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Abstract

In this study, we evaluate for the first time the effect of ionic composition on the anodic
production of hydroxyl radical (*OHa) during electrocoagulation (EC) process in batch
using carbon steel electrodes. Likewise, hydroxyl radical production from active chlorine
(*OHpn) electrogenerated in EC photoassisted with UVA (A = 365 nm) and UVC light (A =
254 nm) was evaluated using car wash wastewater. Both, *OHa, and *OHgn, were analyzed
by UV-Vis spectroscopy and fluorescence using coumarin as the probe. Under optimal
conditions (j = 8 mA cm?, 25 °C, 15 min, 6 rpm), turbidity, suspended solids and color
were removed by 98.3%, 98.7% and 93.1%, respectively. However, total organic carbon
(TOC) abatement only attained 27%. This can be related to the fact that *OHa and *OHpn
were not identified during EC, with or without UV irradiation. Hence, the organic matter is
mainly removed by coagulation with Fe(OH), species. Comparative treatment of the same
wastewater by electrochemical oxidation (EO) with a Ti|lrO2-Ta2Os anode in the presence
of electrogenerated active chlorine and UVC light demonstrated the generation of *OHpn,

thus encouraging the potential coupling of EC with EO.
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1. Introduction

Wastewater from car washes typically contains a high amount of suspended solids,
organic matter, and numerous pollutants such as surfactants, oils, grease, hydrocarbons,
plasticizers, microorganisms, P- and N-compounds, brake dust and heavy metals, which are
lethal to humans and aquatic organisms [1-3]. The exact composition depends on the type
of automobile, the service requested and the car wash tunnel particularities [4], but most
characteristic parameters can reach up to 644 mg L™ for total dissolved solids (TDS), 5856
mg L for total solids (TS), 772 NTU for turbidity, and 1019 mg L* for chemical oxygen
demand (COD). Salt and oil contents may attain 1.5%-2.5% and 84 mg L™, respectively,
and chemicals like hydrofluoric acid, ammonium bifluoride, paint residues, rubber,
phosphates, and volatile organic compounds may also accumulate in the resulting
wastewater [5]. As a result, this kind of effluent is not biodegradable and some regulations
now limit the discharge to 50 mg L COD [6]. In Queensland, Australia, and some
European countries, less than 70 L of fresh water is allowed for single car wash and a water
reclamation percentage is often imposed. In the Netherlands and Scandinavian countries,
60-70 L per car is the maximum allowable fresh water consumption. In turn, a recycle of
80% carwash effluent is compulsory in Germany and Austria [6]. Therefore, it is very
crucial to conduct research to develop more effective wastewater treatment technologies.

Reported methods for car wash wastewater treatment include different
physicochemical processes that, though efficient, do not completely solve the problem
[1,2,4,5,7,8-10]. One the other hand, there exist several wastewater treatment technologies
with potential industrial scale-up and ability to transform the pollutants into more

innocuous substances, as for example biological processes, chemical Fenton, heterogeneous



photocatalysis, and electrochemical methods like electrocoagulation (EC) or electro-
oxidation (EO). Among them, EC is an excellent option, although traditionally it has been
considered that this process has a non-destructive nature [11]. The efficiency of EC mainly
relies on the production of coagulating agents, as shown in reactions (1)-(3) for iron anodes,

which occur in concomitance with cathodic reactions (4) and (5) [12].

4Fe(s) —> 4Fe?* + 8e- 1)
4Fe?* + 10H,0 + Opaq) —> 4Fe(OH)ae) + 8H* )
Fe?* + 20H- — Fe(OH)z) ©)
8H* + 8e~— 4Hy(q) 4)
2H,0 + 26~ — Hy) + 20H- ()

Lately, coexistence of predominant adsorption and precipitation mechanisms with
multiple secondary reactions such as direct anodic oxidation, chlorine-mediated oxidation
and cathodic reduction has been suggested. More rarely, some authors have hypothesized
the possible role of *OH-mediated oxidation in EC, which has caused great controversy
[13]. Furthermore, the formation of oxidation by-products during the EC treatment of
bronopol with iron anodes has been recently reported, allowing the proposal of *OH

production via chemical reaction (6), as follows [14,15]:

Fe2* + HCIO — Fe3 + *OH + CI- (6)

Likewise, the addition of 1.0 mM Fe?* during the treatment of Acid Yellow 36 by EO
with DSA® in the presence of active chlorine enhanced the mineralization process, which
was related to the formation of *OH from reaction (6), although the existence of this

oxidant was not demonstrated [16].



The identification of *OH is thus of major importance to confirm or refute any result
attributed to its potential presence. In EC, it is known that sacrificial anodes possess a low
overpotential for O2 evolution reaction and hence, a poor *OHa production from H>O
oxidation is expected. However, coupling with ultrasounds seems to yield *OH [13]. Also,
the potential formation of active chlorine species can result in *OHpn formation when the
solution is irradiated with UVC light (A = 254 nm) during photoassisted EC process (PEC)
[17], as shown in reactions (7) and (8). This is not surprising, since the UV/chlorine process

is widely described [18,19].

ClO~ +hv — 0* +CI* @)

0°*~ + H20 — OH™ + *OHpn (8)

EC with Al or Fe anodes does not show great ability to promote active chlorine
production, even when the treated solution contains a high amount of chloride ion.
Nonetheless, some authors defend this possibility and, in some case, trace amounts have
been reported [17]. Therefore, it is necessary to evaluate with detail whether coupling EC
with UV light of different wavelength has a direct impact on *OH and *OHpn production
according to reactions (6)-(8).

Several studies on car wash wastewater treatment have been reported so far, focused on
chemical Fenton and photo-Fenton [20,21], single EC [22,23], and EC followed by EO
with PbO; and or boron-doped diamond (BDD) anode [4,24]. Coupling between EC (Al
electrodes, pH 7, j = 150 A m, 60 min) and EO (BDD anode, pH 8, j = 210 A m?, 120
min) allowed > 96% removal of oils, color, turbidity and COD at the end of the combined
treatment [24]. Our groups have wide experience in manufacturing industrial prototypes

based on electrochemical processes, including EC [11]. Based on the advantages that EC
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offers to treat toxic effluents with high organic matter contents, the present study
investigates in detail the production of *OHa from anodic oxidation of water and *OHpn
from electrogenerated active chlorine with UV photoassistance, and the potential impact of
these oxidants during the treatment of car wash wastewater by EC with iron-based

electrodes.

2. Materials and methods

2.1. Chemicals

When needed, the solution pH was adjusted with H.SO4 or HCI (Faga Lab). Coumarin
(CoHsO2, Sigma-Aldrich) was used as the probe compound for the analysis of *OHa. and
*OHph. All synthetic solutions were prepared with water from a Millipore Milli-Q system
(p=18.2 MQ.cm at 25 °C, electrical conductivity of 0.0549 uS cm™ and 7 pg L of total

organic carbon (TOC)).

2.2. Wastewater characterization
A plastic bin was filled with 20 L of car wash wastewater obtained from a client and
immediately refrigerated at 4 °C. To run each trial, sampling from that bin was made
after vigorous stirring to ensure homogeneity. The pH and electrical conductivity (K)
analysis was performed at 25 °C, using a Thermo Scientific Orion Star A215 pH and
conductivity benchtop meter. The redox potential was measured on a Hach HQ40D
portable multimeter equipped with an Intellical ORP probe. Fluorescence analysis of
colloidal organic matter was carried out considering the homogeneity and stability of
the samples. To quantify the potentially toxic elements (PTEs), 40 mL of raw

wastewater were digested with HNO3:HCI (4:1, v/v), using an Anton Paar Multiwave



Pro microwave oven, at 800 W and 240 °C. The analysis was then made using an
Agilent 4100 microwave plasma atomic emission spectrometer (MP-AES). lon
chromatography was performed on a Dionex ICS-2500 high performance liquid
chromatograph equipped with an ED50A conductivity detector and coupled with a
Dionex lonPac AS14A column. The analysis was carried out according to EPA
Method 300.1 (EPA, 1997), eluting a Na.COs/NaHCO3 mixture as the solvent at 1 mL
mint. The quality of the results was evaluated using the IC-FAS-1A certified standard
analysis from Inorganic Ventures. Color, turbidity and total suspended solids (TSS)
were determined with a DR900 multiparameter portable colorimeter from Hach, with
limits of detection of 6 FAU, 4 mg L and 15 units, respectively. UV-Vis and
fluorescence measurements were made using an Agilent 8453 spectrophotometer and a
Cary Eclipse fluorescence spectrophotometer, respectively. TOC, inorganic carbon
(1C) and total nitrogen (TN) analyses were performed on a Shimadzu TOC-VCSN.

Table 1 summarizes the concentration of metallic cations, with detection limits of 1-6

ug L%, showing a significant concentration of Mg and Ca. The identification of these two

elements is important, since they embed on the cathode in the absence of polarity reversal

during the electrochemical treatment, which can be minimized when chloride ion is present.

Toxic elements like Pb and Cr were found at concentrations of 0.07 and 0.01mg L™, below

the maximum permissible limits [25], whereas Cd and Zn remained under the limit of

quantification (LOQ) with 1.4 and 3.1 nug L, respectively.

Table 1. Analysis of potentially toxic elements (PTES) in wastewater by MP-AES.

PTE (mg L)
Cu Fe Mg Ca Al Ni Co Cr
0.03 6.49 34.47 48.20 4.46 0.08 0.05 0.01




Table 2 shows the anionic content, being evident the presence of CI- and SO4>-, along
with F~ and NOs~ at much lower concentration. The two former anions are especially
important regarding the performance of many electrochemical processes [26]. In particular,
chloride may be transformed into active chlorine (Clz, CIO~ or HCIO) via reactions (9)-(12)
that depend on both, solution pH and electrocatalytic activity of the anode. Anions such as

NO2~, Br—and PO4*> remained under the LOQ.

Table 2. Analysis of inorganic ions in wastewater by ion chromatography.

Anion (mg L)

F Cr NO2~ Br- NO3~ PO~ S04~
1.19 651.0 <0.25 <0.25 3.60 < 0.50. 725.0
Cl-+ 20H- — CIO~ + H0 + 2e- (9)
Cl= — Clygq) + 26 (10)
Clz + H,0 — HCIO + H* + CI- (11)
HCIO S H* + ClO- (12)

A complete physicochemical characterization of the real wastewater is presented in

Table 3.



Table 3. Physicochemical characterization of the raw car wash wastewater, and change of

each parameter during EC trials carried out in an undivided electrochemical cell at natural

pH (8.4) and 25 °C, without addition of supporting electrolyte, at different current densities

(j) for 15 min. Solutions were stirred with a magnetic bar at 6 rpm.

Parameter j (MAcm?)
0 3 7 8 9 10
Turbidity (FAU)  366.2 15 6 6 14 12
% Removal - 95.9 98.3 98.3 96.1 96.7
TSS (mg L%) 356 12 4 4.6 11 9
% Removal - 96.6 98.8 98.7 96.9 97.4
Color (Pt-Co) >1000 210 74 69 127 136
% Removal - 79.0 92.6 93.1 87.3 86.4
TOC (mg L) 127.2 119.6 1136 91.6 83.4 81.0
% Removal - 5.9 10.6 27.9 344 36.2
IC (mgL?) 124.1 99.4 109.8 98.6 107.1 110.5
% Removal - 19.8 115 20.4 13.6 10.9
TN (mg LY 110.3 107.1 71.8 109.5 67.7 78.1
% Removal - 2.90 34.8 0.7 38.6 29.1
pH 8.4 8.3 8.4 8.4 8.4 8.4
K (mS cm™) 3.53 35 35 3.6 35 35
ORP (mV) 42.3 172.0 166.3 179.4 175.4 174.3




2.3. Electrochemical treatments

Before performing the EC trials, the carbon steel plates (provided by CIDETEQ) used
as sacrificial anodes were subjected to a surface activation process in 0.5 M H2SOa. For
this, a solution of 80 mL was electrolyzed in an undivided cell at 25 °C and j = 8 mA cm™?,
with constant stirring at 6 rpm provided by a magnetic stirrer from Corning, for 60 min.
The geometrically active area of the two carbon steel plates used as the anode and cathode,
with an interelectrode gap of 0.9 cm, was 9.34 cm. The temperature of the treated solution
was controlled during the electrolysis using a PolyScience water bath. Fig. 1 shows the

experimental setup.

Fig. 1. Experimental setup used for all the electrolytic experiments, including the
equipment for the analysis of *OHa and *OHpn in situ. (a) Undivided electrochemical cell;
(b) power supply; (c) peristaltic pump; (d) UV-Vis spectrophotometer; (e) data acquisition

equipment; (f) water bath; and (g) fluorescence spectrophotometer.
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Once concluded, the electrodes were withdrawn from the electrochemical cell and
rinsed with ultrapure water. Both electrodes were immersed in an ultrasonic bath for 20 min
and were then rinsed with water. Afterwards, different EC experiments were performed
during specific time intervals. All the electrolyses were performed at constant current using
LKB Bromma power supply.

During the activation process, detachment of black impurities from the anode was
clearly observed. To evaluate the structural and morphological changes occurred on the
electrode surface upon electrochemical polarization, scanning electron microscopy (SEM)
and energy dispersive X-ray analysis (EDX) were employed. Typical conditions for this
type of analysis have been reported elsewhere [27]. Fig. 2 shows the initial and final SEM
images of the carbon steel plate, revealing evident changes in both, morphology and
composition. The Fe content increased up to 78.12 at.% during the activation process,
demonstrating the great effectiveness of the surface activation pre-treatment.

The EC experiments with the car wash wastewater were performed using the same
experimental procedure described for the activation (see setup in Fig. 1). After each run,
samples were withdrawn and filtered with a syringe to perform the different analyses. In
experiments with UVA (4 = 365 nm) and UVC (A = 254 nm) light irradiation, a 6-W

UVGL-58 Handheld UV lamp was placed above the solution, at 5 cm.
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Fe (25.99 at%) . | Fe(78.12 at%)

C (16.68 at%) .. [C(12:69 at.%) -

O (56.72 at%) .. [O(9.64a.%) ©

Si (0.62 at.%)

Fig. 2. Analysis of carbon steel anode, subjected to electrochemical activation pre-
treatment, by SEM-EDX. Electrolytic conditions: 80 mL of 0.5 M H,SO4 electrolyzed in an
undivided at 25 °C and constant current of 75 mA, with constant stirring at 6 rpm for 60

min.
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2.4. Determination of hydroxyl radicals

For the analysis of hydroxyl radicals formed via electrochemical oxidation (*OHa), the
experiments were performed using either, a divided or undivided electrochemical cell.
Using the undivided cell, the setup was the one described in subsection 2.3. A solution of
22 mL of 0.5 M H,SO4 was electrolyzed at 25 °C and j = 8 mA cm™, with constant stirring
at 6 rpm, for 60 min. The geometrically active area of the two carbon steel plates used as
the anode and cathode (pre-treated as explained above), with an interelectrode gap of 0.7
cm, was 2.40 cm. Coumarin at a concentration of 0.5 mM was used as probe compound to
detect *OH.. The decrease in its absorbance was analyzed by UV-Vis, in the absence and
presence of t-BuOH as radical scavenger. Using the divided cell, the electrolyses were
performed using a salt bridge, with 0.5 M H2SO4 + 0.5 mM coumarin as the anolyte and 0.5
M H.SO; as the catholyte, or viceversa. The electrochemical cell replaced the one shown in
Fig. 1.

In order to demonstrate the potential production of hydroxyl radicals via
photoelectrochemical route (*OHpn) and show their impact on the EC treatment of the
wastewater, a two step procedure was followed: (i) first, real wastewater was electrolyzed
as commented in subsection 2.3 and then filtered; (ii) then, the resulting sample was put in
contact with 0.5 mM coumarin, and the mixture was irradiated with light (A = 254 and 365
nm). Comparative analyses of *OHpn were performed by using a different method as first
step, namely EO using a Ti|lrO2-Ta20s anode (provided by CIDETEQ). Such tests were
performed at j = 40 mA cm and, owing to the low *OH production, the 0.5 mM coumarin

solution was placed directly in the electrolysis cell. The resulting solution was irradiated at
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different time intervals from 0 to 100 min. The characterization and activation of Ti|lrO2-

TaOs has been previously reported [27].

3. Results and discussion

3.1. Influence of current density in EC treatment of car wash wastewater

Table 3 shows the change of main physicochemical parameters obtained upon EC
treatment of raw wastewater at different current densities (j = 3, 7, 8, 9 and 10 mA cm?)
for 15 min. As can be seen, globally, the largest removals were achieved at j = 8 mA cm?,
with TSS, turbidity, and color decays of 98.7%, 98.3% and 93.1%, respectively. Lower
removals were attained for IC (20.4%), TN (0.7%) and TOC (27.9%). It is important to
mention that the positive ORP value became higher in all trials, suggesting the production
of oxidizing agents. At j <8 mA cm, TOC abatement was quite low, only reaching 10.6%
as maximum. At j > 8 mA cm, TOC removal percentages were greater, up to 36.2%, but
lower removals of TSS, turbidity and color were achieved.

It is important to keep in mind that at a car wash, large amounts of detergents and
soaps are used, which mix with humic substances (HS) mainly attached to tires. It is thus
logical to presuppose that these kinds of organic components account for a substantial TOC
fraction not removed by EC at each j. To demonstrate this, samples withdrawn at different
times were analyzed by fluorescence spectroscopy along all the EC treatments prolonged
for 15 min. Fig. 3a shows the initial fluorescence spectrum and those obtained after 15 min
at each j. The spectra are characteristic of HS [28], as also verified by means of HS
extractions from a soil sample, which yielded the same fluorescence pattern as that shown.

At the optimum j = 8 mA cm™, a large part of the humic matter was removed but total
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disappearance was not achieved, as depicted in Fig. 3b. The time course of main parameters
like TSS, turbidity, color and TOC in EC at that optimal j is shown in Fig. 3c, where the
slow decay of TOC as compared to the other parameters is evidenced. The UV-Vis spectra
at time zero and after 15 min of EC treatment at the same j are compared in Fig. 3d. In
agreement with TOC analysis, it is clearly observed from the bands that organic matter
cannot be completely eliminated. Worth noting, the characteristic band usually associated
to hypochlorite formation (A = 300 nm) [29] was not detected. Finally, Fig. 3e shows the
time course of the cell voltage during the EC treatments at all j values. The voltage
remained quite stable between 3 an 5 V, with only a slight rising trend, except at 10 mA
cm. The low voltage, below 2 V, may be attributed to a lower passivation of the electrodes

along with a slightly higher electrical conductivity from the greater Fe?* release.
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Fig. 3. Analysis of physicochemical parameters during the EC treatment of raw car wash
wastewater at natural pH 8.4 and 25 °C using an undivided cell for 15 min. In (a),
fluorescence spectra at 0 and 15 min, at different j values; in (b-d), time course of different

parameters in EC at j = 8 mA cm™; in (e) variation of cell voltage with time, at all j.
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3.2. Analysis of *OHa during electrocoagulation

Considering the low 7(0O2) of Fe-based anodes, one could presuppose a poor
production of *OH, and, therefore, a rather minor role of *OH-mediated oxidation to TOC
removal in EC treatment. Although this seems reasonable, the literature tends to be
confusing since the potential role of *OHa is still hypothesized [13]. In order to confirm or
discard this possibility, different electrolyses were conducted in the presence of 0.5 mM
coumarin as probe using both, undivided and divided cells. The latter was made to rule out

the participation of hydroxyl radical generated through cathodic reduction (*OHc) [30]:

O3 + 2H" + 36~ — *OH, + OH~ (13)

The samples were analyzed by UV-Vis spectroscopy to monitor the disappearance of
coumarin, in the absence or presence of t-BuOH as radical scavenger [31].

Fig. 4 shows the UV-Vis spectra obtained before and after the EC treatment in the
undivided cell. In the presence of *OH, coumarin reacts according to reaction (14) with k =
2x10° M?1 sy [32], resulting in the formation of the fluorescent compound 7-

hydroxycoumarin, as follows:
CoHsO2 + 2 *OH — CoHeO3 + H20 (14)

It can be observed that the initial absorbance was quite stable during the electrolysis,
which means that *OH, is not produced at a significant concentration. The results from
fluorescence spectroscopy confirmed the sole presence of coumarin, which exhibited a
sharp emission peak 393 nm. [33]. The trial made with addition of t-BuOH, a known *OH
scavenger with k = 6 x 108 M s that promotes multiple competing reactions [34, 35-38],

confirmed the stability of coumarin. It can then be concluded that *OH. does not
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participates to yield the 27.9% of TOC removal at j = 8 mA cm (Fig. 3c). It is important to
mention that these analyses were performed in duplicate, using a quartz flow cell [39],

taking special care when drying it.

4.0+
3.5
3.0
;i 2.5—1
% 2.0+ ——t =0min
g 1 5_' —t =60 min
£ | =t =60 min/t-BuOH
1.0
0.5
0.0+

200 250 300 350 400 450 500
A(nm)

Fig. 4. Analysis of *OH, from the evolution of UV-Vis spectra of coumarin. A solution of
22 mL containing 0.5 M H2SO4 + 0.5 mM coumarin was electrolyzed in an undivided cell
under EC conditions, at 25 °C and j = 8 mA cm, with constant stirring at 6 rom for 60 min
in the absence or presence of 0.050 M t-BuOH. The geometrical area of the two carbon

steel plates used as the anode and cathode was 2.40 cm.

To confirm the results, the analysis was also carried out in a divided cell, using a salt
bridge (agar, 3M KCI). The 0.5 M H2SO4 + 0.5 mM coumarin mixture was employed as the
anolyte and 0.5 M H,SO4 as catholyte. As shown in Fig. 5a, no significant change in the
UV-Vis spectrum was registered. The same kind of trial but exchanging the anolyte and
catholyte was further made to test the possible production of *OH. from reaction (13). Fig.

5b compares the spectra before and after the electrolysis, showing no difference.
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In conclusion, in typical EC treatments, the formation of hydroxyl radicals at the anode
or cathode surface can be disregarded. However, the contribution of indirect oxidation

processes in the bulk cannot be still ruled out.

(@) 40 (b) 40
3.5+ 3.54
3.0 3.01
é 2.5+ ;_5, 2.5
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P ] —t= 60mint-BuoH g
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00 T T T T T 1 0'0 T T T T T 1 1
200 250 300 350 400 450 500 200 250 300 350 400 450 500
A (nm) A(nm)

Fig. 5. Analysis of (a) *OHa, and (b) *OH. from the evolution of UV-Vis spectra of
coumarin. The experiments were performed as described in Fig. 4, but using a divided cell,
with 0.5 M H2S04 + 0.5 mM coumarin as (a) anolyte or (b) catholyte.

3.3. Effect of experimental parameters on the in-situ generation of active chlorine

Fig. 6 shows the effect of pH (7.0 and natural pH 8.4), ionic content (SO4> and CI-)
and UVC light (A = 254 nm) on the TOC decay obtained during the EC treatment of the
real wastewater using an undivided cell, at 25 °C and j = 8 mA cm. The adjustment of pH
to 7 was made by adding either H.SO4 or HCI, in order to simultaneously assess the
influence of both anions, which were identified as most abundant (Table 2). In the case of
Cl~ anion, the potential production of active chlorine could serve as a source of hydroxyl

radicals upon irradiation, as described in reactions (7) and (8).
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Fig. 6. Effect of pH, ionic content (S04~ and CI-) and irradiation with UVC light (. = 254
nm) on normalized TOC decay during the EC treatment of raw car wash wastewater using

an undivided cell, at 25°C and j = 8 mA cm™.

As can be seen, EC treatment at pH 7.0 upon pH adjustment with H.SO4 led to poorer
TOC removal as compared to EC at natural pH 8.4, which can be explained by the lower
stability of the insoluble Fe(OH), and Fe(OH)s species and hence, the more difficult
aggregation and precipitation of organic matter to finally become coagulated. In contrast,
the use of HCI to adjust the solution pH to 7.0 was very positive, yielding almost the same
profile for TOC abatement as compared to pH 8.4. The addition of CI~ anion is then
beneficial, which can be attributed to the production of active chlorine mainly in the form
of CIO-, resulting in a mediated oxidation process. After that, the effect of solution
irradiation with UVC light (A = 254 nm) on TOC removal was investigated. As shown in
Fig. 6, photolysis did not cause significant changes, only reaching 5% TOC decay. The
turbidity caused by TSS in the raw wastewater is thus responsible for the poor light
penetration into the solution bulk, being quite difficult to cause the cleavage of benzenic
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rings of aromatic contaminants. Irradiation of the sample prepared at pH 7.0 with H2SO4
had also no effect on TOC abatement, attaining less than 15% as in the dark. Conversely, a
greater TOC removal of 45% was obtained when HCI was used to adjust the pH to 7.0.
Such enhancement could be due to the photoinduced formation of hydroxyl radical in the
bulk (*OHgn) from reactions (7) and (8). Since this is of great interest, considering that most
industrial effluents possess a high content of chlorides, next subsection is focused on the

indirect determination of such radicals.

3.4. Assessment of *OHpn production during electrocoagulation

To investigate the photochemical formation of homogeneous hydroxyl radical from
active chlorine activation, a set of electrolyses was carried out with a solution of 0.5 mM
coumarin at different pH values (adjusted with HCI), at j = 8 mA cm for 60 min. The
samples were immediately exposed to UVA (4 = 365 nm) or UVC (A = 254 nm)
irradiation. As can be observed in Fig. 7, no significant change of the UV-Vis spectrum of
coumarin was detected along these trials. The apparent absence of *OHyn during EC can
then be explained by an excessively low accumulation of active chlorine, thus preventing
its subsequent photodecomposition according to reaction (7). As commented from Fig. 6,
UVC irradiation has an evident positive effect on TOC removal, which now can be
explained according to the following sequence of events: (i) active chlorine is formed from
Cl-oxidation at the anode surface, (ii) some organic compounds become oxidized to by-
products, and (iii) some of these by-products are more easy to coagulate (see Fig. 6, pH 7.0
with CI7), and/or are phototransformed by UVC light to other compounds, whose

coagulation is finally enhanced.

20



(a) 40 (b) 4.0+
3.5 3.5
3.0 3.0
3 25 ENE
3 ] —t = Omin 3 ] )
8 20 ——t =60min/A=365m 8 20 ——t,=0min
S 154 ——t =60 min/A=254nm 5 15- ——t =60 min/A=365nm
2 2 ——t, =60 min/%.= 254 nm
1.0+ 1.0
0.5 0.5
0‘0 T T T T T T 1 0‘0 T T T T T T 1
200 250 300 350 400 450 500 200 250 300 350 400 450 500
A (nm) A (nm)
© @ o
35- 35-
3.0 3.04
3 251 3 251
8 i 8 | R
g ——t= Omin g —t,= Omin
5 151 ——t =60 min/A=365m 5 154 —t =60 minA=254nm
g ——t =60 min/A=254nm g ft-BuOH
1.0+ 1.0
0.5 0.5
00 T T T T T T 1 00 T T T T T T 1
200 250 300 350 400 450 500 200 250 300 350 400 450 500
A (nm) A (nm)

Fig. 7. Assessment of *OHpn production during the EC treatments under UVA (A = 365 nm)
or UVC light (A = 254 nm) irradiation. For this, a solution of 22 mL containing 0.5 mM
coumarin was electrolyzed under conditions described in Fig. 4, at (a) natural pH 8.4, (b)
pH 7.0, (c) pH 3.0, and (d) pH 3.0 with 0.050 M t-BuOH.

3.5. Electro-oxidation with an 1rO>-Ta2Os anode

According to the results obtained for EC, and to demonstrate the potential use of active
chlorine photoactivation with UV light to form *OHpn, 70 mL of real wastewater samples
were electrolyzed by EO at natural pH 8.4 and at pH 7.0 and 3.0 (adjusted with HCI).
Ti|lrO2-Ta20s and stainless steel were used as the anode and cathode, respectively,

operating at j = 40 mAcm for 60 min. The electrolyzed solutions were filtered, mixed with
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0.5 mM coumarin and exposed to UV irradiation (365 and 254 nm), yielding the UV-Vis

spectra shown in Fig. 8 for coumarin.
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Fig. 8. Assessment of *OHpn produced upon photoactivation of active chlorine pre-
generated by EO process. First, solutions of 70 mL of car wash wastewater were treated by
EO with a Ti|lrO,-Ta20s anode at j = 40 mAcm™ for 60 min. The resulting solution was
mixed with 0.5 mM coumarin and irradiated with UVA (A = 365 nm) or UVC light (A =
254 nm). The EO process was applied at (a) natural pH 8.4, (b) pH 7.0, (c) pH 3.0, and (d)
pH 3.0 with 0.050 M t-BuOH.

At all pH values, irradiation with UVA light (1 = 365 nm) only caused a slight
decrease in absorbance (Fig. 8a-c). In contrast, the absorbance decays were much more

evident using UVC light at A = 254 nm, which was especially remarkable at pH 3.0 (Fig.
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8c). This great effect of UVC light could be directly associated to coumarin oxidation by
*OHpn according to reactions (7) and (8). To demonstrate this, the trial at pH 3.0 was
repeated using t-BuOH during the irradiation step. The results shown in Fig. 8d reveal a
much smaller change of coumarin absorbance as compared to time zero, confirming a
scavenging effect on *OHph. All these analyses were performed in duplicate. Although the
results discussed above suggest that, under the conditions evaluated, *OHa. and *OHpn are
not generated in EC treatments, coupling with EO process may be of interest to induce the
formation of *OHph under UVC irradiation.

To confirm the evidence of Fig. 8, Fig. 9 shows the results from UV-Vis analysis and
fluorescence spectroscopy obtained upon EO treatment of 0.5 M HCI + 0.5 mM coumarin

with a Ti|lrO2-Ta,0s anode at j = 40 mA cm, photoassisted with UVC light for 100 min.

(a) (b) 250
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e i ) = - omi
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Fig. 9. Analysis of *OHpn, produced using EO with Ti|lrO2-Ta20s photoassisted with UVC
irradiation, from the evolution of (a) UV-Vis spectra of coumarin an (b) fluorescence
spectra of 7-hydroxycoumarin. Conditions were similar to those of Fig. 8, but employing a
solution with 0.5 M HCI + 0.5 mM coumarin.
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A significant decrease of coumarin absorbance can be seen in Fig. 9a, which occurs in
concomitance with 7-hydroxycoumarin accumulation (Aem = 490 nm, Fig. 9b). The
appearance of the hydroxylated product upon action of *OHyn was only evident at times

longer than 40 min.

Conclusions

The treatment of raw car wash wastewater by EC process with carbon steel electrodes
has been proven very effective to remove more than 98% of TSS and turbidity, along with
93.1% of color in 15 min at 8 mA cm?, although a low TOC abatement of 27.9% was
achieved. The study has revealed that significant concentrations of *OH, and *OHpn are not
attained during an EC treatment and hence, TOC removal can only be associated to
oxidation mediated by active chlorine and coagulation with Fe(OH),. In contrast, the
production of *OHpn has been demonstrated in EO treatment of the same wastewater with a
Ti|lrO2-Ta20s anode, with photoassistance from a UVC lamp that promotes the

photodecomposition of active chlorine.
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