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ABSTRACT

Hydroxyl radical {OH) is ubiquitous in the environment and in metaol It is one of the
most powerful oxidants and can react instantangomish surrounding chemicals. Currently,
three attack modes 6OH have been identified: hydrogen atom abstractamdition to
unsaturated bond and electron transfer. Perhalagenon compounds such as ¢G@re
therefore supposed to be recalcitranf@ as suggested by numerous authors due to the
absence of both hydrogen atom(s) and unsaturated{$)o Here, we report for the first time a
fourth attack mode ofOH through ipso-substitution of the halogen atomisToreakthrough
offers new scientific insight for understanding thechanisms ofOH oxidation in the related
research areas of research. It is especially & gregress in organic contaminants removal
from water. In this study, C&Ils successfully degraded and mineralized in agueoedia
using a green and efficient electrocatalytical piitbn of homogeneous and heterogeneous
"OH. Maximum degradation rate of 0.298 fhimnd mineralization yield of 82% were
reached. This opens up new possibilities of emgrgwater pollutants elimination such as

fluorosurfactants.

Keywords: carbon tetrachloride; anodic oxidation; electrolyaia; electro-Fenton; oxidation

pathway.



21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

1. INTRODUCTION

The omnipresence of hydroxyl radicaDH) is now well established in various types of
environments including natural waters, atmosphera/hich it plays a role of “detergent”,

interstellar space as well as biological systemer@©H has an important role in immunity
metabolism[1-4]. It makes'OH as the most important free radical in chemiatmg biology

because of its multiple implications and applicasifb,6].

In water media,OH is the second strongest oxidizing agent aft@orihe with a standard
redox potential of 2.8 V/ISHE/]. The presence of unpaired electron on oxygen abakes
‘OH a very reactive species with a mean lifetimenested as only a few nanoseconds in
water[8]. It destroys most of organic and organometallidupants until total mineralization,
i.e. conversion into C9 H,O, and inorganic ions; hence the interest of its umswater
treatment area. Indeed, the occurrence of hazardadstoxic pollutants into the water
compartments led the water and wastewater regylatequirements to become more
stringent regarding the release of such compouBdsg xenobiotic, these contaminants
cannot be removed by conventional wastewater tratmplant and therefore an advanced
physicochemical treatment is required. Thus, simo@me than 30 years the outstanding
properties ofOH have been tested for water purification in thecalled advanced oxidation
processes (AOPYP]. AOPs have gained increasing interests as thegtitoie promising,
efficient and environmental-friendly methods to mm persistent organic pollutants (POPS)
from waters[10,11] Several types of AOPs have been developed basethein situ
formation of 'OH by means of various chemical, photochemical, osbamical, or
electrochemical reactions. Then, ti@H formed can react according to three possible
reaction modes proposed in literature: (i) hydrogesm abstraction (dehydrogenation), (ii)
electrophilic addition to an unsaturated bond (bystation) and (iii) electron transfer

(redox) reaction$6,10]. The first mode is typical for alkanes and alcshi@q. 1) with rate
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constants in the range 200° M s*[12], whereas the second mode occurs especially with
aromatics (ArH) (Egs. 2a-2b) with rate constantigh as 1810 M s*[12] while the
third mode is generally given with oxidizable inanics such as cation dEq. 3a)) as well

as anions (Eq. 3b) (CNO,, HCOy) and organics (Eq. 4)]:

RH+'OH - R +H,0 1)
ArH +'OH - ArHOH' (2a)
ArHOH + O, — ArOH + HGO) (2b)
FE" +'OH - Fe'+OH (3a)
Anion™ +'OH - Anion™Y" + OH (3b)
RH+'OH - RH"+OH (4)

Therefore, OHs are very active species that can oxidize elvemtost recalcitrant chemicals.
However, 'OH have been considered in several studies as afiveavith perhalogenated
alkanes (GX,) water contaminants that contain only carbon aatbden atoms such as
carbon tetrafluoride (CJr, carbon tetrachloride (Cg| hexafluoroethane ¢€s) and
hexachloroethane (Clg) that are widely used as etchant in semiconduntmufacturing and
as refrigerants. Indeed, these pollutants do net heny hydrogen atom as well as no
unsaturated bond. Thus, no one of the three aba&rgiomed modes ofOH actions can

Ooccur.

Interestingly, several authors intended to be #&bldegrade perhalogenocarbon compounds
by applying some AOPs but in the presence of amrocgprecursor. Cho et dl13,14]
succeeded to degrade G®ith a heterogeneous photocatalysis (UV/A)i@rocess in the
presence of surfactant as organic precursor. Itpragosed as a hypothesis that a complex

formation between the surfactant functional groapd TiQ surface was responsible for the
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weak visible light absorption and the subsequerdtg@induced electron transfer to GCI

(Egs. (5a)-(5b)):
CCl, + € (from a visible light activated reaction center) ‘CCl; + CI” (5a)
‘CCk+0O, - 'O0OCCk - - - CO,+3CI (5b)

Gonzalez et all15] employed methanol as precursor to mineralize,®¢IH,O, photolysis

according to the following reactions sequence ([Eg)-(6¢)):

H,0, + hv (254 nm) - 2'0OH (6a)
'OH + CHOH - ‘CH,OH + H,0 (6b)
‘CH,OH + CCl, —» ‘CCl+ CH,O + CI+ H* (6¢)

In addition, some authors applying other AOPs dismonstrated the degradation of €y
suggesting the formation of additional inorganice@ps that were responsible for its
decomposition. Thus, it was considered that soioicatlecomposes water molecules into

hydrogen radical') and’OH and then CGlreacts withH [16,17]

H,O +))) - 'H+'OH (7a)
CCl,+'H - HCIl+°'CCl (7b)

In a modified chemical Fenton’s treatment it waggasted that the superoxide iony(Dwas

responsible for the decomposition of GCI8-20] O, is a weak nucleophile and reductant
that was suggested to be able to degrade i@@protic media such as dimethyl sulfoxide and
dimethylformamide as organic precurd@rd,22] and more recently in aqueous media by

using high concentration of8, (>0.1 M) in a Fenton-like process.
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However, an important feature is that at the oper&enton pH (pH 3 initially), hydroperoxyl
ion (HO,), a weak oxidantE° = 1.65 V/SHE), predominate in such acidic comdisi pKa =

4.8) instead of @ [23]. Therefore, the role of O has to be reconsidered.

Recently, electrochemical advanced oxidation peee{EAOPS) for generatin®H in a
catalytic and continuous mode have gained incrgasiterestd23—27] They are not only
more environmentally friendly as electron is a nleaagent but also more efficient as they
can even degrade the most recalcitrant compola@ds34]such as cyanuric acid known to be
resistant tdOH oxidation in more conventional AOR35]. Another advantage is that EAOPs
are modular process according to the electrodesriakst to be used which lead to different
oxidizing/reducing species formed23,36-40] In other words, the nature of the
electrogenerated species can be controlled bydbquate electrode materials and operating
conditions. Therefore, the oxidative degradatiorp@efhalogenated compounds such as,;CClI
has never been studied by EAOPs, it appears imddacarry out it as it can bring novel
tremendous scientific insights on the mechanisrdegfradation of such molecules according

to the electrode material employed.

2. EXPERIMENTAL

2.1.Chemicals
All the chemicals were of analytical grade, andevesed without any further purification.
Carbon tetrachloride (C@)l titanium tetrachloride (TiG), potassium hydrogen phthalate,
hydrogen peroxide (#D.) (30% w/w) and sodium sulfate (p&0,) were purchased from
Sigma-Aldrich. Heptahydrated ferrous sulfate (FeS&,0), sulfuric acid (HSO;) and

phosphoric acid (kPOy) (85% w/w) were supplied by Acros Organics. Ineadperiments, the
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solutions were prepared with ultrapure water froMillipore Simplicity 185 (resistivity > 18

MQ cm at room temperature).

2.2.Electrochemical reactor set-up
Electrolysis experiments with C{lqueous solutions (0.2 mM) were run at controlled
temperature (22.0 + 0.1 °C), in a 0.20 L closediidédd glass electrochemical reactor under
current-controlled conditions. The cathode waseeita 150 crh carbon felt (CF) piece
(Carbone-Lorraine, France) or a 28°cplate of stainless steel (SS) (GoodFellow, France)
Either a Pt grid (5 cm height cylindrical (i.d. =8)) or boron-doped diamond (BDD) coated
on a Niobium (Nb) plate (28 én(Condias, Germany) was employed as an anode ialater
with an electrode distance of 3.5 cm. The eleceaubal cell was monitored by a power
supply HAMEG 7042-5 (Germany) and the applied curmeas set to 1000 mA. An inert
supporting electrolyte (N&0O, at 0.050 M) was added to the medium to ensure ataon
ionic strength (0.15 M). The pH of the initial sbbn was adjusted to a pH of[81]. The
solutions were continuously stirred to assure hamegus mixing. FeSO/H,O was added
(0.05 mM) as a source of catalyst {feto implement Fenton’s reaction in EF process.
Compressed air was bubbled initially before stgrtime experiment and before adding £CI
compound[42]. This was to saturate the aqueous solution na® a source of i,
production (Eq. 9) while avoiding the volatilizatioof CCl. The reactor set-up for
electrolysis experiments is illustrated fing. 1. The same reactor was employed to perform

H,O, oxidation experiments, except that the electroda® absent.

2.3.Analytical methods

2.3.1. Cyclic voltammetry (CV)
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CV experiments were performed to evaluate the mlactivity of CCl in aqueous media with

a potentiostat/galvanostat PGP201 VoltaLRadiometer Analytical S.A.) in a three-

electrode system. Either Pt (1 mm diameter) orsylasrbon (3 mm diameter) was employed
as working electrode while a Pt wire was used astaw electrode. A saturated calomel
electrode (SCE) was employed as reference elegttbeeefore, all the voltage values given
in the text are expressed in V/ISCE, unless statieerwise. Sodium sulfate (0.050 M) was
used as electrolyte and the solutions were actltiepH 3.0, the optimal EAOPs conditions.
The CV experiments were performed in a voltage eaofg3.0 V to +3.0 V and at a scan rate

of 10 mV §.

2.3.2. Hydrogen peroxide experiments and analysis

The oxidation power of ¥D, onto CC} was evaluated by adding initially.8, in excess
(100 mM) into CCJ (0.2 mM) aqueous solution before starting the @rpents. The amount
of H,O, accumulated in bulk solution was determined byqeering electrolysis experiments
in the same conditions than EAOPs treatments, éxitep no F& was added to avoid
Fenton’s reaction to occuB7]. H,O, was quantified by colorimetry using TiG#3]. The
absorbance of the pertitanic acid complex formed maasured with a Perkin Elmer (USA)
Lambda 10 UV-VIS spectrophotometer at a wavelermth10 nm. An external calibration
curve was obtained with standards afO5 giving a molar extinction coefficient of around
935 + 2 L mof* cmit. The HO, concentrations were then calculated according ¢oBber-

Lambert law.

2.3.3. Total organic carbon (TOC) measurements

TOC analyses were performed to quantify the mineaabn degree during the different kind
of treatments. The solution TOC values were deteethiby thermal catalytic oxidation (680

8
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°C in presence of Pt catalyst) using a Shimadzpaf@da\Vcsy TOC analyzer. All samples

were acidified to pH 2 with §#P0, (25% w/w) to remove inorganic carbon. The injegtio
volumes were 50 pL. Calibrations were performedubyng potassium hydrogen phthalate
solutions (50 mg C T¥) as standard. All measured TOC values were giviém avcoefficient

of variance below to 2%.

Mineralization yields r(nin) were considered equivalent to TOC removal pesgmniand can

be determined according to the following Eq. 8:

ATOC
in (%) = a2t X 100 (®)

where ATOCY) is the difference between the initial TOC (Tg)@nd TOC at time t.

2.3.4. lonic chromatography analysis

The inorganic ions released in the treated solatiware determined by ion chromatography
using a Dionex ICS-1000 basic ion chromatograpistesy (USA). The analysis of anions
was monitored using an lonPac AS4A-SC (25 cm x 4) mmon-exchange column linked to
an lonPac AG4A-SC (5 cm x 4 mm) column guard. Tysesn was equipped with a DS6
conductivity detector containing a cell heated at’G. The mobile phase contained 1.8 mM
Na,CO; and 1.7 mM NaHC® The flow rate was set to 2 mL rinThe suppressor SRS
(Self Regenerating Suppressor) needed to preveninfluence of the eluent ions in the

detector signal was at a current of 30 mA.

2.3.5. Kinetic model for CCJ degradation

The decay rate of Cgtan be written as follow (Eq. 9):

d[ccl,] _

q - Kead OHIICCL] 9)
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where [CCJ] is the concentration of Cglkccis is the decay rate constant of G@hd [OH]

is the concentration 6OH radical.

Considering that the degradation of one mole of,@@duce four moles of Clthe following

equivalence of chemical rate can be obtained (Ep. 1

_dcal,] _, 1d[ar]

10
dt 4 dt (10)
By inserting Eq. 10 into Eqg. 9, the Eq. 11 is given
diCl” .
L = romrea (1)

By considering thafCl"] =[CCl,],-[CCl,] , that [CCI,] =[CCl,],-[Cl ], and that
[CI7] =4[CI"], s, the following Eq. 12 is retrieved from Eq. 11:

A e = O 0C1 1, 101 ) (12)

where [CCl]o is the initial concentration of CLand [CllmeasiS the measured concentration

of CI released into the solution.

By considering the quasi-steady state approximatwamrds théOH concentration evolution,

a pseudo-first order kinetic model can be assuj2g(d

d[cl . .

q - Kap([CClo ~[Cl Tieas) (13)

wherekapp = kccre [[OH] is the apparent decay rate constant of,@Kidation by OH.

After integration of Eq. 13, the semi-logarithmiq.B.4 is obtained:

In( [CCLI,_ jzln(—[CC"‘]Oj:kappt (14)
[CClTo —[Cl ] ens [CCL,],

where [CCl]; is the concentration of CCat timet.

10
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3. RESULTS AND DISCUSSION

3.1.Evaluation of electroactivity of CCl,
Before studying the possibility of C{dlegradation byOH produced by EAOPs, it appeared
important to preliminary verify the electroactiviof CCl, to check if it can be degraded by
direct electron transfer at anode or cathode serf&yclic voltammetry (CV) have been
therefore performed in voltage window ranging freghV to +3 V in NaSQO, (0.050 M)
solution at pH 3. Either platinum (Pt) or glassybwan was used as working electrode, since
both electrode materials were later employed inEA®Ps. As anticipated, neither electro-
oxidation nor electro-reduction of CQGbccurred by using Pt as working electro8iey( 2A).
Whatever the presence or not of ¢;Glo peak of current was observed except the ariuat
of HO into G (anode) and its reduction into, Hicathode). Employing vitreous carbon as
working electrode further demonstrated the nontedectivity of CCl, at the potential range
studied Fig. 2B). A difference was noticed between Pt and carbect®de, since a cathodic
peak, attributed to the formation of® (Eq. 15), was noticed at -0.6 V with the lattenisT
peak is expected because carbonaceous cathodeslbkmown to promote the formation of

H,0O, from 2-electron reduction of 44]:
O+ 2H +2€ -~ H,O, (15)

To further investigate the oxidative inaction ot@4 towards CCj, experiments were
performed by initially spiking kD, in excess (100 mM) in a 0.2 mM GClqueous solution
in a hermetic seal batch reactéig. 2C and Fig. 1). As expected kD, was not able to
degrade CGlas no Clwere released in solution while the total orgaradoon (TOC) values
remained unchanged along the experiment. Ti® Ebncentration measurements depicted in
Fig. 3 highlights the absence of,8, consumption during oxidation experiments with £Cl

as it remained constant (around 100 £ 0.1 mM)lah@the experiment. ¥D, is known to be

11
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a relatively weak oxidant=(H.O./H,O) = 1.8 V/SHE)[45] that has relatively poor redox

abilities which explain its unreliability to oxicezCCl,.

3.2.Degradation of CCl, by EAOPSs

3.2.1. Role of BDD anode: production of heterogene@id

The performance of EAOPs to degrade £@.2 mM) has been tested. Guided by the
hypothesis described in section 3.1 regarding the of ‘OH in the CCJ degradation, an
anodic oxidation (AO) experiment was first perfodneith a SS cathode and a BDD anode
(AO-SS/BDD cell) in order to check this assumpti@fig. 4A). The experiments were
performed in aqueous media, in absence of any otiganic compound that could play a role
of precursor fofCCl; formation. Moreover, the electrolysis was careed in dark conditions
to avoid any photo-activity. To check whethefGd formation occurred at SS cathode, the
accumulation of kO, in bulk solution during electrolysis using SS @&t and Pt anode has
been performed and the results are representeBign5 It is shown that the D,
concentration could not reach higher value thadD.thM, which is very low. This is
attributed to the SS material that do not favor tiwe electrons-oxygen reduction reaction
(ORR) pathway to form 0O, and will rather promote the four electron-ORR pati that

produce HO (Eqg. 16) as previously statgtB,43]:

O, +4H + 46 — 2H,0 (16)

Therefore, the use of SS cathode limited the faomatf H,O, through Q reduction (Eq. 15)
(Fig. 5 while the BDD anode ensured the heterogeneousrgéon of BDD{OH) thanks to

its high Q evolution overvoltage (2.3 V/ISHE}6,47].

Excitingly, Fig. 4A highlights the release of Tions into the solution by performing an AO-

SS/BDD experiment. Upon control experiments resstiiswing, as expected, the absence of

12
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CI” ions in solution when no current intensity waslegaly CCl, was successfully degraded by
BDD("OH) generated in AO process. It can further becedtithat the amount of Clormed
could not reach the maximal Gheoretical concentration ([Qhax s that could be released.
In fact, the rate of chloride formation was in catipon with the rate of its oxidation into Cl
as highlighted by the decrease of JGifter 40 min of treatmen&(g. 4A). Indeed, Gl react
quickly with H,O to form HOCI [48] that undergoes further oxidation reactions to be
converted into chlorate (CK) and perchlorate (ClOD at BDD surfaceas shown by ionic
chromatograms ifFig. 6. Thus, the chromatograms of anions evolution duEf treatment
with BDD anode at different treatment time (0 m2®, min, 40 min, 60 min, 120 min, and
240 min) display Clpeaks at retention time around 1.3 min and magakp of SGF™ at
retention time of 3.1 min. Interestingly, two mgreaks could be distinguished at retention
times of 2.2 min and 7.4 min, respectively. Thesaks are ascribed to chlorine oxyanions
such as Cl@ and CIQ", respectively. These anions can be formed byokidation into Cj
gas at BDD anode due to its high oxidation abilifth physisorbedOH formed at its surface
(BDD('OH)) (Egs. 17-18a). Glreacts quickly with KO to form the hypochlorous acid
(HCIO) (Eq. 8b) in the bulk. Since the pH remairextween 2.4 and 3.0 during the whole
electrolysis, HCIO is the predominant species asipaoed to CIO knowing the acid
dissociation constant value of HCIgKa = 7.54 (at 25 °C). HCIO is then oxidized into GIO
(Eq. 18c) which is quickly oxidized into C}O(Egs. 18d-18e) and then into GIQEq. 18f)

as end-product having the maximal oxidation St&#e50]

BDD + H,0 — BDD(OH)+H' + ¢ (17)

2CI" - Cly(g) + 2e (18a)
Clyg)+ H,O - HCIO+H +CI (18b)
HCIO + BDD(OH) — BDD + CIOy + 2H' + & (18c¢)
HCIO + CIO; -~ CIO; +H +CI (18d)

13



277 ClO, + BDD(OH) —~ BDD +CIO; +H + € (18e)

278 ClOs + BDD(OH) - BDD +CIO  + H' + & (18f)

279  Chlorite ion was not observed in the electrolysihvBDD because the high applied current
280  density (35.7 mA cfi as reported to the BDD anode surface area) fdworapid oxidation
281 of CIO; into CIOs as noticed previouslipl], especially in BDD experiments performed at
282 30 mA cm?[52].

283 As it can be seen at the detailed view of figlak evolutionKig. 6B), a maximal peak area
284  could be noticed at 20 min of electrolysis, whilestarted decreasing after longer treatment.
285 At this time the peaks area of GlGncrease until 60 min of treatment and start desirey
286  after electrolysis time longer than 120 min. In theanwhile, peaks area of GI@tart raising
287  from 120 min until 240 min of treatment. The suhs&y increase/decrease trends observed
288 from CI evolution concentration to ClOand then to CI@® corroborated the reactions
289 sequence (Egs. 18a-18e).

290 In addition, the chromatogram of $O(Fig. 60 highlights a slight decrease of $Opeak
291 right after the starting of the EF-CF/BDD treatmartrresponding to a SO concentration
292  decrease from 50 mM to 47.1 + 0.9 mM. This is bittred to the reaction of $Owith high
293 reactive BDD surface producing sulfate radical {$(Eq. 19a) and persulfate %) (Eq.

294  19b) as previously statgd3,54]

295 SO - SO +€ (19a)
296 SO~ +SQ" - S04 (19b)
297  The oxidation power of SO and $Og* are lower than that of th@®H, with standard

298 reduction potentials of 2.6 and 2.01 V/SHE, regpebt [23]. It has been previously

299 demonstrated that SQadical could not react with C&lsince it was found as one of the end-

14
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product during oxidation of chlorinated phenol b9,Sradical[55]. It means thalOH is the
only species responsible for the oxidation of £ClI

It is important to note that the same trends wdrgeoved with all BDD experiments (AO-
SS/BDD, AO-CF/BDD and EF-CF/BDD) as these phenomeshepends on the use of BDD

anode material itself.

3.2.2. Influence of CF cathode: production of homogene@ks by peroxone reaction

Interestingly, when a CF cathode was employed (A2BOD cell), the concentration of Tl
released could reach [Ghax (0.8 mM), highlighting a better degradation of €(®ig. 4A).

To better understand this behavior, the accumulatd H,O, in bulk solution during
electrolysis using CF cathode and Pt anode is septed inFig. 7. It was first noticed a
transient phase followed by a steady state. Thenpimenon is typical in undivided cell study
and is referred to the competition reactions betwekO, electrogeneration and .8,
decomposition at the anode (Egs. 20a-20b), at #itieode (EQ. 21) and in a lesser extent

decomposition in bulk solution (Eq. 22) as statesl/fpusly by numerous authdi&3]:

H,O, - HO +H +¢€ (20a)
HO, - O, +H' +¢€ (20b)
HzOz + 2I—F +2e - 2H20 (21)
2H,0, —» O + 2H,0 (22)

It was further emphasized that in presence of Cihocke the maximal amount of,6;
accumulated in bulk solution was 1 mM, which wagtig#es higher than with SS cathode. It
was attributed to the nature of cathode matemsalfitand to its surface area. Indeed, carbon-
based cathodes have high Evolution overpotential and low catalytic activitgr H,O,

decomposition. Moreover, CF has a 3D porous stracthat dramatically increases its

15
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specific surface area as compared to the SS nlaten@oyed. This property makes increase
the number of active sites for,@dsorption before its subsequent reduction in0,H

Therefore, the enhancement obtained with AO-CF/RBeDas compared to AO-SS/BDD cell
could be due to the additional source’©H formed by peroxone reaction betweesOH
electrogenerated at CF cathode angl ptoduced at the anode surface (Eq. 23) [56], as
previously shown in several studies performed milsr electrolysis conditions7-59] thus

confirming the role ofOH in the degradation process.
H,O, +20; - 20H + 3G (23)

Indeed the high oxidation power of BDD anode alloalso generating Ofrom water

oxidation at its surface (Eq. 2)9].
3H,0 - O3+ 6H +6€ (24)

It is worthy to specify that ©itself is a moderately strong oxidar°©,0,) = 2.1 V/SHE)
[45] compared t6OH and has no direct oxidation effect on &% stated by a previous study

[19].

3.2.3. Role of iron catalyst: production of homogenedlsl by Fenton reaction

The addition of F& (0.1 mM) in order to produc®H through Fenton’s reaction (Eg. 25)
[23] was further investigated by performing electrot®aen(EF) treatment with CF cathode

and BDD anode (EF-CF/BDD cell).

FE" + H,0, — Fe*+°OH + OH (25)

The presence of ferrous ion could even enhancerbibit degradation of C£by reaching

faster [Clmax .t Value as seen iRig. 4A
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This enhancement in C{CHegradation rate is due to the formation of homeges'OH
formed in bulk solution that react directly with GCin addition to BDDOH) formed at
anode surface. In this process, Fenton’s reactmn 25) is electrocatalyzed by continuous
regeneration of Fé& (catalyst) from electro-reduction of ¥éons (Eq. 26) formed by Fenton's

reaction[48]:
Fé' e . Fé' (26)

The difference of efficiency between AO-CF/BDD aldF-CF/BDD experiments was
therefore mainly attributed to the action of suppd@tary’OH generated in the bulk solution

by Fenton reaction (Eqg. 25).

Furthermore, when Pt was used as anode instea®DfiB EF process (EF-CF/Pt cell), the
dechlorination rate and yield were higher compaméti AO-SS/BDD cell Fig. 4A). It was
also noticed that a plateau of @oncentration was observed in EF-CF/Pt cell expent,
highlighting the accumulation of Tlin the solution. In order to better understands thi
evolution, the chromatograms of anions evolutiomirdu EF treatment with Pt anode at
different treatment time (0 min, 5 min, 10 min, @, 40 min, 60 min, 120 min, 180 min,
240 min) have been recorded and are representétyir8. Fig. 8A displays Cl peaks at
retention time around 1.3 min and major peaks of*Sfiom the supporting electrolyte
(NaSOy) at retention time of 3.1 min, as observed withDBBnode electrolysis. To have a
better view of the Clchromatograms, an enlarged picture allows obsgrthe evolution of
ClI" peaks area and heightfing. 8B. From 0 min to 40 min of EF treatment, it is clgaeen
an increase of peak area, meaning that,@0progressively degraded into" CAfter 40 min
of treatment the peaks area barely change, beedubeés time, the concentration of @las
reached its theoretical level value (0.8 mM). Ma& no other peak could be observed on

the chromatogram whatever the time of treatmengmimg that chloride ions could not be
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further oxidized into Gl chlorate, perchlorate species on the contraBODb experiments. It
is also interesting to note that the peaks are®@f remain the same (50 + 0.1 mM)
whatever the treatment timei¢. 80, which underlines that the electrolyte stayeceantive
during the treatment, unlike with BDD treatmentsiisTis in accordance with the low
oxidation power of Pt that has a low €volution overvoltage (1.6 V/SHESO0]. In this case,

‘OH at Pt surface (P@H)) is chemisorbed and,@volution is the main reaction (Egs. 27a-

270)[47]:
Pt+ HO - Pt(OH)+H +¢ (27a)
Pt(OH) + O - Pt+ QG+ 3H + 3¢ (27Db)

In addition, [Cl]max.h (0.8 mM) was reached only after 120 min againstiad 20 min with
AO-CF/BDD and EF-CF/BDD cells. The superiority o©OACF/BDD cell over EF-CF/Pt cell
was attributed to the higher oxidation power of B@Bd to the second source ®H from

peroxone reaction as discussed in section 3.2.2.

Thus, the only source 6®H was coming from the electro-Fenton process tijindeenton’s
reaction in EF-CF/Pt cell. It further emphasized himary role of homogeneoiBH formed
by Fenton’s reaction as compared to heterogené&Hsformed at BDD surface in AO-
SS/BDD cell, because in such diluted solution teeteolysis is controlled by mass transfer

rate.

3.2.4. Quantitative comparison between oxidation mechasiswith Kkinetic rate

constants

In order to compare quantitatively each applied daoon, a kinetic model has been

established (section 2.3.5). The kinetic rate @oristof CCJ degradationks,) have been
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determined considering a pseudo-first order kisefir the reaction between GGind 'OH

by assuming a quasi-stationary state’@ concentration.

Based on Eq. 14, a linear regression allowed deté@rgkap, values from the slope of the
straight lines Fig. 4B) that were ranked as follow: AO-SS/BDD (0.004 801 min') < EF-
CF/Pt (0.072 + 0.003 mif) < AO-CF/BDD (0.171 + 0.002 mi) < EF-CF/BDD (0.298 +
0.001 mint). All correlation coefficient R?) were higher than 0.989, highlighting the good
fitting between experimental data and the pseudb-brder kinetic model. This rank was
corroborating the dechlorination results. It highlis again the primary role of BDQH) /
‘OH while EF-CF/BDD depicted more than 4 times gaicllegradation kinetics due to the
three sources of hydroxyl radicals generation (Egnton, peroxone and anodic oxidation

mechanisms co-contributions).

3.3.Mineralization of CCl 4 by EAOPs

The mineralization of CGlwas evaluated by monitoring the TOC in the sanmEeemental
conditions, e.g. AO-SS/BDD, AO-CF/BDD, EF-CF/BDDdaBEF-CF/Pt cellsKig. 9. After 8

h of electrolysis, the following mineralization kawas obtained: AO-SS/BDD (24 + 1.2 %) <
EF-CF/Pt (55 + 1.8 %) < AO-CF/BDD (74 + 0.9 %) <-EfF/BDD (82 + 1.4 %)Kig. 9A). In
addition, by assuming a pseudo-first order kingtmdel for TOC decay61], the same rank
was noticed: AO-SS/BDD (0.123 + 0.011) EF-CF/Pt (0.220 + 0.013h < AO-CF/BDD
(0.772 + 0.012 #) < EF-CF/BDD (0.806 + 0.010™% (Fig. 9B). All correlation coefficient
(R?) values were higher than 0.989, highlighting aghim good fitting between experimental

data and the pseudo-first order kinetic model.

Knowing that the control experiment has shown mggke TOC removal (2% in 8 h-

electrolysis), we could first conclude that G@las successfully mineralized even with AO-
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439

SS/BDD giving the lower production ®H as mentioned previously. Moreover, these ranks
of mineralization efficiency were corroborating thdegradation kinetics results,

demonstrating again the superiority of EF-CF/BDD.

3.4.Proposed reaction pathway

Based on the above finding a reaction pathway'@ action on CGlis proposed Hig.
10A). For the sake of simplicity, hydroxyl radicals wegresented byOH without making
explicit the O-H bond. First, the presence of @nhatffavors the formation of a dipole between
C(d+) and CIp-), atoms due to the higher electronegativity of&16) compared to C (2.55)
according to Pauling scale. Being a strong eledbitizp species, OH reacts by ipso-
substitution on the C atom (Eq. 28a) leading tosiltesequent formation of trichloromethanol
(CCIOH) (Eg. 28b). Trichloromethanol is then decomposedater into phosgene (CL))

(Eq. 29)[62]. Finally CCLO is quickly hydrolyzed in water by forming GCCI and H (Eq.

30)[63].
CCl;+"OH - CCL(OH) (28a)
CCl,('OH) — CCEOH + Cf (28b)
CCLOH — CCLO +H +CI (29)
CCLO + HO — CQOy+ 2CT + 2H' (30)

Taking into account these considerations, a reagbathway was therefore proposed for
complete degradation of CQintil mineralization, leading to a new attack mafiéOH (Fig.
10B). Over the existing attackOH modes, e.g. dehydrogenation, hydroxylation dadten
transfer[6,64], a fourth mode, namelyigso-substitution” is proposed. It generally consists

of the oxidation of perhalogenocarbon compoundX{¥finto trihalo-alcohol ((Xy.1OH) in
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a first step. Furthermore, it has been observddyhat £ontinuous decrease of pH during the
EAOPs treatments from an initial pH of 3.0 to aafipH of around 2.4 + 0.2 after 8 h
electrolysis with a standard deviation of 0.2 whishdue to the kind of applied treatment.

This is an evidence of the accumulation of protonsied through the mechanism proposed.

4. CONCLUSIONS

In summary, the treatment of CGGh aqueous solution with EAOPs has been investdy&dr
the first time. Upon successful degradation andemailization of CCJ with the unique
presence ofOH produced by anodic oxidation a new attack mdd&él was proposed on
perhalogenocarbon compounds by ipso-substitutidmtiigen atom withiOH. The decrease
of pH during the electrolysis corroborated the gl mechanism. The use of electro-
Fenton process enhanced significantly the remow#itiemcy due to generation of

supplementaryOH in the bulk solution.

This fourth oxidation pathway 6OH should be considered in other areas of resesarch as
in atmospheric studies as some of these perhalogdmms are known to be volatile and can

be subjected t®H reactions.

Furthermore, this new finding opens up many opputies in environmental protection by
offering possibilities of degrading and mineralgisuch recalcitrant perhalogenocarbons
compounds that are used as solvents, refrigerangsal propellant and representing an
environmental issue, such as carbon tetrafluorigeafluoroethane, carbon tetrachloride,
hexachloroethane, perfluorohexane, and so on, l&d ayclic perfluoroalkanes like
perfluorooctane, perfluoro-1,3-dimethylcyclohexanad perfluorodecalin. More recently
fluorosurfactants such as perfluorooctanesulfonicid,a perfluorononanoic acid and

perfluorooctanoic acid have been found into theirenment and especially into water
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464 bodies. They are employed by some textile companiesnulsion polymerization process to
465  produce fluoropolymers but they have caught regeh# attention of regulatory agencies has

466 they are persistent in the environment, toxic anddcumulate in the food chain.

467 In short, this study highlights that perhalogenboas compounds should be considered to be

468 eliminated byOH generated in EAOPs.
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FIGURE CAPTIONS

Fig. 1. Reactor set-up for #D, oxidation and electrolysis experiments.

Fig. 2. Evaluation of CC] electroactivity and reactivity with 4,. (A), cyclic
voltamogrammes in absence or presence of, @@h Pt working electrode (Pt counter
electrode); (B), cyclic voltamogrammes in absenc@resence of Cglwith glassy carbon
working electrode (Pt counter electrode), (C), akik treatment of CGlwith hydrogen

peroxide.

Fig. 3. Hydrogen peroxide concentration evolution durindgisyg experiment.

Fig. 4. Degradation of CGlby AO and EF treatments using different cathodes anodes.
(A), chloride concentration ([d) evolution normalized by the maximal theoretical”
concentration ([Clmaxs) and (B), determination of the apparent rate amtstfor CCJ decay
assuming a pseudo-first order kinetic model (SI, B5). EF, electro-Fenton; AO, anodic

oxidation; CF, carbon felt; SS, stainless steelDBbBoron-doped diamond.

Fig. 5. Hydrogen peroxide accumulation using SS cathodeParmshode. Condition$:= 1000
mA, [Na;SQy] = 50 mM, V = 200 mL, pH 3.

Fig. 6. Chromatograms of anions evolution during EF treatsx@f CC} with BDD anode
(EF-CF-BDD) at different treatment time (O min, 2@, 40 min, 60 min, 120 min, 240 min).
(A), ionic chromatograms. (B), Obpeaks evolution. (C), SO peaks evolution. Conditions:
= 1000 mA, [NaSQ;] = 50 mM, [Fé'] = 0.05 mM,V = 200 mL, pH 3.

Fig. 7. Hydrogen peroxide accumulation using CF cathodeRirahode. Condition$:= 1000
mMA, [N&SOy] = 50 mM,V =200 mL, pH 3.
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Fig. 8. Chromatograms of anions evolution during electrotée treatments of C¢lvith Pt
anode (EF-CF/Pt) at different treatment time (0,rBimin, 10 min, 20 min, 40 min, 60 min,
120 min, 180 min, 240 min). (A), ionic chromatogsan®B), CI peaks evolution. (C), SO
peaks evolution. Conditions:= 1000 mA, [NaSQ;] = 50 mM, [Fé] = 0.05 mM,V = 200
mL, pH 3.

Fig. 9. Mineralization of CCJ by anodic oxidation and electro-Fenton treatmergig
different cathodes and anodd#), normalized TOC evolution by the initial TOCB)
determination of the TOC decay rate constants asguepseudo-first order kinetic model.
EF, electro-Fenton; AO, anodic oxidation; CF, carlbelt; SS, stainless steel; BDD, boron-

doped diamond.

Fig. 10. Pathways of organic compounds oxidation ‘®H. (A), CCl, oxidation by ipso-

substitution with’OH. (B), schematic description of the four attackd®s of‘OH with

organic compounds. RH, alkane; ArH, aromatigX{ perhalogenocarbon compounds.
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