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The kineties of crystallization of caleium carbonate (calcite) at 25°C has been
examined by following the changes in caleium and hydrogen ion concentration when
stable supersaturated solutions are inoculated with calcite seed crystals. The calcite
growth follows a rate equation second order with respect to concentration suggesting
a surface-controlled process. Calecium ion coricentration changes were followed using
15Ca radiotracer and atomic absorption spectroscopy .. Heterogeneous exchange of
1Cg between o calcium carbonate solution and calcite seed crystals has also been
examined (by aliquid scintillation counting te(;hnique) in order to analyze the crystal

growth data.

INTRODUCTION

The mechanism of crystallization of cal-
cium carbonate from supersaturated solu-
tions is of importance in the desalination of
water using evaporative techniques (1).
Moreover, understanding of the caleium
carbonate crystal growth mechanism has
important consequences in geochemistry
and oceanography (2, 3). Several experi-
mental methods have been used to study
crystal growth from solution. In the case of
calcium carbonate, for example, measure-
ment of the concentration changes accom-
panying spontaneous precipitation from
supersaturated solution has been used as a
measure of the extent of crystal growth (4,

5). In these experiments, however, it is not -

possible to determine whether nucleation
and crystal growth oecur simultaneously or
consecutively and, in addition, there is a
strong likelihood of complications caused by
heterogeneous nucleation (6). Both diffu-
sion and interfacially controlled rate proc-

esses have been proposed as the rate-

determining steps for crystal growth (7).
~ Inthe present study the kinetics of growth
of caleite crystals from supersaturated solu-
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tions has been examired. It is possible by -

careful control' of experimental conditions
to prepare supersaturated calcium carbonate
solutions which are stable for days. At the
start of a growth experiment aged calcite

seed crystals are added to a stable super-

saturated solution and the rate of growth is

‘meastured. This technique, yielding highly

reproducible results, permits investigation

‘not only of the mechanism of the calcite

growth process but also of the effect of added

substances on the rate of crystallization.
Calcium carbonate polymorphs and hy-

drates existing at or near ambient condi-

‘tions” are (8) calcite, aragonite, vaterite,

monohydrdcalcite,- trihydrocalcite, and hexa-
hydrocalcite. The thermodynamically stable

form of caleium carbonate under the experi-

mental conditions of the present work (25°C;
1 atm pressure) is calcite (9) and this

- polymorph will precipitate from the super-

saturated solutions of . calcium carbonate
used in this study (10).
. MATERIALS AND METHODS

Andlytical reagent grade chemicals, triply
distilled water, and grade A glassware were
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used throughout. Calcite seed crystals were
prepared by slowly adding 0.2 M CaCl, solu-
tion to 0.2 M N=a,CO; solution at 25°C.

Freshly precipitated seed crystals were aged .

overnight in mother liquor and were subse-

quently washed with distilled water ‘several

times each day for one week. A seed mystal ,::lntO account ‘in SOh.lthl’lS of calcmm car-

suspension used in the growth experiments
was prepared by adding washed seed crystals

tivity -m solution due to the exchange of

Cat?i ions on thie surface of the mys‘oal with -

__Cz»‘*_2 ions in the solutlon (12-14).

RDSU’LTS AND -DISCUSSION o
hg followmg equlhbna must be taken

to a 0.02 M NaHCO; solution; it was aged -

for one month before use. The crystals con-
sisted of well-formed, transparent rhombs

with an average edge length of 10 pm The

surface area was estimated to be 0.3 m*/gm.
Supersaturated calcium carbonate solu-

tions were prepared by the drop-wise addi-

tion of 100 ml of sodium bicarbonate solution
(0.0200 I4) to 100 ml of calcium chloride
solution(8 X 107" M) in the thermostated
(25.00° = .02°C) double-walled Pyrex glass
vessel used for the growth experiments. The
stability of the solutions was verified by the
constancy of the pH for at least 1/2 hour
before the start of each experiment. ’
The pH changes accompanying calcite
growth were followed using a Beckman Re-
search Model pH meter (& 0.1 mV) with a
Beckman combination electrode. NBS stand-
ard buffer solutions, covering the pH range

of interest, were used to calibrate the elec- -

trode system. The decrease in solution pH
during calcite growth raises the pCO, of the
supersaturated solution causing a net loss of
CO, from .the solution and concomitant

. changes in pCO, make it difficult to attain
an equilibrium calcium carbonate concen-
tration at the conclusion of a kinetic ex-
periment.

Measurement of total calcium ion con-
centration in solution during crystal growth
was accomplished by using either a “Ca,
radioactive tracer with liquid scintillation
counting (Packard Model Tri-Carb liquid
scintillation spectrometer) (11) or atomic
absorption  spectroscopy  (Perkin- Elmer
Model 303). When “Ca radioactive tracer
is used to follow calcite growth it is also

o y
necessary to consider the change of 5Ca ac--

._.’bona,te Ny
?co 1 HOS HoCOS 1
“.'I-LCOa «_—> H-+ + HCOy™ ks 2]
-I—IOO; SH + 007 k 3]
Ot + HOO,™ 5 CaHCOs* Kowcot 4]
o + co* = 0aC0s° Kool 18]
Ca # 4 OH" = CaOH" Keuorr - 16]
“0a* + COF* = Ta00; Kar 17]

Values of “the ' dissociation constants are
fy = 4452 X 107 mol 17 (15) and ky =
469X 107 mol I (16). Thermodynamic
ion association constants have also been
determined: Koegcogt = 1.94 X 10" 1 mol™
(17), Kcncm = 1.59 X 10° 1 mol™ (18),
Koaon+ = 2.5 X 10 1.mol™ (19), and the
thermodynamic solubility product Kgp =

14,01 X 107" (9).

The concentrations of all the ionic species
in-the solutions were calculated from the
experimental pH using expressions for mass
balance by successive approximations for 7,

/ . _the ionic strength (20). Activity coefficients
significant changes in solution pH. The slow .-

f were obtained from the modification of the

' »Debye Hiickel - equatlon proposed by Davies

(20). ,
. ’ Il/'z '
logf. = — 47’ (————— 03I> (8]

‘ Typica,l plots-of calcium and carbonate con-
centration as a function of time are shown

_in Fig. 1 by the radiotracer technique and in

.I‘lg 2 by atomic absorptlon spectroscopy.
“The ‘change in . %Ca - activity in a super-
: a,turated solution. inoculated with seed
clystals of calcite results both from crystal
growth and exchange of calcium ions be-
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Fia. 1. Plots of calcium (O) and carbonate (O) concentrationé_ in 1;11n_‘5 dgainst time for calcite
growth followed using 45Ca radiotracer. Initial concentrations me.+2 = 4.352 X 1074, meoz—2 = 2.160 X
- 1074, mucoz = 1.013 X 1072, pH = 8.520, calcite seed concentration = 31.5 mg/100 ml.
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F1a, 2. Plots of calcium (O) and carbonate (Q) concentrétibns'in run’ 7-against time for calcite

growth followed using atomic absorption spectroscopy. Initial concentrations mg,+2 = 4.402 X 107¢;
meoy—2 = 1.833 X 1074, mmucos = 1.015 X 1072, pH = 8.455, calcite seed ‘concentrati‘on = 230. mg/100 ml.
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tween the solid and solution. The resultant
change may be expressed by Eqg. [9].

45 .
d Ca = ke sF[Aso1(m — mo)]

ds i [9] R

+ ]CE}; S(Asol - Acrysfél),

where d “Ca/dt is the change in 450&_.c¢un£ -
rate in solution in (cpm/gm of sol)/min, s

the surface area of the crystals, ks the rate

constant of crystal growth, kex the rate con- .

stant of hetelogeneous exchange, m the

molar concentration of calcium carbonate -

5000 -
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net cpm
gm solution

in the supersaturated solution, my the
;'ethbuum concentration of caleium car-
-bonate, and A gor and Aorystar the specific ac-

es (“Ca cpm/mole ‘of Ca*’) in the
ion .and  crystal” phases respectively.
ctlon F[ SoL(m — mg)] is propor-

- The effect of smface exchange on the “Ca

2 actlwty in solution durmg a labeled growth
: »expenment was. emmmed by adding labeled
calcite seed - cwsta,ls to: (1) a saturated
“calcite solution "and (2) a supersaturated
‘calcite solution. The results, shown in Fig. 3

-
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PFia. 3. Plots of 45Ca count rate in solution against time: 4Ca labeled calcite seed suspension added
to saturated solution (M), added to supersaturated solution (®). Initial concentrations in the saturated
solution mgatz = 2.625 X 1075, meo,—2 = 5.10 X 1074, mucos = 2.00 X 1072, pH = 8.538, labeled calcite
seed concentration = 33.0 mg/100 ml, and in the supersaturated solution mg,+2 = 4.352 X 107, mcos—2 =
2.160 X 1074, myeor = 1.013 X 1072, pH = 8.520, labeled calcite'seed:concentration = 31.5 mg/100 ml.
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indicate that when a labeled seed suspension
is added to a saturated solution the solution -

count rate .increases owing to isotopic ex-. .
change. The lower curve in Fig. 3.shows that-

when the same suspension is added to. &
supersaturated solution the solution count,
rate decreases reflecting the growth -of.
caleite from the supersaturated solution.
Moreover, this change in calcium concentra-
tion parallels within 10% the concentration -
changes measured in the atomic absorption
experiments which are not affected by the
exchange reaction. It is seen that under the
conditions of this experiment calcite crystal
growth commences immediately upon the :
addition of seed crystal. There appears to
be little or no exchange of “Ca between the
crystal surface and the supersaturated solu-
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tion during the first 60 min of calcite growth.
In thls e\penment the ne“ sohd phase ap-

bundellylno seed olystal
\ms (91) have’ ex&mined

loganthxmc 1aW based on the assumption

~that the upels%tumted solution is in equi-

'hbnum Wlth the sulface layel of the growing

:crystal but not with the crystal as a whole.

Later “workers: ‘have demonstrated that a
numbel .of plempltamon reactions follow
this” loga.nthrmc distribution law (22).
Label_e_d calcite glowﬂy may thus be inter-
preted- as van iSo‘que dilution experiment and

“the ion concertrations can be calculated

)
(mCav *

Fia. 4. Plot of dT¢.+2/dt against (77zca+z.mgo_a‘—fg - K_s‘p/_‘fﬂz)‘fo'r run .
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using the “Ca solution count rate measure-
ment and the solution pH.- -

The data represented in Iligs. 1 and fol—
low a rate expression of the form
dTga+2/dt v—7vG 3(77’Lcn+°7nooa

- IiSP/f" )7

where To.+2 is the total calclum ion con-

A10]

in the solution. Experimental data from
atomic - absorption measurements in- Fig. 5

‘lie on.a straight.line which passes through
- the” ougm 1n Oood agreement with Eq. [10].
- The solublhty value for calcite could not be
RTo1e tamed from . mystal ‘growth experiments

.because of the dlfhculty in reaching carbon

' flede,e‘ equilibrium . between the solution
and gas phases. Equilibrium concentrations

centration in solution, ¢ is time. in minutes, =0

and mgg+2 and meo;? are the ionic concentra- -
tions. Plots of the rate of crystal growth
against (Mea+r Mooy’ — Kep/fe') in Figs. 4 °
and 5 show that Eq. [10] satisfactorily repre- _'

sents the data. The line joining the data
points from the tracer experiment in IFig. 4
does not pass exactly through the origin.
This may be due to slow exchange of “Ca
activity in the bulk crystal with Ca** ions
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of 3cz_xlcii_111n“calfbonate were calculated using
‘the 'best’ available estimate of the calcite
"'sclllbility product at 25°C, Kgp = 4.01 X

1107 taken from the. survey of Langmuir

(9). In the pr esent work, the calcite crystal

growth rate has been found to be a linear

function of 'thev weight of seed crystal used
“to initiate growth. The average value of the
crystal growth rate constant, ke = 2.90

=

RUN 7
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2 mage2 - =55y L 108
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Fia. 5. Plot of dTga.+2/dt agamst (mcn+2 mma—z - I{sp/fzz) for run 7.
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min™ M (mg seed/100 ml sol)™, was supersaturated solution is a second-order
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