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ABSTRACT

An analysis of reported and theoretical methods of precipitating
calcium carbonate from aqueous solution is presented, with emphasis on
methods that generate the anion in the presence of Ca(++) jon.

A new CaCO3 precipitation method referred to as precipitation
from quasi-homogeneous solution and suitable for digital processor con-
trol is developed. This technique is then used to investigate the ef-
fects of ionic strength and Mg(++) fon on calcium carbonate nucleation.

A minicomputer based interactive information system, capable of
automatic data logging and processing of experimental results in studies
using processor controlled precipitation of CaCO3 from quasi-homogeneous

solution, is implemented and tested.
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PART 1
INTRODUCTION

The factors controlling the crystallization of calcium carbonate

are of considerable importance in industrial, geochemical and metabolic

processes. For instance:

1.

In heat exchange technology (6) the formation of calcium carbonate
scale on heat transfer surfaces can occasion a change in flow
pattern and/or heat exchange efficiency. This applies directly

to desalination and water cooled systems.

Though surface sea waters are supersaturated with calcium carbonate
(42,50), the only marine calcium carbonate precipitated is that
which originates from shell forming organisms. Calcium carbonate
is 100 times more soluble in sea water than in pure water.

The conditions leading to the formation of dolomite (CaMg(CO3)2)
are unknown (43). The transformation of aragonite to calcite
(both are CaCO3 polymorphs) may play a role in the dolomitization
process. Dolomitization generates a carbonate rock with. improved
capillary properties; this rock is commonly an oil reservoir or
host for ore mineral deposits.

Agronomically, CaCO3 precipitation, while reducin§ the total salt
load of the water, can increase the sodium hazard of the water

when used for irrigation purposes (15).



5. The conditions controlling the deposition and solution of the
mineraj matter of tooth and bone (17,26) involve supersaturation
as well as the adsorption of various ions upon an underlying
crystal lattice.

A simple interpretation of calcification in terms of solubility is not
sufficient; What is the effect of divalent metal ions other than catt

upon calcification?

I.A. Previous Work

Efforts to study the effect of foreign ions on calcification
have centered around two approaches:
(i) Interactions with the formation or growth of the solid phase.

(i1) Interactions with calcium carbonate in the solution phase.

I.A.1. Solid Phase Studies

Calcium carbonate was the first substance discovered to exhibit
the phenomena of existing in different crystal for‘ms.Jr Subsequent studies
established the existence of three distinct crystal structures which bear
the mineralogical names calcite, aragonite and vaterite. The occurrence

of the latter is very rare in nature but calcite and aragonite are found

+ In 1788 Klaproth (see Mellor, 1923, p. 814) suggested that calcite and

a new mineral from Spain had identical chemical compositions. This was in
conflict with the law of constancy of interfacial angles derived from the
work of Steno in 1669 and that of de L'isle in 1772 (see Phillips, 1956)
which stated that "in all crystals of the same substance the angles between

corresponding faces have a constant value”.



both as pure phases and in intimate mixtures with each other in sedimentary
rocks, cave deposits and marine shells.

The awareness of polymorphism brought about many early studies
in which the goal was to develop recipes for growing each of the polymorphs
in its pure phase. The task was arduous because in the presence of the
mother solution a quick distribution of the crystal habits would occur.

It has only been recently that pure large vaterite crystals were finally
formed (54).

The voluminous writings on calcite and aragonite date back to
the end of the 18th century. Dedik (1966) provides an extensive biblio-
graphy in his book dealing with studies on CaCO3 during the period 1819
to 1956. Goto (1961), Ingerson (1962) and Curl (1962) review much of
the literature in their studies concerning the calcite-aragonite problem.

A brief sketch of the more significant work follows.

Rose (1837) first recognized that precipitating CaCO3 at tempera-
tures above 30°C favored the formation of aragonite. Credner (1870) ob-
served that solutions containing strontium, barium and plumbous ion also
had a similar tendency. Leitmeier (1910) first recognized the influence
of magnesium ion in favoring the formation of aragonite. Weyl (1961)
concluded that Mg++ inhibits calcium carbonate formation by interactions
at the solid-1iquid interface. Kitano (1962) found that solutions of
the alkali halides and nitrates, bicarbonate ion and calcium ion favored
calcite formation. Pytkowitz (1965) reported that aragonite nucleation
rates were decreased by the presence of magnesium ion. Akin and Lagerwerff

(1965) reported an enhancement of the solubility of CaCO3 precipitating



from supersaturated solutions in the presence of Mg++. Bischoff (1966)
found that Mg++ inhibited the diagenetic aragonite to calcite transforma-
tion by reacting with calcite nuclei. Packter (1968) determined CaCO3
nucleation and growth rates as a function of supersaturation. Silk (1970)
elucidated the factors which control phase formation and growth in the
calcium carbonate system. Nancollas and Reddy (1971) studied the crystal-

lization kinetics of calcium carbonate.

I.A.2. Solution Phase Studies

The formation of ion pairs by foreign ions with C03=, HCO3- and
OH™ ions would increase the amount of CaCO3 which could dissolve and
lessen the amount which would precipitate when compared to a system
without such ion pairs. Nakayama (1968), using specific ion electrodes,
found that in saturated CaCO3 solutions under atmospheric conditions,
20% of the Ca\++ ion in solution exists as ion-pair, with CaC03o being
the predominant species. Greenwald (1941), Garrels and Christ (1965) ,
Davies (]962) and others have also shown that Mg++ jon can react to
form ion bairs having the same effect on carbonate equilibria as the
Ca++ jon pairs. In contrast, however, Hasegawa et al. (1970) using a

liquid-1iquid distribution method reported that the concentration of

carbonate complexes in CaCO3 solutions is negligibly small.

I.A.3. Analysis of Precipitation Methods

The manner in which CaCO3 is formed places limitations on the
scope of the possible nucleation experiments. The limiting factors as-
sociated with a precipitation method are solution temperature, whether

or not the presence of solid CaCO3 is needed to induce precipitation,



and the ability to control the level of supersaturation with respect to
calcium carbonate. A survey of the methods used in the representative
works mentioned in section I.A.1 shows that four main precipitation
techniques are encountered:
1. Precipitation brought about by direct mixing of two solu-
tions separately containing the cation or anion.
2. Precipitation as a result of seeding stable supersaturated
CaCO3 solutions.
3. Transformation of aragonite to calcite.
4. Precipitation from homogeneous so]ution.+
The direct mixing technique was used by Packter in his studies.
Pytkowicz used a variation of this approach by adding Na2C03 solutions
to natural and artificial sea waters and determining the time lapsed be-
fore the onset of precipitation. This approach is subject to local in-
homogeneities and provides little real time control during an experiment.
The final concentrations in the working solution are fixed by the stock
parent solutions. Reconciling experimental results with classical nuclea-
tion theory is not possible, for the latter assumes that supersaturation
is built up homogeneously and slowly so that clusters of ions are always
in a steady state (35).
Nancollas and Reddy prepared stable supersaturated solutions of

CaCO3 and then followed the crystallization kinetics -- after the addition

of calcite seed crystals -- by monitoring calcium and hydrogen ion con-

+ PFHS is a technique whereby the precipitant is generated in situ

and uniformly throughout the precipitation solution.



centrations. This technique relies on the introduction of the solid
phase.

In his experiments, Bischoff (3) studied the kinetics of calcite
crystallization from dilute MgC]Z solutions equilibrated with aragonite
and atmospheric CO2 at 108°C. (At room temperature the transformation
would require from months to years to reach completion.) From graphs
of per cent calcite versus time and Mg++ concentration Bischoff was lead
to conclude that Mg++ jon inhibits the rate of calcite nucleation and in
so doing is incorporated into the calcite nuclei. Can the same inhibition
be expected to take place without the presence of solid aragonite?

The use of PFHS in calcium carbonate studies has been limited
due to the lack of control over the precipitation process. In a study
of coprecipitation of cations with CaCO3, A. Tsusue and H. D. Holland
(1965) precipitated calcite from aqueous solution by the hydrolysis
of a calcium-organic-acid salt (trifluoroacetic, trichloroacetic or
propionic acid). This method introduces foreign ions into the solution
and is témperature bound as the hydrolysis occurs appreciably only at
50°C or higher.

0f keen interest is Kitano's use of PFHS in his minearological
studies. Kitano pulverized calcium carbonate and suspended it in dis-
tilled HZO while CO2 gas was bubbled through the suspensipn for one
day's time after which he filtered the solution and once more bubbled

C0, through it for one hour. Subsequently, CaCO, formed from this cal-

2 3
cium bicarbonate solution as CO2 gas escaped -- a reaction which is

typical in the formation of CaCO3 by inorganic processes in the hydro-



sphere such as in thermal springs. Any attempt to control the state
of CaCO3 saturation would be complex indeed since this method depends
on a process of non-equilibrium.

None of the described methods offers the capability of bringing
about precipitation in the absence of a solid CaCO3 phase and at the
same time giving the experimentalist control over the solution tempera-
ture and its level of supersaturation. If control over these three
variables could be made not to be mutually exclusive some interesting
experiments would become feasible. One such experiment motivated the
development of this desired method and is described in Part II. The
expériment incorporates the use of specific ion electrodes to monitor
Ca++ jon activity prior to the onset of precipitation.

The proper choice of precipitation method would then allow both

solid phase and solution phase aspects of CaCO —Mg++ ion interactions

3
to be integrated into one experiment. Solid phase aspects deal with the
dehydration of reactants on the surface of the growing crystal; solution
phase aspects deal with the formation of Ca++ and Mg++ ion carbonate

complexes.

I.B. Statement of the Problem

O0f considerable significance to precipitation studies of the
calcification process is the mechanism used to bring about'CaCO3 precipi-
tation. The development of a method which generates carbonate ions in
situ at a controllable rate and temperature would greatly enhance such

studies. The goal of this project was to develop such a method.



I.C. Nucleation

Precipitation involves two distinct processes: nucleation and
crystal growth. Nucleation is that process which results in the forma-
tion of the first particles of precipitate capable of continued growth.
These centers of crystallization may occur spontaneously (homogeneous nuc-
leation) or form upon minute foreign contaminants (heterogeneous nucleation).
Subsequent deposition of ions from the supersaturated solution onto these
nuclei gives rise to obsefvab]e crystals. The number and size of these will
be largely determined by the initial nucleation step.

As is evidenced by a solution's ability to exist in a state of
supersaturation without crystal formation taking place, a barrier to the
nucleation process must exist. Classical nucleation theory associates
with this barrier the work required to form the interface between the two
new phases.

In the development of classical nucleation theory it is assumed
that supersaturation is built up homogeneously and extremely slowly until
a critical supersaturation is reached; that is, steady-state concentra-
tions of clusters of various sizes are always present in the solution (35).
These clusters are generally considered to arise as a result of ions or
molecules associating in a series of step-wise equilibria. For singly-

charged species this may be pictured as follows:

A" + B = AB

AB + ATz (AB)"

A.B:

(i
ij-

'j+]) + B"__> A 8(1-‘])
1 — i7J



In a state of supersaturation the solution's tendency to deplete itself
of soluble ions will cause a certain size embryo, AiBj’ to change from
the Tiquid-Tlike state to the solid-1ike state.

The transformation of ions in a supersaturated solution to a
critical nucleus capable of continued solid growth requires the prior
formation of extremely small clusters of ions whose free energy is greater
than that of the saturated solution. For the simple case of spherical
clusters, the free energy change accompanying the formation of an embryo
can be modeled in terms of the surface area and number of molecules in
the embryo using equation 1 (40).

3
- 2 4qr
AG = 4nrTg + 3V

. AGB (1)

where ¢ is the interfacial free-energy per unit area between the forming
phase and the "mother" phase, V is the volume of a single molecule of the
forming phase, r is the radius of the embryo, and AGB is the difference

in free energy between one molecule in the macro-crystalline state and one
molecule in the supersaturated phase.

Because AG is a function of two terms of opposite sign (AGB < 0)
and each depends differently on r, the free energy difference accompanying
the formation of an embryo will reach a maximum value at some critical
value of r (see Fig. la).

The critical value of r, r(c), can be evaluated by setting

— =0 (2)

The resulting equation for r{c), as denoted by equation (3), shows that

the size of the critical nucleus is inversely proportional to the dif-
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ference AGB. That is, as the level of supersaturation in a solution is
increased the number of unit species required to form a critical nucleus

decreases.

r(c) = %g—‘é (3)

Therefore, raising the supersaturation of a solution increases the prob-
ability of a nucleation event taking place.

The concept of critical nucleus formation is analogous to that
of the formation of an activated state in a chemical reaction. In a free
energy diagram relating the transformation of ions in a solution to a
macrocrystal the critical nucleus will occupy the highest energy position
(see Fig. 1b). Although the chances for dissolution of small embryos
leading to the formation of the critical nucleus will be greater than
their chances for growth, statistical fluctuations will allow some to
reach the critical size. Beyond this point, the critical nucleus can

grow to an observable crystal.

I.C.1 Ckﬁtica] Nucleus Size Determination

In the stepwise formation of embryos described in Section I.C.
AiBj is the critical nucleus; that is, it is equally likely to gain another
jon as it is to lose one. A1l reactions leading to the critical nucleus
are considered steady state processes. If all nuclei (or_a constant
fraction of them) grow to observable size then,
dn/dt = k(ah)i(s7)d (4)
where N is the number of nuclei formed, t is the time, and k is a constant.

When 1 = j,



1

dN/dt = k(1P)" (5)

where IP is the ion product of (A+)(B') and n is (i+j/2). Then,

N = kf(IP)"dt (6)

If the nucleation process is homogeneous, n represents the number of AB
units in the homogeneous nucleus. The value of n may be obtained as the

slope of a plot of log dN/dt against log IP.

(e.g. log dN/dt = n log IP + log k) (7)

The rate of heterogeneous nucleation may be written (32),

dN/dt = k(N°-N) (1P)" (8)
where N° is the number of foreign particles originally present, so that
(N°~N) is the number of foreign particles available to act as nuclei.

In this case, if precipitant is generated at a constant rate, at any
time “t", then before an appreciable amount of precipitation takes place,
(N°-N ¥ N°) the jon product is directly proportional to time. The

above equation becomes:

dN/dt = k't" (9)
integrating,
fdN = fk'thdt; N o= k'™ (10)
taking logs,
log N = (nt1) log t + log k' (11)

So that a plot of Tog N against log t will yield a slope having the value
n+t.

The above expression has been used to correlate data from experi-
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ments using PFHS. No attempt is made fn classical theory, to incorporate
the induction periodf as a parameter in equation (8). It is important to
note that both the induction period and the nuclei number are determined
by the rates of both growth and nucleation during this period.

In direct-mixing type experiments (38), the Christiansen-Nielsen
theory (8) has been used to calculate the number of units in the critical

size nucleus by means of the relation

K = ColP-1); (12)

where K is a constant, p is the number of ions in the critical nucleus,

Co is the concentration of the supersaturated solution and t is the in-
duction period. Christiansen-Nielsen theory assumes that the supersaturated
solution initially does not contain clusters of any size, but that a steady
state distribution of these in various sizes rapidly occurs.

Classical theory predicts a nucleus size which is dependent on
supersaturation and that the rate of nucleation depends very drastically
upon supersaturation. In contrast, the Christiansen-Nielsen theory pre-
dicts a constant nucleus size and a nucleation rate which is much less
dependent upon supersaturation, implying a small nucleus.

~ Thus there are two ways of arriving at the critical size nucleus.
It has not been possible to support either one of these two views (35)

because the theories have been derived to fit essentially - different experi-

+ The induction period can be interpreted as the time required to build up
clusters of size Xn, corresponding to the critical nuclei or in direct mixing-
type experiments as the time lapsed between mixing of the reactants and the

onset of precipitation.
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mental cases.

The method developed in this project to generate precipitant
should allow one to stop generation at will. The experiments designed
in Module 2. of Part II would make feasible a comparison of the critical
size nucleus using both approaches on one experimental technique closely
resembling PFHS. Perhaps integration of induction time into the classi-

cal expression would be possible.



Fig. 1.(a) Variation of AG as a function of r

Fig. 1.(b) Free energy relationships in nucleation and growth

of crystals
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I.D. Precipitation Factors

A simple study of the effects of Mg++ ion on CaCO3 crystallization
would entail measuring the induction period and critical supersaturatiohf
associated with CaCO3 precipitation as a function of Mg++ jon concentration
in the mother solution. Any such experiment would have to consider the
effects of the following factors upon the precipitation process.

1. the number of heterogeneous sites
the pH of the solution.
the ionic strength, u, of the solution

the presence of other ions able to complex with CO3

E= T S N A

or affecting the pH

I.D.1. Nucleation Sites

Changes in the number of heterogeneous nuclei in the Mg++-CaC03
system can alter the critical supersaturation independently of the Mg(++)
jon present. Impurities can be introduced by the water used, the reagents
used and contamination from the air. Other sites of crystallization such
as electrode and thermometer surfaces and the container walls themselves
may change from one experiment to the other. These factors must be
taken into account and standardized when comparing results from different

runs. In certain studies (58) this problem has been handled by assuring

)]/2

+ critical supersaturation =(KI.P./KS.P. where K, 5 1is the jon
product (e.g., total concentrations, free and complexed) at the onset
of precipitation and KS p is the solubility product in terms of

activities.
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homogeneous nucleation through use of the droplet technique (59).

I.D.2. Thermodynamic Equilibria

It is easily concluded that the solubility of CaCO3(s) will
increase as a result of lowering the pH of the solution in contact with

it. The effect of this from equilibrium considerations is to Tower the

C03_ concentration present in solution due to the formation of HCO3

and H2C03. This results in a shift to the right in the last of the fol-

lowing equilibrium equations controlling the solution and precipitation
properties of CaCO3 (5):

ACOZ(aq)

- . i} B} -2
COZ(gas)v—-COZ(aq), K] PCOZ gas 3.4 x 10 (13)

AH,C0, 3
——t . =
C0,(aq) + H0 2H 0045 K, = G0, (2 2.6 x 10 (14)

. AH - AHCO 5~ i
H2CO3?‘—A HC03' +H Kd]»= _AI_'I_(Y);—-—- 1.7 x 10
2

4

+
- + _ AH ’ACO ]-I

“HCO." 2¢0." + MY Kd, = ———2—-=5.6 x 10”

AHCO3

_ Aca™t.Aco

P o =, - 3 - -8
CaCOBr Ca + C03 5  Ksp = mACaCO3(s) 1.6 x 10 (17)

(16)

The equilibria involving CO2 gas and carbonic acid are of parti-
cular interest. Only a small fraction of the carbon dioxide dissolved
in water exists as the diprotic acid H2C03. As a result the first ioni-

7

zation constant of carbonic acid is usually given as 4.4 x 10"’ and cor-

responds to the overall reaction arising from the equilibria (14) and (15).



AHT <AHCO "
T KdL =
33 1 ACO,

I
—
—
(*]
~—

Hy0 + €0, H™ + HCO

A calculation of the percentage distribution of CO. , HCO3-,
H2CO3 and COz(aq) as a function of pH shows equation (18) to be valid.
Carbonic acid can dissociate via reactions (14), (15) or (16). Assuming
that all 002 formed remains in solution the mass balance equation on

carbonate is:

+ CO3 = C (19)

co 3

2(aq) + H2C03 + HCO

where C is the analytical concentration of carbonic acid (total carbonate).
Equation (19) can be rewritten as (using concentrations in place of

activities)

[4'1-[HCO, "] [W'I-[HCO, ™) - Kd,[HCO,T]
ka, 'K, 'K +[HOO; 3+ — Sy = C (20)
or
+ + Kd
- - H 2
AAtota] carbonate = [HCO3 ]{kd]'Kz + Kd] + 1+ 0l (21)
Therefore at a constant pH
total carbonate = [HC03_]-M, where M is a constant, (21a)
and the -
- [HCO3 ] 1
fraction of carbonate as HCO, = v/ —5— = (22)

3 [HCO3']-M T M

[H')lHeo, ™) [H7)
Kdy [HCO, ™ IM " KdyeM

fraction as H2CO3 = (23)

1

- kd,+[HCO47] Kd,

fraction as €0, = —% — = — (24)
[H ][HCO3 M [H 1M
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[W'lHeo, "] ']

Kd]-Kz[HCO3 M Kd]-K2~M

fraction as C02(aq) = (25)

From Table I it becomes apparent that [H2C03] is always less than 0.3%
of the [002] present in a solution and is therefore negligible in any
mass balance. Figure 2 shows the percentage distribution of carbonate
species in a solution as a function of pH.

It is well to note that in calculations involving the solubility
of CaCO3 one must be aware that the mass balance equation holds true
only so long as all CO2 formed remains in solution. In an open vessel
the partial pressure of C02 above the solution (PCOZ) determines the

amount of equilibrium CO2 in solution. This is quantified by Henry's Tlaw:

[C0,] = 3.43 x 10‘2-Pc02 (26)
where PCO2 is in atmospheres and [002] is in moles/litre. Solubility
equilibrium will be reached only when the COZ pressure above the solu-
tion equals about 10'3 atm. Any subsequent loss of CO2 from the solu-
tion would increase the apparent solubility of the carbonate.

The corrected mass balance would be
C = [C0,7]+ [HCO,™] + 3.43 x 1072 PCO,, + G | (27)

where G is the no. of moles of CO2 that escape from one 1itre of solution

under the conditions of the reaction.



TABLE I

Fractional distribution of carbonate species vs. pH

=)
I

¢

0

H,CO

HCO,~

co

2 23 3 3
1.0 0.997 2.58 E-03 4.39 E-06 2.46 E-15
1.5 0.997 2.53 E-03 1.39 E-05 2.46 E-14
2.0 0.997 2.58 E-03 4.39 E-05 2.46 E-13
2.5 0.997 2.58 E-03 1.39 E-04 2.46 E-12
3.0 0.996 2.58 E-03 4.39 E-04 2.46 E-11
3.5 0.996 2.58 E-03 1.39 E-03 2.45 E-10
4.0 0.993 2.57 E-03 4.37 E-03 2.45 E-09
4.5 0.984 2.55 E-03 1.37 E-02 2.42 £-08
5.0 0.955 2.47 E-03 4.20 E-02 2.35 E-07
3.5 0.876 2.27 E-03 0.122 2.16 E-06
6.0 0.693 1.79 E-03 0.305 1.71 E-05
6.5 0.418 1.08 E-03 0.581 1.03 E-04
7.0 0.185 4.78 E-04 0.814 4.56 E-04
7.5 6.69 E-Q2 1.73 E-04 0.931 1.65 E-03
8.0 2.21 E-02 5.72 E-05 0.972 5.45 E-03
8.5 2.01 E-03 1.81 E-05 0.976 1.73 E-02
9.0 2.15 E-03 5.56 E-06 0.945 5.29 E-02
9.5 6.10 E-04 1.58 E-06 0.849 0.150
10.0 1.46 E-04 3.77 E-07 0.641 0.359
10.5 2.59 E-05 6.71 E-08 0.361 0.639
11.0 3.44 E-06 8.91 E-09 0.152 0.848
11.5 3.84 E-07 9.94 E-10 5.35 E-02 0.947
12.0 3.99 E-08 1.03 E-T10 1.75 E-02 0.982
12.5 4.04 E-09 1.04 E-11 5.62 E-03 0.994
13.0 4.05 E-10 1.05 E-12 1.78 E~03 0.998
13.5 4.06 E-11 1.05 E-13 5.64 E-04 0.999
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Fig. 2. Percentage distribution of carbonate species as a function of pH
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I.D.2.a Ionic Strength

The K¢p equation describing the equilibrium of reaction (17)
takes into account the fact that the solubility of CaCO3 will change
upon the addition of a salt without a common ion to the solution in
contact with the CaCO3. The activity concept is used to describe effective

concentrations in the following manner:

Ai = fi[ci] (28)
where fi is the activity coefficient of the ionic species "i". Debye
and Huckel (13) derived a quantitative relationship between activity
coefficient and ionic concentration for the simple model in which the
ions are treated as point charges, and the solvent as a continuous medium
of uniform dielectric constant.
The equation they derived for the activity coefficient of a

single ionic species is

log f, = -Azf/i (29)
where the
6 1/2
constant A = (—23535———j§) -(2.303)'1
1000 (D«T) .
and

Zi = charge on the ions i

u = ionic strength = 1/2 XCTZ$
.i

n = Avogadro's number
e = charge on the electron
D = dielectric constant of the medium
k = Boltzmann constant

T = absolute temperature
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A equals 0.5091 in water at 25°C.

The concept of the activity of a single kind of jon, as distinct
from a salt, has no strict thermodynamic significance. It is impossible
to transport a weighable quantity of positive ions without an accompanying
equivalent quantity of negative ions, or at best, transporting another
kind of positive ion in the oppesite direction.

Thus, fca++ ions cannot be measured nor can fC03= but the product
of these, fCa++-fCO =, can be measured. It is customary to define a mean

3
activity coefficient:+

f+ for CaCO

_ _\1/2
3~ (Fea** feo ) (30)

Equation (29) then, the limiting Debye-Huckel equation, should be read as

log f+ = -A(Z+)(Z-)Vu (31)
A more accurate equation takes into account the radii of the
ions and the lowering of the dielectric constant of the solvent by the

electric force between the jons.

(@) (Z)MT 4 g

log f+ =
I 1+ B/

(32)

B depends on the ionic radii and is 0.3288 E at 25°C in water, R being
the mean distance of ¢losest approach of the 2 jons in Angstrom units.
Since K is usually about 3 it is convenient to set B = 1 for approximate
calculations. Q is a small constant which depends on thé nature of the

salt. Equation (32) with B = 1 and Q = 0 works well up to n 2 0.1

Y X

t In general for a salt A,B, which jonizes to xA*! and vB8~

_ X, Y\ 1/X+Y
ft = (fA fB )
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particularly if allowance is made for the slight degree of ionic associa-
tion that usually exists.

The activity of a dissolved substance depends both on the concen-
tration of its own ions as well as the concentration of all other ions in
solution. It will be noted that the activity coefficients are smaller
the greater the charges on the ions concerned. Thus an increase in ionic

strength lowers the activity coefficient and raises the effective concen-
3
In order to make a comparison of the induction times associated with

tration of Ca++ and CO, which can be in equilibrium with the solid phase.

CaC0., precipitation as a function of Mg++ concentration, the ionic strength

3
of the solutions would have to be equivalent.

I1.0.3. Complexation Reactions

The activities of Ca++ and CO3= ions can be lowered by ion pair

associations as well as by electrostatic attractions in solution. Ibnic
strength effects were seen to affect the mean activity coefficient for

CaC0,. Undissociated CaCO, molecules and the formation of complexes

3 3

involving Ca++ or CO3= ions lower the concentration of these species in

solution and therefore their activities. As indicated in Section I.A.2.,

Greenwald (21) showed that both Ca' " and Mg™ interact with HCO3- and

C03= to form soluble complexes.

The important equilibria are listed below

++ =
_ meatieo i
Cac0,° = ca™ + 00,73 ——— = 1x 10 3 (33)
MCaCO3°
++, =
_ g Meo i
MgCo,° = mg*t + €0, —= 73 <4.3x1073 (34)
MMgCO.,°

3
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Mcat T MHco.”

Ca(HCo,) "= ca™ + Heo, s —3-=1.6x 107! (35)
MCaHCO
3
++ -
g™ mHeo i
Mg(HCO) " Mg™" + Heo, s ———3-= 1.7 x 107 (36)
MMGHCO,

Greenwald determined apparent constants based on molarities rather than

activities at nearly constant ionic strength (u = 0.15) and at 22°C.
Garrels and Christ (18) calculated the thermodynamic dissocia-

tion constants (based on activities) for Mg++ and Na+ carbonate complexes

to be as follows:

Aug" - Aco, ”
= 4.0 x 107" (37)
AMgCO3
ANa"ACO, "
- = 5.4 x 10 (38)
ANaCO,

Their calculations showed that of the total CO3= in sea water as

determined by titration and not including HCO3_, about 75 percent was

3 3
In addition both Ca++ and Mg++ can associate with hydroxide ijons.

MgC0.,°, 15 percent NaCO, and 10 percent free CO

3
ca(o) =2ca’t + on” (39)

Mg(oH) Y 2 mg™" + oH” (49)

The effect of the presence of ion pairs is to increase the amount of
CaCO3 which would dissolve and to decrease the amount which would precipitate

compared to a system without ion-pairs. The equilibrium condition
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(KSP = ACa++-ACO3=) would still hold but the analytical concentration
of Ca++ and CO3= (i.e., concentrations of ion and complex) in solution

would increase.

I.E. Methods of CaCO3 Pracipitation

Several methods have been used previously to precipitate CaCO3

by generation of CO3 jon. These along with other theoretically possible

methods are now described.

QQQ Evolution

Pulverized CaCO3 is suspended in a solution through which CO2

gas is bubbled for 24 hours. The solution is then filtered and CO2 bub-

bled through once more for one hour. CaCO3 will form from this calcium
bicarbonate solution as CO2 gas escapes.> This technique was used by

Kitano (1962).

Urea Decomposition

Urea decomposition has been used in PFHS studies (62) as a means
of generating OHE>to precipitate Al, Sn, Bi and Fe in the form of metal

hydroxides.

(NH2)2CO + 3H20# €0, + 2NH ®

2 gV 20H (41)

It would seem possible that CO2 produced in the presence of Ca++ ion

could bring about precipitation of CaCO3 through the hydrolysis of CO2

and its subsequent reaction with base to produce CO3 .

€0, + H,0 =H,CO (14)

2 2 2773



H,CO

o005 + 20H°= co3= + 24,0 (42)

2

Cyanate Decomposition

Upon heating, potassium cyanate solutions should behave similarly

to those of urea, this time producing CO3 directly.

KOCN + 2H.0 —25 k' + NH4+ + 0.

2 3

Trichloroacetate Hydrolysis

The hydrolysis of rare earth trichloroacetates in a homogeneous
phase reaction has been used satisfactorily to yield a pure crystalline

carbonate (52).

2Nd(C,C1.,0 + 3HOH - 3C0, + 6CHCI

201305)4 2 3 *+ Nd,(€05)

3 (44)

Trichloroacetate hydrolysis is also mentioned very briefly in an obscure
unclassified U.S. Government Progress report (AT(30-1)2266) as having
been used as a reaction for CaCO3 precipitation at 100°C in a study of
coprecipitation of metallic ions with CaC03.

C13CCOOH + 20H —%-CHC]3 + CO3 + HZO (45)

The hydrolysis of trichloroacetate in the presence of ca’t ions
should result in CaCO3 precipitation. Such a reaction was initiated in
Section III.B. by neutralization of a trichloroacetic acid solution with

a Ca(OH)2 solution prior to its hydrolysis.

Ca(OH),, + 2C1,CCO0H ~ 2ca’t + 20150000 + 2H, (46)

The reaction mechanism for the hydrolysis of trichloroacetate and the
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subsequent precipitation may be modeled as follows:

0
i, o
C13-0-C-0" 45 C1-C: + €0,
+ +
H
HO HOH 7)
44
¥
o0,
(l;] N
C1-C-H + o2 P+ HCO,”
C1

The bicarbonate ion dissociation,
Heo. = Y + c0.” (16)
3 3
is minimal (pH dependent) until the KSP of CaCO3 is exceeded, at which

time the formation of CaCO3 results in a pH drop.

Ca’ + HCO,™ + CaCO + Ho (48)

Photodecarboxylation

The uv decomposition of certain organic acids (24) should result

in the prbduction of CO2 which again should result in the formation of

carbonic species.
— 8 uv '
R4\ -C-OH = R—<C::>>H + CO2 (49)

Fuel €ell By-Product

0f academic interest is the formation of CO3 as a by-product

in the operation of a fuel cell (37).
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inert electrodes

ANODE CATHODE

anode  CH,(g) + 10 OH™ > CO3” + 7H,0 + 8e; E , =0.73V (50)
cathode 202 + 4H20 + 8e ~ 80H Ered = 0.40 V (51)
cell  CHy(g) + 20,(g) + 20H" 003= + 30,05 E=1.13V (52)

According to the reaction mechanism, methane is oxidized to methanol,
to formaldehyde, to formic acid and finally to carbonate ion. It would be

possible to start with methanol at the anode.

Electrolytic Generation

The following abstract of Voreux's work (60) on Kolbe's electrolysis
provides the basis for a method of CO3= generation.

An aqueous solution of acetic acid does not conduct current very
well and to demonstrate the interesting anodic oxidation of the acetate
jon, an equimolar mixture of NaOAc and AcOH is used, 1 mole/1 of each.
With 10-30 V, a gas is evolved at the anode containing 50% COZ’ no O2
and 50% of a gas which burned with a Tuminous flame. The volume of the

anodic gas is 50-200% of the H, volume at the cathode, depending on the

2
current. The OH produced at the cathode reacts with the CO2 evolved at
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the anode to produce CO3=, since CO2 is quite soluble in HZO'

20H + (:02 > CO3 + H20 (53)

The flammable gas is C2H6.

I.F. OQutline of the Method of Study

Once developed, the new analytical method described in Section III
was used in preliminary studies to determine its suitability to carry out
a more extensive research of the interactions of Mg++ ion on CaCO3 nuclea-
tion. A systems analysis on this research proposal is delineated in the
following section and in many ways governed the development of the electro-
lytic method developed for the precipitation of calcium carbonate. Also,
in this present work the behavior of specific ion electrodes and a computer
based data gathering system to be used 1ﬁ cdnjunction with the proposed

research were tested and evaluated.



PART II
A SYSTEMS ANALYSIS OF A CaCO, NUCLEATION STUDY PROPOSAL

IT.A. Preface

The general objective of this proposal is two-fold:

1. To acquire meaningful data pertaining to the nucleation
step of precipitate formation and leading to its rep-
resentation in terms of a physical model;

2. To realize a computer based information system as an
alternative to a set of manual and mechanical procedures
needed to collect and process this data.

Overall the proposal consists of three modules. Modules one and two

form the essence of the experimental section and consist of basic building
blocks or processes some of which are common to both of them. Module three
is the data acquisition system which would act upon certain blocks of
modules one and two.

Conceptually, reference is made to modules and their blocks to

allow flexibility in the integration of these elements into the final

system, therefore allowing variable depth of study and ease of design.

II1.B. Analysis Outline Mod. 1 Mod. 2 Mod. 3

1. Introduction p. 31 - 38 41
a. Problem Recognition 31 38 41
b. Formulation of Objectives 32 39 42

2. Systems Definition 33 40 42
a. Significant Variables 33 40 42
b. Dynamic Processes 33 40 43

- 30 -
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Mod. 1 Mod. 2 Mod. 3

3. Analysis p. 34 40 43
a. Process Specifications 34 40 43
b. Feasibility 34 40 44
4. Design 35 41 44
a. Experimental Flow 35 41 44
b. Data Flow 36 41 44
5. System Implementation 38 41 45

I1.C. Analyses

1. Introduction

a. Problem Recognition

Specifically this study would concern itself with the influence
of magnesium ion on calcium carbonate nucleation. Previous studies by
Bischoff (4) of the transformation of aragonite to calcite in the presence
of an aqueous solution near 100°C have shown that Mg++ jon has an inhibiting
effect on the transformation and in the process is incorporated into the
‘calcite nuclei.

Nancollas and Purdie (45) indicate that the dehydration of reactants
on the surface of a growing crystal is often a rate controlling step in
crystal]fiation processes. Thus, from a statistical standpoint, a strongly
hydrated Mg++ jon drawn to calcite growth sites will remain for a relatively
long time, preventing growth until dehydration and final incorporation into
the lattice.

Another possibility is that magnesium adsorption makes necessary
a larger critical nucleus, or Mg++ could inhibit the precipitation of CaCO3

not by interacting directly in the nucleation process but instead by tying

3 3
These ideas are not mutually exclusive.

up CO, 1in the form of MgCO, complexes, as suggested by Pykowitz (50).

Bischoff's findings apply only to calcite that has formed from
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aragonite and may not necessarily extend to calcite precipitating directly

from solution.

b. Formulation of Objectives

Given that a way can be found to precipitate CaCO, from aqueous

3
solution at a controlled rate and at room temperature modules one and
two respectively aim to gain insight into:
Module 1
i) The effect and nature of the Mg++ ion interaction on CaCO3
nucleation .
ii) The effect of ionic strength on CaCO3 nucleation.
Module 2
i) The size of the CaCO3 critical nucleus and how Mg++ affects it
ii) Nucleation theory, per se.
Data will arise as a result of:
Part 1 (modules one and two)
A) While generating C03= at a constant rate, the critical super-
saturation will be measured as a function of;
1) magnesium ion concentration
2) donic strength
B) At varying [Ca++]-[CO3=] ion products, induction time will be
measured as a function of:

1) magnesium ion concentration

2) ionic strength

Part 2 (module two)

The information required for a determination of the number of units



in the nucleus will be:

1. The number of particles formed vs. time.

2. The concentration of calcium and carbonate ions as a

function of time.

In all experiments the onset of precipitation will be determined
potentiometrically, at which time the ca’ and divalent (Ca++ + Mg++)
jon activities will be measured with specific ion electrodes, and an
indirect determination of the C03= activity will be made.

Having recognized the significance of the problem and documented
its objectives it remains to outline the variables and processes likely
to be involved, which in turn will define the specifications for én
appropriate method of CaCO3 precipitation.

The analysis as follows was conceived for Module 1 prior to any
experimental testing; These subsystems are expanded in Parts I, II, III

and IV of this work.

2. Systems Definition

a. Significant Variables

calcium concentration

magnesium concentration
temperature

foreign nuclei in solution
nucleating surfaces

solution - ambient air interface

OO W~

b. Dynamic Processes Required

1. A process (resembling PFHS) which precipitates CaCO3 from
aqueous solution. This process must allow calculation of the
critical supersaturation.

2. A process which determines the onset of precipitation.

33
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3. Analysis

34

A process which minimizes and standardizes foreign nuclei
in solution.

A process which standardizes the amount of CO2 in solution.
A Cat* activity monitoring process.

A Mg*t activity monitoring process.

An information system - data acquisition.

a. Processes Specifications

1.

w N

Since there are no methods available to measure low concentra-
tions of CaCO3 on a real time basis, the design of 2.b.1 above
will imply that CaCO3 will be precipitated as a result of CO3~
generation at a constant rate in the presence of catt.

The ability to stop C03™ generation at any time must exist.
The CO3~ generation process must not generate extraneous sub-
stances which can affect the solubility of CaCO3 independentily
of the Mg** ion.

The ability must exist to carry out the precipitation at a
constant temperature which in turn can be varied.

The specific ion electrodes to be used for Ca** and Mg**
activity monitoring are liquid membrane electrodes; their
operation must take place at temperatures below 50°C.

b. Feasibility

1.

CaC03 Precipitation
a) decarboxylation
b) wurea decomposition
) cyanate decomposition
) trichloroacetate hydrolysis
e) photodecarboxylation
) fuel cell by-product
) electrolytic generation

Determination of Critical Supersaturation
a) pH correlation '

b) specific ion electrodes

¢) Weyl saturometer

d) kinetic indirect determination

Determination of the Onset of Precipitation
a) pH drop

b) turbidimetry

¢) conductance

Minimization of Foreign Nuclei in Solution
a) use of de-ionized distilled water

b) millipore filtration

c) pre-precipitation
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5. Standardization of €0y in Solution
a) Equilibration of reaction solutions with atmospheric COZ‘

6. Determination of Mg++ Ion
a) Ca*t and divalent specific ion electrodes.

7. Data Acquisition
a) mechanical
b) semi-automated
c) processor controlled

4. Design

a__Experimental Flow

( Start )

Minimization of Foreign
Nuclei in the System

h |

Equilibration of Reaction Solutions
with CO2 at 1 Atm. Air Pressure

Production of €O, or CO3~ for
Precipitation of CaCOj3

Determination of the
Onset of Precipitation

y

Determination of [Ca++]
and [CO37] at Critical
Supersaturation




b Data Flow

1.

Part 1 (Method A)

\

Record Significant
Variables, e.g., u, °C

1
« i
Start - Start
Real Clock CO3 Generation

I { Y v
Record Record Record
Rea ReCﬂrd Catt M99+
Time P Activity Activity
l { [ ]
Delay
no—> Sampling
‘Precipitation Period

36



2. Part 1 (Method B)

( Start )

[ Record Significant

Variables
I}
4 Y
Start Start €0,
Real Clock Generation

1 \ ]

Record Record Record Record
Real Time oH Ca Mg
Activity Activity

l Bl |

Onset of

Yes Precipitation
. ves
W .
l Record 1w ‘Elapsed ///
' ‘ generation
halted
yes
Stop no
N Stop Generation
Y

Delay
Sampling Period
-

= time needed to reach a certain supersaturation
= induction period (excludes tw).
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5. System Implementation

Experimental details are to be found in Sections III and IV.

Following is the analysis for Module Two.

Module 2. Nucleation Theory

1. Introduction

a. Problem Recognition

In experiments where PFHS has been used, the precipitant is
generated very slowly and continuously until precipitation is observed.
The critical supersaturation can be described by the ratio ((I.P.)/KSP)V2
where KSp is determined thermodynamically. I.P. = [A*1-[8"7 and [A+] and [B]
refer to total concentrations, i.e., concentrations of ions and compiexes.
Time is not considered a factor here.

Consider the following experiment involving Systems A and B.

System A

Generate B~ at a constant rate, R, in the presence of a fixed
concentration of A+ until precipitation of AB occurs; at which time, t],
the critical ion product needed to cause precipitation (I.P.1) is
[A+]xth1. |

Repeating the above experiment but this time stopping generation
of B at a time tw, tw < t], one wﬁu]d after a time Ty observe precipi-
tation and calculate I.P. as [A+] X R x tw with the conclusion that
I.P.] was not critical at all when time is considered.

At which time tw (= tSP) will cessation of precipitant generation

+ -
cause T - «»? The activity product of the ions A° and B in solution at

this time should define the solubility product, Ks p_ - Therefore, generating
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B~ for some time t, such that t > tgp, will in fact give rise to a critical
I.P.° and cause observable precipitation after a time T°. By how much does

° N
I.P.° exceed KSP'

System B

If one now mixes solutions of A+ and B~ (where all other variables
are identical to system A) so that the ensuing:solution had an I.P. equal
to I.P.° will precipitation occur? How will the induction period compare
to ©°? In using PFHS how much nucleation and growth occur during the
period to ?

Can a missing 1ink be established between PFHS and direct mixing
type experiments? Can a general theory of nucleation be developed which
encompasses classical theory and the Nielsen-Christiansen approach? Should
not the critical-size nucleus of a salt AB be independent of how super-
saturation is achieved? Must the critical-size nucleus develop from prior
nuclei of smaller radius? Is the stepwise formation of clusters a reasonable
mechanism for the formation of the critical nucleus? Is the size of the

critical nucleus dependent on the level of supersaturation?

b. Formulation of Objectives

The goal of this study would be to acquire meaningful data on
the interacting and/or interrelated variables and the dynamic processes
of interaction among these system components in the nucleation step of
precipitate formation. Specifically, the data will arise as a result of
comparing the critical-size nucleus calculated by using both classical
and Christiansen-Nielsen theory on CaCO3 nucleation brought about using
one experimental technique closely resembling PFHS but allowing induction-

type measurements to be made.
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2. Systems Definition

a. Significant Variables

OB WD —

foreign nuclei in solution
solution-ambient air interphase
temperature

stirring rate

initial Ca* concentration

C03= generation rate

b. Dynamic Processes Required

1.

+ W

5.
6.
7.

3. Analysis

A process which will build up saturation quasi-homogeneously
and in such manner that generation of the precipitant can be
stopped prior to precipitation. This process must allow cal-
culation of the I.P. as a function of time.

A process which will allow detection of the onset of precipi-
tation.

A Ca*t activity monitoring process-specific ion electrode.

A process which will allow calculation of the number of nuclei
formed as a function of time. Therefore this process must
count particles and determine their size.

A process which will normalize and minimize the number of
foreign nuclei in solution.

A direct mixing-type precipitation system.

Information system.

a. Processes Specifications

1.

o1 W

Process 1 above should be one allowing close reproduction to

be made using direct mixing-type experiments (e.g., minimization
of extraneous species). _

Since there are no methods available to measure CO3 concentra-
tion on a real time basis, the design of process one above will
imply that CaCO3 will be precipitated as a result of C03~ genera-
tion at a constant rate.

The specific ion electrode must operate at temperatures below
50°C.

The ability should exist to carry out the precipitation at a
constant temperature which in turn can be varied.

The amount of C0, dissolved in solution must be standardized.
The nuclei counting process must be able to count at moderate
frequencies nuclei formed.

b. Feasibility

1.

CaCO3 precipitation (see Module 1, section 3.b.)
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Detection of precipitation onset
Catt activity monitoring
Heterogeneous nuclei minimization
Particle count

a) Microscopic

b) Electronic particle counter
6. Direct mixing-type precipitation system
a) CaClp + NaHCOg

b) CaCl, + Na2C03

(see Module 1, section 3.b)

G whho

4. Design

The experimental and data flows of Module 2 would be similar to
those of Module 1 except that in place of measuring Mg++ concentration a
particle count vs. time would be made. Inclusion of the Mg++ measurement
would allow its effect on the critical nucleus to be made.

A direct mixing-type precipitation system would then be used to
carry out the system B experiment described under section I.A. of Module
Two's analysis.

5. System Implementation

As presented here the analysis is minimum. At this time its main
purpose is to record certain ideas. No attempts were made to carry out
preliminary investigations into the feasibility of the particle counting
process.

Following is an outline of how the data acquisition system was
first envisioned after development of the electrolytic method of CO3=

generation.

Module 3. Information Systems

1. Introduction

a.__Problem Recognition

The combined design of Modules 1 and 2 entail a number of function



42

measurements. How can one automate and facilitate data acquisition and

processing?

b. Objectives

1. To realize .a computer based information system as an alternative
to a set of manual and mechanical procedures needed to collect the data
and produce meaningful results from it while obtaining increased accuracy
and speed and minimizing human intervention.

2. To develop this PILOT information model as an academic exercise

for the system does not warrant the expense involved.

2. System Definition

a. Significant Variables (initially fixed)

initial [Ca::]
initial [Mg ]
initial [HCO;™]

ianic streng%h, u

constant current ?m amps)
solution temperature
concentration of spectator ions
C03~ generation rate

pH
b. Logged data

(dependent variables)

OO NOYOT W) —
e - . . 3 - . -

real clock time, t

Ca*t ion activity vs. t
divalent jon activity vs. t

pH vs. t

t for current on

t for current off

number of particles vs. t
size distribution of particles

CONOYOT B WM —

c. Derived variables (cpu processing)

1. final ionic strength
2. coulombs passed
3. time, to’ at precipitation onset



d.

3. Analysis

[S2 I~

11.
12.
13.

(en RNo oo BN o))
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induction time (System B)

distribution of species at time t according to activities
and mo]a11t1es

a) Catt

b) Mg++

c) HCO3~™

d) CO3
e) H*

f) OH - _

I.P., [Ca J-[C037 ], at t ++
critical supersaturation s a function of Mg
critical supersaturation as a function of initial u

. . nucleation rate

number of units in the critical-size nucleus

a) using Christiansen-Nielsen theory

b) wusing classical ‘theory

generation time

ratio of generation time to 1nduct1on time

Mg** activity (from divalent and Ca*™™ measurements)

Instrumentation

1.

Sensors

a) real clock

b) Ca** specific ion electrode

c) divalent ion specific electrode
d) electronic particle counter

e) thermometer

f) glass, and reference electrodes
Process interacting components

a) constant current source-coulometer
b) constant temperature-water bath
Amplifiers and others

a) expanded scale pH meters

b) strip chart recorders

c) A/D converters

a.

Process specifications

1.

The initial Ca++, Mg » HCO; and spectator ions concentrations
can be varied at will by so?ut1on preparation.

The temperature will be adjusted using a constant temperature
bath

The current passed will be controlled using a coulometer,

The Ca™ and divalent ion activities can be measured using
specific ion electrodes, a common reference electrode and an
expanded scale pH meter. Simultaneous reading of both the Ca
and divalent species concentration can be accomplished using
two meters.

++
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5. Since detection of the onset of precipitation is signaled
by a drop in pH, an expanded scale pH meter will increase
detection sensitivity. The reference electrode used by the
specific ion electrodes can be shared as well by the glass
electrode to be used for pH measurements.

6. Solution temperature will be maintained constant by use of a
special reaction cell with water jackets attached to a constant
temperature-water bath.

7. €alibration procedures for the electronic counter entail
special solution preparation. Aliquots will have to be re-
moved from the reaction solution and counted. This counting
procedure must be such so that the instrument will be free
to record another count at a specified frequency.

b. Feasibility

1. Data Logging
a. Mechanical

A1l real time variable readings can be recorded manually by
examination of values on instrument panels.

b. Semi-automated
pH, ca’t ion activity and divalent ion activity can be recorded

automatically using strip chart recorders.

Output from the electronic particle counter can be transferred
into a multi-step channel analyzer and then dumped onto tape
for later examination.

c. Digital-computer controlled

A11 real time variable readings can be entered into the memory
of a digital computer by conversion of the voltage outputs
into digital values using analog/digital converters. Alter-
natively, pH meters can be chosen with digital outputs.

A11 other pertinent information (initially fixed variable
values and source programs) can be entered into the computer
with subsequent processing and output of all der1ved variables
(meaningful results).

4. Design
An attempt will be made to place all phases of system control and
data acquisition under control of a processor based real time operating

system. A user-machine interactive executive program will allow the user
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to specify control parameters, enter information pertinent to the electro-
lytic sample solution and initiate control actions at will. A possible
Tayout of the hardware configuration could be as shown in Fig. 3.

5. System implementation

A Data General Nova minicomputer operating under its Real Time
Disk Operating System was used to implement the information system. The

extent to which this was done is described in Section VI.



Fig. 3. Hardware configuration for computer controlled experiment
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PART III
DEVELOPMENT OF THE PRECIPITATION METHOD

III.A. Introduction

Certain requirements were deemed necessary for the successful
development of a CaCO3 precipitation method suitable for the type of
study described in Section II. This investigation would examine the
effects of Mg++ ion on CaCO3 nucleation. The experiments involved make
the following assumptions about the nature of the desired precipitation
method:

1. That CaCO, can be precipitated from aqueous solution as a

3
result of C03= generation.

2. That the generation process does not introduce extraneous
substances which could affect the solubility of CaCO3 in-
dependently of the Mg++ ion.

3. That the user be able to control the rate and duration of
C03= generation.

4. That the precipitation process can take place below 50°C
and preferably at room temperature. |

5. That the onset of precipitation can be determined.

6. That the C03= concentration at such time can be derived.

None of the methods described in Section I fulfill the specifica-

tions of the proposed method. This of course was not apparent at the

development stage. Two methods were chosen successively as possible

- 47 -
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approaches:

1) trichloroacetate hydrolysis and

2) Kolbe's electrochemical reaction.
Experimentation with these methods soon led to a new idea on how to achieve
the desired precipitation. The events leading to this new method now

follow chronologically.

III.B. Preliminary Approaches

1. Trichloroacetate Hydrolysis

a. Introduction

As referred to in Section I.E., the hydrolysis of trichloroacetate
should result in the formation of C03= and if this reaction takes place
in the presence of Ca++ ions, CaCO3 should precipitate.

b. Experimental

50 Mls of a 'combined solution' made by mixing
equal volumes of 0.05 N C]3CCOOH and 0.5 N Ca(OH_)2 in
a temperature equilibrated beaker was held overnight
at 40°C with continuous stirring in a constant temp-
erature water bath. This procedure was repeated at
60°C and at 85°C. |

c. Results and Discussion

No obvious reaction took place at 40°C or 60°C. CaCO3 pre-
cipitation was finally seen to occur at 85°C. Figure 4 shows pH and
temperature changes following placement of the 'combined reaction solu-
tion’ into a temperature equilibrated beaker at 85°C. Fourteen minutes

lapsed before the temperature reached 80°C. The onset of visible preci-
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pitation occurred at 63 minutes, leading to copious precipitation 40
minutes later.

Overall temperature equilibration of the system was not found
to be reproducible and was too slow. As the amount of CO3= generated
would be temperature-dependent the rate of hydrolysis would vary with
time. This can be seen from Figure 5 which shows the pH and temperature
changes following placement of 50 mls of trichloroacetic acid solution
into a temperature equilibrated beaker at 85°C in a constant temperature
water bath. It took 20 minutes for the solution temperature to reach
80°C and at 27 minutes the temperature was 83.5°C.

The high temperatures needed to carry out a trichloroacetate
hydrolysis would exclude the possibility of the use of specific ion
3= generation would not be under user control. This

method was found inappropriate.

electrodes, and CO



Fig. 4. pH vs. time during the hydrolysis of tri-

chloroacetate in the presence of ca™ jon
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Fig. 5. pH vs. time during the hydrolysis of a 0.05 F

trichloroacetic acid solution
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IIT.B.2. Kolbe Type Electrolysis

As reviewed in Section I.E., Kolbe's electrochemical reaction
was used as a basis for an electrolytic method of C03= generation. The
voltage source was a modified Sargeant (Model N) coulometric constant
current source as a constant current level would be essential for the

indirect determination of the amount of CO3= formed.

a) Experimental Details

Run 06-27-1300

One hundred mls of a solution 1 M in acetic acid,
1 M in sodium acetate and 0.05 M in CaCl2 were placed
in a beaker so as to form the electrolyte in an electro-
lytic cell. The cathode was isolated in a small tube
fitted with a fritted disk at one end. The solution
inside this compartment was 1 M acetic acid and 1 M in
sodium acetate. Both electrodes were platinum. A cur-
rent of 4.825 milliamperes was passed for 30 minutes
tﬁrough the solution which was magnetically stirred.
The reaction was repeated using 9.65 milliamps of current.

Run 06-28-1300

50 Mls of (1 M acetic acid and 1 M Na acetate and
0.05 M CaC]z) were neutralized to a pH of 7 using 59 mis
of T M NaOH. One-tenth gram of CaC]2 was added to bring
the final solution to about 0.05 M in Ca''. An electro-
lysis was carried out as in run 06-27-1300 using a cur-
rent of 9.65 mamps. After 20 minutes generation was

halted.


http:using.59
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Run 06-28-1445

The experiment described in run 06-28-1300 was
repeated but without use of the fritted disk, both
electrodes now being immersed in the same electrolytic
- solution.

Run 06-28-1645

Ca++ ion was added to the fritted glass compartment
of run 06-28-1300 and the electrodes reversed, so that
the isolated electrode in the electrolytic cell was now
the anode. An electrolysis was carried out using 9.65
mamps of current.

Run 06-29-1340

50 Mis each of 0.01 F NaHCO, and 0.1 F CaCl, were
combined in a 250 ml beaker which was then capped with
a drilled out rubber stopper through which a combina-
tion electrode and two platinum electrodes could then
bé inserted and immersed in the electrolytic solution.
The anode was placed inside a fritted disk compariment
which was then filled with an acetate-acetic acid elec-
trolyte. The solution in the cathode compartment was
stirred magnetically. The Pt electrodes were connected

to a constant current source and 9.65 milliamps of cur-

rent passed for 829 seconds.

b) Results and Discussion

Bubbles were seen to rise from both electrodes during the
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electrolyses of run 06-27-1300. It was hoped that the OHC)produced in

the cathode compartment would migrate to the anode compartment and react
3
electrolyte.) At 25°C and 0.05 M Ca

there with CO2 forming CO (CO2 is soluble to some extent in the

2+ .
» the carbonate concentration

needed to exceed the KS.P. of CaCO3 would have been approximately 10'7
molar; however, no precipitation occurred in either trial.

The pH of the anodic solution was measured to be 4.5. It would
have taken a considerable amount of base to exhaust this buffer solution.
It appeared that OHC)was nat reacting with the anodic 602 but rather
being neutralized in the highly acidic electrolytic medium. The pH of
the reaction solution must rise to about 9 before an appreciable amount
of the CO, in solution is in the form of €O, . |

In run 26-28-1300 the electrolytic solution was neutralized prior
to the electrolysis. The only goal here was to achieve precipitation.

Again gases evolved at both electrodes but no precipitate formed. The
final pH of the anodic solution was 6.9. In contrast, the pH inside
the fritted disk compartment was 11.5! Apparently the OHC)was nat the
anticipated current carrier through the physical barrier between the
two electrode compartments.

A neutralized electrolytic solution was again used in run 06-28-1445
but without isolation of either electrode. After the electrolysis the
electrolytic solution pH read 6.9 and no precipitate was 6bserved. Perhaps
the OH€>produced at the cathode was not reacting with the CO2 or else both

species were reacting in equivalent amounts giving rise to a HC03_ H2C03

buffer.
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C02(g) produced at anode + HZO ;==?H2CO (54)

3

0H® produced at cathode + H,C05 == HCO,™ + HOH (55)

In the electrolysis of run 06-28-1645 the anode was isolated in
the presence of a basic (pH X 11) Ca++/0Ac_ jon solution. The CO2 pro-
duced there would dissolve in the electrolyte and hence form C03= in

the basic solution. This in fact was the case and precipitation of CaCO3

took place after 17 minutes.

III.C. Conception of a New ldea

The described experiments brought to 1ight two new approaches
for the precipitation of CaCO3. A way had now been found to produce
co, and 0> and keep either species in contact with a reaction solution
and isolated from the other by the use of a fritted disk compartment.
Therefore, an electrolysis with either of the following solutions and

electrode arrangements would result in CaCO3 precipitation.

Method 1. (OH® reacting with HCO,")
The cathode is placed in contact with a NaHCO3-CaC12

solution. The anode is isolated.

Method 2. (CO, reacting with o)
The anode is placed in a basic Ca++ ion solution.
The cathode is isolated.
After some preliminary experimentation it was found that a
solution formed by combining equal parts of 0.01 F NaHCO3 and 0.1 F

Ca++ did not form a precipitate upon standing in a closed container for a
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a four-hour period. Such a solution was used in the electrolysis of

run 06-29-1340.
The idea behind method 1 proved valid. Two minutes after having

completed the electrolysis precipitation was first observed.

TABLE II

pH vs. time during the electrolysis of a Ca(HC03)2 solution
(Run 06-29-1340)

Run Time .
(Secs) pH ‘ Observations
50 7.6
600 7.8
815 7.7
829 Stopped Generation
pH drop due to
860 7.2 electrical perturbation
precipitation
949 7.1 visible
1271 7.1 solution cloudy

Table II shows the pH values recorded during the run. It had
been previously observed that upon turning the coulometer on or off the
pH meter would become unstable for a period of time. In this run the
pH meter was turned on after generation had commenced. Turning the coulo-
meter off resulted in an offset pH measurement upon meter re-stabiliza-
tion (e.g., from 7.7 to 7.2). However, prior to any visible precipita-
tion the pH dropped. This property of the system could be used to detect
the onset of precipitation.

Although method 2 was shown to be effective as a means of generating
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CaCO3 in the electrolysis of run 06-28-1645, its use would require high

concentrations of 0#3. Method 1 seemed more suitable to satisfy the

six basic requirements which were set forth previously in Section III.A,
and as such was chosen as the technique to be used in subsequent experi-

mentation.

ITI.D. CaCO3 Precipitation from Quasi-Homogeneous Solution

To say that in run 06-29-1340 CaCO3 precipitation occurred from
"homogeneous solution" would be inappropriate. Precipitation could just
as likely be brought about by addition of a very dilute base to a calcium

bicarbonate solution. This certainly would not be PFHS. However, elec-

3
the direct mixing technique. No additional cation is added to the reaction

trolytic CO, formation is simpler and provides control not inherent in
solution and a certain homogeneity of solution is achieved, in contrast
to the sudden gradients that must arise from the mixing of two solutions.
The OHe’is produced from inside the solution at the electrode surface.
Electrolysis as a method of precipitant generation has been used
sparingly; as for example, in the precipitation of magnesium hydroxide
(33) and in the precipitation of barium sulphate (32). Klein makes the
same remarks about this type of method bearing similarities to PFHS
and coins the term 'quasi-homogeneous' for this precipitation techni-
que.
Electrolysis as a method of CaCO3 precipitation has not been
cited previously in the literature. In fact this process could just
as well be used to precipitate any salt where previously the OHC)pro-

duced from urea decomposition was used as a method of raising the pH
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of a solution and thereby causing precipitation (63).

The procedure consists in passing an electric current through
an electrolytic cell containing an electrolyte of CaC12, NaHCO3 and
dissolved CO2 from the atmosphere, in contact with the electrode sur-
face of the cathode. The anode electrode is immersed in this solution
but at the same time isolated from it by means of a glass compartment
sealed at one end with a fritted disk. The anode solution originally
consisted of an equimolar (IM) mixture of sodium acetate and acetic

acid. However, any electrolyte will do including the reaction solu-

tion.
The essential process is the reduction of HZO at the cathode
producing the OH needed to form C03=.
2H,0 + 2e -~ H, + 20H™; ¢ = -0.8277 V (56)

2 2 red°®

By controlling the amount of current passed, one can control the amount
of C03= produced. This process can be carried out at any temperature
by using‘as the cell a vessel with water jackets attached to a constant

temperature bath.

ITI.D.1 Preliminary Nucleation Experiments

Before this newly developed method was refined a set of experi-
ments was carried out to examine the effects of NaCl and'Mg++ ion on

CaCO3 formation and to further develop the technique.

a. Experimental

For each of several electrolyses a 'matrix' electro-
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lyte solution was made by combining 45 mls each of 0.1 F
CaC]z and 0.01 F NaHC03. To these matrix solutions ten
mls of either NaCl or MgC]2 solutions of varying concen-
tration were added. A1l water used was de-ionized and

no attempt was made to equilibrate any of the stock solu-
tions or the final combined solutions.

After combining the solutions inside a 250 ml
electrolytic cell the latter was capped with a sealed
four-hole rubber stopper through which a thermometer,
two platinum electrodes and a combination pH electrode
were inserted. The anode was isolated in a fritted
disk compartment filled with reaction solution. For
each run the time lag between mixing of the solutions
and start of electrolysis was fixed at 15 minutes. After
passing 9.65 milliamps of current for 150 seconds at
ambient temperature, the induction period needed to

observe precipitation was measured.

b. Results and Discussion

Table III shows the effect upon 1nduction‘time caused by'varying
the Ca'' to Mg'" ratio from 50 to 1 and by the addition of NaCl. The
onset of precipitation was determined by a drop in pH which normally
preceeded visual observation from about 15 to 50 seconds.

These preliminary studies pointed to NaCl catalysis and Mg++
ion inhibition of CaCO3 formation. These results were very encouraging

and efforts were now made towards refining and standardizing the precipi-
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TABLE III

Induction time vs. Ca++ to Mg++ ratio and added NaCt

Matrix Sol. + 10 mls of u Ca/Mg t (induii?in time)
H,0 0.140 --- 135
0.01 F MgC'l2 0.143 50 95
0.1 F MgC]2 0.161 5 365
0.5 F MgC'l3 0.290 1 w
0.03 F NaCl 0.143 --- 30
0.015 F NaCl 0.141 - 80

tation procedure so as to minimize as much as possible all other variables
besides the ones being studied. The use of specific ion electrodes had
not yet been incorporated into these first runs. Their use is described

in Section IV.B.

II1.D.2 Refinement of the Method

Three important variables determining the reproducibility of
these experiments will be the number of foreign nuclei in solution, the
amount of CO2 in solution and the extent to which the solution is stirred.
Experiments showed that upon continuous stirring, matrix-based solutions
(a 'matrix' solution + 10 mls HZO) would give rise to spontaneous pre-
cipitation within 15 to 20 minutes with the pH fixed at about 7.57 until
the onset of precipitation. It was also observed that upon bubbling air
through matrix-based solutions the pH rose gradually and precipitation

was initiated.
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The runs in Appendix A are representative of attempts leading
to the development of a final acceptable matrix solution. From those
runs it is seen that the addition of a Ca' ' ion solution to a HCO3' solu-
tion lowers the pH considerably when compared to a similar portion of
added H20. This seems to be an indication of complexation occurring
between Ca'* and HCO,” and C0,” to form CaHCO," and CaC0,°.

More important is the observation that unless the final system
is in equilibrium with atmospheric C02, carbon dioxide will enter or
escape from the solution. WWhen the matrix solution was left opened to
the air the pH rose, indicating that CO2 had Teft the solution. As shown
in Section 1.D.2 the fraction of HCO3- in the form of 003= is dependent
on the pH which is dependent on the CO2 equilibrium.

Table IV shows the rise in pH occasioned by preparing HC03_
solutions of different concentrations and letting them equilibrate with
atmospheric CO2 overnight. A1l solutions were prepared with de-ionized
distilled H

0 which had been boiled with N, bubbled through it and cooled

2 2
inside glass bottles void of COZ' The solutions were placed in 100 ml
beakers and to avoid large volume losses due to evaporation, each was
partial]y covered with parafilm.

The concentration of C02 in a solution in equilibrium with air
at atmospheric pressure (PCO2 = 10'3'5 atm.) can be calculated to be
1.1 x 10'5 M using equation (26). In the last column of Table IV, ap-
proximate values are listed for the initial experimental CO2 concentra-

tion arising as a result of the bicarbonate equilibria (reactions 13-16).

Using equation (18) and assuming that [HCO3_] is equal to its analytical
i
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compositiohf
+ -
{Ho ][HCO3_]

[co, 1= ! (18)
23 4.4 x 1077

As the solutions equilibrated, the excess CO2 in the solutions escaped,
with a subsequent shift in the carbonate equilibrium reactions (reactions
13-16) to the left resulting in a rise in solution pH.

The task of finding the proper matrix solution took into account

these factors in aiming for reproducibility:

1. That the system be in equilibrium with atmospheric COZ'
2. That the ionic strength of the solution be kept
as low as possible for better specific ion elect-
rode response.
3. That the number of foreign particles be normalized.
4. That stirring of the solution should not be a
factor in itself to bring about precipitation.

5. That there would be enough CaCO, produced in the

3
system after C03= generation to bring about visible
precipitation.

The final matrix solution arrived at combined 45 mls of air

equilibrated 0.005 F KHCO, with 45 mls of 0.025 F CaC]Z. The HCO.,~

3 3
solution was made with de-ionized-distilled CO2 free water and then

equi Tibrated with atmospheric CO2 by bubbling air through it until the

+ From Table I it is seen that in the pH range 8.0 to 8.5 carbonate is

present mostly in the form of HCO3
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pH was constant. The Ca++ solution was made using the water produced
by a mixed-bed ion exchanger.

Upon dilution with ten mls of water the pH of the matrix solu-
tion is in ;he neighborhood of 8.1. The analytical Ca++ and initial
HCO3' concentrations are as follows:

[ca™"]

[Hc03‘]

0.0113 F

0.0023 F

Neglecting ion pair formation one can roughly estimate the fraction present

as CO3 :

_ K

ocCC3- = i’Z (57)
' [H M

where

+ + Kd

- e B 2
1 2 1 [H]

3
an ionic strength of 0.036 the mean activity coefficient for CaCO3 in

At a pH of 8.1, aC0.” = 6.87 x 1073 of the total HCO,™. And at

solution s 0.41, so that the Ca++ X (203= jon activity product in a

matrix-based solution is:

= +4 =

ACO, -ACa’t = £C0.7+aC0, - [HCO, J- fCa' -[Ca*"]
3 3 3 3
Y34 1078 (58)
The Kg p for CaC0, is in the order of 1.6 x 1078, It was found that

when matrix-based solutions were prepared and placed in 125 ml sealed
polyethylene containers no precipitation would ensue, even after pro-

longed shaking.



TABLE IV

pH vs. time for HC03_ solutions equilibrating
with air at atmospheric pressure

[HCO3 ] pHO pH] sz COZi
0.010 8.51 8.97 9.12 7.0 E-05
0.020 . 8.48 9.10 9.31 1.5 E-04
0.050 8.42 9.12 9.41 4.3 E-04
0.100 8.34 9.09 9.41 1.0 E~-03
(a) potassium bicarbonate solutions
[HC03 ] pHO pH] pH2 COzi
0.010 8.49 8.94 9.11 7.3 E-05
0.020 8.41 9.07 9.29 1.8 E-04
0.050 8.35 9.09 9.39 5.1 E-04
0.100 8.26 9.02 9.35 1.2 E-03
(b) sodium bicarbonate solutions
HZO-CO2 free pH0 = 6.44 pH] = 6.33
pHO = initial pH upon mixing
pH] = pH after 24 hrs equilibration
pH2 = pH after 72 hrs equilibration

002 = Experimental approximation of initial [Coz]

1

64
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Two other components considered in the final system are now

briefly described.

Minimization of Foreign Nuclei in Solution

When the matrix-based solution was pressure filtered, electrolysis
failed to produce a precipitate. Filtration was therefore not used and
large enough batches of solution were prepared to allow completion of a
set of experiments using the same solvent throughout. The Tow levels of
supersaturation attainable seem to require heterogeneous nucleation as a

necessary mechanism for precipitate formation.

Determination of the Onset of Precipijtation

pH Drop
Upon CaCO

3 3
equilibration shift ensuing results in H+ being generated. This pH drop

forming, CO, is removed from the system and the

was used satisfactorily to detect the onset of precipitation in all runs
and always preceeded visual observation of precipitation. pH Drop was

chosen over two other possible approaches.

Turbidimetry

The appearance of solid CaCO3 can interact with light in various

ways to signal the onset of precipitation.

Conductance
In the reduction of H,0, OH™ is produced which reacts with HCO3"
to produce CO3=. At the onset of precipitation Ca++ and C03= are re-

)

moved from the system but H~ is produced. Considering what the equi-

valent conductances of the jons involved are (Table V) it would seem
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likely that a plot of solution conductance vs. time would be represented

as depicted by the following curve:

Time
The abscissa value of the point of intersection of the two straight lines

would correspond to the onset of precipitation.

TABLE V

Ionic equivalent conductances at infinite dilution at 25°C (39)

Ion A%, mho-cmz/g. equivalent
Hco3' 44.5
co, 69.3
W 349.0
OH 198.0
cat " 59.5

In the next section studies were carried out to evaluate the suifabi]ity

of the method to accomplish the goals set forth in Section II.



PART IV

APPLICATION OF THE PRECIPITATION METHOD

IV.A. Introduction

The method developed for quasi-homogeneous precipitation of
CaCO3 (see Section III.D) seemed suitable at first to carry out nucleation
studies as outlined in Section II. These experiments would consist of
calculating the critical ion product of CaCO3 as a function of Mg++ ion
concentration and ionic strength using two approaches:

The first approach would measure the critical supersaturation

while generating precipitant at a constant rate.

The second approach would entail stopping CO3= generation
prior to the onset of precipitation and then measuring the

critical supersaturation after an induction period "ro".

IV.A.1T Electrical Interferences

It was pointed out previously that turning on the current source
of the coulometer had an adverse effect on the stability of the pH meter.
It had been hoped that use of a grounded platinum shield around the glass
and calomel electrodes, as suggested by Klein (34), would do away with
the interference. Considerable experimentation with this problem offered
no solution; neither shielding the generating electrodes nor use of a
combination electrode in place of the glass and calomel electrodes helped.

Different grounding schemes were attempted, assuring that all

grounds were at the same potential to avoid ground loops. The interference

- 67 -
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persisted even when using an isolation transformer to isolate 1ine voltage.
If the electrodes were inserted into the solution after having turned on
the coulometer or having the electrodes in the solution but turning them
on only after generation had commenced the initial pH readings still
oscillated in a pH range of 6 to 10. This effect was much more noticeable
when using digital pH meters.
In previous experiments using a meter with an analog readout,
the inertia of the pH needle had apparently dampened the shock much more.
The final problem arose when it was observed that turning on the coulo-
meter affected pH readings when the sensing electrodes were placed in a
different beaker than those of the electrolysis circuit. Shielding of
the cables leading to the platinum electrodes did not solve the problem.
Initial fluctuations of pH readings combined with a prolonged
bias from the actual pH proved to be an obstacle to carrying out prelim-
inary investigations based on the first approach. Use of a light scat-
tering detector for the onset of precipitation would eliminate the presence

of these electrical interferences.

IV.B. In Conjunction with Specific Ion Electrodes

’ . : ++
It would be of great interest to monitor the activities of Ca
and Mg++ ions prior and up to the onset of precipitation. In this section
an evaluation of the use of specific ion electrodes to accomplish this

task is presented.

IV.B.1. Experimental
\ Calibration standards were prepared by dilution of

an Orion supplied 0.7000 F CaC]2 stock solution. Orion
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specific ion electrodes model 92-20 (Ca++ jon) and 92-32
(divalent cations) were calibrated separately after immer-
sion in each respective calibration solution for a period
of one minute after which time mv readings were taken every
15 seconds for 2 minutes using a Fisher Model 420 digital
pH meter on the expanded scale. A saturated calomel elec-
trode served as the reference electrode.

The experimental set-up jllustrated in Fig. 6 was used
to record H' ion, Ca’" ion and divalent ion activities after
halting CO3= generation and prior to the onset of precipit-
ation in matrix-based solutions of varying Mg++ to Ca++
ratios. The signal from the reference electrode was tapped
so as to produce 3 outputs, with one lead going to each of
the pH meters. The specific ion electrodes were normally
immersed at a 20° angle with respect to the vertical to
avoid having bubbles lodge themselves in the concave tip
of the electrode, therefore causing electrode fluctuations.
in order to eliminate that possibility altogether the specific
ion electrodes were also introduced into the solution after

generation had stopped. (At this time gas production ceases.)

IV.B.2. Results and Discussion

Both specific ion electrodes exhibit Nernst potential behavior

as given by the following equations:

ECa = Ex + 2.3 5T Tog,, (ACa™ + cxax™) (59)
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RT

Ediv = Ea + 2.3 °F 10910

(A’ + amg™" + kaAx™)  (60)

where: ECa and Ediv = the measured total potential for the Ca++ and
divalent electrode systems respectively
Ex and Ea = the portion of the total potential due to choice of
internal and external reference electrodes and

internal solutions

2.3 8 = Nernst factor (29.58 nv at 25°C)

ACa'' = the calcium ion activity in the sample solution

AMg++ = the magnesium ion activity in the sample solution

Cx = selectivity constaht for the divalent cation X++ (0.014
for Mg++)

Kx = selectivity constant for a third divalent cation

Monovalent cations are also detected by the electrodes. The error is
larger with Na+ than with K". The highest concentration of K" used in
any of the runs was 0.03 M. For the Ca++ electrode the error introduced
is negligible. For the divalent electrode the positive error introduced
would be under 1% (47).

Table VI Part "a" shows the electrode potentials developed by the
calibration solutions. Table VI Part "b" shows recalibration readings after
25 minutes on two of the standards calibrated in Table VI Part "a". From
the range and o values in Table VII Part "b" it is seen that the stability
of the calibration readings varied from solution to solution. Overall
the divalent electrode responded better. Figure 7 shows the calibration

curves for the mean mv readings vs. ion activity given on Table VII.

From Tables VII Parts "b" and "c", the ca™t electrode mean mv readings
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can be seen to have changed by +10% and +4.1% respectively for the 0.0050
and 0.010 F standards during a 25 minute period. From Table VI it is
actually seen that for the 0.010 F standard, the values of the catt readings
taken before and after recalibration form two non-overlapping sets.

Readings taken on the calibration solutions drift with time. It is well

to note that under the same conditions pH readings were very stable.

Table VIII shows calibration data preceeding and following an
electrolysis in a matrix-based sample solution with an init{a1 Mg++/Ca++
ratio of 0.5 and a total ionic strength of 0.07. Recalibration showed
(Table IX) that half an hour after the original calibration, meter readings
on the 0.010 and 0.020 standards with both electrodes had changed sub-
stantially. Table IX also shows the Ca++ and Mg++ activities of the
sample solution as calculated using the Debye-Huckel Limiting Law and
as initially measured. The calculated values are an approximation and
are high as they only account for ionic strength effects but not for
ion-pair formation.

Table X shows the actual electrode readings measured after generating
195 mamps of current for 15 seconds. Forty-five seconds after halting
generation the Ca'" and divalent electrodes read 26.6 mv and 19.6 mv
respectively. Based on the calibration curve made at the beginning of
the run (Fig. 8) these values correspond to activities of 5.2 x 10—3
and 5.3 x 10-3 for the Ca  and divalent (Ca++ + Mg++) ions respectively.
The Ca++ reading seems high.

The Ca++ readings dropped steadily with time prior to precipita-

tion. The divalent electrode readings did stay essentially unchanged at
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19.6 mv. Because particles forming in solution contribute noise to the
electrode signal, readings were stopped when the solution became cloudy.
The actual difficulty with the electrodes involved the inconsis-
tencies in readings (due to electrode wander) and the drift inherent in
the potential developed by the calibration solutions. This latter
property calls for frequent recalibrations which in this system are not
possible during the analysis. These two properties of the electrodes
compound themselves, making the electrode readings difficult to inter-
pret. Response time and the stability of measurements were not found
to be within the tolerances required to determine on a real time basis

the Ca' ' and divalent (Ca++ + Mg++) jon activities and to subsequently

calculate the Mg++ ion activity.
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TABLE VI

Mv readings on CaC]2 standards using Ca™t and divalent ion specific ion electrodes

Elapsed Time

Secs

0 15 30 45 60 75 96 105 120
[ca™)
moles/1 Electrode mv Reading
0.0050 CA 13.0 13.5 13.8 14.0 14.1 14.2 14.5 14.5 14
0.0050 DIV 8.7 9.9 9.0 9.1 9.2 9.2 9.2 9.2 9.3
0.010 CA 21.7 21.6 21.7 21.8 21.9 22.3 22.1
0.010 DIV 15.5 15.5 15.6 15.5 15,5 15.4 15.4
0.020 CA 29.7 29.9 30.4 30.6 30.8 31.1 31.2 -31.4 31.5
0.020 DIV 22.1 22.1 22.0 21.9 21.9 21.8 21.8 21.8 21.7
0.025 CA 32.6 32.8 33.3 33.4 33.7 33.1 32.8 32.8 32.7
0.025 DIV 24.0 24.0 24.0 23.9 23.9 24.0 24.0 24.0 23.9

(a)

0.0050 CA 5.0 14.9 15.2 15.2 15.3 15.8 15.7 15.7 15.7
0.0050 DIV 9.4 9.2 9.2 9.1 9.1 - 9.1 9.1 9.1 9.1
0.010 CA 22.6 22.9 23.0 23.0 22.9 22.8 22.8 22.8 22.9
0.010 DIV 5.8 15.5 15.4 15.4 15.3 15.3 15.2 15.3 15.2

(a) initial calibration

(b) recalibration after 25 minutes



TABLE VII

Mean mv readings on CaClp standards vs. Ca++ activity
(from raw data on Table VI)
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[caCl,,) - aca’" ACa™T log ACa™"

0.0050 0.015 0.56 2.8 x 1073 ~2.55

0.010 0.030 0.44 4.4 x 1073 ~2.36

0.020 0.060 0.32 6.4 x 1073 2.19

0.025 0.075 0.28 7.0 x 1073 -2.15

++ ++ CA CA DIV DIV

[Ca ] A X (MV) RANGE (MV) o X (W) RANGE (MV) ©
0.0050 2.8 x 1073 14.0 1.6 0.52 9.1 0.6 0.19
0.010 4.4 x 1073 21.9 0.6  0.20 15.5 0.2  0.17
0.020 6.4 x 1073 30.7 1.8 0.64 21.9 0.4 0.14
0.025 7.0 x 1073 33.0 1.1 0.37 24.0 0.1 0.15
0.0050 2.8 x-107° 15.4 0.9  0.34 9.1 0.3  0.10
0.010 4.4 x 1073 22.8 0.4 0.12 15.4 0.6  0.19

(a) Calculation of Ca’ activities in standard solutions where

/ﬂ;

(c) Recalibration values after 25 minutes.

-log ACa++
(b) Calibration mean mv readings, range and o values.

= 0.5121

2
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TABLE VIII

Specific ion electrodes calibration data before and after an electrolysis

Elapsed Time
(Secs)

0 15 30 45 60 75 90 105 120
++

[Ca ] Electrode mv Reading
0.010 CA 22.4 22.8 22.7 22.8 22.7 22.7 21.9 21.9 21.9
0.010 DIV 16.5 16.7 16.7 16.5 16.4 16.9 16.4 16.3 16.2
0.020 CA 3.5 31.4 31.8 32.0 32.4 3.8 30.2 30.0 29.8
0.020 DIV 28.2 23.1 23.1 23.0 22.9 22.9 22.9 22.9 22.9
Sol #5 CA 19.3 18.8 18.6 -- 18.8 19.4 18.9 18.8 18.7
Sol.#5 DIV 20.0 20.0 20.0 -- 20.0 19.9 19.8 19.8 19.8
(a)
0.010 CA 26.3 25.3 24.9 24.6 24.4 24.1 23.8 23.8 23.8
0.010 DIV 15.9 15.9 15.9 15.8 15.8 15.7 15.6 15.6 15.6
0.020 CAF 27.2 28.5 29.2 29.6 29.6 29.1 28.0 27.9 27.8
0.020 DIV 21.3  21.3 21.2 21.6 21.3 21.3 21.2 21.3 2.13
(b)

(a) initial readings on standards and sample solution #5
(b) recalibration readings on standards after electrolysis
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TABLE TX

Mean mv calibration data before and after an electrolysis
(From raw data on Table VIII)

catt acatt _calt ca't ca’m DIV DIV DIV
X (MV)  RANGE (MV) o X (MV) RANGE (MV) o
0.010 4.4 x 1073 22.4 0.9 0.4 16.5 0.7 0.22
0.020 6.4 x 1073  30.9 2.6 0.94 22.9 0.3 0.11
Sol #5] 18.9 2 0.7 0.29 19.9 0.2 0.1
(a)
0.010 4.4 x 1073 245 2.5 0.84 15.7 0.3 0.13
0.020 6.4 x 1075  28.5 2.4 0.87 21.3 0.4 0.12
(b)
1
Analytical  Theoretical Measurad Analytical Theoretical Measured
[ca*™] ACa*t ACatt [Mgt*] AMgt* AMgtt
Sol #5 0.0112 6.0 x 1073 3.6 x 1073 0.0056 6.0 x 1075 1.8 x 1073
2 ¥ =18.8; at (AMg "/ACa"T) = 0.5, a 0.7% error

corr

(a) mean mv readings at initial calibration time

(b) mean mv readings 30 minutes later



Electrodes readings vs. time after the electrolysis of solution 5

TABLE X

77

Time (secs) pH Time (secs) CA " DIV
30 8.82 45 26.6 19.6
60 8.81 75 28.8 19.6

100 8.81 90 27.1 19.6
120 8.81 120 24.7 19.6
185 8.80 170 22.6 19.6
240 8.78 250 20.7 19.6
280 8.76 300 21.1 19.6
315 8.74 405 19.7 19.5
345 8.70 (b)

370 8.68

390 8.65

450 8.56

510 8.47

(a)
(b)

(a)

pH vs. time after current generation

specific ion electrode readings vs. time after current generation



Fig. 6. Experimental set up for induction time studies

using electrolytic precipitation of CaCO3
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Fig. 7. Electrode potential vs. Tog of Ca++ activity

(using values from Table VII part "b")
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Fig. 8. Electrode potential vs. log of Ca++ activity

(using values on Table IX parts "a" and "b")
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IV.C. Induction-time studies of CaCO3 nucleation

Based on the results gathered from using the specific ion elec-
trodes, the decision was made not to measure critical supersaturation
but to clearly limit the scope of the nucleation experiments to measure-

ments of induction times.

IV.1. Experimental

Two sets of experiments labelied IA and IB were
designed to measure induction time in precipitation
reactions from quasi-homogeneous solution as a function
of Mg++ ion concentration and ionic strength respectively.
Group IA varied the Mg++/Ca++ ratio from 0.1 to 1 in
0.1 incremental steps. Total ionic strength was kept
constant at 0.07 for all samples in this group by adding
KC1. Group IB varied the ionic strength from 0.01 to
1.0 as a result of adding either KC1 or NaCl. Four
sets of group IA experiments and 3 sets of group IB
experiments were carried out.

Reagent grade chemicals were used throughout the
experiments. A1l bicarbonate solutions were prepared
with de-ionized distilled C02-free water and left to
equilibrate with atmospheric C02hovernight as air was
passed through a gas dispenser in the solutions. CaC]z,
MgCl,, KC1 and NaCl solutions were prepared with de-

ionized distilled H20 as obtained from an ion exchanger.
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The experiments were run in a 250 ml glass container
with a water jacket connected to a constant temperature
bath held at 25°C. A1l solutions were stirred magneti-
cally at a constant rate. The reaction cell was opened
to the ambient air. pH Measurements were made with
glass and saturated calomel electrodes using a Beckman
540 research digital meter and standardized to + 0.0]
pH units with both 6.86 and 9.17 buffers. A Sargent
(Model N) coulometric constant current source supplying
195 mamps to two Pt electrodes was used to carry out
the electrolyses.

Solutions were normally prepared by combining 45 mis

of 0.0050 F KHCO3 and 45 mls of 0.025 F CaCl, along with

2
solutions of MgC12 and KC1 to make 100 mls of final solu-
tion. These solutions were added directly to 125 ml
polyethylene containers which were then capped and left
eéui]ibrating for at least 24 hours.

At run time the platinum electrodes were placed in
position and then a sample solution transferred to the
reaction cell. Sample solution was then pipetted into
the anode compartment and the solution pH taken leaving

the glass and calomel electrodes in place. The pH meter

was then turned off and solution stirring started a

minute prior to current generation. After stopping genera-

tion a stopwatch was started and pH readings were taken

vs. time.
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Electrode surfaces and container surfaces were
washed with dilute HC1 and distilled H20 between runs.
The reaction cell and anode compartment were dried
using a high power hot air drier.

The results of the experiments are given in Tables
XI, XII and XIII. The sample solutions referred to
within any one table were prepared from the same batch
of matrix solutions but three different batches were

used to prepare the samples associated with each of

the tables.

IV.2. Results and Discussion

Induction Period

The induction period preceeding fhe onset of precipitation is
analyzed in terms of two variables: 1lag time and induction time. These
two parameters are illustrated in Figure 9 in which plots of pH vs. time
lapsed after electrolysis are shown for 2 runs in set 2 of group IA.
Table XV contains the raw data for these 2 experiments and shows for
each sample solution the time interval between each successive pH unit
drop. As can be seen, the pH values for a samp]e'solution would drop
quickly to a steady value within half a minute after which a period of
time would follow without a drop in pH or with the pH fluctuating be-
tween a high and low value. At some time later the pH would drop again
but it would then continue to do so in a well-defined manner (without
fluctuations) at smaller and smaller time intervals. Although not shown

on Table XV these time intervals between successive unit pH drops would



84

go through a minima and then increase again as the precipitation process
became complete at which time the pH would stabilize.

The first handle, Tag time, corresponds to the absolute time
after stopping generation when the pH dropped from its steady value. The
second handle, induction time, refers to the time of the subsequent pH
drop. Nucleation must occur during the lag time and the induction time

probably signals that steady state growth has commenced.

IV.C.2.b. Mg++ jon effects

In Table XI the composition of each sample solution used in the IA
group is defined. Table XI also contains the pH values for each sample
solution in set 1 after the addition of each of its components. It is
readily observed (pH3) that upon adding Ca++ ion to the HCO3' soiutions
a substantia] drop in pH occurred. Though the subsequent drop in pH due
to the addition of Mg++ ion was much smaller it can be seen that with in-
creasing Mg++ jon the drop was larger. A comparison of final pH in solution
#0 (pH3)‘and solution #10 (pH4) indicates that ion pair formation must be
occurring between the carbonate species and Mg++ jon as well as with Ca++
jon.

pH5 and pH6 correspond respectively to thé pH of the samb1e solu-
tions immediately before and after the electrolysis. These two values
along with lag time and induction time are given for each of the remaining
experimental sets. In all sample solutions the final Ca++ and HCO3' ion
concentrations were 0.0112 and 0.0022 respectively. Total ionic strength

was standardized to 0.07 by the addition of KC1.

On Fig. 10 a plot of induction time vs. the Mg++ to Ca'' ratio is



shown for set 1 of group IA. The effect of Mg++ ion on CaCO3 nucleation
seems to be one of inhibition. The observation was verified by the ex-
periments of set 2+(Tab1e XII). However it became apparent that incon-
sistencies might arise as a result of differences in nucleation sites in
sets 2 and 3. Solution 8 (with more Mg++ jon) had given rise to precipi-
tation whereas solution #6 had not.

In Table XIV values for the slope and y-intercept constants (a1
and ao) are given which will fit the induction period data for each of

the sets in Tables XI and XII to a linear function of the form
-+t
T:a].m.g._l-{-a (6])

For each of the sets, Table XIV also shows the coefficient of determina-
tion, d2, which is an indication of how close the resulting equation fits
the experimental data. Its value ranges between 0 and 1 with the closer
d2 is to 1, the better the fit.

Sets 3 and 4 aimed at examining the reproducibility of the in-
duction period by carrying out an electrolysis of 15 seconds duration
on solutions of similar composition prepared from the same stock solu-
tions. The results are shown in Table XII, Parts b and ¢c. The data can
hardly be labelled reproducible. The lag times however do show a general

trend of Mg++ jon inhibition of CaCO3 nucleation. It is likely that
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solution handling could have contributed a large variability in the number

+ The current generation time in set 2 was reduced by 3 seconds from that

used in set 1 in order to minimize further the ratio of the generation time

to the induction time.
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of foreign particles present in each solution.

IV.C.2.c. Ionic strength effects

It was pointed out that the solubility of a compound will in-
crease in a solution to which a salt without a common ion has been added.
Is there any reason to belijeve that this same salt would promote catalysis
of the reverse process? Could the added salt make it easier for a pre-
cipitate to form by tying up water molecules and therefore reducing the
number of hydration forces acting on newly formed CO3= molecules?

Table XIII shows the data for the IB jonic strength experiments.
Contrary to the findings made earlier (Table III) there seemed to be no
marked catalysis by increasing the ionic strength of the precipitation
solutions. In fact, results from Part A indicate the contrary. In all
cases raising the ionic strength to 1.0 inhibited precipitation. The
lag times in Part "c" do show a trend of catalysis and a similar effect
to a lesser degree can be seen in the NaCl experiment (Partb). In
Fig. 11 a graph plotting lag time vs. ionic strength for sets 1 and 3
of group‘IB is shown,

The inconsistencies in these runs could well be due to changes
in the number of nuclei in solution either brought about during solution
preparation, by the changing condition of the reaction cell and electrode
surfaces or by particle contamination from the air. Stirring rate was
roughly controlled by leaving the stirrer in a preset power position and
turning the 1ine power off or on.

These preliminary investigations indicate that much more attention



in the standardization of experimental conditions is needed to achieve

reproducible results.
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TABLE XI

PH and induction period data as a function of Mg++ jon concentration (IA experiments, set 1)

sol # [Mg™1 mgtTrcatt g]§3§d§§$ PH1 pH2 pH3 pH4 Tag time (§$rﬁtsil)4ction time pH5 pH 6
0 0.0000 0.0 10 8.88 8.67 8.11 - 60 138 8.15 8.77
1 0.0011 0.1 9 8.87 8.67 8.11 8.10 - 136 8.18 8.76
2 0.0022 0.2 8 8§.88 8.67 8.10 8.09 105 187 8.11 8.73
3 0.0034 0.3 7 8.88 8.69 8.09 8.07 - 123 8.21 8.78
4 0.0045 0.4 6 8.88 .. 8.09 8.06 68 189 8.19 8.76
5 0.0056 0.5 5 8.87 8.72 8.08 8.05 93 240 8.21 8.78
6 0.0068 0.6 4 8.88 8.74 8.08 8.04 215 354 8.19 8.75
7 0.0079 0.7 3 8.88  -- .8.08 8.03 271 449 8.03 8.67
8 0.0090 0.8 2 8.88  -- 8.08 8.02 310 426 8.18 8.72
9 0.0100 0.9 1 8.88 .- 8.07 8.01 402 471 8.16 8.67

10 0.0110 1.0 0 8.88  -- 8.01 430 489 8.15 8.64
0 0.0000 0.0 10 8.88 - 8.13  =-- - 114 8.17 8.79
where:

pH, = pH after addition of HCO3'

pH2 = pH after KC1 addition .

pH3 = pH after addition of Ca++

pH4 = pH after addition of Mg

pH5 = pH after equilibration with air gap inside 125 ml polyethylene bottles ®Q
pH6 = pH after generating current (195 mamps) for 15 seconds

and the subscript numbers correspond to the order of mixing (in solutions 0-3 stirring not standardized)



TABLE XII
pH and induction period data as a function of Mg++ ion concentration (IA experiments, sets 2, 3 and 4)

Gen. Time Sol # pH5 pH6 lag time 1induction time Comments
12.0 0 8.32 8.90 85 IRV
12.0 2 8.24 8.73 150 207
12.0 4 8.26 8.72 247 295
12.1 6 8.28 8.71 No vis. ¥+, pH = 8.65 @ 73 min
12.0 8 8.17 8.62 875 990
12.2 10 8.24 8.62 No vis. ¢, pH = 8.64 @ 54 min
12.2 mBﬁchZO 8.06 63 223
(a)
14.9 0 8.32 8.87 220
15.5 2 8.28 8.8l 180 330
15.0 4 8.19 8.74 200 ' 248
15.2 6 8.14 8.72 186 462 No vis. ¥, pH = 8.55 @ 115 min
15.0 8 8.21 8.72 465 1054 Vis. @ 34 min
15.1 10 8.06 8.62 505 790 Vis. @ 17 min
(b)
15.0 Basic 8.12 8.67 117 150
15.0 0 8.32 8.87 97 132
14.9 2 8.25 8.84 115 143
15.1 4 8.25 8.8l 129 194
15.2 6 8.15 8.72 170 283
15.0 8 8.28 8.74 200 515 %
14.9 10 8.11 8.62 522 No vis. ¢



TABLE XIII
pPH and induction period data as a function of ionic strength (IB experiments, sets 1, 2, and 3)

Sol. #  KCI g Volume (mls) of Chloride Added » Lag time (S?gzaction p. PH pH6 Gen. Time
T - -- - 0.000 72 160 8.07 8.50 12.0
1 -- 10 0.10 0.010 90 165 8.08 8.61  12.1
2 -- 5 0.50 0.025 100 8.11 8.67 12.0
3 - 10 0.50 0.050 202 8.10 8.68 11.9
4 -- 10 1.00 0.100 267 324 8.18 8.75 12.0
5 3.72 -— - 0.050 300 657 8.17 8.75 12.0
6 7.45 -- -- 1.000 No + 8.15 8.72 12.1

(a)
) 1 -- 10 0.10 0.010 82 8.12 8.65 14.9
2 -- 5 0.50 0.025 99 200 8.20 8.78 15.2
3 -~ 10 0.50 0.050 . 109 233 8.20 8.79 14.9
4 -- 10 1.00 0.100 270 474 8.14 8.77 15.0
5 2.92 No + 0.500 97 1292 8.09 8.72 14.9
6 5.83 No + 1.000 76 146 15.0
(b)

1 -- .10 0.10 0.010 95 340 8.23 8.80 15.0
2 No + 5 0.50 0.025 240 556 8.27 8.82 14.9
3 -- 10 0.33 0.033 - 197 233 8.26 8.84 15.1
4 -- 10 1.00 0.050 180 312 8.24 8.84 15.0
5 1.49 - -- 0.200 153 366 8.24 8.85 15.0

6 5.59 No + 0.750 157 8.19 8.81 15.0 ©

(c) <

(a) Set 1, added salt: KCI; (b) Set 2, added salt: NaCl; t all solutions made to

D R




Curve Fitting Parameters’

TABLE XIV
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for the induction period data in
Tables XI and XII

Set 1 Set 2 Set 3 Set 4
3y - 10.83 - 14.60 32.70 32.57 y intercept
secs
ay 402.25 1011.00 457.50 345.86 stope Tt ratio
d2 0.84 0.90 0.79 0.66 coefficient of determination
(a) t = lag time
Set 1 Set 2 Set 3 Set 4
3 88.41 70.80 143.33 72.20 y intercept
secs
a] 337.18 1038.43 748.00 453.00 slope UMt ratio
d2 0.85 0.88 0.70 , 0.82 coefficient of determination
(b) 1 = induction time
+4+
T = a-l . mgfl_—_l_J' + a

[ca™] °©



TABLE XV

pPH vs. time during induction time period in Type IA

experiments
Time (secs) pH6 At/pH unit
4 8.62 —-—-
12 8.61 8
875 8.60 863
990 8.59 115
1028 8.58 38
1065 8.57 37
1091 8.56 26
1109 8.55 18
1126 8.54 17
1144 8.53 18
(a) Sol. #8
Time (secs) pH6 At/pH unit
5 8.72 -—-
12 8.71 7
; 32 8.70 20
236 - 247 8.69 « 8.70 215
295 8.68 48
317 8.67 : 22
338 8.66 21
346 8.65 18
362 8.64 16'

(b) Sol. #4



Fig. 9. pH vs. lapsed time after electrolysis

(from values on Table Xv)
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Fig. 10. Induction time vs. Mg*¥/ca®™"

(IA experiment, set 1)
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Fig. 11. Lag time vs. ionic strength

(IB experiments, sets 1 and 3)
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PART V
DIVALENT TON-BICARBONATE SOLUTION INTERACTIONS

Solution Interactions

Throughout the length of this study it was noticed that upon
addition of either a Ca ' or Mg++ jon solution to a HCOB' solution the
pH would drop. This was attributed to the formation of soluble complexes
between both Ca'' and Mg++ and HCO3- and C03= as reported by Greenwald
(21) and also by Garrels and Christ (18). The following experiments
were to be part of a larger whole involving Ca++ and divalent specific
ion electrodes. As presented here they do not involve measurements of
Ca++ and Mg++ ion activities directly but are relevant to this aspect

since jon pair formation would lower the activities of the cations. The

study concentrates on the effect of MgC]Z, CaC]2 and NaCl salts on the

3
determination of the HC03—CO3= distribution is also made on some of the

pH of HCO, solutions of the same total ionic strength. An empirical

solutions.

V.1. Experimental

pH Measurements were made with glass and saturated
calomel electrodes using a Fisher Accumet 420 Model
digital meter standardized to + 0.01 pH units on both
6.86 and 9.17 buffers. Reagent grade chemicals were
used throughout. The 0.005 F bicarbonate solution was

made using distilled de-ionized C02 free water and

- 96 -
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afterwards equilibrating it with atmospheric 002 by
bubbling air through it until the pH was stable. All
stock solutions were prepared and pH measured as des-
cribed in the preceeding section for the IA group
experiments. A series of sample solutions were pre-
pared having a total ionic strength of 0.07 and con-
taining 45.0 mls of the air equilibrated 0.005 F KHCO3
solution. Varying amounts of Mg++, Cat++ and Na+ were

added individually to the HCO3 solutions by adding

proportionally stock solutions of 0.225 F CaCl,, 0.225

29
F MgC]2 and 0.70 F NaCl respectively. A1l solutions
were brought to a final 100.0 m1 total volume with
H20 and then the pH was measured.

Three of the solutions were prepared a second time
and used to carry out an empirical determination of
the HCO%-CO3= distribution. The analysis consisted
of measuring the equivalents of the two components in
25.0 ml1 aliquots by titration with 0.0103 F HC1 using
2 drops of bromocresol green as an indicator. Acid was
added until the solution just began to change from blue
to green. The solution was then carefully boiled for
2 minutes to drive CO2 out, and cooled to room tempera-
ture under a flow of tap water. The heating would re-

turn the solution to a blue color. The titration would

then be quickly finished.
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The bicarbonate concentration was then determined

in a second 25.0 ml aliquot by the addition of 10.0 mls
of 0.00977 F NaOH and 10,0 mis of 10% BaC12. Precipita-
tion of the carbonate ion from the original salt as well
as that formed by reaction of the bicarbonate with the
base leaves only the excess NaOH which was then deter-
mined by a back titration with the standard acid and

2 drops of phenolpthalein indicator. A blank correc-

tion was made by titrating 25.0 mls H,0, 10.0 mls of

2
the BaC]2 solution and 10.0 mls of base with acid.
Tables XVI, XVII and XVIII show the results from these

experiments.

V.2. Results and Discussion

The data from Table XVI indicate that as the amount of Ca @ or
Mg++ jon added to a HCO3- solution increases the pH decreases. This
observatjon can be explained in terms of the complexation reactions
described in Section I.D.3. From Table XVII it is also observed that
upon adding KC1 or NaCl to a HCOB- solution the pH decreases when compared
to solutions in which 55.0 ml of H20 were added. vThis effect would be
largely attributable to a lowering of the activity coefficient ratio of eq. (16)
as a result of the solution's higher ionic strength. In addition, a certain
amount of ion pair formation may be occurring between the monovalent ijons
and 003= resulting in a release of H' jons as the HCO3';£ CO3= + ﬁB
equilibrium shifts to the right. This effect is more pronounced with

Na* than with K+ (Greenwald).
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3 ~C05

distribution in three bicarbonate solutions. To solution 1 enough KC1

Table XVIII displays the results of analyzing the HCO

was added to bring its total ionic strength to 0.07. Similarly solution
2 was made to have an ionic strength of 0.07 but this time as a result
of adding Ca++. Solution 3 was the parent bicarbonate solution used to
prepare the previous two. A1l three had a final volume of 100.0 ml.
Analyses showed that although the total equivalents of C03=

and HC03— were the same in solution 1 as in solution 2 (see Table XVIII-b),

there was a marked difference in the distribution of the 2 components of

interest.

The column labelled [CO3=]eXp in Table XVIII, Part a, shows

that empirically solution no. 2 had 5.6 times as much total C03% (complexed
or not) as solution 1. The bicarbonate concentration of solution 1 is
essentially equal to its analytical composition. Solution 2, however,
only has 0.38 as much bicarbonate. Even when accounting for the extra

amount of C03= present, the empirical amount of total carbonate (HCO3' +

C03") in solution 2 was only 0.70 of its analytical composition. The

0.0050 HCO3' solution (#3) was empirically determined to be 0.0049 F.

A model explaining the considerably higher concentration of total

0.,

3 in solution 2 is as follows:

Ca++ complexing with CO3 in the form of a soluble CaC03° complex

would remove this free C03= and shift the equilibrium

HCO, =2 H' + 0, (16)

to the right with a subsequent drop in pH. During the addition of BaC]2



100

it was noticed that precipitation was considerably slower to occur with

solution 2 than with either of the other two. This could be caused by a

considerable lock up of the CO3 in the form of ion pairs with Ca++.

The reduced amount of total carbonate in solution 2 implies that
as a result of adding Ca++ ion to a HCO3' solution some form of this
latter ion is lost from the system, most likely as COZ; A mechanism
consistent with this observation would involve complexation between“Ca++
3" or H,0 would
give rise to a surplus of H+ which would drive reaction (15) to the left

and CO3= and/or OH . The subsequent dissociation of HCO

with a subsequent shift to the right in the COz(aq);:iCOZ(gas) equilibrium.

— - +
H,C0,==HCO0," + H (15)
NI § .
H2C03<——C02(aq) + H0 (14)
'COZ(aq): C02(gas) - (13)

The results of these experiments provide evidence for the existence
of soluble complexes between Ca++ ion and the carbonate species and presents
. . . oy s s ++
an interesting problem relating to the carbonate mass equilibria in a Ca -

bicarbonate solution.
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TABLE XVI
pH vs. [Ca++] and [Mg++] in HC03_ solutions

H,0" ket Stock’ pH?_+ le+
(mls) (mls) (mls) (Ca ) (Mg' ")
45.00 10.00 0.00 8.52 8.57
45.00 9.00 1.00 8.41 8.47
45.00 8.00 2.00 8.28 8.40
45.00 7.00 3.00 8.18 8.35
45.00 6.00 4.00 8.12 8.29
44.90 5.10 5.00 8.07 8.25
44.90 4.10 6.00 8.02 8.21
44.80 3.20 7.00 7.98 8.17
44.80 2.20 8.00 7.94 8.14
44.75 1.25 9.00 7.91 8.11
44.70 0.30 10.00 7.88 8.08
where:

[KC1] = 0.70 F

pHO = pH when stock was 0.225 F catt

1

~pH pH when stock was 0.225 F Mg++

+ volume of reagent added to 45.0 mls of 0.005 F HCO3 whose

pH was 8.81 for the Ca'' tests and 8.83 for the Mg++ tests.

(upon addition of 55.0 mls of H,0 to 45.0 mis of the HCO3° solution
the pH dropped to 8.80).

2
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TABLE XVII

pH vs. [Na+] and [K+] in HCO3 solutions

Sol. # keif (mls) Nac1" (mls) pH
0 10.0 0.0 8.58
1 9.0 1.0 8.58
2 8.0 2.0 8.56
3 7.0 3.0 8.56
4 6.0 4.0 8.56
5 5.0 5.0 8.56
) 4.0 6.0 8.55
7 3.0 7.0 8.55
8 2.0 - 8.0 8.55

10 0.0 10.0 8.54

where [KC1] = [NaC1] = 0.70 F

+ Volume of reagent added to 45.0 mls of 0.005 F HCO3 solution.

Each sample was made up to 100.0 ml total volume.



TABLE XVIII
HC03'—C03_ empirical determinations

Mls Mls Mls - ++ - = Mass 0
501 # 0.0050 KHco, 0.337 ke1 YTt Woog.205 catt [HC03 1y [Ca "1y pHy [HCO3 1,0 [C05 oy Balance % Toss
1 45.0 10.0 100.0  0.07 0.0 0.0022 0.0 8.52 0.0020 1.4 x 107 6.0 x 107° 1.0
2 45.0 0.30  100.0 0.07  10.0 0.0022 0.022 7.88 7.6 x 10°% 7.8 x 107 -6.6 x 107 30
3 100.0 0.00 100.0 0.005 0.0 0.0050 0.0 8.81 4.8 x 1073 NIL
(a) Solution Composition+
1st Aliquot Titration Back Titration ,
M1s Total meq _ Mls - €052-
Sol. #  §.0103 F HC] HCO,™ + CO, 0.0103 F HC1  ™eq HCO; (by differences)
T 5.62 0.0579 2.0 0.0510 0.0069
2 5.62 0.0579 7.20 0.0190 0.0389
3 11.78 0.1210 6.70" 0.1220 NIL
Blank | 9.05 0.0044
(b) HC03--C03= Determinations
£ [1=F

+ added 20.0 m1 0.00977 NaOH

eotL



PART VI
COMPUTER BASED INFORMATION SYSTEM

VI.A. Introduction

After initial development of the electrolytic method of CaCO3
precipitation it became obvious that the nature of the method and experi-
ments planned made the system suitable for implementation of a computer
based information system. This would entail control of current generation,
automatic 'Ioggind1L and processing of all data. Such a system is outlined

in Module Three of Section II.

Program SS205 is an executive program incorporating a subset of the
specifications as first envisioned in Module Three. Data reduction routines
were not incorporated into the software due to further work required in
the process interfacing and use of the specific ion electrodes. Maximum
emphasis was placed on the development and testing of software to accomplish
the control and data acquisition functions. Hardware development did not
reach the stage where meaningful data was acquired from the transducers.
However, trial runs were made with the system using a multiplexed 10-bit
analog-to-digital converter (ADC) to receive signals from glass and calomel
electrodes and 2 other inputs. A brief description now follows of program

S$S205 and multitask programming and its use in a CaCO, precipitation ex-

3
periment.

+ Feedback from the pH electrode would allow the processor to use a pre-
viously specified pH value as a setpoint at which data acquisition should stop.

- 104 -
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VI.A.1. Multitask Programming

In a single task environment the processor jdles while an I/Q
operation is in progress. Efforts to use processor time more efficiently
led to the concept of multitask operating systems. This is especially
important in real time systems where processed results must be made
available in time to affect the process or its environment. The contrast
between a single task environment and a multitask environment is shown
in Figure 12.

In the Tatter environment a task scheduler is needed to decide
which of several programs will be allocated cpu control. In essence then
the multitask program consists of a network of single tasks.

In program SS205 all task activity is under control of a system
executive program referred to as RDOS (Real Time Disk Based Operating
System). The user tasks can signal RDOS to perform desired actions
through use of either system or task calls. System calls generally deal
with I/0 operations or in defining interrupt servicing routines. Task
calls involve task management functions such as task initiation, suspension,
activation and termination. System calls in effect transfer subroutine
parameters to the operating system which then decides what action should
be taken. In addition to processing system and task calls the RDOS
executive provides routines to process interrupts and dispatch them to
device interrupt servicing modules as well as getting or Ehanging the
time of day or date. Figure 13 depicts the flow of interaction between
the user tasks, RDOS and hardware.

Initialization of the program starts execution of the first task.
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To create other tasks the first task initiates the second and subsequent
tasks by issuing the appropriate task monitor calls. At the time of task
initiation each task is assigned a starting address and a priority, with
priority O being the highest. This allows the scheduler to decide which
task will have cpu control. The scheduler runs after the completion of
any system call and after servicing external interrupts.

Tasks within RDOS can be either in an idle or active state. If
the task is idle (dormant) the system has no knowledge that the task
exists even though the code remains part of the program. Tasks can exist

in one of four states.

EXECUTING The task has control of the central processor unit (cpu).
READY The task is ready and available for execution but cannot
gain control of the cpu until all higher priority tasks
existing in the READY or EXECUTING state are completed
or go into a SUSPENDED state.
SUSPENDED  The task is awaiting the occurrence or completion of
some system call or other real time operation.
DORMANT The task has not been initiated (made known to RDOS)
or its execution was completed and it is now’idie.
The scheduler keeps status information about each active task within an
information structure called a TASK CONTROL BLOCK (TCB). - Tasks in the
TCB are linked together in chains in order of decreasing task priority.
Figure 14 depicts task state transitions.

Though tasks operate asynchronously under scheduler control, tasks
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have the ability to communicate with each other and therefore transmit
messages which can act as synchronizing elements. This allows a task to
halt temporarily (SUSPENDED) until RDOS receives word from another task
that the suspended task can again be brought to the ready state. It is
also possible to transmit a message directly from an interrupt service
routine to a user task therefore providing the basis for task activation
based on the occurrence of external events as indicated by interrupts.
A task can also issue a system call which will cause itself to suspend
for a specified time period that is a multiple of the real time clock
frequency.

Figure 15 shows flow chart conventions for a multitask programming
environment. Appendix B shows the flow chart for program SS205. Table

XIX shows a summary of task calls used in SS205.

VI.A.2. Computer Program Scope

SS205 is a multitask program (Appendix E) operating under version III
of Data General Nova's Real Time [Disk Operating System on a Nova 2 mini-
computer; Upon program initialization a user-machine interactive executive
task is set up whic