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ARTICLE INFO ABSTRACT

Keywords: A novel method was used to produce near neutral pH electrolysed water (NEW) by developing a portable
Chlorine electrochemical sanitising unit that uses diluted sodium chloride and sodium bicarbonate solution (6 mM) as
Electrolyzed water electrolytes. The unit produced NEW at pH 5.70 to 7.1, an oxidation-reduction potential of 802.2-933.8 mV, and
Sanitization

free available chlorine (FAC) of 3.3-70 mg/L. NEW produced by the unit with NaCl 10 g/L showed stronger
bactericidal effects than NEW produced by mixing the anode and cathode product from commercial unit's
(P < 0.05): 2.03 log colony forming units (CFU)/mL reductions compared with 1.66 log CFU/mL reductions. To
further understand the sanitising result, electron spin resonance and flow cytometry were performed. The results
showed NEW produced by the developed unit induced 82.2% injured cells compared with 54.4% by NEW
without detected free radicals. Overall, the current efficiency and power consumption were increased during
NEW generation for NEW using sodium bicarbonate compared with sole NEW. The developed NEW generator is

Sodium bicarbonate
Free radical

a promising sanitising unit for consumers and food industry to control foodborne pathogens.

1. Introduction

It is essential to provide adequate sanitising treatments during the
processing and preparation of fruit and vegetables in family kitchens
and in the food industry, especially because of the increasing con-
sumption of organic foods worldwide (Yu & Yang, 2017). Electrolysed
water (EW), also referred to as acidic EW, which is produced by elec-
trolysing a diluted NaCl solution with direct current (DC) (Liu, Tan,
Yang, & Wang, 2017a; Liu et al., 2017b; Sow, Tirtawinata, Yang, Shao,
& Wang, 2017), has been approved as a food sanitiser by the Food and
Drug Administration (Zhang & Yang, 2017). However, at low pH, EW is
corrosive, unstable, might be toxic to operators, and causes corrosion of
different types of metals. A feasible approach is the application of a
nearly neutral EW (NEW; pH 6.0-7.5) (Ayebah & Hung, 2005).

A number of studies demonstrate that NEW has a strong anti-
bacterial ability against a variety of foodborne pathogens, such as
Salmonella enteritidis, Listeria monocytogenes, Bacillus cereus, and
Escherichia coli 0157:H7 in fruit and vegetables, and food processing
equipment (Gil, Gémez-Lopez, Hung, & Allende, 2015; Len, Hung,
Erickson, & Kim, 2000; Liu et al., 2018; Luo, Kim, Wang, & Oh, 2016;
Park, Guo, Rahman, Ahn, & Oh, 2009; Xuan et al., 2016). However, the

NEW used was mainly produced by current commercial NEW-produ-
cing units with NaCl or NaCl mixed with HCI as electrolytes. These units
are quite large so that they are not convenient for households and small
food industries (Zhang, Zhou, Chen, & Yang, 2017; Yang, Feirtag, &
Diez-Gonzalez, 2013).

NaHCOs is a food additive that is allowed for application on various
commodities. In addition, NaHCO; is one of the most effective elec-
trolytes because of its high ionic mobility between cations and anions
(NaCl: 0.767, NaHCOs: 0.887) (Hanaoka, Sun, Lawrence, Kamitani, &
Fernandes, 2004). During electrolysis, the carbonate radical (COs")
may be produced, which is a potent strong one-electron oxidant (1.78 V
versus the standard hydrogen electrode (SHE) at pH 7) (Augusto et al.,
2002; Behar, Czapski, & Duchovny, 1970; Saha, Furuta, & Nishiki,
2004). Thus, the electrolysis of NaHCO3; with an NaCl solution might
enhance the sanitising effect of NEW.

In our previous study, we developed a portable flow-through elec-
trochemical sanitising unit that can produce NEW (Zhang, Yang, &
Chan, 2018; Zhang et al., 2017); however, the current efficiency (CE) is
low and the energy consumption is high because the two electrolytic
cells need to be used at the same time.

The objective of this research was to investigate the addition of
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Fig. 1. (A) Overview of the portable neutral electrolysed water (NEW) produ-
cing unit. (B) Schematic illustration of the portable NEW producing unit: 1,
electrolyte; 2, pump; 3, controller; 4, electrolytic cell; 5, power supply; 6, NEW
outlet; 7, catholyte outlet.

NaHCOs3 on the properties (free available chlorine (FAC), oxidation-
reduction potential (ORP), and pH) of electrolysed water based on an
NaCl solution. The effect on current efficiency and power consumption
during EW generation was also evaluated. The sanitising effect of NEW
yielded by the developed unit, and NEW produced by a commercial EW
generator on E. coli 0157:H7 C7927 and L. monocytogenes BAA-839
were compared. Flow cytometry (FCM) analysis and electron spin re-
sonance (ESR) were used to further understand the sanitising me-
chanism.

2. Materials and methods
2.1. Portable NEW producing unit

Fig. 1A shows an overview of the developed portable NEW producing
unit, which consists of two kinds of electrolyte (NaCl solution and
NaHCOj solution), a peristaltic pump, a controller (Nanjing Runzefluid
control equipment CO., Ltd, Nanjing, Jiangsu, China), an electrolytic cell
(Dongguan Sunrise Environmental Technology Co., Ltd, Guangzhou,
Guangdong, China) (L. X W X H, 100 mm X 50 mm X 10 mm), and a DC
power supply (KXN-305D, Shenzhen Zhaoxin Electronic Instrument
Equipment Co., Ltd, Shenzhen, Guangdong, China). Fig. 1B shows a
schematic illustration of the portable NEW producing unit with the ad-
dition of NaHCOs;. NEW was generated from the outlet of the anode
chamber of the electrolytic cell.

2.2. Analytical measurements of NEW

All chemicals used in this study were of analytical grade. Deionised
water (DI) was used for cleaning and dissolving solutes. The FAC con-
centration was determined by the iodometric method (Tang, Li, Li,
Chen, & Zeng, 2016). Briefly, potassium iodide was mixed with EW.
Chlorine was reduced by potassium iodide, forming an equivalent
amount of iodine, which was titrated with sodium thiosulfate
(NayS,03). ORP was measured using a Mettler Toledo Seven compact
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Fig. 2. Influence of NaHCO; concentration on free available chlorine (FAC), pH
and oxidation-reduction potential (ORP) of electrolysed water” with supply of
dilute NaCl solution™.

“HE: high electrolysis conditions, 10 g/L NaCl concentration, 400 mL/min,
30mA/cm? ME: middle electrolysis condition, 6g/L NaCl concentration,
600 mL/min, 22.5mA/cm? LE: low electrolysis condition: 2g/L NaCl con-
centration, 900 mL/min, 7.5 mA/cm?.

**Means within each NaHCO; concentration with different lowercase letters are
significantly different among the different electrolysis conditions (P < 0.05);
means within each group with different capital letters are significantly different
among different NaHCO3 concentrations (P < 0.05).

ORP meter (Metrohm Singapore Pte, Ltd, Singapore), and the pH was
measured with a Thermo Orion 410 pH meter (Thermo Scientific,
Waltham, MA, USA).

2.3. Current efficiency and energy consumption

The CE is defined as the ratio of actual active chlorine productivity
to theoretical chlorine productivity. Producing chlorine through elec-
trochlorination is a two-electron transfer process; therefore, the CE was
calculated according to Faraday's law, as follows (Choi, Shim, & Yoon,
2013):

VOIXAC X n X F

Current Efficiency (%) = X 100%

lgpp X
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Fig. 3. Effect of flow rate (A), current density (B) and NaCl concentration (C) on the free available chlorine (FAC) concentration, pH, and oxidation-reduction

potential (ORP) of neutral electrolysed water (NEW)* electrolysis process **.

*AE: add NaHCOj3 after electrolysis; BE: add NaHCO3 before electrolysis; NA: without adding NaHCOs3.
** Means within each flow rate with different lowercase letters are significantly different among different electrolysis processes (P < 0.05); means within each group
with different capital letters are significantly different among different flow rates (P < 0.05).

where i, is the applied current (A), t is the elapsed time (s), Vol is the
solution volume (L), AC is the concentration difference in chlorine (M),
n is the number of electrons required, and F is the Faraday constant
(96,485 Cmol 1.

Energy consumption was calculated as reported by Zaviska, Drogui
and Pablo (2012), with a slight modification:

b= Ul
v

where E is the energy consumption (kWh x m~3), I is the current in-
tensity (A), U is the electrical potential (V), and v is the flow rate of
NaCl solution (m3/h).

2.4. Efficacy of sanitising effect

The sanitising effects of NEW samples (20 mL) obtained from the
developed portable electrolytic unit were compared to those of NEW
samples prepared from a commercial electrolytic unit (Hoshizaki ROX-
10WB3-EW, Smitech (Asia) Pte Ltd, Singapore). E. coli 0157:H7 (strain
C7927), and L. monocytogenes (strain ATCC BAA-839) were used in this
study. The bactericidal activity of the NEW samples was determined as
previously reported, with slight modifications (Yang et al., 2013; Zhao,
Zhang, & Yang, 2017). Briefly, 24-h bacterial suspensions (10 mL each)
were centrifuged (3000 x g, 4°C) for 10 min, and the resulting pellets
were rinsed with 10 mL of sterile 0.1% peptone water (PW), cen-
trifuged, and re-suspended in 10 mL of PW. Subsequently, 1 mL of each
bacterial suspension was mixed with 9 mL of each of the NEW samples.
Aliquots (1 mL) were added to 9 mL of neutralising buffer solutions
(5.2 g/L; Becton, Dickinson and Company, Sparks, MD, USA). The
neutralised mixture was serially diluted for plating on petri dishes
containing nutrient agar. Following incubation at 37 °C for 24 h, bac-
terial colonies were counted. For each bacterial strain, two separate
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experiments were performed independently. For each experiment,
parallel groups were carried out in duplicate resulting in four ob-
servations for each strain.

2.5. Identification of free radical species by electron spin resonance (ESR)

The free radicals were examined according to the previous studies,
with slight modifications (Mokudai, Nakamura, Kanno, & Niwano,
2012; Xiong, Liu, & Liu, 2010). An aliquot (180 pL) of NEW produced
by the portable electrolytic sanitising unit and CNEW (produced by
mixing the anode and cathode product) was mixed with 40 uL. of 1 M 5,
5-dimethyl-1-pyrroline-N-oxide (DMPO) for 10s. Immediately after
mixing, the mixture was transferred to an ESR spectrometry cell, and
the ESR measurements were started after 30 s on an X-band of JEOL
(FA200) spectrometer. The measurement conditions were as follows:
field modulation frequency, 100 kHz; field modulation width, 0.1 mT;
amplitude, 2; sweep time, 30s; time constant, 0.03 s; microwave fre-
quency, 9.192 GHz; and microwave power, 1 mW.

2.6. Staining procedure and flow cytometry analysis

Membrane damage in bacteria following treatment by NEW pro-
duced from the developed sanitising unit was evaluated using SYTO9 (a
green fluorescent nucleic acid stain that stains live and dead gram-po-
sitive and gram-negative bacteria) and propidium iodide (PI) dye from
the LIVE/DEAD BacLight kit (Molecular Probes, Thermo Fisher
Scientific, Eugene, OR, USA). The stock solutions of the dyes were
prepared according to the LIVE/DEAD BacLight kit instruction and di-
luted 2 x in 0.22 pym-filtered sterilised DI water. Flow cytometry (FCM)
analysis with fluorescence staining was performed according to the
method described previously, with slight modification (Berney,
Hammes, Bosshard, Weilenmann, & Egli, 2007). Briefly, after
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Fig. 4. Current efficiency and energy consumption as a function of flow rate, NaCl concentration and current density (A, B: current density = 30 mA/cm?,
[NaCl] = 10 g/L; C, D, current density = 30 mA/cm?, flow rate = 600 mL/min; E, F: [NaCl] = 10 g/L, flow rate = 600 mL/min). BE: add NaHCOj3 before electrolysis;

NA: without adding NaHCO3.

treatment, the neutralised E. coli (by 0.22pm-filtered neutralising
buffer) samples (600 L) were immediately stained with two mixed
probes (SYTO9/PI). The mixtures were incubated in the dark for
15 min, then the stained samples were kept in the dark on ice and used
within 1h for FCM analysis (Berney et al., 2007).

FCM was performed on a CyAn®© ADP flow cytometer, with ex-
citation/emission of 480/500 nm for SYTO9 and 490/635nm for PI,
respectively. The Summit 4.3 software package was used to analyse the
FCM data. The signal/background ratio was calculated as fluorescence
with sanitiser/fluorescence without sanitiser.

2.7. Statistical analysis

Data were reported as the mean = the standard deviation. ANOVA
and Duncan's test were performed using SAS software (SAS Institute
Inc., Cary, NC, USA). Statistical significance was set at P < 0.05.
3. Results and discussion

3.1. Development of the NEW generating unit

3.1.1. The effect of the NaHCO3 concentration on properties of EW
The influence of different concentrations of NaHCOs (0, 2, 4, 6, 8,
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Table 1
Physicochemical properties of near neutral electrolysed water (NEW) solu-
tions™.

NEW group FAC (mg/L) ORP (mV)** pH

DI 0.0 = 0.0 330.1 + 8.0% 7.02 + 0.17%

CNEW**** 4.2 + 0.2¢ 830.3 + 14.0° 6.33 * 0.11™
8.3 = 0.4¢ 832.0 + 7.7 6.29 + 0.12"
10.4 * 0.5° 839.8 + 5.4 6.18 * 0.15"
20.2 * 2.0° 844.8 + 9.3 6.09 + 0.17°¢
41.7 * 212 868.6 + 6.8% 6.04 + 0.14%¢

NEWC 43 * 0.1° 835.7 + 18.8f 6.48 = 0.22°
8.6 = 0.2¢ 872.5 + 4.5 ¢de 6.2 = 0.15"
11.2 + 0.8° 876.8 + 3.1bcde 6.14 + 0.06>¢
19.7 = 1.5° 887.9 + 3.5 5.99 + 0.12%
40.3 = 1.5% 910.8 + 3.8° 5.91 + 0.11¢

NEWCD 4.0 * 0.2° 862.9 * 12.6° 6.18 = 0.13"
8.1 = 0.3¢ 868.2 + 3.9 4 6.13 + 0.06™¢
10.1 + 0.4° 881.4 + 10.3* 6.09 = 0.05"
20.2 * 0.8° 891.4 + 9.7° 5.99 * 0.11%
40.3 = 1.5° 908.8 + 6.7° 5.92 + 0.10¢

* Different lowercase letters within a column represent significant differences
(P < 0.05).

** FAC: Free available chlorine concentration, ORP: oxidation-reduction po-
tential.

***DI: Deionised water.

**** CNEW: produced by a commercial sanitiser.

NEWC: produced by electrolysis of NaCl + NaCHOs3.

NEWCD: produced by diluting NEWC.

and 10 mM) on the properties (FAC, ORP and pH) of EW produced
under three electrolysis conditions (HE, high electrolysis condition:
10 g/L NaCl, 400 mL/min, 30 mA/cm?, ME, middle electrolysis condi-
tion: 6 g/L NaCl, 600 mL/min, 22.5mA/cm? and LE, low electrolysis
condition: 1 g/L NaCl, 900 mL/min, 7.5 mA/cm?) is shown in Fig. 2.

Generally, with increasing NaHCO3 concentration, ORP was sig-
nificantly decreased and pH was significantly increased from acidic
(2.7) to nearly neutral (6.0-7.5) and then to weak alkaline (greater than
7.5 (Gil et al., 2015)); however, there was no significant change in the
FAC level for each electrolysis condition. According to these results, it
was obvious that an NaHCO3; concentration of 6 mM was the ideal
concentration, at which NEW (pH: 5.70-7.1, ORP: 802.2-933.8 mV,
FAC: 3.3-70mg/L) could be produced under all three electrolysis
conditions. Although an NaHCOj; concentration of 8 mM could also
produce NEW under the three electrolysis conditions, the ORP was
significantly decreased compared with that of 6 mM and the highest pH
was much greater than 7 (7.3). Thus, 6 mM of NaHCO3 was chosen to
produce NEW in the following sections.

3.1.2. The influence of flow rate, current density, and the NaCl
concentration on the FAC, ORP, and pH of the NEW

The electrochemical production of NEW in this study was performed
by adding the selected NaHCO3; concentration (6 mM) into the elec-
trolyte before electrolysis (BE) under different conditions. This process
was evaluated by comparing with two other conditions: the EW pro-
ducing process using NaCl as the electrolyte without the addition of
NaHCO3 (NA), and the NEW produced by adding NaHCO3; (6 mM) to
the EW after electrolysis (AE). The influence of flow rate, current
density, and NaCl concentration on the FAC, ORP, and pH of the three
types of EW is shown in Fig. 3A-C, respectively. With a decrease in flow
rate, and an increase in current density and NaCl concentration, FAC
levels increased, which agreed with previous studies (Zhang et al.,
2017). Interestingly, BE NEW showed significantly higher FAC, ORP,
and a lower pH than AE NEW under all conditions. This will be dis-
cussed further in terms of the relationship between current and po-
tential.
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3.2. The influence of flow rate, current density, and NaCl concentration on
the CE and energy consumption of the NEW generator

The CE and energy consumption are important for the character-
isation of the electrolysis process (Choi et al., 2013; Parsons, 1992).

For better comparison, the electrolysis process using the electrolyte
without adding NaHCO3 (NA) was also evaluated with the electrolyte
containing NaHCOj3 (BE) under the same conditions. The total molar of
Na* for the two situations was the same. The influence of flow rate,
current density, and NaCl concentration on the CE and energy con-
sumption of the NEW generator were examined. As expected, the result
showed that after the addition of NaHCOs;, the CE improved together
with slightly increased energy consumption under all electrolysis con-
ditions (Fig. 4A-F). In Fig. 4A, with the increase of the flow rate, the CE
increased initially, followed by slight decrease. However, it was slightly
decreased with increasing current density (Fig. 4C), but significantly
increased from 6% to 25% with increasing NaCl concentration
(Fig. 4B). Energy consumption showed the opposite trend to CE
(Fig. 4D-F).

Increasing the flow rate could reduce the residence time and thus
decrease the electrolysis efficiency (Grinberg, Skundin, & Tuseeva,
2001). However, the anodic CE of chlorine production can be reduced
by cathodic reduction, which will be partly diminished at low flow rates
(Bergmann & Koparal, 2005; Grinberg et al., 2001). This could explain
the trend of CE vs. flow rate in our study.

A higher current density can enhance electrochemical chlorine
production, but not necessarily the CE. With the increase in current
density, the limited concentration of chloride could not meet the re-
quirement of a sufficient chloride diffusion rate, leading to a decrease in
the CE (Bergmann & Koparal, 2005; Shao, Yan, Cao, Li, & Xu, 2014). At
the same time, a higher current density will promote the side reaction
of oxygen evolution, decreasing the CE of chlorine evolution (Choi
et al., 2013). In our study, the CE decreased as the current density in-
creased, which was consistent with these previous reports.

Several studies have demonstrated that the CE increased initially
and the energy consumption decreased with increasing NaCl con-
centrations. These factors then plateaued when the level of NaCl be-
came too high (higher than 0.5 mol/L) (Choi et al., 2013; Nath, Wang,
Torrens, & Langdon, 2011). The maximum NaCl concentration used in
our study was 10 g/L, that was why the CE kept increasing in our study.
In Nath et al. (2011)'s study, the CE responses were linear at low NaCl
concentrations (< 29 g/L). However, in our study, the CE showed an
exponential-law dependence on NaCl concentration (R® = 0.97 for both
producing conditions). This could be caused by the vertical electrolytic
cell structure used in our study, which is different from the perforated
one used in Nath et al.’s study.

Although the CE was not markedly enhanced by adding NaHCOs3,
the properties of the NEW finally produced were improved compared
with NEW of AE.

3.3. Efficacy of sanitising effects and FCM analysis

In this section, the antibacterial abilities of three groups of NEW
(NEWC: produced directly from the developed equipment; NEWCD:
produced by diluting NEWC with the highest FAC concentration; and
CNEW: produced by a commercial EW generator) at different con-
centrations (4, 8, 10, 20, and 40 mg/L) against E. coli 0157:H7 C7927
and L. monocytogenes BAA-839 were compared (Table 1). The pH values
of the NEWs produced from different generators and principles ranged
from 5.92 to 6.48. The ORP values ranged from 830.3 to 908.8 mV. FAC
wasn't detected in deionised water.

The surviving populations of E. coli and L. monocytogenes after
treatment with the NEW solutions are shown in Fig. 5A-B. Generally,
the sanitising effect was enhanced with increasing FAC concentration in
different NEWs. At FAC concentrations of 20 and 40 mg/L and 30s of
exposure to NEW, the populations of E. coli and L. monocytogenes in the
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Fig. 5. Efficacy of sanitising effects and FCM analysis after treatment with neutral electrolysed water (NEW) solutions.™”

(A) The surviving population of Escherichia coli 0157:H7 (C7927).

(B) The surviving population of Listeria monocytogenes (BAA-839).

(C-E) Flow cytometry (FCM) density plots of E. coli stained with SYTO9/propidium iodide (PI) after different treatments: C, DI; D, 4 mg/L NEWGC, E, 4 mg/L NEWCD.
*Not detectable by direct plate count or negative on enrichment media.

CNEW: produced by a commercial sanitiser, with free available chlorine (FAC) levels of 4, 8, 10, 20, and 40 mg/L; NEWC: produced by electrolysis of
NaCl + NaCHO3, with FAC levels of 4, 8, 10; 20 and 40 mg/L; NEWCD: produced by dilution of NEWC, to 4, 8, 10 20, and 40 mg/L.
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Fig. 6. Electron spin resonance (ESR) spectra of neutral electrolysed water (NEW) produced by the portable NEW producing unit.
(A) Deionised water (DI), (B) NEWC (produced by electrolysis of NaCl + NaCHO3, with free available chlorine of 4 mg/L), (C) NEWCD (produced by diluting NEWC,
with free available chlorine of 4 mg/L), (D) NEWC (produced by electrolysis of NaCl + NaCHOj3, with free available chlorine of 40 mg/L), (E) EW (produced by

electrolysis of NaCl, with free available chlorine of 40 mg/L).

treated samples decreased to undetectable levels as determined by both
plating and enrichment procedures. It is worth noting that, with a FAC
of 4 mg/L, NEWCD reduced the E. coli by 2.03 log CFU/mL, which was
significantly (P < 0.05) higher than the 1.25 and 1.66 log CFU/mL
achieved by NEWC and CNEW, respectively. A similar trend was ob-
served for L. monocytogenes.

EW produced using NaHCO3 alone as an electrolyte proved to be an
effective method to control postharvest rots of citrus fruit (Fallanaj
et al., 2016); however, it was ineffective in the control of viable cells
because of the low concentration of oxidant (sodium percarbonate)
produced by dimensionally stable anodes (around 1:5000 of that pro-
duced by using NaCl alone as electrolyte) (Pinto, Ippolito, & Baruzzi,
2015; Velazquez-Pena et al., 2013). However, in our study, the NEWCD
produced by electrolysing sodium bicarbonate and sodium chloride
showed strong bactericidal effects. Interestingly, NEWC (4 mg/L FAC)
produced by same method and same electrolyser, and with similar FAC
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and pH with NEWCD, had a significantly (P < 0.05) weaker sanitising
effect. Thus, FCM was used to further evaluate the difference in cyto-
plasmic membrane damage in cells caused by these two kinds of NEW.

Fig. 5C-E shows the FCM density plots of two E. coli samples stained
with SYTO9/PI after treatment with 4 mg/L NEW produced directly
(NEWC) and that produced by dilution of NEWC with a high con-
centration of FAC (NEWCD). The control was treated with DI. PI-stained
(membrane damaged) cells were 55.4 + 7.6 and 82.2 * 3.5%
(Fig. 5D-E) of total two-colour stained samples for NEWC and NEWCD
treatment, respectively, demonstrating a sharp increase of damaged
cells by NEWCD treatment. This finding is in agreement with the results
obtained in the above sanitising experiment. We assumed that more
free radicals existed in NEWCD than NEWC, which resulted in more
damaged cellular structures and further disrupted the normal cellular
function of the microorganism (Xiong et al., 2010). Subsequently,
electron spin resonance (ESR) was applied to analyse the free radicals in
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p CI’2+H209 :
‘:,-:”’HCIO+CI-+H’r ;

on- ~HCO;, COz% . i8]
CO;-~ 7 COs*

Fig. 7. Proposed reaction pathways of the hypochlorous acid in neutral elec-
trolysed water (NEW) produced with the addition of NaHCOj in electrolyte.”
(1a) 2C1-—Cl, + 2e (1b) OH™ — OH-+e (1c) 2H, O— O, +4H* + 4e
(1d) 3H, O— O3 + 6H* + 6e (2) CI- + OH-»HCIO-~ (3) HCIO-~ + H* - Cl

+H,0
(4) 2CI" = 2Cl-+2e (5) HCIO — OH-+Cl- (6) OH-+Cl-—HCIO
(7) OH-+0H-~H,0, (8) 2H,0, — 2H, O+ O, (9) 20, + 2H* — H,0, + O,
(10) O; + 0-—0; (11) OH-+HCO3 — H, O+ CO;5-~ (12) OH

-4+C03™ - OH™ + CO3~

(13) CO3~ + ClO~ — CO2™ + CIO- (14) ClO-+ClO-—Cl, + O,
(15) CO3~ + 0, — COZ™ (16) CO¥™ —» CO¥ + 0,
*“The red colour represents the detected reaction product and its intermediates.
The dotted arrows represent the reaction steps without definite verification.
Green and blue arrows represent processes with distinguishing radical chain
reaction mechanisms and catalytic reaction mechanisms, respectively; black
arrows represent the common chemical reactions. Diagram with steps 1-10 was
reported previously (Zhang et al., 2018).

these two kinds of NEW.

3.4. Identification of free radicals in neutral electrolysed water

Free radicals were detected in NEW (4 mg/L) produced by electro-
lysis of NaCl and NaHCOj solution, including that produced directly
(NEWC) and that produced by dilution of NEWC with a high con-
centration of FAC (NEWCD). Fig. 6 shows the representative ESR
spectra of DI (A), NEWC: 4mg/L (B), NEWCD: 4mg/L (C), NEWC:
40 mg/L (D), and EW: 40 mg/L (E). The presence of a DMPO-OH-like
signal in NEWC (40 mg/L) was confirmed by hyper fine coupling con-
stants (HFCC) of |Ay = |Ay = 1.5mT (Saito, Kohno, Yoshizaki, &
Niwano, 2008). Comparing Fig. 6A with 6B and 6C, no clear signal from
DMPO-OH was observed in the NEWC (4 mg/L) sample; however, a
DMPO-OH-like signal appeared in the NEWCD (4 mg/L) sample. This
indicated that a higher FAC could enhance the -OH production in NEW;
and at the same FAC level, by comparing Fig. 6D with 6E the addition of
NaHCO3 could promote the ‘OH content in NEWC.

The reaction pathways was proposed in Fig. 7 based on our previous
study, in which hydroxide ions could promote the production of ‘OH in
NEW (Reaction 1-10) (Zhang et al., 2018). With the existence of CO52~
and HCO3 ™, ‘OH is captured and produces carbonate radicals (CO3), as
described in equation (11), (12) (Buxton & Elliot, 1986; Czapski, Lymar,
& Schwarz, 1999; Saha et al., 2004). In the presence of ClO~, the
precursor of Cl, might be produced through equation (13) and (14),
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which again could yield -OH through equation (15) and (16) (Clyne &
Coxon, 1966; Huie, Clifton, & Neta, 1991; Saran, Beck-Speier,
Fellerhoff, & Bauer, 1999; Swanson & Fu, 2017). However, CO3~ decays
in the reaction (17, 18) with the extinction of O, and produces CO3%~
(Behar et al., 1970; Czapski et al., 1999; Jamieson, Mebel, & Kaiser,
2007).

4. Conclusion

A portable electrolytic sanitising unit was developed to produce
NEW via a novel method: using diluted sodium chloride and sodium
bicarbonate solution (6 mM) as electrolytes. It provided NEW with a
FAC ranging from 3.3 to 70.0 mg/L, near neutral pH between 5.7 and
7.1, and an ORP between 802.2 and 933.8 mV. The produced NEW
(generated by dilution of NEW with high FAC) had strong bactericidal
activity: a FAC concentration of 40 mg/L achieved > 6 log CFU/mL
reductions, and a FAC concentration of 4 mg/L achieved > 2 log CFU/
mL reductions. Moreover, the NEW produced by this method had
stronger bactericidal effects on both E. coli 0157:H7 and L. mono-
cytogenes than NEW produced using a commercial EW generator. In
addition, ‘OH, a strong antimicrobial agent, was present in the NEW
produced by the portable electrochemical sanitising unit. The results
suggested that the developed portable electrolytic unit is promising to
produce NEW that effectively control foodborne pathogens.
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