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Abstract. Problems such as scale formation, pipe corrosion, and sludge bacteria
and algae in the circulating cooling water system have always restricted the heat
exchange efficiency of heat exchange equipment, and high energy consumption
has made it difficult for enterprises to improve production efficiency. The trendy
new electrochemical water softening technology provides a new idea for the sta-
ble operation of industrial circulating water systems because of its environmental
protection, high efficiency and low energy consumption. This paper reveals the
mechanism of active descaling and sterilization of algae by electrochemical water
softening technology, elaborates the composition of important core components
of electrochemical equipment (selection and preparation of anode and cathode
materials, power system), compares the types and installation modes of main-
stream electrochemical equipment in the market, and analyzes the key factors
affecting the efficiency of electrochemical descaling. Finally, the future develop-
ment of this technology is summarized and prospected.

Keywords: Circulating cooling water; Electrochemical technology; Scale;
Electrochemical equipment; Influencing factor.

1 Introduction

The stable operation of the circulating cooling water system has an important impact
on ensuring the improvement of the production efficiency of the enterprise!'l. During
the operation of circulating water, as the temperature rises, evaporates and concentrates,
a large number of scale ions in the water are precipitated and attached to the inner wall
of the circulating water pipeline, resulting in pipeline blockage and decreased thermal
conductivity efficiency, which greatly limits the heat reduction efficiency of the circu-
lating water for the pipeline system and increases energy consumption®3, At the same
time, the water temperature, PH and the presence of nutrient-rich substances of the cir-
culating water also provide an extremely suitable environment for the growth of micro
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organisms and various types of bacteria and algae, resulting in the production of bio-
logical slime inside the pipeline, and in serious cases, it will cause scale corrosion,
causing great interference and economic losses to the production of enterprises[l,

For this reason, many researchers have adopted various methods to limit and solve
such problems. These include chemical reagent method®!, ion exchange resin method!®,
limestone softening method, membrane filtration method!”), ultrasonic method!®!, elec-
tromagnetic method™, and electrochemical water softening method. However, most
technologies are limited by high economic costs, pollution and other reasons can not be
widely used. The current emerging electrochemical water softening technology can
separate the scale-forming ions in the circulating water to the surface of the cathode
without adding chemical reagents on the original basis, and reduce the tendency of scale
deposition from the source. Compared with other methods, the equipment used in this
technology is simple to produce, low energy consumption, and excellent economic ben-
efits!'“12], Combined with the current research status, this paper firstly systematically
expounds the mechanism of electrochemical water softening technology, the core hard-
ware of water treatment equipment, equipment types, installation system and other as-
pects, and then reveals the key factors affecting the descaling efficiency. Finally, the
future development and application of this technology are summarized and prospected.

2 Electrochemical Water Softening Technology

Electrochemical water softening technology not only has excellent performance in de-
scaling in circulating water system, but also has good effect in sterilization, algae re-
moval and removal of organic matter in water. Descaling is mainly done in the cathode
area, and sterilization and algae removal are mainly realized in the anode area. Its spe-
cific schematic diagram is shown in Figure 1.
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Fig. 1. Schematic diagram of electrochemical water softening technology
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2.1  Cathode Region

In the cathodic polarization reaction, a large amount of OH" will be generated near the
cathode through the oxygen reduction process and hydrogen evolution process, forming

a high alkalinity region with a pH of about 131513:141;
0, + 2H,0 + 4e "— 40H " (1)
2H,0 +2¢" — H, 1 +20H" @)

In the actual reaction process, it can be seen that the hydrogen evolution process
shown in formula (2) is more inclined to the main reaction process of generating OH"
by observing a large number of bubbles generated in the cathode region'%!3, In addi-
tion, during the reaction, HCOs3" in the electrolytic cell moves to the cathode surface
region under the action of mass transfer and combines with the nearby OH" to form
CO32—[12,14]:

HCO; + OH "~ — CO;* + H,0 (3)

At the same time, the high-hardness ions such as calcium and magnesium in the bulk
solution also move to the cathode surface under the double push of electric field migra-
tion and mass transfer, and combine with CO3> or OH" to form scale attached to the
cathode surfacel'6-18;

Ca’" +CO;* — CaCo;, | 4)
Mg** +20H " — Mg(OH), | (5)

In this way, the effect of reducing the hardness of the water is achieved.

2.2 Anode Region

In the anodic electrocatalytic reaction, hydro electrolysis is the main reaction process.
Through electrolysis of water and part of oxygen dissolved in water, short-life strong
oxidizing substances such as hydrogen peroxide (H,O,) and ozone (O3) are gener-
ated!"), and highly acidic regions are formed:

2H,0 -2¢” — H,0, +2H " (6)
H,0, — 2 -OH 7
‘OH— 1/20,1+H +e” (8)
0, +20H -2¢”~— O3 + H,0 )

These short-acting strong oxidizing substances can oxidize a variety of components
in algae and microbial cells, thus achieving irreversible death?0-22],
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At the same time, the HCOj3 in the bulk solution migrates to the anode reaction area
under the combined action of mass transfer and electric field force, and generates CO;
gas in the highly acidic anode area, thereby reducing the alkalinity?*):

HCO; +H " — CO, 1+ H,0 (10)

If chloride ions are present in water, strong oxidizing OCI" will be formed:
2C1" - Cl, 1 +2e- an
Cl, + H,0 - Cl"+0OCl" +2H" (12)

Different from the above-mentioned short-term strong oxidizing substances, OCI
has strong oxidation stability in the solution, and it still has a certain bactericidal and
algae killing effect even after leaving the electrochemical reaction cell?41,

3 Core Components of Electrochemical Devices

3.1 Cathode

Cathode plays an important role in electrochemical scaling. Its material type, surface
structure and reaction area greatly affect the efficiency of scaling deposition and re-
moval.

From the perspective of practical application, most metal materials that can conduct
electricity can be used for the preparation of cathodes. For this reason, Jaouhari[® et
al. studied the effect of different cathode materials on scale deposition, and concluded
that the scale performance of cathode materials is gold>bronze>stainless steel. The
main reason for this phenomenon is that the oxides on the surface of different materials
reduce the rate of oxygen reduction at different rates, which leads to different decreases
in the nucleation rate of CaCOj3, which ultimately affects the deposition rate of scale on
the cathode plate. However, considering the difficulty of obtaining materials and the
cost of capital, stainless steel is still the first choice. According to Karoui? et al., unlike
other materials, stainless steel can be used as an auxiliary driving force to accelerate
the deposition of scale even under experimental conditions of higher PH interfaces
caused by high temperature, higher cathode potential and low speed.

When conventional flat or mesh cathodes are used, the expansion of the cathode area
can increase the contact area between water and the cathode, and increase the chance
of Ca**/Mg?" coming into contact with the cathode in solution, which is conducive to
the precipitation reaction of CaCO3/Mg(OH),?". Lin[*® studied the influence of differ-
ent cathode structures (titanium plate, titanium mesh and copper plate) on the removal
rate of water sample hardness during electrochemical treatment, and the results showed
that in terms of overall water treatment performance, titanium mesh > titanium plate >
copper plate. Lil?*! et al. conducted a water treatment experiment by using a multi-layer
coupled cathode composed 0f 20, 12, 8 and 50-mesh 304 stainless steel mesh, and found
that the unique shielding and synergistic effect presented by the three-dimensional cath-
ode system could not only effectively reduce the demand for cathode area, but also
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improve the water softening efficiency and reduce the energy consumption of the sys-
tem.

Under the condition that the structure of the cathode is determined, the state of the
cathode surface also has a certain influence on the precipitation of hardness ions and
the subsequent scale stripping. JINB et al. explored the influence of cathode surfaces
with different roughness on the deposition and denudation efficiency of CaCOs, and
the results showed that smooth cathode surfaces were not only conducive to the depo-
sition of hardness ions, but also conducive to the spalling from the cathode plate. In
addition, extending the cathode area can reduce the connection resistance of the cath-
ode, thus reducing the voltage of the device under the same current condition, which is
conducive to reducing the energy consumption of the system!®). XuP®*! from Xi'an Jiao
Tong University reproduced the classic cabinet-type electrochemical equipment
through three-dimensional modeling. After continuous optimization and debugging,
they found that the flat design of the external box of the equipment can maximize the
available area of the cathode. It provides a good reference idea for the internal structure
design of future cabinet-type electrochemical equipment.

3.2 Anode

3.2.1 Anode Material Selection.

At present, the common electrochemical anodes are graphite electrode, precious
metal electrode, titanium oxide electrode (including Ti/PbO; electrode, Ti/Sb-SnO,
electrode, Ti/RuO; electrode and Ti/Ti4O7 electrode, etc.) and boron-doped diamond
electrode (BDD electrode). Among them, titanium used as substrate material is widely
favored because of its high electrical conductivity and good electrochemical inertia.

3.2.2 Titanium-Based Monolithic Metal Oxide Anode.

Titanium-based monolithic metal oxide anode is formed by coating and firing a sin-
gle metal oxide on a titanium substrate3?. Among them, although Ti/IrO; has excellent
stability in acidic solutions®?, it has low electrocatalytic activity and short service life.
Although Ti/SnO, electrode is affordable and has excellent electrocatalytic perfor-
mance, it is not suitable for working in circulating water with high chlorine content.
Considering comprehensively, Ti/RuO; electrode is often used because of its stable
size, high chemical resistance and high electrocatalytic activity*¥. In addition, com-
monly used monoary titanium-based metal oxides also include Ti/PbO,. Ti/PbO, elec-
trode is widely used in lead-acid batteries, ozone generation and oxidation of organic
pollutants in wastewater due to its high peroxy potential, electrical conductivity and
low cost, and the thermal expansion coefficient of Ti and PbO, is similar, which can be
widely used in titanium coating materials?®!. However, the service life of the pure PbO,
electrode is short and the electrocatalytic activity is low, so in order to improve the
electrocatalytic activity and stability of the PbO, electrode, some solid solution inter-
mediate layer is added between the Ti substrate and the PbO; coating!*®), or some addi-
tives such as: F¥7, Gd**, Co*'®], Eu", etc. are incorporated into PbO; thin films to
obtain Ti/PbO, electrodes with better performance.
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3.2.3 Titanium-Based Multi-Element Metal Oxide Anode.

Titanium-based multi-metal oxide anode is composed of a mixture of two or more
metal oxides coated on a titanium substrate*>#l, By obeying the Hume-Rothery theory,
these mixed metal oxides can form new stable compounds, and these newly formed
compounds have a significant improvement in the stability and catalytic activity of their
respective single metal oxides™!l. For example, RuO; is characterized by high catalytic
activity and low stability, adding a second or third component to it can improve the
stability of RuO; electrodes, so in order to increase the service life and improve elec-
trode stability, adding IrO; to RuO, has become a common practice. In addition, in
order to improve the economic benefit and stability of the titanium-based metal oxide
anode, elements such as Sn, Ti, and Sb can also be doped into it to form a ternary or
quaternary mixed metal oxide anode. For example, adding a certain Sn element to the
Ru/Ir precursor solution can improve the long-term stability of the composite oxide
coating electrode, adding a certain Ti element to it can reduce the amount of precious
metals in the system and improve the adhesion of the oxide layer on the metal carrier(*!l,
For titanium-based mixed metal oxide anodes, the content of each metal oxide and the
electrode preparation conditions can largely determine the stability and catalytic ability
of the electrode.

3.3 Power System

In electrochemical water softening systems, the most common power supply methods
are DC power supply (DC constant voltage, DC constant current) and pulse power sup-
ply (pulse constant voltage, pulse constant current)!!%2!], Ideally, the pulse power sup-
ply method is better than the DC power supply method, because the pulse power supply
can well solve the problem of mass transfer and diffusion imbalance in the electrochem-
ical reaction, and the energy consumption is relatively low. However, considering the
investment and application stability, it is relatively better to take DC constant current
power supply as the first choice. Of course, there are other power supply cases from the
perspective of accelerating the shedding of cathode scaling and prolonging the deacti-
vation time of cathode polarity. For example, Yul* et al. adopted a current pulsating
electrochemical process to achieve the automatic detachment of the cathode scale layer,
prolonging the inactivation time of the cathode electrochemical treatment. After param-
eter optimization, the total hardness removal efficiency and energy consumption were
17.8%~22.8% and 8.9~13.2 kW-h/kg CaCOs, respectively. Jin*! and Qian**! et al re-
ported the experiment of using polarity reversal technology (as shown in Figure 2) to
promote the automatic stripping of cathode scale. The results show that although this
technology can effectively remove the cathode scale and has a stable water softening
effect, it is limited by the lifespan reduction caused by frequent polarity reversals.
Therefore, Zhang™® et al. studied a novel titanium-based electrode using a ternary mix-
ture of iridium oxide, tantalum and rhodium (IrO,-RhOx-Ta,0s) as an active electrocat-
alyst film for frequent polarity reversal electrochemical water processing application.
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Fig. 2. Periodic interchange of anode and cathode current polarity

4 Electrochemical Device Type and Installation Mode

4.1 Manual Descaling Device

Currently common electrochemical descaling equipment is roughly divided into man-
ual descaling and intelligent descaling. Manual descaling equipment does not have the
function of automatic cleaning of scale layer. In the process of constant current power
supply, when the internal voltage of the electrolyzer rises significantly or runs for a
certain period of time, the reactor will be taken out or opened by the staff for manual
cleaning (cleaning can be done by beating with sticks, washing with high pressure water
gun, etc.), so that the scale layer deposited on the cathode network will fall off, which
is convenient for subsequent use.

Figure 3 shows the cabinet-type manual descaling equipment, which has several
staggered cathode and anode plates inside. When the circulating water flows in the in-
terior, it can reach a turbulent state, which will be conducive to more full contact be-
tween the circulating water and the electrode, and the cross-baffling effect between the
plates extends the residence time of the circulating water in the equipment, improves
the descaling rate of the equlpment and reduces energy consumption[*®l,

Fig. 3. A typical cabinet manual descaling device (a) Before use; (b) After water softening
treatment; (c) Manual descaling
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Fig. 4. Cage manual descaling device (a) Three-dimensional modeling diagram; (b) Physical
drawings; (c) After water softening treatment

Figure 4 shows the cage type manual descaling equipment. The equipment is cen-
tered on the titanium-based composite metal oxide rod-shaped anode, and the outer ring
is made of stainless steel mesh as the cathode. There are stable mass transfer channels
and fixed reaction distances between the cathode and anode, which improves the de-
scaling efficiency of the equipment and reduces energy consumption. When we put this
equipment into actual engineering projects, we found that the cage descaling equipment
is time-consuming and labor-intensive, and has low economic benefits. When using, it
is necessary to appropriately increase or decrease the number of equipment according
to the on-site circulating water volume and water quality, and the cathode grid will
inevitably be deformed or even damaged after manual descaling, so it is not suitable for
the application of large-scale water treatment systems.

4.2  Intelligent Descaling Device

The intelligent descaling equipment has an automatic descaling device inside, which
avoids the waste of human resources caused by manual descaling. A typical smart de-
scaling device is shown in Figure 5. The equipment is equipped with a scraper between
the anode and cathode, and the external is controlled by the electric control cabinet.
When the system runs to the specified working condition, the internal scraper rotates
under the drive of the motor to mechanically scrape off the cathode scale, and cooperate
with the subsequent cleaning process to effectively restore the cathode activity. How-
ever, because the presence of the scraper affects the setting of the distance between the
electrodes, reducing the effective cathode area, it is necessary to optimize the internal
spatial structure of the intelligent device in exchange for maximizing the available cath-
ode area.
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Fig. 5. A typical electrochemical water softening intelligent scale removal device

4.3 Installation Mode

Throw-in type and external connection type are two commonly used installation meth-
ods for electrochemical water treatment equipment!!%. The throw-in type is to put the
shell-less electrochemical descaling equipment (the descaling cage shown in Figure 4)
directly into the cooling tower as shown in Figure 6, and select the amount of input
according to the appropriateness of the circulating water volume on site. After a period
of reaction, it is taken out manually, and the scale layer attached to the cathode net is
cleaned. The disadvantage is that it is time-consuming and laborious, the service life is
short, and it is only suitable for small circulating water system. The external type means
that the circulating water is imported into the shell type electrochemical reactor through
the pump, and then returned to the cooling tower through the pipe at the other end after
softening treatment (as shown in Figure 6). Compared with the throw-in installation
method, the external connection type requires additional components such as pipes,
water pumps, and valves, which will undoubtedly increase the cost. For small circulat-
ing water systems, it seems more reasonable to use throw-in installed water treatment
equipment.

S

Fig. 6. External connection diagram of electrochemical descaling equipment of circulating wa-
ter system:(DCooling tower; @ Water pump;@Electrochemical device;@Heat exchanger
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5 Influencing Factors of Electrochemical Descaling

5.1 Current Density

According to many experimental studies, current density is one of the most critical fac-
tors affecting the electrochemical water softening efficiency. The research group of
Xull0314748] from Xi 'an Jiaotong University studied the influence of different current
densities on the descaling efficiency of electrochemical systems under the condition
that other conditions remain unchanged. The results show that when the current density
increases, the removal rate of hardness and alkalinity is increased. The reason is that
when the current density increases, the alkali production reaction of equation (1)-(2) is
intensified, thus indirectly accelerating the scale deposition reaction (4)-(5). At the
same time, they also found an interesting phenomenon that as the current density in-
creased, the actual amount of fouling in the final cathode decreased. The reason is that
when the current density increases, the cathode hydrogen evolution reaction will also
intensify, and a large number of hydrogen bubbles will disturb the migration process of
Ca?" and HCOs  to the cathode during the accumulation and floating process, resulting
in the inability of hardness ions to fully deposit on the cathode. In addition, according
to Jin™ et al. the increase of current density is accompanied by the increase of precip-
itation rate and energy consumption. However, due to the restriction of effective mass
transfer of Ca®* from bulk solution to cathode reaction zone, when the current density
is too large (no matter how large it is), the cathode precipitation rate tends to reach a
horizontal progressive value, and the excess energy consumption is wasted. This results
in a decrease in current efficiency. In addition, when Zeppenfeld™”’ and Sanjuan'*! et
al. studied the effect of current density on the precipitation rates of Ca>* and Mg?" re-
spectively, they found that the precipitation rate of Ca*" would have a gradual value
with the increase of current density, but there was no specific boundary for the growth
of the precipitation rate of Mg?*. Different from the two-step chemical reaction (3)-(4)
required to generate CaCO3, Mg?" in solution can directly react with OH" to generate
Mg(OH),. In addition, the radius of Mg?" is smaller than that of Ca?*, which is less
affected by the convection and diffusion limitation caused by the deposition of scale
layer!!4>9],

5.2 Reaction Time

The reaction time refers to the time that the circulating water stays in the electrochem-
ical reactor. When the internal volume of the electrolytic cell is constant, it can be ex-
pressed by the flow rate. The reaction time is inversely proportional to the flow rate.
GuoPY et al used four peristaltic pumps with different speeds (6, 10, 20, 40 rpm) to
equivalently replace different reaction times (5 min 55 s, 3 min 48 s, 1 min 50 s and 58
s ), and then studied the influence on the electrochemical treatment effect. The results
showed that hardness, alkalinity and TDS removal rate all decreased with the increase
of peristaltic pump speed. This is consistent with the research results of scholars such
as Sanjuan!'® and Leel®?!. They all believe that with the decrease of residence time of
circulating water in the electrolytic reactor, the scale ions are not transferred enough to



Research Progress of Electrochemical Water Softening Technology 273

the cathode surface under the disturbance of high flow rate, resulting in the decrease of
hardness removal rate. In addition, YU's[%424350 research group found through further
experiments that with the increase of circulating water flow, scale precipitation rate and
current efficiency increased, but the total hardness removal rate and energy consump-
tion decreased. The reason is that when the flow rate increases, the water solution
treated in the electrolytic chamber becomes more per unit time, and more scaling ions
can be quickly deposited, so the current efficiency and precipitation rate will increase.
However, due to insufficient deposition reaction, the total hardness removal rate is re-
duced. And higher flow rate is accompanied by more scale-forming ions, which leads
to lower energy consumption per unit mass of CaCO; removal. The above results show
that we should fully integrate all the influencing factors, select the best circulating water
flow and determine the optimal reaction time in the practical application of engineering.

5.3  Water Quality Parameter

Water quality parameters of circulating water also affect the effect of electrochemical
water treatment to some extent. This includes the hardness value of the circulating wa-
ter to be treated, the ratio of hard alkalinity, and the content of special ions. Guol!l et
al. concluded that with the increase of the hardness value of circulating water, the hard-
ness, TDS removal rate and unit scaling energy consumption showed a downward
trend, while the alkalinity removal rate and unit scaling amount increased Xu'st!0-31:47:48]
research group found that the difference in the proportion of hardness and alkalinity in
circulating water has a certain impact on the effect of water treatment. With the decrease
of the hardness-alkalinity ratio, the hardness removal rate and the actual amount of
deposits both increased, which indicated that the increase of the alkalinity played a
positive role in promoting the electrochemical water softening process. The research
group of Gabrielli"*3 studied the influence of the presence of SO4> and Mg?* on the
morphology and process of calcium carbonate scaling. It was found that in the absence
of magnesium, sulfate ions are conducive to the precipitation of calcium carbonate in
the form of vanadite, and the transformation of vanadite to aragonite is accelerated
when magnesium exists. And it should be noted that when sulfate ions coexist with
magnesium, the proportion of aragonite increases significantly. According to Hasson!?!
et al. the increase of Ca" in solution can improve scale deposition and reduce energy
consumption. The reason is that the presence of high-hardness ions can increase the
conductivity of circulating water, and the high-conductivity solution can enhance the
conversion of electrical energy, thereby reducing energy consumption. However, in
practical applications, if the hardness of circulating water is too high, it will lead to
insufficient processing capacity of electrochemical equipment, and the final descaling
effect is not up to standard. Therefore, in engineering applications, considering the large
differences in water quality parameters in different places, it is extremely important to
do a good job of water quality-related research in advance.
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5.4  Electrode Spacing

Under the premise that the internal space volume of the electrolytic cell is determined,
the appropriate electrode spacing can weaken the mass transfer limitation and be more
conducive to the precipitation reaction. Sanjuin!'®) et al. under the premise of constant
current density, flow rate and initial hardness, changed the electrode spacing to explore
its influence on the descaling effect. The experiment found that when the distance be-
tween cathode and anode is reduced, both the deposition rate and the total hardness
removal rate are significantly improved. This is consistent with the results proposed by
Gabriellil'*, The reason for this phenomenon is that when the electrode spacing is re-
duced, the calcium and bicarbonate in the bulk solution can diffuse more rapidly to the
active region of the cathode, promoting the precipitation reaction (4) in the region. In
addition, under the appropriate current density, the buoyancy generated by the hydro-
gen and oxygen precipitation in the anode and cathode regions can also enhance the
mass transfer to a certain extent. However, for the same volume of treated water, the
reduction of electrode spacing will lead to larger electrode area and higher manufactur-
ing cost. Therefore, it is not a wise choice to blindly reduce the electrode spacing, and
the electrode spacing should be selected according to the actual situation.

6 Summary

The importance of maintaining stable industrial circulating water quality is self-evident
for the improvement of enterprise production efficiency. The electrochemical water
softening technology reported in this paper has shown good results in active scale re-
moval, sterilization and algae elimination, water quality improvement, water saving and
emission reduction. However, there are still some defects, and further improvements
need to be made in the future in terms of instability, processing limitations and high
costs. The subsequent development of electrochemical water softening technology is
multi-directional. It can not only improve the problem of processing limitations by
seeking methods in combination with other technologies, but also develop new long-
acting composite electrodes for the problem of high electrode manufacturing costs, re-
duce production costs and extend service life. In addition, the existing automatic cath-
ode descaling technology will cause damage to the cathode and shorten the service life,
so the development of new automatic descaling technology in the future is also an im-
portant development trend.
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