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HIGHLIGHTS

« Ferrate oxidation was an effective method in removing BPA and related toxicity.

« The reaction between ferrate and BPA was fitted with pseudo-second order kinetics.

« Based on the twelve determined intermediates, two possible pathways were proposed.
« Removal of toxicity exhibited a hysteresis effect compared to BPA degradation.

« The increase of toxicity was due to the formation of more toxic intermediates.
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A series of batch experiments were carried out to investigate the factors influencing BPA degradation by
ferrate(VI) and the reaction rate kinetics, including molar ratio of ferrate(VI) to BPA (0.1-8.0), initial
solution pH (3.0-11.0) and temperature (283-323 K). Reaction pathways were proposed according to
the determination of intermediate products and the toxicity variation during the BPA degradation process
was evaluated by marine luminescent bacteria (Vibrio fischeri). BPA degradation by ferrate(VI) was effec-
tive and rapid, with a major BPA removal happening within 3 min. With an initial BPA concentration of
Keywords: 4.4 pmol/L, a ferrate(VI) to BPA'molar ratio of 8.0, an initial solution pH of‘7.0 and a temperature 298 K,
Ferrate(VI) ca. 97.5% BPA removal was achieved. Twelve reaction products were identified by gas chromatography/
BPA mass spectrometry-mass spectrometry (GC/MS-MS) and two possible pathways for BPA degradation by
ferrate(VI) were proposed, featuring a series of steps including dehydroxylation, cleavage of C-C bond,
OH group addition, and oxidation. Unlike the rapid degradation of BPA by ferrate(VI), the elimination
of toxicity exhibited a hysteresis effect and there was a rise tendency within the first 5 min, which might
be caused by formation of more toxic intermediates, such as benzoquinone, hydroquinone, styrene.

© 2014 Elsevier B.V. All rights reserved.
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1. Introduction

Bisphenol A (BPA) is an important raw material widely used as a
monomer for the production of polycarbonates, epoxy resins,
plasticizers, flame retardants, paints and other chemical products.
Because of its widespread use, numerous of daily use plastic prod-
ucts contain BPA, including drinking water bottles, polycarbonate
baby bottles, food packaging and tableware [1]. Studies indicate
that the global demand for BPA was ca. 5 million tons in 2010
and is expected to increase significantly yearly [2]. With the
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increasing use of BPA, environmental release is likely from plastic
manufacturing processes, effluents from wastewater treatment
plants (WWPTs) and landfill leachates, etc. [3]. As reported, BPA
is ubiquitous presence in aquatic environments and detected con-
centrations are in the range of 0.01-21 pg/L in natural waters and
1.3-17,200 pg/L in landfills [3,4]. It has been confirmed by many
studies that BPA has the potential to cause adverse effects on wild-
life and human health with toxicities including liver damage,
reproductive and developmental toxicity, diabetes risk, breast can-
cer, cardiovascular disease, estrogenic activity and thyroid
hormone disruption, leading to its classification as an endocrine
disrupting chemical (EDC) by the U.S. Environmental Protection
Agency (EPA) [5-7]. In addition, it has been proved that some
metabolites of BPA exhibit increased toxicity to aquatic organisms
[1,8]. As a consequence of its wide usage and negative health
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impacts it is necessary to develop efficient methods to remove BPA
from wastewater and freshwater systems.

Various technologies have been mooted to eliminate BPA from
the aquatic environment in recent years, including biodegradation
[9], adsorption [10,11], photocatalysis [12-14] and advanced
oxidation processes [15-17]. Biodegradation is economical, long
lasting with a wide utility, however, research has indicated that
BPA is degraded very slowly, requiring more than 28 days for
90% elimination [18]. As biodegradation is widely used by conven-
tional biological wastewater treatment plants, they cannot effec-
tively remove BPA from contaminated water. Alternatively, due
to the hydrophobicity of BPA, it can be easily removed by physical
adsorption methods, including nanofiltration, reverse osmosis, and
membrane filtration [19]. However, the intrinsic problems associ-
ated with these processes including inability to treat concentrated
wastewater, membrane fouling and high operational and mainte-
nance costs, make them less attractive compared to conventional
treatment processes. The copious chemical oxidation methods
which have been examined for the effective degradation of BPA
include oxidation by manganese dioxide [20] and permanganate
[21], ozonation [15], photodegradation (UV photolysis and photo-
catalysis) [14,22] and Fenton and Fenton-like processes [17], etc.
However, heavy metal pollution may result from the manganese
dioxide or permanganate oxidation processes. Additionally, the
potent carcinogen bromate, which is difficult to remove from
water, can be formed during ozonation of bromide-bearing water
[23]. Fenton and Fenton-like processes perform optimally under
very harsh condition with an extra drawback of sludge production.
Finally, the application of photodegradation is being restricted by
an inability to prepare an effective, economical and long-life cata-
lyst. Additionally, photodegradation performed poorly compared
to permanganate in an estrogenic activity test, however, ozonation
can be significantly more estrogen reducing with the addition of an
alumina catalyst [21,24]. A toxicity study utilizing Daphnia magna
indicated that the toxicity of a photoreaction-induced BPA solution
initially increased due to the formation of more toxic intermedi-
ates, such as hydroquinone, phenol, and 4-hydroxybenzoic acid
[14].

Ferrate(VI) oxidation has become one of the most promising
methods in water and wastewater treatment due to its strong
oxidation, disinfection, coagulation, low toxigenicity and high-
security [25]. Ferrate(VI) is a powerful oxidizing agent across the
entire pH range with a redox potential varying from 2.2 to 0.7 V
in acidic and basic solutions, respectively. Thus, it has be effectively
applied in water treatment with low dosage for inactivation of bac-
terial community [26] and degradation of various refractory con-
taminants, such as endocrine disrupting chemicals (EDCs),
pharmaceuticals and personal care products (PPCPs) [27-29]. The
final products of ferrate(VI) oxidation reaction, Fe(Ill) species, have
flocculation and precipitation functions, which hence enhances the
removal of particulates, organic matter, nutrients and metals [30].
Moreover, the Fe(Ill) products are non-toxic, avoiding the metal
pollution which might be caused by manganese dioxide or per-
manganate. Furthermore, ferrate(VI) could also avoid the forma-
tion of chlorinated DBPs and the potent carcinogenic bromate
which were formed during chlorination and ozonation processes
[31,32]. Thus, ferrate(VI) oxidation has received considerable
attention as an environmental friendly and effective treatment
method for the purification of waters containing refractory con-
taminants [33]. Li et al. found that BPA could be very readily
degraded by ferrate(VI) oxidation and the reaction was very rapid,
with a major BPA removal happening during the initial 60 s [34].
They also investigated the rate constants and confirmed that the
reaction between BPA and ferrate(VI) was well fitted with the sec-
ond-order kinetic model [35]. Series of reaction products have also
been identified and the BPA degradation pathways were proposed

[35,36]. However, very little information is available regarding the
toxicity of BPA solution during ferrate(VI) oxidizing process. Since
the intermediate products originating from BPA degradation might
be more toxic and cause secondary pollution [22], it is necessary to
determine the intermediates and their associated toxicity.

Thus, the main objectives of this study are (1) to investigate the
factors influencing BPA removal by ferrate(VI) oxidation and the
reaction rate constants, such as the molar ratio of ferrate(VI) to
BPA, initial pH and temperature; (2) to identify the intermediate
products by gas chromatography/mass spectrometry-mass
spectrometry (GC/MS-MS) and propose the possible degradation
pathways of BPA by ferrate(VI); (3) to further evaluate the varia-
tion of the BPA solution toxicity during the oxidation process.

2. Materials and methods
2.1. Materials

All solutions were prepared with deionized and ultra pure
water (Milli-Q Direct 8, USA). Bisphenol A (99%) and potassium
ferrate(VI) (97%) were purchased from Sigma-Aldrich and used
without further purification. The ferrate(VI) stock solution was
freshly prepared prior to the experiment at 2.52 mol/L with a pH
of 9.0 and used within 10 min to minimize the self-decomposition
reactions of ferrate(VI) [37]. BPA solutions at concentration of
4.4 nmol/L were prepared prior to experiments with deionized dis-
tilled water.

Methanol, acetonitrile and dichloromethane (Merck, Germany)
used in the experiments were of chromatographic grade. Other
chemicals and reagents used in the experiments were of analytical
grade. The freeze-dried bacteria Vibrio fischeri used for toxicity
assessment was obtained from the manufacturer (DeltaTox, SDIX,
USA) and stored at —20 °C.

2.2. Experimental methods

To assess BPA degradation by ferrate(VI), 500 mL of prepared
BPA solution was transferred into conical flasks. The degradation
reactions were initiated by addition of certain volume of ferrate(VI)
stock solution into the reactor according to the experimental con-
ditions, which was vigorously magnetically stirred for 30 min.
Samples were collected at given time intervals and 0.18 mol/L
hydroxylamine hydrochloride was added immediately in order to
quench the oxidation process. The samples were then centrifuged
for 5 min prior to subsequent analysis. All experiments were car-
ried out in duplicate.

In order to determine the degradation products of BPA, the
molar ratio of ferrate(VI) to BPA was fixed at 5.7 with a BPA con-
centration of 4.4 pumol/L, initial pH 7.0 and temperature 298 K.
The sample of 50 mL was withdrawn into a separatory funnel at
determined intervals. The reaction was ceased by 0.18 mol/L
hydroxylamine hydrochloride and the sample pH was adjusted to
2.0 by HCIl. Subsequently, 0.5 g NaCl and 3 mL dichloromethane
were added into the funnel before the sample was vigorously sha-
ken. After the solution was extracted for 5 min, the organic phase
was transferred into a colorimetric cylinder. The sample was
extracted repeated twice more and the organic phases combined.
Finally, the extract was concentrated and quantified to 1 mL by
dichloromethane after drying with solid anhydrous sodium sulfate.
Similar pretreatment method for analysis of intermediates of BPA
degradation has also been reported by other researche [15].

2.3. Analytical methods

The residual concentration of BPA during the reaction was ana-
lyzed by a ultra performance liquid chromatography (Acquity
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H-class UPLC, Waters, USA) with a 100 mm BEH C18 column
(1.7 x 100 mm, 3.5 pm) at 30 °C and TUV detector set at 280 nm.
The mobile phase was a methanol/water mixture (70/30, v/v) at
a flow rate of 0.2 mL/min with an injection volume of 5 uL [21].
The method detection limit was 0.02 pmol/L.

The intermediates formed during degradation of BPA by fer-
rate(VI) were determined by GC/MS-MS (7890A-5975C, Agilent,
USA) combined with a HP-5 (30 x 0.25 mm, 0.25 pm) quartz
capillary column and an electron impact (EI) detector (70eV).
The carrier gas was helium at a flow rate of 1 mL/min and the injec-
tion volume was 1 pL with a spilt ratio of 1/10. The temperature
program was as follows: the initial temperature was 40 °C and held
for 3 min; then it increased at 15 °C/min to 280 °C where it was
held for 8 min. The temperatures of the injection port, interface
and the ion source were 260, 250 and 230 °C, respectively. The var-
iation of ultraviolet (UV)-spectrum during BPA degradation was
tested by an ultraviolet-visible (UV-VIS) spectrophotometer
(UV2450, Shimadzu, Japan).

The toxicity of BPA and its degradation products was assessed
by luminescent bacteria toxicity test according to the ISO standard
[38]. Luminescent bacteria were exposed to the initial BPA solution
and the treated samples for 15 min at 15 £ 0.5 °C and the relative
inhibitory rate (T%) was calculated for each sample relative to
the control. The luminescence was measured on a DeltaTox II lumi-
nometer (SDIX, USA).

The solution pH was measured using a portable digital pH-
meter throughout experiment (pHS-3B, Shanghai, China).

3. Results and discussion
3.1. Factors influencing the degradation of BPA by ferrate(VI)

3.1.1. Effect of the ferrate(VI) to BPA molar ratio

The effect of ferrate(VI) to BPA molar ratio on BPA degradation
was investigated with results shown in Fig. 1(a). The experiments
were carried out at a range of molar ratios ([Fe(VI)]/[BPA]) 0.1-8.0
with a fixed BPA concentration of 4.4 umol/L, initial pH 7.0 and
temperature 298 K. It is evident that the degradation of BPA by fer-
rate(VI) was a rapid process, with a major removal of BPA obtained
in the initial 3 min, and the molar ratio has a significant effect on
BPA removal. As [Fe(VI)]/[BPA] increased from 0.1 to 5.7, the
removal of BPA by ferrate(VI) increased appreciably from 15.1%
to 92.5%. When the molar ratio further increased up to 8.0, there
was only a slight increase of BPA removal by 5.9%. It has been con-
firmed that degradation of organic pollutants by ferrate(VI)
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oxidation are through two pathways, namely the direct oxidation
by ferrate(VI) and the indirect oxidation by the new generated free
radicals (as shown in Eqs. (1) and (2)) [36]. It is expected that the
increase in the molar ratio of ferrate(VI) to BPA enhances both the
direct and the indirect oxidation pathways, leading to the promo-
tion of BPA degradation [39]. However, the simultaneous
ferrate(VI) self-decomposition would be obviously observed when
the molar ratio of ferrate(VI) to BPA was high, which is not favor-
able to BPA removal [40]. As shown in Fig. S1, the decomposition
curves of ferrate(VI) at different values of [Fe(VI)]/[BPA] reflected
that the decomposition rate of ferrate(VI) increased with increas-
ing molar ratio, indicating that the proportion of ferrate(VI) taking
part in BPA degradation would relatively decrease.

2Fe0; +H,0 — 2Fe(OH), +5[0] k = 1.5 x 10° M 's ! (1)

[0] + H,0 — 2HO’ (2)

Kinetics of BPA degradation by ferrate(VI) oxidation in this
study is shown in Fig. 1(b) and it can been seen that the pseudo-
second order reaction model fitted the experimental data closely
(R?>=0.993), which is agreed with the results of Zhang et al. and
shown as Eqgs. (3) [36]. Where Cgpa Was the concentration of BPA,
t was the reaction time, ko, was the apparent second-order rate
constant.

dcC
% = kUPIJCZBPA 3)

It has also been confirmed by Li et al. [35] that reaction between
BPA and ferrate(VI) was well fitted the second order rate law. The
value of kgpp in this study was determined to be 8356 mol~'Ls™"
with the molar ratio of ferrate(VI) to BPA of 5.7 and a fixed initial
BPA concentration of 4.4 pmol/L, which is much lower than that in
Ref. [35]. This might be caused by the relatively low initial BPA
concentration in this study.

3.1.2. Effect of initial pH

Figs. 2 and 2S shows that initial pH had a similar effect on BPA
removal and the reaction rate constant (k,pp). When the initial pH
increased from 3.0 to 5.0, the BPA removal increased obviously
from 85.1% to 95.2% and the reaction rate constant increased sig-
nificantly from 1.9 x 10> mol 'Ls ! to 8.4 x 10> mol ! Ls . Fur-
ther initial pH increase to 11.0 resulted in slightly reduced BPA
removal while kqp, declined more sharply. This can be explained
from the species of both ferrate(VI) and BPA present in the acidic
to basic pH range [41]. As shown in Fig. S3, ferrate(VI) exists as four
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Fig. 1. (a) Effect of ferrate(VI) to BPA molar ratio on BPA removal (Experimental conditions: BPA concentration = 4.4 pmol/L; the molar ratio [Fe(VI)]/[BPA] = 0.1-8.0; initial
pH =7.0; temperature =298 K.); (b) kinetics of BPA removal by ferrate(VI) oxidation (Experimental conditions: BPA concentration = 4.4 pmol/L; the molar ratio

[Fe(VI)]/[BPA] = 5.7; initial pH = 7.0; temperature = 298 K.).
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Fig. 2. Effect of initial pH on BPA removal and the reaction rate constant (kqpp).
(Experimental conditions: BPA concentration = 4.4 pumol/L; the molar ratio [Fe(VI)]/
[BPA] = 5.7; temperature = 298 K.)

species across the pH range, HsFeQ}, H,FeO4, HFeO4™, and FeO3~
[42]. The monoprotonated species (HFeO,~) is predominated at
pH 3.5-7.23 and has a larger spin density on the oxo-ligands and
stronger oxidizing capacity than FeO3~ [43,44]. Thus, the rapid
increase in HFeO4~ from an initial pH of 3 to 5 explains the
increased degradation of BPA. The subsequent decrease in HFeOy
results in the significant decrease of the reaction rate constant.
However, the total BPA removal didn’t change obviously during
pH 5.0-7.0 due to the predomination of HFeOy. In basic conditions,
FeOZ~ becomes the predominant species of ferrate(VI) and BPA
ionization would occur because of its pK, value (pK,;=9.2,
pK;> = 11.3), resulting in the generation of numerous phenolic
hydroxyl groups and an increase in the fraction of BPA%~ [13,20].
The increase of electron density on the benzene ring enhances
unfavorable repulsions between FeO3~ anions and BPA?~ anions,
explaining the slow down of BPA degradation by ferrate(VI)
between pH 7.0 and 11.0.

3.1.3. Effect of temperature

As shown in Fig. 3, the reaction rate constant kg, of BPA degra-
dation by ferrate(VI) increased significantly from 2.5 x 10° to
1.7 x 10*mol~' Ls~! with increasing temperature from 283 to
323 K, which indicated that the degradation of BPA by ferrate(VI)
was strongly dependent on temperature. However, this tempera-
ture increase did not significantly alter the total removal of BPA
after a 30 min reaction, as illustrated in Fig. S4. This result could
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Fig. 3. Effect of temperature on the reaction rate constant (k). Inset: Arrhenius
plot of In(kapp) vs. 1/T. (Experimental conditions: BPA concentration = 4.4 pmol/L;
the molar ratio [Fe(VI)]/[BPA] = 5.7; initial pH = 7.0.)

be attributed to the complex effect of temperature on BPA degrada-
tion by ferrate(VI). While the collision frequencies between
ferrate(VI) and BPA are enhanced with increasing temperature,
increasing the elimination rate of BPA [17], the stability of fer-
rate(VI) reduced and self-decomposition enhanced, which is detri-
mental to BPA removal [40].

As shown in Fig. 3, there was a linear increase of k., with tem-
perature (R*=0.99) as well as the Arrhenius plot of Inkgy, vs. 1/T
(R?>=0.95). According to the Arrhenius equation, the activation
energy (E,) in this study was calculated to be 35.71 kJ/mol, which
is much lower than 48.7 kJ/mol reported for the degradation of
BPA by permanganate [21].

3.2. Identification of intermediates and the possible degradation
pathway

The identification of intermediates from the oxidation of BPA by
ferrate(VI) was evaluated by GC/MS-MS, and the results are shown
in Table S1 and Fig. S5. Table S1 summarizes the main fragment
ions (m/z) and abundance (%) of reaction products in comparison
to the NIST data library. Fig. S5 displays the MS/MS spectra of
the intermediates observed during the oxidation reaction. Twelve
intermediates with shorter retention times than BPA, indicating
higher polarity, were observed in this study and five of them have
also been identified by Li et al. [35], such as styrene, maleic acid,
1-(4-methyl phenyl) ethanone, p-isopropenyl phenol and p-isopro-
pyl phenol. Nine of these twelve reaction products had aromatic
rings, including styrene, hydroquinone, o--methylstyrene, 2-phenyl
propenal and 1-(4-methyl phenyl) ethanone. Based on the twelve
identified intermediate products, the possible degradation path-
ways of BPA by ferrate(VI) are proposed schematically in Fig. 4.
This shows that the total degradation of BPA underwent dehydr-
oxylation, cleavage of C-C bonds, OH group addition, elimination
reactions and oxidation [35].

The degradation of BPA by ferrate(VI) oxidation can be divided
into two possible pathways related to the bonds broken. The first
pathway is dehydroxylation, by which the two C-0 bonds were
cleaved and the two hydroxyl groups departed from BPA molecule,
resulting in the formation of (2-methyl-1-phenyl-1-propenyl) ben-
zene. Subsequent cleavage of the aromatic ring connecting C-C
bond produces (1-methyl vinyl) benzene and styrene, which each
contains a single benzene ring. These intermediates are further
oxidized to generate 2-phenyl propenal, 1,4-pentadien-3-ketone
and maleic acid. The second pathway is initiated by the cleavage
of the two phenyl groups in BPA and leads to the formation of
p-isopropyl phenol, p-isopropenyl phenol and phenol (not
detected in this study. It might due to the two electron-donating
hydroxyl group in BPA molecular, which increases the electron
density on each benzene ring and made the C-C bond connecting
the two benzene rings more vulnerable [35]. These reaction prod-
ucts can continue to be oxidized by ferrate(VI), generating 2-phe-
nyl isopropanol, 1-(4-methyl phenyl) ethanone, hydroquinone,
benzoquinone, 1,4-pentadien-3-ketone, and maleic acid. As shown
in Fig. 4, the two hypothesized degradation pathways were not iso-
lated from each other and the intermediates, which are produced
by the first pathway and contain two aromatic rings, can also be
degraded by ferrate(VI) along the second pathway.

3.3. Toxicity analysis

While BPA is known to be toxic, its toxicity may change during
the ferrate(VI) oxidation process due to the formation of interme-
diates. In this study, the relative inhibitory luminosity rate of
V. fischeri was used to evaluate the toxicity variation during BPA
degradation process by different dosages of ferrate(VI). The relative
inhibitory rate (T%) is calculated from Eq. (2), where E, and
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Fig. 4. The proposed BPA degradation pathway by ferrate(VI) oxidation.

E represent the normalized bioluminescence intensities of the con-
trol and the sample, and the results are shown in Fig. 5.
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While BPA degradation was rapidly completed within 10 min
with almost total BPA removal achieved at ferrate(VI) dos-
ages > 35.0 umol/L, toxicity exhibited a hysteresis effect. Fig. 5
shows that the relative inhibitory rate rapidly increased at the start
of the oxidation reaction and peaked within the first 5 min.
Subsequently, it decreased gradually but not completely stopped
even when oxidation time was prolonged to 60 min. This hystere-
sis effect could be attributed to the generation of more toxic
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Fig. 5. Variations of toxicity during BPA oxidation process (Experimental condi-
tions: [BPA]o = 4.4 pmol/L; initial pH = 7.0; temperature = 298 K.).

intermediates, especially those containing aromatic rings. UV
scanning of samples within the range of 200-360 nm at different
reaction times was conducted to explain the toxicity variation, as
illustrated in Fig. S6. The absorbance of the treated water increased
during the first 10 min and then decreased with reaction time,
reflecting the generation of large amounts of intermediates. The
variation of the absorbance in the typical benzenoid band, between
240 and 280 nm, indicated the existence of substituted functional
groups in phenyl rings, such as conjugated double bonds, unsatu-
rated carbonyl, etc. The generation of these intermediates might
cause the increase of toxicity. In addition, it is seen from
Table S1 that the identified reaction products included a series of
aromatic intermediates, such as benzoquinone (LD50: 25 mg/kg;
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L} —=—Benzoquinone
= 25000 F — o —Hydroquinone
'S - — 4 — Styrene
*> 20000 — v —p-isopropyl phenol
= I
~ 15000 |
o L
= 10000 F
s I
2 soof &oig
= I .
0 i 1 1 ‘I 1 1 1 1
0 5 10 15 20 25 30
t (min)

Fig. 6. Changes of the peak areas of intermediates during BPA oxidation process
(Experimental conditions: BPA concentration = 4.4 pumol/L; the molar ratio [Fe(VI)]/
[BPA] = 5.7; initial pH = 7.0; temperature = 298 K.).
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oral dose, mouse), hydroquinone (245 mg/kg), styrene (316 mg/
kg), p-isopropyl phenol (875 mg/kg) and 2-phenyl propenal
(2220 mg/kg), which were all more toxic than BPA (2400 mg/kg)
[45,14]. With further degradation and mineralization of these
intermediates, lower toxicity and even nontoxic products were
generated, which resulted in the decrease of toxicity. Thus, the var-
iation in the intermediate content, shown in Fig. 6, which corre-
sponds to the areas of the absorption peak for four of the more
toxic intermediates, further explains the changes in toxicity. It is
noteworthy from Fig. 6 that all of these intermediates achieved
maximum absorbance at around 2-5 min and then decreased sub-
stantially up to 30 min, which clearly matched the variation of
toxicity.

Fig. 5 also displayed that with increasing ferrate(VI) doses
above 25.2 umol/L, toxicity of the treated water increased gradu-
ally and was consistent with other studies and probably due to
the over production of metallic parts [46]. The control experiments
using the final reduction product of ferrate(VI), Fe(Ill), as shown in
Fig. S7, indicated that Fe(IIl) was slightly detrimental to luminous
bacteria with the increase of dosage.

4. Conclusion

The degradation of BPA by ferrate(VI) has been systematically
investigated in this study and the major conclusions drawn from
it are summarized as follows:

(1) BPA can be effectively degraded by ferrate(VI) oxidation.
About 97.5% BPA removal was achieved at a ferrate(VI) to
BPA molar ratio of 8.0 with an initial BPA concentration of
4.4 umol/L, initial solution pH of 7.0, temperature of 298 K
and contact time of 10 min.

(2) Reactions between ferrate(VI) and BPA obeyed pseudo-
second order kinetics. Factors, including ferrate(VI) to BPA
molar ratio, the initial pH and temperature, had significant
effects on both of the BPA removal and the kinetic constants.

(3) Twelve intermediate compounds were identified, allowing
the proposal of possible pathways for BPA degradation by
ferrate(VI) oxidation. These pathways can be divided into
two based on the type of the initial bond breaking. BPA
undergoes a series of steps, including dehydroxylation,
cleavage of C-C bond, elimination reactions and oxidation,
to achieve the final mineralization.

(4) Toxicity tests conducted with V. fischeri delineated that com-
pared with BPA degradation, toxicity reduction exhibits a
hysteresis effect, which requires a long time to fall below
the toxicity of BPA. An increase in toxicity during the initial
stages of treatment was observed and attributed to the gen-
eration of more toxic intermediates, such as benzoquinone,
hydroquinone, styrene, p-isopropyl phenol etc. Further deg-
radation of these intermediates by ferrate(VI) resulted in the
eventual gradual decrease in toxicity.
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