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INTRODUCTION

Cadmium has been recognized as one of the most concer-
ning heavy metal pollutants because of its strong biological
accumulation and persistent toxicity and has been of particular
concern due to its common source of pollution, serious pollu-
tion status and nonnegligible health risks [1-4]. Immobilization
of cadmium will always occur in the presence of calcite with
a thombohedral structure by the formation of an isomorphic
phase [5-9]. The natural self-purification of cadmium pollution
by natural marble and shell powder was also proposed [10].

The removal of cadmium by calcite has become an important
research topic in the study of cadmium pollution control in
rivers, lakes and other water bodies [11,12]. The precipitation
mechanism for the interaction of the calcite surface exposed
to Cd-bearing aqueous solutions will play important roles in
natural and industrial processes of Cd** uptake by calcite.
However, this mechanism of crystal growth of Ca,Cd;..CO;
solid in aqueous solution remains largely unexplored. In this
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-
The crystal growth of Ca,Cd;«CO; solid solution play an important role in understanding the transformation relationship of the calcite |
surface exposed to cadmium-bearing aqueous solution. in sifzu AFM measurements were used to perform the real-time tracking of surface |
precipitates that are generated on the surface of calcite single crystals reacted with Cd** solution. As evidenced by changes in the height,
shape and growth behaviour, two-dimensional epitaxial island was detected to form and grow on the surfaces. These detections of the |
generated crystals by SEM, EDS and TEM have demonstrated the formation of an epitaxial Ca,Cd,COs solid solution. The epitaxial |
solid solution within nanometers was first rich in caelement and the content of cadmium increased with the distance from the original |
calcite surface, culminating almost pure CdCOj; in the topmost region. A low-cadmium solid solution with thermodynamic instability |
could be transformed into a cadmium-rich solid solution and form continuous solid solution in the process of maturation. This study aims
to provide a better understanding of nanoscale features of the surface precipitation process at calcite surface in the presence of cadmium. :
|

paper, the crystal growth of Ca,Cd;.«COs solid solution was
carried out by exposing calcite surface to Cd-bearing aqueous
solutions at 283.1 K. To prove the formation of a solid solution
and identify the type of solid solution, the nucleation process
of Ca,Cd,.«COs solid solution was further investigated using
CO, diffusion technology to aqueous solutions containing 0.05
M Cd* and 0.05 M Ca**. Atomic force microscope (AFM) and
scanning electron microscope (SEM) were employed as the
primary technique for the investigation of morphology of the
microstructure and heteroepitaxial growth of generated crystal
at the calcite-water interface. High-resolution transmission
electron microscopy (HRTEM) measurements were used to
perform tracking of crystal growth of Ca,Cd,«COs solid solution
and analyze the composition, lattice distribution and element
distribution of the generated crystal.

EXPERIMENTAL

Fresh calcite substrates were prepared from optically clear
calcite crystals obtained from GuiZhou Province by cleaving

This is an open access journal, and articles are distributed under the terms of the Creative Commons Attribution-NonCommercial 4.0 International
(CC BY-NC4.0) License, which allows others to copy and redistribute the material in any medium or format, remix, transform, and build upon
the material, as long as appropriate credit is given and the new creations are licensed under the identical terms.




2672 Wang et al.

Asian J. Chem.

with a sharp knife along (1014) cleavage plane with dimensions
of approximately 10 mm x 12 mm x 1.5 mm. The obtained speci-
mens were then placed in deionized water with ultrasonic treat-
ment for 20 min in order to clean the crystal surface. Aqueous
solutions of Ca* and Cd** were prepared from high-purity
CdCl; and CaCl, (> 99 %, Sinopharm Chemical Reagent Co.,
Ltd.) dissolved in deionized water (S < 1.5 x 10* S m™) and
measured by an inductively coupled plasma optical emission
spectrometer (ICP-OES, 5300DV, Perkin-Elmer, USA). The
precipitationexperiments were carried out in a thermostat
(Lauda E219, Germany) with temperature stability up to £
0.01 K at 283.1 K.

Experimental procedure of exposing calcite surface to
cadmium bearing aqueous solutions: in sifu Atomic force
microscope (AFM) (Bruker, Dimension Icon) experiments were
carried out in static conditions by first contacting the calcite
surfaces with 3.5 mL deionized water for 0.5 h and transf-
erred into a reagent vessel that was fully filled with N, with a
pair of antistatic plastic forceps and then by introduction of a
certain volume of stock solution to obtain the certain initial
Cd* concentration. Each sample was reacted for a certain time
after, which each calcite crystal was removed from solution
and dried immediately with pressurized N, (g) for analysis.
AFM images were then taken every few minutes in contact
mode using the dimension icon atomic force microscope. The
Au-coated silicon nitride probes (Brucker, NP-10, nominal
force constant of 0.12 Nm™") were employed for AFM imaging.
To reduce the probe's disturbance to the mineral surface, the
external load was usually smaller than 15 nN. The scanning
frequency ranges from 165.7 to 165.8 Hz with 512 sampling
points per scan line. SEM images were recorded using a Philips-
PEI model Quanta 200. The chemical elements of new epitaxial
phase were determined by the EDS analysis.

Nucleation process of Ca,Cd,<CO; solid solution: Further-
more, 10 mL of aqueous solution mixed with 0.05 M Cd** and
0.05 M Ca® was first transferred to a watch glass. The above
watch glass was placed in a sealed reactor. Then, a beaker contai-
ning ammonium bicarbonate was placed around the watch glass
for releasing CO, to provide a source of COs*" for the formation
of a solid solution. Samples were taken over time and analyzed
by TEM to perform real-time tracking of nucleation process
of the solid solution.

RESULTS AND DISCUSSION

Exposing calcite surface to cadmium-bearing aqueous
solutions: Fig. 1 presents time-sequential images of calcite surface
in contact with 0.05 mM Cd*, illustrated the progressive expa-
nsion of islands with time. After exposure to the above solution,
the epitaxial phase visibly formed on calcite surface and exhib-
ited a characteristic two-dimensional structure (Fig. 1b-c). The
epitaxial phase possessed crystal nuclei for heteroepitaxial
growth of the precipitates and provides a considerable number
of active sites for further precipitation of Ca®* or Cd**. Surface
precipitates obtained in 360 min experiments showed similar
features to those observed for crystals reacted for 15 and 30 min
that is, islands elongated along the [42-1] and [010] directions
(Fig. 1d). This type of precipitate will therefore be referred to
as epitaxial islands. AFM observations revealed a two-stage

process in the nucleation of surface precipitates in agreement
with reports in the literature [13-17]. A precursor phase was
observed to initially form on the surface and subsequently under-
go an epitaxy-mediated phase transformation to epitaxial phase
and a more stable crystalline phase.

c

Fig. 1. Sequences of AFM topography (1000 nm x 1000 nm) of calcite
(1014) surface in contact with Cd-bearing aqueous solutions. Images
were taken at t = 0 min (a), t = 15 min (b), t = 30 min (c), t = 360
min (d)

As shown in Fig.2a, the surface precipitate was consistent
with the island morphology measured in situ AFM experi-
ments. The obvious step of epitaxial phase indicates that the
nucleation and growth of the islands proceeded layer by layer
as well as by a step advance. Layer-by-layer growth was also
observed in other investigations, for instance, Cubillas and
Higgins [18] observed the formation of "single-layer and multi-
layer islands" on calcite surfaces exposed to aqueous solutions
containing bivalent metal ions. According to crystal nucleation
theory of surface reactions, the most likely location of nucleation
should be the position with the most favourable Gibbs free
energy of formation, or a position with more nuclear activity
sites. A kink site is one such site and leading edge of the steps
is the other such site. Once a particle is deposited onto the crystal
surface, the other particles are rapidly deposited to the leading
edge of step, forming the entire particle layer. The first particle
deposited on crystal surface can be considered to be a core of
two-dimensional growth, which begins a new crystal layer exactly
as a three-dimensional growth. The expansion of monolayer
etch pits was observed, indicating the dissolution of calcite
surface releasing CO5”~ and providing CO5> to participate in
the formation of solid solution (Fig. 2b).

The time for calcite surface in contact with 0.05 M Cd*
was extended to a long enough time for about half a year to esti-
mate whether cadmium ion is infiltrated into calcite lattice.
As observed in Fig. 3a-b, the preferred growth of epitaxial crystal
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Fig. 2. SEM images of calcite (1014) surface in contact with Cd-bearing aqueous solutions. Images were taken at t = 360 min

grew a long a same specific crystallographic direction. The epit-
axial crystal was clearly commensurate with the calcite crystal
substrate and there was no evidence of inclusions or the secon-
dary phases. As can be seen in Fig. 3c-d, the epitaxial crystal
could grow to approximately 3 wm in length. Additionally, many
corrosion pits were observed on the calcite crystal surface. To
determine the composition of generated epitaxial crystals, EDS
measurement was carried out along the extension of the newly

B 200 nm | R T

generated crystals. The composition of measured samples of
epitaxial crystals at a distance of 100 nm, 1.2 um and 2 um from
the origin calcite surface (labeled separately as points 2, 3 and 4
in Fig. 3a) were Cag.0217Cdo.06s3C03, Cap6s73Cd03127CO3 and Cag 3155
Cdo6345COs, respectively. The composition changes of these
solid solution crystals collectively confirmed the characteristics
of oriented growth of solid solution along the epitaxial direction
on the investigated time scale. With growth, the content of

10 um

Fig. 3. FE-SEM images of an oriented aggregation of the Ca,Cd,_.COj solid solution after a one-year reaction at 283.15 K. (a) and (d) provide
the details. (c) shows corrosion pits observed on the surface of calcite crystals, indicating the dissolution of the calcite surface with

releasing CO5™. (d) Cross section of the corrosion pits



2674 Wang et al.

Asian J. Chem.

cadmium in the solid solution gradually increased. Ultimately,
the generated crystals could form otavite by oriented growth.

Nucleation process of Ca,Cd;..CO; solid solution: Time-
sequential TEM measurements were carried out in air follow-
ing a 360 min nucleation period in inert atmosphere with 0.05
M Cd** and 0.05 M Ca’* to understand the early crystallization
behaviour of Ca,Cd,«COs crystal with the results shown in
Fig. 4. Although the growth conditions were different, the TEM
images suggest that the crystal islands observed in the AFM
experiments could be generally free of dislocations with a fully
epitaxial structure. At a reaction time of 5 min, an amorphous
precipitate first appeared in confinement under conditions. As
shown in Fig. 4b, almost all these amorphous particles were
singly dispersed and sparsely distributed individual nanopar-
ticles of diameter 10-15 nm. The amorphous particles present
after 30 min had all aggregated, but they were almost exclusively
isolated particles after 60 min. This strongly suggests that the
degree of aggregation plays a key role in defining. The formation
of a nucleus of more stable polymorph rapidly destabilizes
the original population of metastable particles.

The crystallization process based on aggregation is always
accompanied by reorientation and reconstruction. HRTEM and
EDS measurements were performed to analyze the composi-
tion, lattice distribution and element distribution of the generated
crystal with results listed in Table-1. The composition of the
solid solution can be obtained by analyzing the EDS results.
The solid solution generated was Cao650Cdo.0341CO3, Cagsas9

20 nm

100 nm

100 nm

. N

TABLE-1
EDS RESULTS OF THE GENERATED
CRYSTALS WITH DIFFERENT REACTION TIMES

Weight

Atomic Uncert.

Sample  Element %) %) (%) Correction
15 min Ca(K) 91.01 96.59 0.37 0.98
Cd(K) 8.98 341 0.30 0.86
45 min Ca(K) 14.88 32.89 0.31 0.98
Cd(K) 85.12 67.10 2.19 0.86
60 min Ca(K) 5.75 14.61 0.28 0.98
Cd(K) 94.24 85.38 2.21 0.86
360 min Ca(K) 1.55 423 0.16 0.98
Cd(K) 98.44 95.76 2.26 0.86

Cdo.6710COs, Can.1461Cdoss3CO3 and Cag 423Cdo9s576CO5 for the
reaction time of 15 , 45, 60 and 360 min, respectively. With
increasing reaction time, the content of Cd? in solid solution
increased from 0.0341 to 0.9576 of cadmium atomic percent.
However, the rate of increase decreased. This result indicated
that Cd** could continually permeate through the crystal lattice
while replacing Ca* in the formation of solid solution. The
increase in Cd** content in solid solution hindered the penetr-
ation of Cd** into the solid solution crystal lattice to some extent.

To analyze the formation type of Ca,Cd,«CO;s solid solu-
tion and identify whether it formed a substitutional solid solution
or not, TEM-mapping measurements were performed to further
investigate the above generated crystal. As illustrated in Fig. 5,
C, O, Ca and Cd were regularly distributed in the crystal lattice

amorphousphase C

"

50 nm

100 nm

Fig. 4. TEM images of the precipitated metal carbonates after reaction for 5 min (a), 15 min (b), 30 min (c), 45 min (d), 60 min (e) and 360

min (f)



Vol. 30, No. 12 (2018)

Nanoscale Phenomena During Crystal Growth of Ca,Cd;.«COs Solid Solution at Calcite Surface 2675

Fig. 5. HRTEM images of the existence of the Ca,Cd,_COs solid solution
(a) and high-resolution image (b). TEM-mapping results of the
Ca,Cd, «CO; solid solution after reaction for 30 min: C element
distribution (c), O element distribution (d), Ca element distribution
(e) and Cd element distribution (f)

of generated solid solution. C and O were evenly distributed,
and the distribution laws were basically the same, indicating
that C and O were in the form of CO;>". The experimental results
demonstrated that generated crystal with a complete rhomboid
structure was Ca,Cd,.,CO; solid solution.The distribution of
Ca was much higher than that of Cd atoms. This also supported
the EDS experimental results from another perspective. In a
short period of time, the solid solution formed was in rich Ca™".
Ccd* permeated into CaCOs lattice and formed a substitutional
solid solution. The nanocrystal accumulated a small grain along
the epitaxy of solid solution. The cadmium content of irregular
flake nanocrystalline prepolymers in epitaxial aggregation was
significantly higher than that in nanocrystal with a rhomboid
structure. This means that the proportion of Cd atoms in the
solid solution will gradually increase over time. In the upper
right corner of nanocrystalline, the proportion of Ca atoms was
lower than that in other regions, while the proportion of Cd
atoms was higher. In a word, the new epitaxial phase had a
strong tendency to concentrate cadmium.

Mechanism: The results of this experiment have sufficiently
provided convincing evidence to prove the formation of Ca,
Cd,.«COs solid solution and described the crystal growth process
of Ca,Cd;..COs solid solution. There are many factors influen-
cing the growth trend and final morphology of crystals. Accor-
ding to thermodynamic analysis, the crystallization process
depends on the balance between the solid phase and the aqueous
solution. The four potential chemical reactions on calcite surface
exposed to Cd-bearing aqueous solutions are described as follows:

CaCOs < Ca’ (aq)+CO? (aq) (D
Cd’**(aq) + CO; (aq) & CdCOxs (2)
Cd’**(aq) + CaCOs¢ < Ca Cd, COs¢+(1-x)Ca* (aq) (3)

Cd**(aq) + CaCOs) & CdCOs + Ca** (aq) 4)

Eqn. 1 represents the dissolution of calcite with the release
of CO5* to Cd-bearing aqueous solutions. Next, eqns. 2-4 may
occur depending on the thermodynamics. The law of mass
action for these reactions is given as follows:

K =a a = mMez* YMJ* mcoi’ ycoﬁ’ (5)

MeCO, Me2* CO%’

where, Kvieco, (Me = Ca, Cd) designates the equilibrium constant
of reactions. aye2+, Mye2+ and yue2+ (Me = Ca, Cd) denote the
activity, concentration and activity coefficient, respectively.
In order to interpret crystal growth process with a solid
solution-aqueous solution (SS-AS) system, it is necessary to
evaluate the super saturation of aqueous solution with respect
to the solid phases that are susceptible to precipitate, which
should be used as the driving force for crystallization. The
simplest one is the so-called stoichiometric super saturation ([3,).
For the case of Ca,Cd;«CO;—H,O system, the stoichiometric
super saturation function can be expressed as:

a(Cdz+ )x a(Ca2+ )(I—X) a(COi')

B = )
" (KmameXCdCOJ)(KaalcileXCaCOJ)(l ) (6)

where Keucie and Kowie are the solubility products of end-
members of the solid solution, which are taken to be 1034
and 10", respectively [20-22] and Xcuco; and Xeaco, are the
molar fractions of componets CaCO; and CdCO;. An explan-
ation for that epitaxial solid solution were first rich in Ca and
the Cd content increased with distance from the original calcite
surface. The low-cadmium solid solution with thermodynamic
instability could be transformed into a Cd-rich solid solution.

Additionally, the route of indirect production of solid
solution crystals mainly includes the following steps: (a) the
temporary stability of amorphous phase, (b) the transition to a
stable crystal, (c) crystal selection and (d) crystal orientation.
The formation of crystals requires two capabilities, namely,
surface formation and crystal construction. Nucleation plays
an important role in the crystallization process. The main mech-
anism of calcium carbonate crystallization is contact nucleation,
which is produced by the crystal nucleation surface of a crystal
and solid contact of the particles. The nucleation of calcium
carbonate should be primarily homogeneous nucleation. Accor-
ding to kinetic theory, each moving element can often enter into
the force field of another unit and immediately combine together.
Some recent publications [23-26] have certified that the crystal
orientation of the amorphous phase with a "short range order"
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should be consistent with the crystalline form that was to be
changed. Because the crystal lattice of otavite with lattice para-
meters ap=(0.4923 nm and ¢, = 1.6287 nm matched that of calcite
with ap = 0.4989 nm and ¢, = 1.7062 nm, the highly oriented
crystal group of carbonate solid solution could be obtained by
means of epitaxy. For these reasons, Ca,Cd,.«COj; solid solution
has no lattice defects. Theoretical method for modeling of the
incorporation of Cd into CaCOs has been the subject of numerous
studies [27,28]. Significantly, together with coprecipitation,
cadmium adsorption plays an important role in the interaction
process.

Conclusion

The crystal growth of Ca,Cd, sCO; solid solution at 283.1 K
was investigated by exposing the calcite (1014) surface to Cd-
bearing aqueous solutions and using a CO5*" diffusion method
to aqueous solutions containing 0.05 M Cd** and 0.05 M Ca*.
in situ AFM measurements were used to perform the real-time
tracking of nucleation process of Ca,Cd;<COs solid solution.
SEM-EDS and TEM mapping were employed as primary techni-
ques for the investigation of microstructure morphology and
element distribution of the generated crystals. The epitaxial phase
of Ca,Cd,..COs solid solution were first rich in calcium. The
content of Cd increased with distance from the original calcite
surface increasing. In the process of maturation, a low-cadmium
solid solution with thermodynamic instability could be trans-
formed into a Cd-rich solid solution.The proposed mechanism
of Ca,Cd,«COj; solid solution precipitation allows for early
structural preformation during the pre-nucleation stage conveyed
into the post-nucleation stage. The growth of these clusters is
then considered to take place by the addition of single ions, and
the formation of different polymorphs is considered to be under
thermodynamic or kinetic control.
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