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The effect of initial pH and retention time on boron removal by continuous
electrocoagulation process

Theoni Maria Massara®®, Alper Erdem Yilmaz*, Ibrahim Cengiz®, Simos Malamis*,
Murat Tolga Yilmaze, Okan Tarik Komesli¢, Peyo Stanchev®, Vasileios ]J. Inglezakis®,
Evina Katsou®**

“Institute of Environment, Health and Societies, Brunel University London, Uxbridge Campus, Uxbridge, Middlesex UB8 3PH, UK,
Tel. +44 1895 265721; emails: evina.katsou@brunel.ac.uk (E. Katsou), theoni.massara@brunel.ac.uk (T.M. Massara)

"Department of Civil and Environmental Engineering, Brunel University London, Uxbridge Campus, Uxbridge, Middlesex UB8 3PH,
UK, email: peyo.stanchev@brunel.ac.uk (P. Stanchev)

‘Department of Environmental Engineering, Faculty of Engineering, Ataturk University, 25240 Erzurum, Turkey,

emails: aerdemy@atauni.edu.tr (A.E. Yilmaz), ibrahimcengiz86@gmail.com (I. Cengiz), mtyilmaz@atauni.edu.tr (M.T. Yilmaz),
okan.komesli@gmail.com (O.T. Komesli)

‘Department of Water Resources and Environmental Engineering, School of Civil Engineering, National Technical University

of Athens, Zografou Campus, 5, Iroon Polytechniou St., 15780 Athens, Greece, email: smalamis@central.ntua.gr (S. Malamis)
*Chemical Engineering Department, School of Engineering, Environmental Science and Technology Group (ESTg),

Nazarbayev University, 010000 Astana, Kazakhstan, email: vasileios.inglezakis@nu.edu.kz (V.]. Inglezakis)

Received 6 December 2017; Accepted 26 March 2018

ABSTRACT

This work examined boron removal by applying a lab-scale continuous electrocoagulation process.
The impact of influent pH (4, 5, 6, 7.45, and 9) and retention time (10, 25, 50, and 100 min) on the
treatment process was examined. Plate-type aluminum electrodes were used. The experiments were
conducted in continuous mode, and the electric current was kept constant at 5 A. The initial boron
concentration was 1,000 mg L. The first set of experiments concerning the influence of the influent pH
showed that the highest boron removal (67%) was obtained at pH = 6. This pH value was the optimal
one for boron precipitation through aluminum borate formation. The increase in the duration of the
process from 10 to 100 min resulted in increasing boron removal from 45% to 79%. The longer duration
of the electrocoagulation process enabled higher aluminum dissolution, thus allowing the existence of
a higher amount of coagulants within the reactor. Moreover, it enhanced boron precipitation because
of the longer contact time between the boron ions and the coagulants. By optimizing the key parame-
ters of the process, the continuous electrocoagulation process showed to be an effective alternative for
the removal of highly concentrated boron.

Keywords: Boron removal; Continuous electrocoagulation process; Aluminum electrodes; Influent pH;
Retention time

1. Introduction boron can be found in soil or rocks. Its average concentra-
tion is 10 mg kg™ in the earth’s crust, thus taking up only
0.001% of the earth’s elemental composition [1,2]. In terms
of boron presence in the hydrosphere, its average concen-
tration is approximately 5 mg L in seawater, whereas it

Boron (B) is a trace element widely distributed in the
earth’s hydrosphere and lithosphere. In the lithosphere,
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ranges from 0.3 to 100 mg L™ in groundwater. In wastewater,
boron concentration depends on the type of the indus-
trial activity and its consequent treatment [1-5]. Elemental
boron is not found in nature; it is mainly traced in the forms
of boric acid (B(OH),), boron trioxide (B,O,), and borax
(sodium tetraborate (decahydrate): Na,B,0_(10H,0)) [5,6].

The increases and fluctuations observed in boron con-
centration in surface waters are related to both natural and
anthropogenic factors. For example, weathering of rocks
and leaching of salt deposits in the seashore can be listed
among the natural causes. Subsequently, boron deposits are
likely to appear on the shoreline. Being highly volatile, boron
can then be traced within the rainfall near coastal areas.
Industrial activities and the subsequent discharge of indus-
trial wastewater can additionally trigger an increase of the
boron concentration in surface waters. Boric acid and boron
salts are widely used as preservatives in various industrial
sectors. Moreover, boron compounds have been utilized in
the production of high-energy fuels, coolants, and catalysts
[7]. Hence, boron concentration in surface waters at indus-
trial and urban areas is constantly increasing. Boron is also
detected in the “acid rain” [8-10]. Apart from being widely
distributed in soil and water, boron at low concentrations
functions as a vital micronutrient for plants and animals.
Nevertheless, high boron concentration has been associated
with retarded growth, cutaneous disorders in animals and
human beings, in addition to negative effects on the male
reproductive system and toxicity toward plants [11-13].
The European Commission Directive on Drinking Water
(98/83/EC) has set an upper limit of 1 mg L regarding the
maximum allowable boron concentration in drinking water
[14]. The United States Environmental Protection Agency
guidelines set a limit of 0.75 mg L™ for reclaimed water reuse
because boron is toxic to sensitive plants (e.g., citrus) at con-
centrations of 1 mg L™ [15]. In this concept, boron removal
from water and wastewater is of high importance not only for
countries with natural deposits but also for those with high
industrial activity.

Different technologies, including evaporation [16], ion
exchange [17], chemical precipitation [18], electrodeioniza-
tion [19], and adsorption [20], have been implemented for
the treatment of boron-containing wastewater. Nevertheless,
each of them presents disadvantages. For example, evapo-
ration is considered an energy-consuming option with little
effectiveness due to the tendency of boric acid to crystallize
[11,21]. Moreover, ion exchange requires the regeneration
of the selective ion exchange resins at a high frequency.
Therefore, small wastewater volumes can be treated each
time, while significant amounts of chemicals are required for
the regeneration process [11,22]. In addition, chemical pre-
cipitation has been linked to high-potential operational costs
resulting from the use of chemicals [23]. Finally, adsorption
usually performs relatively unsatisfactorily when applied to
treat wastewater with high boron concentration [16,24,25].

For example, Shih et al. [18] examined chemical (oxo-)
precipitation for the lab-scale treatment of wastewater con-
taining boric acid and sodium perborate (NaBO,) for an initial
boron concentration of 1,000 mg L™, at room temperature and
pH =10. Precipitation with calcium chloride (CaCl,) removed
80% of the boron from the sodium perborate solution but
was inefficient in terms of boric acid treatment; specifically,

less than 5% of boron removal from the boric acid solution
occurred. Pretreatment of the boric acid compounds through
chemical oxo-precipitation using hydrogen peroxide (H,0,)
significantly increased the final boron removal from the boric
acid solution to 80%. Kipgak and Ozdemir [26] investigated
the effectiveness of calcined magnesite tailing as an adsorbent
for the removal of boron from aqueous solutions at lab scale.
They noted that optimum boron removal (95%) occurred for
an adsorbent concentration of 2.5 mg L™ under the follow-
ing conditions: influent pH = 6, contact time = 24 h, tempera-
ture = 25°C, and initial boron concentration = 500 mg L. All
in all, itis underlined that the application of such technologies
in similar systems involves high capital/operational costs and
is likely to be poorly efficient at full scale [27].

Hence, the emphasis is placed on the implementation of
alternative boron removal technologies that combine high
efficiency, low waste production, and cost-effective [11].
Electrocoagulation is suggested as an alternative treatment
process; it involves the in situ generation of coagulants via
the electrical dissolution of metal electrodes. The metal ion
generation takes place at the anode; hydrogen gas is released
from the cathode. The hydrogen gas would also help the floc-
culated particles to float out of the water and, therefore, the
process is often called electroflocculation [28]. Typically, alu-
minum, iron, carbon, mild steel, graphite, and titanium plates
are used as electrodes. Iron and aluminum in specific have
been reported to be very effective for effluents with a high
content of colloids and particles [13,29,30]. With aluminum
used as electrode material, the following electrocoagulation
reactions take place [31]:

Cathode: 3H,0 + 3e- — (3/2)H,(g) + 30H(aq) (1)
Anode: Al(s) > Al(aq)*" + 3e” ()
In the solution: Al(aq)* + 3H,0 — AI(OH),(s) + 3H(aq)* (3)

Several studies have focused on the efficiency of the
electrocoagulation process to remove different types of
pollutants. For instance, Behloul et al. [32] removed over
90% of malathion pesticide from aqueous solution by
applying a lab-scale electrocoagulation unit. This was accom-
plished after 10 min of electrocoagulation with aluminum
electrodes under the following experimental conditions:
initial pH = 6, initial pesticide concentration = 40 mg L7,
current density =10mA cm, salt concentration=2,500 mg L,
temperature=27°C, and distancebetweentheelectrodes=2cm.
Similarly, Choudhary et al. [33] investigated the removal of
cyanide, ammonia, and chemical oxygen demand (COD)
from coking wastewater in a lab-scale electrocoagulation
unit using aluminum electrodes. After optimizing the
experimental conditions (i.e., pH = 10.5, current den-
sity = 37.2 A m?, electrolyte concentration = 100 mg L7,
and electrode gap = 17.5 mm), cyanide, ammonia, and COD
removals were equal to 82.7%, 52.1%, and 91%, respectively.
Furthermore, Gonder et al. [34] examined the treatment of
carwash wastewater via electrocoagulation with aluminum
electrodes at lab scale. Optimum conditions were deter-
mined as pH = 6, current density =1 mA cm?, and operating
time = 30 min. Under these conditions, COD and oil grease
were removed by 88% and 68%, respectively.
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In terms of boron removal, aluminum electrocoagulation
has been reported as an effective method for effluents hav-
ing relatively low boron concentration. The following stud-
ies are cited as indicative examples for synthetic wastewater
treatment using lab-scale aluminum electrocoagulation.
First, optimal boron removal (i.e., 98%) was noted for a syn-
thetic influent simulating oil industry wastewater with an
initial boron concentration of 15 mg L™ under the following
conditions: pH = 7, charge loading = 2,400 Ah m~, and con-
tact time = 90 min [35]. Similarly, 99.7% removal from an
initial boron concentration of 10.4 mg L™ was attained for
wastewater mimicking oil industry wastewater. The opti-
mum operational conditions that allowed this were pH = 6.3,
current density = 17.4 mA cm™, and contact time = 89 min.
[36]. Moreover, Yilmaz et al. [37] concluded that conditions
such as pH = 8 and electric current = 5 A optimized the
boron removal (i.e., 95%) from a feed solution replicating
boron industry wastewater with an initial concentration of
100 mg L. Hitherto, the effect of operational parameters via
electrocoagulation has been primarily examined for waste-
water characterized by rather low boron concentration [16].
For instance, optimal boron removal efficiency (99%) was
achieved for synthetic wastewater at lab scale under the
following combination of conditions: solution pH =8, current
density =6 mA cm, initial boron concentration = 100 mg L™,
and solution temperature = 20°C [38]. Similarly, Sayiner et al.
[39] attained the highest boron removal (70%) for synthetic
wastewater at lab scale after combining 50 min of retention
time and 30 mA c¢cm™ of current density for an initial boron
concentration of 100 mg L.

Generally, electrocoagulation is regarded as a developing
and energy-consuming process that still calls for optimiza-
tion and further on-site testing [13,40,41]. More importantly,
to the best knowledge of the authors, the effect of operational
conditions on removing high boron concentrations via elec-
trocoagulation has not been adequately addressed. A synthet-
ically prepared solution with high boron concentration was,
therefore, used to evaluate the effectiveness of the continuous
electrocoagulation process for boron removal. Process opti-
mization was attempted through testing the effect of differ-
ent influent pH values and retention times.

2. Materials and methods

A simulation test bed was prepared to mimic the high
boron concentration of industrial wastewater. Synthetic
wastewater samples were prepared for the experiments using
borax with 99.99% purity from Merck KGaA (Germany).
Precisely, a boron solution of 1,000 mg L™ was prepared by
dissolving 4,647.28 mg of borax dried at 105°C in 1 L of dis-
tilled water.

A lab-scale Plexiglas reactor (16 cm x 8 cm x 8 cm) was used
for the experiments. Two groups of aluminum electrodes,
alternating between anodes and cathodes by eight plates of
each type, were arranged vertically. They were 7 cm x 14 cm
in size with an effective surface area of about 1,500 cm?. The
net spacing between them was 5 mm. The electrodes were
connected to the terminals of a direct current (DC) power
supply with a range of 0-10 A for current and 0-30 V for volt-
age. Amperemeter and voltmeter were used to measure the
current and the applied potential, respectively. Wastewater

temperature, conductivity, and pH were also monitored
throughout each experimental run (Fig. 2). The moment the
DC power supply was switched on was considered as the
starting point for each experimental run. At the beginning of
each run, the prepared boron solution (i.e., 1,000 mg L) was
fed into the reactor.

The analytical determination of boron in the sam-
ples was conducted by the potentiometric titration of the
mannitol/boric acid complex; mannitol forms a complex
compound with boric acid. Boron analysis was conducted
according to the following protocol: after filtering the sam-
ples, solution pH was adjusted to 7.6. 5 g of mannitol were
then added to the solution. Following this, the solution was
titrated with 0.5 N of potassium hydroxide (KOH) until pH
reached 7.6. The boron amount was calculated via the KOH
consumption; 1 mL of 0.5 N KOH is equivalent to 17.41 mg
of boric acid. [31,38,42]. This method was selected to elim-
inate any potential aluminum interference in the boron
detection; the latter is likely in the case of spectrophotomet-
ric methods (e.g., carmine, azomethine-H, and curcumin
methods) [43].

In this work, the effect of selected operating parameters
(i.e., the influent pH and the retention time) was investigated,
by maintaining the same electric current and initial boron con-
centration in all the experimental runs (Table 1, section 3). The
initial pH of the solution is among the most important factors
affecting the electrocoagulation process [44,45]. Aluminum
hydroxide (AI(OH),) is amphoteric. Hence, the formation of
the Al(OH), flocs is highly pH-dependent. In Fig. 1(a), the
solubility diagram for AI(OH),is provided. The solubility
boundary marks the thermodynamic equilibrium that exists
between the dominant aluminum species and the A[(OH),at a
certain pH. Minimum solubility is observed around pH = 6.5;
solubility increases as the solution becomes more acidic or
alkaline. Within a pH range of 4-9, aluminum complexes with
positive charge (e.g., AIOH*, Al(OH),", AL(OH),*, Al(OH),,
and Al (OH),™) and high adsorption capacity are formed.
More precisely, the prevailing aluminum form within the
pH range 5-8 is AI(OH), (Fig. 1(a)). Once the pH goes over
8, the dominant aluminum form is the tetrahydroxyalumi-
nate ion (AI(OH),"), which dissolves and does not form flocs
[37,45-47]. Furthermore, the boron species depend on the pH
value as seen in Fig. 1(b). Above the pH value of 7.5, boron is
mainly present in the B(OH),” form. Below the pH value of
7.5, boric acid prevails [37]. In this context, the pH effect on
high-concentration boron removal via electrocoagulation was
examined by conducting experiments at different influent pH
values (i.e., 4, 5, 6, 7.45, and 9). The electric current was kept
constant at 5 A, and the retention time was 50 min.

Table 1

The range/values of experimental parameters for this study
Parameter Range/value
pH 4,5,6,7.45,and 9
Retention time (min) 10, 25, 50, and 100
Electric current (A) 5
Initial boron concentration (mg L™) 1,000
Temperature (°C) 20
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Fig. 1. (a) Dominant aluminum species for different pH values;
(b) dominant boron ion species for different pH values [37].

The duration of the electrocoagulation process (i.e., the
retention time) is another important factor in determining the
level of pollutant removal [45,48]. While exploring the effect
of the retention time, the electric current was kept constant
at 5 A. The influent pH was adjusted according to the experi-
mental results examining the initial pH effect.

Supporting electrolyte (e.g., calcium chloride [CaCl)]) is
used in similar experiments. The electrolyte solution conduc-
tivity impacts on the cell resistance. In addition, its properties
influence the interaction with the electroactive species, thus
affecting the electrode reactions [45,49]. However, investigat-
ing the impact of this parameter was out of the scope of this
study. Therefore, supporting electrolyte was not used.

3. Results
3.1. Initial pH

The results concerning the initial pH effect showed that
boron removal increased from 57% to 67% following the pH
increase from 4 to 6. On the contrary, further increase in initial
pH to 9 resulted in gradually decreasing the boron removal
to 52% (Fig. 3). Hence, it can be deduced that the optimum

Fig. 2. Process diagram of the experimental setup implemented in
this study for the treatment of solutions with high boron content
under different influent pH values and retention times.
1: Temperature control; 2: pH & conductivity meter; 3: pH control
unit; 4: pump; 5: electrocoagulation cell; 6: anode; 7: cathode;
8: amperemeter, voltmeter; 9: direct current (DC) power supply.
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Fig. 3. Effect of different influent pH values on boron removal.
The electric current was kept constant at 5 A. Retention time was
50 min.

boron removal was achieved at pH = 6. Solid AI(OH), is the
dominant form especially when the pH is between 6 and 7
[47,50]. Moreover, boron mainly appears in the form of boric
acid (B(OH),) within this pH range [37]. It is likely that an
environment with a pH around 6 provides the best condition
for boron precipitation through the formation of aluminum
borate (AIBO,).

Similarly, Yilmaz et al. [37] examined the efficiency of the
electrocoagulation process for an initial boron concentration
of 1,000 mg L at different pH values (i.e., 4, 6, 8, and 10). The
highest removals of 75% and 94% were noted at the pH values
of 6 and 8, respectively. Likewise, removals of 80% and 84%
were achieved at pH values of 6 and 7, respectively, for an
initial boron concentration of 500 mg L; the tested pH values
were in the range of 4-9 [38]. Analogously, boron removal
up to 90% was attained for an initial boron concentration of
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100 mgL™ with the pH ranging from 6 to 8; the authors had
tested a wide pH interval (i.e., 4-12) [51]. Moreover, Yilmaz
et al. [31] treated a solution with an initial boron concentra-
tion of 500 mg L™ and tested various pH values (i.e., 4, 5, 6,
7,8, and 9). Optimum removal (i.e., approximately 90%) was
attained under pH = 8. Dolati et al. [27] also concluded that
the highest boron removal (i.e., = 70%) was achieved at pH =8
among the different tested pH values (i.e., 4, 6, 8, and 10) for
aboron solution of 100 mg L. In all cases, a pH environment
ranging from 6 to 8 was favorable to both the AI(OH), and
the B(OH), presence. Under such conditions, boron precip-
itation via the AIBO, formation improves. Consequently, it
can be concluded that maintaining a pH range that favors the
pollutant precipitation with the coagulants will significantly
improve the efficiency of the electrocoagulation process. This
interval can be between 6 and 8 for the removal of high boron
concentration via aluminum electrocoagulation.

3.2. Retention time

While exploring the effect of the retention time, the influ-
ent pH was adjusted to 6 which was the optimal pH value in
terms of boron removal as discussed in section 3.1. As shown
in Fig. 4, comparable changes in the boron removal were
observed as the retention time increased. Boron removal
equal to 45%, 53%, 65%, and 79% was measured for durations
equal to 10, 25, 50, and 100 min, respectively. After 10 min
of electrocoagulation, the removal efficiency was quite low
(45%). Therefore, an operation time of 10 min was found
insufficient to achieve satisfying boron removal. Increasing
the retention time caused a considerable rise in the removal
rates with the highest one (i.e., 79%) occurring at the highest
retention time of 100 min.

Similarly, in the study by Sayiner et al. [39], the boron
removal increased from approximately 15% to 70% as the
retention time increased from 5 to 60 min for an initial boron
concentration of 250 mg L. Isa et al. [36] reported that pro-
longing the retention time from 30 to 90 min resulted in
increasing the boron removal from 60% to 85% for an ini-
tial boron concentration of 30 mg L. While applying alu-
minum electrocoagulation for the treatment of an initial
boron concentration of 100 mg L7, Dolati et al. [27] noted

100
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40
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Fig. 4. The effect of retention time on boron removal. The electric
current was kept constant at 5 A. Influent pH was adjusted to 6.

a significant raise in the boron removal (from 25% to 75%)
following the retention time extension from 10 to 120 min.
Bektas et al. [52] treated a high initial boron concentration
(i.e., 1,000 mg L™) via electrocoagulation with aluminum elec-
trodes. They observed that the gradual increase of the reten-
tion time (i.e., 5+10—20—30—50 min) significantly enhanced
the boron removal (i.e., 30%—60%—>75%—>87%—>96%,
respectively). Providing more time for the electrocoagulation
process results in increasing the amount of the
electro-generated Al*, thus leading to the production of a
higher number of flocs comprising of insoluble monomeric
and polymeric aluminum hydroxides. Moreover, this trans-
lates into a longer contact time between the heavy metal ions
and the flocs. Therefore, more heavy metal ions are removed
through adsorption and co-precipitation with the flocs
[45,48].

4, Conclusions

In this work, the efficiency of the continuous electroco-
agulation process with plate-type aluminum electrodes was
investigated for the removal of boron from effluents charac-
terized by high initial boron concentrations (1,000 mg L™).
The effect of changing the operational variables of influent
pH and retention time was examined. The electric current
was kept constant at 5 A throughout the study. The following
major conclusions were reached:

* The optimal boron removal (67%) occurred at pH = 6.
This result was supported by the pH-related activity for
aluminum hydroxides. At pH = 6, solid AI(OH), is the
dominant aluminum form, thus enhancing boron precip-
itation via the AIBO, formation.

e Increasing the electrocoagulation duration from 10 to
100 min increased the removal of boron from 45% to 79%.
Extending the time of the electrocoagulation process
enabled higher anodic dissolution and, thus, a higher
amount of coagulantswas released. The existence of more
coagulants per unit of pollutants within the reactor led to
increased boron removal.

By optimizing the initial pH and the process duration,
this work showed that the continuous electrocoagulation
process with plate-type aluminum electrodes can be an
effective treatment for wastewaters with high boron concen-
tration. Future work can focus on the optimization of other
parameters such as current density and temperature.

Acknowledgments

T.M. Massara is grateful to the Natural Environment
Research Council of the UK for the 4-year full PhD stu-
dentship. The authors would also like to acknowledge the
Royal Society for funding this research: Ad-Bio: Advanced
Biological Wastewater Treatment Processes, Newton
Advanced Fellowship—2015/R2.

References

[1] N. Hilal, G.J. Kim, C. Somerfield, Boron removal from saline
water: a comprehensive review, Desalination, 273 (2011) 23-35.



104

(2]
3]

(4]

(6]

[7]

(8]

191

[10]

[11]

[12]

[13]

[14]

[13]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

T.M. Massara et al. / Desalination and Water Treatment 112 (2018) 99-105

M. Bodzek, The removal of boron from the aquatic environment-
state of the art, Desal. Wat. Treat., 57 (2016) 1107-1131.

B. Wang, X. Guo, P. Bai, Removal technology of boron dissolved
in aqueous solutions—a review, Colloids Surf., A, 444 (2014)
338-344.

E. Loizou, P. Nicolaidou Kanari, G. Kyriacou, M. Aletrari, Boron
determination in the multi-element national water monitoring
program: the absence of legal limits, J. Verbrauch. Lebensm., 5
(2010) 459-463.

S. Asim, M. Wasim, A. Sabir, M. Shafiq, H. Andlib, S. Khuram,
A.Ahmad, T. Jamil, The effect of Nanocrystalline cellulose/Gum
Arabic conjugates in crosslinked membrane for antibacterial,
chlorine resistance and boron removal performance, J. Hazard.
Mater., 343 (2018) 68-77. -

M.O. Simonnot, C. Castel, M. Nicolal, C. Rosin, M. Sardin,
H. Jauffret, Boron removal from drinking water with a boron
selective resin: is the treatment really selective?, Water Res., 34
(2000) 109-116.

S. Sahin, A mathematical relationship for the explanation of ion
exchange for boron removal, Desalination, 143 (2002) 35-43.
A.J. Wyness, R.H. Parkaman, C. Neal, A summary of boron
surface water quality data throughout the European Union, Sci.
Total Environ., 314-316 (2003) 255-269.

M. Badruk, N. Kabay, M. Demircioglu, H. Mordogan, U.
Ipekoglu, Removal of boron from wastewater of geothermal
power plant by selective ion-exchange resins. I. Batch sorption—
elution studies, Sep. Sci. Technol., 34 (1999) 2553-2569.

L. Melnyk, V. Goncharuk, I. Butnyk, E. Tsapiuk, Boron removal
from natural and wastewaters using combined sorption
membrane process, Desalination, 185 (2005) 147-157.

B. Jiang, X. Zhang, X. Zhao, F. Li, Removal of high level boron
in aqueous solutions using continuous electrodeionization
(CEDI), Sep. Purif. Technol., 192 (2018) 297-301.

B.E. Tastan, E. Duygu, G.Donmez, Boron bioremoval by a newly
isolated Chlorella sp. and its stimulation by growth stimulators,
Water Res., 46 (2012) 167-175.

D. Chorghe, M.A. Sari, S. Chellam, Boron removal from
hydraulic fracturing wastewater by aluminum and iron
coagulation: mechanisms and limitations, Water Res., 126 (2017)
481-487.

The Council of the European Union, Council Directive 98/83/EC
of 3 November 1998 on the quality of water intended for human
consumption, Off. J. Eur. Communities, L330 (1998) 32-54.

U.S. Environmental Protection Agency, Guidelines for Water
Reuse 2012, U.S. Agency for International Development,
Washington D.C., USA, 2012.

M.A. Sari, S. Chellam, Mechanisms of boron removal
from hydraulic fracturing wastewater by aluminum
electrocoagulation, J. Colloid Interface Sci., 458 (2015) 103-111.
Y. Xu, J.Q. Jiang, Technologies for boron removal, Ind. Eng.
Chem. Res., 47 (2008) 16-24.

Y.J. Shih, C.H. Liu, W.C. Lan, Y.H. Huang, A novel chemical
oxo-precipitation (COP) process for efficient remediation of
boron wastewater at room temperature, Chemosphere, 111
(2014) 232-237.

E. Dejean, E. Laktionov, J. Sandeaux, R. Sandeaux, G. Pourcelly,
C. Gavach, Electrodeionization with ion-exchange textile for the
production of high resistivity water: influence of the nature of
the textile, Desalination, 114 (1997) 165-173.

S. Morisada, T. Rin, T. Ogata, Y.H. Kim, Y. Nakano, Adsorption
removal of boron in aqueous solutions by amine-modified
tannin gel, Water Res., 45 (2011) 4028-4034.

N. Ghaffour, T.M. Missimer, G.L. Amy, Technical review and
evaluation of the economics of water desalination: current
and future challenges for better water supply sustainability,
Desalination, 309 (2013) 197-207.

T. Itakura, R. Sasai, H. Itoh, Precipitation recovery of boron
from wastewater by hydrothermal mineralization, Water Res.,
39 (2005) 2543-2548.

E.Malkoc, Y. Nuhoglu, M. Dundar, Adsorption of chromium(VI)
on pomace—an olive oil industry waste: batch and column
studies, J. Hazard. Mater., 138 (2006) 142-151.

[24]

[25]

[26

—

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

D.L. Shaffer, L.H. Arias Chavez, M. Ben-Sasson, S. Romero-
Vargas Castrillon, N.Y. Yip, M. Elimelech, Desalination and
reuse of high-salinity shale gas produced water: drivers,
technologies, and future directions, Environ. Sci. Technol., 47
(2013) 9569-9583.

F.R. Ahmadun, A. Pendashteh, L.C. Abdullah, D.R.A. Biak,
S.S. Madaeni, Z.Z. Abidin, Review of technologies for oil and
gas produced water treatment, J. Hazard. Mater., 170 (2009)
530-551. -

I. Kipgak, M. Ozdemir, Removal of boron from aqueous solution
using calcined magnesite tailing, Chem. Eng. J., 189-190 (2012)
68-74.

M. Dolati, A.A. Aghapour, H. Khorsandi, S. Karimzade, Boron
removal from aqueous solutions by electrocoagulation at low
concentrations, J. Environ. Chem. Eng., 5 (2017) 5150-5156.
B.Z. Can, R. Boncukcuoglu, A.E. Yilmaz, B.A. Fil, Arsenic
and boron removal by electrocoagulation with aluminum
electrodes, Arabian J. Sci. Eng., 41 (2016) 2229-2237.

P. Canizares, C. Jiménez, F. Martinez, C. Sdez, M.A. Rodrigo,
Study of the electrocoagulation process using aluminum and
iron electrodes, Ind. Eng. Chem. Res., 46 (2007) 6189-6195.

J. Rosenblum, A.W. Nelson, B. Ruyle, M.K. Schultz, ].N. Ryan,
K.G. Linden, Temporal characterization of flowback and
produced water quality from a hydraulically fractured oil and
gas well, Sci. Total Environ., 596-597 (2017) 369-377.

A.E. Yimaz, R. Boncukcuoglu, M.M. Kocakerim, E.
Kocadagistan, An empirical model for kinetics of boron removal
from boron containing wastewaters by the electrocoagulation
method in a batch reactor, Desalination, 230 (2008) 288-297.

M. Behloul, H. Grib, N. Drouiche, N. Abdi, H. Lounici, N.
Mameri, Removal of malathion pesticide from polluted
solutions by electrocoagulation: modeling of experimental
results using response surface methodology, Sep. Sci. Technol.,
48 (2013) 664-672.

R. Choudhary, G. Jyoti, P. Ghosh, A.N. Sawarkar, P.K.
Chaudhari, Electrocoagulation process to remove contaminants
of coking wastewater using aluminum electrode, Desal. Wat.
Treat., 86 (2017) 68-79.

Z.B. Gonder, G. Balaioglu, 1. Vergili, Y. Kaya, Electrochemical
treatment of carwash wastewater using Fe and Al electrode:
techno-economic analysis and sludge characterization, J.
Environ. Manage., 200 (2017) 380-390.

E.H. Ezechi, M.H. Isa, S.R.M. Kutty, A. Yaqub, Boron removal
from produced water using electrocoagulation, Process Saf.
Environ. Prot., 92 (2014) 509-514.

M.H. Isa, E.H. Ezechi, Z. Ahmed, S.F. Magram, S.R.M. Kutty,
Boron removal by electrocoagulation and recovery, Water Res.,
51 (2013) 113-123.

A.E.Yilmaz, R. Boncukcuoglu, M.M. Kocakerim, A quantitative
comparison between electrocoagulation and chemical
coagulation for boron removal from boron-containing solution,
J. Hazard. Mater., 149 (2007) 475-481.

A.E. Yilmaz, R. Boncukcuoglu, M.M. Kocakerim, An empirical
model for parameters affecting energy consumption in
boron removal from boron containing wastewaters by
electrocoagulation, J. Hazard. Mater., 144 (2007) 101-107.

G. Sayiner, F. Kandemirli, A. Dimoglo, Evaluation of boron
removal by electrocoagulation using iron and aluminum
electrodes, Desalination, 230 (2008) 205-212.

S. Chellam, M.A. Sari, Aluminum electrocoagulation as
pretreatment during microfiltration of surface water containing
NOM: a review of fouling, NOM, DBP, and virus control, J.
Hazard. Mater., 304 (2016) 490-501.

F.L. Lobo, H. Wang, T. Huggins, ]. Rosenblum, K.G. Linden, Z.].
Ren, Low-energy hydraulic fracturing wastewater treatment
via AC powered electrocoagulation with biochar, J. Hazard.
Mater., 309 (2016) 180-184.

A.A. Nemodurk, ZK. Karalova, Analytical Chemistry for
Boron, Israel Program for Scientific Translations, Jerusalem,
1965.

R.N. Sah, P.H. Brown, Boron determination—a review of
analytical methods, Microchem. J., 56 (1997) 285-304.



[44]

[45]

[46]

[47]

(48]

T.M. Massara et al. / Desalination and Water Treatment 112 (2018) 99-105

N. Daneshvar, H. Ashassi-Sorkhabi, A. Tizpar, Decolorization
of orange II by electrocoagulation method, Sep. Purif. Technol.,
31 (2003) 153-162.

U. Tezcan Un, A.S. Koparal, U. Bakir Ogutveren, Fluoride
removal from water and wastewater with a bath cylindrical
electrode using electrocoagulation, Chem. Eng. J., 223 (2013)
110-115.

A].Bard, R. Parsons, ]. Jordan, Standard Potentials in Aqueous
Solution, Marcel Dekker, New York, 1985.

V.K. Gupta, I. Ali, Environmental Water: Advances in Treatment,
Remediation and Recycling, Elsevier, Amsterdam, 2013, pp.
155-178.

J. Lu, Y. Li, M. Yin, X. Ma, S. Lin, Removing heavy metal ions
with continuous aluminum electrocoagulation: a study on back
mixing and utilization rate of electro-generated Al ions, Chem.
Eng.]., 267 (2015) 86-92.

[49]

(50]

(51]

[52]

105

CH. Huang, L. Chen, CL. Yang, Effect of anions on
electrochemical coagulation for cadmium removal, Sep. Purif.
Technol., 65 (2009) 137-146.

U. Tezcan Un, AS. Koparal, U. Bakir Ogutveren,
Electrocoagulation of vegetable oil refinery wastewater using
aluminum electrodes, J. Environ. Manage., 90 (2009) 428-433.
D. Kartikaningsih, Y.H. Huang, Y.J. Shih, Electro-oxidation and
characterization of nickel foam electrode for removing boron,
Chemosphere, 166 (2017) 184-191.

N. Bektas, S. Oncel, H.Y. Akbulut, A. Dimoglo, Removal of
boron by electrocoagulation, Environ. Chem. Lett., 2 (2004)
51-54.



