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a b s t r a c t 

Emerging micro-pollutants (EMPs) have potential threats to human health and eco-environment. It is necessary 
to seek alternative treatment technologies when the existing processes have limitations to treat EMPs. This paper 
aimed to investigate the use of ferrate (Fe(VI)) to treat imidacloprid (IMP), bisphenol-S (BS) and azithromycin 
(AZM) by assessing the toxicity of the EPMs before and after Fe(VI) treatment, generating reaction kinetic rate 
constants and proposing degradation pathways and oxidation products. BS was readily removed at a lower Fe(VI) 
dose of 0.009 mM, while both IMP and AZM were not be effectively degraded at such a low Fe(VI) dose. The 
resulting toxicity of BS was reduced after Fe(VI) treatment, whereas that of IMP and AZM treated by Fe(VI) 
increased; this is due to changes in structure and property of EMPs and the formation of oxidation products 
(OPs), which induced either low or high toxicity. The pseudo-first-order reaction rates of IMP, BS, and AZM with 
Fe(VI) were derived as 0.071, 0.148, and 0.076 s − 1 respectively, which are consistent with the trend of the EMPs’ 
removing by Fe(VI). 
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. Introduction 

Emerging micro-pollutants (EMPs) can be categorised as pesticides,
ndocrine disruptors (EDCs) and pharmaceuticals and personal care
roducts (PPCPs). They are persisted in various water sources and recal-
itrant to biodegradation, and can post potential threats to human health
n long term perspectives ( Jiang et al., 2013 ). Occurrence of EMPs was
biquitously detected at a range from ng L − 1 to μg L − 1 in waste water in-
uent and eluent, surface water and ground water sources ( Dulio et al.,
018 ). Among various EMPs, imidacloprid (IMP) is one of the most com-
on neonicotinoid pesticides that are detected in water sources at levels

rom 10 ng L − 1 to 100 μg L − 1 ( Sadaria, 2015 ). The IMP has been iden-
ified its toxicity onto aquatic invertebrates, arthropods and pollinators
s honey bees ( Glassmeyer, 2008 ) and due to this, it is documented in
he EU Watch List 2015/495 and needs for long term monitoring and
fficient treatment. Bisphenol-S (BS) has been used as a substitute for
isphenol-A in industry and widely detected at a level of ng L − 1 and
g L − 1 in surface water of different areas ( Ebele et al., 2017 ). BS also
xhibits adversely endocrine disrupting effect on human and aquatic
pecies ( Eladak et al., 2015 ; Ž almanová et al., 2016 ). Azithromycin
AZM) is one of commonly used antibiotics and often discharged into
atural water resources and then has been detected in various water
∗ Corresponding author: Professor Jia-Qian Jiang. Department of Civil Engineering
BA, United Kingdom 

E-mail address: jiaqian.jiang@gcu.ac.uk (J.-Q. Jiang) . 
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odies. AZM is also documented in the EU Watch List 2015/495 since
t is regarded as pseudo-persistent contaminant. 

The stated target EMPs have been researched for their removal by
iological digestion, adsorption and the advanced oxidation processes
AOPs) ( Table 1 ). Biological digestion could be cost effective but is
ow controllable of their efficiency and lacks understanding of detailed
echanisms ( Ahmed et al., 2017 ). Activated carbon adsorption is a con-

entional process used in water treatment with a long history. However,
he adsorption has weak selectivity for EMPs, and its efficiency is re-
tricted by the ionic condition in water ( Al-Mashhadani, 2017 ). AOPs
ere widely studied to optimise the treatment of EMPs and has been

uggested the most efficient process to treat EMPs . However, the AOPs
re highly cost requirement and demand high on the various ambient
onditions in order to produce free radicals efficiently. Due to various
imitations of the stated processes, alternative technologies have been
ought to enhance the treatment performance. 

Ferrate (Fe(VI)) is regarded as a promising technology for water
nd wastewater treatment. A number of studies have discovered that
e(VI) has high oxidation capacity and holds selectivity for the degra-
ation of problematic pollutants ( Jiang, 2002 ). Additionally, decompo-
ition of Fe(VI) generates iron based coagulants which combines coag-
lation with oxidation and contributes enhanced performance in treat-
ng water and waste water. Together with treating organic pollutants,
 and Environmental Management, Glasgow Caledonian University, Glasgow G4 
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Table. 1 

Treatment performance of IMP, BS and AZM by various technologies 

EMPs Treatment Initial Concentration Removal Efficiency Reference 

Imidacloprid Bench scale ultrasound + advanced Fenton process 20 mg L − 1 84.2-96.5% Patil et al., 2014 
Bench scale fluidized-bed Fenton process 4 mmol L − 1 < 0.2 (Ct/C0) Lacson et al., 2018 
Pilot scale Constructed Wetland 49.9 ± 19.6 ng L − 1 to 

54.4 ± 3.4 ng L − 1 
< 10% Sadaria, A.M., 2015 

Pilot Scale Photolysis + complexing agent (Fe 3 + -EDDs) 60 mg L − 1 spiked tap 
water 

90% Papoutsakis et al., 2015 

Bisphenol-S UV + ozonation n.d.(treated water 
sample) 

> 95% Mehrabani-Zeinabad et al., 2016 

Activated Carbon 5.5 mg L − 1 

equilibrium 

concentration 

52% to 63% at blow 

pH8 
up to 85% in 
optimized ionic 
condition 

Al-Mashhadani, 2017 

Constructed wetlands 5 mg L − 1 0-87% Wirasnita et al., 2018 
Azithromycin TiO 2 catalyzed UV treatment in WWTP 631 ng L − 1 100% Sousa et al., 2012 

Photocatalysis with GO/Fe 3 O 4 /ZnO/SnO 2 30 mg L − 1 > 90% Sayadi et al., 2019 
Absorption with GO/Fe 3 O 4 /ZnO/SnO 2 10 mg L − 1 31.5% Sayadi et al., 2019 
Membrane bioreactor (MBR) + Reverse Osmosis (RO) 0.118 μg L − 1 > 70% Dolar et al., 2012 
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e(VI) has been investigated to remove phosphate, metals and arsenic
 Kolarík et al., 2018 ; Prucek et al., 2015 ; Jiang et al., 2006 ), inactivate
acteria and viruses including Escherichia coli, Bacillus cereus , and bac-
eriophages f2 and MS2 ( Schink and Waite, 1980 ; Jiang et al., 2007 ;
u et al., 2012 ; Li et al., 2017 ) and the overall performance of Fe(VI)
as superior to that of conventional coagulants ( Jiang, 2007 ). 

Many published work about using Fe(VI) to degrade EMPs proposed
inetic rate constants. One research showed that 0.8 μM diclofenac was
egraded more than 65% by 24 μM of Fe(VI) at pH 9 and the reaction
seudo-first-order rate constant was 0.022 (s − 1 ) ( Zhao et al., 2018 ). An-
ther example of such researches was that 0.035 mM bisphenol-A was
egraded 99% by Fe(VI) at a dose of 0.1 mM and pH 7, with a pseudo-
rst-order rate constant of 7.79 (min − 1 ) ( Sailo et al., 2017 ). However,

n terms of our literature reviews, there has been so far no published
ork focus on the degradation of IMP and AZM by Fe(VI). 

Given all above issues discussed, this study aimed to investigate the
emoval efficiency of IMP, BS and AZM by Fe(VI) treatment. Specif-
cally, following issues were investigated; 1) to evaluate the removal
erformance of three target EMPs by Fe(VI), 2) to assess the toxicity
f the EPMs before and after Fe(VI) treatment, 3) to generate kinetic
ate constants of the relevant degradation reactions, and 4) to propose
egradation pathways based on the oxidation products formation. 

. Methodology 

.1. Chemical and materials 

98% bisphenol-S, potassium ferrate (its purity was 23%, tested in
he study via the ABTS method ( Lee et al., 2005 )), 99% sodium chloride
nd 98% potassium dichromate (K 2 Cr 2 O 7 ) were purchased from Sigma-
ldrich (UK). And also, 99% 2,2 ′ -Azino-bis (3-ethylbenzothiazoline-6-
ulfonic acid) diammonium salt (ABTS), 35-37% of hydrochloride acid
HCl), 99% NaOH pellets, 99.99% potassium hydrogen phthalate (KHP)
t acidimetric standard, and 99% monobasic potassium phosphate
KH 2 PO 4 ) (ACS) were purchased from Fisher Scientific (UK). More-
ver, 99.5% sodium tetraborate decahydrate (ACS) and 99% Na 2 S 2 O 3 
olid pellets were purchased from Alfa Aesar TM . Finally, dehydrated
iofix-Lumi luminescent bacteria (Vibro fisheri) and bacteria reacti-
ated reagent were purchased from Envitech Ltd (Germany) and the
uminescent bacteria were stored in a freezer at -15°C. 

.2. Preparation of reagents and working solutions 

0.018 M Fe(VI) working solution was prepared using 0.005 M NaOH.
MPs’ test solutions were prepared at concentrations of 10, 100 and
2 
000 μg L − 1 , respectively at pH 7. Reagents for the kinetic studies were
H 9 buffer solution which was made by 50% of 0.0125 M Na 2 B 4 O 7 
ixing with 50% of 0.005 M HCl. 1.82 mM of ABTS stock solution was
repared by dissolving 0.01 g ABTS in 10 mL deionised water. Reagents
or the toxicity tests included 2% NaCl solution (negative control ref-
rence), 1.87 g L − 1 Cr 6 + positive control reference stock solution (pre-
ared by 98% K 2 Cr 2 O 7 and 2% NaCl solutions). All toxicity test samples
ere prepared with 20% NaCl to make up to 2% salinity. Vibrio fischeri

acteria were only rehydrated and evenly shaken with the reactivation
eagent in 30 min before starting the toxicity test. The reactivated bac-
eria solution was stored in the refrigerator for 30 mins under a temper-
ture between 2°C and 8°C for stabilisation before usage. Details of all
eagents’ preparation can be seen in the supplementary data, Text S1
nd Tables S1-S3. 

.2.1. Jar test procedures 

Magnetic stirrers were used as jar test apparatuses for both treatment
ests and kinetic studies. Given amount of Fe(VI) was dosed into the test
olutions with individual EMPs concentrations of 10, 100 and 1000 μg
 

− 1 , respectively. Fast mixing was 220 rpm for 2 min with subsequent
low mixing at 40 rpm for 20 min and final settlement was 2 h. Treated
amples were filtered through 0.45 μm cellulose filter disc with Sartorius
tedim Borosilicate Glass Vacuum Filtration Device, and 20 mL filtrate
as transferred into 25 mL vial for TOC analysis, and 1 mL of the filtrate
as transferred into 1.5 mL borosilicate vial for the LC-MS analysis. Jar

ests for each EMPs compounds are triplicated. 

.2.2. Analytical methodology 

Dissolved organic carbon (DOC) concentrations in untreated and
reated samples were measured by Shimadzu TOC Analyser. Concentra-
ions of EMPs were measured by LC-MS (Thermo Scientific Q-Exactive
rbital-trap mass spectrometer with Accela 1200 LC) with aquity HSS
3 column (2.1 × 100 mm, 1.8 𝜇m). The mobile phase was a gradi-
nt mixture of solvent A (0.05% formic acid in Mill-Q deionised water)
nd solvent B (0.05% formic acids in HPLC-grade methanol). For the
oncentration analysis of IMP, BS and AZM, the equilibration started
ith elution of 95% solvent A and 5% solvent B at a flow rate of
.3 mL min − 1 for 0.25 min. Then, the elution of solvent A started de-
reasing to 20%, with solvent B increasing to 80% for 6.95 min. Finally,
olvent A rapidly increased to 95%, with solvent B dropping to 5% till
he whole elution was completed at 10 min. The injection volume of the
ample was 100 μL. Detected retention time, characteristic m/z parent
on and production of IMP, BS and AZM can be seen in Text S2 and
able S5 in the supplementary information. The analytical method was
alidated; the standard recoveries were 85-125% which meets the ac-
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eptable range ( Kusvuran and Yildirim, 2013 ), and the spiking standard
oncentrations used to establish recovery percentages were 5, 15, 30, 50
nd 300 μg L − 1 , respectively. Additionally, the detection limit and the
imit of quantification for IMP, BS and AZM were 25 ng L − 1 and total
nstrumental run-time of the analysis per one batch of samples was 6
ours. 

.2.3. Kinetic studies 

Kinetic study on the degradation of IMP, BS and AZM by Fe(VI) was
onducted at ambient temperature and pH 7. The testing solutions were
repared by mixing target EMPs with pH 7 buffer solution. ABTS react-
ng with Fe(VI) can generate green coloured ABTS ●+ radicals, which is
roportional to the Fe(VI) content ( Lee et al., 2005 ), so can be applied to
easure Fe(VI) concentration and to quencher further Fe(VI) reaction. 

62.5 mL of the test solution was stirred at 200 rpm by magnetic stir-
er after addition of Fe(VI). The reaction was quenched at given time
ntervals by dosing 185 mL pH 4 buffer solution and 2.5 mL ABTS.
he quenched testing solution was instantly transferred to 1 cm path-

ength quartz cuvette and measured by the GENESYS TM 10S UV-Vis
pectrophotometer (Thermo Scientific) at 415 nm. Recorded absorbance
eadings were calculated and converted to the final concentration of fer-
ate through Eq. (1) : 

 𝐹 𝑒 ( 𝑉 𝐼 ) ] = 

▵ 𝐴 415 × 𝑉 𝑓𝑖𝑛𝑎𝑙 

𝜀𝜄 × 𝑉 𝑠𝑎𝑚𝑝𝑙𝑒 
(1)

[Fe (VI)] is the Fe(VI) concentration at a given reaction time, △A415
s the absorbance at 415 nm, 𝜀𝜄 is the molar coefficient which is
4000 M 

− 1 .cm 

− 1 , V sample is the volume of the reacting solution sample
ollected, V final is the final volume of the sample, which was 250 mL. 

For 0.27 mM of IMP and BS, Fe(VI) dosage was 0.09 mM and for 0.2
M AZM, Fe(VI) dosage was 0.01 mM. Then, EMPs concentration [R]
as exceeded to [Fe (VI)], the reaction order can thus be assumed as
seudo-first-order, and the kinetics of degradation reaction of the target
MPs by Fe(VI) can be expressed as Equation (2) ; where [Fe(VI)] is the
oncentration of Fe(VI), k is the pseudo-first-order rate constant, m is
he number of reaction order to ferrate which is 1 here; t is the reaction
ime: 

 

𝑑 [ 𝐹 𝑒 ( 𝑉 𝐼 ) ] 
𝑑𝑡 

= 𝑘 [ 𝐹 𝑒 ( 𝑉 𝐼 ) ] 𝑚 (2)

The integral form of Eq. 2 can be expressed as Equation 3 , where
Fe(VI)] 0 indicates the initial concentration of Fe(VI), and [Fe(VI)] t is
he Fe(VI) concentration remained at time t, t is the reaction time: 

𝑛 
[ 𝐹 𝑒 ( 𝑉 𝐼 ) ] 0 
[ 𝐹 𝑒 ( 𝑉 𝐼 ) ] 𝑡 

= 𝑘𝑡 (3)

.2.4. Toxicity Test 

Bioluminescent toxicity test was conducted following the Interna-
ional Standard ISO 11348-3:2007(E) ( ISO, 2007 ). The treated samples
ere set still for 120 min and then filtered by the 0.45 um filter (Sarto-

ius Stedim filtration device and vacuum pump) to effectively remove
erric hydroxides and sediments out of the treated solution. The colour-
ess filtrate with high clarity was collected for the toxicity assessment.
est vials were inserted in the incubator to cool down its temperature to
5°C. 0.1 mL of luminescent bacteria solution was added into each incu-
ator vial for 15 min. Then the initial luminescent intensity of each vial
as measured in Biofix Lumi luminescent meter, and the reading was

ecorded. 0.9 mL of the prepared samples was placed into each vial with
.1 mL bacteria, and the luminescent intensity of the sample was mea-
ured after 30 min cultivation and stabilisation, and the readings were
ecorded. The results were calculated and by adapting the protocol of
SO 11348-3, as shown in Equation (4) 

𝑖𝑛ℎ % = 

( 

𝐼 𝐶30 − 𝐼 30 
𝐼 𝐶30 

) 

× 100; 𝐼 𝐶30 = 𝐼0 × 𝑓 𝑘 30 ; 𝑓 𝑘 30 = 

𝐼 𝑘 30 
𝐼 0 

(4)
T  

3 
Where inh% denotes the inhibition of luminescence. I C30 represents
he initial luminescence reading corrected with consideration of effect
y time. I 30 is the actual luminescence intensity after adding the test
ample for 30 min. I0 is the luminescence intensity before adding the
est sample. f k30 is the correction factor controlling the natural attenua-
ion of luminescence, based on the negative control (2% NaCl solution).
 k30 stands for the luminescence reading of the negative control after
dding the test sample for 30 min. I 0 is the initial luminescence reading
f the negative control without adding the test sample. The tests were
alidated based on the ISO 11348-3:2007 (E); the correction factors f k30 
n this study ranged between 0.6 and 1.8, and the inhibition (ihn %) of
ositive control (5.29 g L − 1 K 2 Cr 2 O 7 in 2% NaCl solution) was in the
ange from 20 to 80%. All test samples in this experiment were prepared
hree times, and the toxicity test of each sample was triplicated. 

Together with the bioluminescent toxicity test, the ecological struc-
ure activity relationships modelling (ECOSAR V2.0) and the underlying
ethodology ( Mayo-Bean et al., 2017 ) were used to assess the toxicity

f oxidation products formed from the degradation of three target EMPs
y Fe(VI). The ECOSAR programm is a computerized system that esti-
ates the aquatic toxicity of various chemicals, including acute toxicity

nd chronic toxicity to aquatic organisms and the results of ECOSAR can
e useful references to experimental toxicity results ( Wang et al., 2022 ).

. Results and discussion 

.1. Fe(VI) performance in the treatment of IMP, BS and AZM 

Changes in concentrations of IMP, BS and AZM by Fe(VI) treatment
t pH 7 can be seen in Fig. 1 ((a) – (c)). For three start concentrations
f EMPs, [BS] was readily reduced at a lower Fe(VI) dose of 0.009 mM,
hile both IMP and AZM were not be effectively degraded at such a

ow Fe(VI) dose. Overall, for all initial EMPs concentrations (10, 100
nd 1000 μg L − 1 , respectively) the removal of EMPs followed the trend
s BS > AZM > IMP. Moreover, lower initial EMPs concentrations (10
nd 100 μg L − 1 ) required less Fe(VI) dosage to achieve higher removal
fficiency and the magnitude of degrading efficiency in terms of EMPs
nitial concentration followed 10 μg L − 1 > 100 μg L − 1 > 1000 μg L − 1 

Two-way ANOVA analysis was conducted to assess the impact factors
including the type and initial concentration of EMP, Fe(VI) dosage and
he combination of each factor) on reducing the concentrations of EMPs
nd DOC. As shown in Table S5, there were significant correlations be-
ween EMPs concentration reduction and the dose of Fe(VI) and type
f EMPs (p-value < 0.05), this statically confirmed significant different
erformance in removing IMP, BS and AZM by Fe(VI) at various Fe(VI)
oses. Moreover, relationships between initial concentration of EMPs
nd the removal efficiency were statistically proved (p-value < 0.05).
owever, there was no significant difference between the removal of
MPs and the coherent factors (p-value > 0.05) as shown in Table S6. 

The removal of EMPs was achieved by Fe(VI) oxidation and ad-
orption via the resultant ferric hydroxide. One investigation suggested
hat the adsorption by ferric hydroxide is major mechanism of remov-
ng bisphenol-F by Fe(VI) ( Yang et al., 2020 ). In contrast, many other
tudies demonstrated that the adsorption of EMPs by the resulting fer-
ic hydroxide is very limited (e.g., Huang et al., 2018 ). Also, one study
emonstrated that the DOC reduction in the treatment of EMPs by ferric
ydroxide adsorption was limited and not at the same order of magni-
ude compared to the ferrate oxidation ( Zhang and Jiang, 2021 ). Based
n the results of this study, the reduction of EMPs’ concentration was
igher than that of DOC, suggesting that the EMPs has been degraded to
arious oxidation products (OPs) but those OPs were not completely ad-
orbed by the resultant ferric hydroxide flocs. Additionally, many stud-
es have suggested that the Fe(VI) decomposition species, ferrate(IV)
nd ferrate(V), have higher reactivity than Fe(VI), which can effectively
egrade sluggish reactive and non-reactive EMPs ( Manoli et al., 2017 ;
ian et al., 2020 ). Based on their results, EMPs removal by Fe(VI) could
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Fig. 1. Fe(VI) performance in the treatment of test solutions with IMP, BS and 
AZM at pH 7. (a)–(c): EMPs concentration reduction with their initial concentra- 
tions of (a) 10 𝜇g L − 1 , (b) 100 𝜇g L − 1 and (c) 1000 𝜇g L − 1 ; (d): DOC reduction 
of 1000 μg L − 1 IMP, BS and AZM by Fe(VI) oxidation. Triplicate results with 
standard deviations (n = 3). 
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e improved by activating Fe(VI) decomposition to efficiently generate
ore ferrate (IV) and ferrate (V) species. 

Fig. 1 (d) shows the DOC reduction of IMP, BS and AZM at their start
oncentration of 1000 μg L − 1 . It can be seen that increasing the Fe(VI)
ose increased the DOC removal (p-value < 0.05, Table S5); the high-
st 20% DOC removal was achieved at a great Fe(VI) dose of 0.09 mM.
lthough high reduction of EMPs concentration can be achieved ( Fig. 1

a) – (c)), mineralisation of EMPs was lower with limited DOC reduc-
ion. Nevertheless, partial mineralisation can improve biodegradability
f EMPs and reduce the formation potential of disinfection by-products
n the treated water ( Yang et al., 2018 ). 

Fig. 1 . Fe(VI) performance in the treatment of test solutions with
MP, BS and AZM at pH 7. (a)–(c): EMPs concentration reduction with
heir initial concentrations of (a) 10 𝜇g L − 1 , (b) 100 𝜇g L − 1 and (c)
000 𝜇g L − 1 ; (d): DOC reduction of 1000 μg L − 1 IMP, BS and AZM by
e(VI) oxidation. Triplicate results with standard deviations (n = 3) 
4 
.2. Degradation pathway and the formation of oxidation products (OPs) 

Fig. 2 shows the suggested degradation pathways of three EMPs re-
cting with Fe(VI). For IMP’s degradation ( Fig. 2 (a)), it can be observed
hat the amino group was preferable attacked by Fe(VI) due to its high
unctions of electrophilic substitution and this resulted in the formation
f OP 212 (m/z: 212). The same OP (m/z: 212) was found in previous
tudies when IMP was oxidised by photolysis and fluidized bed Fenton
rocess ( Aguera et al., 1998 , Lacson et al., 2018 ). OP 212 was further
plit to form OP 156 (m/z: 156.5) and OP 141 (m/z: 141), produced by
onding cleavages between imidazole and pyridine rings, which can be
haracterised as the pyridine ring structure ( Lacson et al., 2018 ). 

Fig. 2 (b) displays the degradation pathway with detected OPs from
he reaction between Fe(VI) and BS. Loss of the hydroxylate group in
S and the combination of two bisphenol-S groups were the common
tages during the BS’ degradation, so the initial degradation products
P 249 (m/z: 249) and OP 497 (m/z: 497) were detected in significant
uantities. Although a different BS degradation pathway was proposed
n a previous study ( Yang et al., 2019 ), a common oxidation product,
P 497, was detected which is consistent with findings from the present

tudy. The formation of similar OPs was also observed when BS was oxi-
ised by activated persulfate ( Wang et al., 2017 ) or by dissolved oxygen
 Lu et al., 2019 ). And OP 249 (m/z: 249) and OP 497 (m/z: 497) were
urther oxidised to form OP 217 (m/z: 217) and OP 201(m/z: 201) in
he end of the reaction. The identified structure of OP 201 was from
 partial cleavage of one of two aromatic rings with a single aromatic
ing attached by sulphonyl group remained, and similar findings were
eported when BS was degraded by activated persulfate and sonolytic
eroxydisulfate ( Wang et al., 2017 ; Lu et al., 2019 ). 

Fig. 2 (c) shows the detected OPs and proposed degradation path-
ay of AZM by Fe(VI). The methyl and hydroxylate attached to the

actone rings were first and foremost attacked, which generated OP 721
m/z: 721.5). Subsequent bonding cleavage with heterocyclic ring and
actone rings leads to the formation of OP 592 (m/z: 592) and OP 434
m/z: 434), which were then further converted into lower molecular
ydrocarbon alkyls as OP 290 (m/z: 290); these findings are consistent
ith that in the previous studies when AZM was degraded by photolysis
nd TiO 2 catalytic photolysis ( Voigt et al., 2017 ; Čizmi ć et al., 2019 ).
ased on these studies, OPs with heterocyclic groups are supposed to
e generated, but a considerable amount of heterocyclic groups were
ot detected in this study. It can be suggested that lactone ring is more
esistant than heterocyclic ring to the Fe(VI) oxidation in this case. 

Fig. 2 . Degradation pathways of EMPs by their reactions with 0.03
M Fe(VI) at pH 7. (a) IMP, (b) BS and (c) AZM 

.3. Toxicity assessment 

Fig. 3 shows comparative Bioluminescent toxicity test results of three
MPs (1000 𝜇g L − 1 ) before and after Fe(VI) treatment. Toxicity of Fe(VI)
reated IMP sample increased ( Fig. 3 a), suggesting that the resulting OPs
see Fig. 2 (a)) possessed high toxicity and this is consistent to a study
 Wang et al., 2022 ) where the toxicity of IMP treated by Fe(V) was in-
reased after 10 min Fe(VI) reaction. However, their study demostarted
hat after 60 min oxidation by Fe(VI), the resulting solutions became less
oxic. In another study, clothianidin and thiamethoxam were oxidised
y ozonation ( Velioglu et al., 2018 ); both pesticides have similar func-
ional groups to that of IMP, and then the resulting OPs from ozonation
howed similar structures to that from IMP/Fe(VI) in this study, which
hen resulted in the increasing toxicity. 

Fig. 3 b shows that the residual toxicity declined after BS was treated
y Fe(VI). This suggests that the generated OPs (see Fig. 2 (b)) from BS
egradation had lower toxicity comparing to the BS itself. Similar results
ere claimed by Yang et al. (2019) , when they assessed the toxicity of

he ferrate treated BS by the test of inhibition of Escherichia coli’s growth.
t was observed that the resultant toxicity reduced after ferrate treat-
ent, and the biodegradability of oxidation products of BS was proved
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Fig. 2. Degradation pathways of EMPs by their reactions with 0.03 mM Fe(VI) at pH 7. (a) IMP, (b) BS and (c) AZ. 
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uch higher than that of BS. Other researchers ( Rahmani et al., 2019 ;
u et al., 2019 ) observed the similar toxicity reduction when BS was
xidised by peroxymonosulfate with UV photolytic conditions. 

Increasing in toxicity in AZM residuals after Fe(VI) treatment
 Fig. 3 c) reflects high toxicity of the detected OPs ( Fig. 2 (c)), which
s same as the observed elevated toxicity after roxithromycin (with a
imilar structure to AZM) was oxidised by UV/H 2 O 2 ( Li, et al., 2019 )
nd generated same OPs. 

Statistics analysis showed that p values of toxicity of IMP and AZM
fter Fe(VI) treatment were > 0.05 (0.137 for IMP and 0.298 for AZM)
nd that for BS was 0.039, suggesting the increase in toxicity of IMP and
ZM was not significant but decreasing the toxicity after BS treated by
e(VI) was of statistical significance ( p < 0.05). 

Fig. 3 . Comparative toxicity of untreated and treated EMPs solution
prepared with deionized water) by applying 0.05 mM and 0.09 mM
e(VI) at pH = 7. The inhibition of luminescence % directly indicates
he toxicity. (a) 1000 μg L − 1 IMP; (b) 1000 μg L − 1 BS; (c) 1000 μg L − 1 

ZM 

Table 2 shows aquatic toxicity parameters of three EMPs calculated
y the ECOSAR. For IMP and its oxidation products, it can be suggested
hat both OP-157 and OP-141 exhibited higher acute and chronic tox-
cities to the selected aquatic species (fish, dalphnid and green algae)
han that of IMP, which are consistent to the bioluminescent toxicity
est results ( Fig. 3 ). For BS, its final oxidation product, OP-201, exhib-
ted much lower toxicity than the BS ( Table 2 ). Conbmining both results
rom the bioluminescent toxicity test and given by ECOSAR, it could be
uggested that the degradation of BS resulted in the formation of OP-201
hich had minised toxicity. However, due to the toxicity of OP-217 can-
ot be calculated in the ECOSAR programme, the relevant future work
s recommended in the experiment and ECOSAR programme. Similar to
he bioluminescent toxicity test results, all oxidation products of AZM
howed higher aquatic toxicity than AZM in Table 2 . 
5 
.4. Kinetic study and discussions 

As indicated in previous section that EMPs concentration [R] was
xceeded to [Fe (VI)], the reaction kinetics can thus be assumed as
seudo-first-order, and the relevant reaction kinetics can be expressed
n Equation (2) . With limited influence of Fe(VI) self-decay ( Fig. 4 a),
here were two pseudo-first-order phases in the degradation of IMP and
S by Fe(VI) (( Fig. 4 b and c). For the degradation of IMP, the first re-
ction phase rapidly proceeded up to 120s, and the second phase was
rom 120 s till to 1800 s ( Fig. 4 b). For the degradation of BS, the first
eaction phase was even more rapidly, proceeded up to 10s; and the
econd-phase was from 10 to 320 s ( Fig. 4 c). For AZM, Fe(VI) reacting
ith it was completed in 180 s without two phases observed ( Fig. 4 d). 

Fig. 4 (a). Fe(VI) self-decomposition at pH7 
Fig. 4 (b-d). Pseudo-first-order kinetics degradation of IMP with

e(VI) b) degradation of 0.27 mM IMP with 0.09 mM Fe(VI) at pH7;
) degradation of 0.27 mM IMP with 0.09 mM Fe(VI) at pH7; d) degra-
ation of 0.02 mM AZM with 0.01 mM Fe(VI) at pH7 

The pseudo-first-order rate constants for the degradation of IMP, BS
nd AZM by Fe(VI) can be seen in Table 3 . As stated, that IMP degra-
ation occurred at the first reaction phase within 120 s when its rate
onstant was 0.0071 (s − 1 ), and the 2 nd phase reaction could be ignored
s the rate constant was much smaller. For the BS degradation, rapid
eaction occurred in the first phase within 10 s, and the correspond-
ng rate constant was 0.148 (s − 1 ), which is much greater than that
f IMP’s. And also, the rate constant of the second phase was notable
0.0043 (s − 1 )); this provides additional evidence that BS was readily re-
oved by the Fe(VI). On the other hand, rate constant for AZM degra-
ation was 0.0076 (s − 1 ), which suggests that the efficiency of removing
ZM was not similar to that removing BS by Fe(VI). 

As discussed, the degradation rate of three target EMPs by Fe(VI)
ollowed the sequence of BS > AZM > IMP and this trend is consistent
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Fig. 3. Comparative toxicity of untreated and 
treated EMPs solution (prepared with deion- 
ized water) by applying 0.05 mM and 0.09 mM 

Fe(VI) at pH = 7. The inhibition of lumines- 
cence % directly indicates the toxicity. (a) 1000 
μg L − 1 IMP; (b) 1000 μg L − 1 BS; (c) 1000 μg 
L − 1 AZM. 

Table. 2 

The aquatic toxicity indications of IMP, BS and AZM and their degradation by-product based on the calculation of ECOSAR program. 

Chemicals ECOSAR class definition 
Acute toxicity (mg/L) Chronic toxicity (mg/L) 

Fish(96 h LC50) Dalphnid(48 h LC50) Green algae(96 h EC50) Fish(Chv) Daphnid(Chv) Green algae (Chv) 

IMP Neonicotinoids 471 121 73.4 214 6.75 3.86 
OP-157 Halopyridines 21.1 12.8 N/A 10.9 0.694 N/A 
OP-141 Halopyridines 21.6 21.3 11.4 4.63 0.204 3.94 

BS Phenols, poly 21.8 196 6.90 12.6 75.0 0.877 
OP-217 N/A N/A N/A N/A N/A N/A N/A 
OP-201 Neutral organics 41900 18600 49800 30600 911 753 

AZM Easter 18.8 34.3 12.0 1.09 16.4 4.59 
OP-721 Easter 1.25 1.84 0.470 0.048 0.498 0.344 
OP-592 Easter 6.81 11.7 3.74 0.351 4.76 1.72 
OP-434 Easter 6.62 11.6 3.85 0.357 5.04 1.65 
OP-290 Easter 1.03 1.61 0.450 0.044 0.514 0.273 
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t  
ith their removal efficiency as shown in Fig. 1 . Obviously under the
tudy conditions, EMP removal efficiency by Fe(VI) correlates to the
eaction rate constants. 

The high reaction rate constant of Fe(VI) with BS is predominantly
ttributed to the groups of phenol and hydroxylate in BS structure;
oth are activated electron-rich moieties (ERMs) and are much more ac-
6 
ive to react with Fe(VI) while comparing with other functional groups
 Sharma and Mishra, 2006 ; Jiang et al., 2014 ). 

For Fe(VI) reacting with IMP, relatively low rate constant was ob-
erved, which could attribute to the property of pyridine in the IMP. In
yridine structures, a nitrogen atom possesses higher electronegativity
han hydrogen, strengthening bonds with other molecules that can de-
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Fig. 4. (a). Fe(VI) self-decomposition at pH7 
Fig. 4 (b-d). Pseudo-first-order kinetics degradation of IMP with Fe(VI) a) degradation of 0.27 mM IMP with 0.09 mM Fe(VI) at pH7; b) degradation of 0.27 mM IMP 
with 0.09 mM Fe(VI) at pH7; c) degradation of 0.02 mM AZM with 0.01 mM Fe(VI) at pH7. 

Table. 3 

Pseudo-first-order rate constant of Fe(VI) reaction with IMP, BS and AZM 

Chemicals Reaction phase k (s − 1 ) R − 2 Time (s) 

IMP 1 st 0.0071 0.978 0-120 
2 nd 0.0001 0.990 120-1800 

BS 1 st 2 nd 0.1480.0043 0.9840.977 0-1010-320 
AZM 0.0076 0.978 0-180 
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ctivate pyridine rings ( Kulhánek and Bure š , 2012 ; Bure š , 2014 ). More-
ver, the chlorine atom bonded onto pyridine rings could contribute to
he deactivation of pyridine rings, thereby having higher stability and
xhibits an even lower reactivity with Fe(VI) ( Richaud et al., 2011 ). 

Two functional groups within ZAM, lactone rings and the attached
mino surge groups, could contribute to the relatively high rate con-
tant of Fe(VI) reaction with AZM. Both previous studies (Voigt et al.,
017; Čizmi ć et al., 2019 ) and this research ( Fig. 2 ) discovered that
7 
actone rings were opened and amino surge groups were lost dur-
ng the oxidation. The lactone rings in AZM molecule are mainly
egarded as hydrophilic or electrophilic moieties ( Pérez-Prior et al.,
005 ) and the amino surge attached to lactone rings that could have
wo presumable sites for active reaction with Fe(VI). However, the
resence of two heterocyclic rings of AZM could be the limiting
actor which hinders the activity of AZM reacting with Fe(VI) and
auses the relevant reaction rate constant smaller than that of Fe(VI)
ith BS. 

Comparative pseudo-first-order reaction rate constants of Fe(VI) vs
hat of other processes with three EMPs can be seen in Table S6.
he rate constant of Fe(VI) reacting with IMP was 0.0071 s − 1 or
.426 min − 1 (explored in this study), which is greater than that by
zonation (0.326 ± 0.012 min − 1 , Chen et al., 2019 ). Similarly, the rate
onstant of Fe(VI) reacting with AZM is outstandingly greater than that
f UV-photolysis ( Voigt et al., 2018 ). Nevertheless, the data presented
n Table S6 is indicative only since all test conditions from the pub-
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ished work were inconsistent and then they might not be eligible to be
ompared. 

. Conclusions 

Findings from this study can be summarised as: 1) Bisphenol-S (BS)
as readily removed at a lower Fe(VI) dose of 0.009 mM, while both

midacloprid (IMP) and azithromycin (AZM) were not be effectively de-
raded at such a low Fe(VI) dose. 2) Partial mineralization of EMPs was
bserved with a maximum DOC removal of 20% at a great Fe(VI) dose
f 0.09 mM. 3) Various oxidation products were detected when three
MPs were oxidised by Fe(VI); this explains relatively low mineraliza-
ion but high EMPs reduction achieved. 4) Oxidation products derived
rom the degradation of BS by Fe(VI) had decreased toxicity compar-
ng to BS itself, while the IMP and AZM derived oxidation products in-
reased toxicity after Fe(VI) treatment. 5) The kinetic study revealed
hat there were two stages of the reactions between BS/IMP and Fe(VI).
he pseudo-first-order rate constants for BS was 0.148 (s − 1 ), that for
MP was 0.0071 (s − 1 ) and for AZM was 0.0076 (s − 1 ). Relatively higher
emoval performance of BS by Fe(VI) is evident by the reaction rate
onstant of BS, which was much greater than that of IMP and AZM. Fi-
ally, the obtained reaction rate constants are apparently correlated to
he chemical reactivity which is related to the structure and properties
f each target EMP. 
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