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The electrochemical oxidation of paper industry wastewater was studied using two types of
dimensionally stable anodes: Ti/RuO, and Ti/RulrCo(40%:40%:20%)Ox. The electrodes were
characterized using SEM micrography and EDS spectroscopy. The local mapping analysis was
performed on Ti/RulrCo(40%:40%:20%)Oy. The presence of Ir and Co significantly modified the
surface morphology of Ti/RuO,. The oxidation process was analyzed as a function of the electrolysis
time at a constant cell potential in the absence or presence of an electrolyte (NaCl) and at an initial pH
of 6.2. The effectiveness with which the two anodes electrochemically oxidized the wastewater was
evaluated by measuring the removal of the chemical oxygen demand (COD), color, and total
polyphenols, and using UV-Vis spectroscopy. The results revealed that both anodes reduced the COD,
color, and polyphenols; however, the ability to remove organic matter depended on the nature of the
electrode material, the presence or absence of NaCl, and the electrolysis time. In the absence of NaCl,
the effectiveness of the Ti/RuO, electrode exceeded that of Ti/RulrCo(40%:40%:20%)Oy for the
removal of COD, color, and polyphenols. The presence of NaCl was a determining factor in the
process of electrochemical oxidation. In the presence of NaCl, both anodes increased their capacities
for removing the COD, color, and polyphenols; however, the anode Ti/RulrCo(40%:40%:20%)Oy was
more effective than the anode Ti/RuO; in reducing the COD. The UV-Vis spectrum suggested the
formation of hypochlorite ions (CIO") during the -electrolysis process, indicating that the
electrochemical oxidation proceeded via an indirect mechanism with the participation of hypochlorite
ions. The Ti/RuO, electrode modified with Ir and Co favored an indirect mechanism involving
hypochlorite ions.

Keywords: Electrooxidation; Ti/RuO,; Ti/RulrCo(40%:40%:20%)0y; Anodes; Wastewater


http://www.electrochemsci.org/
mailto:tzayasp@hotmail.com
mailto:tzayasp@hotmail.com

Int. J. Electrochem. Sci., Vol. 10, 2015 7841

1. INTRODUCTION

Wastewater from the paper industry presents an environmental pollution problem because the
high quantity of water used in the process, 76—227 m® per ton of product, results in large amounts of
wastewater with a high organic load [1]. Several pollutants have been identified in the effluents
produced at different stages of papermaking. These pollutants are present in the form of chlorinated
compounds, suspended solids, fatty acids, tannins, resin acids, lignin and its derivatives, and organic
sulfur compounds [2]. Xenobiotic compounds formed during the process of pulping and paper making
(chlorinated lignins, resin acids, phenols, dioxins, and furans) can induce genetic changes in exposed
organisms [3,4]. To reduce the adverse effects of the paper industry wastewater on the environment, it
is necessary to identify efficient wastewater treatments prior to discharge into the water bodies. The
main treatment that is applied to pulp and paper mill effluent consists of an initial clarification step
(sedimentation or flotation), followed by a secondary biological treatment (anaerobic or aerobic) [1].
Although such treatments have been used to reduce organic content, they fail to remove the diverse
recalcitrant organic compounds that resist biological degradation and, hence, remain present in the
effluent [5]. In recent decades, the studies of the treatment of paper industry wastewater have gained
interest given the need to reduce adverse environmental effects. A variety of studies have examined
treatments based on biological processes (aerobic, anaerobic, algal, fungal biomass) or
physicochemical approaches (coagulation—flocculation, ozonation, photocatalysis, electrochemistry)
[1,6-12]. The electrochemical oxidation of organic matter has provided favorable results in the
treatment of wastewater from different industries [13-16]. In the paper industry, this process has been
applied using graphite [17], lead anodes [10], or dimensionally stable anode-type electrodes (DSA):
Ti/TiO2/RUO, [18], Ti/Co/SnO,-Sh,0s5 [19], Ti/Rug3Tip7O2 [20], or Ti/RuPb(40%)O« [21]. These
electrode materials can reduce the COD, color, and polyphenols from the paper industry wastewater.
The effectiveness of the electrochemical oxidation process applied to organic matter depends
essentially on the electrocatalytic activity of the electrode material that constitutes the anode; therefore,
the appropriate selection of the anode can increase the removal of organic matter with a high efficiency
[22]. Dos Santos et al. [15] showed that the electrochemical oxidation of phenol and its byproducts at
an Ti/RuO; anode resulted in rapid break-down in the presence of chloride ions. They suggested that
the Ti/RuO, anodes could be used for the treatment of effluents containing phenols in a chloride
environment. Studies of anodes based on Ru, Ir, or Co electrodes have revealed high activities and a
high resistance to corrosion [23-25]. Considering the importance of the anode composition on the
electrochemical oxidation process, we compared the effectiveness of the oxidation processes in paper
industry wastewater treatment using two types of dimensionally stable anodes with compositions based
on Ru oxide or Ru-Ir-Co oxides supported on Ti. These electrodes were represented as electrode 1
(E1), for Ti/RuO,, and electrode 2 (E2), for Ti/RulrCo (40%: 40%: 20%) Oy. The effectiveness of the
anodes in removing organic matter from paper industry wastewater revealed that RuO, displayed
unique electrocatalytic properties in the presence of Ir and Co. The effectiveness of the electrochemical
treatment of wastewater using both anodes was evaluated by measuring the removal COD, color, and
polyphenols, and by using UV-Vis spectroscopy.
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2. EXPERIMENTAL

2.1. Characteristics of the paper industry wastewater

The wastewater samples used in this study were obtained from a paper production plant
(México), and stored at 4°C. The wastewater was characterized for COD, conductivity, color, turbidity,
pH, total dissolved solids, chloride and polyphenols. The data are listed in Table 1.

Table 1. Characteristic measures of the raw paper industry wastewater.

Parameters Values
COD (mg O,/L) 2585
Conductivity (mS cm ™) 2.9
Color (m™) 101.2
Turbidity (NTU) 486
pH 6.2
TDS (g/L) 2.1
Chloride concentration (mg/L) 80
Total polyphenols (mg/L) 48

2.2. Reagents

Sodium chloride (Merck AR) was used as the support electrolyte. Folin-Ciocalteau reagent (a
mixture of phosphomolybdic and phosphotungstic acids; Merck AR) was used to measure the total
polyphenol concentrations. Spectroquant® COD Cell Test (a mixture of potassium dichromate,
mercury sulfate, silver sulfate and sulfuric acid; Merck, Germany) with different sensitivity ranges
were used to determination the chemical oxygen demand (COD).

2.3. Electrodes

RuO,-coated titanium  (Ti/RuO;) and RulrCo(40%:40%:20%)O«-coated  titanium
(Ti/RulrCo(40%:40%:20%)0y) electrodes were used as the anodes, and a PtPd(10%)O-coated
titanium (Ti/ PtPd(10%)0Oy) electrode was used as the cathode in all cases. These electrodes were
prepared in our laboratory and were dimensionally stable anode (DSA)-type electrodes. A titanium
mesh (ASTM grade 2) was used to support the oxide layers. The mesh was prepared by thermally
decomposing of the precursors in an alcoholic solution and was applied by brushing onto the metallic
support. The elemental content in the film (Ru, Ir, and Co) corresponded to the nominal molar percent
composition of the precursor solution. The solvent was evaporated at a low temperature (100°C) and
the electrode was annealed for 1 h at 450°C to form the metallic oxide phase. The electrode mesh area
was 41.25 cm? (7.5 cm x 5.5 cm). For practical purposes, the anodes were labeled as follows: E1 for
the Ti/RuO, anode and E2 for the Ti/RulrCo(40%:40%:20%)O4 anode. The electrodes were
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characterized using scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy
(EDS) using a JEOL JSM-7600F instrument operated at a voltage of 15 keV.

2.4. Electrochemical methodology

The electrochemical oxidation process was performed in an electrochemical cell with a
capacity of 150 mL and a sample volume of 100 mL. The parallel electrodes (anode and cathode) were
placed vertically with a separation distance of 3 mm. Raw wastewater samples (100 mL) were
subjected to electrolysis. The operation conditions were the cell potential difference (6 V),
concentration of the support electrolyte (NaCl: 5.0 g/L), pH of the solution (6.2) and electrolysis time
as variable. The potential difference was applied from an external power source (DS-304M, Zurich),
and the current and voltage were measured using a conventional multimeter.

2.5. Analytical control

The effects of the electrochemical treatment were analyzed based on the physicochemical
parameters, including the COD, color, and polyphenol content, as well as the UV-Vis spectra. pH
measurements were obtained using a Conductronic PC 18 pH meter. The COD and color were
monitored using a spectrophotometer (SQ118, Merck). Sample digestion was performed in a TR 300
Thermoreaktor (Merck) over 2 hours at 148°C. The UV-Vis spectra were obtained from the samples
using a Perkin—Elmer Lambda 20 spectrometer. The total polyphenol content was determined using the
Folin—Ciocalteau colorimetric reaction [26].

3. RESULTS AND DISCUSSION

3.1. SEM and EDS analysis of the Ti/RuO, and Ti/RulrCo(40%:40%:20%)O electrodes

Figure 1 shows (a) an SEM micrograph and (b) the EDS spectrum of the RuO,-coated titanium
electrode prepared by thermal decomposition. The SEM image (Fig. 1.a) shows the cracked Ti surface,
which is common to DSA-type electrodes as a result of sintering processes [27, 28]. The EDS spectra
(Fig. 1.b) confirmed the presence of Ru and Ti in the RuO; surface layer applied to the Ti substrate.

Figure 2 shows (a) an SEM micrograph, (b) the local mapping analysis, and (c) the EDS
spectrum of the RulrCo (40%:40%:20%) electrode. The oxide-coated titanium electrode was prepared
using the conventional thermal decomposition route. The surface of the Ti/RulrCo(40%:40%:20%)Oy
electrode was rough, heterogeneous, and cracked (Fig. 2.a). Apparently, the surface morphology of the
Ti/RulrCo(40%:40%:20%)Oy differed from that of Ti/RuO,. The EDX spectra (Fig. 2.c) confirmed the
presence of Ru, Ir, Co, and Ti, and a local mapping analysis of the film components revealed the
surface distribution of Ru, Ir, and Co, as shown in Fig. 2.b.
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Figure 1. (a) SEM micrographs and (b) EDS spectrum of the Ti/RuO; electrodes prepared via a
conventional thermal decomposition route.
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Figure 2. (a) SEM micrographs, (b) local mapping analysis, and (c) EDS spectrum of the
Ti/RulrCo(40%:40%:20%)Oy electrode prepared using conventional thermal decomposition
methods.

3.2. Electrochemical oxidation of wastewater from the paper industry using the anodes E1 and E2,
without added NaCl.

Raw wastewater samples, to which the support electrolyte (NaCl) had not been added, were
subjected to electrochemical oxidation in the presence of each anode (E1 and E2), under application of
a constant potential difference (6 V), and the samples were monitored as a function of the electrolysis
time. The COD, color, polyphenol removal, and pH are plotted over the electrolysis time, as shown in
Figs. 3.a-3.d, respectively, for each anode used (E1 and E2). The COD removal percentage (Fig. 3a),
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color (Fig. 3b), and polyphenol removal (Fig. 3c) followed similar trends in the presence of each
anode.
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Figure 3. Percent removal of (a) COD, (b) color, and (c) polyphenols. (d) pH of the wastewater as a
function of the electrolysis time. Anodes: E1 (Ti/RuO;) and E2
(Ti/RulrCo(40%:40%:20%)0Oy). pH (initial) = 6.2, cell potential difference of 6 V, without the
addition NaCl.

The removal percentage (COD, color, and polyphenol removal) increased with the electrolysis
time and approached a constant maximum value; however, over the electrolysis range applied (120
min), the highest removal values measured based on the COD, color, and polyphenol measures were
obtained in the presence of the E1 anode, as shown in the curves of Figs. 3.a-3.c. After a 60 min
electrolysis time, the removal percentages monitored by the different parameters remained relatively
constant. For example, the E1 anode yielded removal percentages based on the COD, color, and
polyphenol of 49%, 96.6%, and 91.7%, respectively, whereas with the E2 anode yielded 35%, 75.3%,
and 66.7%, respectively. These results suggested that under fixed electrolysis conditions, the E1 anode
was more effective than the E2 anode in reducing the COD, color, and polyphenols from paper
industry wastewater. Figure 3.d shows that the electrochemical oxidation of wastewater in the presence
of the E1 and E2 anodes modified the initial pH of the solution. The solution pH increased with the
electrolysis time, and the solution acquired a basic character. Under constant electrolysis conditions,
higher pH values were obtained in the presence of the E1 anode. These results indicated that the anode
composition was important to the electrochemical oxidation of wastewater, and the E1 anode, based on
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Ti/RuO,, was more efficient in reducing the COD, color, and polyphenols than the E2 anode, based on
oxides of Ir, Co, and Ru.

The differences between the properties of the E1 and E2 anodes during the oxidation of paper
industry wastewater (without added NaCl) could be explained by considering that the presence of Ir
and Co in the E2 RuO; matrix (Ti/RulrCo(40%:40%:20%)Oy anode) decreased the evolution of an
oxygen overpotential relative to that obtained in the presence of E1 (RuO,); therefore, E2 was less
effective in removing organic matter [23, 24, 29]. Ti/RuO, and Ti/RulrCo(40%:40%:20%)Oy are
DSA-type anodes with a low oxygen overpotential; hence, the electrochemical oxidation of organic
compounds occurs together with the oxygen evolution reaction (OER). Comninellis et al. [29] reported
that class | anodes (“active anodes™) are anodes that mediate the conversion or selective oxidation of
organics and, consequently, are good electrocatalysts for the oxygen evolution reaction. Our electrodes
E1 and E2 fall within this category, and the oxygen evolution reaction is a side-reaction that competes
with organic oxidation and lowers the efficiency of the overall process. The proposed oxidation
mechanism in the presence of class | anodes is summarized in equations 1-4 [29]:

MO, + H,0 — MO, (-OH)+ H* +e (1)
MO (OH)— MO, +H" +e 2
R+ MO.,,, - RO+ MO, (3)
MO, —>;02+ MO, +H" +e (4)

The first step in the oxygen transfer reaction involves the discharge of water molecules to form
adsorbed hydroxyl radicals on the electrode surface (MOy) (Eg. 1). The strong interaction between the
hydroxyl radical (OH") and MOy, could lead to the formation of an oxide with a higher oxidation state
(Eq. 2). The surface redox couple MOy,1/MOy is thought to act as a mediator in the conversion or
selective oxidation of organics (R) (Eq. 3). Equation 3 proceeds in competition with the oxygen
generation reaction (Eq. 4). By contrast, class Il anodes ("inactive™ anodes) produce high overpotential
values during the oxygen evolution reaction. The high overpotential favors the complete degradation
of organic compounds through the formation of MOy(-OH) active sites on the electrode surfaces (Eq.
5) [30].

MO (OH)+ R — MO, + mCO, + nH,0 + e (5)

The oxygen evolution reaction could be favored in alkaline media [31]; therefore, if the
electrochemical oxidation process in the presence of E1 and E2 produces a pH > 7, the pH can limit
the oxidation of the organic matter.

3.3. Electrochemical oxidation of paper industry wastewater in the presence of NaCl (5.0 g/L) using
the E1 and E2 anodes

Raw wastewater samples were supplemented with NaCl (5.0 g/L) and were subjected to
electrochemical oxidation in the presence of each anode E1 and E2 under a constant potential
difference (6 V) and were examined as a function of the electrolysis time. The NaCl concentration (5.0
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g/L) was optimized in preliminary experiments. The COD, color, polyphenols, and pH are plotted as a
function of the electrolysis time in Figs. 4.a—4.d, respectively, for each anode (E1 and E2).
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Figure 4. Percent removal of (a) COD, (b) color, and (c) polyphenols. (d) pH of the wastewater as a
function of the  electrolysis time. Anodes: E1  (Ti/RuO;) and E2
(Ti/RulrCo(40%:40%:20%)0y). pH (initial) = 6.2, cell potential difference of 6 V, with the
electrolyte NaCl (5.0 g/L).

The electrochemical oxidation of paper industry wastewater in the presence of anodes E1 and
E2 differed, depending on the presence or absence of NaCl. The addition of NaCl increased the
capacity of the E1 and E2 anodes to reduce the COD, color, and polyphenol content; therefore, NaCl
favored the oxidation process; however, the COD removal percentage curves obtained from E1 and E2
in the presence of NaCl (Fig. 4a) revealed that the E2 anode was more effective than the E1 anode in
reducing the COD over the electrolysis time examined. A 60 min electrolysis time provided a COD
removal percentage of 77% in the presence of E2 and a 55% value in the presence of E1. The E2 anode
was therefore capable of doubling the COD value obtained from the E1 anode in the absence of NaCl.
The curves corresponding to the percentage removal of color and polyphenols in the presence of the
anodes E1 and E2 (Fig. 4.b and 4.c) displayed similar trends during electrolysis. The percentage color
removal was 87-97% during the 15-60 min electrolysis window, whereas the polyphenol removal
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percentage was 97% after 15 min electrolysis in the presence of the E1 anode. This value varied from
85 to 97% during a 15-60 min electrolysis window in the presence of the E2 anode. These results
revealed that NaCl improved the performances of the E1 and E2 anodes toward the removal of COD,
color, and polyphenols within relatively short electrolysis times. In the absence of NaCl, longer
electrolysis times were needed to significantly remove the COD, color, and polyphenols. It is
important to note that in the absence of NaCl, the greatest COD removal value was obtained in the
presence of the E1 anode. The E2 anode afforded the best performance in the presence of NaCl.
Figure 4.d shows that the pH increased with the electrolysis time, and the solution acquired a basic
character, as the absence of NaCl (Fig. 3.d). The pH values were higher with the addition of NaCl and
in the presence of the E2 anode. Similar behaviors have been observed in the electrochemical
oxidation of organic matter in the presence of other DSA anodes, including Ti/RuO, [15],
Ti/(RU02)0.70(Tazo5)0.30, Ti/RUo_goTio_mOz, Ti/RUogoSl’loyoOz, Ti/RUolgonOJQOz, and Ti/'l’o,goSﬂoyoOg
[32], Ti/Ruo3Tip70, [33]. The effect of NaCl on the electrooxidation process has been discussed by
Comninellis and Nerini [34]. The NaCl supporting electrolyte increases the rate of degradation of
organic matter through an indirect oxidation mechanism involving active chlorine (hypochlorite),
which is generated electrochemically. The electrochemical generation of hypochlorite/chlorine in a
solution containing chloride ions proceeds according to the equations 6-8.

2CI" ->Cl, +2e (6)
Cl,+H,O0—>HCIO+H"+CI (7)
HCIO—>H" +CIO (8)

The hypochlorite ion is a powerful oxidizing agent and is referred to as “active chlorine” [35].
Pollutants are destroyed in the bulk solution through an oxidation reaction with this generated oxidant
(Eq. 8). Given that the best COD removal performance was observed in the presence of NaCl and the
E2 anode, therefore, the E2 anode (Ti/RulrCo(40%:40%:20%)0x) may have a greater capacity for
producing hypochlorite ions (eq. 6-8). The indirect mechanism may be favored on the E2 anode (Ti/
RulrCo(40%: 40%: 20%)0Oy); therefore, the removal of COD may exceed that obtained in the presence
of the E1 anode (Ti/RuQy).

3.4. UV-Vis Spectroscopy

Figures 5.a-5.b show the UV-Vis spectra of paper industry wastewater subjected to
electrochemical oxidation in the presence of the E1 and E2 anodes without (Fig. 5a) or with (Fig. 5b)
the NaCl addition, under identical conditions (6 V cell potential and 60 min electrolysis time). For
comparison purposes, Figs. 5.a and 5.b show the UV-Vis spectrum of raw paper industry wastewater.
The UV-Vis spectrum of the raw wastewater displayed an absorption band between 250 and 300 nm
associated with n-m electronic transitions in the aromatic organic compounds. In the absence of NaCl
(Fig. 5a) the UV-Vis spectra of the wastewater after electrochemical oxidation treatment depended on
the type of anode used. The E1 anode removed the absorption band between 250 and 300 nm, whereas
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the E2 anode reduced the intensity of the absorption band and slightly shifted the peak toward longer
wavelengths. These results confirmed that without NaCl, the E1 anode was more effective in removing
organic matter than the E2 anode under identical applied potentials and electrolysis times.
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Figure 5. UV-Vis spectra of the paper industry wastewater after electrochemical oxidation at the E1 or
E2 anodes. Anodes: E1 (Ti/RuO,) and E2 (Ti/RulrCo(40%:40%:20%)0y). pH (initial) = 6.2,
cell potential difference of 6 V. a) without NaCl, or b) with NaCl (5.0 g/L).
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In the presence of NaCl, the UV-Vis spectra (Fig. 5b) were significantly different from those
shown in Fig. 5a due to the presence of an intense peak at 290 nm, which developed and increased in
intensity during the electrolysis process. The absorption peak at 290 nm was attributed to hypochlorite
ions generated in situ as it was reported by Feng et al. [35]. They demonstrated that the identity of the
active chlorine species in a solution depended fundamentally on the pH. At pH < 7, HCIO
predominated, whereas hypochlorite ions predominated at pH > 7. Our results suggest that the
electrooxidation of contaminants at either anode, E1 or E2, proceeds via an indirect oxidation
mechanism with the participation of hypochlorite ions. It is worth noting that the indirect oxidation
mechanism is influenced by the properties of the electrode material, as evident in the performances of
the anodes with respect to the removal of COD, color, and polyphenols via electrolysis, without or
with the addition of NaCl (5 g/L). In the absence of NaCl, the best performance was obtained from the
E1 anode. By contrast, in the presence of NaCl (5 g/L), the best performance was obtained from the E2
anode, in this case, the direct and indirect oxidation mechanisms occurred simultaneously during the
electrooxidation process; therefore, an electrode material that promotes direct oxidation may not
promote the indirect mechanism and vice versa, as observed here. Consequently, the electrode material
is fundamental to the electrochemical oxidation process, as discussed by Comninellis et al. [22, 36].

The UV-Vis spectra shown in Fig. 5b reveal that under fixed oxidizing conditions, the
absorption peak at 290 nm, assigned to hypochlorite ions, was more intense in the presence of the E2
anode compared to the E1 anode, suggesting that the E2 anode produced greater amounts of the
hypochlorite ion that the E1 anode. This hypothesis explains the better performance observed at the E2
anode in the removal of COD.

The quality measures of the paper mill wastewater parameters before and after electrochemical
oxidation treatment with the E1 and E2 anodes are listed in Table 2. These results highlight the
effectiveness of the E1 and E2 anodes at 6 V, an initial pH of 6.2, and an electrolysis time of 120 min,
in the absence or presence of NaCl (5.0 g/L). Mahes et al. [6] reported that the addition of sodium
chloride may be necessary to increase the electrical conductivity of wastewater. High concentrations of
chloride ions and salts in water can improved the performance and effectiveness of electrochemical
processes and can decrease the energy consumption. In this study, the Ti/RuO, and
Ti/RulrCo(40%:40%:20%)Ox anodes performed well in promoting wastewater oxidation.

Table 2. Paper industry wastewater characteristics before and after of oxidation treatment with the E1
or E2 anodes, in the absence or presence of NaCl (5.0 g/L).

Parameters Paper mill wastewater

Raw After electrochemical treatment*
El: E2:
Ti/RuO; Ti/RulrCo(40%;40%:;20%)Ox
Without NaCl Without NaCl
NaCl (5g/L) NaCl (59/L)
pH 6.2 8.5 8.2 7.7 8.8
(initial)
COD (mgL™) 2585 1156 950 1647 501
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Color (m™) 101.5 2.3 1.5 21.8 1.2
Turbidity (NTU) 486 5 10 100 4
TDS (mg L ™) 2.1 1.45 4.6 2.2 6.1
Chloride concentration (mg L™) 80 - 205 - 221
Total Polyphenols (mg L ) 48 2 1.2 9 1
Conductivity (mS cm ™) 2.9 2.10 8.0 3.55 10.29

* Potential difference: 6 V; pH: 6.2; electrolysis time: 120 min.

4. CONCLUSIONS

The electrochemical oxidation of paper industry wastewater was studied using the
dimensionally stable anodes E1 (Ti/RuO,) and E2 (Ti/RulrCo). Both anodes reduced the COD content,
color, and polyphenol content; however, the removal capacity depended on the electrode material, the
presence of NaCl as a supporting electrolyte, and the electrolysis time. In the absence of NaCl, the E1
anode provided the greatest reductions in COD, color, and polyphenols. The maximum COD removal
values were 55% at the E1 anode and 36% at the E2 anode. The electrochemical oxidation process
appeared to occur through a mechanism that was directly limited by the oxygen evolution reaction,
which occurred simultaneously at the electrode. In the presence of NaCl (5.0 g/L), both anodes (E1 and
E2) provided greater COD, color, and polyphenol removal at relatively short electrolysis times. In this
case, the E2 anode performed best in COD removal (80%). Under these conditions, the
electrochemical oxidation process appeared to occur through both mechanisms (direct and indirect);
however, the indirect mechanism was favored by the E2 anode over the E1, which could explain the
fact that a greater COD removal occurred in the presence of the E2 (Ti/RulrCo (40%:40%:20%)0y)
anode.
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