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1. Introduction

Water hardness negatively affects the majority of pro-
duction processes where water is used with a high content 
of calcium and magnesium ions. Surface incrustation with 
hardness salts can worsen quality of products and wreck 
process equipment. Water softening is widely used in the 
processes of water treatment for heat power plants, radio 
engineering industry, galvanic production, drinking water 
supply. Requirements to the content of hardness salts in 
softened water vary widely in industry. Also, the content 
of hardness salts in potable water is limited since excess 
calcium and magnesium can adversely affect functioning of 
human organs [1].

The reagent and ion-exchange water softening methods 
are most commonly used [2]. In recent decades, reverse osmo-
sis and nanofiltration have been used [3, 4]. With the reagent 
method, alkali, sodium carbonate, calcium hydroxide and 
other chemicals are dosed into water. As a result, calcium ions 
bind to insoluble compounds which then form a precipitate.

However, water in this case is inevitably contaminated 
with sodium ions and foreign anions, which can adversely 
affect quality of the softened water. Treated water requires 
stabilization by acidification to prevent undesirable residual 
precipitation of calcium salts in pipelines and equipment. 
Also, disinfection is necessary with the help of special re-
agents which further increase mineralization of purified 
water. For example, the “secondary pollution” of softened 
water associated with the use of chemical reagents is char-
acterized by the ratio of the weight of the reagent remaining 
in water to the total weight of the reactant introduced equal 
to 0.95–0.98 for water stabilization, 0.5–0,7 for alkalization 
and 1,0 for disinfection. 

Deeper softening is ensured by the ion-exchange method 
which is often used in industrial water treatment. However, 
ion-exchange softening requires a significant amount of chem-
ical reagents for regeneration of ion-exchange resins which is 
2.5 to 3 times higher than the amount of ions being removed. 
Regeneration solutions are discharged into water reservoirs 
thereby increasing their mineral composition, which negatively 
affects the environment. To improve efficiency of the ion-ex-
change process, combinations of different methods are used [5].

Application of reverse osmosis to remove hardness salts 
is only possible in the process of general desalination of 
water, which is not always beneficial from the economic and 
technological points of view. In this case, salt concentrates 
are formed which must be sent for disposal or recycling. In 
addition, it is necessary to periodically regenerate reverse 
osmosis membranes with special chemical solutions that 
require separate deep and complex purification.

Thus, development of new water softening technologies 
is associated with the use of reagentless methods based on a 
complete or partial exclusion of chemical reagents from the 
process of hardness salt removal. From this point of view, ap-
plication of electrochemical methods for removing hardness 
salts from water is promising. These methods are based on 
water softening under the influence of electric current due 
to the electrochemical processes taking place at the elec-
trode-electrolyte boundary [6].

The use of electrochemical methods makes it possible 
to completely abandon the use of chemical reagents, avoid 
secondary contamination of softened water with chemicals 
and prevent discharge of waste and regenerative solutions 
into water reservoirs. As a result, the softening process is 
greatly simplified, equipment operation safety increases and 
chemical pollution of the aquatic environment is prevented.
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2. Literature review and problem statement

It is known that the processes and equipment for elec-
trochemical treatment of natural and wastewater are char-
acterized by compactness of instrumentation, simplicity of 
maintenance and they allow refusal from reagent handling. 
Adjustment of parameters of their operation is reduced ba-
sically just to a change in the electrolysis current or voltage 
values. Exclusion of chemical reagents from the cycle of water 
treatment prevents growth of salt content and complication 
of the ion-molecular composition of purified water. This ex-
pands the possibility of using softened water in circulating 
and closed water consuming systems of industrial enterprises.

The possibility of electrochemical removal of hardness 
salts has long been recognized but the industrial use of this 
method is rather limited because of technological and tech-
nical complexities. Existing electrochemical softening meth-
ods provide for water electrolysis either with no separation of 
the electrode reaction products (in a diaphragmless electro-
lyzer) or with their separation (in a diaphragm electrolyzer).

Treatment of water in a diaphragmless electrolyzer with 
insoluble (inert) electrodes requires low current densities 
and a considerable process time. In this case, hardness salts 
precipitate mainly due to chemical and thermal processes 
directly on the cathodes in a form of a dense precipitate of 
poorly soluble calcium and magnesium salts [7]. Such incrus-
tation of cathodes results in a gradual decrease in current, 
increase in electrolysis voltage and higher costs of electric-
ity per unit of the removed hardness salts. Additionally, 
complexity of operation of electrolyzers includes necessity 
of labor-intensive operations of electrode surface cleaning 
from the precipitated hardness salts. As a consequence, the 
current efficiency of the hardness salt precipitation process 
is low and energy-costly.

To reduce cathode incrustation, combined treatment of 
water in electrolyzers with soluble and insoluble anodes is 
recommended which facilitates electrode purification from 
the hardness salts [8]. A separate use of soluble metal anodes 
in an electrolyzer is recommended for electrocoagulation 
of hardness salts [9]. During electrolysis, soluble anodes 
are ionized and metal ions pass into water. As a result, the 
anodes dissolve and they have to be regularly renewed 
which is non-value-added. Water softening in diaphragm 
electrolyzers is more efficient [10, 11]. Intensification of the 
process of hardness salt precipitation is achieved by sepa-
rating the alkaline catholyte from the acid anolyte with a 
diaphragm. The main process consists in electrochemical 
alkalinization of water in the electrolyzer cathode chamber 
in which chemical precipitation of calcium and magnesium 
salts in the volume of catholyte occurs due to the increase 
in pH. However, the process of electrochemical variation of 
pH in the electrode chambers and the mechanism of precip-
itation of calcium and magnesium ions in the catholyte and 
anolyte were not studied in detail. The accompanying shift 
of the Eh value causing a change in the oxidation-reduction 
properties of catholyte and anolyte in the softening process 
and affecting the properties of the treated water was insuf-
ficiently studied.

Ion-exchange membranes have become widespread as 
diaphragms in diaphragm electrolyzers [12–14]. The use of 
ion-exchange membranes complicates design and operation 
of electrolyzers. An irreversible poisoning of membranes 
with water impurities and a decrease in their ion-exchange 
properties take place. Also, suspended hardness salts precip-

itate on the membrane surfaces. As a result, gradual decrease 
in efficiency of membrane functioning and the degree of 
hardness salt removal is observed.

The use of inactive porous diaphragms and joint appli-
cation of cathodic and anodic processes for water treatment 
makes it possible to simplify the softening process [6]. In 
known electrolyzers, anodes and cathodes separated by a po-
rous diaphragm are located at a considerable distance from 
each other. This requires a high voltage of electrolysis and 
increased energy consumption for water softening.

Separate water feed to the electrode chambers and sepa-
rate extraction of catholyte and anolyte are used in present- 
day flow diaphragm electrolysers [15, 16]. This technology 
allows obtaining of a high degree of softening of catholyte. 
At the same time, acid anolyte is unproductively discharged 
from the anode chamber, which raises energy consumption 
in water softening. To improve efficiency of the process, use 
of ion-exchange materials as the diaphragm and a constant 
recirculation of anolyte through the anode chamber are rec-
ommended [17]. However, anolyte should be discarded or sent 
for cleaning after several cycles of water treatment.

After removal of poorly soluble hardness salts, the 
catholyte has an alkaline reaction, which necessitates its sta-
bilization and subsequent disinfection of the softened water.

In this connection, it is necessary to further study the 
electrochemical process of water softening under various 
regimes of water flow in the electrode chambers of the flow 
diaphragm electrolyzer in order to improve removal of hard-
ness salts without additional disposal of the spent solutions.

3. Objective and tasks of the study

Objective of this work consisted in the study of the water 
softening process when the products of electrode reactions 
are separated in a diaphragm electrolyzer using insoluble 
anodes and an inactive diaphragm made of a porous material.

To achieve this objective, the following tasks were ac-
complished:

– study of the change in the value of the active reac-
tion (pH) and redox potential (Eh) in the electrode chambers 
of the electrolyzer and estimation of the effect of these processes 
on softening, stabilization and disinfection of purified water;

– study of the process of water softening at various schemes 
of water movement in the electrode cameras of the electrolyzer 
using water filtration through a porous diaphragm. Efficiency 
study of operation of the diaphragm electrolyzers with perforat-
ed electrodes pressed against the diaphragm from both its sides.

4. Materials and methods of  
electrochemical water softening

The investigations were carried out with a pilot dia-
phragm electrolyzer having dimensions of 1 m in width by 
0.8 m in height. Stainless steel was used for the cathode, 
titanium for the anode and porous Chlorine cloth for the in-
active diaphragm. The electrode assembly included cathode 
and anode with perforated 20 mm diameter holes pressed 
to the diaphragm from its both sides. The inside surfaces of 
the electrodes facing the diaphragm were insulated with a 
special coating. This design of the electrode system made 
it possible to minimize the distance between the electrodes 
and significantly reduce the electrolysis voltage. The elec-
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trode assembly was installed in the electrolyzer body in such 
a way that harmful water flow between the cathode and an-
ode chambers through the joints between the electrode and 
the housing walls was prevented. The installation capacity 
was 0.1–0.3 m3/h.

A regulated electric current rectifier was used for power 
supply of the cell. The electrodes were connected to the 
rectifier by a monopolar circuit. Current density at the elec-
trodes was 25–30 A/m2, electrolysis voltage was 8–12 V.

For this study, natural water was used from a subterranean 
source (well) with a total hardness of 4.2–11.4 mmole/dm3 and 
a total mineralization of up to 500 mg/dm3. When studying the 
effect of pH change on water mineralization, Na2SO4 salt was 
added to it. To study the change in Eh, aqueous solutions of 
NaCl and Na2SO4 of various concentrations were used.

The softening process was studied in static and flow condi-
tions. In static conditions, water was fed to the electrolyzer and 
the catholyte and anolyte were uniformly drained at regular 
intervals from the lower body part thru special fittings after 
electrochemical treatment. In flow conditions, the source water 
was fed to the lower part of the electrode chambers, and the 
treated water was removed from the upper part by means of 
trays installed at the side opposite to the water supply points. 
Regulation of the ratio of water flows thru the electrode cham-
bers was made by adjusting the height of the corresponding 
trays for removal of catholyte and anolyte. Measurement of 
catholyte and anolyte flows was made by a volumetric method.

The influence of various patterns of water flow in the 
electrolyzer was studied for sequential and parallel water flows 
in the electrode chambers (Fig. 1). During the sequential 
movement, water was fed to the cathode (or anode) chamber, 
then the whole flow passed through the porous diaphragm to 
the anode (or cathode) chamber, from where the treated water 
was removed and filtered. In the parallel flow, water was fed to 
the cathode (or anode) chamber and then a part of it was fil-
tered through a porous diaphragm into the anode (or cathode) 
chamber. The treated water was removed from the cathode and 
anode chambers in two streams. The catholyte stream was puri-
fied in a filter and then mixed with the anolyte stream.

 

																																а                         b

Fig.	1.	Plan	view	schemes	of	water	treatment	in	a	flow	
diaphragm	electrolyzer:	a	–	for	a	sequential	water	flow;		

b	–	for	a	parallel	water	flow;	1	–	diaphragm	electrolyzer,		
2	–	electrodes,	3	–	porous	diaphragm,	4	–	anode	chamber,	

5	–	cathode	chamber,	6	–	filter,		
7	–	water	inlet,	8	–	water	outlet

To measure pH and Eh, ProMinent ionometer (Ger-
many) was used. The concentrations of hardness ions and 

other water indices were made using standard methods 
in a certified hydrochemical laboratory after filtering the 
water treated in the electrolyzer through a ‘white-tape’ 
paper filter.

To estimate energy consumptions for water treatment, 
the calculated index of the specific quantity of electricity 
per unit volume of treated water was used (current con-
sumption, D)

IT I
D ,

W Q
= =  C/l,  (1)

where I is current value, A; t is water treatment time, sec; 
W is volume of the treated water, l; Q is water flow, l/sec.

Specific energy consumptions (E) were determined by 
the formula:

DU
E ,

3600
=  kW-hr/m3,  (2)

where U is the electrolysis voltage, V.

5. The results obtained in the studies of  
electrochemical water softening

5. 1. Change in pH and Eh during water softening in 
the diaphragm electrolyzer

During water electrolysis in the diaphragm electrolyzer, 
catholyte was alkalinized thru reduction of water molecules 
on the cathode with formation of hydroxyl ions and evolu-
tion of hydrogen gas

2 22H O 2e 2OH H .−+ → +   (3)

On the insoluble anode, water molecules were oxidized 
with the release of gaseous oxygen and formation of hydro-
gen ions, which leads to anolyte acidation 

2 22H O 4e 4H O .+− → +   (4)

As a result of electrolysis, catholyte pH increased to 
10.8–11.2, the anolyte pH dropped to 3.0–3.2 (Fig. 2). A 
characteristic change in pH from 5.7–5.9 to 3.2–3.4 was ob-
served in the curve of anolyte pH change. This was because 
of transition of carbonate ions 2

3CO −

 to carbon dioxide 2CO  
due to a change in the carbon dioxide equilibrium with aci-
dation of water. The increase in salt content in natural water 
due to Na2SO4 salt intensified the process of changing pH of 
both catholyte and anolyte.

Growth of water mineralization increased concentration 
of the formed alkali in the cathode chamber and acid in the 
anode chamber and, accordingly, the amount of precipitated 
hardness salts (Fig. 3). In this case, accumulation of alkali 
and acid occured in an equivalent amount, provided that 
only electrode processes of oxygen and hydrogen release 
took place on the electrodes.

The limiting amount of alkali (acid) that accumulates 
in the cathode (anodic) chamber of the diaphragm elec-
trolyzer depending on mineralization of the aqueous phase 
(SM, mg/l) can be determined by the formula:

al(as) MC (0.011 0.013)S ,∇ = −  mg-equiv/dm3.  (5)
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Fig.	2.	Dependence	of	рН	of	catholite	(1–3)		
an	anolite	(4,	5)	on	current	consumption	in	treatment	of	

natural	water	in	a	static	diaphragm	electrolyzer:		
1,	5	–	water	with	0.01	М	solution	of	Na2SO4	and	carbonate	

hardness	of	2.4	mmole/dm3;	2	–	water	with	carbonate	
hardness	of	2.4	mmole/dm3;	3,	4	–	water	with	carbonate	

hardness	of	4.6	mmole/dm3

Fig.	3.	Dependence	of	acid	(alkali)	accumulation	on	current	
consumption	in	a	static	diaphragm	electrolyzer	when	treating	
an	aqueous	solution	with	an	initial	pH=7.0	and	concentration	

of	indifferent	electrolyte	Na2SO4:	1	–	5,000;	2	–	7,000,		
3	–	2,000;	4	–	500	mg/l

Due to the increase in water pH in the cathode cham-
ber, carbon dioxide equilibrium shifts toward formation of 
carbonate ions with formation of hardly soluble carbonate 
and hydroxide salts of calcium and magnesium in catholyte.

2
3 3 2HCO OH CO H O,− − −+ = +   (6)

2 2
3 3Ca CO CaCO ,+ −+ = ↓   (7)

2
2Mg 2OH Mg(OH) .+ −+ = ↓   (8)

As a result, calcium concentration in catholyte dropped 
to 0.5–0.4, magnesium concentration reduced to 1.2–0.7, 
total hardness decreased to 0.8–1.0 mmole/dm3 (Fig. 4). In 
anolyte, migration of hardness cations to catholyte through 
the diaphragm under the influence of electric current, result-
ed in reduction of calcium concentration to 2.0–1.6, magne-
sium concentration to 1.0-0.8 and total hardness decrease to 
1.4–1.8 mmol/dm3.

The oxidation-reduction potential (Eh) of catholyte 
in processing natural water dropped to the reduction re-
gion from +(0.16–0.18) V to – (0.2–0.3) V (Fig. 5). When 
solution was reagent-alkalinized with alkali NaOH, Eh 
decreased just to +(0.10–0.06) V due to pH growth in ac-
cordance with equation [18]

Eh 0,0591pH.= −   (9)

This was an indication of a significant effect exerted on the 
decrease in Eh of electrolytic hydrogen, which was released on 
the cathode and then dissolved in catholyte boosting its reduc-
ing properties [19].

Fig.	4.	Dependence	of	the	total	hardness	on	the	current	
consumption	in	the	treatment	of	natural	water	at	carbonate	

hardness	of	4.6	mmole/dm3	in	a	static	diaphragm	
electrolyzer:	1	–	anolyte;	2	–	catholyte

Fig.	5.	Dependence	of	the	change	in	anolyte	Eh	(2–5,7)	and	
catholyte	(1)	when	treating	aqueous	solutions	in	a	static	

diaphragm	electrolyzer:	1	–	0.01	M	Na2SO4	solution	without	
taking	into	account	the	increase	in	pH;	2	–	0.001	M	NaCl	

solution	without	considering	the	decrease	in	pH;		
3	–	0.01	M	solution	of	Na2SO4	without	considering	the	
decrease	in	pH;	4	–	0,005M	solution	of	NaCl	without	

considering	the	decrease	in	pH;	5	–	0,02	M	NaCl	solution	
without	considering	the	decrease	in	pH;	6	–	0,02	M	NaCl	

solution	considering	the	decrease	in	pH;	7	–	calculated	line	
of	the	upper	boundary	of	thermodynamic	water	stability

The Eh value of the natural water anolyte somewhat in-
creased during electrolysis due to pH decrease according to 
equation (9) and oxygen dissolution.
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When treating water having NaCl concentration more 
than 0.02 M, the anolyte Eh increased to +(0.9–1.1) V 
exceeding the upper theoretical boundary of the thermody-
namic stability of the aqueous medium [18] determined by 
equation

2OEh 1.228 0.0591pH 0.0147lgP ,= − +   (10)

where 
2OP 1=  atm is oxygen pressure in water.

This is due to a simultaneous decrease in pH and dis-
charge at the anode of Cl-ions with production of chlorine 
gas Cl2. Chlorine gas dissolves in water to form hypochlorite 
acid HOCl which has strong oxidizing properties.

Comparison of the calculated [19] and the experimental 
electrochemical variation of Eh with the introduction of 
gases generally demonstrates their correspondence to each 
other (Table 1).

During electrolysis, other ions migrate through the 
porous diaphragm to the electrodes. So, a simultaneous 
increase in concentration of sodium, potassium and iron 
cations in catholyte and chloride and sulfate anions in ano-
lyte was observed. At the same time, heavy metals and other 
impurities in water can be precipitated by electrochemical 
alkalization in the cathode chamber.

5. 2. Softening of water under different patterns of 
water flow in electrode chambers

During sequential movement of water in the electrode 
chambers of the electrolyzer and feeding it into the cath-
ode chamber, the pH value in this chamber was set within 
10.8–11.2. This caused formation of carbonates and hydrox-
ides of calcium and magnesium. At the anode chamber exit, 
water pH decreased to 7.0–6.8. Total hardness of the treated 
water dropped from 4.6–5.0 to 2.6–3.4 and reduction from 
0.38–0.74 to 0.28–0.46 for acidity and from 6.9–7,8 to 
3.0–5.0 mmole/dm3 for alkalinity was observed.

For the reversed water flow, pH in the anode chambers 
was set at 6.5–6.6. Water pH at the exit from the cathode 
chambers increased by 0.5–0.6 in comparison with its value 
for the initial water. An increase in pH of the treated water 
resulted in a decrease in its hardness by 0.2–0.6, alkalinity 
by 0.4–0.6, and acidity by 0.10–0.14 mmole/dm3.

More significant softening of water occurred in the 
schemes of parallel flow in the electrode chambers. Thus, 
when water was fed to the cathode chambers and moved in 

streams thru the electrode chambers in an equal proportion of 
the catholyte and anolyte flows, the catholyte pH increased 
to 10.7–11.2 at a current consumption of 1600–2300 C/l. 
This reduced its total hardness to 1.8–1.3 mmole/dm3 
(Fig. 6). Catholyte alkalinity decreased initially as well but 
then increased slightly.

Anolyte pH decreased just to 6.20–6.05 at the mentioned 
current consumptions. However, as the current consump-
tion increased to 3800-4600 C/l, pH subsequently dropped 
abruptly to 3.3–2.6. Anolyte acidity increased accordingly.

Due to the migration of 2Ca +  and 2Mg +  ions from the 
anode chambers to the cathode ones which occurred under 
the action of electric current, the total anolyte hardness 
decreased to 1.6–1.3 mmole/dm3. In this case, the change of 
hardness in anolyte was less intensive than in catholyte. The 
final values of catholyte and anolyte stiffness were practical-
ly the same (Fig. 6).

Reduction of hardness salt concentrations in 
anolyte and catholyte has resulted in a change 
in the rest of parameters of the entire volume 
of treated water. Thus, pH of the catholyte and 
anolyte mixture decreased on average by 0.4–0.8, 
alkalinity decreased by 3.6–4.0 mg/l but acidity 
increased by 0.2–0.3 mmole/dm3.

In the parallel scheme of water flow and its feed 
to the anode chambers, the pH and alkalinity of 
catholyte increased more intensively and pH and 
acidity of anolyte decreased less intensively. How-
ever, difference in the changes of the total hardness 
of catholyte, anolyte and their mixture was insig-
nificant. Some decrease in pH and an increase in 
acidity of the mixture of anolyte and catholyte by 
0.9–1.0 units contributed to its stabilization, which 
eliminated an additional introduction of acid which is 
done in reagent water softening with the use of lime 
and soda. So, as calculations show, stability index of 
softened water was within –(0.08–0.15) units elimi-
nating the need for additional acidation of water.

Fig.	6.	Dependence	of	hardness	on	current	consumption	in	
treating	water	with	parallel	flows	in	a	flow-type	diaphragm	
electrolyzer:	1	–	anolyte;	2	–	catholyte;	3	–	a	mixture	of	

catholyte	and	anolyte

The data obtained in processing natural water by par-
allel streams with various consumption ratios of catholyte 
to anolyte from 3:7 to 7:3 show that the ratio does not 
practically affect pH of catholyte and anolyte. At the same 
time, a decrease in the consumption ratio of catholyte and 

Table	1

The	calculated	effect	of	gases	on	the	change	in		
the	aqueous	medium	Eh	at	pH=7

Gas Equation of Eh
Gas solubility, 
g/100 g water 

Maximun Eh change, V

calculation experiment

O2
4

2Eh 0.815 0.0148lg O H+ = +      4.34×10-3 +0.401 +(0.1–0.2)

Cl2

2

2

Cl
Eh 1.395 0.0295lg

Cl−

  = +
  

0.716 +1.485 +(0.9–1.1)

H2

2

2

H
Eh 0.0295lg

H

+  =
  

1.6×10-4 –0.323 –(0.2–0.3)
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anolyte to (9.5–8.5):(0.5–1.5) or less leads to a slowdown 
in the change of water pH in the electrode chambers and, 
consequently, to a decrease in the degree of water softening.

Generalized indicators of natural water softening at var-
ious schemes of its movement in the electrode chambers of 
the diaphragm electrolyzer are given in Table. 2.

The change in the value of the treated water Eh is more 
complex and is determined by the final stage of water treat-
ment in the electrode chamber. In a sequential scheme with 
water supply to the anode chamber, the value of Eh decreased 
from +(0.23–0.25) V to +(0.068–0.13) V at the outlet from 
the cathode chamber. When water is fed into the cathode 
chamber and discharged from the anode chamber, the value of 
Eh varies insignificantly compared to the initial water.

In a parallel scheme with feeding into the cathode 
chamber, catholyte Eh decreased from +(0.23–0.25) V to 
+(0.14–0.17) V, anolyte Eh increased to +(0.40–0.42) V, Eh 
of the catholyte and anolyte mixture was +(0.32–0.46) V. 
When feed was done to the anode chamber, catholyte Eh 
ranged from +0.10 V to –0.03 V, anolyte Eh increased to 
+(0.40–0.46) V. Eh of the catholyte and anolyte mixture 
was +(0.32–0.40) V. Thus, regardless of the water flow 
pattern in the parallel scheme, the value of Eh of the entire 
water flow increased slightly which contributed to its disin-
fection. In this case, it is more preferable to use feed to the 
anode chamber in which the whole water stream is initially 
exposed to oxidation processes.

The most significant degree of water softening at the 
smallest electricity consumptions was observed when water was 
fed to the anode chambers and moved in parallel streams in the 
electrode chambers. At the same time, water was stabilized and 
disinfected. The total hardness of natural water was reduced to 
1.4–1.6 mmole/dm3, alkalinity up to 3.8–4.3 mmole/dm3, pH 
by 0.3–0.6 and acidity practically did not change.

Based on the studies, design of an industrial monopolar 
electrolyzer with an inactive diaphragm for electrochemical 
change of pH and Eh has been developed. The electrolyzer 
feature is that it uses a solid anode and a perforated cathode or 
perforated electrodes in a close contact with the diaphragm. 
The design of the electrode block enables electrochemical 
alteration of pH and Eh of the aqueous medium directly in 
the flowing water at low (up to 8–12 V) electrolysis voltages 
which makes it possible to reduce the power consumption for 
softening to 1.4–1.9 W-hr per 1 mmole of hardness.

By the degree of softening and the essence of the ongoing 
processes, electrochemical softening is in many ways analogous 
to reagent alkalinization. Unlike reagent softening, use of 
electrochemical pH change avoids the increase in the residual 
hardness of treated water which occurs when excess lime is 
introduced.

The recommended process scheme for softening involves 
the parallel movement of catholyte and anolyte streams 
in the electrolysis cell in a consumption ratio (7–8):(3–2) 
and their separate extraction from the electrode chambers. 
Catholyte is then filtered to remove insoluble hardness salts 
and mixed with anolyte. The degree of water softening is 
only regulated by changing direct current strength applied 
to the electrodes.

6. Discussion of the results obtained in the studies of 
water softening in the diaphragm electrolyzer

Studies of electrochemical water softening have shown 
that the main process determining the degree of removal of 
hardness salts is alkalinization of the catholyte in the cath-
ode chamber. By increasing pH, hydrocarbonate anions are 
converted to carbonate anions with the formation of poorly 
soluble calcium carbonate. Magnesium is precipitated as a 
hydroxide. Removal of hardness ions in anolyte occurs as a 
result of their migration through a porous diaphragm from 
the anode chamber to the cathode chamber under the action 
of electric current.

Effectiveness of hardness salts precipitation increases 
with increase in water mineralization. In this case, the cur-
rent transfer is intensified by indifferent Na+, 2

4SO −  and oth-
er ions, which determine the degree of accumulation of acid 
in anolyte and alkali in catholyte, respectively.

The change in oxidation-reduction properties of anolyte 
and catholyte was studied. The determinants of the change 
in Eh are the shift in pH of the aqueous medium and disso-
lution of the gases evolved in the course of electrolysis, such 
as hydrogen, oxygen and gaseous chlorine. In anolyte, due to 
formation of hypochlorite acid in chlorine evolution and the 
decrease in pH, the value of the aqueous medium Eh can rise 
to the upper limit of the thermodynamic stability of water. 
In fact, the electrochemical increase of anolyte Eh is equiva-
lent to the introduction of chlorine-containing reagents into 
water in order to disinfect it.

Influence of various schemes of water movement in the 
electrode chambers of the flow diaphragm electrolyzer on 
the degree of water softening was studied. The results have 
shown that sequential movement through the electrode 
chambers with filtration through the diaphragm made it 
possible to soften water only to 2.4–4.4 mmole/dm3. When 
water was fed to the cathode chambers and removed from 
the anode ones due to the initial increase in catholyte pH, 
a higher degree of softening was achieved. With the reverse 
movement of water, a higher increase in catholyte pH but a 
low degree of softening was observed. This is explained by 

Table	2

Indicators	of	water	softening	at	various	schemes	of	its	movement	in	the	electrode	chambers	of	the	diaphragm	electrolyzer

Indicators of  
water softening and  

parameters of its treatment
Initial water

Sequential movement Parallel movement

Feed to cathode 
chambers

Feed to anode 
chambers

Feed to cathode 
chambers

Feed to anode 
chambers

pH 7.2–7.5 6.8–7.0 7.9–8.2 6.7–6.9 6.7–6.9

Total hardness, mmole/dm3 4.6–5.0 2.4–3.0 4.4–4.8 1.4–1.6 1.4–1.6

Alkalinity, mmole/dm3 6,9–7.8 3.0–3.4 6.5–6.8 3.3–3.8 3.8–4.3

Acidity, mmole/dm3 0.4–0.7 2.4–3.0 4.4–4.8 1.4–1.6 1.4–1.6

Curent consumption, C/l – 1200–1400 1000–1500 1200–1400 1000–1200

Current consumption,  
W-hr/mmole of hardness

– 3.6–5.3 2.2–5.9 2.5–3.8 1.4–1.9
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the fact that hydrocarbonate anions are converted to carbon 
dioxide gas during the initial acidation of water in the anode 
chamber. This process reduces carbonate alkalinity of water 
and lessens the possibility of calcium carbonate formation in 
the cathode chamber.

With parallel movement of water in the electrode cham-
bers with filtration of a part of water through the diaphragm 
and a different ratio of catholyte and anolyte flows, a higher 
degree of water softening was observed. It is preferable to 
feed water to the anode chamber. In this mode, colmatation 
of the diaphragm pores by poorly soluble salts of hardness 
is also prevented. Since calcium and magnesium salts are 
formed in catholyte, the stream of acidified anolyte from the 
anode chamber through the filter diaphragm prevents their 
precipitation in the diaphragm pores.

Hydrogen and hydroxyl ions are formed in an equivalent 
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spent on precipitation of hardness salts. As a result, pH of 
catholyte and anolyte mixture is somewhat reduced which 
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than (9.5–8.5):(0.5–1.5) leads to a smaller degree of water 
softening. Because of a decrease in anolyte consumption 
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hydrogen ions takes place, and these ions migrate through 
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of the hydroxyl ions.

The developed diaphragm electrolyzer with perforated 
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minimization of the distance between cathode and anode 
and lower electrolysis voltage. In addition, electric current 

passage only through the diaphragm and the outside surfac-
es of the electrodes is ensured. As a result, energy consump-
tion for water softening is reduced.

7. Conclusions

1. It was shown that the electrochemical softening of 
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in the anode chamber due to the migration of calcium 
and magnesium ions through the diaphragm to the cath-
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