. CALCIUM CARBONATE @ PRECIPITATION KINETICS

By

Peter L. K. Sturrock, B.Sc (Civ. Eng.) (Cape Town)

A thesis submitted in partial fulfilment of the requirements
for the

Degree of Master of Science

in the

Faculty of Engineering,

University of Cape Town

b
&N

.,-}{ * f‘-‘.wa‘v ]»:j_(v,“ RO

Department of Civil Engineering,

University of Cape Town.

September 1975



The copyright of this thesis vests in the author. No
quotation from it or information derived from it is to be
published without full acknowledgement of the source.
The thesis is to be used for private study or non-
commercial research purposes only.

Published by the University of Cape Town (UCT) in terms
of the non-exclusive license granted to UCT by the author.



Declaration

I hereby declare that this thesis is my own work and
has not been submitted for a degree at any other university.

Signed by candidate

PETER STURROCK

September 1975



Acknowledgement

I would like to thank Professor G. v. R. Marais for the
supervision of this thesis, and Mr. R. E. Loewenthal for

the assistance and advice he has given.



. SYNOPSIS

A modified equation from that of Nancollas and Reddy is
presented to describe the rate of calcium removed from water

in CaCO, precipitation. The mass of CaCO3 precipitated at

3
any moment was obtained by monitoring pH and utilizing this in
the equilibrium equations for the Ca - H2CO3 system including
ion.pairing and ionic strength effects. Both batch and back
mixing steady state conditions were studied.  The precipitation
rate constant was found to be independent of pH, and functionally
related to the state of initial supersaturation in the batch
tests and the state of superSaturation in the steady state testsf

Both steady state and batch tests gave the same dependence of

the precipitation rate constant with supersaturation.



Introduction

Calcium and magnesium ions are the predominant contributors
to hardness in water. They are present in varying
concentrations in all natural waters but are particularly
evident in underground and surface waters derived from
dolomitic areas. In water reclamation, addition of Ca(OH)2
as a flocculating agent is widely used. The effluent pH is
high (>10,5) and subsequently the pH of the water must be
reduced and the residual calcium removed. The Ca++ ions
are usually removed from solution by the precipitation of-

calcium carbonate.

In 1973 Loewenthal and Marais developed the modified Caldwell-

T '
Lawrence diagram {____ =~ "W, This diagram relates the pH,

T ——— !

alkalinity, acidity and calcium concentration of a watér.

If a water is sipersaturated with respect to Ca++ the amount
of CaCO3 that will eventually precipitate can be estimated.
However,_the Caldwell-Lawrence diagram gives no indication of

the time required for the estimated precipitation to take place.

To design a water-softening plant it is necessary to know the

rate of CaCO, precipitation under different conditions so that

3
the hydraulic retention time and hence the volume of the

reactor can be calculated.

In water reclamation the same situation applies. However,

expérimental data on water reclamation plants indicate that the
residual calcium concentration in effluents is higher than the -
solubility product for CaCO3, Ksp, - would appear to indicate.

This observation could be due to three factors :

/ (1) The Ksp ...



(1) The Ksp value has changed.

(2) The Ksp value is the same as for the pure system but
-compléking of Ca++’with organic and phosphorous compounds
occurs or,

(3) Poisoning of the crystal surface occurs. Before the
removal of calcium in water reclamation can be quantified
in a theoretical model, it is necessary, as a first step,

to determine the rate of CaCO, removal from pure systems

3
(where Ksp is known) to serve as a criterion against which

the real life system can be compared.

Reddy and Nancollas (1971) proposed a model for the kinetics

of calcium carbonate precipitation as follows : -

++ _ ++ = = - 2 ,
-a /fea”/ , /at = KS.( [Ca" /. [CO, 7. - Ksp/f ) (1)
where : K = rate constant.
Sf = surface are of CaCO3 crystals

+ . . . .
/Ca :7T = total concentration of calcium in solution.

++5 = . ++
[Ca’ ]n, [CO;_J, = concentration of free Ca' = and

COE ions respecitvely.

solubility product for CaCO3.

Ksp

b

It

activity coefficient for a divalent ion.

To test the validity of Eq.(l)'Reddy et al monitored the changes
_in calcium and pH in supersaturated solutions of CaCO3 seeded
with calcite crystals of known surface area. They determined
the parameters [Ea+i7F and [EO;-7F from‘the theory of the

carbonic system taking due account of all possible ion pairs.

+

Supersaturated solutions with concentrations of Ca+ 15 - 45

/ and CO3 vee



and CO3 20 - 40 ppm as CaCO3 were inocculated with calcite

seed crystals at concentrations from 340 to 2 800 ppm as

CaC03. After an initial surge of growth a value of K was

obtained whcih was independent of the seed mass and initial

ca™ ana CO? concentrations. They concluded that within the

ranges of ionic and seed concentration Eq. (l)'applied.

Wiechers (1973) critically examined the work of Reddy gE_gl.

He concluded that the concentration and supersaturation used

by Reddy et al were very low compared with the concentration
which might be ehcountered in water treatment plants and that
the model should therefore be tested at higher supersaturations.
Also, the concentration and size of CaCO3 crystals in solution
could vary considerably under different conditions. Wiechers
proposed that Egq. (1) be modified in terms of the mass, M,

of CaCO, seed crystals, i.e.

instead of the surface area, Sf, 3

- a fea*?7, sat = wu(fa't), [CoT). - ksp/f?) (2)

This modification has the disadvantage of limiting the model,
and any data obtained, to the particular size, type and brand

of CaCO3 seed crystals used. However by doing an investigation

using one batch of seed crystal it is still possible to determine

the laws relating the parameters of precipitation.

To test if Eqg. (2) described the precipitation reaction at

practical CaCO, concentrations, Wiechers did experiments at

3
Ca++‘and CO3 concentrations each up to about 400 ppm measured

as CaC03. He showed theoretically that by neglecting the

CaOH ionvpair, which is low at pH 9,5 and below, he could

/ determine ...



determine each of the parameters in Eq. (2) by measuring

the pH only. In contrast Reddy et al had to measure both the
pH and calcium concentration. The measurement of calcium is

possible when the rate of crystallization is slow as in the.

case studied by Reddy et al but when the rate of precipitation

is high it is difficult to do this measurement accurately.

The value of K was determined by plotting - dZEa+i7 /dt

against M(ZEa+t7F ZEO?_]F - Ksp/sz). This plot yielded

a straight line for any particular experiment, as did the

results of Reddy et al. In this respect the model described

the precipitation reaction.

Wiechers, Sturrock and Marais (1975) then investigated the

effects of (1) seed crystal concentration, (2) temperature,

(3) stirring speed and (4) concentration of CO3 and Ca++ ions

'on the rate constant, K : -

(1)

To determine the effect of seed crystal concentration

the Ca++ concentration (72 ppm as CaCO3)y the CO

O w

concentration (38 ppm as CaCO3), temperature (257C)
and stirring speed (500 r.p.m.) were all kept constant
while the seed crystal mass was varied from 100 to 1 00O

ppm as CacCo At seed crystal concentration less than

3
400 ppm as CaCO3 an initial growth surge was observed and
thereafter for each experiment the value of K became éteady
at a similar value to that obtained for experiments with
seed crystal concentrations greater than 400 ppm as CaCO3.
It was therefore concluded that, provided sufficient area
or growth sites are supplied by the inocculated seed mass,

the value of the rate constant, K, is independent of the

seed mass.

/ (2) To determine ...



(2) To determine the effect of temperature experiments
were done at 10, 20, 30 and 4OOC while the stirring
speed (500 rpm), Ca++ concentration (80 ppm as CaCO3)
and CO? concentration (33 ppm as CaCO3) were kept constant.

The van't Hoff-Arrhenius equation was used to describe the

relationship between K and temperature : -

Ky = Ky (1729 (3)
or log KT = log K20 + (szo) log © (4)
where T = temperature c.
KT' K20 = K at temperature TOC and ZOOC
respectively.
©® = constant.

The plot of log KT versus T°C approximated to a straight
line yielding : -

1

K. = 1,53*1,053(T729) (1 10171 min™ly/ (mg seea.1”h)

T

(3) With regard to stirring energy, it was found that provided
the stirring speed was sufficient to keep the CaCO3 crystals

in suspension, it had no marked effect on the rate constant K.

(4) To determine the effect of Ca++ and CO? concentrations the
seed mass (700 ppm as CaCO;), temperature (25°c) and
stirring speed (500 rpm), were kept constant while the

concentration of the reagents were varied (Ca++ 330-70

ppm as CaCO3, CO§ 18-54 ppm as CaCO3). As the concentration
varied, different values of K were obtained. A plot of
K versus pH showed that K was apparently related to. the

initial equilibrium pH. However, in any particular

/ experiment ...



experiment, as the reaction proceeded and the pH decreased,
the value Qf K remained constant, whereas one would expect
the value of K to change concurrently wiﬁh the change in pH.
Wiechers et al couid give no satisfactory explanation for

this apparently inconsistent behaviour.

In this thesis Eq. (2) is modified and in the light of this
modification further experimental data are analysed in an

attempt to gain insight into the kinetics of CaCO3 precipitation.
Also, a calculation procedure to determine the parameters in

Eq. (2) is developed. This procedure requires the measurement
of pH and alkalinity at the start of each tést, théreafter only
the pH need be measured. It takes account of all ion pairs;

therefore the limitation pH < 9,5 falls away.



CaCO3 crystal growth and precipitation model

Calcium carbonate crystal growth occurs in four sequential

Steps (Stumm and Morgan 1970) : -

l) The reaction takes place whereby the hydrated CaCO3
ion pair is formed : [Ea++_7F + [EO?_%‘;é [EaCO?_?

2) The hydrated CaCO3 ion pair is transported to the
crystal/solution interface.

3) At the crystal/solution interface the ion.pair is
dehydrated and adsorbed onto the crystal surface, i.e.
ZEaCO?_? Cf'[EaCO3_7S This reaction takes place in
both directions. The forward reaction, whereby the
ZEaCO?_? is dehydrated, is called precipitation and the
reverse reaction whereby the [EaC03_7S is hydrated is
called dissolution.

4) The CaCO, adsorbed onto the crystal is incorporated

3
into the crystal lattice - a process called ripening.

‘At low turbulence the rate of transportation of Cacog

ion pairs to the crystal face is the controlling factor in

crystal growth, i.e. growth is controlled by the diffusion

o
3

diffusion controlled growth. At high turbulence levels

rate of CacCoO ion pairs to the crystal face - called

.Cacog transportation to the crystal face is adequate and

the rate of crystal growth becomes limited by the rate at

which the Cacog ion pairs are adsorbed and incorporated
into the crystal lattice - <called interface controlled
growth, The experiments reported by Wiechers et al indicate’

that, provided the stirring speed is sufficient to keep the

/ seed crystal ...



seed crystal iﬁ suspension, variation in stirring speed
(i.e.ltﬁrbulence) has no effect. This suggésts that the
CaCO3 crystal growth is interface controlled.
The rate of precipitation in any seeded solution (either
supersaturated, saturated or undersaturated with respect to
‘CaCO3) is assumed proportional to the surface area of seed
o

‘and the concentration of the zero ion pair, CaCO3, in the

bulk solution, thus

Rate of precipitation = KpS(Cacog) (5)
where Kp = the rate constant for precipitation.
Note that the ion pair has zero charge so that its active

and molar concentrations in solution are equal.

Dissolution is assumed to occur simultaneously with precipitation

and to be proportional only to the surface area of seed, SE

Rate of dissolution = K;.SSf ' (6)

where K3 = the rate constant for dissolution.

Eg. (4) implies that the rate of dissolution is independent
of the saturation state, i.e. it is constant per unit surface
areé of the crystal irrespective of over- or undersaturation.v
For a solution just saturated with respect to CaCO3 the rates
of precipitation and dissolution are equal, thus from Egs. (3)

and (4) :

o —
KpSf(CaCO3)S = Kde

. _ o :
i.e. Kd L= Kp(CaCO3)S (7)

where the subscript, s, refers to a saturated solution.

Substituting for K, from Eg. (7) into Eq. (6) :

d

Rate of dissolution = K S}Cacoo) (8)
p £ 3's

/ As the rate ...
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As the rate of dissolution, Eq. (8), is constant per unit
surface area, the rate of precipitation from a supersaturated
solution is given by the difference in the rates of precipitation

and dissolution :

Net rate of precipitation - 3[Eacog_7 /8t

o]
3

The negative sign arises as the equations refer to the species

= _ (o]
= Kpsf{Caco (CaCOB)S} (9)

in the bulk solution.

Irrespective of the saturation state of the water, the ion

o ++

pair CacCoO must be in equilibrium with the free ions Ca

3
and CO? - in the aqueous phase, i.e.
++ = | (o] _
(Ca’ ") (CO;) L/ (CaCO;) = K, (10)
where K3 = thermodynamic equilibrium constant for the

ion pair CaCO?.

Taking ionic strength effects into account Eq. (10) is

written in the molar form :
[Caco3 7 = fDZZEa++_7F[EO§_7F/K3 (11)
[Ea++_7f[Eo§_7F = ZEaCO§~7K3/fD2 (12)

For a saturated solution :
++ = _ 2
ZEa _7FZEO3_7F - Ksp/fD (13)
where KS = solubility product constant for CaCO3. '

Substituting Eq. (13) into Eq. (10) and simplifying :

O =
[Caco; /= Kop/K3 (14)
Substituting Egs. (l11) and (14) into Eq. (9) :
N 2 ++ =5 _ 2, (15)
-d faco, 7 /8 e = wserRy ([CaTT 7p/R03 Tpow /67

/ and defining ...



11.

it
=

and defining Kp/K3

_ , _ 7
- d[c-:aCO3_7 /a3t stsz{ [C-:a++‘_7F[C_IO3_7F-Ksp/fD } (16)

Eq. (16) differs from Eg. (l) proposed by Reddy and Nancollas
in that an activity coefficient term is included outside the

bracket on the right-hand side of Eq. (16).

Replacing Sfin Eg. (16) by M, the mass concentration of a

particular brand of crystal seed :

-a/Caco, 7/ at = KMfD2-{ZEa++_7F[EO§_7F-Ksp/fD%} (17)
Egq. (l1l7) can also be derived as follows
A general equation for interface controlled growth is given
by Stumm and Morgan (1970) :

- dc/dt

! n
K Sf(C - Co) (18)
where Sf = surface area of crystals in solution
C = concentration of solution
Co = concentration of solution immediately
surrounding the crystals
The term (C - Co).defines the supersaturation with respect
to C. Making the modification proposed by Wiechers

(i.e. substituting mass of seed crystals, M, for surface area, Sf)

Eq. (18) becomes :

)

- dc/dt = K M(C - co)® (19)
Applying Eq. (19) specifically to CaCO3 precipitation : -
' ++ I o n

- 4/Ca""_//dt = K M.{(Caco3) (CaCO3)S} (20)
The equilibrium equation for the CaCO? ion pair is : -
++ = o -5_ -
fea £Ca -7.ch3ZEO3-7 / [eacoy /= fcaco, = 13 (21)

which can be written

. + =
[Caco 7= [Ca™" ] [Co3 ] £, £co, /Rq5 (22)

/ At saturated ...
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At saturated equilibrium :

o ++ = o
[eaco; /g = [ca" ) [Coy T i, fco, /13 (23)
Also at saturation the solubility product equilibrium for

CaCO3

[Ea++_] ZEO?J = Ksp/ fCa fCO | (24)

3
Substituting Egs. (22), (23) and (24) in Eq. (20) :
++ ! ++ =
- 4/ca _Jp/dt=K M{[Ea _]F[Eo3_7F foa fco3/ -K, /Kl3} (25)

]
Since K = K /Kl3

++ ‘ ++ =
-a/Ca’"_J/at=kn (fca _fco3 Lea -bzﬁ%-% Ksp/ £a feo

must be satisfied, i.e.

n (26)
3

Eq. (26) is proposed as an improved model for CaCO3 precipitation.
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Apparatus

Chemical reagents

Analytical reagent grade chemicals were used throughout.
Calcium carbonate crystals (Hopkins and Williams, Analar grade)
were used as seed. The solutions were made up using carbon
dioxide free distilled water with a conductivity less than
S/JS. Stock solutions (0.01M) of sodium bicarbonate, sodium
hydroxide and calcium chloride were made up and standardized
before each series of tests. The NaHCO3 and NaOH were
standardized against hydrochloric acid (0.0lN) with borax as

a primary standard. The CaCl, solution was standardized

2
by the EDTA method (see Standard Methods).

Reactor

A reactor, designed by Wiechers (1973) was used for the study
of the reaction kinetics with the minimal solution -
atmosphere contact to minimise C02 transfer with the air.

The reactor (seé Figs. 1, 2, 3, 4, and 5) consists of a
cylindrical vessel, constructed of thin perspex, with its
interior sealed from the atmosphere by an O-ring sealed lid.
It has four circular openings in the 1lid, lined with O-rings,
to allow easy air-tight insertion of three probes, i.e. glass
ahd calamel electrodes and a thermometer. The fourth hole is
very small and allows air-solution pressure equalization. Two
perspex cylinders are fitted to the reactor through a joint
connection for the purpose of injecting the reactants. The
reactants are well mixed within a period of two to three seconds.

The temperature of the reactor is controlled by means of a

/ waterbath ...
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and a Haake E51 thermostat. The reactants and buffers

are placed in the waterbath‘to attain a constant temperature
before use. The reaction solution is completely insulated
(electrically) from its surroundings by ﬁsing perspex screws
and rubber O-rings, to prevent stray electric currents from
affecting measuring probes. The solution is stirred by

maghetic stirrer using a Teflon coated stirring bar.

pH Meter
The radiometer pH meter, type PHM 26, has the following

specifications which make it suitable for measuring pH changes

which occur as calcium carbonate is precipitated from solution :

Read oﬁt : 1,4 pH for full-scale detection.
Smallest scale div : 0,01 pH.
Repeatability : - ¥ 0,002 pH.
Relative accuracy : ha 0,002 pH at buffer point.
+

0,005 pH sample in the range
as buffer.
- 0,007 pH typical with buffer

and sample in different ranges.

Amplifier drift : I 0,002 pH/day non-accumulative.
Temperature compensation : 0 to lOOoC
Recorder output : 10 mV/pH.

The pH meter has a built-in device to correct for loss of
electrode sensitivity. The meter has an iso pH adjustment
device with which the electrical zero of the output voltage

can be set at any convenient value, for recorder purposes.

The glass electrode, G202C, is made of glass which responds

very rapidly to pH changes.

/ NBS - standard buffers ...
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NBS -~ Standard buffers

NBS standard buffers, in the PH range of interest, were used
to calibrate the electrode system. Borax and phosphate
buffer solutions were made up as follows : The borax buffer
(0,01M) is prepared by dissolving 3,81 g. borax in fresh
cérbon dioxide free distilled water and making it up to one
litre. The phosphate buffer is prepared by dissol&ing the
following quantities of salts in distilled water and maing it

up to one litre :

K H2P04 3,44 g.

‘Na ,HPO

> 4 3,55 g.

The phosphates must be dried in an overn at 110°C for one

to two hours and left to cool in a desicator.

The pH of these NBS standard buffers as a function of

temperature is described by Bates (6), and is as follows

Temperature oC 20,0 21,0 22,0 23,0 24,0
Borax pH 9,220 9,210 9,200 9,195 9,185
Phosphate pH 6,880 6,876 6,872 6,868 6,864

The accuracy of the pH of the buffers is given as x 0,01 pH.

Strip chart recorder

The Hewlett Packard strip chart recorder type 7100B with
amplifier module fype 17501A has a chart speed range which covers
all the speeds necessary to study the calcium carbonate precipi-
tation reactions. Its specifications are : -

Recorder mechanism : Servo activated electro-burning
pen drive.
Response time : One half second for full scale.

/ Chart speeds ...



l6.

Chart speeds : 1;2 in/hour: 0,1; 0,2; 0,5;
1;2 in/minute: 0,1; 0,2; 0,5

1;2 in/second
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The volume of the reactor was 500 ml. Two 250 ml. flasks

one containing the sodium bicarbonate and éodium hydroxide
solutions and the other containing the calcium chloride solution,
were méde up and placed in the waterbath to attain the required
temperature. The pH meter and recorder were calibrated ﬁsing
NBS standard buffers. The carbonate solution, together with
the required mass 6f seed, was poured into the reactor and

the pH electrodes and thermometer were positioned in their
respective holes in the reactor. The calcium solution was
poured into the.injgcting cylinder. The stirrer in the reactor
was switched on. When the valve of the injecting cylinder was
opened (i.e. when mixing of the Ca++ and CO? solutions began)
CaCO3 ion pairs were immédiately formed which resulted in an
instantaneous decrease in pH (see Fig. 6) due to the removal

of free co§ ions from solution. Thereafter as the reaction
proceeded and CaCO3 precipitated, the pH dropped, and a graph

of pH versus time was recorded. As the CaCO3 precipitates

the acidity remains constant and the pH and alkalinity decrease.
Therefore, since the initial alkalinity was known and the change
of pH was recorded, the change in alkalinity (and hence the
rate of cog removal) could be calculated (see Appendix A).

For each part of CO§ that is removed one part of CaCO3 is

precipitated. Therefore if the rate of CO? removal is known,

then the rate of calcium removal can be calculated.

Back mix reactors

The method of running the precipitation tests described above is

unlikely to be duplicated in practical processes. In water

/ treatment ...



18.

treatment works it is more probable that back mix reactors

will be used in preference to batch reactors. Therefore in
order to establish whether the data obtained under batch
gonditions also applied to backmix reactors, a series of steady
state experiments were done. The experimental apparatus was
similar to that used for batch tests but modified as follows :

Two CO., free feed tanks are connected to the reactor. The one

2
tank contains a carbonate solution and the other a calcium

solution together with CaCO, seed crystals (Hopkins and Williams

3
Analar brand) at a concentration of 1800 ppm (see Fig. 7).
The seed is kept in suspension in the feed tank by means of a
magnetic stirrer. Solutions from each tank are pumped at

equal ratios into the reactor and the pH of the reactor contents

is monitored.

For any given hydraulic retention time, the flow is maintained
until the pH attains a steady reading and remains steady for a
period of two retention times. The influent feeds are then
stopped and the decrease in pH with time is recorded for a
period until the pH shows no significant change. The feed flows
are then restarted to give a different hydraulic retention time

in the reactor.

At any particular steady state, knowing only the pH, temperature,

* of the influent feeds, it

alkalinity and concentration of Ca+
is possible to determine each of the parameters in Egq. (17)
(exactly as was done for the batch tests described previously).

Consequently the CaCO, supersaturation at steady state can be

3
calculated. Also, when the feed flow is stopped the rate of

precipitation can be calculated, the initial rate giving an

/ estimate ...
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estimate of the rate at that particular steady state. By this
means a value for the reaction constant, K, is determined for

each steady state condition (see Table 2).

By compéring the values of K obtained for batch tests (Table 1)
and those for completely mixed tests (Table 2) it can be seen
that they are very similar. Therefore batch tests, which

are simpler and less time-consuming to run, can be used to

. establish data for completely mixed conditions. The work
reported here, on both batch and completely mixed reactors
utilised pure solutions and pure seed masses. The absolute value
of K is very sensitive to the type of seed. This was verified by
using the same brand of CaCO3 crystals, but from a different
manufactured batch, when the K values were notably different

(see Fig. 9). Therefore it is very likely that the absolute
value of K will differ between laboratory and full scale works

where the seed crystals are self-generated.

Specifically to separate the effects of pH and supersaturation
on the rate constant K, in a proportion of tests the super-
saturation was kept constant but the initial pH varied and
vice versa. The initial pH of the experiments covering a
range from 8,6 to 10,3 was controlled by varying the relative
concentration of the hydroxide and bicarbonate solutions.

*
The initial CaCO, supersaturation was varied from 100 to 2500

3
ppm (as CaCO3) by adding different concentrations of calcium and

carbonate solutions.

"Supersaturation" refers to the parameter (CaCOO - (Cacog) )

: . . s
which is the apparent instantaneous supersatura=
tion; this parameter will not equal the mass concentration
of CaCO, to be precipitated because with precipitation there is
a ;esul%ant decrease in pH which decreases the concentration of

co; in solution.
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" Analysis
~In Eq. (26) to determine the variation in the rate constant, K, an
analysis must first be carried out to establish the reaction order,

n. By taking the log of Eq. (26) :

++ ++ = -
1 C = -
og(d/Ca _Z/Mdt) logK+nlog(fCafCo3 /[Ca _51603_5 Ksp/fCafCO3 ) (27)

The value of n is determined by plotting :

++ - ++ =
log(d/Ca _;/Mdt)versus log(fCafCO3 /[Ca -gZEOB—g—Ksp/fCafCO3 )

The slope of the plot gives the value of the reaction order, n.

The values of n are listed (see Table 1). The mean value of

+ ' . o . .
n=0,98 - 0,09 indicates an apparent first order reaction (i.e. n=1) .
with respect to Ca cog supersaturation. If n equals unity, the

value of K can be determined either by substituting n = 1 in Eq. (27)

or by plotting Egq. (26), i.e. :
++ - ++ =
d/Ca™"_//dt versus MfCafCO3{ZEa _51603_5 Ksp/fCafcog}

The slope of the plot above gives the value of K (see Fig. 9}).
Both methods will yield the same results. Note in Fig. 8 that
the plots for seed concentrations equal to 900 ppm approximate to
straight lines, i.e. in these experiments the value of K remained
constant throughout the precipitation period.even though the pH
and CaCO? supersaturation were steadily decreasing. The
dependence of K on initial pH and/or initial super saturation was

determined by plotting K versus pH (Fig. 10) and K versus initial

supersaturation (Fig. 8 ). From Fig. 1lp it would appear that

there is no decided relationship between pH and K. At any
particular pH a range of K values can be obtained. This data tends
to show that the conclusioﬁ of Wiechers et al - that the rate
constant depends on initial pH - is not sustained.

/ From Fig. 13 ...
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From Fig. 8 there appears to be a decided relationship between
K and the initial CaCO3 supersaturation. A functional relation-

ship between K and the initial Cacog supersaturation was identified

from various plots assuming different basic relationships. A
basic relationship of the kind expressed by Eg. (28) was found

to give excellent correlation :

K = Ko + (Km - Ko) (1 - % 5) (28)

where K = rate constant (ppm cat? precipitated as'CaCO3). (min)-l

(ppm CaCO3 seed. ppm CaCO3 supersaturation as CaCO3)-'l

= (min. ppm as CaCO3)_l

Km = maximum value of K

Ko = value of K at zero supersaturation
c' = constant
S = initial CaCO3 supersaturation (ppm as CaCO3)

The functional relationship was established as follows.

A value of Km was assumed and for each experimental K value the
function (Km - K) was found and plotted against initial super-
saturation on semi-log paper (Fig. 1l1). By trial and error a

value of Km was found that gives a straight line plot (Km=3,25.10-5).
The difference between Km and the K values given by the intersec-
tion of the straight line plot with the abscissa provides an
estimate of the rate constant at zero supersaturation

(Ko = (3,25-2,65).10 > = 0,60.10"°), (see Fig. 11). The slope

v
of the plot gives an estimate of C 0,00162, Substituting

numerical values, Eq. (15) becomes

K.10°=0,60+/2,65 (1-e 07901625y 9 1in. ppm. as Caco3)'l (29)

The fact that K is a function of the initial supersaturation

(Eg. 29) leads to a contradiction:

/ From Eq. (26) ...
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From Eq. (26)
+
dZEa +_7T/dt = KM (supersaturation)

and at the initial state this must be
++ s .
d/Ca”"_/ /dt = KM(initial supersaturation)
T

But K = function (initial supersaturation)

Substituting for K at the initial state :

d[6a++_7 /dt = function (initial supersaturation)M(initial

' supersaturation)
From this contradiction it would appear that the precipitation
model is wrongly formulated, i.e. that the equation of Reddy and
"Nancollas and the one proposed in this thesis do not adequately

explain the precipitation phenomena.

A number of practical consequences are exposed in this

investigation. In back mix reactors in water softening plants
where the CaCO3 supersaturation is low, the rate of precipitdtion
is very slow. This means that either there must be a long

hydraulic retention time or else the mass of crystals in the
reactor must be large to speed up the precipitation. Also the.
|

rate of precipitation will be slow in pipes in water supply

systems where the supersaturation is usually very low.
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Summary and Conclusion

The equation proposed- by Nancollas and Reddy, to describe

CaCO3 precipitation rate, was modified to

e+ _ ++ = 5_
a/ca —g/‘it‘m(fcafco3 [Ca —EZZEO:S—; Ksp/fCafco; )

It was established that batch tests give similar values for K
to the back mix reactions.

The reaction approximates to a first order reaction with

n=0,98 ¥ 0,09

The rate constant, K, appears to be independent of pH.

In both batch and steady state tests the value of K is very

sensitive to the type of seed mass.

For batch and back mix reactions K varies with initial CaCO3
supersaturation according to the expression

K.lO5 = 0,60 + /2,65 (lfe—o'00162317(min. ppm. as CaCO3)—l

The fact that K is a function of initial supersaturation leads
to a contradiction since, at the initial state, both the rate
and K are functions of the initial CaCO3 supersaturation.
Therefore it would appear that the formulation of Reddy and

Nancollas is not sustained.

From this investigation the following practical conclusions can

be drawn

a) In back mix reactors in water softening plants the
supersaturation ié usually very low and hence the rate
of precipitation is slow. In order to speed up the
precipitétion a large seed mass is required.

b) Precipitation will be slow in water supply systems where

the supersaturation is usually very low.



24 .

TABLE 1.
Expt. Initial Initial CaCO3° Seed Reaction ReactioEiConstant
Yo . plt Supersaturation = mass Order n K(min) '-EEPm as
Dpm as CaCO3 mg/L ‘ CaCO3)
1 8,60 135 900 0,89 1,16
2 8,72 166 900 0,72 1,09
3 9,34 241 900 = 0,72 1,41
i 8,90 245 900 0,79 1,36
5 9,20 279 900 0,97 1,43
6 9,61 287 900 1,06 1,71
T 8,88 301 900 1,00 1,85
8 94555 308 900 0,89 1,75
9 9,00 320 900 0,90 1,65
10 9,95 463 900 0,98 2,16
11 9,20 482 900 0,93 2,20
12 9,18 529 900 0,96 2,10
13 9,56 616 900 1,01 2,30
1L 8,83 630 900 0,90 2,10
15 9,37 656 900 0,98 2,40
16 9,50 TL0 900 0,95 2,40
17 9,48 754 900 1,06 2,60
18 9,05 786 900 0,94 2,26
19 9,62 952 900 1,04 2,63
20 9,60 995 900 1,02 2,65
21 9,61 1000 900 1,02 2,80
22 9,73 1200 900 1,02 2,91
23 9,83 1210 900 0,99 2,00
2L 9,77 130k 900 1,0k 2,85
25 9,59 1623 900 1,00 3,00
26 10,00 2061 900 1,06 3,07
27. 10,13 2190 900 1,18 2,90
28 9,68 2443 900 0,97 2,75
29 10,30 2500 900 1,12 2,75
30 10,28 2227 1500 1,08 2,72
31 10,00 1290 1500 1,05 2,75
32 9,80 1250 1500 1,06 2,90
33 9,77 905 1500 1,01 2,56
34 9,6k 888 1500 0,97 2,65
35 9,35 627 1500 0,99 - 2,10
36 9,65 954 300 1,06 2,75
37 9,36 697 300 1,00 2,57
38% 9,78 840 900 0,95 1,02

¥ Batch B of seed crystals
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TABLE 2.
Steady State Reaction constant K
Expt. Supersaturation ~Seed Mass (min)_l-(ppm as CaCO3)_l
No. ppm as CaCO3 mg/ f
1 1220 900 ' 2,58
533 915 2,30
L3h 919 2,30
353 923 . 2,00
2h2 927 1,70
199 929 1,15
2 542 91k 2,30
224 927 1,70
175 930 1,15
3 8o9* 900 1,05
639% 912 0,96
L50% 918 0,8L
316% 922 1,00
2L7# 925 0,90

* Batch B of seed crystals
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LIST OF SYMBOLS

concentration of solution (mass.unit vol_l)
surface area of crystals in solution
initial CaCO_ supersaturation (ppm as CaCO3)

3

concentration of solution immediately surrounding
crystals (mass.unit vol—l)

total concentration of solution (ppm as CaCO3)
concentrgtion of free solution (ppm as CaCO3)
solubility product for Calcite

activity coefficient for divalent ion

activity coefficient for Calcium ions

activity coefficient for Carbonate ions

time (min)

Mass concentration of seed crystals (ppm as CaCO3

rate constant (ppm Ca precipitated as CaCO3).
(min)_l.(ppm CaCo
tion as CeLCO3)—l

seed.ppm CaCO_ supersatura-

3 3

(min.ppm as CaCOB)_l

maximum value of X

value of K at zero CaCO3 supersaturation

)
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Fig. 5 Plan of reactor vessel.
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as cog is removed  from solution.
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Appendix A

The procedure for calculating the parameters that influence
Eq. (265 is described below. The method utilizes the
relationship between alkalinity, Acidity and pH (Loewenthal
and Marais;1973). The method is not restricted to any pH

range.

The pH in a water containing only carbonic species and
associated cations is governed by equilibria reactions between
the carbonic species (H2CO3, HCO_, and cog) and water species

(H+ and OH ). These equilibria are :

-— + * . o
(HCO3)F(H )/(H2C03) = Kl (Al)
a= + - _
(OH ), (H) = K (A3)
F T Tw
where ( ) indicate active concentrations
Kl’ K2 and Kw = thermodynamic equilibrium constants
Subscript 'F' refers to free ion species
++ + . . o .
If Ca and Na are in the water ion pairing will occur
between these cations and the anions CO=, HCOS and OH .
Equilibria equations for these ion pairing reactions are :
++ = 0 _
(Ca )F(CO3)F/(CaCO3) = KCaCO3 (AQ)
++ - + _ ‘
(Ca” ") (HCO4) o/ (CaHCO4 ™) = KCaHCQ3 (A5)
++ - + _
(Ca )F(OH )F(CaOH ) = KCaOH (A6)
+. = - _
(Na )F(CO3)F/(NaCO3) = KNaCO3 (A7)
+ - e} _
(Na )F (HCO3)F/ (Na-HCO3) = KNaHCO3 : (A8)
(Na*)_ (0H™) ../ (NaOHO) = K (A9)
a g /N2 | = ®NaoH

/ For equilibriaum



For equilibrium,‘Eqs. (Al to A9) must be simultaneously
satisfied. The following mass balance expression must also

be satisfied :
[ﬁa+_7T = [ﬁa+_7F+Zﬁcho;_7+Zﬁa0H°_7 (A10)
[ca*t 7 = featt 7 + [Canco} 7 + (Cacol 7 + [Ca0H'_) (all)
T F - | o
Alkalinity = 2/€07 7 + [fco; 7 + [ow 7 - /&' (A12)
| T T T

2[ﬁ2co;;7 + [ﬁco;_g + (B ] - fou 7 (A13)

T

Acidity

[fco_7 +(Cancol 7 + [Raucof 7 (Al4)
F
[co3 7 + [Caco3 ] + [Nacoy 7 (A15)
F
fou~_) = fou"_)] + [Caon' ] + [Naom®_) (A16)
T F

where Z__7 indicates molar concentrations, and subscript T

fico, 7

T
(237
T

indicates the sum of free and ion paired species.

In the sixteen Eqgs. (Al) to (Al6e) there are eighteen unknown

* - = ~
parameters (i.e. H,CO HCO,, CO3, OH , H+ +

-+
2 3 ! 3 ! CaHCO r

+
, Ca

o
3I
Alkalinity and Acidity). To determine each of the parameters

= ++ + + - -
COyps Cap s, CaOH', cacO3, Na', Nchog, Nacoy, NaoH®, OH_,,

at least two must be measured.

In the method of solution described below, to initiate the
solution theoretically only the initial pH and initial alkalinity
need be measured and thereafter as CaCO3 precipitation proceeds
only pH needs to be measured for an additional condition applies
i.e. the Acidity remains constant during precipitation and equals

the initial value.

/Initially ...



Initially Alkalinity and Acidity were determined as follows :

Solutions of NaHCO., and NaOH were standardized against a strong

3

acid of known concentration. The standardized solutions of
NaHCO3 and NaOH were then used as the source of Alkalinity and

Acidity for a particular test, thus

Initial Alkalinity = ZﬁaHCO3-7added + ZﬁaOH_7added

it

Tnitial Acidity Zﬁcho3,7added - ZﬁaOH.7addéd

Initial pH was measured using a glass electrode.

However, CO2 exchange between the solution and atmosphere may
occur during the experimental preparation. Such CO2 exchange
would alter the initial Acidity (estimated from the known masses
of standard»solutions used); the Alkalinity would not be
affected. Thus, the best estimate of initial Acidity 1is
calculated from the initial measured Alkalinity and the observed
iﬁitial pPH using Egs. (Al) to (Ale). Usually the Acidity based
on the measured pH was about 2 ppm as CaCO3 greater than the
observed Acidity. A theoretical check was carried out for each
experiment as follows : Using the initial Alkalinity and
Acidity values (based on the masses of standard solutions used)
a theoretical value of initial pH was calculated using Eqé. (Al)

to (Al6) and compared with the initial observed pH. R

Determination of initial Acidity from known Alkalinity and pH

1. Calculate an initial approximate value for ionic strength,
//Z , from the mass concentratibns of NaOH, NaHCO3 and CaCl2
used in an experiment.
2. Using the extended Debye Hueckel equation calculate the

activity coefficients for each of the charged species

/ from the value of ...



from the value of//¢4 above. (The ionic radius for
monovalent hydrated ion pairs was assumed equal to that
for Hco;).

Calculate activity coefficients for neutral species from

the relationship -loglofN = ks.//Au (Garrels and Christ,

1965,) where fN = activity coefficient for neutral species

k
s

salting out coefficient for neutral
species in water.

Calculate thermodynamic equilibrium constants, at the
experimental temperature from the enthalpy and entropy
for the reaction using the equation proposed by Helgesson

(1969) .

Adjust equilibrium constants for ionic strength effects
to give K'.

calculate /H'_/ from the measured pH and the approximate

value for the activity coefficient, f_, determined in

setp (2), i.e. [H 7 = (10.7PHy/f

H

Calculate an approximate initial value for [ﬁco;_g from
measured Alkalinity and pH assuming no ion pairing, i.e.
Zﬁco;_; = @alk - KL /B 7+ [E /@ + 2ky/ B D)
Calculate values for‘Zﬁ2C03_7, [EO?_; and ZSH—_; from
equilibrium equations, Egs. (Al) to (A3), and the assumed
values for Zﬁ+_7 and ZﬁcoE_], i.e.

[R,co; 7 = (A" _7./fco] %/Ki(.ana [€0;_7 = x,./fco] _{/[ﬁ* 7
Calculate ion paired specie§'[ﬁacog_7, [ﬁaHCO§_7, /Naon®_7,
[Eaco§_7, ZEaHCO§_7 and ZEaOH+_7‘from equilibrium equations,
Egs. (A4) to (A9). (In the first iteration the species

concentrations Ca++;7 and Zﬁa+_7 are assumed equal to the
F F

/ total ...



total analytical concentrations of these species

ZEa++_7 and Zﬁa+_¥ ).

T
In all subsequent iterations the values for ZEa++_7>and
F
+
Zﬁa _7 used are those calculated from the previous iteration,

F
i.e. those values calculated in step 10.

10. Calculate adjusted values for Zﬁa+_7 and Z6a++_7 €e.g.

Zﬁa+_; = Zﬁa+_7 - ZﬁaOHo_7 - ZﬁaHCOg3_7— ZﬁaCOSi?
‘ T

11. (i) Calculate values for Alkalinity and acidity from
the values for individual species determined above
using Egs. (Al2) and (Al3), i.e.

Alk. (calculated) = 2(/C03_7 + [Naco 7/ + [Cacol /) +
F
([fficoy 7 + [Naucoj 7 + [Nacoy /) +
F
(fou"_7 + [Caou® 7 + [Maow®)) - f&T7
F ‘

Acidity (calculated) = 2[%2C02_7 + (Zﬁco;_7 + [ﬁaHCO§_7
F

+ [EaHCO§_7) + /at_7- (ZBH—_; +
/Caon” 7 + /Naou®_7)

(ii) Calculate an adjusted value for ionic strength;/%/ ’

from the individual species concentrations determined

in steps 8 and 9.

(iii) Recalculate the activity coefficients, and adjust

the equilibrium constants accordingly.

(iv) Recalculate [ﬁ+_7 from the measured pH and adjusted

activity coefficient fH.

12. Steps 7. to 1l1l. are then reiterated until the calculated

value for Alkalinity remains constant.

/ 13. Compare ...



13. Compare the calculated value for Alkalinity, Alk.

(calculated) with the known initial Alkalinity.

14, Steps 8. to 13. are repeated with an adjusted value for
ZﬁC0;~7 until the calculated value for Alkalinity agrees
F

10 moles/l

with the true Alkalinity to within 10~
When this condition is satisfied Acidity 1is given by
acidity value calculated in step 1l. (i). This

5 moles/1

calculated value usually will be ¥ 4.107
greater than the Acidity value based on mass of chemicals
used in solution and is due to CO2 contamination. The

calculated value is now assumed constant for the remaining

calculations in the particular experiment.

Determination of Alkalinity from known pH and Acidity

During a precipitation experiment pH is monitored with time.
Alkalinity values corresponding to the observed pH Values are
determined using a similar method to that set out above, except
that the parameter Alkalinity is now replaced by a known Acidity )
value in steps 7, 13 and 14. These calculated Alkalinity values

can be used to give a plot of Alkalinity with time for a

particular experiment. From this plot the change in Alkalinity

‘'with time can be estimated which equals the rate of CaCO3

precipitation.



Appendix B

Listing of Computer Programmes PRECIP. MAIN with
sub-routines IONP and SG 13 used for doing the calculations

described in Appendix A.



+PRECIPMALN

wlvh‘ﬁvmtn~dmlﬁJ:Niub‘@ioh:ﬂinb1¥iﬂk)H;Ju:m-qaﬁm_cuqm i

2 Lo BB owm~Ndive

LN
3

U U

s I R R R R R R R I R R R R P P R R P S R R E R PRI SN

c FPROGRAM PRECIP

CHESF AR AR A AR R R S AR RA R R ABAR RS A ARSI EA SRR R AR B R AS R AR SRR AR AR A AR B X KA KX S B
< THIS PRCGRAM CALCULATES THE CISTRIEUTICN CF ICNIC SPELIESY

c THE RATE OF REMOVAL OF CA++ FROM SOLUTION (DCA++/DTI/¥

C ANO THE FUNCTICN CAF*CC3Fs(CA*CO3-KSP/CAF*CC2F)

o X S ES IS S22 R R R R R R E R I R S R R R R R R RS R R R R R R SR E R I RSN RS E RIS R LR

C
DATA SET

FIRST OATA CARD: IDENT IS THE EYPERIMENTAL NUMBER

SECOND DATA CARD: NAHCO3,MAOH»CACL2,MGCLZ2 ARE THE CONCEXTRATICNS
IN MOLES/L CF THE REACTANTS

THIRC CATMA CARG: T IS THE TEMPERATURE IN CEGREES CeLCIUS

IN PPM AS CACO3

FIFTH DATA CARD: HWUM IS THE NUMEER OF PH VALUES READ
BT IS THE TIME ODIFFERENCE BETWEEN FH READINGS

THE NEXT CATA CARDS ARE THE EXPORIMENTAL FPh VALUES
FOLLCWED BY THE ERTRCOPY(DSR) AND ENTHALFY(DHR) DATA FOR
THE REACT1CNS
BEBRRRRREB RN AR RN RRRR KRR AR B R RN R R X AR BN SR B R A SRR A AR KRS RE A AR LN R DR A E 2 X
REAL K1lsA2 K3 oMY oKD o KE o KT o KB o KSoKLB s K119 K1ZoKLZoKWoKMGPKS
REAL NAHCOZ+NAGHe MGCLZ
~ CCUBLE PRECISICN TALK+TSO4eFSCYsHCCI»FRACTSACIC»CH
IHe COHe COILC+HLOCCSCI .
COMMCON TSOReFSCY4sTALKIHCC 2 eF MG o OHoHoTMG2TCAsTNAPCCIoK19K 20 K2 0Ky
IKS o KEr KT 2 KBe Ko K1UsKLl1oK12eK13rKWoKMGe KSeFCA»FNARTCLsUsSACIC
2H2CC3¢CCHeLC3C ¢ HLTC
CIMENSION PKKI3O+LSRIZC)sOHRLIE I +PHILEDL) »PK(SO)«SFUNC €LBQMA )
1TCAS(1008) +SSEED(1BGJ)
DIMENSION PHS¢(10GT)
CIMENSION X(1000)sYL{1GGQ) e ZC(LAET ) o TIMIIMNIG)
DIMENSICN TFUNC(1006)
L2z1
515 CONTINUE
REAC(8¢391) IDENT
91  FCRMAT(I3)
WRITE(Ee32) IDENT
FORMAT (1HIs *EXPERIMENT NCa'eIZs///)
READ(B823) NARCCIoNAOHCACLZMECLZ
3 FORMAT(4ELD. 4) ,
WRITE(Seit) NAHCCI+NAODHSCACLZ2o¥GCL2
4 FORMAT(1He *MAHCO3=*sElC 404X ¢ "NACHZ*+E 1040 4X o *CACLZ2Z-E10, 44Xy
1*°MGCLZ="9E10.,8¢°MCLES/L2/7/)
READ(8s5)F T ’
FORMATIF1O.4)
WRITE(Se6) T ‘
FORMATU{1H *TEMPERATURE=*9F10.4¢"CEGREES CELSIUS®»///)
READ(8s7) SEED
7 FCRMAT(F1.4)

C
c
c
c
c
L
¢
C
c
C FOURTH CATA CARD: SEED IS THE CACC2I SEED CRYSTAL CCAMC.
c
c
c
C
c
c
c
C
C

o
N

w

[e)]



liulzl

123

1z
11

113

192,

111

112

c

WRITE{Z+8) SEEL :
FCRMAT(LHe *CACG3 SEED CRYSTAL CONCe=*sF1Telt4s*PPM AS CACC3I*s///)

-REAC(8+1011) NULM »I7
FORMAT (I SeF1lGat)
READ{(8¢123)(PH{(IVs1I= lvNUM)
FORMAT (10F5.3)

2C 11 I=1+16

READ(Ey12) DSREIDV»OHR(I)
FCRMAT(ZF10.3)

CCNTINUE

TIM(1)=D .8

DO 113 I=2+NUM
TIMUI)=TINII-1)+L7
CONTINUE

PHI=PHI(1)

WRITE(S5¢1P2)PHI
FCRMAT(1H+"EXPERIMENTAL INITIAL PH='"sFG%9/7//7)
DO 111 I=1¢NUM

X(IN=TIMLI)

Y(I)=PH(I)

CCNT INUE

NDIM=NUM

CALL SC13{XeYsZeNZIMP»IER)
LOIMZRDIN-1

cC 112 I=2+LC1IN
PHS(I)=2Z2AI)

CCNTINUE

DALK=NAHCO3+NMAGH
CACIC=NAHCO3I-NACH
TNAZNAHCOZ+NAOH

TMGZMGCLZ

TCL=Z o* (CACLZ+MGCLZ)
TCA=CACLZ

UZ2* (TCA+TMG)I+D. 5% ¢ TNA+TCL)
CONVERT CONCe IN MOLES/L TC PFM AS CACO3

W R RS EIE RS RS EE R R R R R R R RS R SRS E R R RS R R R SRR R LR RS B

1¢

c
C

DALK-DALK*S.*{10.**4,)

DACIO=DACIC*5ex(1liax2G,)

TNAZTNA®*S {10 ,#%%4,)

TME=TMG* (10, **5,)

TCL-TCL*5.#(10.%24,)

TCAZTCA*(10.**5,)

TICA=ZTCA

WRITE(5¢10) DALKe TNATY G.TCL TTCA

FORMAT(1Hs*TCT ALK='sF1l. Go3Xo ' TNAZ 'y Fld o 3Xe *THC=*»F1Ti 092Xy
1TCL="eFlGa e 3X s *TCAZsF10.4s *PPM AS CACO3*s///)
CALCULATE LGOG LISSe. CCNSTANTS USING THERMOLYNAMIC CATA
AMD HELGESONS EQUATION -°

(o R EE E RS PR RS R R R RS R R R R E R RS R R R R R R RS R AR SRR R RS R SRR R R X

13

R=1.987

TA=Z273,15+7

TR=2584.15

00 13 I=1l»16

YYZ(EXP(-12.741+0. ﬁ187thAl) L COC7844+(TA-TR)I /215,
XX=TR=1219./1.05322)*(1.~EXF(YY))
PKK{II=(OSR(II*XX 1/ (Z2.302*R*TA)J-DHR(I)/(2,303sR=TA}
PKII)=-PKK(I)



14
15
16
L7
13
LS
20

Wy - we T g TV W Y g WV W T
NP QW EENITWM s N
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1 P -
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14

15

44
c

PKAK(1)=-8,153-3.02195*TA-2382.,3/7A
PKK(2)1=5,388-(e02199*TA-273G.7/TA

PRLIL1)=-PHK (1)

PK(2)=-PKK{(2)

PHK(2)1=-10.3718

WRITE(Ss14) PKIL)YsPK{Z2) e PKIIIePKIU) o PK(S)IsPKIC) s PK(7)sPK(E]
FORMAT(1Hew *PKHZCO3 =" oFEalt o ZX e *FUHCCI=*oF Tl e2X o "PKSCUZ*'FELU0ZX
I'PKNASOU =" oF b o2 X' PAMGSOUC- s FEUr2Xe *PUNAHCO3I=*9FE ol 2X
2'PANACC3- " sF 642 ZX 9 PKNGHCC3Z 9% 56040/ )

WRITE(S5915) PKES)yPKILB) +PKELL)ePKCIZ) sPK(L12) oPK(1G4)»PKELE)WPK(E1E)
FORMAT(1Hs *FHANMGCOZ =97 04 92X v "FKCAHCO3="sFEelhozXe "FKMGCH-"oFELY22X
I1o*PHCAQH= sFOe422Xs *PKCACO3="*sFE 92Xy
2 PKW= ' sF T oo ZX 0" PKS=* vF B 80 ZXs 'CUMBOHZ=*9FlG U e///)
PK1=PK(1)

PK2zPK{(2}

PKI=ZPK(3)

PX4=PK1Y)

PKE=PK(5}

PKE-PKI{o)

FKT=PK(T)

PK8=FK{8%

PKS=PK(9)

FRIQ=FKO1E)

PK11=PK(11)

FK12=PK(12)

PK13=PK(13)

PKW=PK11%)

PKSZPK(15})

PKMG=PKI(18)

LX=0

LICNZ]

NNz=1

NUMMZNUM~-2

DO 10618 I-1.LDIM

LUlzUx*sg.9

CONVERT HACK TO MCLES/L

Ct#t####t##t“#tt‘##l‘#t##t#it‘ttt#t#i#‘#“‘#t##‘##.#“‘t'###‘#itl#l.‘

%3

C

IF (LION-2)42:+42¢43
KIZK1*HF$sANF/{ZS*ANH*10a**4,)
KZ=K2¥HF»CO3ZF/(ANF»10.%%5,1]
K3TKZIsLAF*SO4F/ (ANM*10.2%5,)

K =K4xSO4F/ (10525, )
KS=KE*CMF+SO04F /7 (ANMS1D ,*%5,)
KE:KG*ANF*Z./(ANM*ﬁa*IQo*‘4.)
KT=K7+#LO03F/ (10.%*%5,)
KE8-KB8*GMF/(1D.*%5,)

KoK SxGMF*CO3F/ (ANKE]1D,%2E,)
Kl@:KlQ*CAF‘tIﬁ.**S.I

K11-K11*CHF *GMF/(10e**5,)
K12=K12%0HF*CAF/( 10 **5.)
KL3-K1Z*CAF*CO03F/(10e**5,)
KWZKW*OHF*HF /(252104 %%3,)
KSZKS*LAF*LC3F/{10.5+10.)
KMGZKMG*GMF 2 (CHF 22, /12 45310, **14,)
CALCULATE ACTIVITY CCOEFFS. FCR INDIVICUAL SPECIES

CES XX BRI B XX LR AR XX R X BE B R XX R R XS B X R X RXEERX XA XX FARABEXR XSS BB BRESFABRRBEN R

42

AVMGF=-0.50S#4,5(U1/(1.40,232828,%U1))



171

L 72
173
T4
L75
.16
17
78

.88

c
c
c
c

c

ACAFz-0 505t o ¢ {UL/(1c406328%54*L1))
ASOF=-0.509%4,*(ULl/(1l.+C.32824,*Ul))
ANAF=-0.509*(U1/(1.+0.325%4,*L1))
AHF--0.509*(U1/(1.+40.32829,%U1))
ACOF=-0.50S%4,0{Ul/(1.,+0,228+E,2L1))
AOHF:-Q.SQS*(UI/(1.+Q.328*3.‘U1))
GMF=10.**ANGF

CAF=10.*sACAF

SO4Fz10.#*ASCF

ANF=10.**ANAF

CHF =10« **AHF

CO3F=10.,**ACOF
CHF=10.,*+A0KF
CALCULATE ACTIVITY COEFF. FOR NEUTRAL SPECIES (ANM)
SALTING OUT COEFF.=SK=0e7%
LG CANM I =SK»sU

IR R R R EL R R R R EREREE R R R R R 2R R RRRERER SRR R R RERR SRR RERER R R R RN E R

ANM=Q.75=*U
ANMZ10.*%ANM
ADJUST K VALUES TC INCORPORATE ACTIVITY COEFFS.

2 EE R RS R R R R R R R R R R R R R R R Y P YRS E R TR R R R R R

c

Kl=(1lUe s (-1.*PK1))®sANM/ (HF sANF )

K221 10e**{—1,*FPKZ) )S¢ANF/(HF*CC23F)

K3 (lUe*2(~1,*PK3})sANM/ (CAF*SO4F)

K4z (10e**(—1e*FK4) )/ USCUF)

K5z (10e**(-1.*PK5))sANM/(GMF*SOLF)
K6=(1le##(~1,*FKE) ) *ANM/(ANF*22,)
KT=(10.**(~1.*PK71)/{CO3F)
K8z(10.#+(-1.*FK8))/GNMF
KI={10e**{~-1.*PKI) )=« ANM/ (CMF*TC2F)

K10z Ul10.**(—~1.4PK1G) ) /CAF
Kll=(1Do*%(-1e*PK11) )}/ (OHF *GMF}
K12z(10.**%1{-1,4PK12) )} /(CHF sCAF)
K13-(1Ue.**(-1.¢PK13) )*sANM/(CAF*CO2F)

KW= (10 .**(-1.*PKW) )}/ (CHF *HF)

KS=(1B.*s (~1.*%PKS))}/(CAF*CO3F)
KMG=(10e**(~1.+PKMG) ) /(GNF*{CHF**Z,)3 :
ADJUST K VALUES TC EXPRESS CONC. CF SPECIES IN PFM AS CACO3

IR R RE R R RS R R R RS R R R R R R R R E R R E R EE IR R RS REERSR 2R REER SRR

308

KIZK1#2.5%(10e%%4,)
K2=K2+(1lU.**5,)
K3=K3*(1G6.*s5,)
K4zK4»(1Q,*25,)
K5=KS5*(10.*85,)
KezKE#3.x(10.%24,)
KT=K7»{10.*%5,)
K8zK8»({1d.s*E,)
KEzZKS* (10, *25,)
K1O0-K1D+(10.**5,)
AL1-K11»(10, *5,)
K12zK1Z*(1L ., *%*E,)
K13=K13*=(10,%%5,)
KWZKh*Z,5%(10,#2S,)
KSZKS*(10,*#*1fi, )}
KMG=KMCE*2.5#(10.%21y,)
IFIMN-1)3CGe3LG 423G
JF{LICN-4)2B19201+219



228 c CALCULATZ EXACT ICNIC STRENGTH

229 CEE XXX ARRARXRAREE KR KER R RE BB R R XX HS RS AR R AR ARXR AR A XX R RN EXBR RRRBRR AR R
234 281 HZle /(10 o*3PHI )/ HF
231 HZH*S5e% {10 **4, )
232 CHZKW/H
33 KK=1
134 HCC3=(LALK-OH+H)/{KZ2/H+1)
135 202 CO3=(HCO3%K2/M4)
136 H2CO0Z=(HCD3*k) /K1
‘37 CALL IONP
38 IF (TALK-DALK)ZzO4:205+283
39 2632 HCO3=HCC3*U.3
40 GC TC 202
41 204 FRACT=Us1+HCO3
42 296 HCO3-HCO3+FRACT
43 CO3-HCO3*KZ/H
44 H2LC3={HCOZ*H) /K1
45 CALL IONF
45 IF(TALK-CALK)ZdEe289+2C7
=ty 7 207 KKZKK+1
48 IF(4-KKI2N2e20¢92018
= 9 208 HCO3=HCOI-FRACT
58 FRACTY=d,1+FRACT
31 60 TO 2Cs6
32 293 LICNZLICON+1
53 ‘ GC TC 4u
-4 C CALCULATE INITIAL PH
;5 Ctt#*‘t“*#*“#t#**t#t‘ I EE R EZEEEREER RS RLIER IR R RS R R R REREERRRESRER SRR ]
15 210 L XzLX+1
A-DALK
CH=D.95#A
LM=0
H=KW/0OH
CO3=(A=CH+H)/1a+H/K2)
G6C TC z70
265 CO3=(A—-0OH*CCH+H)/Z(CO3C+H*HCOC/KZ)
276G HCO3=HsCC2/K2Z
HZ2CO3=H*HCO03/K1
KKK=1
CALL IONP
LMziM+1

IF(LM-3)2E5:2659825

225 IF{SACID-CACID)223+837+340

930 O0Hz0Q.1*0H
M=g
H=KW/ OH
CC3-(A-CH*CCH+h)/T1CO3L+H*HCCC/K2)
IFIC03)S230e930e23E

3215 GC TC z7d

=L 1] FRACT=OH

S4l - OHZCH+FRACLCT

- M=Q

S45 HZKW/CH
CO3=(A-CH*COH+H)I/Z/(CCIC+H*HCOC/K2)
IFICC3)1947 9947 948

847 CH=OH-FRACT
FRACT=0.2*FRACT

| !.v. ;s!ﬂu!-mn»s=w NtLunm>m-qawU1a W WD 0o~



285 A GC T0O 241
. 86 948 HCO3=H*CD3/K2
287 H2CC3z=K*rECCI/K1
/88 FCAZKS/C02
289 CALL ICNP
290 LMzLM+1
231 IFILM~3)S45e5455350
2’42 S5 IF(SACID~-DACID)IO95E+893(»341
2973 555 KKK=KKK+1
'3y IFIS5-KKK)}S9Ds 980 280
2395 980 CH=OH-FRACT
96 FRACT=Ue1*FRACT
'97 G0 TG <41
98 g9 IFILX-2)444951+991
39 921 HIzH/(5.%10.**4,)
ug CPHI=~-1,*AtL0G1UtHISHF)
a1 KRITE(39S78) CFHI
g2 370 |, FORMATU1He*CALCULATED INITIAL PH=*sFoels/7/7)
g3 C CALCULATE PH AND CCRRESPONDING SPECIES CCANCENTRATICM VALLES
U'-L Ctlt#tt*#tt**#ttttlttttt*t*tttttttt*#ttttttt*tt#*ttt##t#***#**it#tt**t
a5 ACID=SACID
1812 PHNZPHS(I)
a7 . TIMNZTIMN(I)
28 NN=2
-39 ALKC=l .0
m. £} ALKZ=DALK
-11 GC TO &@d
mZ2 430 KKK=1
13 PHN=PHS(I)
w4 TIMNSTIMCI)
m5 HZle/ (104 **PHN )} /HF
.E HoH*5.*10.»*4,
w7 OH=ZKW/H
.8 HCO3=(ACID-H+OH} t1l.+H/K1)
.3 499 LO3-(HLOI=K2)/H ‘
A3 H2CO3={H*HCO03)}/K1
i CALL ICNP
2 IF(SACIC-ACID)IS10:550,500
3 580 HCC3=0.9*HCOZ
4 60 TQ 499
5 510 FRACT=Ja.1*hCC3
& 520 HCO3=HCO3+FRACT
7 CC3I-HCCIsKZ/H
8 H2CO3-(HCO3I*H)/ K1
9 CALL ICNP ,
=) IF (SACIU-ACIC)I520:2558s53C

520 KKKZKAK+1
IF (5-KKKI5E50s 558 540
548 HCO3=HCC3~-FRACT
FRACT=Q. 1*FRACT
GC TC 524
550G LION=LION+1
IF(LICN-3)1560¢5560¢553
560 GG TO 44
53¢ ALK1=TALK
ALKDZALKZ~ALK1
ALK2=ALKL

!uwx!ﬂlnm-!'umw



54 2 TCA=TCA-ALKD
43 TCAS(I)=TCA

34 4 CCA=TTCA-TCA

45 SSEEC(I)=SEED+DCA

1 FUNC=CAFsCO3F*(FCA*CO3-KS)

47 SFUNC(I)=FUNC

48 FUNCAZSSEEU(I)*FUKC

49 TFUNC(I)ZFUNCA

54 630 WRITE(Z+518) TIMNsPHNSFCA9CO2+sTCA+CCAsCC3IFsCAF JALKE
51 61u FORMAT(9E10.4 )

52 NNz=2

53 LION=Z2

54 1813 CONTINLUE

55 DO 586 I=2sNUMM

56 13C RATEZ(TCAS(I-2)-8*TCAS(I-1)+E8+TCAS(I+1)-TCASII+2))/(12+D]7)
57 WRITE(Ss743)PHS(I)sRATE s SFUNC(I }»SSEED(I) e TFUNCI(T)
58 743 FORMAT(4F18.4+E10.4)

59 586 CONTINUE

-G8 298  CCONTINLE

51 - IF(LZ=-10)8060s8GC820

62 30C L2=tZ2+1

33 GO TO 515

=G 4 824 CCNTINLE

55 STOP

56 ENC



“%PRECIP.ION
SUBRGUTINE IGNP

)
2 REAL K1eK2sK3oKG oKSo KB o KT 1 KB KSoK1TvK11leK122K1IeKh ¢KS
3 DOUBLE PRECISION TALKoTSOQ:F CusHCO3+FRALT+SACID»QHy
] 1HsCOHeCO3L+HCCC«CC
5 COUMMON TSCQDFSO%:TALKvHC03oFHG:GHoHoTMGtTCA.TNA.CO3'K1|K29K30KQ7
) 1KSsKE o KT e KBe K oKL 9 K110 K129K13oKWoUNGeKSoFCA«FNA9TCLoU»SACIC
7 2H2CO03+COHoCO3CrHCCC
8 LNZ1
g FSou4z=TSOn
1d 286 FMEZTMG/(1 e +HCC3/KB+CL2/KA24+FSCY/KS+0H/KLL)
11 FNAZTNAZ (1 +FS04/ K4+ HCO3/Ke+CO3/KT)
12 FCAZTCA/11.+HCCI/K1IQ+FSCUY/KI+CH/KLZ¢LC3/7K13)
13 YZTSO4~FSOUs(Le+FNA/KU+FCA/KI+FME/KS)
14 IF(Y)I30108049Q
15 30 FSCU4=U,9%FSCHY
15 60 YC 23
17 4B FRACT=ie L*FSCY
13 60 FSCUZFSO4+FRACT
1s ' FMEZTMG/ (14 +HCO3/ KB8+CC3/KI+FSCL/KE5+0H/ K1)
24 ' FNAZTINA/(L¢FSCA/KY+HCCI/KE+CCI/KT)
21 FCAZTCA/ (1 +HLO3/7 KIB+FSOCU/KI+0H/K12+4CC3/7K13)
22 YoTSCY~FSOYa{L +FNA/KYSFCA/KI+FVYE/KS)
23 IF(Y)T7Q+100,60
24 76 IF(S-LLN)1QZ 100 ¢8G
25 gl LN=Lh+l
25 . FSO4=FSO4-FRACT
27 FRACT=U.1*FRACT
28 GO TC €8
9 163 CONTINUE
3 TALK=CC3*(1,+2. 'FHA/K7+FPC/K”)*HCO7*(1.+FNAIK5*FC§/K1?+EMG/KG’*
EAY 1CH#(1.+F CA/KL2+FMG/K11)~H+CO2Z*FCA/K13
3L SACID= HZ»OS*HCG3‘(1.*FNA/KS#F”A/K1§*FFG/KE)*H‘CH*(lo*FCA/KIL*FVG/
23 1K11)
Iy , CO3CZ1let2.*FNA/KT+FMG/KS+FCA/K1T
W5 HCOCZ1. +FMNA/KG+FCA/KL1E+FMG/KE
=5 - COH=1.+FCA/K12+FM5/K11
7 FNASOS(FNA*FSO4 )/ (K425, #10e 2ty )
'8 FMGHCZ(FMG*HCO3 )/ {KB8*Sex1Uexsy,)

FCAHC=(F CA*HCC3 1/ (K1U*5*1C.**4,)
FNACC=L{FNA*CO3)/(KTs5,210.*%4,)
FHCO3ZHCO3/(5.%10. %24,
FCO03=CC3/7(10.%2145,)
FFSO4-FSOL/(1Dex%5,)
FFCLZTCL/Z(S.210,%%4,)

FFNAZFNA/ (5. %10, **4,)
FFMGZFNME/(10.%%5,)
FFCAZFCA/(10e*25,)

uz 2-t(FF<0Q+FFCA*FFNu+FC07)+ﬁ. s {(FFNA+FFCL+FNASQO+FNMCHC+FCAHC
1+4FNACO+FHCC3)

RETURN

ENT

1
Hﬂl$(r“JmL”¢lAhJHﬂjw



1 DO & I=3+HDIM
Ze3333332#(X{I-Z)eX(I-1)+X (1))
YNZe3333333¢(Y(I-2)+Y(I-1)+Y(1))
T1=X(I-2)=-X™
T2=X(I-1)=-XM
T3=X(L}=-XNK
XM=T1*T1+T2+T72+T3=T3
IFIXMIZe3e2 .
2 XMZATL1s(Y(I=2)=-YM)+T2s(Y(I-1)-YMI+T3+(Y(I)-YM)})/XNM

*PRECIP«SG13
1 c SUBROUTINE SG13
2 c
3 c PURPOSE
4 c VEOTCRS CF ARGUMENT VALLES AND CORRESFONCING FUNCTICN
5 c VALUES,
6 o
7 c USAGE
8 c CALL SG13itXeYeZseNDINMeIER)
a c » .
14 c DESCRIPTIGN OF FARAMETERS
11 c X -~ GIVEN VECTOR OF ARGUMENT VALUES (DIMENSICN NDIM)
12 c Y - SIVEN VECTOR CF FUNCTICON VALLES CORRESPCMLINCG TC X
1K c {DIMENSION NDINM)
S [ s - RZSULTING VECTCR OF SMOOTHEL FUNCTICM VALUES
L5 [ (DIMENSION NDIY)
Il 6 C NOIM - ODIMENSICN OF VECTORS XeYeAND 2
LT c IER - RESULTING ERROR PARAMETER
1] o IER = -1 = NLINM IS LESS THAN 3
.9 c IER = U =~ NO EPRCR
2d C
1 < REMARKS .
22 C {1) IF IER=-1 THERE HAS BEEN NG CCVMFLTATICN.
5 c (2] 2 CAN HAVE THE SAME STORAGE ALLCCATION AS X OR Y. IF
Y C X CR Y IS DISTINCT FRCFM 29 THEN IT IS NCT CESTRCYEL.
5 c : ’
B C SUBROUTINES AND SUBPROCGRAMS REQUIRED
7 c NCONE :
8 c ‘
9 c METHOD ‘
1 C EXCEPT AT THE ENDPCINTS X{1) AND X(NCIM)es EACEH SMCOTKED
1 c VALUE Z(I) IS OBTAINED EY EVALUATING AT X(I) THE LEAST-
2 kol SGUARES FCLYNOMIAL CF DEGREE 1 RELEVANT TO ThE 3 SUCCESSIVC
3 c POINTS (X(I+K)sYL{I+K)) K = ~19Cele(SEE HILDEBRAND ¢ FeBar
4 c INTRCCUCTICM TC NUMERICAL ANAL_YSISe ML GRAW—HILLs NEW YCRK/
u5 ¢ TORONTO/ZLONGONe 195Ee PFP,Z258-311.) ;
=5 c '
7 c G G0 S GO0 OCOOOODSO OO OLPOBOEOO C0OOO OO OGIOOOOOPOEOPEOESTOPOOROEOCOOERPBIOREINBNLAITCEROLS OSOES
3 c ' '
-3 , SUBRCUTINE SG13(XeYsZsNUIMPeIER)
] [
m c
4 CIMENSION X{(1)eY(1l)e2(1)
) c
-} c TEST OF ODIMENSICN
- IF(NCIM~3)T91}
3 c
' < START LCOP
B
-
]
-
-
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5 7 C
> 8 c
59
0@
ol
2
>3 C
> 1 <
>5 c
b
0 7

8

19

4 c
1 c
2

3

4

T FRINTS

o £ W

CHECK FIRST POINT
IF(I-3)494+5
HXMsTLl+YNM
Z{I-2)=H
HZXM$TZ+YM

END OF LOCP

UPGATE LAST TWO COMPONENTS
ZI(NDIM~-1)zH
ZINDIM)=XMaTise YN
IER=Y

RETURN

ERRCR EXIT IN CAST NOIM IS LESS THAN 3
IER=~1 :

RETURN

eND
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