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Abstract
Sulfamethoxazole (SMX) is a typical antibiotic in the world, which is frequently detected in the aquatic environment. The 
current study was aimed to investigate the SMX degradation in secondary treated wastewater using potassium Ferrate 
[Fe(VI)]. The effects of various experimental conditions, EDTA and phosphate as chelating agents, and toxicity assessment 
were also considered. Secondary treated effluent was spiked with predefined SMX concentrations, and after desired reaction 
time with Fe(VI), residual SMX was measured using HPLC. Results indicated that SMX degradation by Fe(VI) was favored 
under acidic condition, where 90% of SMX degradation was achieved after 120 min. Fe(VI) and SMX reaction obeyed first-
order kinetic; meantime, the SMX degradation rate under pH 3 was 7.6 times higher than pH 7. The presence of phosphate 
 (Na2HPO4) and EDTA declined SMX degradation, while Fe (III) effect was contradictory. In addition to promising demoli-
tion, 10% TOC removal was achieved. Eighteen major intermediates were identified using LC-MS/MS and the degradation 
pathways were suggested. Transformation products (TPs) were formed due to hydroxylation, bond cleavage, transformation 
after bond cleavage, and oxidation reactions. The ECOSAR analysis showed that some of the SMX oxidation products were 
toxic to aquatic organisms (fish, daphnia and green algae).
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Introduction

The presence of significant amounts of antibiotic residues 
in aquatic environments has recently become a main con-
cern in the world [1–3]. Antibiotics, as an essential part of 
pharmaceuticals, are used to control infections and improve 
the health of humans and animals in medicine and dentistry 
[4, 5]. Some parts of these antibiotics are excreted without 
absorption in the human or animal body [6, 7]. On the other 
hand, it is reported that in some developing countries, phar-
maceutical substances are discharged into natural environ-
ments without any restriction. Although their entry into the 
aqueous medium is not very high, their continuous entry, 
due to the cumulative effects, there may be a severe threat to 
the humans, ecosystem and microorganisms [8].

Sulfonamides are a group of antibiotics that have 
recently received special attention due to the high rate of 
excretion and stability in the environment. Sulfamethoxa-
zole (SMX), an antibacterial sulfonamide, is known as an 
important environmental antibiotic due to its properties 
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such as abundance in aqueous media, stability and resist-
ance, high biological storage, toxicity and bioavailability [9, 
10]. Recent researches have represented that antibiotics can 
change the genomes of microbial communities in aquatic 
ecosystems, helping to create antibiotic-resistant bacteria 
and genes [11]. The conventional treatment processes cannot 
wholly eradicate resistant organics such as antibiotics [12, 
13]; consequently, the frequent presence of SMX in aquatic 
environments has been perceived [14]. Therefore, in order 
to reach the standards of drinking water, it is necessary to 
apply more efficient and appropriate treatment processes in a 
way that removes drug substances and similar contaminants 
[15, 16]. The findings of previous studies have demonstrated 
that although techniques such as electrocoagulation, adsorp-
tion and membrane processes can be considered to eliminate 
medicine compounds, but the use of these techniques due 
to low efficiency, high investment costs, management and 
maintenance problems is less likely [1, 17].

Iron-based oxidation technologies have recently received 
more attention because iron is one of the most abundant 
elements and is environmentally friendly [18]. In addition, 
some of the iron-containing substances are easily separa-
ble and recyclable after the treatment process due to their 
magnetic nature [19]. In some developed countries, ferrate 
(Fe(VI)) is used for disinfection, oxidation or coagulation 
purposes [20]. Ferrate has a strong oxidation capacity, which 
in acidic and alkaline conditions varies from 2.2 to 0.7 V, 
respectively [21, 22]. In general, ferrate is a multi-function 
agent applied for the oxidation of synthetic organic/inor-
ganic contaminants, elimination of humic substances, coag-
ulation, and disinfection of water, wastewater, and sludge 
samples [23, 24]. Ferric oxide is a strong coagulant that can 
be produced from the Fe(VI) self-decomposition and elimi-
nate various metals, non-metals and some organic matter. 
Fe(VI) is able to inactivate a wide range of microorgan-
isms in low concentrations over short periods of time [25]. 
Several studies have evaluated the efficiency of potassium 
ferrate in removing contaminants from water and wastewa-
ter [26–29]. Fe(VI) is a potent oxidant with fewer environ-
mental side effects than many other chemical oxidants, so 
many efforts have been made to eliminate various antibiot-
ics and the resulting metabolites by using it [30–33]. Some 
similar studies have examined the removal of SMX with 
Fe(VI) [34–36]. However, most of them focused on reaction 
kinetics. Also, in these studies, the selective matrix was pure 
water and therefore the role of wastewater constituents such 
as phosphate, iron, and EDTA was not fully considered. In 
the present study, in addition to investigating the role of 
these compounds, the toxicity of SMX and its degradation 
byproducts has been evaluated. In this paper, we system-
atically investigated the removal of SMX from secondary 
treated effluent by Fe(VI). The targets of this work were 
(a) investigating the effects of the operational parameters 

(pH, contact time, Fe(VI) and SMX doses, effect of EDTA, 
phosphate and iron ions) on SMX degradation, (b) deter-
mination of reaction kinetics, (c) propose the degradation 
pathways of SMX, (d) determination of SMX byproducts 
during the process and (e) toxicity assessment of SMX and 
its byproducts on three typical aquatic species (fish, daphnia 
and green algae).

Materials and methods

Materials

SMX (>98.0%) was prepared from Iran Daru Co., Ltd. (Teh-
ran, Iran). Potassium ferrate  (K2FeO4,>98.0%) in solid form 
was purchased from BOC Sciences (New York, USA). Other 
chemicals including methanol  (CH4O, chromatographic 
grade), acetonitrile  (CH3CN), dichloromethane  (CH2Cl2), 
sodium thiosulfate  (Na2S2O3), citric acid  (C6H8O7), sodium 
hydroxide (NaOH), hydrochloric acid (HCl), methyl tert-
butyl ether  (C5H12O), disodium hydrogen phosphate 
 (Na2HPO4),  FeCl3.6H2O and EDTA (>99.0%) were pur-
chased from Merck Co. (Darmstadt, Germany). All the 
mentioned chemicals were in the analytical grade.

Experimental procedures

Sample preparation and experiments

Details related to secondary treated effluent (STE) used in 
the study are listed in Table 1. The samples were collected 
from Tabriz municipal wastewater treatment plant and trans-
ferred to the university laboratory in polyethylene contain-
ers and kept in the refrigerator until the experiments were 
performed. A 0.22 μm nylon filter was used to filter the sam-
ples. Then, SMX in desired concentration was spiked to the 
samples. The effects of Fe(VI) dose (1-10 mg/L as Fe), pH 

Table 1  STE physicochemical properties

N Parameter Mean value (SD) Unit

1 TSS 300 ± (14) mg  L−1

2 VSS 10 ± (2) mg  L−1

3 COD 38 ± (12) mg  L−1

4 TOC 19 ± (3) mg  L−1

5 N-NO3
− 7.8 ± (5) mg  L−1

6 N-NO2
− 0.06 ± (0.01) mg  L−1

7 SO4
− 91.18 ± (13) mg  L−1

8 PO4
− 3.83 ± (0.6) mg  L−1

9 Cl− 103.96 ± (20) mg  L−1

10 Alkalinity 124 ± (18) mg  L−1 as CaCO3
11 pH 7.5 ± (0.3) –
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(3-9), SMX initial concentration (200 and 1000 μg/L) and 
reaction time (5-60 min) on SMX degradation were evalu-
ated. Afterwards, the process efficiency was determined by 
changing each variable at a time. All the experiments were 
conducted in duplicate at 25 ± 2 °C.

The experiments were performed in reactors which 
were completely mixed using a standard six paddle Jar test 
machine (180 rpm). In the first step, 1000 ml of SMX spike 
effluent was poured into the reactor and subsequently, Fe(VI) 
was added to the solution at the desired concentration. Then, 
pH was adjusted with 1 M NaOH or HCl. At defined time 
intervals, 15 ml of the sample was taken and quenched by 
the addition of 25 μl of 3%  Na2S2O3. After assessing the 
optimum conditions at the end of the experiments, total 
organic carbon (TOC) and chemical oxygen demand (COD) 
were measured based on the standard methods for water and 
wastewater examination [37]. For a better understanding of 
Fe(VI) performance in SMX mineralization and reducing 
the detrimental effects of wastewater constituents, the COD 
and TOC experiments were conducted in double distilled 
water under optimum conditions. Moreover, for assessing 
spontaneous SMX degradation in different pHs, the control 
experiments were performed in parallel, without the addi-
tion of Fe(VI).

Kinetics study

The kinetic investigation was accomplished under optimal 
conditions for a deep understanding of SMX degradation 
using Fe(VI). The kinetics of the reactions provides useful 
information about the reaction speed and the mechanism of 
converting reactive substances. The mathematical relation 
between reaction rate and reactant concentration is called 
the speed equation [38]. Various kinetic equations (zero-
order, first-order and second-order) were used to describe 
the Fe(VI) oxidation kinetics.

Determine the effect of EDTA, phosphate and iron

To identify the conduct of the Fe(VI) in the degradation 
of SMX, the effect of EDTA, as a Fe(VI) complexing 
agent, was examined. In addition, the effects of phosphate 
 (Na2HPO4) and iron  (FeCl3) ions on SMX degradation were 
evaluated. The oxidation of SMX using Fe(VI) under opti-
mal conditions (were determined in the previous stages of 
the study), was evaluated at different initial concentrations of 
EDTA (0, 2, 4 mM),  FeCl3 (0, 0.048, 0.096, 0.145, 0.2 μM) 
and  Na2HPO4 (0, 0.2, 0.5, 1.2 μM). It should be noted that, 
for a correct understanding of these compounds on Fe(VI) 
performance for SMX degradation and avoiding secondary 
treated effluent matrix interference in result interpretation, 
all experiments in this part were conducted in pure water 
media.

Analytical methods

SMX concentration in samples was measured using high-
performance liquid chromatography (HPLC, Agilent, Ger-
many) using a Restek SB-C18 column (4.6 × 250 mm, 5 μm) 
equipped with an UV detector at 270 nm. The mobile phase 
was HPLC grade ultra-pure water (60%) and acetonitrile 
(40%) with a flow rate of 1 mL/min. Samples with a vol-
ume of 20 μl were injected into the column for separation 
at 32 °C.

Identification of intermediate products resulting from 
SMX decomposition during the oxidation process was per-
formed using an LC-MS/MS (Waters Corporation, USA) 
connected to an electrospray source and a positive ionization 
separator. SMX and intermediate products were separated 
by a C18 column (Penomenex Gemini) (100 mm × 2 mm 
ID×5  μm). The mobile phase is composed of phase A 
(water/acetonitrile 90:10 and formic acid 0.1%) and phase 
B (water/acetonitrile 10:90 and formic acid 0.1%) with a 
flow rate of 0.4 mL/min. Positive ESI source specifications: 
capillary voltage 4 kV, extractor 1 V, evaporator temperature 
300 °C, and source temperature 110 °C. The flow rate of 
cone gas and desolvation gas were 50 and 1000 L/h, respec-
tively. The data were scanned at 50-550 m/z. This part of the 
experiments was performed in pure water to prevent the det-
rimental effect of complex effluent matrices. TOC and COD 
were analyzed according to the 5310 B and 5220 D standard 
methods for water and wastewater treatment, respectively. 
The pH was measured by EDT pH meter (London, UK).

Toxicity estimation

The ecological structure activity relationship (ECOSAR) 
computer program (version 2.0) was used to evaluate the 
acute and chronic toxicity of SMX and its TPs. This simula-
tion program is widely developed and approved by USEPA, 
OECD and EU. Therefore, acute toxicity was shown with 
 LC50 values for fish and daphnia as well as  EC50 for green 
algae. Also, the value of chronic toxicity (ChV) was esti-
mated for each product.

Results and discussion

Effect of the solution pH

The Fe(VI) oxidation power is dependent on the pH condi-
tions. The experiments were carried out with an initial SMX 
concentration of 1000 μg/L and pH values of 3, 5, 7, and 
9. The SMX removal variations at different pHs are shown 
in Fig. 1A. According to the results, it can be seen that by 
increasing pH, while other variables kept constant, antibi-
otic removal efficiency decreased, and the highest removal 
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Fig. 1  Effect of (A) pH, (B) oxidant doses, (C) EDTA, (D)  Na2HPO4 
and (E)  FeCl3 on the removal of SMX by Fe(VI). Typical experimen-
tal conditions:  [SMX]0 = 1000 μg /L, [Fe(VI)]0 = 10 mg/L at labora-
tory temperature. (F) First-order reaction kinetics of SMX removal. 

Experimental conditions:  [SMX]0 = 1000 μg/L, Fe(VI) =10 mg/L and 
initial pH = 3 and 7. (G) TOC and COD removal and (H) Evolution 
of sulfate and nitrate ions as a function of time at the optimal condi-
tions mentioned above
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efficiency of 44.05% was achieved at pH = 3. SMX oxidation 
was significantly weakened in alkaline conditions. The pH 
effect can be described using considering the produced iron 
species and SMX equilibrium in different pHs. According to 
Eqs. (1)-(3), Fe(VI) in terms of solution pH forms different 
types including  H3FeO4

+,  H2FeO4,  HFeO4
− and  FeO4

2− [39, 
40]. At low pH (3 and less) conditions, the main species of 
Fe(VI) in aqueous solution are H

3
FeO+

4
 and H2FeO4, con-

sidering the lower pKa of these species and their superior 
oxidation potential, higher removal efficiency is expected 
compared to the alkaline pH [24, 41]. It has been reported 
that the dominant species at acidic and alkaline pH were 
HFeO+

4
 and FeO−2

4
 , respectively [42].

The sampling was performed in specified time intervals 
for 60 min to consider the impact of reaction time on SMX 
degradation by Fe(VI). It is obvious from Fig. 1A that at 
the first 15 min of the reaction time, in pH values of 3 and 
5, there is a significant increase in SMX removal, followed 
by a gradual trend in the next 30 min, that is consistent with 
similar studies [34, 43]. On the other hand, under neutral and 
alkaline pH conditions, after 30 min, no considerable change 
in SMX concentration was observed with increasing contact 
time. Investigating the effect of reaction time on the SMX 
removal process showed that with increasing time, Fe(VI) 

(1)
H

3
FeO+

4
→ H+ + H

2
FeO

4

(

pKa = 1.6
)

(2)
H

2
FeO

4
→ H+ + HFeO−

4

(

pKa = 3.5
)

(3)
HFeO−

4
→ H+ + FeO2−

4

(

pKa = 7.3
)

efficiency increased, and the highest removal efficiency of 
nearly 45% was recorded after 60 min, which is consistent 
with Jiang et al. [33]. In a similar study, Deng et al. (2019), 
by examining the removal of ciprofloxacin antibiotics using 
Fe(VI), reported that the removal of ciprofloxacin occurs 
mainly in the first 2 min and the removal is gradual in the 
next 12 min [31]. This reaction trend can be attributed to 
the less active iron species availability resulted from Fe(VI) 
decomposition in longer reaction times [34].

Effect of Fe(VI) dosage and SMX concentration

The effect of different Fe(VI) doses (1, 3, 5, and 10 mg/L as 
Fe) was investigated on 200 and 1000 μg/L SMX at optimal 
pH 3. Figure 1B shows the average SMX removal during 
certain sampling times. It can be seen that in Fe(VI) doses 
between 1 and 5 mg/L, the removal efficiency was less than 
20% after 60 min reaction time. In other words, increasing 
Fe(VI) dosage from 1 to 5 mg/L did not show significant 
improvement in the removal of SMX. However, when Fe(VI) 
dosage increased to 10 mg/L, a meaningful change occurred 
in SMX removal, and the maximum removal efficiency of 
44% was attained after 60 min. It should be considered that 
when Fe(VI) dose was doubled, i.e., extended from 5 to 
10 mg/L, the removal efficiency increased about 2.5 times 
in all sampling times. One reason may be that the ratio of 
Fe(VI) self-decomposition is lower in higher concentrations. 
Therefore, it can affect the removal of SMX [31]. In addi-
tion, the higher efficiency of the process at higher doses of 
Fe(VI) may be due to the faster production of Fe oxidizing 
species, resulting from an increase in active ions [44]. The 
findings in this area are consistent with the results presented 
in the previous literature [31].
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The effect of initial antibiotic concentration (200 and 
1000 μg/L) on removal efficiency was also considered. 
The results indicated that in low concentrations of Fe(VI) 
(1-3 mg/ L), removal efficiency in the reactor containing 
200 μg/L of SMX was higher than 1000 μg/L of SMX; while 
this procedure was reversed in high Fe(VI) dosage (Fig. S1). 
As more oxidizing species are available at higher Fe(VI) 
concentrations, the possible collision of SMX and oxidiz-
ing species is expected to increase, leading to increased 
process efficiency. The finding of this part of the study is 
well compatible with the previous studies [45]. Based on 
the results mentioned above, the optimum conditions of all 
the variables are as follows: pH = 3, initial concentration of 
SMX = 1000 μg/L, and Fe(VI) concentration = 10 mg/L. 
Afterward, all experiments were performed under optimum 
conditions and reaction time was extended until 120 min.

Effect of EDTA

EDTA, as a chelating agent, and its effect on SMX destruc-
tion by Fe(VI) was investigated. It has been reported that 
EDTA is an effective chelating agent in Fe-based processes 
[46]. Since EDTA can create various heavy metals com-
plexes in water and wastewater treatment processes, it can 
be used for the recovery of these metals [47]. As shown in 
Fig. 1C, in the absence of this chelating agent, SMX deg-
radation by Fe(VI) reached 90.32% after 120 min. How-
ever, the amount of SMX degradation in the attendance of 
2 (Fe:EDTA = 0.09) and 4 (Fe:EDTA = 0.045) mM EDTA 
declined to 77.54% and 31.94%, respectively. According to 
the findings of this study, it is obvious that EDTA could 
significantly reduce SMX decomposition and tackles the oxi-
dation effects of Fe(VI). It has been proven that the Fe(VI) 
decomposition rate in the presence of EDTA is much lower 
compared to the absence of EDTA in the solution. Conse-
quently, it can be said that EDTA is one of the main interfer-
ing factors at Fe(VI) oxidation [48–50].

Effect of phosphate ion

Phosphate is more commonly found in industrial and urban 
wastewaters and surface waters such as rivers, receiving 
either raw wastewater or agricultural runoff [27]. It has 
been reported that phosphate ions can form internal com-
plexes with Fe (III) oxide/hydroxide, thus accelerating 
the self-decomposition of Fe(VI) and interacting rapidly 
with organic pollutants [31, 39, 51]. The effects of differ-
ent phosphate concentrations (0.2-1.2 mM of  Na2HPO4) on 
SMX degradation were examined and the results are shown 
in Fig. 1D. At the first 5 min, the lowest phosphate used 
(0.2 Mm) accelerated SMX degradation. However, when the 
reaction time proceeded, the removal efficiency significantly 
declined compared to the condition without phosphate. It is 

evident that after 120 min, removal efficiency in the pres-
ence of 0.2 mM  Na2HPO4 decreased to 48%. On the other 
hand, the higher phosphate concentrations (0.5 and 1.2 mM 
 Na2HPO4) showed antagonistic effects on SMX degrada-
tion. Therefore, the removal efficiency decreased to 13 and 
8%, respectively. Complexation of active Fe species, such as 
Fe(V) and Fe(IV), with phosphate, possibly can explain this 
variation as stated in previous studies [52]. Chemically, the 
phosphate anion as the Lewis base can donate its electron 
pair from oxygen atoms to transition metals orbital and pro-
duce complexes. In reaction with Fe(VI), phosphate anions 
may attack the iron center of Fe(VI) as a nucleophile and 
lead to the reconstitution of the coordination pair from four 
to six coordinates [53]. The complexity with ligands can 
change redox potential [54]. The combination of Fe(VI) with 
phosphate ligand may decrease its potential yield and have 
a negative effect on the Fe(VI) reaction with organic com-
pounds, SMX in this study. Coordination with phosphate 
ligands results in the expansion of the coordinated Fe(V) 
structure from tetrahedral to octahedron geometry that may 
prevent the combination of Fe(VI) with the goal compounds 
and affect the electron transfer procedure [55]. Hence, this 
complexation may reduce the amount of Fe(VI) besides its 
self-decomposition rate [52].

Effect of iron ion

The results of the effect of iron ion  (FeCl3) on SMX removal 
are shown in Fig. 1E. The present study was conducted at 
optimum condition and iron concentrations of 0 to 0.2 μM, 
as  FeCl3, under extended reaction time. As represented in 
Fig. 1E, the iron effect on SMX removal by Fe(VI) is not 
constant during the process. On the one hand, lower iron 
concentrations (0.048 and 0.096 μM) could mildly improve 
process performance in earlier reaction time, i.e., until 
60 min. However, no substantial change was observed by 
the end of the process. It can be noted that iron in this range 
did not dramatically affect the process. On the other hand, 
higher iron concentrations (0.145 and 0.2 μM) influenced 
the process reversely, and a clear decline in process effi-
ciency can be noticed in the whole sampling times. It is 
evident in Fig. 1E that when 0.2 μM iron was present in the 
solution, removal efficiency almost decreased three times 
in comparison to the control sample. Our findings in this 
regard conflicted with those reported by Zhao et al. (2018). 
They reported that both Fe(III) and Fe(II) revealed a cata-
lytic effect on diclofenac degradation by Fe(VI) [52].

Kinetic study

In all oxidation processes, the kinetic study of the reaction is 
performed to better understand how the contaminant reacts 
with oxidation agents. Kinetic studies significantly contribute 
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to process modelling and implementation at the application 
scale. The above assumptions and the degree of reaction can be 
examined by drawing a semi-logarithmic graph of the concen-
tration of SMX over time. The SMX degradation was studied 
under optimum Fe(VI) dosage and prolonged reaction time to 
determine the speed of SMX degradation. The optimum pH of 
experiments was 3, which is not appropriate for reactions that 
occur in natural environments (wastewater treatment plants, for 
instance). To simulate the actual situation, kinetic experiments 
were performed under two different pH (3 and 7) at labora-
tory temperature. Considering the zero, first, and second-order 
kinetics, SMX degradation was best fitted to the first-order 
model, shown in Fig. 1F. The first-order reaction rate (k) for 
pH 3 and 7 are 1.9 ×  10−2 and 2 ×  10−3  min−1, respectively 
and the amount of R2 for pH 3 and 7 are 0.9695 and 0.9088, 
respectively. By comparing the degradation rate between the 
two pH conditions, it can be inferred that the SMX degradation 
rate under pH 3 is 7.6 times faster than pH 7. It should be noted 
that in pH 3, almost 90% of SMX was degraded after 120 min, 
and the R2 value was nearly 0.97, while in pH 7 only 27% deg-
radation was observed, and the R2 value was 0.9. Therefore, it 
can be concluded that the degradation of SMX by the Fe(VI) 
process in acidic conditions is more favorable. The change of 
k value with the pH change can be explained by the balance 
of mono protonated ferrate ( HFeO−

4
 ) and SMX, as shown in 

Eqs. 4 and 5 [56, 57].

According to Sharma et al. (2001), as revealed in Eqs. 6 to 
9, in the pH range under study, two forms of mono-protonated 
Fe(VI) can react with two SMX forms.

(4)HFeO−

4
↔ H+ + FeO2−

4

(

pKa.HFeO2−
4

= 7.23

)

(5)SH (SMX) → H+ + S−
(

pKa.SH = 5.5
)

(6)HFeO−

4
+ SH → Fe(OH)

3
+ product(s)

(7)HFeO−

4
+ S− → Fe(OH)

3
+ product(s)

Ferrate mono-protonated species, HFeO−

4
 , in the pH range 

under study as mentioned in the literature, are the most reac-
tive species [39, 58–60]. Higher Fe(VI) self-decomposition 
as well as higher HFeO−

4
 species in the acidic pH range can 

explain a higher reaction rate in pH 3 compared to pH 7. 
Also, the larger spin density of HFeO−

4
 species in oxo 

ligands than FeO2−

4
 and partial radical character of Fe(V) 

can increase HFeO−

4
 reactivity with SMX. A comparison of 

the degradation rate of different antibiotics by Fe(VI) with 
the present study is presented in Table 2. Because various 
experimental conditions (e.g., initial pH, Fe(VI) dosage and 
antibiotic concentration) cannot be adjusted between differ-
ent studies, definitive conclusions are not possible. However, 
according to Table 2 and the experimental conditions, the 
degradation rate in the present study is consistent with the 
results presented in the previous literature.

COD and TOC removal under optimal experimental 
conditions

The effect of Fe(VI) on the COD and TOC removal at opti-
mum conditions is shown in Fig. 1G. It is evident from this 
Figure that COD removal is many times more than TOC 
removal. In other words, the concentration of COD was sig-
nificantly reduced by Fe(VI). It is also clear that removal 
efficiency increases over reaction time, and after 120 min, 
90% removal is obtained. As shown in Fig. 1G, it can be 
seen that the removal efficiency increased sharply to 40 min, 
while from this point on, it continued with a gentle slope. It 
has been reported that potassium ferrate was able to decrease 
COD to 52% after 30 min contact time [61]. The highest 
TOC removal using Fe(VI) was about 10%, obtained after 
120 min of contact time. Incomplete mineralization of SMX 
shows some of its TPs were not easily oxidized by Fe(VI). 
TOC analysis and mineralization of organic matter can help 

(8)FeO2−

4
+ SH → Fe(OH)

3
+ product(s)

(9)FeO2−

4
+ S− → Fe(OH)

3
+ product(s)

Table 2  Comparison of Fe (VI) 
oxidative potential for different 
antibiotics

a: k units are  S−1, b: units are μM

Compound K  (min−1) Initial concentration (mM) pH Time (min) Reference

antibiotic Fe(IV)

sulfonamide 1.9 ×  10−1 0.06 1.01 3 60 [85]
chloramphenicol 9.9 ×  10−3 0.003 0.25 6 60 [86]
sulfadiazine 1.1×  10−2 0.06 0.8 7 60 [73]
diclofenac 2.2 ×  10−2 a 0.08 b 24 b 7 120 [87]
diclofenac 4.6 ×  10−3 a 0.03 0.45 7 120 [87]
sulfamethoxazole 1.8 ×  10−1 0.06 1.01 3 60 [85]
sulfamethoxazole 1.9 ×  10−2 0.004 0.18 3 120 This Study
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to identify the pathway of pollutants degradation [62]. Fol-
lowing the oxidation process, large amounts of SMX are 
converted to intermediates that may be more toxic compared 
to the parent compound [63]. Therefore, to better evaluate 
the effects of oxidation processes, it is better to identify 
transformation products.

Inorganic ions evolution during the process

Mineralization of organic materials containing heteroatoms 
can be associated with the inorganic ions release, includ-
ing nitrate, nitrite, and sulfate. The formation of organic 
ions was considered as an indicator of SMX mineralization. 
SMX molecule bond cleavage will release the S as sulfate 
ion ( SO2−

4
 ), and the N atoms are transferred to nitrate, nitrite, 

and ammonia. Figure 1H indicates the nitrate and sulfate 
variation during the oxidation process [64]. It is noteworthy 
that in the present study, no nitrite or ammonia was detected. 
It is clear from Fig. 1H that nitrate release occurred in the 
first 5 min of the experiment, when Fe(VI) self-decompo-
sition products (Fe(V) and Fe(IV)) with strong oxidation 
potential may attack SMX bonds. From this point until the 
end of the process, the nitrate concentration was almost con-
stant, which is related to the rapid decomposition of and 
Fe(VI) reactivity. In the case of sulfate, it is evident that no 
increase was observed until 60 min, which could be attrib-
uted to either sulfate reaction with iron species, particularly 
Fe(III) or sulfate adsorption by metal oxide surfaces [64]. 
From this point on, sulfate release can be clearly traced, 
indicating SMX mineralization.

Degradation pathway and products

The LC-MS/MS technique was used to identify the SMX 
degradation intermediates using the Fe(VI) process. This 
experiment was conducted at pH = 3, SMX initial con-
centration = 2 mg/L, Fe(VI) dosage = 10 mg/L and reac-
tion time = 180 min. The SMX degradation pathways dur-
ing Fe(VI) oxidation are shown in Fig. 2. Also, all of the 
detected products with molecular formula and their mass 
charge ratio (m/z) are listed in Table 3. As shown in Fig. 2, 
nine possible degradation pathways were identified.

The SMX has a molecular ion peak of m/z 253 ([M +  H]+) 
[65]. The O-N bond of the isoxazole ring was broken down 
through isomerization to produce TP253 from SMX [66]. 
TP283a and TP283b were probably produced by two hydro-
gen molecules removing and two oxygen molecules addi-
tion from the SMX compound. The amino group nitration 
in the benzene ring (TP283a as nitro-SMX  (NO2-SMX)) and 
methyl group oxidation to the carboxyl group in the isoxa-
zole ring (TP283b) are other possible pathways. TP283a and 
TP283b can also be produced by SMX degradation using 
PMS activation by Fe(VI) [67] as well as direct oxidation 

of Fe(VI) [68]. Breaking the bond between the benzene and 
sulfur ring in TP283a combination may result in the forma-
tion of TP123 and TP178, respectively [69]. The S-N bond 
cleavage between the sulfonyl and amine group in the sul-
fonamide group results in the formation of TP99 [3-amino-
5-methylisoxazole (AMI)] as well as TP173 [sulfanilic 
acid (SNA)], which are widely reported as SMX TPs in the 
literature [34, 66, 69, 70]. Furthermore, the intermediates 
TP284a and TP253 could be cracked into TP99 [71–73]. 
TP156 (p-amino benzene sulfonic acid) was formed by 
S-N bond cleavage, where the formation of benzoquinone 
(TP108) was expected to be formed by the amine and sulfone 
groups hydroxylation in the SMX sulfanilic moiety [74]. 
TP502 (azosulfamethoxazole), a dimeric compound, was 
produced by coupling the N-centered radical derived from 
–NH2 group via polymerization reactions [75, 76]. The for-
mation of TP276 from the parent compound SMX has been 
attributed to its hydrolysis form and subsequently, TP292 
belongs to the SMX degraded ions. These compounds have 
recently been reported in the photocatalytic degradation of 
SMX [77]. In another pathway, TP209 was identified. In 
the study of Li et al., 2020, the coupling of the N-(4-hy-
droxy-5-methylisoxazol-3-yl)-4-nitrobenzenesulfonamide 
(as m/z 300) to the oxazole ring through recombination of 
the N-centered radical derived from the –NH2 group is the 
cause of TP209 formation [78]. But in this study, TP300 was 
not identified as a product. The S-C bond cleavage between 
sulfur and benzene ring resulted in TP94 (aniline). TP239 
(N-(5-methylisozaxol-3-yl) benzenesulfonamide) indicates 
amine group cleavage in the isoxazole ring [70, 79]. Finally, 
further cleavage of benzoquinone ring and AMI can produce 
maleic acid, oxalic acid and pyruvic acid along with  NH4

+, 
 NO3

−, and  SO4
2− [2, 80, 81]. In brief, (1) different bond-

cleavage (2) rearrangement of the isoxazole ring (3) hydrox-
lation (4) carboxylation (5) nitration (6) polymerization (7) 
hydrolysis and (8) coupling reactions are the predominant 
degradation pathways in the SMX oxidation by Fe(VI).

Toxicity of SMX and its TPs

The ECOSAR is a simulation software that predicts acute 
(short-term) and chronic (long-term) toxicity of chemi-
cals using computational methods [82–84]. In the present 
study, the toxicity of SMX and its degradation products 
were predicted by the ECOSAR program. The toxicity data 
according to the Globally Harmonized System of Clas-
sification and Labelling of Chemicals (GHS) was divided 
into four levels: not harmful  (LC50/EC50/ChV > 100 mg/L), 
harmful (10 <  LC50/EC50/ChV  ≤ 100  mg/L), toxic 
(1 <  LC50/EC50/ChV ≤ 10 mg/L) and very toxic  (LC50/
EC50/ChV ≤ 1 mg/L) [83]. As can be seen in Table 4, the 
parent compound (SMX) to be toxic or harmful towards 
all aquatic organisms, except for fish. In general, SMX 
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degradation products were toxic or harmful, except for five 
products (DP4, DP5, DP16, DP17, DP18) that were not 
harmful to the organisms. Also, the acute toxicity values 
of DP9 and DP14 are more than SMX for all organisms. 
Also, DP9 has the highest chronic toxicity for fish.

Conclusion

Potassium ferrate was used for SMX degradation under 
various experimental conditions. Under optimum 

Sulfamethoxazole

m/z=253

TP253

TP283b
TP283a

TP156

Oxalic acid Maleic acid Pyruvic acid

TP173

TP502

TP108

TP292

TP123

TP178

TP99

TP276

TP209

TP94

TP239

TP94

NH+
4, NO-

3, and SO-2
4

Fig. 2  Proposed reaction pathways of SMX oxidation by Fe(VI)
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Table 3  Intermediate products 
of SMX degradation by 
potassium ferrate

Compounds M/Z Chemical structures Proposed formula

SMX 253 C10H11N3O3S

DP1 253 C10H11N3O3S

DP2 283a C10H9N3O5S

DP3 283b C10H9N3O5S

DP4 123 C6H5NO2

DP5 178 C4H6N2O4S

DP6 99 C4H6N2O

DP7 173 C6H7NO3S

DP8 156 C6H7NO2S

DP9 108 C6H4O2

DP10 502 C20H18N6O6S2

DP11 276 C10H17N3O4S

DP12 292 C10H18N3O5S

DP13 209 C8H8N4O3

DP14 94 C6H7N

DP15 239 C10H11N2O3S

DP16 116 (maleic acid) C4H4O4

DP17 90 (Oxalic acid) C2H2O4

DP18 88 (Pyruvic acid) C3H4O3
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experimental conditions and extended contact time, Fe(VI) 
was found to be a promising oxidant for SMX removal 
from secondary treated effluents. TOC analysis indicated 
that SMX mineralization in this process was not very suc-
cessful, suggesting some TPs formation. Also, the kinetic 
study under two pH conditions indicated that the degra-
dation rate under the acidic pH was 7.6 times higher than 
the neutral condition. SMX removal in the presence of 
phosphate and EDTA was dramatically declined during the 
process. While Fe(III) could enhance SMX degradation 
in earlier reaction time, degradation efficiency declined 
dramatically by increasing reaction time and iron dos-
age. Transformation, bond cleavage (mainly sulfonamide 
bond), as well as transformation after cleavage were the 
most degradation mechanisms proposed for SMX degrada-
tion by Fe(VI). Toxicity assessment showed that harmful 
Fe(VI) oxidation byproducts could be produced.
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