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Abstract 14 

The corrosion behavior of Ti electrodes and the dependence of their anodic dissolution with the 15 

experimental conditions, namely pH, current density (j) and supporting electrolyte nature, have 16 

been investigated. Potentiodynamic polarization and electrochemical impedance spectroscopy 17 

(EIS) tests have been performed. It has been found that pH has a relevant effect on the 18 

electrochemical dissolution of Ti. In chloride medium, metal dissolution was partially caused by 19 

pitting corrosion and the corrosion potential was shifted to more cathodic values. Conversely, in 20 

phosphate medium, corrosion was inhibited by the formation of a compact passive layer of 21 

titanium hydroxide/phosphate. Further, the mechanisms of sacrificial Ti anode dissolution during 22 

the electrocoagulation process are discussed. The influence of the supporting electrolyte, pH and j 23 

on the effectiveness of the electrocoagulation process for humic acid (HA) removal was assessed. 24 

Under optimized conditions, total decolorization was achieved in 60 min, eventually attaining 94% 25 

total organic carbon (TOC) removal. 26 

Keywords: Corrosion; Electrocoagulation; Humic acid; Impedance; Titanium anode; Water 27 

treatment 28 

  29 
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1. Introduction 30 

 The formation of passive films on the surface of sacrificial anodes during the treatment of 31 

high salinity water by electrocoagulation (EC) is a real challenge since it greatly undermines the 32 

process performance (Guzmán et al., 2016; Mansouri et al., 2011a; Thiam et al., 2014; Tirado et 33 

al., 2018). Such films limit the corrosion rate, reducing the efficiency of the charge transfer at the 34 

anode interface. This results in a larger energy consumption, which hampers the viability of water 35 

treatment by EC (Mansouri et al., 2011a). 36 

 The corrosion process may involve the formation and growth of a passive oxide layer on the 37 

anode surface, which can be followed by its subsequent destruction via pitting (Amin et al., 2009; 38 

Burstein and Organ, 2005; McCafferty, 2003; McCafferty, 2010; Ren and Zuo, 2004). The 39 

presence of some dissolved anions may determine the extent and mechanism of pitting corrosion. 40 

Previous work on iron and aluminum anodes revealed the breakdown of their passive films by 41 

pitting (McCafferty, 2003; Ren and Zuo, 2004; Soltis et al., 2011). 42 

 The effect of the supporting electrolyte like sodium chloride, sulfate or phosphate on the 43 

performance of EC with Ti anode is not fully understood yet. Small and aggressive ions such as 44 

chloride can penetrate through the passive oxide film, leading to a high dissolution rate of the 45 

anode (Escrivà-Cerdán et al., 2013). Recently, growing interest has been shown regarding the 46 

optimization of experimental parameters such as pH, current density (j) and supporting electrolyte 47 

nature to avoid the formation of passive films on the anode surface during the EC process (Arroyo 48 

et al., 2009; Hanay and Hasar, 2011; Izquierdo et al., 2010; Pyun et al., 1999; Trompette and 49 

Vergnes, 2009; Zaid et al., 2008). 50 

 Among the electrochemical technologies developed as greener candidates for water and 51 

wastewater treatment, EC stands out as a technology with multiple advantages such as easy 52 
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handling, low cost and high efficiency (Rosales et al., 2018). EC is based on the dissolution of a 53 

sacrificial anode, with the simultaneous cathodic generation of hydroxide ions (OH−) and hydrogen 54 

gas. The latter can be used as an energy vector or in the flotation and separation of the coagulated  55 

species formed during EC (Phalakornkule et al., 2010). As compared to chemical coagulation, EC 56 

allows a lower sludge production and the formation of relatively larger flocs that also contain less 57 

bound water, facilitating the subsequent filtration (Deghles and Kurt, 2016). The electrode material 58 

is one of the most relevant aspects in EC, being iron and aluminum the most widely employed due 59 

to their availability and low cost (Chen et al., 2000). The great performance of EC to decontaminate 60 

wastewater has been demonstrated in many industrial sectors, as for example olive oil production 61 

(Flores et al., 2018; Tezcan Ün et al., 2006), public water treatment facilities (Anfruns-Estrada et 62 

al., 2017), electroplating (Adhoum et al., 2004), tanneries (Apaydin et al., 2009; Espinoza-63 

Quiñones et al., 2009; Feng et al., 2007; Murugananthan et al., 2004), copper reduction (Hatfield 64 

and Pierce, 1998)  and dyeing (Küçük, 2006). One of the major challenges is the appropriate sludge 65 

management. Its disposal in agricultural areas can cause adverse environmental impacts such as 66 

groundwater contamination and, as a result, more stringent requirements are being set for sludge 67 

disposal worldwide. The presence of dissolved iron may stimulate the growth of bacteria, 68 

worsening the environmental impact (Ben Sasson and Adin, 2010). Regarding aluminum, although 69 

its salts are classified as hazardous to health, aluminum sulfates are routinely used as flocculants 70 

in sewage treatment (Cheng and Chi, 2002). Titanium salts have already been investigated as 71 

flocculants in wastewater treatment, with the recycling of the formed sludge as TiO2 (Shon et al., 72 

2007). On the other hand, such Ti-based flocculants exhibit a large floc, with higher affinity during 73 

the growth phase than the flocs produced by polyaluminum chloride (Zhao et al., 2011). Several 74 

studies as well as the environmental health guidelines by the World Health Organization (WHO) 75 
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reported that the amount of dissolved titanium upon flocculation agrees with the regulations for 76 

potable water and, furthermore, toxicological studies have demonstrated that Ti salts in water have 77 

not a negative health impact (Shon et al., 2007, Zhao et al., 2011). In summary, Ti-based 78 

compounds could potentially be used to replace Al- and Fe-based coagulants. 79 

 As far as we are concerned, Ti-based electrodes have not been employed in EC for water 80 

treatment yet, excluding some rare study (Kamaraj et al. 2014). In the present work, Ti has been 81 

investigated as an alternative sacrificial material to replace Al and Fe anodes for the treatment of 82 

organic compounds in water. In particular, recent studies have reported that humic acids (HA) 83 

comprise 50–90% of natural organic matter contained in water, causing a brownish or yellowish 84 

appearance. Due to their phenolate and carboxylate groups, these substances can easily react with 85 

ions and other contaminants to form complexes (Xu et al., 2011). Therefore, this article 86 

investigates the influence of the electrolyte nature, j and pH on Ti corrosion, evaluated via 87 

electrochemical impedance spectroscopy (EIS) and potentiodynamic polarization tests. In 88 

addition, the conditions to operate an EC cell equipped with Ti electrodes have been optimized for 89 

HA removal. 90 

2. Experimental 91 

2.1. Reagents 92 

 HA was purchased from Sigma-Aldrich. Anhydrous sodium sulfate (reagent grade, EMD, 93 

99.0%), sodium chloride (reagent grade, Sigma-Aldrich, 99.9%), and disodium hydrogen 94 

phosphate (reagent grade, Fisher Scientific, 99.0%) were employed as supporting electrolytes. 95 

Hydrochloric acid (Sigma-Aldrich, 37%) and sodium hydroxide (VWR, 37%), were used to 96 

regulate the solution pH. The solutions used in this work were prepared with ultrapure water 97 
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produced by a Q-POD® Element water purification unit from MilliporeSigma, with resistivity > 98 

18 MΩ cm at 25 ºC. 99 

2.2. Experimental set-up for EC trials 100 

 All EC tests were performed under galvanostatic conditions, using an electrochemical tank 101 

reactor containing two Ti electrodes (anode and cathode) placed in parallel and separated 1.5 cm. 102 

Ti plates of 2 mm thickness (Sigma-Aldrich, 99.7%) and 10 cm2 of active surface area were used. 103 

Before each electrolysis, the electrodes were polished using sandpaper, further being rinsed with 104 

methanol in an ultrasound bath for 15 min to remove all the impurities. Finally, the electrodes were 105 

rinsed with ultrapure water and dried at 80 ºC. Constant current from 0 to 4 A was supplied 106 

employing a DC power source (model EX354RD DUAL). The cell voltage during the electrolyses 107 

was measured using the same equipment (Fig. SM-1). Solutions of 100 mL of HA were 108 

electrocoagulated under constant stirring at 300 rpm. 109 

 Aliquots were collected during the electrolyses at different times to analyze the total organic 110 

carbon (TOC), color removal, and dissolved Ti concentration. During the evaluation of the effect 111 

of supporting electrolyte, pH and j, the initial pH was always adjusted to the desired value with 112 

0.1 M NaOH or 0.1 M HCl solutions.  113 

2.3. Analytical procedures and equipment 114 

 The pH value was measured using a SympHony thermos pH-meter. Prior to analysis, the 115 

collected samples were filtered with 0.45 µm PTFE filters supplied by VWR. Decolorization of 116 

HA solutions was monitored from their absorbance decay at the maximum wavelength (λmax), 117 

which was analyzed between 200 and 800 nm at 25 ºC using a Lambda 750 UV/Vis/NIR 118 

spectrophotometer (Thiam et al., 2015a, 2015b): 119 



7 
 

% Color removal =                × 100        (1) 120 

where A0 and At are the absorbance at initial time and time t at the maximum wavelength (λmax = 121 

254 nm), respectively. 122 

 The removal of HA from synthetic solutions was monitored by measuring the TOC decay, 123 

using a Shimadzu TOC-L Series analyzer equipped with an autosampler that injected samples of 124 

50 µL. The reproducibility of the measurements was approximately ±1%. The dissolved titanium 125 

content was measured by inductively coupled plasma with optical detection (ICP-OES), using a 126 

Thermo Scientific iCAP 6000 Series device equipped with an autosampler (ASx 260), and it was 127 

compared to the theoretical amount obtained from Faraday’s law following Eq. (2) (Mansouri et 128 

al., 2011b). The latter was calculated (in g L-1) assuming the anodic oxidation of Ti to Ti4+ 129 

according to reaction (3): 130 

[Ti] =            (2) 131 

where I is the applied current (A), t is electrolysis time (s), MTi is the atomic weight of Ti (= 47.86 132 

g mol-1); F is the Faraday constant (= 96487 C mol-1), V is the electrolyte volume (= 0.1 L) and 4 133 

is the number of electrons transferred per Ti atom. 134 

Ti → Ti4+ + 4e−          (3) 135 

 Potentiodynamic polarization and EIS analysis were carried out using a Gamry potentiostat-136 

galvanostat 3000 to evaluate the corrosion behaviour of Ti. The data acquisition was made with 137 

Gamry Framework and Gamry Echem Analyst software. A three-electrode electrochemical cell 138 

was used to record the potentiodynamic polarization curves of a pure Ti plate as working electrode 139 

(1 cm2). For this purpose, a saturated calomel electrode (SCE) and platinum wire were used as the 140 

reference and counter electrodes, respectively. The scan rate was fixed at 5 mVs-1, scanning toward 141 

A0 - At 

A0 

ItMTi 

4FV 
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more positive potentials within the range from -1.5 V to +1.5 V vs SCE. All trials were carried out 142 

at open circuit potential after 1800 s of immersion of the electrode in the supporting electrolyte. 143 

The amplitude of the AC signal was 10 mV to analyse the electrode response within the range 144 

from ~0.02 Hz up to 100 kHz. 145 

3. Results and discussion 146 

3.1. Potentiodynamic polarization and electrochemical impedance spectroscopy 147 

3.1.1. Effect of pH 148 

 The potentiodynamic polarization technique was employed for corrosion testing, aiming to 149 

acquire relevant information to better understand the electrodissolution of titanium anode. Several 150 

experiments, including potentiodynamic polarization and open circuit potential measurements, 151 

were carried out. Fig. 1a shows the effect of solution pH, within the range 2-11, on the 152 

potentiodynamic polarization curves recorded in 0.5 M NaCl aerated aqueous solutions using pure 153 

titanium as working electrode. A shift of the corrosion potential (Ecorr) could be observed when pH 154 

became more alkaline or more acidic than 7. The trials conducted at pH 2, 5, and 7 showed the 155 

lowest Ecorr, and no pitting corrosion was observed at these pH values. Hydrogen generation was 156 

the main reaction accounting for the profile of the cathodic branch (Heljo et al., 2014): 157 

2H+ + 2e− → H2↑          (4) 158 

 A different behavior was observed for the anodic branch, showing a trend that can be typically 159 

associated to metal passivation. The formation of a passive oxide film affected to the corrosion 160 

propagation. The main reactions accounting for the profile of the anodic branch are (Heljo et al., 161 

2014): 162 
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Ti → Ti3+ + 3e−          (5) 163 

2Ti3+ + 3H2O → Ti2O3+ 6H+     (6) 164 

Ti3+→ Ti4++ e−     (7) 165 

Ti4++ 2H2O → TiO2 + 4H+     (8) 166 

 Ti3+/Ti4+ ions generated during the titanium electrodissolution gave rise to a stationary passive 167 

oxide film composed of Ti2O3 and TiO2. The TiO2/Ti2O3 film protects the electrode surface and 168 

inhibits further corrosion. However, chloride ions are known to be aggressive, moving through the 169 

passive oxide film in parallel with oxide ions and speeding up the anodic dissolution (Escrivà-170 

Cerdán et al., 2013; Liu et al., 2001), as follows: 171 

TixOy+2Cl− → TixOyCl2 + 2e−      (9) 172 

 The Ecorr was shifted to more cathodic values when pH was increased from acidic or neutral 173 

values to pH 8-11, which evidences the larger dissolution of the passive film upon the action of 174 

OH− ions. This attack caused the conversion of the compact film into a thinner one, so-called 175 

alkaline chemical dissolution. 176 

 The EIS spectra of Fig. 1b reveal that at high frequency, the diameter of the semi-circle was 177 

reduced at pH 8-11, owing to the less effective passivation of the titanium plate, which is in 178 

agreement with the progressively thinner oxide film resulting from the attack of OH− ions. 179 

3.1.2. Effect of supporting electrolytes concentration 180 

 As previously mentioned, the chloride ions are consider as aggressive and, due to their small 181 

size, they are enabled to penetrate easily through the passive layer under the effect of an electric 182 

field, eventually causing pitting corrosion (Loto, 2013). The presence of chloride ions stimulates 183 

the hydrolysis of the corrosion products, thus inhibiting the effective passivation. Fig. 2a illustrates 184 
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the cathodic and anodic potentiodynamic polarization curves obtained for a Ti electrode in aerated 185 

ultrapure water without supporting electrolyte. A typical Tafel behavior is evidenced for both, 186 

cathodic and anodic curves. In contrast, in the presence of chloride, the anodic branches differed 187 

significantly to the previous one (Fig. 2a). The anodic curves did not agree with a Tafel behavior 188 

within the entire potential range, which is related to the corrosion of Ti anode and the gradual 189 

formation ad growth of the oxide layer. The current was maintained occasionally constant within 190 

the passivation region. The potentiodynamic polarization curves in chloride medium did not 191 

display prototypical passivation, where an initially active region is immediately followed by a 192 

passive one due to the growth of an oxide film. Here, this was followed by its breakdown at around 193 

1.0 V. This behavior confirms that the film produced on Ti anode was not defensive and integral. 194 

The corrosion resistance of each material is largely dependent on various ingredients including the 195 

structure, microstructure, and environment (Geetha et al., 2004). For this kind of corrosion, the 196 

environment is the most significant agent. 197 

 Four potential intervals can be distinguished in the potentiodynamic curves obtained in Fig. 198 

2a: (i) Cathodic potentials at which the oxygen reduction is prevalent; (ii) Ecorr value; (iii) 199 

passivation regions in the anodic curve, where current is unaffected by the applied potential; and 200 

(iv) highly positive potential values that cause the breakdown of the passive film, with the 201 

consequent current increase. It can be noted that the anodic current at any applied potential rose 202 

when the Cl− concentration was increased from 0.5 to 1 M (Fig. 2a), as expected from the greater 203 

pitting corrosion. 204 

 As can be observed in Fig. 2b, an increase of the NaCl concentration led to a decrease of the 205 

semi-circle diameter in the Nyquist plot. This behavior is related to the double layer created by the 206 

interaction between the porous external layer of the surface film and dissolved chloride ions. The 207 
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Bode plot depicted in Fig. 2c can be divided into two regions, i.e., at low frequency (< 100 Hz) 208 

and at high frequency (> 100 Hz). At high frequency (102 up to 105 Hz), the curves presented a 209 

planar form with a slope around zero, which can be related to the electrolyte resistance (Robin et 210 

al., 2008; Munirathinam et al., 2016); at low frequency, the curves were linear with a slope near 211 

1, which can be explained by the capacitive effect of the passive layer (Robin et al., 2008; 212 

Munirathinam et al., 2016). The Bode phase plots can be also divided into two regions: (i) at high 213 

frequency, the phase angle is close to zero due to electrolyte resistance response, whereas (ii) at 214 

low and medium frequency, the phase angle drops to low values because of the passive film 215 

response. Hence, the EIS results corroborate the potentiodynamic analyses. 216 

3.1.3. Effect of supporting electrolyte nature 217 

 Fig. 3a shows the cathodic and anodic branches of polarization curves obtained for Ti in 218 

different supporting electrolytes. It is evident that the nature of the electrolyte affected the Ecorr 219 

and corrosion current (Icorr) values. As summarized in Table 1, Ecorr was shifted to more negative 220 

values in the presence of chloride and sulfate ions, which means that these ions promote the Ti 221 

corrosion. In contrast, the presence of Na2HPO4 shifted the Ecorr toward more positive values, 222 

which suggests an inhibitory effect. The worst conditions regarding the stability of Ti anode were 223 

found in NaCl + Na2SO4, yielding the most negative Ecorr (= -405 mV) and the highest Icorr (= 0.152 224 

µA cm-2) due to the combined effect of aggressive chloride ion and enhanced solution conductivity. 225 

Fig. 3a shows that the current of the anodic branch increased when the medium was changed from 226 

0.5 M Na2HPO4 to 0.5 M (NaCl + Na2SO4 + Na2HPO4), thus confirming the relevance of chloride 227 

ion that accounts for a higher corrosion rate (McCafferty, 2003).  228 

 Fig. 3b illustrates the Nyquist plot for Ti anode in the previous media. Within the high 229 

frequency region, the plots show a small semi-circle with a diameter decrease from 0.5 M 230 
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Na2HPO4 to 0.5 M (NaCl + Na2SO4 + Na2HPO4), corroborating the loss of passive layer resistance 231 

and the consequent enhancement of Ti dissolution. At low frequency, the Nyquist plots show a 232 

diffusional behavior with a tendency of 45° towards the real impedance. The diffusional feature is 233 

related to the electrodissolution of Ti anode and the diffusion of their generated species toward the 234 

solution. 235 

 As depicted in Fig. 3c, the Bode plot can be divided into two regions, in agreement with that 236 

found in Fig. 2c. A planar trend (slope ~0) appeared at high frequency, whereas a linear tendency 237 

(slope ~1) was observed at low frequency. The magnitude of the impedance within the latter region 238 

increased slightly due to passive layer resistance. The Bode phase plots can be explained as above. 239 

3.2. HA removal by electrocoagulation 240 

3.2.1. Effect of pH 241 

 In general, the solution pH plays a key role in the anode dissolution as well as in the whole 242 

EC process. Several trials were conducted to clarify the pH effect on the EC treatment of 30 mg 243 

L-1 HA (i.e., 16.8 mg L-1 TOC) solutions with 0.5 mol NaCl within the pH range 2-11 using Ti 244 

electrodes at 5 mA cm-2. Fig. 4a and 4b show the effect on color and TOC removal, respectively, 245 

which were enhanced as the pH increased from 2 to 9 but diminished for more alkaline solutions. 246 

For example, TOC removal at pH 2, 5, 7, 8, 9, 10, and 11 was 61.7%, 64.8%, 66.7%, 70.1%, 247 

77.3%, 74.2% and 72.2%, respectively. The highest performance of EC was achieved at pH 9, 248 

attaining ~77% and 96% of TOC and color removal, respectively. Fig. 4c shows an initial increase 249 

of pH at the beginning of all the electrolyses, thereby becoming stable. This behavior is dependent 250 

on the Ti hydroxide complexes generated during the EC treatment. In alkaline medium, Ti was 251 

preeminently found as Ti(OH)3, Ti(OH)4, and TiO2•H2O, which adsorbed deprotonated HA on 252 

their surface. Most Ti species produced during the anode electrodissolution precipitate as titanium 253 
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hydroxides at pH 9. Pourbaix diagrams for Ti illustrate that, at pH > 8, Ti(OH)4 and Ti(OH)3 are 254 

the prevalent species (Chen et al., 2005). In contrast, under acidic conditions, Ti(OH)4 and Ti(OH)3 255 

do not precipitate, impeding the efficient coagulation. Ti complexes formed are positively charged 256 

at acid pH and negatively charged at highly alkaline pH, being neutral at pH 6-8 (Jezequel and 257 

Chu, 2006; Kamaraj et al., 2014). The effect of pH on electrocoagulation process is in accordance 258 

with Ti dissolution revealed by polarization tests (Fig. 1a and 1b). 259 

3.2.2. Effect of current density 260 

 It is well known that the applied current is a determinant for any electrochemical process. In 261 

EC, this parameter can define the flocs size and their development, as well as the production rate 262 

of H2 bubbles, eventually affecting to the EC performance. Ti electrodissolution can produce a 263 

large set of Ti species, including 7 dissolved ones and 9 solids. In aqueous solution, these 264 

substances interact with hydroxide ions to form Ti complexes (Chen et al., 2005). Among them, 265 

Ti2O3, Ti3O5, TiO3•H2O, and Ti(OH)2 are easily soluble, generating ions, whereas TiO2•H2O, 266 

Ti(OH)3 and Ti(OH)4 are more stable as such. Ti electrodissolution agrees with the following 267 

consecutive reactions (Chen et al., 2005; Fekry, 2009; Kamaraj et al., 2014): 268 

Ti→Ti2+→TiO2+           (10) 269 

 Hydroxide ions OH− bind quickly to TiO2+, giving rise to Ti(OH)4 and TiO2•H2O via reaction 270 

(11) and (12) (Chen et al., 2005). 271 

TiO2+ + 6OH− + 2e− → Ti(OH)4 + H2 + 3O2−      (11) 272 

TiO2+ + 2OH− → TiO2•H2O          (12) 273 

 In chloride medium. TiO2+ can be easily hydrolyzed (Fekry, 2009; Qu et al., 2014): 274 

TiO2+ + Cl− + 2H2O → [Ti(OH)3]Cl + H+    (13) 275 
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 The TOC and color removal is expected to be largely dependent on the amount of the produced 276 

coagulants (Ti complexes), which in turn depends on the current density and the electrolysis time 277 

(Kamaraj et al., 2014; Vasudevan et al., 2013). In order to clarify the influence of j, several EC 278 

trials were made within the range 1-10 mA cm2 using HA solutions (16.8 mg L-1 TOC) in 0.5 M 279 

NaCl as supporting electrolyte at optimal pH 9. Fig. 5a and 5b present the evolution of the UV/Vis 280 

spectrum during EC at the lowest and the highest j, respectively, whereas Fig. 5c depicts the course 281 

of the decolorization efficiency calculated from Eq. (1) at λmax = 254 nm. As can be seen, overall 282 

decolorization was achieved at 5, 7.5 and 10 mA cm-2, at a shorter time as j rose. This suggests that 283 

a higher quantity of Ti complexes was gradually formed, which resulted in a faster TOC and color 284 

removal. The oxygen and hydrogen evolution, with the corresponding bubbles speeding up the 285 

contact between HA and Ti complexes, also depend on j. Gas bubbles improve the suspension of 286 

the formed flocs, which was observed during the EC treatments. Yellowish to brownish 287 

precipitates fell down to the bottom of the reactor, whereas less dense aggregates became 288 

accumulated on the top of the solution. Fig. 5c also shows an incomplete decolorization at too low 289 

j of 1 and 2.5 mA cm-2, suggesting that the electrogenerated Ti species were insufficent to 290 

flocculate and eliminate all the HA. 291 

 The TOC abatements were 36.8%, 64.0%, 77.3%, 87.5% and 93.9% at 1, 2.5, 5, 7.5 and 10 292 

mA cm-2, respectively, after a specific charge consumption of 1.5 Ah L-1 (Fig. 5d). These results 293 

confirm that both, TOC and the color removal were upgraded as j rose. Fig. 5e illustrates the 294 

influence of j on pH evolution during the same EC treatments. The solutions, whose initial pH was 295 

9, always became more alkaline during the first minutes of EC treatment in a very quick manner. 296 

Subsequently, the pH started to slightly decrease, ending in 8.2, 8.4, 8.5, 8.6, and 8.8 for trials 297 

performed at 1, 2.5, 5, 7.5, and 10 mA cm−2, respectively. Fig. 5f shows the trends of the 298 
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experimental and theoretical amount of dissolved Ti accumulated during the electrolyses in 0.5 M 299 

NaCl at 7.5 mA cm-2. A linear trend was verified for Ti dissolution with the specific electrical 300 

charge (Ah L−1), exhibiting a very good agreement between both data sets. The small difference 301 

between the theoretical and experimental can be attributed to the formation of the protective layer 302 

on the anode surface during EC. Several researchers have reported that, in EC with Fe or Al, the 303 

experimental anode dissolution can be related to both, chemical and electrochemical dissolution. 304 

Aiming to assess this hypothesis, a Ti plate of known weight was immersed into a 0.5 M NaCl 305 

solution at pH 9 for 180 min, whereupon the dissolved Ti was measured. The value was as low as 306 

0.06 mg L-1, meaning that the generated Ti in EC can be simply related to the electrochemical 307 

dissolution. 308 

3.2.3. Effect of supporting electrolyte nature 309 

 Several trials have been carried out to evaluate the influence of the electrolyte nature (NaCl, 310 

Na2SO4 and Na2HPO4, and their combinations) on TOC and color abatement during EC. Solutions 311 

with different supporting electrolytes containing 16.8 mg L-1 TOC of HA were electrolyzed at pH 312 

9 and 10 mA cm-2. First, sodium sulfate was employed as single supporting electrolyte, but the cell 313 

voltage was excessively high (35 V), which can be explained by the formation of a quite stable 314 

film on the anode surface that caused its effective passivation. On the other hand, when Na2SO4 315 

was replaced by Na2HPO4, the color and TOC removals (Fig. 6a and 6b) were poor. This was due 316 

to a very slow anodic dissolution, as a result of the substitution of Ti-OH on the titanium anode 317 

surface by insoluble phosphates. Most of the dissolved titanium species were transformed into 318 

titanium phosphates as follows:  319 

TiO(OH)2 +HPO4
2– → TiO(HPO4) + 2OH–       (14) 320 
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 Fig. 6c demonstrates that the pH during the EC trials was slightly influenced by the supporting 321 

electrolyte nature, rising from 9 up to 9.3 and 9.5 when 0.3 M and 0.5 M of Na2HPO4 was added 322 

to the 0.5 M NaCl solution, respectively. As can be observed in Fig. 6a and 6b, the efficiency of 323 

TOC and color removal in chloride medium was higher than that in phosphate or sulfate media. 324 

At 90 min, EC yielded 93.9%, 24.9%, 93.5%, and 87.4% TOC abatement in NaCl, Na2HPO4, 325 

(NaCl + Na2SO4) and (NaCl + Na2SO4 + Na2HPO4), respectively. The high performance of EC in 326 

the presence of chloride is related to the effective breakdown of the passive compact film formed 327 

upon anode dissolution, in agreement with the polarization and impedance results commented 328 

above. The aggressive chloride ions migrate inside the pit through the passive film, destabilizing 329 

it and eventually promoting the Ti dissolution and hence, the HA removal by EC. 330 

4. Conclusions 331 

 This work has demonstrated that the corrosion of Ti is dependent on pH and electrolyte nature. 332 

In phosphate medium, the corrosion was not favored, owing to the formation of a passive film, 333 

whereas chloride ions enhanced the corrosion rate and Ecorr was shifted to a more active value due 334 

to pitting corrosion. Electrodissolution experiments revealed that the amount of dissolved Ti was 335 

slightly lower than the theoretical one. The pH evolution during the electrodissolution of Ti anode 336 

was related to the electrolyte nature and the initial pH. The pH increased continuously in phosphate 337 

medium, whereas in chloride or sulfate media, the pH increased at the beginning and then became 338 

stable. It is also demonstrated that EC with Ti as sacrificial anode material can be a suitable process 339 

to remove HA from water. The color and TOC removals depended on the electrolyte nature, j and 340 

pH. Total decolorization of HA was achieved in 60 min and 94% TOC was removed at 90 min 341 

operating in 0.5 M NaCl at pH 9.0 and 10 mA cm-2 after consumption of 1.5 Ah L-1. Therefore, 342 
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the Ti species formed during EC treatment have a high effectiveness for HA removal by 343 

precipitation, adsorption, coagulation, and/or flotation, thus being a potential alternative to EC 344 

with Fe or Al. 345 
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Figure captions 477 

Fig. 1. Influence of pH on (a) potentiodynamic polarization curve and (b) Nyquist plot obtained 478 

for pure titanium as working electrode (1 cm2) in aerated aqueous solutions containing 0.5 M NaCl 479 

as a supporting electrolyte. Counter electrode: Pt wire; reference electrode: SCE; scan rate: 5 mV 480 

s-1. 481 

Fig. 2. Influence of supporting electrolyte concentration on (a) potentiodynamic polarization 482 

curve, b) Nyquist plot and c) Bode plot for pure titanium as working electrode (1 cm2) in aerated 483 

aqueous solutions at pH 9.0. Counter electrode: Pt wire; reference electrode: SCE; scan rate: 5 mV 484 

s-1. 485 

Fig. 3. Influence of supporting electrolyte nature (each at a concentration of 0.5 M) on (a) 486 

potentiodynamic polarization curve, b) Nyquist plot and c) Bode plot for pure titanium as working 487 

electrode (1 cm2) in aerated aqueous solutions at pH 9.0. Counter electrode: Pt wire; reference 488 

electrode: SCE; scan rate: 5 mV s-1. 489 

Fig. 4. (a) Time course of color removal, along with (b) TOC removal and (c) pH evolution with 490 

specific charge during the electrocoagulation of aqueous solutions containing 16.8 mg L-1 TOC of 491 

humic acid (HA) in 0.5 M NaCl as supporting electrolyte at different initial pH values, using pure 492 

Ti as the anode at j = 5 mA cm-2. 493 

Fig. 5. Electrocoagulation of aqueous solutions containing 16.8 mg L-1 TOC of humic acid (HA) 494 

in 0.5 M NaCl as supporting electrolyte at pH 9.0, using pure Ti as the anode. (a,b) UV/Vis spectra 495 

recorded at 1 mA cm-2 and 10 mA cm-2, respectively. Effect of current density on (c) color removal, 496 

(d) TOC removal, and (e) pH evolution. (f) Theoretical and experimental values of dissolved Ti 497 

content at j = 7.5 mA cm-2. 498 
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Fig. 6. Influence of supporting electrolyte nature (each at a concentration of 0.5 M, except in plot 499 

c) on (a) color removal, (b) TOC removal and c) pH evolution during the electrocoagulation of 500 

aqueous solutions containing 16.8 mg L-1 TOC of humic acid (HA) at pH 9.0, using pure Ti as the 501 

anode at j = 10 mA cm-2. 502 
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Table 1 673 

Results of potentiodynamic polarization for pure titanium as working electrode determined by the 674 

Tafel extrapolation method in the presence of different supporting electrolytes (each at a 675 

concentration of 0.5 M) at pH 9.0. Scan rate: 5 mV s-1. 676 

Electrolyte Ecorr 

(mV) 

Icorr 

(µA cm-2) 

Na2SO4 -325 0.106 

NaCl -398 0.149 

Na2HPO4 -44 0.091 

NaCl + Na2SO4 -405 0.152 

NaCl + Na2SO4 + Na2HPO4 -386 0.146 

 677 


