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Iron oxidation inevitably occurs in drinking water distribution systems (DWDSs) and can cause water quality
problems such as increased turbidity and discoloration of tap water. Considering that chlorine disinfection is also
widely used in DWDSs, the role of disinfectant and disinfection byproducts (DBPs) in iron oxidation should not be
neglected. Interestingly, here the well-known deoxidizer ascorbic acid (VC), which is also a food additive, could
induce the formation of Fe3O4 besides FeOOH resulting in the color change from yellow to black in the presence
of trichloroacetic acid (TCA, one of the most typical DBPs) and NaClO (disinfectant). The oxygen-containing
functional groups in TCA and VC may bind Fe(II) to guide the crystal growth. Though the particles generated
in the presence of TCA and NaClO together with VC had higher content Fe3O4 which would be more difficult to
suspend, once disturbance happened, these particles could increase the turbidity and color of water into higher
value than the particles formed without VC and those generated in the absence of TCA and NaClO. Therefore, the
deoxidizer VC may control “yellow water” without disinfectant, but may deteriorate the water quality under
disinfection conditions.

Keywords:
Iron oxidation
Chlorine disinfection
Yellow water
Drinking water distribution systems

1. Introduction
Iron pipes are used extensively in drinking water distribution sys
tems (DWDSs) (Liu et al., 2017). However, internal iron corrosion and
scale formation inevitably occur in DWDSs (Gauthier et al., 1999;
Zacheus et al., 2001; Lytle et al., 2004), which may have various adverse
effects on water quality, including water quality deterioration, hydraulic
capacity reduction, microbial proliferation and pipe material destruc
tion (Husband et al., 2008; Peng et al., 2012).
Typical iron corrosion scales generally have a three-layer structure:
an inner porous layer that covers the metal basis, a compact shell-like
layer in the middle, and a loose sediment layer on the top (Sarin
et al., 2001, 2004). The unstable γ-FeOOH in iron scale is often gener
ated by a quick corrosion process, while the compact Fe3O4 and
α-FeOOH are usually formed by a passivated corrosion process (Li et al.,
2016; Tang et al., 2006). The corrosion scales containing more Fe3O4
would be more stable than those containing more α-FeOOH (Yang et al.,
2014). The iron corrosion process is easily influenced by water chemical
parameters, such as dissolved oxygen (DO), disinfectant, natural organic
matter, calcium, chloride and sulfate (Li et al., 2016).

Disinfectants have great impacts on corrosion and scaling processes.
In recent decades, due to safety concerns, increasing numbers of utilities
in China and the United States have begun to use sodium hypochlorite
(NaClO) or bleach instead of liquid chlorine. Although NaClO has a
similar disinfection capacity to liquid chlorine, its influence on corrosion
and scaling could be different because of higher pH values, especially in
ground water with high hardness. Zhang et al. (2020) used in situ
electrochemical assays and established a negative linear relationship
between the proportion of stable iron scale and the corrosion current
density, which reflects the effect of NaClO on the early corrosion and
scaling phenomenon. In addition to the important impact of NaOCl on
iron corrosion, it is meaningful to note that NaClO disinfection in DWDS
would also generate disinfection byproducts (DBPs) (Schock et al., 2008;
Chu et al., 2010). Allard et al. (2013) found that Mn(II) oxidation during
chlorination was enhanced by bromide through the formation of reac
tive Br species, indicating the important role of DBPs during metal
oxidation under disinfection conditions. Trichloroacetic acid (TCA),
which is abundant and has carcinogenic properties, is a representative
haloacetic acid (HAA). The carboxyl group in HAAs can bind with metal
ions, influencing the corrosion process and products (Wang and Wong,
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2005). However, the effect of NaClO disinfection and DBPs on iron
corrosion has not yet been studied. Prevent pitting corrosion is impor
tant for the stability of DWDSs. Ascorbic acid (VC) is a reductive
medium-strong acid with four hydroxyl groups and a five-membered
lactone ring and is a green nontoxic corrosion inhibitor (Valek et al.,
2008). VC is not only an essential nutrient for humans, but also is a
commonly used food additive, Liu et al. (2020) found that the addition
of a small amount of VC (2.5–5.0 mg/L) to tap water followed by boiling
could obviously reduce the toxicity of tap water comparing to that only
boiling. On the basis of that, Liu et al. (2021) also compared different
types of lemon water and found that the “lemon+boiling” approach
substantially decreased the concentrations of halo-DBPs and the cyto
toxicity of tap water. These literatures revealed the great potential of
environmental friendly and edible VC in solving the problems in
drinking water. However, whether VC is able to control iron corrosion
under the above conditions is unknown.
Thus, in this study, we examined the effect of NaClO disinfection and
DBPs on iron corrosion with implications for the control of residual
chlorine in DWDSs. The effects of the individual presence and coexis
tence of NaClO and DBPs on iron oxidation were studied. The deoxidizer
VC was added into the system to study its potential in discoloration
control. A theoretical calculation was developed to help explain the
underlying mechanisms.

Fig. 1. Photograph of solutions F1 to F5.

multiparameter meter (HACH HQ 40d). Turbidity was measured by a
turbidimeter (Hach 2100Q). Color was measured as Pt-Co method unit.
The theoretical calculation method is given in the Supporting
information.
3. Results and discussion

2. Materials and methods

3.1. Appearance and morphology

2.1. Iron oxidation reaction

A photograph of the sample solution after reaction is shown in Fig. 1.
The individual presence of TCA and NaClO induced obvious color
changes of the solution from yellow (F1) to orange (F2 and F5), and the
coexistence of TCA and NaClO made the solution a darker orange color
(F3) than either alone. This change in color indicated increased iron
oxide content in the solution. In the condition without TCA and NaClO,
the addition of VC obviously inhibited the oxidation reaction, resulting
in a pure solution without particles, but interestingly, when TCA and
NaClO were both present, the solution was black (F4). Interestingly, the
deoxidizer VC had an inhibitory effect without TCA and NaClO but was
ineffective and may change the crystal patterns of the iron oxides formed
with TCA and NaClO, indicating the strong oxidation conditions created
by NaClO disinfection. Color is the most significant indicator of dis
colored water. As a deoxidizer, we had thought that the reductant VC
might inhibit the generation of iron particles and resulted in a clearer
solution. However, the result turned out to be that the solution with VC
under NaClO disinfection became a “black” water with darker color. The
phenomenon of the color change from light yellow to dark black is un
expected for the result of using VC.
SEM images of the particles in F1 to F5 are shown in Fig. 2. Particles
F1, F2, F3 and F5 had abundant nanorods in the microstructure, but F4
did not contain any sharp nanorods and consisted instead of nanoplates.
Moreover, particle F2 had a similar urchin-like cluster structure to F1
but had a more uniform structure and sharper surface, indicating that
TCA may bind with Fe(II) and guide the crystal growth process. More
over, the particles grown under the condition containing NaClO did not
have an urchin-like cluster structure, indicating that the type of oxidant
had a great influence on the morphology of the iron particles. F3 had the
most uniform and porous structure, indicating that the template role of
TCA was promoted under NaClO oxidation. To further study the
microstructure of the iron particles, TEM images are shown in Fig. 3. It is
obvious that F1 and F2 have urchin-like features. Square particles were
formed in F4 and F5. Among the samples, F3 had the most porous
structure with uniformly dispersed nanorods. Moreover, samples F2 to
F5 had a lower agglomeration degree than F1, which was in accordance
with other references reporting that hydroxyl and carboxylic groups in
organics can stabilize Fe(III) and reduce aggregation and precipitation
propensities (Liao et al., 2017; Philippe and Schaumann, 2014).

As α-FeOOH is a representative component in scales in DWDSs and is
usually formed through a passivated corrosion process (Li et al., 2016;
Tang et al., 2006), to accelerate the reaction between iron and DO, iron
oxidation into α-FeOOH was performed under hydrothermal treatment.
Typically, FeSO4⋅7H2O (Sigma-Aldrich, 99.9%) (0.22 g) was dissolved
and stirred in distilled water (80 mL) to form a uniform solution. Then,
the solution was heated at 100 ◦ C for 24 h in a 100 mL Teflon-lined
stainless steel autoclave. The resulting product, named F1, was sepa
rated by centrifugation, washed once with ethanol, and then dried at
60 ◦ C overnight. Sample F2 was obtained by the addition of 0.02 g TCA
(Sigma-Aldrich, 99.0%) before the reaction, with the other conditions
kept the same as in sample F1. Sample F3 was generated by the addition
of 0.5 mL 0.4 g/L (as Cl2) chlorine stock solution prepared using NaClO
(Sigma-Aldrich, 4.00–4.99%) before the reaction, with the other con
ditions kept the same as in sample F2. Sample F4 was prepared by the
addition of 0.01 g ascorbic acid (VC), with other conditions kept the
same as in sample F3. Sample F5 was prepared by the addition of 0.5 mL
of 0.4 g/L (as Cl2) chlorine stock solution before the reaction, with the
other conditions kept the same as in sample F1. A sample was prepared
with the addition of 0.01 g VC before the reaction, with the other con
ditions kept the same as in sample F1, for comparison. For comparison, a
group of experiments under real DWDS relavent iron concentrations
were given in Supporting information.
2.2. Characterization
The morphologies of all the samples were characterized using fieldemission scanning electron microscopy (SEM, Hitachi S4800) and
transmission electron microscopy (TEM, FEI, Tecnai G2 F20). The X-ray
diffraction (XRD) spectra were obtained on a Bragg-Brentano diffrac
tometer (Rigaku, D/Max-2200). The elemental compositions of the
surfaces of the particles were analyzed by X-ray photoelectron spec
troscopy (XPS, EscaLab 250Xi). The surface functional groups were
studied by Fourier transform infrared spectroscopy (FTIR, Bruker, Ver
tex 70). Inductively coupled plasma mass spectrometry (ICP-MS NexION
300, PerkinElmer) was used to quantify the dissolved Fe after acidifi
cation with HNO3. The pH, temperature, DO, oxidation-reduction po
tential (ORP) and conductivity were measured by a portable
2
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Fig. 2. SEM images of (a) F1, (b) F2, (c) F3, (d) F4 and (e) F5.

Fig. 3. TEM images of (a) F1, (b) F2, (c) F3, (d) F4 and (e) F5.

Fig. 4. (a) XRD and (b) Fe2p XPS spectra of F1 to F5.

3.2. Crystal structure and bonding analysis

(II) to further promote its transition to Fe(III). In DWDSs, scales are
formed through a combination of upstream corrosion and in situ pro
cesses. Chemical bonds of corrosion products could be retained in the
scales for a long period of time. Fig. S1 shows the full XPS survey of the
particle. In the Fe2p spectra (Fig. 4b), the two distinct peaks at binding
energies of approximately 710 eV for Fe 2p3/2 and approximately
723 eV for Fe 2p1/2 (Tang et al., 2016). Filius et al. (2000, 2003) pro
vided strong arguments that hydrogen bonding is the most important
mechanism for natural organic adsorption onto goethite, followed by
ligand exchange and electrostatic interactions, resulting in certain pro
portions of outer and inner sphere complexes formed by carboxyl and
hydroxyl groups.

To further confirm the crystal pattern and compare the crystal
changes, XRD analysis of F1 to F5 is shown in Fig. 4. The crystal patterns
of F1, F2, F3 and F5 were α-FeOOH, while that of F4 was Fe3O4. The
difference in the crystal pattern was in accordance with the color of the
sample, and the formation of Fe3O4 is the reason for the black color of
F4. In DWDS, the corrosion scales containing more Fe3O4 would be more
stable than those containing more α-FeOOH (Yang et al., 2014). More
over, F2 had narrower peaks than F5, indicating a larger size of crys
tallite in F2. Chebeir and Liu (2018) found that bromide could act as an
electron shuttle to significantly accelerate the oxidation of
FexCr(1− x)(OH)3(s) by chlorine, resulting in a catalytic effect. In addition
to the possible electron shuttle role of TCA and VC, the
oxygen-containing functional groups in TCA and VC could bind with Fe
3
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Fig. 5. (a) DO during the formation of F1 to F5, (b) dissolved Fe concentration in the solution after reaction, (c) ΔDO and dissolved Fe (insert: linear fitting between
ΔDO and dissolved Fe), and (d) ORP during the formation of F1 to F5.

3.3. DO consumption

Table 1
Calculated VIP and bond parameters.

DO is a significant oxidant and electron acceptor during iron
oxidation. The concentrations of DO during the formation of F1 to F5 are
shown in Fig. 5a. The DO of the distilled water before dissolving the
chemicals was 7.5 mg/L. The initial DO of F4 was the lowest among the
samples because VC consumed DO. Moreover, the initial DO of F1 was
the second lowest among the samples. The higher DO of F3 and F5 than
F1 may be because NaClO could act as an oxidant in addition to DO.
However, although TCA is not an oxidant, F2 had a higher initial DO
than F1, which further indicates that the formation of a complex be
tween Fe(II) and TCA delays the interaction between Fe(II) and DO in
the initial stage. Regarding the dissolved Fe concentration in the solu
tion after the oxidation reaction (Fig. 5b), F4 had the lowest residual
dissolved Fe concentration, which further proved that VC may help to
increase the iron oxidation degree under TCA and NaClO. Moreover,
there was a linear fitting between ΔDO (an indicator of total oxygen
consumption) and dissolved Fe among the samples except for F4
(Fig. 5c). The results reflected that the reaction between DO and Fe(II)
was an important source for the generation of iron oxides even in the
presence of the strong oxidant NaClO. In the common situation of
reference tap water, the corrosion process occurs with DO as the domain
electron acceptor for iron oxidation, but free chlorine species (HOCl or
OCl− ) become the domain electron acceptors under the conditions of
NaClO disinfection due to the strong oxidation ability of NaClO (Zhang
et al., 2020). Thus, VC was useful to prevent the reaction of Fe(II) and
DO but not useful in the presence of NaClO. Thus, in DWDSs with NaClO
disinfection, VC may unexpectedly promote discoloration. The ORP
values of all the samples were positive, indicating strong oxidative
conditions during the iron oxidation process (Fig. 5d). The decrease in
ORP was in accordance with the decrease in DO. Moreover, F3, F4 and
F5 had obviously higher ORPs than F2 and F1, which reflected that the
oxidant NaClO created stronger oxidative conditions than DO.

Sample

Calculated VIP (eV)

Fe–O length (Å)

Fe–O–C angle (◦ )

TCAA-Fe(II)
VC-Fe(II)

7.16
6.76

2.18
2.13

145.03
122.42

Moreover, during the reaction, F4 underwent faster decrease of ORP
than other samples, further indicating the fast consumption of NaClO. As
both TCA and VC are acids, the initial pH values of F2, F3 and F4
(1.0–1.5) are higher than F1 and F5 (2.5–3.0) (Fig. S2). The pH condi
tions of the solutions in this study were not adjusted, because both TCA
and VC are acids and their influence on pH is an important part of their
effects on the particles. Thus, we did not change the pH of the solution,
Moreover, the pH changes during the reaction have different trends, the
reaction between iron ions and DO form iron oxides leading to a
decrease in pH (F1). The pH values in F2 and F4 increased during the
reaction are mainly due to the consumption of TCA and VC. Though F3
and F5 also contains TCA or VC, the decrease of pH indicates the fast
consumption of NaClO. Fe changes under DWDS relavent concentrations
are shown in Fig. S3, which indicated that the effect of VC and TCA on
iron particles at high concentration conditions was similar as that at
DWDS relevant concentrations.
3.4. Mechanism study
To further study the oxidation promotion effect of TCA and VC, DFT
calculations were used with the optimized structure with numbered
atoms of TCA-Fe(II) and VC-Fe(II), as shown in Fig. S2. The calculated
vertical ionization potential (VIP) and Fe–O–C bond length are shown
in Table 1. The VIP of TCA-Fe(II) was higher than that of VC-Fe(II),
4
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Fig. 6. (a) Electron density distribution of TCAA-Fe(II), (b) electron density distribution of VC-Fe(II), (c) electron loss region analysis of TCAA with Fe(II), and (d)
electron loss region analysis of VC with Fe(II).

which indicated that Fe(II) bound to VC lost electrons more easily.
Moreover, the Fe–O–C bond angle in VC-Fe(II) was lower than that in
TCA-Fe(II), indicating that the repulsion force between the bonding
electron pairs in VC-Fe(II) was lower. The Fe–O bond length in VC-Fe
(II) is shorter than that in TCA-Fe(II), indicating a stronger bonding
between VC and Fe(II). Thus, as organic molecules, VC had a higher
binding affinity to Fe(II) than TCA did to form a complex. Thus, the
formation of F4 was promoted preferentially by VC rather than TCA,
which may be the key reason for the difference in crystal structures
compared to other samples. It has been found the VC could be
completely eliminated through a molar ratio of 1:1 (free chlorine to VC)
(Zhang, 2013). But in the reaction here, the binding complex VC-Fe(II)
may inhibit the reaction between VC and chlorine. Electron density

distribution and electron loss region analysis are shown in Fig. 6. An
area of high electron density was formed around Fe, and an area of low
electron density was formed around C, which promoted electron loss
from Fe through Fe–O–C to the oxidant resulting in the enhancement
of oxidation. Thus, it could be deduced that the strong bonding linkage
and the high electron density of Fe in VC-Fe(II) promoted electron
transfer between Fe(II) and the strong oxidant NaClO. The electron loss
region analysis further proved that Fe(II) would lose electrons in the
combined presence of TCA and VC. The Fe(II) around VC lost more
electrons than TCA, which further proved the dominant template role of
VC compared to TCA in F4 generation.

Fig. 7. (a) Turbidity and (b) color of F1 to F5 under different particle concentrations.
5
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3.5. Turbidity and color of the particles

Development Program of China (2018YFE0204103) and the National
Natural Science Foundation of China (Nos. 51808538, 51978652).

Iron particles in drinking water can have various adverse effects, and
the most famous ones are increased turbidity and discoloration. To
compare the turbidity and color caused by these particles, all the par
ticles were dispersed in distilled water at a specific particle concentra
tion. The turbidity and color of F1 to F5 at different particle
concentrations are shown in Fig. 7a and b. Among the samples at the
same concentration, F4 had the highest turbidity and color, followed by
F3, F5, F2 and F1. The results reflected that both TCA and NaClO could
increase the risk of iron particles forming discoloration. More impor
tantly, though the particles generated in the presence of TCA and NaClO
together with VC had higher content Fe3O4 which would be more
difficult to suspend, once disturbance happened, these particles could
increase the turbidity and color of water into higher value than the
particles formed without VC and those generated in the absence of TCA
and NaClO.

Appendix A. Supporting information
Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.jhazmat.2021.126581.
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4. Conclusion
In DWDSs, the resuspension of iron-dominated loose deposits usually
induces water quality problems, including increased turbidity and
discoloration of tap water. Iron oxidation by DO is one of the most
important sources for iron-dominated loose deposit formation. Howev
er, as NaClO disinfection is widely used, iron oxidized by NaClO and the
influence of DBP should not be ignored. How to control loose deposit
formation in drinking water is also a great challenge in environmental
fields. Environmental friendly and edible VC has been revealed great
potential in solving the problems in drinking water. Here, iron particles
were formed from Fe(II) with DO as an oxidant, and the presence of
NaClO (disinfectant), TCA (DBPs) and VC (deoxidizer) individually and
in combination was considered. We found that VC could induce the
formation of Fe3O4 besides FeOOH resulting in the color change from
yellow to black in the presence of TCA and NaClO. The key reason for the
interesting phenomenon is that VC could bind with Fe(II) to form a
complex with lower energy and facilitate electron loss from Fe. Among
the different particles in this study, though the particles generated in the
presence of TCA and NaClO together with VC had higher content Fe3O4
which would be more difficult to suspend, once disturbance happened,
these particles could increase the turbidity and color of water into higher
value than the particles formed without VC and those generated in the
absence of TCA and NaClO.This study demonstrates the effects of VC on
iron particle formation under NaClO disinfection conditions. Future
research can further explore the effect of NaClO disinfection on iron
particle formation and develop a method to control discoloration under
NaClO disinfection. Such studies can help to understand loose deposit
formation in distribution systems and provide new insights into the
control of deposits.
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