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Abstract
The application of ferrate (Fe(VI)) and ferric chloride as coagulants for treating phosphate wastewater in the presence of kaolin
clay particles was comparatively studied. The phosphate removal processes by ferrate and ferric chloride assisted with kaolin clay
particles were investigated under different Fe/P molar ratios. At neutral pH, complete removal of phosphates by ferrate and ferric
chloride was observed at 2:1 and 6:1 of Fe/P molar ratio, respectively. The effect of kaolin clay particles on the phosphate
removal process was discussed by zeta potential, size particle distribution, FTIR and XPS. We showed that with the increase of
Fe/P molar ratio, the interaction intensity of kaolin clay particles with Fe flocs was decreased by ferric chloride coagulation while
firstly increased and then decreased by ferrate. This depends on the Fe species with positive charge from ferric chloride hydrolysis
and ferrate decomposition. Phosphate can inhibit the formation of FeOH2+ and Fe(OH)2+ in the ferric chloride hydrolysis but
promote the formation of FeOOH and Fe(OH)2+ in the ferrate decomposition. Kaolin clay particles can more remarkably promote
phosphate removal by ferrate than by ferric chloride.
Keywords Fe(VI) . Ferric chloride . Coagulation mechanism . Kaolin particles . Particle size . Fe species . Phosphate removal
process

Introduction
Phosphorus is an essential nutrient for all living forms, naturally found in freshwater or waste water. However, high phosphate concentration can stimulate the growth of organisms,
leading to the formation of algal bloom that may pose a risk
to human health (Nakarmi et al. 2020; Yu et al. 2020).
Anthropogenic behaviours are main sources, including agricultural runoff and industrial discharge (Ahmad et al. 2020;
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Vikrant et al. 2018). Phosphates are firstly transferred into
sedimentation and then released into water bodies (Lin and
Chen 2021; Zhao et al. 2020). The natural recovery rate of
phosphate is extremely slow. Therefore, it is important to control the phosphate concentration in the waters.
The current chemical methods for phosphate removal in
freshwater are mainly divided into two categories, as following: sorption and chemical precipitation (Hu et al. 2020; Yang
et al. 2018; Wu et al. 2019). Many materials, used as adsorbents to remove the phosphate by metal–phosphate complex
(i.e. ≡FePO42-), have been reported in previous literatures
(Zhang et al. 2016; Wang et al. 2019; Zhang et al. 2020a, b;
Xu et al. 2020; Yasipourtehrani et al. 2019), including nanoLa(III) oxides, aluminium hydroxide, iron-based materials
and blast furnace slag. These adsorbents are costly or had
undesirable adsorption capabilities, such as 100:1 to10:1 of
sorbent to phosphate mass ratios (Wilfert et al. 2015; Li
et al. 2013). Large volumes of sludge and wastewater after
phosphate desorption are produced, leading to high cost of
treatment. More importantly, additional factors (i.e. bicarbonates, silicate and NOM) can decrease the phosphate adsorption
efficiency by sorbents (Deng et al. 2019; Lin et al. 2017; Cho
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et al. 2019). With regard to chemical precipitation, phosphate
can be removed using aluminium or iron-based coagulants
(Chu et al. 2019; Inan and Alaydin 2014). The performance
of hydrolyzing aluminium or iron coagulants is affected by
complexed anions, such as phosphate or silicate (Lartiges
et al. 2019).
Ferrate often has been used as a high-effective and green
chemical agent for removing various inorganic contaminants
(Dong et al. 2019; Kralchevska et al. 2016). The advantage of
ferrate arises from oxidation and subsequent coagulation by γFe2O3 (Prucek et al. 2015). There are a handful of studies
reported in the literatures on the effective coagulation of toxic
organic compounds and phosphate by ferrate (Yang et al.
2020; Wang et al. 2020; Kralchevska et al. 2016).
Phosphates were completely removed by ferrate from water
at 5 Fe/P mass ratio (Kralchevska et al. 2016). Compared with
phosphate removal by ferric chloride with 7 Fe/P ratio, it is
significantly improved by ferrate. This is related largely with
coagulation process. The effect of clay particles on phosphate
removal by ferrate and ferric chloride is unknown, especially
for the interaction between ferrate and clay particles.
This paper compared the phosphate removal processes by
ferrate and ferric chloride at neutral pH and investigated the
intricate relationship between simple aggregation descriptors
and the nature of coagulant species. From the interfacial characteristics of particulate matter (i.e. zeta potential, size distribution, FTIR and XPS), the impact of kaolin clay particles on
phosphate removal by ferrate and ferric chloride coagulation
was analysed.

45415

was as follows: (1) a test water of 300 ml was transferred into
a 500-ml beaker; (2) 0.2 mmol/L ferrate or ferric chloride was
dosed to pretreatment under rapid stirring of 250 rpm for 0.5
min, followed by a rapid mix at 200 rpm for 1 min; (3) after
1.5 min, the stirring speed was changed to 40 rpm with a
duration of 10 min; and (4) after 30 min of quiescent settling,
the sample was collected from 2 cm below the surface for
measurements. The collected sample was filtered through a
0.45-um membrane to measure the P concentration, final pH
and turbidity.

Analysis
The morphologies of kaolin and Fe flocs were measured by
field emission scanning electron microscope (FESEM, scanning voltages 10 kV) (SU-8020, Hitachi Limited). X-ray photoelectron spectroscopy with Al-K X-ray irradiation
(ESCALAB 250Xi, Thermo Fisher Scientific) was used to
examine the surface properties of flocs. Infrared spectrums
of Fe flocs were recorded with an ATR-FTIR spectrophotometer (Nicolet 8700, Thermo Fisher Scientific). Zeta potential
and size distribution of Fe flocs were measured by using
Zetasizer NanoZS (Malvern Instrument Ltd., Worcestershire,
UK). The total P concentration was determined from the absorbance at the wavelength of 700 nm by an UV-visible spectrophotometer (UV-2990, Shimadzu, Japan). The pH of all
solutions was read by a Mettler Toledo pH meter (FE20) with
a combined glass electrode (LE438). The turbidity was measured using a 2100N turbidimeter (Hach, USA).

Experiments

Results and discussion

Chemicals

Phosphate removal by ferrate and ferric chloride

Kaolin(1–5 um, negative charge), sodium bicarbonate, sodium phosphate dibasic and ferric chloride hexahydrate were
purchased from Sigma-Aldrich or Sinopharm Chemical
Reagent Co., Ltd. Potassium (K2FeO4, > 90%) was prepared
by hypochlorite oxidation of ferric nitrate according to the
method of Delaude and Laszlo (Inan and Alaydin 2014).
Synthetic test water was prepared by adding a measured
amount of 0.2 mol/L Na2HPO4 stock solution into deionized
water (0–0.2 mM P). Meanwhile, 1 mM NaHCO3 was added
to provide a certain buffer capacity and ionic strength as well
as 50 mg/L kaolin. The pH of test water was adjusted by 0.1
mol/L NaOH or 0.1 mol/L HNO3 solutions.

The phosphate (P) removal efficiency, turbidity and Fe residual amount using ferrate and ferric chloride coagulation were
comparatively investigated under neutral pH. Figure 1 showed
the variation of P removal efficiency, turbidity and Fe residual
amount as a function of the molar ratio of phosphate to iron
(P/Fe). For P removal by ferrate, when the molar ratio of P to
Fe was increased from 0 to 0.5, P removal efficiency and Fe
residual amount in solution were 100% and 0, respectively,
and turbidity was decreased from 25 to 0 NTU. When the P/Fe
molar ratio was increased from 0.5 to 0.83, P removal efficiency was decreased from 100% to around 10%, and turbidity and Fe residual amount were increased from 0 to 70 NTU
and from 0 to 13 mg/L, respectively. At more than 0.83 P/Fe
molar ratio, P removal efficiency, turbidity and Fe residual
amount were almost no changed.
For ferric chloride coagulation, at less than 0.17 P/Fe ratio,
the efficiency of P removal was kept at 100%, and both turbidity and Fe residual amount in solution were 0. With the

Jar test
Standard jar tests were conducted on a programme-controlled
jar test apparatus (TA-6, Wuhan Hengling Technology Co.
Ltd., China) at room temperature. The coagulation process
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Fig. 1 Phosphate removal by ferrate and ferric chloride under different P/Fe molar ratios: a Fe concentration and remaining turbidity; b P removal
efficiency (ferrate or ferric chloride dosage, 0.2 mM; phosphate concentration, 0–0.2 mM; kaolin dosage, 50 mg/L; pH, neutral)

increase of the P/Fe ratio from 0.17 to 0.5, P removal efficiency started down from 100% to 10%, and turbidity and Fe
residual amount were increased from 0 to 65 NTU and from
0 to 9mg/L. When the P/Fe molar ratio was higher than 0.83, P
removal efficiency, turbidity and Fe residual amount were
almost kept stable. By comparison of ferrate and ferric chloride coagulation, we found that (1) P removal efficiency, Fe
residual amount and turbidity were around 100%, 0 and decreased from 25 to 0 NTU by ferrate at less than one-half of
the P/Fe molar ratio while being 100, 0 and 0 by ferric chloride
at less than 1:6 of the P/Fe molar ratio, respectively; (2) the
variations of P removal efficiencies, turbidity and Fe residual
amount were similar at more than one-half of the P/Fe ratio for
ferrate coagulation and at more than one-sixth of the P/Fe ratio
for ferric chloride coagulation, respectively. This may result
from the different mechanisms of P removal by ferrate or
ferric chloride. Compared with previous reports with a 5:1
Fe/P molar ratio for ferrate (Kralchevska et al. 2016) and a
7:1 Fe/P molar ratio for ferric chloride (Lartiges et al. 2019),
this result was improved significantly. This should be related
with kaolin addition.

less than 0.1 P/Fe molar ratio were almost the same with or
without kaolin particles in the solution. With the increase of P/
Fe molar ratio, difference of zeta potential with or without
kaolin was larger and larger in the ferrate coagulation, especially with more than 0.6 P/Fe ratio. This indicates that the
chemical interaction between Fe flocs and kaolin in the presence of phosphate at low molar ratio of P/Fe is weaker in
ferrate coagulation than that in ferric chloride coagulation.
The particle size distribution of Fe flocs with or without
kaolin under different P/Fe ratios on ferrate coagulation and
ferric chloride coagulation measured using the laser diffraction instrument are shown in Fig. 3. The results indicate that
Fe flocs size had a diameter of around 800 um on ferric chloride coagulation without phosphate (Fig. 3a). With the increase of P/Fe molar ratio, flocs’ size became gradually smaller, especially at more than 0.5 P/Fe molar ratio (round 30 um
of particle size). This suggests that phosphate inhibits the
growth of particles. Compared with ferric chloride, the particle
Ferrate-MK
Ferric chloride-MK
Ferrate
Ferric chloride

10

The surface charge of Fe flocs with or without the kaolin clay
under different P/Fe molar ratios was investigated using the
zeta potential analyser (Fig. 2). Generally, phosphate concentration has a large influence on the surface charge of iron
oxides due to the inner Fe–P complex formation (Lartiges
et al. 2019), leading to the change of zeta potential from positive to negative with the increase of phosphate concentration.
In the process of ferric chloride coagulation, kaolin clay particles quickly reduced the zeta potential of this system. For
example, zeta potential was decreased from −6 to −16 mv at
0.1 P/Fe molar ratio after kaolin addition. Interestingly, in the
ferrate coagulation system, zeta potentials in the solution at
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Fig. 2 Zeta potential of Fe flocs after ferric chloride hydrolysis and ferrate
decomposition with or without kaolin at neutral pH ([Fe] = 0.2 mM,
[kaolin] = 50 mg/L, [P] = 0–0.2 mM)
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Fig. 3 Particle size distribution after ferric chloride (a) and ferrate (b) coagulation at neutral pH under different molar ratios of phosphate to Fe ([Fe] = 0.2
mM, [P]/[Fe] = 0 (a), 0.083 (b), 0.17 (c), 0.25 (d), 0.33 (e),0.50 (f),0.67 (g),1 (h))

the FTIR spectra of Fe flocs produced by ferrate under different P/Fe molar ratios. In the absence of phosphate, the IR
spectra of flocs obtained from ferrate were almost the same
with that of kaolin. Bouzek (Bouzek et al. 1999) reported that
intermediate products appeared in the transformation of
Fe(VI) to Fe(OH)3, such as FeO44−/FeO33−, which may inhibit
the interaction between ferrate and kaolin. With the increase
of P/Fe molar ratio, the peak at 996 cm−1 obviously shifted
towards high wavenumber. For instance, when P/Fe molar
ratio was 0.5, it appeared at 1000 cm−1. This results from the
formation of Si–O–Fe on the surface of kaolin (Doelsch et al.
2001). Charfi (Charfi et al. 2013) found that phosphate could
react with kaolin such as new mineral phase formation. While
the P/Fe molar ratio exceeded 0.5, the peak shifted from 1000
to 996 cm−1. Too much phosphate may complex with products from ferrate, limiting the formation of Fe–O–Si. Huang
(Huang et al. 2018) reported that phosphate ligand could restrain the Fe(V) complex to associate with target compounds.
In the FTIR spectrum of Fe flocs produced by ferric chloride without phosphate (Fig. 4b), the band of 1000 cm−1,
which is attributed to the Si–O–Fe vibration, was readily
found, because Fe3+ was intensely adsorbed on the surface

size of Fe flocs on ferrate coagulation without phosphate had a
diameter between 100 and 200 um (Fig. 3b), which was significantly lower than that on ferric chloride coagulation. When
P/Fe molar ratio was increased, Fe flocs’ size was gradually
increased and then decreased. At more than 0.5 P/Fe molar
ratio, Fe flocs size was 40–50 um.

Characteristics of flocs particles
FTIR
To investigate the special interaction among phosphate, kaolin
and ferrate (or ferric chloride), FTIR spectra of Fe flocs obtained by ferrate and ferric chloride coagulation were measured. FTIR spectrum of kaolin (Fig. S1) showed characteristic bands of kaolinite at 1114, 1025, 996, 934, 909, 789 and
749 cm−1. Bands of 789 and 749cm−1 were assigned to the Si–
O–Al compounded vibrations (Saikial and Parthasarathy
2010). In the Si–O region, stretching vibrations bands at
1114, 1025, 996 cm−1 were noticed (Ilić et al. 2016). In addition, both 934 and 909 cm−1 corresponded Al–OH bending
vibration (Saikial and Parthasarathy 2010). Fig. 4a exhibited
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Fig. 4 FTIR spectra of Fe flocs produced from 200 uM ferrate (a) and ferric chloride (b) with 50 mg/L kaolin under different P/Fe ratio (0–0.83)
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of kaolin with negative charge. As the P/Fe molar ratio was
raised, the interaction of kaolin and Fe became weaker because of the complexation between Fe and phosphate. When
the P/Fe molar ratio increased from 0.33 to 0.5, the peak
position changed from 1000 to 996 cm−1, leading that the
complex of P–Fe entered into the solution.

ferric chloride, percentages of Fe–O–Si were 45.1 and
36.8% in the absence and presence of phosphate, respectively.
In contrast, phosphate addition can decrease the interaction
between kaolin and products after ferric chloride hydrolysis.

XPS

The morphology and structure of Fe flocs obtained from
ferrate and ferric chloride coagulation were investigated, and
the results (Figs. S4 and S5) exhibited that Fe flocs were
formed with different P/Fe molar ratios (0–1.0) at neutral
pH. It found that more Fe flocs were formed and attached to
the surface of kaolin with the increase of the P/Fe molar ratio,
but the growth of flocs from ferrate and ferric chloride was
inhibited at 1.0 and 0.5 P/Fe molar ratios, respectively.
Differently, Fe flocs produced by decomposition of ferrate at
0.33 P/Fe ratio displayed the ultrafine nanosphere-stacking
structure, while Fe flocs formed by the hydrolysis of Fe chloride showed the porous and disorder structure (Fig. 6). This
indicates that there are some differences for coagulation mechanisms of ferrate and Fe chloride. In the ferric chloride coagulation, the binding of a phosphate ligand terminating the
growth of polymeric chains of edge-sharing Fe octahedra
and those non-equilibrium nanosized Fe–P coagulant species
assembles the silica nanoparticles to form hetero-aggregates
(Lartiges et al. 2019), while in the ferrate coagulation, phosphate was removed from water solely by sorption on the

The XPS technique was used to further confirm the surface
chemical composition of Fe flocs’ particles. The results (Fig.
S2) displayed that Fe flocs mainly included the elements of
Fe, P, Si, O and Al. The binding energy of Fe 2p3/2 in the Fe
flocs produced by ferrate without phosphate was round 710.8
eV, while around 711.5 eV in the Fe flocs was produced by
ferrate with phosphate, as shown in Fig. S3. The binding energy of Fe 2p3/2 was 711.5 eV in the Fe flocs obtained from
ferric chloride with or without phosphate. The high-resolution
XPS spectra of Fe 2p3/2 in Fe flocs (Fig. 5) were fitted into
three peaks, namely, 710.9 eV for Fe–O–Fe, 711.9 eV for Fe–
O–Si and 713.3 eV for Fe–O–P, listed in Table S1. In the Fe
flocs from ferrate, the predominant species in the absence of
phosphate was the Fe–O–Fe bond (97.2%, percentage in Fe
atom), while 24.0% of Fe–O–Si at 0.33 P/Fe molar ratio appeared on the surface of Fe flocs, demonstrating that phosphate addition can increase the interaction between kaolin and
products after ferrate decomposition. For the Fe flocs from
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Fig. 5 High-resolution XPS spectra of Fe2p3/2 in Fe flocs obtained using ferrate or Fe chloride with or without phosphate (P/Fe 0.33) in the presence of
kaolin
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Fig. 6 FESEM images of Fephosphate flocs obtained by
ferrate (a) or Fe chloride (b) coagulation (0.33 P/Fe ratio)

surface from γ-Fe2O3/γ-FeOOH nanoparticles (Kralchevska
et al. 2016).
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decomposition mechanism at pH 7–9 is
listed in Eqs. (1) to (3) (Chen et al. 2018). The transformation of
Fe(VI) to Fe(III) can produce active species of Fe(III), including
FeO2−, FeO(OH) and Fe(OH)2+. From charge point, FeO(OH)
and Fe(OH)2+ are the main adsorptive sites for phosphate removal (Antelo et al. 2005; Chitrakar et al. 2006), which derive
from the reaction of FeO2− with proton (Eqs. (2) and (3)).
Phosphates are removed from water by sorption on the surface
of FeOOH nanoparticles produced from ferrate (Kralchevska
et al. 2016). Phosphate removal by ferric chloride has the relation with hydrolytic pathway of Fe(III). In the hydrolysis process, the reaction of Fe3+ with hydroxyl ion can form Fe(OH)2+,
Fe(OH)2+ and Fe(OH)3 species in the solution. At neutral condition, Fe(OH)2+ and Fe(OH)3 are the main active sites for
phosphate adsorption. Phosphates are removed by Fe oligomers
linked by phosphate tetrahedral (Fe–P complex) on the ferric
chloride coagulation (Lartiges et al. 2019).
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According to the phosphate species distribution, H2PO4−
and HPO42− are the dominative species at pH 7. The dissociation constants of H2PO4− and HPO42− are 6.2 × 10−8 and 2.2
× 10−13(Cameron and Liss 1984), respectively, which are
higher than that of H2O (10−14). Generally, the dissociation
constant is greater, and proton is generated more easily.
H2PO4− and HPO42− can easily form more protons than
H2O molecules. In the chemical equilibrium of Eqs. (1)to
(3), phosphate promotes ferrate decomposition and produces
much more FeO(OH) and Fe(OH)2+. In contrast, phosphate
inhibits the hydrolysis of ferric chloride (Eqs. (4) to(6)), even
terminating the formation of Fe(OH)2+ and Fe(OH)3.
Effect mechanism of kaolin particles
The relationship of interaction between kaolin clay particles and Fe flocs is expressed by 1/NTU, as shown in Fig.
7. With the increase of Fe/P molar ratio, the interaction of
kaolin-Fe flocs from ferric chloride coagulation became
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weaker, while the interaction from ferrate coagulation became stronger and then weaker. It is suggested that phosphate could promote the aggregate of kaolin and Fe flocs
on the ferrate coagulation while decreasing it on the ferric
chloride coagulation. This may be attributed that
Fe(OH)2+ can be produced in the presence of phosphate
in the ferrate decomposition by Eq. (2), which can strongly adsorb on the surface of kaolin.
In the neutral solution, Fe(VI) is decomposed into many
species with negative or neutral charges, such as FeO42−,
FeO44−, FeO32−, FeO22−, FeO(OH) and Fe(OH)3, which have
some rejection with kaolin clay particles. Compared with ferric chloride, when ferric chloride is dissolved into the solution,
Fe3+, Fe(OH)2+ and Fe(OH)2+ are produced, which are
adsorbed on the surface of kaolin clay because of electrostatic
attraction. In kaolin alone, the size of Fe flocs from ferric
chloride coagulation is far larger than that from ferrate coagulation (Fig. 3). With the increase of P/Fe molar ratio, the
amount of Fe(OH)2+ on ferrate coagulation is rapidly increased, leading to the increase of electrostatic attraction between kaolin and ferrate decomposition products. Therefore,
the size of Fe flocs from ferrate is raised with phosphate addition. In contrast, on ferric chloride coagulation, Fe species
binding with kaolin may be reduced due to phosphate competition, decreasing the Fe flocs’ size. When the P/Fe molar ratio
arrived at certain value (0.67 for ferrate and 0.5 for ferric
chloride), Fe flocs’ sizes decreased the lowest. Because Fe
in the solution almost complexes with phosphate instead of
kaolin clay.

Environ Sci Pollut Res (2021) 28:45414–45421

electrostatic attraction. Therefore, kaolin particles can significantly promote the phosphate removal by ferrate.
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