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A B S T R A C T

Hydraulic racturing oil and gas produced water is requently highly impaired. While it is oten deep well
injected, there is great interest in treating this water or benecial uses. Given the complexity o these produced
waters, multiple unit operations are necessary. Electrocoagulation has been considered as a promising pre-
treatment technology. Here electrocoagulation is considered as a pretreatment prior to membrane distillation.
The ocus o this work is on understanding the electrocoagulation process in order to design an integrated unit
operation. Electrocoagulation is used to remove organic compounds that will oul the membrane leading to
membrane ailure during membrane distillation. Using aluminum or iron electrodes, hal-cell reactions in the
electrocoagulation cell and electrode potentials have been calculated. Electrocoagulation was conducted using a
continuous electrocoagulation reactor with actual produced water using aluminum, iron or mixed aluminum and
iron electrodes. The results obtained here indicate that electrocoagulation can obtain good removal eciency o
total organic carbon (TOC) by using dierent reaction conditions. Removal o organic compounds is essential to
minimize ouling during membrane distillation. Further the perormance o the electrocoagulation process de-
pends strongly on the quality o the eed water. Insoluble species were more eectively coagulated than dissolved
organic species. Continuous electrocoagulation shows great potential as a scalable unit operation or pretreating
hydraulic racturing produced water.

1. Introduction

Sustainable water management practices will require maximizing
water recovery, recycle, and reuse [1]. Co-produced water is the largest
waste stream rom oil and gas production [2–4]. Here the ocus is on
hydraulic racturing operations. Hydraulic racturing technology has
enabled the recovery o oil and gas rom low-permeability rocks such as
tight sandstone, shale and coal beds [5,6]. Hydraulic racturing opera-
tions involve injecting water and proppant (ceramic or sand) containing
about 2 % added racturing fuid (rac fuid) under pressure into the rock
ormation [7]. Frac fuids consist o additives such as biocides, scale
inhibitors, solvents, riction reducers, corrosion inhibitors and non-ionic
suractants [7–9]. The high pressure liquid is used to racture the rock
ormation. The pressure is released and the fow back water plus oil or
gas and co-produced water is recovered. The proppant used in hydraulic
racturing prevents collapse o the ssures created in the rock ormation.

Thus, the permeability o the rock is increased allowing recovery o the
oil or gas.

Disposal o fow back and co-produced water, reerred to as produced
water, is a major environmental challenge [10,11]. Due to the added
rac fuid, oil, and contaminants rom the geological ormation, it is
highly impaired. Frequently multiple unit operations are needed i the
water is to be treated and reused or benecial applications. The level o
treatment o the produced water depends on the benecial use o the
treated water [9,12–15].

The rst stage o treatment, primary treatment, is sucient to
remove suspended solids and ree oil rom the produced water resulting
in water or deep well injection into a geologically isolated ormation.
Secondary treatment is used to urther treat the water or reuse to
stimulate new wells. Finally, tertiary treatment operations result in
water which can be discharged directly into lakes and rivers. Jiménez
et al. provide a detailed summary o the unit operations typically
considered or primary, secondary, and tertiary treatment o produced
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water [3].
Here an electrocoagulation (EC) process has been developed or

pretreating produced water prior to membrane distillation. While pre-
vious investigators have tended to ocus on optimizing the membrane
distillation operation, this paper ocus on understanding the EC process
thus providing new insights into the development o a combined unit
operation. Several advantages can be achieved when using EC compared
to chemical coagulation, such as elimination o focculant addition, ease
o operation, production o more easily separable focs, lower sludge
volume, and ecient removal o the smallest colloidal particles
[16–21]. EC has been used as a pretreatment process or a post-treatment
process depending on the type owastewater, showing that it is eective
at removing contaminants when integrated with other treatment
methods [22–26]. In EC ions are supplied by a sacricial electrode.
However, depending on the electrode potential, direct reaction with
species in the water can occur on the electrode surace. Charged species
in the wastewater are removed by reaction with oppositely charged ions
or with focs o metallic hydroxide generated in the wastewater [27].
The perormance o membrane distillation is compared with and
without pretreatment by EC.

2. Theoretical background

2.1. Half-cell reactions and electrode potentials

EC is a complex process involving electrochemical metal dissolution
while water is reduced. Some o the pollutants present could be oxidized
or reduced. In addition, chemical reactions such as acid/base reactions
with pH changes, hydroxide precipitation, redox reaction in the bulk
solution, as well as physical processes such as adsorption and coagula-
tion occur. The EC process begins with dissolution o a sacricial elec-
trode. Table 1 gives the standard state reduction potentials [28] at 25 ◦C
or possible reactions that may occur during EC o the produced water
samples tested here. At the anode, the metal present in the sacricial
metal electrode is oxidized.
M→Mz+ + ze (1)

where M is the metal atom and z is the number o electrons transerred
per metal atom [29]. I a high anode potential is used (large voltage
dierences between the anode and cathode), secondary reactions such
as the oxidation owater can occur [30,31] leading to a local decrease in
pH and oxygen generation. Similarly in the presence o Cl ions, Cl2
could be produced. At the cathode reduction o water occurs. (see
Table 1).
2H2O+ 2e→H2 + 2OH (2)

It is important to note that Faraday's law only applies when all the
electrons in the system participate in the metal dissolution reaction.
When competing reactions occur a current eciency actor must be
used. In the case o a sacricial Al electrode, the reduction potential o
Al3+ is lower than that o water (see Table 1). Consequently, both
chemical and electrochemical dissolution are possible. In act, Cañizares
et al. indicate that the two processes oten occur in parallel which could
lead to a current eciency greater than 1 [32]. Given the complexity o
produced water and the presence o many other species other side re-
actions are also possible.

Variations rom standard conditions may be accounted or using the
Nernst equation, [33]:

E = E◦ 
(2.303RT
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)
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
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where R = 8.314 J mol1 K1, T = 298 K, F = 96,490C mol1, n =mole
o electrons involved in the reaction. The superscripts x and y are the
stoichiometric coecients o the products in the hal cell equation.
Substituting or the constants into the above equation yields the
ollowing:
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For the produced water investigated here (see Table 2), pH= 7.2 and
[Cl] = 89,266.0 mg L1 = 2.51 M. The reduction potentials were then
calculated using the Nernst Equation and E-pH diagram [29]. Fig. 1
shows the reduction potentials or species transormation using the
produced water as the electrolyte solution.

Having been released rom the anode, the metal ions usually orm
metal hydroxides that have low solubility and can precipitate. However
specially or aluminum ions, various equilibrium acid/base, complexa-
tion, precipitation, and redox reactions occur. Water soluble pollutants
typically organic species, in the produced water adsorb onto the pre-
cipitates. Colloidal suspensions are destabilized during EC. Coagulation
o these particles occurs due to interactions between the soluble ions
generated by metal dissolution rom the sacricial electrodes. This leads
to a reduction in the repulsive orces between particles resulting in ag-
gregation [29].

Charge neutralization by adsorption o metal ion species will also
lead to aggregation. Finally, entrapment o colloidal particles within a
hydroxide precipitate will lead to aggregation. The destabilization
processes occur in parallel. The extent to which any one process domi-
nates depends on the prevailing conditions. Ater destabilization, foc-
culation occurs, the rate o which depends on the degree o
destabilization o the colloidal particles as well as the particle collision
rate. The focs can rise due to the rising hydrogen gas produced. The
focs eventually age, densiy and settle to the bottom. The focculated
material or sludge can be removed by sedimentation. Here, ater sludge
removal the treated water is urther processed by direct contact

Nomenclature

BPS Bipolar Series
C/F Carbon/Fluorine
DI Deionized
E Redox Potentials
EC Electrocoagulation
H Height o the Liquid-sludge Interace at Time t
LSCM Laser Scanning Conocal Microscopy
MD Membrane Distillation
O/F Oxygen/Fluorine
SEM Scanning Electron Microscopy
SVI Sludge Volume Index
TDS Total Dissolved Solids
TOC Total Organic Carbon
TSS Total Suspended Solids

Table 1
Standard reduction potentials at 25 ◦C.
Hal-reaction E◦ (V)

H2O2(aq) + 2H+(aq) + 2e → 2H2O (3) +1.77
Cl2(g) + 2e → 2Cl(aq) (4) +1.36
O2(g) + 4H+(aq) + 2e → 2H2O (5) +1.23
Fe3+(aq) + e → Fe2+(aq) (6) +0.77
O2(g) + 2H+(aq) + 2e → H2O2(aq) (7) +0.68
O2(g) + 2H2O + 4e → 4OH(aq) (8) +0.40
2H+(aq) + 2e → H2(g) (9) 0.00
Fe2+(aq) + 2e → Fe(s) (10) 0.44
2H2O + 2e → H2(g) + 2OH(aq) (11) 0.83
Al3+(aq) + 3e → Al(s) (12) 1.66
Mg2+(aq) + 2e → Mg(s) (13) 2.37
Ca2+(aq) + 2e → Ca(s) (14) 2.87
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membrane distillation [25].
In the EC process investigated here, both the cathode and anode

consisted o either iron or aluminum. In addition, a mixed electrode set
up was used where the bipolar electrodes were iron and aluminum but
the anode and cathode at the end o the array o electrodes were the
same (iron electrodes). Other variations have been proposed where
changes are made to the cathode material or the solution [34–36].

3. Materials and methods

3.1. Materials

The produced water was collected rom the oil elds in Texas, USA. It
was treated with ClO2 at the oil eld. It is common that produced water
is treated by ClO2 is to reduce emulsion ormation due to iron and to
control microbial growth. The produced water was analyzed by the
Arkansas Water Resources Center, University o Arkansas (Fayetteville,
AR, USA). Deionized (DI) water used throughout the investigation was
collected rom Thermo Fisher 18 MΩ Barnstead Smart2Pure system
(Schwerte, Germany). Deionized water was used or rinsing and washing
the electrodes and other equipment. Aluminum and alloy steel sheets
with thickness o 0.04′′ were purchased rom OnlineMetals.com (Seattle,
WA).

3.2. EC reactor design and operation

Three electrode congurations were considered: 5 iron; 3 iron and 2
aluminum and 5 aluminum. Each electrode conguration was tested
using current o 3 A and 5 A or 5 min. The 5 min reaction time was
based on our previous results, which indicate this as an appropriate
reaction time. Similarly 3 and 5 A were chosen based on previous work.
Longer reaction times and higher currents may not be practical. Shorter
reaction times generally do not lead to addition o sucient ions [37]. A
DC power supply (Hewlett Packard, Palp Alto, CA) was used with
cathode and anode attached to electrodes with a bipolar series (BPS)
electrode arrangement (only the rst and last electrodes are connected
directly to the power supply). Hakizimana et al. [29] and Garcia-Sergura
et al. [38] provide a summary o the various electrode arrangements that
are commonly used and their advantages and disadvantages. The or-
mation o passivation layers on the electrodes was mitigated by a reverse
polarity switch connected directly to the DC power to enable the di-
rection o the current to alternate every 30 s. These passivation layers
can suppress urther reactions i reverse polarity were not used [39,40].
Beore each experiment, the electrodes were cleaned (using 10 % (v/v)

nitric acid solution), sandpapered, and dried.
Fig. S1 (supplementary data) is a schematic diagram o the contin-

uous EC reactor. A custom-built polycarbonate EC reactor with a total
volume o 1078 cm3 was used to conduct all the EC experiments. There
are two chambers in the reactor, the let one is the main reaction
chamber having dimensions o 7 cm × 11 cm × 14 cm, which holds the
electrodes. The right one is an overfow chamber that collects the treated
water rom outlet 4, see Fig. S1A. The inlet to the reactor is connected
with a liquid distributor with many holes to disperse the eed water
evenly, see Fig. S1B. Five electrodes were tted vertically inside the
reactor with a 10 mm inter electrode spacing and an eective surace
area o 770 cm2. Based on earlier screening studies a constant current o
3 or 5 A was tested here. A constant current was maintained resulting in
a variation in voltage across the electrodes due to changes in conduc-
tivity o the produced water during electrocoagulation.

As shown in Fig. S2 (supplementary data), 3 L o produced water
were pumped into the reactor. Tracer tests using a dye solution were
conducted to ensure dead zones were minimized. In order to prevent the
ormation o dead zones the reactor contents were stirred. Fig. S3B
(supplementary data) shows the spreading o the dye solution at low

Table 2
Characterization o produced water.
Parameter Produced water Unit

TDS 134,787.1 mg L1
TOC 157 mg L1
TSS 38.2 mg L1
Turbidity 16.5 NTU's
pH 7.2 – 
Chloride 89,266.0 mg L1
Nitrate 0.611 mg L1
Sulate 758.1 mg L1
Aluminum 0 mg L1
Iron 0.005 mg L1
Boron – mg L1
Calcium 3,718.9 mg L1
Strontium 352 mg L1
Magnesium 677.3 mg L1
Manganese 0.193 mg L1
Nickel – mg L1
Potassium 1,036.24 mg L1
Sodium 57,273.0 mg L1
Conductivity 181,900 μS/cm
Total nitrogen 79.14 mg L1

Fig. 1. Redox potentials (E) or hal reactions that can occur on the Fe or Al
anode surace during EC. The redox potential is reported or produced water
(pH = 7.2, [Cl] = 2.51 M), and other parameters are considered at standard
state conditions.
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fow rate (0.2 L/min) in the presence o mixing. As can be seen no dead
zone can be observed. Consequently, stirring was included. The detailed
conguration o the electrodes in the reactor is illustrated in Fig. S4
(supplementary data).

3.3. Sludge settling test

In all EC experiments, the rst liter o treated water was wasted to
ensure steady state was reached. This was veried by making sure the
current was stabilized, which usually takes about 30 s. Then, treated
water, approximately 1 L o water, was collected using the second liter
rom the eed tank. This sample was allowed to sediment and the su-
pernatant used or membrane distillation (MD).

Sludge settling tests were conducted using 1 L graduated cylinder.
The height o the liquid-sludge interace (H) was recorded periodically
over 3 h. The dimensionless height o the liquid-sludge interace is H/H0
(height o the liquid-sludge interace at time t/initial height o the EC
treated water). We note that the focs initially rise due to production o
hydrogen generated even ater the water has been removed rom the EC
cell.

3.4. MD

To investigate the eect o EC on MD perormance, EC pretreated,
and non-pretreated water was tested. The MD system used here has been
described in our previous work [25], which is shown in Fig. 2. A custom-
made acrylic membrane cell with 40 cm2 eective membrane area and 2
mm deep channels was used as the membrane module. PTFE spacers (ET
8700, Industrial Netting, Minneapolis, MN, USA) were used or me-
chanical support and mixing.

Feed and permeate streams were pumped on opposite sides o the
membrane in counter current fow (at 0.5 L/min) using two peristaltic
pumps (Masterfex I/P, Cole Parmer, Vernon Hills, IL). The weight o the
permeate was measured and recorded by a computer-connected
analytical balance (Mettler Toledo, Columbus, OH, USA). The eed
water was maintained at 60 ◦C by a heat exchanger (heated by the
circulating oil rom a heater (PolyScience, Niles, IL, USA)). The tem-
perature o the permeate tank was maintained at 20 ◦C using an external
chiller (PolyScience, Niles, IL, USA). The water fux was calculated
based on the weight change o the permeate tank. The permeate con-
ductivity was continuously monitored using a conductivity meter (VWR,
Radnor, PA, USA).

MD experiments were run with an initial produced water eed vol-
ume o 800 mL. DI water was added to replace the permeate that was
removed during the run. The experiment was run or 6 h. Ater this,
additional 200 mL o the same original eed produced water was added
to the eed tank and the eed and permeate were removed without
replacement. Consequently, the contents o the eed tank were

concentrated.

3.5. Material characterization

3.5.1. Produced water characterization
A Shimadzu TOC-Vcsh (Shimadzu scientic instruments, Colombia,

MD) was used to measure the total organic carbon (TOC) using EPA
standard method 180.1. EPA standard methods 160.1, 160.2, and 415.1
were used to measure total dissolved solid (TDS), total suspended solids
(TSS), and turbidity, respectively. A conductivity meter (VWR, Radnor,
PA) was used to measure the conductivity. Finally, the cations and an-
ions measured here were according to EPA methods 200.7 and 300.0,
respectively.

3.5.2. Sludge and membrane characterization
Scanning electron microscopy (SEM) was used to determine the

surace morphology and elemental analysis, or each membrane beore
and ater MD using Nova Nanolab 200 Duo-Beam Workstation (FEI,
Hillsboro, OR USA). To urther compare the dierence between the iron
hydroxide focs and aluminum hydroxide focs, LS 13320 Particle Size
Analyzer (Beckman Coulter, Brea, CA, USA), SEM and laser scanning
conocal microscopy (LSCM) (Leica SP5 conocal microscopes, Leica
Microsystems, Bualo Grove, IL, USA) were employed to investigate
their morphology and physical characteristics.

4. Results and discussion

4.1. Sludge settling characterization

Results or the analysis o the produced water used here are given in
Table 2. As can be seen the water is highly impaired as the TDS, TOC,
TSS, and turbidity are all very high. The main inorganic ions present are
sodium, potassium, calcium and chloride.

A solid-liquid interace was visible ater the EC treated water was
placed in the graduated cylinder. The dimensionless height o the solid-
liquid interace versus the settling time or dierent electrode congu-
rations is illustrated in Fig. 3A and B. As can be seen or the higher
current, 5 A, using only Al electrodes, there is an initial short period o
relatively slow sludge settling ollowed by an increased rate o settling.
This is most likely due to the ormation o a gel o polymeric hydroxides
[41] This period o initial slow settling is signicantly reduced or a
current o 3 A and the subsequent decrease in the solid liquid interace
height is much aster. This is due to the lower number o Al ions that are
released.

The settling curves or iron and iron/aluminum electrode combina-
tions are quite dierent. Iron ions do not orm polymeric hydroxides
analogous to aluminum [41]. There is no visible initial slow settling
period. Rather a much more rapid decrease in the solid liquid interace
occurs very quickly known as the regime o zone settling [42–44]. Next a
slower transition settling region is reached. Finally, compression settling
is the last settling period with a steady and much smaller rate o height
decrease o the solid-liquid interace. For the efuent treated by iron
electrodes at same operating conditions, more rapid settling was
observed than with aluminum electrodes.

This experimental observation can be interpreted as ollows. At a
higher current density, the extent o anodic metal dissolution increases,
resulting in a greater amount o precipitate [41]. The solids concentra-
tion increases but the settling resistance also increases, which decreases
the sludge settling velocity. This is particularly true or polymeric
aluminum hydroxides. In addition, unlike iron hydroxides, higher con-
centration o aluminum hydroxide may result in signicant gel
ormation.

4.2. Sludge volume index

Sludge volume index (SVI) is requently used to characterize settle-Fig. 2. Diagram o MD system investigated here [25].
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ability. It is the dimensionless sludge height ater 30 min o settling
normalized by the initial sludge concentration.

SVI = H30
H0 x SS

1000

mL L1

where H30 is the sludge height ater 30 min settling (cm), H0 is the initial
height o the sludge ater EC in the settling column (cm) and SS is the
initial sludge concentration ater EC (g L1). Results are given in Fig. 4.

A higher SVI indicates poorer compressibility o the sludge [45,46].
The results indicate that higher currents give a less compressible sludge
[47]. The SVI or aluminum electrodes (525.3 mL/g) is higher than the
Fe electrodes (100.2 mL/g) at 3A. It is apparent that the SVI or mixed
electrodes is between the Al and Fe electrodes. Since the SVI is related to
the change in the height o the solid liquid interace during settling, the
results in Figs. 3 and 4 are in agreement.

4.3. TOC removal

Fig. 5 indicates that TOC removal is improved at 5A compared to 3A
or both aluminum and iron electrodes. For mixed iron/aluminum
electrodes there is no dierence in TOC removal at higher current.
However as shown in Fig. 4 the sludge volume index increased at a
higher current or mixed iron and aluminum electrodes. Thereore, it is
essential to consider having not only high TOC removal but also focs
that settled (low SVI) easily when evaluating the EC operating
conditions.

4.4. Sludge characterization

Fig. 6 gives particle size distribution or the various focs generated
under the EC conditions o 5 A current and 5 min reaction time ater
settling or 3 h. The number distribution (Fig. 6) indicates the Al focs
are large than the Fe and Fe Al focs at 5 A current. Floc morphology was
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Fig. 3. Eect o dierent electrodes arrangements on the dimensionless height o solid-liquid interace using applied current o: A) 3 A; B) 5 A.
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Fig. 5. TOC removal under dierent conditions. Note: the TOC o produced
water was 157 ppm.
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investigated by LSCM. The results are given in Fig. 7. As can be seen, the
aluminum focs are longer compared to the iron hydroxide focs. The
focs rom the hybrid electrodes have both long-entangled pieces and
irregular sphere. The Al3+ and OH generated at the electrodes react to
orm various monomeric and polymeric aluminum hydroxide species,
such as Al(OH)2+, Al6(OH)153+, Al7(OH)174+ and Al13(OH)345+, which un-
dergo complex polymerization and partly transorm into insoluble
amorphous aluminum hydroxides according to complex precipitation
kinetics [32,48,49]. These precipitates act as “swit focs” and orm long
pieces with an open structure and have large surace areas which are
helpul or ast adsorption o contaminants rom wastewater [50].

Note: A, B, and C are images at 200 times magnication; D, E, and F
are images at 400 times magnication.

The foc morphology was urther investigated by ltering the sludge
with lter paper and drying it. Sludges produced or a current o 5 A
using dierent electrode congurations were investigated. These dried
sludge samples were characterized by SEM. As shown in Fig. 8, the iron
hydroxide focs were fuer than the aluminum hydroxide focs, which
have big chunks. As mentioned, the aluminum hydroxide focs have an
open structure, and this kind o gel can potentially absorb more water
than the iron hydroxide focs.

4.5. MD performance

During membrane distillation, water vapor passes through the pores
o a hydrophobic membrane. The membrane prevents direct transer o
water with dissolved solutes rom the eed to the permeate side o the
membrane. It is essential that dissolved organic compounds present in
the eed be removed by EC. Fig. 5 indicates that the greatest reduction o
TOC occurs when EC is conducted using a current o 5 A and 5 Al
electrodes. Consequently water treated using these conditions was used
or membrane distillation. As shown in Fig. 9A, during constant con-
centration operation, the normalized fux (normalized by dividing by
the initial fux over the rst 10 min o operation) or the produced water
without EC pretreatment declined rapidly to 0.85 ater 175 min o
operation. Meanwhile the conductivity o the permeate increased to 35
μS/cm, which indicates membrane ouling, pore wetting and salt pas-
sage. The normalized fux or the produced water pretreated by elec-
trocoagulation using 5A or 5 min also decreased, though less than the

unpretreated water. Further the increase in the conductivity o the
permeate is also much less. This shows that membrane ouling can be
signicantly mitigated by EC treatment. Foulants rom the produced
water, such as oil and grease, orming agents and suractants [51] can be
removed by EC treatment.

Ater 6 h o operation at constant concentration, 200 mL o the initial
eed water was added to the eed tank and then the system run under
concentration mode. The normalized fux vs. the operation time is
shown in Fig. 9B. It is not unexpected that the normalized fux o these
MD runs decrease with time. However, the rate o fux decrease is
highest when non pretreated water is used. Again, the increase in con-
ductivity is also less or EC pretreated water. The TSS and turbidity o
the permeate ater using MD or produced water treated at 5 min reac-
tion time and 5A current is 0.8 mg L1 and 0.2 NTU, respectively.

The SEM images show changes in membrane morphology ater use,
unused membranes have open pores (shown in Fig. 10A and E). How-
ever, Fig. 10B and F shows blockage o the membrane pores i the
unpretreated produced water is used. A brownish color can be observed
on the membrane surace (shown in Fig. 11B). Instead o brown depo-
sition rom the un pretreated produced water, Fig. 11C shows white
deposits on the membrane surace ater the MD with EC treated pro-
duced water (5A with 5 min). This indicates that EC can eectively
removes these brown color oulants, which is rom the suspended or-
ganics and collides in the produced water [52]. There is much less
deposition on the membrane surace i produced water is pretreated by
EC as conrmed by SEM images (Fig. 10C and G).

The average elemental ratios o carbon/fuorine (C/F) and oxygen/
fuorine (O/F) or all membranes beore and ater MD are given in
Table 3. As can be seen the C/F and O/F ratios o all the membranes
increased ater MD, which is mainly due to organic ouling [25]. Ater
MD, the C/F ratios o the membranes increased by 77.2 %, and 38.1 %
compared to clean membrane, or the unpretreated produced water, and
treatment with 5 min using 5A, respectively. As can be seen, the greatest
increase in the C/F ratio was or the membrane challenged with
unpretreated produced water due to the adsorption o the unremoved
organic species. The membrane surace having the least organic oulants
based on the C/F ratio change is or produced water pretreated using EC
run.

Table 4 shows inorganic element atom percentages. The inorganic

Fig. 7. LSCM images o sludge samples: 5A, 5 aluminum electrodes (A and D); 5A, 3 iron and 2 aluminum electrodes) (B and E); 5A, 5 iron electrodes (C and F).
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oulants on the membrane could be strontium sulate [53]. This is
conrmed here since 7.65 % strontium was observed on the membrane
surace or unpretreated produced water. Though strontium was not one
o the major components in the produced water (see Table 2), this is
probably due to relatively low solubility o strontium sulate [53].
However, it seems EC can reduce strontium deposited on the membrane
surace.

The results obtained here indicate that EC may be used as a pre-
treatment step prior to a unit operation like MD. Given the complexity o
the EC process, determining suitable conditions or EC will be highly
dependent on the eed water quality. The aim here was to maximize
removal o TOC while ensuring that the foc settling characteristics were
not adversely aected. However, the pretreatment goal will depend on
the subsequent unit operation. It is important to determine the pre-
treatment conditions in conjunction with the subsequent unit operation.

5. Conclusions

Hydraulic racturing produced water was treated by EC with Al
electrodes, Fe electrodes, and Fe/Al electrodes. Sludge settling or EC
conducted using Fe electrodes is much aster than the sludge generated
by Al electrodes, which is likely due to the dierent morphology ometal
hydroxides. The iron hydroxide particles were smaller and had a higher
density. At higher current, Al hydroxides with gel-like structure were
ormed, which had lower settling speed because o the higher hydraulic
resistances rom the larger, lower density particles. The highest TOC
removal eciency o 42 % was obtained or EC with 5 Al electrodes at 5
A current and 5 min reaction time, which greatly decreased the mem-
brane ouling during MD.

The results obtained here indicate that by considering the species
present in the produced water the likely electrolysis reaction can be
determined. However, EC is very complex as not only electrolysis re-
actions occur. Further successul EC will require eective focculation

Fig. 8. SEM images o dierent sludge generated at 5 A current and 5 min reaction time using: (A and D) 5 aluminum electrodes; (B and E) 3 iron electrodes and 2
aluminum electrodes; (C and F) 5 iron electrodes.
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and foc densication. These processes depend on the water quality and
the operating conditions. By analyzing the foc properties, one can
determine the removal eciency o these species which can easily oul
the membrane during MD. It is essential to design the EC and subsequent
MD operations together in order to optimize the integrated process.
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Fig. 10. SEM images o the membrane surace beore and ater MD: A and E are or virgin membrane; B and F are or MD with unpretreated produced water; C and G
are or MD with 5 min EC using 5 A.

Fig. 11. Digital photos o membranes beore and ater MD using produced
water: A) unused; B) unpretreated produced water; C) pretreated produced
water with 5 A or 5 min residence time.

Table 3
C/F and O/F atomic percent ratios or the membranes beore and ater MD.
MD eed condition C/F atom percental

ratio
O/F atom percental
ratio

No MD run 3.02 0.40
Unpretreated produced
water 5.35 6.33

5 A, 5 min treatment 4.17 6.17

Table 4
Element atom percentage o dierent membrane suraces.
Elements Atom percentage (%)

Clean
membrane

Membrane ater MD with
unpretreated produced
water

Membrane ater MD run
with EC treated
produced water

C 68.34 35.81 26.98
O 8.96 42.33 39.89
F 22.61 6.69 6.47
Na –  0.26 6.29
S –  6.47 5.99
Cl –  0.08 6.19
Ca –  0.52 0.80
Sr –  7.65 6.73
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