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Abstract

Although Fe(Il) salts have been widely used as coagulants in water treatment for
many years, the underlying mechanisms of their performance remain unclear. Here,
we present a detailed study of the coagulation behavior of Fe(ll) salts and
crystallization of flocs, and investigate the effect of humic acid (HA) under different
DO concentrations and pH conditions. The behavior of Fe(ll) and Fe(lll) coagulants
was found to be markedly different with the flocs from Fe(ll) consisting of planar-like

crystalline y-FeOOH in contrast to the small amorphous spherical-like flocs from
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Fe(ll) dosing. The effect of HA on Fe(ll) coagulation was different under different
DO concentrations and pH, whereby the growth of y-FeOOH was inhibited by the
presence of HA, but independent of DO concentration and pH. It was found that Fe(Il)
was present within the internal structure of y-FeOOH, and a plausible formation
mechanism is proposed. Firstly, planar nanoparticles of Fe(OH)> were formed via
Fe(I1) ion hydrolysis which then served as the nucleus for subsequent crystal growth.
With oxidation, Fe(ll) on the surface of nanoparticles transformed to Fe(l1l). Finally,
the formation of y-FeOOH in Fe(ll) coagulation was accompanied by a change in

solution colour to yellow.

Keywords: Fe(ll) coagulation; planar-like flocs; crystalline y-FeOOH; HA; DO; pH

1. Introduction

Iron (Fe) exists ubiquitously in the earth’s crust, and is of major scientific and
industrial importance (Cornell et al., 2003). Fe (hydr)oxides are an important factor in
many anthropogenic and natural processes including environmental remediation,
biogeochemical cycling of metals and interactions with natural organic matter
(Gaffney et al., 2008; Okamura et al., 2016; Tagliabue et al., 2017; Yang et al., 2016).
In addition, owing to their large surface area and variable redox state, Fe (hydr)oxides
have been extensively studied in diverse fields, including water treatment, catalysis

and storage media (Ellis et al., 2010; Okamura et al., 2016; Shekhah et al., 2003).
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Coagulation is a common process in conventional water treatment, and Fe salts, as
well as aluminium salts, are widely used as coagulants (Wu et al., 2019). Compared
with aluminum salts, Fe salts can be used as a coagulant over a wider range of pH and
temperature, and have been found to produce larger flocs which settle more easily
(Hsu, 1976). Among Fe coagulants, ferrous (Fe(ll)) salts are cheaper than ferric
(Fe(I11)) salts, but require conversion to Fe(lll) for effective coagulation. It is
generally believed that in-situ-formed Fe(lll) species, via Fe(ll) oxidation with
oxidant chemicals such as H202, KMnOg, 0zone, or O, are generally more effective
in water treatment than directly adding Fe(l11) salts (Liu et al., 2017; Liu et al., 2018;
Ma et al.,, 2012; Zhang et al., 2019; Zhou et al., 2019). It is well known that
hydrolyzed Fe nano-precipitates form rapidly and then aggregate after Fe(l1)/Fe(l1l)
salts are added to water at around neutral or alkaline pH (Duan et al., 2003). In recent
years, the influence of different coagulation variables (such as the type and
concentration of coagulant), as well as the characteristics (such as strength and
re-growth ability) of flocs, have received considerable attention (Xu et al., 2010; Yu
et al., 2010; Yu et al., 2011; Yu et al., 2015). These studies have indicated that the
majority of fresh flocs formed by coagulation are composed of thousands of primary
spherical nanoparticles (Su et al., 2017; Wu et al., 2019), and that with aging some
crystallization of nanoparticles occurs and changes in their structures occur (Yu et al.,
2016a; Yu et al.,, 2018). In addition, it was found that organic matter, such as

humic-like substances which exist ubiquitously in surface water, can affect the
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aggregation between nanoparticles (Bian et al., 2011; Jarvis et al., 2005), and the
crystallization and transformation of Fe (hydr)oxides (Xing et al., 2020).

In the past, much effort has been made to explore the crystallization and
transformation of Fe (hydr)oxides, because the mobility of a wide range of
contaminants is highly dependent on the crystallization or transformation of Fe
products (Boland et al., 2014; Shu et al., 2019). The crystallization phase is generally
explained in terms of two distinct growth modes: the *Ostwald ripening mode’, in
which nanoparticles grow larger at the expense of small ones, and the ‘Oriented
attachment mode’, in which nearby nanoparticles with pre-aligned crystallographic
orientations aggregate into a single particle (De Yoreo et al., 2015; Ostwald, 1897;
Zhang et al., 2017; Zhu et al., 2018). Various Fe (hydr)oxides with different crystal
structures, such as urchin-like forms, rods, nanowires, tubes, porous spheres and
flakes have been successfully found under different conditions (Hu et al., 2008; Liu et
al., 2013; Matamoros-Veloza et al., 2018; Meng et al., 2011; Sayed et al., 2015; Yang
et al., 2004; Zhong et al., 2006). However, these structures only occur with specific
organic matter at certain temperatures and pressures, which may have little relevance
to the crystallization of flocs during coagulation.

Previous research has revealed some factors that affect the coagulation performance
of Fe salts and the crystallization process of Fe (hydr)oxides (Chorghe et al., 2017;
Liu et al., 2013); however, few studies have focused on the crystallization of flocs

during coagulation by Fe salts, and especially Fe(ll) salts. The objective of the
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research presented in this study was to investigate the Fe(ll) coagulation and
crystallization of flocs, and the effect of humic acid (HA) under different dissolved
oxygen (DO) concentrations and pH conditions. The HA represents a major fraction
of the dissolved organic matter in source waters, which was considered previously as
a factor affecting the Fe(lI1) coagulation and crystallization of flocs (Jarvis et al., 2005;
Xing et al., 2020). In this paper, a photometric dispersion analyzer (PDA) was used to
study the coagulation Kinetics and floc formation. In addition, scanning electron
microscopy (SEM), X-ray diffraction (XRD) and Fourier transform infrared
spectroscopy (FTIR) were employed to investigate the structure of flocs.

The results indicated that planar (sheet-like) flocs of lepidocrocite (y-FeOOH), with
large specific surface area, were formed, which were completely different from the
flocs formed in the Fe(l11) coagulation process; in addition, the growth of y-FeOOH
crystals was inhibited by the presence of HA, and independent of DO concentrations
and pH. The experimental results obtained in this study are beneficial to
understanding the Fe(ll) coagulation and crystallization of flocs, and a possible

mechanism for the formation of the crystalline planar flocs is proposed.

2. Materials and method
2.1 Materials
For the coagulation tests, a series of HA test solutions was prepared by adding

various amounts of a HA stock solution (10 g/L) to 1 L deionized water which
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contained 5 mM sodium bicarbonate (NaHCO3), and which was then adjusted to
specific initial pH values (7 or 9) with the addition of HCI or NaOH solution (0.2 M).
The HA stock solution was prepared using the following method: 1 g humic acid
sodium salt (H16752, Sigma Aldrich, USA) and 0.1 g NaOH were added to 100 mL
deionized water and mixed with a magnetic stirrer for 24 h, as employed in the study
of Yang and co-workers (Yang et al., 2020). Iron(ll) sulfate (FeSO4) and iron(llI)
sulfate (Fe2(SOa4)3) were used as coagulants with a concentration in the tests of 0.1
mM Fe(I1)/(I11). The HA (Sigma Aldrich) was technical grade and other reagents

were analytical grade.

2.2 Experimental protocol

For the coagulation tests, the equipment used was a Flocculator (MY3000-2N,
Wuhan Meiyu, China), which enables mixing speeds and times to be preset. The test
solutions were prepared and either purged with high-purity nitrogen gas (0.1 L/h) for
0.5 h to remove oxygen, or aerated with an air flow (0.1 L/h) for 0.5 h to increase the
initial DO concentration. When the application of nitrogen gas (N2) or air into the
solution was stopped, N2 (0.2 L/h) was applied above the solution surface (about 0.5
cm) to prevent oxygen dissolving into the solution during coagulation. The initial pH
of test solutions, before purged N2 or air, was determined by pH meter (METTLER
TOLEDO, Switzerland); the initial oxygen content of N> purged solutions (2 mg/L),

and aerated solutions (6 mg/L), were measured by a dissolved oxygen apparatus (F4,
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METTLER TOLEDO, Switzerland, with LE621 IP67 dissolved oxygen sensor). The
coagulation experiments were conducted at room temperature (251 °C). A 1 mL
quantity of 0.1 M Fe(ll)/(111) stock solution was added to the test solution (1000 mL)
with rapid stirring. The stirring speed for rapid stirring was pre-set at 200 rpm for 1
min to give good mixing, and then reduced to 50 rpm for 30 min for flocs growth,
followed by 200 rpm again for 1 min to break the flocs, and then back to 50 rpm for
20 min for flocs re-growth. During the coagulation process, samples corresponding to
the formation, breakage and re-growth of flocs were continuously monitored by a
Photometric Dispersion Analyzer (PDA2000, Rank Brothers Ltd, UK) based on the
“turbidity fluctuation” technique. In this method, the Flocculation Index (FI) increases

as flocs grow larger and details of the method are given elsewhere (Yu et al., 2011).

2.3 Characterization and analysis

Zeta potential was measured by a zeta sizer instrument (Nano ZS90, Malvern Inc.,
UK). In the coagulation test, once the FI reached a steady value during the first slow
mixing period, samples of flocs were removed from solution, air-dried, gold-coated
and analyzed by scanning electron microscope (SEM, Hitachi SU8020, Japan). Field
emission transmission electron microscopy (TEM, JEM-2100F, JEOL, Japan) was
used to analyze the crystallinity (lattice fringes). The nature of the flocs after they
were freeze-dried was analyzed by Fourier Transform infrared spectroscopy (FTIR,

NICOLET-8700, Thermo Fisher Scientific, America) and the absorption spectra were
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obtained between 400 and 4,000 cm™*. An X-ray diffractometer (XRD, X'Pert PRO
MPD, PANalytical, Netherlands) was utilized to analyze the phase composition of the
flocs at 40 kV and 40 mA, and at a scan speed of 4 °/min. X-ray photoelectron
spectroscopy (XPS, PHI Quantera I, ULVAC, Japan) measurements were conducted
with a Thermo Escalab 250 electron spectrometer using 150 W Al-Ka radiation and

the binding energy was calibrated by C 1s (284.8 eV) (Luo et al., 2017).

3. Results and discussion
3.1 Coagulation process

As shown in Figure 1, there were significant differences in the coagulation
processes and the structures of flocs between the Fe(ll) and Fe(l1l) coagulants. When
Fe(Il) was used as the coagulant, the maximum FI value (size of flocs) was much
greater and the lag time (from O s to the time when the FI value began to increase)
was much longer than with Fe(l11) as the coagulant (Figures 1a and 1b). The existence
of the active oxygen-containing groups (-OH. and -OH) in the inner coordination
spheres of the Fe ions, is the main cause of their tendency to attract each another
through forming p-OH bonds, and to form nanoparticles which aggregate to form
flocs (Wu et al., 2019; Yu et al., 2016b). We believe that Fe(lll) may have more
active oxygen-containing groups (active points) than Fe(ll) at the beginning, resulting
in the formation of nanoparticles and flocs more rapidly than Fe(ll). However, the

surface of nanoparticles might become less active, or inactive, to re-aggregate if the
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flocs are broken during the coagulation process, especially when the stirring rate
increased from 50 to 200 rpm, resulting in the size of flocs being smaller (Yu et al.,
2016b). Furthermore, the corresponding morphologies of the flocs, as observed by
scanning electron microscopy (SEM), were significantly different, with Fe(lll) flocs
appearing as small sphere-like nanoparticles, while Fe(ll) flocs morphologies were
large planar-like (Figures 1c-d); this is discussed in Section 3.5 in more detail. In
contrast to the small sphere-like nanoparticles, we believe that there are more active
points on the surface of large planar-like nanoparticles, and this leads to the formation
of larger flocs in Fe(ll) coagulation, as shown in Figure la. The results of XRD
analysis demonstrated that the planar-like Fe(ll) flocs were crystalline lepidocrocite
(y-FeOOH) and the sphere-like Fe(lll) flocs were amorphous Fe(OH)s, which is
discussed in Section 3.3 in more detail. In addition, visual observation (Supporting
Information, Figure S1) indicated that the Fe(ll) coagulation process proceeded in
three stages. In the first stage, quantities of green rust (a ferrous-ferric hydroxy salt)
were produced, and which then gradually turned into yellow Fe(111) compounds in the
second stage, as observed in previous research (Schwertmann et al., 1994). In the
third stage, slow stirring facilitated the aggregation of nanoparticles and the formation
of large flocs.

Figure 1

A series of experiments was carried out to investigate the effect of HA under
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different DO concentrations and pH on the Fe(ll) coagulation process. As shown in
Figure 2a, the performance of Fe(ll) coagulation was substantially affected by the
concentration of HA at pH 7 and DO=2.0 mg/L. In particular, the lag time of Fe(ll)
aggregation decreased from approximately 870 s to 570 s and the maximum FI value
after coagulation decreased from nearly 1.5% to 1.2%, when HA increased from 0 to
0.1 mg/L (Figure 2a). It was evident that the lag time of Fe(ll) coagulation decreased
until the concentration of HA exceeded 1 mg/L. In addition, the maximum FI values
gradually decreased from nearly 1.2% to 1.1% when the HA concentration increased
from 0.1 mg/L to 1 mg/L, and then declined markedly from nearly 1.1% to 0.8%
when the HA concentration increased from 1 mg/L to 2 mg/L. When the HA
concentration was >5 mg/L, the FI value maintained a low value (<0.2%) and the lag
time was greater than 2500 s (Figures 2a and 2b). We believe that as the HA
concentration increased, precipitates of Fe-HA complexes were more easily formed
and able to come into close contact with each other; while at higher HA
concentrations, an excess of HA covered the surface of nanoparticles and the presence
of more steric repulsive forces prevented nanoparticle aggregation, as well as the
effect of HA accelerating the Fe(ll) oxidation rate (Jarvis et al., 2005; Jones et al.,
2015). In addition, the presence of HA, especially at higher HA concentrations,
decreased the zeta potential of flocs (Figure 3a), and it is suggested that the presence
of electrostatic forces prevented aggregation of nanoparticles and the growth of flocs

(Zhu et al., 2014).
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In order to consider the effect of HA on the coagulation performance of Fe(ll)
under different DO concentrations, similar experiments were carried out with DO =
6.0 mg/L at pH 7. The results showed that the effect of HA, at different concentrations,
on the coagulation rate of flocs under high DO conditions was similar to that under
low DO conditions (Figure S2a). However, the variation of maximum FI values was
different under high DO conditions. When the HA concentration was lower than 1.0
mg/L, the maximum FI values increased from 1.07% to 1.18%, which may be due to
the bridging effect of HA, and they declined sharply when the HA concentration
exceeded 2 mg/L under high DO conditions (Figure 2c); this may be due to the effect
of electrostatic repulsion and steric hindrance of HA, as well as the effect of HA
accelerating the Fe(ll) oxidation rate (Jones et al., 2015; Zhu et al., 2014). It was
found that under high DO concentrations (high Fe(ll) oxidation rate), the Fe(ll)
coagulation behaviour with HA was more similar to that of the Fe(lll) coagulation
(Figure S2b). Compared to the effect of HA on the coagulation process at pH 7, the
results at pH 9 were significantly different (Figures S2c-d). It was evident that under
both low and high DO conditions, Fe(ll) coagulation efficiency systematically
decreased with increasing HA concentration from 0 to 2 mg/L, and at 2 mg/L no floc
development was detected within 30 min (Figure 2d).

Figure 2

3.2 Characteristics of flocs during coagulation
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The variation of zeta potential of Fe(ll) flocs / precipitates during coagulation with
different HA concentrations and pH was investigated in order to provide information
concerning the development of charge on the particle surfaces. The zeta potential of
samples formed with different HA concentrations was measured immediately after the
samples were taken from the jar at different stirring times (0, 2, 5, 10, 15 and 20 min,
respectively). Generally, the surface charge of (hydr)oxides was negative and
oxidation time-dependent, such that the zeta potential decreased initially with the
oxidation time and then remained constant with increasing time (Figures 3 and S3).
As can be seen in Figure 3a, the zeta potential gradually decreased and eventually was
almost the same as that of Fe(lll) during the Fe(ll) oxidation process at pH 7 and
DO=2.0 mg/L. This indicated that the zeta potential of hydrolyzed Fe(lll) species
stabilized immediately, while some time was required for hydrolyzed Fe(lIl) species to
be transformed to Fe(lll) by dissolved oxygen. A large increase in the net negative
charge was observed by raising pH from 7 to 9, which is due to the adsorption of
hydroxyl ions (Hingston et al., 1967). Moreover, the zeta potential reached a stable
value within 2 min at pH 9 as a result of the increasing oxidation rate of Fe(ll) at
higher pH (Morgan et al., 2007). As shown in Figures 3b and S3, the presence of an
increasing HA concentration decreased the zeta potential, as well as the time before
the zeta potential reached a stable value. The formation of Fe-HA complexes could
lead to more carboxyl groups on the surface of Fe nanoparticles as HA concentration

increased, thus causing a more negative potential complex (Jarvis et al., 2005); in
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addition, the formation of Fe-HA complexes could also increase the oxidation rate of
Fe(Il), thus shortening the time required for the zeta potential to reach a stable value
(Jones et al., 2015; Morgan et al., 2007). As the zeta potential for nanoparticles,
especially associated with HA, is far from 0 mV, this would weaken their aggregation
because of the electrostatic repulsion. However, the strength of the flocs or connection
efficiency of nanoparticles may be determined by the chemical bonds on the surface
of nanoparticles and the connection mechanism may not be charge neutralization (Yu
et al., 2016b).

Information concerning the functional groups on the surface of flocs during
coagulation was obtained by use of Fourier transform infrared (FTIR) spectroscopy.
Figure 3c gives some results showing the variation of functional groups during
coagulation with Fe(ll) at pH 7 and DO=2.0 mg/L. Three samples were taken and
analyzed corresponding to when the solution colour turned to yellow at about 300 s,
when the flocs size just began to increase at about 800 s, and when the flocs size had
reached a steady state at about 2700 s. There were three peaks evident near 3177 cm™,
2928 cm™ and 2850 cm™ on the spectrographs, corresponding to different hydroxyl
functional groups on the surface of flocs (Weckler et al., 1998). The absorption peaks
obtained at 1019 cm™, 886 cm™ and 742 cm™* corresponded to the different bending
vibrations of Fe-O-H, suggesting that the crystalline y-FeOOH had formed when the
solution colour turned to yellow (Liu et al., 2013). It can be seen that with the increase

of stirring time from 300 s to 800 s, the strength of peaks corresponding to hydroxyl
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groups and the chemical bonds Fe-O-H slightly decreased and increased, respectively.
Our previous studies have shown that crystallization is a process of dehydration
resulting in the decrease of active hydroxyl group (Wu et al., 2019). The subsequent
slight decrease of peak intensity corresponding to Fe-O-H (2700 s) might be caused
by the weakening of functional group activity when the nanoparticles aggregated or
were broken during coagulation (Yu et al., 2010; Yu et al., 2016b).

Figure 3

3.3 Images of flocs after coagulation

The results of SEM images demonstrated that the presence of HA impeded the
growth of planar-like flocs at pH 7 and DO=2.0 mg/L (Figures 4a-c). This result is
similar to the finding that HA can hinder the crystallization process of aluminum flocs
(Yu et al., 2018). In addition, the X-ray powder diffraction (XRD) patterns
determined that planar-like flocs were y-FeOOH with cell constants a = 3.87 A, b =
12.51 A, and ¢ = 3.06 A (JCPDS card 74-1877) (Figure 4f). It can be concluded from
the XRD patterns that the presence of HA induced a decrease of the relative
crystallinity of y-FeOOH. It was also found that the formation of planar-like flocs in
the absence of HA, and the effect of HA on the formation of y-FeOOH, were
independent of the DO concentration and pH (Figure S4a-f). In order to better
understand the formation of crystalline planar-like flocs, a time-dependent experiment

was carried out without HA at pH 7 and DO=2.0 mg/L to explore the formation



295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

process of planar nanoparticles. Samples were collected when the solution colour
appeared yellow (after about 300 s) during coagulation. It was found that the
nanoparticles were already planar and crystalline in structure (Figures 4d and S4q)
when the colour of solution became yellow. TEM images of flocs structures produced
without HA at pH 7 and DO=2.0 mg/L are shown in Figure 4e. Particles after
coagulation exhibited both a rod-shape (RL) and lath-shape (LL), which is in
agreement with the findings of other researchers (Hansel et al., 2005; Kozin et al.,
2014). The results of selected area electron diffraction (SAED) demonstrated that the
substances are crystals of y-FeOOH with exposed (002), (051), and (031) lattice
planes (Figure 4e, inset). In contrast, the results of TEM, SAED and XRD
demonstrated that the spherical-like substances were amorphous Fe(l1l)-(hydr)oxide
(Fe(OH)s is widely used as the molecular formula) in the Fe(lll) coagulation (Figure
S4h-i).

Figure 4

3.4 Characteristics of flocs after coagulation

Further analysis of the composition of Fe(ll) flocs formed at pH 7 and DO=2.0
mg/L was conducted through multiple characterization methods, including FTIR and
high-resolution transmission electron microscopy (HR-TEM). These studies were
undertaken to verify that the flocs were composed of y-FeOOH. XRD analysis alone,

was not able to reveal whether there were other Fe (hydr)oxides in the final floc
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products, because the diffraction peaks of other Fe (hydr)oxides may overlap or
interfere with those of y-FeOOH. From FTIR analysis of the sample formed without
HA at pH 7 and DO=2.0 mg/L, a trace of goethite (a-FeOOH) was detected as
revealed by the bands at 886 cm™ which was assigned to in-plane Fe-O-H bending
vibrations of goethite (Figure 5a); this indicated that some y-FeOOH might transform
into a-FeOOH during coagulation (Boland et al., 2014). The characteristic of Fe-O-H
bending vibration modes can be clearly seen at about 742 cm™, 1019 cm™, 1164 cm™
and 1339 cm?, confirming the formation of y-FeOOH (Liu et al., 2013). The
absorption peak obtained at 1642 cm™ was due to the vibration of H2O in the crystal
structure (Yu et al., 2018), and the existence of the H-O-H bond confirmed the
FeOOH to be in hydrated form (Chen et al., 2014b). It was also observed that the
absorption peaks of HA increased as its concentration increased at 1375 cm™ (COO-
symmetric stretch vibration) and 1577 cm™ (C=C vibration) (Bian et al., 2011). The
presence of HA induced a decrease of the relative intensity of peaks for y-FeOOH (at
742 cm™and 1019 cm™), which was consistent with the results of SEM and XRD
analyses. The peaks at about 1642 cm™ and 1019 cm?, especially for the flocs formed
with 5 mg/L HA in solution, were affected by the -C=C (at 1704 cm™) and -CsHs
groups (at 1610 cm™), and -C-O groups (at 1030 cm™ and 1089 cm™) of raw HA,
respectively (Pandey, 1999). In respect to the effect of HA, the results presented in
this work show that with increasing HA concentration, the crystallinity of Fe(ll) flocs

decreased. Keeping nanoparticles within the effective distance of each other and
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maintaining the surface activity of nanoparticles are important factors for crystal
growth (ThomasArrigo et al., 2018; Zhu et al., 2018). In coagulation with HA,
especially with high concentrations of HA, the surface active sites of nanoparticles
were completely blocked, limiting atom adsorption onto the nanoparticles surface
(Chen et al., 2014a), and the effect of electrostatic repulsion and the steric hindrance
of HA prevented nanoparticle aggregation (Jarvis et al., 2005); thus, the y-FeOOH
growth was hindered.

In order to provide direct evidence of the existence of y-FeOOH and goethite, the
flocs after coagulation without HA at pH 7 with DO=2.0 mg/L were carefully
investigated by using HR-TEM (Figure 5b-f). The resolved interplanar spacing of
region A was 0.247 nm, which corresponds to the lattice planes (031) of y-FeOOH
and the angle between them coincided well with the y-FeOOH unit cell structure
(Figures 5¢ and 5e). The resolved interplanar spacings of region B were 0.419 nm,
0.270 nm and 0.170 nm, which corresponded to the (110), (130) and (240) lattice
planes of a-FeOOH, respectively (Figure 5d). The calculated (110), (130) and (240)
lattice planes and the angle between them coincided well with the goethite unit cell
structure (Figure 5f).

X-ray photoelectron spectroscopy (XPS) is a versatile surface analysis technique
that can be used for compositional and chemical state analysis. In order to study the
surface and inner structure of the planar-like flocs formed without HA at pH 7 and

DO=2.0 mg/L, XPS spectra of the surface and at a floc depth of 10 nm were obtained.
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Figure 5g shows the full-survey-scan spectra at different depths of flocs which reveal
the coexistence of Fe, O, and C elements in the sample. In addition, the Fe 3p peak
position for Fe** was found to be 55.8 eV. The XPS spectrum of the Fe 2p region
shows two major peaks located at 711.4 / 725.4 eV for Fe 2pz; / Fe 2p12, together
with two shake-up satellites at 720.1 / 733.3 eV, which agreed well with values
reported in the literature for FeOOH (Figure 5h) (Liu et al., 2016). It was found that
the binding energies of Fe 2p decreased markedly to 709.8 / 723.0 eV for Fe 2p32 / Fe
2p12 at a depth of 10 nm. Fe 2p data on the surface of flocs are assigned to Fe3*
compounds, while within the structure of the flocs the Fe 2p data matched closely
with Fe?* compounds (Tan et al., 1990). This indicated that the Fe(ll) on the surface
of flocs transformed to Fe3* after coagulation and oxidation, but did not change within
the flocs.

Figure 5

3.5 The formation mechanism of planar-like y-FeOOH

In this work, planar-like flocs were produced in Fe(ll) coagulation and small
spherical-like flocs were produced in Fe(lll) coagulation. It was believed that the
water and hydroxyl groups on the surface of precipitate particles could be released
and form u-OH bonds (Wu et al., 2019). Fe oxides and hydroxides are composed of
different stacks of closely-packed oxygen/hydroxyl sheets, with various arrangements

of the Fe ions in the interstices (Bernal et al., 1959); this leads to a difference in the
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activity of the oxygen-containing groups around the Fe ions. We believe that the
surface oxygen-containing groups are all active so that the nanoparticles grow with
unrestricted orientation and form a spherical structure in the case of Fe(lll)
coagulation. However, with Fe(ll), it is possible that some surface oxygen-containing
groups are probably less active, which may be due to the different properties of
Fe-O-H bonds within Fe(Il) hydroxides and Fe(lll) hydroxides, so that the growth of
nanoparticles on some planes is inactive, thereby forming a planar-like morphology
(Figure 6a).

The results indicate that crystalline y-FeOOH was produced in Fe(ll) coagulation;
while amorphous Fe(OH)s was produced in Fe(lll) coagulation. We believe that
y-FeOOH was not formed from Fe(l11) solution without the effect of high temperature
(Misawa et al., 1974). Based on the experimental results of XPS that Fe(ll) existed
within the interior of nanoparticles (Figure 5h) and the low solubility of Fe(OH):
(about 10 M) at around neutral pH (Beverskog et al., 1996), it is concluded that
Fe(OH). existed within the interior of y-FeEOOH and a plausible formation
mechanism is proposed. Firstly, the dosed Fe(ll) ions are hydrolyzed and Fe(OH)>
nanoparticles are formed rapidly due to the partial supersaturation of Fe compounds,
and then serve as nucleation centres for crystal growth. Subsequently, Fe(ll) on the
surface of Fe(OH). nanoparticles gradually changes to Fe(lll) by oxidation.
Eventually, y-FeOOH is formed when the solution colour turns completely yellow

(Figure 6b). The oxidation of Fe(OH). within the interior of nanoparticles may be
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impeded by the formation of y-FeOOH on the surface of nanoparticles, which
probably prevents the penetration of oxygen from the bulk solution (Sarin et al., 2004).
It was speculated that the growth and polymerization process of y-FeOOH may follow
the ‘Oriented attachment mechanism’ (Zhu et al., 2018) instead of the ‘Ostwald
ripening mechanism’ (Ostwald, 1897). This is because the Ostwald ripening
mechanism involves the dissolution-reprecipitation of small nanoparticles which
would cause the oxidation of Fe(ll) in the interior of nanoparticles and it would be
inconsistent with experimental results of XPS that Fe(ll) existed within the interior of
v-FeOOH (Figure 5h). The differences between the crystal structures of Fe oxide or
hydroxide are due to the different arrangements of Fe ions in the interstices between
sheets of anions (Francombe, 1959). The crystal structures of Fe(OH)2 and y-FeOOH,
are both layered and held together by hydrogen bonds with shared edges, which
indicate that it is thermodynamically easy for Fe(OH). to transform to y-FeOOH
(Figures S5a and S5b). It should be noted that Fe(OH). is readily oxidized and its
morphology is difficult to define and the mechanism still needs to be further explored.

Figure 6

4. Conclusions
In this study, the Fe(ll) coagulation process and the structure of flocs, as well as the
effect of HA, were studied and compared with Fe(lll) coagulation. It was found that

the coagulation processes of Fe(ll) and Fe(lll) coagulants were markedly different,
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with a slower rate of floc formation, but a larger size of flocs formed, in the Fe(ll)
coagulation than that in the Fe(Il1l) coagulation. In addition, the presence of HA has a
major influence on the rate and magnitude of floc formation, and no floc development
was observed at high HA concentrations. It was also found that the structure of Fe(ll)
and Fe(lll) flocs was markedly different, with planar-like flocs formed in Fe(ll)
coagulation and spherical-like flocs formed in Fe(l11) coagulation. The results showed
that Fe(l1) flocs were crystalline y-FeOOH, and Fe(l11) flocs was amorphous Fe(OH)3;
the growth of y-FeOOH was inhibited by the presence of HA, but independent of DO
concentration and pH. On the basis that Fe(ll) existed within the structure of Fe(ll)
flocs, we propose that the initial Fe(OH)2 particles provide the nuclei for the epitaxial

growth of crystalline y-FeOOH.
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Appendix A. Supplementary data

The Supporting Information contains five Figures that complement the results
summarized in the paper. These are: images showing changes of experimental
phenomena during the Fe(ll) coagulation process (Figure S1); the influence of HA on
the coagulation kinetics of flocs under different conditions (Figure S2); the variation
of zeta potential with oxidation time with different HA concentrations at pH 9 (Figure
S3); SEM images, TEM images and XRD spectra of flocs formed under different

conditions (Figure S4); crystal structures of Fe(OH)2 and y-FeOOH (Figure S5).
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B Figure captions
B Figure 1. Effect of coagulant type on the growth of flocs at pH 7 (a and b); SEM
images of Fe(ll) flocs formed at pH 7 (c) and Fe(lll) flocs (d) (The dosage of

coagulant was 0.1 M Fe(Il)/Fe(111); scale bar: 100 nm).

B Figure 2. Effect of HA concentration on the growth of flocs at pH 7 and DO=2.0
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mg/L (a and b, HA was added before Fe(ll) addition); Effect of HA on the size of

flocs with different DO concentrations at pH 7 (c) and pH 9 (d).

Figure 3. The variation of zeta potential of FeSO4 / Fe2(SO4)3 coagulants (0.1
mM) at pH 7/9 and DO=2.0 mg/L (a); Effect of HA concentration on the zeta
potential of FeSO4 coagulants (0.1 mM) at pH 7 and DO=2.0 mg/L (b); FTIR
spectra of samples at different times during coagulation when using FeSO4 (0.1

mM) as coagulant at pH 7 and DO=2.0 mg/L (c).

Figure 4. SEM images of flocs formed at pH 7 and DO=2.0 mg/L with different
HA concentrations in bulk solution: (a) HA=0 mg/L, (b) HA=1 mg/L, (c) HA=5
mg/L, (d) SEM images of initial flocs (about 300 s) without HA; () TEM images
of flocs formed at pH 7 and DO=2.0 mg/L without HA and SAED images of
lepidocrocite (Inset); (f) XRD spectra of flocs formed at pH 7 and DO=2.0 mg/L

with different HA concentrations (Scale bar on SEM images are 100 nm).

Figure 5. FTIR spectra of flocs after coagulation at pH 7 and DO=2.0 mg/L with
different HA concentrations (a); representative TEM images (b) and HRTEM
images of lepidocrocite (c) and goethite (d); schematic diagram of goethite and
lepidocrocite unit cell structure (e and f) drawn by Diamond 3.2 software (Crystal

Impact GbR, Germany); The survey and high-resolution scans of XPS spectra:
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Total survey scans (g) and Fe 2p peaks of flocs (h). TEM, HR-TEM and XPS
samples were taken after coagulation at pH 7 and DO=2.0 mg/L with HA=0 mg/L

(scale bar on TEM and HR-TEM images are 100 nm and 5 nm, respectively).

Figure 6. Schematics of Fe(ll) & Fe(l1l) coagulation (a), and representation of the

pathway for the y-FeOOH epitaxial growth from the initial Fe(OH)2 suspensions

(b).
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Figure 2. Effect of HA concentration on the growth of flocs at pH 7 and DO=2.0 mg/L (a and

b, HA was added before Fe(ll) addition); Effect of HA and DO concentrations on the size of

flocs at pH 7 (c) and pH 9 (d).
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Figure 3. The variation of zeta potential of FeSO4 / Fe2(SO4)3 coagulants (0.1 mM) at pH
7/9 and DO=2.0 mg/L (a); Effect of HA concentration on the zeta potential of FeSO.
coagulants (0.1 mM) at pH 7 and DO=2.0 mg/L (b); FTIR spectra of samples at different

times during coagulation when using FeSO4 (0.1 mM) as coagulant at pH 7 and DO=2.0

mg/L (c).
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Figure 4. SEM images of flocs formed at pH 7 and DO=2.0 mg/L with different HA concentrations in bulk solution: (a) HA=0 mg/L, (b) HA=1 mg/L, (c)
HA=5 mg/L, (d) SEM images of initial flocs (about 300 s) without HA; () TEM images of flocs formed at pH 7 and DO=2.0 mg/L without HA and SAED

images of lepidocrocite (Inset); (f) XRD spectra of flocs formed at pH 7 and DO=2.0 mg/L with different HA concentrations (Scale bar on SEM images are
100 nm).
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Figure 5. FTIR spectra of flocs after coagulation at pH 7 and DO=2.0 mg/L with different
HA concentrations (a); representative TEM images (b) and HRTEM images of lepidocrocite
(c) and goethite (d); schematic diagram of goethite and lepidocrocite unit cell structure (e
and f) drawn by Diamond 3.2 software (Crystal Impact GbR, Germany); The survey and
high-resolution scans of XPS spectra: Total survey scans (g) and Fe 2p peaks of flocs (h).
TEM, HR-TEM and XPS samples were taken after coagulation at pH 7 and DO=2.0 mg/L
with  HA=0 mg/L (scale bar on TEM and HR-TEM images are 100 nm and 5

nm, respectively).
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Figure 6. Schematics of Fe(ll) & Fe(lll) coagulation (a), and representation of the pathway

for the y-FeOOH epitaxial growth from the initial Fe(OH)2 suspensions (b).
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