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Abstract

When possible, the bioprocesses should be implexdeot treat wastewater for their cost-
effectiveness. However, many effluents are compadeoiorecalcitrant organic pollutants,

especially in industrial wastewaters. Advanced muoyshemical treatments are therefore
needed to deal with these pollutions. Electrochemprocesses could be cost-effective
solutions. However, the energy required to reachpiete mineralization is often high. One

promising combination would be to combine electeuital processes that can remove
xenobiotic compounds from effluent with biotechrgpés that are able to mineralize the
biodegradable fraction. Therefore, this review pnés the most recent articles dealing with
this combination, by mainly focusing on electroclhemahadvanced oxidation processes that
demonstrated to have high removal efficiency fogamic biorecalcitrant compounds.

Additional and imperative information about theatreent strategy and the engineering
aspects for the upscaling approach are also given.

Keywords:

Anodic oxidation; Bioreactor; Biorecalcitrant; Etex:Fenton; Hydroxyl radicals; Wastewater

treatment
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Highlights

* A combination strategy between electrochemicall@ndprocesses is proposed
« Combinations between anodic oxidation and biopmeeare reviewed

» Combinations between Fenton-based treatment apdduiesses are discussed
» Combinations between electro-coagulation and bigsses are considered

* The engineering approach, scale up studies ancefahallenges are exposed



52

53
54
55
56
57
58

59
60
61
62
63
64
65
66

67

68

69
70
71
72
73
74
75
76
77
78
79
80
81

1. Introduction

Electrochemical processes are gaining interest astewater treatment area, due to their
ability to degrade and mineralize biorecalcitrangamic pollutants using electron as clean
reagent [1-4]. In the meanwhile, they can remoweliorecalcitrant part of effluent which
makes interesting their coupling with biologicatheologies [5]. This synergy would also
reduce the high energy consumption required in lantrechemical process for complete

mineralization.

This review intends to relate the most recent warksthis combination in a context of
wastewater treatment. The feasibility of combimatioeeded to address a treatment strategy,
is firstly discussed. Then the main electrochemipebcesses such as electrochemical
advanced oxidation processes (EAOPS) (i.e. anoddaton (AO), electro-Fenton (EF)) and
electrocoagulation (EC) are presented successiVélg.coupling efficiency with biological
technologies (e.g. aerobic, anaerobic, membranedxtors, microbial fuel cell) is examined
in the meantime. The engineering approach and-sgastudies are finally showcased and the

future challenges for industrial applications aighhghted.

2. Combination feasibility and treatment strategy

Standardized tests [6,7] can be implemented onefifleaent to be treated and on the
electrolyzed solutions to estimate the combinafeasibility. In these assays, the estimation
is based on the dissolved organic carbon (DOC)utienl [6] or the production of carbon
dioxide [7] during 28 days of biological culturex@en uptake rate can be also monitored [8].
Biodegradability is often estimated by the biocheahbxygen demand (BOD) after 5 days /
chemical oxygen demand (COD) ratio [9,10]. Althoulgis estimation is quicker, it has to be
interpreted with some cautions. The ratio value nmayease due to some biodegradable
compounds in the solution but if the major partled organic content is still recalcitrant, a
significant mineralization cannot be reached [Eiinilarly, a low value does not necessarily
mean an absence of biodegradability since an aatbm period can be needed for
microorganisms to metabolize the organic conteattiqularly in the case of industrial
effluents with very specific characteristics [13,18Itimate BOD obtained after 21 days of

incubation can help with the decision about thelbgradability.



82  Due to the high response time with microorganisrasleast 5 days - physico-chemical tools
83 were considered as the combination between totgdnic carbon (TOC) and COD. The
84  average oxidation state (AOS) or COD/TOC ratio gae information on effluent oxidation

85 and then its possible biodegradation [14].

86 Moreover, toxicity assays can be performed in amditto biodegradability estimation.
87  Microtox is the most widely adopted and concerng@doxicity [9]. Phytotoxic tests based

88 on germination index can also be considered [15].

89  Pollutant concentration or molecular structure icdlnence the biodegradability. For instance,
90 no inhibition of sodium benzoate biodegradationuoced with the addition of tetracycline
91 concentration less than 5 mgl[7]. Biorecalcitrance of alachlor is due to thdorime atom

92 and to the amide group in its structure [11]. Fammore, the formation of biodegradable

93 intermediates depends on the operational conditbtize electrolysis [11,14].

94  The combination strategy depends on the naturbeokffluent and on the estimation of its
95 biodegradability. An electrochemical pre-treatmshould be prioritized in the presence of
96 toxic and/or biorecalcitrant and/or inhibitory cooymds for microbial activity. A biological
97  pre-treatment can be considered when the bioréi@itipart of the effluent does not hinder
98 the microbial growth [9,10] (Figure 1).

99
100 3. Anodic oxidation coupled with biological treatments

101  AO process is an EAOP based on the generationrafigstoxidants like hydroxyl radical
102 ('OH) from oxidation of water in the region of watdischarge [2,16]. This radical is
103 chemisorbed in the case of active anodes like cafbor dimensionally stable anode (DSA)
104  (with low oxygen evolution overpotential) whereassislightly adsorbed (physisorption) and
105 therefore more available for oxidation of organicsthe case of non-active anodes having
106  high oxygen evolution overpotential like boron-ddpdgiamond anode (BDD), PbOTi,O;
107 [17-19]. However, the efficiency of this procespeleds strongly on the concentration of
108 organic compounds in the solution and mass transmorditions from the solution to the
109 anode surface [20,21]. Other oxidant species cadwegenerated (persulfate, sulfate radicals,
110 active chlorine, ozone) depending on ions preserthé solution and operating conditions
111 [2,22,23].

112  Several studies have been performed on the conndmnat AO with a biological treatment in
113  order to improve the cost-effectiveness of the @ssc(Table 1) [6,24—-30]. There are three
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main advantages from the use of AO as a pre-tredtnfi¢ AO is well known for its non-
selectivity towards organic compounds and can Ipdieapto a large range of effluents (Table
1), (i) AO is able to avoid the accumulation okimorganic by-products because of the fast
transformation of organics into harmless by-produteven mineral compounds, (iii) higher
current efficiency is usually reported for the treant of concentrated effluents (such as
industrial effluents with low biodegradability: ldfil leachates, textile industry effluents, etc)
with low biodegradability and COD concentrationteg than 100 mg-©L™.

However, AO presents also some drawbacks for a c@tnbn with a biological process. Fast
mineralization kinetics but slower degradation kiceare usually reported compared to other
EAOPs such as EF [31]. This phenomenon might affeet combination with a post-
biological treatment since initial compounds aree@mslowly degraded and a large amount of
biodegradable compounds is mineralized insteadeofgoaccumulated for subsequent cost-
effective removal by a biological treatment. The ws active anode would avoid the fast
mineralization and therefore may increase the amaofirbiodegradable intermediates, as
recently assessed [25]. It is also important tosm@eT possible formation of toxic by-products
that might affect the biomass of the biologicahtmeent, particularly inorganic species such
as chlorate, perchlorate or ammonia [32—34]. Bnallmight be not suitable to use AO as a
post-treatment following a biological treatment &ese of strong mass transport limitation
and low faradaic efficiency due to the low concetion of organics. However, the use of
flow-through electrodes in which the effluent flakarough porous conductive materials might
be able to address this issue because of the dmmvenhanced mass transport of organic
compounds [21,35-38].

Another approach recently reported in the litematigrthe possibility to combine AO with a
biological treatment in a hybrid reactor instead tbé implementation of a sequential
combined process. Particularly, the integratioo imtmembrane bioreactor has been studied
in order to address fouling issues and to impréseremoval of recalcitrant micropollutants
[39-42]. However, further development of such reacatonfiguration is required for (i)
improving electrode activity for removal of organioicropollutants, (i) reducing mass
transport limitations, (iii) studying the influencé the electrical field on bacterial diversity
and activity, and (iv) assessing the influencehef large concentration of organic matter in

the mixed liquor on the efficiency of AO.

4. Fenton-based electrochemical treatments coupled whitbiological processes
6
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The EF processs is based on the cathodic produectibhO, at a suitable electrode material
(generally carbon-based) through the 2egluction of Q. H,O, entails the generation &dH

via the Fenton’s reaction in the presence &f ks, which are externally added at a catalytic
amount and electrochemically regenerated alsceatdthode surface [2]. EF has been applied
with success to treat several types of wastewatamtaminated with a variety of pollutants,
becoming one of the most widely studied EAOPs [#38]lowing the combination trends of
AOPs with biological processes, EF has been anllerteoption to handle recalcitrant
pollutants resisting biological degradation such raest of pesticides, synthetic dyes,
industrial chemicals, pharmaceuticals, etc. Theegfalifferent coupled strategies (either
sequenced or integrated processes) have been pbpbable 2) [15,44-58]. In the case of
sequenced processes (pioneered by the groups cdrOeO] and Fourcade [15]), the most
common approach has been the use of EF as prexaeatstep to increase the
biodegradability of refractory effluents duringleost treatment time (to save electrical energy
for cost effectiveness) [59,60], whereas the remgibiodegradable organics are treated by
conventional biological means. As a less populdroap EF has also been used as post-
treatment following biological degradation to déplethe remaining bio-recalcitrant
compounds. In such sequenced methods, conventish@atalyzed either by Eein solution
(homogenous EF) or solid Fe catalysts (heterogen&®i)) has been generally performed in
undivided electrolytic cells with optimization dig main operating parameters affecting the
efficiency (current density, electrode materialatatyst concentration, etc.), while aerobic
treatment with different microbial sources has b#en preferred option. It is important to
note that pH adjustment is generally required Adftear to EF, which is typically conducted at
pH 3 in the case of homogeneous EF [2].

Another kind of Bio-EF system, known as microbimetro-Fenton (MEF), involves the
incorporation of an EF half-cell in a microbial fueell (MFC) [61-63]. During MEF, the EF
degradation of pollutants takes place in the cathdthmber equipped with a carbonaceous
cathode capable of producing® and containing a catalyst source {F& the solution or

Fe particles impregnated on the cathode). The anodmpartment contains anaerobic
electrogenic communities adhered to the anode curtiaat are able to produce electricity
through the oxidation of an organic substrate (aeetate or wastewater). Wastewater
treatment can occur at both the biological and ERechambers, generally with electricity
output, though low potentials have also been aggbeenhance the performance. The main

advantage of MEF is the sustainable generation letrecity by the microorganisms.
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However, long stabilization and treatment timesvésal weeks) are required unlike
sequenced systems, with short EF treatment tim®s (fours), but prolonged biological
incubations. Despite the great potential of biodystems, further research is needed mainly
in the treatment of real wastewaters and the dpwedmt of larger-scale (bio)electrochemical

reactors.

5. Electrocoagulation combined with biological treatmats

The EC process consists on the use of iron or alumibased-sacrificial anode material that
will generate the coagulants responsible for tregatation of colloidal matter [64—67]. It can
remove the color, suspended solids and partial @OmD wastewater [64,65]. EC processes
have been proposed as pre-treatment [64] or pogstreatment [65] when combined with
biological processes. The main most recent stuoliethis coupling have been described in
Table 3. This combination has been implementedrdat tindustrial wastewaters such as
landfill leachate [68], oil shale wastewater [6&@&iry wastewater [70] and tannery wastewater
[71]. EC was mainly responsible in COD removal e tombined process, which allowed
reaching the COD guidelines for effluent dischajg¢,65]. However, the management of
hydroxides’ precipitates produced during EC neelbeg@onsidered in the reactor design since
the potentially toxic sludge can limit the efficesnof the bioprocess in an hybrid combination
[64,65]. Moreover, most of the studies have beerfopmaed at lab-scale, which is not
sufficient to assess the efficiency of combinatistill, one recent study presents a systematic
comparison at lab-scale, pilot-scale and full-s¢&83, demonstrating the ability to apply this

combination at industrial scale. Further studiesraguired to optimize the scale up.

6. Engineering approach and scale up

If scale-up of conventional biological processestiyated sludge, biofilm reactors) is
relatively mature, scale-up of electrochemical teacis still under development in this area
[72]. In the aim at optimizing the efficiency ofetlcombined process, several engineering
aspects need to be considered. An important famiocerns the design and sizing of the
electrochemical and biological reactors. The chomke the electrochemical reactor
configuration must depend on the effluent chargsties [73,74]. For low to moderate
concentrated effluents with a low amount of pagsclthe mass transfer should be intensified
by implementing flow-through mode with porous etede materials and/or thin-film reactors

8
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(e.g. micro-reactor [75-78], reactive electrochehinembrane (REM) [21], reactive electro-
mixing reactor [36]). For concentrated effluenther configurations can be proposed such as
flow-by cells, reactive electro-mixing reactors [36d flow electrochemical reactors [79].
For the pre or post biological treatment, most bé& tworks have been focused on
biodegradability test and/or on batch activatedigédutreatments [15]. Therefore, there is a
real need to better characterize and control thldical processes involved (transformation,
inhibition, etc.) in order to optimize the synergibetween the two processes, especially by
defining the optimal operating conditions with readtrices. Only few studies are available
regarding the combined electrochemical/biologicabtment at pilot-scale [57,80] and full
scale [69]. However, these studies lack of dimerdi@analysis and scale-up approach for a
better optimization of the design and sizing. Meexg further experiments need to be
performed under controlled operating conditions bimred to kinetic models, residence time
distribution approach and computational fluid dym@smsimulations. The use of statistical
analysis is lacking and need to be also done ierord address the reproducibility of the
results to ensure their robustness, especially ey are used for technico-economic study

and sizing estimation.

7. Conclusions and future perspectives

The efficiency of combination between electrochehjgrocesses and biological treatment
has been demonstrated in literature, especiallyentgc The optimal electrochemical
conditions such as current density, electrode nadgéeand retention time have been widely
investigated. This is important to note that th&rpl conditions required in electrochemical
process alone are not typically the same than wiercombination with a biological process
is considered. The biodegradability and therefbeskind of generated by-products need to be
also taken into account. There is a compromisan between the high degradation and
mineralization yield to reach and the high bioddgfality of effluent required for the
combination. Preliminary full-scale application®ghpromising opportunities of the coupling,
but chemical and electrochemical engineering ambres are the next crucial steps for its

viable application.



242 References

243 [1] C.A. Martinez-Huitle, M.A. Rodrigo, |. Sirés, .C5cialdone, Single and coupled

244 electrochemical processes and reactors for theealesit of organic water pollutants
245 A critical review, Chem. Rev. 115 (2015) 13362-1840
246 doi:10.1021/acs.chemrev.5b00361.

247  **Major detailed recent review on electrochemical advanced oxidation processes and the

248  different ways to implement this process

249 [2] C.A. Martinez-huitle, M. Panizza, Electrochealioxidation of organic pollutants for
250 wastewater treatment, Curr. Opin. Electrochem. 112018) 62-72.
251 doi:10.1016/j.coelec.2018.07.010.

252  **Major recent mini-review on electrochemical advanced oxidation processes for wastewqter
253  treatment

254 [3] B.P. Chaplin, The Prospect of ElectrochemicaktfAnologies Advancing Worldwide
255 Water Treatment, Acc. Chem. Res. 52 (2019) 596-604.
256 doi:10.1021/acs.accounts.8b00611.

257 [4] D. Seibert, C.F. Zorzo, F.H. Borba, R.M. de 3auH.B. Quesada, R. Bergamasco, A.T.

258 Baptista, J.J. Inticher, Occurrence, statutory ejineg values and removal of
259 contaminants of emerging concern by Electrochenfclianced Oxidation Processes:
260 A review, Sci. Total Environ. 748 (2020) 141527i:10.1016/].scitotenv.2020.141527.

261 [5] K. Padzior, L. Bilinska, S. Ledakowicz, A review of the existing andeeging
262 technologies in the combination of AOPs and biatlabprocesses in industrial textile
263 wastewater treatment, Chem. Eng. J. 376 (2019)920i:10.1016/j.ce}.2018.12.057.

264 [6] M. Herraiz-Carboné, S. Cotillas, E. LacasaMoratalla, P. Cafiizares, M.A. Rodrigo,

265 C. Séaez, Improving the biodegradability of hospitatines polluted with
266 chloramphenicol by the application of electrocheahioxidation, Sci. Total Environ.
267 725 (2020) 138430. doi:10.1016/j.scitotenv.20204B88

268 [7] N. Prado, C. Montéléon, J. Ochoa, A. Amranealdation of the toxicity of veterinary
269 antibiotics on activated sludge using modified Btuests - Application to tetracycline
270 and tylosine antibiotics, J. Chem. Technol. Bioteth 85 (2010) 471-477.

10



271

272
273
274

275
276
277
278

279
280
281

282
283
284

285
286
287

288
289
290

291
292
293

294
295
296

297
298

299

[8]

[9]

[10]

[11]

doi:10.1002/jctb.2312.

M. Spérandio, E. Paul, Estimation of wastewat@degradable COD fractions by
combining respirometric experiments in various Sokt4tios, Water Res. 34 (2000)
1233-1246.

H. Monteil, Y. Péchaud, N. Oturan, M.A. Oturaf, review on efficiency and cost
effectiveness of electro- and bio-electro-Fentarcesses: Application to the treatment
of pharmaceutical pollutants in water, Chem. Eng. 376 (2019) 119577.
doi:10.1016/j.cej.2018.07.179.

J.P. Scott, D.F. Ollis, Integration of chemiead biological oxidation processes for
water treatment. Review and recommendations, EnviRrog. 14 (1995) 88-103.
doi:10.1002/ep.670140212.

Y.Y. Lou, F. Geneste, I. Soutrel, A. Amrane, Fourcade, Alachlor dechlorination
prior to an electro-Fenton process: Influence om biodegradability of the treated
solution, Sep. Purif. Technol. 232 (2020) 115938:1d.1016/j.seppur.2019.115936.

**This work showed the influence of the electrolysis duration on the evolution of

biodegradability and highlighted the roles of some functional groups of the molecule on its

biorecalcitrance.

[12]

[13]

[14]

S. Sanchis, A.M. Polo, M. Tobajas, J.J. Radeiy A.F. Mohedano, Degradation of
chlorophenoxy herbicides by coupled Fenton andofioll oxidation, Chemosphere.
93 (2013) 115-122. doi:10.1016/j.chemosphere.2@130T .

H. Znad, H. Ohata, M.O. Tade, A net draft tudherry airlift bioreactor for 2,4-D (2,4-
dichlorophenoxyacetic acid) pesticide biodegracdati@an. J. Chem. Eng. 88 (2010)
565-573. doi:10.1002/cjce.20306.

F. Ferrag-Siagh, F. Fourcade, I. Soutrel, F-Amar, H. Djelal, A. Amrane, Electro-
Fenton pretreatment for the improvement of tyldsiadegradability., Environ. Sci.
Pollut. Res. 21 (2014) 8534-8542. d0i:10.1007/s6iBHA-2771-5.

**This work highlighted the link between some physico-chemical parameters (COD, DOC,

[15]

AQS) and biodegradability estimation.
A. Aboudalle, H. Djelal, F. Fourcade, L. Dorgae, A.A. Assadi, T. Lendormi, S.

11



300
301
302
303

304
305

306
307
308
309

310
311
312
313

314
315
316
317

318
319
320
321

322
323
324

325
326

327
328
329

[16]

[17]

[18]

[19]

[20]

[21]

Taha, A. Amrane, Metronidazole removal by meana cdbmbined system coupling an
electro-Fenton process and a conventional biolbgitaatment: By-products
monitoring and performance enhancement, J. Hazstiater. 359 (2018) 85-95.
doi:10.1016/j.jhazmat.2018.07.006.

M. Panizza, G. Cerisola, Direct and mediataddac oxidation of organic pollutants,
Chem. Rev. 109 (2009) 6541-6569. doi:10.1021/cr3091

N. Klidi, D. Clematis, M.P. Carpanese, A. GadS. Ammar, M. Panizza,
Electrochemical oxidation of crystal violet usingB®D anode with a solid polymer
electrolyte, Sep. Purif. Technol. 208 (2019) 178-18
doi:10.1016/j.seppur.2018.03.042.

T.X.H. Le, H. Haflich, A.D. Shah, B.P. Chaplienergy-Efficient Electrochemical
Oxidation of Perfluoroalkyl Substances Using &OFi Reactive Electrochemical
Membrane Anode, Environ. Sci. Technol. Lett. 6 @01 504-510.
doi:10.1021/acs.estlett.9b00397.

C. Zhou, Y. Wang, J. Chen, J. Niu, Electrociehdegradation of sunscreen agent
benzophenone-3 and its metabolite by Ti/&80/Ce-Pb@ anode: Kinetics,
mechanism, toxicity and energy consumption, Sctall&nviron. 688 (2019) 75-82.
doi:10.1016/j.scitotenv.2019.06.197.

A. Kapatka, G. Foti, C. Comninellis, The impamce of electrode material in
environmental electrochemistry Formation and redgtiof free hydroxyl radicals on
boron-doped diamond electrodes, Electrochim. Ackt (2009) 2018-2023.
doi:10.1016/j.electacta.2008.06.045.

C. Trellu, B.P. Chaplin, C. Coetsier, R. Esami¢, S. Cerneaux, C. Causserand, M.
Cretin, Electro-oxidation of organic pollutants t®active electrochemical membranes,
Chemosphere. 208 (2018) 159-175. doi:10.1016/j.0pirere.2018.05.026.

**This review paper brings new perspectives on the use of reactive electrochemical

membrane in el ectrooxidation of organic pollutants.

[22] J. Isidro, D. Brackemeyer, C. Saez, J. Llados,0bato, P. Cafiizares, T. Matthée, M.A.

Rodrigo, Electro-disinfection with BDD-electrodesaturing PEM technology, Sep.
Purif. Technol. 248 (2020) 117081. doi:10.1016j=e.2020.117081.

12



330
331
332

333
334
335
336

337
338
339

340
341
342

343
344
345

346
347
348
349

350
351
352
353

354
355
356
357

358
359

[23]

[24]

[25]

J.A. Lara-Ramos, C. Saez, F. Machuca-Martiiva. Rodrigo, Electro-ozonizers: A
new approach for an old problem, Sep. Purif. Tethn@4l (2020).
doi:10.1016/j.seppur.2020.116701.

C. Trellu, O. Ganzenko, S. Papirio, Y. PechalNd Oturan, D. Huguenot, E.D. van
Hullebusch, G. Esposito, M.A. Oturan, Combinatiémeodic oxidation and biological
treatment for the removal of phenanthrene and Tv@&efrom soil washing solution,
Chem. Eng. J. 306 (2016) 588-596. d0i:10.1016/26&5.07.108.

M.B. Carboneras, P. Cafizares, M.A. RodrigoYillasefior, F.J. Fernandez-Morales,
Improving biodegradability of soil washing efflusnising anodic oxidation, Bioresour.
Technol. 252 (2018) 1-6. doi:10.1016/j.biortech:222.060.

**This paper evokes the interest of anodic oxidation with active anode combined with

[26]

[27]

[28]

[29]

[30]

biological technology as more effective treatment compared to the use of non-active

anode.

A. Fernandes, P. Spranger, A. D. Fonseca, Ragheco, L. Ciriaco, A. Lopes, Effect
of electrochemical treatments on the biodegradgbdi sanitary landfill leachates,
Appl. Catal. B Environ. 144 (2014) 514-520. doillfl6/j.apcatb.2013.07.054.

J.-M. Fontmorin, S. Huguet, F. Fourcade, F.n€ste, D. Floner, A. Amrane,
Electrochemical oxidation of 2,4-Dichlorophenoxy@ceacid: Analysis of by-products
and improvement of the biodegradability, Chem. Ehgl195-196 (2012) 208-217.
doi:10.1016/j.cej.2012.04.058.

H. Feng, Z. Chen, X. Wang, S. Chen, J. Cridtan Electrochemical advanced
oxidation for treating ultrafiltration effluent a landfill leachate system: Impacts of
organics and inorganics and economic evaluatioren€ChEng. J. (2020) 127492.
doi:10.1016/j.cej.2020.127492.

J. De Coster, J. Liu, R. Van den Broeck, Bs&pR. Dewil, L. Appels, Influence of
electrochemical advanced oxidation on the long-tesperation of an Upflow
Anaerobic Sludge Blanket (UASB) reactor treatingcherophenol containing
wastewater, Renew. Energy. 159 (2020) 683—-69210di016/j.renene.2020.04.037.

M.B. Carboneras, J. Villasefior, F.J. Fernandé?. Rodrigo, P. Cafiizares, Selection
of anodic material for the combined electrochemimalogical treatment of lindane

13



360
361

362
363
364
365

366
367
368

369
370
371

372
373
374
375
376

377
378
379

380
381
382

383
384
385

386
387
388

[31]

[32]

[33]

[34]

[35]

[36]

polluted soil washing effluents, J. Hazard. MateB84 (2020) 121237.
doi:10.1016/j.jhazmat.2019.121237.

J. Cai, M. Zhou, Y. Pan, X. Lu, Degradation 3#4-dichlorophenoxyacetic acid by
anodic oxidation and electro-Fenton using BDD anonbidluencing factors and
mechanism, Sep. Purif. Technol. 230 (2020) 115867.
doi:10.1016/j.seppur.2019.115867.

M.E.H. Bergmann, J. Rollin, T. lourtchouk, Theecurrence of perchlorate during
drinking water electrolysis using BDD anodes, Hlectim. Acta. 54 (2009) 2102—-
2107. doi:10.1016/j.electacta.2008.09.040.

O. Azizi, D. Hubler, G. Schrader, J. Farr@lP. Chaplin, Mechanism of perchlorate
formation on boron-doped diamond film anodes., Eovi Sci. Technol. 45 (2011)
10582-90. doi:10.1021/es202534w.

M. El Kateb, C. Trellu, A. Darwich, M. Rivaili M. Bechelany, S. Nagarajan, S.
Lacour, N. Bellakhal, G. Lesage, M. Héran, M. GretiElectrochemical advanced
oxidation processes using novel electrode materifds mineralization and

biodegradability enhancement of nanofiltration aartcate of landfill leachates, Water
Res. 162 (2019) 446-455. doi:10.1016/j.watres.Zi¥1005.

L. Guo, Y. Jing, B.P. Chaplin, Development a@taracterization of Ultrafiltration
TiO, Magnéli Phase Reactive Electrochemical MembraBasiron. Sci. Technol. 50
(2016) 1428-1436. doi:10.1021/acs.est.5b04366.

E. Mousset, Unprecedented reactive electrangixeactor: Towards synergy between
micro- and macro-reactors?, Electrochem. Commun8 1(020) 106787.
doi:10.1016/j.elecom.2020.106787.

**This work introduces for the first time a possible combination between flow-through micro-

[37]

reactor and macro-reactor for dealing with liquid and semi-liquid matrices at large

scale, named as reactive e ectro-mixing reactor.

E. Mousset, D.D. Dionysiou, Photoelectrocheahieactors for treatment of water and
wastewater: a review, Environ. Chem. Lett. 18 (302A301-1318.
doi:10.1007/s10311-020-01014-9.

14



389
390
391

392
393
394
395

396
397
398
399

400
401
402

403
404
405
406

407
408
409
410

411
412

413
414
415
416

417
418

[38]

[39]

*This

[40]

[41]

[42]

[43]

[44]

[45]

J.F. Pérez, J. Llanos, C. Saez, C. Lopez,dfiZares, M.A. Rodrigo, A microfluidic
flow-through electrochemical reactor for wastewat®atment: A proof-of-concept,
Electrochem. Commun. 82 (2017) 85-88. doi:10.104l6éom.2017.07.026.

A. Giwa, A. Dindi, J. Kujawa, Membrane bior¢as and electrochemical processes
for treatment of wastewaters containing heavy migtas, organics, micropollutants
and dyes: Recent developments, J. Hazard. MateO §&019) 172-195.
doi:10.1016/j.jhazmat.2018.06.025.

review paper summarizes the current challenges associated with the operation of
standalone membrane bioreactors and electrochemical reactors including membrane
fouling, set-backs from operational errors and conditions, energy consumption in

electrochemical systems, high cost requirement, and the need for simplified models.

B.M.B. Ensano, L. Borea, V. Naddeo, M.D.G. Hena, V. Belgiorno, Control of
emerging contaminants by the combination of elettemical processes and
membrane bioreactors, Environ. Sci. Pollut. Req2249) 1103-1112.

B.M.B. Ensano, L. Borea, V. Naddeo, V. Belgior M.D.G. de Luna, F.C. Ballesteros,
Combination of electrochemical processes with mambrbioreactors for wastewater
treatment and fouling control: A review, Front. How. Sci. 4 (2016).
doi:10.3389/fenvs.2016.00057.

Z. Li, R. Dai, B. Yang, M. Chen, X. Wang, Z.aNg, An electrochemical membrane
biofilm reactor for removing sulfonamides from wesater and suppressing antibiotic
resistance development: Performance and mechanisniazard. Mater. 404 (2021)
124198. doi:10.1016/j.jhazmat.2020.124198.

M. Zhou, M.A. Oturan, I. Sirés, Electro-fentgmocess new trends and scale-up, in:

Handb. Environ. Chem., Springer Singapore, 201830.

M. Arellano, N. Oturan, M. Pazos, M. AngeleanBoman, M.A. Oturan, Coupling
electro-Fenton process to a biological treatmengwa methodology for the removal of
ionic liquids?, Sep. Purif. Technol. 233 (2020) 996.
doi:10.1016/j.seppur.2019.115990.

N. Birjandi, H. Younesi, A.A. Ghoreyshi, M. Rennejad, Enhanced medicinal herbs

wastewater treatment in continuous flow bio-ele¢temton operations along with

15



419
420

421
422
423

424
425
426
427

428
429
430
431

432
433
434
435

436
437
438
439
440

441
442
443
444

445
446
447

448

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

power generation, Renew. Energy. 155 (2020) 107995:10
doi:10.1016/j.renene.2020.04.013.

H. Nadais, X. Li, N. Alves, C. Couras, H.R. dersen, I. Angelidaki, Y. Zhang, Bio-
electro-Fenton process for the degradation of Ni@ne®lal Anti-Inflammatory Drugs
in wastewater, Chem. Eng. J. 338 (2018) 401-4101@4016/J.CEJ.2018.01.014.

J. Vidal, C. Huilifir, R. Santander, J. Siaredo, R.A. Torres-Palma, R. Salazar,
Effective removal of the antibiotic Nafcillin fronvater by combining the photoelectro-
Fenton process and anaerobic biological digest@m, Total Environ. 624 (2018)
1095-1105. doi:10.1016/j.scitotenv.2017.12.159.

M. Dehboudeh, P. Dehghan, A. Azari, M. AbbaBkperimental investigation of
petrochemical industrial wastewater treatment byombination of integrated fixed-
film activated sludge (IFAS) and electro-Fenton moels, J. Environ. Chem. Eng. 8
(2020) 104537. doi:10.1016/j.jece.2020.104537.

Y. Liu, K. Li, W. Xu, B. Du, Q. Wei, B. Liu, DWei, GO/PEDOT:NaPSS modified
cathode as heterogeneous electro-Fenton pretreiatareh subsequently aerobic
granular sludge biological degradation for dye wastter treatment, Sci. Total
Environ. 700 (2020) 134536. doi:10.1016/j.scitot@mM19.134536.

S. Huo, D. Necas, F. Zhu, D. Chen, J. An, Nod, W. Liu, L. Wang, Y. Cheng, Y.
Liu, R. Ruan, Anaerobic digestion wastewater detxdbion by HO,-enhanced
electro-Fenton coagulation following nutrients reexy via acid tolerant and protein-
rich  Chlorella  production, Chem. Eng. J. 406 (2021127160.
doi:10.1016/j.cej.2020.127160.

A.M. Gholizadeh, M. Zarei, M. Ebratkhahan, Hasanzadeh, F. Vafaei, Removal of
Phenazopyridine from wastewater by merging biolalggmd electrochemical methods
via Azolla filiculoides and electro-Fenton proceds,Environ. Manage. 254 (2020)
109802. doi:10.1016/j.jenvman.2019.109802.

A. Baiju, R. Gandhimathi, S.T. Ramesh, P. MdiNesh, Combined heterogeneous
Electro-Fenton and biological process for the trestt of stabilized landfill leachate, J.
Environ. Manage. 210 (2018) 328-337. doi:10.10j®yman.2018.01.019.

D. Martinez-Pachén, M. Ibafiez, F. HernandeA. Rorres-Palma, A. Moncayo-Lasso,

16



449
450
451
452

453
454
455
456

457
458
459

460
461
462

463
464
465

466
467
468
469

470
471
472
473

474
475
476
477

478

[54]

[55]

[56]

[57]

[58]

[59]

Photo-electro-Fenton process applied to the detgoadaof valsartan: Effect of
parameters, identification of degradation routes$ @mmeralization in combination with
a biological system, J. Environ. Chem. Eng. 6 (2018302-7311.
doi:10.1016/j.jece.2018.11.015.

A.D. Webler, F.C. Moreira, M.W.C. Dezotti, C.Mahler, 1.D.B. Segundo, R.A.R.
Boaventura, V.J.P. Vilar, Development of an intégglatreatment strategy for a leather
tannery landfill leachate, Waste Manag. 89 (2019) 14-128.
doi:10.1016/j.wasman.2019.03.066.

A. Popat, P.V. Nidheesh, T.S. Anantha Singh, Sfiresh Kumar, Mixed industrial
wastewater treatment by combined electrochemicahrazbd oxidation and biological
processes, Chemosphere. 237 (2019) 124419. dd@1®jlchemosphere.2019.1244109.

W. Wang, Y. Lu, H. Luo, G. Liu, R. Zhang, SnJA microbial electro-Fenton cell for
removing carbamazepine in wastewater with eletyrioutput, Water Res. 139 (2018)
58-65. doi:10.1016/j.watres.2018.03.066.

R. Zou, I. Angelidaki, X. Yang, K. Tang, H.Rndersen, Y. Zhang, Degradation of
pharmaceuticals from wastewater in a 20-L contiisuibow bio-electro-Fenton (BEF)
system, Sci. Total Environ. 727 (2020) 138684. 1hit016/j.scitotenv.2020.138684.

S. Li, Y. Liu, R. Ge, S. Yang, Y. Zhai, T. HUB.S. Ondon, Q. Zhou, F. Li, Microbial
electro-Fenton: A promising system for antibiotresistance genes degradation and
energy generation, Sci. Total Environ. 699 (2020) 34160.
doi:10.1016/j.scitotenv.2019.134160.

H. Olvera-Vargas, T. Cocerva, N. Oturan, D.id8on, M.A. Oturan, Bioelectro-
Fenton: A sustainable integrated process for reimmivarganic pollutants from water:
Application to mineralization of metoprolol, J. Had. Mater. 319 (2016) 13-23.
doi:10.1016/j.jhazmat.2015.12.010.

**This work evaluates in detail the combinationadéctro-Fenton as pre-treatment followed

[60]

by biological degradation. It makes emphasis in dperating parameters affecting
electro-Fenton performance to increase the biodediaty, and the reaction
mechanisms involved in the degradation of the mpdiutant.

E. Mousset, Z. Wang, H. Olvera-Vargas, O. befe, Advanced electrocatalytic pre-

17



479
480
481

482
483
484

485
486
487

488
489
490

491
492
493
494

495
496
497

498
499
500

501
502
503

504
505
506
507

[61]

*This

[62]

[63]

[64]

[65]

[66]

[67]

treatment to improve the biodegradability of readstewater from the electronics
industry — A detailed investigation study, J. HazaMater. 360 (2018) 552-5509.
doi:10.1016/j.jhazmat.2018.08.023.

M. Hassan, H. Olvera-Vargas, X. Zhu, B. ZhaxgHe, Microbial electro-Fenton: An
emerging and energy-efficient platform for enviramtal remediation, J. Power
Sources. 424 (2019) 220-244. doi:10.1016/}.jpow26119.03.112.

review paper presents a thorough account lo& development of sustainable
bioelectrochemical systems for wastewater treatrbased on the Fenton’s reaction:

microbial-electro-Fenton.

S.0. Ganiyu, C.A. Martinez-Huitle, The use oénewable energies driving
electrochemical technologies for environmental igagibns, Curr. Opin. Electrochem.
22 (2020) 211-220. doi:10.1016/j.coelec.2020.07.007

S.0. Ganiyu, C.A. Martinez-Huitle, M.A. Roddg Renewable energies driven
electrochemical wastewater/soil decontaminatiorhrietogies: A critical review of

fundamental concepts and applications, Appl. C&aEnviron. 270 (2020) 118857.
doi:10.1016/j.apcath.2020.118857.

Z. Al-Qodah, Y. Al-Qudah, W. Omar, On the pmrhance of electrocoagulation-
assisted biological treatment processes: a reviewhe state of the art, Environ. Sci.
Pollut. Res. 26 (2019) 28689-28713. doi:10.1008B561019-06053-6.

Z. Al-Qodah, Y. Al-Qudah, E. Assirey, Combindiblogical wastewater treatment
with electrocoagulation as a post-polishing procésseview, Sep. Sci. Technol. 55
(2020) 2334-2352. d0i:10.1080/01496395.2019.1626891

J.N. Hakizimana, B. Gourich, M. Chafi, Y. $tia, C. Vial, P. Drogui, J. Naja,
Electrocoagulation process in water treatment: Aiesg of electrocoagulation
modeling approaches, Desalination. 404 (2017) 1€@€i110.1016/j.desal.2016.10.011.

S. Garcia-Segura, M.M.S.G. Eiband, J.V. de delC.A. Martinez-Huitle,
Electrocoagulation and advanced electrocoagulgiionesses: A general review about
the fundamentals, emerging applications and ite@ason with other technologies, J.
Electroanal. Chem. 801 (2017) 267—299. doi:10.]jQékchem.2017.07.047.

18



508
509
510
511

512
513
514
515
516

517
518
519

520
521
522
523

524
525
526
527

528
529
530
531

532
533
534
535
536

537

[68]

[69]

T.S. Le, N.M. Dang, D.T. Tran, Performance adupling electrocoagulation and
biofiltration processes for the treatment of leaelfeom the largest landfill in Hanoi,
Vietnam: Impact of operating conditions, Sep. Rufiechnol. 255 (2021) 117677.
doi:10.1016/j.seppur.2020.117677.

L. Li, G. Qian, L. Ye, X. Hu, X. Yu, W. Lyu, &earch on the enhancement of
biological nitrogen removal at low temperaturesrframmonium-rich wastewater by

the bio-electrocoagulation technology in lab-scgjstems, pilot-scale systems and a
full-scale industrial wastewater treatment plantatey Res. 140 (2018) 77-89.

doi:10.1016/j.watres.2018.04.036.

**This article presents one of the primary work on a systematic comparison at lab-scale,

[70]

[71]

[72]

[73]

[74]

pilot-scale and full-scale about the efficiency of combination between

electrocoagulation and bioprocesses.

J. Akansha, P. V. Nidheesh, A. Gopinath, K. Aniupama, M. Suresh Kumar,
Treatment of dairy industry wastewater by combiaedated electrocoagulation and
phytoremediation process, Chemosphere. 253 (2020) 2665P.
doi:10.1016/j.chemosphere.2020.126652.

E.U. Deveci, C. Akarsu, C. Gonen, Y. Ozay, &mting treatability of tannery
wastewater by integrated process of electrocoaguland fungal via using RSM in an
economic perspective, Process Biochem. 84 (2019) 4-133.
doi:10.1016/j.prochio.2019.06.016.

E. Lacasa, S. Cotillas, C. Saez, J. Lobatd&C&fiizares, M.A. Rodrigo, Environmental
applications of electrochemical technology. Whatniseded to enable full-scale
applications?, Curr. Opin. Electrochem. 16 (2019) 49-1156.
doi:10.1016/j.coelec.2019.07.002.

S. Garcia-Segura, A.B. Nienhauser, A.S. Fajar. Bansal, C.L. Coonrod, J.D.

Fortner, M. Marcos-Hernandez, T. Rogers, D. ViliagrM.S. Wong, P. Westerhoff,

Disparities between experimental and environmesadaditions: Research steps toward
making electrochemical water treatment a realityrrCOpin. Electrochem. 22 (2020)

9-16. doi:10.1016/j.coelec.2020.03.001.

E. Mousset, K. Doudrick, A review of electrarhical reduction processes to treat

19



538
539

540
541
542
543

544
545
546

547
548
549

550
551
552
553

554
555
556
557

558
559

560
561
562

563

564

565

[75]

[76]

[77]

[78]

[79]

oxidized contaminants in water, Curr. Opin. Electrem. 22 (2020) 221-227.
doi:10.1016/j.coelec.2020.07.008.

J.F. Pérez, J. Llanos, C. Séez, C. Lopez,dfizares, M.A. Rodrigo, Development of
an innovative approach for low-impact wastewateatiment: A microfluidic flow-
through electrochemical reactor, Chem. Eng. J. 3%2018) 766-772.
doi:10.1016/j.cej.2018.06.150.

P. Ma, H. Ma, S. Sabatino, A. Galia, O. Samd, Electrochemical treatment of real
wastewater. Part 1: Effluents with low conductiyiGhem. Eng. J. 336 (2018) 133-
140. doi:10.1016/j.cej.2017.11.046.

O. Scialdone, C. Guarisco, A. Galia, G. Filaré. Silvestri, C. Amatore, C. Sella, L.
Thouin, Anodic abatement of organic pollutants imatev in micro reactors, J.
Electroanal. Chem. 638 (2010) 293—-296. doi:10.]jgékchem.2009.10.031.

J.F. Pérez, J. Llanos, C. Saez, C. Lépez ddiZares, M.A. Rodrigo, Towards the scale
up of a pressurized-jet microfluidic flow-througkactor for cost-effective electro-
generation of KO, J. Clean. Prod. 211 (2019) 1259-1267.
doi:10.1016/j.jclepro.2018.11.225.

H. Monteil, Y. Pechaud, N. Oturan, C. TrellM.A. Oturan, Pilot scale continuous
reactor for water treatment by electrochemical aded oxidation processes:
Development of a new hydrodynamic / reactive comthimodel, Chem. Eng. J. 404
(2020) 127048. doi:10.1016/j.cej.2020.127048.

**This paper presents the development of a new model that combine hydrodynamic and

[80]

reaction in a novel continuous flow electrochemical pilot-scale reactor.

R. Zou, I. Angelidaki, B. Jin, Y. Zhang, Feaiity and applicability of the scaling-up
of bio-electro-Fenton system for textile wastewdateatment, Environ. Int. 134 (2020)
105352. do0i:10.1016/j.envint.2019.105352.

20



566

EFFLUENT

Bi i
ELECTROCHEMICAL |_ Non biodegradable ;zgif:?(?:il:: tl;,y Biodegradable -
TREATMENT with toxic(s) assays and/or biorecalcitrant part

anliox inhilios) without toxic(s) and/or inhibitor(s)

COD guidelines
Recalcitrant COD

o [Doa] [ischaree]

568  Figure 1. Combination strategy between electrochemical treatsnand biological processes.
569
570
571

21



Table 1. Summary of recent reports on the coupling betw@rand a biological post-treatment.

Experimental setup | Operating
: . " Ener
Treatment system / of AO / biological conditions | Removal efficiency | Biodegradability increase d | Ref.
Wastewater treatment for AO consumption
AO with a biological - Undivided, [Nax;SQOy = AO alone: 27% COD| The ratio between the 39 kWh (kg | [24]
post-treatment cylindrical, open batch 50 mM removal ultimate BOD and the CODCOD)™
Sunthet " h reactor (330 mL). increased from 50%
ynthetic soil washing o Biological treatment .
_ . Anode: Nb-BDD J=7-36mA g (untreated solution) to 60 +

solution (25 mg L of 2 alone: 44% COD .

anode. Cathode: SS | tm 95% depending on
phenanthrene and 1.31 ¢ removal .

4 _ | cathode. treatment time / current
L~ of Tween 80;2.7g'L _ _
Combined process: | Intensity.
! of COD) - BOD tests and P
. 80% COD removal

operation of an

aerobic batch

biological reactor
AO with a biological - Electrochemical flow lons Ir-MMO and Ru- Biodegradability was - [25]
post-treatment. cell with a feed tank of mobilized MMO: <10% assessed with CF at 5 mA

5 L. Anodes: Ir-MMO,| from the SW | degradation and cm? (optimal conditions
Clopyralid-containing Ru-MMO, pSi-BDD | step mineralization for degradation of

soil washing effluent (no

or carbon felt.

anodes: <10%

clopyralid and

22




extracting agent ; 180 mg

) Cathode: stainless

]=5-60mA

degradation and

accumulation of by-

L of clopyralid) steel cm mineralization products). The ratio BOYY
COD increased from 0.02
- BOD and pSi-BDD: 75%
to 0.23 and the oxygen
respirometric tests degradation and 85%
uptake rate from -10 to 40
mineralization at 4
mg (h gvSS) at 3.8 Ah L
AhL* L
Carbon felt: 60%
degradation and 30%
mineralization at 4
AhL*
Electrocoagulation + AO| - Batch Natural 60 — 70% COD The ratio BOR/ COD 11.2-175 |[26]
with a biological post- electrocoagulation conductivity | removal after 2 or 3 h increased from 0.3 to 0.45 kWh (kg
treatment reactor with iron of the of electrocoagulation| — 0.9 depending on coDy™?
electrodes electrolyte and 8 h of AO (30 operating conditions
Landfill leachates (21.7 ¢ (36 mS cr) | mA cmi?)
1 - Electrochemical flow
L™ of COD)
cell for AO. Anode: i=30-70
BDD. Cathode: mA cmi2 for
stainless steel AO

23




- BOD tests

AO with a biological - Flow-through 100 mM After a single The ratio BOR/ COD 5 kWh m® [27]
post-treatment electrochemical cell. | N&eSO, passage: 96% increased from 0.04 to 0.25
Anode: carbon felt. degradation; 41%
500 mg L[* of 2,4- Cathode: carbon Va=+1.6 V | CcOD removal
dichlorophenoxyacetic | paper. Separation with Vs SHE
acid a cationic exchange
membrane
- BOD tests
AO with a biological - Undivided, batch Natural >95% removal of The standard - [6]
post-treatment reactor. Anode: BDD | conductivity | chloramphenicol and| biodegradability was 60%
or RuG. Cathode: of urines 35% TOC removal af after 28 days of incubation
Human urines spiked stainless steel. 4 Ah L with BDD and treatment at 1.25 mA
with chloramphenicol j=125-5 | anode cm?and 8 Ah [*
(100 mg %) - Rapid mA cni2

biodegradability assay
and Zahn-Wellens
standard

biodegradability test

Very low degradation
and mineralization
with RuG,.

24




COD, chemical oxygen demand; BOD, biochemical orygemand; BDD, boron-doped diamond; MMO, mixed inetede; HPCD,
hydroxypropyl-beta-cyclodextrin; VSS, volatile segded solids
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Table 2. Summary of recent reports on the coupling betwgeiand biological processes.

Experimental setup Biodegradab =nergy _
Treatment system / of EF / biological | Operating conditions Removal efficiency | ility consumption / Ref.
wastewater treatment increasé Power

generatiorf

Homogeneous EF + Bio| EF: cylindrical EF:1 =1000 mA, pH =3, in EF: 57% TOC Increase of | N/A [44]

undivided cell (230 | 0.05 M NaSOQ,, F€* = 0.1 | removal (30 min) the average

mL), carbon felt mM, continuous air supply oxidation
lonic liquid 1-butyl-1- | cathode (19 cm x 7 Blo: 49% TOC state (AOS)
methylpyrrolidinium cm x 0.5 cm) and | Bio: mineral nutrients, pH = removal (7 days) from 0.48 to
chloride (1 mM = 177.7 | BDD anode (25 cf) | 7. T=30°C Combined process: | 1.43 after EF
mg L"), TOG =108 mg | _ 78% TOC removal
L Bio: bacteria

consortium

(Pseudonomas,

Bacillus,

Rhodococcus), lab

scale aerobic reacto

(flasks)
Bio + homogeneous EF| Bio: plaft Bio: 200 mL nutrient Bio: 85.9% removal N/A 28 k\Wkg [51]
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Phenazopyridine
(analgesic drug) (20 mg
LY

filiculoides lab-scale
aerobic reactor

EF: undivided cell
(250 mL), graphite
cathode and anode
(1.2 cm x 3.6 cm x
0.3 cm)

solution with air supply, 20
g of plant, pH =7,

continuous air supply

EF:1 =200 mA, pH=3,in
0.05 M NaSQ,, 0.3 g of
FeSO,

of the drug and 57.6%
TOC removal (at 48
h)

EF: 22.25% TOC

removal (12 h)

Combined process:
79.9% TOC removal
(60 h)

ToC)!

Heterogeneous EF + Bi

Stabilized landfill

leachate

(COD = 7184 mg L,
BODs/COD = 0.03)

b EF: undivided cell
(750 mL), Ti/TiG,
anode (8 cm x 7 cm
x 0.4 cm), graphite
cathode (8 cm x 7

cm x 0.5 cm)

Bio: soil bacteria,
100 mL aerobic

reactor

EF.Ei =5V, pH =3,50
mg L' FeMoPO
nanoparticles, constant air

supply

Bio: 100 mL nutrient
solution with 1 mL of
isolated colonies, pH =8, T
=37°C

EF: 82% COD
removal (1.5 h)

Bio: 15% COD

removal (5 days)

Combined process:
97% COD removal

BODs/COD

increase from
0.03 to 0.4 by
EF (1.5 h)

N/A

[52]
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SPEF + Bio SPEF: undivided cell SPEFj = 3.46 mA crif, in | SPEF: total N/A N/A [53]
(200 mL), Ti/lrGy- 0.05 M NaCl, F& = 0.036 | degradation (45 min)
SnQG anode (2.89 | mM,pH=3 and >20% TOC

Valsartan cnt), carbon felt air removal (90 min)

(antihypertensive drug) | diffusion cathode (2| Bio: 4000 mg [* of

1 cn?), UV lamp with | biomass, pH =7, T = 37 °Q Bio: 80% TOC

(20mg L) 1 =368 nm removal (8 days)
Bio: aerobic reactor
(900 mL) with
aerobic sludge from
a food processing
plant

EF + Bio EF: undivided cell | EF:j =0.07 mA crf, in EF: total degradation | BODs/COD | N/A [15]
(250 mL), graphite | 0.05 M NaSQ,, pH = 3, (20 min) and 4.4% increase from
felt cathode (42 Fe* = 0.1 mM, constant airf TOC removal (1 h) | 0 to 0.46 by

Metrodinazole cn?), Pt anode (32 | supply EF (1 h)

(antibiotic)

(100 mg [}

cnr)

Bio: aerobic reactor
(500 mL) with

activated sludge

Bio: mineral nutrient
solution with 5 g [* of
activated sludge, pH=7, T
=25°C

Bio: 84.6% TOC

removal (21 days)

Combined process:
98% TOC removal
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from a municipal

wastewater plant

Bio + Coagulation + PEF Bio: Continuous Bio: Nitrification- Bio: 97% alkalinity BODs/COD | 469 kWh n?® [54]
+ Bio flow anoxic/aerobic | denitrification, flow rate = | removal, 40% COD | increase from (PEF)

reactor (9 L-anoxic | 0.3 L day', 1.2 L day* removal, >99% Ni | 0.003 to 0.2

tank, 7 L-aerobic | returning activated sludge, | removal, 95% TN by PEF 20 MJ i’
Leather tannery landfill | tank, 3.2 L-clarifier) | 1h sedimentation, sludge | removal (UVA lamp
leachate removal operation)

(COD = 13966 mg L,

alkalinity = 28,800 mg L

! BODs/COD = 0.31,

NH," = 8403 mg [}, TN
=10390 mg [, TSS =
1187 mg [, pH = 8.6)

Coagulation: 10 L
coagulation tank

PEF: filter-press
recirculation reactor
(2.5 L), carbon-
PTFE cathode (10
cnt), BDD anode
(10 cnf), tubular
photoreactor with
UVA lamp

Bio: Zhan-Wellens

Coagulation: pH =3, Fe =
400 mg L (FeCk), 3 h

sedimentation

SPEF;j = 300 mA cnf Fe =
150 mg L%, pH = 2.8, flow
rate = 55 L H,
neutralization, 3h

sedimentation

Bio: 28 days Zhan-Wellens

test, 1 h sedimentation,

Coagulation: 49%
TSS removal, 66.3%
COD removal, 50%

TN removal (30 min)

SPEF: 96.4% COD
removal, 95% TSS
removal, 38.5 TN

removal (9.3 h)

Bio: 45% COD
removal, 18.8% TN

removal

29




tests sludge removal

EF/Persulfate + Bio EF/Persulfate: EF/PersulfateEqy = 10V, | EF: 60% COD BODs/COD | N/A [55]
undivided cell (1 L), | pH = 3, persulfate = 200 mgremoval (1 h) increase from
Ti/Pt mesh anode (2 L?, F&* =10 mg L, 0.34 to 0.52

. . : . . . . Bio: 34% COD
Mixed industrial pieces), graphite felt continuous air supply by
removal (4 days

wastewater cathode (2 pieces) ( ys) EF/Persulfate
25 enf Bio: 1 mL consortium of : . |(1h

(COD = 1152 mg L', pH ( ) -y o | Combined process: (1 h)

) acteria extracted form soil 940, oD removal

=7.32) . ,
Bio: aerobic
treatment with soll
bacteria (100 mL)

MEF Undivided MFC (28 | Substrate = acetate (1 d).. | 90% removal (24 h) | N/A 112 mW n¥¥ | [56]
mL), Fe-Mn- nutrient-rich buffer at 6.3% TOC removal
impregnated carbon| neutral pH, 10Q external | (24 h)

Carbamazepine (drug) | brush anode and resistance

1 carbon-PTFE gas

(10 mg L)
diffusion cathode (7
cnt)

30




MEF 20-L MFC with Cathode chamber (9 LEE = | 58%, 87%, 76%, 96%,5.84 € nt* N/A [57]
CEM, 20 carbon 0.2V vs SCE, in 0.05 M 92%, and 86%
brush anodes (5.9 | Na&SQ;, pH = 2.8, F&' degradation of
Pharmaceutical mixture . - .
cm diameter x 6.9 | catalyst, 0.1Q external clofibric acid,
in municipal wastewater _ . i .
. L cm), 20 graphite resistance, constant air diclofenac,
matrix (clofibric acid, .
plate cathodes (4.5 | supply. carbamazepine,
diclofenac, :
_ cm x 4.5 cm) naproxen, ibuprofen,
carbamazepine, Anode chamber: domestic
ketoprofen,
naproxen, ibuprofen, ' : ,
p p wastewater with 1 gL respectively (26 h)
ketoprofen) acetate in nutrient medium
(0.5 mg L'* each)
MEF Divided MFC with | Cathode chamber (76.3 Overall, 88.7% N/A 0.193 W n?’ [58]
CEM (150 mL), mL): pH = 7 (phosphate removal (48 h) (0.583 A n¥)
CNT/y-FeOOH/SS | buffer), constant air supply
Erythromycin cathode, carbon | 1000Q external resistance,| 86.8% COD removal
(antibiotic) cloth anode (28.3 | T = 30 °C, effluent was first (48 h)
(0.05 mg [ cnt) introduced in the anode

chamber

Anode chamber: MFC

effluent with nutrients and ]

31




g LT acetate

MEF Divided MFC, Cathode chamber (350 mL):Overall, 93% COD N/A 183.1 mW nf | [45]
Fe@FeOs/graphite | pH = 3, constant air supply} removal (83.3 h) (603.9 mA cm
cathode and graphite100Q external resistance, T %) (0.286 kW

Medicinal herb anode (22 cf) = 30 °C, organic loading m3 of

wastewater (COD = rate = 0.58 g I* day’, the normalized

6183 mg L, pH = effluent was first treated in energy

12.15) the anode chamber recovery)

Anode chamber: sludge

from wastewater treatment

plant, pH =7

MEF Divided MFC with | Cathode chamber (175 mL):Degradation of 61%, | N/A 3.8€n’ [46]

bipolar membrane, | Ecq; = 0.3V, pH 2in 0.05 M 97%, 86%, 81% of

carbon brush NaSQy, F€* = 7.5 mM, 1 | ketoprofen,
Non-steroidal anti- . , . .

cathode and graphiteQ external resistance diclofenac, ibuprofen
inflammatory drugs

_ _ anode and naproxen,
(diclofenac, ibuprofen, Anode chamber: wastewater :
respectively (5 h)

ketoprofen, naproxen) from primary clarifier with

acetate (20 mM
(0.04 mg ! each) ( )
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! Does not apply for MEF systems.

2 Power generation only in the case of MEF.

CEM, cation exchange membrane; CNT, carbon nansfieMoP, iron molybdenum phosphate; PTFE, pobfieiwroethylene; PEF,
photoelectro-Fenton; SPEF, solar photoelectro-Fer@8, stainless steel; TN, total nitrogen; TS| suspended solids.
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Table 3. Summary of recent reports on the coupling betws@rand biological processes.

Treatment system / Experimental setup of EC | Operating Removal Biodegradability | Energy et
wastewater / biological treatment conditions efficiency increase consumption '
EC + biofiltration as EC: parallelepiped EC:j=3Ant, EC: 77% COD, | - - [68]
post-treatment undivided reactor (2 L), electrode gap =7 | 25% ammonia,

iron or aluminum anode cm, pH =8 and 90% nitrate

(120 mm x 100 mm), (60 min)
Landifill leachate: COB | stainless steel cathode (1loBio: aeration/payse
= 6325 mg [, NH; = mm x 100 mm) mode = 60:60 min,
1256 mg [, NO; = 1.76| ' loading rate=5L | Combined
mg L Bio: anoxic tank = 20 L, day® process: 95%

oxic tank = 20 L, settling COD, 98%

tank=3.8 L ammonia and

90% nitrate

EC-biological in hybrid | Lab-scale: four sequencing Lab-scale: (EC: 0.01 Lab-scale: - - [69]
system batch reactor (SBRs) (8 L | A, electrodes gap = | combined

Lab-scale: synthetic
wastewater (COD = 600
mg L, NH;" = 200 mg

each) including 2 SBRS
with Fe anode and carbon
cathode (150 x 60 x 5 mm
each)

6-8 cm; bio: HRT =
16 h at different

temperature)

process = 92%
COD and 55%

nitrate
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L, NOs = 200 mg %)

Pilot-scale: synthetic
wastewater (COp=
2000 mg [}, NH," = 944
mg L™, NOs = 1214 mg
LY

Full-scale: oil shale

wastewater (petroleum =

157-781 mg [}, CODy =
6143-7251 mg L, NH,"
= 4571-5575 mg 1)

Pilot-scale: bioreactor (120
L) with 2 aerobic zones, 1

anoxic zone, 3 anaerobic

zones and one MBR zone
and two pairs of Fe anodeg
and Carbon cathodes (350
120 x 2 mm)

Full-scale: 2 biochemical
pools (52,872 rheach), one
MBR pool, and two EC
devices with 50 Fe
electrodes (2000 x 1800 x

mm)

Bio: activated sludge with
nitrogen removal bacteria
(Nitrosomonas, Nitrobactet
Paracoccus, Thauera and
Enterobacter)

5 temperature)

5different

Pilot-scale: (EC: 0.2
A, electrodes gap =
cm; bio: HRT =5

days at different

X

Full-scale: (EC: 430
A (2-4 V), electrodes
gap = 20 cm; bio:
HRT = 15 days at

temperature)

Pilot-scale:
Bcombined
process = 85%
COD and 81%

ammonium

Full-scale:
combined
process = 50%
COD and 99%

ammonium
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EC + phytoremediation
as post-treatment

Dairy industry
wastewater: COp=
5600 mg L, NO; = 616
mg L*

EC: parallelepiped
undivided reactor (1 L),
iron (50 mm x 100 mm x 3
mm) or aluminum anode
(50 mm x 100 mm x 2
mm), electrodes gap = 10

mm

Bio: Cannaindica plant

EC: 255V,

continuous air

supply

Bio: plant growth
during six weeks
with nutrients

coming from the
wastewater itself (nagt

the soil)

EC: 86% COD
and 76% nitrate
(120 min)

Combined
process: 98%
COD and 84%

nitrate

No increase of
biodegradability
after EC and after

phytoremediation

[70]

EC + biological fungal

post-treatment

Tannery wastewater:
CODy = 18800 mg L[,
cr*=223mgr*

EC: parallelepiped

undivided reactor (0.8 L),
iron cathode and aluminun
anode (60 mm x 85 mm x
mm), electrodes gap = 20

mm

Bio: Aspergillus niger fungi

EC:pH S8, 0.18 A

Bio: pH 5, 2%

inoculum rate, 36 h

1

EC: 64% COD
and 90% C%
(60 min)

Combined
process: 96%
COD and 97%
Cr6+

1.73$ nt

[71]

HRT, hydraulic retention time
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