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Ferrate(VI) is a safer oxidant compared to the often used oxidant in various wastewater treatment plants since the 

ferrate(VI) is devoid with the generation of harmful by-products. Hence, the present study is aimed to obtain laboratory 

experimental data for the treatment of water adulterated with emerging micro-pollutant (triclosan and amoxicillin) using the 

ferrate(VI). The parametric studies enabled us to deduce the kinetics of ferrate(VI) removal. The molar stoichiometry of 

ferrate(VI) and micro-pollutant was obtained as 2:1. Further, the mineralization of triclosan and amoxicillin is obtained 

which further enhances the applicability of ferrate(VI) in the waste water treatment. The simultaneous removal of these two 

pollutants (triclosan and amoxicillin) are extensively studied using the ferrate(VI). Moreover, the pH dependent degradation 

using ferrate(VI) is enabled to deduce the mechanism of removal. Additionally, the real matrix samples using the natural 

spring water (Tuikhur water) spiked with these micro-pollutants showed that the ferrate(VI) efficiency is almost unaffected 
at least in the removal of these two micro-pollutants. This showed the selectivity of the ferrate(VI) in the treatment process. 
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Pharmaceutical products are chemical compounds that 

are extensively consumed by humans and animals for 

the treatment of various illnesses or even to enhance 

the quality of life
1
. The wide distribution of these 

compounds at low level in the water bodies is 

becoming a worldwide concern at present hence, are 

considered as potential and emerging contaminants of 

water bodies
2
. These compounds are primarily entering 

the terrestrial environment as a result of anthropogenic 

practices viz., landfill leaching, inefficient wastewater 

treatment plants (WWTPs), livestock farms, and their 

processing
3,4

. Further, it was reiterated that the 

presence of PPCPs trace level in water bodies has 

raised serious concern of the ecosystem's 

vulnerability
5
. PPCPs are grouped into different 

clusters depending on their implementations and 

properties. These compounds are employed either in 

mixture forms or as a specific product that is used to 

alter physiological processes, correct or repair them by 

a biochemical, pharmacological, or immunological 

intervention
6
. In a line, in the year 2000, EU and 

USEPA has identified such 33 priority chemicals 

which are further updated in 2007 and added several 

more chemicals including the diclofenac, iopamidol, 

musks, Ibuprofen, clofibric acid, triclosan etc. as future 

emerging and priority chemicals
7
. 

Triclosan is an antibacterial agent and it is 

extensively used as an additive in various personal 

care products, and also as an assortment of consumer 

items including toothpaste, soaps, plastic consumer 

goods, toys, hand wash as well as textiles
8,9

. However, 

a large amount of the used triclosan is washed down 

to the sewage treatment plants or surface water and 

other waterbodies
10,11

.Triclosan is one of known 

potential endocrine disruptors, especially disrupting 

the metabolic processes or homeostasis of thyroid 

hormone
12,13

. Furthermore, the by-products such as 

methyl triclosan, biphenyl ethers and chlorinated 

phenols are highly toxic and has shown carcinogenic 

character with low biodegradability and 

bioaccumulation
14

, which may lead to long term 

health risk as it has higher potential to accumulate in 

the biological system
15–19

. On the other hand, 

amoxicillin is one of the most common antibiotic that 
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is often prescribed to the human as well to livestock 

to treat the respiratory disorders, stomach illnesses, 

urinary tract infections, skin bacterial infections, 

pharyngitis, and tonsillitis, as well as helicobacter 

pylori infection and duodenal ulcer disease
20–22

. 

However, due to excess release from several 

anthropogenic activities, it is considered as potential 

water contaminants
23,24

. The longer intake of 

amoxicillin causes rashes, vomiting, nausea and 

antibiotic-associated colitis as possible side effects in 

humans
25

. It further causes medication allergies, 

toxicological issues, and development of antibiotic-

resistant bacteria
26,27

.  

Ferrate(VI) is regarded as a safer oxidant which is has 
multiple functions viz., coagulant or disinfectant in water 
treatment. As a strong oxidant, it is highly efficient in 

removing various pollutants existing in water, 
particularly organic pollutants, viz., anilines, phenols, 
olefins, and amines

28,29
. Ferrate(VI) is capable of killing 

bacteria and viruses; therefore, it can be used as 
disinfectant. Moreover, ferrate(VI) treatment showed a 
satisfactory performance since the by-product contained 

only negligible amount of halogenated disinfection by-
products

30,31
. Therefore, unlike ozonation, a possible 

carcinogenic by-product is not produced by the 
ferrate(VI) treatment hence, is safer in the treatment 
technologies

32
. The ferrate(VI) treatment mechanism in 

aqueous solution at varied pH conditions and its 

application for treating various micro-pollutants are 
reported elsewhere 

33–35
. The degradation kinetics of 

ferrate(VI) by organosulfur compound showed that 1 
electron and 2 electrons reducing steps are associated in 
the oxidation of these compounds. The reduction of 1 
electron takes place when ferrate(VI) is reduced to 

ferrate(V), and the reduction to iron (III) is accompanied 
by ferrate(V) as a result of 2 electrons reduction. In 
contrast, the reduction of 2 electron leads to reduction of 
Fe(VI) to Fe(IV), followed by iron (II)

36
. Ferrate(VI) is 

utilized in the elimination of parathion in aqueous media 
using the 15:1 (ferrate: parathion) molar ratio at pH 7.0 

and temperature 25C
37

. It was also revealed that when 
treating acetaminophen, a higher dose of ferrate(VI) in a 
neutral solution condition improves ferrate(VI) 
efficiency on acetaminophen degradation

38
. Under 

specific circumstances, sulfadiazine treatment by Fe(VI) 
attained removal efficiency up to 99.9% at pH 7

39
. 

Therefore, the current work aims to exploit 

ferrate(VI) for the removal of two emerging micro-

pollutants i.e., triclosan and amoxicillin in its 

individual and simultaneous removal from aquatic 

environments using a batch reactor. Furthermore, 

degradation experiments performed with 

mineralization of these pollutants under various 

influencing factors enable us to deduce the 

mechanism of treatment. Additionally, the real matrix 

samples collected from various spring water sources 

are employed in the treatment of these contaminants 

to investigate the practical implications of ferrate(VI) 

in various treatment technologies. 
 

Material and Methods  
 

Materials  

Triclosan (C12H7Cl3O2), diethyl ether, sodium 

chloride, glycine, hexane, syringe filters (0.22 μM 

pore size) are obtained from Himedia, India Ltd. 

India. Amoxicillin (C16H19N3O5S), is purchased from 

Sigma Aldrich, USA. Oxalic acid, disodium hydrogen 

phosphate, potassium hydroxide, iron(III) nitrate 

nonahydrate, hydrochloric acid, glass filtration fritted 

with funnel are bought from Merck India. Sodium 

nitrate, sodium nitrite and EDTA are procured from 

Loba Chemicals, India. Sodium hypochlorite is 

obtained from (Alfa Acer) Thermo Fisher Scientific 

India Pvt. Ltd. The purified water used in the entire 

experiments were purified using Sartorius water 

Purification System (model: Sartopore 2150, 

Germany). GF/C Whatman Filter Papers with a pore 

size of 0.45 µM were purchased from Whatman, 

USA. The UV-Visible Spectrophotometer (UV-1800, 

Shimadzu, Japan) is utilized for taking the absorbance 

data. TOC analyser was used for analysing the Non 

Purgeable Organic Carbon after degradation process. 

Further, the HPLC measurements are performed 

using the Waters 515 HPLC Pump with the Waters 

2489 UV/Visible detector C18 column having 

dimensions of 4.6 × 250 mM.  
 

Methods  
 

Synthesis of potassium Ferrate(VI)  

Potassium ferrate(VI) was obtained by the known 

wet chemical method as demonstrated elsewhere
40

. 

The ferrate(VI) purity was determined and found to 

be>90%
41

. The solid crystals of K2FeO4 are stored in a 

vacuum desiccator having NaOH pellets. It was 

always preferred to employ the freshly prepared 

ferrate(VI) in batch reactor operations. 
 

Batch reactor method 

Triclosan and amoxicillin solutions (1.0 mmol/L) 

were prepared in purified water by dissolving 

appropriate amounts of these compounds. Further, the 

successive dilution was conducted to obtain the 



INDIAN J. BIOCHEM. BIOPHYS., VOL. 58, DECEMBER 2021 

 

 

534 

required experimental concentrations of these 

pollutants. The pH of pollutant solution was 

maintained by adding of HCl/NaOH (0.1 mol/L). 

Further, the pollutant solution (100 mL) was taken in 

a reactor vessel and the correct amount of ferrate(VI) 

was added in the reactor vessel which was stirred 

constantly. The ferrate(VI) decomposition was 

measured with respect to the degradation of triclosan 

or amoxicillin. After the addition of ferrate(VI), the 

absorbance was measured using UV-Visible 

Spectrophotometer at 1 min interval of time. The 

lambda maximum was fixed at 510 nm. The overall 

reaction time is extended up to 20 min. In parallel, a 

blank self-degradation of ferrate(VI) at the same pH 

was also conducted by observing the absorbance at 

the wavelength 510 nm as to manually make the blank 

correction of ferrate(VI) concentration. The reactor 

vessel was further kept for a prolonged period of 2 h 

under the stirred conditions in order to complete the 

degradation reaction. These samples are then filtered 

using a 0.22 μM filter and the sample was further 

analysed using HPLC and TOC. Additionally, the 

simultaneous removal of triclosan and amoxicillin 

was also performed at two different concentrations of 

these pollutants at pH 10.0. The mixture of the 

triclosan and amoxicillin was obtained by mixing 

0.05/0.1 mmol/L of each pollutant solution. The 

ferrate(VI) with a dose of 0.2 mmol/L used for 

treating these pollutants simultaneously. The samples 

after filtration were subjected for the HPLC and 

NPOC measurements. 
The degradation of triclosan and amoxicillin were 

carried out in presence of C2H5NO2, NaCl, C2H2O4, 
NaNO2, Na2HPO4, EDTA and NaNO3. The 
concentrations of triclosan or amoxicillin, co-existing 
ions, and ferrate(VI) are taken at different molar 
ratios i.e., (0.1:0.5:0.2) mmol/L at pH 10.0. These 
degradation experiments were extended upto 2 h and 
finally analysed using HPLC. 

The Spring Waters (Tuikhur water) were collected 

from two locations. The water samples are stored in 

a polyethylene water container and subjected for its 

parametric analysis. A Multiphotometer (Model: 

HI98194, Hanna instrument, USA) is used for 

analyzing the content of phosphate, sulfate, nitrate 

and fluoride in these real water samples. Similarly, 

the atomic absorption spectrometer (AAS) (Model: 

AA-7000 Series, Shimadzu) was employed to obtain 

the metal contents viz., Zn, Mn, Ca, Pb, Cu, Fe and 

Ni. TOC analyzer was used to obtain the NPOC  

and inorganic carbon values of these water samples. 

The real water sample was further spiked with 

triclosan/or amoxicillin (0.02 to 0.5 mmol/L) at  

pH 10.0. The ferrate(VI) dose was maintained at  

0.1 mmol/L to each sample and the solution mixture 

was stirred for 2 h. The treated samples were then 

filtered by the 0.22 μM syringe filters and subjected 

for the HPLC measurements to obtain the triclosan 

or amoxicillin concentrations  
 

Results and Discussion 
 

Effect of pollutant concentration 

The effect of pollutant (triclosan/or amoxicillin) 

concentration was studied at various concentrations of 

triclosan or amoxicillin ranges between 0.02 mmol/L 

and 0.5 mmol/L at pH 10.0. The amount of 

ferrate(VI) used was 0.1 mmol/L. The degradation of 

ferrate(VI) with respect to pollutant concentrations 

was observed using a UV-Vis spectrophotometer. The 

decrease in ferrate(VI) concentration as a function 

time at various initial concentrations were obtained 

and displayed in (Fig. 1A & B). Degradation of 

ferrate(VI) was rapid during the initial period of time 

i.e., 8-10 min, thereby achieving almost a constant 

value in the latter period of reaction. It is further 

recorded that with an increase of triclosan/or 

amoxicillin concentration, the reduction rate of 

ferrate(VI) is increased sharply. Among these two 

emerging micro-pollutants, ferrate(VI) degradation 

was faster in triclosan solution than that of 

amoxicillin solution. Thus, we may be presumed that 

interaction of ferrate(VI) with triclosan in the OH and 

ether groups may faster than the ferrate(VI)  

interaction with amine and thioether moieties of 

amoxicillin
42,43

. Quantitatively, the ferrate(VI) 

concentration was reduced from 0.10 to 0.0411 

mmol/L for triclosan and 0.10 to 0.0361 mmol/L for 

amoxicillin at the molar ratios of 1:1 for pollutant to 

ferrate(VI).   

Further, the concentration of triclosan or 

amoxicillin is obtained using the HPLC 

measurements and the graph was plotted between the 

percentage removals of these pollutants as a function 

of initial concentrations of the pollutants and 

graphically shown in (Fig. 1C & D). It is to be 

observed that the percentage removal of triclosan 

varies from 87.49 to 18.15% while the concentration 

of triclosan increased from 0.02 to 0.50 mmol/L. 

Similarly, the removal of amoxicillin was considerably 

decreased from 94.45 to 18.16% for the same increase 

in the pollutant concentration. However, increasing the 

initial concentration of pollutant i.e., 0.02 to 0.50 
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mmol/L, the extent of triclosan removed significantly 

increased from 0.175 mmol/L to 0.9 mmol/L, 

respectively. Similarly, the extent of amoxicillin 

removed was also increased from 0.0188 to  

0.908 mmol/L for the increase in concentration from 

0.02 to 0.5 mmol/L. This result is consistent with the 

previous report in which increasing the concentration 

of bisphenol A/or diclofenac greatly favoured the 

removal efficiency of ferrate(VI)
44

. Furthermore, the 

reactivity of FeO4
−
 in aqueous solutions increases due 

to the electron-donating character of the alkyl group 

which further increases the removal efficiency of 

ferrate(VI) towards various micro-pollutants
45

. 
 

Kinetics of Ferrate(VI) Degradation 

The kinetics of ferrate(VI) degradation was 

conducted extensively to obtain the stoichiometry of 

ferrate(VI) and micro-pollutant along with the order of 

reaction. A simple oxidation reaction could be given as: 
 

Fe(VI)+ Pollutant →Fe(III)+Oxidized products+CO2 

 ... (1) 

where Pollutant: Triclosan or Amoxicillin 
 

The rate of ferrate(VI) decomposition is stated as: 
 

nm

app TCSorAMXVIFek
dt

VIFed
][)]([

)]([
  … (2) 

 

Or 

 

mVIFek
dt

VIFed
)]([

)]([
  … (3) 

 

k = kapp[Pollutant]
n 

… (4) 
 

where kapp is overall rate constant and [Fe(VI)] and 

[Pollutant] are the ferrate(VI) and micro-pollutant 

concentrations, respectively. Further, ‘m’ and ‘n’ 

represent the order of reaction for each species  

whose values are estimated through the empirical 

fitting of the change in ferrate(VI) concentration and 

micro-pollutant concentration data. The optimization 

of ‘m’ values was proceeding by plotting the 

degradation data to both pseudo-first order (PFO)  

 
 

Fig. 1 — Ferrate(VI) degradation as a function of time with respect to (A)  triclosan; and (B) amoxicillin. Percentage removal of  

(C) triclosan; and (D) amoxicillin at various concentrations [pH 10.0; initial concentration of Fe(VI): 0.1 mmol/L] 
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and pseudo-second order (PSO) equations. The result 

for PSO kinetics is shown in (Fig. 2A & B). 

The kinetic data is apparently fitted well to the 

pseudo-second-order rate kinetics for both the pollutants 

viz., triclosan and amoxicillin. This suggests that the 

value of ‘m’ is 2. The rate constant values obtained 

using PSO for different concentrations of triclosan and 

amoxicillin at pH 10.0 are included in (Table 1). It is 

observed that PSO rate constant values increase as the 

concentrations of the pollutants increase and are 

relatively higher at 0.5 mM. The PSO rate constant 

values (k2) increased from 648.31 to 2503.2 mM
−1

 min
−1

 

for triclosan whereas, amoxicillin increased from  

844.l to 3626.0 mM
−1

min
−1

. 

Furthermore, the PSO rate constant values against 

the respective micro-pollutants (i.e., triclosan and 

amoxicillin) concentrations were used to estimate an 

optimum value of ‘n’ along with to calculate the  

kapp. Therefore, the figure was plotted between  

the concentrations of triclosan or amoxicillin  

against the measured values of k2 and shown as in 

(Fig. 2C & D). 

It is apparent from the figure that a good relation is 

obtained between the rate constant values and the 

concentration of triclosan or amoxicillin. This finding 

suggested that the value of ‘n’ obtained will be 1. 

Hence, the stoichiometric ratio of the ferrate(VI) to 

(triclosan or amoxicillin) must be 2:1. The apparent 

rate constant (kapp) was found to be 3583 L
2
/mmol

2
/min 

 
 

Fig. 2 — Plot of 1/(a-x) vs. time ‘t’ for the degradation of ferrate (VI) in presence of (A) triclosan; (B) amoxicillin at pH 10.0 

[Ferrate(VI)]: 0.10 mmol/L; [Triclosan or Amoxicillin]: 0.10 mmol/L and ‘a’ and ‘x’ are initial and final concentration of pollutants at 

time ‘0’ and ‘t’ min, respectively. Variation of pseudo-second order rate constant (k2) against the concentration of (C) triclosan; and (D) 

amoxicillin at pH 10.0 ([Triclosan/or Amoxicillin]: 0.1 mmol/L and [Fe(VI)]: 0.10 mmol/L) 

Table 1 —Values of Pseudo-2nd-order rate constant obtained  

in the degradation of ferrate(VI) in presence of triclosan  

and amoxicillin at pH 10.0 

Concentration of 

micro-pollutants 
(mmol/L) 

Pseudo-second-order rate constant  

mM1 min1 

 Triclosan  Amoxicillin 

k2 R2 k2 R2 

0.02 648.31 0.998 844.4 0.994 

0.06 1044.2 1.000 1048 0.991 

0.08 1128.3 0.999 1731 0.995 

0.1 1083.8 0.999 2422 0.994 

0.3 1837.1 0.996 2632 0.982 

0.5 2503.2 0.997 3626 0.909 
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for triclosan and 5137 L
2
/mmol

2
/min for amoxicillin. 

These results showed that, in overall, the rate constant 

of amoxicillin is fairly higher than triclosan. These 

results are in line with the degradation efficiency of 

ferrate(VI) for amoxicillin and triclosan. Therefore, the 

very high value of overall rate constant indicated the 

potential applicability of ferrate(VI) for the complete 

degradation of these two pollutants in aquatic 

environment. It was observed that ferrate(VI) 

interacted with ampicillin, cloxacillin and penicillin G 

and had exhibited second-order rate kinetics at pH 

ranging from 6.0 to 9.5
46

. Other studies also showed 

that ferrate(VI) enabled the oxidation of triclosan and 

an apparent second-order rate constant was found to be 

754.7 L/mol/sec at pH 7.0. The rate constant of the 

reaction of HFeO4
−
 species with anionic triclosan and 

neutral triclosan were close to the rate constant values 

obtained in this work
42

. 
 

Effect of pH in the degradation of triclosan or amoxicillin 

The effect of pH was studied between pH 9.0 to 

12.0 for triclosan and pH 7.0 to 10.0 for amoxicillin 

having a ferrate(VI) dose of 0.2 mmol/L and micro-

pollutant concentrations of 0.1 mmol/L. The extent of 

degradation of ferrate(VI) as a function of time at 

various pH is obtained and shown in (Fig. 3A & B). 

The degradation of ferrate(VI) is greatly preferred at 

lower pH which apparently favoured the elimination 

of micro-pollutants. More quantitatively, the triclosan 

concentration was reduced from 0.1 mmol/L to  

0.044 mmol/L at pH 9.0 while the amoxicillin 

degradation was carried out at pH 7.0 and it was 

reduced from 0.10 to 0.072 mmol/L.  

Further, Figure 3C & D showed that lowering the 

pH from 12.0 to 9.0 had instigated an increase in 

triclosan removal from 22.7 to 93.1% indicating that 

increase in the basicity of the solution greatly affected 

the removal of triclosan. This is due to the fact that 

the protonated species of ferrate(VI) is more reactive 

and readily oxidizes the pollutant at lower pH 

conditions
47,48

. It was reported that oxidation of 

organic compounds occurred by the cleavage of ester 

bond through electrophilic attack by HFeO4
−
 species 

followed by single electron coupling reactions at the 

phenol moiety of triclosan
49

. Similar compounds like 

chlorophene (2-benzyl-4-chlorophenol) was degraded 

by ferrate(VI) and it was observed that chlorine and 

benzyl groups in benzene ring are shown to increase 

the reactivity of phenolic compound against 

 
 

Fig. 3 — Extent removal of ferrate(VI) as a function of time  in presence of (A) triclosan; and (B) Percentage removal of (C) triclosan; 

and (D) amoxicillin as a function of pH ([Triclosan/or Amoxicillin]: 0.1 mmol/L and [Fe(VI)]: 0.2 mmol/L) 
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ferrate(VI)
42,50

. On the other hand, the percentage 

elimination of amoxicillin was increased from 85.9 to 

96.94% with the decrease in pH from 10.0 to 7.0 (Cf 

Fig. 3D). Amoxicillin is possessed with phenolic and 

amino groups, and, perhaps, ferrate(VI) is reacting 

simultaneously to the phenolic and amino groups, 

resulting in high percentage removal of amoxicillin
43

. 

Similar reports also showed that ferrate(VI) is quite 

efficient in oxidizing an array of water pollutants, 

including nitrogen and sulphur containing 

compounds, amines, phenols, pesticides, etc.
51–53

. 

Overall, decreasing the pH of the solution increases 

the ferrate(VI) reactivity which eventually enhances 

the removal efficiency. 
 

Simultaneous removal of triclosan and amoxicillin 

The triclosan and amoxicillin degraded 

simultaneously with the initial concentrations of  

0.05 mmol/L and 0.1 mmol/L for triclosan and 

amoxicillin, respectively. The molar stoichiometric 

ratio was taken 2:1 between the ([FeVI]: 

[TCS+AMX]). The sample pH was maintained at pH 

10.0. As shown in Figure 4, the percent removal of 

triclosan and amoxicillin was found to be 65.5% and 

76.3%, respectively, at the pollutant concentrations of 

0.05 mmol/L. However, increasing the pollutant 

concentration to 0.1 mmol/L, the percent removal of 

triclosan and amoxicillin achieved 32.37% and 

52.83%, respectively. These results strongly imply 

that ferrate(VI) is effective even in simultaneous 

removal of pollutants from aquatic environments. 

Moreover, the treatment is relatively more favoured 

for the amoxicillin compared to the triclosan in mixed 

matrices. Further, the NPOC analysis showed that the 

percentage mineralization of the mixture of triclosan 

and amoxicillin was found to be 23.43 % and 15.73%. 

at the micro-pollutant concentration of 0.05 mmol/L 

and 0.1 mmol/L, respectively. Therefore, ferrate(VI) 

efficiently mineralizes, partially, the triclosan and 

amoxicillin using the limited amount of ferrate(VI). 

This further entails that a repeated operation with 

ferrate(VI) may enable mineralization of these 

pollutants completely.  
 

Mineralization of triclosan and amoxicillin 

The mineralization of TCS/AMX by ferrate(VI)was 

studied using a total organic carbon analyzer. The 

information obtained is useful to assess an optimal use 

of ferrate(VI) technologies in real wastewater treatment 

methods. It was presumed that partially/completely 

oxidized TCS/AMX was mineralized to their final 

products, as determined by their total NPOC values.  

The triclosan and amoxicillin were treated for 2 h at 

fixed concentration of micro-pollutant (0.1 mmol/L) 

with ferrate(VI) (0.2 mmol/L) at pH ranges between  

9.0 and 12.0 for triclosan and from pH 7.0 to 10.0  

for amoxicillin. The NPOC values of the treated  

and untreated samples were obtained and hence, the 

percentage mineralization of these micropollutants  

were obtained at different pH and illustrated in  

(Fig. 5A & B). The percentage mineralization of these 

micropollutants are greatly favoured with decrease in 

solution pH. Quantitatively, decreasing the pH 12.0 to 

9.0 has caused an increase in the percentage 

mineralization of triclosan from 22.71 to 93.12 %, 

respectively. Similarly, the amoxicillin was mineralized 

from 11.54 to 25.63% with a decrease in pH from  

10.0 to 7.0, respectively. These results suggested that 

although the fractional amount of TCS/AMX are 

mineralized by a single dose of ferrate(VI) however, the 

repeated cycle of operations may enable the 

mineralization of  these  micro-pollutants completely.  
 

Effect of co-existing ions 

The occurrence of different co-existing ions could 

affect the efficacy of ferrate(VI) and eventually 

enable the selectivity of ferrate(VI) towards the target 

pollutants. This further relates the real/or complex 

matrix treatment of micro-pollutants. Therefore, a 

variety of co-existing ions viz., Na2HPO4, NaCl, 

NaNO2, glycine, NaNO3, EDTA, and oxalic acid  

are chosen for the study. The concentration of  

 
 

Fig. 4 — Simultaneous removal of amoxicillin and triclosan in 

mixture of these two pollutants having varied concentrations  

by ferrate(VI) ([Triclosan + Amoxicillin]: 0.05 mmol/L and  

0.10 mmol/L; pH 10.0; [FeVI] : [TCS+AMX]: 2:1) 
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ferrate(VI), triclosan/or amoxicillin and co-existing 

ions were taken as 0.2 mmol/L, 0.1 mmol/L and  

0.5 mmol/L, respectively. The percentage of 

elimination of these two micropollutants at pH 10.0 

are shown in (Fig. 6A & B). Results indicated that 

these co-existing ions could not meaningfully affect 

the degradation of TCS or AMX except the presence 

of glycine and EDTA. This infers that ferrate(VI) 

preferably degrades the glycine and EDTA in a 

complex matrix. It was reported previously that 

ferrate(VI) reacted preferentially with 
+
H3N-

CH2−COO
−
 species of glycine then could attack the 

C-N bond of the glycine molecule
54,55

. Similarly, 

EDTA is a chelating agent, the interaction of 

ferrate(VI) to EDTA make partial radical character of 

ferrate(VI) (Fe
VI

 = O ↔ Fe
V
–O

•
) which may further 

inhibit the oxidation of other pollutants in aqueous 

media
56

. Additionally, upto a lower extent the oxalic 

acid affected the degradation efficiency of triclosan 

and amoxicillin.  

 
Real matrix treatment  

The introduction of ferrate(VI) technology in the 

elimination of micro-pollutants from the real matrix 

samples is an important aspect in implementing the 

technology for its possible implacability. Therefore, 

the real water samples were collected from two 

different spring water sources known as Tuikhur 1 

and Tuikhur 2, located in Aizawl City, Mizoram, 

India. The physico-chemical parameters of these two 

water samples are listed in (Table 2). It consists of 

relatively high salinity along with the higher inorganic 

carbon values. This indicates that water samples are 

having higher values of carbonates and bicarbonates. 

The real water samples Tuikhur 1 and Tuikhur 2 are 

spiked with the triclosan and amoxicillin, 

 
 

Fig. 5 — Percentage mineralization of (A) triclosan; and (B) amoxicillin as a function of pH ([Micro-pollutant]: 0.1 mmol/L and 

[Ferrate(VI): 0.2 mmo/L] 
 

 
 

Fig. 6 — Oxidative degradation of (A) triclosan; and (B) amoxicillin in presence of several co-existing ions ([Amoxicillin]: 0.1 mM; [co-

existing ions]: 0.5 mM; [Ferrate(VI)]: 0.2 mM; and at pH: 10.0) 
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respectively. The micro-pollutants concentrations 

ranged from 0.02 to 0.5 mmol/L at pH 10.0 and 

introduced a constant Fe(VI) dose of 0.1 mmol/L. The 

percentage elimination of these two pollutants along 

with the purified water treatment is shown as in  

(Fig. 7A & B). This indicated that the elimination of 

these two micro-pollutants are not affected using the 

real matrix samples. This further indicated the 

probable application of ferrate(VI) in the treatment of 

real matrix samples for the efficient and selective 

removal of triclosan and amoxicillin. 

 

Conclusion 

The efficacy of ferrate(VI) in the simultaneous 

removal of emerging micro-pollutants viz., triclosan 

(TCS) and amoxicillin (AMX) was conducted at a 

wide range of pH and pollutant concentrations. The 

decrease in pH from 12.0 to 9.0 (for triclosan) and 

from 10.0 to 7.0 (for amoxicillin) greatly favoured the 

removal of these two micro-pollutants. The kinetic 

study conducted at pH 10.0 showed that the reaction 

followed a pseudo-second order reaction with a molar 

stoichiometric ratio of 2:1 for ferrate(VI) to micro-

pollutants. Further, the simultaneous removal of these 

two micropollutants  (each having 0.05 mmol/L) were  

conducted using the ferrate(VI) (0.1 mmol/L) and 

65.5% and 76.3% of triclosan and amoxicillin, 

respectively were removed. Additionally, a significant 

amount of the micro-pollutants are mineralized in the 

individual as well in the simultaneous removal of 

these micro-pollutants using ferrate(VI). The presence 

of co-existing ions such as NaCl, NaNO2, oxalic acid, 

NaNO3, and Na2HPO4 could not affect the degradation 

of triclosan, while amoxicillin degradation was 

suppressed to some extent. On the other hand, the 

presence of EDTA and glycine greatly affected the 

degradation of triclosan and amoxicillin. The real 

matrix treatment using the Spring water (Tuikhur 

water) showed no significant change in the removal of 

these two micro-pollutants which indicated fairly 

good selectivity of ferrate(VI) in the remediation of 

Table 2 — Water quality analysis of two different sources of 

Spring water known as Tuikhur 1 and Tuikhur 2 

Parameters studied 
Analytical Results 

Tuikhur 1 Tuikhur 2 

pH 6.97 7.32 

TDS (mg/L) 102 96 

Electrical Conductivity (µS/cm) 163 184 

Oxi. Red. Potential(mV) 145 196 

Salinity (mg/L) 94 82 
  

  Anions Studied mg/L mg/L 

Sulphate 2 4 

Phosphate 0.37 0.24 

Fluoride 0.00(BDL) 0.00(BDL) 

Nitrate 5.04 3.15 

Elemental Analysis (AAS) mg/L mg/L 

Ni 0.5124 0.7413 

Fe 0.0124 0.0052 

Cu 0.0014 0.0007 

Pb 0.022 0.061 

Ca 0.217 0.198 

Mn 2.854 7.625 

Zn 0.0094 0.0036 

TOC Analysis mg/L mg/L 

IC 7.96 6.21 

NPOC 3.28 1.53 

BDL – Below detection limit 

 
 

Fig. 7 — Percentage removal (A) Triclosan; and (B) Amoxicillin in real matrix samples along with the distilled water samples as a 

function of micro-pollutant concentrations ([Triclosan/or Amoxicillin]: 0.1 mmol/L, [Ferrate(VI)]: 0.1 mmol/L and at pH 10.0) 
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water contaminated with triclosan or amoxicillin. 

Overall, the results indicated ferrate(VI) as a safer and 

selective oxidant to be employed for the advanced 

oxidation of micro-pollutants. 
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