorax
Mesorhizobium, Mycobacterium, Nocardia,
Rhizobium, Rhodococcus

higher corrosion rate in the first 40 days and a lower rate thereafter (Wang et al., 2018). IOB Sideroxydans and IRB Rhodobacter
were found to be the major CRB induced by the recycling of
Fe(II)/Fe(III), preventing further corrosion in the first 70 days
in a Cl2 disinfected environment, while SPB enrichment with
sequential disinfection by UV and Cl2 promoted corrosion instead (Zhu et al., 2020). The combination of UV irradiation as
a primary disinfectant and free chlorine as a secondary disinfectant (UV/Cl2 disinfection) enhances the advantages of
denitrifying functional bacteria (NRB-Dechloromonas), resulting in a lower iron release rate than the experiments treated
with Cl2 alone (Zhu et al., 2014). Chloramine disinfection
was found to cause major changes of biofilm bacterial communities in DWDSs, with the NRB Acidovorax and Aquabacterium inducing higher corrosion rates than that in sterile
water in the first 6 days, while thereafter, the NRB Azospire
and Dechloromonas became the main bacterial genera and inhibited progression of the corrosion process (Wang et al.,
2015a).

4.3.

Microbe induced corrosion scale transformation

The possible corrosion scale transformation process caused
by CRBs can be summarized as follows:
IOB: In DO-rich environments, aerobic IOBs can utilize ferrous iron (Fe2+ ) as an energy source, respiring with
DO and contributing to the precipitation of ferric oxides or hydroxides (Fe(OH)3 or Fe2 O3 ) (Liu et al., 2016).
These freshly formed amorphous products can then further transform to more crystalline α-FeOOH. Correlation
analysis has shown that the relative abundance of αFeOOH is significantly positively correlated with IOBs
(R=0.8, p<0.01) (Sun et al., 2014).

References
Emerson, 2019; Kappler and Straub, 2005;
Wang et al., 2014; Wang et al., 2015b;
Yang et al., 2014b; Zhu et al., 2014; Zhu et al.,
2020
Bell et al., 2007; Hu et al., 2018; Pan et al.,
2017; Wang et al., 2015a, 2015b; Zhou et al.,
2016; Zhu et al., 2014; Zhu et al., 2020

Oxidizing S2− or SO3 2−
to SO4 2
Reducing SO4 2− to S2− or
H2 S; FeS or other iron
polysulfide formation
Organic acid production

Wang et al., 2015b; Yang et al., 2014a

Reducing NO3 − to NH4 + ;
Fe(III) corrosion product
reduction

Larese-Casanova et al., 2010; Li et al.,
2015a; Muehe et al., 2009; Suzuki et al.,
2000; Wang et al., 2014, 2015a, 2015b; Weber
et al., 2006a; Zhu et al., 2014

Siderophore-production

Carrano et al., 2001; Schneider et al., 2007;
Zhu et al., 2020

Emerson, 2019; Weber et al., 2006b;
Yang et al., 2014a
Wang et al., 2015b

IRB: Current studies on the corrosion mechanisms of IRBs
often present contradictory conclusions. Most studies
have reported that IRBs can respire with oxidized iron
in the form of amorphous ferric oxyhydroxides or crystalline iron oxides (α-FeOOH, β-FeOOH and γ -FeOOH)
and induce the precipitation of Fe3 O4 under anaerobic
conditions (Dubiel et al., 2002; Herrera and Videla, 2009;
Wang et al., 2012). IRB induced reduction of Fe(III) to
Fe(II) often accompanies stable Fe3 O4 layer formation
(Weber et al., 2006a; Zhu et al., 2014; Zhang et al., 2019).
Some studies have also proven that the relative abundance of IRB is positively correlated with Fe3 O4 (R=0.92,
p<0.05) (Sun et al., 2014).
SRB: As SRB proliferate, the preformed corrosion products
may be further transformed to polysulfides, as shown
in Eqs. (7)-(8) (Zhang et al., 2015). Thus, the occurrence
of SRB is often characterized by the presence of S0 and
Fex Sy minerals, such as FeS, FeS2 , Fe3 S4 , or amorphous
iron sulfide (Lytle et al, 2005b). Under these circumstances, SRB can induce very high corrosion rates reaching 10 mm/a in some cases.
3H2 S + 2Fe(OH )3 = Fe2 S3 + 6H2 O

(7)

FeS + H2 S = FeS2 + 2H+ + 2e−

(8)

APB: APB may induce ferric iron reduction, as described for
IRB.
NRB: NRB are capable of oxidizing Fe2+ using NO3 − as an
electron acceptor (nitrate-dependent Fe(II) oxidation),
forming α-FeOOH as the main iron product (Etique et al.,
2014; Muehe et al., 2009; Pantke et al., 2012; Weber et al.,
2006b). Fe(II) production by the NRB Acidovoras sp. and
Klebsiella mobilis promotes the formation of α-FeOOH
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and enhances the corrosion process, while the reduction of Fe(III) by NRB Azoarcus sp. and Dechloromonas sp.
was found to enhance Fe3 O4 formation and induce a
stronger degree of inhibition of iron corrosion and release (Larese-Casanova et al., 2010; Wang et al., 2015a;
Weber et al., 2006a). The NRB Dechloromonas in an Annular reactors treated with UV/Cl2 induced the cycling
of Fe(II)/Fe(III), increasing the precipitation of iron oxides and Fe3 O4 formation, ultimately inhibiting the corrosion process. In contrast, the NRB Sphingomonas and
Brucella produced siderophores to capture iron, resulting in a lower level of corrosion (Zhu et al., 2014).
The mechanisms of corrosion scale transformation are
complex and involve synergistic reactions between CRBs. For
example, the metabolic activity of IOBs is often coupled to the
consumption of oxygen, providing the conditions required for
SRB growth (Zhang et al., 2015). Once O2 is no longer available,
IRB and NRB switch to the use of Fe(III) as an electron acceptor.
This process can dissolve protective ferric oxides and allow
the extraction of iron as required for Fe-dependent anaerobic
respiration, leading to the breakdown of passive ferric oxide
layers . It is of note, the presence of IRB and NRB might competitively suppress the growth of SRB, thereby reducing the
rate of pipe corrosion (Xu et al., 2013; Zarasvand and Rai, 2014).
Therefore, the possible corrosion scale transformation mechanisms and relevant biochemical functions (e.g., iron redox cycling) of co-existing CRBs have been established, as shown in
Fig. 7.

5.

Conclusions and Suggestions

This study comprehensively reviews the current knowledge
on corrosion and corrosion scale formation upon unlined cast
iron pipes, enhancing our understanding of the complex reactions occurring in DWDSs and helping water operators maintain water supply safety and provide good water for final con-

sumers. The main aspects of this review are summarized as
follow:
(1) Corrosion processes inevitably occur on iron pipes in
DWDSs. Non-uniform or localized corrosion is more harmful to the integrity of pipes than uniform corrosion. Several
corrosion indices have been developed to predict the corrosion tendency. However, the accuracy for these indices depends on the situation, with water quality and corrosion
scale characteristics being highly influential. Specifically,
the concept of corrosion refers to the mass loss of metallic
iron, while the concept of iron release mainly focuses on
the amount of iron corrosion products that enter the bulk
water.
(2) Corrosion scale formation often exhibits different mineralogical characteristics as a result of varying corrosion processes. The factors influencing the corrosion and scale formation processes include water quality factors and microbial activities. Some water quality parameters such as
pH, alkalinity, hardness, oxidant and anion concentrations,
have been reported as the primary factors affecting corrosion. Moreover, the microbes involved in corrosion include
IOB, IRB, NRB, SOB, SRB, APB, NOB, NRB and SPB, with the
identified genera among these also summarized. Generally,
the formed corrosion scales often exhibit a multilayered
structure, in which the main corrosion products can be
transformed, with the possible transformation pathways
summarized accordingly.
(3) Electrochemical assays are an efficient and convenient approach to characterize corrosion and scale formation processes, providing continuous and dynamic information on
relevant factors such as the corrosion potential, scale erosion potential, corrosion current density, corrosion scale
resistance and electron transfer resistance. These measurement methods provide a valuable new perspective, increasing our understanding of the in-situ corrosion process, mechanisms and influencing factors, which should
be pained more attention for research in the future.

Fig. 7 – Possible corrosion scale transformation mechanisms of co-existing CRBs.
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