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General Abstract 
  

The continued water quality deterioration because of increasingly intensive use 

has become a subject of great concern because of its economic and health implications. 

Despite the advances in the conventional methods for wastewater treatment, they still 

suffer several drawbacks such as high retention time, low efficiency for the removal of 

recalcitrant compounds or sensitivity to variation of flow rate and organic load. Therefore, 

it is necessary to use other technologies capable of overcoming these problems and fulfill 

the environmental legislation. Advanced Oxidation Process (AOPs) have provided a fea-

sible alternative to conventional technologies, due to their great potential to oxidize, par-

tially or totally, numerous organic compounds. These processes are based on the in situ 

generation of hydroxyl radicals (OH•), a highly powerful oxidizing agent (E: 2.8 V). 

Sulfate radicals (SO4•−) have emerge as a suitable technology to oxidize pollutants 

due to their long lifetime and high oxidation potential (E: 2.5-3.1 V). Persulfate (PS) is 

the main choice to produce SO4
•− by activation using different methodologies (e.g, using 

thermal, UV and chemical activation). This compound shows several advantages such as 

an easy storage and transport due to its solid state at ambient temperature, a high water 

solubility and a relatively low cost. Besides, sulfate, an inoffensive inorganic compound, 

is the main resulting product from persulfate reduction. 

This work assesses the synergistic effect of combining several PS activation alter-

natives, in order to intensify this process, using phenolic compounds such as phenol and 

4-chlorophenol (4-CP), and azo dye Disperse Blue 3 (DB3) as model pollutants. 

Following are described the four procedures investigated to activate PS: 

1. Electro activation of persulfate using iron sheet as low cost sacrificed electrode. 

This iron source, commonly used in civil engineering, provides continuously 

Fe2+ during the electro-oxidation process, which increased the SO4•− generation 
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compared with PS heat-activation alone (in the range 30-90 ºC). Nevertheless, the 

main drawback of this technology lays on the excessive generation of iron sludge. 

2. Nanoscale Fe0 doped with Ag. The highly reactive nanoparticles were synthe-

sized through reduction of FeCl2 with NaBH4. The PS decomposition is faster 

than that achieved by electro-activation but minimizing the sludge production. 

However, the pH control in this process must be considered. 

3. Combination of ilmenite (FeTiO3) and UV-LED. Raw ilmenite (FeTiO3) was used 

as an inexpensive iron-based catalysts to mediate the decomposition of PS into 

SO4•- radicals, that is steeply increased by irradiating with UV-LED (λ: 405 nm) 

due to the photoreduction of Fe(III) to Fe(II) in the ilmenite surface. Thus, the 

combined treatment becomes a feasible “low-cost” alternative to activate PS. The 

effect of temperature, as an attempt to intensify the process, is also assessed. 

4. Cathodic reduction of PS, using Ti anodes coated with IrO2 –Ta2O. This treatment 

promotes a faster PS decomposition avoiding the iron-sludge generation. The ef-

fects of current density, PS concentration and conductivity aqueous solution in 

combination with temperature is also studied. 
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Resumen General  
 

El continuo deterioro de la calidad del agua como consecuencia de un uso cada 

vez más intensivo, se ha convertido en un asunto que despierta una gran preocupación 

debido a sus implicaciones económicas y sobre la salud. A pesar de los avances en los 

métodos convencionales de depuración de aguas, son todavía numerosas las deficiencias 

que presentan estos tratamientos, entre ellas la necesidad de elevados tiempos de reten-

ción, bajas eficiencias en la eliminación de contaminantes recalcitrantes o una alta sensi-

bilidad a las variaciones de caudal y carga orgánica. Por lo tanto, se hace necesario em-

plear otras tecnologías que sean capaces de superar estos problemas, cumpliendo con la 

legislación en materia de vertido. Los procesos de oxidación avanzada (POAs) constitu-

yen una alternativa a estos tratamientos convencionales, debido a su gran capacidad para 

oxidar, parcial o totalmente, numerosos compuestos orgánicos. Estos procesos se basan 

en la generación in situ de radicales hidroxilo (HO•) que se caracteriza por un elevado 

potencial de oxidación (E: 2.8 V), alta reactividad y una muy baja selectividad. 

En este entorno, los radicales sulfato (SO4
•−) han emergido como una tecnología 

viable para la eliminación de contaminantes motivado por su largo tiempo de vida y su 

alto potencial de oxidación (E: 2.5-3.1 V). La activación de persulfato (PS), ya sea tér-

mica, con radicación UV o químicamente, es la principal alternativa para la producción 

de SO4
•−. Este compuesto presenta una serie de ventajas como son su fácil almacena-

miento y transporte (es un sólido a temperatura ambiente), una alta solubilidad en agua y 

un coste relativamente bajo. Además, el principal producto resultante de la reducción del 

PS es el sulfato, cuyo efecto contaminante sobre el medio receptor es muy limitado.  

Este trabajo evalúa el efecto sinérgico de combinar diferentes procedimientos para 

activar PS, como vía de intensificación de este tratamiento, utilizando compuestos fenó-

licos (fenol y 4-clorofenol) y el tinte azo azul disperso 3, como contaminantes modelo. 
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A continuación se resumen los cuatro procedimientos investigados para activar PS. 

1. Electro-activación de PS utilizando láminas de hierro como electrodos de sacrifi-

cio de bajo coste. Esta fuente de hierro, de uso común en construcción y obra civil, 

proporciona continuamente Fe2+ durante el proceso de electro-oxidación, lo que 

incrementa la generación de radicales SO4•- en comparación con la activación tér-

mica (en el intervalo 30-90 ºC). El principal inconveniente de esta tecnología es 

la excesiva generación de lodos de hierro. 

2. Nanopartículas de Fe0 dopadas con Ag. Estas nanopartículas altamente reactivas 

se sintetizaron por reducción de FeCl2 con NaBH4. La velocidad de descomposi-

ción de PS es mayor que la que se alcanza mediante electro-activación a la vez 

que se minimiza la producción de lodos. Sin embargo es preciso controlar el pH 

a lo largo del proceso. 

3. Combinación de ilmenita (FeTiO3) y UV-LED. En esta alternativa se utiliza un 

mineral, la ilmenite (FeTiO3), como catalizador en la descomposición de PS en 

radicales SO4•-, que aumenta significativamente si se combina con radicación 

UV-LED (λ: 405 nm) debido a la fotorreducción del Fe(III) a Fe(II) en la superfi-

cie de la ilmenita. Al utilizar un mineral directamente como catalizador y radia-

ción UV- LED, permiten considerar a este tratamiento como una alternativa de 

bajo coste para activar PS. El efecto de la temperatura, como vía para intensificar 

este proceso, también se ha evaluado. 

4. Reducción catódica de PS utilizando ánodos de titanio recubiertos con IrO2 –

Ta2O. Esta alternativa proporciona una rápida descomposición de PS evitando la 

generación de lodos de hierro. Se evalúa el efecto de la densidad de corriente, 

concentración de PS y conductividad de la disolución acuosa, así como de la tem-

peratura. 
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1. General introduction 
 

 An urgent need exists for solutions to current water pollution problems. Due to 

demographic growth and the recent expansion of the industrial sector has led to environ-

mental problems due bad water management and consequently the uncontrolled discharge 

of inadequately treated effluents has contributed to an irreversible reduction in fresh water 

availability [1]. Generally, increasing environmental awareness coupled with more strin-

gent regulation standards has triggered various industries to challenge themselves in seek-

ing appropriate wastewater treatment technologies [2] 

 The application of efficient technologies, particularly destructive methods, in or-

der to minimize the negative environmental impact of these mainly refractory and toxic 

pollutants is of high interest [3]. Majority, these wastewaters commonly are treated using 

conventional aerobic and anaerobic oxidation and physicochemical techniques such as 

coagulation and floculation [4], adsorption [5], filtration [6,7]. However, biological treat-

ments suffers from several drawbacks, the microorganisms are very sensitive to changes 

in the environment, lower biodegradable efficiency for recalcitrants compounds, low ef-

ficiency for color removal, sensitive to variation of flow rate and organic load, incomplete 

mineralization and membrane fouling. Physicochemical treatment have some disad-

vantages such as sludge formation and the pollution may be caused by chemical substance 

added at a high concentration and [8–11]. 

 Although conventional technologies are efficient for the treatment of most 

wastewater, new technologies are still required to assist these conventional water treat-

ment technologies to comply with increasingly severe legislations in the future. Advanced 

oxidation processes (AOP’s), which relies primarily on the generation of the free radicals 

to degrade organic compounds have shown great potential. Advance techniques are used 
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for the activation of the oxidants and thus provide a clean way of generating highly oxi-

dizing radical species [12]. Most of the AOPs use a combination of strong oxidants like 

ozone, oxygen or hydrogen peroxide with catalysts like transition metals, iron, semicon-

ductor solids, radiation or ultrasound. Typical homogeneous and heterogeneous AOPs 

include photochemical process (UV/O3, UV/H2O2), photocatalysis (TiO2/UV) and chem-

ical oxidation processes (O3, O3/H2O2 and Fenton process) [13] as shown in Fig. 1.1. 

Homogeneous processes can be  subdivided into processes that use an external input of 

energy (ultraviolet radiation, ultrasound, electrical or thermal energy) and processes that 

do not use energy [14].  

 Among the oxidants, H2O2 is the most frequently used in environmental treatment 

processes because exhibits both oxidant and reductant properties, as an efficient oxidant 

in a wide range of reaction conditions and environmentally friendly nature [15]. The con-

version of H2O2 into HO• radicals can be achieved using various activation techniques. 

Among the H2O2 based methods, Fenton reagent, when iron dissolved in an acid medium 

interacts with H2O2, yields to the formation of hydroxyl radicals (HO•) (Eq. 1) and then 

regenerated through the reduction of ferric ion by H2O2 (Eq. 2) [16] is the most common 

used. Fenton based AOPs (H2O2/Fe2+, H2O2/Fe2+/UV, UV/Fe2+/H2O2, US/Fe2+/H2O2, 

UV/US/Fe2+/H2O2, electro-Fenton) have been successfully used for the treatment of 

wastewater [17]. This technique is currently applied for the treatment of dyes pollutants 

[18], pesticide [19], hazardous industrial wastewaters [20], landfill leachates [21], micro-

bial decontamination [22] and phenolic compounds [23].  

 

Fe2+ + H2O2 → Fe3+ + HO• + HO-                                                                           (1) 

Fe3+ + H2O2 → Fe2+ +  HO2
•  + H+                                                                                         (2) 
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Fig. 1.1. Classification of advanced oxidation processes. Adapted from [14] 
 
 
 In the latest years, various other strong oxidants such as ozone, chlorine dioxide, 

permanganate, peroxymonosulfate and persulfate have been used for degradation of or-

ganic compounds [24] (Table 1.1.). Each of these strong oxidants has disadvantages. For 

example, ozone involves relatively complex onsite generation, relatively large capital in-

vestment and the expensive cost (between 8.5 and 10.0 € kg -1 equivalent O2) [9]. Chlorine 

dioxide is also generated on site, is known to produce harmful compounds known by 

products due to a reaction of chlorine and natural organic matter in water. Permanganate 

Using  
energy 

Without  
energy 

Ultraviolet  
radiation  

Ultrasound  
energy  

Electrical  
energy  

Thermal 
energy  

O3/UV [89] 

H2O2/UV [90] 

O3/H2O2/UV [91] 

O3/US [92] 

H2O2/US [93] 

Electrochemical oxidation [11] 

Anodic oxidation [94] 

Electro-Fenton [95] 

Wet air oxidation [96] 

O2/catalysts [97] 

O3 in alkaline medium [97] 

O3/H2O2  [98] 

H2O2/catalyst [99] 

Catalytic ozonation [100] 

Photocatalytic ozonation [101] 

Catalytic wet air oxidation (CWAO) [102] 

Catalytic wet  peroxide oxidation (CWPO) [27] 

homogeneous processes (homogeneous catalysts, when present)  

heterogeneous processes  
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leads to the production of more particulate Mn and overdosing may lead to soluble 

Mn(VII) [25,26].  

Table 1.1. Commonly used oxidant for the degradation of organic contaminants 
Oxidant Potencial (V) Tarjet Poluttant 

Hydroxyl radical (HO•) 2.8 phenol [27] 

Sulfate radical (SO4•−) 2.5 - 3.1 4-chlorophenol [28] 

Ozone (O3) 1-78 - 2.1 landfill leachate [29] 

Persulfate (S2O8
2-) 2.1 methylene blue [30] 

Peroxymonosulfate (HSO5-) 1.82 atrazine [31] 

Hydrogen peroxide  (H2O2) 1.8 methyl orange [32] 

Permanganate (MnO4) 1.68 - 1.71 antibiotics [33] 

Periodate (IO4-) 1.6 acid red 97 [34] 

Chlorine dioxide (ClO2) 1.57 landfill  leachate [11] 

Chlorine (Cl2) 1.3-1.4 olive oil wastewater  [35] 

Adapted from Refs. [36–42] 

 

 More recently, persulfate anions is a promising emerging oxidant, which are uti-

lized especially for soil and groundwater remediation, due to its relatively high stability 

under normal subsurface conditions, persulfate can effectively travel through the subsur-

face into the contaminated zone [43,44]. In addition, has certain advantages such as easy 

storage and transport due to its solid state at ambient temperature, high water solubility 

(73 g / 100 g water) [45], relatively low cost (approx. € 0.70 kg) [46] and  reacts less with 

natural organic matters [31]. The main product resulting from the reduction of persulfate 

is sulfate, which is relatively harmless [45].  

 Persulfate can be activated to generate a stronger sulfate radical (SO4•−), with a 

standard redox potential varying between 2.5 V and 3.1 V, which is comparable to that 

of HO• at acidic pH (2.4-2.7 V) and higher than that of HO• at alkaline pH (1.9-2.0 V) 

[10,47,48]. Sulfate radical based AOP’s become an alternative for HO• AOPs, SO4•− rad-

icals have a longer lifetime (3 - 4 × 10−5 s) than HO• radicals (2 × 10-8 s) therefore, these 
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radicals have more chances of reacts with organic pollutants [49]. Furthermore, SO4
•−  is 

more effective at higher pH because the pH of solution is decreased along with the SO4
•−  

generation process, which favors the further enhancement of SO4•−  generation [50].  

 

1.1. Persulfate as an Oxidant: Activation Methods 
 

 The use of persulfate has increased greatly during the last decade. As can be seen 

in Fig. 1.2., a wide range of different methods have been tested in the activation of per-

sulfate. Generally, the ion persulfate can be effectively activated by heat (Eq. 3) [51], UV 

light (Eq. 4) [52], transition metal ions (Eq.5) [53], ultrasound (Eq. 6) [42], activated 

carbon (Eq. 7-8) [54], electro-activation (Eq. 9) [55], base activation (Eq. 10-11) [56] and 

other such as microwave and natural minerals activated persulfate [57]. Examples of per-

sulfate activated methods and conditions are presented in Table 1.2., with promising re-

sults in the degradation of landfill leachate, triclosan, azo dyes, atrazine, phenolic com-

pounds and others mineral-based activators 
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Fig. 1.2. Scientific papers devoted to the activation of persulfate using different method-

ologies over the period 2008-2017. Source: Scopus (May 2017) 

 
S2O8

2- + heat →  2SO4
•−                                                                                                  (3) 

S2O8
2- + ℎ� →  2SO4

•−                                                     (4) 

S2O8
2− + Mn+ → SO4

•− + M(n+1)+ + SO4
2− (where M represents the metals)      (5) 

S2O8
2− + ))) →  2SO4

•−                                                                                        (6) 

AC surface - OOH + S2O8
2− → SO4

•− + AC surface - OO• + HSO4
−                   (7)                                                                       

 AC surface - OH + S2O8
2− → SO4

•− + AC surface - O• + HSO4
−                          (8) 

S2O8
2- + e- → SO4

•− + SO4
2-                                                                                     (9) 

2S2O8
2- + H2O → 3SO4

2- + SO4
•−  + O2

• + H+ (under basic conditions)                (10) 

SO4
•− + OH− → SO4

2- + OH•  (highly alkaline conditions)                             (11) 
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Table 1.2. Persulfate activated by a variety of methods 

Activation methods Pollutant Conditions Results Ref. 

Iron based 

Fe2+ Triclosan Ccont-PS-Fe
2+ = 40-1-1,pH = 7, time = 120 min 95 % [58] 

Fe0 Trichloroethene Ccont-PS-Fe
0 = 10-10-1, pH = 7, time = 120 min 100% [59] 

nano - Fe0 Dichlorophenol Ccont-PS-Fe
0 = 1-65-197, pH = 3, time = 60 min 100% [60] 

Bimetallic Fe/Ag 4 chlorophenol Ccont-PS-Fe/Ag = 1-100-10, pH = 3, time = 60 min 83 % (TOC) [28] 

UV - light 

UV-C (280 nm) Carbamazepine Ccont-PS = 1-17, pH = 2.8,time = 120 min 21% (TOC) [61] 

UV (365 nm) Microcystin-LR Ccont-PS = 1-100, pH = 3, time = 210 min 77 % [62] 

solar  2,4-D Ccont-PS = 1-2, pH = 3, time = 45 min 100 % [63] 

UV (254 nm) Acetic acid Ccont-PS = 1-12, pH = 5, time = 45 min 30 % [64] 

Heat 

60 °C Atrazine Ccont-PS = 1-20, pH = 5, time = 120 min 100 % [65] 

40 °C Dimethyl Phthalate Ccont-PS = 1-216, pH = 3–9, time = 1080 min 100 % [66] 

60 °C 1,4-Dioxane Ccont-PS = 1-23, pH = 3, time = 180 min 100 % [67] 
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Activation methods Pollutant Conditions Results Ref. 

Natural  Minerals 

Pyrite  MTBE Ccont-PS-pyrite
 = 1-5-5,pH = 5.5, time = 240 min 100 % [68] 

Cobaltite, Ilmen-

ite, Pyrite 

PS decomposition  CPS = 0.5 M, Cmineral= 0.2 g L-1, pH = 5, time = 60 days 100% [69] 

Magnetite Phenol Ccont-PS-magnetite
 = 1-5-11, UV-A = 20 W, pH = 5, time 

= 25 hours 

100% [70] 

Microwave 

800 W Acid Orange 7 Ccont-PS = 1-10, pH = unadjusted, temp = 30-100°C, 

time = 11 min 

83% (COD) [71] 

1200 W Pentachlorophenol  Ccont-PS = 1-3, pH = 4-9, temp = 60-130 °C,  

time= 210 min 

90 % [72] 

1200 W sulfamethoxazole Ccont-PS = 1-5, pH = 4.6-8.7, temp = 18 - 90 °C,  

time = 210 min 

50 % (TOC) [73] 

Activated carbon 

5 g L-1 Acid Orange 7 Ccont-PS = 1-100, pH = 3-11,time = 5 hours 50 %(TOC) [74] 

10 g L-1 Perfluorooctanoic Acid Ccont-PS = 1-52, pH = 2.5 – 11, temp = 25 - 45 °C,  

time= 12 hours 

68.2 % [75] 

5 g L-1 Trichloroethylene Ccont-PS = 1-110, pH = 3, temp = 20 °C,  

time = 5 hours 

97% [54] 
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Activation methods Pollutant Conditions Results Ref. 

Ultrasound 

106 W cm-2  Direct Red 23 Ccont-PS
 = 1-50, Fe0 = 5 g L-1, pH = 6, time = 30 min 92 % (TOC) [37] 

100 W cm-2  1,1,1-trichloroethane Ccont-PS = 1-10, pH = 3-11, time = 120 min 100 %  [76] 

190 W cm-2 Dinitrotoluenes 
CTOC = 450 mg L-1, CPS/TOC= 3-7 wt%, pH = 0.2 – 
4, time = 6 hours 

80% (TOC) [77] 

Transition metals 

Copper oxidate p-chloroaniline 
Ccont-PS = 1-5, Ccatalyst= 0.5 g L-1, pH = 3-7, time = 
10 hours 

78% (TOC) [78] 

Zn0 Congo Red Ccont-PS = 3-1, CZn= 2 g L-1, pH = 5.5, time = 60 min 60 % (TOC) [79] 

Cobalt 2,4-dichlorophenol Ccont-PMS-Co = 3-1-0.2, pH = 7, time = 240 min 100 % [80] 

Electrochemical 

Pt electrodes Aniline 
Ccont/PS = 5.5 mM /3% wt, pH = 3-7, V= 3-6, time 
= 7 hours 

80 % (TOC) [81] 

Pt electrodes Dinitrotoluene 
Ccont/PS= 4.5 mM /1% wt, pH = 3-7, V= 3-6, time 
= 7  hours 

80 % [82] 

Ti/RuO2/IrO2 (A) 

Stanley steel (C) 
Orange II 

Ccont-PS = 1-30 , pH = 2-9, J= 8.4 mA cm-2,  time = 
60 min 

89% (TOC) [83] 
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1.2. Persulfate simultaneously activated: Intensification process  
 

 The simultaneous and synergistic activation of aqueous persulfate has been 

scarcely tackled in the literature. Some alternatives have been proposed. Amongst them, 

the process by increasing the temperature has been demonstrated more efficient in terms 

of faster degradation and higher mineralization of the pollutants, when using this system 

based on persulfate with multiple activators. During the removal of p-nitrophenol the ad-

dition of Fe2+ to heat activation process at 50 °C, resulted in significant improvement 

(approx. 25%) over method alone [84]. However, whereas in the range 25-50 ºC, heat-

activated PS led to TOC conversion significantly lower than heat/Fe2+ process, this dif-

ference steeply decreased as temperature increases, achieving similar TOC conversion at 

70 ºC and 90 ºC after 180 min. The results suggest that the metal ions could act as a 

scavenger of SO4•− (Eq. 12) at elevated temperatures.  The same phenomenon was ob-

served for phenol mineralization during combination of electrolysis using sacrificed iron 

electrode as a continuous low-cost Fe2+ source in combination with heat-activated PS. 

The synergistic effects of electro-activated (at 10 mA cm-2) and heat-activated at 50 ºC 

resulted in improvement over heat-activated alone greater than 50 %, but as temperatures 

increased (70 - 90 ºC), heat activation was the dominant mechanism [85]. 

 

Fe2+ + SO4•− → SO4
2− + Fe3+                                                                                                                          (12)      

         

 Combination of heat with UV and Fe2+ leads to an intensification of the degrada-

tion of carbamazepine, due to the enhanced generation of the SO4•−. In absence of both 

irradiation and Fe2+, the heat-activation of PS was scarce below 25 ºC. Nevertheless, the 

mineralization steeply increased up to 15 % and 20 % in the combined process PS/Fe2+ 
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and PS/UV-C respectively. The synergistic effects of PS/UV-C/ Fe2+, increasing the oxi-

dation rate, resulting in a mineralization of 88% after 120 min [61]. 

 There are some reports describing the use of electrolysis activated persulfate, by 

the combination with other chemical activation methods. Lin et al [86] reported rapid 

removal of bisphenol A (BPA) by a electro/Fe3+/PS process using Ti/RuO2– IrO2 as anode 

and stainless steel as a cathode. The removal of BPA was also negligible in the Fe3+/PDS 

process. However, Fe3+ could be converted to Fe2+ through the cathodic reduction, and in 

the presence of PS, the mineralization efficiency achieved in the process was 76.5%, 

much higher than the sum of the degradation efficiencies (below 4%) obtained in the 

single activation  (electrolysis and Fe3+/PS). The degradation of BPA was also studied by 

electrogenerated ferrous ion activated persulfate [87]. The singles process (electrolysis 

and PS alone) are not efficient for BPA removal. The synergistic effect between electrol-

ysis and PS leads to an intensification of the degradation of carbamazepine, increasing 

from 15 % to 75% the mineralization efficiency. 

 Some studies describing the simultaneous activation persulfate using different 

combinations such as ultrasound and zero valent iron, microwave and activated carbon 

and electro-activation are presented in Table 1.3. 
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Table 1.3.  Simultaneously activation of persulfate using different methodologies 
Activation methods Pollutant Conditions Results Ref. 

Heat and Fe2+ p-nitrophenol Ccont-PS-Fe
2+ = 1-40-100, temp = 25-90 °C, time = 180 min 100 % [84] 

Ultrasound and Fe0  Acid Orange 7  Ccont-PS =  1-18-3, US= 40-60 W, pH = 5.8, time = 20 min 96.4 % [88] 

Electrolysis with Fe3+ 

(Ti/RuO 2/IrO 2/stainless steel) 
Bisphenol A Ccont-PS-Fe

3+ = 22-1-2, J = 16.8 mA cm-2, pH = 3, time = 120 min 99%  [86] 

Heat/UV-light/Fe2+/H2O2 Carbamazipine 
Ccont-PS = 1-1,pH = 2.8, CFe2+ - H2O2 = 1-10, UV = 280 nm; 
7.81×10−6 Einstein s−1, temp = 15-45 ° C 

83% (TOC)  [61] 

Microwave and active carbon Acid Orange 7 
Ccont-PS = 1-50, MW = 800 W, AC= 1 g L-1, temp = 30-100 °C, 

time = 3 min 
> 95 % [71] 

Electrolysis with heat 

(Fe eletrodes) 
Phenol 

Ccont-PS = 1-14, J =1-10 mA cm-2, temp = 30 - 90 ° C,pH = 6, time 

= 90 min 
83 % (TOC) [85] 

Electrolysis with silica (SBA-
15) supported Fe/Co 

(Ti/RuO 2/IrO 2 / stainless steel)  

Orange II 
Ccont-PS = 1-30, Ccatalyst = 2 g L-1, J = 1.68 - 16.8 mA cm-2,  pH = 
2-9, time = 60 min 

95 % (TOC) [83] 
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1.3. Research scope and objectives  
 

This research investigates the synergistic effect of combining several PS activa-

tion alternatives as a way to intensify this technology. Following are described the four 

procedures investigated to activate PS: 

1. Electro activation of persulfate using iron sheet as low cost sacrificed electrode.  

2. Nanoscale Fe0 particles doped with Ag.  

3. Combination of ilmenite (FeTiO3) and UV-LED.  

4. Cathodic reduction of PS, using Ti anodes coated with IrO2 –Ta2O.  

 

To achieve this objective, the thesis is structured in the following chapters: 

 

1. A review on the AOP’s and methods for persulfate activation.  

2. Materials and methods description.  

3. Assessment of using iron sheet as a continuous low-cost Fe2+ source for electro-

activation of persulfate, evaluating the effectiveness of sodium sulfate and sodium 

chloride as supporting electrolyte and temperature reaction influence.  

4. Study of the ability of synthesized nanoscale zero-valent particles doped with 2% 

w/w Ag (nZVI-Ag) to activate persulfate, evaluating the role of temperature.   

5. Use of raw mineral ilmenite (FeTiO3) to promote the heterogeneous activation of 

PS to produce SO4•− using UV-LED radiation at 405 nm, analyzing the synergistic 

effect of temperature in the process.  

6. Cathodic reduction of PS, using Ti anodes coated with IrO2 –Ta2O. This treatment 

promotes a faster PS decomposition avoiding the iron-sludge generation.  

7. General conclusions. 
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2. Materials and Methods 
 

2.1. Materials 
 

Acetic acid (99%), acetone (99.9%), acetonitrile (99.9%), azo dye Disperse Blue 

3 (20%), calcium chloride (93%), dichlorometane (99.8%), ethanol (99%), ferrous 

chloride tetrahydrate (98%), hydrochloric acid (37%), phenol (99%), potassium 

iodide (99%),  silver sulfate (99,5%),sodium bicarbonate (98%), sodium borohy-

dride (98%), sodium carbonate (99.8%), sodium chloride (99%), sodium sulfate 

(98%), sulfuric acid (99.9%) 4-chlorophenol (99%) were purchased from Sigma-

Aldrich and used as received without further purification. Sodium persulfate 

(98%) was obtained from Panreac. The deionized water was obtained from a Mil-

lipore Milli-Q system. 

 

2.2. Typical reaction procedure 
 

2.2.1. Electro-activation of persulfate 
 

The initial phenol concentration of 100 mg L−1 (corresponds to 76 mg L-1 TOC) 

was prepared in deionized water obtained from a Millipore Milli-Q without pH adjust-

ment. The persulfate concentration (0.71, 1.42, 2.14 and 2.85 g L-1) for PS was select 

based on the theoretical stoichiometric amount for phenol mineralization (Eq. 1). 

 

C6H5OH+ 14 S2O8
2- +11 H2O� 6 CO2 + 28 SO4

2- + 28 H+                                          (1) 

 

The electrochemical treatment system consisted of a glass jacketed batch reactor 

(useful volume: 400 mL) as show in Fig. 2.1. Commercial rectangular iron sheets                
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(10 cm 2) were used as anode and cathode (the gap between electrodes was 2 cm) con-

nected to a computerized potentiostat (Autolab PGSTAT 302, Eco Chemie) that provided 

the desired current density within the range 1-10 mA cm-2. The effect of temperature was 

varied between 30 and 90 ºC at 1 mA cm-2. The effect of supporting electrolyte (NaCl 

and Na2SO4) in relation to the aqueous solution conductivity (2.7; 10.7 and 20.7 mS cm-

1) was evaluated. All the experiments were carried out in triplicate. After each test, elec-

trolytic cell and electrodes were cleaned with 15% hydrochloric acid solution. 

 

Fig. 2.1. Schematic representation of the electrochemical system. 

 

2.2.2. nZVI-Ag/ Persulfate experiments 
 

 The oxidation runs were performed in 100 mL stirred glass bottles placed in an 

orbital shaker (200 rpm) with control of temperature. All reactants were added simulta-

neously and submitted to vigorous mixing using a vortex mixer at the beginning of the 

trials. The reaction volume was set at 50mL, the initial 4-CP concentration at 25 mg·L-1 

and the pH of the reaction medium at 3 (concentrated HNO3).  

The RSM was applied to evaluate the individual and the interactive effects of the 

independent variables nZVI-Ag and PS concentration and reaction temperature on the 4-

CP or TOC removal. The performance of the process was optimized by BBD, using a 
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second-order polynomial model Eq.(2).The theoretical optimized values were compared 

with experimental data. 

                                      (2) 

 

 

where: R is the predicted response for 4-CPor TOC removal, β0is the intercept parameter, 

βi, βii eβij are parameters for linear, quadratic and interaction factor effects, Xi e Xj are 

independent variables and ε is the error.  

 The experimental levels for each variable were selected taking into account pre-

liminary results. The levels of the variables (low, center and high) are denoted as −1, 0, 

and 1, respectively, as shown in Table 2.1.  

Table 2.1. Experimental range and levels of independent variables 

INDEPENDENT   

VARIABLE 
FACTOR 

 RANGE and LEVELS 

-1 0 +1 

nZVI - Ag (mg·L-1)         A 50 275 500 

Persulfate (mM)         B 5 22.5 40 

Temperature (ºC)         C 25 50 75 

 

The full experimental design was accomplished using15 experiments with 3 rep-

licates at the center. Table 2.2. summarizes BBD statistical combinations used in calcu-

lation and the experimental results obtained at the set conditions for 4-CP and TOC re-

moval. The fit between the model and the experimental data was evaluated by ANOVA 

(Analysis of Variance). The F-test was applied to verify whether the model could predict 
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a significant variation in the experimental data. The Probability p value was used to esti-

mate whether F is large enough to indicate statistical significance [1]. The model was 

developed using the software Design Expert v.8.0.7.1.  

 

Table 2.2. The BBD design matrix and experimental results 

Route 
A: nZVI - Ag  

(mg·L-1) 

B: [PS] 

( mMol L-1) 

C: Temperature 

(ºC) 

R1:4-CP  

removal (%) 

 

R2:TOC  

removal (%) 

 

1 50 5 50 65 32 

2 500 5 50 11.5 8 

3 50 40 50 99.8 90 

4 500 40 50 98.2 72 

5 50 22.5 25 99.4 53 

6 500 22.5 25 65 39 

7 50 22.5 75 99.8 88.5 

8 500 22.5 75 79 41 

9 275 5 25 17 11 

10 275 40 25 39 28 

11 275 5 75 35 18 

12 275 40 75 55 49 

13 275 22.5 50 96 81 

14 275 22.5 50 95 79 

15 275 22.5 50 96.5 77 

 

2.2.3. Ilmenite (FeTiO3) / UV-LED experiments 
 

 The UV-LED system consisted of a glass jacketed batch reactor (the reaction vol-

ume was set at 250 mL) placed in a magnetic stirrer (200 rpm). A commercial LED strip 
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(SMD 5050) which radiates at 405 nm was placed around the external wall of the reactor. 

The irradiance corresponding to LED radiation was 10 W m-2  with a power of 19 W. The 

reaction temperature was controlled between 30-70 ºC with a thermal batch recirculation 

system (Julabo 13) (Fig. 2.2.). The PS dose was varied between 20 and 100% of the stoi-

chiometric theoretically needed for complete mineralization of COD (12g PS / g COD). 

The ilmenite concentration was 320 mg L-1 (preliminary studies showed that the higher 

amounts not increase the reaction rate). The reusability of ilmenite was appraised in three 

successive experiments. The catalyst recovered by filtration and dried overnight at 60 ºC 

after each run. 

 

Fig. 2.2. Scheme of the glass jacketed batch photo-reactor (useful volume: 250 mL). 

 

2.2.4. Electro-activated persulfate using Ti/IrO2–TaO2 electrode 
 

The electrochemical system consisted of a glass jacketed batch reactor (400 mL 

reaction volume) with two rectangular mesh electrodes of 25 cm2. Ti/IrO2–

TaO2(70Ir/30Ta) was used as anode and Ti as cathode, with a 5 mm gap between them. 

The system was connected to a DC power supply (InstruthermFA-2030) and placed on a 

magnetic stirrer (200 rpm). The reaction temperature was controled using a thermal batch 

recirculation system (Julabo 13). 
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The simulated disperse azo dye aqueous solution was prepared by dissolving 80 

mg L-1of DB3, with 0.05M Na2SO4 as supporting electrolyte by agitation (200 rpm) at 90 

◦C for 30 min. The average COD of the resulting solution was 112 mg L-1. Several pa-

rameters were studied in the electro-PS: current density (5-40 mA cm-2), PS dose (0-100% 

of the stoichiometric dose, 1.7 g L-1 or 12g PS / g COD), initial pH (3-12) and temperature 

reaction (30 ◦C - 90 ◦C). Samples were withdrawn from the reactor in regular intervals 

and immediately placed in an ice bath to quench the reaction. The show results are the 

average of three replicates. After each test, the electrochemical system was cleaned using 

a 15% hydrochloric acid solution. 

 
2.3. Synthesis of nZVI-Ag nanoparticles 
 

 The synthesis of nZVI was performed through a reduction of ferrous chloride with 

sodium borohydride following the method described by [1]. A ferrous chloride solution 

was prepared by dissolving of 5.02 g of FeCl2·4H2O salt in 250 mL of distilled water 

(purged with N2). A solution of reducing agent was prepared by dissolving 2.82 g of so-

dium borohydride (NaBH4) in 250 ml of distilled water (0.3 mol·L-1). The reducing agent 

solution was then added to the Fe solution (via peristaltic pump) at a controlled rate main-

taining proper mixing by stirring. Ferrous iron was reduced to zero-valent species accord-

ing to the following Eq. (3) [2]. 

 

Fe2+ + 2BH4
-+ 6H2O →Fe0 + 2B(OH)3  + 7H2↑     (3) 
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 The impregnation of nZVI by Ag was then performed by reductive deposition of 

0.024g of the Ag2SO4 (equivalent to 2% (w/w) of the iron) into nanoparticles under stir-

ring conditions. After the reaction, approximately 1.2 g of bimetallic nanoparticles were 

then generated according to Eq. (4) [2]: 

 

Ag2SO4 + Fe0→2Ag↓ + FeSO4                                                                                                            (4) 

 

The resulting nZVI-Ag nanoparticles were washed at least three times with abso-

lute ethanol, separated by filtration and dried under inert atmosphere (N2) in a glove-bag. 

 

2.4. Characterization 

 

2.4.1. Specific surface area 
 

The BET surface area (SBET) of the catalysts were determined by N2-physi sorp-

tion at -196 ºC in a TriStar II (Micromeritics) apparatus. The data within the relative 

pressure (P/P0) range up to 0.3 were used for SBET calculation. Prior to measurement, 

the sample was vacuum dried at 150 °C for 12 h, followed by degassing at the same 

temperature for 4 h in an outgassing station to remove any adsorbed water or entrapped 

gases 

 

2.4.2. X-ray diffraction 
 

The crystalline phases in the catalysts were analyzed by X-ray diffraction (XRD) 

using a Siemens model D-5000 diffractometer with Cu Ka radiation (λ=1,54Å).  
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2.4.3. TXRF analysis 
 

The metal content of the fresh and used catalysts was determined by total reflec-

tion X-ray fluorescence (TXRF), using a TXRF spectrometer 8030c. 

 

2.4.4. SEM images 
 

Scanning Electron Microscopy (SEM) images were obtained with a field emission 

gun scanning electron microscope (Philips/FEI XL30 SFEG) equipped with an energy 

dispersive X-ray (EDX) method using UTW model (USA). 

 

2.4.5. XPS analysis 
 

Ilmenite was characterized by X-ray Photoelectron Spectroscopy (XPS) with a 

VGE scalab 200R spectrometer equipped with a Kα Thermo Scientific apparatus with an 

Al Kα (hv=1486.68 eV) X-ray source using a voltage of 12 kV under vacuum (2 × 10−7 

mbar) condition. Binding energies were calibrated according to the C 1s peak of carbon 

samples at 284.6 eV.  

 

2.4.6. ICP analysis 
 

The metal content released from the ilmenite and Ti/IrO2–Ta2O5 electrode was 

measured by inductively coupled plasma optical emission spectroscopy (ICP-OES) using 

an ICP-MS Elan 6000 PerkinElmer Sciex instrument 

 

2.4.7. Ti/IrO2-TaO2 electrode cyclic voltammetry 
 

The Ti/IrO2-TaO5commercial anode was characterized by means of cyclic volt-

ammetry (CV) using a potentiostat (Autolab PGSTAT 302, Eco Chemie).Titanium was 
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used as counter-electrode, while Ag/AgCl, KCl was employed as reference electrode. The 

system was first cycled at a sweeping rate of 100 mV/s in order to stabilize it, prior to the 

voltammogram registration. CV measurements were performed at a sweeping rate of 20 

mV/s in a range between 0.2V and 1.2V using persulfate and sodium sulfate as electro-

lytes. The voltammetric charge (Q) was obtained by the integration of the CV curve [4].  

2.4.8. Experimental band gap determination 

Experimental band-gap determination was carried out plotting (αhυ)+
,  versus hυ - 

Eg± E (Ω) (where n = 2 for indirect semiconductors) giving a linear absorption edge and 

its cut with base line corresponds to band-gap energy.  

 

2.4.9. DFT model setup and calculations methods 

 This work has been performed in collaboration with Wendel S. Paz from the de-

partment of condensad matter physics at UAM. Wendel Silva Paz performed the DFT 

calculations of the band structure of Ilmenite. The first-principle calculations were carried 

out based on the frame-work of density functional theory (DFT), as implemented in the 

Quantum ESPRESSO package [5]. The generalized gradient approximation of Perdew-

Burke-Ernzerhof (GGA-PBE) [6] was adopted for exchange-correlation functional. Since 

GGA-PBE functionals usually underestimate the band gaps, fail to correct treat d orbitals 

in transition-metal oxides due to unphysical self-interaction and GGA-PBE incorrectly 

predict a metallic state, we use here the hybrid nonlocal exchange-correlation functional 

(HSE06) [7] in an attempt to get more reliable values, possibly closer to the experimental 

ones.  

 The HSE functional, with its fraction of screened short-ranged Hartree-Fock ex-

change, yields reasonably accurate predictions for energy band gaps in semiconductors 
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[8,9]. The electron-ion interaction is described using the norm-conserving Troullier-Mar-

tins pseudopotentials [10] are employed in PBE and HSE calculations. The energy cut-

off for the plane wave basis set is put at 100 Ry with a charge density cut-off of 400 Ry. 

We have used a Monkhorst-Pack [10] scheme with a 6 × 6 × 3 k-mesh for the Brillouin 

zone integration. 

 All calculations were carried out under rhombohedral symmetry constraints. The 

FeTiO3 was simulated in the supercell approach under structure optimizations based on 

the experimental lattice structure obtained from the American Mineralogist Crystal Struc-

ture Database [11]. 

 

2.5. Analytical methodology 
 

2.5.1. Phenol and 4-CP measurements 
 

Phenol was identified and quantified by means of an Ultra HPLC (Thermo Scien-

tific Ultimate 3000) with a Diode Array detector (Dionex Ultimate 3000). An ion-exclu-

sion column (ROA-Organic Acid H+ (8%), 300 × 7.8 mm, ref: 00H-0138-K0) was used 

as stationary phase and a 4 mM H2SO4 aqueous solution at 1 mL min-1 as mobile phase. 

4-CP was quantified by HPLC (Varian Pro- Start 325), equipped with a UV de-

tector and a Microsorb C18 5mm column (MV 100, 15 cm length, 4.6mm diameter) as 

the stationary phase. This analysis was performed at 270 nm using a 70/30% v/v mixture 

of acetonitrile/acetic acid aqueous solution (75 mM) as the mobile phase. 

 

2.5.2. Short-chain carboxyl acids measurements 
 

Short-chain organic acids were analyzed by ion chromatography with chemical 

suppression (Metrohm 790 IC) using a conductivity detector. A Metrosep A supp 5-250 
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column (25 cm length, 4 mm diameter) was used as stationary phase and an aqueous 

solution containing 3.2 mM Na2CO3 and 1 mM NaHCO3 was used as the mobile phase at 

a flow rate of 0.7 mL min-1.  

 

2.5.3. Disperse Blue 3 analysis 
 

The decolorization degree of DB3 was monitored from the absorbance decrease 

at the maximum wavelength of λ max= 640 nm using UV-vis spectrophotometer (Agilent 

Cary 60) scanning wavelengths 200 to 800 nm.  

A gas chromatography-mass spectrometry (GC-MS) system in electron impact 

ionization mode was used for the aromatic by-products identification. The analyses were  

A gas chromatography-mass spectrometry (GC-MS) system in electron impact 

ionization mode was used for the aromatic by-products identification. The analyses were 

performed by gas chromatography/ion trap mass spectrometry (CP-3800/Saturn 2200, 

Varian, equipped with an automatic injector CP-8200/SPME, solid-phase micro extrac-

tion). A 30 m length and 0.25 mm i.d. capillary column (Factor Four VF-5 ms) was used. 

The carrier gas (helium) flow rate in the GC was 1 mL min-1. In the liquid-liquid extrac-

tion, 5 mL of the initial or mineralized DB3 was extracted with dichloromethane (15 mL) 

in three times and the final sample was pre concentrated by evaporation at 40 °C. The 

sample injection was conducted at 220 °C. The temperature program used in the GC-MS 

analyses ramped as follows: 40 °C for 5 min, increased to 250 °C at 15 °C min-1, held at 

250 °C for 10 min, increased to 300 °C at 20 °C min-1, and held at 300 °C for 2 min. 

Compounds identification was assessed using the National Institute of Standards and 

Technology (NIST) database [12]. 
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2.5.4. TOC measurement 
 

The mineralization degree of DB3 was determined measuring the total organic 

carbon (TOC) by TOC-V CSH, Shimadzu, Japan 

 

2.5.5. PS determination 
 

The concentration of PS was  monitored spectrophotometrically by measuring the 

yellow color solution resulting from the reaction between PS and iodide in the presence 

of sodium bicarbonate at 352 nm [13].  

 

2.5.6. H2O2 determination 
 

The concentration of hydrogen peroxide was analyzed by colorimetric titration 

using the TiOSO4 method. Yellow color can be produced due to the formation of perti-

tanic acid. The absorbance was measured by UV-vis at wavelength of 410 nm 

 

2.5.7. Iron analysis 
 

Iron ions were determined by the o-phenantroline colorimetric method. The sam-

ple was firstly added with hydroxylamine to reduce Fe3+ ions into Fe2+ and then titrated 

with 1,10-phenantroline where a pink color can be produced. The absorbance at 510 nm 

was determined on UV-vis. 

 

2.5.8. Toxicity of DB3 by brine shrimp Artemia salina. 
 

The initial and final acute toxicity of DB3 by brine shrimp A. salina bioassays was 

proposed according to the methodology suggested by [14]. The following concentrations 
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of the reaction media were used: 1%, 10%, 25%, 50%, 75%, and 100%. The anionic sur-

factant, sodium dodecyl sulfate, was used as a reference toxicant. The average lethal con-

centration at which 50% of the larvae were killed (LC50 24 h) was calculated. using the 

statistical program JSPEAR. 
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Abstract 

This work assesses the role of the operational conditions upon the electro-activation of 

persulfate (PS) using sacrificed iron electrode as a continuous low-cost Fe2+ source. An 

aqueous phenol solution (100 mg L-1) was selected as model effluent. The studied varia-

bles include current density (1-10mA cm-2), persulfate concentration (0.7-2.85 g L-1), 

temperature (30-90 °C) and the solution conductivity (2.7 to 20.7 mS cm-1 ) using Na2SO4 

and NaCl as supporting electrolyte. A mineralization degree around 80% with Na2SO4 

and 92% in presence of NaCl was achieved at 30 ºC using 2.15 g L-1 PS at the lower 

current density tested (1 mA cm-2). Besides PS concentration, temperature was the main 

variable affecting the process. In the range 30-70 ºC, it showed a positive effect, achieving 

TOC conversion above 95% (using Na2SO4 under the previous conditions) along with a 

significant increase of iron sludge, which negative affects the economy of the process. A 

lumped and simplified kinetic model based on persulfate consumption and TOC miner-

alization is suggested. The activation energy obtained for the TOC decay was 29 kJ mol-

1. An estimated operating cost of US$ 3.00 per m3 was obtained, demonstrating the eco-

nomic feasibility of this process.  

 

Keywords: persulfate, sulfate radical, electro-activation, iron electrode, intensification. 
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1. Introduction 
 

 In the last decades, advanced oxidation processes (AOP’s) based on the in situ 

hydroxyl radical (HO•) generation have been widely used as a feasible way to mineralize 

recalcitrant organic pollutants. Fenton [1], photocatalysis [2], electrochemical oxidation 

[3], ozonation [4] represent some of those alternatives to HO• generation.  

 Activated persulfate based AOP’s constitute an alternative to the aforementioned 

procedures. The persulfate anion (PS) is a strong oxidant, with a redox potential of 2.01 

V [5]. Furthermore, PS can be induced by thermal and chemical activation using multi-

valent metals to generate a stronger sulfate radical (SO4
•−), whose redox potential 

(E◦(SO4
•−) = 2.5 - 3.1V) [6] is comparable to the HO• radicals (E◦( HO•) = 2.8V) [7]. The 

oxidation of organic matter by means of SO4
•− radicals occurs via electron transfer reac-

tions while HO• radicals may also react via hydrogen-atom abstraction along with an elec-

tron-transfer process [8]. The major product resulting from the reduction of PS is sulfate 

[9]. Homolysis of PS, by thermal activation, produces two sulfate radicals (Eq. 1) [10] 

whereas the cleavage of the peroxo bond by transition metals lead to the formation of just 

one sulfate radical (Eq. 2). [11,12] 

 

S2O82− + heat → 2SO4•−                                                                                                      (1) 

S2O82− + Men+ → SO4•− + Me(n+1) + SO42−                                                                           (2) 

 

Thermal activation of PS has been positively used as a remediation treatment of 

wastewater containing recalcitrant compounds. Tan et al. [13] found that diuron, a herbi-

cide commonly found in groundwater, was totally degraded within the range 50-70 ºC. 

Other authors tested this technology for the treatment of landfill leachate [14], synthetic 

wastewater containing methyl tert-butyl ether [15], chlorinated ethenes [16], aniline [17], 
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methylene blue [18], perfluorooctanoic acid [19], sulfamethazine [20]. In the case of iron-

activated persulfate, it has been applied to treat aqueous solutions containing several kind 

of refractory compounds, as Orange G azo dye [21], p-nitrophenol [22] and carbamaze-

pine [23].  

In this scenario, continuous electro-generation of Fe2+ using sacrificed iron elec-

trodes to activate PS through chemical and anodic reactions (Eqs. 3-4) has recently 

emerged as a feasible alternative to generate sulfate radicals. In addition, Fe3+can be re-

generated at the cathode for additional persulfate activation (Eq. 5) [24–26].  

Fe(s)→ Fe2+ + e−                                                                                                      (3) 

Fe2+ + S2O8
2- → Fe3+ + SO4•− + SO4

2−                                                                                                                               (4) 

Fe3+ + e−→  Fe2+                                                                                                                                                                              (5) 

 

Several authors [27] have employed electrochemically activated PS for the degra-

dation of phenol, pentachlorophenol and other persistent organic contaminants. However, 

the effect of the operational conditions involved in the process is scarce in the literature. 

 Therefore, this study goes in depth into the electrochemical activation of PS by 

iron electrodes analyzing the role of current density, conductivity of aqueous solution, 

supporting electrolyte, PS concentration and temperature. For this purpose,  an aqueous 

phenol solution was used as synthetic wastewater, since it is a representative industrial-

like wastewater widely used in PS activated studies [28,29]. Lumped kinetic models were 

proposed for TOC and PS. Rate constants were obtained and activation energy was cal-

culated.  
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2. Results and discussions  
 

2.1.  Effect of the operational conditions  
 

The concentration of PS, the current density, the temperature and the conductivity 

are the main variables affecting this process. Figure 3.1. a depicts the TOC decay in the 

presence of different initial PS concentrations, ranging from 0.70 to 2.85 g L-1 at 1 mA 

cm-2 current density as a function of electrolysis time. As can be observed, the minerali-

zation of phenol increased with the PS concentration, from 32% to 93% using 25% and 

100% of the stoichiometric amount of PS, respectively, confirming a higher SO4•− pro-

duction.  

 
Fig. 3.1. Effect of stoichiometric amount of PS (0.7-2.85 g L−1) on TOC decay (a) and 
phenol removal (b). Change in PS consumed and iron leached in the electro-activated 
persulfate system (c). Experimental Conditions: Phenol = 100 mg L−1, current density =1 
mAcm− 2, 10.7 mS cm−1 Na2SO4 at 30 °C 
 
 
Besides the pH decreased (from 6 to 2.4) that endorses the H+ formation in the PS system 

[30]. Under acidic conditions, formation of sulfate free radicals can be catalyzed by pro-

tons as follows Eqs. 6-7 [19]. Furthermore, the hydroxyl radicals (HO•) and peroxymo-

nosulfate oxidant (HSO5-) can be generated involving the reaction between SO4
•− and 

H2O (Eq. 8) and the chain of reactions involving the radicals SO4•− and HO• respectively 

(Eq. 9) [16]. 
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S2O82−+ H+ → HS2O8−                                                                                                                                                                           (6) 

HS2O8− → SO4•− + SO42- + H+                                                                                                                                                      (7) 

SO4•−+ H2O → HO•  + H+ + SO42-                                                                                                                                          (8) 

SO4•− + HO•  → HSO5-                                                                                                                                                                        (9) 

Figure 3.1.b illustrate the experimental yields for phenol decomposition. Under 

100% stoichiometric PS amount (2.85 g L-1) phenol was almost completely decomposed 

after 90 min. The increase of the PS concentration also enhanced the iron leached (from 

0.34 to 1.05 mM) (Fig. 3.1.c), favoring the PS decomposition into SO4•− and, therefore, 

the oxidation process. According to Eq. 4, the persulfate anion reacts with Fe2+ available 

in the aqueous medium resulting in SO4
•− generation, increasing iron leached and finally 

the reduction of persulfate in sulfate. It is also noticeable the significant residual amount 

of PS in the reaction media (Fig.3.1.c). Thus, to quantify the PS yield, we have considered 

the amount of TOC converted per unit weight of PS (g L-1) decomposed (efficiency: η) 

and fed (yield: ε), respectively [1]. Table 1 shows the values calculated for both parame-

ters after 90 min. It must be noted that, considering the stoichiometry of the reaction the 

theoretical maximum values of η and ε would be 26.78 mg TOC/g PS. However, data 

gathered in Table 3.1 are consistently above this value, being considerably higher in the 

case of η. This could indicate other processes involved in organic matter disappearance. 

In this sense, the elemental analysis of the sludge generated (39 mg dry weight) at 1 mA 

cm-2 and 2.15 g L-1 of PS revealed the presence of approximately 6% of carbon that cor-

respond to 2.3 mg of C (about 8% of the initial TOC).  
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Table 3.1. Values of ɳ and Ɛ at different operating parameters ([phenol]0: 100 mg/L).  
 Persulfate dosage 

(% stoichiometric ratio)  Applied current (mA) Temperature (ºC) Conductivity (mS cm-1) 

 10 mA; 30ºC;  
Na2SO4 (10.7 mS cm-1) 

75% PS; 30ºC;  
Na2SO4 (10.7 mS cm-1) 

10 mA; 75% PS; Na2SO4 
(10.7 mScm-1) 

10 mA; 75% PS; 30ºC 
NaCl (mS cm-1) Na2SO4 (mS cm-1) 

 25 50 75 100 10 30 50 100 30 50 70 90 2.7 10.7 20.7 2.7 10.7 20.7 
ɳ 92 64 52.6 48.4 52.6 49.4 48.5 42.3 52.6 52 49.6 40 48 46.7 41.5 53.6 52.6 45 
Ɛ 35.8 33.6 30.2 26.5 30.2 30.4 32.7 34 30.2 33.2 36.7 38 35 36 36.5 29.7 30.2 32 

ɳ = mg TOC converted / g PS converted. Ɛ = mg TOC converted/ g PS fed 

 

Several authors [31,32] stated phenol could be also removed by surface complex-

ation or electrostatic attraction and precipitation due to formation of insoluble metal hy-

droxides and/or polyhydroxide. Iron sludge is formed by electrochemically generated 

metal hydroxides. The chemical reactions ocurring are given below (Eqs 10-12) [33]. 

 

Anode:  

Fe2+
(aq) + 2OH-

(aq) → Fe(OH)2(s)                                                                              (10) 

Cathode:  

2H2O(l) + 2e- → 2OH(aq) + H2(g)                                                                                                                                          (11) 

Overall:  

Fe(s) + 2H2O(l) → Fe(OH)2(s) +H2(g)                                                                                                                                (12) 

 

Nonetheless, there is still a percentage of carbon missed, that could be justified by 

the adsorption of polymeric-like compounds products deposited on the electrode surface 

[34]. This was also reported by Gattrell and Kirk [35] when they studied the degradation 

of phenol using platinum electrode. The formation of those intermediates occurs during 

the early oxidation stages [36] which could justify the significantly high efficiency (η) 

when using  25% of the stoichiometric  PS amount (0.70 g L-1) and the trend observed as 
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the amount of PS increased. A similar explanation could be applied to the evolution of 

the yield (ε).  

 The influence of the current density on the TOC decay is shown in Figure 3.2.a. 

Experiments were carried out using 2.15 g L-1 PS and varying the current density from 1 

to 10 mA cm-2. Considering the amount of PS decomposed, the mineralization of phenol 

theoretically due to oxidation via SO4
•− increased from 40% to 76% approx. when using 

1 mA cm-2 and 10 mA cm-2, respectively (Fig. 3.2.a). The amount of sludge was 96 mg 

(dry weight), which correspond to 5.6 mg of C, that is, around 14% of the initial TOC. 

Since TOC reduction was around 92% (and total phenol was decomposed at 10 mA cm-2 

) (Fig. 3.2.b) the carbon balance could be considered closed and, therefore, the amount of 

carbon remaining on the electrode surface was negligible. Nevertheless, the increase of 

the current density provoked a considerable increase of the leaching of iron, and the sub-

sequent increase on PS decomposition (Fig. 3.2.c), being necessary to achieve a balance 

in order to reach an optimum value for the current density.  

 

 

Fig. 3.2. Effect of current density (1–10 mA cm−2) on TOC decay (a) and phenol removal 
(b). Change in PS consumed and iron leached in the electro-activated persulfate system 
(c). Experimental conditions: Phenol = 100 mg L−1, 10.7 mS cm−1 Na2SO4 at 30°C 
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It must be underlined that the increase of iron in solution could contribute to the appear-

ance of secondary reactions. Thus, the sulfate radicals generated can react with the re-

maining PS and with iron leached, resulting in scavenger of SO4•− as shown in Eq. 13. 

 

Fe2+ + SO4•− → SO42− + Fe3+                                                                                                                                                (13) 

The trend observed on the values of ε and η the fact those values are above the 

theoretical maximum is justified by the increase of TOC removal with the current and the 

involvement of mainly two processes on the phenol removal, respectively. 

Figures 3.3.a and 3.3.b show the effect of temperature in the range 30-90 ºC upon 

TOC removal and phenol decomposition as a function of electrolysis time. The tempera-

ture causes two effects. On side, the reaction rates among iron, sulfate radicals and organic 

matter increase by raising the temperature. On the other hand, temperature itself is able 

to activate persulfate, promoting the generation of SO4
•−. Therefore, for the sake of com-

parison, Fig. 3.3. also includes the results obtained by temperature-activated PS. 

Fig. 3.3. Thermally activated PS (30–90°C) and synergistic effect between E.A and ther-
mally activated PS on TOC decay (a) and phenol removal (b) Change in persulfate con-
sumed and iron leached in the electro-activated persulfate system at different tempera-
tures (c).Phenol = 100 mg L−1, PS = 2.15 g L−1, 10.7 mS cm−1 Na2SO4, 1 mA cm−2. 
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As can be observed, the TOC conversion and the EC yield (ε) increased within the 

range 30-90 ºC (Table 2.1) despite the significantly increase of iron in solution (from 0.67 

to 1.80mM) (Fig. 3.3.c) that, as aforementioned said, could act as a scavenger of SO4
•−. 

However, whereas in the range 30-70 ºC, temperature-activated PS led to TOC conver-

sion significantly lower than EC, this difference steeply decreased as temperature in-

creases, achieving similar TOC conversion at 90 ºC after 60 min. Phenol was easily de-

composed at 90 ºC after 15 min reaction. As can be seen later, these trends are justify by 

the differences between the activation energy of both processes.  

Figure 3.4.a and 3.4.b shows the effect of the conductivity (from 2.7 to 20.7 mS 

cm-1) upon TOC and phenol conversion.  

 

Fig. 3.4. Effect of NaCl and Na2SO4 on the TOC decay (a) and phenol removal (b). 
Change in persulfate consumed and iron leached in the electro-activated persulfate system 
at different solution conductivity (c). Phenol = 100 mg L−1, PS = 2.15 g L−1, 1 mA cm−2 
at 30 °C 
 

As can be observed, despite the increasing of both, the iron in solution and the PS 

decomposition, the TOC removal and the values of ε hardly enhanced, pointed out the 
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lower influence of this variable upon the yield of the process. However, not the conduc-

tivity but the electrolyte could have a more remarkably effect on this process. In this 

sense, the use of NaCl as electrolyte led to an increase of the TOC removal and the PS 

yield (Table 2.1) about 15% under the same conditions described above. Several authors 

[37,38] claimed that the formation of hydrated iron hydroxide/oxide film on the surface 

of iron anode reduces the effective current transfer between the anode and cathode, in-

creasing the potential between the electrodes. This drawback can be mitigated by addition 

of NaCl as supporting electrolyte. Furthermore the chloride ions could also reduce the 

adverse effect of anions such as SO4
2- that form layers on the surface of the electrodes 

[39]. Besides, the addition of NaCl can generate chlororadicals such as Cl•, Cl2•− and 

HOCl•− involving chloride oxidation mediated by SO4
•− radical (Eq. 14) [40]. These chlo-

roradicals could also attack the organic compounds leading to the formation of chloro-

phenols [41]. This was confirmed by the identification of 4-chlorophenol during the early 

oxidation stages (data not shown). The residual TOC (2.5 and 8 mg L-1 respectively for 

NaCl and Na2SO4 at 20.7 mS cm-1) correspond to traces of short-chain acids and small 

amounts of non-identified compounds. In both cases, the ecotoxicity of the effluent was 

negligible. In addition the presence of NaCl provokes an increase of iron released from 

anode (from 0.92 to 1.50 mM) and the subsequent higher persulfate consumption (from 

72 to 88%) which finally increases the generation of sulfate radicals (Fig. 3.4.c).  

SO4
•− + Cl−↔ SO4

2-  +Cl•                                                                                                                                         (14) 
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2.2.  Kinetics parameters 
 

The PS consumption data were fit to a pseudo first order kinetic model (Eq. 15) 

within the range 0.70- 2.15g L-1 PS. Higher PS concentrations, favored the passivation 

phenomena of the electrodes and, consequently, reduce the persulfate decomposition rate.  

;<=>

<?
= A=>	. CD                                                                                                             (15)	

	
The PS concentration evolution can be describe according to Eq. 16.  

 

CD = CDE	. F(;GHI.?)                                                                                                      (16) 

Besides, the TOC removal was fit to a pseudo second order kinetic model (Eq. 17).  

 

;JKLM
<? = ANOP 	. CD	. QRS                                                                                               (17) 

 

Considering equation 16 and 17, equation 18 can be rewritten as follow: 

 

;JKLM
<? = ANOP 	. CDE	. F(;GHI.?)	. QRS                                                                                         (18) 

	

Therefore, the TOC removal rate as a function of the PS consumed can be predicted ac-

cording to Eq. 19. 

 

ln	 T	KLMUKLM V = 		
GW
G,.	[CDE − 	CD]∴ln	 T

	KLMU
KLM V = 	

GYZ[	.=>U
GHI

. \1 − F(;GHI.?)]                      (19) 
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The validity of this kinetics model under several sets of different combinations 

(Table 3.2) was performed through the relation among oxidant consumption and miner-

alization rate. For the sake of comparison, results obtained by temperature-activated PS 

obtained by fitting TOC evolution to a pseudo first order kinetic model [42,43] are also 

included.  

 As can be observed in Figure 3.5., the values of the TOC kinetic constants obey 

the Arrhenius equation, which allows obtaining the apparent activation energy (EA). EA 

values of 29 kJ mol-1 and 61.8 kJ mol-1 were obtained for electro-activation process and 

temperature-activated PS, respectively, which are in agreement with those reported in the 

literature. Thus, EA values between 60-250 kJ mol-1 for the temperature-activated PS was 

reported [21]. Also activated persulfate using iron required an activation energy of 62 kJ 

mol−1 [44] whereas Monteagudo et al. [45] reported activation energy of around 15.4 kJ 

mol−1 for the system based on persulfate with multiple activators (PS/US/UV/Fe2+/H2O2) 

when the temperature increased from 15 °C to 45 °C for the oxidation of carbamazepine. 

 

Fig. 3.5. Arrhenius plot of TOC removal between 30°C and 90°C with thermally and 
electro-activated PS. Phenol = 100 mg L−1, PS 2.15 g L−1 at 1 mA cm−2. 
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 Simplified operating cost estimates per m3 were calculated. This cost includes the 

consumption of electrical energy and PS (iron electrodes, disposing iron sludge and 

maintenance costs are not considered in the overall cost). It was assumed a electrical en-

ergy industrial price of $0.104 kWh-1 in Spain and $0.60 per PS kg [46]. The energy 

consumption was calculated according to Eq. 20. [47]. 

ECTOC (kWh m-3) = _̂`aabc/ef                                                                                                (20) 

where Ecell is the average cell voltage (V), I is the applied current (A), t is the electrolysis 

time (h) and V s is the volume of the treated solution (l). Considering the economic factors 

mentioned before, it has been found that the operating cost under optimal conditions (1 

mA cm-2 with 2.15 g L-1 PS) was around US$3 m−3. This method offers an attractive 

alternative compared to other advanced oxidation processes. For instance, the cost of the 

aqueous phenolic solution degradation involving ultrasound associated with ultraviolet 

light and ozone (US/UV/O3) process was US$23.75 m−3 [48]. Also, Kobya et al. [49] 

calculated the operating costs (considering electrode and energy consumption) of the elec-

trocoagulation process on aqueous phenol solutions. Under the optimal conditions (phe-

nol 50 mg L-1, at 4 mA cm-2 and 100 min reaction time) 98.6% phenol was removed and 

the estimated operating cost was approximately US$ 7 m−3. 
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    Table 3.2. The first-order rate constant by electro - activated PS at different condi-
tions 

Current [S2O8
2] Temperature TOC removal PS decay 

(mA) S.A (º C)   kTOC x 103 R2  kPS x 103 R2 

10 75 30 16.0 0.98 9.93 0.98 
30 75 30 17.6 0.99 11 0.99 
50 75 30 21.3 0.99 12.9 0.98 
100 75 30 23.6 0.99 18.5 0.98 
10 25 30 4.0 0.99 9.3 0.97 
10 50 30 9.2 0.98 8 0.98 
10 100 30 28.4 0.97 8.5 0.97 
10 75 50 22.6 0.98 11.2 0.99 
10 75 70 42.3 0.98 19 0.98 
10 75 90 127 0.97 71 0.97 
- 75 30 1.10 0.98 0.82 0.97 
- 75 50 3.81 0.99 1.11 0.98 
- 75 70 19.56 0.98 3.43 0.98 
- 75 90 81.12 0.97 51 0.97 

10 75 30a 15.5 0.97 8.5 0.99 
10 75 30b 19.3 0.98 13.75 0.97 
10 75 30c 26.8 0.98 15.56 0.98 
10 75 30d 31.6 0.98 16.35 0.99 
10 75 30e 36.5 0.99 18.24 0.98 

a= 2.7 mS cm-1 (Na2SO4), b = 20.7 mS cm-1 (Na2SO4), c= 2.7 mS cm-1 (NaCl), d= 

10.7 mS cm-1 (NaCl), e= 20.7 mS cm-1 (NaCl) 
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Abstract 
 

This work studied the bimetallic nanoparticles Fe-Ag (nZVI-Ag) activated persulfate (PS) 

in aqueous solution using response surface methodology (RSM). The Box-Behnken De-

sign (BBD) was employed to optimize three parameters (nZVI-Ag dose, reaction temper-

ature and PS concentration) using 4-chlorophenol (4-CP) as target pollutant. The synthe-

sis of nZVI-Ag particles was carried out through a reduction of FeCl2 with NaBH4 fol-

lowed by reductive deposition of Ag. The catalyst was characterized by XRD, SEM and 

BET surface area. The BBD was considered a satisfactory model to optimize the process. 

Confirmatory tests were carried out using predicted and experimental values under the 

optimal conditions (50 mg·L-1 nZVI-Ag, 21 mM PS at 57 °C) and the complete removal 

of 4-CP achieved experimentally was successfully predicted by the model whereas min-

eralization degree predicted (90%) was slightly overestimated against the measured data 

(83%).  

 

Keywords: persulfate, nZVI-Ag, Box-Behnken design, optimization. 
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1. Introduction 
 

 Advanced oxidation processes (AOP’s) based on the in situ hydroxyl radical 

(HO•) generation involving the use of hydrogen peroxide (H2O2) as an oxidant, have been 

reported using photochemical, chemical, sono-chemical and electro-chemical methods as 

a feasible way to mineralize organic pollutants [1]  

 Activated persulfate based AOP’s constitute an alternative to the aforementioned 

procedures. Furthermore, PS can be induced by thermal and chemical activation using 

multivalent metals to generate a stronger sulfate radical (SO4
•−) [2]. Homolysis of PS, by 

thermal activation, at temperatures from 30 to 99 ◦C, gives rise two sulfate radicals [3-4] 

whereas using metals lead to the formation of just one sulfate radical [5-6]. 

 The application of nanomaterials such as nano Zero Valent Iron (nZVI) particles 

has received increasing attention lately as a reliable procedure to treat industrial 

wastewater [7-9]. Recent studies [10] have focused on the use of nZVI particles as acti-

vator of persulfate anion (PS) for a novel heterogeneous Fenton-like process. The Fe2+ 

released from nZVI (Eq (1)) promotes the homolytic cleavage of the peroxo bond in PS, 

generating SO4•− (E0 = 2.5 - 3.1 V) (Eq (2)) and HO• (E0 = 2.8 V), as shown in Eq. 3 [11-

12]. The system nZVI/PS has been proved to effectively oxidize a variety of organic pol-

lutants such as trichloroethylene, naphthalene and chlorobenzene [13] 

 

S2O8
2- + Fe0  →  2SO4

2- + Fe2+                                                                                       (1) 

S2O8
2- + Fe2+ → SO4

•−+ SO4
2−   + Fe3+                                                                                                                  (2) 

SO4
•−+ H2O → HO• + H+ + SO4

2-                                                                      (3) 

 

However, due to its extremely high reactivity, the Fe0 core is quickly passivated by the 

formation of iron oxides and hydroxides. Also the nanoparticles tend to spontaneously 
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aggregate due to magnetic attraction, decreasing significantly their reactivity [14]. The 

passivation layers can be minimized and the reactivity of nZVI preserved by the deposi-

tion of a second metal, such as Pd, Pt, Ni, Ag, or Cu [15-17]. Among the transition metals, 

Ag is one of the most suitable for industrial applications due to its low cost, easy prepa-

ration and bactericidal property [18-19] . Under metal ion Ag+, persulfate anion can also 

be converted into SO4•− (Eq (4))[20]. For these reasons, Ag is an interesting option for 

deposition on nZVI nanoparticles. 

 

Ag+ + S2O8
2- →Ag2+ + SO4

•−+ SO4
2−                                                                                                                     (4) 

 

This work focuses on the use of bimetallic nZVI-Ag to activate PS, analyzing the 

synergistic effect of temperature. Several studies have reported the influence of tempera-

ture and Fe2+ on PS activation [21]. However, studies focused on the combined effect of 

both nZVI-Ag and heat activated were not found in literature. 

 In this work, bimetallic nZVI-Ag have been synthesized by reduction of ferric 

chloride with borohydride and reductive deposition of Ag on the freshly prepared nZVI. 

The obtained nanocatalyst has been characterized to determine its BET specific surface 

area, morphology (SEM), crystallinity (XRD) and composition (EDX). The nZVI-Ag was 

applied as activator of PS for 4-CP degradation, a highly toxic and persistent compound 

commonly discharged by several industries [22]. 

 A multivariate statistical technique based on response surface methodology 

(RSM) coupled Box-Behnken (BBD) independent quadratic experimental design was ap-

plied to optimize and evaluate the experimental parameters nZVI-Ag concentration, per-

sulfate dose and reaction temperature effects on 4-CP mineralization. RSM is effective in 
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optimizing processing conditions, reducing the number of tests and hence reducing the 

costs associated to the experiments [23]. 

2. Results and Discussion 
 
2.1.  Characterization of nZVI-Ag nanoparticles 

 

Fig.4.1 shows the SEM image of the nZVI-Ag nanoparticles. As observed, the 

nanocatalyst present a roughly spherical shape and some aggregation due to the magnetic 

properties of iron species, which is common for this kind of nanoparticles [1]. The nano-

particles show a broad size distribution from 40 to 120 nm. This value is consistent with 

those previously reported in the literature for nZVI-Ag synthesized using sodium boro-

hydride [24]. On the other hand, the specific surface area (SBET) and total pore volume of 

the bimetallic nZVI-Ag were found to be 21.6 m2·g-1 and 0.12 cm3·g-1, respectively, 

which  are also quite close to the previous work reported by Marková et al [14]. 

 

Fig 4.1.  SEM  image of nZVI-Ag nanoparticles. 
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XRD pattern of the nanoparticles in the 2θ range of 20-70° is depicted in Fig. 4.2.  

The characteristic peak of nZVI can be clearly seen at 44.7°, confirming the presence of 

that iron species [25] whereas only traces of iron oxide (Fe3O4) were found (62.5º).   

 
Fig. 4.2. XRD patterns of prepared nZVI-Ag. 

 

The presence of Ag in the nanoparticles was not appreciated by the XRD pattern, 

which seems to be related to the low Ag content compared to nZVI (2% wt.). In the same 

line, Wang et al. [26] did not observe any peaks for Pd working with bimetallic nZVI/Pd 

(0.75 wt %). The use of higher amounts of Ag on iron nanoparticles is not advisable as it 

might hinder the formation of H2 by Fe0 corrosion, which has been demonstrated for Ag 

concentrations above 3 wt.% [27]. In order to confirm the presence of Ag in the prepared 

nanoparticles, EDX analyses were implemented. The results are collected in Table 4.1.  

  Table 4.1. Qualitative identification of elements presents in an ZVI-Ag 
Element %  

Iron (Fe) 90.60 

Silver (Ag) 2.23 

Chlorine (Cl) 0.52 

Oxygen (O) 6.65 
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The main element in the nanoparticles was iron and the content of Ag was around 

the expected 2%. The relatively low amounts of oxygen and chloride present in the nano-

particles can be attributed to minimal surface oxidation and residual deposits from the 

iron precursor solution (FeCl2), respectively.  

 

2.2.  Box–Behnken analysis  
 

 The model in the form of ANOVA is shown in Table 4.2 The model F- value of 

8.85and a probability value (0.0132) implied that it is significant. This fact was confirmed 

at the level of Probability> F ratio less than 0.05. Also A, B, B2 and C2 are significant 

model terms for 4-CP removal. Furthermore, the correlation coefficient (R2 = 0.94) indi-

cates that a 94% variability can be explained by the empirical model. The Adequate pre-

cision is a measure of the range in predicted response relative to its associated error, being 

desirable a signal-to-noise ratio greater than 4.0 [28]. The ratio found value 8.76 is ade-

quate for the model. The TOC removal was evaluated and considered statistically signif-

icant as well (see Table S1 Supporting Information).  
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Table 4.2. ANOVA test for response function (4-CP removal)  

SOURCE SS Df 
Mean 

square 
F-value 

p-value  

 Model 13372.8 9 1485.87 8.85 0.0132 
A 1520.76 1 2322.21 9.06 0.0298 
B 3341.53 1 3341.53 19.91 0.0066 
C 292.82 1 691.92 1.74 0.2438 

AB 673.40 1 673.4 4.01 0.1015 
AC 46.04 1 392.04 0.28 0.6221 
BC 1 1 1 0.00595 0.9415 
A2 450.50 1 223.44 2.68 0.1623 
B2 5403.25 1 4528.46 32.19 0.0024 
C2 1640.61 1 2188.50 9.77 0.0261 

Residual 839.22 5 167.84   
Cor Total 14212.0 14    

Based on the RSM model, the relationship between the 4-CP removal and TOC 

removal on the operating parameters (nZVI-Ag, PS and reaction temperature) was fitted 

using polynomial equations, in terms of coded factors as shown in Eq. (5-6). 

 

4-CP removal (%)=95.83 -13.79A + 20.44B +6.05C + 12.98AB + 3.40AC- 0.50BC   + 

11.05A2 - 38.25B2 - 21.08C2                                                                                                                                        (5) 

 

TOC removal (%) =79 -12.94A + 21.25B + 8.39C +1.5AB - 8.38AC + 3.5BC 

+ 0.19A2- 28.69B2- 23.81C2                                                                                                                                      (6) 
 

 

where A is the nZVI - Ag (mg L-1) , B is the PS dose (mM) and C is the temperature (°C) 

The response surface and corresponding contour plots allow evaluating the main 

interaction effects of experimental variables and their contribution in predicting the re-

sponse. Fig. 4.3 shows 3D response surface, showing the relationships of nZVI-Ag and 

PS (a), nZVI-Ag and temperature (b) PS and temperature (c) on 4-CP removal efficiency. 
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Fig. 4.3. 3D surface plot for 4-CP removal efficiency 

 

The performance of the process was optimized by BBD, considering minimizing 

operating costs on maximum 4-CP removal. The resulting optimum operating conditions 

were 50 mg·L-1 of nZVI-Ag, 21 mM of PS and 57 °C. On the other hand, in addition to 

the optimum conditions, the model can provide possible solutions when targeting to spe-

cific response values [29] 

 

2.3.  Model Evaluation 
 

Parity plots were used to estimate the accuracy of the regression model. The ex-

perimental 4-CP and TOC removal (%) and the predicted values are collected in Fig.4.4. 

As observed, the model allowed a successful prediction of the experimental values, with 

correlation coefficients (R2) around 0.98.  
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Fig. 4.4.  Predicted versus actual plot for 4-CP removal (%) 

 

The comparison of predicted and experimental values was also performed under 

the optimum conditions to verify the accuracy of the optimized parameter. The complete 

removal of 4-CP achieved experimentally was successfully predicted by the model 

whereas TOC removal was slightly overestimated (XTOCmodel: 0.90 vs XTOCexp: 0.83) 

 

2.4.  Oxidative degradation of 4-CP in optimum conditions  
 

 Fig. 4.5.a shows 4-CP and TOC removal using persulfate activated by bimetallic 

nZVI-Ag under the aforementioned optimal conditions (nZVI-Ag dose of 50 mg·L-1, PS 

concentration of 21 mM and 57 °C).  It also depicts the results obtained using only nZVI-

Ag in the absence of PS as well as those achieved using only PS. The application of nZVI-

Ag alone led to a partial removal of 4-CP (20%) after 1 h reaction time. On the other 

hand, the application of PS in the absence of catalyst led to a similar conversion of 4-CP 

but in this case due to the oxidation by sulfate radicals upon thermal activation (consum-

ing 9 mM of PS). Also, the presence of SO4
•− in aqueous solution can result in radical 

interconversion reactions to produce the hydroxyl radical, which can also oxidize 4-CP 
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[30]). In any case, those blank experiments did not lead to satisfactory results as 4-CP 

conversion was in both cases below 20%. 

 

Fig. 4.5. Effect of optimized conditions on 4-CP removal (%) (solid symbols) and nor-
malized TOC (open symbols) (a). TOC removal, residual persulfate and iron leached at 
different concentrations of PS (b). Experimental Conditions: 4-CP] = 25 mg L-1, nZV-
Ag = 50 mg L-1,[PS] = 5-26 mM, pH=3. 
 

The synergistic effects of temperature (57 °C) and nZVI-Ag (50 mg·L-1) activated PS (21 

mM) has proved to be an interesting alternative for 4-CP treatment. The complete removal 

of 4-CP and a high mineralization degree (around 83%) were achieved (Fig. 4.5a) with a 

PS decomposition around 85% after 60 minutes reaction time. Pseudo first-order rate 

constants (kobs) were obtained by fitting the experimental 4-CP and TOC removal. The 

kobs were 0.111 and 0.032 min-1, respectively. These values improved those previously 

reported in the literature dealing with the use of ZVI for organochlorinated pollutants 

degradation. Previous studies [31] have reported a first-rate constant of 0.036 min-1 with 

200 mg·L-1 of ZVI microparticles using 0.156 mM 4-CP initial concentration by activated 

0.78 mM PS. After 60 min reaction, 88% of 4-CP was removed. Li et al. [32] reported a 

pseudo-first order kobs rate of  0.071 min-1 for the removal of 2,4-dichlorophenol within 

ZVI (2.0 g·L-1), Na2S2O8 (12.5 mM), and initial contaminant concentration 30 mg·L-1 at 

50 °C. Under those conditions, 2,4-dichlorophenol was almost totally removed although 
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the chemical oxygen demands were reduced as low as 40% after 180 min treatment. The 

bimetallic nZVI-Ag (1% w/w) activated PS for trichloroethylene (TCE) was also inves-

tigated by Al-Shamsi et al [33] They used a TCE/PS/nZVI-Ag molar ratio of 1/20/20 

working at 20 °C. After 30 min reaction50% removal of TCE was achieved.  

Figure 4.5.b shows the TOC removal achieved using different initial PS concen-

trations (5-26 mM) and 50 mg L-1 of nZVI-Ag at 57 ºC. Preliminary experiments were 

carried out in absence of persulfate and catalyst, respectively. In both cases, TOC con-

version was lower than 10 %, suggesting that adsorption on ZVI-Ag particles and ther-

mal-activation at 57 ºC can be considered neglected on 4-CP mineralization upon the 

previous experimental conditions. 

The TOC removal yields were 13%, 37%, 43%, 67% and 86% respectively for 

the relation nZVI-Ag/PS (mg L-1) of 1/2, 1/10, 1/20, 1/50 and 1/100.The higher amount 

of PS, the higher mineralization efficiency, due to a steady increase in the Fe2+ in solution. 

The amount of iron ion leached from nanoparticles after the catalytic reaction at different 

PS concentrations was less than 5 mg L-1 (Fig 4.5.b). However, an increase of the PS 

dosage beyond the optimized reduced approximately 16% the TOC removal efficiency. 

This was possibly due to scavenger of SO4
•− by undesirable competitive reactions, as 

shown in Eq. (7) [34]. 

 

SO4
• − + SO4

• −→ S2O8
2-                                                                                                                                                 (7) 

 

According to them, the increase of catalyst concentration would lead to a higher degra-

dation yield. Nevertheless, the efficiency decreases with nZVI-Ag concentration beyond 

50 mg·L-1 because of an excessive amount of released Fe2+, which reduces the amount of 

persulfate anion due to the scavenging of sulfate radicals (Eq. (8)). In addition, according 
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to Eq. (9) an iron sulfate complex on the surface of the nZVI-Ag can be also formed on 

the surface of the nZVI-Ag [13]. Figure 4.6 summarizes the overall 4-CP oxidation pro-

cess by nZVI-Ag/PS.  

 

SO4
•−+ Fe2+→ SO4

2−+ Fe3+                                                                                                                                       (8) 

Fe0 + SO4
2- + 2H2O → FeSO4 + H2 +2OH-                                                                                                  (9) 

 

Fig. 4.6.  Model of  4-CP oxidation by nZVI-Ag/PS 
 

EA values of 10 kJ mol-1 was obtained for nZVI-Ag activated PS, which are in 

agreement with those reported in the literature. Activated persulfate using iron and ther-

mal activation required an activation energy of 62 kJ mol−1 [35] and values between 60-

250 kJ mol-1 [36]  respectively. [37] reported activation energy of around 16.6 kJ mol−1 

for the system based on nZVI activated persulfate when the temperature increased from 

5 to 45 °C for the oxidation of hexachlorobenzene 

 

  



93 
 

References  
 

[1] A. Babuponnusami, K. Muthukumar, A review on Fenton and improvements to 

the Fenton process for wastewater treatment, J. Environ. Chem. Eng. 2 (2014) 

557–572. doi:10.1016/j.jece.2013.10.011. 

[2] L.W. Matzek, K.E. Carter, Activated persulfate for organic chemical degradation: 

A review, Chemosphere. 151 (2016) 178–188. 

doi:10.1016/j.chemosphere.2016.02.055. 

[3]      Waldemer, R. H., Tratnyek, P. G., Johnson, R. L. & Nurmi, J. T. 2007 Oxidation 

of chlorinated ethenes by heat-activated persulfate: kinetics and products. 

Environmental Science and Technology 41, 1010–1015 

[4]     Johnson, R. L., Tratnyek, P. G.&Johnson, R. O. B. 2008 Persulfate persistence 

under thermal activation conditions. Environmental Science and Technology 42, 

9350–9356. 

[5] M. Stoyanova, I. Slavova, S. Christoskova, V. Ivanova, Catalytic performance of 

supported nanosized cobalt and iron-cobalt mixed oxides on MgO in oxidative 

degradation of Acid Orange 7 azo dye with peroxymonosulfate, Appl. Catal. A 

Gen. 476 (2014) 121–132. doi:10.1016/j.apcata.2014.02.024. 

[6] M.A. Al-Shamsi, N.R. Thomson, S.P. Forsey, Iron based bimetallic nanoparticles 

to activate peroxygens, Chem. Eng. J. 232 (2013) 555–563. 

doi:10.1016/j.cej.2013.07.109. 

[7] Y. fan Su, C.Y. Hsu, Y. hsin Shih, Effects of various ions on the dechlorination 

kinetics of hexachlorobenzene by nanoscale zero-valent iron, Chemosphere. 88 

(2012) 1346–1352. doi:10.1016/j.chemosphere.2012.05.036. 

[8] M.R. Taha, A.H. Ibrahim, Characterization of nano zero-valent iron (nZVI) and 

its application in sono-Fenton process to remove COD in palm oil mill effluent, 

J. Environ. Chem. Eng. 2 (2014) 1–8. doi:10.1016/j.jece.2013.11.021. 

[9]      Barreto-Rodrigues, M., Silveira, J., Zazo, J. A.&Rodriguez, J. J. 2016 Synthesis, 

characterization and application of nanoscale zero- valent iron in the degradation 

of the azo dye Disperse Red 1. Journal of Environmental Chemical Engineering 

5, 628–634. 

[10] R. Li, X. Jin, M. Megharaj, R. Naidu, Z. Chen, Heterogeneous Fenton oxidation 

of 2, 4-dichlorophenol using iron-based nanoparticles and persulfate system, 

Chem. Eng. J. 264 (2014) 587–594. doi:10.1016/j.cej.2014.11.128. 



94 
 

[11] J. Yan, L. Han, W. Gao, S. Xue, M. Chen, Biochar supported nanoscale 

zerovalent iron composite used as persulfate activator for removing 

trichloroethylene, Bioresour. Technol. 175 (2015) 269–274. 

doi:10.1016/j.biortech.2014.10.103. 

[12]   Ghanbari, F.&Moradi, M. 2017 Application of peroxymonosulfate and its 

activation methods for degradation of environmentalorganic pollutants : review. 

Chemical Engineering Journal 310,41–62 

[13]    Al-Shamsi, M. A., Thomson, N. R. & Forsey, S. P. 2013 Iron based bimetallic 

nanoparticles to activate peroxygens. Chemical Engineering Journal 232, 555–

563 

[14]     Markova, Z., Filip, J., Jan, C. & Kola, M. 2013 Air stable magnetic 

            bimetallic Fe?Ag nanoparticles for advanced antimicrobial treatment and 

phosphorus removal. Environmental Science and Technology 47, 5285–5293. 

[15]   Liou, Y. H., Lin, C. J., Weng, S. C., Ou, H. H. & Lo, S. L. 2009 Selective 

decomposition of aqueous nitrate into nitrogen using iron deposited bimetals. 

Environmental Science and Technology 43, 2482–2488. 

[16]   Yan,W.,Herzing,A.A.,Li,X.Q.,Kiely, C. J.& Zhang,W.X. 2010 Structural 

evolution of Pd-doped nanoscale zero-valent iron (nZVI) in aqueous media and 

implications for particle aging and 

reactivity.EnvironmentalScienceandTechnology44,4288–4294 

[17]    Smuleac, V., Varma, R., Sikdar, S.&Bhattacharyya, D. 2011 Green synthesis of 

Fe and Fe/Pd bimetallic nanoparticles in membranes for reductive degradation of 

chlorinated organics. Journal of Membrane Science 379, 131–137. 

[18]   Xu, Y. & Zhang, W. X. 2000 Subcolloidal Fe/Ag particles for reductive 

dehalogenation of chlorinated benzenes. Industrial and Engineering Chemistry 

Research 39, 2238–2244. 

[19]  Xie, K., Sun, L., Wang, C., Lai, Y., Wang, M., Chen, H. & Lin, C. 2010 

Photoelectrocatalytic properties of Ag nanoparticles loaded TiO2 nanotube 

arrays prepared by pulse current deposition. Electrochimica Acta 55, 7211–7218. 

[20]    Ayoub, G. & Ghauch, A. 2014 Assessment of bimetallic and trimetallic iron-based 

systems for persulfate activation: application to sulfamethoxazole degradation. 

Chemical Engineering Journal 256, 280–292 

[21]   Y.G. Adewuyi, N.Y. Sakyi, Removal of Nitric Oxide by Aqueous Sodium 

Persulfate Simultaneously Activated by Temperature and Fe 2 + in a Lab-scale 



95 
 

Bubble Reactor, (2013). 

[22]   Apopei, P., Catrinescu, C., Teodosiu, C. & Royer, S. 2014 Mixed- phase TiO2 

photocatalysts: crystalline phase isolation and reconstruction, characterization 

and photocatalytic activity in the oxidation of 4-chlorophenol from aqueous 

effluents. Applied Catalysis B: Environmental 160–161, 374–382. 

[23] Silveira, J.E.,Zazo, J. A.,Pliego,G.,Bidóia,E. D.&Moraes,P. B. 2014 

Electrochemical oxidation of landfill leachate in a flow reactor: optimization 

using response surface methodology. 

[24]   Carroll, D. O., Sleep, B., Krol, M., Boparai, H. & Kocur, C. 2013 Nanoscale zero 

valent iron and bimetallic particles for contaminated site remediation. Advances 

inWater Resources 51, 104–122. 

[25]   Sohrabi, M. R., Amiri, S., Masoumi, H. R. F. & Moghri, M. 2013 Optimization of 

Direct Yellow 12 dye removal by nanoscale zero-valent iron using response 

surface methodology. Journal of Industrial and Engineering Chemistry 20, 2535–

2542. 

[26]   Wang, T., Su, J., Jin, X., Chen, Z., Megharaj, M. & Naidu, R. 2013 Functional clay 

supported bimetallic nZVI/Pd nanoparticles used for removal of methyl orange 

from aqueous solution. Journal of Hazardous Materials 262, 819–825 

[27]  Luo, S., Yang, S., Wang, X. & Sun, C. 2010 Reductive degradation of 

tetrabromobisphenol A over iron-silver bimetallic nanoparticles under ultrasound 

radiation. Chemosphere 79, 672–678 

[28]   Prakash Maran, J., Manikandan, S., Thirugnanasambandham, K., Vigna Nivetha, 

C. & Dinesh, R. 2013 Box-Behnken design based statistical modeling for 

ultrasound-assisted extraction of corn silk polysaccharide. Carbohydrate 

Polymers 92, 604–611 

[29]  Xynos, N., Papaefstathiou, G., Gikas, E., Argyropoulou, A., Aligiannis, N. & 

Skaltsounis, A.-L. 2014 Design optimization study of the extraction of olive 

leaves performed with pressurized liquid extraction using response surface 

methodology. Separation and Purification Technology 122, 323–330. 

[30]    Ahmad, M., Teel, A. L.&Watts, R. J. 2013 Mechanism of persulfate activation by 

phenols. Environmental Science & Technology 47, 5864–5871. 

[31]  Zhao, J., Zhang, Y., Quan, X.&Chen, S. 2010 Enhanced oxidation of 4-

chlorophenol using sulfate radicals generated from zero- valent iron and 

peroxydisulfate at ambient temperature. Separation and Purification Technology 



96 
 

71, 302–307 

[32]     Li, R., Jin, X., Megharaj, M., Naidu, R. & Chen, Z. 2014 Heterogeneous Fenton 

oxidation of 2, 4-dichlorophenol using iron-based nanoparticles and persulfate 

system. Chemical Engineering Journal 264, 587–594. 

[33]   Al-Shamsi, M. A. & Thomson, N. R. 2013 Treatment of organic compounds by 

activated persulfate using nanoscale zerovalent iron. Industrial&Engineering 

Chemistry Research 52, 13564–13571. 

[34]   Ghauch, A., Ayoub, G. & Naim, S. 2013 Degradation of sulfamethoxazole by 

persulfate assisted micrometric Fe0 in aqueous solution. Chemical Engineering 

Journal 228, 1168– 1181 

[35]  Romero, A., Santos, A., Vicente, F. & González, C. 2010 Diuron abatement using 

activated persulphate: effect of pH, Fe(II) and oxidant dosage. Chemical 

Engineering Journal 162, 257– 265. 

[36]      Xu, X. R. & Li, X. Z. 2010 Degradation of azo dye Orange G in aqueous solutions 

by persulfate with ferrous ion. Separation and Purification Technology 72, 105–

111. 

[37]    Shih, Y. H., Hsu, C. Y. & Su, Y. F. 2011 Reduction of hexachlorobenzene by 

nanoscale zero-valent iron: kinetics, pH effect, and degradation mechanism. 

Separation and Purification Technology 76, 268–274. 

 

  
 
 

 

 

 

 

 

 

 

 

 

 

 



97 
 

Supplementary Material 
 

 Table S1. ANOVA test for response function (TOC removal)  

SOURCE SS Df Mean square F-value pa-value 

Model 10656.79 9 1184.09 7.88 0.0175 

A 1339.03 1 1339.03 8.91 0.0306 

B 3612.50 1 3612.50 24.04 0.0045 

C 536.28 1 536.28 3.57 0.1175 

AB 9 1 9 0.060 0.8164 

AC 280.56 1 280.56 1.87 0.2300 

BC 49 1 49 0.33 0.5927 

A2 0.13 1 0.13 0.00086 0.9777 

B2 3038.67 1 3038.67 20.22 0.0064 

C2 2093.67 1 2093.67 13.93 0.0135 

Residual 751.31 5 176.32   

Cor Total 11408.10 14    

R2= 0.94, adequation precision=8.42 
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Abstract 
 

This work investigates the effect of UV-LED radiation (λ: 405 nm) on the persul-

fate (PS) activation with natural ilmenite (FeTiO3) in the oxidation of azo dye Disperse 

Blue 3 (DB3). The high induction period and the scarce ability of this mineral to activate 

PS can be overcome by using UV irradiation to increase the SO4•− generation via photo-

reduction of Fe(III) to Fe(II) on the ilmenite surface, main responsible of SO4
•− formation 

in iron-based catalysis. The effect of several operating conditions such as persulfate dose 

(20-100% of the theoretical stoichiometric amount), reaction temperature (30-70 °C) and 

mineral dose 320 mg L-1 has been studied. Under optimum conditions (320 mg L-1 of 

ilmenite, pH0: 3, using 100% of stoichiometric amount of PS at 70 °C under UV-LED 

radiation) more than 95% TOC reduction and 92% PS decomposition were reached after 

180 min. The progressive deactivation of FeTiO3 through successive experiments can be 

explained, according to density functional theory (DFT) calculations, by the formation of 

a passivation layer due to adsorption of SO4
2- on the FeTiO3 surface. 

 

Keywords: ilmenite, UV-LED, persulfate, deactivation, DFT 
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1. Introduction 
 

 The growth in the use of synthetic dyes has been accompanied by large volumes 

of industrial effluent causing environmental damage to the living organisms[1]. There are 

several types of synthetic dyes which are widely used in paper, cosmetics, food, pharma-

ceutical and textile industries [2,3]. Among them, azo dyes are the most common used in 

textile industry, representing about 70% of all commercial dyes. These compounds con-

tain an azo group (–N=N–) as chromophore, associated with aromatic systems linked to 

other groups such as – OH and –NO2 [4,5]. 

 Advanced oxidation processes (AOP’s) based on the in situ hydroxyl radical 

(HO•) generation have been widely used as a feasible way to mineralize azo dyes. Elec-

trochemical oxidation [6], solar photoelectro-Fenton [7], photocatalytic degradation [8] 

and ozonation [9] represent some of those alternatives to HO• generation. 

 Activated persulfate based AOP’s constitutes an alternative to the aforementioned 

procedures. The persulfate anion (PS) is a strong oxidant, with a redox potential of 2.01 

V [10]. Furthermore, PS can be induced to generate a stronger sulfate radical (SO4
•−), 

with a standard redox potential varying between 2.5 and 3.1V [11]. Many studies have 

demonstrated the oxidation of azo dyes by activated persulfate. Frontistis et al [12] 

demonstrated the effectiveness of using PS/UV for methyl orange discolouration. 

Kordkandi and Forouzesh [13] have applied thermally activated persulfate to treat aque-

ous methylene blue. Xu and Li [14] reported the degradation of azo dye Orange G by Fe2+ 

activated persulfate. In addition, Teel et al [15] compared the activation of persulfate with 

13 naturally occurring minerals found in surface and subsurface soils, for in situ chemical 

oxidation, among them cobaltite, pyrite, siderite and ilmenite. However, those results re-

vealed a scarce ability to decompose persulfate in a natural groundwater system. 
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 Ilmenite (FeTiO3) as a titanate of ferrous iron mineral, is a antiferromagnetic sem-

iconductor, with a band gap varying between 2.4 and 2.9 eV with potential applications 

in chemical catalysts and photocatalysts reactions [16–18]. At room temperature and at-

mospheric pressure, FeTiO3 adopts an ordered corundum structure [8-9] of space group 

gh
;, in which Fe(II) and Ti(IV) form alternating layers along the rhombohedral axis of the 

crystal, with oxygen layers between them. Layers of Fe and Ti alternate with a cation 

ordering of Ti-Fe-V-Fe-Ti (V: vacant sites) along the c axis. 

So far, the application of ilmenite as catalyst in AOP’s processes is limited by a 

high induction period and a low activity [19]. These drawbacks can be overcome by using 

UV irradiation to improve the efficiency via photoreduction of Fe(III) to Fe(II) in the 

ilmenite surface, decreasing the induction period [20,21]. In this sense, Fe(II) plays an 

important role in SO4•− generation in iron-based catalysis. Liang et al.[22] found that Fe 

(II), but not Fe(III), activates PS. Light emitting diodes (LEDs) have become an alterna-

tive to conventional UV sources [21] due to a higher current-to-light conversion efficien-

cies, compactness, suitability for periodic illumination, narrow band emission, no dis-

posal problems and long life [23,24].  

 This work outlines the combination of temperature and UV LED radiation (λ: 400-

405 nm) with the aim of improving catalytic property of ilmenite mediated activation of 

persulfate toward textile dye DB3 mineralization. The anthraquinone azo dye DB3 

(C17H16N2O3) has been chosen as a target compound because of their toxic and mutagenic 

characteristics [25]. The contribution of sulfate upon the FeTiO3 surface passivation dur-

ing PS activation has been also studied by performing ab initio band calculations based 

on the density functional theory using the plane-wave pseudopotential method as imple-

mented in Quantum Espresso code.  
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2. Results and Discussion 
 

2.1.  Ilmenite characterization 
 

 Ilmenite was characterized by a low surface area and a band-gap value of 2.4 eV, 

with a Fe(II)/Fe(III) ratio on the surface of 0.66. All results are detailed elsewhere [16,19]. 

 Fig. 5.1. shows the XRD of the raw ilmenite. For the sake of comparison, this 

figure also includes the XRD of ilmenite after each use. The weak peaks of 2-Theta= 

23.9°, 32.65°, 35.3°, 40°, 48°, 53°, 61°, 63° and 27°, 36°, 41°, 54° and 57° in XRD spectrum 

indicates the existence of ilmenite and rutile phase, respectively [19], in a proportion 

85/15. The Fe and Ti content (weight percentage) in raw ilmenite was 36% and 37%, 

respectively (measured by TXRF). The SBET of the ilmenite was found to be 6 m2 g-1.  

 
Fig.5.1. Normalized XRD of ilmenite before and after three uses. 

 

2.2.  DFT model setup 
 

 The complete hexagonal unit cell of ilmenite is presented in Fig.5.2. The calcu-

lated lattice parameters for FeTiO3 are a = b = 5.143 Å and c = 13.98 Å, which is in good 

agreement with the experiment data, in which a = b = 5.087 Å and c = 14.013 Å [26]. 
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 In order to gain insight into the material electronic properties, we first compute 

the band structure based on the crystal structure described above. For the bulk crystal, 

using the standard generalized gradient approximation (GGA) to the functional, we obtain 

and indirect band gap of 1.68 eV that increases to 2.2 eV using HSE06. These results can 

be compared with the electronic band gap experimental data on bulk FeTiO3 crystals, 

where we observe an electronic band gap of ~ 2.4 eV, which is in good agreement with 

the values reported in the literature for ilmenite (between 2.4 and 2.9 eV) [19,27,28] 

 

Fig. 5.2. FeTiO3 surface Ti (blue), Fe (black) and O (red) 

 
2.3.  UV-LED assisted PS/Ilmenite activity 
 

In order to evaluate the synergistic effects of reaction temperature, UV light and 

ilmenite upon the PS activation and, therefore, mineralization of DB3, a set of experi-

ments with and without UV-LED radiation were performed with the temperature ranging 

from 30 to 70 °C (Fig. 5.3). Table 5.1 gathers the results of previous tests performed to 

assess the contribution of adsorption and photolysis (UV-LED and ilmenite/UV-LED) in 

absence of PS.  
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Table 5.1. Persulfate activation at different process and pseudo 1st order kinetic rate con-
stant of TOC removal 

Reaction Treatment Mineralization (%) kobs x 10-3 (min-1) R2 

1 Ilmenite <1 --- --- 

2 UV-LED <1 --- --- 

3 Ilmenite/UV-LED 2.3 0.2 0.98 

4 PS 39 3.2 0.98 

5 PS / ilmenite 55 4.5 0.98 

6 PS / UV-LED 51 4.2 0.97 

7 PS / UV-LED/ilmenite 96 13.2 0.98 

Experimental Conditions: [DB3]0= 80 mg L-1, [PS] 0 = 100%, [FeTiO3]  0 = 320 mg L-1, 
T = 70 °C and pH0 = 3 

 

They showed a negligible adsorption on ilmenite surface (reaction 1), photolysis reactions 

(reaction 2) and photocatalytic activity at 405 nm UV-LED (reaction 3), yielding TOC 

reduction lower than 2.5% after 180 min reaction time. For the sake of comparison, results 

obtained by combining ilmenite/UV-LED/PS under the optimum operating conditions are 

also included. 

A variety of factors might be expected to have influence on the PS activation pro-

cess (heat and metal ion-catalyzed conditions). Persulfate can be heat-activated according 

Eq (1) [29]. Furthermore, the hydroxyl radicals (HO•) and peroxymonosulfate oxidant 

(HSO5
-) can be generated involving the reaction between SO4

•− and H2O (Eq. (2)) and the 

chain of reactions involving the radicals SO4
•− and HO• respectively (Eq. (3)) [29]. 

 

S2O8
2- + heat  →  2SO4

•−                                                                                                                   (1) 

SO4
•− + H2O ⇆ HO• + H+ + SO4

2-                                                                                                     (2) 

SO4
•− + HO•  → HSO5

-                                                                                                                       (3) 
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In absence of both irradiation and ilmenite, the heat-activation of PS was scarce 

below 50 ºC. Nevertheless, the DB3 mineralization steeply increased up to 39 % as tem-

perature raised up to 70 ºC (reaction 4). The addition of ilmenite, as a source of Fe(II), 

promotes the heterogeneous activation of PS to produce SO4
•− (Eqs. (4-5)) [30,31] and, 

therefore, the TOC removal (Figure 5.3). Working at 70 ºC, TOC removal was close to 

55% in the system PS/ilmenite (reaction 5), around 16% above the mineralization 

achieved by heat-activation of PS, corroborating the synergistic effect of combining an 

iron source and temperature. Besides Monteagudo et al. [32] suggested that, under the 

acidic condition, the hydrolysis of PS provoked the formation of H2O2 (Eq. (6)), which 

may lead to the generation of HO• in the presence of  Fe(II) (Eq. (7)).  

 

Fe(II) + S2O8
2-→ Fe(III) + SO4

•−+ SO4
2−                                                                                    (4) 

Fe(II) + SO4
•−→ Fe(III) + SO4

2−                                                                                             (5) 

S2O8
2- + 2H2O → 2HSO4

- + H2O2                                                                                     (6) 

Fe(II) + H2O2 → Fe(III) + HO• + OH−                                                                   (7) 

 

UV-LED radiation also plays a key role in the PS activation (Eq. (8)) [33]. Ra-

soulifard et al. [24] demonstrated  that PS can be activated using UV-LED with emission 

wavelengths at 360 nm on the degradation of Direct Red 23 dye. In our case, the UV-

LED assisted PS activation (Table 5.1) enhanced in 12% the mineralization degree (reac-

tion 6) comparing to the sole heat-activation at 70°C (reaction 4).  

 

S2O8
2- + ℎ� →  2SO4

•−                                                                     (8) 
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Fig. 5.3. Time evolution of TOC removal and PS converted with and without UV-LED 
radiation at 30°C (a) 50°C (b) and 70°C. Experimental Conditions: [DB3]0 = 80 mg L-1, 
[PS]0 = 100%, [FeTiO3]0 = 320 mg L-1 and pH0 = 3 

 

The system based on persulfate with multiple activators (heat/UV-LED/ilmenite) 

improves the overall mineralization degree (Fig. 5.3), reaching TOC conversion close to 

96% under the optimum experimental conditions (Reaction 7). This is explained by the 

reduction of Fe(III) to Fe(II) by means of photolysis using UV-LED radiation over ilmen-

ite surface (Eq. (9)) [19] leading to an increase of PS decomposition into SO4•−.  In addi-

tion, photo reduction of Fe(III)  to Fe(II)  produces additional HO• (Eq. 10), enhancing 

the mineralization degree [21].  

 

ILM - Fe(III)   
	jklm ILM - Fe(II)                                                                                    (9) 

Fe(III) + H2O  
jklm Fe(II) + HO• + H+                                                   (10) 

 

 The values of the rate constants obtained by assuming a pseudo-first-order kinetic 

model confirm the synergetic effect of combining multiple activators (Table 1). This was 
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also corroborated by the apparent activation energy (EA) (Fig. S1) for PS/UV-LED/Il-

menite process: 51 kJ mol-1. It must be noted that this value is almost three times lower 

than the EA reported by Devi et al., to heat-activation of PS: 140 kJ mol-1 [34] and it is 

also lower than the EA reported to iron-activated persulfate: 62 kJ mol−1 [35]. Also Zhao 

et al. [36] reported EA: 66  kJ mol−1 for the system based on Fe3O4 activated persulfate 

when the temperature increased from 15 to 55 °C by the oxidation of  p-nitroaniline.   

Fig.5.4 illustrates the TOC decay in the presence of different initial PS concentra-

tions, ranging from 20 to 100% (expressed as percentages of the stoichiometric PS/DB3 

ratio) at 70 °C using 320 mg L-1 ilmenite.  

As can be observed, the mineralization of DB3 increased around 60% when the 

dosage of persulfate increased from 20% to 100%. The initial PS concentration is obvi-

ously another key point to determine the efficiency of the process. To assess the PS con-

version we have quantified the PS yield (Ɛ) defined as the amount of TOC converted per 

unit weight of PS fed [37].  

 
Fig 5.4. Time evolution of TOC removal and PS converted under UV-LED radiation at 
70 °C (a). Experimental Conditions: [DB3]0 = 80 mg L-1, [PS] = 20 - 100%, [FeTiO3]0 = 
320 mg L-1 and pH0 = 3.  
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The theoretical maximum value of ε at complete TOC conversion when using the stoichi-

ometric PS would be 33.5 mg TOC/g PS. Table 5.2 shows the values of Ɛ after 180 min. 

For the sake of comparison, results obtained by different ilmenite concentration are also 

included (the mineralization efficiency between 300 mg L-1 and 450 mg L-1 ilmenite was 

found to be lower than 5% time and lesser amounts not increase the reaction rate after 

180 min reaction).  

Table 5.2. Values of Ɛ at different operating parameters ([DB3]0: 80 mg L-1).  
 Ilmenite 

(mg) 
Stoichiometric PS 

(%) 
Temperature 

(ºC) 
[PS]0 = 100% at 70 ºC [FeTiO3]0= 320 mg·L-1 at 70 ºC         [PS]0= 100%; [FeTiO3]= 320 mg·L-1 

 150 320 450 20 60 100 30 50 70 
Ɛ 22.2 31.6 32.7 12.2 25 32.2 10.2 18.7 32.2 

Ɛ = mg TOC converted/ g PS fed 

 

As can be observed, the increasing of either the ilmenite concentration, reaction 

temperature or persulfate dose significantly increases the ε values. This implies a faster 

PS decomposition into SO4•−, which enhances mineralization. It must be underline that 

those values are quite close to the theoretical maximum value of ε, confirming the absence 

of scavenging reactions.   

The residual TOC (around 1.8 mg L-1) corresponds to traces of formic acid (Fig. 

S2) as well as a very small amount of non-identified aromatic intermediates (Fig. S3), 

being the ecotoxicity of the effluent almost negligible to the A. salina nauplii (Fig. S4). 

During the early oxidation stages, 1-amino-4-(methylamino) anthracene-9,10-dione with 

m/z 252 was identified using GC-MS, probably generated by homolytic rupture of C–N 

bond [38]. Similar results were reported by Salazar et al. (2008)  [39] using solar photo-

electro-Fenton in the presence of  Fe2+ and Cu2+ to DB3 degradation. This intermediate 

products evolved to generate phthalic acid that could be oxidized up to oxalic and formic 

acids [40]. 
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2.4.  Catalyst deactivation 
 

To learn on the stability of the catalyst, three successive runs were carried out 

using the recovered ilmenite under the optimum experimental conditions. The results ob-

tained after each use were compared with those achieved by heat-activated PS in absence 

of ilmenite. As can be observed in Fig. 5.5.a, the mineralization of DB3 gradually de-

creased from 43 % higher than the obtained by heat-activated PS (1st run) to 23% (2nd 

run) and negligible activity upon the third run (mineralization < 5%). This is a conse-

quence of the lower PS decomposition. Therefore, the values of ε decreased after second 

and third reuse, about 75% and 55% of the theoretical maximum value (ε), respectively. 

The loss of iron from the catalyst by leaching would be one possible cause of deactivation. 

However, the leached iron (measured by ICP) varied from 0.8 to 0.34 mg L-1 after three 

runs (less than 1% of the total iron contained in the catalyst). Besides, the weight percent-

age of Fe and Ti decreased less than 5 wt% (measured by TXRF). On the contrary, the 

XRD spectra (Fig.5.1) showed variations in ilmenite phase from 85 to 72.35 after three 

uses respectively, in relation to rutile phase.  

 Concerning the XPS of the Fe 2p spectrum before third use (Fig. 5.5.b), the pres-

ence of a band at 710 eV (peak 1) and another at 724 eV (peak 3) corresponds to Fe(II). 

The bands centred at 712 (peak 2) and 725 eV (peak 4) corresponds to Fe(III). Moreover, 

a satellite peak of Fe(III) is shown at 719 eV (peak 5). XPS of the Fe 2p spectrum after 

use showed at displayed toward higher binding energies. In this case, peak 2 associated 

to Fe(II) appeared at 711 eV and peak 2 associated to Fe(III) at a binding energy of 716 

eV [41,42].  



112 
 

 
Fig. 5.5. Reuse of Ilmenite in the repeated DB3 mineralization experiment (a). XPS spec-
tra of Fe 2p for ilmenite before and after use. Experimental Conditions: [DB3]0 = 80 mg 
L-1, [PS] 0 = 100%, T = 70 °C and pH0 = 3. 
 

The fitting peaks of ilmenite before use indicated the surface amounts of 40/60 for Fe(II) 

/Fe(III). However, in the case of the ilmenite after use the surface amounts were 33/67 

for Fe(II)/Fe(III). In addition, the peak at 711 can be ascribed to the presence of iron 

sulfate generated on the ilmenite surface. Al-Shamsi and Thomson [43] detected FeSO4 

at a binding energy of 711.1 eV in the iron spectra (Fe2p) on deactivated nZVI surface 

exposed to persulfate. Descostes et al. [44] showed that Fe(II) and Fe(III) oxides (FeSO4, 

Fe2(SO4)3, Fe2O3 ) were formed on oxidized pyrite surfaces in different chemical condi-

tions at 711.55eV.  

 

2.5.  DFT Calculation procedure for surface functionalization due to SO42- mole-
cule. 
 

The aforementioned results suggest the formation of a sulfate passivation layer on 

the catalyst surface as the most plausible cause of deactivation. In fact, during experi-

ments in highly oxidative conditions, the presence of the SO4
2- can be considered as a 
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powerful tool to functionalize the surface of FeTiO3. To check this assumption, we ap-

pealed for density functional theory (DFT) calculations. Based on the previous results 

obtained from scanning tunneling microscopy (STM) investigation of the (0001) ilmenite 

surface [45], our calculation model consists of a unit cell of Ilmenite with surfaces termi-

nated in Fe or Ti atom, where one SO4
2- molecule is placed close to the surface. After the 

relaxations of super-cell, the optimized structures show that the SO42- molecule is ad-

sorbed by a Fe/Ti surface atom on the pristine FeTiO3. The minor distance between SO4
2- 

and Ti atom is about 1.96 Å and 2.03 Å between SO4
2- and Fe atom. Two O atoms from 

SO4
2- molecule are bound to Fe and Ti atom for both surface terminations (see Fig 5.6 a 

and b).  

 

Fig. 5.6. Crystal structure of FeTiO3 ilmenite + SO4
2- (Fe surface) and (b) FeTiO3 + SO4

2- 
(Ti surface).Ti (blue), Fe (black), O (red) and SO4

-2 (yellow) 
 

In order to study the effect of SO4
-2 on FeTiO3 surface, we have calculated the projected 

density of states (PDOS) of FeTiO3 and SO4
-2/FeTiO3 for Fe and Ti termination. For com-

parison, we also show PDOS of pristine FeTiO3. These results are presented in Fig. 5.7. 

It is known that even though the DFT–GGA method underestimates band gaps of semi-

conductors and insulators, it does give though reliable bandwidths and shapes. In this 
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work, we focus on comparison of the interaction of SO4
-2 on FeTiO3 surface. The PDOS 

for pristine FeTiO3 of Fe, Ti and O atom are shown in Fig. 5.7.a. We set the Fermi energy 

to 0 eV. In the case of SO4
2- / FeTiO3 (Fe-termination), a new remarkable peak appears 

around the Fermi energy as a result of the SO4
-2 adsorption (Fig. 5.7.b.). As one can be 

seen from Fig. 5.7.c, the PDOS of SO4
-2/FeTiO3 (Ti-termination) in this region is the sim-

ilar to that of pristine FeTiO3. We compute the charge transfer (CT), between SO4
2- mol-

ecule and FeTiO3, using the Bader charge analysis method [46] with the code developed 

by the Henkelman’s group [47]. The amount of charge transfer between SO42- and Fe 

atoms is about 1.3 electrons from Fe to the SO4
2- molecule and 1.45 electrons from Ti to 

the SO4
2- molecule. These results show that the slightly increment of the proportion 

Fe(III)/Fe(II) experimentally observed can be due to the adsorption of SO42- on the 

FeTiO3 surface. 

 

Fig. 5.7. Comparison of projected total density of states (PDOS) for pristine FeTiO3 (a), 
FeTiO3 + SO4

2- (Fe-surface) (b) and FeTiO3 + SO4
2- (Ti surface) (c). The Fermi energy is 

referenced at 0 eV.  
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Supplementary Material 
 

 

 

Fig. S1. Arrhenius plots for determination of activation energy of PS/UV-LED/Ilmenite 
mineralization of DB3. 

 

Fig. S2. Formic acid resulting from heterogeneous mineralization of DB3 with ilmen-

ite/PS/UV-LED. [DB3]0 = 80 mg L-1, [PS] 0 = 100%, [FeTiO3]0= 320 mg L-1, [Na2SO4] 

= 0.05M , T = 70 °C and pH0 = 3. 

 



122 
 

 

Fig.  S3. GC-MS Chromatogram for initial DB3 and after treatment. [DB3]0 = 80 mg L-

1, [PS] 0 = 100%, [FeTiO3]0= 320 mg L-1, [Na2SO4] = 0.05M , T = 70 °C and pH0 = 3. 

 

 

 

Fig. S4. Lethal concentration (LC50) of A. salina before and after treated DB3. [DB3]0 = 

80 mg L-1, [PS] 0 = 100%, [FeTiO3]0= 320 mg L-1, [Na2SO4] = 0.05M , T = 70 °C and pH0 

= 3. 
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Abstract 

 

This work assesses the role of the operational conditions upon the electro-activation of 

persulfate (electro-PS) using Ti/IrO2–Ta2O5 electrode for the decolorization of anthraqui-

none azo dye Disperse Blue 3 (DB3). The studied variables include current density (j) (5-

80 mA cm-2), persulfate concentration based on the stoichiometric dose for complete DB3 

mineralization (20-100%), temperature (30-90 °C) and pH (3-12). Furthermore, influence 

of dissolved oxygen and nitrogen gas influence was analyzed. The persulfate activation 

from cathodic reduction was confirmed by cyclic voltammetry (CV). The increase in j 

enhanced the PS consumption and, consequently, decolorization efficiency, because of 

the greater production of sulfate radicals (SO4
•−). Besides PS cathodic reduction, its com-

bination with thermal activation resulted in a synergistic effect on the mineralization of 

DB3. In the range 30-70 ºC, sole heat-activated PS led to a significantly lower TOC con-

version than electro-PS (achieving TOC conversion above 60% at 40 mA cm-2.) this dif-

ference steeply decreased as temperature increases, achieving similar TOC conversion at 

90 ºC after 60 min.  
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1. Introduction 
 

 Azo dyes are the most common dyes used in the textile industry. Approximately, 

280.000 tons of textile dyes are discharged into industrial effluents every year worldwide, 

from which around 70% are azo dyes [1]. These compounds contain azo groups (–N N–) 

as chromophore, associated to aromatic rings linked to other groups such as – OH, –SO3− 

and –NO2 [2,3]. In the aquatic environment, even at low concentrations, azo dyes interfere 

in light penetration, inhibiting photosynthesis and causing other harmful effects to the 

aquatic organisms [4]. 

 Traditionally, physicochemical and biological treatments have been used as an 

approach for dye removal. Nonetheless, there are several drawbacks associated to those 

technologies as high sludge generation, high sensitivity to variation of flow rate and or-

ganic load, elevated retention-time and low efficiency in terms of color removal[5,6]. In 

this scenario, Advanced Oxidation Processes (AOPs) have arisen as an alternative to as-

sist these conventional technologies. These techniques are based on the formation of 

strong oxidizing agents (e.g., HO•) for organic pollutants depletion. Typical homogene-

ous and heterogeneous AOPs include photochemical process (UV/O3, UV/H2O2), photo-

catalysis (TiO2/UV) and chemical oxidation processes (O3, O3/H2O2 and Fenton process) 

[7]. 

 Recently, AOPs based on sulfate radical (SO4
•−) have gained more attention [8]. 

This radical, has a standard redox potential varying between 2.5 V and 3.1 V, which is 

comparable to that of HO• at acidic pH (2.4-2.7 V) and higher than that of HO• at alkaline 

pH (1.9-2.0 V) [9–11]. Furthermore, SO4
•− radicals have a longer lifetime (3 - 4 × 10−5 s) 

than HO• radicals (2 × 10-8 s). Therefore, these radicals present high potential for the 

degradation of organic pollutants [12]. In this new AOP’s, persulfate radical is commonly 

generated via activation of persulfate. A wide range of different methods have been tested 
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for persulfate activation. Generally, the ion persulfate can be effectively activated by heat 

(Eq. 1) [13], UV light (Eq. 2) [14], transition metal ions (Eq.3) [15], ultrasound (Eq. 4) 

[16], activated carbon (Eq. 5-6) [17], base activation (Eq. 7-8) [18] and other such as 

microwave and natural minerals activated persulfate [19]. Iron based and UV activated 

persulfate are the most common methods employed worldwide. Although these processes 

have shown to be effective for the treatment of a diversity of azo dyes [20–23], they pre-

sent some disadvantages. The main drawback of iron based activated persulfate process 

is the production of a large amount of sludge. On the other hand, in the case of UV pro-

cess, the excess of color and turbidity common in dye wastewaters, can reduce the pene-

tration of light through the solution, increasing the time of treatment and, consequently, 

the cost treatment. 

 

S2O8
2- + heat  →  2SO4

•−                                                                                                                       (1) 

S2O8
2- + ℎ�→  2SO4

•−                                                                     (2) 

S2O8
2− + Mn+ → SO4

•− + M(n+1)+ + SO4
2−  (where M represents the metals)               (3) 

S2O8
2−+ ))) →  2SO4

•−                                                                                                                                                         (4) 

AC surface - OOH + S2O8
2− →  SO4

•− + AC surface - OO• + HSO4
−                                           (5) 

AC surface - OH + S2O8
2−→  SO4

•− + AC surface - O• + HSO4
−                                        (6) 

2S2O8
2- + H2O → 3SO4

2- +SO4
•−  + O2

• + H+ (under basic conditions)                            (7) 

SO4
•− + OH−→ SO4

2- + OH• (highly alkaline conditions)                                                           (8) 

 

 Recent studies have focused on the use of electrochemical processes for the acti-

vation of persulfate (electro-PS) (Eq. 9) [24]. Electrochemical methods have the ad-
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vantage of no sludge production and reduced reactor volume, with relatively low invest-

ment costs [25]. Moreover, it has been reported that aniline [26] and dinitrotoluene [27] 

can be degraded by electrochemical-activated persulfate using platinum electrode.  

 

S2O8
2- + e-→ SO4

•− + SO4
2-                                                                                (9) 

 

Dimensionally Stable Anodes (DSA®) such asTi/IrO2–Ta2O5 electrodes, show in-

teresting features, including high corrosion-resistance in a wide range of electrolytes, long 

life service (5-10 years) and high oxygen evolution in sulfated media [28,29]. Besides, to 

our knowledge, these DSA have not been yet employed for PS activation. 

 In this work, electrochemical-activated persulfate using Ti/IrO2–Ta2O5 electrode 

was applied for the decolorization of anthraquinone azo dye DB3 (C17H16N2O3). The pro-

cess efficiency was evaluated regarding the effect of current density, persulfate dosage, 

initial pH and influence of O2 and N2 on PS reduction. Also, the contribution of different 

temperatures was evaluated, with the aim of improving thermal-mediated activation of 

persulfate toward textile dye mineralization. 

2. Results and Discussion 
 

2.1. Effect of operational parameters on electrochemical activated persulfate 
 

Fig. 6.1 shows the effect of temperature in the range of 30-90 ºC on DB3 decol-

orization and mineralization by electro-PS. Sole electrolysis and heat activation results 

are also included. As can be seen, partial decolorization (13%) was observed in the elec-

trolysis reaction. In this case, DB3 was degraded by direct electrolysis on the anode sur-

face, involving the production of adsorbed HO•, generated from the water discharge ac-
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cording to Eq. 10 and 11[30]. The poor performance can be attributed to the low adsorp-

tion of DB3 on the electrode, which results in a decrease on the electron transfer between 

anode surface and the solution bulk 

 

MOx + H2O → MOx[HO•] + H+ + e -                                                                                                                               (10) 

MOx[HO•] + R → MOx  + RO + H+ + e-                                                                                                                     (11) 

whereMOx is the electrode surface. 

 

Furthermore, when PS was added to the electrolytic reactor, the system based on 

multiple activators (heat/electro-PS) improved the overall decolorization and mineraliza-

tion degree. A synergistic effect was produced. For example, at 30 °C, decolorization 

increased from 20% to 47% when combined with electro-PS (at 40 mA cm-2). Working 

at 50 ºC, TOC removal was close to 40% in the system electro-PS/heat, around 23% above 

the mineralization achieved by only heat-activation PS, corroborating the synergistic ef-

fect of combining cathodic reduction of PS and temperature. However, whereas in the 

range 30-70 ºC, heat-activated PS led to TOC conversion significantly lower than electro-

PS, this difference steeply decreased as temperature increased, achieving similar TOC 

conversion at 90 ºC after 60 min. DB3 was easily removed at 90 ºC after 10 min reaction 

in both systems and almost complete mineralization for both processes was achieved. 

 
Fig. 6.1. Influence of heat and electro-PS for DB3 decolorization and mineralization. Ex-
perimental Conditions: [DB3]0 = 80 mg L-1, [PS]0 = 100% at 40 mA cm-2 and pH = 6.3. 
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 The PS electro-assisted reduction was confirmed by cyclic voltammetry (CV). 

Fig.6.2 shows the CV for Ti/IrO2-TaO5 recorded at a sweeping rate of 20mVs−1 against 

Ag/AgCl in a range between 0.2V and 1.2V in the presence of 340 mg L-1 PS. For the 

sake of comparison, this figure also includes the voltametric performance in absence of 

PS. The appearance of a new cathodic peak on the reverse scan between 1 and 1.10V can 

be attributed to the cathodic reduction of PS (Eq. 9). Additionally, the low oxygen con-

centration in solution at 50 ºC (about 3.65 mg L-1), reduced the competition between O2 

and PS, increasing the adsorption and reduction of PS on cathode. The voltammetric 

charge (Q) indicates the amount of protons exchanged with the solution. The Q values 

from 340 mg L-1 to 1.7 g L-1 PS voltammograms varied in the range of 46-32.84 mC cm-

2 respectively. 

 

Fig. 6.2. CV of Ti/IrO2 – TaO2 anode. Sweeping rate: 20mVs−1. [S2O8
2-] = 20%, pH 6.3 

at 50 °C. Potential window 0.2-1.2V against Ag/AgCl.  

 

 Fig. 6.3.a depicts the DB3 decolorization with different constant current density 

at 50 °C. The increase of the applied current led to increase on PS reduction into SO4
•−, 

enhancing DB3 decolorization from 64 to 96% approx, when the current density varied 
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in the range 5-80 mA cm-2. In addition, SO4•− could be produced by a suite of reactions 

between electrogenerated HO• (Eq. 10) and the coexisting HSO4 in sulfate solutions (Eq. 

12) [31].  

 

HO•+ HSO4→ SO4
•−  + H2O                                                                                              (12) 

 

 The results presented in Fig. 6.3.a showed no significant difference in decoloriza-

tion efficiency when the current density varied from 40 to 80 mA cm-2. At a high applied 

current density (80 mA cm-2) and electrode potential (around 6V) a decrease in current 

efficiency occurs, due to the cathodic evolution of hydrogen gas. Furthermore, DB3 de-

colorization was adjusted in agreement to a pseudo first-order rate (kobs). As shown inset 

Fig. 6.3.a, the rate constant increased linearly from 0.019 to 0.048 min-1 when the applied 

current increased from 5 to 40 mA cm-2 (R2 = 0.97). From Fig 6.3.b, at higher current 

densities, PS reduction increased, reaching 88% PS reduction at 40 mA cm-2 after 60 min. 
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Fig 6.3. Effect of density current on the DB3 decolorization by electro-activated PS. Inset: 

Pseudo first order rate constant for DB3decolorizationas a function of various current 

density (a) PS reduction as a function of various current density (b) Changes in the ab-

sorption spectra of the DB3. Experimental Conditions: [DB3]0 = 80 mg, [PS]0 = 100%, 

current density 5 - 80 mA cm-2, [Na2SO4] = 0.05M, T = 50 °C and pH0 = 6.3.  

 



133 
 

 The UV-Vis spectra of DB3 decolorization between 200 and 800 nm is shown in 

Fig. 6.3.c. DB3 exhibits two absorbance peaks at 625 and710 nm which are attributed to 

the azo group responsible for the blue color. DB3 decolorization lead to short-chain acids 

formation, which corresponds to the opening of aromatic rings [32] which leads the for-

mation of acetic, formic, fumaric and malonic acid. Fig. S1 (see Supplementary data) 

shows the quantified carboxylic acids. The oxidation of acetic acid and oxalic acids leads 

to the formation of formic acid which is mineralized to CO2 [33]. In our IC analysis, the 

retention time of sulfate was same as that of oxalic acid, so we could not confirm the 

oxalic acid formation. 

 Fig. 6.4 illustrates the decolorization varying PS initial dose, ranging from 20 to 

100% (expressed as percentages of the stoichiometric PS/DB3 stoichiometric ratio) at 50 

°C and 40 mA cm-2. As can be observed, DB3 decolorization increased around 55% when 

the dosage of persulfate increased from 20% to 100%, due to greater SO4•−generation. 

 

 

Fig. 6.4. Time evolution of decolorization (a) and DB3 removal monitored by GC-MS 
Experimental Conditions: [DB3]0 = 80 mg, [PS]0 = 20-100%, current density 40 mA cm-

2, [Na2SO4] = 0.05M, T = 50 °C and pH0 = 6.3.  
 

 

 The progress of DB3 removal was monitored by GC-MS (Fig. 6.4.b). As ob-

served, the chromatograms exhibited one peak corresponding to DB3 at retention times 
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between 27.75 and 28 min, which was completely eliminated after 60 min using 100% 

PS. Several degradation intermediates aromatics compounds of DB3 were identified by 

GC/MS (See Table 1 supplementary material). 

 The influence of pH on the decolorization was carried out using 100% PS, 50 ºC, 

40 mA cm-2 and varying the pH from 3 to 12. As shown in Fig. 6.5., the rate constant was 

significantly increased under acidic and alkaline conditions. In acidic media, formation 

of SO4
•−  can be catalyzed by protons [34]. Also at low pH, the reduction in the solubility 

of oxygen gas increase the adsorption of PS on cathode [28]. On the other hand, at pH 12, 

SO4
•− and O2

•− can be produced by the reduction of PS by hydroperoxide (Eqs. 13, 14). 

Under alkaline pH, SO4•−also reacts with hydroxide anions to form HO• (Eq. 15). 

 

Fig. 6.5. Effect of initial pH on the DB3 removal by electro-activated PS. Experimental 
Conditions: [DB3] = 80 mg L-1, [PS] = 100%, [Na2SO4] = 0.05M , T = 50°C, at 40 mA 
cm-2.  
 

Sulfate radical is the predominant radical for pH < 9 (k < 60M-1 s-1), while HO•  is the 

predominant radical at pH  > 11 (k= 7 x 10M-1 s-1) [18,34] 

 

S2O8
2−+ 2H2O → HO2

− + SO4
2-  + 3H+                                                                                                                             (13)                                                                                                                         

S2O8
2−+ HO2

− → SO4
•− + O2

•− + SO4
2-  + H+                                                                                                                  (14) 

SO4
•− + OH− → SO4

2-  + HO•                                                                                                                                                  (15) 
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 In aqueous medium, O2  from the anodic oxidation of water (Eq. 16) leads to gen-

eration of H2O2 from the cathodic reduction of O2 (Eq. 17) [2,35]. As stated previously, 

the dissolved oxygen limits the continuous electrochemical activation of PS on the cath-

ode due to its competition with PS. To confirm the role played by O2, additional reactions 

saturating the bulk solution with oxygen and nitrogen gas were carried out. Results are 

shown in Fig 6.6.  

 

2H2O  → O2 + 4H+ + 4e-                                                                                                                                                               (16) 

O2 + 2H+ + 2e- → H2O2                                                                                                                                                                (17) 

 

 

Fig. 6.6. Effect of nitrogen and oxygen on PS consumption and H2O2 generation by elec-

tro-activated persulfate. Experimental Conditions: [DB3] = 80 mg L-1, [PS] = 100%, 

[Na2SO4] = 0.05M , T = 50 °C, N2 =  O2 = 100 mL min-1 and pH=6.3 

 

 In presence of O2 (100 mL min-1) the results showed that a considerable amount 

of H2O2 was generated (20 mg L-1) and the reduction of PS was significantly lower, com-

pared to the control reaction. Consequently, the decolorization was reduced approx by 

25%. In contrast, a positive influence was observed in PS reduction in the absence of 

dissolved O2. The considerable increase in the reduction of PS (from 70% to 98% respec-

tively for O2 and N2 solution) and decolorization efficiency (about 99%) is ascribed to the 
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decrease of O2 in the solution (less than 1 mg L-1). Furthermore, decrease in electrogen-

erated H2O2 was also observed in the presence of N2.  

 

2.2.  Ti/Ir-Ta electrode characterization 
 

 Surface characterization by means of Scanning Electron Microscopy (SEM) were 

taken before and after electro-PS, with no significant changes in the surface (see Fig. S2 

of the Supplementary material). In order to confirm this, EDX analyses were carried out. 

As can be seen in Table 6.1, the difference in metal content (Ti, Sn, Ta, Ir), measured as 

atomic ratio, was negligible as it was always below 1% between the new and used elec-

trodes. In addition, only a small fraction of carbon (∼4%) was adsorbed on the electrode 

surface.  The metal leaching from the electrodes was measured by ICP-OES, being the 

concentration of Ir and Ta: 17.48 µg L-1 and 0.20µg L-1 respectively in the final DB3 

treated solution.  

 

Table 6.1. Qualitative identification of elements present in a Ti/IrO2-TaO5elec-
trode  

Element Atomic %  
 Before                            After 

C 15.73 19.27 

0 59.19 52.71 

Ti 13.29 12.3 

Sn 3.13 3.03 

Ta 2.96 2.95 

Ir 5.74 5.70 
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Supplementary Material 
 

 
 

 
Fig. S1. Short-chain organic acids resulting from electro-PS oxidation of DB3 ([DB3]0 = 80 mg 
L-1; [PS]0 = 100 mg L-1; [Na2SO4] = 0.05 M; pH0 = 6; T = 50 ºC; at 40 mA cm-2, t = 60 min. 

 

 
 Fig. S2. SEM images of anodes (a) before and (b) after electrochemical activated PS  
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 Table S1. Aromatic by-products of DB3 by electro-PS treatment identified by GC–MS  
COMPOUND    Formula            MW  g  Mol-1 

4-(Methylamino)-1-nitroso-9,10-anthracenedione C15H10N2O3 266 
1-Hydroxy-4-(methylamino)-9,10-anthracene-
dione 

C15H11NO3 253 
1-(Methylamino)-4-amino-9,10-anthracenedione C15H12N2O2 252 
1,4-dihydroxy-9,10-Anthracenedione  C14H8O4 240 
1,4-diamino-9,10 anthracenedione C14H12N2O2 240 
2-[(2,3-Dimethylphenyl)amino]benzoic  C15H15NO2 241 
Diethyl phthalate C12H14O4 222 
Dimethyl 5-aminoisophthalate C10H11NO4 209 
Isoquinoline-1-carboxylic acid C10H10O2 173 
Isophthalic acid C8H4O2 166 
2,4-Quinolinediol C9H7NO2 161 
Isoquinoline C9H7N 129 
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1. General Conclusions  
 

1.1.  Conclusions 
 

Following are the main conclusions reached by this work: 

 

1. Electro-activation of persulfate using iron electrode was proved as a feasible pro-

cedure for treating phenolic industrial wastewater. The process was affected by 

the persulfate concentration, current density, temperature and the aqueous solu-

tion conductivity. The mineralization efficiency was close to 80% at 30 °C, using 

1 mA cm-2, sodium sulfate 10.7 mS cm-1 and 2.15 g L-1 PS, after 90 min reaction. 

The efficiency steeply raised as temperature increased but also the generation of 

iron sludge. The TOC time-evolution were well described by a second order ki-

netic model based on TOC lump with apparent activation energy of 29 kJ mol-1.  

Under the previous conditions, the preliminary operative cost of this treatment 

results US$3.00 per m3 of aqueous phenol solution (100 mg L-1).  

2. The synthesized nZVI-Ag was found to be effective to activate persulfate. BBD 

was proven suitable to determine the effects of nZVI-Ag dosage, reaction temper-

ature and persulfate concentration on 4-CP degradation. The results obtained were 

fitted with a quadratic model, indicating that the proposed regression allows a 

successful simulation of the experimental results. Under the optimal conditions 

(50 mg·L-1 nZVI-Ag, 21 mM PS at 57 °C) complete degradation of 4-CP and a 

high mineralization degree (83%) were achieved.  

3. The irradiation with UV-LED  (λ: 405 nm) allows overcoming the drawbacks as-

sociated with the use of natural ilmenite (FeTiO3) to activate persulfate. The com-

bined UV-LED/ilmenite/PS show synergetic effect compared to the individual 
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processes, achieving DB3 mineralization around 95% under the optimum operat-

ing conditions (320 mg L-1 of ilmenite, pH0:3 using 100% of stoichiometric 

amount of PS at 70 °C under UV-LED radiation). Despite the negligible iron 

leaching, the catalyst suffered a dramatically loss of activity after three consecu-

tive runs due to the interaction between SO4
2- and the surface of FeTiO3. This 

assumption (confirmed by DFT calculation) entails the formation of a passivation 

layer on the surface that also justifies the slightly increment of the proportion 

Fe(III)/Fe(II) experimentally observed. 

4. Ti/IrO2–Ta2O5 electrodes become a feasible alternative to electro-activate persul-

fate avoiding the generation of iron-sludge. Besides, this process has proven to be 

effective in both acidic and basic media, overcoming one of the most important 

drawbacks of HO· based AOPs. Nevertheless, the effectivity of this alternative is 

lower than the previous ones, reaching mineralization degrees near 60% when 

using applied current of 40 mA cm-2 for 60 min with the stoichiometric PS dose 

at 70 ºC. 
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1.2. Conclusiones 
 

La investigación realizada ha dado lugar a las siguientes conclusiones: 

 

1. La electroativación de persulfato utilizando electrodos de hierro se ha demostrado 

como un método factible para el tratamiento de efluentes industriales de natura-

leza fenólica. Las principales variables que afectan al proceso son la concentra-

ción de persulfato, la densidad de corriente, la temperatura y la conductividad de 

la disolución acuosa. En este sentido es posible alcanzar conversiones del orden 

del 80% cuando se trabaja a 30ºC, 1 mA cm-2, 10.7 mS cm-1 Na2SO4 y 2.15 g L-1 

PS, tras 90 min de reacción. El aumento de la temperatura incrementa significati-

vamente la eficiencia del proceso, si bien también aumenta la generación de lodos. 

La evolución del consumo de materia orgánica (expresado como COT) se describe 

adecuadamente mediante un modelo cinético de segundo orden basado en la cla-

sificación de la materia orgánica en función de su degradabilidad.  

2. Las nanopartículas sintetizadas de hierro cero-valente dopadas con plata (nZVI-

Ag) demostraron igualmente ser efectivas en la activación de persulfato, permi-

tiendo alcanzar grados de mineralización superiores al 80% en condiciones ópti-

mas (50 mg·L-1 nZVI-Ag, 21 mM PS at 57°C), obtenidas aplicando la metodolo-

gía BBD.  

3. La combinación UV-LED/ilmenita permite activar el persulfato evitando la gene-

ración de lodos de hierro durante el proceso. La alta estabilidad de la ilmenita está 

asociado a que se trata de un mineral en el que el hierro forma parte de su estruc-

tura. Los resultados obtenidos demuestran su efectividad para la eliminación de 

efluentes procedentes de industrias textiles. En las condiciones óptimas (320 mg 
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L-1 de ilmenita, radicación UV-LED, pH0:3 empleando la cantidad estequiomé-

trica de PS, a 70ºC) se alcanzaron grados de mineralización superiores al 95%. 

Como factor negativo destacar la rápida desactivación del catalizador por la for-

mación de una capa de sulfato en la superficie del catalizador. 

4. La utilización de electrodos Ti/IrO2–Ta2O5 permite la electro-activación del PS 

evitando la generación de lodos de hierro. Además se trata de un proceso que es 

eficiente tanto a pH ácido como básico, lo que supone una ventaja competitiva 

frente a otros procesos de oxidación avanzada que están muy limitados por el va-

lor del pH. No obstante su eficiencia no es tan elevada como en los casos anterio-

res, alcanzándose grados de mineralización cercanos al 60% cuando se opera a 

70ºC. aplicando una corriente de 40 mA cm−2 durante 60 min empleando la dosis 

estequiométrica de PS. 
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