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Abstract: Available chlorine has been widely used for the sterilization and disinfection of the tap water supply.
The development of a device is awaited which will enable the generation of available chlorine at high
concentrations with high efficiency. The purpose of this paper is to propose optimum operation conditions for
available chlorine production from the standpoint of high concentration. The experiment is conducted using a
flow-type reactor with narrow and parallel electrode plates, even though it lacks a barrier membrane between
the plates. The governing factors are the electrode plate interval and the flow rate of sodium chloride solution
from the viewpoint of hydrodynamics, and the concentration of sodium chloride of the medium and current
density supplied to the electrode plates from the standpoint of chemical reactions. The concentration of
available chlorine was measured using a residual chlorine meter. The influence of operation conditions on the
concentration of available chlorine is shown. Moreover, the governing factors are examined using experimental
design because many experimental conditions are expected for the above conditions. As a result, the high
concentration production of available chlorine is strongly affected by the current density as well as sodium
chloride concentration. These results will be useful for producing chlorinated water, called hypochlorous acid
water.
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I. INTRODUCTION

The supply of safe drinking water is very important for sustainable human life. An abundant supply of
drinking water from a faucet remains insufficient in many developing countries. Unpurified water leads to
infection and disease. Hypochlorous acid water, which contains available chlorine, is useful for the sterilization
and disinfection of the tap water supply [1, 2]. In addition, disinfected water is in demand from a medical
standpoint because it is used in measures dealing with natural calamities [3]. In this case, a highly concentrated
disinfectant or the on-site production of disinfected water is desired in order to reduce transport capacity. As a
sterilization disinfectant, it is widely used to disinfect devices and various apparatuses, e.g., in the
manufacturing process of various foods including the disinfection of drinking water, fruits, vegetables, and dairy
products [4]. The bactericidal effects of available chlorine are useful to the marine products industry as well as
the food industry. As an example, the disinfection of water for the aquaculture of seed production is very
important for preventing the spread of infectious disease [5]. In addition, the production efficiency of available
chlorine is also important from the standpoint of energy consumption for production. Therefore, the
development of a simple device is needed which makes it possible to produce available chlorine at a high
concentration with a high efficiency. The characteristics of available chlorine and related chemical substances
have been investigated in detail [6-11].

The purpose of this paper is to examine parameters influencing the production of hypochlorous acid
water with emphasis on obtaining a high concentration [12, 13]. In the experiment, hypochlorous acid water is
produced by the electrolysis of sodium chloride solution. Hypochlorous acid water with gas flows between the
anode and cathode electrode plates, and with no membrane separating the flow between the electrode plates.
Gas and liquid two-phase flow in narrow and parallel electrode plates is examined, where gas is generated
during the experiment by chemical reactions and becomes an obstacle for the chemical reactions. The
concentration of hypochlorous acid is evaluated by changing the electrode interval, electric current density, flow
rate and concentration of sodium chloride solution.
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Il. HYPOCHLOROUS PRODUCTION MECHANISM

2.1 Available chlorine

Available chlorine is a generic name for chlorine that shows bactericidal action. Free chlorine and
combined chlorine are both included in available chlorine. The free chlorines are hypochlorous acid (HCIO),
hypochlorous acid ion (OCI") and chlorine gas (Cl,) [14-16]. These three kinds of free chlorine change their
respective existence ratios based on pH, as shown in Fig. 1. In this experiment, almost all of the free chlorine in
the solution is HCIO, because the produced solution becomes around pH 5 [16]. Table 1 shows the principal
characteristics of HCIO [9]. The order of antiseptic capability is Cl, < OCI" < HCIO. HCIO shows the strongest
bactericidal activity in free chlorines. Free chlorine destroys the cell films and the cell walls of microorganisms
and viruses using its strong oxidation, and sterilization or disinfection effects are demonstrated by the
degeneration of an internal protein and nucleic acid. Moreover, HCIO exists only as an aqueous solution, and it
can be obtained in a solution of up to 25%. It is readily susceptible to heat, and the decomposition of HCIO to
hydrochloric acid HCI, oxygen O, and chloric acid HCIO; are promoted at water temperatures of over 44 °C
[17]. Therefore, it is necessary to note the temperature of the aqueous solution.
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Figure 1. Forms of free chlorine

Table 1. Properties of HCIO
Structural diagram H-O-CI

2.95x10 mol/l
(HCIO — H' +CIO)

Dissociation constant Kycio

Molecular weight Mycio 52.45 g/mol
Degradation temperature 44 °C
Oxidation number +1

2.2 HCIO production mechanism

It is necessary to add chloride to water as an electrolysis auxiliary agent in order to produce HCIO.
Sodium chloride, NaCl, is used as an electrolysis auxiliary substance in this experiment because its treatment is
safe and easy. Figure 2 shows a production process for HCIO that uses no diaphragm electrolyzer [12, 13]. NaCl
is dissociated into chloride ion CI" and sodium ion Na® in water. At the anode, H,O is decomposed into O, and
H* by oxidation action, and Cl, is produced from CI" also by oxidation action. The production of Cl, occurs
preferentially over H,O decomposition because CI™ is a halogen ion. Although almost all produced Cl, is
released outside as a gas, part of it is dissolved into H,O and produces HCIO. On the other hand, at the cathode,
an electron is given to H,O by a reducing process, and H, and hydroxide ion OH" are produced. Sodium ion Na*
produced at the cathode combines with hydroxide OH", and then sodium hydroxide NaOH is produced. In
addition, Na* combines with HCI and hypochlorous acid HCIO, then NaCl and sodium hypochlorite NaCIO are
also produced in the solution, too. NaClO also exhibits bactericidal action [18-21].

Figure 3 shows the relation of electric potential and voltage in a reactor consisting of electrode plates
with electrolytic solution [22-26]. The electrified state of the electrode plates can be controlled by the
application of voltage to the plates. The distribution of ions which have an opposite charge to the electrode
plates will change in proportion of the electrified state. The electric potential is divided into three types that are
caused at each layer, such as the Helmholtz double layer, the diffuse electric double layer and other solution
regions, as shown in Fig. 3. The electric double layer, and especially the Helmholtz double layer, has a property
of accumulating electricity. The electric potential of the solution resistance becomes lower as the concentration
of ions in the electrolyte solution becomes higher. Generally, almost all impressed voltage to the electrode plates
is consumed at the Helmholtz double layer.
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Figure 2. HCIO production process Figure 3. Relation of electric potential and voltage
111. EXPERIMENTAL APPARATUS AND PROCEDURE

3.1 Experimental apparatus

The experimental apparatus employed in this experiment is shown in a decomposed state in Fig. 4. The
system consists of the test section, tubing pump, power supply for electrolysis, data logger for recording applied
voltage and local temperature, clamping meter for the current measurement and the beaker for inspection [12,
13]. In this system, NaCl solution passes between the narrow electrode plates, that is, a flow-type electrolysis
device without a membrane separator. The interval between the titanium electrode plates, d, is changed using
spacers of several thicknesses. The aspect ratio of the electrode is 100 mm x 50 mm in height and width,
respectively. In addition, the reaction area, S, of each electrode plate is the same. A sight glass is placed at the
exit region of the reactor in order to observe the behavior of the bubbles created by the chemical reaction. An
electrode made by a titanium plate coated with a thin layer of platinum is applied [27]. The thickness of the plate
is 0.5 mm and the platinum is 50 um. The thermocouples are fitted on the back side of the titanium plate to
observe the plate temperatures which are then recorded by a data logger. Each titanium electrode plate is fixed
to a 30 mm thick acrylic plate, with the titanium electrode plates fixed parallel to one another. The joint surface
of each element of the device is sealed by O-rings. A small chamber with parallel thin tubes is set at the entrance
region of the test section in order to have a uniform stream over the inlet cross section.
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Figure 4. Experimental apparatus employed in this experiment
3.2 Experimental procedure

Firstly, the decomposition voltage of the NaCl solution is measured for each NaCl concentration,
electrode plate interval and flow rate to find a minimum impressed voltage. Then, the experiment is started. At
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the beginning of the experiment, the flow temperature is unstable as the electrode plates are heated because of
Joules’ law. After the steady state condition is achieved, HCIO solution, local temperatures, impressed voltage
and current are measured.

A residual chlorine meter is introduced to measure the concentration of available chlorine by means of
the absorptiometric method using a DPD (Diethyl-Phenylene-Diamine) reagent. The concentration of collected
available chlorine is too dense to measure using a residual chlorine meter. Therefore, the collected solution is
diluted to a predetermined magnification using purified water in order to obtain the optimum range of
concentration for the meter. The measured value is multiplied corresponding to the above magnification factor
to provide a true dimension.

3.3 Theoretical decomposition voltage of NaCl solution

In order to produce HCIO from a NaCl solution by electrolysis, Cl, has to be produced at the anode
side, as shown in Fig. 2. The minimum voltage to produce Cl, should be confirmed theoretically before the
experiment. First, the standard electrode potentials of each electrode plate are estimated. The electrolysis will
begin over this electrode potential. The standard electrode potential is derived using standard Gibbs energy of

formation. The standard Gibbs energy of formation AG® is emitted from each electrode plate as an electric
energy.

—AG® =nFAV 1)

Here, n is the electron count that participates in the reaction, F is a Faraday's constant F =9.65x10* C/mol, and
AV is the electric potential difference.
The reaction at an anode plate, Cl, is produced from CI" as shown in Eqg. (2).

2CI - Cl+2¢ @)

Therefore, the electric potential difference, AV, , required to produce Cl, is estimated by Eq. (1)
because 1 mole of electron reacts with 1 mole of CI'.

AG°(CI")
AVer, ===
 -131.23x10° _
1x(9.65x10%)

6V (3)

Here, AG°(CI7) = -131.23 kJ/mol at 25 °C, 1 atmosphere [28].
On the other hand, at a cathode plate, H, is produced from H,O as shown in Eq. (4).

2H,0 + 26 — H,+20H (4)

The electric potential difference, AV, , required to produce H, is estimated by Eq. (1) as follows
because 2 moles of electron reacts with 1 mole of H..

AG°(OH")

- nF

_ —157.24x10°
2% (9.65x10%)

AVH2 =

1V Q)

Here, AG°(OH™) = -157.24 kJ/mol at 25 °C, 1 atmosphere [28]. Therefore, the overall reaction needed to
produce HCIO is shown in Eq. (6).

ClL+H,0 — HCIO+H"+CI (6)

As a result, the electric potential difference between anode and cathode electrode plates is estimated as
follows.
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AVicio = AVg), +AVy,
=1.36+0.81=2.17 V (7)

The electric potential difference, called the decomposition voltage, AV, cio=2.17 V is required

theoretically to produce HCIO. The decomposition voltage will increase slightly in the experiment because the
electrolytic solution includes infinitesimal impurities and because of overvoltage at the electrode plates.

1V. EXPERIMENTAL RESULTS AND DISCUSSION
4.1 Current-voltage characteristics of electrode plates
In order to confirm the characteristics of the electrode plate, the current-voltage relationship is
important to setup an experimental condition. Figure 5 shows a current-voltage relation for the concentration of
NaCl Cpacr = 50,000 mg/l and volume flow rate Q =0.0551 ml/s as an example. In this experiment, the

decomposition voltage for the reaction is estimated to be around 2.2 Vdc. Therefore, the voltage between
electrode plates is set at over 2.2 Vdc in this experimental condition.
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Figure 5. Example of current-voltage relation (Cyaci = 50,000 mg/l, Q =0.0551 ml/s)

4.2 Index for high-concentration production

The purpose of this study is to produce HCIO at a high-concentration. The production at a high
efficiency is also important. However, this is next to impossible to carry out simultaneously. Therefore, the
concentration and efficiency of the produced HCIO are evaluated individually.

The basic balance condition may be expressed as follows:

QxCpac «10-6 = 1s %S

(8)
M NacCl F

Here, Cnaci is the concentration of the NaCl solution [mg/l], Q is the flow rate of the NaCl solution [ml/s],

Mnaci is the molecular weight of the NaCl [g/mol], F is the Faraday’s constant [C/mol], I, is the current density
supplied to the electrode [A/m?], and S is the reaction area [m?]. This is configured to be equal to the number of
moles of both CI" and e". The supplied current density on the electric plates is estimated by Eq. (8). Then, after
the influence of concentration of NaCl solution on the available chlorine concentration is recorded, the current
density and flow rate of the NaCl solution will be changed for the electrode plate intervals.

There are many experimental conditions in this experiment. Therefore, the narrowing of experimental
conditions is introduced in this experiment in order to obtain the influence of these experimental parameters.
Firstly, the influence of the NaCl concentration in the solution, Cyac, On the available chlorine concentration,
Cac, is evaluated for plate intervals with a constant flow rate. Next, the influence of the current density, I,
supplied to the electrode plate on the Cac is examined for the Cyac) Where the higher Cac was obtained. Then,
the influence of the flow rate of solution on the Cxc is examined based on the optimum Cya,c and Is. Finally, the

influence of the plate interval, d, on the Cac is examined based on the optimum amounts of Cyac, |s and Q . The

electrode plate intervals are varied in each experiment because the bubbles generated by the chemical reaction
affect the effective reaction area of the electrode plates.
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4.3 Dependence of NaCl concentration of solution flowing into a reactor

The NaCl concentration in the solution flowing into a reactor, Cyac, is varied to show the influence of
CI" on available chlorine production. Table 2 and Fig. 6 show the experimental results for a constant flow rate
and several plate intervals. As the NaCl concentration increases and the electrode plate interval becomes larger,
the available chlorine concentration, Cac, increases. The reason is that the increase in the abundance of CI™ will
increase the molar density of CI" close to the anode. It makes reactions at the anode surface easily, and the
available chlorine concentration will increase. The gradient of Cac resulting from d = 1.0 mm in Fig. 6 is smaller
than in other results. It may be considered that the bubbles generated by the reaction will reduce the contact
surface area between the liquid and electrode plates. As a result, the bubbles prevent a reaction between narrow
electrode plates. Higher generation of Cac is obtained at Cyac) = 50,000 mg/l in this experiment.

In the low Cyaci conditions, the range of Cac distribution is small compared to the highest Cyac
conditions, as shown in Fig. 6. In this condition, CI" production may be small and Cl, may react sufficiently in
each plate interval. As a result, Cac does not heavily depend on the plate interval in the lower Cy,c). On the other
hand, in the high Cyaci conditions, the difference obtained from d =1.0 mm to 3.0 mm is smaller than that of d =
3.0 mm to 5.0 mm. It may be considered for d = 1.0 mm that the bubbles created between the narrow parallel
plates fill up the reaction surface of the plates and prevent the reactions.

Table 2. Experimental results at a constant flow rate (Q = 0.0551 ml/s)

Electrode interval Concentration of NaCl Current density Voltage Concentri::l% r:i(r)]l;avallable
d [mm] Chnaci [mg/1] Is [A/m?] V [Vdc] Cac[M/l]
10,000 182 3.12 720
20,000 363 3.27 2,180
1.0 30,000 545 3.36 3,190
40,000 727 3.50 4,240
50,000 909 3.65 4,910
10,000 182 3.46 610
20,000 363 3.67 2,550
3.0 30,000 545 3.59 4,060
40,000 727 3.61 4,660
50,000 909 3.75 6,040
10,000 182 3.65 680
20,000 363 3.83 3,120
5.0 30,000 545 3.89 4,290
40,000 727 3.98 5,710
50,000 909 4.03 6,840
— 10,000 T T T
22 " Electrode plate interval
g = 8,000 F < 1.0mm
§ S - 0O 3.0mm
g .QE_, 6,000 } A 5.0mm fos]
€5 <P
"E S 4,000 £
3
5 2,000
(@)
0 8

0 20,000 40,000 60,000
NaCl concentration Cnaci [mg/I]

Figure 6. Concentration of available chlorine (Q = 0.0551 ml/s)

4.4 Dependence of current density
Current density supplied to the electrode plate is varied. However, the flow rate is fixed at Q = 0.0551

ml/s, and the NaCl concentrations of the medium chosen here are Cyaci = 30,000, 40,000 and 50,000 mg/l,
because higher concentration production of the available chlorine were achieved in these conditions during the
preliminary experiment.

The experimental results are shown in Table 3 and Fig. 7. The concentration of available chlorine Cac
increases as the current density increases. The mobility of ions and electrons become active as the current
density increases. Here, the mobility of CI™ becomes active and the reaction of CI increases. As a result, Cac
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increases as the current density increases. On the other hand, the mobility of CI" becomes slower when the
current density is smaller. In this case, the electron will be consumed in the H,O reducing reaction. The fluid
temperature between the electrode plates rises with higher current densities and HCIO will be decomposed at
just over 44 °C. A higher Cxc was obtained at I, = 800 A/m? in this experiment.

Table 3. Experimental results at several current densities (Q = 0.0551 ml/s)

Electrode interval Concentration of NaCl Current density Voltage Concentratlon_of available
d [mm] Chact [Mg/l] Is [A/m?] V [Vdc] chlorine
NacCl g s CAC [mg/l]
200 3.04 1,960
400 3.26 3,260
30,000 600 3.45 3,590
800 3.60 4,060
200 2.65 2,000
400 3.18 3,490
10 40,000 600 3.40 3,920
800 3.59 4,590
200 2.96 2,280
400 3.19 3,380
50,000 600 3.34 3,840
800 3.51 4,460
200 3.03 1,390
400 3.34 3,030
30,000 600 3.65 3,790
800 3.87 4,770
200 2.55 2,700
400 3.35 3,700
30 40,000 600 3.57 5,210
800 3.78 5,540
200 2.56 3,080
400 3.27 4,120
50,000 600 353 5,180
800 3.70 6,280
200 3.24 2,240
400 3.68 3,960
30,000 600 3.97 4,690
800 4.22 5,200
200 3.11 2,910
400 3.58 4,700
50 40,000 600 3.82 5,340
800 4.00 6,450
200 2.64 3,150
400 3.44 4,540
50,000 600 3.75 5,830
800 3.93 6,840
30,000 40,000 50,000 mg/I
10,000 — mMm
= 110 ¢ © o
Ko 30 O O O
2 Y 8,000 H 5.0 A A A
= <
E i
= 2 6,000
52 \ g
£5 4,000 3
= g $
8
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Figure 7. Concentration of available chlorine versus current density (Q = 0.0551 ml/s)
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4.5 Dependence of solution flow rate

The flow rate of the NaCl solution is varied and the NaCl concentration is fixed at Cnaci = 50,000 mg/I.
Current densities are set at I, = 600 and 800 A/m? in order to achieve a sufficient reaction. The results are shown
in Table 4 and Fig. 8. The concentration of available chlorine Cac decreases as the flow rate increases. As the
flow rate increases, the volume flow rate of H,O increased and the reaction of Cl, on the electrode plate is
reduced because Cl, has fewer chances to undergo the desired reaction. As a result, Cl, does not sufficiently
dissolve into H,O and then flows out. In order to produce a high concentration of available chlorine, a lower
flow rate may be desired.

Table 4. Experimental results at several flow rates (Cyaci = 50,000 mg/I)

Electrode interval Flow rate Current density Voltage Concentriglc:)r:icr)ll;avallable
d [mm] Q [mlis] Is [A/m*] V [Vdc] Colmal]
0.0775 3.40 3,800
10 0.1140 341 3,080
0.0775 361 4,540
30 0.1140 3.61 4,010
0.0551 800 3.70 6,280
0.0775 3.75 5,520
0.1140 3.82 4,870
0.0358 3.74 6,070
0.0551 600 3.75 5,830
0.0775 3.77 5,220
5.0 0.1140 3.79 4,390
' 0.0358 3.87 7,030
0.0551 800 3.93 6,840
0.0775 3.98 6,010
0.1140 4.01 5,140
600 800 A/m2
10,000 mm -
= 1.0 & <O ]
2 2 30 O O
3 8000 50 A A -
s I A N
b ) o JAY
« @ 6,000 A yAY -
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Figure 8. Concentration of available chlorine versus flow rate (Cyac) = 50,000 mg/l)

4.6 Dependence of electrode plate interval

Gas and liquid two-phase flow in the narrow and parallel flat plates has very complex flow
characteristics. Especially, the generated gas in the flow field may fill up the narrow space and prevent further
reactions. The concentration of available chlorine, Cpc, increases as the plate interval increases, as shown in
Figs. 6-8. As the plate interval increases, the liquid has a chance to make contact with the electrode plates
without small bubbles, and the flow velocity becomes low for a constant volume flow rate. In this case, the
reaction time of the NaCl solution increases. As a result, Cl, is easy to dissolve into the solution at low flow
velocity, and thus Cac increases.
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4.7 Overall evaluation for high-concentration production

In this experiment, the effects of the experimental parameters on the concentration of available chlorine,
Cac, are examined. Geometrical influence and flow conditions are considered as experimental parameters in this
experiment. The electrode plate interval is varied for the first mentioned of the two, and the flow rate, current
density and NaCl concentration of the solution are varied for the latter. However, the overall evaluation is very
important for an actual device design. An experimental design is introduced in this evaluation [29, 30]. This
method clarifies the respective importance of each parameter. Table 5 shows the results estimated using an
experimental design method for an obtained Cac mentioned above. As a result, current density strongly
contributes to Cac production. These results agree well with the experimental results mentioned above.

Table 5. Contribution of parameters to the formation of available chlorine

Factor Rate of contribution [%]
Current density I 56.6
Flow rate Q 2.7
Concentration of NaCl Cyaci 23.2
Error 17.5
Total 100.0

V. CONCLUSION

The high concentration production of available chlorine is investigated experimentally using a narrow
and parallel electrode plates without a barrier membrane. The flow between the plates is gas and liquid two-
phase flow, and the bubbles in the flow field prevented the chemical reaction. In this experiment, the NaCl
concentration of the solution, current density supplied to the electrode, electrode plate interval and volume flow
rate are all taken into account as experimental parameters. The high concentration production of Cuc is affected
strongly by the current density and the NaCl concentration. However, bubbles between the electrode plates
prevent the chemical reaction. These results will be useful to produce chlorinated water, called hypochlorous
acid water, with a high efficiency, too.

Nomenclature
= Concentration [mg/I]
Electrode plate interval [mm]
= Faraday constant (9.65x10* C/mol)

AG°® = Standard Gibbs energy of formation [J/mol]
= Current density [A/m?]

ma O
1

|

K = Dissociation constant [mol/I]
M = Molecular weight [g/mol]

n = Electron count [-]

Q = Volume flow rate [ml/s]

S = Reaction area [m?]

\Y = Voltage [V]

AV = Electric potential difference [V]
Subscripts

AC = Available chlorine

NaCl = Sodium chloride
S = Electrode surface
REFERENCES
[1] C. L. Hawkins and M. J. Davies, Hypochlorite-induced Damage to Protein: Formation of Nitrogen-centered Radicals from Lysine
Residues and Their Role in Protein Fragmentation, Biochemical Journal, 332, 1998, 617-625.
[2] C. L. Hawkins and M. J. Davies, Hypochlorite-induced Oxidation of Proteins in Plasma: Formation of Chloramines and Nitrogen-

centered Radicals and Their Role in Protein Fragmentation, Biochemical Journal, 340, 1999, 539-548.

[3] M. Nishimura, N. Kariya, U. Hulan, C. Y. Duan and T. Shimono, Comparison of the Hand Disinfectant Effects between Super
Hypochlorous Water and 7.5% Povidone-iodine, Pediatric Dental Journal, 14(1), 2004, 1-3.

[4] M. E. Parish, L. R. Beuchat, T. V. Suslow, L. J. Harris, E. H. Garrett, J. N. Farber and F. F. Busta, Methods to R educe/Eliminate
Pathogens from Fresh and Fresh-Cut Produce, Comprehensive Reviews in Food Science and Food Safety, Chapter V, 2, 2003, 161-
173.

[5] H. Kasai, M. Yoshimizu and Y. Ezura, Disinfection of Water for Aquaculture, Proc. of International commemorative Symposium,
70™ Anniversary of the Japanese society of Fisheries Science, Fisheries Science, 68, Supplement I, 2002, 821-824.

DOI: 10.9790/1684-12524857 www.iosrjournals.org 56 | Page



Experimental Investigation on Hypochlorous Acid Water Production using Electrode Plates ...

(6]

[71

(8]
[9]
[10]
[11]

[12]

[13]
[14]
[15]
[16]
[17]
[18]

[19]
[20]

[21]
[22]

[23]
[24]

[25]
[26]

[27]
[28]

[29]
[30]

L. Wang, M. Bassiri, R. Najafi, K. Najafi, J. Yang, B. Khosrovi, W. Hwong, E. Barati, B. Belisle, C. Celeri and M. C. Robson,
Hypochlorous Acid as a Potential Wound Care Agent: Part |. Stabilized Hypochlorous Acid: A Component of the Inorganic
Armamentarium of Innate Immunity, Journal of Burns and Wounds, 6, 2007, 65-79.

M. C. Robson, W. G. Payne, F. Ko, M. Mentis, G. Donati, S. M. Shafii, S. Culverhouse, L. Wang, B. Khosrovi, R. Najafi, D. M.
Cooper and M. Bassiri, Hypochlorous Acid as a Potential Wound Care Agent, Part Il. Stabilized Hypochlorous Acid: Its Role in
Decreasing Tissue Bacterial Bioburden and Overcoming the Inhibition of Infection on Wound Healing, Journal of Burns and
Wounds, 6, 2007, 80-90.

C. M. Gerritsen and D. W. Margerum, Non-metal Redox Kinetics: Hypochlorite and Hypochlorous Acid Reactions with Cyanide,
Inorganic Chemistry, 29,(15), 1990, 2757-2762.

J. A. Wojtowicz, Chlorine Oxygen Acids and Salts, in H. F. Mark, D. F. Othmer, C. G. Overberger, G. T. Seaborg, M. Grayson and
D. Eckroth (Eds), Encyclopedia of Chemical Technology, 3rd ed., 5, (New York: John Wiley & Sons, 1979), 580-611.

A. R. Brazis, J. E. Leslie, P. W. Kabler and R. L. Woodward, The Inactivation of Spores of Bacillus Globigii and Bacillus Anthracis
by Free Available Chlorine, Applied Microbiology, 6(5), 1958, 338-342.

W. G. Jennings, Theory and Practice of Hard-surface Cleaning, in C. O. Chichester, E. M. Mrak and G. F. Stewart (Eds.), Advances
in Food Research, 14, (New York: Academic Press, 1965), 325-458.

N. Maruyama, M. Noda, H. Goshima, M. Okamoto and M. Hirota, Experimental Investigation on Two-phase Flow of
Hypochlorous Acid Water Production in Narrow and Parallel Electrode Plates without Barrier Membrane, Proc. of 7th International
Energy Conversion Engineering Conference 2009, Paper No. AIAA2009-4608, 2009, 1-14.

N. Maruyama, M. Okamoto, M. Noda, H. Goshima and M. Hirota, Experimental Investigation on Supply of Safe Tap Water, Proc.
of the International Conference on Green and Sustainable Innovation 2009, 2009, 1-8.

S. Fukuzaki, Mechanisms of Actions of Sodium Hypochlorite in Cleaning and Disinfection Processes, Biocontrol Science, 11(4),
2006, 147-157.

G. M. Fair, J. C. Morris, S. L. Chang, I. Weil and R. P. Burden, The Behavior of Chlorine as a Water Disinfectant, Journal of
American Water Works Association, 40, 1948, 1051-1061.

K. Kuroiwa, H. Nakayama, T. Kuwahara, K. Tamagawa, K. Hattori, K. Murakami, H. Korai and Y. Ohnishi, Augmenting Effect of
Acetic Acid for Acidification on Bactericidal Activity of Hypochlorite Solution, Letter in Applied Microbiology, 36, 2003, 46-49.

T. X. Wang and D. W. Margerum, Kinetics of Reversible Chlorine Hydrolysis: Temperature Dependence and General-acid/base-
assisted Mechanisms, Inorganic Chemistry, 33(6), 1994, 1050-1055.

S. Fukuzaki, H. Urano and S. Yamada, Effect of pH on the Efficiency of Sodium Hypochlorite Solution as Cleaning and
Bactericidal Agents, Journal of the Surface Finishing Society of Japan, 58(8), 2007, 465-469.

C. M. Cousins, C. D. Allan, Sporicidal Properties of Some Halogens, The Journal of Applied Bacteriology, 30(1), 1967, 168-174.

H. Urano and S. Fukuzaki, The Mode of Action of Sodium Hypochlorite in the Cleaning Process, Biocontrol Science, 10(1-2),
2005, 21-29.

H. Kubota, K. Sato, N. Sasaki, Y. Kawamura, Y. Ozeki and H. Akiyama, Formation of Volatile Halogenated Compounds in Fresh-
cut Cabbage Treated with Sodium Hypochlorite, Japanese Journal of Food Chemistry and Safety, 19(2), 2012, 94-103.

H. V. Olphen, Electric Double-Layer Structure and Stability of Clay Suspensions, in An introduction to clay colloid chemistry, 2™
ed., 7, (Krieger Publishing Company, 1991), 92-110.

J. Koryta, lons, electrodes, and membranes, (Wiley, 1982), 111-115.

R. Parsons, The Structure of the electrical double layer and its influence on the rates of electrode reactions, in P. Delahay and C. W.
Tobias eds., Advances in Electrochemistry and Electrochemical Engineering, 1, (Interscience Publishers, 1961), 2-64.

P. Delahay, Double Layer and Electrode Kinetics, Part 1: The Electrical Double Layer, (John Wiley & Sons, 1965), 15-149.

P. Dlugolecki, P. Ogonowski, S. J. Metz, M. Saakes, K. Nijmeijer and M. Wessling, On the resistances of membrane, diffusion
boundary layer and double layer in ion exchange membrane transport, Journal of Membrane Science, 349(1-2), 2010, 369-379.

P. C. Foller, C. W. Tobias, The Anodic Evolution of Ozone, Journal of the Electrochemical Society, Electrochemical Science and
Technology, 129(3), 1982, 506-515.

D. V. Schroeder, An Introduction to Thermal Physics, (Addison-Wesley, 2000), 404-405.

D. C. Montgomery, Design and Analysis of Experiment, 3". ed., (John Wiley & Sons, 1991), 1-13.

D. C. Montgomery, Design and Analysis of Experiment, 3". ed., (John Wiley & Sons, 1991), 414-433.

DOI: 10.9790/1684-12524857 www.iosrjournals.org 57 | Page



