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ABSTRACT

Scale formation is a serious problem often observed in heat transfer equipments. Barite, calcite
and aragonite are some of the major components of scale. Control of scale formation is usually
achieved through usage of scale inhibitors/chelating agents. Here we report the effect of ethylene
glycol-O,0’"-bis(2-aminoethyl)-N,N,N’N'-tetraacetic acid (EGTA) on the morphology and polymor-
phism of CaCO, when synthesized from CaCl2 solution using Na,CO, at three different temperatures,
60, 80 and 100°C. The samples were characterized using XRD, FTIR and SEM techniques. The details
revealed that EGTA stabilizes aragonite more efficiently at 60°C and with raise in temperature forma-
tion of calcite is predominant. The study revealed an unusual and novel datura pod like morphology

for calcite.
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1. Introduction

Hard water generates adherent deposits of scale on the
internal walls of industrial or domestic equipments which
cause severe technical problems such as clogging of pipes
reduced heat transfer etc. leading to the shutdown of an
industrial plant in extreme case [1]. The dissolved miner-
als get supersaturated and precipitate out because of their
inverse solubility and changes in pH of water and get
deposited as scale [2]. Depending on the ions present in the
water, the composition of the scale varies. Usually barite
or sulphides, dominate the scale when barium is present
and CaCQ, in the form of calcite and aragonite are some
of the major components when calcium is rich in the water
[3]. CaCO, exists in three anhydrous crystalline phases
(calcite, aragonite and vaterite) and two hydrated poly-
morphs (monohydrate and hexahydrate) [4,5]. Under nor-
mal conditions, thermodynamically the least stable phase
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is vaterite while aragonite is metastable and calcite is the
most stable [6].

The polymorphism in CaCO, mainly depends on the
precipitation conditions such as pH, temperature, supersat-
uration levels, presence of additives etc. Water when super-
saturated nucleation begins followed by crystal growth.
These solid particles either float as suspended particles in
the solution or get deposited on the surface as scale. Several
factors can influence the formation of scale on metal surfaces.
When the surface is heated, the localized higher temperature
of the surface boosts the rates of both nucleation and crystal
growth which is the thermodynamic driving force scale for-
mation [2]. Literature on crystallization of CaCO, showed
that the nature of the template used and temperature can
affect the morphology of crystallized CaCO, [7].

Scaling can be prevented by physical and chemical
techniques. Usage of chelating agents as scale inhibi-
tors is known for decades. The prime effect of a chelating
agent is to reduce the supersaturation by complexing with
scale causing ions. Many chelating such as ethylenediam-
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minetetraaceticacid (EDTA) [8], NTA [9], HEDP [10], DTPA
[11], HEDTA [12] etc. have been studied extensively for
their effect on polymorphism in CaCO,. To the best of our
knowledge the effect of EGTA on the crystallization of
CaCO, has not been reported. In this paper we report the
effect of EGTA on the crystallization of CaCO, at three dif-
ferent temperatures; 60, 80 and 100°C.

2. Experimental Procedures:

Analytical grade CaCl, Na,CO, and EGTA were
obtained from Hi-media and used as it is. De-mineral-
ized water was used for the preparation of aqueous solu-
tions. Synthesis of CaCO, was carried out in a similar way
described by Gopi et al. [8]. In a typical procedure 50 ml
0.1 M CaCl, and 20 ml of 0.1 M EGTA were consecutively
added in a round bottom flask, connected to a water con-
denser and heated using a rotamantle to 60°C (+1°C) for 2
h and then 50 ml 0.1 N Na,CO, was added drop wise. The
solution and the contents were digested at the same tem-
perature for 24 h. After digestion the sample was filtered,
washed with distilled water and then dried at 45°C in an
oven. Experiments were carried out in the similar way at 80
and 100°C and also using 30 and 40 ml EGTA. The details of
the experimental conditions and the samples prepared are
presented in Table 1.

The samples were analyzed for the polymorphic com-
position by FTIR and XRD methods and the morphological
studies were done using SEM and FESEM. FI-IR spectra
were taken in the range 5004000 cm™ using Avatar-330
FTIR and JASCO-5300 FTIR instruments after KBr pellet-
ization. The X-ray diffraction (XRD) patterns were recorded
on a Bruker D8 Advanced XRD diffractometer with Cu
Ka radiation at A = 1.5406 A. Microscopic morphological
images were taken using Philips XL30-ESEM scanning elec-
tron microscope (SEM) using a beam voltage of 20 kV and
FESEM CARL ZESIS with In lens detectors. The samples
were coated with gold prior to imaging.

3. Results and discussion

The crystalline forms of CaCO, polymorphs were ini-
tially identified by FTIR spectroscopy and phase transfor-

Table 1
Details of samples synthesized in presence of EGTA

S. Vol of Temp. Digestion Initial pH Final pH
No EGTA(m) (CO)  Timeh

1 20 60 24 8.7 71
2 20 80 24 8.7 7.0
3 20 100 24 8.5 72
4 30 60 24 89 74
5 30 80 24 8.6 72
6 30 100 24 8.7 7.0
7 40 60 24 8.6 71
8 40 80 24 84 7.0
9 40 100 24 7.5 6.9

mations were systematically monitored by powder X-ray
diffraction. The characteristic carbonate absorption peaks
chosen for the different polymorphs in samples are as fol-
lows; in-plane bending (v,) mode peaks around 700 and 711
cm™ and 745 cm™ for aragonite, calcite and vaterite respec-
tively; out of plane bending peaks (v, mode) around 856
cm™ for aragonite and at 874 cm™ for both calcite and vater-
ite; symmetric stretching (v, mode) 1082 cm™ to aragonite
and 1087 cm™ to vaterite; asymmetric stretching (v, mode)
peaks1475 cm™ and 1450 cm™ for aragonite and vaterite
respectively [8,13-15].

FTIR spectra of samples prepared with 20 ml, 30 ml
and 40 ml EGTA at 60°C, 80°C and 100°C are presented in
Figs. 1-3 respectively. The bands corresponding to arago-
nite and calcite are highlighted as A and C for respectively.
Bands around 700, 856, and 1082 cm™ confirmed the pres-
ence of aragonite in all the samples. Presence of bands at
711 and 875 confirmed the existence of calcite also. There
was no characteristic band of vaterite at 745 cm™. This con-
firmed that all the samples invariably contained a binary
mixture of calcite and aragonite.

Confirmation of the phases and quantitative estimation
was done by using XRD studies. XRD pattern of samples
prepared with 20 ml, 30 ml and 40 ml EGTA are presented
in Figs. 4-6 respectively. The percentage of calcite and ara-
gonite present in the samples were calculated using Kon-
toyannis equation [16] is presented in Table 2.

The observations made in FTIR was ascertained and
confirmed in XRD patterns. It is clear from the XRD that all
samples contained only calcite and aragonite. From Table 2
it could be observed that with 20 ml EGTA, the molar frac-
tion of aragonite and calcite was found to be 0.21:0.79,
0.28:0.72 and 0.38:0.62 at 60, 80 and 100°C respectively.
When the EGTA concentration was increased to 30 ml, the
molar fraction became 0.24:0.76, 0.6:0.4 and 0.71:0.29 at 60,
80 and 100°C respectively. Further increase in EGTA (to 40
ml) resulted only lesser amount of aragonite viz 0.66, 0.49
and 0.28 at 60, 80 and 100°C respectively.

It is evident from the data that the amount of aragonite
was maximum when 20 ml EGTA was used. Increased usage
of EGTA did not favor increase in percentage of aragonite or
presence of vaterite in the sample. Similarly increase in tem-
perature could lead to increased percentage of calcite in all
the cases. The maximum amount of aragonite was reported
at 60°C and with 20 ml EGTA. With increase in temperature,
percentage of aragonite is reduced and the amount of cal-
cite increased. The XRD patterns showed good agreement
with standard JCPDS card numbers 862339 and 760606 for
calcite and aragonite respectively.

According to Ostwald’s rule of stages, the transforma-
tion usually occur from the least stable polymorph to the
most stable polymorph. It is obvious from Figs. 4-6 (a—c)
and Table 2 that vaterite is absent at all temperatures. This
showed that, the presence of EGTA interacts with the min-
eral surfaces due to which it could kinetically inhibit the
transformation only from aragonite to the thermodynami-
cally most stable polymorph calcite. Nevertheless the trans-
formation from vaterite to aragonite has occurred at ease
and even traces of vaterite were not observed in any of the
samples even at higher concentration of EGTA. This cate-
gorically demonstrates the disability of EGTA to kinetically
inhibit the transformation from vaterite to aragonite.
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Fig. 1. FTIR spectra of samples prepared with 20 ml EGTA at (a)
60°C (b) 80°C (c) 100°C.
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Fig. 2. FTIR spectra of samples prepared with 30 ml EGTA at (a)
60°C (b) 80°C (c) 100°C.
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Table 2
Percentage composition of different polymorphs of CaCO,

Volume of Temp Percentage of different polymorphs
EGTA ml Q) Calcite Aragonite  Vaterite
20 60 21 79 00

80 28 72 00

100 38 62 00
30 60 24 76 00

80 60 40 00

100 71 29 00
40 60 34 66 00

80 51 49 00

100 72 28 00

The SEM images of sample prepared at 60, 80 and
100°C with 20 ml, 30 ml and 40 ml EGTA are are presented
in Figs. 7-9 (a—c) respectively. The morphology of all the
samples synthesized with 20 ml EGTA contained two
major structures; one containing agglomerated needle like
entities resulting datura pods and another thick rod like
structures having pointed ends. More or less similar struc-
tures were seen with higher concentrations (30 and 40 ml
EGTA) also.

The most common morphologies for different poly-
morphs of CaCO, are regular rhomboidal, needle/rod and
spherical for calcite, aragonite and vaterite respectively [17-
19]. It has been reported that in the absence of any additives,
needle/rod/flakes like aragonite with rhomboidal calcite
are obtained between 60 and 170°C and pure rhomboidal
calcite above 170°C [20].

All the SEM images invariably contained ellipsoidal
morphology. There was no characteristic rhomboidal mor-
phology pertaining to calcite. The SEM images exhibited
more structured morphology with 20 and 30 ml EGTA at
100°C (Fig. 7c and Fig. 8c). As could be seen from the image
(Fig. 7c) the datura pod structure formed by the agglom-
eration of fine micro needle like structures became more
spherical.

The XRD and FTIR data elucidated presence of both cal-
cite and aragonite in all samples. None of the SEM images
exhibited characteristic rhomboidal morphology of calcite.
There are only two structures in most of the SEM images;
needle and the Datura pod. The needle structure is the most
common structure of aragonite and hence it could not be
attributed to calcite. The only structure left out that can be
assigned to calcite is the ‘datura pod’. The transformation
of agglomerated needle like morphology to a more spheri-
cal datura pod structure along with increase in calcite mole
fraction with increase in temperature, confirmed that this
morphology could be attributed to calcite. Needle like mor-
phology is a characteristic morphology of aragonite. Another
morphology which was observed at higher concentration of
EGTA and could be attributed to calcite is the ellipsoidal
structure (Fig. 9a). This structure of calcite could be due to
the dissolution of the edges and corners of the usual rhom-
boidal structure of calcite. Detailed examination of synthesis
and characterization of CaCO, without any additives under
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Fig. 7. SEM images of samples prepared with 20 ml EGTA at (a)
60°C (b) 80°C (c) 100°C.
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similar conditions have been reported by Gopi et al [8]. Even
though absence of any chelating agents stabilized a binary
mixture of aragonite calcite below 170°C the morphologies
observed were needle and rhombohedral respectively. The
datura pod structure of calcite is not reported yet.

It is obvious from the above discussions that EGTA has
significant influence on the crystallization process of CaCO,
and has facilitated the crystallization of aragonite. Absence
of vaterite in any of the samples even at different concentra-
tions of EGTA and presence of aragonite and calcite in all
the samples clearly indicate that the formation of aragonite
is a direct crystallization from solution or from amorphous
form bypassing the formation of vaterite. The SEM images
also never exhibited spherical or any other morphology
related to vaterite clearly indicating its absence. Thus,
the process of stage conversion the presence of EGTA has
enabled the Ostwald’s rule of stages to slip the formation of
least stable vaterite during the transformation from amor-
phous to calcite. In some of our earlier studies [10-12] we
have observed that crystallization of CaCO, does not follow
the Ostwald’s rule of stages at elevated temperatures in the
presence of chelating agents.

The possible mechanism of stabilization of aragonite
and datura pod like morphology for calcite could be as
follows. EGTA is well known for its good chelating abil-
ity towards calcium ions. This induces a strong resistance
to release Ca®* ions from EGTA-Calcium complex, when
Na,CO, is introduced into the system. But as the concen-
tration of COZ exceeds, the ionic product exceeds the sol-
ubility product of CaCO,, forcing the EGTA-Ca complex to
release the calcium ions to maintain the ionic equilibrium
resulting the precipitation of CaCO,. This is obvious from
the steady decrease in the pH value after the completion of
the reaction time (Table 1). During this process the EGTA
is released and is freely available in the reaction environ-
ment and they exert resistance to the formation of CaCO,.
This results into the dissolution of amorphous and least
stable vaterite forms. During digestion, the nucleation and
crystal growth occur along with recrystallization favoring
aragonite crystals which has the tendency to get converted
into calcite. Since the transformation takes place directly
from aragonite which usually has the needle like mor-
phology, the agglomeration of needle like structure results
into the datura pod like morphology for calcite, rather
formation of rhomboidal calcite. Increase in tempera-
ture enhances this effect due to the high dissolution and
recrystallization rate leading to more structured spher-
ical agglomeration of needle aragonite bundles at 100°C
Fig. 9(c). In the absence of scale inhibitors it is reported
that [21] metastable phases usually transform into stable
phase, and hence calcite becomes the main constitute of
scale. When scale inhibitors are added, both formation and
transformation of metastable phases are inhibited, which
results in the occurrence of aragonite and vaterite. It is
observed that the scale largely consist of aragonite at all
the temperatures under study indicating that EGTA can be
a moderate antiscaling agent.

4. Conclusion

The study revealed a novel datura pod structure for
calcite in presence of EGTA. The data indicated that the

EGTA influenced the crystallization of CaCO, by arrest-
ing the formation of amorphous and vaterite forms.
Increase of temperature helped the formation of more
spherical and thorny datura pod structure for calcite. The
results demonstrated that aragonite is stabilized more
efficiently at 60 °C and with increase in temperature,
results into the transformation of calcite. The control over
a unique thorny spherical calcite was achieved through
this method.
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