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ABSTRACT

In order to solve the problems including pipe corrosion, scaling and microbial growth, which severely threat safe op-
eration of circulating cooling water system, this paper proposes ion exchange softening and alkalization process to
solve these problems and carries out a series of studies to study the feasibility of ion exchange softening and alkaliza-
tion process in the simulation process of circulating cooling water system. The studies include product water quality of
ion exchange softening and alkalization process, effect on the performance of carbon steel and brass, and the inhibition
that suppresses microbial growth. The results indicate that ion exchange softening and alkalization process is feasible
to prevent the circulating cooling water system from scaling, pipe corrosion, and microbial growth without any other
chemicals. Thus circulating cooling water system can achieve zerodischarge of wastewater.
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1. Introduction

Circulating cooling water system is widely usedridus- 2. Principle of lon Exchange Softening and
trial process and central air conditioning systesnduse Alkalization Process

of its high water conversation efficiency and répat of
thermal pollution of receiving water compared tecen 2.1 Discription of 1on Exchange Softening and
through cooling water system [1]. However, circuigt Alkalization Processfor Circulating Cooling
cooling water system has three major problems dioty Water System
pipe corrosion, scaling and microbial growth. . o ]

Generally speaking, the general method to solve thEigure 1 shows the schematic diagram of the fycitit
three problems is to add chemicals such as scaileifior, ~ Circulating cooling water system consisting of ier-
corrosion inhibitor, and microorganism inhibitovghich ~ change system, a circulating water loop and a ngoli
can effectively control pipe corrosion, scaling anitro- ~ tower. lon exchange softening and alkalization pssds
bial growth to the circulating cooling water, butet Used for circulating cooling water softening ankhiéra-
prevalent method brings some disadvantages ingjudintion treatment. Sodium form strong acidic resin dnd
the discharge and disposal of harmful chemicals ang§arbonate form strong basic resin are used to rertfo
high operation cost. Currently the researches orlde hardness and corrosive anions including sulfatecitat
oping the environment-friendly chemicals with syner ride, transform the ions into sodium bicarbonated a
gistic effects and high efficiency become a hotspolkalinize product water of ion exchanger. The ulat
[2,3]. At the same time, the physical methods sash ing loop and cooling tower are used to simulatedpe
high frequency electromagnetic, electrostatic, aid  eration of circulating cooling water system.
trasonic treatment, are also dev_eloping. However; n 2.2 lon Exchange Softening and Alkalization System
ther chemical methods nor physical methods can-abso
lutely solve these problems without any harmful @op  lon exchange softening and alkalization process icre
on the water environment. exchange resin as a method for water softeningaticed

In order to solve these tough problems, this pgpés  lization treatment. During the ion exchange process
forward an innovative process, ion exchange safteni strong acidic sodium form ion exchange resin idduse
and alkalization process, to transform the hardress softener to remove divalent cations, especially}dhess
the corrosive anions into sodium bicarbonate tonta&  including calcium ion and magnesium ion. Then the e
the pH value of sodium bicarbonate solution infiked  fluent of the cation exchanger in sodium form passe
range and protect the circulating cooling watertesys  through the anion exchanger in bicarbonate formhso
from scaling, pipe corrosion and microbial growth. effluent of ion exchanger mainly contains sodium,io
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bicarbonate ion and the other ions including cafcian,
magnesium ion, chloride ion, sulfate ion are tratlkee
general bicarbonate-chloride anion exchange reaetnal

sodium-calcium or sodium-magnesium cation exchange

reaction are shown below.

2RNa+C&" - R Ca+2N: (1)
2RNa+Mdf* - R, Mg+2Nd )
RHCO, +Cl  RCIH+HCQ 3)

2.3 The Open Equilibrium State of Carbonation
Solution

In circulating cooling water system, circulatingotiag
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Figure 2. Therelation between pH value and total alkalinity

water exchanges heat with the atmosphere in cooling.4 Principle of Anti-Scale Corrosion Inhibition

tower and it is vaporized partly and concentra@atbon
dioxide gas in the atmosphere contacts with coolvag
ter fully. When concentration of dissolved carbaoxdie
is in line with Henry’s law which is applicable tarbon
dioxide equilibrium between atmosphere and liqui

and Suppression of Microbial Growth

lon exchange softening and alkalization procesoves
the hardness mainly including calcium ion and magne
sium ion, and the corrosive anions such as suHatk

aqueous and atmosphere phases reach the equilibritﬁﬁ'oride’ transforms the ions into sodium bicarkersnd

state after the spray cooling process in the cgdtinver,
Henry’s law is expressed in Equation 4.

Ceo, = Ky P, (4)

The carbonate system controls the pH value of ieolut
The chemical species of solution that compose dingon-
ate system include gaseous carbon dioxide, aquzobsn
dioxide, carbonic acid, bicarbonate and carbon@te
presence of carbonate, bicarbonate, and hydrorg -
counts for essentially all of the alkalinity, see thlkalinity
greatly influences the equilibrium pH value of ttabonate
solution. The relation between equilibrium pH vainehe-
ory and total alkalinity in solution is expressedeguation 5.

g(KW +Coo, K) +(K,, +Coq (K)? +8IBIC o, (K [K , 5)
2(B
The equilibrium pH values of the solutions with-dif
ferent alkalinities at different temperatures drevged in
Figure 2. Figure 2 indicates that the equilibriubhyalue
of solutions rises as the alkalinity and temperatige.

pH=-I
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Figure 1. Schematic of ion exchange softening and alkalization
for circulating cooling water system
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maintains the pH value of sodium bicarbonate soituiin
the fixed range, so the process can effectivelygmethe
circulating cooling water system from scaling. Frtime
Pourbaix diagram, we can learn that iron and copper
form a passive and compact oxide coating on thiacer
of metal pipe in the pH value range from 8.9 to01&nd
from 8.6 to 10.0, respectively. And for copper pipe&an
form a protective passive coating in the optimalyatie
range from 7.60 to 8.95 at low conductivity [4]. 8s
possible to control the pH value of solution tovyenat the
metal from corrosion.

To continue to grow properly, an organism in the ci
culating cooling water must have a source of carduh
energy. In addition, elements such as nitrogensppiho-
rus, and trace elements including sulfur, potassicat
cium, and magnesium must be available. lon exchange
softening and alkalization process cuts off therition
sources such as nitrogen and phosphorus whichsare e
sential for cell synthesis of microorganism. Sa tbn
exchange process can suppress microbial growthirffor
culating cooling water system.

3. Experimental Studies

3.1 Effluent Quality of lon Exchange Softening
and Alkalization Process

The raw water which comes from Yangtze River inr@hi
firstly passes through strong acidic sodium form éx-
change resin for softening to remove the hardnasd,
then the effluent of the cation exchanger in sodfarm
passes through the anion exchanger in bicarbooate f
for the removal of corrosive anions such as suléatd
chloride. The qualities analysises of the raw wated
effluent of ion exchanger are shown in Table 1.l1&db
indicates that the ion exchange process can renadves
the hardness and corrosive anions and transforenisis
into sodium bicarbonate. However, the pH valuesfall
from 7.5 to 6.8.
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3.2 Test Results of Carbonate Equilibrium

The equilibrium pH value of bicarbonate solutionins
fluenced by the total alkalinity of solution, arftetequi-
librium pH value of solution rises as the alkalnitses,
so it is feasible to control the pH value by adpgtthe
alkalinity of solution. The relation between thearal
and measured equilibrium pH value in different Atka
ities is showed in Figure 3. Figure 3 illustratbattthe
measured pH value approximates to the theoretipal e
librium pH value. Therefore, the carbonate solutisn
able to obtain gas-liquid equilibrium state.

3.3 Pilot Test of Circulating Cooling Water System

The pilot test flow sheet of ion exchange softenamgl
alkalization treatment tor circulating cooling watgys-
tem are illustrated in Figure 4. In the study otulating
cooling water system, part of circulating watereafion
exchange softening and alkalization treatment spréne
other part of circulating cooling water goes bazlcool-
ing water tank by bypass. In the circulating cophmater
system, when the cooling water sprays and contaitits

Table 1. Quality analysis of theraw water and effluent
c&® Mg¥ Na" Cr SQZ HCOs

(mol/L) (mol/L) (mol/L) (mol/L) (mol/L) (mol/L)
Raw Water 9.1E-4 3.5E-4 7.1E-4 5.2E-4 4.1E-4 2.0E-3

Items

Effluent 0 0 3.3E-4 0 0 3.3E-3
9.8 - .
—a—Theoretical pH value
9.71 —e—Measured pH value
9.6-
o 9.5
=
—
© 9.4
=
T 9.3
3.
9.2 1
9.1 1
0.00 O.IOl O.I02 0.I03 O.IO4
Alkalinity(mol/L)

Figure 3. The comparison of measured pH value and theoretical
pH valuein different alkalinity
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Figure 4. Schematic of the assimilation of circulating cooling
water system
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carbon dioxide gas in the atmosphere fully, thevahlie
of cooling water is increasing until carbonate ol
obtains the gas-liquid equilibrium. The relationtvibeen
concentration of hydrogen ion of circulating cogliwa-
ter and the durationT , of aeration is showed in Equa-
tion 6.

Y dina- (CC_D)BDDKG ) (6)
(

P, )A
K, 55.56 co.)

BT oK, ]

20K, K, + K, T H ] @)
D:BI:EH+:| _KW [EH+:| (8)
2K, K, +K, [JH" ]

The variation trends of the measured pH value ©f ci
culating water are showed in Figure 5. Figure Sciaies
that the value of circulating water rises as theation of

aeration increases, and measured pH value shows the

same variation tends as the theoretical value. When
spray flow rate is 400 L/h and the volume of ciatirig

water is 175.6 L. It takes 2 hour for the circuigtiwater
to keep pH value stable regardless of the initidlvalue

and total alkalinity of circulating water. So fon @pen

circulating cooling water system, the pH value dan
controlled accurately, it takes the fixed time éinculat-

ing water to maintain the pH value stable, andttie®-

retical mathematic model can be adopted to pratet
pH value of circulating cooling water system.

3.4 Corrosion Test of Iron and Brass in Open
Carbonate Equilibrium System

In order to studies anti-corrosion performance abon
steel and brass in equilibrium carbonate solutiath w
different alkalinities, the corrosion tests arerieat out.
During the tests, static weight loss measuremeht an

9.4+
9.2+

9.0 1

)
=)
—
©
I
) 8.2+ Theoretical value(alkalinity of 8.66E-3mol/L)
o, Theoretical value(alkalinity of 6.50E-3mol/L)
8.0q ——Theoretical value(alkalinity of 3.10E-3mol/L)
Measured value(alkalinity of 8.66E-3mol/L)
7.8 A Measured value(alkalinity of 6.50E-3mol/L)
76 --@ -Measured value(alkalinity of 3.10E-3mol/L)

0 1 2 3 4 5 6 7 8 9
Duration of aeration(h)

Table5. Tendency of the variation of the pH value of solution
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electrochemical methods including polarization euand
Electrochemical Impedance Spectroscopy (EIS)

3.5Microbial Growth Test

are . —
adopted. In order to study the performance of passi lon exchange softening and alkalization processrean

coating formation of brass, the kinetics experiraeot
passive coating formation are conducted. Figurbdvs
the corrosion rate of brass by weight loss measenem
Figure 7 illustrates the corrosion current densitycar-
bon steel and brass in carbonate solution withersfit
alkalinities. Figure 8 shows Nyquist Plots of cartsteel
in carbonate solution with different alkalinitigsigure 9
and Figure 10 show Bode Plots and Nyquist Plotki-of
netics of passive coating formation of brass, retpaly.
Figure 6 indicates that corrosion rate of braskidar-
bonate solution with different alkalinities is bel®.0E-3

mm/a, and it means that the bicarbonate solutiom ha

good performance on corrosion inhibition. Figurendi-

cates that the corrosion current density of brasssras
the alkalinity of bicarbonate solution rises whia alka-
linity is below 3.0E-2 mol/L, and brass has the dstv
corrosion current rate when the alkalinity is 32Eol/L.
Figure 7 and Figure 8 show the same result thanhwine
alkalinity of carbonate solution is 3.0E-2 mol/larbon
steel has the lowest corrosion current densityurigic®

and Figure 10 illustrate that firstly the surfadeboass

move calcium ion, magnesium ion, trace elements and

other nutrition resource such as inorganic nitroged

phosphorus which are essential for microbial growth

However, the circulating cooling water after sofiten
and alkalization treatment provides carbon resotioce
the microorganism. So it is necessary to studyirfia-
ence factors of microorganism.
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forms the compact oxide coating consisting of cupro Figure 8. Nyquist plots of carbon stedl in carbonate solution
oxide, and then the cuprous oxide is transformed in with different alkalinities

copper oxide by oxidation, when the oxide coating-c
sisting of cuprous oxide forms, it can maintairbktaand
prevent the brass from corrosion.
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Figure 6. Corrosion rate of brass in bicarbonate solution
with different alkalinities
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Figure 7. Corrosion current density of carbon steel and
brassin bicarbonate solution with different alkalinities
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Figure 9. Nyquist Plots of kinetics of passive coating for mation
of brassin bicarbonate solution with different alkalinities
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Figure 10. Bode plots of carbon steel in bicarbonate solution
with different alkalinities
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Table 2. Microbial growth test in different conditions

Item Alkalinit Glucose  Protein NH,CI KoHPO, CaCb . . . Decrement of
\;;ﬁﬁm\\\ mol) (@D @D (L) @L (g  Multiple of microbial growth — ~qp oy

1 33 10 5 0 1 10.76 1840

2 16.5 10 5 0 1 0 18.34 3600

3 33.0 10 5 0 1 0 14.94 4800

4 495 10 5 0 1 0 13.34 8160

5 16.5 10 0 3 1 0 3.27 1680

6 16.5 10 0 0 0 0 5.87 1440

7 16.5 0 5 0 1 0 6.25 1920

8 16.5 5 0 3 1 0 6.02 1520

9 16.5 0 0 3 1 0 0.71 880

10 16.5 10 5 0 1 15 24.33 6720

11 16.5 10 5 0 1 3.0 17.48 6080

Nomenclature crucial way to prevent the circulating cooling wasgs-

Ceo,  concentration of COn carbonate solutiomol/L

K equilibrium constant for water

K, coefficient of first order dissociation 06€0;

K, coefficient of second order dissociation eCi;

K, Henry coefficient, atrh

B total alkalinity of carbonate solution, ntol/

A renewing speed of gas-liquid mass transtea,ai/h
Ks coefficient of gas transfer, (amf)/mol

Q flux of spraying, L/h

\% volume of circulating cooling water, L

pH, initial pH value of carbonate solution
Peo, Partial pressure of carbon dioxide in atmosphetre,
C initial concentration of C£n carbonate solutiomol/L

==

D concentration of CQin carbonate solution at any fixed p
value,mol/L

The test studies the factors including alkalinitityo-
gen, phosphorus, hardness, organic matter. Tasthew’s
the test results of the microbial growth test.

Table 2 illustrates that organic matter is the nfaator
that controls the microbial growth, and the abseote
calcium ion, magnesium ion, nitrogen, phosphor® al
can suppress the microbial growth. Content of iaorg
carbon has no obvious effect on microbial growth.

4. Conclusions

lon exchange softening and alkalization processrean
move hardness and corrosive anions dissolved au-<cir
lating cooling water, transform all the ions intodgaim
bicarbonate, and alkalize the circulating coolingtew..
So the process can effectively prevent the cirmdat
cooling water system from scaling.

The pH value of circulating water after sprayingca
greatly approximate to the theoretical value. Csion
test illustrates that carbon steel and brass cachréhe
lowest corrosion rate in the bicarbonate solutioith w
total alkalinity of 3.0E-2 mol/L. To optimize thepera-
tion condition of circulating cooling water systeamd
maintain the alkalinity of circulating cooling wates an
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tem from corrosion. And maintain the alkalinity cdr-
bonate solution in the level of 3.0E-2 mol/L, thencen-
tration factor of circulating cooling water systecan
reach up to 15, ion exchange softening and alkadiza
process can improve the cooling water usage effiligie

Microbial growth test indicates that orangic matter
the main factor to influence the microbial growndind the
absence of other nutrition source such as calciom) i
magnesium ion, nitrogen, phosphorus also can afifect
microbial growth. And ion exchange softening ankhal
lization process can remove most of organic mattet
maintain the low content of organic matters aneeff
tively suppress the microbial growth.

Therefore, ion exchange softening and alkalization
process is a feasible and effective method to sthee
problems of pipe corrosion, scaling, and microbial
growth, improve usage efficiency of cooling water,
achieve zerodischarge of wastewater and converter wa
resource.
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