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Abstract 

BACKGROUND 

Emerging micro-pollutants (EMPs) in water have received high attention due to their potential 

hazards onto human health and ecological security. Ferrate has been researched in recent years 

to remove both particulate and dissolved impurities (including EMPs) from water and its 

promising performance has been attributed to the high oxidation capacity and coagulation 

functions. However, limited researches have compared ferrate with coagulation alone in the 

treatment of EMPs, and this is one of major objectives of this study.  

RESULTS 

Three EMPs, imidacloprid (IMP), bisphenol-S (BS) and azithromycin (AZM) were chosen for 

this study. In all cases ferrate outperformed to ferric chloride for the removal of the EMPs. For 

a given ferrate dose of 0.05 mM, 99% of BS, 85% of AZM and 78% of IMP were removed 

This article is protected by copyright. All rights reserved.

http://dx.doi.org/10.1002/jctb.6515
http://dx.doi.org/10.1002/jctb.6515
http://dx.doi.org/10.1002/jctb.6515


for start concentration of 10 µg L-1. However, if start concentration was 1000 µg L-1, 

removal efficiency was decreased to 82% for BS, 62% for AZM and 22% for IMP. pH 5 was 

favorable to the EMPs removal by ferrate for the study conditions. Although higher 

removals of IMP, BS and AZM were achieved by ferrate in comparison to that by ferric 

chloride, only 20% DOC removal was achieved by the ferrate. The formation of various 

oxidation products in the degradation process resulted in the disparity of the solution toxicity; 

that of BS was reduced but that of IMP and AZM increased after ferrate treatment. 

Nevertheless, toxicity of ferric chloride treated samples was all increased.  

CONCLUSION 

Ferrate has higher efficiency comparing with FeCl3 to remove IMP, BS and AZM. Degradation 

of the EMPs by ferrate was more efficient in acidic condition (pH 5) and at the EMPs’ lower 

initial concentrations for the given conditions. IMP was more resistant to the ferrate 

treatment comparing with BS and AZM under the same conditions. Overall, 20% DOC 

reduction was achieved by ferrate for pH 5. Finally, the toxicity of BS can be reduced but 

that of IMP and AZM was increased after ferrate treatment, whilst the toxicity of ferric 

chloride treated samples was all increased. 

Keywords: degradation; emerging micro-pollutants; ferrate; ferric chloride; oxidation; 

toxicity assessment; water treatment 
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INTRODUCTION 

Emerging micro-pollutants (EMPs) are categorized as pharmaceuticals and personal care products 

(PPCPs), endocrine disruptors (EDs) and pesticides1. In recent years, EMPs have been frequently 

detected in natural water sources from ng L-1 to µg L-1 at the global scale, and are considered 

deleterious to human health and ecosystem, and then the EMPs have been received highly public 

concerns world-widely2–4. However, the monitoring, regulation and efficient treatment of EMPs 

are insufficient to meet increasing demands of both human health and ecological security. 

According to this situation, the present study focused on the comparative performance in the 

treatment of three selected EMPs which correspondingly refer to pharmaceuticals (azithromycin), 

endocrine disruptors (bisphenol-S) and pesticides (imidacloprid).  

Azithromycin is one of main ubiquitous macrolides antibiotics which is detected in water 

resources, and regarded as “pseudo-persistent contaminants”5,6. The detection of azithromycin 

across water catchment in the levels of ng L-1 and µg L-1 was reported in various regions in the 

world7-9. Besides, only 40-50% removal8 of azithromycin was achieved in the conventional 

waste water treatment plants. Bisphenol-S (4,4-sulfonyldiphenol) has been recently introduced 

and regarded as safe replacement to bisphenol-A in Asia, EU and North America since it was 

proposed to be higher thermally stable and biodegradable10. However, recent researches show 

that bisphenol-S exhibits potentially high endocrine negative effect on human and aquatic 

species based on fatal mouse tests 11, 12. Imidacloprid is one of the most common neonicotinoids 

pesticides which have been widely detected in various water courses13. It exhibited the aquatic 

toxicity, and has been documented in Watch List of EU Water Framework Directive 2015/4955. 
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Ferrate (FeO4
2-) is one of promising cleaning chemicals for water and  wastewater treatment, 

due to its well-functional oxidation and flocculation capability and less adverse effect on human and 

ecosystem14-17. Ferrate will be dissociated to form three major species depending upon the pHs of 

water or solutions18-20, namely, H2FeO4 (pKa1 = 1.6), HFeO4
− (pKa2 = 3.5) and FeO4

2− (pKa3 = 7.3).  

Recently, ferrate has been received more attentions for its use in water and wastewater 

treatment,17,21,22 such as removing turbidity, colour, phosphate and heavy metals, cleaning the H2S 

odour in wastewater, and inactivating lethal bacteria. One advantage of using ferrate in water 

treatment is that it barely reacts with bromide ions thus there is no production of potential 

carcinogenic bromate.18 And also, addition of ferrate before chlorination exhibited the decrease in 

the formation of trihalomethanes (THM) in the chlorinated water23. Moreover, many researches 

have been reported the application of ferrate to remove EMPs including persisted pharmaceuticals, 

EDCs and PPCPs in drinking water and wastewater effluents14,15,24. Studies revealed that 80% of 

ciprofloxacin was removed by 5 mg Fe(VI) L-1,15 90% of tetrabromobisphenol A and bisphenol-A 

were removed by 2 mg Fe(VI) L-1 25 and 78% - 95% of algae blossom toxins were removed by 3 mg 

Fe(VI) L-1 26. Moreover, 80% of three a-emitting radionuclides (238+233U, 239Pu and 243Am) and 70% 

of two b-emitting radionuclides (90Sr and 152EU) were removed from fresh water and sea water at 

bench scale at 5.6 mg Fe(VI) L-1 27. Besides the study of independent use, ferrate is also applied as 

either catalyst or coagulant aid in the integration with other processes. For example, the ferrate 

coupled with sulphite can achieve over 80% removal of benzotriazole, ciprofloaxin, rhodamine B.28 

Additionally, ferrate combined with sulfur (IV) at the proportion of 50:50:1 as [Fe(VI)] : [S(IV)] : 

[TMP] can remove 90% of trimethoprim (TMP) in 15 s.29  
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On the other hand, coagulation with ferric chloride is one of common unit processes in water 

treatment.30,31  For the given conditions, more than 70% of color and turbidity was removed for 

the dose of 60 mg FeCl3 L-1 32 and 99% of suspended solids was removed by dosing 200 mg FeCl3 

L-1.33 Moreover, ferric chloride has been used to remove various ionic elements in water and waste 

water. For example, phosphorus was reduced from 0.193 mg L-1 to 0.016 mg L-1 in the lake water 

at a dose of 20 - 30 mg FeCl3 L-1  34 and nitrite in wastewater was removed quickly in the 

anaerobic digestion system when the proportional ferric chloride was dosed.35 For the removal of 

heavy metal, approximate 80% of copper, zinc and cobalt were removed at a dose of 510 mg 

FeCl3 L-1.32 With integrated using of 0.5 mg L-1 of anion polymer, more than 90% of chromium 

and lead was removed by only 40 mg FeCl3 L-1.36 As well as the applications highlighted above, 

ferric chloride has been received high attentions in the removal of emerging micropollutants. One 

research disclosed that 79% of galaxolide and 83% of tonalide were removed from the hospital 

effluent at the dose of 25 mg FeCl3 L-1 and 90% of nonyphenol and 70% of diethylhexylphthalate 

(DEHP) were removed from the landfill leachates by dosing 100 mg FeCl3 L-1.37 By adjusting the 

concentration of Fe3+ to 10 mg L-1 in sewer reactors, more than 90% of morphine methadone and 

atenolol were removed from the wastewater.38 Although both ferrate and ferric chloride have been 

researched and/or used for water and wastewater treatment, direct comparisons of the performance 

between two chemicals are limited, especially in the case of the treatment of EMPs and thus this is 

one of objectives of this study. 

 

In the foregoing, this research aimed to study comparative performance to remove endocrine 

disruptors (bisphenol-S, BS), pesticides (imidacloprid, IMP) and pharmaceuticals (azithromycin, 
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AZM) in bench scale with ferrate and ferric chloride. The detailed objectives were  1) to study the 

effect of dosage of ferrate and ferric chloride and solution pH on the performance of ferrate 

treatment in different compounds’ starting concentrations, 2) to assess the mineralization 

efficiency of IMP, BS and AZM with ferrate and FeCl3 by measuring dissolved organic carbon 

(DOC) concentrations in various samples, 3) to explore the degradation mechanisms and pathways 

of  IMP, BS and AZM by the ferrate, 4) to investigate how ferrate and FeCl3 treatment would 

effect on the toxicity of IMP, BS and AZM solutions. 

 

METERIAL AND METHODOLOGY 

Materials 

Imidacloprid (98%), bisphenol-S (>98%) and azithromycin (98%) were purchased from 

Sigma-Aldrich (UK). The relevant properties of three compounds can be seen in Table 1. 

Potassium hydrogen phthalate (99.95%) was purchased from Sigma Aldrich (UK). HPLC-

grade methanol (>99%) was purchased from Acroes (UK), and acetonitrile (ACN) and 98% 

formic acid were obtained from Fisher Scientific (UK). Deionized water was provided by the 

ELGACAN B114 water deionizer with a C114 cartridge (ELGA Labwater). Potassium 

ferrate was purchased from Sigma-Aldrich and its actual purity was measured as 55% for 

this study and the measurement method has been documented well14. Hexahydrate ferric 

chloride (FeCl3.6H2O) (98.7%) purchased from Sigma-Aldrich. Dehydrated Biofix-Lumi 

luminescent bacteria (Vibro fisheri) and bacteria reactivated reagent was purchased from 

Envitech Ltd (Germany). Luminescent bacteria were stored in freezer at -15 oC. 2% NaCl 

(negative control reference) and 20% NaCl solution were prepared with 99% NaCl (Sigma-
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Aldrich, UK) and deionized water. Positive control reference stock solution (1.87 g L-1 Cr6+) 

was prepared with 98% potassium dichromate (K2Cr2O7) (Sigma-Aldrich, UK). All untreated 

and treated samples were prepared with 20% NaCl to make up to 2% salinity for toxicity 

tests. 

Table 1 Basic chemical and physical properties of three studied EMPs5,39.40 

 

Preparation of test solutions  

Test solutions were prepared following below procedures: 1) 20 mg L-1 stock solutions of 

IMP and BS were prepared by mixing 2 mg IMP and BS with 100 mL deionized water, 

respectively; and 2 mg L-1 stock solution of AZM was prepared by mixing 2 mg AZM with 

1000 mL deionized water. 2) 10 µg L-1  and 100 µg L-1 of IMP and BS test solutions were 

prepared from their stock solutions (20 mg L-1) and 10 µg L-1  and 100 µg L-1  of AZM test 

solutions were prepared from its 2 mg L-1 stock solution. 3) Pouring 800 mL of the prepared 

test solution into 1 L glass beakers respectively, measuring and adjusting the pH of test 

solution to pH 5 and 7. 4) Collecting approximate 100 mL of initial untreated sample for the 

measurement of DOC, and concentration of the compounds by the LC-MS analysis.  

Preparation of ferrate working solution 

The strength of the raw ferrate (K2FeO4) was determined using the UV-vis spectrometric 

method14 at 505 nm and calculated by equation (1), and it was 55%. And then 1.1 g Fe L-1 

ferrate working solution was prepared by mixing 177.36 mg K2FeO4 with 25 mL of 0.005 M 

NaOH solution, which was prepared freshly before each experiment.  

Molar Conc. (𝐹𝐹𝐹𝐹6+) =
𝑈𝑈𝑈𝑈 𝑎𝑎𝑎𝑎𝑎𝑎 𝑜𝑜𝑜𝑜 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑎𝑎𝐹𝐹𝐹𝐹 𝑎𝑎𝑜𝑜𝑠𝑠𝑠𝑠𝐹𝐹𝑠𝑠𝑜𝑜𝑠𝑠(  λ = 505nm)  

1150
    (𝟏𝟏) 
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Doses of ferrate and ferric chloride 

The required ferrate doses, 0.05 mM and 0.09 mM, were achieved by dosing 2.2 mL and 

3.6 mL of the stated ferrate working solution into 800 mL test samples.  

12.4 mg and 20.6 mg FeCl3.6H2O was dosed into 800 mL water samples to achieve FeCl3 

doses, 0.05 and 0.09 mM (as Fe) respectively.  

Experimental procedures  

Stuart SW 6 flocculator (Figure S1a) was used for the jar tests. Given amount of ferrate 

or FeCl3 was dosed into the pre-prepared 10 µg L-1 and 100 µg L-1, 1000 µg L-1 test 

solutions. The Jar test setup was shown in Table 2. Treated samples were filtered through 

0.45 µm cellulose filter disc with Sartorius Stedim Borosilicate Glass Vacuum Filtration 

Device (Figure S1b), and 20 mL filtered sample was transferred into 25 mL TOC analyzing 

vial for TOC analysis, and 1 mL of filtered sample was transferred into 1.5 mL LC-MS vial 

for the LC-MS analysis (Figures S1c and S1d). 

Table 2. Experimental setup 

 

Analytical methodology 

TOC analysis: Measurements of non-purgeable dissolved organic carbon (NPOC) were 

conducted using the Shimadzu TOC-L Analyzer and the procedures followed the Standard 

Methods.41   
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LC-MS analysis: The LC-MS instrument employed for analysis of IMP, BS and AZM was 

Acquity Q-Exactive Orbitrap mass spectrometer system which consists of ACQUITY ultra-

performance liquid chromatography (UPLC). 

The chromatography column applied was Thermo Accucore reverse phase column (C18. 

100 x 2.1 mm, 2.6 µm particles). The Mobile Phase was a mixture of solvent A and solvent 

B, solvent A was made of 99% HPLC-grade methanol, and solvent B was made of 0.1% 

formic acid in deionised water.  For analysis of IMP and BS, the equilibration started with 

elution of 100% solvent B at 0.2 mL min-1 flow rate for 1 min. Then elution of solvent A is 

introduced at 1 min and linearly increase to 100% over course of 7 min and constantly 

remain this elution till 8 min 30 seconds, at which solvent A start decreasing till reached 0% 

at 9th min, then the elution consists till the 17 min which is the ending time. The injection 

volume of sample was 10 µL with the running time of overall 17 min. The detected retention 

time of imidacloprid, bisphenol-S was approx. 7.31 min, 6.01 min respectively. The m/z of 

parent ion of imidacloprid and bisphenol-S and azithromycin are 256.0595, 251.0372, and 

375.2615 and identifying m/z of production of imidacloprid, bisphenol-S and azithromycin 

in mass spectra are 209.0587, 156.9953 and 158.1177 respectively (Table S1). Table S2 

shows the difference % of the prepared calibration standard solutions, and it was lower than 

the threshold level (20%).  

Toxicity assessment by the bio-luminescence approach 

The bioluminescent toxicity test was conducted according to International Standard ISO 

11348-3:2007(E). Vibrio fischeri bacteria were rehydrated and evenly shaken with 

reactivation reagent, the reactivated bacteria solution were stored in the refrigerator for 30 
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mins under temperature between 2 oC and 8 oC for the purpose of stabilization. Test vials 

were inserted in the incubator in advance for cooling down its temperature to 15 oC which is 

cultivating temperature for luminescent bacteria (vibrio fisheri). 0.1 mL of luminescent 

bacteria solution was added into each incubator vials for 15 min, and then initial luminescent 

intensity of each vial was measured in Biofix Lumi luminescent meter, the reading was 

recorded. A timer was set as 60 min, adding 0.9 mL prepared samples into each vial with 0.1 

mL bacteria at every 30 seconds time interval respectively, and cultivated and stabilized 

again for 30 min in incubator. The luminescent intensity was measured after 30 min 

cultivation and stabilization, the readings were recorded and denoted. The results were 

calculated and by adapting the protocol of ISO 11348-3 as shown in equation (2) 

   𝑠𝑠𝑠𝑠ℎ% = �
𝐼𝐼𝐶𝐶30 − 𝐼𝐼30
𝐼𝐼𝐶𝐶30 

�  × 100      𝐼𝐼𝐶𝐶30 = 𝐼𝐼0 × 𝑜𝑜𝑘𝑘30        𝑜𝑜𝑘𝑘30 =  
𝐼𝐼𝑘𝑘30
𝐼𝐼0

        (𝟐𝟐) 

Where the inh% in equation 2 denotes the inhibition of luminescence. fk30 is the correction 

factor controlling for the natural attenuation of luminescence which is based on the negative 

control (2% NaCl solution). 

I30 is the actual luminencense intensity after adding the test sample for 30 min, I0 is the 

luminencense intensity before adding the test sample, I0 is the initial luminescence reading 

of the negative control without adding test sample, and Ik30 is the luminescence reading of 

the negative control after adding test sample for 30 min. 

The tests were validated based on the ISO 11348-3:2007 (E); the correction factors fk30 in 

this study distribute among range between 0.6-1.8, and the inhibition (ihn%) of positive 

control (5.29 g L-1 K2Cr2O7 in 2% NaCl solution) was in the range from 20% to 80%. All 
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test samples in this experiment were prepared three times, and toxicity test of each sample 

was triplicated. In summary, the bioluminescent toxicity test used in this study complied 

with the International Standard and was validated following the procedures given by The 

ISO 11348-3:2007 (E). 

Statistical analysis  

One-way ANOVA was applied in this study to identify the relationship between the 

degradation efficiency and species of compounds. Pair t-test was conducted to investigate 

difference in degradation and DOC reduction between ferrate treatment and FeCl3 treatment. 

All statistic tests were conducted on Minitab 18 which is professional statistic software tool. 

All statistical analysis was based on the results derived from duplicated experiments. 

RESULTS AND DISCUSSION  

Comparative removal of imidacloprid, bisphenol-s and azithromycin with ferrate 

treatment 

Figure 1 shows the removal of BS, AZM and IMP by ferrate at pH 7. In all cases, increase 

in the ferrate dose resulted in more removal of the three compounds studied. Additionally, the 

removal efficiency was in the sequences as BS > AZM > IMP and the compounds with lower 

start concentrations were readily removed per given conditions. For example, for a ferrate 

dose of 0.05 mM, if start concentration was 10 μg L-1, 99% of BS, 85% of AZM and 78% of 

IMP were removed but for the same ferrate dose, removal efficiency was decreased to 82% 

for BS, 62% for AZM and 22% for IMP if start concentration was 1000 μg L-1. Moreover, 
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100% of BS can be removed at a lower ferrate dose, either 0.009 mM when the initial [BS] 

was 10 μg L-1 or 0.018 mM when the initial [BS] was 100 μg L-1. 

As mentioned above and shown in Fig. 1, BS and AZM were more readily removable than 

IMP at pH 7. On the one hand, pKa values of BS and AZM are 8 and 8.6 (Table 1) 

respectively, which are closer to pH7 but that of IMP is 11.12. The closer values of 

compounds’ pKs to the solution pH suggest the large amount of the given compound 

molecules are dissociated to form the ions which could denote more electrons and this is 

favorable for the reactions with ferrate. On the other hand, the above stated phenomena can be 

attributed to the different reaction activities of IMP, BS and AZM with ferrate due to the 

electron donating ability, distinct chemical structures and functional groups of IMP, BS and 

AZM (see Table 3 and Figures 2-4).  

For BS, its hydroxylate group is activated electron-rich moieties (ERMs)14,42. Similar to this, 

hydroxylate and methylate groups in AZM are also mainly bonded with ERMs (see Table 3). Given 

that ferrate has strong electrophilic species43 (e.g., H2FeO4 and HFeO4
-), it has high reaction 

activity with ERMs and thus can contribute greatly to the degradation of BS and AZM. In 

contrast, the structure of IMP mainly consists of imidazole and pyridine; both are heterocyclic 

and regarded as electron-deficient species, which are defined as the electron-withdrawing 

group (EWG)43,44. Especially, in pyridine structure, nitrogen atom possesses high 

electronegativity comparing with hydrogen, which strengthens bond with other molecules but 

deactivating pyridine ring45. Moreover, the chlorine atom bonded onto pyridine rings could 

contribute to the deactivation of pyridine ring; and then, pyridine has higher stability and 

exhibits even lower reactivity with ferrate in comparing with imidazole45. Thus, IMP has 

4 
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relative stable property and resists to the electrophilic substitutions, and then the removal of 

IMP was relatively lower in comparison with that of other two compounds. 

 

Figure 1. Comparison of ferrate performance in the treatment of imidacloprid, bisphenol-S 

and azithromycin test solutions. (a) initial concentration = 10 µg L-1. (b) initial concentration 

= 100 µg L-1. (c) initial concentration = 1000 µg L-1. 

 

Table 3 Electron donating ability and functional groups in IMP, BS and AZM 

 

Figure 2 Degradation preference of functional group in imidacloprid by ferrate treatment  

 

Figure 3 Degradation preference of functional group in bisphenol-S by ferrate treatment 

 

Figure 4 Degradation preference of functional group in azithromycin by ferrate treatment 

 

Figures 2 – 4 present decent discussions on the degradation preferences of functional groups 

of three compounds studied. Fig. 2 shows that nitrite and amino group ((1) and (2)) attached on 

the imidazole ring can be removed because of their strong ability of electrophilic 

substitution. This finding is evident by the previous studies46,47. In contrast, the nitrogen 

pyridine groups ((4) and (5)) appear more negative charged which causes the non-conjugate 

pyridine ring thus resulting in their less electrophilic substitution ability. However, the 
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chlorine (3) attached on the ortho position of pyridine ring is in a relatively unstable 

position, so the chlorine removal and substitution is relatively easier in comparison with 

nitrogen pyridine groups.  

Figure 3 shows that the hydroxyl group (1)  is the most active functional group in bisphenol-S 

which is easily to be hydrolyzed. Sulfonyl group (3) in BS is very stable based on the early 

studies’ results48,49. The sulphonyl has very strong electron withdrawal group due to its conjugate 

system with π bond. The stated conjugate system has electron inductive effect, which can result in 

even distributions or delocalization of electron cloud so that sulphonyl group hardly donates the 

electrons and this causes its stability in the reactions with ferrate. However, benzene (as (2) in Fig. 

3) is a moderate electron withdrawal group and then   it is partially degradable during the ferrate 

treatment comparing to the sulfonyl group.   

As Figure 4 shows that in azithromycin, the hydroxyl and alkyl groups (1) are ERMs and hold 

very high potential to be degradable during the ferrate treatment50,51. In contrast, lactone (2) and 

pyran-heterocyclic (3) rings in azithromycin are less active, especially the lactone ring is less 

degradable than the pyran rings50-52.  

 

Comparative performance of FeCl3 and ferrate in the treatment of three EMPs 

Figures 5 and 6 show the comparative removal of IMP, BS and AZM by ferric chloride and 

ferrate at pH 5 (Fig. 5) and pH 7 (Fig. 6). The results demonstrate that in comparison with 

ferric chloride, ferrate achieved higher reduction of IMP, BS and AZM for the given study 

conditions. These results are validated by pair-t-tests (p<0.05) (Table S3), and can be 

attributed to the oxidation capacity of the ferrate which enhances the degradation of the 
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pollutants while ferric chloride only has coagulation capacities for the same Fe doses 

compared.  Moreover, when comparing the ferrate performance at pH 5 and pH 7 (Figure. 7), 

for the given test conditions; more than 10% to 90% of the pollutants can be removed at pH 5. 

We can elucidate the pH effect on the oxidation capacity. Ferrate can be dissociated to various 

species and then the different redox potential under different pHs. The aqueous phase of 

K2FeO4 is to be enriched with less stable form like HFeO4
- at pH 5, comparing to the 

relatively stable species, FeO4
2- at pH > 7.20 According to the Pourbaix diagram of ferrate,53  

the redox potential values of ferrate at pH 5 and pH 7 are around + 1.6 V and + 1.4 V 

respectively. In terms of this, relatively high redox potential that ferrate holds at pH 5 

contributes great removal of the studied EMPs.  

However, as the results shown in Figure 8, DOC reduction from test solutions containing 

IMP, BS and AZM was not high. The best DOC removal performance (over 30%) can be 

achieved at 0.09 mM dose at pH 5 for both ferrate and ferric chloride treatment. For the given 

test conditions, there is no significant difference in removing DOC by ferrate and ferric 

chloride and this is confirmed by the pair t-test results (p>0.05) (Table S4), suggesting that 

both ferrate oxidation and FeCl3 coagulation are not adequate to eliminate DOC in the 

solutions containing IMP, AZM and BS, despite high degradation of  IMP, BS and AZM can 

be achieved by the ferrate treatment (Figs. 5 and 6). Based on this, it can be assumed a lot of 

oxidation by-products could be formed during the ferrate oxidation process which should 

contribute to relative high residual DOC concentrations in the ferrate treated samples. Table 4 

proposes examples of oxidation by-products in the ferrate treated BS, AZM and IMP 

solutions.  
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As shown in Table 4, ferrate treated IMP resulted in the formation of pyridine alkaloids (MW 

= 141.5) and nicotinic acids (MW = 157.5), which are the same oxidation by-products formed in a 

degradation of IMP by TiO2 photocatalytic oxidation.46 Besides, the formation of imidazole 

(MW = 83) in the present study is consistent with the findings from IMP oxidation by fluidized-bed 

Fenton reaction47. This is also the case for the ferrate treated AZM and BS, where the same by-

products (MW = 591, 290, 434) were formed corresponding to the DBPs generated from AZM 

degradation by TiO2 photocatalytic oxidations and the by-products (MW = 496, 265, 226) 

from the BS degradation by the heat activated persulfate and sonolytic oxidation in recent 

studies.48-52 

 

Figure 5. Comparative concentration reductions of IMP, BS and AZM by ferrate and FeCl3 

at pH 5 and Fe dosage of 0.05 mM (a-c) and 0.09 mM (d-f): (a) and (d), Compound starting 

conc. 10 µg L-1, (b) and (e), Compound starting conc. 100 µg L-1, (c) and (f), Compound 

starting conc. 1000 µg L-1. 

 

Figure 6. Comparative concentration reductions of IMP, BS and AZM by ferrate and FeCl3 

at pH 7 and Fe dosage of 0.05 mM (a-c) and 0.09 mM (d-f): (a) and (d), Compound starting 

conc. 10 µg L-1, (b) and (e), Compound starting conc. 100 µg L-1, (c) and (f), Compound 

starting conc. 1000 µg L-1. 
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Figure 7. Comparison of ferrate treatment performance between pH 5 and pH 7: (a), (d) and (g), 

stating conc. 10 μg L-1; (b), (e) and (h), starting conc. 100 μg L-1; (c), (f) and (i), starting conc. 

1000 μg L-1 

 

Figure 8. Comparative DOC reductions of IMP, BS and AZM by ferrate and FeCl3. (a)-(b): 

Fe dosage 0.05 mM; (c)-(d): Fe dosage 0.09 mM (each compound solution was 1 mg L-1, 

with starting DOC0 of 2.2 ± 0.17 mg L-1, and tap-water DOC was 1.52 ± 0.10 mg L-1) 

 

Table 4. Examples of the structure of degradation by-products of BS, IMP and AZM 

 

Toxicity assessment of ferrate treated samples, and FeCl3 treated samples  

Figure 9 presents an overview of toxicity test results. It can be observed that untreated 

solutions containing IMP, BS and AZM at concentration of 1000 µg L-1 had inhibiting effect 

on the growth of luminescent bacteria (or had toxicity). In comparison with ferric chloride, 

ferrate treatment reduced toxicity of the BS solutions at both pH 5 and pH 7 (Fig. 9). This 

could be attributed to high efficiency of ferrate treatment on the removal of BS, and also is 

likely attributed to the generation of less toxic degradation by-products of BS51,52 (Table 4). 

However, AZM and IMP solutions treated by either ferric chloride or ferrate increased their 

toxicity. For the ferrate treated AZM and IMP, generation of oxidation by-products is the 

reason to increase the toxicity of the treated samples as these oxidation by-product, as 

discussed early, could have higher toxicity than that of the original compounds.  
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Figure 9. Toxicity of various IMP, BS and AZM samples - untreated, ferrate treated, and 

FeCl3 treated with 0.09 mM Fe doses. Initial concentration of each compound was 1000 

µgL-1 (a) IMP samples at pH 5; (b) IMP samples at pH 7; (c) BS samples at pH 5; (d) BS 

samples at pH 7; (e) AZM samples at pH 5; (f) AZM samples at pH 7 

 

CONCLUSIONS  

In conclusion, findings from this study can be summarized: 1) Removal efficiency of 

ferrate was in the sequences as BS > AZM > IMP and the compounds with lower start 

concentrations were readily removed per given conditions. The greatest degradation for BS 

was 99% at ferrate dose of 0.009 mM and starting concentration of 10 μg L-1; that for AZM 

was 95% at ferrate dose of 0.05 mM and starting concentration of 100 μg L-1; and that for 

IMP was 42% at ferrate dose of 0.05 mM and starting concentration of 10 μg L-1.  2) When 

comparing the degradation efficiency of IMP, BS and AZM by ferrate at pH 5 and pH 7, for 

the given test conditions, more than 10% to 90% of the pollutants can be removed at pH 5. 3) 

In comparison with FeCl3 treatment, oxidation can be suggested as a dominated mechanism in 

the removal of BS, IMP and AZM by ferrate. 4) Overall, 20% DOC reduction was achieved 

by ferrate for pH 5. 5) Toxicity of BS can be reduced with ferrate treatment under optimized 

conditions. In contrast, toxicity of IMP and AZM increased after ferrate treatment which was 

attributed to the generation of degradation by-products which exhibited higher toxicity than 

their precursor compounds.  
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Table 1. Basic chemical and physical properties of three studied EMPs 

Chemicals Bisphenol-S (4,4'-
Sulfonyldiphenol) 

Imidacloprid  Azithromycin  

Chemical strcuture 

  
 

CAS No. 80-09-1 138261-41-3 83905-01-5 

Molecular Mass 
(g L-1) 250.27 255.66 749.99 

pKa  8.00 11.12 8.6-8.74 

Log P 1.2 0.56 4.02 

Water solubility 
(mg mL-1) 1.1 0.58-0.61 2.37 
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Table 2. Experimental setup 

       Sample description Replication Treatment details 

Tap 

water 

Blank x 2 

x 2 

x 2 

x 2 

pH 6.7-pH 7.2 tap water, without any 

treatment 

10ug/L BS or IMP 

or AZM 

Jar test mixing + Fe dose (0.5-5ppm) at  

pH5, 7 

100ug/L BS or IMP 

or AZM 

Jar test mixing + Fe dose (0.5-5ppm) at  

pH 5, 7 

1000ug/L BS  or 

IMP or AZM 

Jar test mixing + Fe dose (0.5-5ppm) at  

pH 5, 7 

Lar test mixing mode Time (min) Mixing intensity 

Fast 2 250 rpm 

Slow 20 40  rpm 

Sedimentation 120  N/A 
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Table 3. Electron donating ability and functional groups in IMP, BS and AZM 

Compounds Name Structure 
Electron 
donating 
strength 

 
Bisphenol-S 

hydroxide  high 

 benzene 
  

moderate 

sulfonyl 
  

low 

 
Imidacloprid 

Amino 
group  

high 

Nitrite group 
 

high 

Chlorine  moderate 

Imidazole 
 

low 

Pyridine 
 

low 

 
Azithromycin 

Hydroxide  high 

Methyl 
 

high 

Lactone 
rings 

 

low 

Heterocyclic 
rings 

  
low 
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Table 4. Examples of the structure of degradation by-products of BS, IMP and AZM 

Compounds Potential oxidation by-products MW Reference 

Imidacloprid 

O

Cl N

H

 
141.5 

 

31, 32 

 

O

Cl N

OH

 
157.5 

 

31, 32 

 

NH

NH
NH

 
83 32 

Bisphenol-S 

S

O

O

OH

O

S

O

O

OH O-

 

496 33, 34 

 

O-

O

O

S O-

OH

 

265  34 

O

O

O
S

O

O

OH

 

226  33. 34 

Azithromycin 

N

O

CH3
CH3

CH3
CH3

OH

CH3

OH

OH

CH3

CH3

O

CH3

OH

 

434 36, 37 

CH3

N

O

CH3

OHCH3

OH

CH3

CH3

O

CH3  

290 37 
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N

O

CH3
CH3

CH3
CH3

OH

CH3

OH

OH

CH3

CH3

O

CH3

O

O

CH3

O

CH3

OH

CH3

H

 

591  35, 36 
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Figure 1. Comparison of ferrate performance in the treatment of imidacloprid, bisphenol-S 

and azithromycin test solutions. (a) initial concentration = 10 µg L-1. (b) initial concentration 

= 100 µg L-1. (c) initial concentration = 1000 µg L-1  
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Figure 2. Degradation preference of functional group in imidacloprid by ferrate treatment 
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Figure 3. Degradation preference of functional group in bisphenol-S by ferrate treatment 
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Figure 4. Degradation preference of functional group in azithromycin by ferrate treatment 
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Figure 5. Comparative concentration reductions of IMP, BS and AZM by ferrate and FeCl3 

at pH 5 and Fe dosage of 0.05 mM (a-c) and 0.09 mM (d-f): (a) and (d), Compound starting 

conc. 10 µg L-1, (b) and (e), Compound starting conc. 100 µg L-1, (c) and (f), Compound 

starting conc. 1000 µg L-1. 
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Figure 6. Comparative concentration reductions of IMP, BS and AZM by ferrate and FeCl3 

at pH 7 and Fe dosage of 0.05 mM (a-c) and 0.09 mM (d-f): (a) and (d), Compound starting 

conc. 10 µg L-1, (b) and (e), Compound starting conc. 100 µg L-1, (c) and (f), Compound 

starting conc. 1000 µg L-1. 
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Figure 7. Comparison of ferrate treatment performance between pH 5 and pH 7: (a), (d) and (g), 

stating conc. 10 μg L-1; (b), (e) and (h), starting conc. 100 μg L-1; (c), (f) and (i), starting conc. 

1000 μg L-1 
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Figure 8. Comparative DOC reductions of IMP, BS and AZM by ferrate and FeCl3. (a)-(b): 

Fe dosage 0.05 mM; (c)-(d): Fe dosage 0.09 mM (each compound solution was 1 mg L-1, with 

starting DOC0 of 2.2 ± 0.17 mg L-1, and tap-water DOC was 1.52 ± 0.10 mgL-1) 
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Figure 9. Toxicity of various IMP, BS and AZM samples - untreated, ferrate treated, and 

FeCl3 treated with 0.09 mM Fe doses. Initial concentration of each compound was 1000 µg L-

1 (a) IMP samples at pH 5; (b) IMP samples at pH 7; (c) BS samples at pH 5; (d) BS samples 

at pH 7; (e) AZM samples at pH 5; (f) AZM samples at pH 7 
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