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Monopersulfate in water treatment: Kinetics 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• A detailed radical mechanism of perox-
ymonosulfate decomposition is applied. 

• Some of the elemental reactions used 
can be neglected due to low/null 
influence. 

• Use of pseudofirst order kinetics is an 
oversimplified strategy in most cases. 

• Influence of main operating variables 
can be theoretically modelled. 

• A generic model is proposed to simulate 
peroxymonosulfate based systems.  
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A B S T R A C T   

The kinetics of monopersulfate based systems in the elimination of potential harmful contaminants has been 
assessed from a theoretical point of view. A detailed reaction mechanism sustained in the generation of radicals 
(mainly hydroxyl and sulfate), propagation and termination stages has been proposed. The system of first order 
differential equations derived has numerically been solved. The effect of main influencing parameters such as 
contaminant and peroxymonosulfate initial concentrations, intermediate generation, presence of organic matter, 
role played by anions, has been theoretically obtained. Discussion of simulated results has been accomplished by 
comparison with experimental data found in the literature. At the sight of the theoretical and empirical data, use 
of simplistic pseudo first order kinetics is discouraged. Despite considering a significant number of elemental 
reactions, modelling of the system reveals that a high fraction of them can be neglected due to their insignificant 
role played in the mechanism. The entire mechanism has been tested when peroxymonosulfate has been acti-
vated by UV radiation, although results can be fairly extrapolated to other activation strategies. Finally, a generic 
model capable of accounting for the effect of a diversity of parameters is proposed. No theoretical background is 
behind the model, however the generic model clearly improves the results obtained by simple first order kinetics.   

1. Introduction 

According to United Nations (United Nations: Sustainable develop-
ment goals, 2021), water shortage affects more than 40 per cent of Earth 
population and, what is of major concern, this scarcity is expected to rise 
in the near future. More than 1.7 billion people are currently living in 
river basins where water use exceeds natural or artificial recharge. 
Under this distressing scenario, more than 80 per cent of wastewater 
from anthropogenic origin is discharged into rivers or sea without any 
contamination reduction. 

Amongst the targets proposed by United Nations, by 2030 society 
must improve water quality through water pollution reduction. Two 
principal alternatives are considered, the most desirable is minimization 
of contaminants release. The other way is effective and sustainable 
application of pollution removal technologies. The goal to be achieved is 
halving the amount of untreated wastewater simultaneously increasing 
recycling and safe reuse (United Nations: Sustainable development 
goals, 2021). In any case, the costs of adequate wastewater management 
are significantly outweighed by the benefits to human health, economic 
development, and environmental sustainability (United Nations: Water 
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Policy Brief: Water Quality, 2011). 
Water treatment can be approached through different alternatives 

depending on the perspectives for final use/recycling, contamination 
nature and pollution load. As a rule of thumb, when suitable, biological 
processes is the preferred option in wastewater treatment systems and 
micropollutants abatement. Simplicity and attractive economy aspects 
are under this preferential usage. Biological based treatments go back to 
early years of the 20th century. The activated sludge methodology was 
first reported in 1913 (Henze et al., 2008). 

However, in some circumstances, biological processes are not 
adequate and bio recalcitrant/toxic compounds cannot be treated in 
conventional wastewater plants (Merle et al., 2009; Sarria et al., 2002; 
Santiago et al., 2004). Different approaches are considered including 
physicochemical processes such as precipitation flocculation 
(Jørgensen, 1979; Guerreiro et al., 2020; Lal and Garg, 2017; Pantziaros 
et al., 2018) membrane filtration (Ayol et al., 2021; Hongchao Li et al., 
2021; N. Li et al., 2021; Y. Li et al., 2021; Nesan et al., 2021; Saravanan 
et al., 2021), adsorption (Cheng et al., 2021; Oba et al., 2021; Sivar-
anjanee and Kumar, 2021) or/and chemical oxidation/reduction 
(Chauhan et al., 2021; Divyapriya et al., 2021; Javaid et al., 2021). 
Amongst oxidation technologies, advanced oxidation processes (AOPs) 
are widely studied as an efficient alternative and promising option in the 
next future. (Ma et al., 2021). These processes are based on the gener-
ation of powerful free radicals (mainly HO•) capable of unselectively 
attack a significant number of organic and inorganic compounds. The 
future of AOPs relies on reducing the high energy demand and elevated 
costs associated to their application (Miklos et al., 2018). Research on 
AOPs implementation has been focused both in individual compounds 
and complex wastewater matrix (Antonopoulou et al., 2021; Ashraf 
et al., 2021; Bhat and Gogate, 2021; Davididou and Frontistis, 2021; 
Dinh et al., 2020; Domingues et al., 2021; Giannakis et al., 2021; Korpe 
and Rao, 2021; Hongchao Li et al., 2021; Y. Li et al., 2021; N. Li et al., 
2021; Mpatani et al., 2021). Broadly speaking, works based on the 
application of AOPs focus on assessing the efficiency in contamination 
removal, influence of different parameters, catalyst characterization 
and, to a lesser extent, kinetic analysis of the process. This is particularly 
evident in sulfate radical based processes, likely due to the more recent 
appearance of this technology in the field of water and wastewater 
treatment. 

Modelling of process kinetics is the base of reactor and plant treat-
ment design (Berger et al., 2001; Zalazar et al., 2004). At this point, a 
dilemma emerges when facing complicated systems, (as it is the case of 
AOPs). Advanced oxidation processes proceed through the development 
of a huge number of elemental reactions, in series and parallel, involving 
initiation, chain propagation and termination stages. In some cases, a 
number of these stages is difficult to evaluate/identify. Hence, the 
generation, existence or role played by some species is not always 
warranted or conveniently proven. The role played by generated organic 
radicals (i.e. organic peroxyradicals), the importance of inorganic rad-
icals generated from carbonates, chlorides, nitrates, etc., the presence of 
initiators or chelating agents, the development of useless side reactions 
such as peroxide decomposition, etc. are not well assessed (Rivas et al., 
2003, 2002, 1998). Moreover, some of the aforementioned issues affect 
the process to a different extent, depending on the operating conditions 
and water matrix nature. Additionally, identification and quantification 
of intermediates with time is practically impossible, so the influence of 
the presence of these intermediates cannot be adequately evaluated or 
considered rigorously. 

Consequently, modelling of AOPs processes can be faced from two 
different points of view. On one hand, the ultimate task of a kinetic 
expression/model can be assumed to simulate the process around the 
operation point with the hope that conditions are not going to signifi-
cantly change. In this case, there is no need to handle complicated 
mathematical expressions or reaction mechanisms. Simple models such 
as pseudo first order kinetics are then applied (Liu et al., 2020; 
Pérez-Moya et al., 2011; Wu et al., 2019; Meng et al., 2020). On the 

other hand, the alternative is to consider a set of elemental reactions 
involving radicals, molecular reactions, mass transfer processes, radia-
tion models, equilibriums, etc. Obviously, all the above lead to formu-
lation of complicated models in differential equations form that must be 
solved (Djaballah et al., 2021; Ko et al., 2009; T. Zhang et al., 2019; Z. 
Zhang et al., 2019; Zhou et al., 2018). A third option could be a mixture 
of the previous strategies, i.e., use of elemental reactions and simplified 
expressions to simulate, for example, radiation distribution in the pho-
toreactor, or applying the hypothesis of steady state to radicals (Solís 
et al., 2019). 

Both kinetic approaches present some advantages and disadvan-
tages. Hence, use of simplistic first order kinetics involves not only the 
easiness of mathematics but a rapid method to compare different tech-
nologies (from a kinetic point of view). Also, first order kinetics is the 
starting point to calculate some figure of merits related to the economy 
of the specific process applied (Bolton et al., 2001). Drawbacks arise 
from the lack of a solid kinetic base behind. In most of cases, experi-
ments carried out at different initial concentration of the target com-
pound reveal a significant dependency of the observed rate constant 
with parent compound concentration at time zero, discarding therefore, 
the development of pure pseudofirst order kinetics. This error is 
frequently found in the specialized literature, so data obtained is of 
limited (if any) value. Pseudo first order kinetics application becomes 
just a fitting process which, in some cases even results in a poor fitting 
process. 

Use of a detailed reaction mechanism involves the knowledge of 
elemental reactions. These elemental reactions should sustain the in-
fluence of operating variables, determine the evolution of radical spe-
cies, predict the influence of scavenging substances, etc. Difficulties 
arise when considering reaction intermediates, formation of complexes 
that change initiation rate stages, inefficient decomposition of perox-
ides, etc. Application of detailed reaction mechanisms is the preferred 
option from an academic point of view. Likely, simplified models are the 
desired alternative for water treatment practitioners. 

A brief compilation of recent works focused on the use of perox-
ymonosulfate as radical promoter in water and wastewater treatment 
(see Table 1) reveals that a significant percentage of them sustains the 
kinetic conclusions in the application of simplistic pseudo first order 
expressions. Moreover, frequently, experiments carried out at different 
initial concentrations of target compounds uncover that kobs (the pseu-
dofirst order rate constant) depends on the initial load of the parent 
compound. This behavior is inconsistent with pure pseudo first order 
kinetics. In any case, detailed reaction mechanisms, despite of being a 
more useful tool than simplistic expressions, are not normally capable of 
adequately modelling the process under all possible scenarios. Likely, a 
consensus between both strategies should be adopted. The proposal of 
pseudoempirical models, simulating the influence of main variables 
around the operation point, seems to be the best choice. 

The objective of this work is the resolution of a detailed mechanism 
involving the highest number of elemental reactions derived from the 
use of monopersulfate in water. The system of first order differential 
equations was solved by using a complex pathway simulator (Hoops 
et al., 2006). Use of a generic compound would eventually allow the 
identification of key stages and secondary reactions that could be 
neglected. In general, the related bibliography does not elucidate the 
key and non-influencing steps from a quantitative point of view. Theo-
retical results obtained are also the base to discard simple pseudo first 
order expressions, commonly applied in the literature (see Table 1). The 
effect of operating variables is analyzed and compared to results re-
ported in previous works. An in-depth discussion is accomplished to 
consider the different and, in some cases opposite, influence of the same 
variable found in some investigations. 

As stated previously, use of a pseudo-empirical model is an option of 
compromise between the complexity of a detailed reaction mechanism 
and the simplicity of a logarithmic fitting process. Accordingly, an 
attempt has been made to achieve an intermediate model capable of 
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Table 1 
Brief summary of PMS based technologies for contaminant abatement.  

Activation method Target compound Experimental conditions Notes Reference 

CO3
2-/PMS Bisphenol A BPA = 0.05 mM, CO3

2- = 5 mM, 
and PMS = 1 mM 

0.006–0.09 min− 1 rate constants. Initial BPA effect 
discards pseudofirst order kinetics 

(Abdul et al., 2021) 

Co(II)/PMS Chloramphenicol [Co2 + ]0 = 0.01 mM, [PMS]0 =
4 mM, no pH adjustment. 

0.006–0.1 min− 1 rate constants. Initial target 
compound effect discards pseudofirst order kinetics 

(Xue et al., 2021) 

HPO3
2 − /PMS Several contaminants [pollutants] = 20 mg/L, [PMS] =

10.0 mM, [HPO3
2 − ] = 25.0 mM, 

pH = 7.06. 

Psudofirst order kinetics applied. Study of inorganic 
anions influence. 0.02–0.15 min− 1 rate constants. 

(J. Peng et al., 2021; Y. 
Peng et al., 2021; G. Peng 
et al., 2021) 

PMS/Cyclam Mn(II) RBR K-2BP MnL = 1.0–10 μM. [substrate]0 =

20 mg/L PMS = 0.1–1.0 mM. 
pH= 3.0–11.0. T = 15–30 ◦C) 

Psudofirst order kinetics applied at different 
operating conditions. Rate constants varies with 
parameter values 

(Yu et al., 2020) 

Fe/Fe3O4/PMS Iopamidol, atrazine [IPM] = [ATZ] = 5.0 mg L− 1, 
[PMS] = 25.0 mg L− 1, Fe/Fe3O4 
dose = 0.5 g L− 1 

Pseudo first order kinetics with rate constants as 
high as 1.5 min− 1. 

(Hu et al., 2021) 

Tourmaline/ 
Perovskite/ PMS 

Methylene blue T = 25 ℃, [PMS] = 0.2 g/L, 
[catalyst] = 0.1 g/L, pH = 7.8 

0.66 − 0.26 min− 1. MB influence discards first order 
kinetics 

(Wang et al., 2021) 

Cu0.76Co2.24O4/SBA- 
15/PMS 

Sulfapyridine [catalyst]= 1.0 g/L, [SPD]= 50 
μmol/L, [PMS]/[SPD]= 20, 
[pH]= 7. 

0.03–0.06 min− 1 rate constants. Initial sulfapyridine 
influence discards first order kinetics 

(He et al., 2021) 

Co1+xFe2− xO4/PMS Rhodamine B [RhB]0 = 40 mg/L, [catalyst] =
200 mg/L, [PMS] = 200 mg/L 
pH0 = 5, T = 25 ◦C 

Pseudofirst order in the order = 0.26 min− 1. No runs 
at different RhB concentration completed 

(Zhao et al., 2021) 

FeS@biochar / PMS 2,4-dichlorophenoxyacetic 
(2,4-D) 

[catalyst] = 500 mg/L, [PMS] =
0.65 mM, [2,4-D] = 0.045 mM, 
pH0 = 3.4. 

Langmuir type kinetics with zero or first order 
depending on limiting stage 

(Hong et al., 2021) 

Goethite/biochar/PMS Tetracycline (TC) [catalyst] = 50 mg/L, [PMS] = 1 
mM, [TC] = 30 mg/L and T = 298 
K. 

0.013–0.021 min− 1 rate constants with special 
relevance of singlet oxygen. Initial TC effect discards 
used kinetics 

(C. Guo et al., 2021; Y. Guo 
et al., 2021) 

CuCo-MOF-74/PMS Methylene blue (MB) PMS = 2.0 mM; MB = 0.2 mM; 
catalysts = 100 mg/L; T = 25 ◦C. 

Pseudofirst order rate constant in the range 
0.02–0.18 min− 1. Experiments at different MB initial 
concentration discard first order kinetics 

(Li et al., 2021a) 

Fe2Mn1-Fe@NC/PMS 4-aminobenzoic acid ethyl 
ester (ABEE) 

20 mg/L ABEE solution, 0.1 g/L 
catalyst and 0.1 mM PMS 

Maximum rate constant 0.4238 min− 1 (Y. Huang et al., 2021; Z. 
Huang et al., 2021) 

CuM@Fe3O4 (M= Mg, 
Zn, Ca, Ba, Al)/PMS 

Acetaminophen (ACE) [ACE] = 0.03 g/L, [PMS] = 0.153 
g/L, [catalysts] = 0.05 g L− 1, 
[pH]0 = 7, T = 30 ◦C. 

Important role played by1O2Pseudofirst order rate 
constant in the range 0.002–0.242 min− 1 

(Zhou et al., 2021) 

Carbonized 
polyaniline/PMS 

Phenol [Phenol] = 10 μM, [Catalyst] =
25 mg/L, [PMS] = 0.5 mM, initial 
pH = 7.0. 

Pseudofirst order rate constant in the range 
0.011–0.373 min− 1 

(Liu et al., 2021) 

Cu in LaMnO3 / PMS Sulfomethoxazole 20 mg catalyst in 100 mL 
sulfomethoxazole solution 19.8 
μmol/L and PMS (1.3 mmol/L). 

First order kinetics in the range 0.02 – 0.2 min− 1 (Gao et al., 2021) 

Fe3C@CN_CF/PMS Bisphenol A V = 30 mLFe3C@CN/CF= 0.2 g/ 
LBPA = 20 mg/L PMS = 9.0 mg 

Application of first order kinetics. Concentration 
profiles suggest kinetics other than first order. Rate 
constant 0.089 min− 1 

(Y. Guo et al., 2021; C. Guo 
et al., 2021) 

Co/CNTs/PMS Metylparaben [MeP] = 10 μM, [PMS] = 40 μM, 
[Co/CNTs] = 2 mg/L, pH 7.0, 
25 ◦C 

Study of the influence of anions (Cl-). Use of first 
order kinetics 

(G. Peng et al., 2021; Y. 
Peng et al., 2021; J. Peng 
et al., 2021) 

Ag/ZnO/ PMS/Vis p-nitrophenol [photocatalyst] = 0.5 g/L; [p-NP] 
= 30 mg/LPMS = 0.1–5 mM. 

Use of first order kinetics applied at different 
temperatures and PMS doses 

(Truong et al., 2021) 

Fe1Co1-MOF-74/PMS phenanthrene PMS = 0.2 mM; phenanthrene =
1.0 mg/L; catalysts = 50 mg/L; 
initial pH = 3.15; T = 25 ◦C 

First order rate constants in the order of 0.1 min− 1 (Li et al., 2021b) 

(CeO2)/ US/PMS tetracycline temperature: 25 ± 1 ◦C; 0.6 g/L 
catalyst, C = 15 mg/L, 50 mM 
oxidant, 50 W US power 

Zero order kinetics were applied (Asadzadeh et al., 2021) 

Ni2P/PMS Dyes, MB [MB], 100 mg L–1; [Ni2P], 150 
mg L–1; [PMS], 150 mg L–1; 
temperature, 30 ◦C 

Pseudofirst order rate constants depend on MB 
concentration (06–0.08 min− 1). 

(Wan et al., 2020) 

UV/O3/PMS Atenolol [O3] = 2.6 mg/L min− 1, [PMS]0 
= 66.4 mg/L, pH = 6.0. 

0.3–0.9 min− 1 rate constants. Initial target 
compound effect discards pseudofirst order kinetics 
although final conversion is similar, A model based 
on steady state concentration is applied 

(Yu et al., 2021c) 

UV_254 / PMS Tris(2-chloroethyl) 
phosphate 

PMS = 5–75 mg/L TCEP = 1 mg/ 
LT= 26 ± 1 ◦C pH 6.6–7.0 

Application of first order kinetics with rate constant 
in the range 0.03–0.15 min− 1, depending on 
conditions under 5 mW cm− 2 of irradiation. 
Influence of TCEP initial concentration discards first 
order kinetics. 

(Yu et al., 2021a) 

UV_254 / PMS tris-(2-chloroisopropyl) 
phosphate 

Temperature 24 ± 2 ◦C, pH 
6.7–7.0, PMS 100 mg L− 1, TCPP 
1 mg L− 1 

Application of first order kinetics with rate constant 
in the range 0.01–0.4 min− 1 

(Yu et al., 2021b) 

UV_254 / PMS Diclofenac DCF] = 1 μM, [PMS] = 50 μM Experiments at different initial concentration of 
diclofenac discard pseudofirst order kinetics 

(G. Peng et al., 2021; J. 
Peng et al., 2021; Y. Peng 
et al., 2021) 

Solar / PMS (Solís et al., 2020) 

(continued on next page) 
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taking into consideration the effect of the most influencing parameters 
without introducing poorly manageable differential equations. 

2. Results and discussion 

The kinetics of PMS activated systems will be first handled by ac-
counting for the elemental stages proposed in the literature. The effect of 
different variables and influencing parameters will be theoretically 
simulated and discussed. 

2.1. Homogeneous initiation reactions 

Activation of PMS can be accomplished through different pathways. 
For instance in the presence of radiation (Berruti et al., 2021), by ho-
mogeneous or heterogeneous catalysts (Hou et al., 2021), heat or even 
ultrasounds (Rivas et al., 2008), more examples can be found elsewhere 
(Wang and Wang, 2018). 

Likely, catalytic homogeneous or energy-based activation is the 
simplest process in terms of modelling. The presence of a solid phase and 
mass transfer limitations are avoided compared to heterogeneous cata-
lytic systems. In homogeneous catalysis, difficulties arise from the fact 
that normally, the catalyst used is a transition metal involving a redox 
cycle. The high probability of complexation of the catalyst makes diffi-
cult to know/determine both the initiating reaction to generate radicals 
and/or the reduction reaction to complete the redox cycle. Hence, 
Gimeno et al. (2009) made an attempt to model the system PMS/Co(II) 
in ultrapure water assuming an initiation reaction rate between PMS and 
Co(II) similar to the one reported in the Fenton chemistry between 
hydrogen peroxide and Fe(II). Values of comparable order are reported 
in the reaction of peroxides and transition metals in ultrapure water. 
Hence, a value of 27 M− 1s− 1 has been reported for the reaction between 
persulfate and Fe(II) (Ike et al., 2018). Given the insolubility of Co(III), 
the existence of a reduction stage from Co(III) to Co(II) through the 
reaction with PMS seems to be a crucial stage in the continuity of the 
system efficiency (Zhang and Edwards, 1992):  

HSO5
- + Co(II) → OH- + Co(III) + SO4

-• (1)  

HSO5
- + Co(II) → Co(III) + HO• + SO4

2-                                          (2)  

HSO5
- + Co(III) → Co(II) + H+ + SO5

-• (3) 

Based on the previous work, variation of the reaction rate of Eq. (3) 
was suggested depending on the complexing capacity of substances 
present in the system (Rivas et al., 2012). Besides reactions 1 and 2, 
some authors have claimed the formation of a Co(II)-PMS complex as the 
primary reactive species instead of free radicals. This complex would 
have the ability to conduct both one-electron-transfer and 
oxygen-atom-transfer reactions at different rates depending on pH (N. Li 
et al., 2021; Y. Li et al., 2021; Hongchao Li et al., 2021). In any case, 
regardless of the species involved in the oxidation process, the kinetics 
should not be affected provided that the rate constant between the 

complex and the target compound is adequately fitted/determined. 
Other homogeneous metallic catalysts have also been suggested to be 
adequate in PMS activation (Anipsitakis and Dionysiou, 2004), although 
Co(II) seems to be the preferred activator. 

In the case of high valence iron cations (mainly ferrate, Fe(VI)), the 
oxidation capacity of the system PMS/Fe(VI) has recently been attrib-
uted to a pathway via two electron transfer to generate the ferryl ion, Fe 
(IV), which is a stronger oxidant than Fe(VI). Fe(IV) presents a similar 
reactivity than the perferryl ion, Fe(V), generated after reduction of Fe 
(VI) with Fe(OH)2 (Luo et al., 2021). High valence iron cations are more 
selective than radicals and their oxidation capacity is highly dependent 
on target compound structure. Contrarily, other authors maintain the 
relevant role played by sulfate and hydroxyl radicals when combining 
ferrate and PMS (Gong et al., 2020; Wu et al., 2018). PMS can also be 
activated by Fe(II) (Guyu and Kee, 2022; Wang et al., 2022), again the 
nature of generated oxidant species is a matter of controversy and some 
authors claim the coexistence of both, radical and ferryl species (Dong 
et al., 2021; Milh et al., 2022). The kinetics of this type of processes 
should be specifically studied to discern the main oxidant species 
generated, their reactivity with target compounds and the limiting 
stages to be considered. 

Another PMS activation pathway is the use of radiation. Apparently, 
PMS photolysis should lead to formation of radicals according to (Qi 
et al., 2019; Guan et al., 2011): 

HOOSO−
3 ⟶hυ HO•+SO− •

4 (4) 

In order to avoid complex equations to model radiation incidence 
inside the reactor, or facing the use of the local volumetric rate of photon 
absorption (if heterogeneous photocatalysts are used), a simplistic 
Lambert Beer expression can be applied when no photocatalysts are 
present: 

−
dC PMS

dt
= φ PMS I o

ε PMSC PMS

Absorbance
[1 − exp(− 2.303 × L × Absorbance)] (5)  

where φPMS is the quantum yield in the photolysis of PMS, Io is the 
volumetric incident light intensity at 254 nm (Einstein L− 1 s− 1), 
Absorbance is the radiation absorbed by the bulk solution, εPMS is the 
molar extinction coefficient of PMS, L is the optical path length for the 
reaction reactor (cm) and CPMS is the concentration of 
peroxymonosulfate. 

Generation of radicals through Eq. (4) necessitates the application of 
radiation of sufficient energy at low wavelength. Hence, the molar 
extinction coefficient of PMS at 254 nm is in the interval 
14–150 M− 1cm− 1 (from pH 7–12), steadily decreasing to values close to 
zero as radiation wavelength increases (Ao and Liu, 2017; Guan et al., 
2011). However, some authors have observed a synergistic effect of the 
combination PMS/UVA or PMS/Sunlight. PMS hardly absorbs light 
above 300 nm suggesting that above this wavelength, homolytic scission 
of the O-O bond is unlikely to occur (Berruti et al., 2021). However, at 
the same time, a negative effect has been experienced by the presence of 

Table 1 (continued ) 

Activation method Target compound Experimental conditions Notes Reference 

Pharmaceuticals and 
personal care products 

T = 293 K, PMS, = 0.5 mM, V =
500 mLPPCP 0.1–1.0 ppm 

Pseudoempirical reaction mechanism based on 
elemental reactions. Some rate constants as a 
function of operating parameters 

VUV/UV/PMS Bisphenol A [BPA] = 0.022 mM, pH = 7, T =
20 ℃ 

Mechanism based on radical steady state conditions. 
Initial BPA concentration influences pseudofirst 
order rate constants 

(Lin et al., 2020) 

UVA Leds/PMS Pharmaceuticals Ph = 100 μg L− 1; pH = 7.6; [PMS] 
= 0.1 mM. 

Pseudofirst order kObs reported for individual 
compounds in the range 0.15–0.1 min− 1 

(Guerra-Rodríguez et al., 
2021) 

UV_254/ PMS Chloral hydrate [CH]o = 10 μM, [pH]o = 7.0, T =
23 ◦C, [PMS]o = 50–200 μM 

Pseudofirst order rate constants in the order 0.1–0.5 
min-1 

(Zhang et al., 2021) 

UV_254/ PMS Methotrexate [MTX]o = 5 mg⋅L− 1, PMS = 1–4 
mM, pH = 3.3 

Pseudofirst order rate constant in the range 
0.03–0.15 min-1 dependent on initial MTX 
concentration 

(Kanjal et al., 2020)  
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well-known radical scavengers (Solís et al., 2019). Photosensitization of 
organics present in the media could be a plausible explanation, as it is 
the case of clofibric acid (Solís et al., 2020), the role played by 1O2 
should also be considered, although this aspect remains unclear (Lee 
et al., 2020). 

If the homogeneous activation of PMS is considered (either by Co(II) 
or 254 nm UV radiation), together with reactions 1–4 the following set 
of reactions could take place in the oxidation of a generic probe com-
pound RH (Travina et al., 2006; Guan et al., 2011; Lutze et al., 2015; Hu 
and Long, 2016; Herrmann et al., 2000): 

Propagation:  

SO4
-• + HSO5

- → HSO4
- + SO5

-• k < 1 ×105 M− 1s− 1                         (6)  

HO• + HSO5
- → SO5

-• + H2O k = 1⋅7 ×107 M− 1s− 1                           (7)  

HO• + SO5
2- → SO5

-• + OH- k = 2⋅1 ×109 M− 1s− 1                            (8) 

HO• + H2O2→HO2
• + H2O k = 2.7 × 107M− 1s− 1 (9)  

HO• + HO2
− →HO2

• + OH− k = 7.5 × 109M− 1s− 1 (10)  

HO•
2 + H2O2→HO• + O2 + H2O k = 3.0M− 1s− 1 (11)  

O− •
2 + H2O→HO• + O2 + OH− k = 0.13M− 1s− 1 (12)  

SO− •
4 + H2O⇄OH• + HSO−

4 k = 6.6 × 102s− 1k− = 6.9 × 105M− 1s− 1

(13)  

SO− •
4 + OH− →OH• + SO2−

4 k = 6.5 × 107M− 1s− 1 (14)  

2SO− •
5 →2SO− •

4 + O2 k = 2.15 × 108M− 1s− 1 (15) 

Termination: 

2SO− •
4 →S2O2−

8 k = 7.5 × 108 − 3.6 × 109M− 1s− 1 (16)  

2SO− •
5 →S2O2−

8 + O2 k = 3.5 × 108M− 1s− 1 (17)   

2HO• → H2O2 k = 5⋅2 ×109 M− 1s− 1                                               (18) 

SO− •
4 + HO•→HSO5

− k = 1.0 × 1010M− 1s− 1 (19)  

SO− •
4 + S2O2−

8 →S2O− •
8 + SO=

4 k = 6.5 × 105M− 1s− 1 (20)  

HO• + S2O2−
8 →S2O− •

8 + OH− k = 1.4 × 107M− 1s− 1 (21)  

HO•
2 + HO•

2→O2 + H2O2 k = 8.3 × 105M− 1s− 1 (22)  

HO•
2 + O− •

2 →O2 + HO−
2 k = 9.7 × 107M− 1s− 1 (23)  

HO• + HO•
2→H2O + O2 k = 6.6 × 109M− 1s− 1 (24)  

HO• + O− •
2 →OH− + O2 k = 7.0 × 109M− 1s− 1 (25)   

SO4
-• + Co(II) → SO4

2- + Co(III) k = 2⋅0 ×106 M− 1s− 1                    (26)  

HO• + Co(II) → HO- + Co(III) k = 2⋅0 ×106 M− 1s− 1                        (27) 

Additional reactions: 

S2O2−
8 + H2O→HSO−

5 + HSO−
4 k = 7.5 × 10− 5M− 1s− 1 (28)  

HSO−
5 ⇄H+ + SO2−

5 pKeq = 9.4 (29)  

H2O⇄H+ + OH− pKeq = 14 (30)  

HSO−
4 →H+ + SO2−

4 k = 0.012s− 1 (31)  

H2O2⇄H+ + HO−
2 pKeq = 11.6 (32)  

HO•
2⇄H+ + O− •

2 k = 3.2 × 105, k− = 2.0 × 1010 (33)  

H2O2⟶hυ 2HO• (34)  

S2O2−
8 ⟶hυ 2SO− •

4 (35)   

RH + SO4
-• → Intermediate + SO4

2- k = 109-1010 M− 1s− 1                 (36)  

RH + HO• →Intermediate + HO- k = 109-1010 M− 1s− 1                      (37)  

RH+HSO5
-→Intermediate k=f(RH) M− 1s− 1                                      (38)  

Intermediate + SO4
− •→Product+HSO4

2- k = 109-1010 M− 1s− 1            (39)  

Intermediate+HO•→Product+HO− k=109-1010 M− 1s− 1                     (40) 

The proposed mechanism is based on the most simplistic situation 
where only one intermediate competes in oxidative reactions (with 
similar reactivity than RH), no organic radicals are generated, no matrix 
effects are considered, no photosensitization processes occur, and radi-
cals apart of hydroxyl and sulfate do not attack the target compound RH. 
Also, other possible removal pathways such as direct photolysis or direct 
attack by peroxymonosulfate (Eq. 38) and the role played by 1O2 are 
ruled out. Even taking into account the simplest scenario, the number of 
reactions is significant. However, although one can consider that the 
higher the number of reactions, the better the model, this is not 
completely true, and some stages can be ruled out because of their low 
extension. Hence, with the premise of elucidating the real important 
reactions, the previous mechanism can be solved for a generic case. The 
radical mechanism was tested by considering PMS activation by 254nm 
UV radiation at pH 7, using the molar extinction coefficients of PMS, 
persulfate and H2O2 as 14., 21 and 19 M− 1 cm− 1, respectively. The 
quantum yield of radical generation by peroxides scission is taken as 
unity for the three initiators (Guan et al., 2011). The rest of operating 
parameters are absorbance = 0.01 (constant throughout the reaction), 
CPMSo = 1 × 10− 4 M, CRHo = 1 × 10− 7 M, Io = 1 × 10− 8 Einstein L− 1 s− 1 

and L = 3 cm. Under the aforementioned conditions, the radical profiles 

Fig. 1. Simulated removal of the generic compound RH by PMS activation 
under UV-C radiation. Evolution of RH and radicals concentration with time. 
Conditions: CPMSo = 1×10− 4 M, CRHo = 1×10− 7 M, Io = 1×10− 8 Einstein L− 1 

s− 1, L = 3 cm, pH = 7, T = 20 ºC. 
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shown in Fig. 1 were obtained. The proposed mechanism reveals the 
prevalence of sulfate and hydroxyl radicals over peroxy and hydro-
peroxyl radicals. Additionally, relative high concentrations of SO5

-• and 
S2O8

-• suggest that scavenging of radicals by excess of PMS occurs to a 
significant extent (reactions 6–8). Recombination of SO5

-• and SO4
-•

generates S2O8
2- (accumulation after 60 min is 2×10− 8 M compared to 

3×10− 13 M of H2O2) which further scavenges active radicals (Eqs. 20, 
21) to form S2O8

-•. The proposed mechanism does not consider that 
SO5

-•, S2O8
-•, HO2

• and O2
-• are able to contribute to oxidative reactions, 

however, depending on the nature of the organics present in solution or 
intermediates formed, these organics can also be further degraded (Neta 
et al., 1988). Also, these radicals might react with some metals present in 
the media regenerating PMS (Rastogi et al., 2009; Travina et al., 2006). 

A sensitivity analysis of the rate constant used in the mechanism 
revealed that not all the reactions considered influenced the removal 
rate of the generic parent compound RH. Hence, theoretically, reactions 
involving hydrogen peroxide and related radicals (HO2

• and O2
-•) do not 

play an important role in the mechanism under the operating conditions 
used (reactions 9–12, 18, 22–25, 33 and 34). Also, sulfate-hydroxyl 
radical recombination (Eq. 19), radical scavenging by peroxydisulfate 
(Eqs. 20 and 21) and peroxydisulfate disproportionation (Eq. 28) do not 

seem to be important in PMS activated systems. 
Key stages are, as expected, the photolysis rate of PMS, hydroxyl 

scavenging by PMS (Eqs. 7 and 8), the equilibrium between hydroxyl 
and sulfate radicals (Eq. 13) and formation of sulfate radicals from 
peroxymonosulfate radicals (Eq. 15). To a lesser extent, other influ-
encing reactions under the conditions applied, are sulfate radicals 
scavenging by PMS (Eq. 6), transformation of sulfate radicals to hy-
droxyl radicals in alkaline conditions (Eq. 14) and formation of perox-
ydisulfate (Eq. 17). Fig. 2 depicts the normalized concentration of RH in 
the sensitivity analysis of some influencing rate constants. Additionally, 
checking of pseudofirst order kinetics is shown in the inset figures. 

As observed, from Fig. 2, only few stages are important in the PMS/ 
UV-C systems. There is no need of proposing a complex mechanism 
based on a high number of reactions. Analogously, negligible reactions 
should be discarded when reasoning the influence of some operating 
parameters. Insets in Fig. 2 present some deviations from real pseudo 
first order kinetics, although deviations are visible at relatively high RH 
conversions, that is why in most works pseudo first order kinetics 
correlate well with experimental data (use of few experimental data also 
hinders the error behind this assumption). Although not shown in Fig. 2, 
obviously the rate constants between radicals (sulfate and hydroxyl) and 

Fig. 2. Simulated removal of the generic compound RH by PMS activation under UV-C radiation. Evolution of RH concentration with time. Mechanism sensitivity 
analysis. A-Variation of UV-C intensity from 5×10− 9 to 2 × 10− 8 Einstein L− 1 s− 1, B- Variation of k7 from 5×106 to 5×107 M− 1 s− 1, C- Variation of k13 from 1×102 to 
5×103 s− 1, D- Variation of k15 from 5×107 to 1×109 M− 1 s− 1 Conditions: CPMSo = 1×10− 4 M, CRHo = 1×10− 7 M, Io = 1×10− 8 Einstein L− 1 s− 1, L = 3 cm, pH = 7, 
T = 20 ºC. 
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RH also influence the removal rate of the latter. 

2.1.1. Influence of RH initial concentration 
Besides the importance of using adequate rate constants, the set of 

reactions can be used to qualitatively assess the influence of reactions 
conditions. Given the relative simplicity of the mechanism, simulated 
results can only give an approximated idea of the real impact of studied 
parameters. Thus, for example, Fig. 3A shows the effect of the initial 
concentration of RH in the range 5.0–50.0×10− 8 M. As experimentally 
observed in most of works, an increase in the initial concentration of the 
target compound leads to a decrease in the conversion rate (not in the 
removal rate). Results again deviate from linearity when plotting the 
natural logarithm of RH concentration versus time (see inset). From an 
exhaustive kinetic point of view, reaction order regarding RH concen-
tration should be lower than 1.0, in no case should be taken as unity. 
Curves shown in Fig. 3 A were used to determine the reaction order 
regarding RH concentration by applying the differential methodology of 
kinetic parameter estimation. A reaction order of 0.79 + 0.001 was 
obtained with an acceptable consistency of this parameter. This reaction 
order corroborates the negative impact of increasing the initial RH 
concentration in its conversion. Few works have explained the negative 
effect of initial RH load from a kinetic point of view. Most authors simply 
justify this effect from a qualitative approach, i.e. as “the contaminant 
load is increased, the ratio radicals/target compound decreases and/or 

more intermediates are generated sequestering available radicals”. 
Nevertheless, some attempts have been reported to account for the effect 
of initial contaminant load. Hence, Chen et al. (2007) assumed pseudo 
first order to occur in the system PMS/Co(II)/Acid Orange 7, however 
these authors derived an expression of the observed rate constant which 
was inversely proportional to initial target compound concentration. 

2.1.2. Influence of PMS initial concentration 
Another important parameter is the initial PMS concentration. 

Fig. 3B shows the influence of initial PMS concentration in the interval 
3×10− 5-5×10− 4 M. This species is responsible of radicals formation, 
and, obviously, should play a significant role. Hence, Zhang et al. (2021) 
report some pseudo first order rate constants that can be used to 
determine the dependency of the observed pseudo first order constant 
with PMS initial concentration of the type: kobs = k xCα

PMSo with α = 1.4. 
Wanǵs work (Wang et al., 2018) leads to a lower value of α = 0.3 while 
Rehman data (Rehman et al., 2018) resulted in α = 0.91. Liang and Fu 
(2021) reported a value of 0.36 when treating Rhodamine B. Similarly 
to Ao and Liu (2017), Golshan et al. (2018) claims a linear relationship 
between kobs and initial PMS concentration with slope = 0.64. 

The apparent kinetics deduced from a n-th order general kinetic 
expression leads to the integrated expression (PMS concentration re-
mains constant): 

Fig. 3. Simulated removal of the generic compound RH by PMS activation under UV-C radiation. Evolution of RH concentration with time. Operating parameters 
influence. A-Variation of initial concentration of RH in the range 5.0–50.0×10− 8 M, B- Variation of initial PMS concentration from 3 × 10− 5 to 5 × 10− 4 M, C- 
Variation of k40 from 0.0 to 1.0×10− 3 s− 1, D- Linear variation of absorbance from 0.01 at time= 0. General conditions: CPMSo = 1 × 10− 4 M, CRHo = 1 × 10− 7 M, Io 
= 1 × 10− 8 Einstein L− 1 s− 1, L = 3 cm, pH = 7, T = 20 ºC, Absorbance= 0.01. 
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1
Cn− 1

RH
=

1
Cn− 1

RHo

+(n − 1) × kapp × t (41) 

By using a value of n = 0.8 (deduced from data in Fig. 3A), a plot of 
ln(kapp) obtained from theoretical profiles in Fig. 3B versus ln(CPMSo) led 
to a straight line of slope 0.77 (inset in Fig. 3B), confirming the positive 
effect of initial PMS concentration. 

No scavenging effects of high concentrations of PMS could be derived 
from the proposed mechanism. However, literature offers a variety of 
situations. For instance, Shad and collaborators (Shad et al., 2020) found 
no negative effects of increasing PMS concentrations when oxidizing 
sulfadimethoxine by UV-C/PMS. Contrarily, Kanjal report an optimum 
dosage in oxidant load when treating methotrexate with the same sys-
tem (Kanjal et al., 2020). Numerous examples can be found defending 
the absence of PMS scavenging effects (Ao and Liu, 2017; Chen et al., 
2014; Hu et al., 2019; Luo et al., 2015; Qi et al., 2013; Rehman et al., 
2018; Yang et al., 2010) or the opposite (Ahmadi and Ghanbari, 2018; Z. 
Huang et al., 2021; Y. Huang et al., 2021; Rodríguez-Narvaez et al., 
2020; Tang et al., 2021). Moreover, some authors claim the existence of 
PMS scavenging effect when no positive or negative influence is ob-
tained above a certain limit. The mechanism of reactions used leads to 
an analogous result, with no significant improvement as the PMS ap-
proaches high values. The negative influence of PMS excess commonly 
attributed to radical scavenging, can also be the result of the inefficient 
decomposition of the peroxide (Rivas and Solís, 2018), which is nor-
mally proportional to PMS concentration when the oxidant is overdosed 
or locally in excess (see Eq. 40). Inefficient decomposition of hydrogen 
peroxide has also been suggested in Fenton processes (Rivas et al., 2005, 
2003, 2002). Fig. 3C shows the influence of the value of the inefficient 
PMS decomposition rate constant in the range 0–10− 3 s− 1. Also, the inset 
of this figure depicts the evolution of PMS which is significantly affected 
by this parameter. Under this scenario, if PMS concentration signifi-
cantly decreases, general kinetic expressions such as Eq. (39) should be 
revised (this expression has been obtained based on the negligible 
change in PMS concentration). Experimental PMS data collected during 
runs can bring to light the occurrence of this reaction. 

HSO−
5 →SO2−

4 + 1
/

2O2 + H+ k = ?s− 1 (42)  

2.1.3. Influence of absorbance evolution in irradiated systems 
Another parameter that can affect the performance of irradiated PMS 

is the evolution of medium absorbance as the oxidation progresses. 
Fig. 3D illustrates the influence of absorbance evolution of the water 
matrix from 0.01 by considering a linear increase of this parameter with 
time. The inset depicts the linear increase of absorbance. Clearly, as the 
medium absorbance increases, an inner filter effect is experienced 
resulting in less radiation trapped by PMS. Photolysis of PMS is directly 
related to radical formation and, consequently to RH abatement. 

2.1.4. Influence of generated intermediates 
Another aspect in the presented mechanism that partially limits its 

validity is the role played by intermediates. It is obvious that generated 
intermediates affect absorbance evolution, compete for radicals and/or 
light with target contaminants or even can serve as radical promoters or 
photosensitizers. Knowing the number and nature of reaction in-
termediates is almost an impossible task. Some authors propose alter-
native strategies to account for intermediates influence (Solís et al., 
2020). Hence, Chen et al. (2007) make an estimation of intermediates by 
just subtracting the time concentration of the target compound (acid 
orange 7) to the initial concentration. Thus, the stoichiometric coeffi-
cient is 1:1 with a reactivity of intermediates towards radicals similar to 
that of the parent compound. This approach has been applied in the 
theoretical results presented in Fig.s 1–3. Other possible strategies to 
face the role played by intermediates is to consider the generation of 
different fractions of intermediates with different reactivities and stoi-
chiometric coefficients. This methodology has been adopted in the 

ozonation of fluorene (Rivas et al., 2006), or even in the simulation of 
the total organic carbon (TOC) in photocatalytic ozonation systems 
(Figueredo et al., 2020). Fig. 4A shows the influence of intermediates 
based on distinct hypothesis. Dotted lines correspond to formation from 
only one reacting intermediate up to four intermediates generated in 
series, with 1:1 stoichiometric factor, and reactivity towards radicals 
similar to RH. The scheme would be: 

RH⟶HO•/SO−
4 • P⟶HO•/SO−

4 • P1⟶HO•/SO−
4 • P2⟶HO•/SO−

4 • P3⟶HO•/SO−
4 • P4
(43) 

As observed in Fig. 4A, differences are not especially significant. 
However, frequently after oxidation, scission of molecules may occur, so 
stoichiometric coefficients would be higher than unity. Solid line in 
Fig. 4A simulates the case where one mol of P generates 2 moles of P1, 
P1 generates 2 moles of P2 and so on. Finally, the dashed line considers a 
similar case with the stoichiometry being 5. 

As inferred from Fig. 4A, as the number of intermediates is increased 
two degradation regions with different RH depletion rates appear. This 
is a typical behavior. Some authors take into account the presence of two 
different stages in the kinetic analysis of results (Wu et al., 2021; Chu 
et al., 2021). Also as inferred from Fig. 4A, when intermediates are taken 
into account, the system apparently approaches first order kinetics. The 
concave curves obtained by plotting the natural logarithm of normalized 
RH concentration versus time, initially obtained, tend to become 
straight lines. However, as more intermediates are considered, linearity 
is again lost, and convex curves are obtained (see inset in Fig. 4A). De-
viation of first order kinetics are corroborated if runs at different initial 
RH concentration are simulated (Fig. 4B). 

2.1.5. Influence of water matrix 
Natural organic matter: Natural organic matter (NOM), and in general 

total organic carbon (TOC) content in water, influences the efficacy of 
PMS based technologies. The way NOM affects the process might 
advance in the positive or negative direction (Hu and Long, 2016; 
Canonica and Schönenberger, 2019). In the first case, the presence of 
quinone-type compounds can activate PMS decomposition. Zhou et al. 
(2017, 2015) claim the enhancement of reaction 44 due to the presence 
of benzoquinone through formation of a dioxirane intermediate. 1O2 is a 
selective oxidant showing high reactivity towards electron-rich 
compounds. 

HSO−
5 + SO2−

5 →HSO−
4 + SO2−

4 + O1
2 k = 0.2M− 1s− 1 (44) 

Additionally, other authors report the positive influence of certain 
compounds in metal catalyzed PMS decomposition. Chen et al. (2019) 
reports the beneficial action of small organic acids presence in the sys-
tem Co(II)/PMS by improving the catalytic activity of Co(II) in PMS 
decomposition, and the increased reduction of Co(III) to Co(II) due to 
electron donating capability. The influence of organics nature in the Co 
(II)/Co(III) redox cycle in the presence of PMS has already been sug-
gested in the modelling of the Co(II)/PMS system (Rivas et al., 2012). 
This influence has also been observed in the enhancement of the Fe(III) 
reduction to Fe(II) in Fentońs chemistry due to the reaction of generated 
semiquinone radicals with ferric iron (Chen and Pignatello, 1997). In the 
presence of radiation, sometimes NOM can serve as photosensitizer. The 
negative impact of NOM or TOC comes from their radical scavenging 
nature (likely more pronounced towards HO• than SO4

-•). NOM exhibits 
rate constants with HO• and SO4

-• radicals in the order 1.6–3.3×108 and 
2.5–8.1 × 107 M− 1s− 1, respectively (Lee et al., 2020). The positive 
impact of NOM can only be experimentally assessed, and the normal 
effect is expected to be as radical scavenger according to reactions 45 
and 46.  

RH + SO4
-• → Intermediate + SO4

2- k = 2⋅5–8⋅1 ×107 M− 1s− 1          (45)  
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RH + HO• → Intermediate + HO- k = 1⋅6–3⋅3×108 M− 1s− 1               (46) 

The theoretical influence that TOC/NOM exerted in RH removal was 
studied by considering rate constants of the organic matter with hy-
droxyl and sulfate radicals of 2×108 and 5×107 M− 1s− 1, respectively. 
Initial TOC was set to 5×10− 5 M (around 0.6 ppm). Fig. 5A shows the 
evolution of RH at different concentrations of initial TOC from 0 to 10− 4 

M. Additionally, Figs. 5B and C reveal the effect of the radical rate 
constants from 1.0×106 to 4×108 M− 1s− 1 in the case of the reaction of 
TOC with HO•, and from 1.0×106 to 1 × 108 M− 1s− 1 in the case of the 
reaction of TOC with SO4

-•. 
As inferred from Fig. 5, water matrix in terms of organic matter 

content plays a significant role due to trapping of reactive radicals even 

at concentrations as low as one ppm. Theoretical profiles shown in 
Fig. 5A do not take into account that the negative influence can even be 
more pronounced if TOC/NOM absorbs radiation impeding PMS 
decomposition, i.e. the inner filter effect (Lutze et al., 2015). Moreover, 
NOM can also be adsorbed onto heterogeneous catalysts deactivating 
the capacity of the solid in heterogenous catalytic or photocatalytic 
processes (Ren et al., 2018). As expected, the reactivity of the organics 
(TOC/NOM) present in the water bulk substantially alters the abatement 
extent and rate of RH (Figs. 5B and C). The role played by NOM and the 
mode of interference in the process must experimentally be acquired 
previously to propose an adequate system model. 

5

Fig. 4. Simulated removal of the generic compound RH by PMS activation under UV-C radiation. Evolution of RH concentration with time. Intermediates influence. 
A- Dotted lines: In series formation of 1, 2, 3, and 4 intermediates with stoichiometry 1:1, Solid line: In series formation of 4 intermediates with stoichiometry 1:2, 
Dashed line: In series formation of 4 intermediates with stoichiometry 1:5. B- Influence of initial RH concentration (5×10− 8 – 5×10− 7 M) for the case of formation of 
4 intermediates with stoichiometry 1:5. General conditions: CPMSo = 1×10− 4 M, CRHo = 1×10− 7 M, Io = 1×10− 8 Einstein L− 1 s− 1, L = 3 cm, pH = 7, T = 20 ºC, 
Absorbance= 0.01 (reactivity of intermediates with radicals similar to RH). 

Fig. 5. Simulated removal of the generic compound RH by PMS activation under UV-C radiation. Evolution of RH concentration with time. A- Effect of initial TOC 
influence from 0 to 10− 4 M. B- Influence of rate constant of TOC with HO• (1.0×106 to 4×108 M− 1s− 1), C- Influence of rate constant of TOC with SO4

-• (1.0×106 to 
1×108 M− 1s− 1). General conditions: CPMSo = 1×10− 4 M, CRHo = 1×10− 7 M, Io = 1×10− 8 Einstein L− 1 s− 1, L = 3 cm, pH = 7, T = 20 ºC, Absorbance= 0.01, CTOCo 
= 5 × 10− 5 M. 
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2.1.6. Influence of water matrix 
Inorganic anions: Real wastewaters commonly present a relatively 

important load in inorganic salts. Accordingly anions such as Cl-, HCO3
-, 

NO3
-, PO3

3-, etc. are normally present. These species not only can be 
adsorbed onto solid catalysts interfering catalytic or photocatalytic 
processes, but also can trap radicals initiating additional reaction 
pathways, with variable effects, depending on the nature of water matrix 
constituents. 

In the case of chloride, formation of chlorine has been detected by 
direct oxidation in the presence of PMS (Fortnum et al., 1960; Rivas and 
Solís, 2018). The following set of reactions is possible (Wu et al., 2019; 
Matthew and Anastasio, 2006) with k-units in M and s: 

Cl− + HSO−
5 →HClO + SO2−

4 k = 1.87⋅10− 3 (47)  

HClO⇄ClO− + H+ k = 1.6⋅103, k− = 5.0⋅1010 (48)  

HClO/ClO−

Cl2

HClO− •/ClO•

Cl•

Cl− •
2

Cl−3
Cl2O2

HClO2
/

ClO−
2

ClO•
2

ClO−
3

⎫
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

+ RH→Intermediate(P) k = ? (49)  

Cl− + HO•⇄HClO− • k = 4.3⋅109, k− = 6.1⋅109 (50)  

Cl− + SO4
− •⇄Cl• + SO2−

4 k = 3.0⋅108, k− = 2.5⋅108 (51)  

HClO− • + H+→Cl• + H2O k = 2.0⋅1010 (52)  

HClO− • + Cl− →Cl− •
2 + OH− k = 1.0⋅104 (53)  

Cl• + HSO−
4 →HCl + SO− •

4 k = 2.5⋅108 (54)  

Cl• + SO2−
4 →Cl− + SO− •

4 k = 2.5⋅108 (55)  

Cl• + H2O→HClO− • + H+ k = 6.5⋅102 (56)  

Cl• + OH− →HClO− • k = 1.8⋅1010 (57)  

Cl• + Cl− →Cl− •
2 k = 8.5⋅109 (58)  

Cl• + Cl•→Cl2 k = 8.8⋅107 (59)  

Cl• + ClO− →ClO• + Cl− k = 8.3⋅109 (60)  

Cl• + HClO→ClO• + Cl− + H+ k = 3.0⋅109 (61)  

Cl• + H2O2→HO•
2 + Cl− + H+ k = 2.0⋅109 (62)  

Cl− •
2 →Cl• + Cl− k = 5.0 103 (63)  

Cl− •
2 + Cl− •

2 →Cl• + Cl− + Cl2 k = 6.4 109 (64)  

Cl− •
2 + Cl•→Cl− + Cl2 k = 2.1 109 (65)  

Cl− •
2 + HO2

2→2Cl− + H+ + HO•
2 k = 1.4 105 (66)  

Cl− •
2 + HO•

2→2Cl− + H+ + O2 k = 3.0 109 (67)  

Cl− •
2 + O− •

2 →2Cl− + O2 k = 2.0 109 (68)  

Cl− •
2 + HO•→HClO + Cl− k = 1.0 109 (69)  

Cl− •
2 + OH− →HClO− • + Cl− k = 4.5 107 (70)  

Cl2 + Cl− ⇄Cl−3 k = 2.0 104, k− = 1.0 105 (71)  

Cl2 + HO2
•→Cl− •

2 + O2 + H+ k = 1.0 109 (72)  

Cl2 + O− •
2 →Cl− •

2 + O2 k = 1.0 109 (73)  

Cl2 + H2O2→O2 + 2Cl− + 2H+ k = 1.3 104 (74)  

Cl−3 + HO•
2→Cl− •

2 + Cl− + H+ + O2 k = 1.0 109 (75)  

Cl−3 + O− •
2 →Cl− •

2 + Cl− + O2 k = 3.8 109 (76)  

H2O2 + HClO→O2 + Cl− + H+ + H2O k = 1.0⋅104 (77)  

HO• + HClO→ClO• + H2O k = 2.0⋅109 (78)  

O− •
2 + HClO→Cl• + OH− + O2 k = 7.5⋅106 (79)  

HO•
2 + HClO→Cl• + H2O + O2 k = 7.5⋅106 (80)  

H2O2 + ClO− →O2 + Cl− + H2O k = 1.7⋅105 (81)  

HO• + ClO− →ClO• + OH− k = 8.8⋅109 (82)  

O− •
2 + ClO− + H2O→Cl• + 2OH− + O2 k = 2.0⋅108 (83)  

HOCl + H+ + Cl− ⇄Cl2 + H2O k = 18000, k− = 0.4 (84)  

ClO• + ClO−
2 →ClO− + ClO•

2 k = 9.4⋅108 (85)  

HO• + ClO−
2 →OH− + ClO•

2 k = 1.0⋅109 (86)  

HO• + ClO•
2→H+ + ClO−

3 k = 4.0⋅109 (87)  

ClO•
2 + SO− •

4 + H2O→2H+ + ClO−
3 + SO2−

4 k = 8.2⋅109 (88)  

2ClO• + H2O→2H+ + ClO−
2 + ClO− k = 2.5⋅109 (89)  

2ClO•→Cl2O2 k = 2.5⋅109 (90)  

2ClO• + OH− →ClO− + ClO−
2 + H+ k = 2.5⋅109 (91)  

Cl− •
2 + ClO−

2 →ClO•
2 + 2Cl− k = 1.3⋅108 (92)  

ClO• + OH•→ClO− •
2 + H+ k = 1.0⋅109 (93)  

ClO•
2 + HO− •

2 →HClO2 + O2 k = 1.0⋅106 (94)  

ClO•
2 + O− •

2 →ClO−
2 + O2 k = 3.0⋅109 (95)  

ClO•
2 + HO−

2 →ClO−
2 + HO•

2 k = 8.0⋅104 (96)  

HClO2⇄ClO−
2 + H+ K = 1.0⋅10− 2 (97) 

Impact of chloride in PMS based technologies highly depends on the 
key reaction 49, i.e. the reactivity of RH with oxidant species generated 
in the presence of Cl-. A first attempt to understand Cl- effect was carried 
out by assuming no reactivity at all of RH with chloride derived oxidant 
(ClDOx) species. Fig. 6 shows the simulated theoretical normalized RH 
concentration in the presence of Cl- in the range 0 – 4×10− 4 M (pH 3, 7 
and 11). 

As observed, in the absence of reaction of RH with ClDOx, two main 
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conclusions can be derived. On one hand, in no case Cl- could promote/ 
activate the abatement of RH, the inhibition of RH oxidation is clearly 
stated, even for chloride concentrations as low as 14 ppm. On another 
hand, pH plays a significant role in the system efficiency (even in the 
absence of chloride). Consequently, the positive influence of Cl- reported 
in some works must undoubtedly be the result of reaction 49 occurrence 
(simulation in Fig. 6 was obtained without considering reaction 49). 
Reactivity of ClDOx with organics highly depends on RH nature (Lei 
et al., 2019; Neta et al., 1988). Moreover, ClDOx can also interact with 
other inorganic species such as carbonates or metallic cations (i.e. Co 
(II)), complicating even more the mechanism. The relevance of the 
different ClDOx was theoretically obtained by conducting a sensitivity 
analysis of k49 values. Apparently, one of the influencing species is Cl− •

2 
(rate constant k49 tested in the range 0–1×109 M− 1s− 1 in Fig. 7A), 
however the role played by this radical is controversial. Hence, Mina-
kata et al. (2017) claim that the reactivity of the dichloride radical with 
organic compounds is negligible in the UV/chlorine system. Contrarily, 
Lei et al. (2019) report second order rate constants of Cl− •

2 with trace 
organic contaminants in the range 1×106-3×109 M− 1s− 1. Yuan et al. 
(2014) report the crucial role played by Cl− •

2 in the UV/Persulfate 
elimination of acid orange 7 in saline waters. Additionally, at pH 7 and 
considering the mechanism of reactions assumed, HClO concentration 
predominates over ClO- (more than one order of magnitude). Under 
these circumstances, hypochlorous acid shows a higher oxidative ca-
pacity than hypochlorite. Fig. 7B shows the influence of the rate con-
stant between HClO and RH in the interval 0–105 M− 1s− 1. The effect of 
ClO- rate constant in the same range of values is less pronounced. Fig. 7C 
depicts the effect of ClO- rate constant in the range 0–5 106 M− 1s− 1. The 
rest of ClDOx other than Cl− •

2 or the couple HClO/ClO- did have no effect 
or have residual influence on RH removal rate. 

Another important inorganic species in radical based water treat-
ments is the couple HCO3

-/CO3
=. In a first approach, the following re-

actions should be considered, mainly radical scavenging (Lee et al., 
2020): 

HCO−
3 + HO•→CO− •

3 + H2O k = 8.5⋅106 (98)  

CO2−
3 + HO•→CO− •

3 + OH− k = 3.9⋅108 (99)  

HCO−
3 + SO− •

4 →CO− •
3 + SO2−

4 + H+ k = 1.6 − 9.1⋅106 (100)  

CO2−
3 + SO− •

4 →CO− •
3 + SO2−

4 k = 6.1⋅106 (101)  

CO− •
3 + CO− •

3 →CO2 + CO2−
4 k = 2.0⋅107 (102)  

HCO−
3 ⇄CO2−

3 + H+ pK = 10.3 (103)  

H2CO3⇄HCO−
3 + H+ pK = 6.3 (104) 

(no scavenging reactions of carbonic acid is found in literature). 
However, secondary reactions may play a significant role in the 

system. For instance, carbonate radicals can react with electron rich 
target compounds (Wojnárovits et al., 2020), natural organic matter, 
cations (especially important in Co(II) activated systems), etc. 

CO− •
3 +

⎧
⎨

⎩

RH
NOM
M+n

→Products k = ? (105) 

Additionally in the presence of chlorides, ClDOx can also generate 
carbonate radicals: 

HCO−
3 + Cl•→CO− •

3 + H+ + Cl− k = 0.8 − 2.2⋅108 (106)  

HCO−
3 + Cl− •

2 →CO− •
3 + H+ + 2Cl− k = 1.6 − 5.0⋅108 (107) 

Finally, some authors (Nie et al., 2019) claim the activation of PMS 
by carbonates to generate an oxidative mechanism based on the super-
oxide anion radical and singlet oxygen. Activation seems to be due to the 
high pH value rather than the presence of the carbonate anion. In this 
case, scavenging of these reactive oxygenated species by carbonates 
should also been considered. 

Fig. 6. Simulated removal of the generic compound RH by PMS activation under UV-C radiation. Evolution of RH concentration with time. Effect of initial Cl- from 
0 to 4 10− 4 M at pH 3 (A), pH 7 (B) and pH 11 (C). General conditions: CPMSo = 1 × 10− 4 M, CRHo = 1 × 10− 7 M, Io = 1 × 10− 8 Einstein L− 1 s− 1, L = 3 cm, T = 20 ºC, 
Absorbance= 0.01. 
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Reactions 98–107 were therefore introduced into the model. Fig. 8A 
shows the influence of alkalinity in the range 0–10− 3 M in HCO3

- when 
RH does not react with carbonate radicals (pH 7). As expected, the 
presence of carbonates significantly inhibits RH oxidation due to hy-
droxyl and sulfate radicals trapping. A lower inhibition was theoretically 
obtained at basic pH of 11, even though, at basic pH, conversion of 

sulfate radicals to hydroxyl radicals is favored. Almost no inhibition was 
determined at pH 3 due to displacement of equilibrium 104 to the left. In 
any case, depending on RH nature, reaction of target compounds with 
carbonate radicals may play an important role. Fig. 8B shows the 
simulated influence of the rate constant value between RH and car-
bonate radicals (from 0 to 5 106 M− 1s− 1) for an initial HCO3

- 

Fig. 7. Simulated removal of the generic compound RH by PMS activation under UV-C radiation. Evolution of RH concentration with time. Effect of ClDOx-RH rate 
constant value. A- RH-Cl−2 • rate constant from 0 to 1.0×109 M− 1s− 1; B- RH-HClO rate constant from 0 to 1.0×105 M− 1s− 1; C- RH-ClO- rate constant from 0 to 5.0×106 

M− 1s− 1. General conditions: CPMSo = 1 × 10− 4 M, CRHo = 1 × 10− 7 M, Io = 1 × 10− 8 Einstein L− 1 s− 1, L = 3 cm, T = 20 ºC, Absorbance= 0.01, CCl-o = 2.0×10− 4 M. 

Fig. 8. Simulated removal of the generic compound RH by PMS activation under UV-C radiation. Evolution of RH concentration with time. Effect of carbonates. A- 
HCO3

- concentration from 0 to 1.0×10− 3 M (no reaction between RH and carbonate radicals); B- RH-CO−
3 • rate constant from 0 to 5.0×106 M− 1s− 1. General 

conditions: CPMSo = 1 × 10− 4 M, CRHo = 1 × 10− 7 M, Io = 1 × 10− 8 Einstein L− 1 s− 1, L = 3 cm, T = 20 ºC, Absorbance= 0.01, pH = 7, CHCO3-o = 1.0×10− 3 M. 
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concentration of 0.001 M at pH 7. 
Fig. 8B sustains the positive effect of carbonates found by some au-

thors when dealing with substances reactive to carbonate radicals. The 
extent of the positive effect will undoubtedly be related to the ratio of 
CRH/ CHCO3-o and the ratio of the constants with active radicals. The 
presence of chlorides influences the efficacy of the process through re-
actions 106 and 107. The overall effect will depend, besides of con-
centration, on the reactivity of target compounds with ClDOx and CO− •

3 . 
Other anions such as nitrites, phosphates, bromides, etc. can also 

interfere in the process. The influence of bromide is similar to chloride 
while in the presence of phosphates, HPO4

= has been reported to be able 
to decompose PMS to generate hydroxyl radicals (Duan et al., 2021). 

2.1.7. Radical scavengers addition 
It is of common practice to use specific substances to assess the role 

played by the different oxidant species in PMS based systems. Typically, 
scavengers of hydroxyl radicals, sulfate radicals, singlet oxygen and to a 
lesser extent perhydroxyl radicals are used. Hence, tert-butyl alcohol (t- 
BuOH) shows a relatively high reactivity towards hydroxyl radicals 
(3.8–7.6⋅108 M− 1 s− 1) and low rate constant with sulfate radicals 
(4.0–9.1⋅105 M− 1 s− 1), meanwhile ethanol (EtOH) can scavenge both 
hydroxyl radicals (1.2 − 2.8⋅109 M− 1 s− 1) and sulfate radicals 
(1.6 − 7.7⋅107 M− 1 s− 1). As a rule of thumb, when using these radical 
quenchers, no further considerations are taken into account, however, 
radical attack to scavengers can initiate a parallel route of ROS gener-
ation, including organic radicals (hydroxyalkyl or alkoxyl radicals), 
hydrogen peroxide and/or perhydroxyl radicals as it is the case of 
tBuOH, ethanol or 2-propanol (Rivas et al., 2015; Solís et al., 2020; 
Cederbaum et al., 1983). 

Sodium azide is utilized as 1O2 trapping agent in many works. 
However, scavengers are not completely specific towards one unique 
ROS. Hence NaN3 reacts with hydroxyl and sulfate radicals with a rate 
constant of roughly 8.0×1010 and 3.0×109 M− 1s− 1 (Shinohara et al., 
1962; Neta et al., 1988). Additionally, 1,3-benzenedisulfonic acid, 4, 
5-dihydroxy-, disodium salt (Tiron), is mainly used as hydroperoxyl 
radical trapping agent. Again, this substance is also capable of 

scavenging hydroxyl and sulfate radicals, so no reliable conclusions can 
be derived from its effect. 

As an example, the effect of t-BuOH and EtOH in RH removal rate is 
simulated by addition of Eqs. (108–111) with units in M-1s-1: 

HO• + tBuOH→Products k = 5⋅108 (108)  

SO− •
4 + tBuOH→Products k = 6⋅105 (109)  

HO• + EtOH→Products k = 2⋅109 (110)  

SO− •
4 + EtOH→Products k = 4⋅107 (111) 

Fig. 9 reveals how EtOH in the range 0–10− 3 M inhibits RH oxidation 
to a higher extent than tBuOH for the same range of concentrations. 
Obviously, the scavenging effect will be directly related to the 
comparative reactivity of RH with sulfate and hydroxyl radicals. In the 
simulation, RH reactivity towards both radicals is similar. 

Simulations shown in Figs. 1–9 have been obtained by considering 
PMS activation by UV radiation. Similar results, however, are expected 
if other activation stages are used. Some features associated to these 
other activation methos should be considered. 

Hence, the other most popular method of homogeneous PMS acti-
vation is through Co(II) catalysis. In the latter case, values of rate con-
stants for reactions 1–3 would significantly determine the kinetics of the 
process. The rest of influencing parameters should, a priori, present the 
same behavior than the UV activated process. When using metal cations 
as it is the case of Co(II), potential reactions that would oxidize Co(II) to 
Co(III) should also been considered. Amongst these reactions, besides 
the oxidation by hydroxyl and sulfate radicals (Eqs. 26 and 27), other 
potential routes of Co(II) transformation include the oxidation by car-
bonate radicals (k = 2.8–4.4×106 M− 1s− 1), by hydrogen peroxide (Ling 
et al., 2010), oxidation by organic radicals, oxidation by ClDOx, pre-
cipitation by carbonates, etc. As mentioned previously, Eqs. 1–3 are 
crucial in the system and strongly depend on the cobalt complexing 
agents present/formed in solution. In the literature, distinct target 
compounds degradation profiles are found. For instance, in some cases, 

Fig. 9. Simulated removal of the generic compound RH by PMS activation under UV-C radiation. Evolution of RH concentration with time. Effect of radical 
scavengers. A- tBuOH concentration from 0 to 1.0×10− 3 M; B- EtOH concentration from 0 to 1.0×10− 3 M. General conditions: CPMSo = 1 × 10− 4 M, CRHo = 1 × 10− 7 

M, Io = 1 × 10− 8 Einstein L− 1 s− 1, L = 3 cm, T = 20 ºC, Absorbance= 0.01, pH = 7. 
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the target compound shows a fast initial degradation leading thereafter 
to a halt period of limited or null removal. Since normally PMS is used in 
excess, this behavior seems to be associated to a limitation in Co(III) 
reduction (Eq. 3). In other situations, however, target compound are 
continuously degraded even when extremely low Co(II) concentrations 
are used (Huang et al., 2009). The different profiles experienced can be 
obtained by assigning diverse values to rate constants in Eqs. 1–3, i.e. the 
ratio Co(II) oxidation to Co(III) reduction. Fig. 10 reveals the influence 
of radicals formation (Eqs. 1 and 2) and Co(III) reduction (Eq. 3). In pure 
water, decomposition of PMS by cobalt obeys the following rate in s-1 

(Kim and Edwards, 1995): 

−
dCPMS

dt
= k

CPMSCCo(II)

CH+

k = 9.510− 3 (112) 

The previous expression is a global equation including PMS scav-
enging by generated radicals and Co(III) reduction, however can give a 
generic idea of values of Eqs. (1–3) rate constants. Considering that the 
presence of complexing agents highly affects Eqs. (1–3) rates, for 
simulation purposes the generation of radicals through Eqs. (1 and 2) 
was assumed to have values in the range 10–100 M− 1s− 1 (similar to 
Fenton initiation stage) while Eq. (3) rate was varied to assess its 
influence. 

Fig. 10 A simulates the case where trace amounts of Co(II) can 
degrade a generic compound RH with final conversions depending on 
the capability of Co(III) to be reduced, in this case, Eqs. (1 and 2) were 
given a rate constant of 100 M− 1s− 1 while reduction of Co(III) was 
varied in the interval 0–100 M− 1s− 1. 

In other cases, however, when the conversion of RH reaches a 
maximum, Co(III) reduction is restricted and RH degradation is almost 
limited to Co(II) disappearance. Fig. 10B shows the case in which no 
reduction of Co(III) takes place at different concentrations of Co(II). A 
value of 10 M− 1s− 1 has been assumed for the rate constants that 
generate radicals while initial Co(II) concentration was varied from 1.0 
10− 8 to 2.0 10− 7 M. 

2.2. Heterogenous initiation reactions 

Use of heterogenous catalysis in PMS activation is increasingly 
attracting the attention of researches. Several clear benefits such as easy 
separation of the catalyst, no need of homogenous metal catalyst re-
covery, and wider margin in operation parameters, especially pH, can be 
cited (Oh et al., 2016). Various works have dealt with the latest novelties 
in heterogeneous PMS catalysis (Ghanbari and Moradi, 2017; Giannakis 
et al., 2021; Oh et al., 2016; Hu and Long, 2016). These studies review 
the state of the art of different catalyst families, inquiring the main 
features of operating variables influence, reactive species determina-
tion, applications, etc. However, no especial attention has been paid to 
kinetic studies. An attempt was made by Oh et al. (2015) to propose a 
kinetic expression in the elimination of bisphenol A by CuFe2O4–Fe2O3. 
The equation took into account pH effects, and the protonation of the 
catalyst hydroxyl surface groups according to: 

CRH = CRHo exp

(
kintCCato

kPMS
(
KeqCH+ + 1

)CPMSo

(
e− kPMSt − 1

)
)

(113)  

Where kint, kPMS and Keq are the intrinsic, first order PMS decomposition 
rate constants and catalyst-proton equilibrium, respectively. Ci is con-
centration of species i (generic compound RH, catalyst and perox-
ymonosulfate), while the subindex “o” stands for initial conditions. The 
authors considered the surface reaction taking place on the solid surface 
(kint) with first order regarding PMS, catalyst and target compound. 
However other scenarios may be encountered. 

As a common practice, assessment of the performance of heteroge-
neous catalysis requires a previous study of the effect of mass transport 
on the overall kinetics (Sievers et al., 2016), both external and internal 
mass transfer limitations. Dependence of the observed reaction rate with 
temperature may serve as an indicative tool to determine if the process is 
diffusion limited. Processes controlled by diffusion of reactants towards 
the catalyst surface present low values of activation energy. If the lim-
itation is external, a simple increase in the agitation speed of slurry re-
actors should decrease this negative effect (or volumetric flow in other 

Fig. 10. Simulated removal of the generic compound RH by PMS activation with Co(II). Evolution of RH concentration with time. Effect of Co(III) reduction rate. A- 
CCo(II)o = 1.0×10− 8 M, k1 = k2 = 100 M− 1s− 1, k3 variation from 0 to 100 M− 1s− 1; B- k1 = k2 = 10 M− 1s− 1, k3 = 0 M− 1s− 1, Co(II)o variation from 0 to 2.0×10− 7 M. 
General conditions: CPMSo = 1 × 10− 4 M, CRHo = 1 × 10− 7 M, T = 20 ºC, pH = 4. 
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configurations). The existence of internal transport limitations is nor-
mally determined through the calculation of distinct criteria. One of the 
most popular criteria is the dimensionless Weisz-Prater parameter 
defined as: 

ΦW− P =
robsR2

Cat

CSurface
RH Deff

(114)  

Where robs is the observed RH elimination rate, RCat is the catalyst 
particle radius, CSurface

RH is the concentration of RH at the external catalyst 
surface and Deff is the effective diffusivity of compound RH (different 
from bulk diffusivity). The critical value of ΦW− Pdepends on reaction 
order in the interval 0.3 – 6.0 (for typical reaction order from 0 to 2). 
Accordingly, no mass transfer scenarios are assumed for ΦW− P values 
below 0.3 while values above 6.0 indicates the existence of mass 
transport limitations. A unique frontier value of 1.0 is however normally 
used. Effective diffusivity can be calculated by simplistic equations such 
as: 

Deff = Dbulk
ε
τ (115)  

Where ε is the catalyst porosity and τ stands for tortuosity. Nevertheless, 
Eq. 115 is not recommended in solid-liquid systems, and other ap-
proaches are suggested such as the one proposed by Ternan (Sievers 
et al., 2016). 

To avoid the determination of Deff (which is not trivial), other stra-
tegies have been adopted. Hence, the Madon− Boudart Test based on the 
work of Koros− Nowak Criterion does not necessitate the calculation of 
Deff. Application of this criteria only requires the accomplishment of 
experiments carried out varying the number of active sites. 

Once mass transport limitations are ruled out, the rate of RH elimi-
nation will show different forms depending on the mechanism taken 
place at the catalyst surface and the rate limiting step (adsorption, 
desorption or surface reaction) governing the kinetics of the process. 
Hence, if PMS must be adsorbed onto the catalyst surface and further 
activated to generate radicals or any other reactive species, the 
following reaction should be considered: 

HSO−
5 + [CatActiveSite]⇄

[
HSO−

5 ↦[CatActiveSite]
]

Keq1 = kads
/

kdes (116) 

If adsorption of RH is also required (at similar active sites): 

RH + [CatActiveSite]⇄[RH↦[CatActiveSite] ] Keq2 = kads
/

kdes (117) 

Now, if only PMS decomposes at the catalyst surface 

[
HSO−

5 ↦[CatActiveSite]
]
→

{
SO− •

4

HO•
+ [CatActiveSite] +

(
H2O, SO=

4 , .
)

ks

(118) 

The rate of PMS decomposition and radical formation should be: 

−
dCHSO−

5

dt
=

ksKeq1C[CatActiveSite ]o
CHSO−

5

1 + ks
kdes

+ Keq1CHSO−
5

=
kαC[CatActiveSite ]o

CHSO−
5

1 + kβCHSO−
5

(119) 

Expression 119 is the well-known Langmuir Hinselwood kinetics, 
derived assuming the surface reaction (reaction 118) as the limiting rate. 
If the surface reaction involves the adsorbed species PMS and RH: 
[
HSO−

5 ↦[CatActiveSite]
]
+ [RH↦[CatActiveSite] ]→Products + 2[CatActiveSite] ks

(120)  

and the surface reaction is the slow stage, the following expression ap-
plies: 

−
dCHSO−

5

dt
=

ksKeq1Keq2C[CatActiveSite ]o
CRHCHSO−

5
(

1 + Keq1CHSO−
5
+ Keq2CRH

)2 (121) 

Other scenarios can also occur, for instance the implication of two 

PMS molecules at the catalyst surface in an Eley Rideal type reaction: 

[
HSO−

5 ↦[CatActiveSite]
]
+ HSO−

5 →

{
SO− •

4

HO•
+ [CatActiveSite]

+
(
H2O, SO=

4 , .
)

ks (122) 

Which would lead to an expression such as: 

−
dCHSO−

5

dt
=

ksKeq1C[CatActiveSite ]o
C2

HSO−
5

1 + Keq1CHSO−
5

(123) 

Additionally, if the adsorption of reactants or desorption of products 
are the limiting stages or even, adsorption of RH occurs in active sites 
different from PMS, other more complicated expression can be obtained. 

Obviously one of the simplest cases is derived from expression 119 
when 1 << kβCHSO−

5
, leading to a simple first order rate law for radicals 

generation. Heterogeneous catalytic decomposition of perox-
ymonosulfate must be carried out at different conditions to adequately 
propose a generic expression able to account for different operating 
circumstances. 

No study of parameters influence has been conducted when the 
initiation stage is accomplished by a catalyst (homogeneous or hetero-
geneous) as results are expected not to significantly vary from those 
reported in PMS homogeneous activation. 

2.3. Establishment of a generic model 

Application to theoretical simulated results: At this point and given the 
complexity of handling an excessive number of reactions, and unknown 
affecting parameters, the proposal of a generic model capable of ac-
counting for the influence of main parameters is recommended. Obvi-
ously, the model is just based in observations through the reported 
literature and has no rigorous theoretical background behind. However, 
as commented previously, simple first order kinetics are commonly 
used, and in most cases pseudo first order expressions have no wide 
application over the complete set of operating parameters, nor theory 
sustaining their use. 

The methodology proposes the use of generic power expressions 
capable of accounting for positive or negative effects of different pa-
rameters, even considering the potential Langmuir type behavior of 
some of them. Hence, the following differential equation is proposed: 

−
dCRH

dt
=

(

(kd + kini)

[

1 +
∑

i

knum
i Cαi

i

1 + kden
i Cβi

i

])
CαRH

RH

1 + kRHCβRH
RH

CαPMS
PMS

1 + kPMSCβPMS
PMS

(124)  

Where kd would account for the direct oxidation of RH by molecular 
PMS and kini considers the activation of PMS (by radiation or any other 
energy-based initiation and homogeneous or heterogeneous catalysis). 
kini can be a function of radiation intensity, catalyst load, etc, in these 
cases, dependency should experimentally be obtained. ki, αi and βi terms 
in the summation are constants referred to species i (i = chlorides, TOC, 
carbonates, protons, etc.). Last two terms refer to generic compound RH 
and PMS. 

The methodology should be as follows: 
-First, experiments at different initial concentration of RH should be 

carried out. Hopefully, PMS is in excess, and its concentration should not 
appreciably change with time. Under this scenario, Eq. 124 reduces to: 

−
dCRH

dt
= kadjust

CαRH
RH

1 + kRHCβRH
RH

(125)  

kadjust =

(

(kd + kini)

[

1 +
∑

i

knum
i Cαi

i

1 + kden
i Cβi

i

])
CαPMS

PMS

1 + kPMSCβPMS
PMS

= kvar
CαPMS

PMS

1 + kPMSCβPMS
PMS

(126) 
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Experiments completed varying the initial load of RH should allow 
for the determination of kadjust, kRH, αRH and βRH. The number of pa-
rameters to be adjusted is 4 and, consequently, fitted values of kadjust, 
kRH, αRH and βRH that adequately simulates CRHo influence are not 
unique. As an example, Fig. 11A shows the results obtained by means of 
Eq. 125 after numerical integration with Euleŕs method. Estimated pa-
rameters used in the simulation were: kadjust = 5×10− 4 M1- αRH s− 1

, kRH 
= 6×103 M- βRH, αRH = 0.9 and βRH = 0.52. Curves correspond to RH 
initial values of 0.5, 1.0, 2.5 and 5.0×10− 7 M. The fitting process was 
applied to data shown in Fig. 3 A. 

In this case, the generic model has been applied to results shown in 
this work, however, can be utilized with any set of data showing smooth 
depletion profiles. Hence, pure first order should be obtained by 

assuming kRH = 0 and αRH = 1.0, while a changing reaction order 
depending on RH concentration can be obtained, varying from first 
order (1 >>kRHCβRH

RH ) to αRH - βRH if (1 <<kRHCβRH
RH ). 

-Next stage should investigate the role played by PMS. Typically, 
CPMSo > > CRHo and peroxymonosulfate concentration remains almost 
constant during the process. If PMS concentration does significantly 
decrease, a mathematical expression of PMS abatement should be 
incorporated into Eq. 124 , similarly to Oh et al. (2015). However, 
considering the most probable scenario (i.e. CPMS constant), Eq. 125 still 
holds and different values of kadjust should be obtained. The nonlinear 
fitting of kadjust and CPMS would facilitate the calculation of kvar, kPMS, 
αPMS and βPMS. Again, the model was applied to theoretical results 

Fig. 11. Simulated removal of the generic compound RH by PMS activation under UV-C radiation. Evolution of RH concentration with time. Generic model 
application. A- Influence of initial RH concentration from 5.0×10− 8 to 5.0×10− 7 M; B- Influence of initial PMS concentration from 35.0×10− 5 to 5.0×10− 4 M. C- 

Influence of initial TOC concentration from 0 to 1.0×10− 4 M (inset evolution of knum
TOCCαi

TOCo

1+kden
TOCCβi

TOCo 

versus CTOCo). D- Influence of initial chlorides concentration from 0 to 

4.0×10− 5 M at pH 3. General conditions: CPMSo = 1 × 10− 4 M, CRHo = 1 × 10− 7 M, pH = 7. 

F.J. Rivas                                                                                                                                                                                                                                         



Journal of Hazardous Materials 430 (2022) 128383

17

obtained by the detailed mechanism shown in Fig. 3B. Modelling of RH 
profiles was accomplished by changing the PMS concentration used with 
values of 3.0, 8.22, 13.4, 18.7, 23.9, 29.1 and 50.0×10− 5 M, obtaining 
values of kadjust of 1.7, 3.35, 4.7, 6.0, 7.5, 8.7 and 12.5×10− 4 M1- αRH s− 1, 
respectively (initial RH concentration = 10− 7 M). Since no negative 
effect of PMS concentration was obtained, Eq. 126 could be reduced to 
kadjust = 0.291× C0.717

PMSo
. 

-Finally, the influence of other parameters should be faced with a 
similar strategy. For instance, if TOC shows a negative effect (as assumed 
in Fig. 5), experiments conducted at different concentrations of TOC 
would facilitate the determination of its influence. Hence, after 
considering the information obtained in previous stages, the generic 
model was applied to experiments simulated by PMS/UV activation in 
the absence of other influencing parameters apart of TOC. Accordingly, 
the observed RH abatement as a function of initial TOC should follow the 
expression: 

−
dCRH

dt
=

(

(kd + kini)

[

1 +
knum

TOCCαi
TOCo

1 + kden
TOCCβi

TOCo

])
C0.9

RH

1 + 6 × 103C0.52
RH

C0.717
PMSo

(127) 

From Eq. 127 , in the absence of TOC and CPMS = 10− 4 M, the term 
(kd+kini) = 0.291. Experiments completed with initial TOC concentra-

tion from 0 to 10− 4 M led to values of knum
TOCCαi

TOCo

1+kden
TOCCβi

TOCo

shown in the inset of 

Fig. 11C as a function of TOC initial load, generating the expression 
− 45×C0.364

TOCo
1+400×C0.679

TOCo
. Fig. 11C depicts the influence of initial TOC after introducing 

the Langmuir type equation obtained. 
Analogously, the effect of chlorides should be considered with a 

similar approach. Hence, Fig. 11D shows the influence of increasing 
concentrations of chlorides from 0 to 4.0×10− 4 M according to Eq. 128 
(CPMSo =10− 4 M, CRHo = 10− 7 M). The fitting process was conducted by 
considering data shown in Fig. 6A: 

−
dCRH

dt
=

(

(kd + kini)

[

1 +
− 42.5 × C0.47

Cl−o

1 + 50.0 × C0.679
Cl−o

])
C0.9

RH

1 + 6 × 103C0.52
RH

C0.717
PMSo

(128) 

In cases where a certain parameter could exert both a negative or 
positive influence on RH removal rate depending on the concentration, 
the Langmuir type term corresponding to the specific parameter should 
be transformed to an expression capable to account for this double ef-
fect. A parabolic expression could be an acceptable choice: 

aC2
io + bCio + c
1 + kden

i Cβi
io

(129) 

As an example, Fig. 12 shows the simulation of RH removal in the 
presence of a generic species “i” which negatively influences RH 
abatement rate from 0 to 3×10− 4 M and positively affects RH elimina-
tion for concentrations above this value. In Fig. 12 values of 2.5×107 

M− 1s− 1, − 7600 s− 1, and − 0.1 Ms− 1 were used for the coefficients a, b, 
and c, respectively. kden and β were given values of 50 M− β and 0.679. 

3. Conclusions 

From the theoretical study presented it can be concluded that the use 
of a detailed mechanism of elemental reactions is not always a warranty 
of success in modelling processes. Besides of the increasing mathemat-
ical complexity as the number of reactions raises, some of the elemental 
reactions and/or species commonly included in this type of studies play 
a negligible role. Additionally, the reactivity of the specific target 
compounds towards some secondary generated radicals (carbonate, 
ClDOx, organic radicals, etc.) may affect the process in the opposite 
direction to the one expected. Modelling of PMS based processes must be 
carried out after experimental data acquisition. Use of pseudo first order 
kinetics is a common practice that not always contribute to useful in-
formation of the process and influencing parameter effects. Moreover, in 
most of cases, experimental data are incoherent with the features of 

Fig. 12. Simulated removal of the generic compound RH by PMS activation under UV-C radiation. Evolution of RH concentration with time. Generic model 

application. Influence of initial concentration of influencing parameter “i”. A- From 0–3.0×10− 4 M; B-From 3.0×10− 4 to 4.0×10− 4 M. (inset evolution of aC2
io +bCio +c

1+kden
i Cβi

io 

versus Cio). General conditions: CPMSo = 1 × 10− 4 M, CRHo = 1 × 10− 7 M, pH = 7. 
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pseudo first order kinetics. From a practical point of view, a model 
should take into account the influence of main operating variables even 
with no theoretical background behind. Accordingly, facing the 
modelling of PMS based processes (and perhaps other advanced oxida-
tion processes) should be attempted either by a mechanism of influ-
encing elemental reactions (neglecting insignificant stages/species) or, 
alternatively, by a mathematical expression based on empirical results. 
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Sarria, V., Parra, S., Adler, N., Péringer, P., Benitez, N., Pulgarin, C., 2002. Recent 
developments in the coupling of photoassisted and aerobic biological processes for 
the treatment of biorecalcitrant compounds. Catal. Today 76, 301–315. https://doi. 
org/10.1016/S0920-5861(02)00228-6. 

Shad, A., Chen, J., Qu, R., Dar, A.A., Bin-Jumah, M., Allam, A.A., Wang, Z., 2020. 
Degradation of sulfadimethoxine in phosphate buffer solution by UV alone, UV/PMS 
and UV/H2O2: kinetics, degradation products, and reaction pathways. Chem. Eng. J. 
398, 125357 https://doi.org/10.1016/j.cej.2020.125357. 

Shinohara, K., Shida, T., Saito, N., 1962. Radiation decomposition of aqueous azide 
solution. J. Chem. Phys. 37, 173–177. https://doi.org/10.1063/1.1732947. 

Sievers, C., Noda, Y., Qi, L., Albuquerque, E.M., Rioux, R.M., Scott, S.L., 2016. 
Phenomena affecting catalytic reactions at solid–liquid interfaces. ACS Catal. 6, 
8286–8307. https://doi.org/10.1021/acscatal.6b02532. 

Sivaranjanee, R., Kumar, P.S., 2021. A review on cleaner approach for effective 
separation of toxic pollutants from wastewater using carbon Sphere’s as adsorbent: 
preparation, activation and applications. J. Clean. Prod. 291, 125911 https://doi. 
org/10.1016/j.jclepro.2021.125911. 
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