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Abstract: The production of sodium hypochlorite (NaOCl) from salty wastewater using an electro-
chemical cell has several advantages over other methods that often require hazardous chemicals and
generate toxic waste, being more sustainable and environmentally friendly. However, the process of
producing sodium hypochlorite using an electrochemical cell requires careful control of the operating
conditions, such as the current density, flow rate, inert electrode spacing, and electrolyte concentra-
tion, to optimize the conversion efficiency and prevent electrode fouling and degradation. In this
study, NaOCl was produced via a bench-scale electrochemical cell using a flowing porous graphite
electrode in a continuous flow system from salty wastewater collected from the Suez Canal in Egypt.
The aim of the investigation was to examine the factors that affect the concentration of NaOCl and
energy consumption, such as anodic current density, salinity, inert electrode spacing, and influent feed
flow rate. A lab-scale reactor with two electrodes was used to conduct the experiments. The highest
NaOCl yield of 20.6% was achieved with a graphite electrode, which had high current efficiency
and rigidity at a flow rate of 4.5 mL/min, a current density of 3.183 mA/ cm?, an electrode space
of 0.5 cm, salinity of 40,000 ppm, and a pH of 6.4. The power consumption under these conditions
was 0.0137 kwh. Additionally, a statistical and least square multivariate regression technique was
employed to establish a correlation for predicting the % NaOCI production. The obtained correlation
had an R? value of 98.4%. Overall, this investigation provides valuable insights into the production
of NaOCl using a continuous flow system from salty wastewater, which could have potential for
industrial applications in various sectors such as textiles, detergents, paper, and pulp.

Keywords: sodium hypochlorite; flow-by; graphite granules; salty water; porous electrode;
electrochemical process

1. Introduction

Aqueous sodium hypochlorite (NaOCl) is present in the form of hypochlorite ions
(-OCl) and is commonly known as free chlorine. It is a potent oxidizing agent widely
used in water treatment to prevent fouling in different kinds of membrane systems such
as microfiltration [1-3] and ultrafiltration [4,5] membrane separation techniques. Sodium
hypochlorite is also widely used as a disinfectant in homes and hospitals to disinfect
various surfaces from viruses and bacteria [6], including Staphylococcus aureus, Escherichia
coli [7,8], and Bacillus subtilis [9,10]. Additionally, it is also used for treating hospital waste
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and wastewater [11] to prevent the spread of viruses and infections in the environment.
Moreover, sodium hypochlorite is commonly utilized on a large scale for fabric bleaching
and odor elimination [12,13].

In the wastewater field, hypochlorite could be produced in situ for the anodic oxidation
of dye molecules [13,14] and phenols [15]. Sodium hypochlorite has several benefits, such
as the safety of its storage and transportation, and it does not leave any residual effluent in
the environment. In household bleach form (5%), sodium hypochlorite is used for stain
removal from clothes. Residual hypochlorite can be neutralized by post-treatment with
weak organic acids, such as acetic acid (vinegar), and chlorine can be volatilized. Sodium
hypochlorite is also used in the disposal of cyanide wastes and could be used in the water
disinfection of swimming pools [13].

In general, sodium hypochlorite can be produced using two methods: chemical
and electrochemical. However, due to the potential environmental risks associated with
liquid chlorine storage and transportation, the electrochemical method is preferred [13].
Nowadays, more consumers are opting to create their own hypochlorite solutions through
direct electrolysis of weak brine or seawater using undivided electrolytic cells that can
be customized to meet specific requirements. However, some hazardous byproducts of
wastewater such as leachate can also produce sodium hypochlorite and can have dual
benefits of treating hazardous wastewater and producing hypochlorite in small amounts
via the electrochemical process [16,17]. This process involves using DC-powered electrodes,
usually with a voltage of 2—4 V, to convert brine into chlorine in an undivided electrolytic
cell by electrolyzing synthetic seawater (an aqueous 3% NaCl solution) or seawater. During
this process, chlorine is produced at the anode and caustic at the cathode. Another way
to produce sodium hypochlorite is through the direct chemical reaction of chlorine gas
(Clp) and caustic solution (NaOH). In the electrolysis of sodium chloride, hydrogen gas is
produced at the cathode, while chlorine gas is released at the anode. The chlorine is then
dissolved in the bulk solution and hydrolyzed to produce hypochlorous acid, which in
turn leads to the formation of hypochlorite [18]. Figure 1 exhibits the schematic diagram of
an electrolyzing seawater mechanism to produce sodium hypochlorite.

At anode: NaCl — Na* + C17;2Cl~ — 2e~ — Cl, 1)

At cathode: H,O — H* + OH; 2 H* +2e~ —H,; Na* + OH™ — NaOH )

In the tank: NaOH + Cl, — NaOCl + NaCl + H,O 3)
H2 {6 ve2
r vr [s
NaOCl
S A N\ NaOCl
NaOH cI2 :>
H20

Figure 1. Schematic diagram of an electrolyzing seawater mechanism to produce sodium hypochlorite.
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Chlorine can be generated either in gas form or through the hydrolysis of hypochlo-
rite (OCI™), which produces sodium hypochlorite (NaOCl), commonly known as bleach.
However, due to safety concerns, only large, centralized chlor-alkali plants use cells that
produce chlorine gas. Hypochlorite-producing cells, on the other hand, can be smaller and
safer, requiring only basic safety measures and knowledge [19]. This makes them suitable
for smaller on-site operations as well. Hypochlorite generators are electrolytic cells that
produce sodium hypochlorite. During electrolysis, molecular chlorine and hydroxide ions
(OH™) are formed at the anode and cathode, respectively, and since they are allowed to
mix freely, they react to produce hypochlorite (OC1™) (reaction 3). In chloro-alkali cells,
caustic soda (NaOH) and chlorine gas are produced separately. These two substances are
combined in specific concentrations to create household and industrial-strength bleach,
which can be as strong as 30 and 150 g/L, respectively [18].

Producing electrochemical-forming chlorine from seawater and using it as sodium
hypochlorite can be a cost-effective option [20,21]. This technique involves the electrolysis
of seawater to produce sodium hypochlorite, using readily available and inexpensive
ingredients, electricity, and saltwater. During electrolysis, the anode and cathode produce
products that mix and form hypochlorite (OCl ™). The resulting concentrations of sodium
hypochlorite are similar to those found in household and industrial-strength bleach, which
are produced separately in chlor-alkali cells by mixing chlorine gas and caustic soda
(NaOH) [22].

To date, there has been no research conducted on the electrochemical production of
sodium hypochlorite at a laboratory bench scale using a flow-by porous graphite electrode.
Flow-by graphite electrodes are known to offer a larger surface area for oxidation reactions,
and porous electrodes have been found to have higher mass transfer rates and electroactive
area per unit reactor volume compared to two-dimensional electrode materials [23]. Porous
electrodes, which allow for the mass to pass through them, have been utilized to overcome
this issue [23]. Flow-through and flow-by electrodes have been widely used due to their
ability to provide high mass-transfer coefficients and large electrode surface areas [24,25].

The objective of this study was to optimize the practical processing parameters, in-
cluding feed flow rate, salinity, inert electrode spacing, and anodic current density, for the
continuous electrochemical production of NaOCl from salty wastewater. The experiments
were conducted using a bench-scale electrochemical cell with flow-by porous graphite
electrodes. Our electrochemical cell offers several advantages, such as the use of inexpen-
sive graphite electrodes that provide a high surface area for anodic oxidation reactions,
resulting in low energy consumption for sodium hypochlorite production compared to
other electrochemical cell designs. Additionally, our electrochemical cell operates contin-
uously, allowing for high daily production quantities of sodium hypochlorite, whereas
batch systems are limited by specific quantities and time periods. Moreover, the electrol-
ysis time is shorter compared to other types of electrolysis, and a wide range of sodium
hypochlorite concentrations can be produced. The results also revealed that increasing the
applied current density and salt concentration, as well as decreasing the salty wastewater
flow rate, led to a higher yield of sodium hypochlorite. The best operating conditions
for the electrochemical cell were obtained. The study also obtained a multivariate square
and statistical regression analysis for expecting the % NaOCI production. A comparison
was made between the cell that we manufactured and other cells for the production of
sodium hypochlorite, which proved the quality of the proposed cell at optimum operating
conditions and thus the quality of the product (NaOCl) and its concentration ratio, reflected
economically and environmentally in the process of producing sodium hypochlorite.



Energies 2023, 16, 4754

40f15

2. Materials and Methods
2.1. Physical and Chemical Characteristics of Salty Wastewater

This study utilized a real sample of salty wastewater collected from the Suez Canal in
the Suez Governorate, Egypt, which exhibited the characteristics listed in Table 1. The pH
value was determined using the JENWAY 3510 device, while the total dissolved solids (TDS)
value was measured using the JENWAY 4510 device. To determine the concentrations of
calcium, magnesium, sodium, and potassium in the salty wastewater, it was filtered through
a 0.22 um membrane filter (Thermo Fisher, USA) and analyzed using ion chromatography
(ICS 5000+, Dionex Corporation, USA). Additionally, the bicarbonate, carbonate, chlorine,
and sulfate ions were measured using the methods described by APHA [26].

Table 1. Physical and chemical characteristics of salty wastewater.

Characteristics Value

pH 6.4-9.8
Conductivity, mS/cm 63.4
Hardness as CaCOj3, ppm 8475

Total dissolved solids (TDS), ppm 40,000
Total alkalinity as CaCOs, ppm 112

Sodium as Na*, ppm 12,456
Potassium as K*, ppm 294
Sulfate as SO4~, ppm 1276

Chloride as CI™, ppm 24,607
Calcium as Ca*™, ppm 740
Magnesium as Mg*™*, ppm 1576
Nitrate as NO3 ™, ppm 13.6
Manganese as Mn**, ppm 0.39
Iron as Fe**, ppm 0.6
Salinity, % 42.8

2.2. Cell Construction

Figure 2 displays the experimental cell that incorporates a dosing pump and is de-
signed to assess the NaOCI production capacity of a typical cell using salty water. The
noteworthy characteristic of this cell is its porous electrode, which is fully immersed in
salty water and connected to a DC power supply model RXN-3050, Range (30V-5A). The
potential of the cell was measured using a digital multimeter of type M3800, while the
current was measured using a multimeter of type ALDA-DT830. The feed of the salty water
was injected into the cell through a dosing pump that can handle a maximum volumetric
flow rate of 2.7 L/h, with an upward flow through the bed that can be controlled by ad-
justing the dosing pump. The porous electrode consists of an acrylic glass cylinder with
two end flanges. The feed is introduced through a hole in the bottom of the cell, and the
outlet and vent are released through a hole in the upper flange of the cell. Additionally, two
parallel stainless-steel rods (D = 8 mm, L = 200 mm) were drilled through a PVC bush, with
one serving as an anode current collector and the other as a cathode current collector. The
electrode area measured 1256.68 cm?. On the feed side of the electrode, a cylinder made of
PVC with a thickness of 4 inches was drilled with holes 1.5 mm in diameter and covered by
metal meshwork (mesh size 5).
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Figure 2. Electrochemical cell for the treatment of salty water using a flow-by electrode. 1. Feed inlet;
2. Outlet; 3. Rod (D = 0.8 cm) anode current collector; 4. Rod (D = 0.8 cm) cathode current collector;
5. Gas vent; 6. Graphite (granules); 7. Cylindrical tube made of UPVC; 8. Support; 9. Graphite feed
inlet; 10. Metal screen; 11. Plexiglas.

2.3. Characterizations of Graphite Bed

Graphite is a vitreous carbon material with a honeycomb structure and open pores,
selected as the electrode material for its high surface area, isotropic electrical conduc-
tivity, rigid structure, and chemical inertness over a wide range of potentials in various
aqueous media [27,28]. Commercially available in porosity grades ranging from 4 to
40 pores/cm [29,30], the electrode was prepared by compacting graphite granules that
passed through sieve no. 20 and were retained on sieve no. 200, as shown in Figure 3. The
granules were added to the cell through a PVC bush. Table 2 shows the sieve analysis of
the graphite electrode granules. The basic properties of the porous electrode, as listed in
Table 3, were either measured or estimated in this work, including the potential (V) and
current (A) between the anode and cathode in the electrical circuit.

Figure 3. Scan analysis for graphite granules (electrode material) P1.
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Table 2. Sieve analysis of the graphite electrode (granules shape).

Mesh No. Screen Opening Mass Fraction Retained

1 2 um 0

2 1.4 um 23 %1078

3 1.0 um 0.283

4 710 microns 0.495

5 300 microns 0.195

6 150 microns 0.012

7 75 microns 3.6 x 1073

8 Pan 4 %1073

Table 3. Basic characteristics of the porous electrode.

. . . ipe . Specific Area of
Parameter Diameter, mm  Height, mm  Mass of Graphite,g  Specific Gravity =~ Shape Factor Graphite, (m?/m?)
Value 100 200 450 1.089 0.86 0.86

2.4. Experimental Work

For each trial, the electrochemical cell was fed with one liter of seawater sample at a
controlled flow rate using a dosing pump. The experiments were conducted under continu-
ous conditions, rather than a batch system, and were carried out at a standard temperature
of approximately 25 °C and a neutral pH of 6.4. The pH solution was measured using a
pH meter (Type Schott Gerate CG710) before and after treatment. Continuous agitation
was achieved using a magnetic stirrer, and the total dissolved solids (TDS) concentration in
the influent and effluent streams was measured for each trial using a TDS meter (Type HI
9835, Hanna). Each trial lasted for a minimum of 2.5 h, during which seawater samples
were collected every 20 min to determine the NaOCl concentration using the standard
analytical method of iodometric titration. Electrolysis tests were conducted by varying
factors including current density (0.79577-3.183 mA /cm?), salinity (40,000-340,000 ppm),
feed flow rate (4.5-45 mL/min), and the gap between the anode and cathode electrodes
(0.5 to 2.5 cm).

3. Results and Discussion
3.1. Influence of Influent Feed Flow Rate on NaOCI Concentration in the Effluent Stream with the
Effect of Porous Electrode

In this study, the electrochemical process for producing NaOCl from salty wastewater
using a flowing porous graphite electrode was investigated by examining various operating
factors. These factors include the anodic applied current density, salinity, gap between
anode and cathode electrodes, and influent feed flow rate. Figure 4 illustrates the influence
of feed flow rate on the NaOCl concentration generated from the electrochemical cell using
a flow-by porous graphite electrode. In the experiment, the current density was held
constant at 1.59 mA /cm?, the salinity was 40,000 ppm, the inert electrode spacing was
0.5 cm, and the electrolysis time was 20 min. We chose the concentration of salty wastewater
to be 40,000 ppm because this is the same concentration of seawater in Egypt; thus, to
evaluate the treatment according to real-world conditions, this concentration was used. The
results showed that the flow rate has an inverse relationship with the NaOCl concentration.
This indicates that the NaOCl concentration is strongly influenced by the flow rate, as a
higher flow rate reduces the decomposition reaction rate and NaOCl concentration at a
constant current density [13].

The use of graphite granules anode for anodic oxidation of salty water at various flow
rates and residence times also played a significant role in achieving a high concentration of
NaOCl. The highest concentration of hypochlorite was obtained at an optimal flow rate of
4.5 mL/min. This is due to a decrease in the diffusion layer thickness (6) at the anode and
cathode, resulting in an increase in the rate of mass transfer at the cathode and anode [31].
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Clearly and according to Equations (4) and (5), the rate of diffusion reactions increases
as the diffusion layer thickness decreases, and this observation was the same as that of
Kamel et al., 2022 [32], who reported a decrease in sodium hypochlorite with an increase in
the flow rate.

At the anode: 60C1™ + 3H,0—2CIO™3 + 4C1~ + 6H" + 32 O, + 6e~ 4)
At the cathode: OC1™ + H,O + 2™ —Cl™ + 20H™ (5)
16 6
14 mm Conc. Of NaoCl
5
S n» —e— % Production of NaOCl =
< 4 9
z 10 =}
t— <
= 8 3 £
g S
S 6 <
£ 2 §
e 4 o
A 1
L 2
0 0
0 0.01 0.02 0.03 0.04 0.05

Flow rate, L/minute

Figure 4. Influence of feed flow rate on NaOCl concentration and % production of NaOCl (current
density of 1.5915 mA / cm?; 0.5 cm inert spacing; 40,000 ppm salinity; time of 20 min).

3.2. Effect of the Porous Electrode on the Cell Performance

It is known that the roughness of any surface of the material increases the ability of
the treatment [33] with increasing the area of the electrode per unit volume and increases
cell capacity, with effects on the cell performance as a result. At the non-porous electrode
surface, as the hydrodynamic layer is formed along the electrode, the thickness of the
diffusion layer increases with the increasing height of the electrode. In this study, a
continuous hydrodynamic boundary layer was formed on each porous electrode with
the formation of eddies inside the pores [34], meaning that the average diffusion layer
thickness (8) of the porous electrode was less than that of the smooth one. The disorder and
informality resulting from pores affected the produced amount of NaOCl as follows: firstly,
these pores could enhance the mass transfer that would increase the rate of the whole
reaction; secondly, the pores help significantly to remove the bubbles that are produced
while removing the chloride with their fast dissolution in the solution. The fast movement of
chloride in the solution reduces the polarization of the solution. The porosity and roughness
mainly affect the whole process and the amount of the produced NaOCl; however, some
work on electrode roughness, such as that of M. Kamel et al. (2022) [32], confirmed that
the roughness and the pores in the electrode increase the yield by an amount ranging from
13% to 24% as the degree of electrode surface roughness increases. Moreover, the current
efficiency increases as the pores of the electrode increase; this may be explained by the fact
that in the anode area, a decrease in the effective current density could occur. This decrease
would lead to a decrease in the evolved oxygen gas, i.e., improve the current efficiency of
the generated chlorine and the formed hypochlorite. M. Kamel et al. (2022) [32] stated that
energy consumption decreases with increasing surface roughness by an amount ranging
from 23% to 39%, and this was mainly due to the decrease in cell voltage and the increase
in NaOCl current efficiency with increasing surface roughness, as shown in Figure 5. This
theory is in line with the theory of this study, that the pores that influence the roughness of
the electrode positively affect the produced hypochlorite.
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Figure 5. Flow field at smooth and grooved electrodes (A) with the formation of a bubble layer at the
gas-evolving electrodes (B).

3.3. Influence of Current Density and Salinity on the Produced NaOCI Concentration

The influence of the current density on NaOCI concentration is presented in Figure 6.
This set of experiments was accomplished at a feed flow rate of 4.5 mL/min, 40,000 ppm
salinity, 0.5 cm inert electrode spacing, and 20 min electrolysis time. The results revealed
that when the current density increases up to 3.18 mA/cm?, the NaOCI concentration
increases at the same flow rate [35,36]. This is due to the anodic oxidation of salty water on
the graphite granule surface, which is considered a direct electro-oxidation process, and the
result of this process is the hydroxyl radical group that is considered a powerful oxidant.
Nevertheless, chloro-hydroxyl radicals are also generated on the anode surface, and the
reactions between water molecules, hydroxyl radicals, and chloro-hydroxyl radicals near
any anode surface can yield a valuable product such as hypochlorite. Hypochlorite ions are
reacted with sodium ions to produce sodium hypochlorite in the effluent. There is no obvi-
ous change in NaOCI concentration (8.2 g/L) at 4.05 mA /cm? current density. Increasing
the applied current density beyond 4.05 mA /cm? decreased the NaOCI concentration. This
is a result of the increase in cell temperature (above 35 °C) with an increase in current den-
sity as the decomposition of sodium hypochlorite to sodium chlorate occurs [13]. From the
results, the current density of 3.18 mA /cm? was acquired to be more suitable for producing
the maximum NaOCI concentration (8.2 g/L). The optimal value of the current density
should be utilized for effective production at the lowest cost because the current density is
directly connected to the production cost [37]. For that reason, the results obtained from
Figure 6 demonstrate that the current density of 3.18 mA /cm? is a rational value for the
effective production of sodium hypochlorite. One of the most significant factors affecting
the use of the electrochemical technique is the processing cost. Since the processing cost is a
conclusive subject in the industry, the influence of current density on the cost was inspected.
In addition to the cost of the electrode and other accessories of the cell, the major operating
cost is the power consumption during the operation of the electrochemical process. The
electric power consumption in the process (0.0137 kwh) can be estimated by the following
equation with the optimal processing factors [38]:

It.u

Electric power consumption (kwh) == 1000 V

©)

where I = current intensity (A), t = time (h), V = seawater solution volume (L), and U = ap-
plied voltage (volt). Consequently, it is important to select the best applied current density
to realize economic operation. The essential driving force of the system is the electrical
potential; each time the voltage rises, the electric current passing through the system also
increases and causes the current density to increase at the same time [39]. The current den-
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sity is greatly influenced by the electric potential. Increasing the voltage and increasing the
current density improved the sodium hypochlorite production rate, as noticed in Figure 7.

25 10
s Conc. Of NaoCl 9
—&— % Production of NaOCl
20 8
ot =)
S )
o 7 _
S O
E 15 6 g
ot z
=
S
2 5 o
) .
2 10 4 £
=)
= Q
A 3
=
5 2
1
0 0
0 1 2 3 4 5 6

Current density, mA/cm?

Figure 6. Influence of current density on NaOCl concentration and % production of NaOCl (operating
parameters: 4.5 mL/min, 0.5 cm inert spacing, 40,000 ppm salinity, and 20 min).

20
o 18
S 16
= 14
2 12
g 10
S 8
5 6
O 4

2

0

0 2 4 6

Current density, mA/cm?

Figure 7. Influence of current density on cell potential.

Figure 8 exhibits the influence of salinity on sodium hypochlorite production. The
results revealed that with a current density of 3.18 mA/ cm?, electrolysis time of 20 min,
0.5 cm inert electrode spacing, and flow rate of 4.5 mL/min as the operating parameters,
when the salt concentration increased, the sodium hypochlorite concentration increased,
reaching its maximum value of 8.2 g/L at a salt concentration of 40,000 ppm. It is no-
ticed that above this salt concentration, the NaOCl concentration reduces. Therefore, a
salt concentration of 40,000 ppm is considered the optimal concentration, as the NaOCl
concentration drops above this. This reduction in NaOCl concentration for elevated salt
concentrations could be due to the fact that all the chloride ions existing in the solution
were not converted to hypochlorite. This can also be elucidated by a salt concentration of
more than 40,000 ppm; the potential of the cell reduces as the electrical energy supplied by
the DC supply power is inadequate to oxidize the chloride ions in the solution. Similarly,
this observation can also be explained by the solution being very saturated, leading to salt
deposition on the surface of the electrode, which reduces its active area.
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Figure 8. Influence of salinity on NaOCl concentration and % production of NaOCl (operating
parameters: 4.5 mL/min, 0.5 cm inert spacing, 3.183 mA/ cm?, and 20 min).

3.4. Influence of Inter-Electrode Spacing on NaOCI Concentration in the Effluent

Because it affects efficiency and the cost of production, inter-electrode spacing is
crucial in the electrochemical process. The influence of spacing across both the anode
and cathode on the generation of NaOCl can be observed in Figure 9. This experiment
was performed at a feed flow rate of 4.5 mL/min, 40,000 ppm salinity, 3.18 mA /cm?, and
20 min electrolysis time. When the inter-electrode distance increased to 0.5 cm, the NaOCl
concentration decreased. This finding may be explained by the hypothesis that proximity
between the anode and cathode, which lowers the ohmic potential drop and boosts the
cell’s current density, should encourage the conversion of chloride ions into hypochlorite.
An inter-electrode separation of 10 mm was attained by Ghalwa et al. [40]. They noticed
that the active chlorine concentration was high for close distances but decreased for ranges
greater than 20 mm. The equation R = L/ys, where vy is the conductivity, L is the space
across the electrodes, and S is the size of the electrodes, yields resistance (R). The ohmic
potential drop (U) in the electrochemical reactor will be substantial and is determined
by the equation U = R.L, if the electrode separation is large. According to the following
formula, energy (W) is related to current intensity and time (t): W = U.Lt. This indicates
that as the ohmic drop rises, so does the power usage. The main drawback of this energy
usage is the rise in the cost of producing sodium hypochlorite [41]. The optimal amounts
of generated NaOCl were thus reached at a 0.5 cm interspacing.

From previous results, it can be deduced that the optimum processing factors illus-
trated in Table 4 were the flow rate (4.5 mL/min), current density (3.18 m A/ cm?), 0.5 cm
inert electrode spacing, and 40,000 ppm salinity, with 20 min (steady state) as an optimum
treatment time. A comparison was made between the quality of the product (NaOCl)
using the proposed cell and its concentration ratio (20%) with the concentration ratio of
commercial NaOCl (approximately 8-12%), which proved the quality of proposed cell
at optimum operating conditions and thus the quality of the product (NaOCl) and its
concentration ratio.



Energies 2023, 16, 4754

110f15

25 10
s Conc. Of NaoCl 9
20 —8— % Production of NaOCl 8
S —
S E
@)
Z 15 3
) <
= z
2 B
Rl
2 10 5
b= =
e 3
& o
X s
0
0 0.5 1 1.5 2 2.5 3

Electrode gap, cm

Figure 9. Influence of electrode spacing on NaOCI concentration and % production of NaOCl
(operating parameters: 4.5 mL/min, 40,000 ppm salinity, 3.183 mA /cm?, and 20 min).

Table 4. Summary of results for optimal processing factors to produce sodium hypochlorite.

Flow Rate  TDS in TDSout Iin I out Vin  Vout H. H Salinity  Electrode NaOCl Conc. gl(:;rsel?)t] Power
mL/min (ppm) (ppm) (A) (A) W) %) PHin  PHout (ppm) Gap (cm) (g/L) % mA/em? Kwh
45 40,000 12,000 1 ! 12 10.3 6.4 7.25 40,000 0.5 20.632% 3.183 0.0137

4. Statistical Analysis

To elucidate the impact of the processing factors on NaOCl production %, a mathe-
matical correlation must be submitted. Based on the aforementioned results, % NaOCl
production = f (feed flow rate, current density, salinity, and electrode gap). To acquire
a correlation that explicitly expresses the influence of all these operating variables on %
NaOCl production, a nonlinear statistical and least square multivariate regression technique
was used.

% NaOCl production = b, + by (ER) + b, (C.D) + b3 (S) + by (E.G) + ¢ (7)

where b, to by are the correlation coefficients; ER, C.D, S, and E.G are flow rate, current
density (mA /cm?), salinity (ppm), and electrode gap (cm), respectively; and ¢ is the error,
which is the difference between the detected experimental values and the correlation
expectation values. Table 5 elucidates the values and p-values of the correlation coefficients.
All the p-values are less than 0.001, which indicates that each term of the correlation is
significant. The ensuing correlation is:

% NaOCl production = —6.229 — 273.995 ER + 5.955 C.D + 0.00072 S — 4.889 E.G — 0.0215 C.D* - 1.005S* (8)

Table 5. Values and p-values of each term coefficient.

Coefficients Values p-Values
bo —6.229683692 0.021540278
by —273.9949222 1.28663 x 107°
by 5.954517056 3.57137 x 1077

bs 0.000719633 0.000194301
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Table 5. Cont.

Coefficients Values p-Values
by —4.888991478 2.31529 x 107°
bs —0.02147953 2.16509 x 10~
be —1.00524 x 1078 0.001746191

The normalized probability of the standard residuals and the mean of correlation errors
is equal to zero, as exhibited in Figure 10. The linear distribution of the residual errors
shows that the errors are normally distributed, indicating that the model anticipations are
not influenced. Figure 11 exhibits that the acquired correlation is comparatively predictive
of the detected values of % NaOCl production.

Normal Probability

1.2
1 o
"o
£ ..
= 0.8 ..
= ‘-
s 06 o.,.”
-9 .. @
. @
0.4 %
R y=-0.2854x+ 0.5 REENPY
Vel R2=0.9844 S..
® .
0 [ -

-2 -1 0 1
Standard error

(5]

Figure 10. Normal probability of standardized errors.
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Figure 11. Detected % NaOCl production vs. expected % NaOCI production.

5. Comparison between Proposed Electrochemical Cell Using Flow-by Porous
Graphite Electrode and Traditional Electrochemical Technologies

Table 6 exhibits the comparison between electrochemical cells applied in this study
and other types of electrochemical cells applied in other research. It is obvious that there are
different results due to differences in electrode materials used for the anode and cathode,
as well as cell design, operating conditions, and system type. This comparison was made
using various factors such as the electrode material used for the anode and cathode, along
with the current density, NaOCI concentration, and electrolysis time (h).
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Table 6. Comparison between the proposed electrochemical cell and traditional electrochemical cells.

Current . NaOCl
Anode and Cathode Current (A) Density, El%gg‘;l}:ls Conc. C(l)\rIlio(C;L) Vo(l‘t;l)ge, System Ref.
(mA/cm?) ' (8/L) % '8
Graphite granules
anode using 4 3.183 0.33 20.632 8.2528 10.3 Continuous ~ Our Study
flow-by technique
Stainless steel 20 - - 55 - - Batch [42]
Titanium 100 - - 0.86 - - - [42]
Pepcon systems
100-AMP cell .
titanium cathode, 30 - - 0.1 - - Continuous [19]
graphite anode
Cathode stainless
steel anode RuO 72 - - 10.2 30 - Continuous [19]
on Ti
Ceramic membrane .
(NasZr,Si,POC)12 - 74 1.79 26 - Continuous [19]
Anode RuO on Ti 3.6 . ; 6.8 30 - Continuous [19]

The results demonstrate that the electrochemical cell applied in this study can produce
sodium hypochlorite from salty wastewater with higher concentrations at a lower current
(power) compared to other methods. This is due to the graphite granules used as anodes
with a high surface area per unit volume compared to other planar electrode types. On the
other hand, this cell also has a shorter electrolysis time compared to the ceramic membrane
(Na3Zr;Si,POC)1» method, which needs 74 h [19]. The results also demonstrate that this
cell had the second-best sodium hypochlorite concentration in the effluent after RuO on Ti
as the anode and stainless steel as the cathode, but it is better than this method in terms
of the current needed (power) [19]. Ultimately, this cell is economical in energy, operation
time, and product concentration. The results also demonstrate that the production of
sodium hypochlorite was achieved at a higher concentration (approximately 20%) than the
concentrations of commercial sodium hypochlorite (approximately 8-12%).

6. Conclusions

This study aimed to develop a continuous flow system for producing sodium hypochlo-
rite from salty wastewater in Egypt. The experimental setup utilized a bench-scale electro-
chemical cell with porous graphite electrodes as the anode material. The study investigated
the impact of various parameters, such as flow rate, salt concentration, inert electrode spac-
ing, and current density, on the production of sodium hypochlorite. The results revealed
that increasing the applied current density and salt concentration, as well as decreasing
the salty wastewater flow rate, led to a higher yield of sodium hypochlorite. The most
optimal conditions for maximum sodium hypochlorite yield (20.6%) were observed at a
4.5 mL/min flow rate, 3.183 mA /cm? applied current density, 0.5 cm inert electrode spacing,
and 40,000 ppm salinity, with a power consumption of 0.0137 Kwh for 20 min. The use of
flow-by porous electrodes proved to be highly effective in producing sodium hypochlorite
from seawater, and the proposed electrochemical cell demonstrated superior performance
in terms of energy and operation time, as well as product concentration, compared to other
methods, and a commercial sodium hypochlorite concentration of approximately 8-12%.
The study also generated a statistical and least square multivariate regression technique to
predict the % NaOCI production, with an achieved correlation R? of 98.4%. The ensuing
correlation is:

% NaOCl production = —6.229 — 273.995 ER + 5.955 C.D + 0.00072 S — 4.889 E.G — 0.0215 C.D* — 1.005 S?
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