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Highlights

 Investigation of process conditions for the degradation of sulfamethoxazole 

 Identification of degradation products for elucidation of the degradation mechanism

 Elucidation of pH influence on formation of degradation products

Abstract

In this article, heat-activated persulfate oxidation was investigated as a promising technique for 

the removal of sulfamethoxazole from an aqueous environment. It was found that the 

degradation efficiency of sulfamethoxazole increases with increasing persulfate concentration 

due to the increased •SO4
- production. As suggested by the Arrhenius equation, the 

sulfamethoxazole degradation rate constant increased with increasing temperature. An 

activation energy of 103 kJ/mol was determined. Furthermore, the initial pH of the reaction 

mixture had a large influence on the degradation of sulfamethoxazole. At higher initial pH 

values, the degradation of sulfamethoxazole increased. The main cause for this increase is a 

difference in sulfamethoxazole distribution: at higher pH, the deprotonated form of 

sulfamethoxazole is present and found to be more susceptible to degradation. A second reason 

was found to be the formation of •OH at higher initial pH values, although this contribution was 

smaller. To elucidate the degradation process, six intermediates were identified, and the 

difference in formation of these compounds at different initial pH values was revealed. Through 

ECOSAR modeling, some degradation products were found to be of main interest when 

monitoring the toxicity of the degradation mixture.
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Sulfamethoxazole, heat-activated persulfate oxidation, SR-AOP, degradation mechanism, 

toxicity evaluation



  

3

1. Introduction

The presence of pharmaceuticals in wastewater has become a topic of increasing concern, which 

is mainly caused by the growing production (and consumption) of pharmaceuticals due to (i) 

the growing world population, (ii) the ageing of this population and (iii) an increasing food 

production (use of antibiotics for the enhancement of livestock production) [1]. Both diffuse 

sources, i.e., the presence of pharmaceuticals in municipal wastewater because of the excretion 

of non-metabolized pharmaceuticals, and point sources mainly consisting of pharmaceutical 

industry effluent contribute to the problem [2]. Traces of pharmaceutical compounds in aquatic 

systems are of major concern due to their possible ecological impact on aquatic organisms (e.g., 

endocrine disruption and increase of antibiotic resistant bacteria due to the presence of 

antibacterial drugs) [3]. Moreover, many of these pharmaceuticals possess unknown chronic 

effects [4]. The concentration of most pharmaceuticals in aqueous environments is usually quite 

low, and it is only due to the developments in chromatographic techniques and mass 

spectrometry (MS) that their quantification in various environmentally relevant media has 

become possible. Therefore, the problem of their presence in the environment has only emerged 

recently, and the establishment of appropriate legal frameworks are often still in progress [4].

Conventional wastewater treatment plants are often inadequate to remove pharmaceutical 

products from wastewater due to their non-biodegradable nature [1]. Recent developments in 

techniques for removal of pharmaceuticals from aquatic environments include adsorption, 

ozonation, membrane techniques, AOPs (Advanced Oxidation Processes) and many others 

[1,4]. AOPs are widely known processes that make use of the generation of the highly reactive 

OH radical (•OH) to oxidize target pollutants. Recently, increasing interest has been shown in 

sulfate radical based AOPs (SR-AOP), in which the sulfate radical (•SO4
-) (partially) takes over 

the role of oxidant [5]. The use of •SO4
- has many advantages over •OH. First, •SO4

- has an 

equal or higher oxidation potential (2.5 – 3 V, at acidic-neutral pH) than •OH (2.7 V). Secondly, 



  

4

•SO4
- has a higher selectivity: whereas •OH can react with the target pollutants in three different 

ways (electron transfer, hydrogen abstraction and addition reaction), •SO4
- mainly react via 

electron transfer, making it a much more selective oxidant. •SO4
- also has a longer half-life than 

•OH (30-40 µs compared to <1 µs respectively). Using •SO4
- instead of •OH was also found to 

result in a higher mineralization rate [6]. Sulfate radicals are most often generated via the 

activation of the precursors persulfate (PS, S2O8
2-) or peroxymonosulfate (PMS, HSO5

-). Two 

of the most frequently used activation methods are (i) the use of transition metals 

(heterogeneous/homogenous) and (ii) UV or heat activation. 

The activation of PS and PMS using transition metals is based on a redox reaction between the 

transition metal and the precursor (Equations (1) and (2)). In these reactions, •SO4
- radicals are 

formed. Different transition metals can be used, such as Fe2+ or Co2+
 [7,8].

 (1)𝑀𝑒𝑛 + +  𝐻𝑆𝑂 ‒
5  →𝑀𝑒𝑛 + 1 +  ∙ 𝑆𝑂 ‒

4 +  𝑂𝐻 ‒

(2)𝑀𝑒𝑛 + +  𝑆2𝑂2 ‒
8  →𝑀𝑒𝑛 + 1 +  ∙ 𝑆𝑂 ‒

4 +  𝑆𝑂2 ‒
4

UV radiation or thermal energy can be used to break the peroxide bond in the PS or PMS 

molecule to form radicals. In case of PS, in first instance, this results in the formation of •SO4
- 

only, whereas in the case of PMS, both •SO4
- and •OH are formed (Equations (3) and (4), 

respectively) [9]. Secondly, these formed radicals undergo transformation reactions resulting in 

the formation of other radicals (e.g., the transformation of •SO4
- into •OH due to hydrolysis or 

reaction with OH- ions) [6].

(3)𝑆2𝑂2 ‒
8

∆/𝑈𝑉
→  2 ∙ 𝑆𝑂 ‒

4

(4)𝐻𝑆𝑂 ‒
5

∆/𝑈𝑉
→   ∙ 𝑆𝑂 ‒

4 +  ∙ 𝑂𝐻

Next to these activation methods, others have been studied, including ultrasonic activation, 

alkaline activation, heterogeneous catalytic and electrochemical activation [10]. 
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Recently, the use of heat-activated persulfate oxidation has gained specific interest [11,12]. The 

influence of various process variables on the degradation of a myriad of organic compounds 

has been described in some literature sources. For example, some authors [13,14] identified the 

PS concentration to be a major influential factor, which is positively correlated with the 

pollutant degradation efficiency. The pH dependence was studied and was attributed to a 

difference in relative abundancy of the radicals present in the reaction mixture [14,15]. Whereas 

the contribution of the different radicals has previously also been studied, only few authors have 

investigated the influence of pH hereon. Moreover, to the best of our knowledge, the influence 

of the pH on the produced radicals and the resulting degradation products has been studied even 

less. Ji et al. (2015) proposed a degradation pathway for sulfamethoxazole (SMX), including 

the presence of radicals other than •SO4
- [16]. However, they focused on finding a general 

degradation pathway, whereas the aim in this paper is to obtain a detailed insight in how the 

degradation pathway is influenced by other radicals in a more quantitative way, and which 

degradation paths are favored when the radical distribution changes. 

In this paper, the degradation of sulfamethoxazole (SMX), a widely used antibiotic, is 

investigated using heat-activated persulfate oxidation. The influence of different process 

variables, such as oxidant concentration, temperature and initial SMX concentration is 

examined. Furthermore, a more in-depth study of the influence of the initial pH value on the 

formation of different radicals and the contribution of these radicals to the degradation process 

is investigated. Subsequent to the elucidation of the degradation products formed in the process, 

the presence of the different radicals is correlated to the identified degradation products and 

their abundancy. To provide an estimate of the change in ecotoxicity of the SMX solution 

following the treatment, an ECOSAR screening of the formed degradation products is carried 

out as well.  

2. Materials and methods
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2.1 Chemicals

For the batch experiments, potassium persulfate (K2S2O8, Fisher Scientific, Merelbeke, 

Belgium, reagent grade), ethanol (EtOH, Fisher Chemical, Merelbeke, Belgium, analytical 

reagent grade), potassium iodide (KI, Acros Organics, Geel, Belgium, 99+%), tert-butanol 

(TBA, Acros Organics, 99.5%), sodium bicarbonate (NaHCO3, VWR, Leuven, Belgium, 

reagent grade), methanol (MeOH, Acros Organics, HPLC grade), sodium hydroxide (NaOH, 

Geel, Belgium, Acros Organics), sulfuric acid (H2SO4, Fisher Chemical, >95%) and 

sulfamethoxazole (SMX, TCI Europe, Zwijndrecht, Belgium, >98%) were used. Chemicals for 

High Pressure Liquid Chromatography (HPLC) analysis were acetonitrile (ACN, Fisher 

Chemical, HPLC grade) and formic acid (FA, Honeywell, Leuven, Belgium, ≥98%). LC-MS 

measurements were carried out using LC-MS grade acetonitrile (ACN, VWR) and FA (Acros 

Organics, 99%). For the quantification of intermediate m/z 99, the analytical standard 3-amino-

5-methylisoxazole (TCI Europe, Belgium, >97%) was purchased. For the electron spin 

resonance (ESR) experiments dimethyl sulfoxide (DMSO, Acros Organics, 99.7%) and 5,5-

dimethyl-1-pyrroline-N-oxide (DMPO, SanBio B.V., Uden, The Netherlands, ≥98%) were 

used. All solutions were made in ultrapure Milli Q water.  

2.2 Experimental set-up

All experiments were carried out in a double walled, cylindrical borosilicate glass reactor. 

Heating of the reaction mixture was enabled by recirculating heated water through the reactor 

jacket. The reactor itself was placed on a stirring plate to ensure homogeneous mixing of the 

reaction mixture. In a typical experiment, the reactor was filled with 900 mL of a 100 ppm SMX 

solution (unless specified otherwise). The standard SMX concentration (100 ppm) was chosen 

to make sure the formed degradation products could be easily identified. When the solution was 

heated to its specified temperature, PS (in solid form) was added to initiate the reaction. For the 

experiments studying the influence of the pH, the pH was adjusted with NaOH or H2SO4. To 



  

7

avoid possible scavenging reactions with the produced radicals, no additional buffer was used 

to control the pH. At defined time intervals, the temperature and pH inside the reactor were 

measured using a thermocouple (Hanna Instruments, HI 147-00) and a pH meter (Schott, CG 

820), respectively, to follow up the reaction process. The different process variables tested 

were: (i) oxidant (PS) dose, (ii) temperature, (iii) initial SMX concentration and (iv) initial pH 

of the reaction mixture. To assess the degradation of SMX and consumption of PS for the 

different experiments, 5 mL samples were taken from the reactor at defined time intervals and 

analyzed as further specified. Each sample was introduced in a tube containing 5 mL MeOH to 

immediately quench any remaining sulfate radicals and stop the reaction. Thereafter, the sample 

was placed in an ice bath to further prevent activation of unreacted PS. All results shown with 

error bars were performed in triplicate unless stated otherwise.

2.3 Analytical techniques

The residual PS concentration was measured using a spectrophotometric method based on 

Liang et al. (2008) [17]. Depending on the initial PS concentration, a specific sample volume 

(500, 250 or 50 µL) was introduced in a tube. Then, 5 mL of a solution containing 5 g/L 

NaHCO3 and 100 g/L KI were added, and the reaction mixture was homogenized. After 15 min, 

the absorbance of the reaction mixture was measured in a UV-VIS spectrophotometer 

(Shimadzu UV-1800) at a wavelength of 390 nm.

SMX concentrations were analyzed by HPLC-UV. For the HPLC-UV determination, an 

Agilent 1100 HPLC system (Agilent Technologies, Waldbronn, Germany) was used. The 

system consisted of a quaternary pump, an autosampler and a VWD detector. A C18 column 

(Zorbax Eclipse Plus, 4.6 x 100 mm; particle size (dp): 3.5 μm) was used for the separation. The 

mobile phase was a mixture of (A) 0.1% FA in water and (B) ACN containing 0.1% FA. The 

elution method consisted of a gradient increasing from 10% to 95% B in 15 min, maintained at 

95% B for 10 min, and then returned to the initial conditions for equilibration during 10 min. 
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The flow rate was set at 1 mL/min and the injection volume was 3 µL. SMX UV-detection was 

done at a wavelength of 280 nm.

For the identification experiments, an Agilent 1290 Infinity UHPLC system consisting of a 

1290 quaternary pump, an autosampler and a diode array detector (DAD) (flow cell: 1 µL) was 

used. For the separation, two Acquity UPLC BEH C18 columns (2.1 x 100 mm; dp 1.7 µm; 

Waters, Milford, USA) were coupled in series to increase the separation power [18]. The mobile 

phase consisted of (A) 0.1% FA in water and (B) ACN containing 0.1% FA. The applied 

gradient method consisted of an increase from 10% to 95% B in 16 min and a further increase 

to 100% in 0.5 min. 100% B was held for 1.5 min and subsequently returned to the initial 

conditions in 0.5 min (10% B). The initial conditions were held for 10 min to recondition the 

column. The flow rate was 0.2 mL/min and the injection volume 2 µL. The thermostat was kept 

at 30 °C. UV detection was carried out at a wavelength of 254 nm. The UHPLC system was 

coupled to a Bruker HCT Esquire 3000 plus ion trap mass spectrometer system, equipped with 

an ESI probe. The capillary voltage was set at +2 kV, with a drying gas flow rate of 7 L/min 

and a drying temperature of 365 °C. The nebulizer gas pressure was set at 30 psi. All samples 

were analyzed in positive ion mode. The scan range was set to 50-400 m/z in the first 15 min, 

and 130-400 m/z during the last 13.5 min of the analysis. 

A multilevel calibration curve was constructed for SMX and m/z 99 at 8 concentration levels 

(0.03-50 mg/L) and 3 concentration levels (1-10 mg/l), respectively, in a matrix containing 5 

mM PS. Each sample was injected 3 times. Over the entire range of concentrations, linear 

calibration curves with R² > 0.99997 and R² > 0.99993 and average RSDs below 3% were 

obtained for SMX and m/z 99, respectively (except at the LOQ where RSD ≤ 10%). The 

instrumental limits of detection (LOD) and quantification (LOQ) were determined by injecting 

solutions of decreasing concentrations. Considering a S/N ≥ 3 (n= 5) for the LOD and a S/N ≥ 
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10 (RSD < 10%, n= 5) for the LOQ, the LOD and LOQ for SMX were 0.03 mg/L and 0.009 

mg/L respectively. For m/z 99, the LOQ and LOD were 1 mg/L and 0.3 mg/L respectively.

2.4 ECOSAR screening

To assess the potential acute and chronic toxicity of the identified degradation products, the 

ECOSAR (ECOlogical Structure-Activity Relationship) predictive model, developed by the US 

Environmental Protection Agency was used as done in previous literature [19,20]. In terms of 

acute toxicity, 96-h Half Lethal Concentration (LC50) for fish, 48-h LC50 for daphnia and 96-h 

Half Effective Concentration (EC50) for green algae was estimated for every degradation 

product. For chronic toxicity, the Chronic Value (ChV) was determined.

2.5 Electron spin resonance (ESR) experiments

The ESR experiments were carried out using the method proposed by Zalibera et al. (2009) 

[21]. 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) was used as spin trap. For every experiment, 

PS and pure DMPO were dissolved in dimethyl sulfoxide (DMSO) to obtain a concentration of 

2 and 20 mM respectively. Then, heat activation of the solution was performed and an aliquot 

of the reaction mixture was placed in the ESR instrument using a Teflon sample holder. The 

ESR spectra were obtained at room temperature using a JEOL JES-FA100 (X-band, ~ 9.2 GHz) 

spectrometer. Conventional continuous wave absorption first derivative measurements were 

carried out with the use of periodic modulation Bmcos(ωmt), at ωm/2π ≈ 100 kHz of the applied 

magnetic field B. Spectrum g values were determined by making use of a co-mounted 

calibrated Mn2+ marker sample. 

3. Results and discussion
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3.1 Process kinetics

During all experiments, SMX degradation was measured over time to investigate the kinetics 

of the process. Pseudo first order kinetics for heat-activated persulfate oxidation were 

previously reported [16,22]. This assumption was verified and confirmed for all experiments 

by plotting ln([SMX]/[SMX]0) as a function of time. If the degradation reaction indeed follows 

pseudo first order kinetics, a straight line is obtained with the observed reaction rate constant 

kobs as its negative slope. As an example, Figure 1a shows the SMX degradation over time for 

one of the experiments. In Figure 1b, the fit for pseudo first order kinetics is shown. This results 

in an observed reaction rate constant of 0.0297 min-1 with an R² of 0.9929, hence confirming 

the validity of the pseudo first order kinetic model. 
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Figure 1: a) [SMX]/[SMX]0 as a function of time; b) Determination of the process kinetics. Conditions: T= 70 

°C, [PS]0= 10 mM, [SMX]0= 100 ppm.

3.2 Influence of oxidant concentration

The influence of the PS dose on the SMX degradation was assessed. Figure 2a shows the SMX 

degradation for different PS doses, ranging from 0 to 35 mM. The degradation rate increases 

with increasing initial PS dose [PS]0. A spectrophotometric determination of PS after 140 min 

reaction time confirmed that a rest concentration of PS was present for every experiment in this 

section, indicating that PS was available for activation throughout the whole reaction and that 
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it was not stoichiometrically limiting the reaction. It was previously found that increasing PS 

concentration resulted in an increase of produced radicals, explaining the increase of SMX 

degradation rate at higher [PS]0 [23].

The relationship between the PS dose and the reaction rate constant was determined in detail 

following the methodology previously suggested by Ma et al. (2017) [22]. The reaction rate r 

is defined as follows:

(5)𝑟 =
‒ 𝑑[𝑆𝑀𝑋]

𝑑𝑡 = 𝑘 ∗ [𝑆𝑀𝑋]𝑎[𝑃𝑆]𝑏

In this equation, r is the reaction rate, k the reaction rate constant, and a and b the order of the 

reaction in SMX and PS, respectively. Factor a in Equation (5) will be equal to 1 if the reaction 

is of pseudo first order (which was confirmed earlier), and when using the definition for pseudo 

first order reaction kinetics, Equation (6) is valid, leading to the expression for kobs as a function 

of k and [PS] (Equation (7)). 

(6)𝑟 =
‒ 𝑑[𝑆𝑀𝑋]

𝑑𝑡 = 𝑘 ∗ [𝑆𝑀𝑋]𝑎[𝑃𝑆]𝑏 =  𝑘𝑜𝑏𝑠 ∗ [𝑆𝑀𝑋]

(7)𝑘𝑜𝑏𝑠 = 𝑘 ∗ [𝑃𝑆]𝑏

By taking the natural logarithm of Equation (7), this equation is transformed into Equation (8).

(8)ln (𝑘𝑜𝑏𝑠) = ln (𝑘) + 𝑏 ∗ 𝑙𝑛([𝑃𝑆])

When PS is present in large excess, [PS] will only vary limitedly throughout the reaction and 

thus can be equated to [PS]0 to obtain Equation (9). 

(9)ln (𝑘𝑜𝑏𝑠) = ln (𝑘) + 𝑏 ∗ ln ([𝑃𝑆]0)

Equation (9) expresses the relationship between the SMX degradation (through kobs) and the 

initial PS concentration. By plotting ln(kobs) against ln([PS]0), a linear relationship is obtained, 

with the slope of the straight line that is produced equaling the reaction order of the 
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decomposition in PS (factor b). As depicted in Figure 2b, the linear fit of the obtained 

experimental results yields a slope (b) of 0.8699 with coefficient of determination R2=0.9975. 

First order kinetics in PS was already suggested previously [24]. Therefore, factor b is expected 

to have a value close to 1. The obtained experimental value is hence in good agreement with 

previous observations. 
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Figure 2: a) SMX degradation for different PS concentrations; b) Determination of relationship between SMX 

degradation and persulfate dose. Conditions: T=70 °C, [PS]0=0-35 mM, [SMX]0=100 ppm.

3.3 Influence of temperature

The influence of the reaction temperature on heat-activated persulfate oxidation was 

investigated next. Figure 3a shows the degradation of SMX as a function of time at different 

temperatures, ranging from 40 °C to 80 °C. It has been shown that PS can be activated at 

temperatures between 35-130 °C [25]. As shown in Figure 3, the SMX degradation rate is 

strongly enhanced by increasing the temperature. This is attributed to both an increase in PS 

activation efficiency, and an increase in observed reaction rate constant: the feasibility of 

activation of PS was shown to increase with increasing temperature, making the production of 

radicals easier and next to this, the observed reaction rate is known to increase with the reaction 

temperature [26]. To determine the temperature dependency of the process, the activation 
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energy was determined by calculating the pseudo first order reaction rate constant (kobs) of SMX 

degradation for every temperature T and plotting ln(kobs) as a function of (1/T). The activation 

energy was then defined by the slope of this correlation, and the pre-exponential factor as the 

intercept on the y-axis, following the Arrhenius equation as expressed in Equations (10) and 

(11) (Figure 3b).

(10)𝑘𝑜𝑏𝑠 = 𝑘0 ∗  𝑒
‒ 𝐸𝑎
𝑅𝑇

(11)ln (𝑘𝑜𝑏𝑠) = ln (𝑘0) +
‒ 𝐸𝑎

𝑅𝑇

The activation energy was determined to be 103 kJ/mol. Ji et al. (2015) and Gao et al. (2015) 

previously reported an activation energy of 119.6 and 130.93 kJ/mol, respectively [16,27]. 

These results are in fair agreement with the value obtained in this study.
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Figure 3: a) SMX degradation for different temperatures; b) Determination of activation energy. Conditions: 

T=40-80 °C (Reference= room temperature, ± 23 °C), [PS]0=10 mM, [SMX]0=100 ppm.

3.4 Influence of initial SMX concentration

The influence of the initial SMX concentration is shown in Figure 4. The observed reaction rate 

constant increased with decreasing initial SMX concentration. This is attributed to the ratio 

between the number of produced radicals and the amount of SMX. In each experiment, it is 

assumed that the same number of radicals are formed, but as the amount of SMX decreases, 
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more radicals will be available per unit of SMX which causes the higher observed SMX 

degradation and higher observed reaction rate constant [28].
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Figure 4: Effect of initial SMX concentration on the observed reaction rate constant. Conditions: T=70 °C, 

[PS]0=5 mM, [SMX]0=25-100 ppm

3.5 Influence of initial pH

To assess the influence of pH on the heat-activated persulfate oxidation process, the initial pH 

of the SMX mixture was adjusted to 2.9, 4.6 (not adjusted, indicated as NA), 6.8, 8.7 and 9.  

It is important to note that no pH buffer was added, meaning that the pH could change during 

the reaction. Therefore, the pH was monitored during every experiment. It was observed that 

the pH decreased from the initial pH to a value close to 3.5 in all experiments (except for the 

experiments with a pH of 2.9, here the pH remained constant during the observed time). This 

evolution can only be explained via the produced degradation products. For example, Moradi 

and Moussavi (2018) suggested that the pH is influenced by carboxylic acids such as formic 

and acetic acid, which are formed during the degradation of SMX [29].

The degradation of SMX for different initial pH values is shown in Figure 5a. A clear difference 

in SMX degradation is observed during the first 60-80 min of degradation, after which no 

further difference between the curves is observed. The latter is attributed to the pH change 
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during the degradation process: after a reaction time of 60 min, the pH value of the reaction 

mixture has converged to a value of 3.5 for all experiments, hence no significant difference is 

further noticed between the experiments. 
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Figure 5: a) SMX degradation for different initial pH; b) Change of kobs as a function of initial pH. Conditions: 

T= 70 °C, [PS]0=5 mM, [SMX]0=100 ppm.

The difference in SMX degradation during the first 60 min due to a difference in pH is attributed 

to two causes: (i) a change in SMX distribution and (ii) the formation of other radicals differing 

in reactivity. Both causes are dependent on the pH of the reaction mixture. In the studied pH 

range, SMX exists in different ionization forms (SMX has two pKa values: pKa1=1.97 and 

pKa2=6.16). The occurrence of the different ionization forms of SMX as a function of the pH 

is depicted in Figure 6. The deprotonated form of SMX is dominant at pH above the pKa2 of 

the molecule. Depending on the radicals present, this influences the degradation pathway. 

Previously, the deprotonated form of SMX was found to be more susceptible for •SO4
- oxidation 

[30].
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Figure 6: Distribution of SMX as a function of pH. Made in MarvinSketch 18.4 (ChemAxon).

The formation of radicals is also pH dependent. •SO4
- can react with OH- ions to form •OH 

(Equation (12)). Another way to form •OH from •SO4
-, is via the hydrolysis of •SO4

- (Equation 

(13)). However, the reaction rate of this reaction is relatively low (<110³ M-1s-1, compared to 

6.5107 M-1s-1 for Equation (12)) [6].

(12)∙ 𝑆𝑂 ‒
4 +  𝑂𝐻 ‒ →𝑆𝑂2 ‒

4 +  ∙ 𝑂𝐻

(13)∙ 𝑆𝑂 ‒
4 +  𝐻2𝑂→𝑆𝑂2 ‒

4 +  ∙ 𝑂𝐻 + 𝐻 +

These produced radicals can also react with SMX. Figure 5b shows the obtained observed 

reaction rate constant (kobs) as a function of the initial pH. It was determined for the degradation 

process, considering the first 60 min of reaction only. This figure shows an increase in the 

observed reaction rate constant with increasing initial pH. This was also observed by Ji et al. 

[16]. However, they could not identify which of the two causes was responsible for this 

difference. Since an increase in initial pH causes an increase in the deprotonated form of SMX 

as well as an increase in •OH formation, both mechanisms can cause the increasing SMX 

degradation rate. Therefore, in the next section, the radical contributions in the system (at 

different initial pH values) were investigated.
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3.6 Radical contributions

Two techniques were used to investigate which type of radicals play a key role in the heat-

activated persulfate oxidation: (i) an indirect method using radical scavengers and (ii) a direct 

method using ESR measurements. For the radical scavenging experiments, ethanol (EtOH) was 

used as a scavenger for both •SO4
- and •OH, because of its high reaction rate with both types of 

radical (reaction rate constants of 1.6-7.7107 M-1s-1 and 1.2-2.8109 M-1s-1 for •SO4
- and •OH, 

respectively). Tertiary butanol (TBA) on the other hand, was used as an •OH scavenger, because 

of its high reaction rate with •OH (reaction rate constant of 3.8-7.6108 M-1s-1) and, contrary to 

EtOH, a lower reaction rate with •SO4
- (reaction rate constant of 4.0-9.1105 M-1s-1) [23]. By 

adding both scavengers separately and in excess with respect to SMX, the radicals responsible 

for the degradation were (indirectly) identified. Figure 7 shows the result of the radical 

scavenging experiments. It is clear that at a pH of 4.6 (NA), the addition of TBA does not result 

in a decrease in SMX degradation, indicating that, in this process, the degradation of SMX 

occurs via •SO4
-. This has previously been confirmed by Zhang et al. (2015) who found that, at 

pH < 7, •SO4
- was the dominant radical [7]. As previously discussed, •OH is formed at higher 

pH (Equation (12)). Liang and Su (2009) found that at a pH around 9, both •SO4
- and •OH are 

present [31]. Therefore, at an initial pH of 9, a limited difference in SMX degradation between 

the addition of TBA and the reference experiment is expected. The result hereof is shown in 

Figure 7b. In this figure, a limited (but significant, as confirmed by a paired t-test (p-

value=0.00023)) difference is observed in SMX degradation with and without TBA. The fact 

that only a limited difference is observed, is probably due to the rapid decrease in pH during all 

experiments as previously described (the decrease in pH during these experiments was identical 

with and without scavengers). It also indicates that •SO4
- is the dominant radical in the 

degradation process. The previous analysis leads to the conclusion that the increasing 
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degradation rate at increasing initial pH is attributed to the increased presence of the 

deprotonated form of SMX in the reaction mixture.

Figure 7 shows that a limited SMX degradation is still observed when adding EtOH to the 

process, which is probably due to the need for a higher excess ratio of SMX:scavenger. 

However, due to the relatively low solubility of SMX, this ratio was kept at 1:100 to prevent 

precipitation. 

To further confirm the large contribution of •SO4
- in this process, a more direct technique, i.e., 

X-band ESR spectroscopy, was used. For the application of this technique, the formed radicals 

are initially reacted with a spin trapping agent, forming a stable radical adduct (relative to the 

radical itself). Each radical adduct has a specific ESR spectrum, enabling the identification and 

analysis of the different radicals [6]. In this case, the ESR experiments were conducted in 

DMSO using the spin trapping agent DMPO (see experimental section). Heat activation of 

persulfate in the presence of the spin trapping agent resulted in a six-line spectrum (Figure S1). 

This spectrum is in accordance to the spectrum found by Zalibera et al. (2009), who confirmed 

it as the DMPO-SO4 spectrum [21]. The figure also shows no presence of the DMPO-OH 

spectrum, verifying the dominance of •SO4
- in the reaction mixture and confirming the absence 

of •OH in this process (at non-adjusted pH). This way, the results of the scavenging experiments 

are confirmed. 
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Figure 7: Radical contributions in heat-activated persulfate oxidation. Conditions: T=70 °C, [PS]0= 5 mM, 

[SMX]0= 100 ppm, molar ratio SMX:scavenger= 1:100, initial pH: a) non-adjusted (NA): 4.6; b) 9.

3.7 Identification of degradation products

3.7.1 Degradation mechanism

Several degradation products were identified with UHPLC-UV-MS. To identify the main routes 

of degradation, these degradation products were monitored for 140 min during the SMX 

degradation, using different initial PS concentrations (5, 10 and 35 mM). As previously 

described, increasing the PS concentration results in an acceleration of the degradation process. 

This way, the sequence of formation of these products was identified. The structures of the 

found degradation products are shown in Figure S2. A product with m/z 270 [M-H+] was 

identified. The fragmentation pattern of this compound confirmed this degradation product to 

be hydroxylated-SMX (OH-SMX, observed MS2 fragments: m/z 204, 172, 124, 108 and 99). 

The component with m/z 284 [M-H+], was identified as nitro-SMX (NO2-SMX, observed MS2 

fragments: m/z 220, 193, 189, 173, 143 and 122). Next to this, m/z 99 [M-H+] was identified as 

3-amino 5-methylisoxazole (observed MS² fragments: m/z 72, 71 and 55). These three products 

were confirmed by comparing their fragments with those found by Gómez-Ramos et al. (2009) 

[32]. The identity of the product with m/z 99 was additionally verified with an analytical 

standard, by comparing retention times and observed fragments. Aside from these degradation 

products, a product with m/z 282 was found. To the best of our knowledge, this transformation 

product was not yet detected in heat-activated persulfate oxidation. However, it has been 

detected by Gmurek et al. (2015) during the phototransformation of SMX and was identified as 

formyl-SMX [33]. Achermann et al. (2017) also found this degradation product in the 

biotransformation of SMX [34]. It should be noted that the identity of m/z 282 was only 

confirmed by one fragment (MS³ fragment: m/z 136 in accordance with Achermann et al. 

(2017)), therefore its structure should be considered as tentative only.
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The degradation of SMX for initial PS concentrations of 5-35 mM was already shown in Figure 

2a. The evolution of the degradation products as a function of time for different initial PS 

concentrations is displayed in Figure S3. This figure shows that a higher initial PS concentration 

leads to an acceleration of the degradation process. This can be deduced from the observed 

maximum concentration for each degradation product: at higher PS concentrations, the 

maximum relative peak area is observed earlier in time. Figure 8 shows the time needed for 

every degradation product to reach its maximum relative peak area. In this figure, the shortest 

time needed to reach its maximum relative peak area is observed for m/z 270, indicating that 

this is the first degradation product formed. For m/z 282 and 284, the time needed is identical 

at 10 and 35 mM, whereas at 5 mM a difference in time is observed. This indicates that these 

products are formed simultaneously in the degradation process. However, the formation of m/z 

284 is faster. From the degradation mechanism proposed by Ji et al. (2015) and Yang et al. 

(2017), m/z 284 is formed through a few intermediates, including N4-OH-SMX and NO-SMX 

before forming NO2-SMX [16,35]. This is in contrast to m/z 270, which explains the faster 

formation of m/z 270. For m/z 282, no formation process has been proposed so far.

Finally, m/z 99 needs the longest time to reach its maximum concentration, indicating a slow 

formation of this product. From the predicted reaction pathways reported by Ji et al. (2015) and 

Yang et al. (2017), m/z 99 is a product mainly formed through bond cleavage of SMX or 

substituted byproducts [16,35]. The slow formation is, therefore, probably due to the 

degradation of SMX and its degradation products, such as m/z 270, 282 and 284, that are only 

formed later in the degradation process.

Besides the found degradation products in the reaction mixture, a precipitate was formed during 

the process. This precipitate was collected through filtration and further characterized by 

dissolution in MeOH and analysis with MS through infusion. The precipitate was found to 

consist of two products: one with m/z 503 [M-H+] and one with m/z 519 [M-H+]. These products 
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were previously reported by Yang et al. (2017) and are dimeric compounds, formed by coupling 

of the produced N-centered radicals during degradation [35]. The coupling of two radicals 

results into a product with m/z 503, and hydroxylation of this compound further leads to a 

product with m/z 519. The found products were further identified by comparing the fragment 

ions with those found by Yang et al. (2017) (confirmed MS² fragment ions for m/z 503: m/z 

439 and 412, for m/z 519: m/z 421) [35].
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3.7.2 Influence of pH on the degradation process

Two types of experiments were carried out to identify the difference in SMX degradation path 

at different initial pH values: (i) identification of the degradation products at an initial pH value 

of 9 with the addition of TBA to determine the contribution of •OH in the process and (ii) 

identification of the degradation products at initial pH values of 2.9, 4.6, 6.8 and 9 to identify 

the difference in degradation path due to a difference in SMX distribution. All results are 

presented as follows: m/z 99 was quantified with an analytical standard and the other 

degradation products were quantified based on relative peak area. This relative peak area is 

defined as the peak area of the degradation product at a certain time point, divided by the 

maximum peak area (observed over the two experiments: reference and TBA). Figure 9 shows 

the results of the experiments to identify the contribution of •OH. Little to no difference in 

concentration/relative peak area is observed for most of the degradation products. For m/z 284 

however, a difference in its formation is seen. More of this product is formed when the •OH 

radicals are scavenged, in comparison to the reference degradation, where both •OH and •SO4
- 

are present. Thus, the degradation path via formation of m/z 284 is favored by the presence of 

only •SO4
-. When •OH is present together with •SO4

-, other degradation products with high 

affinity for •SO4
- are formed, so that the formation of m/z 284 is inhibited. 
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Figure 9: Evolution of degradation products m/z 99, m/z 284, m/z 270 and m/z 282. Conditions: T= 70 °C, 

[PS]0=5 mM, [SMX]0=100 ppm, initial pH=9, SMX:TBA molar ratio= 1: 100, Reference= no addition of TBA.

Figure 10 shows the results of the investigation of the influence of the SMX distribution on the 

degradation process. Here, more differences are observed compared to Figure 9, indicating the 

key role of the SMX distribution on its degradation once more. Degradation product m/z 284 is 

formed earlier with decreasing initial pH value: at an initial pH value of 9, m/z 284 is formed 

after 30 min radiation time, whereas at an initial pH value of 6.8, 4.6 and 2.9 m/z 284 is formed 

after 20 and both 10 min, respectively. After its formation, a clear difference in the curves of 

m/z 284 is observed for an initial pH of 2.9. This is explained by the hypothesis previously put 

forward related to the influence of •OH on the formation of this degradation product. At an 

initial pH of 2.9, •SO4
- is solely present and the degradation path for formation of m/z 284 is 

favored. 

Degradation product m/z 99 is formed earlier with increasing initial pH value (as is similar to 

the SMX degradation). This is displayed at the initiation of the reaction: at an initial pH value 

of 2.9, m/z 99 is only formed after 40 min, for an initial pH value of 4.6 this decreases to 30 

min and for initial pH values of 6.8 and 9 this is both after the first sampling point of 10 min. 

After m/z 99 is formed, all curves follow a more similar trend. 



  

24

Next to this, there is a clear difference in the formation of m/z 270. Its formation is increased 

at higher initial pH values. The formation of m/z 270 is thus more likely when the deprotonated 

form of SMX is present. For m/z 282, a small difference in the curves is observed. The 

formation increases slightly with increasing initial pH value. Because the formation path of this 

product is not yet confirmed, the influence of SMX distribution on its formation is unknown.
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Figure 10: Evolution of degradation products m/z 99, m/z 284, m/z 270 and m/z 282 for different initial pH 

values. Conditions: T= 70 °C, [PS]0=5 mM, [SMX]0=100 ppm.

3.8 Toxicity assessment

In accordance to Yang et al. (2017), the ECOSAR class chosen for the prediction of the toxicity 

represents the most toxic estimated values and is depicted in Table 1 [35]. It is important to 

note that the information provided in the next section involves the toxicity of the individual 

intermediates. Hence, no information is provided on the toxicity of the reaction mixture.
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The acute (LC50 for fish (96 hr) and daphnid (48 hr), EC50 for green algae (96hr)) and chronic 

toxicity (ChV, measured for fish, daphnid and green algae) of quantitatively determined 

products m/z 254 (SMX) and m/z 99 are shown in Figure 11 and 12 respectively. These figures 

also show the quantitatively determined concentration of the degradation product during the 

process for initial PS concentrations of 5, 10 and 35 mM. In Figure 11 and 12, the LC50 for fish 

is not shown, because of its relatively high toxicity value (LC50, 96 hr= 410.762 ppm and 443.4 

ppm for m/z 254 and m/z 99 respectively) relative to the found concentrations in the samples 

and the toxicity values for daphnid and green algae. 

Figure 11a shows the estimated lethal and effect concentrations for SMX, along with the 

observed SMX degradation as a function of time. For an initial PS concentration of 35 mM, 

concentrations below both LC50, 48hr, daphnid and EC50, 96hr, green algae are achieved after a treatment 

time of approximately 20 min. For an initial PS concentration of 10 mM, this treatment time is 

extended to 80 min, and for 5 mM the maximum treatment time was insufficient to achieve this. 

For the chronic values in Figure 11b, the same trend is followed. However, SMX concentrations 

exceed the ChVdaphnid value for initial PS concentrations of 5 and 10 mM. This value is only 

reached after 120 min treatment time at a concentration of 35 mM.
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Figure 11: Estimated toxicity of SMX during the SMX degradation process: a) acute toxicity; b) chronic toxicity.

Figure 12 shows the estimated toxicity values for the degradation product with m/z 99. Even 

for an initial PS concentration of 35 mM, a minimum treatment time of 40 min is necessary to 

achieve a residual concentration lower than the estimated LC50, daphnid and the EC50, green algae 
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value. For an initial PS concentration of 5 mM, the observed treatment time was insufficient to 

reach this level of toxicity. As for the chronic values in Figure 12b, the estimated ChVgreen algae 

value is not reached for an initial PS concentration of 5 mM. A minimal treatment time at a PS 

concentration of 35 mM of 40 min is required for meeting the ChVdaphnid and ChVfish value.
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Figure 12: Estimated toxicity of m/z 99 during the SMX degradation process: a) acute toxicity; b) chronic toxicity.

Based on the quantitatively determined degradation products, the residual toxicity of the sample 

is reduced significantly after a treatment time of 40 min, using an initial PS concentration of 35 

mM. Of course, herein, the other degradation products (which could not be quantified) are not 

included and the very low ChVdaphnid value for compound SMX should be underlined. Table 1 

provides an overview of the estimated toxicity values for all the found degradation products. 

Values marked with a grey background indicate an increase in estimated toxicity value relative 

to SMX. For m/z 503 and 519, the predicted values indicated by * represent values that exceed 

the solubility limit.

Compared to SMX (m/z 254), m/z 284 and m/z 99 are (generally seen) more toxic. These 

compounds are thus of specific interest for monitoring the toxicity during the degradation 

process. For degradation products m/z 503 and 519, also specific care should be taken. Since 

some toxicity values are below the already low solubility limit, and much lower compared to 

the toxicity values of SMX, the impact of these products is not to be neglected.
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Table 1: Estimated toxicity values for the degradation products by ECOSAR model.

 Fish Green algae Daphnid  

Degradation 
product

LC50, 96hr   
(ppm)

ChV         
(ppm)

EC50, 96hr 
(ppm)

ChV      
(ppm)

LC50, 48hr 
(ppm)

ChV         
(ppm) ECOSAR Class

m/z 254 (SMX) 410.762 2.337 6.615 10.402 1.872 0.086 Anilines (Unhindered)
m/z 270 943.305 5.485 9.149 13.733 2.012 0.126 Anilines (Unhindered)
m/z 284 306.332 0.33 8.139 5.499 483.427 16.189 Amides
m/z 99 443.424 2.597 3.637 5.375 0.735 0.051 Anilines (Unhindered)

m/z 282 1132.634 104.588 2783.236 936.797 603.632 61.413 Anilines (Hindered)
m/z 503 32.62* 0.097 1.253* 1.74* 23.43* 2.424* Amides
m/z 519 74.215* 0.166 2.57 2.915 66.507* 5.011 Amides

*not soluble in water, solubility of m/z 503: 0.8073 ppm, solubility of m/z 519: 6.227 ppm  

4. Conclusion

The heat-activated persulfate oxidation process for the degradation of SMX was investigated. 

It was found that this process followed pseudo first order kinetics and a relationship between 

PS concentration and reaction rate constant was established. The temperature dependence of 

this process was examined, from where an activation energy of 103 kJ/mol was obtained. The 

reaction rate constant was found to increase with decreasing initial SMX concentration. Next 

to this, a difference in SMX degradation was observed at different initial pH values, especially 

at higher pH values. This was found to be the result of two causes: (i) SMX distribution: at 

higher pH the deprotonated form of SMX was present and (of smaller contribution) (ii) 

formation of •OH at higher pH values. The dominance of •SO4
- in this process was confirmed 

by ESR experiments. The degradation of SMX in its degradation products was also investigated 

and resulted in the identification of six reaction intermediates: m/z 270, 284, 99, 282, 503 and 

519. By analyzing these intermediates, the course of the reaction was analyzed and identified 

in following order: m/z 270 – m/z 284 – m/z 282 – m/z 99. Two reaction products with m/z 503 

and 519 were found as precipitates at the end of the reaction process. To distinguish the 

difference in SMX degradation at different pH values, the influence of •OH distribution on the 
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degradation path at an initial pH value of 9 was also investigated. Next to this, the degradation 

path at different initial pH values was determined to evaluate the influence of the SMX 

distribution (apart from •OH contribution) in the degradation process. The influence of •OH 

was in the formation of degradation product m/z 284: it was found that this product formation 

was favored when solely •SO4
- was present. The influence of the SMX distribution was most 

explicit in the formation of m/z 270, which was favored at higher initial pH value when the 

deprotonated value of SMX was present. A prediction of toxicity was carried out using the 

ECOSAR program for predicting both acute and chronic toxicity of the formed products. From 

this prediction, a significant reduction of toxicity was observed at a PS concentration of 35 mM 

and a reaction time of 40 min. However, care should be taken when interpreting these results, 

as the toxicity values do not consider the influence of mixtures of the degradation products.
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