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a b s t r a c t
In this study, an undivided electrochemical cell equipped with graphite electrodes was constructed for 
inactivation of algae Chlorella vulgaris. Suspensions containing relatively high concentration of C. vul-
garis (108 cell/L) were exposed to current densities within the range 2.021–8.084 mA cm–2, initial NaCl 
concentration 2–8 g dm–3 and the electrolysis was performed under batch mode. The results show that 
as the current density increased, the rates of inactivation increased accordingly. Complete inactivation 
of C. vulgaris cells at 8.084 mA cm–2 and 4 g dm–3 NaCl was observed after 55 min. Electrochemical 
treatment caused progressive destruction of the algal cell integrity and at 8.084 mA cm–2 lysed cells 
represent 69.7%. A longer time was needed for complete inactivation of algal cells at lower electrolyte 
NaCl concentration (2 g dm–3) indicating that C. vulgaris appeared to be sensitive to electrogenerated 
active chlorine. The results implicated that electrochemical treatment can be effective as alternative 
treatment process for algal elimination in waters with higher mineral content.
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1. Introduction

Algal blooms have become a pressing issue in inland 
freshwater systems on local and global scales [1]. A set of phys-
ical, chemical and biological factors including climate changes 
and anthropogenic impacts are the reasons associated with 
substantial intensification of algal blooms occurring. As was 
stated in technical report elaborated by Joint Research Centre of 
European Commission, harmful algal blooms have a significant 
socio-economic impact on human health, fishery, tourism and 
recreation [2]. Algae overgrowth deteriorates suitability of water 
sources for drinking, sanitation, irrigation or industrial use due 
to increasing turbidity and undesirable toxin production.

In recent years, algae removal from waters and 
wastewaters gained importance, but their low specific 

gravity and small size caused difficulties in effectiveness 
of conventional and alternative water treatment processes 
such as sedimentation, coagulation, flocculation, dissolved 
air flotation, filtration and advanced oxidation processes 
[3,4]. Several processes to prevent bloom formation and 
for algae reduction or inactivation with and without the 
use of chemical/biological agents have been proposed. To 
enhance the removal efficiency of algae pre-oxidation step 
before actual treatment [5,6] and pre-chlorination are the 
most widely used pre-treatment processes. Chlorine also 
effectively degrades cyanotoxins, and algae removal effi-
ciency depends on chlorine dosage, treatment time or pH 
[6–9]. However, recent concerns on chlorine rise due to its 
activity to react with organic matters to form carcinogenic 
disinfection by-products such as trichloromethanes and 
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chloroacetic acids [10,11]. Interesting nature-based solution 
was described by Chen and Bridgeman [1]. They revealed 
that the UV-C radiation from lamps potentially powered by 
solar panels effectively reduced the concentration of Chlorella 
vulgaris with clear differences by radiation level.

Electrochemical disinfection as one of the most promis-
ing alternatives to conventionally used treatment methods 
has been discussed since the 1950’s [12–14]. In comparison 
with conventional disinfection treatment, it provides advan-
tages for both primary and residual disinfection. Moreover, 
the presence of chloride in the electrolyte led to the genera-
tion of highly germicidal active chlorine species (Cl2, HOCl, 
ClO–) or chlorine radicals (•Cl, •Cl2

–), which enhanced the 
performance of cells inactivation efficiency. Another chlo-
rine-free oxidizing species, for example, hydrogen peroxide, 
ozone, hydroxyl radical could also be produced during elec-
trolysis [14–16]. In situ generation of strong oxidants reduces 
handling and storage hazards associated with chlorine and 
hypochlorite [17].

Electrochemical treatment effectiveness strongly depends 
on configuration of electrolytic cell, electrodes material, elec-
trolyte solution and experimental parameters such as flow 
rate or current density. Electrochemical disinfection has been 
reported to be capable of inactivation of wide spectrum of 
microorganisms from viruses through bacteria and algae to 
larger species such as Euglena [15,18] in various types of water 
matrices [16,19]. However, the effectiveness of the electro-
chemical cells to disinfect microorganisms has been shown to 
vary. In recent years, numerous cell configurations and elec-
trode materials have been investigated [20–23]. Liang et al. 
[24] observed significantly lower level of Microcystis aerugi-
nosa disinfection when chlorine free electrolytes were used in 
electrochemical tube employing Ti/RuO2 as anodes. Gao et al. 
[10] mention monolithic ceramic electrode (MCE, i.e., mono-
lithic titanium suboxides) as a promising electrode material 
for effective electrochemical deactivation of algae. The stable 
deactivation of M. aeruginosa was associated with the oxida-
tive species electrochemically produced on MCE. Also, other 
reports indicate that the use of boron-doped diamond (BDD) 
anodes significantly enhanced the removal of algae [25,26]. 
As was pointed out by Gao et al. [10], there exists a dilemma 
for the selection of electrode material in terms of electrical 
conductivity, electrochemical activity, chemical stability, 
economic reliability and environmental availability. It seems 
that for in situ application, devices with high efficiency of 
electrochemical treatment as well as with robust, simple and 
cheap design will be more suitable. Locker et al. [27] stated 
potential to exploit carbon-based electrodes for an ultra-
cheap, disposable assembly for the production of antimicro-
bial hypochlorite for at-source based on simple DC applied 
current in a non-divided cell. Recently, Saha and Gupta [28] 
revealed that carbon electrodes exhibited a great potential for 
electrochlorination systems as an alternative to costlier plati-
num and DSA electrodes. Another important aspect from the 
perspective of practical application of electrochemical treat-
ment for algae removal is potential to be self-powered by 
stand-alone photovoltaic systems to operate independently 
of electricity networks or subsurface urban infrastructure. 
Photovoltaic unit enables the use of electrochemical cells for 
pre-treatment or treatment of waters in distant localities such 
as water reservoirs, basins, tanks, dams, etc. [16,29]. 

Considering the above-mentioned facts, the main purpose 
of this study was to determine the feasibility of C. vulgaris, a 
colonial Chlorophyceae removal through the electrochemical 
water treatment process using constructed low cost, simple 
and undivided electrochemical cell equipped with graphite 
electrodes potentially powered by photovoltaic system. The 
viability of C. vulgaris cells during electrolysis and the effects 
of current density, electrolyte concentrations and detention 
time on inactivation of relatively high algae concentrations 
(108 cell/L) have been investigated. Moreover, the effects of 
NaCl concentration on the electrochemical active chlorine 
generation were also studied.

2. Materials and methods

2.1. Algal strain and culture condition 

Microalgae C. vulgaris BEIJERINCK H1993 obtained 
from the Culture Collection of Algae of Charles University 
(Prague, Czech Republic) was adopted as model organ-
ism for electrochemical water treatment experiments. 
C. vulgaris was cultured in flasks containing 250 cm3 of sterile 
diluted (1:3 v/v; pH 6.0) Hoagland growth medium (HGM, 
g dm–3): MgSO4 7H2O (0.3697), KNO3 (0.4044), CaCl2 (0.4439), 
NaH2PO4 2H2O (0.2917), Na2HPO4 12H2O (0.0465), FeSO4 
7H2O (0.0179), NaNO3 (0.3399), NH4Cl (0.2139), NH4NO3 
(0.1601), H3BO3 (0.0085), Na2MoO4 2H2O (0.00006), MnSO4 
(0.005), ZnSO4 7H2O (0.00066) and CuSO4 5H2O (0.0008).

Flasks were placed on laboratory shaker (Multi-Shaker 
PSU 20) at 100 RPM for optimal aeration and to avoid stick-
ing of algal cells on flask walls and incubated in a labora-
tory growth chamber (Binder KBWF720) at 25°C ± 1°C. The 
light intensity 11,450 lx was provided in a 16 h/8 h light/dark 
cycle (white fluorescent cool light, Philips TLD18W/865). 
Measurements of algal growth parameters (cell number, 
cell size) were realized by digital cellometer (Nexcelom 
CellometerTM Auto T4) every 48/72 h. The logarithmic phase 
of growth was attained after 24 d of cultivation. Before elec-
trochemical experiments, content of cultivation flasks with 
algae culture in the log phase of growth were mixed, stirred, 
biomass harvested and size distribution of algae cells were 
measured.

2.2. Experimental apparatus

Electrochemical experiments were carried out in an 
undivided electrochemical cell under conditions of batch 
system (Fig. 1). The electrochemical reactor consists of 5 dm3 
glass tank (22.5 × 15 × 15 cm) with effective volume of 2 dm3 
equipped with two graphite electrodes (electrode consists 
from three graphite blocks 80 × 23 × 10 mm with density 
1.8 g cm–3; specific electrical resistance 1.3 mΩ cm and medium 
grain size 6 μm. Elero Inc., Slovak Republic) connected by a 
monopolar connection. Electrodes were positioned vertically 
and parallel to each other with an inter-electrode distance 
of 1.5 cm. The surface area of the anode and the cathode 
immersed in solution was 15.7 cm2.

The electric power was supplied with a regulated 
DC power supply Elektrolyser (VEB MLW Labortechnik 
Ilmenau, Germany) and managed by two separate digital 
multimeters (METEX M-3850D and AXIO MET AX-18B). 
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The algal suspension was continuously stirred at 100 RPM 
by two magnetic stirrers during electrolysis to maintain a 
uniform concentration of the electrolyte solution and algae 
distribution within the electrochemical system. 

2.3. Experimental procedure

For batch electrochemical experiments, 2 dm3 of arti-
ficially polluted water were prepared. A batch culture of 
C. vulgaris was concentrated by centrifugation (1,500 RPM; 
3 min) and mixed with electrolyte (final volume 2 dm3) to 
give an initial cell density of 7 × 105 cell/mL. Before electrol-
ysis initial viability and algal cell density were determined. 
All electrochemical experiments were performed at galva-
nostatic conditions at 22°C and NaCl was used as electrolyte 
in concentration range from 2 to 8 g dm–3 to test the effect 
of NaCl on treatment process. The applied current densities 
ranged from 2.021 and 8.084 mA cm–2. During electrochemical 
process, aliquot samples were collected for analysis at given 
time intervals. Electrolysis was conducted continuously until 
more than 99% mortality (6 log removal) was observed in col-
lected samples.

To evaluate the electrochemical process UV/Vis spectrum 
(190–800 nm) was measured in time intervals using UV/Vis 
spectrophotometer (Varian Cary 50). 

2.3.1. Cell counting, dye-staining and autofluorescence

A direct microscopic method for C. vulgaris cell 
counting (cell/mL) in samples was performed using Bürker 
counting chamber and optical microscope at magnification 
100× (Olympus CX41 with a camera Olympus E-450, Japan). 
Algal cell counting was also conducted using cellometer 
(Nexcelom CellometerTM Auto T4). Each sample was analyzed 
three times with differences within 5% in all cases.

To test the viability of C. vulgaris cells for estimating the 
survival ratio, two modified methods according to Pouneva 
[30] and Imase et al. [31] were used. Control and cells from 
electrochemical experiments were stained with methylene 
blue (MB). MB solution (0.2 cm3, 20 mg cm–3) was added into 
1 cm3 of algal samples and incubated for 10 min in the dark 
at room temperature and subsequently observed by optical 
microscope. Cells stained blue were considered to be dead. 

The viability of algal cells was also investigated after 
observing the autofluorescence of chlorophyll. In the auto-
fluorescence testing, cells emitting red fluorescence were 
considered to be live. For both qualitative and quantitative 
observations epifluorescence microscope (Olympus CX41, 
Japan) with excitation LED light source (PRO-LM-LED-
FLUO B; 460 nm) and filter set (CX-DMB-2 cube; excitation 
filter 420 to 480 nm; dichroic mirror DM500; 515 nm emission 
filter) was used. Survival rates were calculated according to 
the following Eq. (1):

Survival rate % = ×
N
N
t

0

100  (1)

where Nt number of viable cells in time t, N0 number of viable 
cells in t0. In the present work, the term inactivated algal cell 
represents both dead and lysed cell. Lysed cells were calcu-
lated according to Eq. (2):

Lysed cell (cell/ml) = −N NT Tt0  (2)

where NT0
 total number of cells in time t0, NTt  total number 

of cells in time t.

2.3.2. Active chlorine determination

Electrochemically generated active chlorine was 
determined by modified o-tolidine-based photometric 
method [32]. The colourless o-tolidine (3,3′-dimethyl-4,4′-di-
amino-diphenyl) with active chlorine forms a yellow prod-
uct. For specific reaction of o-tolidine with chlorine, pH < 1.3 
has to be maintained. Into 25-cm3 volumetric flask, 1.25 cm3 
0.135% o-tolidine solution was added and filled with electro-
chemically treated water containing active chlorine. Solution 
was mixed and incubated in the dark for 5 min due to pho-
tosensitivity of yellow product. Subsequently, absorbance 
at 435 nm was measured using UV–Vis spectrophotometer. 
Concentration of active chlorine in treated water was deter-
mined from calibration curve.

In order to prepare calibration curve, calibration solutions 
as mixture of two standard solutions CuSO4 5H2O (1.5 g CuSO4 
was diluted in distilled water containing 1 cm3 concentrated 
H2SO4 and filled up to 100 cm3) and K2Cr2O7 (25 mg K2Cr2O7 
was diluted in distilled water containing 1 cm3 concentrated 
H2SO4 and filled up to 100 cm3) were prepared. Solutions 
corresponding to active chlorine concentration of 0.01, 0.05, 
0.07, 0.1, 0.2 and 0.5 mg dm–3 were prepared by mixing of 0, 
0.4, 1.2, 1.8, 1.9 and 2 cm–3 CuSO4 5H2O and 0.8, 5.5, 7.5, 10, 
20 and 45 cm–3 of K2Cr2O7 and filled with distilled water to 
100 cm–3. The absorbance of calibration solutions was measured 
spectrophotometrically at 435 nm and data were used for 
calibration curve (absorbance of CuSO4 5H2O and K2Cr2O7 
mixtures vs. corresponding concentration of active chlorine).

2.3.3. Electrolysis analysis

The specific energy consumption was calculated from 
data recorded during electrochemical treatment according to 
Eq. (3) [22,33]:

Fig. 1. Experimental apparatus used in experiments. (1) DC power 
supply; (2) ampere meter; (3) volt meter; (4) electrochemical 
reactor; (5) carbon electrodes; (6) electrolyte; (7) magnetic stirrers; 
(8) PC; (9) laboratory rack; (10) sampling micropipette.
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E I U T
Vsp =

× × 1000  (3)

where Esp is the specific energy consumption (kWh m–3), 
I is the current intensity (A), U is the electrical potential (V), 
T is the treatment time (h) and V is the volume of treated 
water (m3).

3. Results and discussion

In preliminary experiments, the electrochemical elimina-
tion of green alga C. vulgaris from freshwater at conditions 
4.042 mA cm–2, NaCl 4 g dm–3 and 22°C were examined. The 
absorption UV–Vis spectra of electrochemically treated water 
containing algal cells are shown on Fig. 2(a). The absorbance 
at 680 nm corresponds to the maximum absorbance of chlo-
rophyll-a in algal cells. As was reported by Poelman et al. [34] 
chlorophyll-a represents approximately 1%–2% of the dry 
weight of planktonic algae. The UV–Vis spectra (Fig. 2(a)) 
indicated that due to the damage of C. vulgaris cells, the chlo-
rophyll-a released from the cells was degraded by electro-
chemical oxidation and significant decolourization of treated 
water (Fig. 2(b)) during electrolysis was observed. Peak at 680 
nm completely disappeared after 100 min. After 20 min of 
electrolysis, significant absorption peak appeared at 290 nm 
which could be attributed to the formation of hypochlorite 
ions (ClO–) during electrochemical disinfection. Similarly, 
Mascia et al. [25] observed maximum at 292 nm in UV spec-
trum attributed to ClO– absorption.

To test the viability of C. vulgaris cells during electro-
chemical disinfection, staining with MB and observation 
of chlorophyll autofluorescence were used (Fig. 3). MB is 
hydrophilic dye able to penetrate into the cell only if lipo-
philic membrane had been seriously damaged and therefore 
blue stained cells were evaluated to be dead. The degree of 
cell membrane damage affects permeability and also the 
staining time. As seen by comparison with an intact cell, MB 
stained cell clearly after 10 min (Fig. 3(a)) indicating higher 
permeability of cell membranes as a result of electrochemical 

treatment. Imase et al. [31] in experiments with Chlorella cells 
exposed to oxidative stresses revealed that at least 20 min 
is required for clear staining with MB. Autofluorescence of 
chlorophyll pigments is very sensitive and easily decom-
posed by oxidation [30,35] and only live algae cells emitted 
red fluorescence. From Figs. 3(b) and (c) it is evident that 
live C. vulgaris cell emitted red chlorophyll autofluorescence 
after blue light excitation. Dead cell emitted none or very 
low green signal intensity and could be observed only under 
light microscope. Results confirmed degradation of chlo-
rophyll revealed by spectral analysis (Fig. 2(a)). Moreover, 
the disappearance of chlorophyll autofluorescence could be 
an appropriate index of the survival rates of Chlorella cells 
during electrochemical disinfection and although both meth-
ods provided similar viability count, only autofluorescence 
was used in further experiments.

Fig. 2. UV–Vis spectra of water containing Chlorella vulgaris during electrochemical disinfection (a), glass tank at various treatment 
time (b). Experimental conditions: current density 4.042 mA cm–2; electrolyte 4 g dm–3 NaCl; initial cell density 7 × 105 cell/mL; initial 
pH 5,8; T = 22°C.

Fig. 3. Microscopic images of Chlorella vulgaris (a) after 10 min 
staining with MB; (b) before and (c) after emission of chlorophyll 
autofluorescence.
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3.1. Effect of current density on cell density and integrity

According to our previous results [36], the current 
density significantly influenced the electrochemical 
oxidation efficiency of dyes in wastewaters. Therefore, 
the effect of current density on C. vulgaris cells density 
and integrity was studied. Electrochemical disinfection 
experiments were performed at different current densities 
within the range of 2.021–8.084 mA cm–2, taking into account 
the energy consumption (i.e., economic efficiency of water 
treatment process). Constant electrolyte volume (2 dm3) 
and concentration of NaCl (4 g dm–3) were used. Moreover, 
appropriate agitation (100 RPM) was selected to ensure good 
mixing of the oxidants forming by electrolysis considering 
the results of Alfafara et al. [37] and Xu et al. [38] who pointed 
out that agitation exhibits higher algal removal efficiency at 
lower current densities (<5 mA cm–2). 

The effects of various current densities on survival of 
C. vulgaris are shown in Fig. 4. When 2.021 mA cm–2 was 
applied, cells viability progressively decreased, about 5.36 
and 1.19 × 105 cell/mL of viable cells were observed in 50 
and 150 min, respectively. Complete inactivation of algal 
cells was obtained after 225 min. The results show that as the 
current density increased, the rates of inactivation increased 
accordingly. Interestingly, at 8.084 mA cm–2, dramatic increase 

of dead (2.11 × 105 cell/mL) and lysed (1.97 × 105 cell/mL) algal 
cells was observed after 27 min. Complete inactivation of 
C. vulgaris cells at 8.084 and 4.042 mA cm–2 was recorded after 
55 and 95 min, respectively (Fig. 4). After 55 min of exposure, 
the pH value of electrolytes decreased at all current densities 
used from 5.8 to 5.5. It was also found that electric charge 
required for complete inactivation of algal cells increased with 
decreasing of applied initial current density (data not shown). 
Our results are also consistent with previous findings of elec-
trochemical inactivation of cyanobacteria Cylindrospermopsis 
raciborskii [23] and photoautotrophic gram-negative bacteria 
M. aeruginosa [39]. Xu et al. [38] observed similar effect of 
increasing current density on inactivation of M. aeruginosa. 
After 30 min of electrochemical treatment with combination 
of graphite-stainless electrodes, 95.3% inhibition ratio 
was recorded at current density 16 mA cm–2. Lin et al. [40] 
concluded that electrolysis by current densities higher than 
10 mA cm–2 led to the complete inhibition of M. aeruginosa 
cells at 5 × 105 cell/mL initial cell density.

Previous studies [25,41,42] showed that even the presence 
of very low concentration of Cl– ions allows the oxidations of 
chlorides, which lead to dominant constitution of active chlo-
rine species. During the electrolysis, adsorption and dissolu-
tion of chlorine generated from the oxidation of chloride ions 

Fig. 4. Rates of inactivation of Chlorella vulgaris cells during electrolysis performed at various current densities (2.021–8.084 mA cm–2; 
electrolyte: 4 g dm–3 NaCl; initial cell density 7 × 105 cell/mL; initial pH 5.8, T = 22°C).
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occur at the anode surface while oxygen evolves from water 
discharge [43,44] (Eqs. (4) and (5)):

2 2 1 362
0Cl Cl e E V− −→ + = − .  (4)

2 4 4 1 232 2
0H O l O g H e E V( ) → ( ) + + = −+ − .  (5)

Subsequently, dissolved chlorine reacts with water and 
hypochlorous acid and hypochlorite ions are produced 
(Eqs. (6) and (7)):

Cl H O HClO Cl H E V2 2
0 0 93+ → + + = −− + .  (6)

HClO ClO H→ +− +  (7)

Electrochemical generation of various active chlorine 
forms strongly depends on electrolyte pH value. According 
to chlorine speciation [45], chlorine dominates at pH below 
2.5 while hypochlorite ions dominate above pH 8.0. In 
our experiments, pH during electrolysis decreased to 5.5 
indicating mainly the presence of HClO and hypochlorite 
ions forms. In cathodic reaction zone reduction of the active 
chlorine and the hydrogen evolution is favoured (Eqs. (8) 
and (9)):

ClO e H O Cl OH− − − −+ + → +2 22  (8)

H O e H g OH E V2
02 2 0 83+ → + = −− + −( ) .  (9)

Since NaCl (4 g dm–3) was used as supporting electrolyte 
during electrochemical disinfection, electrogenerated active 
chlorine (total concentration of hypochlorite ions, hypochlor-
ous acids and dissolved chlorine) was also analyzed. The 
effect of current intensity and electrolysis time on the active 
chlorine formation in experiments without algae cells in solu-
tion is shown in Fig. 5. There is only negligible difference in 
the maximum values of produced active chlorine species at 
different current densities. However, time needed to reach 
the maximum level of active chlorine differed significantly. 
At current densities 8.084 and 4.042 mA cm–2 maximum level 
of active chlorine (0.46 mg dm–3) has been achieved after 
40 and 100 min, respectively. Active chlorine generation at 
2.021 mA cm–2 was markedly slower and maximum con-
centration 0.43 mg dm–3 was recorded after 180 min. When 
7 × 105 cell/mL of algae was present in electrolyte during first 
55 min of electrolysis at all current densities no active chlo-
rine was detected (not shown). As was pointed out by Gao 
et al. [3], the decrease of active chlorine concentration in the 
presence of algae cells could be attributed to the fact that the 
active chlorine would react with the algae cells immediately 
after generation.

Our results suggest that electrochemical disinfection 
caused progressive destruction of the algal cell integrity 
(Fig. 6). At 8.084 mA cm–2 lysed cells represent 4.9 × 105 cell/mL 
of total cell count in initial sample. As expected, the lowest 
proportion of lysed cells (2.22 × 105 cell/mL) was observed 

at 2.021 mA cm–2. With increasing current density and 
formation of active chlorine, the proportion of lysed 
cells significantly increased during electrolysis (Fig. 6). 
Moreover, morphological changes of C. vulgaris cells after 
electrochemical treatment were observed. Prior to electrolysis, 
cells have a distinct cell envelope while electrochemical 
treatment induced significant disruption of cell envelope 
(not shown). The smaller diameter and crumpled shape of 
algal cells indicate that during electrolysis, the cells could be 
dehydrated with only water leaving the cell, or cell lysis may 
be occurring and releasing intracellular contents. Similarly, 
Daghrir et al. [46] observed that current intensity (0.6 A) 
applied for 100 min of electrolysis enlarged the porosity 
and the permeability of the cell membrane of C. vulgaris 
and promotes the release of intracellular compounds into 
the medium. Gao et al. [3] and Monasterio et al. [4] revealed 
that exposition of algae to an external electric field led to the 
induction of permanent or transient pores in the membrane. 
If electrochemically generated oxidants are present, these 
pores may allow the oxidants free access to the interior of 
the cell, which increases the efficiency of inactivation process 

Fig. 6. Proportion of live, dead and lysed Chlorella vulgaris cells 
during electrolysis at various current densities.

Fig. 5. Effect of current density and electrolysis time on active 
chlorine formation (mg dm–3) during electrolysis (electrolyte: 
4 g dm–3 NaCl, initial pH = 5.8, T = 22°C) without the presence of 
algal cells. Surface plot predicted using nonlinear regression in 
TableCurve3D.
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(active chlorine can damage the nucleus, protoplasm and 
proteins of the cell membrane). It is indicated that the results 
of other researchers (e.g., Mascia et al. [47]), we suppose that 
the main mechanism of algal cells inactivation is the reaction 
with bulk oxidants (see discussion below).

3.2. Effect of electrolyte concentration

The supporting electrolytes used in most electrochemi-
cal disinfection processes are chlorides, sulfates, nitrates and 
phosphate salts [48,49]. In this study, various concentrations 
of NaCl as a support electrolyte for increase of conductivity 
of treated water and generation of active chlorine were used. 
Moreover, it was found that the presence of chloride ions 
eliminates the negative effects of other anions (SO4

2–, HCO3
–) 

and the precipitation of Ca2+ and Mg2+ which could lead to 
the formation of an insulating layer on electrode surface and 
decrease in the current efficiency [50].

Increasing in NaCl concentration caused to increase the 
active chlorine ions (Fig. 7) and the cell conductivity, due to 
increasing the mass transport of chloride ions to the anode 
surface. Although the initial concentration of NaCl signifi-
cantly influenced the maximum concentration of electrogen-
erated active chlorine, the time needed to reach maximum 
at all NaCl concentrations was approximately 100 min. 
Maximum concentration of active chlorine of 0.65 mg dm–3 
was obtained at 8 g dm–3 NaCl electrolyte concentration. 

The lower maximum concentrations of active chlorine (0.33 
and 0.46 mg dm–3) were determined during electrolysis with 
2 and 4 g dm–3 NaCl. Similarly to previous experiments, when 
7 × 105 cell/mL of algae was present in electrolyte during first 
55 min of electrolyses, no active chlorine was detected.

The effects of various concentration of NaCl on survival 
of C. vulgaris are shown in Fig. 8. Experiments without 
current density exposure revealed only negligible influence 

Fig. 8. Rate of inactivation of Chlorella vulgaris cells during electrolysis performed at various concentration of NaCl (current density 
4.042 mA cm–2; initial cell density 7 ´ 105 cell/mL; initial pH 5.6–5.8, T = 22°C).

Fig. 7. Effect of NaCl concentration (g dm–3) and electrolysis 
time on active chlorine formation (mg dm–3) during electrolysis 
(current density: 4.042 mA cm–2, initial pH = 5.6–5.8, T = 22°C) 
without the presence of algal cells. Surface plot predicted using 
nonlinear regression in TableCurve3D.
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of NaCl on C. vulgaris viability (not shown). With increasing 
initial NaCl concentration at current density 4.042 mA cm–2, 
disinfection rate significantly increased and time needed to 
complete inactivation of algal cells decreased to 55 min. A 
longer time was needed (95 and 136 min) for complete inacti-
vation of algal cells at lower electrolyte NaCl concentrations 
(2 and 4 g dm–3). The pH value of electrolyte decreased from 
5.8 to 5.4 (8 g dm–3 NaCl), 5.5 (4 g dm–3 NaCl) and 5.6 (2 g dm–3 
NaCl) at the end of electrolysis.

The stability of cell membranes was monitored by a deter-
mination of lysed cell counts. At 4.042 mA cm–2 and 2 g dm-3 
NaCl up to 2.65 × 105 lysed cell/mL (36.6%) was observed at 
the end of the experiment. As expected, significantly higher 
numbers of lysed cells (3.91 and 4.25 × 105 lysed cell/mL, 
respectively, 53.4% and 59.9%) were observed at 4 and 8 g dm–3 
NaCl (Fig. 8). As was discussed above, changes in permeabil-
ity of cell membrane are one of the main reasons of this effect. 
Higher current densities caused significant destabilization of 
cell membrane and increase their permeability. Therefore, 
significantly lower concentrations of generated active chlo-
rine are needed for effective algal cells inactivation.

The main problem in cell damage evaluation is that par-
allel mechanisms exist and that the analysis of disinfecting 
species is extremely difficult due to the high reaction rates 
[20]. Table 1 shows the effects of various disinfectants on liv-
ing cells. As was pointed out by Monasterio et al. [4], con-
centration of active chlorine in treated water will be strongly 
reduced by the presence of algae. Higher algal inactivation 
efficiency of electrochemically generated active chlorine was 
observed in comparison with injection of electrochemically 
generated chlorine presented by Sun et al. [51]. They used 
significant higher chlorine dosage (5 mg dm–3) injected into 
C. vulgaris suspension (1 × 105 cell/cm3), however full inacti-
vation of C. vulgaris was recorded after 24 h for one trial injec-
tion and for multi-trial injection of 1.5 mg dm–3 chlorine after 
10 h. It is obvious that also reactive oxygen species (ROS) are 
generated in undivided electrochemical cell equipped with 
graphite electrodes and therefore, their role in algal cell inac-
tivation cannot be neglected, although contradictory findings 
can be found in literature. Locker et al. [27] confirmed that 
the antimicrobial efficacy of electrochemically generated 
hypochlorite using carbon-based electrodes is not enhanced 
by cogenerated reactive oxygen species. To identify the role 
of ROS in algal cell inactivation, further detailed research is 
needed.

To compare electrochemical disinfection with other pro-
cesses, specific energy consumption (Fig. 9) was calculated. 
It could be observed that as current density varied from 
2.021 to 8.042 mA cm–2, energy consumption increased cor-
respondingly. The energy required for a complete inactiva-
tion of C. vulgaris (initial algae concentration 7 × 105 cell/cm3) 
was found to be 1.25, 1.55 and 2.82 kWh m–3. Similarly, as 
NaCl concentration increased (from 2 to 8 g dm–3; current 
density 4.042 mA cm–2), the energy required for complete 
inactivation of C. vulgaris was found to be 2.76, 1.55 and 
0.99 kWh m–3. Obtained values are in a good agreement with 
those observed by Mascia et al. [25]. For complete inactiva-
tion of Chlorella cells values from 2.5 to 3.0 kWh m–3 were 
calculated (electrolysis with BDD anodes, current density 
25–100 A m–2). Interestingly, for inactivation of M. aeruginosa 
cells, significantly higher values (up to 150 kWh m–3) were 

obtained indicating higher resistance of M. aeruginosa to elec-
trochemical treatment (electrolysis with BDD anodes, current 
density 10–60 A m–2) [47]. When electrocoagulation was used 
for M. aeruginosa removal, the energy consumption increased 
dramatically from 0.2 to 2.28 kWh m–3 as the current density 
varied from 0.5 to 5.0 mA cm–2 [3]. As expected it is important 
to optimize the current input in electrochemical disinfection 
processes to avoid extra-higher energy consumption.

4. Conclusions

An undivided electrochemical cell equipped with 
graphite electrodes was constructed and used for inactivation 
of relatively high concentration of C. vulgaris (108 cell/dm3) 
in water. Suspensions of C. vulgaris were exposed to current 
densities within the range 2.021–8.084 mA cm–2 and initial 
NaCl concentration 2–8 g dm–3. The viability of algal cells 
obtained after observing the autofluorescence of chlorophyll 
clearly decreased with increase in current density and elec-
trolysis time. Complete inactivation of C. vulgaris cells at 
8.084 mA cm–2 and 4 g dm–3 NaCl was observed after 55 min. 
Electrochemical disinfection caused progressive destruction 

Table 1
Effects of various disinfectants on living cells according to 
Bergmann [52] and Ghernaout et al. [20]

Disinfectants Mechanism

Chlorine DNA replication enzymes inhibition
ClO2 Changes in cell walls due to oxidation 

of amino groups 
Disruption of proteo-synthesis
Disruption of glucose oxidase

O3 Destruction of cell membranes
Reaction with glutathione
Damages of chromosomal DNA

Hydroxyl radicals Strand breaking in DNA radicals
Reaction with nucleic acids
Cell deformation lead to their rupture

Fig. 9. Energy consumption Esp during electrochemical 
disinfection of water with Chlorella vulgaris at various current 
density and NaCl content.
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of the algal cell integrity and at 8.084 mA cm–2 lysed cells 
represent 69.7%. A longer time was needed for complete 
inactivation of algal cells at lower electrolyte NaCl concen-
tration (2 g dm–3) indicating that C. vulgaris appeared to 
be sensitive to electrogenerated active chlorine. Maximum 
concentration of active chlorine 0.65 mg dm–3 was obtained 
at 8 g dm–3 NaCl electrolyte concentration. Based on our 
results and the results of other researchers, we suppose that 
the main mechanism of algal cells inactivation is the reac-
tion with bulk oxidants. The results implicated that electro-
chemical treatment can be effective as alternative treatment 
process for algal elimination in waters with higher mineral 
content. Based on the energy consumption calculations, 
possible treatment system self-powered by photovoltaic 
panels could potentially be constructed on the basis of our 
simple electrochemical cell and implemented in in situ algal 
elimination. 
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