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ABSTRACT

This work aims to investigate the efficiency of electrocoagulation (EC) of pistachio processing industrial wastewater
(PPIW) using the continuous EC process. The tubular reactor made of stainless steel with an internal diameter of 60 mm
was used as a cathode electrode. The effect of some parameters was examined on the removal of chemical oxygen demand
(COD) and total phenols (TP) removal efficiency. The influences of the initial pH of wastewater (from 4 to 8), flow rate
(from 25 to 125 mL/min), current density (from 7 to 21 mA/cm?), and supporting electrolyte type (NaCl, NaNO;, and Na,SO,),
supporting electrolyte concentration (from 10 to 100 mg/L NaCl) on removal efficiency were investigated to determine the
best experimental conditions. The examination of the physico-chemical parameters during the EC treatment showed that
the best removal efficiency was obtained under conditions where the flow rate was 25 mL/min (20 min reaction time), the
pH value was 5.2, and the current density was 21 mA/cm? has set. Under these experimental conditions, COD and TP
removal efficiency were found to be 75% and 97%, respectively, while energy consumption was 18.5 kW h/m®. The study

results show that the EC can be applied to PPIW pre-treatment.
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1. Introduction

The pistachio processing industry is a rapidly grow-
ing industry in Turkey. In 2020, 293,376 tons of pista-
chios were produced in Turkey. With this production
amount, Tiirkiye became the 3rd pistachio exporter
[1]. Most pistachio production is done in the USA
and Iran. Pistachio is processed with a dry system in
these countries. Pistachio is a kind of nut with rich
nutrients, containing 5.6% water, 19.6% protein,
53.2% fat, 19% carbohydrate, and 2.6% ash in its
composition [2]. It produced approximately 6m* of
wastewater per ton of processed pistachio in the
industry. The produced wastewater was directly dis-
charged to the sewage system [3]. This situation has
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caused approximately 1,780,000 m* of wastewater
per year. Wastewater rich in organic content was pro-
duced when processing pistachio. Therefore, treat-
ment of this wastewater may carry some difficulties
due to high chemical oxygen demand (COD), total
organic carbon (TOC), and total phenol (TP) content.

EC is a water treatment process that involves the
application of electric current across metal elec-
trodes to remove various contaminants. EC is an
established wastewater treatment method that has been
widely explored for a broad range of wastewater pollut-
ants due to its ease of operation, versatility, eco-friendly
nature, and low footprint [4]. EC is one of the treatment
methods that can be used to remove high organic pollut-
ants. EC was tested successfully to treat fluoride [5],
polyvinyl alcohol [6,7], phenol [8], tannery [9], arsenic
[10], humic substance [11], hydroquinone [12], and
boron [13]. EC has also been proposed to treat various
food industry wastewaters such as card boast [ 14], offset
printing wastewater [15], landfill leachate [16], drink-
ing water [17,18], textile wastewater [19], and olive mill
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wastewater [20].

EC consists of an in-situ generation of coagulants
by an electrical dissolution of iron or aluminum elec-
trodes. The metal ions generation takes occurs at the
anode; hydrogen gas is released from the cathode.
The hydrogen gas would also help to float the floccu-
lated particles out of the water, and therefore, the pro-
cess is sometimes named electroflocculation [21].
Typically, aluminum, iron, carbon, mild steel, graph-
ite, and titanium plates are used as electrodes in the
EC process. Iron and aluminum have been reported
to be very effective and successful in pollutant
removal at favorable operating conditions. In the case
of aluminum, the main reactions are as follows:

Anode:

Al — AP ) +3e” (1)
Cathode:

2H,0q) + 2~ — Hy) + 20H ) 2)

In the solution:
AP +3H,0 — AI(OH); + 3H g 3)
nAl(OH); — Aly,(OH)gy 4

Amorphous AI(OH)ss) flocks with large surface
areas formed in aluminum anode are active in rapidly
adsorbing of soluble organic compounds and trap-
ping colloidal particles. They are easily separated
from the aqueous medium by sedimentation or H,
flotation [22,23].

The originality of this study aimed to achieve com-
plete treatment of pistachio processing wastewater. In
the literature, studies carried out with electrochemical
treatment methods have the feature of pre-treatment
[24-26]. In the study, the system was operated in
continuous mode. This system is a more realistic sys-
tem for real industrial wastewater treatment. This
study feature has brought a new perspective to the lit-
erature on this wastewater treatment. Aluminum was
used as the anode material, and stainless steel was
used as the cathode in the tubular reactor. The effects
of initial pH, flow rate, current density, and support-
ing electrolyte type and concentration on the COD
and TP removal efficiency were investigated.

The originality of this study aimed to achieve com-
plete treatment of peanut processing wastewater. In
the literature, studies carried out with electrochemical
treatment methods have the feature of pre-treatment.
In the study, the system was operated in continuous
mode. This system is a more realistic system for
actual industrial wastewater treatment. This study
feature has brought a new perspective to the literature
on this wastewater treatment.

2. Experimental

Wastewater samples used in the present study were
obtained from a local pistachio processing plant with
a daily capacity of 15 tons and producing approxi-
mately 90 m® of wastewater daily in the city of
Gaziantep (Turkey). Wastewater was filtered using a
screen filter to remove large suspended solids before
being used for the subsequent studies. Results of the
chemical analysis of PPIW are given in Table 1. The
pH of the wastewater was adjusted to the required
value using 0.1 N nitric acid and sodium hydroxide.
All chemicals were at analytical grade and supplied
by Merck. COD and TP were determined as pro-
posed by standard methods [27].

The removal efficiency [28] in PPIW treated by EC
is calculated as follows:

C,-C
0 1y 100 (5)

% Removal efficiency = C
0

where C is the initial COD and TP value (mg/L), C;
is the COD and TP value at t time.

In the continuous EC systems, a tubular reactor
with a total volume of 500 mL was used. It consisted
of a telescopic stainless-steel cathode with an inner
diameter of 60 mm and an aluminum anode with an
outer diameter of 50 mm. A Chroma brand digitally
controlled direct-current power supply (62024P-40-

Table 1. The characterization of pistachio processing
industry wastewater

Parameters Unit Values
Conductivity (us/cm) 5200
pH - 5.2
COD (mg/L) 16500
TP (mg/L) 4000
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Fig. 1. Experimental setup (1: control panel, 2: power
supply, 3: wastewater inlet, 4: peristaltic pump, 5: reactor,
6: anode electrode (aluminum), 7: cathode electrode
(stainless steel), 8: wastewater outlet, 9: pH control cell).

120 model 040 V, 1-120 A) supplied the required
power. A WTW brand multi-meter was used to mea-
sure wastewater’s the pH, conductivity, and tempera-
ture at the beginning of the reaction and to read these
values instantly during the reaction. The total surface
area of the electrodes was 1400 cm?. The distance
between the electrodes was 5 mm. The experimental
setup is given in Fig. 1.

These experiments examined the effect of flow
rate, initial pH value of the wastewater, current den-
sity, and supporting electrolyte type and concentra-
tion as wastewater parameters. The parameters that
affect the EC process in removing COD and TP are
shown in Table 2.

3. Results and Discussion

3.1 Effects of initial wastewater pH value
Initial pH values of 4, 5.2, 6, 7, and 8 were selected

80

60

40

Effluent pH

Removal efficiency, %
w

20

52 8

6
Initial pH

E=aCOD removal (%) TP removal (%) —e—Effluent pH

Fig. 2. Effect of initial pH value of wastewater on COD
and TP removal efficiency and effluent pH value (Current
density 10.5 mA/cm?, flow rate 25 mL/min).

in the study to investigate the effects of initial waste-
water pH values on COD, TP, energy consumption,
effluent water temperature, and effluent water pH
values. A current density of 10.5 mA/cm? and a
25 mL/min flow rate were kept constant. In the
experiments conducted in a 500-mL reactor with a
25 mL/min flow rate, wastewater stayed in the reac-
tor for 20 minutes. At the end of this reaction time,
the highest COD and TP removal efficiency was
obtained at the pH value of 5.2, which is the natural
pH value of wastewater. These results are shown in
Fig. 2. In order to understand how to achieve the best
COD and TP removal efficiency, it is important to
examine the pH values of the effluent water. As seen
in Fig. 2, the change of each initial pH value at the
end of the reaction is given.

The highest AI(OH); formation level in the aque-
ous solution occurs in the pH interval of 68 [32].
The reason for obtaining the highest COD and TP
removal at the initial pH level of 5.2 was that the pH
value for the effluent water was in the optimum range
for AI(OH); formation. COD and TP removal effi-
ciencies decreased at pH values over and under 5.2.

Table 2. The Parameters affecting the electrocoagulation process in COD and TP removal

Parameters Parameters interval Constant variables
Initial pH (pHi) 4,526,7and 8 T:20+1°C, SE:0, CD:13 mA/cm?, FR: 25 mL/min
Flow rate (FR) (mL/min) 25,50, 75, 100 and 125 pHi:5.2, T:20+1°C, SE:0, CD:13 mA/cm?

Current density (CD) (mA/cm?)
Supporting electrolyte type

Supporting electrolyte concentration (mM)

8.67,13,17.33,21.67 and 26
NaCl, NaNO; and Na,SO,  pHi:5.2, T:20+1°C, CD:13 mA/cm?, FR: 25 mL/min
10, 25, 50 and 100

pHi:5.2, T:20£1°C, SE:0, FR: 25 mL/min

pHi:5.2, T:20£1°C, CD:13 mA/cm?, FR: 25 mL/min
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Table 3. The optimum pH ranges obtained in electrocoagulation studies with different wastewater species

CD Removal (%)
WWT FR EM IC 5, Opt. pH ———— Reference
(mA/cm®) COD TP
Oil refinery Batch Al 50 mg/L TP 19.3 7 - 62 [28]
Oil refinery Batch Al 40 mg/L TP 8.59 7 - 88 [29]
Al 6 38.5
Olive mill Continuous 67100 mg/L. COD 60 - [30]
Fe 6 475
i Al 7 - 99.2
Synthetic phenol Batch 50 mg/L TP 40 31]
solution Fe 7 R 98.6
. . 57800 mg/L COD,
Olive mill Batch Al 2420 mg/L, TP 30 6 59 78 [32]
Al 1700 mg/L. COD. 6 80 9%
Paper mill Batch 5 ’ 70 [33]
P Fe 34 mg/L TP 6 90 96
Distillery industrial
effluent Batch Fe 8500 mg/L COD 3 6 81.3 - [34]
Olive washing Batch Al 125V 6.9 62.5 87 [35]
Pistachio processing 22000 mg/L. COD, «
industry Batch Al 4000 mg/L TP 3 6.5 49.8 66 [36]

*Effluent pH, WWT: Waste water type; FR: Flow regime; EM: Electrode materials; IC: Initial concentration, CD: Current density

This result may be explained by the amphoteric
nature of AI(OH);, which cannot turn into its insolu-
ble species at lower and higher pH values [33]. The
literature features studies on different wastewaters
with the method of EC, which investigated the effects
of pH on COD and TP removal. Experimental condi-
tions and removal efficiencies obtained from these
studies are given in Table 3 [31-39].

According to Table 3, while there were different
COD and TP removal efficiencies in terms of differ-
ences in the type of wastewater, current density, and
changes in the type of supporting electrolytes, all
studies reported the optimum pH value as neutral.
This complies with the optimum effluent pH value
obtained in this study. These studies explained find-
ing the optimum pH in the range of 68 as this range
is the one that is necessary for Al(OH); formation,
and the species with weak flocking properties and
different solubility tendencies than AI(OH); among
Al species are dominant outside this pH range. Fig. 3
shows the energy consumption and effluent water
temperature values based on initial pH values.

The figure shows that both parameters changed
based on the electrical conductivity value of the
wastewater. The electrical conductivity found as 4.85

mS/cm for the wastewater at its natural pH value of
5.2 was lower than the values recorded at other pH
values. The addition of acid and base to adjust the pH
value increased the conductivity of the wastewater.
The reason for this was the ions that were released as
a result of the dissolution reactions of the base and
the acid, as seen below.

HNO;() — H' o+ NO3 (o) (6)
NaOH(S) e Na+(aq) + OH-(aq) (7)

Increased electrical conductivity of the wastewater
reduces the voltage necessary for the constant current
density applied to the system [40].

Energy Consumption (kW —h/ m3) = IX—I:Xt ®)

where Energy Consumption (kW h/m?) is electrical
energy consumption, V is voltage (V), I applied cur-
rent (A), t is treatment time (h), v is the net reactor
volume (wastewater volume in the reactor) (m?).

Eq. 8 shows that the increased voltage led to a lin-
ear increase in energy consumption. Considering
these, as increased electrical conductivity will lead to
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Fig. 3. Effect of initial pH value of wastewater on energy
consumption and effluent temperature value (Current
density 10.5 mA/cm?, flow rate 25 mL/min).

reduced voltage, it is expected that the highest energy
consumption would be at the natural pH value of the
wastewater. Fig. 3 shows that the energy consump-
tion decreased at the pH values where electrical conduc-
tivity was high. Increases in electrical conductivity led
to a reduction of the resistance that is formed in the elec-
trical field [40]. Increased electrical resistance increases
effluent water temperatures as the energy applied to the
system is converted into heat. This situation may be
seen clearly in the electrical conductivity and effluent
water temperature data in Fig. 3.

3.2 Effects of flow rate

Experiments were conducted at 25—125 mL/min
flow rates to investigate the effects of flow rate on
COD and TP removal efficiency in peanut processing
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Fig. 4. Effect of flow rate value on COD and TP removal
efficiency and effluent pH value (Current density 10.5 mA/cm?,
pH 5.2).

industry wastewater. These experiments were run at a
setting with a current density of 10.5 mA/cm?, the
natural pH value of wastewater at 5.2, and without a
supporting electrolyte. In the 500 mL reactor, while the
hydraulic retention time at a flow rate of 25 mL/min was
20, it was 10 min for 50 mL/min, 6.67 min for 75 mL/
min, 5 min for 100 mL/min, and 4 min for 125 mL/min.
By increasing the retention time of the wastewater in the
reactor from 4 min to 20 min, not only does the amount
of coagulant substance electrochemically dissolved
under constant current density increase but also the time
the wastewater is exposed to the electrical field
increases. The results are shown in Fig,. 4.

As seen in Fig. 4, increased flow rate led to reduc-
tions in COD and TP removal efficiency. As the flow
rate-dependent amount of AI(OH); flocks decreased,

Table 4. The optimum flow rate ranges obtained in electrocoagulation studies with different wastewater species

WWT EM IC (mf/](?mz) (m]f /Ir(nin) Opt.pH OFR Removal % Reference
Dyehouse Al 460 mg/L COD 6.5 10-200 5.5 10 77 [38]
Dye Al 2500 mg/L, COD 31.25 420-1300 6.1 620 80 [39]
Fluoride Al 15 mg/L fluoride 1.25-5 150400 6 150 100 [19]
Industrial Al 2100 mg/L COD 0.354 50-200 5.5 50 80 [40]
Direct red 81 Al 120 mg/L COD 20 167467 7.5 167 77 [41]
Heavy metal ions Al 100 mg/L Ni** 22.5 4-120 6 4.8 98 [42]
Automotive Al 40 mg/L Zn** 1-10 50-400 8.4 50 99.8 [43]
Petroleum hydrocarbons  Fe 64 mg/LL TPH 18 3-20 8 3 934 [44]
Olive mill Al 67100 mg/LL COD 60 43-300 6 43 38.5 [30]

WWT: Waste water type; EM: Electrode materials; IC: Initial concentration; CD: Current density; FR: Flow rate; OFR: Optimum

flow rate
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COD and TP removal efficiency levels decreased as
its contact with the pollutant was reduced. The
increased flow rate in the reactor reduced the dissolu-
tion of Al" ions electrochemically, and therefore, the
formation of Al(OH); and the hydrolysis of the water
in the cathode region, leading to a decrease in the rise
of pH values. While the pH value of the effluent
water at the 25 mL/min flow rate was 7.2, this value
dropped to 5.8 at the 125 mL/min flow rate. This
reduced the reactor’s retention time and prevented
the pH range necessary for AI(OH); formation.
Therefore, reductions in COD and TP removal effi-
ciencies may be explained as a function of both
decreased retention time and failure to achieve a suit-
able pH range. Table 4 outlines studies that investi-
gated the treatment of different wastewaters using
continuous EC processes [19,33,41-47].

While the studies were conducted at different cur-
rent densities, flow rates, and optimum pH values,
the common characteristic was that the optimal
removal efficiency was achieved at the lowest flow
rates. The results obtained here were in parallel with
the literature. The changes in the post-reaction efflu-
ent water temperature and energy consumption val-
ues in experiments that investigated the effects of
flow rate on COD and TP removal efficiencies are
shown in Fig. 5.

Increased flow rate leads to reductions in energy
consumption, effluent water temperature, and electri-
cal conductivity. The reason for the significant
decrease in energy consumption values by increased
flow rate, according to Eq. 8, came from the linear
relationship between energy consumption and reten-

40

25 50

15 100 125
Flow rate, mL/min
E=REnergy consumption, kW-h/m?*
—o—E. Conductivity

E=3Effluent temperature, °C
—o—Effluent pH
Fig. 5. Effect of flow rate value on energy consumption
and effluent temperature and electrical conductivity,
(Current density 10.5 mA/cm?, pH 5.2)

tion times. As the increased flow rate led to a reduc-
tion in retention time, it led to reaching lower energy
consumption values under the same current density.
This was an expected result. Differences in the efflu-
ent temperature values were also caused by the
changes in the electrical resistance that took place
due to changes in retention time. Decreased retention
time as a result of high flow rates leads to reduced
conversion of the total energy given to the system
into heat energy as it leads to a reduction in the elec-
trical resistance under constant current density. This
situation led the effluent water temperature values to
stay lower. The electrical conductivity value
decreased although this decrease was not significant
because disintegration of the pollutants decreased
due to reduced retention times.

3.3 Effects of current density

The continuous EC experiments were run at 7—
21 mA/cm? to investigate the effects of current den-
sity on COD and TP removal efficiency, energy con-
sumption, and effluent water temperature. The study
held concentrations of 16500 mg/L COD and
4000 mg/L TP, a natural pH value of 5.2, and a 25
mL/min flow rate, corresponding to a 20-minute
retention time as constants. While the removal effi-
ciency reached 35% COD and 64% TP at a current
density of 7 mA/cm?, it reached 75% COD and 97%
TP at a current density of 21 mA/cm?,

The numerical results showed that increased cur-
rent density led to an increase in removal efficiencies.
According to Faraday’s law

M xIxt

7 1% 96500 ©)
m is the coagulants released from the anode (g), I is
the current applied in amperes, t is the electrolysis
time (second), M, is the molecular weight (26.98 g/
mol), Z is the number of electrons, and F is Faraday’s
constant (96487 C/mol). The substance amount was
determined using this equation. As seen in Eq. 9, the
increased current density theoretically increases the
amount of coagulants. As the increased coagulant
quantity contacted the constant amount of pollutant
more, the removal efficiency increased accordingly.
Fig. 6 shows that the changes in effluent water pH
remained in the range of 7.3—6.2 in all current densi-
ties. Fig. 7 shows the quantities of theoretically dis-
solved AI** and effluent pH values.
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Fig. 6. Effect of current density value on COD and TP
removal efficiency and effluent pH value (Flow rate
25 mL/min, pH 5.2).

According to the data, for all theoretically dis-
solved AI** quantities, the pH value was in the range
of 68, which is the optimum range of AI(OH); for-
mation. In this case, it is seen that increased current
density led more AI*" to turn into AI(OH);. The
increased current density in the suitable pH range led
to increases in pollutant removal efficiencies as it led
to the formation of higher quantities 1of coagulant
substances. Table 5 outlines investigating current
density’s effects on pollutant removal efficiencies in
continuous and batch EC processes [48—55].

In these studies, different current density ranges
were used for different types of pollutants. In two
studies, while increasing current density up to a point
led to increased removal efficiency, using higher cur-
rent densities led to a decrease. The authors did not
explain the reason for this. The studies cannot be
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Fig. 7. The effect of current density on theoretically
dissolved Al+3 and effluent pH.

interpreted as the effluent water pH values were not
provided. In the other reviewed studies, increased cur-
rent density values positively affected pollutant removal
efficiency. The best removal efficiency values were all
obtained at the highest current density values. The
results of this study also showed that increased current
density led to increases in COD and TP removal effi-
ciencies. Fig. 8 shows the post-reaction changes in the
effluent water temperature values and energy consump-
tion in experiments investigating the effects of current
density on COD and TP removal efficiencies.

Fig. 8 shows that increased current density led to a
significant increase in energy consumption. Increas-
ing the current density in wastewater with constant
electrical conductivity led to increases in the voltage
values applied to the system. As seen in Eq. 8,
increases in the current and voltage values on the

Table 5. The current density ranges obtained in electrocoagulation studies with different wastewater species

WWT FR EM IC (mAC/I(?mZ) (mﬁ; in) ?fl’{t' 0OCD Rerf;;’val Reference

Textile continuous Al 50 mg/L 1040 250 7 40 100 [45]
Industrial estate batch Fe 873 mg/LL 10-50 - 536 30 62.5 [46]
Heavy metal batch Fe 15mg/L Cd* 4-10 - 7 10 98.5 [47]

Al 18
Arsenic continuous 2.5mg/l.  19.02-95.09 667 6  95.09 [48]

Fe 99
Brilliant green dye batch Fe 100 mg/L.  13.9-138.9 - 4 1389 96 [49]
Poultry slaughterhouse batch Al 2171 mg/L 0.5-2.0 - 3 1 85 [50]
Cheese whey continuous  Fe 15500 mg/L 40-60  78.75-236.25 434 60 86.4 [51]
Monosodium glutamate continuous Fe 4200 mg/L.  50-200 V 0.5-3.5 4 200 68 [52]

WWT: Waste water type; FR: Flow regime; EM: Electrode materials; IC: Initial concentration, CD: Current density; FR*: Flow

rate; OCD: Optimum current density
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Effluent temperature, °C
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EEAEnergy consumption, kW-h/m?
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Fig. 8. Effect of current density value on energy consumption,
effluent temperature, effluent pH and electrical conductivity
value (Flow rate 25 mL/min, pH 5.2).

right side of the equation by increases in current den-
sity led to a significant increase in energy consump-
tion values. The energy consumption at a current
density of 7 mA/cm? was 3 kW h/m?, while it was
measured at 21 mA/cm? as 18.5 kW h/m®. The
numerical results also supported the situation
described above. Increases in the current density led
to an increase in effluent water temperature values as
it increased the electrical resistance in the system.
This may be seen in Fig. 8. The initial pH value of the
wastewater was held constant at 5.2 in experiments
that investigated current density. The initial electrical
conductivity value in all experiments at this pH value

was the same and it was measured as 5.2 mS/cm.
Effluent water electrical conductivity values
decreased as a result of increased current density. It is
believed that this was caused by increased current
density, which led to higher removal of pollutants in
experiments that were run in pH intervals suitable for
Al(OH); formation, and the quantity of ions in the
solution decreased. While an effluent water conduc-
tivity value of 4.95 mS/cm was obtained at the cur-
rent density of 7 mA/cm? where the lowest COD and
TP removal was achieved, this value was found as
4.65 mS/cm at the current density of 21 mA/cm?
where the highest removal values were obtained.

3.4 Effects of type and concentration of support-
ing electrolyte

To determine the effects of the type of supporting
electrolyte on COD and TP removal efficiency in
peanut processing wastewater, NaCl, NaNOj;, and
Na,SO, were used as supporting electrolytes. The
supporting electrolyte concentration in type determi-
nation experiments was kept in the range of 10-100
mM for each type of salt. The experiments held a cur-
rent density of 10.5 mA/cm?, 25 mL/min flow rate,
and an ambient pH value of 5.2 as constants. Among
the investigated types of supporting electrolytes, the
best COD and TP removal efficiencies were
obtained. This is shown in Table 6.

Table 6. The effect of supporting electrolyte type on system parameters

I i < S A e iy

Without SE 50 77 7.1 39.5 49 383

- NaCl 53 82 7.5 36.5 5.94 208
E NaNO; 39.5 74 8.4 417 544 2738
Na,SO; 38 69.5 8.62 478 6.53 285

- NaCl 59 86 7.63 33 7.66 155

& NaNO; 40 75 8.5 43 6.97 22.16

“ Na,SO, 35 68 8.9 44 8.48 23.24
- NaCl 63 89 7.72 30 9.53 125
E NaNO; 40.25 75 8.9 40 8.76 19
- Na,SO; 33 65 9.18 41 11.99 202
s NaCl 65 92 7.8 27 14.28 9
& NaNO; 40 753 9.1 37 12.71 16.5
= Na,SO, 315 57 9.39 39 18.57 18
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As seen in the table, while NaNOs usage decreased
the removal efficiencies of both COD and TP,
increased NaNOj concentration did not affect
removal efficiencies. The main reason for the unaf-
fected removal efficiency values was that effluent
water pH values increased and remained over the
pH range necessary for AI(OH); formation.
Increased concentration of NaNOj reduced the
energy consumption values as it increased the quan-
tity of ions in the solution and, therefore, electrical
conductivity. Using Na,SO, as a supporting electro-
lyte decreased the COD and TP removal efficiency
significantly compared to the case where no sup-
porting electrolyte was used. Increased Na,SO, con-
centration led to an increase in the rate of reduction
of removal efficiency. As reported by the studies of
Maitlo et al. and Eryuruk et al., this is caused by the
passivation on the anode surface created by SO,*"
ions [40,56]. Although it contained more ions than
the other types of supporting electrolytes with the
same molar mass, it had higher energy consump-
tion values, as seen in Table 6, which supports the
explanation of anode passivation. The removal effi-
ciencies obtained in the experiments with NaCl
were higher than those in the cases where no sup-
porting electrolytes were used.

As seen in Fig. 9, removal efficiency values for
COD and TP increased in line with increased NaCl
concentration. Increases in NaCl concentration not
only increased the electrical conductivity of the waste-
water they also increased the conversion of the CI™ ion
into oxidants with high oxidation capacity as a result of
the following reactions in the electrical field.

Effluent pH

Removal efficiency, %

0 10 25 50 100
Supproting electrolyte concentration, mM

e COD removal (%) TP removal (%) —e—Effluent pH

Fig. 9. The effect of NaCl concentration on COD and TP
removal efficiency and effluent pH (Flow rate 25 mL/min,
pH 5.2 and current density 10.5 mA/cm?).

Anodic reactions:
2CI - Cly+2e (10)

6HOCI + 3H,0 — 2C105™ + 4CI"
+12H +1.50,+6e~  (11)

2H, O — O, (12)
Solution reactions:

Ch+ H,O— HOCI + H+ ClI- (13)
HOCl— H" +O0Cl 14)
Cathodic reactions:

2H,0+2¢”—20H + H, 15)
OClI + H,0 +2e — CI" + 20H" (16)

In addition to the coagulation mechanism of the
pollutant, this situation also contributed to its conver-
sion into stable end products by oxidation. As seen in
the figure, an increase in the concentration of sup-
porting electrolytes led to an increase in the effluent
water pH value. The decomposition of oxidants
resulting from the reaction shown as 2.16 leads to an
increase in the pH value. Table 7 shows EC studies
using supporting electrolytes [56—62].

As seen in the table, different types and concentra-
tions of supporting electrolytes were used for differ-
ent wastewater. The most frequently utilized types of
supporting electrolytes were NaCl, Na,SOy, and
NaNOs, which were also used in this study. NaCl was
usually reported as the type of supporting electrolyte
which provides the best removal efficiency. This was
shown in the table’s column of optimum supporting
electrolyte type. This study obtained similar results.
It was seen that increased NaCl concentration
increased the removal efficiency [60-62]. The
decrease in COD and TP removal efficiency
observed in this study by using the supporting elec-
trolyte Na,SO, was also supported in previous stud-
ies in the literature [40,56]. Fig. 10 shows the energy
consumption values calculated with the help of volt-
age values that arose in the system under constant
current density values in the experiments investigat-
ing the effects of NaCl concentration and the electri-
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Table 7. The supporting electrolyte (SE) ranges obtained in electrocoagulation studies with different wastewater species

SEC Opt.  Opt. Removal
WWT FR EM IC (mg/L) SET (mg/L) SEC  SET % Reference
Humic substances batch Al o0 NaCLNaSO, 5645 10 Nacl 99.64 [53]
NaNO;
. . NaCl, NaQSO4,
Cutting oil batch Al 500 NaNO; 1500 - NaCl 90 [54]
. . NaCl, KCl,
Doxycycline continuous Al  1.6-5.18 NaNO; - - NaCl 96 [55]
NaCl, KCl,
Phosphate batch Al 30 NaNO; 500-1000 1000 KCI 100 [56]
Poultry slaughtering  continuous Fe 8800 Na,SO, 0-0.1 0 - 88 [57]
NaCl, KCl,
Phosphate batch Al 150 NaNO,, NaNOs 500-5000 5000 NaCl 100 [58]
Benzidine based textile A1 1002500 NaCl 1000-3000 3000 NaCl  89.65 [59]

dye

WWT: Waste water type; FR: Flow regime; EM: Electrode materials; IC: Initial concentration, SET: Supporting electrolyte type;

SEC: Supporting electrolyte concentration

Effluent temperature, °C

0 10 25 50 100
Supproting electrolyte concentration, mM

CEffluent temperature, °C
—6—E Conductivity

EEREnergy consumption, kW-him*
—5—Effluent pH

Fig. 10. The effect of NaCl concentration on energy
consumption and effluent temperature and electrical
conductivity (Flow rate 25 mL/min, pH 5.2 and current
density 10.5 mA/cm?)

cal conductivity values based on increases in effluent
water temperature and concentration.

While the energy consumption value in the experi-
ments that did not use supporting electrolytes was
7.4 kW h/m?, this value was calculated as 1.8 kW h/
m?> at a 100 mM NaCl concentration. An increase in
the concentration of the supporting electrolyte also
led to an increase in the electrical conductivity of the
wastewater. This situation led to a decrease in the
voltage applied to the system, and therefore a reduc-
tion in energy consumption values under constant
current.

4. Conclusions

Consequently, the parameters of pH, flow rate, cur-
rent density, and type and concentration of support-
ing electrolytes, which affect the treatment of peanut
processing wastewaters via continuous EC processes,
were investigated, and the following results were
obtained.

In the experiments where the initial pH value was
investigated, the best COD and TP removal effi-
ciency values were obtained at the natural wastewater
pH value of 5.2. Removal efficiency decreased in pH
values under and over this. The highest energy con-
sumption value was found at the natural pH value of
the wastewater with the lowest electrical conductiv-
ity. While this situation seems to contradict the prin-
ciple of maximum removal efficiency — minimum
energy consumption, there was no large difference among
the energy consumption values as the natural conductivity
of wastewater is a high value of 4.9 mS/cm.

The effects of flow rate on removal efficiencies
were investigated by keeping the current density of
10.5 mA/cm? and the pH value of 5.2 constant. It was
observed that increased flow rate decreased COD and
TP removal efficiency as it reduced the retention rate of
the wastewater, and the best removal efficiencies were
found to be 50% and 77% for COD and TP, respec-
tively. These results were obtained optimally at a of
25 mL/min flow rate. Increases in the retention time in
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the reactor led to a decrease in both the energy con-
sumption values and the effluent water pH values.

The flow rate of 25 mL/min and the pH value of
5.2 were held constant, experiments were run at the
current rates of 7, 10.5, 14, 17.5, and 21 mA/cm?, and
it was found that increased current density led to an
increase in removal rates of COD and TP as it
increased the quantity of dissolved coagulants. As the
pH values for all current density values in the study
were in the range suitable for AI(OH); formation,
increases in current density led to increases in COD
and TP removal efficiency. Energy consumption val-
ues increase exponentially as both the current and
accordingly the voltage values increase. While energy
consumption was 3 kW h/m? for 7 mA/cm?, it rose to
18.5 kW h/m’ for 21 mA/cm®. While the dramatic
increase in energy consumption values led to an
increase in removal efficiency value, it showed that
current density cannot be increased without a limit.

The flow rate of 25 mL/min, pH of 5.2, and current
density of 10.5 mA/cm? was held constant, and
experiments were carried out for types and concen-
trations of supporting electrolytes. The highest COD
and TP removal efficiency values were found in the
supporting electrolyte of NaCl. Increases in NaCl
concentration affected the removal rates positively.

As a result of the study, considering the optimum
removal efficiencies of COD and TP, the suitable val-
ues were selected as pH 5.2, flow rate of 25 mL/min,
current density of 10.5 mA/cm?, and supporting elec-
trolyte of 25 mM NaCl. The study obtained removal
rates of 60% COD and 90% TP in these conditions,
with an energy consumption rate of 4.2 kW h/m°.
Based on the optimum results, it was concluded that
the system may be used for the treatment of TP and
pretreatment of COD. Among the parameters exam-
ined, current density is the parameter that most
affects pollutant removal efficiency and energy con-
sumption. Increasing current density increases
removal efficiency and energy consumption at opti-
mum pH and flow rate. Therefore, excessively
increasing the current density is unacceptable, con-
sidering the operating costs.
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