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Abstract

The efficiency of electrolytic treatment in reducing the Langelier saturation index (LSI) of the cooling water from a cooling
tower of a textile industry was investigated. Sacrificial anodes were employed which prevent obnoxious chlorine genera-
tion. A series of batch experiments using stainless steel electrodes were conducted with 4 different current densities (5, 7,
10 and 15 A/m?) and 6 different electrolysis times (20, 30, 40, 50, 60 and 70 min). The use of 7 A/m? for 50 min electrolysis
time yielded a satisfactory efficiency in reducing the LSI index from 2.57 to zero, indicating that the treated water was of

sufficient quality to be reused in the cooling process.
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Introduction

Industries use cooling water in various processes, for exam-
ple, in power-generating units, boilers, steel mills and paper
mills. In addition, many larger buildings use cooling water in
air conditioning systems. The water is used to exchange heat
with hot fluid. After use the water must be cooled in order to
be reintroduced into the production processes. Typically, the
water is pumped to the top of a cooling tower and flows down
through plastic or wooden shells. While flowing down, the
water is cooled by latent heat loss due to evaporation, typically
from 40—60°C to 25-40°C.

Two main problems of cooling systems are corrosion and
scale (Frayne, 1999). Low pH and high dissolved solids can
enhance corrosion and shorten the life-span of the cooling
system materials. Corrosion can be prevented by pH adjustment
and treatment with additives. Water loss by evaporation during
the cooling process increases solute concentrations and can
lead to the precipitation of the sparingly soluble salts CaCO,
and Mg(OH),. This causes the formation of an insulating layer
which negatively influences heat transfer.

Among the available indexes for assessing the scaling poten-
tial of the cooling water, the Langelier saturation index (LSI) is
one of the most widely used tools. The LSI was derived from the
degree of saturation of water with respect to calcium carbonate
(Langelier, 1936). At the usual cooling water pH conditions, the
scaling potential is the ratio of the ionic product of calcium and
carbonate to the CaCO, solubility product:

LSI =log 7[Ca}<[CO3] 1)

sp
where:

K__is the solubility product of CaCO..
sp 3
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A positive LSI indicates that CaCO, precipitation may occur
and scale may form. A near-zero LSI indicates a borderline
scale potential, in which changes in temperature and evapora-
tion can change the index (Tchobanoglous et al., 2002).

Traditional ways to avoid scaling in the units of a cooling
system are to introduce chemical additives to water and to peri-
odically discharge high salt-containing waters. A well-known
alternative technique for reduction of calcium and magnesium
ions is based on electrolytic treatment. The alkaline envi-
ronment on the cathode causes precipitation of CaCO, and
Mg(OH),. The anode that is employed is a so-called ‘dynamic
stable anode or DSA’ — a titanium electrode covered with a
corrosion-resistant oxide layer (Hasson et al., 2008). The oxide
layer prevents metallic dissolution of the anode. The anodic
reaction then releases chlorine gas, while the precipitation of
CaCQ, is due to hydroxide formation on the cathode. A draw-
back of the conventional system is the generation of chlorine
gas at the anode. Use of a sacrificial anode, such as aluminium,
iron or stainless steel, leads to anode dissolution instead of the
highly undesirable chlorine release reaction.

There is little information reported in the literature about
the anode consumption rate and the performance of the electro-
lytic process with sacrificial anodes in the treatment of cooling
water. Electrolytic treatment using sacrificial aluminium and
iron electrodes is used for heavy metal removal by electroco-
agulation (Heidmann and Calmano, 2008; Schulz et al., 2009).

In this study, electrolytic treatment employing stainless
steel as both anode and cathode was selected to control the LSI
of cooling water from a textile industry. The use of stainless
steel is of interest because the material has been known not
to stain, corrode, or rust as easily as ordinary steel. Stainless
steels contain sufficient chromium to form a passive film of
chromium oxide, which prevents further surface corrosion
and blocks corrosion from spreading into the metal’s internal
structure. In this study, 2 operational parameters, current den-
sity and electrolysis time, were investigated. These parameters
are effective for reducing the Langelier saturation index and
for controlling other water properties such as pH, alkalinity,
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calcium hardness, total hardness, total dissolved solids and
conductivity. In addition, the anode and energy consumption of
the electrolytic treatment of cooling water were evaluated.

Electrolytic precipitation

During an electrolytic treatment employing dissolvable anodes,
the reaction at the cathode is as follows:

2H,0 +2¢" — H, + 20H @)

The generated hydroxide ions react with the bicarbonate
(HCO,) to increase the concentration of carbonate (CO,>)
through the following reactions:

HCO", + OH — CO*, + H,0 ©)

Calcium carbonate will precipitate when the ionic product of
Ca> and CO*, exceeds 2.8 x10? at 25°C.

Materials and methods
Cooling water

The cooling water used in this study was obtained from a cool-
ing tower of Luckytex (Thailand) Public Co. Ltd. The proper-
ties of the cooling water sample were: pH 9.0; conductivity

935 uS/cm; alkalinity 320 mg/€ as CaCO,; calcium hardness
654 mg/t Ca*" as CaCO; total hardness 1 918 mg/t Ca®* as
CaCO, and total dissolved solids 460 mg/(.

Experimental apparatus and procedure

A bench-scale electrochemical system was used in this study
(Fig. 1). The system consisted of a DC power supply, a power
control and measurement units, an electrochemical reactor and
a magnetic heater and stirrer. The electrochemical reactor was
a 2 ( beaker with a set of 5 pairs of electrodes made of stainless
steel 304 with a total area of 1 047 cm?. The electrodes were
connected vertically with a gap of 0.8 cm between electrodes.
The electrodes were connected to the DC power supply in
monopolar and in parallel mode, and the electrochemical reac-
tor was operated in batch and galvanostatic mode.

Before and at the end of each run, the electrodes were
washed thoroughly with water, dipped in HCI solution (5% v/v)
for at least 15 min and rinsed again with tap water. Typical runs
were conducted at 298 K. During the runs, the reactor unit was
stirred at 150 r/min by a magnetic stirrer (IKA, C-MAG HS,
Germany). The experiments were carried out in a batch mode
with a liquid sample of 1.8 €. Four different current densities
were applied (5, 7, 10 and 15 A/m?). For each current density,
electrolysis time of 20, 30, 40, 50, 60 and 70 min was used.
After the specified electrolysis time, the system was stirred at
50 r/min for 20 min. The solution was allowed to stand at room
temperature for 20 min and the supernatant solution was col-
lected for the analysis.

Analytical method

The following properties of water were examined: pH, con-
ductivity, alkalinity, calcium hardness, total hardness and total
dissolved solids (TDS). Alkalinity was measured according
to Standard Methods (APHA, 1998). pH was measured with a
Schott Lab 850 (Germany) pH meter and conductivity with
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Figure 1
Set-up of the electrochemical system: 1 — electrodes, 2 —
magnetic bar stirrer, 3 — magnetic stirrer controller, 4 — ammeter,
5 — DC power supply, 6 — voltmeter, 7 — 2 ¢ beaker
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Figure 2
pH as a function of current density and electrolysis time

a Milwaukee EC59 (Italy) conductivity meter. Calcium and
magnesium ions concentrations were determined by ICP spec-
troscopy (Optima 2000DV, Perkin). Each measurement was
performed 3 times. LSI values were calculated from the stand-
ard LSI equations (Kemmer, 1979; Frayne, 1999).

Results and discussion
Effect of current density and electrolysis time on pH

Figure 2 shows the evolution of pH values during the elec-
trolytic treatment. For all current densities investigated in
this study, the pH dropped from 9 to near 7. Except for the
current density of 10 A/m?, the pH remained approximately
stable when the pH level had reached a value near 7. It has
previously been reported that an electrolytic treatment exhib-
its some buffering capacity because of the balance between
the production and consumption of OH- (Chen, 2004). In an
electrocoagulation of textile wastewater, the buffering capac-
ity was found to be just above 7 (Essadki et al., 2008). A
study on the removal of turbidity from a solution of silica gel
by electrolytic treatment (Merzouk et al., 2009a) reported a
similar finding: when the initial pH of the silica gel solution
was slightly above 7, the pH hardly changed. However, for the
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Figure 3

Alkalinity as a function of current density and electrolysis time
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Calcium hardness as a function of current density and
electrolysis time
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Total hardness as a function of current density and
electrolysis time

case of 10 A/m?, the pH dropped far below 7. As can be seen
from Fig. 3, the alkalinity for 10 A/m?dropped to the lowest
level compared to the other current densities. The alkalinity
became too low for the solution to retain its buffering capac-
ity and a pH near 7.
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Total dissolved solids as a function of current density and
electrolysis time

Effect of current density and electrolysis time on
alkalinity

Figure 3 shows the alkalinity as a function of current density
and electrolysis time. For all current densities investigated in
this study, reduction of the alkalinity increased with increas-
ing electrolysis time. While the current density of 5 A/m? gave
the lowest reduction in alkalinity, the current densities of 7, 10
and 15 A/m? yielded more or less the same degree of alkalinity
reduction. The maximum alkalinity reduction was approxi-
mately 72%, 81% and 75% for the current density of 7, 10 and
15 A/m?, respectively. The experimental data showed that the
electrolysis time had a more pronounced effect than current
density in reducing alkalinity.

Effect of current density and electrolysis time on
calcium hardness and total hardness

Figure 4a shows the calcium hardness as a function of current
density and electrolysis time. The greatest decline in calcium
hardness was obtained with a current density of 15 A/m? for
30 min electrolysis time. A comparable decline was obtained
with 10 A/m? for 50 min electrolysis time. The experimental
data showed that the calcium hardness reduction depended on
a combination of the levels of current density and electrolysis
time. The effects of current density and electrolysis time on
total hardness were similar to those on calcium hardness

(Fig. 4b). The lowest calcium and total hardness were 397 and
1 287 mg/t Ca*" as CaCO,, corresponding to a 39% and 33%
reduction, respectively.

Effect of current density and electrolysis time on
total dissolved solids and conductivity

Conductivity is typically used as a surrogate measure of TDS
concentration. The relationship between the conductivity and
TDS concentration used in this study is as follows:

TDS (mg/t) = 0.52 Conductivity (uS/cm) — 12.34 4
As shown in Fig. 5, the TDS reduction was strongly depend-

ent on both current density and electrolysis time. The high-
est TDS reduction was obtained with the highest current
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density investigated in this study. In this case, the TDS
dropped rapidly with increasing electrolysis time during
0—40 min, but became relatively constant during 40—60 min
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Figure 6
Langelier saturation index as a function of current density and
electrolysis time
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Energy consumption as a function of current density and
electrolysis time
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Figure 8

Weight loss of anodic material as a function of current density
and electrolysis time
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electrolysis time. With a reduction in TDS of approximately
15%, TDS showed the lowest reduction of all of the para-
meters studied.

Reduction of the Langelier saturation index by
electrolytic treatment

Figure 6 demonstrates the reduction of LSI as a function of
current density and electrolysis time. During the first 50 min
electrolysis time, the reduction of LSI strongly depended on elec-
trolysis time. Except for the current density of 10 A/m?> the LSI
values remained relatively stable after 50 min. Using an electrol-
ysis time of 50 min with current density of 7 A/m?, LSI reached
a value of zero. The drop of LSI from 2.57 to zero indicated that
the quality of the cooling water was significantly improved and
the treated cooling water showed no potential for scaling.

Technical and economic assessments of the
electrolytic treatment of cooling water

The energy consumption was estimated using the electrical
power formulas:

P=VI 5)

E=rl. [ vd 6

~3600 ' 9 ©
where:

P is the electrical power (watts)

V is the voltage across the electrodes (volts)
1 is the applied current (A)

E is the energy consumption (kWh)

t is the electrolysis time (S).

At a fixed current density, the voltage across the electrodes
was relatively constant (4.85, 4.91, 5.10 and 6.83 volts for the
operating current density of 5, 7, 10 and 15 A/m?, respectively).
The electrical energy increased approximately linearly with
increasing electrolysis time. After 70 min electrolysis time the
electrical energy reached a peak of 1.7, 2.5, 3.8 and 15 kWh/m?
for current densities of 5, 7, 10 and 15 A/m?, respectively
(Fig. 7). With use of 7 A/m? for 50 min electrolysis time
yielding a LSI of zero, electrical energy consumption was
1.6 kWh/m?. Considering the cost of electricity at approx.
0.065 USD/kWh (1 USD ~ 30 Thai Baht), the cost of water
treatment by the electrolytic treatment unit was 0.103
USD/m?. In a usual situation, freshwater is available for a
small to medium-sized industry at 0.531 USD/m? and for a
large-sized industry at 0.694 USD/m?. Therefore, the cost of the
electrical energy for electrolytic treatment can be competitive
with the cost of freshwater.

The weight loss of stainless steel anode was found to be
in the order of 10—50 mg/C of treated water (or g/m?). It can be
seen from Fig. 8 that the loss of the anodic material increased
with increasing current density and electrolysis time and that at
the higher current densities of 10 A/m? and 15 A/m?, the weight
loss increased linearly with the electrolysis time. The amount
of iron dissolution is usually predicted by Faraday’s law:

e [ItM - j %)
ZF
where:
w is the iron dissolved (g)
1 is the applied current (A)
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t is the electrolysis time ()

M, is the molecular weight of Fe (55.85 g/mol)

Z is the number of electrons involved in the redox reaction
F is Faraday’s constant (96 500 C per mole of electrons).

The weight loss from the stainless steel anode was found to
be approximately 10 times lower than that predicted using
Faradays’ law. An explanation for this is that stainless steel
304 contains sufficient chromium to form a passive film of
chromium oxide, which partially prevents the electrochemi-
cal oxidation in a similar fashion to its prevention of surface
corrosion. The loss of stainless steel was relatively small in
comparison with weight loss from other dissolvable anodes
such as iron and aluminium . The released Fe ions can either
dissolve in water or form insoluble precipitates. Based on
the solubility product of ferrous hydroxide (7.9 x 10"%) and
ferric hydroxide (1.1 x 107%¢), the amount of soluble Fe ions
is limited by the solubility of ferrous hydroxide and ferric
hydroxide at an operating pH near neutral. Therefore, the
electrolytic unit should be in tandem with a sedimentation
unit that separates the iron precipitates from the treated
water.

It has been reported in the literature that the consumption
of an aluminium anode in an electrocoagulation process can be
as high as 160% of that predicted by Faradays’ law (Essadki et
al., 2008; Merzouk et al., 2009b; Zongo et al., 2009). The mass
overconsumption of aluminium electrodes may be due to both
chemical hydrolysis of the cathode and the corrosion pitting
phenomenon. The latter phenomenon is associated with chlo-
ride anions which cause holes on the electrode surface and the
occurrence of side dissolution (Essadki et al., 2008; Merzouk et
al., 2009b; Zongo et al., 2009).

Conclusion

Electrolytic treatment with stainless steel anodes was used
to treat the cooling water from a cooling tower of a textile
industry. The use of 7 A/m? for 50 min electrolysis time
yielded a satisfactory efficiency in reducing alkalinity (59%
reduction), calcium hardness (21% reduction), total hardness
(24% reduction) and total dissolved solids (10% reduction),
and resulted in a decrease in LSI from 2.57 to zero. The loss
of anode material was of the order of 30 g of stainless steel
per 1 m3 of cooling water for the test duration of 50 min. The
cost of the electrical energy consumption in the electrolytic
treatment has been shown to be competitive with the cost

of freshwater. The electrolytic treatment employing stain-
less steel as both anode and cathode has both technical and
economic potential to control the Langelier saturation index
of cooling water.
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