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 Persulfate acid activation showed an important role at the begining of the
process

 An excess of iron favoured radicals scavenging

 Good agreement between experimental data and model predictions was always
obtained

 Model was validated with additional assays based on iron and persulfate
additions
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Abstract 

A semi-empirical model of the heat-activated and iron-activated persulfate processes 

applied to the removal of carbamazepine in water at low concentration (0.0025 mM) has 

been proposed and validated. In the heat-activation experimental series that was carried out 

at pH 3 varying temperature from 25ºC to 65ºC, acid-activation of persulfate showed an 

important initial role in the process. For the iron-activated experimental series in which iron 

concentration was changed from 0.5 mg/L to 10 mg/L and two temperatures were also 

studied (25ºC and 35ºC), heat-activation was negligible with iron being the main activation 

mechanism and acid-activation showing also an important initial effect on process 

performance. The model prediction capability for both carbamazepine degradation and 

persulfate decomposition profiles was high in each cases. Finally, the model was validated 

including supplementary experiments based on Fe(II) additions (1 mg/L each at 0, 10 and 

20 min) and S2O8
2-

 additions (0.17 mM each at 0, 10 and 20 min) throughout the treatment.

The developed model is a powerful predictive tool for the application of persulfate in the 

removal of contaminants of emerging concern in water. 
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1. Introduction 

Contaminants of emerging concern (CECs) are unregulated substances that enter the 

environment at low concentrations, among others, through municipal wastewater treatment 

plants (MWWTP) because biological systems were not designed for their removal [1]. 

Their properties make CECs highly risky for the environment and human health as they are 

bio-accumulative substances, very persistent in the environment and, at the same time, 

show a great capacity for transformation, generating intermediate products, such as 

metabolites, which, in many occasions, are more toxic than the parent compounds [2]. 

Personal care products, antiseptics, detergents and their metabolites, gasoline additives and 

industrial agents, among others, are considered as CECs [3]. Nevertheless, the ones that are 

possibly causing the greatest concern are the pharmaceutical products and, in particular, 

antibiotics [4]. The use of pharmaceutical products in European Union countries has been 

estimated of thousands of tons per year, and the majority of the most consumed, including 

antibiotics, are used in amounts similar to those of pesticides. Indeed, the presence of more 

than 3,000 pharmaceuticals in the aquatic environment has been already reported by Roig 

2010 [5]. In this study, the carbamazepine was selected as CEC model because it is a bio-

recalcitrant microcontaminant that is not efficiently removed by MWWTPs and usually 

reaches water bodies. According to Zhang et al. 2008 [6], carbamazepine has been detected 

in MWWTP effluents and surface waters around the world, as happens in Germany where 

it has been found at concentrations of around 3 µg/L in MWWTP effluents and 0.5 µg/L in 

surface waters. Moreover, according to several researchers, this pollutant is frequently 

detected in surface water, groundwater and even in drinking water at ng/L- μg/L levels [3, 

7-10]. Therefore, it is a good indicator for following the performance of an advanced 

tertiary treatment to polish the effluent from conventional MWWTPs. 

1
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To prevent the entry of these CECs into the environment and also to achieve good water-

reuse quality, an advanced tertiary treatment must be proposed and carried out as a final 

step in the treatment of MWWTP effluents. In recent years, sulfate radical-based advanced 

oxidation processes (SO4
•-
-AOPs) applied to the removal of CECs are being investigated as 

an alternative to AOPs only based on the generation of hydroxyl radicals [11]. Sulfate 

radical has a high oxidation potential (E
°
=2.6 V), similar to hydroxyl radical (E

°
=2.8 V), is 

very efficient to CECs degradation at low concentrations and environmentally friendly [12-

14]. Persulfate activation to form highly reactive species can be achieved by many different 

mechanisms: UV light [15], thermal energy [16], acidic and alkaline conditions [17] or 

transition metals, such as silver, iron, copper, zinc [18]. In this way, the feasibility of SO4
•-
-

AOPs for CEC abatement has already been proven, furthermore, several investigations 

about kinetics, degradation mechanism of different contaminants and the effect of water 

matrix on process performance have been reported [14, 19-21]. In this context, research 

should move forward to applications at pilot plant scale and, consequently, modelling 

studies are needed. Few studies about persulfate modelling can be found in the literature. 

Kusic et al. 2011 [22] developed a first principle mathematical model to predict 

decolorization of Reactive Red 45 and mineralization using persulfate activated via 

zerovalent iron and ferrous sulfate both under dark and UV light conditions. Besides, 

persulfate was compared to H2O2 addition using 80 mg/L of Reactive Red 45 as initial 

pollutant load (≈32 mg/L of total organic carbon -TOC-). The reaction scheme included 12 

bulk Fenton reactions, 14 surface Fenton reactions, 11 inorganic bulk reactions related to 

H2O2, 3 bulk iron/persulfate reactions, 5 surface iron/persulfate reactions, 6 inorganic bulk 

reactions related to S2O8
2-

, 6 photo-induced reactions and 8 pollutant degradation reactions. 

Selecting the corresponding reactions from this group, different models for direct UV 

1 2
3
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photolysis, UV/ H2O2, UV/S2O8
2-

, Fe
2+

/H2O2, UV/Fe
2+

/H2O2, Fe
0
/H2O2, UV/Fe

0
/H2O2, 

UV/Fe
2+

/S2O8
2-

, Fe
2+

/S2O8
2-

, Fe
0
/S2O8

2-
 and UV/Fe

0
/S2O8

2-
 were proposed. Bu et al., 2017 

[23] reported the modelling of Fe(II)-activated persulfate for the removal of atrazine at 

different initial concentrations. A first principle model based on 26 reactions including the 

influence of tertiary butanol, methanol and natural organic matter on process performance 

was used. Lominchar et al. 2018 [19] proposed a simplified reaction mechanism to model 

phenol abatement by alkaline-activated (pH 12) persulfate. Good agreement between 

experimental data and model simulations was found, being the model able to accurately 

predict the evolution of phenol, persulfate, hydroquinone and catechol. Another modelling 

work was carried out by Rodriguez et al. 2017 [24], who studied the removal of diuron, 

caffeine and ibuprofen at concentrations in the range from 0.086 mM to 0.129 mM by 

zerovalent iron-activated persulfate. An interesting semi-empirical modelling approach 

based on only 7 general reactions was proposed, capable of describing the evolution of 

pollutant, oxidant agent, iron concentrations and mineralization. All the reported studies 

considered an extremely higher concentration of target pollutants compared to the actual 

concentration of microcontaminants that can be found in MWWTP effluents. 

The aim of the present work was to develop a general mathematical model under a semi-

empirical approach of the heat-activated and iron-activated persulfate processes when these 

are applied to the removal of CECs. In this sense, carbamazepine dissolved in water at very 

low concentration (0.0025 mM), closer to actual conditions, was used as model pollutant. 

In a first experimental series, a heat-activation persulfate model was proposed for a 

temperature range from 25ºC to 65ºC. In the second part of the study, a complementary 

model was implemented for persulfate activated by iron in concentrations from 0.009 mM 
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to 0.18 mM at 25ºC and 35ºC. Finally, the model was validated including supplementary 

experiments based on iron and persulfate additions carried out throughout the treatment.    

2. Materials and Methods 

2.1 Chemicals and reagents 

Carbamazepine (standard quality, 99%), acetonitrile (HPLC-grade), ferrous sulfate 

heptahydrate (FeSO4·7H2O), 1,10-phenantroline (99% w/w), acetic acid (99.7% w/v), 

ascorbic acid (99%, w/w), formic acid (95%, w/v) were supplied by Sigma-Aldrich. 

Sodium persulfate, Na2S2O8 was provided by Merck Millipore (Darmstadt, Germany). 

Ultrapure water was produced with a Millipore (Direct-Q
®
 Ultrapure Water System, 

Bedford, MA, USA). 

2.2 Analytical methods  

Carbamazepine concentration was quantified by ultra-performance liquid chromatography 

(UPLC, Agilent 1260) coupled to UV/DAD detector. The column selected was C18 (1.8 

µm, 50 x 4.6 mm). The initial conditions of 10% AcN and 90% of Milli-Q water acidified 

with formic acid (25mM w/v) progressed to 100% AcN in 15 min. 3 min post-time was 

selected: time elapsed before the next injection for the method to stabilize in the selected 

initial condition. Flow rate was 1 mL/min and the injection volume was 100 μL. 

Wavelength for carbamazepine quantification was 267 nm. Each sample was previously 

filtered (0.22 µm – Milipore). Additionally, the filter was washed with AcN, added to the 

sample so that proportion between sample and AcN was the same than the one of the HPLC 

solvents at the start of the method (10% AcN – 90% sample).   

Persulfate concentration was quantified evaluating the sulfate anion concentration 

generated during the reaction by ion chromatography with a Metrohm 872 Extension 1
2
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Module 1 and 2 ion chromatograph (IC) system configured for gradient analysis. To 

determine the total iron concentration, the 1,10-phentranoline method was used (ISO 6332).  

2.3 Experimental procedure 

Experiments were carried out in an opaque-wall reaction vessel (1L) placed under dark 

conditions. Temperature was manually controlled using a heater that also provided agitation 

in order to work under perfect mixing conditions. In a typical run, pH of the deionized 

water was adjusted to 2.7-2.9, then carbamazepine (0.0025 mM equivalent to 500 µg/L) 

was added and, finally, persulfate was added marking the start of the experiment. 

Carbamazepine stock solution (4 g/L) was prepared in methanol so that 0.125 mL of stock 

solution was added per liter of reactor, providing 37 mg/L of total organic carbon (TOC) to 

the solution. This amount is similar to the natural organic content found in MWWTP 

effluents. In the iron-activation experimental series, Fe(II) (as FeSO4·7H2O) was added 

before persulfate.  

2.4 Reaction kinetic model 

In this work, the processes are represented by 3 groups of reactions: (i) related to persulfate 

activation for sulfate radicals production, (ii) related to efficient sulfate radicals 

consumption in which the pollutant is oxidized and (iii) related to non-efficient 

consumption of sulfate radicals, i.e. scavenging interactions. Semi-empirical dynamic 

model is based on mass balances of the most relevant components of the process obtained 

under batch mode operation and considering perfect mixing conditions.  

In the case of heat-activated persulfate process, the model assumes 4 reactions and 5 model 

components (Table 1), these being S2O8
2-

 (PS), SO4
•-
 (RAD), H

+
 (H), carbamazepine 

(CARB) and TOC. With respect to reactions, the activation of persulfate by heat (Reaction 

1) and acidic conditions (Reaction 2), carbamazepine oxidation (Reaction 5) and 

1

2

3

4
5

6
7 8

9
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mineralization (Reaction 6) are the interactions between model components considered. As 

no equilibrium reactions were included in the model, in order to follow the parsimony 

principle, the acid-activation reaction was only considered within the first 5 minutes of the 

process. 

In the iron-activated persulfate process, the model assumes 7 reactions and model 

components (Table 1), including the 5 components of the heat-activated persulfate process 

plus Fe(II) and Fe(III). With respect to reactions, Reactions 1, 2, 5 and 6 are complemented 

with the activation of persulfate by Fe(II) (Reaction 3), Fe(III) (Reaction 4) and the 

oxidation of Fe(II) by sulfate radicals (Reaction 7). 

A summary of reactions and the corresponding kinetics equations are presented in Table 1. 

Table 1. Reactions and kinetics equations included in the semi-empirical model proposed. 

Reaction  Rate law equation 

              (Reaction 1)            (Equation 1) 

         (Reaction 2)                (Equation 2) 

                      (Reaction 3)                     (Equation 3) 

                      (Reaction 4)                      (Equation 4) 

                  (Reaction 5)                    (Equation 5) 

                 (Reaction 6)                   (Equation 6) 

                   (Reaction 7)                      (Equation 7) 

 

2.5. Numerical issues and assays 

The experiments carried out in this study were divided into two groups for parameter 

identification and model validation. One experiment from the heat-activation experimental 

series and two experiments from the iron-activated experimental series were used for model 

validation plus another two specific assays, one based on iron additions (0.018 mM) and 

another based on persulfate additions (0.17 mM). 

1

2

3

4

5
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In a first step of the model calibration procedure, only persulfate decomposition data was 

taken into account in the construction of the objective function, so that the kinetic constants 

of the persulfate activation reactions could be obtained. The remaining parameters were 

obtained in a second step where the objective function was augmented with carbamazepine 

oxidation profiles. The searching procedure was carried out until trapped in local minima 

for some combinations of kinetic parameters with no improvement of the defined objective 

function.  

The model parameters were obtained by implementing a Monte Carlo approach in 

MATLAB
®
 in which the objective was the minimization of the function presented in 

Equation 8.  

     
               

    
 

 

 

 (Equation 8) 

Where the subscript “e” represents the experimental measurement and the subscript “p” the 

model prediction of the variable X (carbamazepine and/or persulfate concentrations); being 

the subscript “m” the total number of samples of the “n” experiments carried out. 

When only model fine-tuning was carried out, MATLAB® optimization toolbox with a 

weighted quadratic objective function was used. 

 

3. Results and discussion 

3.1 Heat-activation of persulfate 

Persulfate can form two SO4
-

 through scission of the peroxide bond as a result of heat 

energy absorption [25]. In this part of the study, the degradation of carbamazepine (0.0025 

mM) by using persulfate (1mM) as oxidant agent at temperatures in the range from 25ºC to 
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65ºC and pH 3 was evaluated (Figure 1). This pH was selected in order to know heat-

activation contribution when persulfate is also activated by dissolved iron (notice that 

acidic pH is needed to keep iron in solution). At the lowest temperature (25ºC), about 30% 

carbamazepine degradation was achieved after 20 min remaining the pollutant 

concentration almost constant from this moment until the end of the assay (180 min). From 

35ºC, the complete removal of carbamazepine was always achieved. Increasing the 

temperature always resulted in faster kinetics till attaining complete polluant removal in 

less than 5 min at 65ºC. These results show that there is an initial degradation non-related 

to heat-activation, as the latter should be characterized by a continuous decomposition of 

persulfate, as occurs at 35ºC (see Figure 1a). This phenomenom could be caused by acid-

catalyzed decomposition of persulfate, which has been reported by several authors [21, 26].  
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(b) 

Figure 1. Carbamazepine removal (0.0025 mM initial concentration) (a) and persulfate 

decomposition (1 mM initial concentration) (b) profiles along the heat-activation 

experimental series.  

 

The above explanation is also in accordance with model structure resulting from calibration 

process. If only heat-activation of persulfate is considered in the model, the agreement 

between experimental data and model prediction profiles is good only for 45, 55 and 65ºC 

experiments, i.e. once temperature is high enough to be the main activation mechanism. 

Including acid-catalyzed decomposition of persulfate in the reaction mechanism improved 

model accuracy allowing also an accurate prediction of the low temperature experiments. 

Another important aspect to enhance model predictions was to include a radical scavenging 

reaction, as the pollutant stock solution was prepared in methanol, which provides 

additional TOC (37 mg/L) in the reaction bulk affecting process performance. This 

situation is similar to the one found in natural surface waters and municipal WWTP 
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secondary effluents, where similar TOC values are also found in the matrix. Mineralization 

was not selected as prediction objective because it is not a concern when dealing with 

CECs dissolved in real aqueous matrices, in which TOC concentration is in the order of 

several tens of mg/L, while the concentration of CECs is typically in the order of µg/L. 

Therefore, the mineralization of CECs cannot be detected in actual wastewater treatment 

conditions [27] and degradation of harmless TOC is not an objective of any advanced 

tertiary treatment designed to polish the effluent from conventional WWTPs [28]. 

As it can be seen in Figure 2, very good agreement between experimental results and model 

predictions were obtained both for carbamazepine and persulfate time-concentration 

profiles for the complete range of temperatures studied. The kinetic parameters of the 

proposed model are shown in Table 2. The slowest reactions were those responsible of 

radical production (Reactions 1 and 2) being the lowest values obtained for persulfate heat-

activation reaction (Reaction 1). The corresponding activation energy obtained for this 

reaction (105.2 kJ/mol) is in the range of the reported values at acid pH (110-116 kJ/mol) 

[29]. On the contrary, the carbamazepine degradation reaction (Reactions 5) resulted in the 

highest kinetic parameters.   
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Figure 2. Comparison between experimental data (dots) and model predictions (lines) for 

the heat-activation experiments carried out at 35ºC and 55ºC. 

 

Table 2. Kinetic parameters resulting from the calibration of the heat-activated persulfate 

model at the different temperatures and the corresponding activation energy of the 

Arrhenius fitting. 

 
 

25ºC 35ºC 45ºC 55ºC 65ºC 

Ea 

kJ/mol 

r
2
 

k1 

m
in

-1
 

(0.1±0.1)·10-3 (1.2±0.1)·10-3 (3.0±0.1)·10-3 (5.1±0.2)·10-3 (25.2±0.8) ·10-3 105.2 0.9496 

k2 

m
M

-1
 m

in
-1

 0.069±0.001 0.089±0.002 0.147±0.006 0.326±0.014 0.404±0.026 40.4 
0.9608 

k5 1.99±0.10 3.30±0.13 4.14±0.39 5.38±0.57 - 26.1 0.9722 

k6 0.141±0.006 0.150±0.007 0.156±0.011 0.159±0.005 - 3.2 0.9477 
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3.2 Iron-activation of persulfate 

Sulfate radical can also be formed through the reaction of persulfate and metals in which 

one electron is transferred [30]. In this context, the use of iron has been widely studied 

because it presents low toxicity and low cost [13]. Based on the above considerations, in 

the next part of the study, the removal of carbamazepine (0.0025 mM) by Fe(II)-activated 

persulfate (1mM) under six different iron concentrations in the range from 0.009 mM to 

0.18 mM (equivalent to 0.5 - 10 mg/L) at constant temperature (25ºC) was evaluated and 

modeled. In general, an important initial degradation of the pollutant is again observed and 

later the process is extremely slowed down due to the formation of Fe(III) (Figure 3). After 

2 hours, the complete carbamazepine removal was not achieved in any case though, when 5 

mg/L of Fe(II) or higher concentrations were used, about 90% oxidation was obtained 

within the first 5 min. Negligible differences in terms of carbamazepine removal were 

found between the experiments carried out with 5, 7.5 and 10 mg/L of Fe(II). This 

behavior, in which there is fast pollutant degradation at initial stages but, subsequently, 

asymptotic values of pollutant and oxidant agent are observed, is in agreement with some 

other published works. Rodriguez et al. 2017 [24] reported similar process performance. 

Additionally, the authors indicated that an undesired reaction occurs that consumes both 

Fe(II) and S2O8
2- 

if iron excess is added in the reaction bulk, which can justify the similarity 

between the experiments above 5 mg/L of iron. Minimizing this undesirable reaction 

(Reaction 7) is required to increase the efficiency of the oxidant, which could be obtained 

for instance by employing zero valent iron that allows a slow release of Fe(II). Slight 

differences were also found between the experiments carried out with 0.5 and 1 mg/L of 

Fe(II). For both concentrations, about 60% initial degradation was observed. Under these 
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conditions, the process is probably mainly initiated by the above-mentioned acid-activation 

mechanism instead of Fe-activation.  
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In the next experimental series, the same iron concentrations were used but increasing the 

operation temperature to 35ºC (Figure 4). In all the cases, reaction kinetics improved with 

respect to the previous experimental series carried out at 25ºC. The complete degradation of 

carbamazepine was achieved in approximately 40 min when iron concentrations of 5 mg/L 

or higher were used. Again, negligible differences between the experiments with 5, 7.5 and 

10 mg/L of iron were found. In the case of the experiment with 2.5 mg/L of iron, the 

pollutant could be also completely degraded after 100 min. In contrast, 1 and 0.5 mg/L of 

iron assays only allowed reaching 80% and 70% degradation, respectively, after 120 min.   

 

Figure 3. Carbamazepine degradation (0.0025 mM initial concentration) (a) and persulfate 

decomposition (b) curves for the experiments carried out with 0.5, 2.5 and 10 mg/L of iron 

at 25ºC. 
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The semi-empirical model proposed in the previous section was modified in order to 

include the activation of persulfate by iron species. In this way, Fe(II) and Fe(III) activation 

reactions (Reactions 3 and 4) were added in the mechanism and the model was again 

calibrated. In the first calibration step, only persulfate decomposition data was used to 

determine the kinetic constants of both Fe(II) and Fe(III) activation reactions, using the 

already obtained model parameters in the temperature experimental series (Table 3) for acid 

and heat activation (k1 and k2). This option left to acceptable predictions, however, a better 

agreement between simulated and experimental profiles of persulfate decomposition was 

obtained after model fine-tuning. The calibration process showed that, in the range from 

25ºC to 35ºC, the model prediction capability improves if heat-activation kinetic parameter 

comes to cero. Probably, this is due to its small effect can be implicitly included in the iron-

(b) 

Figure 4. Carbamazepine degradation (0.0025 mM) (a) and persulfate decomposition (b) 

curves for the experiments carried out with 0.5, 2.5 and 10 mg/L of iron at 35ºC. 
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activation reactions. On the contrary, this did not happen with acid-activation, which still 

showed an important effect on process performance. The next step was to include 

carbamazepine oxidation and scavenging reactions into the model and to simulate also the 

pollutant degradation profile. In addition, Fe(II) scavenging of radicals  reaction (Reaction 

7) was also included in the model to describe the negative effect of iron excess on process 

performance. Again, the values of the kinetic constants already available from the 

temperature experimental series (k5 and k6) were initially used determining only the kinetic 

parameter of Fe(II) scavenging reaction. As in the previous calibration stage, although 

model prediction was acceptable, it improved after model fine-tuning. The comparison 

between experimental data and model predictions for the assays carried out with 5 mg/L of 

iron at 25ºC and 35ºC is shown in Figure 5. As it can be seen in the simulated profiles, the 

model prediction capability is high in both cases.  
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Figure 5. Comparison between experimental data (carbamazepine –dots- and persulfate –

triangles-) and model simulations (lines) for the experiments carried out with 5 mg/L of 

iron at 25ºC and 35ºC. 

   

Therefore, the final proposed model includes 3 reactions related to radical formation and 3 

reactions related to radical consumption. Persulfate can be activated to produce sulfate 

radicals by acid conditions (Reaction 2), Fe(II) (Reaction 3) and Fe(III) (Reaction 4). With 

respect to heat-activation, it is not necessary to implicitly consider this mechanism in the 

model because it seems to be included through iron-activation reactions. With respect to 

radicals consumption, their reactions with carbamazepine, organic matter and Fe(II) were 

considered. The kinetic parameters obtained by model fitting are presented in Table 3. This 

table shows that Fe(II) is the main responsible of persulfate activation with an small 

contribution of acid-activation. After the oxidation of Fe(II) to Fe(III), there is also 

persulfate activation by Fe(III), although it is extremely slow. The fastest reaction of the 

whole model was carbamazepine oxidation followed by Fe(II) oxidation by sulfate radical. 

Again, Fe(II)-activation of persulfate was the most important activation mechanism, with 

an initial contribution of acid-activation that has to be considered in the model and a very 

slow Fe(III) impact. 
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Table 3. Kinetic parameters for the iron concentration experimental series resulting from 

model fine-tuning. 

 k2 k3 k4 k5 k6 k7 

 mM
-1

 min
-1

 

25ºC 2.04±0.16 0.0056±0.0009 0.016±0.008 16.42±0.96 0.46±0.11 8.25±0.92 

35ºC 5.37±0.87 0.030±0.008 0.037±0.010 23.01±1.34 0.77±0.20 18.92±2.3 

 

3.3 Model Validation 

One assay from each experimental series (heat-activation, Fe(II)-activation at 25 and 35ºC) 

was not used for model calibration so that these could be used for model validation. In the 

case of the heat-activation experimental series, the assay carried out at 45ºC was the one 

selected for model validation. As it can be observed in Figure 6a, good agreement between 

experimental data and model simulations was obtained for both carbamazepine oxidation 

and persulfate decomposition profiles, validating the model proposed, which includes heat-

activation plus acid-activation. In the case of the Fe(II)-activation model, the validation 

experiments are presented in Figure 6b. Again, the model showed great prediction accuracy 

validating the semi-empirical approach in which only Fe(II)-activation and acid-activation 

are considered. 
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(a) 

(b) 

Figure 6. Comparison between experimental data (dots) and model predictions (lines) for 

the validation heat-activation experiment carried out at 45ºC (a) and the Fe-activation 

experiments carried out with 2.5 mg/L of iron at 25ºC and 35ºC (b). 
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Finally, two new validation experiments were carried out. In the first one, the removal of 

carbamazepine (0.0025 mM) using persulfate (1 mM) activated by different and low Fe(II) 

additions (0.018 mM each at 0, 10 and 20 min) was studied. Three steps can be clearly 

identified in the decontamination process corresponding to each one of the iron additions 

(Figure 7a). Initially, an important degradation is produced and, then, the process is almost 

stopped. The carbamazepine oxidation steps diminished with each one of the iron additions 

resulting in 60%, 20% and 10%. The model adequately predicts this process behavior; 

nevertheless, the prediction capability for carbamazepine removal diminished after the first 

addition. The initial carbamazepine concentration in all the experimental series used to 

develop the model was constant at 0.0025 mM. Consequently, the model has not been 

trained for concentrations lower than 0.0025 mM, as ≈0.001 mM and ≈0.0005 mM, 

concentrations measured when the second and third additions were done. A similar trend 

can be observed for persulfate decomposition. While the simulation for the first addition is 

adequate, in the second and third ones the persulfate concentration is overestimated. In the 

last validation experiment, the removal of carbamazepine (0.0025 mM) using 0.089 mM of 

Fe(II) and three S2O8
2-

 additions (0.17 mM each at 0, 10 and 20 min) was studied. In this 

case, it is difficult to identify the additions in the carbamazepine oxidation curve, which is 

indeed extremely similar to the curves obtained in the Fe(II)-activation experimental series. 

After the first addition, almost 60% carbamazepine oxidation was obtained, then, 5% 

oxidation was achieved in the second one and, finally, the third addition resulted in only 

2% degradation. This process behavior is well predicted by the model, indeed, model 

simulation shows that almost all the Fe(II) present initially in solution is already oxidized to 

Fe(III) (see Figure 7b) after the first persulfate addition. Consequently it can be said that the 
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model is able to successfully simulate both carbamazepine oxidation process and persulfate 

decomposition, showing that it can be used as a predictive tool. 

(a) 

 (b) 

Figure 7. Comparison between experimental data (dots) and model predictions (lines) for 

the validation experiment carried out with iron additions (a) and persulfate additions (PS) 

(b). 
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4. Conclusions 

A semi-empirical mathematical model of the heat-activated and iron-activated persulfate 

processes applied to the removal of CECs in water using carbamazepine as model pollutant 

has been proposed and validated. 

In the heat-activated experimental series, the selected temperature range was 25ºC-65ºC. 

The carbamazepine degradation reached 20% at 25ºC after 120 min while, from 35ºC; the 

complete degradation of the pollutant was always achieved. Kinetics always improved with 

temperature. The highest prediction capability was obtained when heat and acid activation 

of persulfate were considered in the model reaction mechanism, which included also 

carbamazepine degradation reaction and TOC scavenging reaction. Very good agreement 

between experimental results and model predictions were obtained both for carbamazepine 

and persulfate time-concentration profiles for the complete range of temperatures studied. 

In the next experimental series, six different Fe(II) concentrations in the range from 0.5 to 

10 mg/L at 25ºC and 35ºC were evaluated. At the lowest temperature, the complete 

carbamazepine removal was not achieved in any case, although about 90% degradation in 

the first 5 min was obtained when 5 mg/L of Fe(II) or higher concentrations were used. The 

fast pollutant degradation at initial stages and the asymptotic values of pollutant and 

oxidant agent obtained subsequently suggest that undesired reactions that consume both 

Fe(II) and S2O8
2- 

are favored if iron excess is added in the reaction bulk. At 35ºC, the 

complete degradation of carbamazepine was obtained in about 40 min when Fe(II) 

concentration was 5 mg/L or higher, finding again negligible differences between the 

experiments with 5, 7.5 and 10 mg/L of Fe(II). With respect to model reaction mechanism 

for this part of the study, the calibration process showed that the model prediction 

capability improves if heat-activation kinetic parameter comes to cero. Probably, this is due 
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to its small effect can be implicitly included in the iron-activation reactions. On the 

contrary, this did not happen with acid-activation, which still showed an important effect on 

process performance. Thus, the model reaction mechanism that showed the highest 

prediction accuracy includes: acid, Fe(II) and Fe(III) persulfate activation, carbamazepine 

degradation and both TOC and Fe(II) scavenging reactions. 

Finally, the model was validated using one assay from each experimental series (heat-

activation, Fe(II)-activation at 25 and 35ºC) and two additional assays, one using Fe(II) 

additions (0.018 mM each at 0, 10 and 20 min) and another one using S2O8
2-

 additions 

(0.17 mM each at 0, 10 and 20 min) with satisfactory results. 

In conclusion, a predictive tool for the use of persulfate in the removal of contaminants of 

emerging concern has been developed. This type of studies are needed in order to get the 

process closer to actual application, as models allow simulating the process, optimizing 

operation conditions or scaling-up reactors, among other. Further studies are needed in 

order to improve the model so that the effect of some other important variables such as sun-

light and matrix content can be also considered.  
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Abstract 

A semi-empirical model of heat-activated and iron-activated persulfate (PS) processes 
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has been proposed and validated. In heat-activation systems, carried out at pH 3, 

temperature was varied from 25ºC to 65ºC, and acid-activation of PS showed an important 

initial role in the process. In iron-activated experimental series, iron concentration was 

changed from 0.009 mM to 0.18 mM at two different temperatures (25ºC and 35ºC), heat-

activation was negligible with iron being the main activation mechanism and acid-

activation showing also an important initial effect on process performance. High model 

prediction capability for both CBZ degradation and PS decomposition profiles was 

obtained in each case. Finally, the model was validated including supplementary 

experiments based on Fe(II) additions (0.018 mM each) and PS additions (0.17 mM) 

throughout the treatment. Developed model in this work is a powerful predictive tool for 

the application of PS in the removal of contaminants of emerging concern in water. 
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1. Introduction 

Contaminants of emerging concern (CECs) are unregulated substances that enter the 

environment at low concentrations, among others, through municipal wastewater treatment 

plants (MWWTP) because biological systems were not designed for their removal [1]. 

Their properties make CECs highly risky for the environment and human health as they are 

bio-accumulative substances, very persistent in the environment and, at the same time, 

show a great capacity for transformation, generating intermediate products, such as 

metabolites, which, in many occasions, are more toxic than the parent compounds [2]. 

Personal care products, antiseptics, detergents and their metabolites, gasoline additives and 

industrial agents, among others, are considered as CECs [3]. Nevertheless, the ones that are 

possibly causing the greatest concern are the pharmaceutical products and, in particular, 

antibiotics [4]. The use of pharmaceutical products in European Union countries has been 

estimated of thousands of tons per year, and the majority of the most consumed, including 

antibiotics, are used in amounts similar to those of pesticides. Indeed, the presence of more 

than 3,000 pharmaceuticals in the aquatic environment has been already reported by Roig 

2010 [5]. In this study, the carbamazepine (CBZ) was selected as CEC model because it is a 

bio-recalcitrant microcontaminant that is not efficiently removed by MWWTPs and usually 

reaches water bodies. According to Zhang et al. 2008 [6], CBZ has been detected in 

MWWTP effluents and surface waters around the world, as happens in Germany where it 

has been found at concentrations of around 3 µg/L in MWWTP effluents and 0.5 µg/L in 

surface waters. Moreover, according to several researchers, this pollutant is frequently 

detected in surface water, groundwater and even in drinking water at ng/L- μg/L levels [3, 

7-10]. Therefore, it is a good indicator for following the performance of an advanced 

tertiary treatment to polish the effluent from conventional MWWTPs and it has been 



widely used for AOPs applications research, e.g. in solar photo-Fenton [11], PS/TiO2 [12] 

or improved methods such as the combination of ultrasonication, zero valent iron and 

hydrogen peroxide [13]. 

To prevent the entry of these CECs into the environment and also to achieve good water-

reuse quality, an advanced tertiary treatment must be proposed and carried out as a final 

step in the treatment of MWWTP effluents. In recent years, sulfate radical-based advanced 

oxidation processes (SO4
•-
-AOPs) applied to the removal of CECs are being investigated as 

an alternative to AOPs only based on the generation of hydroxyl radicals [14]. Sulfate 

radical, which has an oxidation potential similar to the one of hydroxyl radical, is very 

efficient to degrade CECs at low concentrations and environmentally friendly [15-17]. PS 

activation to form highly reactive species can be achieved by many different mechanisms in 

homogeneous as well as in heterogeneous media: UV light [18-20], thermal energy [21-23], 

acidic and alkaline conditions [24] or transition metals, e.g. silver, iron, copper, zinc. These 

transition metals can be in the form of dissolved salts in solution [25, 26] or zero valent 

metals being monometallic or bi/trimetallics iron based systems  (commercial or scrap 

waste collected from the car industry) [27-29]. The feasibility of SO4
•-
 based-AOPs for 

CECs abatement has already been proven, furthermore, several investigations about 

kinetics, degradation mechanism of different contaminants and the effect of water matrix 

on process performance have been reported [17, 30-32]. Therefore, considering that the 

basic knowledge of the PS oxidation process is high, new research focused on pilot plant 

scale studies, economic assessments, modelling, etc. is needed in order to favor the 

appearance of PS actual applications. Few studies about PS modelling can be found in the 

literature. Kusic et al. 2011 [33] developed a first principle mathematical model to predict 

decolorization of Reactive Red 45 and mineralization using PS activated via zerovalent iron 



and ferrous sulfate both under dark and UV light conditions. Besides, PS was compared to 

H2O2 addition using 80 mg/L of Reactive Red 45 as initial pollutant load (≈32 mg/L of total 

organic carbon -TOC-). The reaction scheme included 12 bulk Fenton reactions, 14 surface 

Fenton reactions, 11 inorganic bulk reactions related to H2O2, 3 bulk iron/PS reactions, 5 

surface iron/PS reactions, 6 inorganic bulk reactions related to PS, 6 photo-induced 

reactions and 8 pollutant degradation reactions. Selecting the corresponding reactions from 

this group, different models for direct UV photolysis, UV/H2O2, UV/S2O8
2-

, Fe
2+

/H2O2, 

UV/Fe
2+

/H2O2, Fe
0
/H2O2, UV/Fe

0
/H2O2, UV/Fe

2+
/S2O8

2-
, Fe

2+
/S2O8

2-
, Fe

0
/S2O8

2-
 and 

UV/Fe
0
/S2O8

2-
 were proposed. Bu et al., 2017 [34] reported the modelling of Fe(II)-

activated PS for the removal of atrazine at different initial concentrations. A first principle 

model based on 26 reactions including the influence of tertiary butanol, methanol and 

natural organic matter on process performance was used. Lominchar et al. 2018 [30] 

proposed a simplified reaction mechanism to model phenol abatement by alkaline-activated 

(pH 12) PS. Good agreement between experimental data and model simulations was found, 

being the model able to accurately predict the evolution of phenol, PS, hydroquinone and 

catechol. Another modelling work was carried out by Rodriguez et al. 2017 [35], who 

studied the removal of diuron, caffeine and ibuprofen at concentrations in the range from 

0.086 mM to 0.129 mM by zerovalent iron-activated PS. An interesting semi-empirical 

modelling approach based only on 7 general reactions was proposed, capable of describing 

the evolution of pollutant, oxidant agent, iron concentrations and mineralization. All the 

reported studies considered an extremely higher concentration of target pollutants 

compared to the actual concentration of microcontaminants that can be found in MWWTP 

effluents. 



The aim of the present work was to develop a general mathematical model under a semi-

empirical approach of the heat-activated and iron-activated PS processes when these are 

applied to the removal of CECs. In this sense, CBZ dissolved in water at very low 

concentration (0.0025 mM), closer to actual conditions, was used as model pollutant. In a 

first experimental series, a heat-activation PS model was proposed for a temperature range 

from 25ºC to 65ºC. In the second part of the study, a complementary model was 

implemented for PS activated by iron in concentrations from 0.009 mM to 0.18 mM at 

25ºC and 35ºC. Finally, the model was validated including supplementary experiments 

based on iron and PS additions carried out throughout the treatment.    

2. Materials and Methods 

2.1 Chemicals and reagents 

CBZ (standard quality, 99%), acetonitrile (HPLC-grade), ferrous sulfate heptahydrate 

(FeSO4·7H2O), 1,10-phenantroline (99% w/w), acetic acid (99.7% w/v), ascorbic acid 

(99%, w/w), formic acid (95%, w/v) were supplied by Sigma-Aldrich. Sodium persulfate, 

Na2S2O8 was provided by Merck Millipore (Darmstadt, Germany). Ultrapure water was 

produced with a Millipore (Direct-Q
®
 Ultrapure Water System, Bedford, MA, USA). 

2.2 Analytical methods  

CBZ concentration was quantified by ultra-performance liquid chromatography (UPLC, 

Agilent 1260) coupled to UV/DAD detector. The column selected was C18 (1.8 µm, 50 x 

4.6 mm). The initial conditions of 10% AcN and 90% of Milli-Q water acidified with 

formic acid (25mM w/v) progressed to 100% AcN in 15 min. 3 min post-time was selected: 

time elapsed before the next injection for the method to stabilize in the selected initial 

condition. Flow rate was 1 mL/min and the injection volume was 100 μL. Wavelength for 

CBZ quantification was 267 nm. Each sample was previously filtered (0.22 µm – 



Milipore). Additionally, the filter was washed with AcN, added to the sample so that 

proportion between sample and AcN was the same than the one of the HPLC solvents at the 

start of the method (10% AcN – 90% sample). The AcN addition also allows quenching the 

radicals present in the samples.   

PS concentration was quantified by evaluating the sulfate anion concentration generated 

during the reaction by ion chromatography with a Metrohm 872 Extension Module 1 and 2 

ion chromatograph (IC) system configured for gradient analysis. Samples stability was 

confirmed after long time storing. To determine the total iron concentration, the 1,10-

phentranoline method was used (ISO 6332).  

2.3 Experimental procedure 

Experiments were carried out in an opaque-wall reaction vessel (1L) placed under dark 

conditions. Temperature was manually controlled using a heater that also provided agitation 

in order to work under perfect mixing conditions. In a typical run, pH of the deionized 

water was adjusted to 2.7-2.9, then CBZ (0.0025 mM equivalent to 500 µg/L) was added 

and, finally, PS was added marking the start of the experiment. CBZ stock solution (4 g/L) 

was prepared in methanol. To achieve the initial concentration, 0.125 mL of stock solution 

was added to the reactor providing 37 mg/L of total organic carbon (TOC) to the solution 

due to methanol content. This amount is similar to the natural organic content found in 

MWWTP effluents. In the iron-activation experimental series, Fe(II) (as FeSO4·7H2O) was 

added before PS. 

2.4 Reaction kinetic model 

To develop a PS model (first principle model) considering all the possible interactions 

between CECs, inorganic salts, natural organic matter (NOM) and oxidizing species present 

in actual MWWTP effluents is not possible. The opposite approach relies on a completely 



empirical view of the process and the use of response surface platform. This option is 

simpler, however, it is only valid under exactly the same conditions applied for model 

development. Thus, its application is also very limited. To face up these problems, this 

work proposes an intermediate solution, semi-empirical modelling. With this aim, PS 

oxidation process is described by means of a small group of simple reactions (usually 

known as “pseudo-reactions”) where each one represents what is actually occurring through 

many elementary steps. 

In this work, PS reaction mechanism is represented in the model by a limited number of 

reactions that can be grouped in three classes: (i) PS activation reactions, which are related 

to radicals production, (ii) reactions in which radicals are efficiently consumed, i.e. 

reactions related to CBZ oxidation and (iii)reactions in which radicals are inefficiently 

consumed, i.e. reactions related to mineralization (total organic carbon degradation) which 

is not the objective of tertiary treatments. Therefore, although the proposed model is simple 

due to the low number of reactions used, it still represents the overall process. Semi-

empirical dynamic model is based on mass balances of the most relevant components of the 

process obtained under batch mode operation and considering perfect mixing conditions in 

the reactor.  

In the case of heat-activated PS process, the model assumes 4 reactions and 5 model 

components (Table 1), these being S2O8
2-

 (PS), SO4
•-
 (SRs), H

+
 (H), carbamazepine (CBZ) 

and TOC. With respect to reactions, the activation of PS by heat (Reaction 1) and acidic 

conditions (Reaction 2), CBZ oxidation (Reaction 5) and mineralization (Reaction 6) are 

the interactions between model components considered. As no equilibrium reactions were 

included in the model in order to follow the parsimony principle, the acid-activation 

reaction was only considered within the first 5 min of the process. 



In the iron-activated PS process, the model assumes 7 reactions and model components 

(Table 1), including the 5 components of the heat-activated PS process plus Fe(II) and 

Fe(III). With respect to reactions, Reactions 1, 2, 5 and 6 are complemented with the 

activation of PS by Fe(II) (Reaction 3) and Fe(III) (Reaction 4) and the oxidation of Fe(II) 

by SRs (Reaction 7). 

A summary of the reactions and the corresponding kinetics equations are presented in Table 

1. 

Table 1. Reactions and kinetics equations included in the semi-empirical model proposed. 

Reaction  Rate law equation 

              (Reaction 1)            (Equation 1) 

         (Reaction 2)                (Equation 2) 

                      (Reaction 3)                     (Equation 3) 

                      (Reaction 4)                      (Equation 4) 

                 (Reaction 5)                   (Equation 5) 

                 (Reaction 6)                   (Equation 6) 

                   (Reaction 7)                      (Equation 7) 

 

2.5. Numerical issues and assays 

The experiments carried out in this study were divided into two groups for parameter 

identification and model validation. One experiment from the heat-activation experimental 

series and two experiments from the iron-activated experimental series were used for model 

validation plus another two specific assays, one based on iron additions (0.018 mM) and 

another based on PS additions (0.17 mM). 

In a first step of the model calibration procedure, only PS decomposition data was taken 

into account in the construction of the objective function, so that the kinetic constants of the 

PS activation reactions could be obtained. The remaining parameters were obtained in a 



second step where the objective function was augmented with CBZ oxidation profiles. The 

searching procedure was carried out until trapped in local minima for some combinations of 

kinetic parameters with no improvement of the defined objective function.  

The model parameters were obtained by implementing a Monte Carlo approach in 

MATLAB
®
 in which the objective was the minimization of the function presented in 

Equation 8.  

     
               

    
 

 

 

 (Equation 8) 

Where the subscript “e” represents the experimental measurement and the subscript “p” the 

model prediction of the variable X (CBZ and/or PS concentrations); being the subscript 

“m” the total number of samples of the “n” experiments carried out. 

When only model fine-tuning was carried out, MATLAB® optimization toolbox with a 

weighted quadratic objective function was used. 

In order to calculate uncertainties of the kinetic constants, new groups of simulated 

experiments were generated by random modification of the experimental data based on the 

errors of PS and CBZ measurement methods. For each new data set, model fine-tuning 

procedure was carried out so that a new group of model parameters was obtained. Finally, 

the standard deviation of each model parameter was calculated.    

 

3. Results and discussion 

3.1 Heat-activation of PS 

PS can form two SO4
-

 through scission of the peroxide bond as a result of heat energy 

absorption [36]. In this part of the study, the degradation of CBZ (0.0025 mM) by using PS 



(1mM) as oxidant agent at temperatures in the range from 25ºC to 65ºC and pH 3 was 

evaluated (Figure 1). This pH was selected in order to know heat-activation contribution 

when PS is also activated by dissolved iron (notice that acidic pH is needed to keep iron in 

solution). At the lowest temperature (25ºC), about 30% CBZ degradation was achieved 

after 20 min remaining the pollutant concentration almost constant from this moment until 

the end of the assay (180 min). From 35ºC, the complete removal of CBZ was always 

achieved. Increasing the temperature always resulted in faster kinetics till attaining 

complete polluant removal in less than 5 min at 65ºC. These results show that there is an 

initial degradation non-related to heat-activation, as the latter should be characterized by a 

continuous decomposition of PS, as occurs at 35ºC (see Figure 1a). This phenomenom 

could be caused by acid-catalyzed decomposition of PS, which has been reported by several 

authors [32, 37]. At this point, the number of CBZ moles degraded over the number of PS 

moles consumed was calculated for each experiment. This parameter is known as the 

reaction stoichiometric efficiency (RSE). As it can be seen in the inset of Figure 1a, RSE 

decreased with temperature from 0.017 at 25ºC to 0.007 at 65ºC. These values are rather 

low in comparison to the ones reported in similar works related to heat activation of PS. 

Gauch et al. 2015 [23], who studied Naproxen degradation at circumneutral pH, obtained 

RSE values ≈0.70 when working at 70ºC. This important difference seems to be mainly 

caused by pH. Gauch et al. 2012 [38] reported that the RSE value for the removal of 

ibuprofen by PS heat activation decreases from 0.65 at pH 7 to 0.25 at pH 9 and to 0.09 at 

pH 4. Although this RSE value for acidic pH is still higher than the range of values 

obtained in this work, this difference can be justified since the ibuprofen initial 

concentration (20.3 μM  equivalent to ≈4 mg/L) was considerably higher than the CBZ 

initial concentration used in this research (2.5 μM  equivalent to ≈0.5 mg/L). Such low 



concentration of contaminant favors the appearance of reactions different from pollutant 

degradation such as radical-to-radical reactions or reaction between radicals and organic 

matter and so, RSE diminishes. 

 

 (a) 

 (b) 



Figure 1. Effect of temperature on CBZ degradation (a) and PS decomposition (b). 

Experimental conditions: [CBZ]0= 0.0025 mM, [PS]0= 1 mM and 

T=25ºC/35ºC/45ºC/55ºC/65ºC. 

 

The above explanation is also in accordance with model structure resulting from calibration 

process. If only heat-activation of PS is considered in the model, the agreement between 

experimental data and model prediction profiles is good only for 45, 55 and 65ºC 

experiments, i.e. once temperature is high enough to be the main activation mechanism. 

Including acid-catalyzed decomposition of PS in the reaction mechanism improved model 

accuracy allowing also an accurate prediction of the low temperature experiments. Another 

important aspect to enhance model predictions was to include a radical scavenging reaction, 

as the CBZ stock solution was prepared in methanol, which provides additional TOC 

(37 mg/L) in the reaction bulk affecting process performance. This situation is similar to 

the one found in natural surface waters and municipal WWTP secondary effluents, where 

similar TOC values are also found in the matrix. Mineralization was not selected as 

prediction objective because it is not a concern when dealing with CECs dissolved in real 

aqueous matrices, in which TOC concentration is in the order of several tens of mg/L, 

while the concentration of CECs is typically in the order of µg/L. Therefore, the 

mineralization of CECs cannot be detected in actual wastewater treatment conditions [39] 

and degradation of harmless TOC is not an objective of any advanced tertiary treatment 

designed to polish the effluent from conventional WWTPs [40]. 

As it can be seen in Figure 2, very good agreement between experimental results and model 

predictions were obtained both for CBZ and PS time-concentration profiles for the 

complete range of temperatures studied. The kinetic parameters of the proposed model are 



shown in Table 2. The slowest reactions were those responsible of radical production 

(Reactions 1 and 2) being the lowest values obtained for PS heat-activation reaction 

(Reaction 1). The corresponding activation energy (EA) obtained for this reaction (105.2 

kJ/mol) is in the range of the reported values at acid pH (110-116 kJ/mol) [41]. On the 

contrary, the CBZ degradation reaction (Reactions 5) resulted in the highest kinetic 

parameters.  EA of CBZ was found to be 26.1 kJ/mol. This EA is about 5 times lower than 

the values reported for some other pharmaceuticals such as ibuprofen (168 kJ/mol) [38], 

naproxen (155 kJ/mol) [23], ketoprofen (157 kJ/mol) [22] or bisoprolol (120 kJ/mol) [42]. 

 

Figure 2. Comparison between experimental data (CBZ –dots- and PS –triangles-) and 

model predictions (lines) for the heat-activation experiments carried out at 35ºC and 55ºC. 

Experimental conditions: [CBZ]0= 0.0025 mM and [PS]0= 1 mM. 

 

Table 2. Kinetic parameters resulting from the calibration of the heat-activated PS model at 

the different temperatures and the corresponding activation energy of the Arrhenius fitting. 



 
 

25ºC 35ºC 45ºC 55ºC 65ºC 

EA 

kJ/mol 

r
2
 

k1 

m
in

-1
 

(0.1±0.1)·10-3 (1.2±0.1)·10-3 (3.0±0.1)·10-3 (5.1±0.2)·10-3 (25.2±0.8) ·10-3 105.2 0.9496 

k2 

m
M

-1
 m

in
-1

 0.069±0.001 0.089±0.002 0.147±0.006 0.326±0.014 0.404±0.026 40.4 0.9608 

k5 1.99±0.10 3.30±0.13 4.14±0.39 5.38±0.57 - 26.1 0.9722 

k6 0.141±0.006 0.150±0.007 0.156±0.011 0.159±0.005 - 3.2 0.9477 

 

3.2 Iron-activation of PS 

Sulfate radical can also be formed through the reaction of PS and metals in which one 

electron is transferred [30]. In this context, the use of iron has been widely studied because 

it presents low toxicity and low cost [43]. Furthermore, the use of its zero valent form in 

monometallic and multimetallic heterogeneous systems has been also evaluated presenting 

advantages on homogeneous systems mainly improving RSE with less iron sludge 

generation [28-29]. Based on the above considerations, in the next part of the study, the 

removal of CBZ (0.0025 mM) by Fe(II)-activated PS (1mM) under six different iron 

concentrations in the range from 0.009 mM to 0.18 mM (equivalent to 0.5 - 10 mg/L) at 

constant temperature (25ºC) was evaluated and modeled. In general, an important initial 

degradation of the pollutant is again observed and later the process is extremely slowed 

down due to the formation of Fe(III) (Figure 3). After 2 hours, the complete CBZ removal 

was not achieved in any case though, when 0.09 mM of Fe(II) or higher concentrations 

were used, about 90% oxidation was obtained within the first 5 min. Negligible differences 

in terms of CBZ removal were found between the experiments carried out with 0.09, 0.13 

and 0.18 mM of Fe(II). This behavior, in which there is fast pollutant degradation at initial 

stages but, subsequently, asymptotic values of pollutant and oxidant agent are observed, is 



in agreement with some other published works. Rodriguez et al. 2017 [35] reported similar 

process performance. Additionally, the authors indicated that an undesired reaction occurs 

that consumes both Fe(II) and PS
 
if iron excess is added in the reaction bulk, which can 

justify the similarity between the experiments above 0.09 mM of iron. Minimizing this 

undesirable reaction (Reaction 7) is required to increase the efficiency of the oxidant, which 

could be obtained for instance by employing zero valent iron that allows a slow release of 

Fe(II). This was demonstrated by Ghauch and co-workers, who reported the superiority of 

ZVI particles in activating PS while keeping high performance of the system, especially 

because that reaction was accompanied with pH slight decrease favoring the continuous 

generation of iron species and iron corrosion products, which help PS activation in a 

controlled manner [27, 28]. Slight differences were also found between the experiments 

carried out with 0.009 and 0.018 mM of iron. For both concentrations, about 60% initial 

degradation was observed. Under these conditions, the process is probably initiated 

(mainly) by the above-mentioned acid-activation mechanism instead of iron-activation. 

Although it is not the objective of this work to optimize operating conditions, the effect of 

Fe:PS molar ratio on the final % CBZ degradation has been analyzed. The best result was 

obtained for 1:11 molar ratio (0.09 mM of iron and 1 mM of PS). The use of higher iron 

concentrations corresponding to 1:9 and 1:6 molar ratios did not improve CBZ degradation 

while the use of lower iron concentrations corresponding to 1:22, 1:56 and 1:111 molar 

ratios resulted in lower CBZ degradation percentages. This is in accordance with the results 

obtained by Amasha et al. 2018 [22], who studied the degradation of ketaprofen comparing 

different Fe:PS molar ratios at different PS initial concentrations. At the same PS initial 

concentration than the one used in this work (1 mM), it was found that 1:10 molar ratio was 

the most adequate value to obtain the highest pollutant degradation. The main difference 



with the present work is that the final ketaprofen degradation did not remain constant but 

decreased when Fe:PS molar ratio was changed to 1:5 and 1:1 by increasing iron 

concentration. In this sense, it seems that quenching reactions cause a more negative effect 

on process performance when the pollutant concentration is in the range of mg/L than when 

it is in the range of μg/L, as in the latter the amount of radicals needed to achieve the 

complete pollutant degradation is much lower. 

    (a) 



 

In the next experimental series, the same iron concentrations were used but increasing the 

operation temperature to 35ºC (Figure 4). In all the cases, reaction kinetics improved with 

respect to the previous experimental series carried out at 25ºC. The complete degradation of 

CBZ was achieved in approximately 40 min when iron concentrations of 0.09 mM or 

higher were used. Again, negligible differences between the experiments with 0.09, 0.13 

and 0.18 mM of iron were found. In the case of the experiment with 0.045 mM of iron, the 

pollutant could be also completely degraded after 100 min. In contrast, the assays with 

0.009 and 0.018 mM of iron only allowed reaching ≈70% and ≈80% degradation, 

 (b) 

Figure 3. Effect of iron concentration on CBZ degradation (a) and PS decomposition (b) for 

the assays carried out at 25ºC. Experimental conditions: [CBZ]0= 0.0025 mM, [CBZ]0= 

0.0025 mM, [Fe]0= 0.009 mM/0.018 mM/0.045 mM/0.09 mM/0.134 mM/0.18 mM and 

[PS]0= 1 mM. 



respectively, after 120 min. With respect to Fe:PS molar ratio, a similar trend than the one 

obtained for the set of experiments carried out at 25ºC was found, being again 1:11 molar 

ratio the most adequate option. 

 (a) 

 (b) 



 

The semi-empirical model proposed in the previous section was modified in order to 

include the activation of PS by iron species. In this way, Fe(II) and Fe(III) activation 

reactions (Reactions 3 and 4) were added in the mechanism and the model was again 

calibrated. In the first calibration step, only PS decomposition data was used to determine 

the kinetic constants of both Fe(II) and Fe(III) activation reactions, using the already 

obtained model parameters in the temperature experimental series (Table 3) for acid and 

heat activation (k1 and k2). This option left to acceptable predictions, however, a better 

agreement between simulated and experimental profiles of PS decomposition was obtained 

after model fine-tuning. The calibration process showed that, in the range from 25ºC to 

35ºC, the model prediction capability improves if heat-activation is not considered in the 

model. Probably, this happens because it presents a small effect on process performance 

that can be implicitly included in the iron-activation reactions. On the contrary, this did not 

happen with acid-activation, which still showed an important effect on process 

performance. The next step was to include CBZ oxidation and scavenging reactions into the 

model and to simulate also the pollutant degradation profile. In addition, Fe(II) scavenging 

of radicals reaction (Reaction 7) was also included in the model to describe the negative 

effect of iron excess on process performance. Again, the values of the kinetic constants 

already available from the temperature experimental series (k5 and k6) were initially used 

determining only the kinetic parameter of Fe(II) scavenging reaction. As in the previous 

calibration stage, although model prediction was acceptable, it improved after model fine-

Figure 4. Effect of iron concentration on CBZ degradation (a) and PS decomposition (b) for 

the assays carried out at 35ºC. Experimental conditions: [CBZ]0= 0.0025 mM, [Fe]0= 0.009 

mM/0.018 mM/0.045 mM/0.09 mM/0.134 mM/0.18 mM and [PS]0= 1 mM. 



tuning. The comparison between experimental data and model predictions for the assays 

carried out with 5 mg/L of iron at 25ºC and 35ºC is shown in Figure 5. As it can be seen in 

the simulated profiles, the model prediction capability is high in both cases.  

 

 

Figure 5. Comparison between experimental data (CBZ –dots- and PS –triangles-) and 

model simulations (lines) for the experiments carried out with [CBZ]0= 0.0025 mM, [Fe]0= 

0.09 mM, [PS]0= 1 mM and T=25ºC/35ºC.  

   

Therefore, the final proposed model includes 3 reactions related to radical formation and 3 

reactions related to radical consumption. PS can be activated to produce (mainly) sulfate 

radicals by acid conditions (Reaction 2), Fe(II) (Reaction 3) and Fe(III) (Reaction 4). With 

respect to heat-activation, it is not necessary to implicitly consider this mechanism in the 

model because it seems to be included through iron-activation reactions. With respect to 



radicals consumption, their reactions with CBZ, organic matter and Fe(II) were considered. 

The kinetic parameters obtained by model fitting are presented in Table 3. This table shows 

that Fe(II) is the main responsible of PS activation with an small contribution of acid-

activation. After the oxidation of Fe(II) to Fe(III), there is also PS activation by Fe(III), 

although it is extremely slow. The fastest reaction of the whole model was CBZ oxidation 

followed by Fe(II) oxidation by sulfate radical. Again, Fe(II)-activation of PS was the most 

important activation mechanism, with an initial contribution of acid-activation that has to 

be considered in the model and a very slow Fe(III) impact. 

Table 3. Kinetic parameters for the iron concentration experimental series resulting from 

model fine-tuning. 

 k2 k3 k4 k5 k6 k7 

 mM
-1

 min
-1

 

25ºC 2.04±0.16 0.0056±0.0009 0.016±0.008 16.42±0.96 0.46±0.11 8.25±0.92 

35ºC 5.37±0.87 0.030±0.008 0.037±0.010 23.01±1.34 0.77±0.20 18.92±2.3 

 

3.3 Model Validation 

One assay from each experimental series (heat-activation, Fe(II)-activation at 25 and 35ºC) 

was not used for model calibration so that these could be used for model validation. In the 

case of the heat-activation experimental series, the assay carried out at 45ºC was the one 

selected for model validation. As it can be observed in Figure 6a, good agreement between 

experimental data and model simulations was obtained for both CBZ oxidation and PS 

decomposition profiles, validating the model proposed, which includes heat-activation plus 

acid-activation. In the case of the Fe(II)-activation model, the validation experiments are 



presented in Figure 6b. Again, the model showed great prediction accuracy validating the 

semi-empirical approach in which only Fe(II)-activation and acid-activation are considered. 

 (a) 

 (b) 

Figure 6. Comparison between experimental data (CBZ –dots- and PS –triangles-) and 

model predictions (lines) for the heat-activation experiment validation (a) and the iron 



activation experiments validation (b). Experimental conditions: (a) [CBZ]0= 0.0025 mM, 

[PS]0= 1 mM and T=45ºC (b) [CBZ]0= 0.0025 mM, [Fe]0= 0.045 mM, [PS]0= 1 mM and 

T=25ºC/35ºC.  

 

Finally, two new validation experiments were carried out. In the first one, the removal of 

CBZ (0.0025 mM) using PS (1 mM) activated by different and low Fe(II) additions (0.018 

mM each at 0, 10 and 20 min) was studied. Three steps can be clearly identified in the 

decontamination process corresponding to each one of the iron additions (Figure 7a). 

Initially, an important degradation is produced and, then, the process is almost stopped. The 

CBZ oxidation steps diminished with each one of the iron additions resulting in 60%, 20% 

and 10%. The model adequately predicts this process behavior; nevertheless, the prediction 

capability for CBZ removal diminished after the first addition. The initial CBZ 

concentration in all the experimental series used to develop the model was constant at 

0.0025 mM. Consequently, the model has not been trained for concentrations lower than 

0.0025 mM, as ≈0.001 mM and ≈0.0005 mM, concentrations measured when the second 

and third additions were done. A similar trend can be observed for PS decomposition. 

While the simulation for the first addition is adequate, in the second and third ones the PS 

concentration is overestimated. In the last validation experiment, the removal of CBZ 

(0.0025 mM) using 0.09 mM of Fe(II) and three PS additions (0.17 mM each at 0, 10 and 

20 min) was studied. In this case, it is difficult to identify the additions in the CBZ 

oxidation curve, which is indeed extremely similar to the curves obtained in the Fe(II)-

activation experimental series. After the first addition, almost 60% CBZ oxidation was 

obtained, then, 5% oxidation was achieved in the second one and, finally, the third addition 

resulted in only 2% degradation. This process behavior is well predicted by the model, 



indeed, model simulation shows that almost all the Fe(II) present initially in solution is 

already oxidized to Fe(III) (see Figure 7b) after the first PS addition. Consequently it can be 

said that the model is able to successfully simulate both CBZ oxidation process and PS 

decomposition, showing that it can be used as a predictive tool. 

 (a) 

  (b) 

Figure 7. Comparison between experimental data (dots) and model predictions (lines) for 



the experiment validation carried out with iron additions (a) and PS additions (b). 

Experimental conditions: (a) [CBZ]0= 0.0025 mM, [PS]0= 1mM, [Fe]0= 0.018 mM, 

[Fe]additions= 0.018 mM and T=25ºC (b) [CBZ]0= 0.0025 mM, [Fe]0= 0.09 mM, [PS]0= 0.17 

mM, [PS]additions= 0.17 mM and T=25ºC.   

 

4. Conclusions 

A semi-empirical mathematical model of the heat-activated and iron-activated PS processes 

applied to the removal of CECs in water using CBZ as model pollutant has been proposed 

and validated. 

In the heat-activated experimental series, the selected temperature range was 25ºC-65ºC. 

The CBZ degradation reached 20% at 25ºC after 120 min while, from 35ºC; the complete 

degradation of the pollutant was always achieved. Kinetics always improved with 

temperature. The obtained RSE was very low, in the range of 0.017 at 25ºC to 0.007 at 

65ºC, which seems to be related to acidic conditions and the low initial concentration of 

CBZ. The highest model prediction capability was obtained when heat and acid activation 

of PS were considered in the reaction mechanism, which included also CBZ degradation 

reaction and TOC scavenging reaction. Very good agreement between experimental results 

and model predictions were obtained both for CBZ and PS time-concentration profiles for 

the complete range of temperatures studied. 

In the next experimental series, six different Fe(II) concentrations in the range from 0.009 

to 0.18 mM at 25ºC and 35ºC were evaluated. At the lowest temperature, the complete CBZ 

removal was not achieved in any case, although about 90% degradation in the first 5 min 

was obtained when 0.09 mM of Fe(II) or higher concentrations were used. The fast 

pollutant degradation at initial stages and the asymptotic values of pollutant and oxidant 



agent obtained subsequently suggest that undesired reactions that consume both Fe(II) and 

PS
- 

are favored if iron excess is added in the reaction bulk. At 35ºC, the complete 

degradation of CBZ was obtained in about 40 min when Fe(II) concentration was 0.09 mM 

or higher, finding again negligible differences between the experiments with 0.09, 0.13 and 

0.18 mM of iron. The best results in terms of final pollutant degradation and degradation 

rate were obtained for 1:11 Fe:PS molar ratio at both temperatures. With respect to model 

reaction mechanism for this part of the study, the calibration process showed that the model 

prediction capability improves if PS heat activation is not considered. Probably, this is due 

to its small effect on process performance, which can be included in the iron-activation 

reactions. On the contrary, this did not happen with acid-activation, which still showed an 

important contribution to the process. Thus, the model reaction mechanism that showed the 

highest prediction accuracy includes: acid, Fe(II) and Fe(III) PS activation, CBZ 

degradation and both TOC and Fe(II) scavenging reactions. 

Finally, the model was validated using one assay from each experimental series (heat-

activation, iron-activation at 25ºC and iron-activation at 35ºC) and two additional assays, 

one using Fe(II) additions (0.018 mM each at 0, 10 and 20 min) and another one using PS 

additions (0.17 mM each at 0, 10 and 20 min) with satisfactory results. 

In conclusion, a predictive tool for the use of PS in the removal of contaminants of 

emerging concern has been developed. This type of studies are needed in order to get the 

process closer to actual application, as models allow simulating the process, optimizing 

operation conditions or scaling-up reactors, among others. Further studies are needed in 

order to improve the model so that the effect of some other important variables such as sun-

light and matrix content can be also considered.  
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Abstract 

A semi-empirical model of heat-activated and iron-activated persulfate (PS) processes 

applied to the removal of carbamazepine (CBZ) in water at low concentration (0.0025 mM) 

has been proposed and validated. In heat-activation systems, carried out at pH 3, 

temperature was varied from 25ºC to 65ºC, and acid-activation of PS showed an important 

initial role in the process. In iron-activated experimental series, iron concentration was 

changed from 0.009 mM to 0.18 mM at two different temperatures (25ºC and 35ºC), heat-

activation was negligible with iron being the main activation mechanism and acid-

activation showing also an important initial effect on process performance. High model 

prediction capability for both CBZ degradation and PS decomposition profiles was 

obtained in each case. Finally, the model was validated including supplementary 

experiments based on Fe(II) additions (0.018 mM each) and PS additions (0.17 mM) 

throughout the treatment. Developed model in this work is a powerful predictive tool for 

the application of PS in the removal of contaminants of emerging concern in water. 

 

Keywords: modelling, microcontaminants, tertiary treatment, kinetics, wastewater 

*Revised Manuscript (clean for typesetting)
Click here to view linked References

mailto:acabrera@limza.cl
mailto:isabel.oller@psa.es
http://ees.elsevier.com/cej/viewRCResults.aspx?pdf=1&docID=121217&rev=1&fileID=3312270&msid={5588FF2F-EEF8-4065-AA26-54319168649D}


1. Introduction 

Contaminants of emerging concern (CECs) are unregulated substances that enter the 

environment at low concentrations, among others, through municipal wastewater treatment 

plants (MWWTP) because biological systems were not designed for their removal [1]. 

Their properties make CECs highly risky for the environment and human health as they are 

bio-accumulative substances, very persistent in the environment and, at the same time, 

show a great capacity for transformation, generating intermediate products, such as 

metabolites, which, in many occasions, are more toxic than the parent compounds [2]. 

Personal care products, antiseptics, detergents and their metabolites, gasoline additives and 

industrial agents, among others, are considered as CECs [3]. Nevertheless, the ones that are 

possibly causing the greatest concern are the pharmaceutical products and, in particular, 

antibiotics [4]. The use of pharmaceutical products in European Union countries has been 

estimated of thousands of tons per year, and the majority of the most consumed, including 

antibiotics, are used in amounts similar to those of pesticides. Indeed, the presence of more 

than 3,000 pharmaceuticals in the aquatic environment has been already reported by Roig 

2010 [5]. In this study, the carbamazepine (CBZ) was selected as CEC model because it is a 

bio-recalcitrant microcontaminant that is not efficiently removed by MWWTPs and usually 

reaches water bodies. According to Zhang et al. 2008 [6], CBZ has been detected in 

MWWTP effluents and surface waters around the world, as happens in Germany where it 

has been found at concentrations of around 3 µg/L in MWWTP effluents and 0.5 µg/L in 

surface waters. Moreover, according to several researchers, this pollutant is frequently 

detected in surface water, groundwater and even in drinking water at ng/L- μg/L levels [3, 

7-10]. Therefore, it is a good indicator for following the performance of an advanced 

tertiary treatment to polish the effluent from conventional MWWTPs and it has been 



widely used for AOPs applications research, e.g. in solar photo-Fenton [11], PS/TiO2 [12] 

or improved methods such as the combination of ultrasonication, zero valent iron and 

hydrogen peroxide [13]. 

To prevent the entry of these CECs into the environment and also to achieve good water-

reuse quality, an advanced tertiary treatment must be proposed and carried out as a final 

step in the treatment of MWWTP effluents. In recent years, sulfate radical-based advanced 

oxidation processes (SO4
•-
-AOPs) applied to the removal of CECs are being investigated as 

an alternative to AOPs only based on the generation of hydroxyl radicals [14]. Sulfate 

radical, which has an oxidation potential similar to the one of hydroxyl radical, is very 

efficient to degrade CECs at low concentrations and environmentally friendly [15-17]. PS 

activation to form highly reactive species can be achieved by many different mechanisms in 

homogeneous as well as in heterogeneous media: UV light [18-20], thermal energy [21-23], 

acidic and alkaline conditions [24] or transition metals, e.g. silver, iron, copper, zinc. These 

transition metals can be in the form of dissolved salts in solution [25, 26] or zero valent 

metals being monometallic or bi/trimetallics iron based systems  (commercial or scrap 

waste collected from the car industry) [27-29]. The feasibility of SO4
•-
 based-AOPs for 

CECs abatement has already been proven, furthermore, several investigations about 

kinetics, degradation mechanism of different contaminants and the effect of water matrix 

on process performance have been reported [17, 30-32]. Therefore, considering that the 

basic knowledge of the PS oxidation process is high, new research focused on pilot plant 

scale studies, economic assessments, modelling, etc. is needed in order to favor the 

appearance of PS actual applications. Few studies about PS modelling can be found in the 

literature. Kusic et al. 2011 [33] developed a first principle mathematical model to predict 

decolorization of Reactive Red 45 and mineralization using PS activated via zerovalent iron 



and ferrous sulfate both under dark and UV light conditions. Besides, PS was compared to 

H2O2 addition using 80 mg/L of Reactive Red 45 as initial pollutant load (≈32 mg/L of total 

organic carbon -TOC-). The reaction scheme included 12 bulk Fenton reactions, 14 surface 

Fenton reactions, 11 inorganic bulk reactions related to H2O2, 3 bulk iron/PS reactions, 5 

surface iron/PS reactions, 6 inorganic bulk reactions related to PS, 6 photo-induced 

reactions and 8 pollutant degradation reactions. Selecting the corresponding reactions from 

this group, different models for direct UV photolysis, UV/H2O2, UV/S2O8
2-

, Fe
2+

/H2O2, 

UV/Fe
2+

/H2O2, Fe
0
/H2O2, UV/Fe

0
/H2O2, UV/Fe

2+
/S2O8

2-
, Fe

2+
/S2O8

2-
, Fe

0
/S2O8

2-
 and 

UV/Fe
0
/S2O8

2-
 were proposed. Bu et al., 2017 [34] reported the modelling of Fe(II)-

activated PS for the removal of atrazine at different initial concentrations. A first principle 

model based on 26 reactions including the influence of tertiary butanol, methanol and 

natural organic matter on process performance was used. Lominchar et al. 2018 [30] 

proposed a simplified reaction mechanism to model phenol abatement by alkaline-activated 

(pH 12) PS. Good agreement between experimental data and model simulations was found, 

being the model able to accurately predict the evolution of phenol, PS, hydroquinone and 

catechol. Another modelling work was carried out by Rodriguez et al. 2017 [35], who 

studied the removal of diuron, caffeine and ibuprofen at concentrations in the range from 

0.086 mM to 0.129 mM by zerovalent iron-activated PS. An interesting semi-empirical 

modelling approach based only on 7 general reactions was proposed, capable of describing 

the evolution of pollutant, oxidant agent, iron concentrations and mineralization. All the 

reported studies considered an extremely higher concentration of target pollutants 

compared to the actual concentration of microcontaminants that can be found in MWWTP 

effluents. 



The aim of the present work was to develop a general mathematical model under a semi-

empirical approach of the heat-activated and iron-activated PS processes when these are 

applied to the removal of CECs. In this sense, CBZ dissolved in water at very low 

concentration (0.0025 mM), closer to actual conditions, was used as model pollutant. In a 

first experimental series, a heat-activation PS model was proposed for a temperature range 

from 25ºC to 65ºC. In the second part of the study, a complementary model was 

implemented for PS activated by iron in concentrations from 0.009 mM to 0.18 mM at 

25ºC and 35ºC. Finally, the model was validated including supplementary experiments 

based on iron and PS additions carried out throughout the treatment.    

2. Materials and Methods 

2.1 Chemicals and reagents 

CBZ (standard quality, 99%), acetonitrile (HPLC-grade), ferrous sulfate heptahydrate 

(FeSO4·7H2O), 1,10-phenantroline (99% w/w), acetic acid (99.7% w/v), ascorbic acid 

(99%, w/w), formic acid (95%, w/v) were supplied by Sigma-Aldrich. Sodium persulfate, 

Na2S2O8 was provided by Merck Millipore (Darmstadt, Germany). Ultrapure water was 

produced with a Millipore (Direct-Q
®
 Ultrapure Water System, Bedford, MA, USA). 

2.2 Analytical methods  

CBZ concentration was quantified by ultra-performance liquid chromatography (UPLC, 

Agilent 1260) coupled to UV/DAD detector. The column selected was C18 (1.8 µm, 50 x 

4.6 mm). The initial conditions of 10% AcN and 90% of Milli-Q water acidified with 

formic acid (25mM w/v) progressed to 100% AcN in 15 min. 3 min post-time was selected: 

time elapsed before the next injection for the method to stabilize in the selected initial 

condition. Flow rate was 1 mL/min and the injection volume was 100 μL. Wavelength for 

CBZ quantification was 267 nm. Each sample was previously filtered (0.22 µm – 



Milipore). Additionally, the filter was washed with AcN, added to the sample so that 

proportion between sample and AcN was the same than the one of the HPLC solvents at the 

start of the method (10% AcN – 90% sample). The AcN addition also allows quenching the 

radicals present in the samples.   

PS concentration was quantified by evaluating the sulfate anion concentration generated 

during the reaction by ion chromatography with a Metrohm 872 Extension Module 1 and 2 

ion chromatograph (IC) system configured for gradient analysis. Samples stability was 

confirmed after long time storing. To determine the total iron concentration, the 1,10-

phentranoline method was used (ISO 6332).  

2.3 Experimental procedure 

Experiments were carried out in an opaque-wall reaction vessel (1L) placed under dark 

conditions. Temperature was manually controlled using a heater that also provided agitation 

in order to work under perfect mixing conditions. In a typical run, pH of the deionized 

water was adjusted to 2.7-2.9, then CBZ (0.0025 mM equivalent to 500 µg/L) was added 

and, finally, PS was added marking the start of the experiment. CBZ stock solution (4 g/L) 

was prepared in methanol. To achieve the initial concentration, 0.125 mL of stock solution 

was added to the reactor providing 37 mg/L of total organic carbon (TOC) to the solution 

due to methanol content. This amount is similar to the natural organic content found in 

MWWTP effluents. In the iron-activation experimental series, Fe(II) (as FeSO4·7H2O) was 

added before PS. 

2.4 Reaction kinetic model 

To develop a PS model (first principle model) considering all the possible interactions 

between CECs, inorganic salts, natural organic matter (NOM) and oxidizing species present 

in actual MWWTP effluents is not possible. The opposite approach relies on a completely 



empirical view of the process and the use of response surface platform. This option is 

simpler, however, it is only valid under exactly the same conditions applied for model 

development. Thus, its application is also very limited. To face up these problems, this 

work proposes an intermediate solution, semi-empirical modelling. With this aim, PS 

oxidation process is described by means of a small group of simple reactions (usually 

known as “pseudo-reactions”) where each one represents what is actually occurring through 

many elementary steps. 

In this work, PS reaction mechanism is represented in the model by a limited number of 

reactions that can be grouped in three classes: (i) PS activation reactions, which are related 

to radicals production, (ii) reactions in which radicals are efficiently consumed, i.e. 

reactions related to CBZ oxidation and (iii)reactions in which radicals are inefficiently 

consumed, i.e. reactions related to mineralization (total organic carbon degradation) which 

is not the objective of tertiary treatments. Therefore, although the proposed model is simple 

due to the low number of reactions used, it still represents the overall process. Semi-

empirical dynamic model is based on mass balances of the most relevant components of the 

process obtained under batch mode operation and considering perfect mixing conditions in 

the reactor.  

In the case of heat-activated PS process, the model assumes 4 reactions and 5 model 

components (Table 1), these being S2O8
2-

 (PS), SO4
•-
 (SRs), H

+
 (H), carbamazepine (CBZ) 

and TOC. With respect to reactions, the activation of PS by heat (Reaction 1) and acidic 

conditions (Reaction 2), CBZ oxidation (Reaction 5) and mineralization (Reaction 6) are 

the interactions between model components considered. As no equilibrium reactions were 

included in the model in order to follow the parsimony principle, the acid-activation 

reaction was only considered within the first 5 min of the process. 



In the iron-activated PS process, the model assumes 7 reactions and model components 

(Table 1), including the 5 components of the heat-activated PS process plus Fe(II) and 

Fe(III). With respect to reactions, Reactions 1, 2, 5 and 6 are complemented with the 

activation of PS by Fe(II) (Reaction 3) and Fe(III) (Reaction 4) and the oxidation of Fe(II) 

by SRs (Reaction 7). 

A summary of the reactions and the corresponding kinetics equations are presented in Table 

1. 

Table 1. Reactions and kinetics equations included in the semi-empirical model proposed. 

Reaction  Rate law equation 

              (Reaction 1)            (Equation 1) 

         (Reaction 2)                (Equation 2) 

                      (Reaction 3)                     (Equation 3) 

                      (Reaction 4)                      (Equation 4) 

                 (Reaction 5)                   (Equation 5) 

                 (Reaction 6)                   (Equation 6) 

                   (Reaction 7)                      (Equation 7) 

 

2.5. Numerical issues and assays 

The experiments carried out in this study were divided into two groups for parameter 

identification and model validation. One experiment from the heat-activation experimental 

series and two experiments from the iron-activated experimental series were used for model 

validation plus another two specific assays, one based on iron additions (0.018 mM) and 

another based on PS additions (0.17 mM). 

In a first step of the model calibration procedure, only PS decomposition data was taken 

into account in the construction of the objective function, so that the kinetic constants of the 

PS activation reactions could be obtained. The remaining parameters were obtained in a 



second step where the objective function was augmented with CBZ oxidation profiles. The 

searching procedure was carried out until trapped in local minima for some combinations of 

kinetic parameters with no improvement of the defined objective function.  

The model parameters were obtained by implementing a Monte Carlo approach in 

MATLAB
®
 in which the objective was the minimization of the function presented in 

Equation 8.  

     
               

    
 

 

 

 (Equation 8) 

Where the subscript “e” represents the experimental measurement and the subscript “p” the 

model prediction of the variable X (CBZ and/or PS concentrations); being the subscript 

“m” the total number of samples of the “n” experiments carried out. 

When only model fine-tuning was carried out, MATLAB® optimization toolbox with a 

weighted quadratic objective function was used. 

In order to calculate uncertainties of the kinetic constants, new groups of simulated 

experiments were generated by random modification of the experimental data based on the 

errors of PS and CBZ measurement methods. For each new data set, model fine-tuning 

procedure was carried out so that a new group of model parameters was obtained. Finally, 

the standard deviation of each model parameter was calculated.    

 

3. Results and discussion 

3.1 Heat-activation of PS 

PS can form two SO4
-

 through scission of the peroxide bond as a result of heat energy 

absorption [36]. In this part of the study, the degradation of CBZ (0.0025 mM) by using PS 



(1mM) as oxidant agent at temperatures in the range from 25ºC to 65ºC and pH 3 was 

evaluated (Figure 1). This pH was selected in order to know heat-activation contribution 

when PS is also activated by dissolved iron (notice that acidic pH is needed to keep iron in 

solution). At the lowest temperature (25ºC), about 30% CBZ degradation was achieved 

after 20 min remaining the pollutant concentration almost constant from this moment until 

the end of the assay (180 min). From 35ºC, the complete removal of CBZ was always 

achieved. Increasing the temperature always resulted in faster kinetics till attaining 

complete polluant removal in less than 5 min at 65ºC. These results show that there is an 

initial degradation non-related to heat-activation, as the latter should be characterized by a 

continuous decomposition of PS, as occurs at 35ºC (see Figure 1a). This phenomenom 

could be caused by acid-catalyzed decomposition of PS, which has been reported by several 

authors [32, 37]. At this point, the number of CBZ moles degraded over the number of PS 

moles consumed was calculated for each experiment. This parameter is known as the 

reaction stoichiometric efficiency (RSE). As it can be seen in the inset of Figure 1a, RSE 

decreased with temperature from 0.017 at 25ºC to 0.007 at 65ºC. These values are rather 

low in comparison to the ones reported in similar works related to heat activation of PS. 

Gauch et al. 2015 [23], who studied Naproxen degradation at circumneutral pH, obtained 

RSE values ≈0.70 when working at 70ºC. This important difference seems to be mainly 

caused by pH. Gauch et al. 2012 [38] reported that the RSE value for the removal of 

ibuprofen by PS heat activation decreases from 0.65 at pH 7 to 0.25 at pH 9 and to 0.09 at 

pH 4. Although this RSE value for acidic pH is still higher than the range of values 

obtained in this work, this difference can be justified since the ibuprofen initial 

concentration (20.3 μM  equivalent to ≈4 mg/L) was considerably higher than the CBZ 

initial concentration used in this research (2.5 μM  equivalent to ≈0.5 mg/L). Such low 



concentration of contaminant favors the appearance of reactions different from pollutant 

degradation such as radical-to-radical reactions or reaction between radicals and organic 

matter and so, RSE diminishes. 

 

 (a) 

 (b) 



Figure 1. Effect of temperature on CBZ degradation (a) and PS decomposition (b). 

Experimental conditions: [CBZ]0= 0.0025 mM, [PS]0= 1 mM and 

T=25ºC/35ºC/45ºC/55ºC/65ºC. 

 

The above explanation is also in accordance with model structure resulting from calibration 

process. If only heat-activation of PS is considered in the model, the agreement between 

experimental data and model prediction profiles is good only for 45, 55 and 65ºC 

experiments, i.e. once temperature is high enough to be the main activation mechanism. 

Including acid-catalyzed decomposition of PS in the reaction mechanism improved model 

accuracy allowing also an accurate prediction of the low temperature experiments. Another 

important aspect to enhance model predictions was to include a radical scavenging reaction, 

as the CBZ stock solution was prepared in methanol, which provides additional TOC 

(37 mg/L) in the reaction bulk affecting process performance. This situation is similar to 

the one found in natural surface waters and municipal WWTP secondary effluents, where 

similar TOC values are also found in the matrix. Mineralization was not selected as 

prediction objective because it is not a concern when dealing with CECs dissolved in real 

aqueous matrices, in which TOC concentration is in the order of several tens of mg/L, 

while the concentration of CECs is typically in the order of µg/L. Therefore, the 

mineralization of CECs cannot be detected in actual wastewater treatment conditions [39] 

and degradation of harmless TOC is not an objective of any advanced tertiary treatment 

designed to polish the effluent from conventional WWTPs [40]. 

As it can be seen in Figure 2, very good agreement between experimental results and model 

predictions were obtained both for CBZ and PS time-concentration profiles for the 

complete range of temperatures studied. The kinetic parameters of the proposed model are 



shown in Table 2. The slowest reactions were those responsible of radical production 

(Reactions 1 and 2) being the lowest values obtained for PS heat-activation reaction 

(Reaction 1). The corresponding activation energy (EA) obtained for this reaction (105.2 

kJ/mol) is in the range of the reported values at acid pH (110-116 kJ/mol) [41]. On the 

contrary, the CBZ degradation reaction (Reactions 5) resulted in the highest kinetic 

parameters.  EA of CBZ was found to be 26.1 kJ/mol. This EA is about 5 times lower than 

the values reported for some other pharmaceuticals such as ibuprofen (168 kJ/mol) [38], 

naproxen (155 kJ/mol) [23], ketoprofen (157 kJ/mol) [22] or bisoprolol (120 kJ/mol) [42]. 

 

Figure 2. Comparison between experimental data (CBZ –dots- and PS –triangles-) and 

model predictions (lines) for the heat-activation experiments carried out at 35ºC and 55ºC. 

Experimental conditions: [CBZ]0= 0.0025 mM and [PS]0= 1 mM. 

 

Table 2. Kinetic parameters resulting from the calibration of the heat-activated PS model at 

the different temperatures and the corresponding activation energy of the Arrhenius fitting. 



 
 

25ºC 35ºC 45ºC 55ºC 65ºC 

EA 

kJ/mol 

r
2
 

k1 

m
in

-1
 

(0.1±0.1)·10-3 (1.2±0.1)·10-3 (3.0±0.1)·10-3 (5.1±0.2)·10-3 (25.2±0.8) ·10-3 105.2 0.9496 

k2 

m
M

-1
 m

in
-1

 0.069±0.001 0.089±0.002 0.147±0.006 0.326±0.014 0.404±0.026 40.4 0.9608 

k5 1.99±0.10 3.30±0.13 4.14±0.39 5.38±0.57 - 26.1 0.9722 

k6 0.141±0.006 0.150±0.007 0.156±0.011 0.159±0.005 - 3.2 0.9477 

 

3.2 Iron-activation of PS 

Sulfate radical can also be formed through the reaction of PS and metals in which one 

electron is transferred [30]. In this context, the use of iron has been widely studied because 

it presents low toxicity and low cost [43]. Furthermore, the use of its zero valent form in 

monometallic and multimetallic heterogeneous systems has been also evaluated presenting 

advantages on homogeneous systems mainly improving RSE with less iron sludge 

generation [28-29]. Based on the above considerations, in the next part of the study, the 

removal of CBZ (0.0025 mM) by Fe(II)-activated PS (1mM) under six different iron 

concentrations in the range from 0.009 mM to 0.18 mM (equivalent to 0.5 - 10 mg/L) at 

constant temperature (25ºC) was evaluated and modeled. In general, an important initial 

degradation of the pollutant is again observed and later the process is extremely slowed 

down due to the formation of Fe(III) (Figure 3). After 2 hours, the complete CBZ removal 

was not achieved in any case though, when 0.09 mM of Fe(II) or higher concentrations 

were used, about 90% oxidation was obtained within the first 5 min. Negligible differences 

in terms of CBZ removal were found between the experiments carried out with 0.09, 0.13 

and 0.18 mM of Fe(II). This behavior, in which there is fast pollutant degradation at initial 

stages but, subsequently, asymptotic values of pollutant and oxidant agent are observed, is 



in agreement with some other published works. Rodriguez et al. 2017 [35] reported similar 

process performance. Additionally, the authors indicated that an undesired reaction occurs 

that consumes both Fe(II) and PS
 
if iron excess is added in the reaction bulk, which can 

justify the similarity between the experiments above 0.09 mM of iron. Minimizing this 

undesirable reaction (Reaction 7) is required to increase the efficiency of the oxidant, which 

could be obtained for instance by employing zero valent iron that allows a slow release of 

Fe(II). This was demonstrated by Ghauch and co-workers, who reported the superiority of 

ZVI particles in activating PS while keeping high performance of the system, especially 

because that reaction was accompanied with pH slight decrease favoring the continuous 

generation of iron species and iron corrosion products, which help PS activation in a 

controlled manner [27, 28]. Slight differences were also found between the experiments 

carried out with 0.009 and 0.018 mM of iron. For both concentrations, about 60% initial 

degradation was observed. Under these conditions, the process is probably initiated 

(mainly) by the above-mentioned acid-activation mechanism instead of iron-activation. 

Although it is not the objective of this work to optimize operating conditions, the effect of 

Fe:PS molar ratio on the final % CBZ degradation has been analyzed. The best result was 

obtained for 1:11 molar ratio (0.09 mM of iron and 1 mM of PS). The use of higher iron 

concentrations corresponding to 1:9 and 1:6 molar ratios did not improve CBZ degradation 

while the use of lower iron concentrations corresponding to 1:22, 1:56 and 1:111 molar 

ratios resulted in lower CBZ degradation percentages. This is in accordance with the results 

obtained by Amasha et al. 2018 [22], who studied the degradation of ketaprofen comparing 

different Fe:PS molar ratios at different PS initial concentrations. At the same PS initial 

concentration than the one used in this work (1 mM), it was found that 1:10 molar ratio was 

the most adequate value to obtain the highest pollutant degradation. The main difference 



with the present work is that the final ketaprofen degradation did not remain constant but 

decreased when Fe:PS molar ratio was changed to 1:5 and 1:1 by increasing iron 

concentration. In this sense, it seems that quenching reactions cause a more negative effect 

on process performance when the pollutant concentration is in the range of mg/L than when 

it is in the range of μg/L, as in the latter the amount of radicals needed to achieve the 

complete pollutant degradation is much lower. 

    (a) 



 

In the next experimental series, the same iron concentrations were used but increasing the 

operation temperature to 35ºC (Figure 4). In all the cases, reaction kinetics improved with 

respect to the previous experimental series carried out at 25ºC. The complete degradation of 

CBZ was achieved in approximately 40 min when iron concentrations of 0.09 mM or 

higher were used. Again, negligible differences between the experiments with 0.09, 0.13 

and 0.18 mM of iron were found. In the case of the experiment with 0.045 mM of iron, the 

pollutant could be also completely degraded after 100 min. In contrast, the assays with 

0.009 and 0.018 mM of iron only allowed reaching ≈70% and ≈80% degradation, 

 (b) 

Figure 3. Effect of iron concentration on CBZ degradation (a) and PS decomposition (b) for 

the assays carried out at 25ºC. Experimental conditions: [CBZ]0= 0.0025 mM, [CBZ]0= 

0.0025 mM, [Fe]0= 0.009 mM/0.018 mM/0.045 mM/0.09 mM/0.134 mM/0.18 mM and 

[PS]0= 1 mM. 



respectively, after 120 min. With respect to Fe:PS molar ratio, a similar trend than the one 

obtained for the set of experiments carried out at 25ºC was found, being again 1:11 molar 

ratio the most adequate option. 

 (a) 

 (b) 



 

The semi-empirical model proposed in the previous section was modified in order to 

include the activation of PS by iron species. In this way, Fe(II) and Fe(III) activation 

reactions (Reactions 3 and 4) were added in the mechanism and the model was again 

calibrated. In the first calibration step, only PS decomposition data was used to determine 

the kinetic constants of both Fe(II) and Fe(III) activation reactions, using the already 

obtained model parameters in the temperature experimental series (Table 3) for acid and 

heat activation (k1 and k2). This option left to acceptable predictions, however, a better 

agreement between simulated and experimental profiles of PS decomposition was obtained 

after model fine-tuning. The calibration process showed that, in the range from 25ºC to 

35ºC, the model prediction capability improves if heat-activation is not considered in the 

model. Probably, this happens because it presents a small effect on process performance 

that can be implicitly included in the iron-activation reactions. On the contrary, this did not 

happen with acid-activation, which still showed an important effect on process 

performance. The next step was to include CBZ oxidation and scavenging reactions into the 

model and to simulate also the pollutant degradation profile. In addition, Fe(II) scavenging 

of radicals reaction (Reaction 7) was also included in the model to describe the negative 

effect of iron excess on process performance. Again, the values of the kinetic constants 

already available from the temperature experimental series (k5 and k6) were initially used 

determining only the kinetic parameter of Fe(II) scavenging reaction. As in the previous 

calibration stage, although model prediction was acceptable, it improved after model fine-

Figure 4. Effect of iron concentration on CBZ degradation (a) and PS decomposition (b) for 

the assays carried out at 35ºC. Experimental conditions: [CBZ]0= 0.0025 mM, [Fe]0= 0.009 

mM/0.018 mM/0.045 mM/0.09 mM/0.134 mM/0.18 mM and [PS]0= 1 mM. 



tuning. The comparison between experimental data and model predictions for the assays 

carried out with 5 mg/L of iron at 25ºC and 35ºC is shown in Figure 5. As it can be seen in 

the simulated profiles, the model prediction capability is high in both cases.  

 

 

Figure 5. Comparison between experimental data (CBZ –dots- and PS –triangles-) and 

model simulations (lines) for the experiments carried out with [CBZ]0= 0.0025 mM, [Fe]0= 

0.09 mM, [PS]0= 1 mM and T=25ºC/35ºC.  

   

Therefore, the final proposed model includes 3 reactions related to radical formation and 3 

reactions related to radical consumption. PS can be activated to produce (mainly) sulfate 

radicals by acid conditions (Reaction 2), Fe(II) (Reaction 3) and Fe(III) (Reaction 4). With 

respect to heat-activation, it is not necessary to implicitly consider this mechanism in the 

model because it seems to be included through iron-activation reactions. With respect to 



radicals consumption, their reactions with CBZ, organic matter and Fe(II) were considered. 

The kinetic parameters obtained by model fitting are presented in Table 3. This table shows 

that Fe(II) is the main responsible of PS activation with an small contribution of acid-

activation. After the oxidation of Fe(II) to Fe(III), there is also PS activation by Fe(III), 

although it is extremely slow. The fastest reaction of the whole model was CBZ oxidation 

followed by Fe(II) oxidation by sulfate radical. Again, Fe(II)-activation of PS was the most 

important activation mechanism, with an initial contribution of acid-activation that has to 

be considered in the model and a very slow Fe(III) impact. 

Table 3. Kinetic parameters for the iron concentration experimental series resulting from 

model fine-tuning. 

 k2 k3 k4 k5 k6 k7 

 mM
-1

 min
-1

 

25ºC 2.04±0.16 0.0056±0.0009 0.016±0.008 16.42±0.96 0.46±0.11 8.25±0.92 

35ºC 5.37±0.87 0.030±0.008 0.037±0.010 23.01±1.34 0.77±0.20 18.92±2.3 

 

3.3 Model Validation 

One assay from each experimental series (heat-activation, Fe(II)-activation at 25 and 35ºC) 

was not used for model calibration so that these could be used for model validation. In the 

case of the heat-activation experimental series, the assay carried out at 45ºC was the one 

selected for model validation. As it can be observed in Figure 6a, good agreement between 

experimental data and model simulations was obtained for both CBZ oxidation and PS 

decomposition profiles, validating the model proposed, which includes heat-activation plus 

acid-activation. In the case of the Fe(II)-activation model, the validation experiments are 



presented in Figure 6b. Again, the model showed great prediction accuracy validating the 

semi-empirical approach in which only Fe(II)-activation and acid-activation are considered. 

 (a) 

 (b) 

Figure 6. Comparison between experimental data (CBZ –dots- and PS –triangles-) and 

model predictions (lines) for the heat-activation experiment validation (a) and the iron 



activation experiments validation (b). Experimental conditions: (a) [CBZ]0= 0.0025 mM, 

[PS]0= 1 mM and T=45ºC (b) [CBZ]0= 0.0025 mM, [Fe]0= 0.045 mM, [PS]0= 1 mM and 

T=25ºC/35ºC.  

 

Finally, two new validation experiments were carried out. In the first one, the removal of 

CBZ (0.0025 mM) using PS (1 mM) activated by different and low Fe(II) additions (0.018 

mM each at 0, 10 and 20 min) was studied. Three steps can be clearly identified in the 

decontamination process corresponding to each one of the iron additions (Figure 7a). 

Initially, an important degradation is produced and, then, the process is almost stopped. The 

CBZ oxidation steps diminished with each one of the iron additions resulting in 60%, 20% 

and 10%. The model adequately predicts this process behavior; nevertheless, the prediction 

capability for CBZ removal diminished after the first addition. The initial CBZ 

concentration in all the experimental series used to develop the model was constant at 

0.0025 mM. Consequently, the model has not been trained for concentrations lower than 

0.0025 mM, as ≈0.001 mM and ≈0.0005 mM, concentrations measured when the second 

and third additions were done. A similar trend can be observed for PS decomposition. 

While the simulation for the first addition is adequate, in the second and third ones the PS 

concentration is overestimated. In the last validation experiment, the removal of CBZ 

(0.0025 mM) using 0.09 mM of Fe(II) and three PS additions (0.17 mM each at 0, 10 and 

20 min) was studied. In this case, it is difficult to identify the additions in the CBZ 

oxidation curve, which is indeed extremely similar to the curves obtained in the Fe(II)-

activation experimental series. After the first addition, almost 60% CBZ oxidation was 

obtained, then, 5% oxidation was achieved in the second one and, finally, the third addition 

resulted in only 2% degradation. This process behavior is well predicted by the model, 



indeed, model simulation shows that almost all the Fe(II) present initially in solution is 

already oxidized to Fe(III) (see Figure 7b) after the first PS addition. Consequently it can be 

said that the model is able to successfully simulate both CBZ oxidation process and PS 

decomposition, showing that it can be used as a predictive tool. 

 (a) 

  (b) 

Figure 7. Comparison between experimental data (dots) and model predictions (lines) for 



the experiment validation carried out with iron additions (a) and PS additions (b). 

Experimental conditions: (a) [CBZ]0= 0.0025 mM, [PS]0= 1mM, [Fe]0= 0.018 mM, 

[Fe]additions= 0.018 mM and T=25ºC (b) [CBZ]0= 0.0025 mM, [Fe]0= 0.09 mM, [PS]0= 0.17 

mM, [PS]additions= 0.17 mM and T=25ºC.   

 

4. Conclusions 

A semi-empirical mathematical model of the heat-activated and iron-activated PS processes 

applied to the removal of CECs in water using CBZ as model pollutant has been proposed 

and validated. 

In the heat-activated experimental series, the selected temperature range was 25ºC-65ºC. 

The CBZ degradation reached 20% at 25ºC after 120 min while, from 35ºC; the complete 

degradation of the pollutant was always achieved. Kinetics always improved with 

temperature. The obtained RSE was very low, in the range of 0.017 at 25ºC to 0.007 at 

65ºC, which seems to be related to acidic conditions and the low initial concentration of 

CBZ. The highest model prediction capability was obtained when heat and acid activation 

of PS were considered in the reaction mechanism, which included also CBZ degradation 

reaction and TOC scavenging reaction. Very good agreement between experimental results 

and model predictions were obtained both for CBZ and PS time-concentration profiles for 

the complete range of temperatures studied. 

In the next experimental series, six different Fe(II) concentrations in the range from 0.009 

to 0.18 mM at 25ºC and 35ºC were evaluated. At the lowest temperature, the complete CBZ 

removal was not achieved in any case, although about 90% degradation in the first 5 min 

was obtained when 0.09 mM of Fe(II) or higher concentrations were used. The fast 

pollutant degradation at initial stages and the asymptotic values of pollutant and oxidant 



agent obtained subsequently suggest that undesired reactions that consume both Fe(II) and 

PS
- 

are favored if iron excess is added in the reaction bulk. At 35ºC, the complete 

degradation of CBZ was obtained in about 40 min when Fe(II) concentration was 0.09 mM 

or higher, finding again negligible differences between the experiments with 0.09, 0.13 and 

0.18 mM of iron. The best results in terms of final pollutant degradation and degradation 

rate were obtained for 1:11 Fe:PS molar ratio at both temperatures. With respect to model 

reaction mechanism for this part of the study, the calibration process showed that the model 

prediction capability improves if PS heat activation is not considered. Probably, this is due 

to its small effect on process performance, which can be included in the iron-activation 

reactions. On the contrary, this did not happen with acid-activation, which still showed an 

important contribution to the process. Thus, the model reaction mechanism that showed the 

highest prediction accuracy includes: acid, Fe(II) and Fe(III) PS activation, CBZ 

degradation and both TOC and Fe(II) scavenging reactions. 

Finally, the model was validated using one assay from each experimental series (heat-

activation, iron-activation at 25ºC and iron-activation at 35ºC) and two additional assays, 

one using Fe(II) additions (0.018 mM each at 0, 10 and 20 min) and another one using PS 

additions (0.17 mM each at 0, 10 and 20 min) with satisfactory results. 

In conclusion, a predictive tool for the use of PS in the removal of contaminants of 

emerging concern has been developed. This type of studies are needed in order to get the 

process closer to actual application, as models allow simulating the process, optimizing 

operation conditions or scaling-up reactors, among others. Further studies are needed in 

order to improve the model so that the effect of some other important variables such as sun-

light and matrix content can be also considered.  
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