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ABSTRACT

COMPLEXES AFFECTI NG THE SCLUBI LI TY O CALA UM CARBONATE | N WATER - PHASE ||

The water utilities in this country have a trenendous investrment in the
mles of pipe, valves, and other appurtenances in the water distribution
systems. Failure to protect these systens against corrosion and exces-
sive scale fornation coul d necessitate replacement of the distribution
systens at an estimated cost of $25 billion. Calculation of the true

equi libriumor saturation pH, pH , for cal ciumcarbonate and adjustnent of
the water to that pHis essential to supply water of high quality and to
avoi d corrosion and scale fornation in these water distribution systens.
Experi ence has shown that in sone cases the actual pHnust be from0.6 to
1.0 unit above pH;, as determined fromthe calciumand al kalinity anal yses.
Certain conpl exes may be responsible in part for this fact. The specific
objective of this study was to eval uate the dissociation constants of the
conpl exes so that the opti numpH can be nore accurately calculated. A
titration nethod was used to nmeasure the effects of conplex fornmati on on
the pH of reaction mxtures and appropriate conputer prograns were devel -
oped to cal cul ate the dissociation constants. Experimental procedures and
results fromthe determnation of dissociation constants for conpl exes of
magnesi um cal ci umand sodi umwi t h carbonat e, bi carbonate, hydroxi de, and
sulfate and a method to utilize these constants in calculating pH in public
wat er supplies are discussed.

Larson, T. E., Sollo, F. W, and MQurk, F. F.
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COMPLEXES AFFECTI NG THE SCLUBI LI TY CF CALA UM CARBONATE | N WATER - PHASE ||

By Thurston E. Larson, F. W Sollo, Jr. and Florence F. MQirk
| NTRCDUCTI ON

The equilibriumor saturation pH for cal ciumcarbonate is an inpor-
tant criterion in the treatnment of our water supplies. Calculation of

the true pHS, and adjustnent of the water to that pH, are essential to

avoid corrosion and incrustation in our water distribution systens and in

t he househol d pl unbi ng of the individual customers served. Prevention of
deterioration of these systens is inportant because of both cost of repl ace-
ment or repair and the fact that corrosion of the systemw |l result in
deterioration of water quality after the water | eaves the treatment plant.

D stribution systempiping is often coal tar lined cast iron,
although in recent years there has been a growing interest and use of
cenent |lined pi pe, asbestos cenent pipe, and reinforced plastics. Because
of inperfections inthe coal tar linings, cast iron is subject to deposits
or incrustation (scale formation).

B ther corrosion or incrustation nmay necessitate cleaning and
relining, or, in nmany cases, replacenent of piping. The first effect of
corrosion or incrustation that is noted is an increase in head | oss
through the lines and a najor increase in punping costs. Another effect
of corrosion is the appearance of "red water" at the household tap. This
"red" water is due to hydrated iron oxide particles which cause the water
to be turbid and unsightly and cause staining of househol d appliances and

porcelain ware. Qdothing laundered in such water is al so stained.



Since the water is used for hunan consunpti on, corrosion inhibitors,
such as chronmates and nitrites, cannot be used. Cher treatnment chemcals
such as pol yphosphates and silicates, with or without zinc as an additi ve,
have been used for certain water qualities with an effectiveness rangi ng
fromzero to near 100% The nost w dely used and econonical protection
which can be applied is adjustnent of the water quality so that athin
deposit of cal ciumcarbonate devel ops in the pipes. Formation of a thin
deposit of Ca(0; requires adjustnent of the pH of water to the point at
which it is slightly supersaturated with cal ciumcarbonate. Under these
conditions, corrosion is retarded by the fil mof cal ci umcarbonate, but
the deposit is not heavy enough to interfere with flow

Cal ciumcarbonate is only slightly soluble in water. The solubility

pr oduct , KS at 25°Cis 4.62 x 10°°%, indicati ng that if equival ent concen-

trations of calciumand carbonate ion were fornmed, only 6.8 ng/| of cal cium
carbonate woul d be soluble. The solubility decreases with increasing
tenperature but increases wth increasing mneral concentration.

By analysis, the total calciumconcentration, alkalinity, and pH or
negative log of the hydrogen ion activity can be determned. The al kalin-
ity, inequivalents, is equal, in nost potable water, to the sumof tw ce
the carbonate, plus the bicarbonate and hydroxyl ion concentrations. From
these determnations we can cal cul ate the carbonate concentration in the
water, and the pH at which the water woul d be saturated with cal ci um car-

bonate, using the follow ng rel ati onshi ps:

K = (5) (oH)

W

Ky = (%) (HCO3)/(H2CO3)
K» = (H) (c03)/(HC03)
K = (ca'™) (co3)

g



The di scussi on above assunes that cal ciumand the various forns of

alkalinity appear only as the free ion, or as a solid, GQ>3. However,
there is evidence inthe literature, and inthis report, that there are
al so conpl exes of these ions which are soluble, appearing in the gross
anal yses, but undi ssociated, so that they are not effective in the sol u-
bility equilibrium The conpl exes which are potentially inportant are
t hose forned by the common cations, Ca*™, Mg*™", and Na , with the CO?,
Hdog, H, and 80: ani ons.

Experience in the water works industry has shown that it is often
necessary to adjust to a pHvalue 0.6 to 1.0 pHunits higher than the
cal culated pH of saturation for waters with | ow hardness and al kalinity
in order to mninmze corrosion and yet not cause excessive scal e formna-
tion (1). The required difference between the adjusted pH and the satur-
ati on val ue depends upon the water analysis. This difference is particu-
larly high in cases of high magnesiumor sulfate concentrations. It
appears probable that this effect is largely due to fornation of the
conpl exes CasS0§. CaC0%, and MgCO%, with mnor effects fromthe other

conpl exes nenti oned above.

Al t hough conpl exes are conpl etely sol ubl e, they are not ionized, so
that ions conbined in the conpl exes are not effective in the various
chemcal equilibria associated with cal ciumcarbonate solubility. How
ever, the usual chemcal analysis will include the portion conpl exed due
to deconposition of the conplex during analysis. Laws of nmass action
govern the fornation of these conpl exes, so that the degree of conpl ex

formation is usually denoted by the dissociation constant, such as

Kangoog = (M) (003)/(mgcos).



This equation indicates that the dissociation constant for the nagnesi um
carbonate conplex is equal to the product of the activities of the free
nmagnesi umand carbonate ions divided by the activity of the conplex. Wth
the use of the activity coefficients of the individual ions, this Ky may
be converted to a K‘; based on concentrations of the ions in equilibrium
This "constant" is valid only for a specific tenperature and ionic strength.

This project was designed to eval uate the true thernodynam c di sso-
ciation constants for a nunber of conplexes at tenperatures rangi ng from
5° to 25°C and at ionic strengths in the range nornally found in potabl e
public water supplies, i.e., .002 to .02. A though a nunber of other
i nvestigators have devel oped di ssociation constants for each of the com
pl exes studi ed, nost of their work was conducted at roomtenperature
(~25°C), and ionic strengths too high to be directly applicable to public
water supplies. A few al so based their calculations on concentrations
rather than the ion activities as used in this study. Table 1 contains
alist of pKy (-log Ky) values determned in this study at 25°C and t he
val ues reported by other investigators (2-26). An exhaustive conpilation
of dissociation constants was prepared by Sillen and Martell (27). Qher
sources for the constants evaluated in this study include conpilations by
Davies (28), Garrels and Christ (29), and Thrailkill (30). Thrailkill
lists a nunber of the constants and applies these values in calculating
the degree of saturation of several waters with respect to both calcite
and dol onite.

The constants devel oped in this work were used in the cal cul ati on of
pH and driving force index (DFl) of several waters. The nethod and sanpl e

results are given in alater section.



EXPER MENTAL DETAI LS

Reagent s

Reagent - grade chem cal s, meeting Arerican Chem cal Society specifica-
tions, were used whenever commercially available. Additional chemcals
used were the highest grade avail abl e.

The water used in making up all reagent solutions and buffers was
prepared by passing the |aboratory's main supply of deionized water through
a m xed-bed ion exchange col umm consisting of 20-50 nesh Anberlite IR 120-H
and Anberlite A284-0H This "polishing" techni que gave water which had a
specific conductance of 1 x 107’ ohm’ cm’ and was free from carbonate and
car bon di oxi de.

The reagent solutions were stored in containers with stoppers which
were fitted with an absorption tube filled with Ascarite to absorb CO,
fromthe entering air. As an additional precautionary measure, Ascarite
was used as a "scrubber” to renmove any inpurities fromthe N, gas before

it was bubbled into the titrati on beaker.

Stock Sol utions

1. Standard buffer solutions were prepared i n accordance with speci -
fications recommended by the U S. National Bureau of Sandards..
The buffers were checked agai nst Beckman standard and preci sion
buffer solutions. The salts were dried for two hours at 110°C
bef or e wei ghi ng.

a. Phthalate buffer, .05Msolution, pH 4.0l at 25°C

10. 211g KHGH,O, per liter



b. Phosphate buffer, .025Msolution, pH6.865 at 25°C
3.40g KH,PO, + 3.55g Na,HPO, per liter
2. Potassiumperchlorate, KC O,, approxinately 0.1M using an atonic
absorption method to determine the K concentrati on:
13.86g KO Q, per liter with 6.93 x 10° MKCH added to adj ust
the pHto 6.8 £ 0.2
3. Magnesi umperchlorate, My(d Q) ,, approximately 0.24M, standardi zed .
by the EDTA titrinetric method (31):
53.6g My( Cl O;) ,, anhydrone, per liter with 4 x 100* MHJ Q
added to adjust the' pHto 66 = 0.2
4. Calciumperchlorate, Ca(d Q). 6H0O standardi zed by the EDTA
titrinetric nethod (31):
a. approximately 0.3M
100g Ca(C Q,),. 6H,0 per liter with 4 x 10°® M KCH
added to adjust the pHto 6.6 = 0.2
b. approxinately 0.075M
25g Ca(Cd Q). 6H,0 per liter with 7 x 107" MKCH
added to adjust the pHto 66 £ 0.2
5. Sodiumperchlorate, NaCl O, approximately 0.1 M using an atomc
absorption nethod to determne the concentration of Na':
12.25g Nad Q, per liter with 5 x 10°® M HQO Q added to
adjust the pHto 6.6 + 0.2
6. Potassiumcarbonate, K,CO;, primary standard 0.1M

13.821g K,CO03 per liter



7. Perchloric acid, HC O, approxinately 0.23N
20 of 11.75 NHJOQ was dilutedto 1 liter, then
standardi zed against 0.2N prinmary standard K,COs

8. Potassi umhydroxi de, KOH, approxinately 0.04M
2.5 KCH per liter, diluted 1+1, then standardi zed agai nst
.02N HSQO, to a phenol pht hal ei n endpoi nt

9. Potassiumsulfate, K,SO,, approxinmately 0.2M using the gravi-

netric nethod (31) to determne the SO~ concentration:

34.86g K,S04 per liter with 9 x 10°® MKCH added to adj ust

pHto 7.0 £ 0.2

Equi prent

A Beckman research nodel pH neter, equipped with a Beckman #39000
research &P d ass electrode and a Becknman #39071 frit-junction cal onel
(with sidearn) reference el ectrode, was used to neasure the pH of the
sol utions. The relative accuracy of the pHneter is specified by the
nmanuf acturer to be +. 001 pH.

The titration cell used in these experiments consisted of a 500-m
Berzel ius beaker fitted with a size #14 rubber stopper. Munted in the
stopper are pHmeasuring el ectrodes, a 10-m mcro burette, a gas bubbl er,
and a reagent addition access tube. A constant tenperature bath and
cooler suitable for work in the 2°Cto 50°C range was used to control the
tenperature in a second, smaller Pl exiglas water bath surrounding the
titration cell. Inthe titration experiments, tenperature was controlled
to £0.1°C  Sanples were stirred gently throughout each experinent by

means of a magnetic stirrer. A hypodermc syringe was used to transfer



a known anount of CO-free demneralized water into the titrati on beaker

prior to the addition of the desired salts.

Pr ocedur es

Atitration procedure was used to neasure the dissociation constants
of the conpl exes studied. For nost of this work, either cal cium nagnesium
or sodiumperchlorate was the titrant added to a sol ution containing the
ani on of the conplex being evaluated. A wvariation of this general titra-
tion procedure was used to neasure the CaSO?, constant. Determnation of
di ssoci ation constants for the carbonate and sulfate conpl exes is based on
the change in pHand is conplicated by the formation of the correspondi ng
hydr oxi de conpl ex (MyOH', CaOH", or NaOH°). Titrations of solutions wth
no carbonate or bicarbonate were used to determne dissociation constants
for the hydroxi de conpl exes. The bi carbonate conpl ex al so had to be con-
sidered in the carbonate conpl ex determ nations.

Inthe titrations with carbonate present, the change in pH noted upon
addition of Mg(Cl &) ,, for exanple, includes: (1) that due to change in
ionic strength, and (2) that due to conplex formation. |In effect, each
mol of MyOH or MgC0%§ forned renmoves a nol of OH~ fromthe equilibrium
The formation of MgHCO'; has an indirect effect on the pH since it reduces
the total carbon dioxide in the equilibrium

In all of the experinents in this study, potassiumperchlorate was
added as required for ionic strength adjustnent. Carbon dioxide free water
was used and precautions were taken to avoid gain or | oss of carbon dioxide.
Sanpl es were stirred gently throughout the experinent and tenperature was
accurately controlled. Under these conditions, equilibriumpHwas the only

nmeasur enent required.



Prior to each titration, the pHelectrodes were calibrated in the
appropriate standard buffer, at the tenperature of the test. The rubber
stopper el ectrode assenbly was then tightly fitted into a 500-m
Ber zel i us beaker. The beaker was purged with N A known vol ume of water
was transferred into the beaker and after the tenperature of the water
reached the desired |l evel, the desired salts were added. The initial
vol umre of sanpl e was such that a mni numof head space remai ned. GOnce
all the salts had been added and a constant desired tenperature was
reached, the reagent access hole in the rubber stopper assenbly was
closed and N, bubbling discontinued. An initial pHwas recorded and t he
titration was begun within this closed system

A slight variation of this general procedure was used inthe MgHCO'g,
Ca.HCOg, and NaHCO% experinments. For these bicarbonate conpl ex experinents,
pure CO, was bubbl ed t hrough water, then through a dry test tube before
bubbling into the sanple solution. Wen the HCO3 - CO? equi |i briumwas
reached, as denoted by a stable pH over a period of several m nutes, the

titrati on was begun.
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CALCQULATI ONS
The calculations required are rather conpl ex, hut can he handl ed by
conputer nethods. The required rel ati onshi ps have been derived and appr o-
priately programmed. Seven of the equilibria involved in the cal culation

of cal ci umhydr oxi de, bi carbonate, carbonate, and sulfate are:

1. Hy0 < H + OH K,

2. H,CO4 2 H + HCO3 K;

3. HCO3 > B + O3 Ky
+ ++ -

L. caoH z Ca, +  OH | Kacaon™
+ ++ -

5. CaHCO3 > Ca + HCO3 Kacanco!
0 ++ =

6. CaC0% pa Ca + CO3 KdCacog
o ++ =

7. CaSOf > Ca + SOy, Kacaso?

Sinmlar equilibria wth nagnesi umand sodi um exi st.

If we examne reactions 4 and 6 above, in titrations with Ca(d Q),,

++ +
added Ca causes fornmation of CaCH and CaCO% conpl exes, reducing the

concentrations of CH and CO? anions. This causes a further ionization
of H,O, HCO3, and H,CO;, increasing the H concentration to the point
where equilibriumis again established. A portion of the added Ca is
renmoved fromthe equilibriumby the conpl exi ng process.

The val ue of the dissociation constant for the CaCH conpl ex
(reaction 4), in the absence of CO,, is easily calculated with a known
value for K, the concentration of cal ciumadded, and the initial and
final pH measurenents. Since fewions are involved in the equilibrium
a fairly sinple conputer programwas sufficient to calculate Ky

(Table 2). nce the value for the Kjamai conplex has been deternined,
dCaCH
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then it is used along with the other constants K, K, and K, to determine
K .
a value for the dCaCOS complex
In the remainder of this report, dissociation constants of the com-
plexes are shown as K,,, where X represents the cation and Y the anion
involved, with no indication of the valence of the complex. This avoids

confusion in some of the equations. For example, represents the

KﬁMgHCOg
dissociation constant of the MgHCO; complex.

The thermodynamic constants K,, K,, K,, K, and the constants for the
complexes studied in this project are based on ion activities, and vary
with temperature, but not with ionic strength. Since the calculations
were based at least partially on mass balances, most of the quantities had
to be calculated as concentrations. The dissociation constants thus

developed were corrected for ionic strength with the appropriate activity

coefficients, as in the following example:

Kaceon ® (_Kac:aon)_ (regt) (og=! (Yegon)

K denotes the true thermodynamic constant, K 1is the constant for a
particular ionic strength based on concentrations, and v is the activity
coefficient of the particular ion.

Ton activity coefficients, v, were calculated with the extended

Debye- Hickel equation (32):

/)

-log(y;) = A 22 /u/ (L +Ba,

where z is the valence or change on the ion, u is the ionic strength of

the solution, and a is the size of the ion. A and B are constants
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dependent upon the dielectric constant, e, and the absolute temperature,

T. Approximate values for a., the ion size parameter of a number of
selected ions, have been estimated by Kielland (33) and used by Butler (32)
to calculate values of single ion activity coefficients at various ionic
strengths. The values of "a" for the individual ions used in this project

are listed below:

ion ) a;
H 9
OH™ 3
Na', HCO3, SOg k
co3 5
catt 6
Mg 8

An ion size parameter of six was used for the univalent charged complexes
(MgOH , CaOH , MgHCO,', CaHCO;, NaC03), while the activity coefficient for
uncharged ion-pairs was assumed to be unity. The ionic strength of a
solution is defined as one-half the summation of the products of the molal
concentrations of the ions in solution and the square of their respective
valences, Z(Cz%)/Z.

Ion activity represented by parenthesis, e.g. (Ca ), is related to
ion concentration by the relation (Ca ) = v, *++ [Ca ] where the brackets
[ ] denote concentration in moles per liter and y is the activity coeffi-
cient as calculated by the extended Debye-Hiickel equation.

Table 3 is a listing of the constants for A and B, K, K,, K,, and

Ks and the reference sources (32, 34-38) and equations used for calculating
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these constants at 5, 15, and 25°C. The Kvalues in Table 3 are rel ated

to the corresponding K values by the follow ng rel ati onshi ps:

K, = (K) (v (vgu-)

K1 = (K)) (yg) (rgees)/(2€05)
K2 = (K) (v Crgg)/Orygags)
K, = (Ky) (™) (rged)

Correspondi ng pK val ues can be cal cul ated by taking the negative logarithm
of the Kvalue, i.e., pK=-log K

The general fornmat of the conputer progranms witten to calculate the
di ssoci ati on constants for the various conpl exes studied was the sane.

This format is followed in the programfor the calculation of Kyugy and
dCaCH

islistedin Table 2. Briefly, the input data fromthe titration experi -
nments include the tenperature (°C), the necessary constants fromTable 3,
the initial reagent concentrations added, the initial volune of solution
(M), and the nmeasured pH (PHR), prior to the addition of standard titrant
of known nolarity (M. Fromthis input data, an initial estinmate of the

ionic strength of the solution is calculated, i.e., MR= [KQ] + [KH.
Subsequently, in section one of the program activity coefficients for the

various ions are calculated and are used in turn to calculate K and ion
concentration values. The ionic strength is then refined with use of these
cal cul ati ons which define the initial or reference condition.

In section two of the Kijmar program for each addition of titrant

and the resulting change in pH, volume corrections are applied to the
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calculation of the ionic strength, ion activity coefficients, and concen-
trations of the free and the associated ions in the solution. Intitra-
tions with neutral salts, such as Ca(Cl 04),, the calculations are based on
the fact that, except for the vol une change and excluding the effect of
conpl ex formation, the alkalinity remains constant. Thus in C0,-free
solutions titrated with Ca*™, any decrease in the alkalinity represents
conplex formation. If the reference concentrations, w thout any conpl ex,
are represented by [OHg] and [ H;], and the ratio of initial to fina

vol ure by VC, then our definition of alkalinity becones,
ALK = Ve ([oH7] - [HE).

Inthe final condition then, the concentration of the conplex, CaCH , is

defined as:
[caok’] = ALK - [oH"] + [H']

As in the calculation of the ion concentrations in the reference condition,
this calculation requires an initial estimate of the ionic strength,
MJ=ME+ 3(M) (M / (VI), wihichis refined by repetitive cal cul ation of
the individual ion concentrations as well as of the conplex.

After the concentrations of the CaCH conpl ex and the individua
ions fornmng this conpl ex were det erni ned, K', the constant for a parti -
cular ionic strength based on these concentrations, was calculated as in

the foll ow ng exanpl e:

K yoa0 = [ce™™] [oH™}/[caoH"]
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The dissociation constant, Ky for the CaCH conplex is then calculated in
terns of activities by using the relationship between ion, ion-pair activ-

L
ity coefficient val ues, and the cal cul ated Kd' i.e.,

Kaceon = Kacaon’ (Yoa™) (op=)/ (veaon™)-

I n sol utions containing carbonates and bi carbonates, a sonewhat nore
conpl i cated expression is required to determine the quantity of conpl ex
formation. In such solutions, the quantity of conpl ex fornati on was
deternined fromchanges either in alkalinity by the usual definition, or
by changes in the quantity (alkalinity - total carbon dioxide). The latter
is equivalent to [OH- - H + CO? - Hzcﬁg] inthe original solution, and
[OH~ - H + CO? - HyC0% + CaCH + €aC0%] inthe final solution, after
addition of calcium Thus the formation of one nol of the hydroxi de or
carbonate conplex results in a depletion of (alkalinity - total carbon
di oxi de) by one nol .

The concentrations of these ions were cal cul ated as functions of the
original carbonate addition, K; K;, K;., and the pH, bothinthe initial
condition, and after addition of the titrant.

The cal cul ations were considered to be reliabl e when the dissociation
constants obtained for a majority of the points along the titration curve
fell within a fairly narrow and acceptabl e range of values. For each com
pl ex studied, the final dissociation constant, K;, was cal cul ated as an
average, x, of a nunber of observations, n. Wthin each experinent any
one cal cul ated Ky val ue whi ch was markedly different fromthe others was

not included in the calculation of the average K . The standard devi ati on,
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a, was deternined by the formla:

0=tV sk -%2/ (n-1)

where x

each indivi dual observed K, val ue,
d L}
the average Ky val ue of a known nunber of observations,

x

n = the nunber of observed val ues.

The determnation of the dissociation constants of the conpl exes
studi ed i s dependent upon accuracy in pHmeasurenents. The results of a
nunber of sensitivity studies indicated that an error made in the standard-
ization of the pHneter, reflected by a constant error in both the initial
and final pHreadings, produces a mninmal error in the calculated Ky How
ever, if we assume that the initial pHreading is correct and assune an
error in the final pHreading, the resulting error in Ky can be quite
substantial. The following exanpl e taken froma MgS80§ test in which the
final pH alone was varied by +. 001 units illustrates this degree of

sensitivity:

jnitial pH = 10.609

ml Mg(C10,), Calculated % error
added | final pH K AMaS0,, in K ]
5.07 10.536 9.78 x 1073
5.07 - 10.537 8.80 x 1073 -10%

5.07 10.535 1.10 x 10~ 2 +12%
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RESULTS

The conpl exes evaluated in this study are discussed individually in
the follow ng pages. Values for the dissociation constants for these
conpl exes at three tenperatures and information regarding standard devi a-
tion val ues, conposition of the initial sanple solution, and titrant have
been conpiled and listed in Table 4.. It should be nentioned again that
inthis study we (1) used a titration procedure and neasured the change in
pHto determne the dissociation constants, (2) calcul ated the val ues of
the constants in terns of activity, and (3) determined the final Ky val ue
for each conpl ex by taking an average of the nmost consistent results.

In general it was not difficult to determne a reasonabl e range of
K, values within each experinment and to elimnate outliers before cal cul a-
ting an average Ky value for each conplex. It was not unexpected that the
outliers nmost frequently resulted fromthe first and second aliquot addi-
tions of titrant. This sinply indicated that the quantity of conpl ex
forned early inthe titration is lowand the calculated result is, there-
fore, nore sensitive to the snall experimental errors which are inherent
inthe deternination of the constants. Sight inpurities or contam nants
in the reagent solutions, errors in the measurement of titrant, and errors

inpHare only a few exanpl es of such experinental uncertainties.

Hydr oxi de Conpl exes

The hydroxi de conpl exes, MJOH", CaCH'", NaOH’, were eval uated by
titration of KOHKAQ solutions with either standard magnesi um cal ci um

or sodi umperchl orate sol ution.
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MyOH". During the first fewnonths of this project, various nethods and
procedures for evaluating the conpl exes were examned. Two titration
procedures were tested to determne Kywas at 25°C. In one set of tests,
M(AQ), - KOG solutions were titrated with a standard KCH sol uti on.
The Ky calculated fromthese data was 8.36 x 10 (pK =2.08). In a
second experinent, KOH- KAQ, solutions were titrated with a neutralized
solution of My(Cl04),. The Kiywai value resulting fromthis test was
8.17 x 10°% (pKy = 2.09). The second procedure of titrating with a
neutral solution of magnesi umperchl orate was chosen because the results
were nore reproduci bl e. Taking such precautionary neasures as frequent
preparation and standardi zati on of the stock reagent solutions (particu-
larly KOH), constant protection of these solutions with GO absorbents,
and purgi ng the beaker and the test solutions with nitrogen reduced the
primary problemof CO, contamnation to a mni mum

The value determned in this study at 25°C is in good agreenent wth
galdbaek's (3) Kawa of 7.95 x 10° (pKy = 2.10) at 18°C, but in poor
agreerment with either Stock and Davies (2) or with Hostetler's (4 val ues
of 2.63 x 10°® and 2.51 x 10" 3, respectively.

G al dbaek titrated solutions of MyCl , saturated w th nmagnesi um
hydroxi de. Stock and Davies and Hostetler titrated MyCl , solutions wth
Ba(OH),. Stock and Davies, working with solutions ranging in pH from
7.99 to 9.49, did not take particular care to exclude CO, fromtheir
experinments. They calculated ion activity coefficients by use of the

Davi es equati on,

o
-log {v) = 0.522 (—2X— . 0.2y).
1+
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Hostetler tried to exclude all CO, fromhis experiments by purging
the airtight reaction vessel with nitrogen throughout the titration. H's
work was done at pHlevels ranging from8.4 to 10.7 and ionic strengths
from.023 to 0.14. Hostetler used the sane extended Debye- Hickel equation
that was used in this study for the evaluation of ion activity coefficients.
He al so calculated a constant for MJOH fromone set of brucite solubility
experinents explaining that the results fromthe first two sets of experi-
ments were "erratic and inconclusive". H's average pK, value fromhis
solubility test was 2.8 (Ky = 1.55 x 10°®) but the internal disagreenent
inthe five points that he averaged ranged froma Kgywor 1.2 x 10° to
2.45 x 10° —a two-fold difference. Hostetler states a preference for
the titration method for determning Kupwor However, within his four
titration experiments (26 data points which averaged to a Ky val ue of

2.95 x 1073, pKy

2.53), the disagreenment in values ranged fromKy =

1.90 x 107 (pKy = 2.72) to 4.36 x 10°% (pKy = 2.36). This is again a
variation by a factor of two. Hostetler concludes that the value of the
dissociation constants for MJOH can be estinmated no closer than
1.4 x 103 to 4.5x 1073, or a pKg = 2.60 + . 25.

The value of Kypyoy oObtained in this study at 25°C is approximately
three times greater than Hostetler's value. Since Hostetler's data
shoul d be considered the result of a reasonable and thoughtful study,
per haps the soundest conclusion that can be drawn fromthese differences
is that the constant for MJOH cannot be determned with a high degree of

accuracy wth the nmethods and equi pnent available at this tine. As a

check on possible causes for the difference between Hostetler's constant
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and the constant determned in this work, Hostetler's value for A and B
(.5085 .328l) and for agr and awt++ (3.5 and 6.5) were used to recal cu-
late data fromthis study. These cal cul ati ons showed a negli gi bl e increase
of about 1.5%in the average Kpyas at 25°C

The determnation of Kygas in this project was conducted at a range
of ionic strength from.005 to .02 and a range of pH from9.9 to 11. 3.

Pertinent data fromtwo titrations are listed in Tabl e 5.

CaQH". A conparison of the constant fromthis study (Kq = 4.17 x 10°?)
with val ues fromother sources (Table 1) shows good agreenent with the
val ue of Gnblett and Mnk (5) (Ky = 430 x 10°%) at 25°C. Gnblett and
Monk al so gave a pKy val ue of 1. 3?1 (Kg = 4.60 x 10% at 15°C and
Thrailkill (30), using their work as his source for pKyags Qives an
extrapol ated value of 1.31 (Ky = 490 x 102 at 5°C. Bates et al. (6)
summari ze the work done by a nunber of investigators, giving their own

val ues for the CaCH constant as Ky = 5.4 x 102 or 7.1 x 102 (pKy = 1.27
d d

or 1.15), thereby supporting their observation that a nunber of uncertain-
ties are involved in the determnation of this constant.

In this study, the constant for CaCH was evaluated in a range of
ionic strength from.008 to .032 and pH from10.6 to 11.8. Table 6 con-
tains two sets of titration data for Kyuau at 25°C
NaGH. In this work, the range of pHof the solutions was 10.1 to 11.1
and the range of ionic strength was .007 to .020. Data fromtwo titra-
tions at 25°C are shown in Table 7. The NaOH constant determned in
this study is 1.77 x 10" (pky = 0.75) at 25°C and is considerably snaller

than that reported by ot her sources.
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Darken and Meier (7) estinmated a K~ 5 for NaG+ (pK ~ -0.7) by con-
ductivity measurenments but do not regard these data as very concl usive
evi dence of the formation of this conplex. Fromkinetic studies, Bell
and Prue (8) calculated a simlar constant for NaOH al so noting that
activity coefficients suggest that NaCH is inconpl etely dissociat ed.
Gnblett and Monk (5) used data fromthe EMF measurenents of two eariler
sources, Harned and Mannweil er (39) and Harned and Hanmer (34), to cal cu-

late the followi ng average Kijuoy Vvalues at 5, 15, and 25°C

6.5

I+

0.9 and 2.8 + 0.4 at 5°C
6.5

I+

0.9 and 2.9 £ 0.2 at 15°C
5.9

I+
+

1.4 and 3.7 £ 0.3 at 25°C

The first value fromeach set refers to Gnblett and Monk's cal cul ati ons
using the data of Harned and Mannweil er (39), and the second to that from
Harned and Haner (34). Anblett and Monk attribute the variations in
their results to large randomerrors induced by snall experinental uncer-
tainties. This is a reasonable explanation since a | arge dissociation
constant indicates that the quantity of conplex forned is small and there-

fore nore sensitive to errors inherent in the determnati on of the constant.

Car bonat e Conpl exes

The dissoci ation constants of the carbonate conpl exes, MgCO% CaCO0%,
NaCO3, were determined by titration of carbonate-bicarbonate sol utions
with nagnesi um cal cium or sodiumperchlorate solutions. The assunption
nmade was that a solution of KA Q and K,CO; (or total CO,) treated with
HOQ will produce added KO Q and a mxture HCO3 and CO?.. The concentr a-

tions of HCO3 and CO§ will vary with both pH and total CO,. The change in
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pH noted upon titrating with Mg( Cl 04) ,, as an exanpl e, results fromchange
inionic strength and conpl ex formati on. The hydroxi de conplex is al so
inportant to the carbonate conplex equilibrium For exanple, neglecting
the effect of the MyOH conpl ex, the constant for MgCO0% at 25°C was found
to be 1.15 x 10~% (o = + .000047) as compared to the value listed in

Table 4 (1.26 X 10'3, == .00003) which does include the effect of the
corresponding MgOH -complex. If accurate values are to be obtained for
the carbonate constants, the formation of the corresponding hydroxide

complex should be accounted for in the calculations.

Mgggi The range of pH in this work was 9.4 to 10.8 and the range of
ionic strength was .004 to .025. At 25°C the constant for MgCO0% deter-
mined in this study is 1.26 x 10 (pKg = 2.9) and is ~ 2 to 3 tines
| arger than val ues reported by the sources listed in Table 1, i.e.,
Geennald (9» Garrels et al. (10), and Nakayarma (11). The results
fromtwo titration tests at 25°C are listed in Table 8.

Fromtitration experiments in the pHrange of 6.7 to 9.8 and u of
.152, Greenwald calculated an apparent constant, K;, of 4.26 x 1072 for
MgCO% at 22°C based on concentrations. By application of the proper

activity coefficients for correction to zero ionic strength, Geenwal d' s

val ue for the MgC0$§ conplex is cal cul ated as:

4,26 x 1073 x .41 x .33/1.03 = 5.6 x 10"

This may be conpared with the value of 4.0 x 10°*, deternined by Garrels
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et al. by neasurement of the change in pHof a Na,OCO; - NaHOQ; sol ution
with added MyCl ,. The range of pH of these tests was 8.6 to 9.8 and the
range of ionic strength was 0.09 to 4.6. In their calculations of the
MgCO% constant, Qeenwald and Garrel s appear to have negl ected the effect
of MJOH on their results. The nmagnitude of this effect woul d depend upon
t he exact experinental conditions.

Nekayama deternmined a constant for MgCO§ at ionic strengths of 0.04
to 0.12 and pH values of 8.6 to 9.8 by measuring H and My ion activi-
ties similtaneously and cal cul ating these activities by the extended

Debye- Hickel equation. Nakayama's val ue for K was 5.75 x 1074,

dM8063
extrapol ated to zero ionic strength.

CaC0§ The titration experinments were run at pHvalues of 9.8 to 10.6 and
ionic strengths ranging from.004 to .016. Two sets of experinental data
are listed in Table 9. The CaC0%§ constant deternined in this study is in
excel | ent agreement with the reported value of Garrels and Thonpson (12)
using atitration procedure simlar to the procedure used in this project.
At 25°C, the €aC0% constant calculated inthis study is 598 x 104,

Garrel s and Thonmpson gave a K

dCaCOjy
neasurenents in a solution of known carbonate concentration during titra-

of 6.3 x 10* at 25°C based on pH

tion with standard Cad , sol ution.
QGeenvald (9) determned a constant in terns of concentrations from
solubility data at 22°C, u = .152, and pH = 7.5 to 9.5. Greenwald's value

for the CaCO% complex, corrected to zero ionic strength, is

=(K

t
Kacaco, aCac0s’ (YCa++? (Yco§)/(YCacog)

1.10 x 1073 x .3k x ,33/1.03 = 1.09 x 10 %
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Nakayama (13) determined a constant of 3.29 x 10°° by neasurenent of
H and Ca activities, using the extended Debye- Hickel theory for dilute
solutions to estimate activity coefficients.

Lafon (14) conputed a val ue of chaco3
calcite in pure C0,-free water. Assumng a pKs of 8.40, Lafon estimted

based on the solubility of

the dissociation constant for €aC0§ to be 7.95 x 1074 ( = 3.10).

PKeaco,

Lafon"s work enphasized the dependency of the cal culated val ue of KdCaCO3

on the choice of the value of pKs.

NaCO3 The titration experinents were run at pHvalues from9.9 to 10.8
and ionic strengths ranging from.008 to .024. Table 10 contains a |ist
of two sets of experinental data at 25°C. The constant determned at 25°C
is 6.97 x 102 (pKy = 1.16) and agrees quite well with the value of

5.4 x 1072 determined by Garrels et al. (10). Both values, however, are

smaller (by ~ 2 times) than Butler and Huston's (15) 1.09 x 10! (pKy = 0.96).

Sul fate Conpl exes

The dissociation constants for the sul fate conpl exes, MgS0§, CaSOf,
and NaSQ,”, are discussed individually in this section. The dissociation
constant for the MgSOf conplex was determined by titration of K,SO, - KOH -
KA O solutions with standard My(Cd Q) , titrant. The correspondi ng MyCH
constant was included in the calculation of the constant for MgSOf. The
change in pH noted upon addition of titrant included change in ionic
strength and formation of the two conpl exes, MyOH and Mgs0f. The titra-
tion procedure for the determnation of the CaS),° constant uses a slight
variation of the procedure for Mgsof and will be explained below. The

Nas0, constant was not evaluated in this study.
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Mgs0f. Table 11 contains two sets of titration data for MgSOf at 25°C
Wth a pHrange from9.9 to 10.3 and ionic strengths from.008 to .028,
KdMgSO;, at 25°C was calculated as 3.73 x 103 (pKy = 2.43). This val ue
agrees with other reported values listed in Table 1. Thrailkill (30),
using the 0° and 20° val ues reported by Nair and Nancollas (I16), inter-
pol ated values of pKy = 2.16 at 15°C and 2.04 at 5°C Thrailkill"'s
interpol ated values are in good agreerment with the 15°C and 5°C val ues

determned in this work.

CaS0f. The deternmination of KdCa.SO;, has been extrenely difficult and
time consunming. Titration of K,SO, - KOH - KA Q solutions with Ca(Cl 04)»
repeatedly resulted in negative cal cul ated val ues for the constant. Pre-
limpary experinents indicated that measuring the effect of the presence

of sulfate on the solubility of cal ciumcarbonate mght be a useful

nmet hod for the determ nation of KdCa.SO;. However, the results of the

solubility tests were too erratic. A third possible procedure was
attenpted and was found useful but also extrenely sensitive to error in
pH measurenent. In this procedure, KdCa.SOL, was deternined by titrating

a solution containing cal ciumand hydroxi de ions (as well as the CaCH
conpl ex) with K,SO,. Fornmation of the CaS80§ conpl ex woul d reduce the

avai | abl e cal ciumion and cause dissociation of the CaCH conplex with a
resulting increase in pH Wth this procedure, a dissociation constant of
4.07 x 10% (pKy = 2.39) was found, and this is in good agreenment with the
results obtained fromother sources (19» 20, 21). Because of the diffi-
culty experienced in developing this constant, no attenpt was nade to

determne values at 5° and 15°C. The constants at 5 and 15°C will be
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taken fromThrailkill's (30) calculated values of K4(5°C) = 6.02 x 103

and Kq(15°C) = 5.37 x 10°3.

NaS0,. Reported values (22, 23) for the NaS; conplex (Ky = 1.9 x 10°%)
indicate that this conplex would not materially affect the cal cul ation of

pHS except in waters with abnormally high sulfate concentrations.

Bi car bonat e Conpl exes

The val ues of the three bicarbonate conpl exes, MgHCO'; CaHCO'; NaHCO$,
were deternmned by titration of OO saturated sol utions of K,CO; with the
correspondi ng perchlorate solution of the cation, e.g., MJ(Cl Q) ,. In
these tests pure CO,, saturated with water vapor, was bubbl ed through a
solution of K,CO; of known concentration. The partial pressure of CO, was
estimated fromthe barometric pressure corrected for the vapor pressure of
wat er .

The solubility of GO, inwater, S, or Henry's |aw constant, was com

puted fromthe data of Harned and Davis (35) by the fornul a:
-log(8) = -2385.73/T + 14.018k — 0152642 T

where T is the absolute tenperature and S is expressed as noles/liter/

at nosphere. The concentration of HCO, can be cal cul ated as
[H,C03] = 8 x PCO,

where PQQ, is the partial pressure of O3 in atnospheres.
The original alkalinity of the solution was tw ce the concentration

of K,CO; added, and stayed constant except for dilution by the titrant.
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The final alkalinity, neglecting [€O3] at this pH, was

ALK = [HCO3] + [oH) - [H'] + [MgHCO3] ana

[MgHCO3] = ALK - [HCO3] - [on™] + [H"]

Thus, the conpl ex could be cal culated fromthe original alkalinity cor-
rected for change in volune, the final pH and the concentration of H,COs3,
L) t
usi ng Kw and K,
Attenpts to devel op a dissociation constant for MgHCO'; by ot her
procedures are briefly nmentioned in the follow ng section. These nethods

wer e unsuccessful .

!@2 The Mchog conpl ex was first considered in experinents with the
MgCO% conpl ex at 25°C.  However, if MgHCO‘; was formed, our methods were
not sufficiently sensitive to determne a dissociation constant. In a
second experinent, a specific ion electrode which is sensitive to magnesi um
activities was used. This Qion specific ion liquid nenbrane el ectrode
was first calibrated in My(C 0,), sol utions of known, calcul ated My™
activity. In these experinments, Kd0Q. was added for ionic strength adj ust-
ment, and the resulting potential was measured with the Becknan research
pHmIllivoltmeter accurate to £ 0.1 nv.

Unfortunately, the specific ion electrode showed hi gh potassiumion
interference and, with varied K activities, it was inpossible to correct

for this interference with a nodified Nernst equation:

E=E + EF_TX log [(MgH) + sC x (K)7],

where SC is the selectivity constant for potassiumi on.
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However, with constant K" activity, it was possible to obtain a
reasonabl e approximation of My activity by the sinple Nernst equation.
To use this approach, it was first necessary to calculate the My and K

concentrations required for different desired Mj activities and constant

+
K activity. For any set of sanples in which K activity is constant, the

concentration of My to be added to naintain a particular Mj activity
was cal culated with the extended Debye- Hickel equation. The specific ion
el ectrode was then used to neasure the potential. By applying the sinple
Nernst equation, the actual My activity was cal cul ated, and the extended
Debye- Hickel equation was used to deternmine the actual My concentration
found. The difference between the My concentration added and that found
was taken as the total concentration of conplex fornmned.

Frompreviously estinated dissociation constants for MJCH and MgCO%
and activities for the ions (M) ), (H), and( CO?), t he concentration of
t hese conpl exes was cal cul ated and subtracted fromthe cal cul ated t ot al
conplex to yield the concentration of the MgHCO'; conpl ex. Then the concen-
tration product constant, K;, for the MgHCO'g conmpl ex was cal cul ated and by
application of the appropriate activity coefficients, the dissociation
constant, K, was determ ned.

This method of calculating Kywwos Was applied to data fromtwo
sanpl es in which K,CO; was added to provi de the desired concentration of
K and the pH of the sanples was adjusted to pH 5.995. In the first
sanple the [K'] added was .002 noles/1 and the resulting value for Kigros
was 1.037 x 102 (pKy = 1.984). For the second sanple in which [K ]

added was .01 noles/1, the resulting Ky was 2.892 x 102 (pKy = 1.593).
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Nei t her of these values agrees with the value of pKy; = 1,23 deternined by
Nakayama using the specific ion electrode. The degree of reliability
obtainable fromthis nethod did not appear prom sing

The titration method based on the solubility of CO, in solutions of
K,CO; was tested and gave nore consistent results as shown in Table 12.
The MgHCO3 constant devel oped by this method is 4.11 x 1072 (pK; = 1.38)
at 25°C over a pHrange of 5.2 to 6.4 and ionic strengths of .006 to .O08.

Hostetler (24), used a simlar titration procedure based on the shift
of pH upon addition of Ba(OH), to solutions of My saturated with CO,.

He reported val ues of pH, y, and[ HCO3] and used 6.38 for pK, (K; = 4.17 x
10).  Hostetler assumed the CO, solubility was 1.60 g/| and deternined
five pKy values for Mgﬂcog ranging from0.83 to 1.05 with ionic strengths
from.070 to .064 and pH 3.88 to 5.63. H's average pPrxawros 1S 0.95

(Kg = 112 x 10°1),

Hostetler's data were recal cul ated using Harned and Davis' value for
solubility (S = .03422 - .008213n) and K, = 4.456 x 10°'. The five val ues
after recalculation gave an average pKs of 0.966 (Kgy = 1.08 x 10°%) with
a range from0.86 to 1.05. Hostetler's constant is ~ 3 tines larger than
the constant developed in this study and ~ 2 tines the val ue given by
Nakayama (11) or by Geenwald (9)-

Nakayama, working at ionic strengths of .0k to .12, used a specific
ion electrode to deternine a constant for MgHCOE at 25°C of 5.89 x 10?2
(pKg = 1.23), extrapolated to zero ionic strength. Nakayama's value is
simlar to Geenwal d's constant of 6.95 x 102 (pKy = 1.16), corrected to

zero ionic strength.
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_C_q..lic&'g_ The dissociation constant for the CaHCO'; conplex at 25°Cis
calculated in this study as 5.64 x 102 and is in excellent agreenent with
Nakayama's (13) value and Geenwald s (9) solubility data, corrected to
zero ionic strength. Titration experinents were run at pHvalues of 5.47
to 5.86, and ionic strengths of .016 to .053. Two sets of experimental
data are given in Table 13.

The exi stence of the Ca.HCOg conpl ex was first reported by QGeenwald (9)
who measured val ues for Ccho’; by both titration and solubility experinents.
QGeenwal d' s constant based on titration at 22°C, ranged between Ky val ues
of 89 x 102 and 1.55 x 10' while the constant derived from sol ubility
measurenents was 5.5 x 10°%. The latter value is in excellent agreenent
with Nakayama's (13) constant of 5.64 x 1072 cal cul ated fromactivity data.
Wsi ng a conduct onetric nethod, Jacobson and Langnuir (25) nmore recently
reported val ues of Ky at tenperatures of 15, 25, 35, and 45°C Their
reported values of pK = .88 (Ky = 1.3 x 10°') at 15°C and pK = 1.0
(Key = 1.0 x 10°%) at 25°C are roughly two times greater than the val ues

determined in this study.

NaHCQ§ Table 14 lists the experimental data used in the determnation of
this constant. The value of the dissociation constant for NaHXD; devel oped
inthis study is 3.9 x 102 at 25°C (pKy = 1.41) and is considerably dif-
ferent fromother reported values. A nearly 20-fold difference separates
this constant and Nakayama's (26) value of 6.9 x 10* (pKy = 0.16), while
the constants for NaHO; reported by Garrel s and Thonpson (12) and by

Butler (15) are ~ 50 times greater (Ky=1.8to 2.0).
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CALQULATI ON CF pH; AND DFI USI NG THESE OONSTANTS

A met hod was devel oped to cal cul ate the conpl exes present in a water
of known anal ysis, and the conpl exes whi ch woul d be present at the pH of
saturation for calciumcarbonate. This cal culation used a quantity terned
TCO,, defined as the sumof the nol ar concentrations of carbonate and
bi carbonate. H,CO; was negl ected since its concentration woul d be negli -
gible inthe pHrange of interest.

To determine the pH, TCO, was calculated fromthe pH and al kalinity
of the sanple. The usual pH , not considering conpl exes, was then cal cu-

lated fromthe fol |l owi ng equations:

g = [Ca"_""] » [TCO,] - K; / I(; - Ks

PH, = -log [H+]

This hydrogen ion concentration and TOQQ, were used to determne the
hydr oxi de, carbonate, and bi carbonate concentrations whi ch woul d be present
at this calculated pH . These concentrations and the original cal cium
magnesi um sodium and sul fate concentrations were used to cal cul ate
estimated concentrations of the conplexes, as in the follow ng exanpl e:

(Mgor™) = [Mg™] - [0H7) / Koy o

This produced an array of twelve conpl ex concentrations. The original
val ues of the cal cium nmagnesi um sodium sulfate, and TG3 concentrations
were corrected by subtracting the concentrations of the appropriate com

pl exes .
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Wth these corrected concentrations, another estimte of pH was
made, and this pH and the corrected TGO, concentration were used for
anot her estimate of the hydroxi de, carbonate, and bi carbonate concentra-

tions. This process was then repeated until a stable pH resulted, indi-
s

cating that all of the equilibria were satisfied by the concentrations
calculated. This pH was taken to be the true pH including the effects
of conplex fornation.

DFI, or driving force index, defined as the product of the cal cium
and carbonate activities divided by K, is another neasure of the tendency
for a water to deposit cal ciumcarbonate. A DFl of 1.0 indicates equili-
brium while higher values indicate supersaturation and | ower val ues
indicate a tendency to dissolve calciumcarbonate. In contrast to pH and
the saturation index, the DFl is not a logarithmc quantity and | arge

changes in DFl may be associated with small changes in saturation index.

To calcul ate DFI, a procedure very simlar to that for the cal cul a-
tion of pH was followed. The difference was that pH was not cal cul ated
s s

and each iteration of the cal cul ati on was based upon the original pH of
the sanple. Thus this calculation gave the concentration of the conpl exes
inthe original sanple and the concentrations of the various ions, corrected
for these conplexes. DFl was finally calculated fromthese corrected con-
centrations.

These cal cul ations were performed with a variety of water anal yses to
determne the extent of the effect of these conplexes. In all cases
studi ed, using anal yses typical of water supplies in Illinois, the com
pl exes cause apparent shifts in pH and saturation index of from0.02 to

0.3 units.
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Awater with 50 ng/l of calcium 100 ng/l of alkalinity (both as
cal ciumcarbonate), 250 mg/| of total dissolved solids, and with varied
pH, magnesi um sodium and sulfate content is used as an illustration of

the results of these calculations. The results are given in Tables 15,

16, and 17.
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SUMVARY

The equilibriumor saturation pH for cal ciumcarbonate is frequently
found to be higher than the theoretical value, particularly in lime soft-
ened waters containing appreciable quantities of magnesium This differ-
ence appears to be due to the formation of conpl exes of cal ciumand nag-
nesiumand (to a |l esser extent) of sodi umwi th bicarbonate, carhbonate,
sul fate, and hydroxide ions. Calculation of the true pHof saturation,
and adjustnent of the water to that pH, is essential to maintenance of
water quality in distribution systens. The deterioration of water quality
frominproper adjustment of pH, could result in corrosion and incrustation
inwater distribution systens and i n household plunbing. In order to cal -
culate the true pH of saturation accurate val ues of the dissociation
constants for the conpl exes nust by known.

The true thernodynam c di ssociation constants of the cal cium nmag-
nesi um and sodi umconpl exes with t he hydroxi de, carbonate, sulfate, and
bi carbonat e ani ons were evaluated in this study at ionic strengths
nornally found in potable public water supplies. Atitration procedure
was used at tenperatures of 5, 15, and 25°C The constants were deter-
mned at ionic strengths generally in the range of .002 to .02 and were
devel oped in terns of activities, so they are valid at |east over the
range of ionic strengths at which the tests were nade.

A nunber of other workers have devel oped constants for each of the
conpl exes evaluated in this study. However, nost of these workers con-
ducted their studies only at roomtenperature (~25°Q and ionic strengths

too high to be applicable to public water supplies, while others based
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their calculations on concentrations rather than the ion activities used
in this study. For example, Greenwald (9) evaluated the carbonate and
bicarbonate complexes of calcium and magnesium at 22°C only and at nearly
constant ionic strength (1 = 0.15). His constants were calculated on the
basis of molarities rather than activities. Garrels and his co-workers
(10, 12, 29) determined or calculated thermodynamic dissociation constants
(based on activities) for the carbonate, bicarbonate, and sulfate complexes
of calcium, magnesium, and sodium over a range of ionic strengths, up to
and including that of seawater, at 25°C and one atmosphere pressure.
Although the major application of this work would be in the area of
treatment of public water supplies, the equilibria involved here are also
of importance in their effect on the calcium carbonate equilibria and the

buffer system controlling the pH in groundwaters, lakes and reservoirs.
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Tabl e 1.
Cormpari son of Dissociation Constants FromDi fferent Sources
K 4 expressed 'as =log Kd
T = 25°C, unless specified
Complex Reference Method =log Kd
MgoH™
» titration - pH 2.09
( 2) glass electrode 2.59
{ 3 potentiometric, 18° 2.10
+ { &) solubility 2.60
CalOH
b titration - pH 1.38
{5} EMF, H electrode . 1.37
{ 6) EMF, H electrode 1.15 to 1.27
NaOH®
* titration - pH 0.75
(T conductivity -0.70, or no cpx
{ 8} kinetic =0.70
{ s} EMF, H electrode -0.77 to -0.57
MgCo3
* titration -~ pE 2.90
{ 9} titration, 22° 3,85
{10} titration - pH 3.h0
{11} potentiometric 3.2h
Caco%
* titration - pH - 3.22
(9) solubility, 22° 3.96
{12) titration - pH 3.20
(13) activity k.48
(1h) solubility 3.10
Naco3 .
- titration - pH 1.16
{10} titretion - pH 1.27
{15} potentiometric 0.96
Mg30§
% titration - pH 2.43
{16) ‘EMP, H electrode 2.25
{(17) EMF, H electrode 2.36
(18 conductivity, 18° 2.21
CasS0g
» titration - pH 2.39
(19} solubility 2,31
(20} conductivity, 16° 2.28
(21} activity 2.27
NaS0y,
L —
(22) conductivity - 0.72
N {23) conductivity, 18° 0.70
MgHCO3
» titration - pH 1.38
{2k) titration - pH _ 0.95
{ 9) pH - glass electrode, 22% 1.16
+ {11} potentiometric 1.23
CaliCO3y
» titration - pH 1.25
( 9) titration - pH, 22° 1,05, 0.81
(9N solubllity, 22° 1.26
{(13) activity - 1.29
{25) conductivity 1.00
MaHCOS
* titration - pH 1.k
{12) pH - glass electrode -0.25
(26) activity 0.16
{15) potentiometric =0.30

* Results of this research
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Tabl e 2.

Fortran 1V G Programfor Calcul ation of Kgcaont

PR@GRAM NUMBER FS-5A CA@H+

aaa

IMPLICIT REAL*S (A-H,K,M,$-Z)

KW=.1008D-13

A=.511618D0

B=. 32920200
c T=25D0

PRINT 3
3 FERMAT {'1L')
PAGE=0
9 C@NTINUE
PAGE=PAGE+1
READ (5,1) KCL,K@$H,M,vI,PHR,ML,PH
FPRMAT ( TF10.0)
PRINT 2, KCL,K@H,M,VI,PHR,ML,PH
FYRMAT ( TE18.8)

-

SECTI@K ¢NE

[y Rr RN

MUR=KCL+K@#H

¥ b Jea b :
AMU=A*DSQRT{MUR)
BMU=B¥DSQRT{MUR )

GHR=10D0**{ -AMU/ ( LDO+9DOEMI } )
GPHR=10DO**{ —AMU/{ 1D0+3DO*BMU) )
KPW=EW/ { GHR®GSHR ) -
HBR={10D0**( -PHR} ) /GHR
@HR=KPW/HR

MUR=KCL+{ KSH+HR+@HR ) /2P0
C@NTINUE

SECTI¢N TWg

MU=MUE+3DO®ML*M/ V1
Dg 5 J=1,6
AMIF=AMDSQRT (MU )
BMUsB*DSQRT(MI )
GH = 10DO*%(-AMU/{1D0+9DOBMU) )
G@H = 10DO*#(-AMU/{1DO+3DO%EMU))
VC=VI/(VI+ML)
ALK=VC*{@#HR-HR)
KPW=KW/{GH*G@H)
B=(10DO**{-PH) }/GH
PH=KPW/H
C=AIK -@H + H
IF (C.LE.0.) G@ TP 13
IF (J.EQ.6) G T# 6
CAT=ML*M/ (VI+ML)
CA=CAT-C .
MU=VC*KCLACAT+2DO*CA+ ( VORKPH+C+@H+H } /2D0
5 CPNTINUE .
6 CPNTINUE
KPD1=CA*@H/C
GCA=10D0%*{ -4DO®AMU/ { 1DO+EDOMBMU ) )
GC=10D0%%(-AMU/ ( 1DO=6DOYEMU ) )
KD1=KPD1#GCAMG@H/GC

Qaae

PRINT 2,MUR,HR,{HR,KPD1 ,KD1
PRINT 7.MU,H,#H,CAT,CA,C
T FPRMAT { 6E18.8//)

CONTINUE

IF (PAGE.LT.4) G@ T¥ o
PRINT 3

PAGE=0

6P T¢ 9

END
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. M scel |l aneous Constants and Sources Used in This Study to
Determ ne Dissociation Constants for the Conpl exes Eval uated

Tabl e 3.

T, °C 5 15 25 Reference;
Kw(“) .186502 D-1b  ,h52104 D-1h .100792 5-13 34
K, () .30k532 D-6  .380663 D-6 .WLS611 D-6 35
Kz(C} .2T9465 D-10 371986 D-10 468205 D-10 - 36
Ks{d) .814s5 D-8 .6118 D-8 k621 D-B 37
e (o) 85.76 81.94 78.30 38
Pt .k95325 502976 .511618 ‘ 32
g () .325670 .327338 .329202 32

Equations relating constants to absol ute tenperature:

(a) Harned and Hamer (34)
log (K} = -4787.3/T - 7.1321 x log (T} - 0.010365 T + 22.801

where T = 273.07 + t°C

(b) Harned and Davis (35)
log (K;) = =340L.71/T + 1L.8L35 - 032786 T

where T = 273.07 + t°C

(c) Harned and Schol es (36)
log (K;) = -2902.39/T + 6,498 - 02379 T
where T = 273.07 + t°C
(d) Larson and Buswel | (37)
By the | east squares nethod, the follow ng equation was
found to represent the Larson and Buswel | data for K :
K, = b.55 x 1079 x 10"
where r = 1.6154 + 296.48/T - .0087302 T and
T = 273.16 + t°C
(e) Malnberg and Maryott (38)
The E val ues from Mal nberg and Maryott were used to fit an
equation by the |east squares procedure. The resulting
equation is:

e = 78.30 - .35579 X + .83362 x 1073{X2}) - .13954 x 107 5(x3)

vhere X = t°C - 25

(f) Butler (32)
_3;2 _1/2
A =1.825 x 105 {eT) . B =50.3(eT}

wvhere T = 273.13 + t°C




D ssoci ati on Const ants,

Tenper at ur es,

Tabl e 4.

Kd, Determined in This Sudy at Three
(a = standard deviation for n data points)

_  Sample ¥,

so¢ 15°¢C 25°C Titrant**
MgOH™  1.067 x 1072 9.89 x 1073 8.17 x 1073 1,2
{o; n) (.0012; 21) (.00072; 18) {.00057; 18)
caOH'  3.23 x 1072 4,18 x 1072 .17 x 1072 1,b
(o3 n) (.0056; 23) {.0096; 26) (.0060; 29)
NaOH®  1.h46 x 1071 1.56 x 1071 1.77 x 1071 1,e
(o3 n) (.036; 11) {.024; 10) (.027; 12)
MgCO3° 1.68 x 1073 1.57 x 1073 1.26 x 1073 2.8
(o; n) (.000095; 35) (.00006; 2k4) {.00003; 40)
CaC03® T7.h6 x 107 7.13 x 10 ¢ 5.98 x 10" 2,5
(o3 n)  (.0000097; k1) (.000022; 23) (.000035; 25)
NaCO3~  T7.54 x 1072 7.40 x 1072 6.97 x 10" 2 2,c
(o3 n)  (.015h4; 14) (.0133; 21) (.0087; 19)
MgS0,°  9.23 x 1073 5.92 x 10”3 3.73 x 1073 4%,
(o; n) (.0032; 18) (.00168; 18) (.00083; 21)
Cas0,° 4,07 x 103 5,4
(o3 n) (.00096; 7)
MgHCO3® 5.00 x 1072 4,30 x 1072 b,11 x 102 3,8
(o3 n) (.0062; 19) {.0085; 10) (.0061; 16)
CaliCO;' 4.37 x 1072 3,41 x 1072 5.64 x 1072 3,b
{63 n) (.0116; 16) (.0057; 15) (.0068; 13)
NeHCO3° ' 3.90 x 1072 3,c
(o3 n) (.0192; 11)

¥ Composition of sample:

#* Titrant:

(1) KC10, + KOH; (2) K,CO3 + HC10y + KC1Oy4;
(3) KoCO3 + COp; (%) KoS0, + KOH + KC104;
(5) KOH + KC10, + Ca (C104)»

(a) Mg(C104)5; (b) Ca(C104),; (c) NaClO,; (d) K,S04
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Table 5.

With Mg(ClOs),, .2257 M at 25°C

Determination of Kgwgon by Titration of KCIO,-KOH Solutions

Volume, : + '
ml [MgT],M PH U [MgOH" ],M KdMgOH
Titration 1, initial conditions: KC10, - .00513 M, KOH - .000143 M
430. 0.0 10.101 .0053 -— —
b3, 5.24 x 107 10,075 .0068 6.4 x 1076 7.70 x 1073
h32, 1.04 x 1073 10.052 008k 1.17 % 10°° 7.78 x 10”3
L3k, 2.08 x 10”3 10.01L 011k 1.98 x 1072 8.10 x 1073
435,96 3.08 x 1073~ 9.981 .O1hY 2.64 x 1075 8.16 x 1073
438.1 4,17 x 1073 9.950 L0176 3.20 x 1075 8.26 x 1073
440, 5.13 x 1073 9.924 .0205 3.65 x 1070 8.24 x 1073
Titration 2, initial conditions: KC10, - .00513 M, KOH - .000535 M
430. 0.0 10.660 .0056' _— _—
h31. 5.24% x 10" 10.638 .0072 1.89 x 1073 9.17 x 10”3
432,04 1.06 x 1073 10,61k .0087 3.96 x 107 % 8.28 x 1073
L43h.02 2.09 x 1073 10.567 .0117 7.84% x 1075 7.13 x 1073
436,02 3.12 x 1073 10.534 .01h7 1.02 x 107% 7.43 x 2073
437.95 4,10 x 1073 10.504 L0176 1.22 x 10°* T.U7 x 1073 .
439.96 5.11 x 10 3 10.477 .0206 1.38 x 10°* 7.58 x 10 3



Det erm nati on of

Wth Ca(d Q) 2,

46

Tabl e 6.

.2934 Mat 25°C

Kiaan by Titration of KO Q- KCH Sol utions

Volume, ’ +
ml_ [CaT],M pH n [CaOH ],M KdCaOH
Titration 1, initiasl conditions: KC10y - .00565 M, KOH - .002 M
k30, 0.0 _ 11.278 L0077 ———- -——
431.05 7.15 x 10™% 11.265  .0098  3.45 x 107 2.73 x 107 2%
432,08 1.41 x 1073 11.258 .0118 4.29 x 107° h.2h x 1072
43l 02 2,72 x 1073 11.2hY .0156 6.76 x 1075 L.86 x 1072
436.0k 4,06 x 1073 11.227 .0196 1.09 x 10 ¥ k.20 x 1072
438, 0k 5,38 x 10 3 11.218 .0235 1.16 x 10°* L.98 x 1072
439.90 6.60 x 10" 3 11.204 .0270 1.51 x 107 * b.k5 x 1072
Titration 2, initial conditions: KOO4 - .00565 M - .008 M
k30, 0.0 11.8h1 R, S— e
431.10 7.49 x 107% 11.832 0156 8.00 x 1075 4,02 x 1072
k32, 1.36 x 1073 11.825 L0173 1.k2 x 107" %.00 x 1072
b3k, ol 2.73 x 1073 11.812 .0212 2.37 x 1074 h.62 x 1072
L3k, 97 3.35 x 103 11.802 .0228 3.57 x 10°% 3.55 x 10 2
435.98 .02 x 1073 11.796 .0247 4,01 x 107 3.73 x 1072
4¥37.99  5.35 x 1073 11.785 0284 .77 x 107% L.o2 x 1072
439.93 6.62 x 10”3 11.77h .0320 5.62 x 10" * 4,05 x 10 2

* Value omtted fromfi nal

aver age Ky
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Tabl e 7.

Kmeaw by Titration of KO 04- KOH Sol uti ons

Wth NaCl Q,, .09946 Mat 25°C

{Na,],M

pH

u

[NaOH®] M

KdNaOH

x

x

x

x

Volume,

ml
Titration 1,

koo. 0.0
Lo2. k.95
Los, 1.23
k1o, 2,42
k15, 3.59

- ko, b, T4
k25, 5.85
k30. 6.94

Titration 2,

4o0. 0.0
hoz. k.95
hos, 1.23
h10. 2.h2
415, 3.59
420, L. 7h
425, 5.85
430. 6.9
Lho, 9.0k

initial conditions:

107"
1073
1073
1073
1073
1073
1073

initial

107t

1073
1073
1073
1073
1073
1073

1073

10.63L
10.626
10.620
10.610

10.600 -

10.589
10.576
10,569

10,550
10.545

10,538

10.525
10.511
10.503
10,494

10.486

10.471

. 0064
0071
.0082
. 0099
L0116
L0132
L0148
L0164

conditions: KAQ -

0063
.0070
.0081
.0098
L0115
L0131
L0147
.0163
.0193

* Val ues omtted fromfi nal

h.27 x 1076
4,41 x 1076
5.20 x 1076
6.51 x 10 ©
9.2h x 1076
1.k2 x 1079
1.34 x 1075
.00594 M KCH -
8.30 x 107
1.84 x 1076
5.10 x 10~6
9.55 x 10 ©
9.20 x 106
- 9.98 x 1076
1.02 x 1072
1.03 x 10 >
aver age Ky

1.69

KC10, - .0059% M, KOH -~ .00048 M

L.h7 x1072#
1.06 x 10 1+
1.72 x 107!
1.98 x 1071
1.78 x 107!
1.38 x 1071
1071

x

. 000387 M

1,92 x 101
2,11 x 101
1.45 x 107!
1.10 x 10 1=
1.47 x 107}
1.63 x 107!
1.85 x 1071
2.27 -

x

x

1071

»
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Tabl e 8.

Determination of K

aAMgCo
With Mg(Cl0y),, .2198 M at 25°C

\ by Titration of HCO3-CO3 Solutions

Volume, +
m} (Mg, ],M pH r [MgoH™],M  [MgCO§)M K aMgco
Titration 1, initial econditions: K,CO3 - ,00232 M,
HC10, - .00081 M, KC10, - .0041 M
430, 0.0 10.312  .0101 —— — e

X
]
o

|
w

431, 5.10 x 10™* 10,267 .0110 6.10 x 10°® 1.hk9 x 107* 1.25
432, 1.02 x 10°3 10.227 .0120 1.15 x 10°° 2.63 x 10°% 1.3
k34, 2.02 x 1073 10.1k9  .02k2  1.97 x 1075 k.56 x 10°* 1.2k
435, 2.53 x 10 % 10.116 .015% 2.31 x 10°° S5.24h x 10°% 1,24

x > X
H B R
©, o ©
Lo L L

436, 3,02 x 10°% 10,086 .0167 2.61 x10° 5.80 x 10°% 1.2k x 1073
%38, h.,00 x 1073 10.032 .0192 3.10 x 10> 6.70 x 10°% 1.24 x 1073
bho, 5,00 x 1073 9.987 .0219 3.51 x ;0'5 7.32 x 10°% 1,25 x 10”3

x

]

o
w

Y2, 5.97 x 1073 9,948 ,0246 3.85 x 1075 7.80 x 104 1.26

Titration 2, initial conditions: K,CO; - .00349 M

HOGQ - .00162 M KA QG - .00205 M

%30. 0.0 . 10,199  .0108 — — ——

b3y, 5.10 x 107  10.154  ,0116 4.27 x 1076 1.81 x 107% 1.24k x 1073
432, 1.02 x 10°3 10,112 .0125 8.0h x 106 3.30 x 10™% 1.26 x 10”3
34, 2,02 x 1073 10.036 .0146 1.42 x 2075 5.60 x 1074 1,28 x 10”3
435, 2.53 x 10”3 10.00k .0157 1.68 x 1075  6.41 x 10™* 1.30

436, 3.02 -

x
x
[
(]
]
)

1073 9.969 .0168 1.87 x 10 ° T7.27 x 10°% 1.26 x 1073
438. 4.01 x 2003 9.913 .0193 2.2h x 10> B8.43 x 107% 1.27
bho., 5.00 x 103 9.864F ,0218 2.52 x 10  9.31 x 107™% 1.27
B2,  5.97 x 1073 9.821 .02kk 2.76 x 105 9.99 x 107%  1.27

x x
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* Value omtted fromfinal

aver age Ky

Table 9.
Determination of Kyo o by Titration of HCO3-C05 Solutions
With Ca(C10,), at 25°C, KdCapH = 4,174 x 1072
Yolume, ¥ .o
ml [CaT],M PH U [CaOH ] M [Cac0%],M KdCa003
Titration 1, initial conditions: Ca{Cl0,), - .0BL33 M,

K,CO3 - .00116 M, HC10, - .00053 M, KC10; - .00108 M
L30. 0.0 10.135 .0039 —— _— —
430.8 1.58 x 10°% 10.102 .00h2 2.66 x 1077 5,16 %x 105 5.60 x 10°%

C431.8  3.4% x 107 10.066 .0046  5.49 x 1077  1.02 x 104  5.71L x 1074
432.9 5,59 x 10°* 10.026 .0050 8.36 x 107 1.52 x 10°* 5,69 x 10° %
433.7 T7.25 x 10~ % 9.997 .005% 1,03 x 106 1.85 x 107* 5,68 x 10°%
h3h,l  8.58 x 107% 9.97h  .0057 1.17 x 1076 . 2,09 x 10°% 5,61 x 10™ %
34,8 . 9.0 x 107H 9.961 .0059 1.25 x 1076 2,22 x 107% 5.62 x 10 %
435,  9.79 x 10°¥  9.956 .0060 1.29 x 10°® 2,26 x 10 * 5,67 x 10 ¢
435.5 1.06 x 1073 . 9.943 ,0062 1.37 x 10°6 2,38 x 10™% 5.65 x 107"
435.9 1.1 x 103 9,931 .006% 1.hh x 1076 | 2,49 x 10™% 5.63 x 1074
Titration 2, initial conditions: Ca(d 0y, - .07585 M

K,COs3 - .00232 M HAQ - .00133 M KA Q - .00434 M
430. 0.0 10.024  .0099 —_— —_— —
430.7 1.20 x 10°% 10.006 .0101 1,39 x 10°7 4,30 x 10°° T.12 x 10 4=
431,55 2.62 x 1074 9.681 .0103 2.76 x 107 1.00 x 10°* 6.0l x 10° “
31,9 3.39 x 107 % 9.968 .0104 3.49 x 1077 1.28 x 10™% 5,90 x 10" %
k32,5 4,33 x 1074 9.954 .0106 L,42 x1077 1.57T x 10 % 6.07 x 10" 4
433, 5.17 x 10~ % 9,945 L0108 5.36 x 1077 1.7h x 107% 6.62 x 107"
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Table 10.

by Titration of HCO3-CO3 Solutions

With NaCl0,, .09946 M at 25°C

Volume, .

mi [NaT],M PH w [NaOH®] M [NacO3],M KdNaCO3
Titretion 1, initial conditions: KyCO3 - ,00125 M,
HC10, - .00095 M, KC10, - .004T7S5 M
00. 0.0 10.09%  .0076 —- — ----
hoz. %.95 x 10°% 10.080 .008:k " 3,12 x 1077 3,13 x 106 5.7k x 1072
%5, 1.23 x10°% 10,081 .0091 7.56 x 1077 9.00 x 10°® 4,81 x 1072+
k10, 2.42 x 1073 10.072 .0102 1.b6 x 1076 1,16 x 10°°  7.07 x 1072
4b15. 3.59 x 103 10.062 .0112 2.10 x 10°® 1.68 x 1075 6.98 x 1072
420, b.7h x 1073  10.050 .0123 2.68 x 108 2,59 x 10°°  5.70 x 10 2
%25, 5.85 x 1073 10,041 .0133 3.2h x 10°® 3.03 x 1075  5.81 x 1072
430. 6.94 x 1073 10,034 .0143 3.76 x 107 3,18 x 105  6.36 x 10 2
k35, 8.00 x 1072 10.027 .0152 L4.26 x 107® 3.37 x 10°° 6.71 x 102
k0. 9.0% x 1073 10.020 .0162 L4.72 x 10°® 3.60 x 10°°  6.89 x 102
Titration 2, initial conditions: K,CO; - .00375 M
HOQ - .001425 M KA Q, - .002375 M

400, 0.0 10.478  .0122 — — —
4o5. 1.23 x 1073  10.470 .0136 1.81 x 1076 1.4k x 1075  1.28 x 107 1%
bo. 2.52 x107% 10.460 .01k6 3.5 x 1076 4.78 x 1075  7.28 x 1072
h2o, 4.7h x 1073  10.4k3  .0165 6.3 x 1078  9.3% x 1075  6.78 x 1072
425, 5.85 x 1073 10.437 .01Thk T7.84 x 1076  9.85 x 1075 T.7h x 1072
430. 6.9% x 1073 10.430 .018% 9.12 x 1076 1.13 x 107% 7.79 x 10”2
435, 8.00 x 1073 .10.423 .0193 1,03 x 10°° 1.28 x 107% T7.69 x 1072
bho, 9.04 x 1073  10.H17 .0201 1.15 x 107° 1.36 x 10" % T7.92 x 1072

* Values omtted fromfinal

aver age Ky
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Table 11.
Determination of Kdmgsoh"by".['itration of K,804-KOH Solutions
With Mg(C104)s, .2272 M at 25°C, K sgos = 8.17 x 1073
Volume, + '

ml (Me, )M PH u [MgoH ] ,M [Mgs0f ] M K Mes0.,

Titretion 1, initial conditions: K,50, - .002636 M,

KOH - .00017k9 M, KC10y - .000k4O M

415, 0.0 10.179  .0085 —— —— —
b17. 1.09 x 1073 10.143 .0108 1.08 x 1075 2.4 x 10™%* 3.66 x 10”3
39, 2,17 x10°3 10.111 .0130 1.97 x 105 4.7k x 10* 3,13 x 10”3
k21, 3.2k x 1073 10.078 .0158 2.82 x 107° 5,67 x 10°% 3,65 x 10”3
h23, 4,30 x 1073 10.050 .0183 3.48 x 107° 7.1k x 10°* 3,38 x 10”3
425, 5.3% x 1073  10.023 .0211 4,08 x 107 8,03 x 10°* 3,41 x 1073
bo7., | 6.38 x 1073 9.997 .0240  4.62 x 1075 8.36 x 10°*  3.69 x 1073
428, 6.90 x 1073 9.988 .0249 h.79 x 1075 9.96 x 10°* 2.93 x 10”3
430. T7.92 x 1073 . 9.963 .0281 5.26 x 10°° 9.k x 10™% 3,55.x 103

Titration 2, initial conditions: KySO, - .001758 M

KOH - .0002624 M KA Q - .00066 M

b5, 0.0 10.330 .0062 — —— ——
417. 1.09 x 107% 10.293 .0084 1.53 x 107 2,60 x 107* 2,24 x 1073
b19. 2.17 x 1073  10.257 .0109 2.89 x 1075 4,15 x 10* 2,43 x 1073
421, 3.24 x 1073 10.222 .0139 4,12 x 1075 h.63 x 10™%*  3.04 x 1073
b3, b4,30 x 10°% 10,187 .01TH 5.25 x 105  3.6h x 107* 5,38 x 1073



52

Tabl e 12.
Determination of Kd.MgHCOj by. Titration of KHCO3 Solutions
With Mg(Cl0y), at 25°C

Volume . 1...1.. + I .
ml [Mg,,] M B w08 [M8H°°§]*M K aMgrCo,

Titration 1, initial conditions: Mg(Cl10,), - .216 M,
KoCO3 = .0015 M, BP' - T43.712 mm

400, 0.0

4oz, 1.07 x 1073
hob, 2.1h x 1073
405. 2.67 x 1073
408. 4,23 x 1073
410. 5.27 x 103
b2,  6.29 x 1073
415, 7.81 x 1073
ha7. 8.80 x 1073
k20, 1.03 x 10" 2

.29%  .0031 3.419 x 1072 ——— ——
274 0062 3.417 x 1072 4.28 x 1075 5,20 x 1072
257 .0092 3.4k x 1072  9.62 x 107>  h.2k x 1072
.250 .0108 3.413 x 1072 1.16 x 10°% L. 24 x 1072
.233  .0154% 3.409 x 1072 1,57 x 10 % k.62 x 1072
.215 .0183 3.4%07 x 1072 2.32 x 10 % 3,62 x 1072
.207 .0213 3.40k x 1072 2.4 x 104 3.96 x 1072
J19%  .0258 3.501 x 1072 2,75 x 10 %  b,16 x 1072
186 .0287 3.398 x 1072 2.93 x 107% k.27 x 1072
176 .0331 3.395 x 1072  3.10 x 10 * k.54 x 1072

A B B S . N, W Y, RS | )

Titration 2, initial conditions: M(AQ), - .244 M
K,CO; - .0096 M BP - 741.68 nm

350. 0.0 6.049 .0185 3.k07 x 1072 —— ——
358.5 5.78 x 1073 6.002 .0335 3.395 x 10 2 1.66 x 10°3  2.34 x 107 2#
364, 9.hh x 1073 5,977 .0k29 3.387 x 1072 2.08 x 1073 2,98 x 1072
370.3 1.33 x 102 5,95k ,0540 3.378 x 1072 2,38 x 10”73 3.61 x 10 2
2 5,930 .0T06 3.36hk x 1072 2,49 x 1073  L.75 x 1072
>

379.9  1.92 x 10~ 2
385, 2.4k x 1072 5,912 ,0788 3.358 x 1072 2.76 x 10" 3 k.69 x 1072

t BP
tt S
* Value onmtted fromfinal average Ky

baronetric pressure in mllinmeters of nercury

solubility of OO, in noles/liter/atnmosphere
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Table 13.

dCaHCO4
With Ca(Cl0y)s, .3104 M at 25°C

U

" by Titration of KHCOj; Solutions

s

t

[CaHCOS] M

X aCatCo,

Volume,

ml (Cap],M pH
h0o. 0.0 5.592
hoz. 1.54 x 1073 5.572
ok, 3.07 x 1073 5.556
h05.  3.83 x 10723 5.548
ho8.,  6.09 x 1072 5.530
h1o. 7.57 x 10°% 5,516
INE-R 9.0k x 1073 5,506
ik, 1,05 x 1072 5.L495
meé. 1.19 x 1072 5,488
418. 1.34 x 1072 5,479
420. 1.48 x 1072 5.1.m

Titration 2, initial

hoo. 0.0 5,868
ho1, T.7% x 10°* 5.861
ho2,  1.54 x 10”3 5.855
Lok, 3.07 x 1073 5.8L2
Los, 3.83 x 1073 5.836
ho7. 5.3% x 1073 5.822
408, 6.09 x 1073 5.817
h10. 7.57 x 30°3 5,806
bk, 1,05 x 1072 5,787
416. 1.20 x 1072 5.779:
b20. 1.48 x 1072 5,764

t BP =

t+S =

Titration 1, initial conditions: K,CO3 - .003 M, BP' - TU5.49 mm

* Values omtted fromfinal

baronetric pressure in mllineters of mercury

.0065 3.417 x 1072
.0108 3.413 x 1072
,0151 3.410 x 1072
.0173 3.408 x 1072
.0238 3.402 x 1072
L0280 3.400 x 1072
.0323 3.396 x 10 2
.0365 3.392 x 10" 2
L0407 3.389 x 102
Ohk9 3,385 x 102
L0490 3.382 x 1072
conditions: K,CO;z -
.0123 3.k12 x 1072
014k 3.410 x 1072
.0166 3.408 x 1072
.0208 3.405 x 1072
0229 3,403 x 1072
0269 3.400 x 1072
.0290 3.398 x 1072
.0331 3.395 x 1072
.0413 3.388 x 1072
.0h56 3,385 x 1072
.0536 3.378 x 1072

-3.08 x 1073
6.34 x 107%
1.17 x 107"
2,11 x 107"
3.10 x 107
3.61 x 10 %
h,29 x 1074
h.50 x 107%
k.99 x 107"
5.37 x 107"

.006 M BP - 745.
1.31 x 107%
1.81 x 107%
3.32 x 107%
4.00 x 107"
6.00 x 107"
6.50 x 107"
7.83 x 107%
9.90 x 107"
1.06 x 1073
1.20 x 1073

solubility of CO, in noles/liters/atnosphere

aver age K

-0.203%
1.7k x 107 1=
1.12 x 10 1#
8.93 x 10 2%
T.08 x 10 2%
6.92 x 10 2#
6.4 x 1072
6.76 x 10”2
6.57 x 10 2
6.51 x 102
49 mMm
3.66 x 10 2%
5.40 x 1072
5.57 x 102
5.62 x 10 2
.86 x 1072
5.03 x 10 2
4,96 x 1072
5.05 x 10 2
5,23 x 102
5.37 x 102



Table 14.

Determination of Kdlii choa' by Titration of KHCO3 Solutions

With NaCl0,, .18594 M at 25°C

Volume, ’ +4

ml [NaT] LM pH u s [NaHCO%] ,M KdNaHC.‘Og

Titration 1, initial conditions: K,CO3 - .0015 M, BP - 737.108 mm

hoo. 0.0 5.242 0028 3.420 x 1072 — -—

bol. L.6k x 107%  5.232 .0033 3.419 x 1072 4,01 x 107  3.57 x 1oT4#
405. 2.30 x 10°% 5,227 .0051 3.418 x 1072 3.66 x 10°* 1.18 x 1072

310,  4.54 x 1073  5.219 .0073 3.416 x 1072 3.4k x 107% 2,64 x 1072

415. 6.72 x 10”3 5,210 .0094 3.kl x 1072 3.35 x 10°*  3.99 x 1072

k20, 8.85 x 10°% 5.202 .0116 3.412 x 1072 3,25 x 10°* 5,34k x 1072

425, 1.09 x 1072 5.196 .0136 3.411 x 1072 3,07 x 107%  6.89 x 1072

x

Titration 2, initial conditions: K,CO; - .003 M BP - 746.252 mm

400, 0.0 5.542 .0057 3.417 x 1072 —— J—

402. 9.25 x 10°¥ 5.538 .0066 3.416 x 1072 5.26 x 10°%  3.48 x 1073
405, 2.30 x 1073 5.527 .0079 3.415 x 1072 5.81 x 107% 1.31 x 102
410. 4.5k x 1073  5.511 .0101 3.414 x 1072 6.50 x 10°* 2,52 x 10”2
5. 6.72 x 1073 5.hok 0121 3.412 x 1072 7,38 x 10°*  3.26 x 1072
koo, 8.85 x 1073 5,484 0142 3.410 x 1072  T.47 x 107%  L.23 x 1072
ks,  1.09 x 1072 5.476 .0162 3.409 x 1072 T7.38 x 10™% 5.25 x 1072

430, 1.30 x 1072 5,469 .0182 3.4O7 x 1072 T.22 x 10 % 6.30 x 10 2

x

X

X

t BP
tt S
* Values omtted fromfinal average Ky

baronetric pressure in mllineters of mercury
solubility of CO, in noles/liter/atnosphere
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Tabl e 15

Effect of Conpl exes on pH and DF

Na'  Mg'T S04 pH_ DFI
Constant Conditions: 0. 0. 0. 8.20 1.0
PH = 8018 ’ 0. 00 75‘ 8021" 009

++ ' )
Ca = 50. 0. 0. 200, 8.30 0.8
Alk = 100. 0. 50. 0. 8.21 0.9
™S = 250. 0. 50. 75. 8.2k 0.9
00 50. 200. 8030 OOT

Ignoring Complexes:

' 0. 100. o. 8.21 0.9

pHS = B8.179 :
00 1000 75. 8.2]"‘ 009

DFI = 1.002

' 0. 100, 200, 8.30 0.7
ho. 100, 200, 8.31 0.7

NOTE: (oncentrations of Ca™, Mg™, and alkalinity are
expressed in ng/l as CaCG;. M, 80:, and TDS

are expressed as ng/l of the ions invol ved.



Tabl e 16.

Effect of Conpl exes on pH and DF

Na Mg SOy pH_ DFT
Constant Conditions: 0. 0. 0. 8.212 2.8
pH = 8.68 ' o, 0. 75.  8.25 2.6
ca’t = s0. 0. 0. 200. 8.31 2.3
Alk = 100. 0. 50. 0. 8.21 2.8
DS = 250. 0. 50, 75. 8.25 . 2.6
0.  50. 200. 8.31 2.3
Ignoring Complexes: '

0. 100. 0. 8.22 2.7

PH, = 8.180
| 0. 100. 75. 8.25 2.5

DFT = 3.047
0. 100. 200. 8.31 2.3
ko, 100. - 200. 8.32° 2.2

NOTE: Concentrations of Ca*", Mg*™", and alkalinity are
expressed in ng/l as CaCO;. Na“, 80:, and TDS

are expressed as ng/l of the ions involved.



Tabl e 17.

Effect of Conpl exes on pH and DFl

Ne Mg S0y . pH. DI
Constant Conditions: ' 0. 0. 0. 8.2k . 7,2
pH = 9.18 : 0. o. 75. 8.27 6.7
ca’t = s0. 0. 0. 200. 8.33 5.9
Ak = 100. 0. S0, 0. 8.2h 7.1
™S = 250, 0. 50. 75. 8.28 6.6
0. 50, 200. 8.33 5.9
Ignoring Complexes:

0. - 100, 0. 8.24 7.0

pH. = 8.182 '
-8 0. 100, 5. 8.28 6.5

DFI = 8.57k

0. 100. 200, 8.33 5.8
ko, 100, 200, 8.35 5.7

NOTE: Concentrations of Ca™, Mg*™", and alkalinity are

expressed in ng/|l as CaCOs.

are expressed as ny/ |

of the ions invol ved.

Na*, SOy, and TDS
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