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Abstract

Water pollution by microplastics (MPs) is a contemgyy issue which has recently
gained lots of attentions. Despite this, very laditstudies were conducted on the
degradation of MPs. In this paper, we reporteditb@&ment of synthetic mono-dispersed
suspension of MPs by using electrooxidation (E@cess. MPs synthetic solution was
prepared with distilled water and a commercial ptlsene solution containing a
surfactant. In addition to anode material, différeperating parameters were investigated
such as current intensity, anode surface, eleté&rdlype, electrolyte concentration, and
reaction time. The obtained results revealed ti@BO process can degrade 58 + 21% of
MPs in 1 h. Analysis of the operating parametemsad that the current intensity, anode
material, electrolyte type, and electrolyte concaian substantially affected the MPs
removal efficiency, whereas anode surface area ehamkgligible effect. In addition,
dynamic light scattering analysis was performee@\aluate the size distribution of MPs
during the degradation. The combination of dynalgjet scattering, scanning electron
microscopy, total organic carbon, and Fourier-tiams infrared spectroscopy results
suggested that the MPs did not break into sma#eigtes and they degrade directly into
gaseous products. This work demonstrated that EB(premising process for degradation

of MPs in water without production of any wastedgproducts.

Keywords:
Microplastic; polystyrene; electrooxidation; degatidn; polymer.



30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

51
52
53
54
55
56
57
58
59
60

1. Introduction
Plastics are used in all consumer sectors, sa@tbbal production is growing every year.
It rose from 322 million tons in 2015 to 360 mitkidons almost in 2018 (Plastics, 2019).
It is estimated up to 10% of the produced plastrtagments would be found in the
marine environment (Cole et al., 2011). Once pregerthe marine environment, the
plastics undergo aging processes that cause teegiradation and fragmentation into
small particles called microplastics (MPs, parscless than 5 mm) (Lambert and
Wagner, 2016) and then into nanoparticles (paditdss than 100-1000 nm)(Gigault et
al., 2018). Polystyrene is one of the most widedgdicommercial plastic in the world
(Wegner et al., 2012; Zarfl and Matthies, 2010)réfore, it is one of the most
commonly found polymers in marine environments @fid-Ruz et al., 2012; Moore,
2008).
The release of MP into the marine environment t®gaized as an important problem
related to water pollution (Lambert and Wagner,8)01t has been shown that in aquatic
environments, these MPs adsorb toxic substancescandbe ingested by aquatic
organisms. Afterwards, they accumulate in the fabgin and subsequently reach
humans (Bouwmeester et al., 2015; Chae and An,)2@kiong different toxic effects
on aquatic organisms which have been proved byiqus\studies, there is a decrease in
growth rate, fertility, lifespan, and reproductithme (Besseling et al., 2014; Jeong et al.,
2016; Wegner et al., 2012). Polystyrene is a mastaterial whose toxicity has been
widely demonstrated (Besseling et al., 2014; Lesd.eR013; Rossi et al., 2014).

Although MPs are detected at low concentrationswestewater treatment plants’
effluents, these effluents are still a potentialywa release MPs because of the large
volume of effluents discharged into the aquaticiemment (Ziajahromi et al., 2017). It
has been shown that the wastewater treatment pfeagsnent 80% of MPs into
nanoplastics which can increase the number ofiplpatticles around 10 times (Enfrin et
al., 2019). The concentration of MPs with size 6f3D0 pm in wastewater treatment
plants’ influents and effluents has been reportedairange of 1-10044 and 0-447
particles/L, respectively (Sun et al., 2019). Aclingly, the conventional treatment is
unable to completely remove the MPs and it is d&ddn develop other technologies to

remove MPs in the effluent of wastewater treatnpamts.
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The previous efforts to develop such technologyi$ed on the separation processes such
as rapid sand filtration, disc filtration, dissadveair flotation, MBR/ultrafiltration,
dynamic membrane filtration, and electrocoagulafioares et al., 2018; Li et al., 2018;
Perren et al., 2018; Talvitie et al., 2017). Siattef these technologies just separate MPs
and does not degrade them, additional efforts egaired to manage the separated MPs.
A limited research concerned the degradation of Btirsmost of these works performed
on photocatalytic degradation of MPs which showedegally a couple of weeks is
required to obtain an acceptable degradation effay (Phonsy et al., 2015; Satoshi et
al., 1998). This long processing time does notgarea bright perspective because of the
current photocatalysis technology. Therefore, dgwalent of efficient technologies to
degrade MPs in a reasonable time scale is esseiriahddition, the degradation
processes should be studied to evaluate the plitysiti developing a hybrid zero-
discharge process by coupling (i) the separatioklB$ into a concentrated stream with
(i) the degradation of MPs in the concentrate@astr. This configuration hinders the
discharge of small MPs into the aquatic environmsent

In recent years, electrooxidation (EO) processhesn developed for the degradation of
persistent pollutants, such as pesticides, dyesnpdceuticals, and petrochemicals found
in effluents (Francisca et al., 2013; Ganiyu et2017; Garcia-Segura et al., 2015; Souza
et al., 2015; Yassine et al., 2018; Zhuo et al1630This process is environmentally
friendly as it could degrade MPs into nontoxic ncoles like water and carbon dioxide
without addition of chemicals. EO is basediositu generation of oxidizing radicals like
hydroxyls (OH) by direct and indirect electrochemical proc&dse standard reduction
potential of hydroxyl radicals (E'QH /H,O): 2.80 V/SHE) allows it to break the
polymeric bonds of MP and degrade them. Thereféf@,is a promising zero sludge
technology to degrade MPs at atmospheric condifiorthe best of our knowledge, there
is no work on electrooxidation of MPs found in therature.

The aim of this study was to explore the degradatib MPs from water using anodic
oxidation. As polystyrene MPs exhibit the higheskitity among common MPs,
polystyrene microbeads with 26 pum size were useda aepresentative MP. An
experimental approach was followed to determinelidst operating parameters of the

EO process (current intensity, anode surface ameade material, electrolyte type,
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electrolyte concentration, and time) to effectivalyidize MPs in water. For each
parameter, the MPs degradation performance wasaeal using removal efficiency and
mode size of MPs, which were obtained by weight laad dynamic light scattering
(DLS) analyses, respectively. The samples were gwhby microscopic, spectroscopic,
and total organic carbon (TOC) analyses to evaluhte shape and size, surface
functional groups, and formed by-products, respebtj and then evaluate the obtained
results through parametric study. In addition, ltatarent efficiency of the EO process
was evaluated and an economic analysis was cortitartelifferent conditions. Finally,

a mechanism of polystyrene degradation was propoased on the obtained results.

2. Materials and methods

2.1. Preparation of water sample

The mono-dispersed suspension of polystyrene meed with 10% MP concentration
(100 g/L) supplied by thermo scientific USA and dises the MP source. The nominal
diameter and uniformity of size of MPs were g and 15%, respectively. These
microbeads were used to make 100 mg/L MP suspengioteionized water. The
suspensions were prepared spontaneously befotegtidre experiments. The amount of
added electrolyte for the improvement of electricahductivity was 4.25, for both
NaSO, and NaNQ@, and 3.50 g/L for NaCl. These amounts correspor@@3, 0.05and
0.06 M, respectivelyThe pH of all prepared solutions was approxinya&0. Finally, 50
mL samples were taken to characterize the sampbedbeeatment.

2.2. Experimental unit

The EO reactor was made of plexiglass with dimerssiof 14.5 x 6.4 x 17.7 cm and an
operating volume of 900 mL. All experiments weredman batch mode. Boron-doped
diamond (BDD), mixed metal oxide (MMO), and iridiuoxide (IrQ) electrodes were
employed as anodes and titanium electrode was asermhthode. The electrodes were
gridded and had a circular shape with a diametdr2ofm, a thickness of 0.1 cm, and a
surface area of 113.1 énin the reactor, the anode and cathode were fieetically with

1 cm space and were connected to the positive agdtive outputs of a DC power
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supply, respectively. The reactor was placed ina tontaining ice cubes to put the

entire external surface of the reactor in directtaot with the ice cubes.
2.3. Experimental procedure

The tests were carried out at room temperature. fEhgperature of solutions was
followed by a scientific J-KEM thermocouple. To igéte the evaporation of solution
due to the temperature rise caused by electrooaidatt high current intensities, a
cooling system was employed. The solution was mixgdgitation with a magnetized
bar. In a typical experiment, the current densisiesat 108 and 216 mA.énior BDD,
108 mA.cn¥ for MMO, and 433 mA.cf for IrO,. In addition, the initial concentration
of microbeads and the electrolyte concentration®dg were set at 100 mg/L, and 0.03
M, respectively. The sampling time was 1, 2, 3, &d. To assure that high water
temperature (which was observed in a few experisnanhigh current) has no effect on
the results, a control test carried out without&teoxidation at 100 for 6 h. EO tests
consisted of analyzing different operating paramsetguch as current density (3, 6, and 9
A), types of oxygen-intensive anodes (BDD, MMO, dr@,), anode surface area (41.5
and 83 crf), and type (Ng80O,, NaNQ;, NaCl) as well as concentration (0.03, 0.04, 0.06
M) of electrolyte.

2.4. Analytical procedure

The electrooxidation of MPs performance was assebgecombining the evolution of
the particle size profile of MPs with the mass ladsMPs over time. In addition,
scanning electron microscopy (SEM), Fourier-tramsfonfrared spectroscopy (FTIR),

and TOC analyses were performed to evaluate theenaat results.

2.4.1. Particlesizeanalysis

The particle size distribution of MP in water wasasured by dynamic diffusion of light
using a particle size analyzer (Laser Scatterintidia Size Distribution Analyzer LA-
950, HORIBA, 0.01-3000 pm). A refraction index 069 was used for the analyses. In
addition to particle size distribution, the modeesidistribution was considered for
assessment of the particle size during treatmemte&ch analysis, 50 ml of sample was

injected into the particle size analyzer.
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2.4.2. Removal efficiency analysis

The elimination of MPs was followed by measuring teight of MPs in 50 ml samples
taken during the EO treatment. The samples weterdd with 0.22 um pore size
nitrocellulose filters to separate the MPs. Theeffd were then dried in an oven at°4d
for 24 hours to evaporate water. The amount of neeabgelectrolyte salt in the filter after
drying was measured using electrolyte solutiondhiauit MP. These data were used to
correct the errors due to the remaining salt in fiters during the analysis of MP
degradation. The mass loss of MP was calculatedyusg. (1):

W, — W,
Weight loss (%) = % x 100 1)
0

where W and W are the initial and final mass of MPs, respectivel

In order to calculate the total current efficien@CE) for anodic oxidation of MP, the

COD values of the water before and after treatraeare determined by MA. 315-DCO
1.1 method. The samples were first digested in 83200 thermo reactor at 150°C for 2
h. The COD values were then obtained by analysis tled samples using

Spectrophotometer-Vis UV0811M136. The TCE valuesewtben calculated using the
following equation (Ciriaco et al., 2009; Durarakt 2018):

04) — .
TCE (%) = FV SIAT x 100
where CORQ and CODR are initial and final chemical oxygen demandspeesively, in g
0,. L'}, I represents the current intensity (A), F is Breeaday constant (96487 C m)

Vs is the water volume (L), 8 is the oxygen equivalerass (g eq'), and At is the

electrooxidation time interval (S).

2.4.3. SEM analysis

The size and shape of MPs before and after EO amag/zed by SEM analysis. After
mixing, 1 mL of sample was placed on specimen atubdried at room temperature for
24 hoursThe samples were then covered with a layer of ggl&PI coasting device to
make them electrically conductive. The shape amd sf MPs were analyzed using
ZEISS EVO 50 smart device. The INCA software wasdu® capture the images.
24.4.FTIR analysis

For FTIR analysis, 700 mL of sample was filteredséparate the MPs. The MPs were
then analyzed by FTIR Spectrometer (Nicolet 50 rifeeFisher, USA) equipped with an
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attenuated total reflectance (ATR) diamond crystaldule. The range of scanning set
from 500 to 4000 cit and the collection time was 16 Ehe obtained spectrums were
compared with the reference spectrum recorded peatticles before EO.

2.45. TOC analysis

The presence of dissolved organic carbon in thepksmrduring the EO was analyzed
after filtration of remained MPs through a filteitvpore size of 0.22 pm to evaluate the
generation of by-products. Nitrocellulose filter svased for separation of the remained
MPs. The TOC analysis was then conducted using &#mVCPH device.

2.5. Economic analysis

To conduct the economic analysis, the energy copgsamwas first calculated using Eq.

3):

IXT Xt
Energie consumption (KWh/m3) =~ x 1073 (3)

where I, T, t, and V represent current intensity, @ectrical potential (v), time (h), and
volume (nf), respectively. Energy consumption and electrobysts were two factors
considered for estimating the operating cost of Ee cost of electricity was estimated
based on a unit cost of 0.3, 0.06, 0.4 $US/kg fasS, NaCl, and NaNg) respectively.

3. Results and discussion

3.1. Characterization of MPs

Figure la depicts the size distribution of MPs bef&O which obtained by DLS

analysis. It was observed that the size range-451dm and the distribution is unimodal
with 26 pm mode size with a standard deviation pffd. The mode size is close to the
nominal diameter size of 25 um which indicated g supplier. The respective D10,
D50, and D90 were obtained at 21.20, 26.15, an803Am, respectively. Figure 1b

shows the morphology of particles which obtainedabyoptical microscope. It can be
seen that all the particles are in spherical shbhpeconfirms the obtained values from
DLS analysis were the diameter of spheres.
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Figure 1. (a) Size distribution of the used MP, (b) a viewMPs under an optical
microscope.
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206  3.2. Parametric study of MPSEO

207  3.2.1. Effect of theapplied current intensity

208 In order to investigate the effect of current irsigyy a series of experiments were
209 conducted at 3, 6, and 9 A using BDD and 0.03 MS@ solution. Figure 2 depicts
210 mass removal percentage and MPs mode size oveinteOIt shows a significant effect
211 of current intensity on the MPs weight loss anéauction in the MPs size. It can be seen
212 that the weight loss starts from the beginning@tment and increases depending on the
213 current intensity. To achieve an elimination e#fiety of 89 + 8%, an EO operating time
214  of 6 hours was required with a current intensity9QoA (which is equal to the current
215 density of 108.4 mA.cif). A degradation efficiency of 56 + 10% was recarde 6 A
216  (72.28 mA.crif) and a very low degradation of MP was observe8i At(36.14 mA.crh
217 ?). A very good degradation efficiency at 9 A coblel explained by the high sensitivity
218 of BDD to the current intensity. The higher appl®drent density allowed the anode to
219  oxidize more water molecules into hydroxyl radicdlat helps in the enhancement of
220 MPs oxidation. To compare with previous studies; Washing machine effluent
221 treatment which contained microfibers, a COD renho¥&5% was achieved at 180 min,
222 current density of 66.6 mA.cfnand NaSO, concentration of 7 g/L (Durén et al., 2018).
223 In order to analyze the size of MPs during the EOcgss, the DLS analysis was
224  conducted. According to Figure 2b, at 3 and 6 Agresfter 6 h the degradation was not
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complete and the MPs with the size of around 26 wene observed. It can also be
observed that no MPs with lower size was detectauich suggests the complete
degradation of MPs at anode. At 9 A, however, afieh all the MPs are broken

apparently into small particles. This result caraligbuted to the degradation of MPs or
decrease in their amount/size below the detectabllees of the DLS analysis.

Observation of a determinative effect of currertemsity and time in EO process is in
line with other studies (Dia et al., 2016; Droguiat., 2007). To assess that, a DLS
analysis was carried out with a concentration oh&fiL of MPs without treatment. That

is almost the same amount of MP after its degradatit 9 A after 2 h. The results
showed that the most frequent remained particle wias about 26 pm which confirms

the remained MPs were not actually degraded int@llenparticles.
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Figure 2. The effect of current density on the EO of MPs.Rajnoval efficiency (%),
(b) Mode size (um).

3.2.2. Effect of the anode surface area

The effect of anode surface area was evaluateatmparing the EO processes with 41.6
and 83 crisurface areas at a constant of 9 A and 0.03 MsSlasolution. As it can be
seen from Figure 3a, in these conditions the asodi@ce area had almost no effect on
the removal efficiency as after 6 h of operatioa dfficiency for both mentioned anodes
reached around 90%. Despite this, at 41.6 and 83thwenpotential was respectively 15
and 11 V, leading the reduction of energy consuomplly increasing the anode surface
area from 1080 to 792 kWhfmThe electrical resistivity decreased while insieg the
electrode surface area. Figure 3b shows the affemhode surface area on the reduction
of the size of MPs. It shows that at higher anad#ase area, no MPs with 26 um size
was detected by DLS analysis after 2 h. Howevesnadller anode surface area, 6 h of
electrooxidation time was required for MPs (with @én size) disappearance in the
solution. This discrepancy can be mainly attributedhe fact that when the anode area
increases, the exchange surface area of electlecteddyte augments, so that shorter

time was recorded for MPs degradation.

10
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(%), (b) Mode size (um).
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254  3.2.3. Effect of the anode material
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The electrode material defines the capacity forggreeration of oxidants. As a result, the
selection of electrode material is critical for efficient EO process (Bhuta, 2014). The
effect of anode material was analyzed by conduaimeriments using BDD, MMO, and
IrO, as anode material. For these experiments, the s#eresity of 9 A and a N&Oy
concentration of 0.03 M were applied during 6 lgufe 4 shows the performance of EO
process at different types of anode materidlsemoval efficiency of 89%, 22%, and
12% was observed using BDD, kGand MMO, respectively (Figure 4a). It shows that
BDD is substantially more powerful than kr@nd MMO for the degradation of MPs, as
its reaction rate was around 4 and 7.4 times nf@e those two materials, respectively.
Observation of a higher removal efficiency by BD&nhdoe attributed to its higher rate of
hydroxyl radical generation, as the previous redeahowed that BDD can produce
around 4 times more hydroxyl radical than MMO (Yasset al., 2018). According to
Figure 4b, after 2 h of EO using BDD, no MPs wateded by DLS analysisiowever,
even after 6 h of EO using MMO and kQhe MPs with initial size of 26 um were
detected. These results are in line with otherarebes that demonstrated that BDD has
much higher oxidation potential than other commiodes such IrandMMO (Ciriaco

et al., 2009; Flox et al., 2006; Martinez-Huitleadt, 2004; Zhao et al., 2009). BDD
shows a great potential to react with pollutants tluthe generation of a large amount of
hydroxyl radicals (Frontistis et al., 2017; Yasseteal., 2018)However, for the case of
MMO, it is shown that it has a strong reactivitythvproduced hydroxyls radicals which
reduces the amount of available hydroxyls radiflalgan et al., 2018; M. Panizza et al.,
2001; Ozcan et al., 2008; Wang and Li, 2011).

12
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Figure 4. The effectof anode material on the EO of MPs. (a) Removatieficy (%),
(b) Mode size (um).
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278  3.2.4. Effect of the supporting e ectrolyte type

279 Some experiments were conducted usingS@ NaNG;, and NaCl as supporting
280 electrolyte to determine the effect of electroligtpe as well as the contribution of direct

281 and indirect oxidation of MPs. The electrolytes avesed at different concentrations to

13
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be able to impose the same current intensity ofAdhd electrical potential of around
14.9 V. The pH of solutions was fixed close to Gfgure 5 presents the effect of
electrolyte type on the removal efficiency and meide of MPs. As Figure 5a shows, the
removal efficiency was almost the same for NaCl BiaeSOy till 2 h, but it increased
faster afterwards using b0, For the case of NaNQthe removal efficiency was
almost constant till 3 h and a significant increases obtained between 3 and 6 h. As can
be seen from Figure 5a, 89% removal efficiency waelsieved after 6 h of EO using
N&SO,. However, 58% and 52% removal efficiencies weréaioled with NaCl and
NaNG;, respectively. It shows that the rate of EO udit@aSO, was 1.53 and 1.71 times
higher than NaCl and NaNQrespectively. Other works also reported a higb@rrate
using NaSQO, which confirm the obtained result in this work (@n et al., 2018; Panizza
and Cerisola, 2005). According to Figure 5b, no Wi the initial size of around 26 pm
was detected after 2 and 3 h using®@, and NaCl, respectively. However, even after 6
h, these MPs were detected using NgNO

The different behavior of the electrolytes can bibaited to the action of different
produced oxidizing species. In the case of Nadbrake ions are oxidized into chlorine
gas (C}) at anode (Eg. (4)), which reacts with water ire thext step to form
hypochlorous acid (Eq. (5)) and then dissociatés litypochlorite ions (Eq. (6)) (Duran
et al.,, 2018; Ozcan et al., 2008). When,8{3, is used as supporting electrolyte, it
dissociates into hydrogen sulfate and then persuifes ($0s”) are formed through Eq.
(7) (M. Panizza et al., 2001; Wang and Li, 20Ihese highly reactive species could
indirectly oxidize MPs and increase the removatefhcy. However, in the case of using
NaNG; as supporting electrolyte, no oxidizing agent dolok produced in the solution
and only. It is worth noting that nitrate can beottochemically reduced to ammonia (see
Egs. (8) and (9)) (Dia et al., 2017; Li et al., 90Renata and Luis, 2013).

2Cl~ - Cly + 2e~ (4)
Cl, + H,0 - HCIO + Cl~ + H* (5)
HClO - ClO~ + H* (6)
2HSO; — S,03~ + 2H* + 2e~ 7
NO; +H,0+2e~ - NO, +20H " (8)

14
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NO; +5H,0+6e~ — NH,+70H " 9)
Accordingly, the relatively low percentage of MPn@val recorded using NaN@an be
attributed to nitrate reduction into nitrite (N{Pand ammonia (NgJ (Dia et al., 2017). In
fact, using NaN® as supporting electrolyte, the electrochemicabdgmosition of MPs
was only due to direct anodic oxidation (by meahsQ@H radicals generated on the
BDD). When NaSO, and NaCl were used as supporting electrolyteetbetrochemical
decomposition of MPs could be carried out by ugimg paths: direct anodic oxidation
and indirect electrochemical oxidation via mediatsuch as hypochlorous and persulfate
ions. The direct anodic oxidation takes place adbrface of anode material, whereas
indirect electrochemical oxidation takes place gueous solutionThe two effects can

lead to the formation of powerful oxidizing ageongpable of effectively removing MPs.
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Figure 5. Theeffect of electrolyte type on the EO of MPs. (anieal efficiency (%),
(b) Mode size (um).

3.2.5. Effect of the applied dectrolyte concentration

The electrolyte concentration is a determining peai@r in the EO process as it affects
the operating costs in terms of electrolyte condiwonp and electrical energy
consumption. The influence of the electrolyte corizdion on the removal efficiency
and mode size of MPs was investigated by conduakmeriments at 0.03, 0.04, and
0.06 M NaSOy. These experiments were conducted using one BRideaat 9 A. As it
can be seen in Figure 6, the removal efficiencyaanold by increasing the electrolyte
concentration. MPs degradation of 25 + 13%, 45 %,1@nd 58 + 21% were obtained
with electrolyte concentrations of 0.03, 0.04, &n@6 M, respectively after 1 h of
electrooxidation. However, at prolonged time of, @Hese removal efficiencies increased
to 89 + 8%, 83 + 8% and 84 + 8% after 6 h of trezbrwhich are almost the same. As it
can be seen from Figure 6b, no MPs with initiaksif 26 um was detected after 1 h at
0.06 M of electrolyte, however, this operating timereased to 2 h at 0.03 and 0.04 M.
Therefore, the DLS analysis confirmed that the c&teO was higher at 0.06 M.
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A cost analysis was performed to analyze the efféalectrolyte concentration on the
operating cost of the EO process. The experimeatallts showed that, for electrolyte
concentrations of 0.03, 0.04, and 0.06 M, the ayekdectrical potential was around 15,
13, and 11 V, respectively. The electrical enemgysumption analysis showed at 0.06 M,
after 1 h (58 = 21% removal efficiency) and 6 h @8% removal efficiency) energy

consumption were 132 and 1080 KwH,mespectively.

(@) 100, © 0O03M

"0.04M
A 0,06 M T
%] o I
&
& ! 1
Q
c
g 60 1
=
=
—u ]
g
o 401 1
£
[
o §
20 4
om T
0 1 2 3 a 5 6

Time (h)

17



339

340

341
342
343
344
345
346
347
348
349
350
351
352
353
354

355

(b) ,, .

~®0.03M
0.04 M
0.06 M
30 A
‘E‘ ........... -
E
o
=2 20
o
T
]
b=
10 A
0 d T T
0 1 2 3 B 5 6

Time (h)

Figure 6. The effect of electrolyte concentration on the EO of $ViRa)
Removal efficiency (%), (b) Mode size (um).

3.3. Total current efficiency analysis

The total current efficiency was calculated using B) at 1, 2, 3, and 6 h for the
experiments that were conducted using BDD anodenmaat 9 A with 0.06 M Ng5O..
The TCE values of 6%, 3%, 2%, and 1% were obtaafesr 1, 2, 3, and 6 h of EO,
respectively. As expected, gradual decrease in G&Ebe observed which demonstrates
the loss of EO capacity by passing time (D. Ganeliral., 2000; Ignasi et al., 2008). This
trend can be attributed to the decrease of thenargaollutants amount in the solution
(Ciriaco et al., 2009; Sirés et al., 2006). OndHteer hand, as the rate of transfer of the
MPs towards the electrode depends on its concenmtraihe mass transfer limitation
increased by COD reduction through time. The lowrgwy efficiency values obtained in
this study could therefore be explained mainly bg hature of the aromatic polymer
which resist against degradation and the massférahmiits. Lower energy efficiency
value than 10% with a TOC removal of nearly 90% \abs® reported for the EO of
clofibric acid as an aromatic compound, using TilB&ith a current density of 150
mA.cmi? (Sirés et al., 2006).
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3.4. Microscopic analysis of M Psbefore and after electrooxidation

SEM analysis was performed to find the change énMi®s size and shape during the EO
process and evaluate the obtained results fromhivéags and DLS analyses. The SEM
image of MP particles before and after 1 h of E@ jpresented in Figure 7a and b,
respectively. These figures clearly show the sizZéBs is around 2@m before and after
electrooxidation, which confirm the obtained valueshe mode size analysis. It is worth
noting that no MPs were observed in the SEM amalygsithe samples that were treated
for more than 2 h of electrooxidation, confirmirigat MPs were completely degraded in
these experimental conditions (according to resoittained from DLS analysis). The
SEM images also showed the EO had no obvious efiedhe spherical shape of the
MPs. In Figure 7b, the formation of a layer of safbund the MP particles can be
observed which is attributed to the deposition lettolyte as layer of salt after drying
the sample for the SEM analysis.

A statistical analysis was performed by ImageJvea# on the obtained size of MPs
using the SEM images. In these calculations, ait|2@ data were collected to find an
average value for the MPs diameter. This analysisved the average size of MPs before
and after 1 h electrooxidation time was 22.66 ah@42um, respectively. This statistical

analysis also confirmed the obtained average of MPSLS analysis.

Figure7. SEM images of MPs (a) before and (b) after 1 ble€trooxidation.

3.5. Spectroscopic analysis of M Ps before and after electrooxidation
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The MP samples were analyzed by FTIR spectrosaogyaluate the formed functional
groups on the surface of MPs. The FTIR spectrarbednd after electrooxidation are
compared in Figure 8a. As it can be seen, in centi@ previous research on photo-
oxidation (Cai et al., 2018), no peak at 1712 amas recorded. This peak corresponds to
C=0 bonds. Accordingly, it may be concluded that MPs were directly oxidized on the
anode and no partially oxidized MPs were releasgd the water. This result may
suggest that the direct oxidation of MPs on thefaser of anode is the dominant

mechanism in the degradation of MPs.
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Figure 8. (a) FTIR spectra of MPs beforg @nd after{) 1 h of EO, (b) TOC analysis

of filtered treated water at different current imgaies.

3.6. TOC analysis of treated water

The treated water was filtered (0.22 um filter psize) and analyzed by TOC analyzer to
evaluate the amount of generated liquid by-prodtiotsugh electrooxidation of MPs. To
do so, the MPs were first filtered to separate uhecacted MPs from water and the
filtrate was analyzed. The TOC analysis resultsciarent intensities imposed of 3, 6,
and 9 A are depicted in Figure 8b. Around 0.8 20v@/L of TOC was initially recorded
before electrooxidation owing to the presence ofastant in the filtered samples. As it
can be seen, the TOC decreased through time focuatent intensities that can be
attributed to the degradation of surfactants in ghechased MP sample. According to
Figure 8b, the TOC analysis showed no increas@enamount of organic carbon after
electrooxidation time of 1, 2, 3, and 6 h. Thisufeshows that no liquid by-product
formed through electrooxidation of MP. This obséiva also shows no nanoplastics
with a size lower than the filter pore size (0.2th)uwas available in the filtrate.
Accordingly, all the MP particles were successftillgred and calculated in the analysis
of MP removal efficiency. The slight contradictidoetween the MPs mass removal

21



400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421

422

423

percentage results, and the mode size results me ssamples can be related to
insufficient accuracy of DLS analysis at low MPscentrations. It is worth underlining

that validity of the DLS analysis could be assuoatly when the transmission of light

was lower than 75-90 %, but the transmission pa#isedimit at removal percentages
higher than 40%.

3.7. The proposed degradation mechanism

The mechanism of polystyrene MPs degradation bgiaraxidation in water using BDD
electrode was proposdihsed on the obtained results in this study. Atfils¢ step,
hydroxyl radicals are generated from water on tivéase of the anode as is shown in Eq.
(10). These radicals have a great affinity to makeaction (Alves et al., 2013; Feng et
al., 2013; Urtiaga et al., 2014) and degrade pgigse. As it can be seen from Eq. (11),
the generated hydroxyl radicals initiate the degtiath of polystyrene with breaking
carbon-hydrogen bond which leads the formation abon-oxygen bond. In the next
step, the polymeric bond can be broken throughklagea of C-C or C-Ph bonds (where
Ph denotes phenolic group, see Eq. (I)e short lifetime and the high reactivity of the
hydroxyl radicals makes the carbonyl bond detectiery difficult (Garcia-Goémez et al.,
2014). Further oxidation of the degraded polymett@in can lead to additional
decomposition of the formed compounds and finaliynplete oxidation to produce
carbon dioxide and water, based on Eq. (13), aspsrted by previous researchers (E.
Weiss et al., 2006; Marco and Giacomo, 2009; Sgesal., 2006). A more detailed
mechanism of EO of MP is currently under investaatn our research group.

BDD + H,0 —» BDD(OH’ )+ H* + e~ (10)

—(CH, — CHPh — CH, =) + BDD(0H’) » —(CH, — CO°Ph — (11)

CH,-)+H"+ e~ +BDD

—(CH, — CO°Ph — CH, —) » CH, — CO — Ph+ —CH, (12)

Or—(CH, — CO°Ph— CH, =) » CH, — CO — CH, + PHK’

CH, — CO — Ph; —CH, ; CH, — CO — CH,; Ph";+ BDD(OH") (13)
- €0, + H,

3.8. Cost analysis
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A cost analysis was performed at optimum conditmmnalyze the effect of electrolyte
type on the operating cost of the current EO pscEle cost analysis data are presented
in Table 1. As it can be seen, the energy conswmpitalculated using Eq. (3)) of
NaSQ, electrolyte was higher than NaN@nd NaCl, which was attributed to higher
applied electrical potential at constant electrimarent intensity during this process. In
addition, it can be seen that energy cost was damhiin the value of total operating cost.
After 6 h EO, the total operating cost was 68.5958nd 57.6 $/ffor NaSQ,, NaCl,
and NaNQ, respectively, during which 89%, 58%, and 52% reahefficiencies were
obtained. After 1 h EO, which 23%, 38%, and 7% reah@fficiencies were obtained,
these values were 11.4, 8.9, and 10.4°$hespectively. These results are comparable
with the literature results of energy consumptiomlgsis for recalcitrant pollutants by
EO (Canizares et al., 2006; Duran et al., 2018)ait be concluded from this comparison
that the treatment of MPs using 488, for 6 h is the best condition because a
significantly higher removal efficiency was obtaineithout any substantial increase in
the total operating cost. Moreover, in contrastN&Cl, the EO process using 180,
does not produce toxic chlorine gas. (Perren et28118) reported the cost of MPs
separation with electrocoagulation process to berat £0.05 (Can$ 0.086). The lower
cost than the current work is attributed to thedimp of MPs (around 0.3 mm) as well as
the separative nature of process that does noadeghe MPs. It is worth mentioning
that research is being conducted on hybrid advaox&thtion processes to economically
treat complex water matrix containing MPs like ldnwastewater. Accordingly, the EO
could be a feasible process for the degradatiavied in waters, but further research is
required to elucidate the influences of anode faguliand mutual contaminants
interactions.

Table 1. Cost analysis of MP EO using p&O;,, NaNG;, and NaCl as electrolyte after 1
and 6 h.

Electrolytetype

unit Na:SO. NaCl  NaNO;
Removal efficiency (%) (%/6 h) 89 58 52
(%/h) 23 38 7

Energy consumption (KWh/m/6 h) 1120 995 932
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(KWh/m*/h) 169 145 146

Energy cost ($/6 h) 67.2 59.7 55.9
($/h) 10.1 8.7 8.7
Electrolyte cost €] 1.3 0.2 1.7
Total operating cost ($/6 h/n?) 68.5 59.9 57.6
($/h/n) 11.4 8.9 10.4
Conclusion

The EO process using BDD anode electrode is abfieatichnology for the treatment of
water contaminated by MPs. Using J8&; (0.03 M) as supporting electrolyte and a
current intensity of 9 A during 6 h of electrolysisne ensures a high degradation
efficiently of MPs (89 £ 8 %). The DLS results segted that the MPs did not break into
the smaller particles and they transformed directtp the gaseous products (such as
COy). The SEM, TOC, and FTIR analyses also confirmesl mineralization of MPs
during the application of EO process, by indicatimgbroken MPs, detecting no organic
carbon, and observing no oxidized functional graftpr MPs oxidation. The EO process
could be the basis of a process for MPs degradatioreal wastewaters, but the
consequences of anode fouling and mutual contansinateractions must be further

investigated.
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Degradation of MPs by EO process using catalytadarmaterials was investigated.
Synthetic suspension was prepared using polystyreo®beads with 26 um size.
Current intensity, type of anode and electrolytatjy affected MPs degradation.
Performance of EO process was evaluated using BES®], TOC and FTIR analyses.
EO process can degrade more than 58 + 21% of MP#iaf electrolysis.
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