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Calcium
Carbonate
Precipitation 1n
the Presence ot
Inhibitors

ZAH1D AMJAD AND ROBERT W. ZUHL,
Lubrizol Advanced Materials, Inc., Cleveland, Ohio

1his article presents a study on the precipitation of
calcium carbonate (CaCO,) in aqueous solutions
with varying degrees of calcite supersaturation in
the presence of inhibitors. Results are discussed in
terms of retardation rate of CaCO, precipitation by
phosphonates, polymers, and phosphonate/polymer
blends, and the influence of inhibitors

on crystal morphology.
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alcium carbonate (CaCQO,) is one
of the most commonly encoun-
tered scale deposits. It occurs in

different crystalline forms: cal-
cite, aragonite, vaterite, GaCO, monohy-
drate, and CaCO, hexahydrate. The
precipitation and stabilization of these
polymorphs depends upon the precipita-
tion conditions—degree of supersatura-
tion, pH, ionic medium, and concentra-
tion and type of impurities. The precipita-
tion and deposition of CaCO, continues
to pose serious operational problems in
industrial water systems. The formation
of these deposits reduces heat transfer and
internal diameter of pipes, increases the
operating pressure of pumps, and en-
hances the probability of corrosion.
Major progress has been made toward
the understanding of phosphonate solu-
tion and precipitation chemistry as well
as how this relates to fouling problems in
industrial water systems.

Ashcraft,' in his study on the interac-
tion of calcium ions with various phos-
phonates, showed 2-phosphonobutane
1,2,4—tricarboxylic acid (PBTC) to be
superior to aminotrismethylene phos-
phonic acid (AMP) and 1-hydroxyethyl-
idine 1,1-diphosphonic acid (HEDP) in
the presence of high calcium ion presum-
ably due to the greater solubility of
Ca-PBTC salt.

Amjad? recognized that the relatively
poor calcium tolerance of phosphonates
can be improved by the addition of
acrylic acid-based co- and terpolymers.
The precipitation of Ca-phosphonate
salts can directly cause heat exchanger
fouling and indirectly cause severe
CGaCO, scaling because of the decrease
in phosphonate concentrations.

During the last two decades, investiga-
tions of polymeric inhibitors to prevent
or retard GaCO, scaling have attracted
the attention of academic and industrial
researchers. Common inhibitors evalu-
ated include poly(acrylic acid), poly(maleic



CHEMICAL TREATMENT

acid), and co-polymers containing acrylic
acid or maleic acid and other monomers
with different functionality. Investigations
of these and several other mineral scale
inhibitors suggest that inhibitor effective-
ness depends on the functional groups in
the inhibitor molecule, molecular weight
(MW), and polymer composition.** In the
present study, the performance of phos-
phonates, polymers containing different
functional groups, and phosphonate/
polymer blends as precipitation inhibitors
for CaCO, in aqueous solution has been
investigated by the pH-stat technique.
This study also presents results on the
crystal morphology of CaCO, by various
inhibitors.

Experimental Procedures
The stock solutions of calcium chlo-
ride and magnesium chloride were pre-
pared from reagent grade chemicals and
were standardized by atomic absorption
spectroscopy. The sodium carbonate and
sodium bicarbonate solutions were pre-
pared on the day of each experiment.
Phosphonates and polymers used in this
study were commercial materials and
stock solutions of these inhibitors were
prepared on an active solids basis. The
polymers tested include: (a) poly(acrylic
acid), HP1, MW <5k; poly(maleic acid),
HP2, MW <2k; (b) co-polymers of acrylic
acid:maleic acid, CP1, MW <3k, and
acrylic acid:2-acrylamido-2-methylpro-
pane sulfonic acid, CP2, MW <15k; and
(c) multifunctional polymer, TP1, MW
<15k, and acrylic acid: 2-acrylamido-2-
methylpropane sulfonic acid: sulfonated
styrene, TP2, MW <15k. The phospho-
nates evaluated were AMP, HEDP, and
PBTC. Table 1 summarizes the water
chemistries used in the CaCO, precipita-
tion experiments. Note: CP2 and TP2 are
Carbosperse™ K-775 and K-798 poly-
mers, respectively, supplied by Lubrizol
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Advanced Materials, Inc. (Cleveland,
Ohio).

The CaCO, precipitation experi-
ments were done in a 250-mL double-
walled Pyrex' glass cell thermostatted by
water circulated from a constant tem-
perature bath. The working solution was
stirred with a Teflon'-coated stirring bar.
The pH was measured by a combination
clectrode. The CaCO, supersaturation
conditions used in this study were deter-
mined by using common ion computer
modeling. The appropriate volume of
HCO,/CO, solutions were combined to
create supersaturated conditions. The
supersaturated solutions (223 mL total

volume) were prepared in the reaction

cell by adding a known volume of stock
solutions containing Na,CO,, NaHCO,,
and inhibitor. After equilibrating the
solutions at 50°C for 30 min, a known
volume of stock solution of CaCl, and
MgCl, was added. The pH of the CaCO,
supersaturated solutions was quickly
(typically <20 s) adjusted to 9.00 and kept
constant by the automatic addition of
0.2 M sodium hydroxide (NaOH) solu-
tion. The uptake of NaOH was also
recorded on a strip chart recorder. At
the end of precipitation experiments, the
solutions were filtered and filtrate-
analyzed for Ca by the atomic absorption
mecthod. The CaCO, solids collected on
the membrane filters were analyzed by
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x-ray diffraction (XRD) and scanning
clectron microscopy (SEM). Inhibitor
efficacy as CaCO, inhibitor was calcu-
lated using the following equation:

Inhibition (%) = [([Calampte ~[Calcontrol) /

([Caliiia ~[Calconrol)] X 100 (1)

where [Ca] | = concentration of Ca in
the filtrate in the presence of inhibitor at

1 h, [Ca]_ = concentration of Ca in
the filtrate in the absence of inhibitor at
1 h, and [Ca], .. = concentration of Ca

in the solution at 0 h. Because GaCO,
precipitation reaction in the absence of
mnhibitor 1s essentially completed in <10
min, we chose a 1-h precipitation period
as the basis for comparing results.
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Results and Discussion

Using the pH-stat method, a large
number of experiments were conducted
to study CaCO, precipitation from super-
saturated solution as a function of time.
The experiments reported here had good
reproducibility (+7%). Figure 1 shows the
amount of NaOH required (added) as a
function of time to maintain a constant
pH in calcite-saturated (ranging from
125X to 223X solutions (without inhibi-
tors) as CaCO, forms.

As illustrated in Figure 1, a measur-
able lag (delay) or induction time occurs
(hereafter called B) in the development of
precipitate. The determination of B is il-
lustrated in Figure 1. It is evident from

Figure 1 that the § value decreases as the
calcite saturation is increased. For ex-
ample, the P value that was obtained for
the 125X calcite saturation is 48 s com-
pared to 20 s obtained for 223X calcite
saturation.

Effect of Phosphonates

To study the effect of phosphonates on
CaCO, precipitation at low-to-medium
calcite saturation (150X and 180X), a
series of experiments was performed in
the presence of AMP, HEDP, and PBTC.
Figure 2 shows the plots of CaCO, inhibi-
tion as a function of phosphonate dosages
for AMP, HEDP, and PBTC. It can be
seen that at 180X calcite saturation, none
of the phosphonates completely inhibited
CGaCO, precipitation. It is worth noting
that the CaCO, inhibition data for low
phosphonate dosages (<10 mg/L) indi-
cate much poorer performance for PBTC
compared to AMP and HEDP. However,
as illustrated in Figure 2, all three phos-
phonates at 20 mg/L dosages provide
similar performance. Furthermore, when
the phosphonate dosage is increased to
40 mg/L, PBTC exhibits better perfor-
mance than both HEDP and AMP.

Effect of Polymers

The efficacy of various homo-, co-,
and terpolymers as CaCO, inhibitors was
evaluated at various polymer dosages.
Figure 3 presents results on percent
CaCO, inhibition in the presence of 30
mg/L polymer dosages. It can be seen
that HP1 (P-AA) performs better than
HP2 (P-MA). Among co-polymers, CP2
(AA:SA) exhibits better CaCO, inhibition
than CP1 (AA:MA). In addition, as il-
lustrated in Figure 3, TP2 is a better in-
hibitor than TPI. This difference in
performance may be attributed to differ-
ent molecular weight and polymer com-
position.



Effect of
Polymer/Phosphonate Blends

Figure 4 presents CaCO, inhibition
data for three polymer/PBTC (3:1)
blends (incorporating high-performance
polymers [i.e., TP1, TP2, and CP2] as
components) at various dosages (10 to 40
mg/L) and 180X calcite saturation. The
data clearly show that polymers impact
CaCO, scale inhibition performance in
different ways and that the TP2/PBTC
blend is the most effective. Although the
data are not presented herein, it is note-
worthy that a similar synergistic effect was
observed with polymer/HEDP (3:1)
blends. Under the experimental condi-
tions employed (i.e., 180X calcite satura-
tion, 30 mg/L inhibitor concentration),
the following order in terms of decreasing
effectiveness was observed:

TP2/HEDP > TP1/HEDP >
HP1/HEDP > CP1/HEDP

Kinetic Aspects of CaCO,
Precipitation and Inhibition

As discussed in this study, we have
investigated the influence of a variety of
polymers, phosphonates, and polymer/
phosphonate blends by a pH-stat method
for their performance as CaCO, inhibi-
tors. Several concentrations of each in-
hibitor were tested, giving results ranging
from no inhibition to induction times of
3 to >300 min. To determine the impact
of inhibitors on the kinetics of precipita-
tion, we have used the initial rate of
precipitation as calculated from the up-
take of NaOH vs time profiles for various
inhibitors. The precipitation rates relative
to the absence of inhibitor were calcu-

lated using the following equation:

Relative Inhibition (%)=

(1-R;/R,)x100% 2)

In Equation (2), R is the precipitation
o
rate in the absence of inhibitor and R is
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the precipitation rate in the presence of
inhibitor. Figure 5 presents induction
time (B) and relative inhibition (%) data
for 40 mg/L dosages of several inhibitor
systems. There are two points worth
mentioning. First, the B value obtained
for PBTC is 16 min, which is more than
500% larger than the 3 value for HEDP
(3 min). Similarly, TP2 gives a higher
induction time than TP1, suggesting that
sulfonate groups in TP2 improve the
performance of PBTC. Second, both
terpolymers work synergistically with
PBTC and HEDP, but the TP2/PBTC
(3:1) blend at 40 mg/L performs better
than TP1/PBTC under similar experi-
mental conditions. For example, relative
inhibition values obtained for TP2/
PBTC and TP1/PBTC blends are 88%
and 72%, respectively. The higher per-
formance exhibited by TP2 over TPI is
consistent with earlier investigations on
the performance of these polymers as
precipitation control agents for calcium
phosphate and calcium phosphonates.”®

Effect of Phosphonates,
Polymers, and Phosphonate/
Polymer Blends on CaCO,
Crystal Morphology

As discussed above, we investigated a
number of polymers, phosphonates, and
phosphonate/polymer blends by a pH-
stat method for their efficacy as CaCO,

inhibitors. Several concentrations of each
inhibitor were tested, giving results rang-
ing from induction time of <1 min (in the
absence of inhibitor) to >120 min. The
CaCO, crystals formed in the absence
and presence of inhibitors were examined
by XRD and SEM for crystal morphol-
ogy.

Table 1 summarizes the composition
of CaCO, polymorphs formed in the
presence and absence of inhibitors as
determined by XRD data. It is evident
from Table 1 that at the four (4) CaCO,
supersaturations investigated, in the ab-
sence of inhibitors the crystals formed are
a mixture of calcite, vaterite, and arago-
nite, with calcite, the thermodynamically
most stable polymorph, as a major com-
ponent (~60%).

It is interesting to note that at low
supersaturation (i.e., 125X calcite satura-
tion), the percent calcite formed increases
to 81% compared with ~60% obtained
at higher calcite supersaturations. How-
ever, the situation in the presence of
phosphonate, polymer, and phospho-
nate/polymer blends is different because
the predominant polymorph is calcite
(>90%) and vaterite is a minor (<10%)
component. This suggests that both ara-
gonite and vaterite polymorphs are stabi-
lized by inhibitors evaluated in the pres-
ent study. The XRD data obtained for
CaCO, crystals formed in the absence of
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TABLE 1

A. Water Chemistries Corresponding to Calcite Saturation Used in CaCO, Inhibition Experiments

Calcite Saturation

LSI

Calcium (mg/L as Ca)
Magnesium (mg/L as Mg)
Sodium (mg/L as Na)
Bicarbonate (mg/L as HCO,)
Carbonate (mg/L as CO,)
Chloride (mg/L as C

pH

Temperature (°C)

223X 180X
2.89 2.76
250 210
75 63
240 228
450 380
100 100
626 558
9.00 9.00
50 50

150X 125X
2.66 2.55
180 154
54 46
196 166
326 280
100 100
480 41
9.00 9.00
50 50

B. Data for CaCO, Polymorphs Formed Under Different Water Chemistries and in the Presence of Various Inhibitors

Ca (mg/D) Inhibitor % Calcite
250 None 65
210 None 59
180 None 58
154 None 85
210 TP2 @ 30 mg/L 81
210 HP1 96
210 AMP @ 5 mg/L 95
210 HEDP @ 5 mg/L 96
210 PBTC @ 5 mg/L 96
210 TP2/PBTC (3:1) blend 92
@ 30 mg/L
220%W Control 5
220w Fulvic Acid @ 5 mg/L 100
220w Poly(acrylic acid) @ 0
0.5 mg/L

W220 mg/L Ca; 2,426 mg/L Na; 336 mg

magnesium are presented in Table 1. It
is interesting to note that at low calcite
saturation and in the absence of magne-
sium ion, the predominant (>90%) poly-
morph is vaterite with calcite as a minor
component. This agrees with other stud-
ies which reported that when spontane-
ous precipitation occurs, vaterite is the
initially forming polymorph.” As shown
in Table 1, both fulvic acid (or FA, a
natural polymer containing phenolic and
carboxyl groups) and a synthetic polymer
[i.e., poly(acrylic acid) or P-AA] used at
low concentrations exhibit different ef-
fects on the crystal morphology. It is evi-
dent from the data in Table 1 that calcite
1s the predominant polymorph formed in
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/L HCO,; 3,940 mg/L CI; pH 8.5; and 35°C

the presence of FA whereas vaterite is the
predominant polymorph in the presence
of P-AA. The change in crystal morphol-
ogy observed in the presence of FA and
P-AA suggest that functional groups pres-
ent in the inhibitors not only influence the
kinetics of precipitation but also affect the
stabilization of different CaCO, poly-

morphs.

Summary

The data presented in this article sug-
gest that both nonpolymeric (i.e., phos-
phonates) and polymeric (homo-, co-, and
terpolymers) inhibitors exhibit different
influences on the precipitation of CaCO,
from supersaturated solutions. It has been

% Aragonite % Vaterite

22 13
29 12
36 6
8 7
19 0
4 0
5 0
4 0
4 0
8 0
95
0 0
0 100

found that under high-stressed water
chemistries used in the present investiga-
tions, neither phosphonates nor any type
of polymeric inhibitors completely pre-
vent the precipitation of CaCO,. It has
also been observed that blends of ter-
polymer (i.e., TP2) with PBTC exhibit
synergistic influence on the precipitation
inhibition of CaCO,.

The XRD data on crystals formed
during precipitation in the presence of
inhibitors reveal that crystal morphology
strongly depends upon solution super-
saturation and the type and concentra-
tions of inhibitors. It has been found that
phosphonates, polymers, and phospho-
nate/polymer blends favor the formation



of calcite, thermodynamically the most
stable polymorph, whereas in the absence
of inhibitors a mixture of calcite, vaterite,
and aragonite is formed. The CaCO,
crystals formed in the absence (control)
and presence (TP2/PBTC blend) of in-
hibitors were also investigated by SEM.
Although scanning electron micrographs
are presented herein, it was observed that
CaCO, crystals (calcite and aragonite)
formed in the absence of inhibitor are
<10 pm and have regular shapes (mostly
cubical). Whereas the GaCO, crystal
structures formed in the presence of in-
hibitors (inhibited system) are fewer in
number, most are >10 pm and signifi-
cantly distorted with spherical shapes.
The inhibited (TP2/PTBC) system
GaCO, crystals are more readily dis-
persed and less likely to adhere to heat
exchanger surfaces.
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