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Abstract: Calcite is often doped with impurity ions that affect its dissolution behavior. In the present
investigation, solid solutions of (Ca, Mn)COj3 and (Ca, Cu)CO3 were synthesized by coprecipitation to
study their dissolution in an acidic solution (pH = 5) at 25 °C. The solution chemical analysis results
showed that the concentrations of aqueous Cu®* and Mn?* first increased and then decreased with
the extension of dissolution time. Scanning electron microscope (SEM) and transmission electron
microscope (TEM) observations revealed that rhodochrosite (MnCO3) and malachite (Cuy(OH),CO3)
formed during the dissolution. This suggested that the impurities in calcite might impact the
dissolution and precipitation of carbonates in the environment.
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1. Introduction

Calcite is the thermodynamically stable polymorph of calcium carbonate (CaCO3), and one of
the most abundant and reactive minerals in Earth surface environments [1]. Through dissolution and
precipitation in aqueous environments, calcite plays a critical role in regulating geochemical cycles,
and in oceanic and atmospheric chemistry [2]. It is well-known that the dissolution process of calcite is
related to temperature, pH, pCO,, solid composition, and solution composition [1,3,4]. For example,
Gong et al. reported that the calcite dissolution rate firstly increased and then decreased between
50-250 °C [5]. Alkattan et al. concluded that the calcite dissolution rate was positively related to
the hydrogen ion activity in the solution [6]. Meanwhile, the inhibition effects of aqueous cationic
and anionic ions, such as Mg2+, Cd?%*, Mn?*, and Sr?*, on the dissolution of calcite, have also been
observed [7-9].

It is well-known that Mn?2*, Mg2+, Cd?*, Co%*, Fe?*, and Zn?* can substitute for CaZ* in
calcite to form CaCO3;-MCO; (M = Mn?", Mg2+, Cd?*, Co?*, Fe?*, Zn*") solid solutions [10].
Additionally, other heavy metal ions (e.g., Pb%*, Cu?*, and Ni?*), radionuclides (e.g., UO,%),
and rare earth elements (REEs, e.g., Nd3*, Eu®*, and Ce3+) can also be incorporated into a calcite
structure via substitution, precipitation/coprecipitation, adsorption, and absorption/solid-state
diffusion [11-14]. Therefore, ionic substitution (and, consequently, the formation of solid solutions)
might control the environmental behavior of heavy metals where calcite is present. According to
Prieto, the stoichiometric solubility product of an ideal solid solution (BxC;_xA) is a function of its
composition; that is, Kgp = [B™]X[C™ 1 X[AN] (the activity of a single-component solid was assumed
to be one) [15]. For example, Bottcher studied the dissolution of CaCO3-MnCOj3 solid solutions in
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CO,-H,O solutions at 20 °C, and received a stoichiometric solubility constant that was positioned
between the respective values for the end-member solids [16]. Based on atomic force microscopy (AFM)
observations, Harstad and Stipp discovered that Fe**, Mg?*, Mn?*, and Sr?*, which are naturally
present in Iceland spar calcites, inhibited its dissolution [17]. However, due to the numerous impurities
in natural calcite samples, it is difficult to identify the influence of a single component on its dissolution.

Therefore, a series of calcite samples doped with varying contents of heavy metals were prepared
by coprecipitation and characterized by X-ray diffraction (XRD), a Brunauer-Emmett-Teller (BET)
surface area instrument, and scanning electron microscope (SEM). A batch experiment was performed
to study the kinetic dissolution of the solid solutions. The main objective was to confirm the
effect of impure heavy metals in calcite on its dissolution process. Herein, we report the synthesis,
characterization, and dissolution behavior of Cu and Mn containing calcite. The highlight of our
findings is the observation of new nanoprecipitates enriched in Cu and Mn, respectively, during the
dissolution of calcite.

2. Materials and Methods
2.1. Solid Preparation and Characterization

2.1.1. Coprecipitation Procedures

Solid solutions of (Ca, M)CO3 (M = Mn, Cu) were prepared according to the following reaction:
XMt 4 (1 — x)CaZ " —l—COg* = Ca(;_,MxCOs3. Given volumes of 0.1 M of MCl, were mixed
together with 150 mL of 1-M CaCl, solutions with molar ratios of M/Ca = 0, 0.02, 0.04, and 0.1,
and diluted with deionized water to 500 mL. A solution of 150 mL of 1 M of Na,CO3 was also
diluted with deionized water to 500 mL. A 500-mL Na,COj3 solution was delivered into a vessel
containing a mixture of 500 mL of CaCl, and MCl; at a constant rate, using a peristaltic pump and
under continuous stirring. The precipitates were aged in situ for 72 h without stirring, and then
centrifuged and dried in an oven at approximately 80 °C. All of the experiments were performed at
room temperature and atmospheric pressure.

2.1.2. Characterization

Powder XRD (BRUKER D8 ADVANCE, Bruker Corporation, Billerica, MA, USA) was employed
to confirm the crystalline phases. Partial precipitate was decomposed by HNO; and used to
analyze the Ca, Cu, and Mn contents by inductively coupled plasma-optical emission spectrometry
(ICP-OES) (VARIAN VISTA PRO, Varian, Inc., Palo Alto, CA, USA). Furthermore, a ZEISS Gemini
500 (ZEISS, Birkered, Denmark) field emission SEM (FE-SEM) was used to obtain images of the
precipitates and the approximate sizes of the crystalline samples. A BET surface area instrument
(Micromeritics ASAP2020M, Micromeritics, Norcross, GA, USA) was used to measure the specific
surface area of these solid solutions.

2.2. Dissolution Experiments

A series of 15-mL polyethylene centrifuge tubes containing 10 mL of hydrochloric acid solution
(pH = 5.0) were firstly prepared. A solid of 0.1250 g was added into each tube, and all of the tubes
were capped and shaken using an overhead shaker in an incubator chamber at 25 °C. The solution
pH was not controlled, and was allowed to automatically vary. At a specified time, the solution in
one tube was sampled and filtered with 0.22-um pore filters. Aqueous pH was immediately measured
using a pH meter (Sartorius PB-10, The Sartorius group, Gottingen, Germany). The concentration of
carbonate was measured according to the Chinese national standard method (GB/T 11064.12-2013).
The concentrations of Ca, Cu, and Mn were analyzed using ICP-OES (VARIAN VISTA PRO).
The solids were sampled from the bottles after centrifugation, dried, and investigated by SEM
(ZEISS Gemini 500) and transmission electron microscope (TEM) (FEI Talos F200S, Thermo Fisher
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Scientific, Waltham, MA, USA). All of the experiments were run in duplicate, and an average was
obtained for each metal concentration.

3. Results

3.1. Structure and Chemical Compositions

Figure 1 shows the XRD patterns of the synthesized samples that agreed with the calcite reference
pattern (JCPDS 47-1743), indicating that no other detected phases were present. With the incorporation
of Mn and Cu, the reflections (especially (104)) shifted a little bit to higher angles, due to the
smaller interplanar distances of solid solutions compared to the calcite sample without impurity
incorporation (CAL). Since peak-broadening effects can reflect the compositional heterogeneity of
the solid-solution crystals, the peak widths were analyzed by considering the full width at half
maximum intensity values (FWHM) of the two most intense reflections (012 and 104). FWHM values
were determined after performing a Koa2 stripping correction. Peak-broadening effects can be
attributed to either compositional heterogeneities, the presence of small crystallites (the size of the
coherently diffracting domain), or lattice distortions. Therefore, the FWHM values of the solid-solution
precipitates and the corresponding two end members were compared to determine the occurrence
of heterogeneity. The FWHM values of the 012 and 104 reflections for the samples CAL, Mn-02, Mn-04,
Mn-10, Cu-02, Cu-04, and Cu-10 were 0.121, 0.132, 0.151, 0.168, 0.127, 0.131, and 0.135; and 0.100,
0.103, 0.125, 0.182, 0.127, 0.134, and 0.146, respectively. Based on previous research results [18], peak
broadening varied in a regular way with composition, and this could most probably be attributed
to crystallite size changes. Chemical analysis data demonstrated that the composition of the solids
was almost the same as the M /Ca molar ratio of the mixing solutions (Table 1). BET results (Table 1)
showed that the specific surface area of the sample increased with the increase of impurity content.
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Figure 1. X-ray diffraction (XRD) patterns of the synthesized solid solutions.
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Table 1. Composition, Brunauer-Emmett-Teller (BET) specific surface area of the solid solutions,
and first time of new precipitation discovery.

M?Z*/Ca®* Ratio (in Mole) BET Specific Surface First Time of New
Sample Area (m?/g) Precipitation Di )
Added Measured rea (m?/g recipitation Discovery
CAL / / 0.173 /
Mn-02 0.02 0.02 0.221 1920
Mn-04 0.04 0.04 0.583 288
Mn-10 0.10 0.12 3.269 96
Cu-02 0.02 0.02 0.389 672
Cu-04 0.04 0.04 0.577 /
Cu-10 0.10 0.12 1.953 48

3.2. Release of Metals

The kinetic evolutions of the aqueous metal concentrations during calcite dissolution are
illustrated in Figure 2. The aqueous Ca concentrations increased with time and reached the
maximum values at approximately 2400 h and 1440 h of dissolution for CAL and Mn-containing
calcite, respectively. The final concentrations of calcium were ~0.52 mM, 0.64 mM, 0.87 mM,
and 1.31 mM for CAL, Mn-02, Mn-04, and Mn-10, respectively, which correlated with the specific
surface areas of the samples (Figure 3a). However, the aqueous Mn decreased after its peak values of
0.58 uM (1440 h), 2.05 uM (1220 h), and 5.84 uM (432 h) to 0.37 uM, 0.87 uM, and 2.17 uM at 2880 h
for Mn-02, Mn-04, and Mn-10, respectively (Figure 2c). This indicates that up to 63% of the dissolved
Mn was removed from solution, possibly by adsorption or precipitation. The molar ratios of aqueous
Ca/Mn ranged from 190 to 3840, which were much higher than those in the solids, suggesting a
nonstoichiometric release of Ca and Mn.

For the calcite incorporated with Cu, Cu-02 showed similar Ca release behavior to CAL.
However, the released Ca reached its value peaks of 1.57 mM and 2.24 mM at 432 h, and then
decreased slightly to 1.22 mM and 1.76 mM at 2880 h for Cu-04 and Cu-10 (Figure 2b). The released Cu
reached the maximum values of 0.07 uM, 0.33 uM, and 1.81 uM at 960 h, 192 h, and 96 h for Cu-02,
Cu-04, and Cu-10 (Figure 2d), respectively. The aqueous Ca/Cu molar ratios were in the range of 1000
to 150,000, which was much higher than that for the (Ca, Mn)COj solid solutions.

Figure 2e—f shows the aqueous pH evolution during dissolution, which increased from 5.0 to ~10
within two hours once the dissolution experiment was launched, and then declined slowly to 7.72~8.19.
It is worth noting that the pH of the CAL sample was always higher than that of the (Ca, M)CO3
solid solutions.

As previously mentioned, the total dissolved mass was in the order of CAL < Mn-02 < Mn-04 < Mn-10
and CAL < Cu-02 < Cu-04 < Cu-10 (Figure 2a—d), which was the same as the order of the BET specific
surface areas (Table 1). However, the order of the average dissolution rates was reversed once normalized
by the initial BET values, especially within the first two hours. This result proved that Mn and Cu in calcite
could inhibit its dissolution, which was consistent with the study on the effect of impurity ions in solution
on calcite dissolution [19-21]. It can be seen from Figure 2g-h that rapid dissolution occurred in the early
stage (0~24 h) of the reaction, after which the reaction rate decreased rapidly.

3.3. Morphology

The CAL sample (Figure 3a) showed a typical rhombohedral calcite structure with a size
of ~40 pm, which is indicative of the morphology of calcite crystals grown and defined by the
rhombohedral face of (104). The sizes of the calcite solid solutions decreased with the incorporation
of Mn and Cu (Figure 3c—e,i-k). This phenomenon was consistent with the BET results showing the
increase of FWHM values, as discussed previously. The morphology of the solid solutions remained
rhombohedral for aggregations of Ca(;_,)MnxCOgz, while it changed to dodecahedron (x = 0.02,
Cu-02) and subidiomorphic (x = 0.04 and 0.11, Cu-04 and Cu-10) for Ca; _,)CuxCOj solid solutions.
This indicated that Mn and Cu could affect calcite growth and change its morphology [22,23].
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Davis et al. concluded that elongation along the ¢ direction and the emergence of rough pseudofacets
led to the development of a new crystallographic form in the presence of Mg?* [24].
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Figure 2. Evolution of aqueous metals and pH during the dissolution of the solid solutions and the

corresponding dissolution rates. (a,b) Evolution of Ca concentration during the dissolution of the

solid solutions; (¢) Evolution of Mn concentration during the dissolution of Mn-02, Mn-04 and Mn-10;
(d) Evolution of Cu concentration during the dissolution of Cu-02, Cu-04 and Cu-10; (e,f) Evolution
of aqueous pH during the dissolution of the solid solutions; (g,h) Evolution of the dissolution rates

during the dissolution of the solid solutions.

After dissolution, etch pits were observed on the calcite surface, while the crystal edges
degenerated (Figure 3b). It was surprising that some new precipitates with needle or prism morphology
were discovered on the surface of the (Ca, Mn)CO3; and (Ca, Cu)COj solid solutions at various
times (Figure 3f-h,l-n). The first discovered precipitation times for Mn-02, Mn-04, Mn-10, Cu-02,
and Cu-10 were (probally earlier than) 1920 h, 288 h, 96 h, 672 h, and 48 h, respectively (Table 1).
Surface precipitation was occasionally found when Mn-04 was dissolved after 288 h. Needle-like
precipitation was observed obviously on the surface of Mn-04 after 672 h. Clusters of precipitation
were observed on the surface of Cu-10 at 48 h, which grew to a short prism or plate shape after 1920 h.
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After 2880 h, the size of both precipitates was ~10 pm in length and 10~20 nm in width for Mn-10,
and 50~200 nm for Cu-10.

Selected transmission electron microscope-energy dispersive spectrometer (TEM-EDS) mapping of
the new precipitates for Mn-10 and Cu-10 is presented in Figure 4. Mn-10 showed nanoscale needle-like
crystals with a width of ~20 nm, while Cu-10 adopted a rod-like morphology with a length of 800 nm
and width of 100 nm. The element mapping results demonstrated that the newly formed precipitates
were enriched in Mn and Cu, respectively, with trace Ca. According to the high-resolution transmission
electron microscopy (HRTEM) images shown in Figure 5a, the lattice fringes with a d-spacing
of 0.285 nm corresponded to the (104) reflection of rhodochrosite (MnCOj3). The high-resolution
transmission electron microscopy and the correlated fast Fourier transform (FFT) analysis of Mn-10
(Figure 4a) indicated that the rhodochrosite precipitate was monocrystalline. Figure 5b shows a
TEM image of lattice fringes with a d-spacing of 0.369 nm related to the (220) reflection of malachite
(Cup(OH),CO3). The FFT pattern displayed that the malachite had a monocrystalline structure as well.

Figure 3. Scanning electron microscope (SEM) images of the synthetic calcite solid solutions. (a) CAL;
(b) CAL after dissolution for 2880 h; (c) Mn-02; (d) Mn-04; (e) Mn-10; and (f) Mn-02 after dissolution
for 1920 h; (g) Mn-04 after dissolution for 672 h; (h) Mn-10 after dissolution for 1920 h; (i) Cu-02;
(j) Cu-04; (k) Cu-10; and (1) Cu-02 after dissolution for 960 h; (m) Cu-04 after dissolution for 672 h;
(n) Cu-10 after dissolution for 960 h.
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Figure 4. Energy dispersive spectrometer (EDS) mapping images of new precipitates from Mn-10 and

Cu-10 after dissolution for 2880 h.

Figure 5. High-resolution transmission electron microscopy (HRTEM) and fast Fourier transform (FFT)

images (inset) of new precipitates from (a) Mn-10 and (b) Cu-10 after dissolution for 2880 h.

4. Discussion

The major related equations describing the dissolution are as follows:
CaCO; = Ca?* +CO35~
Ca(1_MxCO3 = xM** + (1 —x)Ca®* + CO3~
COj” +H' = HCO;
HCO; + H" = H,CO;
H,O = H" + OH"~
CO;z(g) + H2O = HyCO3 (5

Mn*" + CO3~ = MnCO;

)
@)
®)
4)
©)
(6)
@)
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2Cu?t + CO3™ +20H™ = Cuy(OH),CO;5 8)

With the dissolution of calcite, the cations and the carbonate group were released into the aqueous
solution (Equations (1) and (2)). For CAL, the aqueous pH increased from 5.0 to 9.92 within two hours,
and then declined slowly and remained stable at around 8.1 (Figure 2e). The increase of aqueous
pH was attributed to the formation of HCO3; ™ and Hy,CO3(aq) (Equations (1)—(3)), which resulted in
the depletion of H* and the production of OH™ (Equation (4)). Thereafter, the decline of aqueous
pH after 2 h might be due to the precipitation of MnCO3; and Cu,(OH),CO3 consumed CO32~
(Equations (7) and (8)), which promoted the generation of H* (Equations (3) and (4)). Meanwhile, CO,
indiffusion would also lead to pH change (Equation (6)). The decomposition of partial HCO3;~ and
H,COs3(aq) will release H* into the solution again until equilibrium. In addition, the precipitation of
Cuy(OH),CO3 declined the concentration of OH™ (Equation (8)), which contributed to the generation
of H* (Equation (5)). The remarkable change of pH value at the early stage of the experiment indicated
that the initial stage of dissolution of the solid solutions was controlled by pH [6].

According to Figure 2a—d, more Ca was released into the solution than Mn and Cu compared
to the original solid materials, suggesting that the dissolution of (Ca, Mn)CO3 and (Ca, Cu)COj3
was nonstoichiometric. Putnis et al. provided a clear observation of the nonstoichiometric
dissolution of dolomite, and suggested an interface-coupled dissolution—precipitation mechanism [25].
Walton predicted that the strong adsorption position on the crystal surface was more favorable for
nucleation [26]. Thus, Mn(Cu) had stronger adsorption on the crystal surface, which was conducive to
the nucleation and formation of new precipitates.

Based on the SEM, TEM, and ICP-OES results, the aqueous (Ca, M)CO3 dissolution was considered
to have the following coincident steps or processes, as Putnis et al. suggested [25]:

(1) Water contacts the solid surface and initiates dissolution.
(2) Release of Ca?*, M?*, and CO3% ions from the crystal surface.
(3) Reprecipitation of the chemicals from the solution back onto the solid surface.

The dissolution started once the acidic water contacted the solid (Ca, Mn)COj3 (Process 1).
Thereafter, Ca?*, Mn?*, and CO32~ ions were released from the solid surface into the aqueous
solution (Process 2, Equation (1)). Since the solubility product of rhodochrosite (Ksp = 10~ 1113y [27]
is much smaller than that of calcite (Ksp = 107848) [4], the system at the solid—fluid boundary
became supersaturated with respect to MnCOj (Process 3). These two processes were coupled at the
calcite-water interface. SEM results showed that the new precipitates were first formed on the mineral
surface, especially where defects were present. Therefore, it can be speculated that the initial stage of
the surface precipitation reaction belonged to the interfacial reaction.

For sample Mn-10, Figure 2c shows that the Mn concentration reached the maximum at 432 h.
According to the geochemical computer program (PHREEQC), the saturation indices (SI) of CaCOs
and MnCOj3; were 0.09 and —0.33 at 96 h, 0.22 and 0.42 at 432 h, 0.07 and —0.78 at 2880 h, respectively.
The SI of MnCO3 was consistent with the evolution of the aqueous Mn concentration. The SI value
indicated that MnCO3 was unsaturated at 96 h, whereas new precipitation was generated on the
surface of the solid. It showed that the dissolution—precipitation phenomena at the calcite-water
interface occurred prior to the supersaturation of the bulk solution. With the interfacial reaction,
the Mn would also be dissolved into the solution, so the time of precipitation that was observed was
earlier than the time of the maximum Mn concentration.

Many possible reactions should be considered in the research on (Ca, Cu)COj3 dissolution due
to the hydrolysis of Cu in an alkaline solution (via the formation of Cu(OH);). For sample Cu-10,
PHREEQC calculation results showed that the SI of CaCO5, CuCO;, Cu(OH),, and Cu,(OH),CO3
were 0.34, —3.84, —0.91, and —0.55 at 48 h; 0.39, —3.41, —0.81, and 0.12 at 96 h; and 0.18, —1.51, —4.10,
and —1.42 at 2880 h. This suggested that the Cu?* tended to separate out in the form of Cuy(OH),CO3,
which agreed with the TEM results. As mentioned in Section 3.3, new precipation was clearly observed
on the surface of Cu-10 at 48 h, indicating that precipitation occurred earlier than the time of maximum
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Cu concentration. In a long-term Cu contaminated calcareous soil, malachite was also observed as the
reaction product for Cu [28].

5. Conclusions

With the incorporation of Mn and Cu, the sizes of calcite crystals became smaller. The morphology
of Mn-doped calcite remained rhombohedron, while it changed to dodecahedron and subidiomorphic
for Cu-doped calcite. During the dissolution of the (Ca, M)CO3; (M = Mn, Cu) solid solutions,
the released metal concentrations were considerably dependent on the amount of Mn (Cu) in
the solids. The incorporation of Mn and Cu enhanced the solubility of calcite due to the smaller
particle size. However, the dissolution rate of pure calcite is greater than that of calcite doped with
Mn and Cu. Surprisingly, the initially dissolved Mn and Cu were observed to precipitate as new
phases; that is, as thodochrosite and malachite, which was demonstrated by the SEM and TEM results.
Therefore, the dissolution of the (Ca, M)CO3 (M = Mn, Cu) solid solutions was nonstoichiometric
due to the dissolution—precipitation at the calcite-water interface, which ‘trapped’ the Mn and Cu via
forming new minerals. Our results suggest that the impurities in calcite can impact the dissolution
process of calcite, and control the environmental behavior of heavy metals such as Mn and Cu.
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