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  A B S T R AC T  

 This study evaluated the possibility of an electrochemical process as a pre-treatment of a sea-
water reverse osmosis (SWRO) desalination plant. Initially, during electrolysis of seawater the 
formation trend of free chlorine was observed and then inactivation rate of  Bacillus sp.  isolate 
obtained from natural seawater was measured to evaluate the potential for reducing biofouling 
of SWRO membrane. As a result, the  Bacillus sp.  spores present in seawater were completely 
inactivated at approx. 210 s of electrolysis time, showing 2.4-time higher inactivation rate com-
pared to chlorination alone. This study also investigated the formation trend of perchlorate 
(ClO 4  

− ) during electrolysis of seawater and its rejection by microfi ltration and the SWRO mem-
brane. After 5 min of electrolysis, 27 µg/L of ClO 4  

−  was produced. It was also found that 20% 
and 98% rejection effi ciencies of ClO 4  

−    were observed through microfi ltration and SWRO fi ltra-
tion. The optimum condition of the electrochemical process as a pre-treatment in the seawater 
desalination plant was determined to be ∼4 min of electrolysis time and 110 mA/cm 2  of current 
density under the tested natural seawater condition. 
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  1. Introduction  

 Many countries depend on seawater desalination 
technology to overcome shortages of natural fresh water 
[1,2]. Seawater reverse osmosis (SWRO) is gradually 
becoming a primary choice for desalination facilities [3]. 
However, the fouling of the SWRO membranes, caused 
by suspended substances, colloids, microorganisms 
and soluble (in)organic matters present in seawater, 
still remains a severe problem requiring a prompt solu-
tion [4]. In an effort to reduce membrane fouling, pre-
 treatment (i.e., chlorination, fi ltration, fl otation, etc.) of 

the SWRO process is applied to desalination plants [5]. 
In this study, an electrochemical process was introduced 
as a pre-treatment process, with the aim of prevention 
of biofouling. 

 Electrochemical processes for the disinfection of 
drinking water, with the advantage of on-site genera-
tion of chlorine (HOCl and OCl-), have largely been 
developed over the last few decades. Since seawater 
contains a huge amount of sodium chloride, which acts 
as an electrolyte and is a main source of free chlorine 
[6], the electrolysis of seawater could be proposed as an 
inexpensive and convenient method for the inactivation 
of the microorganisms that can cause biofouling. This 
study initially investigated the inactivation effi ciency of 
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 Bacillus  sp. isolates during the electrolysis of seawater. 
Even though the electrochemical process is expected to 
be an effective tool for the control of biofouling, it does 
have some drawbacks: mainly the formation of magne-
sium and calcium scale at the cathode and the forma-
tion of harmful by-products, such as haloacetic acid, 
trihalomethane, chlorate (ClO 3  

− ) and perchlorate (ClO 4  
− ) 

etc. This study focuses on the trend for the formation of 
ClO 4  

−  during the electrolysis of seawater. 
 ClO 4  

−  interferes with iodide uptake into the thy-
roid gland, resulting in thyroid malfunctioning that 
extremely hinders human mental growth [7]. Since 
ClO 4  

−  has a tetrahedral structure and a distribution of 
charge within a polyatomic anion, it is generally consid-
ered to be very stable in aqueous solutions [8]. Since its 
discovery in a number of water supplies in the western 
United States during 1997, ClO 4  

−  has recently become an 
important environmental issue. Ammonium perchlo-
rate, manufactured mostly in the USA, is widely used 
as the primary ingredient of solid rocket propellant [9]. 
It has been shown to accumulate in plants, which could 
be a potential source of ClO 4  

−  exposure for humans and 
animals. In addition, the ClO 4  

−  produced is not removed 
by conventional water treatment processes, so human 
exposure could result from drinking water [10]. In this 
study, the removal effi ciency of the ClO 4  

−  formed during 
the SWRO process was investigated to verify the safety 
of RO permeates for use as drinking water. 

 The main purpose of this study was to evaluate 
the electrolysis of seawater to provide a possible pre-
 treatment to the SWRO process by investigating the for-
mation of free chlorine, inactivation of  Bacillus sp.  isolate 
and the formation of ClO 4  

−   . 

  2. Methods  

  2.1. Preparation of Bacillus sp. isolate and sterile seawater  

 Natural seawater samples were collected from the 
East-sea, Jumunjin, Gangneung city. The characteristics 
of the seawater are shown in Table 1. 

 A membrane fi ltration technique was used for isola-
tion and culture of the bacteria in the seawater sample. 
After fi ltering through the 0.45 µm pore size cellulose 
acetate membrane, the membrane fi lter retaining the 
cells was transferred to a marine agar plate (Difco 
2216) and incubated at 37°C until individual colonies 
grew. Based on the colony morphology, an individual 
colony was selected and transferred to a new medium 
dish, with the DNA of each subcultured colony then 
extracted for PCR. A universal bacterial primer set, for-
ward primer 9F (5’-GAG TTT GAT CCT GGC TCA G-3’) 
and reverse primer 1512R (5’-ACG GHT ACC TTG TTA 
CGA CTT-3’), was used to amplify the 16S rRNA gene 

from each genomic DNA extract. Each single colony was 
identifi ed genetically by sequencing of the 16S rRNA 
gene [11]. 

 For experiments,  Bacillus sp.  isolates were inoculated 
into Difco TM  Marine Broth 2216 (BD Co., USA), using a 
sterile inoculating loop dipped in a re-hydrated solu-
tion of  Bacillus sp.  isolate. Subsequently, the inoculated 
broth was incubated for 13 h in a shaking incubator at 
37°C and 200 rpm.  Bacillus sp.  isolates were harvested by 
centrifugation of 1 mL volumes at 3000 rpm for 15 min., 
with the resultant pellets washed in 1 mL of sterile sea-
water and centrifuged twice further. Stock  Bacillus sp.  
isolate was prepared by resuspending the fi nal pellets in 
1 mL of sterile seawater. 

 For spore preparation, the  Bacillus sp.  isolates were 
allowed to grow and sporulate on a 1/10 nutrient agar 
(3.74 g L −1  Difco TM  Marine broth + 15 g L −1  Bacto Agar, 
BD Co., USA) plate for 7 days in an incubator at 37°C. 
The spores were harvested from the top of each plate 
by scraping with a sterile loop and suspended in 5 mL 
of sterilized seawater. The procedure for washing the 
spores followed that described in the EPA UV disinfec-
tion guidance manual [12]. Briefl y, the suspension of 
collected spores was sonicated for 10 min at 50 kHz and 
10°C to separate the spores from vegetative cells. Each 
spore suspension was washed three times by resus-
pending in 10 mL of sterilized deionized water, centri-
fuged at 3600 ×  g  and 10°C for 20 min, and subsequently 
preserved in 50 mL of sterile seawater (pH 8). In order 
to inactivate any remaining vegetative cells, the spore 
suspension was heated to 80°C, and held at that tem-
perature for 10 min using a thermostatically controlled 
water bath (Fisher Scientifi c). The fi nal spore suspension 
(~10 8  CFU mL −1 ) was stored in a dark room at 4°C until 
used. For the preparation of synthetic seawater samples, 
sodium chloride (Cl −  = 20,000 mg/L) was injected into 
pure water, and the pH controlled at 8 using the phos-
phate buffer solution. 

  2.2. Electrochemical process and membrane fi ltration  

 Titanium (Ti) substrates were pretreated by mechan-
ical polishing and chemical acid washing, and then 

  Table 1  
 Characteristics of natural seawater sample .

Parameters Value Parameters Value

pH 8 Ca 2+  (mg/L) 421
TDS (mg/L) 34,475 Mg 2+  (mg/L) 1,395
Cl − (mg/L) 19860 Ba 2+  (µg/L) 8
SO 4  

2−  (mg/L) 2,665 Sr 2+  (µg/L) 765
HCO 3

−    (mg/L) 251 Boron (mg/L) 4.7
Na +  (mg/L) 14039 DOC (mg/L) 1.45
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Subsequently, 0.1 mL of each of the diluted solutions 
was inoculated onto Difco TM  Marine Agar 2216 (BD Co., 
USA) plates. The numbers of viable spores were mea-
sured using the spread plate method, from agar plates 
grown at 37°C for 24 h, with the colony-forming units 
(CFU mL −1 ) then counted. The concentration of viable 
spores in each sample was calculated by averaging two 
replicate values. 

  3. Results  

  3.1. Formation of free chlorine and Inactivation 
of Bacillus sp. isolate  

 During electrolysis, the free chlorine (HOCl and 
OCl−) is produced through the following reactions [15]: 

+ =o
22Cl Cl 2e (E 1.36 V vs. NHE)− −→  (1)

+ +2 2Cl H O HCl HOCl→  (2)

+ =HOCl OCl H  (pKa 7.54 at 25°C)− +↔  (3)

 Figure 1 shows the concentrations of free chlorine 
produced during the electrolysis of synthetic and natu-
ral seawater samples; for both, the formation of chlorine 
increased with the increase of current density and elec-
trolysis time. Also, no signifi cant difference was observed 
in the chlorine concentrations between synthetic and 
natural seawater, with over 200 mg/L of chlorine pro-
duced after 5 min (current density = 110 mA/cm 2 ) of 
electrolysis of each seawater sample. Figure 2 illustrates 

coated by painting with a Pt(NH 3 ) 2 (NO 2 ) 2  solution under 
the following conditions; mass fraction of Pt = 63%, 
Temp. = 70°C, contact time = 5 min. Thereafter, the plat-
inum (Pt)-coated Ti cell was dried in an air oven at 70°C 
for 10 min, and then heated in a preheated furnace at 
500°C for 5 min. An electrochemical device (Dolki Korea 
Ltd.), with a grid shaped Pt/Ti electrode (3 cm × 3 cm) 
was developed [13]. The anode and cathode were made 
of the same material, and placed horizontally and paral-
lel (0.1 mm gap) in a 300 mL batch reactor. To prevent 
any fouling of the electrode surface, the electrode polar-
ity was reversed every 5 s [14]. The electrical power was 
supplied by a DC power supply (Digital electronics Co, 
Korea), with the cell potential kept at a constant volt-
age of 30 V. Before operation, the cell was sonicated to 
completely desorb any materials remaining on the elec-
trode surface from previous runs. To investigate the fate 
of ClO 4  

−  in a membrane-based seawater desalination 
plant, its rejection effi ciency was explored using micro-
fi ltration (Cleanfi l ® -S, material = PVDF, module type = 
hollow fi ber, ID/OD = 0.8/2.0 mm, pore size = 0.1 µm, 
mechanical strength >25kg f /fi ber) and SWRO mem-
branes (RE8040-SHN, CMS ® , module type = fl at sheet, 
salt rejection = 99.75%, permeate fl ow rate = 5000 GPD). 
For the microfi ltration process, small modules (effective 
membrane area of one module = 0.013 m 2 ) were manu-
factured and installed in a MF system. The MF system 
was operated at various operating pressures (3.7, 6.5 
and 10 psi) to investigate the effect of trans-membrane 
pressure (TMP) on the removal of ClO 4  

− . For the SWRO 
process, a standard kit (GE Osmonics) was used with 
an effective membrane area of 0.0125 m 2 . To compare 
the synthetic and natural seawater, the SWRO system 
was operated under a fi xed permeate fl ux of 0.5 L/min 
by controlling the operating pressure. Before sampling 
the permeate, both the MF and the SWRO systems were 
stabilized for 60 min under the fi xed temperature condi-
tion (25°C ). 

  2.3. Analysis of free chorine and perchlorate  

 Free chlorine was measured using a DPD method 
employing a UV/VIS spectrophotometer (HACH2010). 
The ClO 4  

−  was analyzed via ion-chromatography/mass 
spectrometry (IC/MS, DIONEX). The operating condi-
tions (reagent-free IC system) of the IC/MS are summa-
rized in Table 2. 

    2.4. Determination of viability of Bacillus sp. and Bacillus 
sp. spores  

 Ten-fold serial dilutions were prepared from 1 mL 
samples up to 1/10,000 to optimize the number of colo-
nies (30–300 colonies/plate) grown on each agar plate. 

Table 2
 IC/MS operating conditions .

Ion chromatograph Dionex Corporation, ICS-3000

Mobile phase 65 mM KOH
Guard and separator 
  columns

Dionex AG20 + AS20, 
  250 mm × 2 mm

Flow rate 0.3 mL/min
Conductivity suppressor 
  and current

ASRS300-2 mm, 49 mA

Column temperature 30°C
Injection volume 300 µL
Mass spectrometer 6120 MS Quad SL, Agilent 

  Technologies
Capillary voltage 4 kV
Nitrogen pressure 35 psi
Fragmentor voltage 50 V
Drying gas temperature 300°C
Drying gas fl ow rate 10 L/min
Selected ion monitoring m/z 99, 101, 107
Mass scan range 0.1 amu
Dwell time per mass 195 ms
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via direct electrolysis of seawater. From this result, it 
was proved that the electrochemical process had high 
performance of  Bacillus sp.  spore inactivation, indicat-
ing its high potential for the reduction of the biofoul-
ing of the SWRO membrane. In addition, the end-points 
where microbes were completely inactivated could be 
determined as 140 and 210 s for  Bacillus sp.  and  Bacillus 
sp.  spores, respectively. 

  3.2. Formation trend of perchlorate and rejection 
by membrane fi ltration  

 Since the standard reduction potential of chlorine 
formation, Eq. (1), is higher than that of oxygen forma-
tion, Eq. (8), oxygen and ozone could be additionally 
formed in the process for producing chlorine [15]. This 
implies that the formation of ClO 4  

−  is inevitable when the 
electrochemical process is utilized in a seawater desali-
nation plant. The mechanism of ClO 4  

−  formation in the 
electrochemical reactions starts with the formation of 
chlorate (ClO 3  

− ), with the ClO 3  
−  then transformed to ClO 4  

−  
via anode and bulk reactions, as follows [17–20]: 

 Anode 

+ =o
22Cl Cl 2e (E 1.359 V)− −→  

(1)

+
+ +

+ + + =
2 3

o
2

6OCl 3H O 2ClO 4Cl
6H 3 / 2O 6e E 1.405 V

− − −

−
→

 
(4)

+
+ +

+ + + =
2 3

o
2

6HOCl 3H O 2ClO 4Cl
12H 3 / 2O 6e E 0.97V

− −

−
→

 
(5)

++ + +2 3Cl 3H O ClO 6H 6e− − −→

 (direct oxidation at the anode) (6) 

the inactivation rates of the vegetative cells and spores 
of  Bacillus sp.  isolates. In the case of  Bacillus sp.  spores, 
a lag phase was observed up to 60 s after the start of 
the electrolysis, with over 3-log removals achieved after 
180 s of electrolysis. Meanwhile,  Bacillus sp.  cells were 
rapidly inactivated by 5-log after about 120 s, without 
a lag phase. In addition, the complete inactivation of 
vegetative cells and spores of  Bacillus sp.  isolates was 
observed after 120 and 180 s of electrolysis, respectively. 
Based on the chlorine-CT value, the disinfection effi -
ciency of the electrochemical process (195 mg-min/L for 
3-log removal) was proved to be 2.6-time higher than 
that by chlorination (500 mg-min/L for 3-log removal at 
pH = 8.2, Temp. = 20°C) of  Bacillus sp.  spores [16]. This 
was because the electrochemical process can produce 
other oxidants, such as ozone, hydroxyl radicals and 
 chlorine dioxide, which can inactivate microorganisms 

Fig. 1. Formation trend of free chlorine during electrolysis of seawater, pH 8, Temp. = 20°C, Cl −  = 20,000 mg/L in synthetic 
seawater (SW).
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Fig. 2. Inactivation of the Bacillus sp. isolate during electroly-
sis of seawater, pH 8, Temp. = 20°C.
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The detailed smechanism study is in progress and the 
results will be reported in the following paper. The 
ClO 4  

−  formed during the electrolysis of natural seawater 
was not in excess of the EPA reference dose (24.5 µg/L 
in drinking water) after less than 5 min of electrolysis. 
Considering the results on the inactivation of the  Bacil-
lus sp.  isolate and the production of ClO 4

  −  during the 
electrolysis of natural seawater, the optimum conditions 
for the electrochemical process could be determined as 
being ~4 min of electrolysis, with a current density of 
110 mA/cm 2  under the conditions tested for seawater 
(Table 1). 

 In Figs. 4 and 5, the removal effi ciencies of ClO 4  
 −  by 

MF and SWRO membrane processes were measured 
under the condition of excess ClO 4  

−  using both synthetic 
and natural seawater samples. Each process rejected 
about <20% and >98% ClO 4  

− , respectively. From these 
results, it can be concluded that even though the electro-
chemical process produced ClO 4  

−  as a by-product, this 

++ + + =o
3 2 4ClO H O ClO 2H 2e E 0.95 V− − −→  (7)

++ + =o
2 22H O O 4H 4e E 1.229 V−→  (8)

 Bulk solution 
+

+
+ + +

+ =
2 2Cl H O HOCl H Cl

HOCl OCl H pKa 7.5

−

−
→
↔  

(2),(3)

++ +
+ + = ± ×

2 2
6 2 1

2

HOCl 2ClO H 2ClO
H O Cl (1.1 0.03) 10 M sk

−

− − −
→

 (9)

+

+
+ +

+ + +
2 ad 3

ad 4

(H O (OH·) H e ) ClO
(OH·) ClO H e

− −

− −
→

→  (10)

Cathode
++ + =o

2 2 2O 2e 2H H O  (E 0.68V)− →  (11)

++ + +2 2 2 2H O Cl 2Cl 2H O−→  (12)

+ + 2(g)2H 2e H− →
 

(13)

 Figure 3 shows the pattern of ClO 4  
−  formation dur-

ing the electrolysis of synthetic and natural seawater 
samples. Similar to the pattern of chlorine formation, 
the concentration of ClO 4  

−  in both samples during 
electrolysis increased with increasing current density 
and electrolysis time, but interestingly, a much lower 
concentration of ClO 4  

−  was observed from natural sea-
water than from synthetic seawater. This was because 
the reactions for the ClO 4  

−  formation by other oxidants 
formed during electrolysis like Eq. (10) were quenched 
due to background matters present in natural seawater. 

Fig. 3. Formation trend of perchlorate during electrolysis of seawater, pH 8, Temp. = 20°C, Cl-= 20,000 mg/L in synthetic 
seawater (SW).

Fig. 4. Rejection of perchlorate by the MF membrane, 
[ClO4

−]o = 522 µg/L, pH 8, Temp. = 20°C.
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will cause no problem in a SWRO desalination plant due 
to the great removal effi ciency of the SWRO membrane. 
However, it should be noted that since the rejected 
SWRO concentrate, which is commonly discharged into 
the sea, could contain about a 2-fold higher concentra-
tion of ClO 4  

−  than the feed water to the SWRO process, 
monitoring and risk assessment of the SWRO concen-
trate would be required if the electrochemical process is 
to be used. 

  4. Conclusions  

 The electrolysis of seawater produced suffi cient free 
chlorine for use in seawater disinfection. The inactiva-
tion rate of  Bacillus sp.  spores by the electrochemical pro-
cess was much faster (195 mg-min/L for 3-log removal) 
than that by chlorination alone (500 mg-min/L for 3-log 
removal). Even though the formation of perchlorate 
(ClO 4  

− ) occurred during the electrolysis of seawater, the 
SWRO process was able to reject the ClO 4  

−  with high effi -
ciency (>98%). From these results, the optimum condi-
tions for the electrochemical process were determined 
as ~4 min of electrolysis, with a current density of 
110 mA/cm 2  under the conditions tested for seawater. 
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Fig. 5. Rejection of perchlorate by the SWRO membrane, 
[ClO4

−]o= 590 µg/L pH 8, Temp. = 20°C.


