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Abstract 19 

The photo-assisted electrochemical degradation of a real effluent of the atrazine manufacturing 20 

process containing atrazine, simazine, hydroxy-triazine and propazine was carried out 21 

galvanostatically using a pilot-scale tubular flow reactor prototype containing DSA
®
 and Ti as 22 

cathode. The effluent was mainly characterized by a high amount of NaCl, required in the 23 

synthesis route used, and it was used as taken in the factory. The variables for process 24 

optimization were the current density (3.0, 6.0, and 9.0 mA cm
–2

) and flow rate (300 and 3,000 L 25 

h
–1

). These later values produces laminar and turbulent flow regimes, with Reynolds numbers of 26 

1,100 and 11,000, respectively. None of the four organics contained in the waste is refractory to 27 

the photo-electrochemical treatment and they are depleted with the photo-electrolytic technology 28 

using large current densities and appropriate electric charge passed. Both direct electrochemical 29 

process and mediated anodic oxidation occur during the treatment. First process occurs at 30 

turbulent flow condition and low current densities, while the chemical oxidation process happens 31 

at laminar flow condition and high current densities. Atrazine and propazine are efficiently 32 

removed at laminar flow conditions, with an almost total depletion for the largest current 33 

densities. On the contrary, simazine is efficiently removed in turbulent flow conditions and 34 

intermediate current density, with removals higher than 90% for 20 kWh m
-3

. These results have 35 

great significance because they demonstrate the applicability of the electrochemical technology 36 

in the treatment of real industrial wastes with a cell specially designed to attain high efficiency in 37 

the removal of pollutants. 38 

 39 

Keywords: atrazine; industrial wastewater; anodic oxidation; effluent treatment; wastewater 40 

remediation 41 

42 
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1. Introduction 43 

Herbicides are chemicals used to eliminate vegetation that acts like parasites in specific 44 

plantations. They can be organic or inorganic and the choice between them is dependent of some 45 

properties such as selectivity, water solubility, chemical stability, adsorption strength on colloids, 46 

etc. The classification of the herbicides is usually based on the chemical formulae; however, it 47 

must be stressed that any relationship between the chemical structure and the biochemical 48 

behavior is extremely difficult to understand (Audus, 1967). Among the enormous variety of 49 

herbicides, atrazine (2-chloro-4-ethylamino-6-isopropylamino-1,3,5-triazine), a s-triazine group 50 

of herbicide, is one of the most used worldwide for the control of broadleaf weeds, being suitable 51 

for the cultivation of sugar cane, corn and sorghum. Atrazine is industrially synthesized by the 52 

nucleophilic substitution reaction of alkyl amines with cyanuric chloride (Mtyopo, 2004; Pathak 53 

and Dikshit, 2011). In the first step, cyanuric chloride reacts with isopropylamine to produce the 54 

2,4-dichloro-6-isopropylamino-s-triazine intermediate. The second step involves the reaction 55 

between that intermediate with monoethylamine in which the second chloro atom of the triazine 56 

ring is displaced. Fig. SM-1 (in supplemental material) summarizes the steps involved in the 57 

atrazine production
2
 for the sake of clarity.  58 

The reaction is carried out in an organic medium in the presence of water. In order to avoid 59 

an acidification of the reaction medium, sodium hydroxide is added during the synthesis with the 60 

consequent production of a high amount of NaCl. Thus, the final industrial effluent resulting of 61 

atrazine production is a concentrated solution containing NaCl contaminated with atrazine and 62 

different reaction by-products, such as propazine, simazine, and hydroxy-triazines. The 63 

inadequate disposal of this effluent can cause serious problems to the human and aquatic lives 64 

(Hayes et al., 2011; Oturan et al., 2012). Moreover, there is the necessity to treat those pollutants 65 

due to the increasingly rigid environmental regulations (Hessel et al., 2007; Rao and Chu, 2013). 66 
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Considering all the available methods to treat effluents containing organic compounds 67 

(Martínez-Huitle and Brillas, 2009; Poyatos et al., 2010; Frangos et al., 2016), the 68 

electrochemical one, particularly the anodic oxidation, might be the option due to its high 69 

organic removal rates and easy implementation (Rodrigo et al., 2014; dos Santos et al., 2015a; 70 

dos Santos et al., 2015b). Another important requirement of this method is a high ionic 71 

conductivity, which is not a problem in effluents like those generated in the atrazine 72 

manufacturing process (Sires et al., 2014). 73 

The most important parameter in the anodic oxidation technology is the electrode material. 74 

Among the most common studied materials, the dimensionally stable anodes (DSA
®
) have been 75 

successfully used over the years in the chlor-alkali industry
3
 and their applications to the 76 

degradation of organic substances have been the subject of many studies (Martinez-Huitle and 77 

Brillas, 2009; Poyatos et al., 2010; Malpass et al., 2013; Santos et al., 2016). According to the 78 

model proposed by Comninellis (1994), oxide electrodes used for combustion/electrochemical 79 

conversion of organic pollutants in aqueous solution can be classified as "active" and "non-80 

active". For both types of materials the mechanism occurs with the initial formation of adsorbed 81 

hydroxyl radical (OH), which can lead to formation of higher oxides ("active") that will 82 

promote subsequent oxidation processes or in the case of "not active" oxide materials, the 83 

hydroxyl radical interacts directly with organic species leading to complete combustion. Malpass 84 

and Motheo (2008) considering the mechanism proposed by Comninellis observed that in the 85 

oxidation process the characteristics and concentration of the organic species are as important as 86 

the nature of the electrode material. 87 

Besides this classification considering the electrode material, the anodic oxidation 88 

processes can be classified as direct or indirect (Panizza and Cerisola, 2009). In the direct 89 

processes, the organic species undergo an adsorption process for charge transfer to occur and in 90 

the indirect processes, oxidizing species are generated on the electrode surface which diffuses 91 
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away from it to interact with organic species in the solution bulk (Hermes and Knupp, 2015). In 92 

the last case the oxidizing species formed depend on the nature of the ions present in solution 93 

which may, for example, generate active chlorine (Cl2, HClO and ClO
-
) when the solution 94 

contains chloride ions. Furthermore, the efficiency of oxide electrodes, particularly DSA
®
, for an 95 

oxidation process can be increased by irradiating their surface with ultraviolet radiation (Catanho 96 

et al., 2006; Tauchert et al., 2006; Malpass et al., 2007a; Malpass et al., 2009; Malpass et al., 97 

2010a; Li et al., 2011; Sathishkumar et al., 2014; Hermes and Knupp, 2015). 98 

The effect of different supporting electrolytes in the electrochemical oxidation of atrazine 99 

was studied using a commercial DSA
®

(Ti/Ru0.3Ti0.7O2) (Malpass et al., 2006). The authors 100 

reported that the removal of atrazine and total organic carbon (TOC) was only achieved at 101 

appreciable rates in NaCl medium and that the TOC removal was dependent on the NaCl 102 

concentration in solution. In addition, the photo-assisted electrochemical degradation of atrazine 103 

was also studied with substantial reduction of the energy required when photochemical and 104 

electrochemical techniques were applied simultaneously (Malpass et al., 2007a). The 105 

electrochemical and photo-assisted electrochemical degradation of atrazine were also studied by 106 

using SnO2-containing DSA
®
 with different nominal composition (Malpass et al., 2010b). The 107 

authors reported that the photo-assisted degradation led to almost complete removal of atrazine 108 

in 1 h of electrolysis while the degradation efficiency did not appear to be affected by the content 109 

of SnO2. On the other hand, complete COD removal was dependent on the electrode 110 

composition. 111 

A possible drawback during the anodic oxidation of organics in chloride containing media 112 

is the formation of organochlorine species. These species are organic compounds containing 113 

chloro atoms covalently bonded to their structures in which some of them present significant 114 

toxicity to living organisms. Concerning to this subject, Malpass et al. (2012) reported a toxicity 115 

decrease during photo-electrochemical degradation of atrazine in chloride containing medium 116 
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using an aquatic crustacean known as Artemianauplii. As expected, it was observed that the 117 

solution toxicity increased during the anodic oxidation treatment in the presence of NaCl; 118 

however, when the photo-assisted electrochemical method was used, the toxicity decreased. 119 

Thus, the aim of the present study is to evaluate the application of a photo-assisted 120 

electrochemical method at a pilot scale prototype to treat a real industrial effluent originated 121 

from atrazine production. The complexity of the effluent and the large size of the 122 

electrochemical cell are two of the main points of this work, which tries to determine if the 123 

electrochemical technology can be applied in real environmental remediation cases.  124 

2. Materials and methods 125 

2.1 Chemicals 126 

All chemicals, including atrazine (Chem Service 98.9%), Na2S2O3 (a.r., Vetec), NaCl (a.r., 127 

Synth), K2Cr2O7 (a.r., Synth), AgNO3 (a.r., Merck), NaOH (a.r., Qhemis), acetonitrile (HPLC 128 

grade, JT Baker, Mexico), and methanol (HPLC grade, JT Baker, Mexico) were used as 129 

received. Double deionised water (Millipore Milli-Q system, resistivity ≥ 18.2 MΩ cm at 25 ºC) 130 

was used in dilutions, preparation of standard solutions and cleaning of chromatographic 131 

columns. 132 

2.2 Atrazine effluent 133 

The real effluent containing atrazine was supplied by NORTOX S/A, Brazil. The 134 

approximate concentration of that compound in the effluent was 30 mg L
-1

. Other substances 135 

may also be present, such as simazine and propazine, both at a concentration of 5 mg L
-1 

and 136 

hydroxy-triazine. The physicochemical characteristics of the as received effluent can be seen in 137 

Table SM-1 of the supplementary material section. One important characteristic was the large 138 

amount of chloride ions contained, which is a consequence of the synthetic route used to produce 139 

atrazine. This concentration was determined by titration after appropriate dilution, according to 140 



7 
 

the argentometric method described in the literature (Eaton et al., 1995). Thus, all the 141 

experiments were carried out with the effluent in the condition of as received.  142 

 143 

Figure 1. Schematic representation of the tubular flow reactor. A: top and side views; B: one-144 

half cell composed of the DSA
®
 anode, quartz window, and UV lamp. 145 

2.3 Experimental setup 146 

The electrochemical degradation experiments were carried out in a tubular flow reactor 147 

with 0.16 m internal diameter and 1.05 m long made of polyvinyl chloride. Six tubular mesh type 148 

DSA
®
 anodes (nominal composition Ti/Ti0.7Ru0.3O2) with an external diameter of 30 mm and 149 

750 mm long were positioned inside the tube, as well as a Ti-mesh cathode (150 mm external 150 

diameter and 750 mm long) enclosing all the six anodes. A schematic representation of the 151 

photo-assisted electrochemical tubular flow reactor can be seen in Fig. 1. The electrodes were 152 

acquired from De Nora Brazil and the total area of the anodes was approximately 0.85 m
2
. Seven 153 

low-pressure germicide UV-lamp (Philips, 40 W) were inserted in the center of each DSA
®
 154 

anode together with the corresponding quartz window tube. The lamp in the center of the tubular 155 

flow reactor was not enclosed with the DSA
®
 mesh type electrode. Moreover, the lamps 156 

completely filled the length of the anodes. As a consequence of the heat dissipation from the 157 
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centrifugal pump, only three lamps were possible to be turned on in order to be possible to 158 

control the solution temperature. 159 

2.4 Photo-assisted electrochemical degradation experiments 160 

The electrolysis under UV irradiation was carried out galvanostatically using 20 L of the 161 

effluent containing atrazine and their derivatives. The investigated variables and their ranges 162 

were the flow rate at laminar (300 L h
–1

) and turbulent (3,000 L h
–1

) regimes and the current 163 

density (3.0, 6.0, and 9.0 mA cm
–2

). Reynolds number was used to assess flow conditions. For 164 

300 L h
–1

 a value of 1,100 was obtained, while for 3,000 L h
–1

 the value increases up to 11,000, 165 

both values clearly in the range of laminar and turbulent regimes, respectively. The solution 166 

temperature was maintained at 30 ºC during all the experiments, using a refrigerated glass coil 167 

inside the reservoir. The initial electrolysis time was set for 5 h, in order to assess the levels of 168 

the investigated variables on the degradation of the atrazine effluent. Before each experiment, a 169 

current density of 50 mA cm
−2

 during 15 min was employed to activate and clear the DSA
®

 170 

surface from any adsorbed organic compound, using a 20 L solution containing 50 mM NaCl for 171 

30 min. 172 

2.5 Analysis 173 

The concentration of the pesticides and intermediates was monitored by high performance 174 

liquid chromatography (HPLC - Shimadzu - LC 10ADVP) by sampling at certain time intervals, 175 

according to the applied electric current. The electrolyzed samples were collected in glass tubes 176 

filled with 200 µL of a 5.0 g L
–1 

Na2S2O3 solution, to quench the reaction promoted by 177 

electrogenerated oxidants. Then, the samples were extracted using a glass syringe connected to 178 

Sep-pakC18 cartridges (Waters
®
), according to the following sequence: i) 5.0 mL of methanol, 179 

ii) 5.0 mL of double deionised water, iii) 5.0 mL of the collected sample, iv) 3.0 mL of double 180 

deionised water to remove the excessive salt, and v) 2.0 mL of methanol to redissolve atrazine. 181 

The liquid flow rate was approximately one drop per second. The HPLC assays were carried out 182 
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under reversed phase using a C18 column (Supelco: 150 mm x 4.6 mm, 5 µm) and the mobile 183 

phase consisted in a volumetric mixture of 40% acetonitrile and 60% water with a flow rate of 184 

0.5 mL min
−1

. The temperature of the oven was maintained at 40 ºC and the pesticides 185 

concentration was monitored at 223 nm (Shimadzu – SPD-10AVP). 186 
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 187 

Figure 2. Effect of the current density on the removal of pesticides in the industrial waste with 188 

laminar flow conditions (Re = 1,100). A: ■ hydroxy-triazine;  atrazine; B: ▲ simazine; 189 

 propazine; Black points: 3.0 mA cm
-2

; grey points 6.0 mA cm
-2

; white points 9.0 mA cm
-2

. 190 

Electrolysis time: 300 min at 3.0 mA cm
-2

; 180 min at 6.0 mA cm
-2

; 60 min at 9.0 mA cm
-2

. 191 

3. Results 192 

Fig. 2 shows the decay of the four organics contained in the raw wastewater during the 193 

photo-electrolyses in laminar flow conditions of the industrial waste polluted with a mixture of 194 

pesticides. As it can be observed, the efficiency of the treatment technology in the removal 195 

depends on the particular pesticide to be removed. In addition, it can also be observed a clear 196 
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influence of the current density on the removal of the four pesticides, which can be also 197 

associated to the dependence of the solution pH with the current density and electrolysis time, as 198 

presented in Fig. SM-4. Atrazine is the easiest molecule to be removed and the difficulty in the 199 

oxidation of the raw pollutants contained in the waste increases in the sequence atrazine – 200 

propazine – hydroxy-triazine  201 

– simazine. Efficiency in the removal of atrazine increases moderately at higher current 202 

densities. Somewhat similar occurs for propazine, although in this case the improvements 203 

attained applying higher current densities are even more important. Regarding the other two 204 

pollutants, clearly higher current densities are required to deplete their concentration, in special 205 

for simazine, for which removal at the lowest current density is almost nil despite passing very 206 

large electric current charges. 207 

One very important point that can be drawn from Fig. 2 is that, despite their different 208 

behavior, none of the four organics is refractory to the photo-electrochemical treatment and they 209 

could be oxidized in a great extension using large current densities. The different efficiencies 210 

observed in the degradation of the four organics may suggest that the primary mechanism for the 211 

oxidation of pesticides under these conditions is a more selective chemical oxidation performed 212 

by oxidants produced on the anode surface rather than a typically non-selective direct oxidation 213 

process. 214 

Likewise, the improvement found in the efficiency with the application of larger current 215 

densities suggests that process is not mass transport controlled, as well. Semi-logarithmic plots 216 

of the concentrations decay vs. time (Fig. SM-2 of the supplemental material section) are clearly 217 

linear suggesting a treatment processes controlled by chemical oxidation. At this point, to 218 

explain this, it is important to bear in mind that: 219 

 The actual industrial waste contains large concentrations of chlorides. The application of 220 

electrical current, in chloride containing mediums, leads to the electrogeneration of chlorine 221 
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species (Eq. (1) and (2)). These species may disproportionate, according to the solution pH, 222 

leading to hypochloric acid and hypochlorite (Eq. (3) and (4)), two strong and well-known 223 

oxidants. 224 

Cl
- 
 Cl• + e

-
 (1) 225 

Cl• + Cl
- 
 Cl2 + e

-
 (2) 226 

Cl2 + H2O  HOCl + H
+
 + Cl

-
 (3) 227 

HOCl + OH
- 

 OCl
-
 + H2O (4) 228 

In addition, the chlorinated oxidant species (HClO and ClO
-
) can undergo a homolytic 229 

cleavage reaction mediated by the UV radiation, in the photo-assisted electrolysis, resulting in 230 

the formation of highly reactive hydroxyl (•OH) and chloro (Cl•) radicals (Eq. (5) to (7)) (Feng 231 

et al., 2007). These radicals could be formed in the solution bulk and might avoid mass transfer 232 

limitations to the electrode surface. The •OH radicals can also be produced on the TiO2 presented 233 

in the anode surface due to the existence of the crystallographic phase of anatase. Then, it is 234 

expected higher removals rates using the photo-assisted electrochemical process (Li et al., 2011), 235 

in chloride ion containing mediums, than the one only using the electrochemical process, as the 236 

mediated oxidation is the dominant process. 237 

These findings were already observed during the treatment of some pollutants (Catanho et 238 

al., 2006; Malpass et al., 2009), including atrazine (Malpass et al., 2007a; Malpass et al., 2010a; 239 

Malpass et al., 2010b), using the photo-assisted electrochemical technology. Thus, the 240 

experiments for the degradation of atrazine were conducted using that process. 241 

HOCl + hν  •OH + Cl• (5) 242 

OCl
-
 + hν   •O

-
 + Cl• (6) 243 

•O
-
 + H2O  •OH + OH

-
 (7) 244 
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 First-order kinetics in a wastewater treatment electrochemical process can be explained in 245 

terms of a mass transport controlled process or by a chemical oxidation in which the 246 

concentration of oxidant is large enough to attain a pseudo-steady state for oxidants 247 

concentration (Rodrigo et al., 2001; Cañizares et al., 2005). Typical kinetics for a mass 248 

transport controlled processes is represented in Eq. (8), where kL is the mass-transfer 249 

coefficient (m s
–1

), A the electrode area (m
2
), [C]b the concentration of the pollutant in the 250 

solution bulk (mol m
–3

) and [C]s is the concentration of the pollutant on the anode surface 251 

(mol m
–3

). Under mass transport control [C]s becomes nil and Eq. (9) becomes the governing 252 

equation for the kinetics of the electrolytic process. In this equation IL is the limiting electrical 253 

current (A), n the number of transferred electrons, and F the Faraday constant (96,485 C mol
–254 

1
). Mediated anodic oxidation processes can be modeled by a second-order kinetic equation, 255 

according to Eq. (10) where kox its rate constant (mol
–1

 m
6
 s

–1
), and [Ox] the concentration of 256 

oxidants produced during the electrolytic process (mol m
–3

). This second-order kinetic 257 

equation can also be simplified to a first-order kinetic equation assuming that oxidants 258 

produced and consumed during the electrochemical processes reach a constant pseudo-steady-259 

state concentration [Ox]ss in every electrolysis, where a new kinetic constant kmed is defined as 260 

shown in Eq. (12). 261 

r           C b –   C s  (8) 262 

rdirect electrolysis.   
  

n  
          C b (9) 263 

rmediated electrolysis    ox   Ox    C b (10) 264 

rmediated electrolysis    mp   C b (11) 265 

 mp    ox   Ox ss (12) 266 
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Taking into account that mass transfer coefficient does not depend on the current density 267 

but only on fluid-dynamic inputs, an increase in the efficiency with larger current densities can 268 

only be explained by a large pseudo-steady state concentration of oxidant which makes kmp to 269 

increase. This can be easily understood because of the expected greater formation of chlorine-270 

based oxidants at larger current densities. 271 

 272 
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Figure 3. Effect of the current density on the removal of pesticides in the industrial waste with 274 

turbulent flow conditions (Re   11,000);  : ■ hydroxy-triazine;  atrazine; B: ▲simazine;  275 

propazine. Black points: 3.0 mA cm
-2

; grey points 6.0 mA cm
-2

; white points 9.0 mA cm
-2

. 276 

Electrolysis time: 300 min at 3.0 mA cm
-2

; 180 min at 6.0 mA cm
-2

; 60 min at 9.0 mA cm
-2

. 277 

Fig. 3 shows the decay of the four pesticides in turbulent flow conditions. General trend is 278 

similar to that observed in Fig. 2 for laminar flow conditions, although in this case the decay rate 279 

of simazine seems to be much better.  280 
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On the contrary, removal of propazine seems to be worse, although the process is still very 281 

efficient at the largest current density applied and this compound does not behaves as refractory. 282 

The strange change observed for the hydroxy-triazine clearly indicates its role as reaction 283 

intermediate during the oxidation. This species is oxidized during the electrochemical oxidation 284 

but at the lowest current density (with softer oxidation conditions), the rate of formation is higher 285 

than the rate of oxidation. General behavior with respect to the current density is not as observed 286 

in laminar conditions. In fact, the greatest efficiencies are obtained for the 6.0 mA cm
-2

 287 

electrolysis tests. This informs that in this case, mass transport importance should be greater, and 288 

both direct electrochemical oxidation (by Eq. (9)) and chemical oxidation processes (by Eq. (11)) 289 

should be playing an important role in the depletion of pesticides. Obviously, in turbulent flow 290 

conditions, it is expected that the mass transport coefficient, and hence the rate of the direct 291 

electrochemical process, should be largely increased with respect to the laminar flow conditions. 292 

Likewise, the increased turbulent conditions may help to strip gaseous chlorine from the treated 293 

waste and this can explain a lower contribution of the chemical oxidation mechanisms under 294 

turbulent flow conditions. Both changes may help to explain the different behavior observed. 295 

Regarding the treatability, again, it can be observed that any of the compounds present in the raw 296 

waste are refractory to the photoelectrochemical treatment and, hence, that complete removal can 297 

be attained with this technology, also working under turbulent flow conditions. That behavior is 298 

interesting due to the reduced time required for the complete removal of pesticides, which is an 299 

important topic when industrial application of the method is considered, and also to the 300 

diminishment of the UV exposure (energy saving). Similar results considering atrazine removal 301 

were obtained by Borràs et al. (2010) using the advanced oxidation processes. Type of pollutant 302 

and current density influences significantly in the removal of pesticides.  303 

To compare the effect of current density in both fluid dynamic regimes, kinetics constants 304 

of the decay of the four pesticides have been obtained by fitting experimental decay data to a 305 
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first order model (Aquino et al., 2014; Sopaj et al., 2015). In Fig. 4, the kinetic constant values 306 

obtained are plotted against the conditions for which they were obtained. It can be noticed that 307 

current density has a growing and positive effect on the kinetic constant in both flow regimes, 308 

which can be easily interpreted in terms of a higher concentration of oxidants as it is shown in 309 

Eq. (13) and (14), applicable to each of the four organic species. 310 

   rmediated electrolysis  rdirect electrolysis.  (13) 311 

          C b +  mp   C b        +  mp)   C b (14) 312 

0.0 3.0 6.0 9.0
0.00

0.02

0.04

0.06

0 3 6 9

B

k
 /

 m
in

-1

j / mA cm
-2

A

 313 

Figure 4. Pseudo-first-order kinetic constants of the four pesticides contained in the industrial 314 

waste obtained by fitting of experimental depletion data. ■ hydroxy-triazine; ▲ simazine;  315 

propazine;  atrazine. 316 

The lower slope of the influence of current density in the case of the turbulent flow tests 317 

may be explained by a smaller effect of the oxidants produced, due to the partial loss of chlorine 318 
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by gas stripping. A similar result was obtained by Malpass et al. (2010a) during the photo-319 

assisted electrochemical treatment of a synthetic solution containing atrazine, in the presence of 320 

chloride ions, using a Ti/Ti0.7Ru0.3O2 anode and a similar tubular reactor. In another paper, 321 

Malpass et al. (2007a) observed an increase in the removal rate of atrazine, at bench scale, when 322 

the flow rate was increased; however, the range of the flow rate investigated was much lower, 323 

from 32 to 425 mL min
-1

, which corresponded to a mass-transfer controlled degradation. In 324 

addition, in the experiment conducted under turbulent regime conditions, the residence time in 325 

the reactor and the irradiation time per passage is lower than those for laminar regime and this 326 

may also contribute to explain the lower slope observed. 327 

Regarding the lower values obtained for the kinetic constants in turbulent regime, it is 328 

important to take into account that these kinetic constants are related to the four raw pesticides 329 

and not to intermediates (that are going to be discussed later on) and that during the process all 330 

these oxidation reactions compete. This may mean that the removal of raw matter could be more 331 

efficient in laminar flow but this does not mean that the total depletion of pollution (including 332 

raw matter and intermediates) varies in the same fashion. This only could be noticed assessing 333 

the time course of TOC or COD removal. However, it is worth taking into account that in this 334 

study the waste treated was an actual effluent of an industrial process and not a synthetic one. 335 

Unfortunately, both parameters could not be measured satisfactorily, in particular due to:  336 

 the very high concentration of chloride; 337 

 the low ratios organic carbon / chloride; 338 

 the changing nature of the organics contained during the course of the electrochemical 339 

process. 340 

For this reason, although measurements were carried out, it was found that they changed 341 

almost randomly and it was not possible to correlate with organics.  342 
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A very interesting piece of information that should be obtained from this work is the 343 

occurrence of intermediates and final products. Characterization is particularly difficult for an 344 

actual waste like the used in this work but HPLC allow us to identity up to 5 main species 345 

(detectable signals in HPLC, approximate detection limit 0.01 mg L
-1

) in the entire photo-346 

electrolysis tests carried out. They were named according to their HPLC peak retention time as 347 

P1 (2.7 min), P2 (6.7 min), P3 (7.1 min), P4 (8.5 min) and P5 (13.1 min). Fig. 5 shows the time 348 

course in the two boundary experiments. Laminar flow conditions and low current densities are 349 

the softest oxidation conditions and allow us to discern clearly that the sequence reaction should 350 

be P5 > P2 > P4 > P3 > P1, because this is the order of appearance of the maximum concentration 351 

(or plateau in case of P3 and P1). According to the time course, species P3 and P1 seem to behave 352 

as final products and not as intermediates. This means that under these soft conditions both 353 

species are refractory to the treatment.  354 
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Figure 5. Main intermediates and final products detected by HPLC during the photo-electrolyses 356 

of the industrial waste at two different conditions. A: laminar flow (Re = 1,100), 3 mA cm
-2

; B: 357 

turbulent flow (Re = 11,000), 9 mA cm
-2

. Legend:  P1;  P2;  P3;  P4;  P5. 358 

The observation reverses at harsher oxidation conditions (turbulent flow and high current 359 

densities) in which it can be clearly seem that all species (even P3 and P1) behaves as 360 

intermediates and hence that no refractory species are formed. Consequently, the application of a 361 

greater charge could remove completely the organic content of the waste. This is very interesting 362 

information, because it is known that in the degradation of organics, the intermediates could be 363 

even more hazardous than the parent compounds and this clearly shows that the technology 364 

studied in this work is robust enough to deplete not only the raw matter but all of them. 365 

Fig. SM-3 compares the maximum concentration (measured as chromatographic area 366 

units) of the five intermediates monitored during the photo-electrolytic tests. For laminar flow, 367 

the higher the current density the lower is the maximum concentration of intermediates. This can 368 

be easily explained in terms of a higher concentration of oxidants in those conditions. For 369 

turbulent flow, there is not a clear influence of current density maybe because of the coexistence 370 

of direct and mediated oxidation mechanisms that may be explained in terms of the enhanced 371 

mass transport, which increases the direct oxidation processes, and the loss of chlorine by 372 

stripping which worse the chemical oxidation rate. 373 

Maximum concentration of the main intermediates (those detected by HPLC) is very 374 

similar in both flow conditions, although clearly P1 concentration is greater in the turbulent flow 375 

condition suggesting that this intermediate is better removed by the chemical oxidation with 376 

chlorinated oxidants (which according to previous discussion seems to be better at laminar flow 377 

conditions). The concentration of the other intermediates is slightly smaller in the case of the 378 

turbulent flow maybe because of the synergistic effect of direct and mediated oxidation 379 

processes (Cañizares et al., 2007).  380 
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Fig. SM-4 shows the pH evolution as a function of the electrolysis time for all the 381 

conditions investigated. It can be observed that high current densities (6.0 and 9.0 mA cm
-2

) led 382 

to a strong pH increase, possibly due to the reaction of water reduction and that of oxygen 383 

reduction and hydroxyl ion electrogeneration according to Eq. 15. 384 

1/2 O2 + H2O + e
-
  2OH

-
 (15) 385 

As described by Ventura et al. (2002), it is possible to estimate the pH variation, through 386 

analysis of Eq. (15) and considering the solubility of O2 in aqueous solution. If similar 387 

calculations are carried out in the present work, it is possible to obtain a pH variation around 11, 388 

without considering the solubility variation of O2 in the presence of inorganic ions, as 389 

highlighted by Tromans (1998). After 2 h of electrolysis, the solution pH started to decrease 390 

possibly due to the generation of organic acids, as observed in some works (Balci et al., 2009; 391 

Kassinos et al., 2009) during the degradation of herbicides. The electrolysis carried out using 3.0 392 

mA cm
-2

 did not exhibit a significant pH increase, probably due to the lower charge applied and 393 

cell potential. Cañizares et al. (2006a) also observed a slightly pH increase occasioned by the 394 

uncompensated mineralization of carboxylic acids, during the anodic oxidation of a Fenton-395 

refractory olive mill wastewater using a boron-doped diamond (BDD) anode. Alkaline solutions 396 

can lead to the formation of ClO3
-
 and ClO4

-
 species, as observed by Prasad and Srivastava 397 

(2009) during the anodic oxidation of a distillery wastewater on a ruthenium oxide coated Ti 398 

anode, which can reduce the oxidation of organics due to a diminishment in the concentration of 399 

HClO. Moreover, Cañizares et al. (2006a) pointed out that the oxidation mediated by ClO3
-
 and 400 

ClO4
-
 species is slower and kinetically not favored. Nonetheless, it seems that the pH variation 401 

did not result in a loss of atrazine removal efficiency. The loss of •OH radicals can also occur 402 

through the reaction with chloride ions (Grebel et al., 2010), resulting in the formation of less 403 

oxidant Cl• radical species.  404 
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Regarding intermediates, one final interesting observation during the electrolysis of the 405 

effluent was the appearance of a yellow color, which resulted in the precipitation of a yellow 406 

substance when the solution pH reached a value above 10 (experiments using 6.0 and 9.0 mA 407 

cm
-2

). Due to the complex nature of the raw materials and intermediates, it seems to be a 408 

polymer formed by condensation of some of the intermediates. However, further analyses are 409 

being carried out to elucidate the possible structure of this by-product compound. 410 

One last point of interest is the assessment of the energy efficiency of the novel treatment 411 

device studied in this work. As there is no possibility to estimate the progress of the reaction 412 

with TOC or COD evolution or with an accurate characterization of intermediates (due to the 413 

complex nature of the actual waste) it was considered interesting to evaluate the removal of the 414 

four raw pesticides at two different arbitrary energy applied (10 and 20 kWh m
-3

), value much 415 

lower than other reported in literature for electrochemical wastewater treatment.  416 

Measurement of the energy consumption is of fundamental importance to evaluate the 417 

possible application of the electrochemical technology. Energy consumption in this process is 418 

due to the addition of the UV irradiation and electricity applied in the electrochemical cell 419 

(w/kW h m
-3

) and it can be calculated using Eq. (16), where U is the cell potential, I is the 420 

applied electrical current, t is the time (h), V is the solution volume (m
3
) and WUV is the energy 421 

irradiated by UV lamps. Results of the energy consumption assessment are shown in Fig. 6. 422 

  
       

 
 (16) 423 
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Figure 6. Percentage of removal of the four pesticides contained in the industrial waste after the 425 

application of A: 10 kWh m
-3

 and B: 20 kWh m
-3
. ■ hydroxy-triazine; ▲ simazine;  propazine; 426 

 atrazine. 427 

It can be observed that percentage of removal depends on the nature of the pesticide. 428 

Atrazine and propazine are efficiently removed at laminar flow conditions, with an almost total 429 

depletion for the largest current densities. On the contrary, simazine is more efficiently removed 430 

in turbulent flow conditions and intermediate current density, with removals higher than 90% for 431 

20 kWh m
-3

. The dependence of cell potential with current density is not very important in this 432 

experimental setup. Thus, it is important to highlight that when the experiments were carried out 433 

at current densities of 3.0 and 6.0 mA cm
-2

 at a flow rate of 3,000 L h
-1

, the cell potential 434 

decreased around 400 mV, probably due to the effective removal of gases on the electrode 435 

surface. This behavior was also observed by Malpass et al. (2010a) operating a flow tubular 436 

reactor during the degradation of a synthetic solution of atrazine. Thus, if time and energy saving 437 

are considered during the degradation of a real effluent containing atrazine using the photo-438 
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assisted electrochemical technology, application of high current density values is the choice, 439 

since much greater removals are obtained for similar values of w for all the conditions 440 

investigated. 441 

The comparison of process efficiency with respect to current efficiency or energy 442 

consumption is very difficult due to the distinct electrode material's ability to degrade organic 443 

pollutants, the composition and nature of the pollutants, and to the different methods employed. 444 

Malpass et al. compared different electrode materials (Malpass et al., 2008) and different 445 

chloride ion concentrations (Malpass et al., 2007b) for the degradation of a real textile effluent. 446 

Distinct total organic carbon (TOC) removal percentages and energy consumptions were 447 

obtained, according to the medium composition and electrode material used. Cañizares et al. 448 

(2006b) studied the electrochemical degradation of an effluent of a fine chemical manufacturing 449 

plant containing aromatic and aliphatic (ketones and alcohols) compounds using a BDD anode. 450 

Complete removal of the chemical oxygen demand (COD) and TOC was attained with much 451 

higher energy consumptions (lower than 1,000 kW h m
-3

), although they can be explained by the 452 

much greater organic load with the initial values of COD and TOC of 6,000 and 1,600 mg L
-1

, 453 

respectively. 454 

Conclusions 455 

The photo-assisted electrochemical degradation of a real effluent containing the herbicide 456 

atrazine and other by-products (also used as pesticides) of the production of atrazine can be 457 

successfully using the right current density and flow conditions. The four main organic species 458 

contained in the waste do not behave as refractory to the photo-electrochemical treatment and 459 

they could be depleted with the photo-electrolytic technology using large current densities. Both 460 

direct electrochemical process and mediated anodic oxidation occurs during the treatment. First 461 

are encouraged using turbulent flow conditions and low current density while the chemical 462 

oxidation processes are promoted using laminar flow conditions and high current densities. 463 
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Atrazine and propazine are efficiently removed at laminar flow conditions, with an almost total 464 

depletion for the largest current densities. On the contrary, simazine is more efficiently removed 465 

in turbulent flow conditions and intermediate current density, with removals higher than 90% for 466 

20 kWh m
-3

. All these characteristics enable to conclude that the photo-assisted electrochemical 467 

technology is a very promise process for this industrial application.  468 
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HIGHLIGHTS 

 Photo-assisted electrochemical treatment for a real industrial effluent. 

 Direct electrochemical process occurs on turbulent flow and low current density. 

 Mediated anodic oxidation occurs on laminar flow and high current densities. 

 None of the organics in the industrial waste is refractory to the treatment. 
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Abstract 19 

The photo-assisted electrochemical degradation of a real effluent of the atrazine manufacturing 20 

process containing atrazine, simazine, hydroxy-triazine and propazine was carried out 21 

galvanostatically using a pilot-scale tubular flow reactor prototype containing DSA
®
 and Ti as 22 

cathode. The effluent was mainly characterized by a high amount of NaCl, required in the 23 

synthesis route used, and it was used as taken in the factory. The variables for process 24 

optimization were the current density (3.0, 6.0, and 9.0 mA cm
–2

) and flow rate (300 and 3,000 L 25 

h
–1

). These later values produces laminar and turbulent flow regimes, with Reynolds numbers of 26 

1,100 and 11,000, respectively. None of the four organics contained in the waste is refractory to 27 

the photo-electrochemical treatment and they are depleted with the photo-electrolytic technology 28 

using large current densities and appropriate electric charge passed. Both direct electrochemical 29 

process and mediated anodic oxidation occur during the treatment. First process occurs at 30 

turbulent flow condition and low current densities, while the chemical oxidation process happens 31 

at laminar flow condition and high current densities. Atrazine and propazine are efficiently 32 

removed at laminar flow conditions, with an almost total depletion for the largest current 33 

densities. On the contrary, simazine is efficiently removed in turbulent flow conditions and 34 

intermediate current density, with removals higher than 90% for 20 kWh m
-3

. These results have 35 

great significance because they demonstrate the applicability of the electrochemical technology 36 

in the treatment of real industrial wastes with a cell specially designed to attain high efficiency in 37 

the removal of pollutants. 38 

 39 

Keywords: atrazine; industrial wastewater; anodic oxidation; effluent treatment; wastewater 40 

remediation 41 

42 
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1. Introduction 43 

Herbicides are chemicals used to eliminate vegetation that acts like parasites in specific 44 

plantations. They can be organic or inorganic and the choice between them is dependent of some 45 

properties such as selectivity, water solubility, chemical stability, adsorption strength on colloids, 46 

etc. The classification of the herbicides is usually based on the chemical formulae; however, it 47 

must be stressed that any relationship between the chemical structure and the biochemical 48 

behavior is extremely difficult to understand (Audus, 1967). Among the enormous variety of 49 

herbicides, atrazine (2-chloro-4-ethylamino-6-isopropylamino-1,3,5-triazine), a s-triazine group 50 

of herbicide, is one of the most used worldwide for the control of broadleaf weeds, being suitable 51 

for the cultivation of sugar cane, corn and sorghum. Atrazine is industrially synthesized by the 52 

nucleophilic substitution reaction of alkyl amines with cyanuric chloride (Mtyopo, 2004; Pathak 53 

and Dikshit, 2011). In the first step, cyanuric chloride reacts with isopropylamine to produce the 54 

2,4-dichloro-6-isopropylamino-s-triazine intermediate. The second step involves the reaction 55 

between that intermediate with monoethylamine in which the second chloro atom of the triazine 56 

ring is displaced. Fig. SM-1 (in supplemental material) summarizes the steps involved in the 57 

atrazine production
2
 for the sake of clarity.  58 

The reaction is carried out in an organic medium in the presence of water. In order to avoid 59 

an acidification of the reaction medium, sodium hydroxide is added during the synthesis with the 60 

consequent production of a high amount of NaCl. Thus, the final industrial effluent resulting of 61 

atrazine production is a concentrated solution containing NaCl contaminated with atrazine and 62 

different reaction by-products, such as propazine, simazine, and hydroxy-triazines. The 63 

inadequate disposal of this effluent can cause serious problems to the human and aquatic lives 64 

(Hayes et al., 2011; Oturan et al., 2012). Moreover, there is the necessity to treat those pollutants 65 

due to the increasingly rigid environmental regulations (Hessel et al., 2007; Rao and Chu, 2013). 66 
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Considering all the available methods to treat effluents containing organic compounds 67 

(Martínez-Huitle and Brillas, 2009; Poyatos et al., 2010; Frangos et al., 2016), the 68 

electrochemical one, particularly the anodic oxidation, might be the option due to its high 69 

organic removal rates and easy implementation (Rodrigo et al., 2014; dos Santos et al., 2015a; 70 

dos Santos et al., 2015b). Another important requirement of this method is a high ionic 71 

conductivity, which is not a problem in effluents like those generated in the atrazine 72 

manufacturing process (Sires et al., 2014). 73 

The most important parameter in the anodic oxidation technology is the electrode material. 74 

Among the most common studied materials, the dimensionally stable anodes (DSA
®
) have been 75 

successfully used over the years in the chlor-alkali industry
3
 and their applications to the 76 

degradation of organic substances have been the subject of many studies (Martinez-Huitle and 77 

Brillas, 2009; Poyatos et al., 2010; Malpass et al., 2013; Santos et al., 2016). According to the 78 

model proposed by Comninellis (1994), oxide electrodes used for combustion/electrochemical 79 

conversion of organic pollutants in aqueous solution can be classified as "active" and "non-80 

active". For both types of materials the mechanism occurs with the initial formation of adsorbed 81 

hydroxyl radical (OH), which can lead to formation of higher oxides ("active") that will 82 

promote subsequent oxidation processes or in the case of "not active" oxide materials, the 83 

hydroxyl radical interacts directly with organic species leading to complete combustion. Malpass 84 

and Motheo (2008) considering the mechanism proposed by Comninellis observed that in the 85 

oxidation process the characteristics and concentration of the organic species are as important as 86 

the nature of the electrode material. 87 

Besides this classification considering the electrode material, the anodic oxidation 88 

processes can be classified as direct or indirect (Panizza and Cerisola, 2009). In the direct 89 

processes, the organic species undergo an adsorption process for charge transfer to occur and in 90 

the indirect processes, oxidizing species are generated on the electrode surface which diffuses 91 
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away from it to interact with organic species in the solution bulk (Hermes and Knupp, 2015). In 92 

the last case the oxidizing species formed depend on the nature of the ions present in solution 93 

which may, for example, generate active chlorine (Cl2, HClO and ClO
-
) when the solution 94 

contains chloride ions. Furthermore, the efficiency of oxide electrodes, particularly DSA
®
, for an 95 

oxidation process can be increased by irradiating their surface with ultraviolet radiation (Catanho 96 

et al., 2006; Tauchert et al., 2006; Malpass et al., 2007a; Malpass et al., 2009; Malpass et al., 97 

2010a; Li et al., 2011; Sathishkumar et al., 2014; Hermes and Knupp, 2015). 98 

The effect of different supporting electrolytes in the electrochemical oxidation of atrazine 99 

was studied using a commercial DSA
®

(Ti/Ru0.3Ti0.7O2) (Malpass et al., 2006). The authors 100 

reported that the removal of atrazine and total organic carbon (TOC) was only achieved at 101 

appreciable rates in NaCl medium and that the TOC removal was dependent on the NaCl 102 

concentration in solution. In addition, the photo-assisted electrochemical degradation of atrazine 103 

was also studied with substantial reduction of the energy required when photochemical and 104 

electrochemical techniques were applied simultaneously (Malpass et al., 2007a). The 105 

electrochemical and photo-assisted electrochemical degradation of atrazine were also studied by 106 

using SnO2-containing DSA
®
 with different nominal composition (Malpass et al., 2010b). The 107 

authors reported that the photo-assisted degradation led to almost complete removal of atrazine 108 

in 1 h of electrolysis while the degradation efficiency did not appear to be affected by the content 109 

of SnO2. On the other hand, complete COD removal was dependent on the electrode 110 

composition. 111 

A possible drawback during the anodic oxidation of organics in chloride containing media 112 

is the formation of organochlorine species. These species are organic compounds containing 113 

chloro atoms covalently bonded to their structures in which some of them present significant 114 

toxicity to living organisms. Concerning to this subject, Malpass et al. (2012) reported a toxicity 115 

decrease during photo-electrochemical degradation of atrazine in chloride containing medium 116 
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using an aquatic crustacean known as Artemianauplii. As expected, it was observed that the 117 

solution toxicity increased during the anodic oxidation treatment in the presence of NaCl; 118 

however, when the photo-assisted electrochemical method was used, the toxicity decreased. 119 

Thus, the aim of the present study is to evaluate the application of a photo-assisted 120 

electrochemical method at a pilot scale prototype to treat a real industrial effluent originated 121 

from atrazine production. The complexity of the effluent and the large size of the 122 

electrochemical cell are two of the main points of this work, which tries to determine if the 123 

electrochemical technology can be applied in real environmental remediation cases.  124 

2. Materials and methods 125 

2.1 Chemicals 126 

All chemicals, including atrazine (Chem Service 98.9%), Na2S2O3 (a.r., Vetec), NaCl (a.r., 127 

Synth), K2Cr2O7 (a.r., Synth), AgNO3 (a.r., Merck), NaOH (a.r., Qhemis), acetonitrile (HPLC 128 

grade, JT Baker, Mexico), and methanol (HPLC grade, JT Baker, Mexico) were used as 129 

received. Double deionised water (Millipore Milli-Q system, resistivity ≥ 18.2 MΩ cm at 25 ºC) 130 

was used in dilutions, preparation of standard solutions and cleaning of chromatographic 131 

columns. 132 

2.2 Atrazine effluent 133 

The real effluent containing atrazine was supplied by NORTOX S/A, Brazil. The 134 

approximate concentration of that compound in the effluent was 30 mg L
-1

. Other substances 135 

may also be present, such as simazine and propazine, both at a concentration of 5 mg L
-1 

and 136 

hydroxy-triazine. The physicochemical characteristics of the as received effluent can be seen in 137 

Table SM-1 of the supplementary material section. One important characteristic was the large 138 

amount of chloride ions contained, which is a consequence of the synthetic route used to produce 139 

atrazine. This concentration was determined by titration after appropriate dilution, according to 140 
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the argentometric method described in the literature (Eaton et al., 1995). Thus, all the 141 

experiments were carried out with the effluent in the condition of as received.  142 

 143 

Figure 1. Schematic representation of the tubular flow reactor. A: top and side views; B: one-144 

half cell composed of the DSA
®
 anode, quartz window, and UV lamp. 145 

2.3 Experimental setup 146 

The electrochemical degradation experiments were carried out in a tubular flow reactor 147 

with 0.16 m internal diameter and 1.05 m long made of polyvinyl chloride. Six tubular mesh type 148 

DSA
®
 anodes (nominal composition Ti/Ti0.7Ru0.3O2) with an external diameter of 30 mm and 149 

750 mm long were positioned inside the tube, as well as a Ti-mesh cathode (150 mm external 150 

diameter and 750 mm long) enclosing all the six anodes. A schematic representation of the 151 

photo-assisted electrochemical tubular flow reactor can be seen in Fig. 1. The electrodes were 152 

acquired from De Nora Brazil and the total area of the anodes was approximately 0.85 m
2
. Seven 153 

low-pressure germicide UV-lamp (Philips, 40 W) were inserted in the center of each DSA
®
 154 

anode together with the corresponding quartz window tube. The lamp in the center of the tubular 155 

flow reactor was not enclosed with the DSA
®
 mesh type electrode. Moreover, the lamps 156 

completely filled the length of the anodes. As a consequence of the heat dissipation from the 157 
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centrifugal pump, only three lamps were possible to be turned on in order to be possible to 158 

control the solution temperature. 159 

2.4 Photo-assisted electrochemical degradation experiments 160 

The electrolysis under UV irradiation was carried out galvanostatically using 20 L of the 161 

effluent containing atrazine and their derivatives. The investigated variables and their ranges 162 

were the flow rate at laminar (300 L h
–1

) and turbulent (3,000 L h
–1

) regimes and the current 163 

density (3.0, 6.0, and 9.0 mA cm
–2

). Reynolds number was used to assess flow conditions. For 164 

300 L h
–1

 a value of 1,100 was obtained, while for 3,000 L h
–1

 the value increases up to 11,000, 165 

both values clearly in the range of laminar and turbulent regimes, respectively. The solution 166 

temperature was maintained at 30 ºC during all the experiments, using a refrigerated glass coil 167 

inside the reservoir. The initial electrolysis time was set for 5 h, in order to assess the levels of 168 

the investigated variables on the degradation of the atrazine effluent. Before each experiment, a 169 

current density of 50 mA cm
−2

 during 15 min was employed to activate and clear the DSA
®

 170 

surface from any adsorbed organic compound, using a 20 L solution containing 50 mM NaCl for 171 

30 min. 172 

2.5 Analysis 173 

The concentration of the pesticides and intermediates was monitored by high performance 174 

liquid chromatography (HPLC - Shimadzu - LC 10ADVP) by sampling at certain time intervals, 175 

according to the applied electric current. The electrolyzed samples were collected in glass tubes 176 

filled with 200 µL of a 5.0 g L
–1 

Na2S2O3 solution, to quench the reaction promoted by 177 

electrogenerated oxidants. Then, the samples were extracted using a glass syringe connected to 178 

Sep-pakC18 cartridges (Waters
®
), according to the following sequence: i) 5.0 mL of methanol, 179 

ii) 5.0 mL of double deionised water, iii) 5.0 mL of the collected sample, iv) 3.0 mL of double 180 

deionised water to remove the excessive salt, and v) 2.0 mL of methanol to redissolve atrazine. 181 

The liquid flow rate was approximately one drop per second. The HPLC assays were carried out 182 
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under reversed phase using a C18 column (Supelco: 150 mm x 4.6 mm, 5 µm) and the mobile 183 

phase consisted in a volumetric mixture of 40% acetonitrile and 60% water with a flow rate of 184 

0.5 mL min
−1

. The temperature of the oven was maintained at 40 ºC and the pesticides 185 

concentration was monitored at 223 nm (Shimadzu – SPD-10AVP). 186 
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Figure 2. Effect of the current density on the removal of pesticides in the industrial waste with 188 

laminar flow conditions (Re = 1,100). A: ■ hydroxy-triazine;  atrazine; B: ▲ simazine; 189 

 propazine; Black points: 3.0 mA cm
-2

; grey points 6.0 mA cm
-2

; white points 9.0 mA cm
-2

. 190 

Electrolysis time: 300 min at 3.0 mA cm
-2

; 180 min at 6.0 mA cm
-2

; 60 min at 9.0 mA cm
-2

. 191 

3. Results 192 

Fig. 2 shows the decay of the four organics contained in the raw wastewater during the 193 

photo-electrolyses in laminar flow conditions of the industrial waste polluted with a mixture of 194 

pesticides. As it can be observed, the efficiency of the treatment technology in the removal 195 

depends on the particular pesticide to be removed. In addition, it can also be observed a clear 196 
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influence of the current density on the removal of the four pesticides, which can be also 197 

associated to the dependence of the solution pH with the current density and electrolysis time, as 198 

presented in Fig. SM-4. Atrazine is the easiest molecule to be removed and the difficulty in the 199 

oxidation of the raw pollutants contained in the waste increases in the sequence atrazine – 200 

propazine – hydroxy-triazine  201 

– simazine. Efficiency in the removal of atrazine increases moderately at higher current 202 

densities. Somewhat similar occurs for propazine, although in this case the improvements 203 

attained applying higher current densities are even more important. Regarding the other two 204 

pollutants, clearly higher current densities are required to deplete their concentration, in special 205 

for simazine, for which removal at the lowest current density is almost nil despite passing very 206 

large electric current charges. 207 

One very important point that can be drawn from Fig. 2 is that, despite their different 208 

behavior, none of the four organics is refractory to the photo-electrochemical treatment and they 209 

could be oxidized in a great extension using large current densities. The different efficiencies 210 

observed in the degradation of the four organics may suggest that the primary mechanism for the 211 

oxidation of pesticides under these conditions is a more selective chemical oxidation performed 212 

by oxidants produced on the anode surface rather than a typically non-selective direct oxidation 213 

process. 214 

Likewise, the improvement found in the efficiency with the application of larger current 215 

densities suggests that process is not mass transport controlled, as well. Semi-logarithmic plots 216 

of the concentrations decay vs. time (Fig. SM-2 of the supplemental material section) are clearly 217 

linear suggesting a treatment processes controlled by chemical oxidation. At this point, to 218 

explain this, it is important to bear in mind that: 219 

 The actual industrial waste contains large concentrations of chlorides. The application of 220 

electrical current, in chloride containing mediums, leads to the electrogeneration of chlorine 221 
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species (Eq. (1) and (2)). These species may disproportionate, according to the solution pH, 222 

leading to hypochloric acid and hypochlorite (Eq. (3) and (4)), two strong and well-known 223 

oxidants. 224 

Cl
- 
 Cl• + e

-
 (1) 225 

Cl• + Cl
- 
 Cl2 + e

-
 (2) 226 

Cl2 + H2O  HOCl + H
+
 + Cl

-
 (3) 227 

HOCl + OH
- 

 OCl
-
 + H2O (4) 228 

In addition, the chlorinated oxidant species (HClO and ClO
-
) can undergo a homolytic 229 

cleavage reaction mediated by the UV radiation, in the photo-assisted electrolysis, resulting in 230 

the formation of highly reactive hydroxyl (•OH) and chloro (Cl•) radicals (Eq. (5) to (7)) (Feng 231 

et al., 2007). These radicals could be formed in the solution bulk and might avoid mass transfer 232 

limitations to the electrode surface. The •OH radicals can also be produced on the TiO2 presented 233 

in the anode surface due to the existence of the crystallographic phase of anatase. Then, it is 234 

expected higher removals rates using the photo-assisted electrochemical process (Li et al., 2011), 235 

in chloride ion containing mediums, than the one only using the electrochemical process, as the 236 

mediated oxidation is the dominant process. 237 

These findings were already observed during the treatment of some pollutants (Catanho et 238 

al., 2006; Malpass et al., 2009), including atrazine (Malpass et al., 2007a; Malpass et al., 2010a; 239 

Malpass et al., 2010b), using the photo-assisted electrochemical technology. Thus, the 240 

experiments for the degradation of atrazine were conducted using that process. 241 

HOCl + hν  •OH + Cl• (5) 242 

OCl
-
 + hν   •O

-
 + Cl• (6) 243 

•O
-
 + H2O  •OH + OH

-
 (7) 244 
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 First-order kinetics in a wastewater treatment electrochemical process can be explained in 245 

terms of a mass transport controlled process or by a chemical oxidation in which the 246 

concentration of oxidant is large enough to attain a pseudo-steady state for oxidants 247 

concentration (Rodrigo et al., 2001; Cañizares et al., 2005). Typical kinetics for a mass 248 

transport controlled processes is represented in Eq. (8), where kL is the mass-transfer 249 

coefficient (m s
–1

), A the electrode area (m
2
), [C]b the concentration of the pollutant in the 250 

solution bulk (mol m
–3

) and [C]s is the concentration of the pollutant on the anode surface 251 

(mol m
–3

). Under mass transport control [C]s becomes nil and Eq. (9) becomes the governing 252 

equation for the kinetics of the electrolytic process. In this equation IL is the limiting electrical 253 

current (A), n the number of transferred electrons, and F the Faraday constant (96,485 C mol
–254 

1
). Mediated anodic oxidation processes can be modeled by a second-order kinetic equation, 255 

according to Eq. (10) where kox its rate constant (mol
–1

 m
6
 s

–1
), and [Ox] the concentration of 256 

oxidants produced during the electrolytic process (mol m
–3

). This second-order kinetic 257 

equation can also be simplified to a first-order kinetic equation assuming that oxidants 258 

produced and consumed during the electrochemical processes reach a constant pseudo-steady-259 

state concentration [Ox]ss in every electrolysis, where a new kinetic constant kmed is defined as 260 

shown in Eq. (12). 261 

r           C b –   C s  (8) 262 

rdirect electrolysis.   
  

n  
          C b (9) 263 

rmediated electrolysis    ox   Ox    C b (10) 264 

rmediated electrolysis    mp   C b (11) 265 

 mp    ox   Ox ss (12) 266 
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Taking into account that mass transfer coefficient does not depend on the current density 267 

but only on fluid-dynamic inputs, an increase in the efficiency with larger current densities can 268 

only be explained by a large pseudo-steady state concentration of oxidant which makes kmp to 269 

increase. This can be easily understood because of the expected greater formation of chlorine-270 

based oxidants at larger current densities. 271 
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Figure 3. Effect of the current density on the removal of pesticides in the industrial waste with 274 

turbulent flow conditions (Re = 11,000); A: ■ hydroxy-triazine;  atrazine; B: ▲simazine;  275 

propazine. Black points: 3.0 mA cm
-2

; grey points 6.0 mA cm
-2

; white points 9.0 mA cm
-2

. 276 

Electrolysis time: 300 min at 3.0 mA cm
-2

; 180 min at 6.0 mA cm
-2

; 60 min at 9.0 mA cm
-2

. 277 

Fig. 3 shows the decay of the four pesticides in turbulent flow conditions. General trend is 278 

similar to that observed in Fig. 2 for laminar flow conditions, although in this case the decay rate 279 

of simazine seems to be much better.  280 
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On the contrary, removal of propazine seems to be worse, although the process is still very 281 

efficient at the largest current density applied and this compound does not behaves as refractory. 282 

The strange change observed for the hydroxy-triazine clearly indicates its role as reaction 283 

intermediate during the oxidation. This species is oxidized during the electrochemical oxidation 284 

but at the lowest current density (with softer oxidation conditions), the rate of formation is higher 285 

than the rate of oxidation. General behavior with respect to the current density is not as observed 286 

in laminar conditions. In fact, the greatest efficiencies are obtained for the 6.0 mA cm
-2

 287 

electrolysis tests. This informs that in this case, mass transport importance should be greater, and 288 

both direct electrochemical oxidation (by Eq. (9)) and chemical oxidation processes (by Eq. (11)) 289 

should be playing an important role in the depletion of pesticides. Obviously, in turbulent flow 290 

conditions, it is expected that the mass transport coefficient, and hence the rate of the direct 291 

electrochemical process, should be largely increased with respect to the laminar flow conditions. 292 

Likewise, the increased turbulent conditions may help to strip gaseous chlorine from the treated 293 

waste and this can explain a lower contribution of the chemical oxidation mechanisms under 294 

turbulent flow conditions. Both changes may help to explain the different behavior observed. 295 

Regarding the treatability, again, it can be observed that any of the compounds present in the raw 296 

waste are refractory to the photoelectrochemical treatment and, hence, that complete removal can 297 

be attained with this technology, also working under turbulent flow conditions. That behavior is 298 

interesting due to the reduced time required for the complete removal of pesticides, which is an 299 

important topic when industrial application of the method is considered, and also to the 300 

diminishment of the UV exposure (energy saving). Similar results considering atrazine removal 301 

were obtained by Borràs et al. (2010) using the advanced oxidation processes. Type of pollutant 302 

and current density influences significantly in the removal of pesticides.  303 

To compare the effect of current density in both fluid dynamic regimes, kinetics constants 304 

of the decay of the four pesticides have been obtained by fitting experimental decay data to a 305 
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first order model (Aquino et al., 2014; Sopaj et al., 2015). In Fig. 4, the kinetic constant values 306 

obtained are plotted against the conditions for which they were obtained. It can be noticed that 307 

current density has a growing and positive effect on the kinetic constant in both flow regimes, 308 

which can be easily interpreted in terms of a higher concentration of oxidants as it is shown in 309 

Eq. (13) and (14), applicable to each of the four organic species. 310 

   rmediated electrolysis  rdirect electrolysis.  (13) 311 

          C b +  mp   C b        +  mp)   C b (14) 312 
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Figure 4. Pseudo-first-order kinetic constants of the four pesticides contained in the industrial 314 

waste obtained by fitting of experimental depletion data. ■ hydroxy-triazine; ▲ simazine;  315 

propazine;  atrazine. 316 

The lower slope of the influence of current density in the case of the turbulent flow tests 317 

may be explained by a smaller effect of the oxidants produced, due to the partial loss of chlorine 318 
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by gas stripping. A similar result was obtained by Malpass et al. (2010a) during the photo-319 

assisted electrochemical treatment of a synthetic solution containing atrazine, in the presence of 320 

chloride ions, using a Ti/Ti0.7Ru0.3O2 anode and a similar tubular reactor. In another paper, 321 

Malpass et al. (2007a) observed an increase in the removal rate of atrazine, at bench scale, when 322 

the flow rate was increased; however, the range of the flow rate investigated was much lower, 323 

from 32 to 425 mL min
-1

, which corresponded to a mass-transfer controlled degradation. In 324 

addition, in the experiment conducted under turbulent regime conditions, the residence time in 325 

the reactor and the irradiation time per passage is lower than those for laminar regime and this 326 

may also contribute to explain the lower slope observed. 327 

Regarding the lower values obtained for the kinetic constants in turbulent regime, it is 328 

important to take into account that these kinetic constants are related to the four raw pesticides 329 

and not to intermediates (that are going to be discussed later on) and that during the process all 330 

these oxidation reactions compete. This may mean that the removal of raw matter could be more 331 

efficient in laminar flow but this does not mean that the total depletion of pollution (including 332 

raw matter and intermediates) varies in the same fashion. This only could be noticed assessing 333 

the time course of TOC or COD removal. However, it is worth taking into account that in this 334 

study the waste treated was an actual effluent of an industrial process and not a synthetic one. 335 

Unfortunately, both parameters could not be measured satisfactorily, in particular due to:  336 

 the very high concentration of chloride; 337 

 the low ratios organic carbon / chloride; 338 

 the changing nature of the organics contained during the course of the electrochemical 339 

process. 340 

For this reason, although measurements were carried out, it was found that they changed 341 

almost randomly and it was not possible to correlate with organics.  342 
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A very interesting piece of information that should be obtained from this work is the 343 

occurrence of intermediates and final products. Characterization is particularly difficult for an 344 

actual waste like the used in this work but HPLC allow us to identity up to 5 main species 345 

(detectable signals in HPLC, approximate detection limit 0.01 mg L
-1

) in the entire photo-346 

electrolysis tests carried out. They were named according to their HPLC peak retention time as 347 

P1 (2.7 min), P2 (6.7 min), P3 (7.1 min), P4 (8.5 min) and P5 (13.1 min). Fig. 5 shows the time 348 

course in the two boundary experiments. Laminar flow conditions and low current densities are 349 

the softest oxidation conditions and allow us to discern clearly that the sequence reaction should 350 

be P5 > P2 > P4 > P3 > P1, because this is the order of appearance of the maximum concentration 351 

(or plateau in case of P3 and P1). According to the time course, species P3 and P1 seem to behave 352 

as final products and not as intermediates. This means that under these soft conditions both 353 

species are refractory to the treatment.  354 
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Figure 5. Main intermediates and final products detected by HPLC during the photo-electrolyses 356 

of the industrial waste at two different conditions. A: laminar flow (Re = 1,100), 3 mA cm
-2

; B: 357 

turbulent flow (Re = 11,000), 9 mA cm
-2

. Legend:  P1;  P2;  P3;  P4;  P5. 358 

The observation reverses at harsher oxidation conditions (turbulent flow and high current 359 

densities) in which it can be clearly seem that all species (even P3 and P1) behaves as 360 

intermediates and hence that no refractory species are formed. Consequently, the application of a 361 

greater charge could remove completely the organic content of the waste. This is very interesting 362 

information, because it is known that in the degradation of organics, the intermediates could be 363 

even more hazardous than the parent compounds and this clearly shows that the technology 364 

studied in this work is robust enough to deplete not only the raw matter but all of them. 365 

Fig. SM-3 compares the maximum concentration (measured as chromatographic area 366 

units) of the five intermediates monitored during the photo-electrolytic tests. For laminar flow, 367 

the higher the current density the lower is the maximum concentration of intermediates. This can 368 

be easily explained in terms of a higher concentration of oxidants in those conditions. For 369 

turbulent flow, there is not a clear influence of current density maybe because of the coexistence 370 

of direct and mediated oxidation mechanisms that may be explained in terms of the enhanced 371 

mass transport, which increases the direct oxidation processes, and the loss of chlorine by 372 

stripping which worse the chemical oxidation rate. 373 

Maximum concentration of the main intermediates (those detected by HPLC) is very 374 

similar in both flow conditions, although clearly P1 concentration is greater in the turbulent flow 375 

condition suggesting that this intermediate is better removed by the chemical oxidation with 376 

chlorinated oxidants (which according to previous discussion seems to be better at laminar flow 377 

conditions). The concentration of the other intermediates is slightly smaller in the case of the 378 

turbulent flow maybe because of the synergistic effect of direct and mediated oxidation 379 

processes (Cañizares et al., 2007).  380 
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Fig. SM-4 shows the pH evolution as a function of the electrolysis time for all the 381 

conditions investigated. It can be observed that high current densities (6.0 and 9.0 mA cm
-2

) led 382 

to a strong pH increase, possibly due to the reaction of water reduction and that of oxygen 383 

reduction and hydroxyl ion electrogeneration according to Eq. 15. 384 

1/2 O2 + H2O + e
-
  2OH

-
 (15) 385 

As described by Ventura et al. (2002), it is possible to estimate the pH variation, through 386 

analysis of Eq. (15) and considering the solubility of O2 in aqueous solution. If similar 387 

calculations are carried out in the present work, it is possible to obtain a pH variation around 11, 388 

without considering the solubility variation of O2 in the presence of inorganic ions, as 389 

highlighted by Tromans (1998). After 2 h of electrolysis, the solution pH started to decrease 390 

possibly due to the generation of organic acids, as observed in some works (Balci et al., 2009; 391 

Kassinos et al., 2009) during the degradation of herbicides. The electrolysis carried out using 3.0 392 

mA cm
-2

 did not exhibit a significant pH increase, probably due to the lower charge applied and 393 

cell potential. Cañizares et al. (2006a) also observed a slightly pH increase occasioned by the 394 

uncompensated mineralization of carboxylic acids, during the anodic oxidation of a Fenton-395 

refractory olive mill wastewater using a boron-doped diamond (BDD) anode. Alkaline solutions 396 

can lead to the formation of ClO3
-
 and ClO4

-
 species, as observed by Prasad and Srivastava 397 

(2009) during the anodic oxidation of a distillery wastewater on a ruthenium oxide coated Ti 398 

anode, which can reduce the oxidation of organics due to a diminishment in the concentration of 399 

HClO. Moreover, Cañizares et al. (2006a) pointed out that the oxidation mediated by ClO3
-
 and 400 

ClO4
-
 species is slower and kinetically not favored. Nonetheless, it seems that the pH variation 401 

did not result in a loss of atrazine removal efficiency. The loss of •OH radicals can also occur 402 

through the reaction with chloride ions (Grebel et al., 2010), resulting in the formation of less 403 

oxidant Cl• radical species.  404 
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Regarding intermediates, one final interesting observation during the electrolysis of the 405 

effluent was the appearance of a yellow color, which resulted in the precipitation of a yellow 406 

substance when the solution pH reached a value above 10 (experiments using 6.0 and 9.0 mA 407 

cm
-2

). Due to the complex nature of the raw materials and intermediates, it seems to be a 408 

polymer formed by condensation of some of the intermediates. However, further analyses are 409 

being carried out to elucidate the possible structure of this by-product compound. 410 

One last point of interest is the assessment of the energy efficiency of the novel treatment 411 

device studied in this work. As there is no possibility to estimate the progress of the reaction 412 

with TOC or COD evolution or with an accurate characterization of intermediates (due to the 413 

complex nature of the actual waste) it was considered interesting to evaluate the removal of the 414 

four raw pesticides at two different arbitrary energy applied (10 and 20 kWh m
-3

), value much 415 

lower than other reported in literature for electrochemical wastewater treatment.  416 

Measurement of the energy consumption is of fundamental importance to evaluate the 417 

possible application of the electrochemical technology. Energy consumption in this process is 418 

due to the addition of the UV irradiation and electricity applied in the electrochemical cell 419 

(w/kW h m
-3

) and it can be calculated using Eq. (16), where U is the cell potential, I is the 420 

applied electrical current, t is the time (h), V is the solution volume (m
3
) and WUV is the energy 421 

irradiated by UV lamps. Results of the energy consumption assessment are shown in Fig. 6. 422 

  
       

 
 (16) 423 
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Figure 6. Percentage of removal of the four pesticides contained in the industrial waste after the 425 

application of A: 10 kWh m
-3

 and B: 20 kWh m
-3
. ■ hydroxy-triazine; ▲ simazine;  propazine; 426 

 atrazine. 427 

It can be observed that percentage of removal depends on the nature of the pesticide. 428 

Atrazine and propazine are efficiently removed at laminar flow conditions, with an almost total 429 

depletion for the largest current densities. On the contrary, simazine is more efficiently removed 430 

in turbulent flow conditions and intermediate current density, with removals higher than 90% for 431 

20 kWh m
-3

. The dependence of cell potential with current density is not very important in this 432 

experimental setup. Thus, it is important to highlight that when the experiments were carried out 433 

at current densities of 3.0 and 6.0 mA cm
-2

 at a flow rate of 3,000 L h
-1

, the cell potential 434 

decreased around 400 mV, probably due to the effective removal of gases on the electrode 435 

surface. This behavior was also observed by Malpass et al. (2010a) operating a flow tubular 436 

reactor during the degradation of a synthetic solution of atrazine. Thus, if time and energy saving 437 

are considered during the degradation of a real effluent containing atrazine using the photo-438 
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assisted electrochemical technology, application of high current density values is the choice, 439 

since much greater removals are obtained for similar values of w for all the conditions 440 

investigated. 441 

The comparison of process efficiency with respect to current efficiency or energy 442 

consumption is very difficult due to the distinct electrode material's ability to degrade organic 443 

pollutants, the composition and nature of the pollutants, and to the different methods employed. 444 

Malpass et al. compared different electrode materials (Malpass et al., 2008) and different 445 

chloride ion concentrations (Malpass et al., 2007b) for the degradation of a real textile effluent. 446 

Distinct total organic carbon (TOC) removal percentages and energy consumptions were 447 

obtained, according to the medium composition and electrode material used. Cañizares et al. 448 

(2006b) studied the electrochemical degradation of an effluent of a fine chemical manufacturing 449 

plant containing aromatic and aliphatic (ketones and alcohols) compounds using a BDD anode. 450 

Complete removal of the chemical oxygen demand (COD) and TOC was attained with much 451 

higher energy consumptions (lower than 1,000 kW h m
-3

), although they can be explained by the 452 

much greater organic load with the initial values of COD and TOC of 6,000 and 1,600 mg L
-1

, 453 

respectively. 454 

Conclusions 455 

The photo-assisted electrochemical degradation of a real effluent containing the herbicide 456 

atrazine and other by-products (also used as pesticides) of the production of atrazine can be 457 

successfully using the right current density and flow conditions. The four main organic species 458 

contained in the waste do not behave as refractory to the photo-electrochemical treatment and 459 

they could be depleted with the photo-electrolytic technology using large current densities. Both 460 

direct electrochemical process and mediated anodic oxidation occurs during the treatment. First 461 

are encouraged using turbulent flow conditions and low current density while the chemical 462 

oxidation processes are promoted using laminar flow conditions and high current densities. 463 
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Atrazine and propazine are efficiently removed at laminar flow conditions, with an almost total 464 

depletion for the largest current densities. On the contrary, simazine is more efficiently removed 465 

in turbulent flow conditions and intermediate current density, with removals higher than 90% for 466 

20 kWh m
-3

. All these characteristics enable to conclude that the photo-assisted electrochemical 467 

technology is a very promise process for this industrial application.  468 
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