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With a viev Gf elucidating the buff.ering effect c)f scdium

phosphates in high ternperature water†the dissociatio

constants of phosphGric acid are estimated by using of reported

data andisocoulombic equati〇n Principle,and then pH oflsodiu

phGSphate s0lutionsis calculated at boiler water temperature･

The results indicated that irlterm 〇f pH the sodium phosphate

solutiGnS 冒ere CIcse to sodium hydrc)Xide solution with

temperature raising and the m〇lar ratio cf sodium tc)Phosphate

胃aS nOt a Significant f-actc>rin contr011ing pH c)f bulk 胃ater at

boiler water temperature･This means that thereislittle need

to perform the blow-down of boiler water and reinJeCt dトsodiu

hydrogen phosphate,eVen thc>ugh the hide-Out OCCuredt aslong as

the concentration of phosphate speciesin boiler wateris kept

ab〇Ve the l〔〉WeSt level fc)r preVention cf hardness ion

preclpitatlon.

Key Words: hide-Out,high temperature 胃ater,SOdium phosphate

treatment,dissociation constan

1.Introduction

Sodium phosphates are widely usedin drum-tyPe boilers to serve as a

buffer for corrosion cc)ntrく〕l and fcr prevention c)f scale deposition

preclpitation of hardnessions.The concentration of phosphate species and
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molar ratio of sodium to phosphate are regulated to be 胃ithin the range〔)f'O.1

to 3 ppm,and 2.5 to 2.8,reSPeCtively,based on cc)rrOSion tests,f.ield

experiencesL)3)and dependence of pH cn the molar ratio at room temperature.

It is,however,nOt eaSy tO maintain the regulation in practical boiler

Operation4),because boilinginduces
concentratioriand/or precipitation of

phosphate compounds on the heatptransfer surface of b(〕iler tubes.In particular,
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Phosphate speciesin boiler water concentrate preferentially c)n heated surfaces

COmPared to sodium,reSultingin a significantincreasein rn0lar ratioiriboiler

訂ater･This phen()menOn,known MHide-C)utH,is suppc)Sed to make boiler water

CauStic,and cause caustic corr〔)SiGn Cf boiler materials･

In order to avoid such problems,rnany eff'orts have been taken for

maintaining the regulated values 冒ith countermeasures such as frequent blow-down

〇f boiler water cc)ntaining the high ratio of sodium,and/orinjeCtion of fresh

Na2HPOJSC}lution･This prccedures however are not c)nly tr()ublesome for operatc)rS,

but also cause heatlc)SSin the high temperature vater circuit and decreasein

thermalef.riciency cf electric p〇Wer generatiGn･

With a view c)f elucidating the buffering ef-fectin high ternperature water,

the dissociation cc)nStantS C}f'phc}SPhoric acidin high temperature solution are

estimated by using reported experimentaldata5)and theisocoulombic equation

prinCilpe6)7)･pH of sodium phosphate sclutionsis calculated at the current

bc>iler water temperature･Based on these data,胃e discuss theinfluence of the

m0lar ratio on pH,and questions on the current regulation andits application

tc> CyCling boiler･

2.Est土matiorlOr dissociatic宣 C(〕nStarlt

The dissociation constants were measured experimentally up tG 300 Oc5)

Based orithese data,itis necessary to make a prediction for the constants at

bc)iler water temperature 350 0C･Alot of- attempts have been made to find a

method f･or the estimation8).Lindsay reported that a straight line

relationship was obtained between temperature and the dissociatic)n COnStantS Of

召eak acids and strong basesIOr reVerSe6),in considering the equilibrium

c〇nStant On followingisocoulombic neutralization reactions:

AB(aq)+ C一 = A
十 + CB(aq),and AB(aq)+ D = B + AD(aq)

The isocoulombic reactions are f-cirmulated by combinatic)n Of the

dissociation reacticn of acids or bases 冒ith the ionization reaction of water

TGr Which detailed thermodynamic data are now available c}Ver a Wide range of

temperatures and pressures9)･Although anioriization reactionis accc)mPanied

by signif-icant changesin heat capacity and v0lume due tc)ion一胃ater

interactionsin the products,theisocoulc)mbic equationinv0lves no changein

the number ofionic chargesIand alarge pc>rtion of the changes due tc)the

waterinteractions are cancelled out between the products and reactants･Hence

the changesin heat capacity and volume are smallland thermodynamic equlibrium

constants can be extrapolated from room temperature to high temperature and

preSSure･

When the principleis applied to the dissociation of phosphoric acid･The

isocoulombic neutralization reactions andits equilibrium constants are:

H3PO｡十 OH = H2PO-~ 十 H20 Kbl=[H2PO- 】/[H3POヰ】【OH

H2PO｡ 十 OH~ = HPO｡2 十 H20 Kb2=[HPO句2 ]/[H2PO叫 】[OH

The equilibrium constants were obtained from the dissociation constants 〇f

phosphoric acid and waterin the temperature range of(〕O to 300 0C･The

COnStantS Were plotted against the reciPiCalof temperatureIand thelinear

relationships are shownin Fig.1.In extrap0lating thisline to 3500c,the

neutralization constants of equations(1)and (2)were f-ound to be 2.8XIC`,
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l.OX102 respectively･

These values may have a

little surPlus
bias･

b e c a u S e t h e

experimentally measured

constants for hydrolysis

of some Weak acids and

bases have a tendency to

curve concavely downward

and deviate from the

straightlines
over 250 0C

graduallylO)

3.Calculation or pE or

sodium phosphates solution

Sim ult a n e o u S

equations
for calculation

of p= were Set up f.rom

t h e r ollo 甲in g

relationsbips:

(a)Allthe equations of

equilibrium conStantS

relating to neutralization

of allpostulated species･

(b) Tbe equatlon or

electroneutrality
between
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Fig･1Temperature dependence of the equlibrium

constant
for neutralization of phosphate

Kbl=【H2PO｡】/【H3PO-‖OH

Kb2 =[HPO2~~】/[H2POl~
=OH

(C)Mass balance equation pertaining
to a materialremainingin water･

The procedure vas applied
to neutralization of sodium phosphate･Which contains

the slxions-H†,OH--,Na†･H2PO4 ･HPO鴫2,POヰ3

The neutralization reactions,in addition to the equation(1)and
〈2)･are

H甑2-+OH =甑3一十H20 Eb3=[甑3]/[H円㍉2- ‖0日】(3)

NaOH十H十=Na-+H20
Kb4= 川a+]/[=寸】 は)

H20=H+十0= Kw=肝】冊]
〈5)

It was known that the equilibrium constant Of the equation(3),Kb3,VaS

smaller than30Ver150｡C and then the concentration of H+formed from

dissociation of HPO42is smaller
than that from口ater5)･Sodium hydroxide

completely dissociatesin bulk boiler water.I)･Equation(3)and(4)･and
the

concentration of PO43-,therefore･may
be disregarded when calculating pH at

elevated
temperatureS･

The equation of electroneutralityis:

【Na+】十【H十]=[=2PO･-]+2X冊0-2-]十【OH】

The mass balance equationin wateris:

【A]= =hPO■】十 =㍉PO-]+[HPOヰ2+】

油ere【A]is the totalconcentration of allphosphate species･

From equation(1)and(2)and
KY=5･01X1013 ‥
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Fig･2 pH of'dilute Ⅳa2HPO4 SOlution

and effect of disappearance

phosphate species due to

bide-Out at 350 ℃

Ⅰ:Na2HPOl,

II:Complete disappearance of･

Phosphate species from bulk

訂ater

[H2POヰ

[HPO■2

0.5 1 5 10 50

Conc･Of Phosphate species(ppm)

Fig･3 pH of dilute Na3PO4 SOlution

and eff.ect of disappearance

phosphate species due to

hide-Out at 350 0c

I:Na3POl,

II:Complete disappearance of

phosphate species from bulk

Water

=【R3POヰコ[OH ]Ⅹ 2.8 xlO6 =1.互 XlO

=[E2POヰ 】【OH~ j xl.0 Ⅹ10Z =

7.1X

Substituting equation(8)and (9)in(6)and

~6[H3POヰ]/【日
f

コ (8)

10 ~~Ⅰ7 =hPOヰ】/ほ +】2 (9)

(7),arid solving the obtained

Simultaneous equations･H
十

concentration can be derived as a function
of【A】

for Na2HPO4([Na 十]=2【A】)and for Na3PO4([Na+】=3[A】)respectively:

Na2HPO4;[A‖‖H+:= 十(7･05Ⅹ10 7【A]- 2.51Ⅹ10
-13)川十]2

-
3.52Ⅹ10~19[H 十】-1.77Ⅹ10 -29= 0 ㈹

Ⅳa3PO･;【A】Ⅹ[H†]3 十(9･如Ⅹ川 7[A]--1.67Ⅹ10
---3)川f】2

一(2･52Ⅹ1017【Aト2･52Ⅹ10-17)[H+ ト1･18Ⅹ10 -2,=0 姐
Values of pH at350 0c were calculated from these equations with a personal

COmPuter･The results were plotted against the totalconcentration
of all

phosphate species･aS Shovnin Fig･2and Fig･3･

In order to clarify theincrement of pH attributed to a decreasein the

COnCentration of the phosphate speciesin bulk wa･ter,pH打aS Calculated by

assuming that the phosphate species have completely disappeared by the hide-Out

and allsodiumionleftin the bulk water･Results打ere Plotted against the

Originalconcentration of phosphatesin Fg･2and Fig･3･By comparing the

CurVeS With those of sodium phosphate,it甲illbe noted that theincrement
of pH

due to the hidevoutis only O･3pH units even under the extreme condition,

Further,it vould seem that theincrement of pH vould be slightly smaller than O.

3units,because Kbland Kb20f phosphoric acid have a surplus bias as mentioned

abo∀e.
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4.Discusslon

As the characteristics of water and aqueous solutions change considerably

vithincreasein temperatureIthe quality of boiler water should be regulated

and controlled on the base of the data obtained under the high temperature and

pressure conditions･But we have not yet had any specif'ic method to perform the

analysis and measurement under that condition･ItisItherefore,neCeSSary tO

coolboiler water to room temperature,in order to analyzeImeaSureit･

In the case of phosphate treatmentlthe molar ratio has been regulated for

pH adjustment
by using data of sodium phosphate solution at room temperature,

whichis shownin Fig.斗 and Fig.5.This dataindicates that pHincreases

slgnificantly as the molar ratioincreases due to the hide-Out Of- the phosphates･

It,theref-ore,is evident that the molar ratio should be controlledin the

narrow range,in order to
adjust pH tc)Optimalvalue fc)r COrrOSion controll･
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Fig.4 pH c)f dilute Na2HPO4 S0lutio

and effect of.disappearance

phosphate species due to

hide-Out at rOOm temperature

I:Na2王1POl,

II:Complete disappearance of

Phosphate species from bulk
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Fig.5 pH of dilute Na3PO4 SOlution

and effect of disappearance

Phosphate species due to

hide-Out at rOOm temperature

I:Na3POl,

II:Complete disappearance of

Phosphate species f-rom bulk

Vater

But the characteristics of phosphate solution at high temperature are

COnSiderably different from that at room temperature.The results of

Calculations indicated that pH increment was only slight under boiler water

COnditions,eVenif the concentratiく〕n Of phosphate species comes close to zero

due to a complete hide-Out and the molar ratio increases remarkably.Tablel

Shows that the predominant species is diThydrogen phosphate ion,H2PO4
,at

3500C,in contrast to hydrogen phc)Sphateion,HPO42~,at rOOm temperature.

This means that in terms of pH the sGdium phosphate solution resembles sodium

hydroxide solution with anincreasein temperature,and the molar ratiois not

a slgnificant factor in controlling c)f pH of bulk water at the boiler vater

temperature･Evenif the excess of- sc)dium concentrates on the boiloing-heat-

transfer surfaceIthisis not considered to cause the surface to be highly

CauSticIbecause sodium s.illbe neutralized by the phosphate species previously

COnCentrated due to the hide-Out On the surfacein any form.
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Tablel Share of phosphate speciesin water

at room temperature and 3500C
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Share of phosphate species(%)

Practica11y,a blo訂down of boiler water and reinJeCtion of Na2HPO4is

carried out f-requently to keep the molar ratio within the regulation range･

Continuous loss of the boiler water whichis richin sodium willdeplete sodium

inventoryirithe boiler and reduce totalmolar rationin the boiler･Further,

訂hen the plantload reducedlthe phosphate species disappeared by hide-Outin

normalopearation return to bulk water andits concentrationincreases･

Theref･ore,duringload reducing andlowload operation,the cumulativeloss of-

sodium and the phosphate return may eventually resultin a significant

depression and requireinverse procedure such asinJeCtion of Na3PO4･

very complicate and burdensome to operators of cycing plants･
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H

S

【
∪
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From above consideration,it was concluded that there waslittle need to

perform the blow-do甫n and reinjeCtion of sodium hydrogen phosphatein normal

operationif･itis only for adjustment of pH and the molar ratio･eVen though

the hide→Out OCCured,aSlong as the concentration of phosphate speciesin

boiler vateris kept above thelowestlimit f-or prevention of scale deposition

of･hardnessions andleakage of condenser wateris not detected･Theoretical

estimation of thelimit andits dependence on the degree of'leakage of

condenserqLCOOling wateris animportant concern to boiler operators･Butitis

dif･ficult to estimate thelimit theoretically at the present time,because of

lack of suitable data on equilibrium constants of reactions betveen phosphate

species and hardnessions under high temperature and pressure･Thisis

considered to be a subject
for further discussion･
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