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CERTH's Profile 

CE.R.T.H., the largest Research Centre in Northern Greece, was founded in March 2000.  

The mission of CERTH is to carry out fundamental and applied research with emphasis on 
development of novel products and services of industrial, economic and social importance in 
the following fields: 

 

 Chemical and Biochemical Processes and Advanced Functional Materials  

 Informatics and Telecommunications  

 Land, Sea and Air Transportation  

 Agrobiotechnology and Food Engineering  

 Environmental Friendly Technologies for Solid Fuels and Alternative Energy 
Sources and  

 Biomedical Informatics, Biomedical Engineering, Biomolecular Medicine and 
Pharmacogenetics  
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Chemical Process Engineering Research Institute (CPERI) 

www.cperi.certh.gr 

Information Technologies Institute 
(ITI) 

www.iti.gr 

Hellenic Institute of Transport (HIT) 

www.imet.gr 

Institute of Applied Biosciences 
(INAB) 

www.inab.certh.gr 

Institute of Bio-Economy and Agri-
Technology (IBO) 

www.ibo.certh.gr 

Chemical Process & Energy Resources Institute (CPERI) 

www.certh.gr 
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Chemical Process & Energy Resources Institute (CPERI) 

LABORATORY OF 

NATURAL RESOURCES 

& RENEWABLE ENERGY 

www.cperi.certh.gr 
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Natural Resources and Renewable 
Energies laboratory (NRRE) 

NRRE is one of the founding research units of CPERI, 
established in 1985.  

Technological targets of applied and basic research at NRRE include 
development and optimization of: 

• Advanced Membrane-based Processes for Desalination, Water 
& Wastewater Treatment.  

• Novel Process Development (Advanced Oxidation Processes, 
Membrane Distillation, other); Membrane Modules.  

• Novel Hybrid Processes for Implementing “Zero Waste” 
Concept (water recycling and materials recovery) in the Process 
Industry; valorization of agricultural and other by-products/ 
wastes for recovering marketable products. 

• Development of Novel Sensors and Real-Time Monitoring 
Techniques. 

• Tools for assessment and mitigation of environmental 
pollution and its effects, focused on human health impact and 
related monitoring. 

www.nrre.cperi.certh.gr 
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Laboratory and pilot-scale RO units  

Laboratory and pilot scale Advanced Oxidation Processes units 
(PMR, electro-Fenton) 

Pilot unit 

Hybrid process involving 
photocatalysis coupled with 
ultrafiltration(PMR) 
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«Άριστον μεν ύδωρ…» 

“Pure water is the finest of all…” 

Pindarus (522-438 BC, Ancient Greek lyric poet) 
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World water resources and human freshwater use 

Sources: Shiklomanov, UN FAO Aquastat database 

 

Less than 1% of 

the water supply 

on earth can be 

used 
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Sources: Spang, E. S., Moomaw, W. R., Gallagher, K. S., Kirshen, P. H., and Marks, D. H. (2014), Environmental Research Letters, 9(10), 

105002. 

Water Consumption for Energy Production (WCEP) 
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How much freshwater does it take for Energy Production? 

Other water fact 

Hydraulic fracturing or fracking, uses 

up to 20 million litres of fresh water per 

well, and risks polluting groundwater 

supplies  
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The Water-Food-Energy Nexus 

Water-

Food-

Energy 

Nexus 

Perfect Storm by 

2030 



CIMEE 2018, Tripoli, Lebanon         K.V. Plakas, NRRE/CPERI/CERTH 

❏ Electrocoagulation (EC) 

❏ Electrodialysis (ED)/Electrodialysis Reversal (EDR) 

❏ Electrodeionization (EDI)- Capacitive Deionization (CDI) 

❏ Electrochemical advanced oxidation processes (EAOPs) 

❏ Hydraulic fracturing 

❏ Flowback vs produced water 

❏ Management of hydraulic fracturing wastewater 

❏ Current practices – State of the technology 

Market Perspectives 

Introduction 

Electro-assisted treatment technologies  
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Outline 

R&D priorities - Conclusions 
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Hydraulic Fracturing (1-2) 

Hydraulic fracturing or fracking: the method used for extracting of oil and gas from 

sedimentary geologic formation characterized by low permeability (shale 

reservoirs) 
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The boom of fracking (USD 42.83 billion in 2015) 

Hydraulic Fracturing Market Share, by 

Region, 2013 ($Million) 

 North America  Latin America  Europe 

Middle East  Africa  Asia-Pacific 
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Hydraulic Fracturing (2-2) 

Source: FracFocus, Chemical Use In Hydraulic Fracturing 

Average hydraulic fracturing fluid composition for US shale plays  
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Hydraulic Fracturing Wastewater (HFW) 

Flowback water  

(fracturing fluid returns) 

 Generated from the well 

within the first weeks of initial 

drilling  

 Typically contains a high 

percentage of the fracking 

fluids injected to stimulate 

production 

Produced water  

(brine) 

 Generated once the well begins 

producing hydrocarbons 

 Typically contains higher 

concentrations of various minerals 

that are contained within the 

geologic formation due to longer 

residence time downhole 

Source: IHS Water White Paper: “Water Management in Shale Plays”, 
August 2012 
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Flowback vs Produced water 

Image credit: "Faces of Fracking," Fracking 

Wastes © 2014 

Flowback water  

 High concentrations of total suspended solids (TSS) 

 Oils, greases 

 Volatile (easily separable and able to evaporate) and semi-volatile soluble organics 

Produced water  

 High concentrations of total dissolved solids (TDS)  

 Heavy metals 

 Organics 

 Naturally occurring radio-active material (NORM) 

Flowback water & Produced water  

 Chemicals associated with the hydraulic fracturing operation 

(friction reducing polymers, corrosion inhibitors, scale 

inhibitors, biocides) 

 Natural constituents existing within the shale formation 
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Composition of Flowback/Produced Water 

Chemical Class Concentration range 

Total Dissolved Solids (TDS) 8,000 mg/L to 180,000 mg/L 

Total Suspended Solids (TSS) 10 to 800 mg/L 

Total Organic Carbon (TOC) ≤0.1 to >11,000 mg/L 

Biochemical Oxygen Demand (BOD5) 100 to 1,500 mg/L 

Chemical Oxygen Demand (COD) 2,500 to 22,000 mg/L 

Total organic acids ≤0.001 to 10,000 mg/L 

Total benzene, toluene, ethylbenzene, and xylenes (BTEX) 0.060 to 600 mg/L  

Total polycyclic aromatic hydrocarbons (PAH)  0.04 to 3.0 mg/L 

Total phenols (primarily C0-C5-phenols) 0.4 to 23 mg/L 

Chloride 11,000 to 140,000 mg/L 

Calcium 2,500 to 25,000 mg/L 

Ammonium 23 to 300 mg/L 

Iron 2 to 500 mg/L 
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Management of HFW 

Summary of management options for shale oil and/or gas wastewater 

Inject underground 

through a disposal 

well (onsite or offsite) 

Municipal wastewater 

treatment plant (often 

referred to as a publicly 

owned treatment works or 

POTW) 

Direct reuse 

within formation 

(typically with 

dilution) 

Discharge to a 

nearby surface 

water body or to 

a commercial 

industrial 

wastewater 

treatment 

facility (CWT) 
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Quality criteria of treated HFW for specific end uses 

End uses Water quality required 
Reuse for hydraulic fracturing Moderate TDS 

Low SS 

Low Ca, Mg, Fe, sulfate (scale formers) 

Deep well disposal Low Ca, Mg, Fe, sulfate (scale formers) 

Low SS 

Discharge to surface water  

(e.g. in Pennsylvania, US) 

<500mg/L TDS 

<250 mg/L chloride 

<250 mg/L sulfates 

<10mg/L total barium 

<10mg/L total strontium 

Crop irrigation Low salinity (TDS) 

Low sodium adsorption ratio (SAR <6) 

Low toxicity 

Wildlife and livestock consumption Moderate TDS (<5,000 mg/L) 

pH 6.5‒8 

SAR 5‒8 

Aquaculture and hydroponic vegetable culture Moderate TDS 

Low metals 

Dust control on roads and in mining Low SS 

Low in specific constituents like metals 

Vehicle and equipment washing Low SS 

Moderate TDS 

Power-generation cooling Low SS 

Moderate TDS 

Low Ca, Mg, Fe, sulfate (scale formers) 

Fire control Low SS 

Low organics 

Indirect potable reuse through aquifer recharge Low DBP formation potential 

Adequate mineral content 

Legislative drinking water quality criteria (e.g. Safe Drinking Water Act in US, Drinking 

Water Directive in EU, etc.) 
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HFW treatment technologies (1-2) 

General objectives for operators for treating HFW are as follows: 

1. De-oiling: removing dispersed oil and grease 

2. Soluble organics removal 

3. Disinfection 

4. SS removal: removing of suspended particles and sand 

5. Dissolved gas removal: removing of light hydrocarbon gases, carbon dioxide, and 

hydrogen sulfide 

6. Desalination: removing dissolved salts 

7. Softening: removing excess water hardness 

8. Miscellaneous: removing NORM 

Combined physical, chemical, and biological methods are proposed for 

produced water treatment 
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HFW treatment technologies (2-2) 

Non-TDS removal technologies TDS removal technologies 
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Hybrid process schemes for HFW treatment 

Source: X. Qiao, Z. Zhang, J. Yu, X. Ye, Performance characteristics of a hybrid membrane pilot-scale plant for 

oilfield produced wastewater, Desalination 225 (2008) 113–122. 

Source: M. Cakmakce, N. Kayaalp, I. Koyuncu, Desalination of produced water from oil production fields by 

membrane processes, Desalination 222 (2008) 176–186. 
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Drivers for developing alternative treatment technologies  

Stringent Regulations 

Fast Disappearing Fresh Water Supplies  

High Costs of Water Management 

Increased Reuse of Wastewater 

Natural gas wells usually located in rural areas, far from freshwater 
sources and water treatment plants 

Advanced  

HFW 

Recycle 

Technologies 
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❏ Electrocoagulation (EC) 

❏ Electrodialysis (ED)/Electrodialysis Reversal (EDR) 

❏ Electrodeionization (EDI)- Capacitive Deionization (CDI) 

❏ Electrochemical advanced oxidation processes (EAOPs) 

❏ Hydraulic fracturing 

❏ Flowback vs produced water 

❏ Management of hydraulic fracturing wastewater 

❏ Current practices – State of the technology 

Market Perspectives 

Introduction 

Electro-assisted treatment technologies  
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Outline 

R&D priorities - Conclusions 
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DISSOLUTION 

Electrocoagulation (EC) (1-2) 

Electrocoagulation (EC) is a broad-spectrum treatment technology that removes total 

suspended solids (TSS), heavy metals, emulsified oils, bacteria and other contaminants 

from water. 

How it Works 

1 COAGULATION 2 FLOCCULATION 3 
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Electrocoagulation (EC) (2-2) 

Treatment Steps for Ultimate Effect 

Electrocoagulation can be integrated into new or existing treatment processes. Depending on the 

application, the final solids separation steps can be accomplished using settling tanks, dissolved air 

flotation (DAF), media filtration, ultrafiltration (UF) and other technologies to achieve water quality 

goals. 

Source: Electrocoagulation Treatment Steps – Copyright WaterTectonics 
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Main factors affecting EC performance 

Al, Fe 

20-25 

A/m2 

Buffering 

effect of EC 

species transport, 

orthokinetic flocculation 

electrochemical 

phenomena 

20% of the anions 

present should be Cl− 
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EC advantages and disadvantages 

Advantages Disadvantages 

Nonspecific method Need for maintenance 

Address drinking water and wastewater Electrode passivation over time 

Combines oxidation, coagulation and 

precipitation 

(results in lower capital costs) 

Need for high-conductivity water 

Reduced need for chemical reagents (replaced 

by either Al or Fe electrodes and electricity) 

Lack of systematic reactor design  

Reduced operating cost Sludge handling 

Reduced risk of secondary pollution Requires relatively experienced operators 

Low sludge production  

Without moving parts 

Low energy requirements 

Solar power can be used 

Source: M.Y.A. Mollah, R. Schennach, J.R. Parga, D.L. Cocke, Electrocoagulation (EC)-science and applications,              

J. Hazard. Mater. B84 (2001) 29–41. 



CIMEE 2018, Tripoli, Lebanon         K.V. Plakas, NRRE/CPERI/CERTH 

Commercial EC systems for HFW treatment 

E-FLOC® technology uses an electrocoagulation reactor consisting of a 

number of heavy solid metal plates serving as electrodes and a low voltage 

electric current to destabilize multiple contaminates simultaneously via a 

single unit process. Both dissolved and suspended contaminates are 

removed, emulsions are split and water soluble hydrocarbons (TPH / BTEX) 

are oxidized as bacteria is also destroyed. 
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Electrodialysis (ED)/Electrodialysis Reversal (EDR) 

Electrochemical charge driven separation processes whereby dissolved ions are separated 

through ion permeable membranes under the influence of an electrical potential created by 

an anode and a cathode. 
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Applications of ED/EDR 

LOCATION COUNTRY APPLICATION PRODUCTION (m3/d) YEAR 

EURODIA (FRANCE) 

Montefano Italy Groundwater Nitrate removal 1,000 1991 

Munchenbuschsee Switzerland Groundwater Nitrate removal 1,200 1996 

Kleylehof Austria Groundwater Nitrate removal 3,500 1997 

GENERAL ELECTRIC WATER & PROCESS (fomerly ionics Inc) (USA)  

Abrera, BCN Spain Surface water Bromide reduction 200,000 2008 

Magna, Utah USA Groundwater As, Perchlorate 

reduction 

22,728 2008 

Sherman, Texas USA Surface water Salinity reduction 27,700 1993-96-98 

Suffolk, Virginia USA Groundwater Fluoride reduction 56,000 1990 

Sarasota, Or USA Groundwater Hardness & salts 

reduction 

45,420 1995 

Maspalomas Spain Groundwater Salinity reduction 37,000 1986 

Barranco Seco, Canary 

Islands 

Spain Wastewater Reuse 26,000 2002 

Bermuda WaterWorks Bermoudas Groundwater Hardness & Nitrate 

reduction 

2,300 1989 

Falconera, Valencia Spain Groundwater Nitrate reduction 16,000 2007 

MEGA a.s. (CZECH REPUBLIC) 

Sant Boi, BCN Spain Wastewater Salinity reduction 55,296 2010 

Dolni Rozinka Czech Rep. Uranium mining Desalination of sludge 1,752 2007 

ZIAR nad HRONOM Slovakia Wastewater Desalination of sludge 350 2003 

Arak Iran Wastewater Cooling tower 4,800 2008-2010 

Alberta Canada Well water Gas well water 

desalination 

40 2008 
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EDR advantages and disadvantages 

Advantages Disadvantages 

Does not need an energy conversion step 

(e.g. electrical to mechanical energy in the 

high pressure pumps), but electrical energy 

can be directly utilized 

High energy consumption and related 

operating costs when coupled to 

crystallizers/evaporators to achieve ZLD 

conditions 

High water recovery rates 

 

EDR alone may not be able to do the complete 

desalination efficiently  

Long membrane life times  Limited ability to remove non-charged 

constituents, including organics molecules, silica, 

and boron 

Limited scaling and fouling 

 

More complicated O&M requirements 

Operating conditions up to 50°C 

 

Greater skill level than those of RO 

Reduced concentrate volume for disposal  

There are currently around 1000 ED and EDR installations worldwide. Roughly 10 to 

20 new large EDR plants are being installed annually (FUJIFILM data).  



CIMEE 2018, Tripoli, Lebanon         K.V. Plakas, NRRE/CPERI/CERTH 

HFW desalination using ED/EDR 

 Pretreatment necessary for removing oil, gas, and mineral contaminants that may 

clog the membranes,  

 New equipment needs to be designed, built, and tested to apply the new technology 

Important!!! 

Desalination 

system 

ZLD operation Specific energy 

consumption 

Reference  

Hybrid EDR-RO 

with crystallizer 

system 

Brine salinity at 239,000 

mg/L, 

water recovery ratio of 

~77% 

10 – 17 kWh/m3 (EDR-RO)           

40 kWh/m3 (crystallizer) 

Loganathan et al., 

Desalination 363 

(2015) 92–98. 

ED system Not ZLD 175.7 kWhe/m3 

(wastewater 

with 250,000 mg/L TDS) 

Ahmad and 

Williams, Desalin. 

Water Treat. 30 (1–3) 

(2011) 22–36.  

Integrated 

coagulation and 

ED system 

Not ZLD, 91% of salt 

removal 

~7 – 14 kWh/m3 

(depending on the ED 

voltage) 

Hao et al., Desalin 

Water Treat. 55(8) 

(2015) 2034–2043.  

ED/EDR: Have been tested for produced water treatment at laboratory-scale 
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Electrodeionization (EDI)-Fractional EDI (FEDI) 

EDI and FEDI combine the ED and the IE processes: use of ion-selective 

membranes, mixed resin media and a DC current.  

EDI: application 

of one current to 

the entire 

module 

FEDI: two-stage 

process, separate 

removal of 

weakly ionized 

and strongly 

ionized 

impurities 
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(F)EDI is useful for any application that requires constant and economic removal 

of water impurities without using dangerous chemical. Some examples are: 

 

 Reuse of residual water in food and beverages industry 

 Chemical production 

 Biotechnology 

 Electronics 

 Cosmetic 

 Laboratories 

 Pharmaceutical industry 

 Boiler Feed Water 

 Reduction of ionizable SiO2 and TOC (total organic carbon) 

 

Applications of EDI/FEDI 
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Configurations of EDI/FEDI 

Spiral wound Plate-and-Frame 
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HFW treatment using EDI/FEDI 

 No apparent studies on applying this technology to produced wastewater recovered 

from hydraulic fracking sites! 

 Mostly applied for the removal of heavy metals (Copper, Cadmium, Nickel, Cobalt) 

and/or the production of high-purity water with low conductivity and silica content (e.g. 

utility make-up uses in LNG terminals -wash water for gas turbines). 

 Application of EDI/FEDI for selective removal of ions (Ca2+ over Na+) for protecting 

subsequent membrane processes from scaling. 

  Rodgers, University of Arkansas: Selective removal of high concentrations of ions using 

ion-selective membranes and ion exchange wafers in Wafer-Enhanced 

Electrodeionization (WE-EDI) of hydraulic fracturing solutions (clean-up of produced 

water). 

 SUEZ Water Technologies @ Solutions: E-Cell EDI technology for removing residual salts 

and ionizable aqueous species - such as carbon dioxide, silica, ammonia and boron 
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Capacitive Deionization (CDI) – Membrane CDI (MCDI) 

In CDI high-surface-area electrodes (often activated carbon with internal surface areas of 

the order of 1000 m2/g), when electrically charged (typical cell voltage 1.2V), can 

quantitatively adsorb ionic components from water, thereby resulting in desalination. 



CIMEE 2018, Tripoli, Lebanon         K.V. Plakas, NRRE/CPERI/CERTH 

CDI timeline 
Membrane CDI (MCDI) 

The positioning of ion-exchange 

membranes in front of the electrodes 

improves the desalination 

performance of the CDI-process 
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Membrane Capacitive Deionization (MCDI) (1-2) 

 The main benefit of adding membranes to the CDI cell is the improvement of charge efficiency 

(which is linked to cell energy efficiency), as the membranes block co-ions (ions with the same 

charge as the local electrode) from carrying parasitic current, and can increase the salt storage in 

electrode macropores. 

 In addition, membranes may be tailored to have selectivity between different ions of the same 

charge sign which provides an additional level of tunability for complex multi-ion systems. 

 At the regeneration step, the membranes block co-ions from leaving the electrodes and counter 

ions can be more fully flushed from the electrode region during ion release procedure increasing 

ion removal efficiency. 

Properties 

Advantages 

 The salt removal by the MCDI system was about 50 % higher than that by the CDI system. 

Further Improvement 

 The weak contact adhesion between the electrodes and the ionexchange membranes might produce 

contact resistance and increase the bulk resistivity of the whole unit, which would increase the 

energy consumption and decrease the ion adsorption. 

 To overcome this problem, ion exchange polymers were proposed to replace ion exchange 

membranes in MCDI device. 
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Membrane Capacitive Deionization (MCDI) (2-2) 

Four main R&D topics concerned with developing CDI and MCDI into commercially feasible 

technologies for water treatment have been identified in the literature: 

1. Development of materials (electrodes, ion-exchange membranes in MCDI) that are 

suitable/efficient for the process; 

2. Arrangement of the various components within the basic cell unit (molecular and 

geometrical details of the electrode structure and of the ion-exchange membranes); 

3. Turning the process into a continuous or semi-continuous process; and 

4. Energy recovery. 
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Electrode Materials 

Carbon aerogels 

Feather-like aerogel synthesized 

from a combination of CNT and 

graphene and weighs 0.16 

mg/cm3, a sixth that of air 

 Nanosized air-filled foams with mainly carbon as skeleton. 

 High surface area (400-1000 m2/g) and good electrical conductivity (10-

100 S/cm).  

 Controllable morphology (films, powders or microspheres).  

Ordered Mesoporous Carbons (OMCs) 

 Carbon materials with ordered uniform pore size in the range of 2–50 nm.  

 Uniform pore structures are obtained by attaching carbon precursors onto 

certain templates with three-dimensional pore structures (e.g. silica and 

zeolite) and remove the template after carbonization (hard-template method).   

Nanoscale Research Letters (2016) 

11:64 

Graphene-based materials 

 Nitrogen doped graphene and functionalized graphene electrodes endow the 

electrodes good wettability and desalination performance. 

 Graphene-based composites electrodes generally show better conductivity and 

large surface area; however, the preparation methods are often complicated. 

Carbon nanotubes (CNTs) 

 Remarkable mechanical, electrical, optical and thermal properties. 

 CNTs combination with other kinds of carbon electrode materials  
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HFW treatment using microbial CDI cells (MCDCs) 

Wastewater 

Source 

BES  Time 

(d) 

COD removal 

(%) 

TDS removal 

(%) 

 

Power density 

(mW/m2) 

Reference 

Bakken shale MFC1 

MCDC 

53 

53 

88  

76  

39  

74 

49 

30 

Shrestha et al., 

Biochemistry 121 

(2018) 56–64 

Barnett Shale MCDC 58 68 45 mg/g 

carbon 

electrode 

47 Monzon et al., 

Biochem. Eng. J. 117 

(2017) 87–91 

Piceance 

basin 

MCDC 30 85 65  NA Forrestal et al., 

Environ. Sci. 

2 (2016) 353–361. 

Piceance 

basin 

MCDC NA 34  NA  NA Forrestal et al., Energy 

Environ. Sci. 5 (2012) 

7161–7167 

Cheshmeh 

Khosh oilfield 

MFC 7  89  NA  0.65 Naraghi et al., 

Electrochim. Acta 180 

(2015) 535–544. 

Integration of microbial fuel cells (MFCs) with CDI to obtain a MCDC that desalinates 

brackish water and generate power (to drive hydraulically separated CDI units). 
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Electrochemical advanced oxidation processes (EAOPs) 

Electrochemical treatments that rely on 

electron to boost the generation of OH 

OH generation 

Direct electro-
chemistry 

Indirectly 

Applications in a variety of 
media (gas, liquid, solid) 

and volumes 

drinking water 

groundwater remediation 

industrial process wastewater 

high purity water 

ballast water 

odor control 

Electrochemically 
generation of 
Fenton’s reagent. 

Anodic Oxidation (AO) 

(mixture of H2O2 and Fe2+ ions) 

OH formation due to water 
discharge on the anode 
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Classification of EAOPs based on Fenton technology 

New Fenton-based EAOPs improve the shortcomings of Fenton method by using 
electric field to enhance treatment efficiency and reduce chemical sludge production.  

EAOPs 

In-situ (onsite) electrogeneration of H2O2 at the cathode  

Combined Electro-Fenton Processes 

Peroxi-coagulation 
(PC) 

Photoelectro-
Fenton (PEF) 

Solar 
photoelectron- 
Fenton (SPEF) 

Photoperoxi-
coagulation (PPC) 

Photo-assisted 
electro-Fenton 

processes 

Sonoelectro 
Fenton (SEF) 

Cathodic 
generation of Fe2+ 

Electro-Fenton 
Process (EF) 

Addition of H2O2 to the 
solution or indirect 

production 

Electrochemical 
Fenton 

Processes 

Electrochemical 
peroxide processes 

(ECP) 

Fered-Fenton 
Processes 

Anodic Fenton 
treatment 

Combined 
Fenton 

Processes 

Photo assisted 
Fered-Fenton 

Photo assisted ECP 
processes 

Plasma assisted 
Fenton Processes 

Anodic H2O2 
electrogeneration  

Bio-ECP 
remediation 
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Electro-Fenton technology (EF) 

Continuous electrogeneration of 
H2O2 at a suitable cathode fed with 
O2 or air,  

 

along with, i) the addition of an iron 
catalyst to the treated solution (in 
form of salt or a sacrificial Fe anode)  
(homogeneous EF), ii) the 
impregnation of iron catalyst in the 
cathode (heterogeneous EF), to 
produce •OH via Fenton’s reaction 

C

A

T

H

O

D

E 

2O2 

O2 

2Η+ 

O2 

(anode) 

Η2Ο2 

Η+ 

Fe2+ 

Fe3+ 

·OH 

·OH 

O2 

O2 

·OH 

O2 

ring opened 
products 

H2O + CO2 

Ar(OH)n 

·OH 

ArOH 

Ar 

RH 

H2O 

further                 
reactions 

R· 

Η2Ο 

e- 

2e- 

EF process in a divided cell. RH is an unsaturated compound that 
undergoes dehydrogenation, while Ar is an aromatic pollutant that is 
hydroxylated. Oturan, M. A. J. Appl. Electrochem. 2000, 30, 475. 

Fe2+ + H2O2  Fe3+ + ·OH + OH- 

O2(g) + 2H+ + 2e-  H2O2                                       

Fe3+ + e-  Fe2+      (electrochemical catalysis)           

Fe3+ + ·R  Fe2+ + R+                                                     

Fe3+ + H2O2  [Fe-O2H]2+ + H+  Fe2+ + HO2·  

Cathodic regeneration of Fe(II) 
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HFW treatment using EF 

 Few studies only, at lab-scale (EF as an effective pre-treatment process). 

 Treatment efficiency investigations as function of H2O2/COD rate, current density, initial pH, reaction 

time, Fe dosage, etc. 

 Alternative processes such as photo-electro-Fenton (PEF) should further be investigated to achieve 

higher COD and color removal rates. 

Source: Turan et al., Process Safety and Environmental Protection 109 (2017) 203–213 
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Revenue from HFW treatment and recycle systems 

Revenue from Hydraulic Fracturing Wastewater 

Treatment by Disposal Type, United States: 2016-2025 

Source: Navigant Research 

 13% of flowback and 

produced water is currently 

recycled for reuse in fracking 

wells 

 Revenue is expected to grow 

at a compound annual growth 

rate of 30.3% to reach $3.8 

billion by 2025 

 Advanced oxidation and 

reverse osmosis will emerge 

as the most popular 

treatment technologies 

 Preference to modular 

treatment systems, as 

opposed to more centralized 

treatment technologies 
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Emerging technologies and products (1-2) 
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Emerging technologies and products (2-2) 
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Conclusions 

 Oil and gas (O&G) exploration and production is just as much an energy issue as it is a 

water issue. 

 The effective management of water use from source to disposal can be critical not only 

in terms of controlling costs but also for addressing other operational issues and 

considerations. 

 Treatment of hydraulic fracturing wastewater for recycling and reuse is not a one-size-

fits-all challenge.  

 While cost is one of the key factors to consider, operators are also advised to minimize 

their environmental and societal impact on the areas surrounding the hydraulic 

fracturing sites.  

 Feasibility of HFW reuse is dependent on 3 factors: quantity, duration, and quality 

(which can vary considerably between/within shale plays).  

 Environmental and Economic benefits may directly correlate when evaluating reuse 

versus disposal options. 
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Conclusions 

 Although current treatment technologies have been used to carry out desalination, de-

oiling, removal of suspended solids and in some cases NORM removal from produced 

water, they are accompanied by many setbacks: high treatment cost, production and 

discharge of secondary waste, high energy requirement and use of chemicals. 

 Electrochemistry on the other hand is a relatively cheap green technology. It does not 

generate secondary waste nor involve the use of additional chemicals, and offers 

improved beneficial uses of produced water.  

 Electrochemistry can generate and store energy, remove organics, produce clean water 

and recover valuable materials from produced water with little or no negative impact 

on the environment. 

 This is achievable by harmonizing photoelectrochemistry (photoelectrolysis, photocatalysis 

and photoelectrocatalysis), water electrolysis, fuel cell, electrodeposition and other 

electrochemical techniques into a single electrochemical process technology. 

 Progress in electrochemistry knowledge and research suggests that electrochemistry could 

be the future treatment technology of produced water. 
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R&D priorities 

 Comprehensive environmental assessments such as LCA and EIA.  

 Electro-assisted technologies still lack the last step of 

commercialization. 

 Electrode/membranes materials: long-term stability, corrosion 

tolerance, decreased material cost. 

 Optimum design of cells/reactors: morphology, type, arrangement of 

electrodes/membranes, spacer configuration. 

 Development of comprehensive and robust model(s) for process 

optimization. 

 Appraisal of electrical energy requirements. 

 Design of autonomous systems powered by renewable energies. 

 Optimization of O&M procedures: maintenance related to cleaning electrodes/membranes/spacers. 

 Pilot-scale demonstrations: providing information about scalability, treatment cost, and can offer 

long term studies of important phenomena such as fouling, scaling and electrode and ion exchange 

membrane degradation. 
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