ilds :,

sure Buzldu
ries, Sociel

sek, P an
'‘essure in.g

~process of 10 to 20 kcal mol
6 lczum —sulfate-—seeded——crystal-—above—-1002C-—— -

G. H. NANCOLLAS
M. M. REDDY

ABSTRACT

Revzewed bere is the kinetics of crystal growth
sparzngly soluble minerals such as calcium

carbonate, calcium sulfate, and barium - sulfate,

frequently cause scaling problems in oil
zelds. ‘For all three electrolytes, the crystal growth
curface controlled and follows a second-order
| rate law with an activation erzerﬁy for the growtb

The growth of

trates the importance of characterizing
rpbic transformation processes. Phosphonate
nhibitors show differing modes of inbibition
stems precipitating CaCOgz and CaSOq,

INTRODUCTION

formation of crystals of scale-forming,
y soluble minerals continues to be a very
iproblem for the petroleum engineer. Scaling
b om a spec1f1c set of geologxcal physical,

iate: in scale formation as may physical
such as pumping rate, well pressure, and

investigations can answer many of the
“or example, scale caused by the addition

ature and pressure under down-hole
The difficulties are compounded by the
‘conditions frequently encountered under
-h le ‘cond1t1ons, notably h.tgh pressure and

ght to the surface for analysxs can lead
ylrely misleading results owing not only to
in“temperature and pressure, but also to
act that'the solution may be actively depositing

ferals within the well. In addition, the

: 4360) was presented at SPE-AIME Oilfield
ry:Symposium, held in Denver, Colo., May 24-25, 1973,

! 974 American Institute of Mining, Metallurgmal,
ngmeers, Ine.

v"'i""’(';”The Kinetics of Crystallization of Scale-Forming Minerals
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possible deposition of carbonate scale is dependent
upon the carbon dioxide partial pressure in contact
with the solution. The minerals that appear to pose
the most serious problems in oilwell scaling are
the sulfates of calcium and barium, and calcium
carbonate. Calcium sulfate and calcium carbonate
have solubility values that decrease with i mcreasmg
temperature. The higher ambient temperature in the
down-hole situation will therefore encourage the
formation of scale deposits of these minerals. In

the case “of calcium sulfate-the-problem—is-complis————

cated by the transition between the dihydrate,
hemihydrate, and anhydrite phases. These calcium
sulfate polymorphs may be stable or unstable under
different conditions of temperature or of ionic
strength. Barium sulfate presents a particularly
serious problem, since it is very insoluble and
cannot be dispersed once it has deposited as scale.
‘Numerous studies have been made of the
spontaneous precipitation of sparingly soluble
minerals from solutions containing concentrations
of the crystal lattice ions considerably in excess
of the solubility values. Attempts are usually made
to use controlled methods of mixing the reagent
solutions containing the lattice ions, but it is
extremely difficult to obtain reproducible results
from such experiments. There are probably no
systems that are entirely free from foreign
substances .or dust particles that can readily act as
sites for the formation of auclei of the precipitating
phase. The attainment of so-called '‘homogeneous’
nucleation conditions is therefore very difficult even
when extreme precautions are taken to exclude
impurities and foreign particles from the solutions 13
Experiments are frequently conducted to determine
scaling thresholds in the laboratory by mixing
solutions of salts containing the lattice ions and
observing the appearance of the first precipitate.
Such experiments are open to the same objections
as those given above, however; moreover, they are
frequently carried out ifi such a manner as to ignore
important kinetic factors in the rate of precipitation.
Thermodynamic interpretations of the results
assume the attainment of equilibrium and involve:
the thermodynamic solubility products of the
precipitating minerals. Often, the effects of ionic
strength differences are entirely ignored and the
thermodynamic  solubility products are used
indiscriminately without calculating the values of
the activity coefficients under the conditions of
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the experiments.

The thermodynamic treatments outlined above
assume that at all stages of the scaling processes
the systems are effectively at equilibrium and are
amenable to treatment with the experimentally
measured solubility products. There are, however,
important kinetic considerations that must be taken
into account. Thus under certain conditions of
ionic strength or of temperature the initially
precipitating phase may be thermodynamically
unstable and may transform to the stable phase
during the course of the reaction. Moreover, the
time scale in which such changes take place may
be considerably longer than typical time intervals
of interest under down-hole conditions. It is the
prevention or control of scaling while the salt
solutions are in contact with the well-drilling
components that is of particular interest to the
petroleum engineer. It will be evident from results
presented in this paper that many of the commonly
used scale inhibitors will prevent crystal growth or
scale formation for only a rather specific time. At
the end of this induction or delay period in the

of foreign particles, it is possible to prepare stab
solutions of most electrolytes of concentratio
greater than that corresponding to the solub;hty
value. The critical concentration, above whig
spontaneous precipitation takes place, is quite we]
defined and can often exceed the solubility va)
by a factor of 5 to 10. Practical methods
preparing such solutions include the careful mixiqg
of reagent solutions containing the crystal lattig
ions and the heating or cooling of saturate
solutions of the salts. The resulting supersaturate;
solutions of the minerals of interest are stable fg;
periods of days. The maximum solution supersat
ation at 25°C and normal pressures which can ».be
employed in seeded growth experiments are S =
for CaSO,.2H,0, 2.0 for CaCOj3 (calcite) a
approximately 1.0 for BaSO4 Here, S is defined:
(m = m,)/m,, where m is the concentration of ¢
salt and m, is the solubility value. The stab
supersaturated solutions are inoculated with wejl
characterized seed crystals of the mineral. und
study. Then the rate of crystal growth is determm

crystal growth reactions, the precipitation can take
place at rates at least as high as those observed in
the pure precipitating medium that contains none of
the. additive. This may be perfectly satisfactory in
the field, provided that the induction period is
longer than the time the salt solutions contact the
oil-drilling equipment. All these factors militate
‘against the accurate determination of threshold
concentrations below which scaling will not occur
under conditions in the field. The seriousness of
the scaling problem depends not only upon the
actual quantity of scale deposited, but also upon
the crystal morphology of the precipitated phase.
Some crystal shapes will pack together and form a
serious scaling problem, whereas others can be
readily swept away in the stream of salt solution
contacting the surface. As we shall see, additives
may have significant effects upon the morphology
of the precipitating crystals. In addition, the
possibility of epitaxial growth of one scaling phase
upon another should not be overlooked.

As stated above, experiments concerned with
scaling threshold and spontaneous precipitation are
difficult to reproduce. A minute perturbation of any
of the experimental conditions may have a dramatic
effect upon the observed results, One of the main
problems is that upon mixing two solutions, each of
which contains one of the sparingly soluble salt
lattice ions, both nucleation and growth occur
simultaneously. It is difficult to determine whether
all the crystal nucleation takes place initially
before crystal growth, although this is frequently
assumed in efforts to explain the experimental
results in individual precipitating systems. It is
likely that both the size and size distribution of
the precipitating particles change continuously
during the precipitation reaction, making it very
difficult to analyze the experimental results. 4.5

Provided that special precautions are taken to
avoid local concentration effects and the presence
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tions of lattice ions in the solution and .t
specific surface area of the growing crystals, a
by microscopically examining ~the precipitate
Thus the rate of crystal growth can be studie
without the added complications introduced: b,

concomitant nucleation. Under some conditions
however, existing crystals may induce the formati
of new crystals in a secondary nucleation proce
this may constitute an . important problem in t
field. '

In most of the crystal growth studxes made in

unlike spontaneous precipitation experiments,
results are perfectly reprodumble. The effect:
such factors as temperature and ionic strength

therefore be studied quantitatively. Rates
crystal growth are determined by withdraw
solution aliquots from the crystallization cells a
analyzmg chemically, potentlometncally, conduc

phases are examined both by optical and scannin
electron mxcroscopy, and sutface areas’’ a

solution concentration agamst time are shown
Fig. 1 for the crystallization of calcium sulfate
calcium carbonate,” and barium sulfate,® T
addition of inoculating seed crystals
induces crystal growth immediately,
characterized by a regular fall in
concentration of lattice ions with time. Un
certain conditions (Curve a) induction effects &
observed and these will be discussed later.

CALCIUM CARBONATE

In the absence of induction effects, the rate




are stable - “soluble electrolytes of symmetrical charge type from
entrationg: “supersaturated solutions has been found to follow
solubilit ‘{equauons of the type2,9-11

dm
——d?‘ = k+5‘ (m“'mo)z Ao d e e S e e e e (la)

daT 2
= ks {T-T B
y s o) T . .~ (1b)

Ih these equations m represents the concentration
stable fo of free lattice ions in the supersaturated solution
t time £, and T is the total metal concentration,
m, . and T are the correspondmg solubxhty values
rrected to the ionic strength of the expenment s
s’ proportional to the number of growth sites
resent, and kAt and k are. the corresponding rate
nstants. Fig, 1, Curve ¢, shows-a typical growth
e for the crystallization from supersaturated
olition on to calcite seed crystals. In the case of
alcium carbonate, Eq. 1 may be written

=d[Ca?tl _ o (T

coefficients, f,, of =z-valent’ ions have been

calculated using the modification of the Debye- .

Hickel equation proposed by Davies!4

log f, = ~AZ2 [IA/(1 + 17 ~ 0.31].

Analysis of ‘the calcite ctystal growth data is
facilitated by employing the integrated form of
Eq. 2:

(Tag= T8 1~ (TE, =T 1 = kst, + « . (3)
where TCa is the concentration of free calcium ions
at zero time and T%, is the solubility value. The
linear plot of (Tg, ~ T8,)"Y = (T, - T&,) ! as
a function of time shown in Fig. 2 conf1rms the
applicability of Eq. 2 for the interpretation of the
experimental results.

The observed second-order dependence of the rate
of crystal growth upon the supersaturation (Egs. 1
and 2) reflects the slow step or steps in the over-all
crystal growth process in which hydrated lattice

2
¢ TS 0 L

the calculation of the concentrations of ions in
:solutions, it is necessary to take into account
ch’ of the acid-base and 1on-pa1rmg equlhbna

concentrations of all the ionic species in the
';saturated solutions can then be calculated

ionic strength 1.1 T values are given by
sum of the concentranons of all the calcium-

‘ “work discussed in this paper act1v1t
red sinc paper, v
nents (hour)
2.0
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”‘,
‘.80
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1.6

Time(min.)
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time “zer FIG 1 — PLOTS OF METAL ION CONCENTRATION
d this ,{(CONC) VS TIME AFTER THE ADDITION OF SEED
colutio CRYSTALS TO STABLE SUPERSATURATED SOLU-
ve. Und ONS AT 25°C, TOTAL CALCIUM ION CONC. (LEFT-
£ AND OUTER ORDINATE) VS TIME (LOWER ABSCISSA)
ffects:at R.CALCIUM SULFATE GROWTH: CURVE a, ®, SEED
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el : RDINATE) VS TIME (UPPER ABSCISSA) FOR BARIUM
sparing 'SULFATE GROWTH, CURVE d, V, SEED CONC., 2 mg/ml.
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ions in the solution are transported to the crystal
surface where they are dehydrated and incorporated
into growing sites on the crystal surface. If the
equilibrium at the crystal face is sufficiently rapid
so as not to be involved in the rate-determining
steps, the crystal growth would be -controlled by
the bulk diffusion of material up to the surface. In
terms of a simple diffusion ‘model, the rate of
crystallization would then be expected to be
proportional to thé first power of the supersaturation
or (T = T°). The observed second-order dependence
points ‘to a rate-limiting step involving a surface

‘reaction at the crystal face. This may be adsorp-

tion,15 surface chffusmn 16 or even dehydration of
the latuce ions.17 Further evidence for the proposed
interfacial mechanism for calcite growth is provided

o.8- o o
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FIG., 2 — CALCIUM CARBONATE CRYSTAL GROWTH.
PLOTS OF RATE FUNCTION, [(T, - 73, )! ~

Z 12 )-1] x 105, VS TIME (MIN,). EXPT. 32,0} EXPCI(i

324, A, EXPT. 328, < EXPT. 34AlL O. STIRRING

RATE, 385 RPM; SEED CONC., 0.24 mg/ml; TEMP.,

25°C; TOTAL CARBONATE CONC., 10~2M; TOTAL
CALCIUM CONC., 10-4M; pH = 0.1,




by the observed insensitivity of the rate constant &
to changes in the rate of stirring in the
crystallization cell”

A series of calcite crystal growth experiments
was conducted at different temperatures between
10° and 40°C, and in each case, Eq. 2 satisfactorily
fitted the experimental data. The activation energy
for crystal growth calculated from the slope of the
linear plot of lnk against T~! was 11.0 kcal mol~1,
This value is considerably larger than the value to
be expected for a diffusion-controlled reaction (~4.2

kcal mol-l), again pointing to the proposed
interfacially controlled mechanism for calcium
carbonate crystal growth. In actual scaling

situations, the distinction between a liquid phase
(bulk) diffusion control and a surface reaction
control is an important one. For calcite, and indeed
for all the important scale minerals discussed in
this paper, the rate of crystallization is independent
of the fluid dynamics of the system at least within
the range of stirring rates (200 to 800 rpm) attainable
in our crystallization experiments. It would therefore

would be very little affected by such factors as flow
velocity of the loaded aqueous phases over the
scaling surfaces.

BARIUM SULFATE

Barium sulfate scaling is frequently observed in
oilfield operations where, owing to its exceptionally
low solubility, it presents an acute problem. A
number of studies have been concerned with
nucleation and spontaneous growth, but the difficulty
.of obtaining reproducible results in such experiments
has already been emphasized. Turnbull 18 examined
the rate of precipitation of the salt by measuring the
electrical conductivity. He concluded that all but a
" negligible number of nuclei were formed during the
mixing process; the number of nuclei- apparently
depended upon the relative concentration of the
precipitants, barium nitrate and potassium sulfate.
Walton and Hiabse,!® on the other hand, used a
light-scattering technique to investigate the same
precipitation and concluded that the number of
nuclei was independent of the concentration of
precipitants. On the basis of this finding, those
authors suggested that nucleation was heterogeneous
and took place on particles of impurities in the
solution. Both interface control!® and bulk liquid
diffusion control?? have been suggested for the
subsequent growth process, and the confusion may
be due to the difficulty in avoiding heterogeneous
nucleation in experiments designed for purely
homogeneous nucleation.

The conflicting results and theories for the
precipitation of barium sulfate outlined above
renders impossible the accurate prediction of barium
sulfate precipitation in the field. As stated
previously, the use of thermodynamic relationships
in interpreting the results does not answer the

important kinetic questions?! as to how much time-

it will take to precipitate a given amount of barium
sulfate and how and where the crystals will nucleate
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be--expected-that—the rate—of the_scaling_process_.

" crystal growth process is once again controlled by

o8N RLGIND

and grow in a given system,

To avoid the complications introduced by possible
heterogeneous nucleation, the kinetics of growth of
well characterized seed crystals of barium sulfate
from stable supersaturated solutions was studied ip
our laboratory some time ago.8 Concentratiog
changes were accurately monitored (+0.01 percen
by following the conductance of the solutions, an
a typical growth curve is shown in Fig. 1 (Curve d)
in the presence of 2 relatively high concentration’
of seed crystals (approximately 1 mg per milliliter
of supersaturated solution), the rate of crystalliz
tion closely follows Eq. 1, indicating that th

a reaction at the crystal surface. This conclusio
is supported by an observed growth rate that
insensitive to changes in the stirring rate of th
conductance cell, 8 o
In supersaturated solutions containing nonequiv:
lent concentrations of lattice ions, Eq.
satisfactorily represents the experimental data.8

T T e e

dt s -

In this equation, N is the number of moles 171t
salt to be deposited before equilibrium is reached,
and k' and s’ are corresponding rate-constant and
growth-site terms, respectively, analogous to those
in Eq. 1. ' [
Under conditions in which the supersaturation i
raised or the amount of seeding crystals is reduced
the barium sulfate rate curve (Fig. 1, Curve:d).is
characterized by an initial growth surge for up
30 percent of the reaction, after which the”
conforms to the regular quadratic kinetic equatio
Eq. 1. It appears that secondary nucleation takes
place during this growth surge,8 and scanning
electron microscopic studies are presently ‘und
way to examine this phenomenon in more detail.?
The results of the barium sulfate seeded growt
studies show that, as with calcium carbonate,’ th
rate of crystal growth does not depend upon t
fluid dynamics of the precipitation system. This
of great importance in trying to understand ‘barit
sulfate scaling in the field. There is still a-dear
of information concerning the effects of bri
concentrations upon the rate of crystal growthjZ
barium sulfate. Studies are presently under way I
our laboratory to determine the influence of ioni
strength and of the commonly applied scal
inhibitors upon the rate of crystallization. 22

CALCIUM SULFATE

Calcium sulfate scaling causes severe problems
under down-hole conditions in many oil fields.
Not only does a rise in temperature promote scalin
through a decreasing solubility, but phase equilibri
must also be taken into account. A number
studies of the seeded crystal growth of calct
sulfate dihydrate have been made in our laborat
and typical growth curves representing the-chang
in calcium concentration in the supersaturat®
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solution with time are shown in Fig. 1 (Curves a
and b).6 It can be seen in Fig. 3 that in the absence
of .induction effects (Curve b), the rate of crystal
.Jg:owth closely follows Eq. 1. As in the crystal
g‘rthh of calcium carbonate and barium sulfate,
“this evidence, together with the demonstrated
absence of stirring effects,® points to a crystal
g;owrh process that is dependent upon a reaction or
reactions taking place at the crystal surface. It is
very interesting to note that for calcium sulfate
d;hydrate, unlike for the other two systems the
“.mass of mineral deposzted durmg experiments such
_‘as those illustrated in Fig. 1, is as much as two or
three times the weight of seed crystals added
mmally This is reflected in a considerable
'mctease in surface area of the crystallites. The
etic equation, Egq. 1, however, satisfactorily
describes the growth data (Fig. 3) without having
to'take into account this increase in surface area.
In'Eq. 1, s represents the number of growth sites
added as seed crystals, and in experiments employing
‘dlfferent amounts of seeding crystals, the rate

- possible’

crystals added initially.6 These results are
consistent with the idea that no new growth sites
re. formed during crystallization. Such would be
case if growth were confined to the screw
cations present on the seed crystals.

hen the amount of seed crystal is reduced (Fig.
urve a) or the supersaturation is increased,
stal growth of calcium sulfate is preceded by an
induction ~period. Microscopic- studies = of the
ing .crystals clearly indicate® that the
»appearance of the induction period is accompanied
»s‘eccndary nucleation. Unlike the regularly
owing crystals in the experiment represented by
1, Curve b, the crystals corresponding to
urve a show considerable surface roughening
haracteristic of surface nucleation. The existence
econdary nucleation has been recognized for

)2 x 106, WHERE S, IS THE INITIAL SEED CRYS-
ONC., V, THE INITIAL VOLUME OF SOLUTION,
“THE VOLUME OF SOLUTION OF TIME #. EXPT,
37,0, TEMP., 100°C; INITIAL SEED CONC., 0.17
-EXPT. G43, V, TEMP., 90°C; INITIAL SEED
; 0.28 mg/ml; EXPT. G62,(J, TEMP., 80°C; INITIAL
CONC., 0.29 mg/ml; EXPT. G64, O, TEMP., 70°C;
_ INITIAL SEED CONC., 0.32 mg/ml.

some time by those interested in' industrial
crystallization, but it is only relatively recently
that it has been invoked in kinetic studies of
crystal growth.24 Under conditions in which the
rate of growth is rapid, the seed crystals may grow
as a polycrystalline mass that breaks up to provide
additional crystals for growth. Alternatively, the
secondary nucleation may be due to collision
breeding in which large numbers of seed crystals
may be formed when the seed particles collide with
each other or slide over the surfaces of the
crystallization cell.

The growth of calcium sulfate phases at elevated
temperatures is of considerable importance to the
petroleum engineer. In our laboratory we have
developed an autoclave for the study of crystal
growth and dissolution at temperatures at and above
100°C.25 Using this appatatus, it is possible to
make the same carefully controlled seeded crystal
growth experiments as at room temperatures, and
both solution and solid phases can be sampled and
analyzed without subjecting them to decreased

constant-is-directly- propornonalato the.quantity-of . ambient- temperatures- during-the-sampling-procedure,—-—-——-

It can be seen in Fig. 3, that Eq. 1 satisfactorily
represents_the. growth results for the dihydrate salt
over a wide range of temperature up to 100°C. The
value of the activation energy 15.0 kcal mol~ -1 for
crystal growth calculated from the temperature
dependence of the slopes:of the lines, supports the
proposed surface-controlled mechanism.

At temperatures near 100°C, a calcium sulfate
phase transition involving the dihydrate and
hemihydrate takes place (see Fig. 4). In Fig. 5 is
shown a typical crystal growth experiment at-105°C
in which calcium sulfate dihydrate seed crystals
were used. It can be seen that the solution
concentration approaches the hemihydrate solubility
value (Curve a) rather than that of the dihydrate

.after about S0 minutes. Photomicrographs of the

crystal during the experiment clearly show that
duting the reaction, in addition to.an increase in
size of the added dihydrate seed crystals, small
crystallites of the hemihydrate are formed. -The
presence of both phases is confirmed by X-ray
powder diffraction. At the completlon of the
experiment at 105° the crystalline phase in the
autoclave consisted entirely of the hemihydrate. It
is cleat that the phase transformation does not take

place in the solid phase, but the nucleation of the

hemihydrate occurs through a secondary nucleation
mechanism probably involving collision breeding of
the nuclei. This is followed by a dihydrate
dissolution-hemihydrate growth process. (Fig. 4). It
is important to note that in the dihydrate-hemihydrate
transformation, the rate of formation of the more
stable phase in these seeded growth experiments
markedly increases with solution supersaturation.
In none of the experiments at elevated temperatures
was the anhydrite phase observed, despite the fact
that thermodynamically the anhydrite was the stable
phase, The mechanism of crystal growth of the
anhydrite and the effect of various brine concentra-
tions upon both the growth process and the phase
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transformations are presently being investigated in
our laboratory.

SCALE INHIBITION

One method of solving scaling problems is to
remove the scale-forming ions from the aqueous
systems. However, the cost of chemical treatment
of the large volumes of water involved is almost
prohibitive. Moreover, this method cannot be used
to solve scaling problems in inaccessible down-hole
situations. Several years ago in a seeded growth
study of the crystallization of the sparingly soluble
salt strontium sulfate, it was observed that when
the solutions ‘were prepared with deionized water,
the.rate of growth of seed crystals was very 'slow,
and the crystallization reaction ceased completely
at less than 25 percent completion! These effects
. were removed by the use of double-distilled water
and it became clear that the ion-exchange resins
used for the preparation of the deionized water were
the source of the minute traces of impurity in the
water. Thus extremely low concentrations of

. L =1 . b
40 80 120 160
time(min:)

FIG. 5 — CALCIUM SULFATE DIHYDRATE CRYSTA
GROWTH AND PHASE TRANSFORMATION. PLOT O

TION OF TIME AFTER THE ADDITION OF 104 mg ‘O
CALCIUM SULFATE DIHYDRATE SEED CRYSTAL
TO A SUPERSATURATED SOLUTION (TOTAL VOLUME
850 ml) AT 4 ATM AND 105°C. THE SOLUBILITY
CALCIUM SULFATE DIHYDRATE AT 105°C IS 1, 16;

impurity were effective in almost completely
inhibiting the crystal growth reaction. The use of
such inhibitors provides a very attractive method
for the control of scaling, and a substantial number
of potential additives have been investigated. 26-29

The seeded growth technique enables teproducible
crystallization rate experiments to be carried out in
the presence of additives. The additives are added
to the stable supersaturated solutions before the
inoculation with seed crystals, and the subsequent
crystal growth reaction is monitored in the ‘usual
manner. The following factors must be taken into
account in analyzing the results of such experiments.

HEMIHYDRATE IS 1.095 x 107 M (LINE b).

IOJA?»..‘(LINE a),AND_THAT FOR CALCIUM SULFAT

1. The additive may form stable complexes wi h
one of the crystal lattice ions of the precipitati,
phase. The effective concentration of the free ions

would therefore be reduced and the Solublhty
increased.

2. The additive may be adsorbed at the growth
sites and thus prevent further prec1p1tat10n If the
adsorption takes place only at certain sites, the
morphology of the growing crystals may be gross
changed.

» Culclum ‘ SulfoleDahydm!e
Ca$04- 2H,0
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Dihydrate tramsition to Hemihydrate ot 105°¢

Ca SO,* 2H,0 =% CaSO,* H,0+%H,0

Hemihydrate transition 1o Dikydrate at 100°C
FIG. 4 — CALCIUM SULFATE PHASE TRANSITION NEAR 100°C.

Caldum SulfoIe Hemahydmie
C0504 5 Ha 0
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‘.. 3, The additive, if ionic, will influence the ionic
“srength of the solution and hence the effective
“golubility of the precipitating phase. In the
‘examples to be discussed in this paper, the
- concentration of additives is so low that this effect
is negligible.
" The organic phosphonates have been found to
pe particularly effective in inhibiting scale
formation,28:29 and a number of studies have been
“nade of their influence on the rate of crystal growth
" of calcite.30 The additives studied, kindly made
~'available by T. M. King, Monsanto Co., included N, N,
“tN?/.N’-ethylenediaminetetra - (methylenephosphonic)
“Tiacid (ENTMP, Dequest-2041®9), N, N, N’ N’
“iriethylenediaminetetra (methylenephosphonic) acid
TENTMP, Dequest-205l®), nitrilotri (methylene-
phosphonic) acid (NTMP, Dequest-2001®) and
ydroxyethylidene 1, 1-diphosphonic acid (HEDP,
_gquest—2011® ). Typical growth curves of calcite
ed crystals with and without ENTMP are shown
‘Fig. 6. These curves clearly demonstrate the

marked growth inhibition in the presence of the

0_—l‘

surface will be covered by the added phosphonate
despite almost complete inhibition of the growth
reaction. This indicates that a relatively small
number of growth sites are active in the
crystallization process, which is consistent with a
screw dislocation mechanism. If it is assumed that
the additive molecules are adsorbed on growth sites
on the surface of the crystals, their presence will
prevent deposition of material near those growth
sites. The relative decrease in the rate constant
may therefore be interpreted in terms of a decrease
in effective crystal surface area, and it is found
that the experimental data are consistent with a

phosphonate;-»»at»awconcentration._of_,only_.O.»5~ppm._or
“~1x 1076 mol I"1 the reaction is almostcompletely
“stopped. In a comparative study, the effectiveness of
_the phosphonate inhibitors ata concentration level of
5 ppm was found to be HEDP > TENTMP > ENTMP
NTMP. In Fig. 6, growth curves are presented
er a wide range of ENTMP concentrations. It can
_seen in Fig. 7 that the rate law represented by
;. 2 in pure supersaturated solutions is also
applicable to calcite crystal growth in solutions
containing a range of phosphonate concentrations.
The marked inhibiting effect is also illustrated in
g. 8, where the rate ‘constants obtained from
the slopes of the plots in Fig. 7 are plotted as
function of ENTMP concentration. At additive
ncentration levels of 107%M, considerably less
an 1 percent of the effective crystal seed

m!  |h

\,

FIG.-6 — GROWTH OF CALCITE SEED CRYSTALS IN
'THE PRESENCE AND ABSENCE OF ENTMP. PLOTS
+OF TOTAL CALCIUM ION CONCENTRATIQN AS A
FUNCTION OF TIME (MIN) O, EXPT. 34AIL; ), EXPT.
34¢, 2,5 PPM ENTMP;[], EXPT. 34E, 2.5 PPM TENTMP;
¥.EXPT. 34AA, 0.5 PPM ENTMP; @, EXPT. 34BB, 0.5
PPM TENTMP; A, EXPT. 34CC, 0.5 PPM HEDP; B,
EXPT, 34DD, 0.5 PPM NTMP. STIRRING RATE, 385
- RPM; SEED CONC., 0.46 mg/ml; TEMP:, 25°C; TOTAL
CARBONATE CONC., 10~2M; TOTAL INITIAL CALCIUM
R CONC., 10-%M; pH = 9.1,
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RATE FUNCTION

50 30
TIME
FIG, 7 —— CALCITE CRYSTAL GROWTH IN THE
PRESENGE OF ENTMP. PLOTS OF THE RATE FUNC-
TION, (T, = TelY! = (Tl =T 2)-1x 105 VS TIME
(MIN) @, EXPT. 43AI1, 0 PPM ENTMP; O, EXPT. 34AAA,
0,5 PPM ENTMP; [, EXPT. 34AAC, 0,08 PPM ENTMP;
@ EXPT. 34AAB, 0.12 PPM ENTMP. STIRRING RATE,
385 RPM; SEED CONC., 0.46 .mg/ml; TEMP., 25°C;
TOTAL CARBONATE CONC., 10-2M; TOTAL INITIAL
CALCIUM CONC., 10~4M; pH = 9,1,
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FIG, 8 — CALCITE CRYSTAL GROWTH IN THE

PRESENCE OF ENTMP. RATE CONSTANTS OBTAINED
FROM DATA IN FIG, 7 PLOTTED AGAINST ADDITIVE
CONCENTRATION (ENTMP).
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simple Langmuir-type adsorption isotherm.30
Concentration levels of ENTMP. that inhibit

calcium carbonate seeded crystal growth also induce .

a modification in calcium carbonate crystal habits.
Habit modification was studied by a spontaneous
precipitation procedure. Induction periods (t;) for
spontaneous precipitation were taken as the time
between solution mixing and the onset of turbidity.
Crystal habit was observed using a Unitron Series
N -microscope with a Mirex camera. Calcite
precipitated from pure supersaturated solutions
exhibited a uniform rhombohedral morphology to a
calcium carbonate concentration of at least 5 x
1073M (see Fig. 9a). Results of spontaneous
precipitation experiments are summarized in Table I,
and photomicrographs of spontaneously precipitated
calcium carbonate prepared in the presence and
absence of ENTMP are shown in Fig. 9.

Increases in observed induction times for
spontaneous precipitation in the presence of 1.0
ppm ENTMP .compared with those in its absence
suggest that ENTMP inhibits both nucleation and

oo .crystal growth of calcium. carbonate. At the lowest.__ _techniques, and it.was found that the precipitat,

c

FIG. 9 — PHOTOMICROGRAPHS (X 400) OF CALCIUM CARBONATE CRYSTALS OBTAINED BY SPONTANEOU
PRECIPITATION AT 25°C FROM SOLUTIONS CONTAINING 5 X 10™3M CALCIUM CARBONATE AND 1 x 10”2M SODIUM
CHLORIDE: a, 0.0 PPM ENTMP, 40 MINUTES AFTER MIXING SOLUTIONS; b, 0.1 PPM ENTMP, 40 MINUTES AFTER
MIXING SOLUTIONS; ¢, 1,0 PPM ENTMP, 40 MINUTES AFTER MIXING SOLUTIONS; d, 10.0 PPM ENTMP, 18 HOURS
AFTER MIXING. S
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TABLE 1 —INDUCTION PERIODS AND MORPHOLOGIES F..R«
CALCIUM CARBONATE SPONTANEOQUSLY PRECIPITATE
IN THE PRESENCE AND ABSENCE OF ENTMP*-

Experiment ENTMP
Number (ppm) 1

Al 0 < 5 seconds uniform
rhombohedrq]!

A2 0.1 < 5 seconds B

A3 1.0 ~v 30 seconds distorted
rhombohedry|

A4 10.0 ~ 2 minutes irreg‘u]ur- .

*Initial total calcium ion and total carbonate molarities weie

5 x 1073,

ENTMP concentration (0.1 ppm) there was lite]
significant difference between the induction tim
and the crystal mosphology for the solutions ‘with
and without ENTMP (Table 1 and Figs. 9a and 9b)
At higher concentrations, pronounced inductio
periods were accompanied by marked changes i
precipitate morphology (Figs. 9c and 9d). Th
precipitate formed in this experiment was examine
from time to time using X-ray powder diffractic
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— recipita

OGIES Ry k'c‘onsisted of a mixture of calcium carbonate
%I};’LIATE ‘olymorphs predominantly = calcite with some

'-vazeute and aragonite. At the highest ENTMP
acentration there was no evidence of the
Hrhombohedral calcite morphology characteristic of
'spontaneous precipitation in solutions without
ENTMP (compare Figs. 9a and 9b). In these
experiments, crystalhzauon and recrystalhzation
processes caused continuous changes in the
;pec1p1tate morphology up to 3 weeks after the
‘initial ~ precipitate had formed. X-ray powder
dxffractlon analysis of this precipitate showed that
'cons1sted mainly of calcite with traces of

A 'quanntatwe .analysis of data presented in
le 1 is mappropnate because of the difficulty

urmg the spontaneous precipitation expenment
"¢hanges may occur in both the surface area and the
polymorphic composition of the solid formed. These

echnique. The results of the spontaneous
prec1p1tat10n studies of calcium carbonate in
solutions contammg ENTMP clearly indicate that
ENTMP concentrations of about 1 ppm or greater
olution induce marked morphological and
polymorphological changes in calcium carbonate
“niicleation and crystal growth. These effects are
_consistent with the adsorption mechanism proposed
the interpretation of ENTMP inhibition of calcite
rystal growth.
In the case of calcium sulfate crystal growth,
additives such as gelatin have much the same
biting effect as has ENTMP with calcium
carbonate. 31 Eq.1 satisfactorily mterprets the rate
ddta at concentrations of gelatin ranging from 1 to
ppm, and the decrease in rate constant can
again’ be mterpreted in terms of adsorption of
ditive at the growing crystal surface. However,
nfluence of the organic phosphonates upon
um sulfate crystal growth appears  to be
ingly different from that observed in the case
of calcium carbonate. ENTMP and TENTMP at
“oncentrations in the region of 1 x 10~6 mol 1-1
can effectively block all the active growth sites
nd hence bring the reaction to a complete stop.
ver, after a rather well defined induction
eriod at 25°C and rangmg from 0.5 to 7,5 hours for
[TENTMP] from 6 x 1077 to 1.9 x 107% mol 1~1
spectively, growth of calcium sulfate takes place
at rates comparable with those observed in the
absence of additives.22 Moreover, the duration of
the - induction peuod increases with increasing
- additive concentrations and shows a marked
decrease as the temperature of the crystallizing
System is raised.
is marked difference in the effect of phos-
phonates upon the crystal growth of calcium
arbonate and calcium sulfate is of considerable
mportance in predicting scaling patterns in the
d In the case of calcium sulfate, it is essential

*“‘PRlL 1974

culties—are—eliminated—with-a_seeded .growth —of-Silver-Chloride—from—Aqueous—_Solution,”’ Discus~

to ensure that appropriate ‘additive concentrations
are used so that the induction period in the
precipitation reaction is sufficient to prevent ;
scaling. It appears that at the end of the period

completely uninhibited crystal growth can take ,
place. Another important factor to consider is the
relative effects of the scale inhibitors upon the
nucleation and the growth reactions. There is
evidence that the additive adsorption may reduce

the critical free energy for two-dimensional nuclea-
tion, causing an increase in surface nucleation, 11,32
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