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ABSTRACT: Mining wastes or combustion ash are materials of
high carbon sequestration potential but are also known for their
toxicity in terms of heavy metal content. To utilize such waste
materials for engineered carbon mineralization purposes, there is a
need to investigate the fate and mobility of toxic metals. This is a
study of the coprecipitation of metals with calcium carbonate for
environmental heavy metal mitigation. The study also examines the
stability of precipitated phases under environmentally relevant acid
conditions. For a wide range of cadmium (Cd) and zinc (Zn)
concentrations (10 to 5000 mg/L), induced coprecipitation led to
greater than 99% uptake from water. The calcium carbonate phases
were found to contain amounts as high as 9.9 wt % (Cd) and 17 wt
% (Zn), as determined by novel synchrotron techniques, including
X-ray fluorescence element mapping and three-dimensional (3D) nanotransmission X-ray microscopy (TXM). TXM imaging
revealed first-of-a-kind observations of chemical gradients and internal nanoporosity within particles. These observations provided
new insights into the mechanisms leading to the retention of coprecipitated heavy metals during the dissolution of calcite in acidic
(pH 4) solutions. These observations highlight the feasibility of utilizing carbonate coprecipitation as an engineered approach to the
durable sequestration of toxic metals.
KEYWORDS: carbon mineralization, water treatment, calcium carbonate, cadmium, zinc, CO2 sequestration,
X-ray computed tomography, acid leaching

1. INTRODUCTION
Release of hazardous runoff such as mine drainage or
combustion ash leachate poses environmental threats to
water resources as they contain high levels of toxic elements
such as cadmium (Cd), zinc (Zn), and other contaminants
(i.e., arsenic, chromium, selenium, etc.).1,2 Cadmium is a
known carcinogen and can negatively impact neurological,
reproductive, and respiratory systems. While Zn is an essential
nutrient for humans at appropriate levels, excess exposure can
cause health problems and is especially hazardous to children.
Zinc also commonly co-occurs with Cd, increasing the
likelihood of finding excess Zn concentrations in hazardous
waste streams.3−5 Environmentally observed concentrations of
Cd and Zn range from a few ppm to millions of ppm, and these
are levels that far exceed national primary and secondary
drinking water standards (Maximum Contaminant Levels,
MCL) set by the U.S. EPA (Figure 1). The pH conditions of
these solutions cover acidic to alkaline regimes, causing
additional environmental concerns. While there are extensive
in-situ and passive treatment efforts to minimize toxic metal
concentrations and ameliorate extreme pH conditions
including limestone drains, permeable reactive barriers, and
constructed wetlands,6−8 these technologies alone are not

enough to achieve complete mitigation of contaminants or pH
recovery.
Despite these environmental concerns, some combustion,

mining, and other alkaline industrial wastes can provide
environmental benefits because of their cation content,9−11

mainly in the form of Ca2+, Mg2+, and Fe2+, which can
precipitate as carbonate minerals, thereby acting as a sink for
CO2 gas in the Earth′s atmosphere. For example, the global
annual potentials for CO2 capture were found to be 4.5 Gt for
ultramafic mine tailings12 and 0.2 Gt for coal ash,13 suggesting
that alkaline wastes may contribute significantly to achieving
net negative emissions.13 A wealth of literature has quantified
the kinetics of carbonation reactions, availability of waste
materials, economic feasibility, and heat potentials12−18 in the
context of CO2 sequestration efforts. It remains to be seen
whether engineered carbon mineralization processes can offer

Received: October 18, 2022
Revised: January 4, 2023
Accepted: January 5, 2023
Published: February 13, 2023

Articlepubs.acs.org/est

© 2023 The Authors. Published by
American Chemical Society

3104
https://doi.org/10.1021/acs.est.2c07678

Environ. Sci. Technol. 2023, 57, 3104−3113

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Julie+J.+Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sang+Soo+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Paul+Fenter"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Satish+C.+B.+Myneni"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Viktor+Nikitin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Catherine+A.+Peters"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.est.2c07678&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c07678?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c07678?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c07678?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c07678?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c07678?fig=abs1&ref=pdf
https://pubs.acs.org/toc/esthag/57/8?ref=pdf
https://pubs.acs.org/toc/esthag/57/8?ref=pdf
https://pubs.acs.org/toc/esthag/57/8?ref=pdf
https://pubs.acs.org/toc/esthag/57/8?ref=pdf
pubs.acs.org/est?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.est.2c07678?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/est?ref=pdf
https://pubs.acs.org/est?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


permanent and simultaneous sequestration of both CO2 and
heavy metals.
In this work, we addressed the following research questions:

to what extent can carbonation reactions sequester heavy
metals through coprecipitation in highly contaminated
solutions and what is the fate of the heavy metals if the
carbonate solids were to start dissolving? These are topics
starting to get attention in the context of calcium carbonate
coprecipitation as a possible heavy metal sequestration
approach in various environmental remediation scenarios
including mine wastes, nuclear waste repositories, or
contaminated aquifers.19−24 Precipitation of calcite and
incorporation of Cd or Zn in well-controlled settings has
been well studied.25−30 In cationic coprecipitation, heavy
metals that exist as dissolved divalent cations can substitute for
the major cations in a host carbonate phase.20,26−33 This
phenomenon is explained by the solid solution−aqueous
solution (SS−AS) theory,25 and the tendency of coprecipita-
tion is controlled by a number of factors. In the systems of

Ca−Cd or Ca−Zn pairs, calcite (the most stable polymorph of
calcium carbonate) is more soluble than both Cd- and Zn-
carbonate endmembers, otavite (CdCO3) and smithsonite
(ZnCO3), respectively (Table 1). Because these solid phases
belong to the same crystal group of rhombohedral carbonates,
the degree of interstitial mixing is controlled by the relative size
of the cations. Cadmium ions have a similar ionic radius to Ca
ions (94 vs 100 pm, respectively), whereas Zn ions are
significantly smaller (74 pm), making these elements
compatible with calcite. As a result, otavite can form a
continuous solid solution with calcite for all possible mole
fractions,34 whereas smithsonite forms a solid solution with
calcite with immiscibility above 0.2 mole fraction.35 Factors
such as the ratio of the solubility products, the distribution
coefficient,27,29 the degree of supersaturation, temperature,
nucleation rates, charge similarity, and metal complexes30

influence the extent of metal incorporation. Building on this
foundational knowledge, this work attempts to better under-
stand the coprecipitation process in an environmental
remediation sense, focusing on the potential for heavy metal
uptake from the aqueous phase and the fate of heavy metals in
calcite.
Unique to this investigation is the use of synchrotron-based

absorption contrast transmission X-ray microscopy (TXM),
which is a form of X-ray computed tomography (XCT) for
three-dimensional (3D) imaging. The use of TXM imaging in
this study enabled first-of-a-kind observations of internal
structures and compositions of coprecipitates at nanometer
resolution. These methods are analogous to those that have
revealed compositionally heterogeneous solids in natural and
engineered systems36−39 and the spatial distribution of foreign
ions within particles, the particle substructure, and its impact
on the morphology of precipitates.33,40−42 Here, we used these
methods to elucidate mechanisms of calcite coprecipitation,
such as the order of precipitation, and physical internal
structure evolution. The aim was to use these novel
observations to ultimately advance utilization of carbonate
coprecipitation as a technology for simultaneous heavy metal
and CO2 sequestration.
This study investigated coprecipitation of Cd and Zn in

calcium carbonate for a wide but relevant range of
concentrations consistent with observed concentrations in
mining and coal combustion waste runoff and leachates
(Figure 1). The efficiency of coprecipitation reactions for
removing toxic metals from the water was evaluated for
solutions that were supersaturated with respect to calcium
carbonate. Inferences about trace element incorporation in the
coprecipitated carbonate phases and effects on morphology,
crystal structure, and chemical composition were obtained
using TXM and XRF imaging as well as standard methods for
mineral characterization.

Figure 1. Cadmium and Zn concentrations in various mining waste
and combustion ash runoff waters and leachates. Triangle markers
(black) indicate the concentrations explored in this study. The
horizontal dotted lines indicate the National Primary or Secondary
Drinking Water standards (MCL) set by the U.S. EPA. Data were
compiled from various sources.3−5,11,43−48

Table 1. Summary of Theoretical Metal Solubilities in Water and in Acidic Solution at pH 4 for Different Endmember
Carbonates

mineral Ksp
a aqueous solubility of the metal (mol/L) in pure waterb aqueous solubility of the metal (mol/L) in a fixed pH 4 solution

CaCO3 (calcite) 10−8.48 1.2 ×10−4 (12 mg/L) 1.4 × 100 (140,000 mg/L)
ZnCO3 (smithsonite) 10−10 6.1 ×10−5 (7.6 mg/L) 6.0 × 10−1 (75,240 mg/L)
CdCO3 (otavite) 10−12.10 5.6 ×10−6 (0.9 mg/L) 6.3 × 10−2 (10,862 mg/L)

aSolubility product constants (Ksp) at 25 °C were taken from the WATEQ. 4F Database49 and references therein. bAqueous solubilities were
obtained from PHREEQC simulations. Calculations were done for a closed system.
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This study also investigated the stability of the heavy metals
in the coprecipitated carbonate phases. Carbonate minerals are
relatively stable at neutral and alkaline pH but are
thermodynamically unstable and readily dissolve in acidic
conditions, as shown in Table 1. This was the motivation to
study the extent to which heavy metals will be durably
sequestered under conditions that would lead to dissolution of
the host carbonate phase (e.g., will they be released into
solution or remain incorporated in the solid?). Mildly acidic
conditions (pH 4 to 6) are prevalent in various settings, such
as natural bodies of water and rainwater, and thus, testing the
coprecipitated carbonates under these conditions is important
for environmental and engineered systems. While dissolution
of calcite is widely studied and well understood, the effect of
heavy metal presence and distribution on the dissolution
processes remain to be better characterized.

2. MATERIALS AND METHODS
In this work, binary combinations of Ca with Cd and Ca with
Zn were studied. Initial solutions were prepared by mixing
stock solutions formulated with deionized water (refer to the
Supporting Information for more details about the chemical
composition, source, and purity of salts). For Cd, aqueous
concentrations from 0.0002 mol/L (25 mg/L) to 0.02 mol/L
(2250 mg/L) were studied, and for Zn, concentrations from
0.0002 mol/L (15 mg/L) to 0.02 mol/L (1300 mg/L) were
studied (Figure 1). A single initial Ca concentration of 0.2 M
was used for all experiments, and the molar ratio of Ca and
carbonate was 1:1. This Ca concentration was chosen based on
observed concentrations in waste leachates ranging from 200
to 15,000 mg/L.2,5 The initial pH was 11 by amendment with
sodium hydroxide solution, which was adjusted because higher
pH promotes calcite precipitation. An experiment without Cd
or Zn was also conducted as the calcium carbonate control.
The resulting solution was supersaturated with respect to

calcite (refer to the Supporting Information for additional
details) and precipitates nucleated immediately after mixing,
and the solids and solutions were equilibrated for 7 days. For
comparison with measured solid composition values,
PHREEQC simulations were done to predict the incorporation
of Cd and Zn into the solid phase. The “solid solutions”
function was used, which uses the SS−AS model and assumes
ideality with respect to solid phase activity coefficients.
For the acid dissolution experiments, precipitated solids

were mixed with 0.1 M hydrochloric acid (HCl) solution (pH
of 4 +/−0.05) for 3 days. These experiments had a solid-to-
solution ratio of 0.8 mg/mL, which was determined via
preliminary experiments to ensure partial dissolution of the
solids and so that the structure and chemical composition of
the remaining solids could be analyzed.
In all batch experiments, reaction vessels were placed on a

shaker table for 2−3 h and then set for quiescent equilibration.
After the reaction, samples of the solution were drawn, filtered
(0.7 μm pore, glass fiber filter), and acidified with 2% nitric
acid. Aqueous samples were analyzed using inductively coupled
plasma mass spectroscopy (ICP-MS) using a Thermo Neptune
multicollector with detection limits in the ng/L range.
Replicate experiments were conducted for all experiments,
and average concentrations were reported. All precipitates
collected were washed three times with deionized water and
ethanol. To visualize morphology, solid precipitates were
examined using scanning electron microscopy (SEM)
(Phenom, Thermo Fisher Scientific).

To examine the internal structure, texture, and chemical
gradients, individual particles were scanned in 3D using the
TXM beamline of sector 32-ID-C at the Advanced Photon
Source (APS).50,51 Precipitates were imaged at 8 keV energy to
maximize contrast between Ca and Cd. Additional scans at 10
keV (slightly above the Zn X-ray absorption edge) were
performed to maximize the contrast between Ca and Zn. Scan
rates were between 0.5 and 1 s per angle, covering
approximately 175°. Data were reconstructed using Tomopy,52
which has now been replaced with Tomocupy,53 and visualized
using ImageJ. The voxel resolution of the resulting 3D
tomographic images was 56 nm. Phase segmentation was
done using Dragonfly.
Select samples were analyzed for mineral composition using

high-resolution powder X-ray diffraction (XRD) at APS
beamline 11-BM. Each scan was taken in a 2θ range between
0.5 and 50° (λ = 0.4582 Å), with a step size of 0.001° and a
time step of 0.1 s/step.
Solid precipitates were examined using micro X-ray

fluorescence (μXRF) at APS GSECARS beamline 13-ID-E to
detect, map, and quantify trace element incorporation in the
particles. Loose precipitates were mounted on a polyimide
slide using epoxy and polished in-house to reveal a
combination of cross-sections and intact particles. Areal
scans of variable sizes containing multiple particles were
taken at an incident energy of 18 keV, with a spatial resolution
of 2 μm and a dwell time of 20 ms. Element maps were
generated using Larch.54 Quantitative analyses were done
using the NIST NRLXRF tool, as shown previously,38,39 and
assuming the host mineral phase forms a solid solution with
calcite. Reported weight fractions are average values from nine
different particles.

3. RESULTS AND DISCUSSION
3.1. Uptake of Heavy Metals from Solution. A primary

indicator of the effectiveness of coprecipitation is the residual
heavy metal concentrations in the aqueous phase after inducing
carbonate precipitation. The measured aqueous Cd and Zn
concentrations are reported in Figure 2. For all four
experiments in the Zn series, residual concentrations were
near to or below the MCL (5 mg/L), with at least a 99.5%
decrease after precipitation. While the Cd concentrations after
precipitation were still mostly above the MCL (5 μg/L),
concentrations were reduced by at least 99.7%, and this
demonstrates coprecipitation in carbonate as a highly efficient
process for removal of toxic metals from solution.
The amount of Ca in solution determines the amount of

precipitate, which ultimately affects the heavy metal uptake
from solution. To examine this, we used the PHREEQC SS−
AS model to simulate uptake for different amounts of Ca in
solution (Figure S1). In the Cd-cases, at a Ca concentration of
0.8 g/L (which is also the concentration used here),
approximately 2 g/L of coprecipitated solids is formed and
>95% uptake of Cd is estimated. In the Zn-cases, at the same
concentration of Ca, 85% uptake is estimated. There is a steep
decrease in the heavy metal uptake for Ca concentrations
below 0.8 mg/L. This means that for any system, there exists a
minimum Ca concentration to achieve the desired final
residual concentration and engineering this process will require
careful attention to the initial cation content of the waste
materials.
To maximize uptake, it is also important to control the Ca to

carbonate ratio as this ratio controls the polymorphism of
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calcium carbonates, as well as the nucleation and growth rates,
which in turn control the degree of coprecipitation.20,55 A
cation−anion ratio of ∼1 has been found to promote
precipitation of the most stable calcium carbonate phase,
calcite, and lead to the highest precipitation rates.55 Control of
such conditions may be significant to maximizing the uptake of
heavy metals.

3.2. Solid Phase Analyses and Spatial Distributions of
Heavy Metals in Calcite. Analyses of the solid-phase
composition using XRD (Figure S3) showed that all
precipitates formed in the presence of Cd and Zn exhibited
only calcite peaks with no evidence of other carbonate phases
such as otavite or smithsonite. This suggests precipitation of
Cd-bearing calcite or Zn-bearing calcite of variable degrees of
incorporation. Analysis of the peaks showed a systematic
change in the lattice spacing, which supports the conclusion
that heavy metals have become incorporated within the calcite
crystal rather than adsorbed on the surface or forming its own
end-member carbonate phase. We also observed a noticeable
peak broadening with increasing Cd or Zn concentrations
(Figure S4), which indicates the presence of microstrain,
chemical variation, and changing crystallite size within the
precipitated calcites.
SEM images were used to examine precipitate size and

morphology. Calcite is known for its characteristic rhombohe-
dral shape, and this was observed of the control (Figure S5)
and of the low Cd and Zn cases (Figure 3). For higher Cd and
Zn concentrations, the morphology was significantly altered,
and the particles were aggregated. For higher Cd concen-
trations, the sizes of particles were smaller, with a majority of
the precipitates measuring less than 10 μm. This may be due to
an interplay of ion adsorption, a thin passivating layer of a Cd-
rich phase or roughening of surfaces, all of which are factors
that inhibit particle growth.56−58 In the Zn precipitates, the
crystal morphology became more platy, especially at the
highest concentrations, and this may be due to the adsorption
of ions on growth sites, which can limit the rate of crystal

growth and alternatively promote topology and subsequent
morphological changes in calcite precipitates.30 Unlike the Cd
cases, the particle sizes were significantly larger with higher Zn
concentrations (some nearly 50 μm in size), and in the highest
concentration case, the calcite particles were nearly spherical
with rough surface features, exhibiting morphology similar to
that expected for vaterite precipitates. Nevertheless, the XRD
results demonstrated that this remained calcite, suggesting that
the large spherical grains are secondary assemblies of primary
calcite particles. A minor Zn-carbonate hydroxide phase,
hydrozincite (Zn5(OH)6(CO3)2, log Ksp = −14.9),59 was
observed as bright, nonspherical particles (Figure 3). This
suggests that hydrozincite can serve as an additional carbonate
sink for Zn, which is consistent with previous observations of
hydrozincite formation in Zn-enriched environments.60,61

Quantification of heavy metals in precipitates using averaged
μXRF data compiled from multiple single particles yielded
averages of 0.3 wt % (mole fraction 0.002) of Cd and 1.4 wt %
(mole fraction 0.02) of Zn in the lowest concentrations and 9.9
wt % (mole fraction 0.09) of Cd and 17 wt % (mole fraction
0.28) of Zn in the highest concentrations, exceeding the limit
of solubility of Zn in calcite. It was predicted that Cd uptake in
calcite would be greater than Zn uptake simply based on the
relative solubilities, yet the opposite was observed. This
suggests that utilizing the solubilities of endmembers to predict
the relative degree of uptake remains limited. PHREEQC SS−
AS predictions were also compared to experimental observa-
tions (Figure S2), and for the observed aqueous concen-
trations, it was found that there are discrepancies between the
measured and predicted Cd or Zn mole fractions in the solid,
and these discrepancies are slightly more significant for Cd
experiments than for Zn. These discrepancies may derive from
the assumptions of the SS−AS model, making it potentially
limited in capturing the actual growth kinetics for solid
solutions especially in cases of precipitation from solutions that
are highly supersaturated.20 Furthermore, this model assumes
precipitation of a single phase, which means some undetectable
phases (i.e., those below the detection limit of XRD) may serve
as sinks for the heavy metals, which are unaccountable in the
SS−AS predictions, and precipitation of homogeneous solid
solutions, whereas our observations, below, will show
significant compositional and morphological variations in and
within the precipitated solids.
Additional analyses will focus on the experiments with the

highest Cd and Zn concentrations. Multiple particles were
examined by generating μXRF element maps, which show
elemental distributions and relative abundances using a red-
green color scale, and further incorporate the information in
depth as synchrotron X-rays can penetrate the sample. For the
Cd case, the particles exhibited the presence of Cd
homogeneously distributed within the particles (Figure 4a),
and for Zn−calcite particles, a Zn-rich outer layer was
sometimes observed (Figure 4e), along with a Zn-rich core
(Figure 4f). Complementary TXM images revealed important,
new features of the interiors of individual particles. Slices
through the particles are shown in Figure 4, and animations of
the particles in 3D are available as supplementary materials
(Movies S1−S8 and Figures S12 and S13). In these images,
brighter grayscale intensities indicate higher concentrations of
the heavy metals. The low-concentration cases (Figure S6)
were very similar to the calcite control, indicating either
homogeneous distribution of trace elements or incorporation
of the trace elements under detectable amounts. For Cd at the

Figure 2. Aqueous heavy metal concentrations in the initial solution
(with subscript i) and precipitating solution (with subscript p).
Dotted horizontal lines are the national primary or secondary drinking
water standards.
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highest concentration, a hollow center is clearly visualized
(Figure 4c), which may be explained by early precipitation and
subsequent dissolution of metastable amorphous calcium
carbonate or the creation of CO2 bubbles serving as a scaffold
for crystal growth.62,63 A high-density Cd-rich outermost layer
at the external solid−air interface was also observed (Figures
4c and S7a), but it is also known that such features can be
artifacts of the tomographic images. The possibility of the
bright rim being solely an artifact caused by X-ray scattering at
the solid−air interface was ruled out via additional analyses of
the surface composition (see discussion in the SI). The
presence of Cd in the outermost layer is interesting as this late
order of precipitation does not follow the expected sequence of
precipitation of the less-soluble endmember followed by the
more-soluble endmember. Differences in the precipitation

kinetics of calcite and coprecipitated calcite may be playing a
role in these observations, yet the ability to capture changes to
physical features during nucleation and growth remains limited
and further work remains to be done in this area of research.
For Zn at high concentration, the TXM image clearly reveals

a high-density region in the particle center (Figure 4h),
suggesting a high concentration of Zn as was evident in the
μXRF element maps (Figure 4f). This compositional gradient
may be a result of early precipitation of the less-soluble Zn-rich
calcium carbonate phase, leading to the later growth of a phase
that is Ca-rich with preferential depletion of Zn from the
solution. This drastic initial uptake of Zn in the calcite solid
solution is expected based on the Ksp values of the
endmembers (Table 1) and based on the phenomena of
concentric zoning.64 The TXM images of Zn−calcite particles

Figure 3. SEM images of calcium carbonate precipitates show changes in size and morphology for different initial Cd and Zn concentrations
(0.0002−0.02 M). Calcite precipitates from the 0.002 M case are not shown.
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also show an intermediate layer that is more porous (Figure
4h). This layer is highlighted further in the volume
segmentation image (Figure 4i). The presence of a slightly
brighter outer rim is also captured in Figures 4h and S9b.
Heterogeneity of incorporated trace elements within a single
particle is presented at the μm-scales with nm-resolutions, and
segmentation based on the chemical gradients may be able to
offer new explanations for the behavior of coprecipitated
calcite in subsequent exposures to new solutions.

3.3. Concentrating of Heavy Metals in Calcite:
Evaluation of Permanence under Acidic Conditions.
For all the experiments, ICP-MS measurements and mass
balance calculations after acid exposure indicated minimal
release of Cd and Zn back into solution. Mass retention was at
least 95% of Cd and at least 88% of Zn for the highest
concentration cases and 91% Cd and 84% Zn for the lowest
concentration cases. The higher mass retention rates for Cd are
expected based on relatively insoluble nature of otavite (Table

Figure 4. Imaging and analysis of carbonate precipitates after heavy metal uptake. μXRF elemental mapping of Ca and heavy metals in precipitates
from (a) Cdi = 0.02 M and (f, g) Zni = 0.02 M experiments. Green represents Cd or Zn and red represents Ca. (b, g) SEM images of the Cd−
calcite and Zn−calcite particles, respectively. (c, h) TXM images of internal structure where the bright spots indicate richness in Cd or Zn, relative
to Ca. (d, i) 3D volume segmentation highlighting heavy metal-rich regions and nanoporosity within the particle.

Figure 5. Imaging and analysis of carbonate precipitates after acid exposure. μXRF elemental mapping of Ca and heavy metals in precipitates from
(a) Cdi = 0.02 M and (f, g) Zni = 0.02 M experiments. Green represents Cd or Zn and red represents Ca. (b, h) SEM images of the reacted Cd−
calcite and Zn−calcite particles, respectively. (c, d, i) TXM images of internal structure where the bright spots indicate richness in Cd or Zn,
relative to Ca. (e, j) 3D volume segmentation highlighting heavy metal-rich regions and nanoporosity within the particle. Note that these are not
the same particles as the unreacted particles in Figure 4.
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1). Heavy metal and Ca concentrations, along with the pH
after 72 h, are presented in Table S1. The observed final pH at
the end of 72 h was near neutral (Table S1), suggesting
significant acid neutralization due to calcium leaching. In the
long term, durable sequestration of heavy metals will depend
on whether there is exposure to fresh acidic solutions.
Nonetheless, these observations of selective calcium leaching
suggest that the host carbonate can dissolve without jeopard-
izing the coprecipitated metals, at least initially.
The impacts of acid exposure on particle morphology,

composition, and internal structure in highly Cd- and Zn-rich
calcium carbonate precipitates are quite evident. Acid exposure
did not lead to complete dissolution of the Cd- and Zn-
calcites, and the same calcite peaks were consistently observed
before and after the reaction in acid (Figure S11). Peaks
belonging to hydrozincite were also consistently observed
before and after acid exposure, indicating a minimal
contribution of these phases to the total zinc release. For
Cd−calcite particles, μXRF maps show concentrating of Cd in
the particle centers (Figure 5a), filling up what were initially
hollow centers. Zinc also concentrated in the particle centers,
more densely than in the unreacted particles, and μXRF maps
(Figure 5f,g) highlight the evident concentrating of heavy
metals within the solid phase for several particles. Comparison
of the μXRF maps of high Zn−calcite batch before and after
the reaction also shows a consistent presence of bright green
areas, which are likely to be originating from unaltered
hydrozincite phases present before acid exposure.
TXM imaging revealed significant alterations to the internal

particle structure including etch pits deeply penetrating
dissolution channels and internal hollow layers. The outer
Cd-rich layer remained relatively intact upon acid exposure
(Figure 5c,d). However, there is creation of a new porous layer
underneath this outer layer (Figure 5c). We attribute this to
the transport of acid through aggregated crystal boundaries,65

which allowed for reaction within the particle interior. Figure 6
shows a conceptualization of the dissolution and reprecipita-
tion processes during acid exposure. The reorganization of Cd

to the center likely occurred via dissolution of the internal
calcite causing an increase in dissolved Ca and Cd
concentration, which then led to Cd-enriched calcite
precipitation until Cd depletion and ultimately precipitation
of a Cd-poor calcite layer.
The Zn−calcite particles after acid exposure also exhibited

many new features including channels connecting the bulk
solution to the deep interior and significant nanoporosity
generation in areas where there had been high Ca content and
high porosity (Figure 5). Acid exposure yielded an increase in
volume fraction of nanoporosity from approximately 3 to 26%,
as estimated by quantification of the segmented volumes in the
tomographic data. A mechanistic conceptualization of this
process in comparison with that of Cd−calcite is shown in
Figure 6. Transformation of Zn-rich calcites in acid is driven by
creation of channels, which possibly served as conduits for
water and ion transport, causing preferential dissolution of the
more-soluble Ca-rich carbonate phases in the porous interior.
This is likely to have increased the interior pH, which inhibited
complete disintegration of the particle. Depletion of Ca in the
interior allowed for enlargement of the already-existing Zn-rich
carbonate core.
Our inference suggests that dissolution mechanism and

heavy metal retention processes are controlled by the
substructure and compositional gradient within particles. The
presence of multiple layers of variable chemical compositions
allowed for concentrating or reprecipitation within a single
particle rather than dissolution as predicted by SS−AS theory.
While the single particle imaging technique limits our ability to
generalize far beyond the samples imaged and the two cases
analyzed, it stands to reason that for other cations belonging to
the rhombohedral carbonates and those that are less soluble
than calcite (i.e., rhodochrosite or siderite), selective release of
calcium may drive the process of metal retention.
These findings also imply that the dissolution rate of

coprecipitated calcite can vary spatially as the reaction front
interacts with different layers of the precipitate (Figure 6). For
example, there may be inhibiting effects on dissolution with an

Figure 6. Conceptualization of the mechanisms of (a) Cd and (b) Zn reorganization during (orange background to indicate contact with acidic
solution) and after acid exposure (blue background). In this figure, the lightest grayscale indicates the highest Cd or Zn concentration (as in the
TXM images).
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increasing fraction of the heavy metal or the opposite effects
with an increasing degree of nanoporosity. Overall, the spatial
distribution of the heavy metals and porosity within particles
will impact the congruency of coprecipitated element release
and the overall reactivity of the mineral phases. Further work
remains to be done to separate out the rates of calcite
dissolution within nonhomogeneous, coprecipitated calcium
carbonate phases.

4. ENVIRONMENTAL SIGNIFICANCE
The results of this work serve to inspire innovation in
engineered strategies for removing heavy metals from water,
considering co-benefits for CO2 sequestration in highly
contaminated waste sites and waste materials such as
combustion ash. Cd and Zn concentrations in synthetic
waste leachates were reduced by more than two orders of
magnitude after one cycle of induced calcium carbonate
precipitation, highlighting the effectiveness of carbonate
precipitation for treatment of highly contaminated solutions.
Multiple cycles of carbonate precipitation are likely to lead to
solutions that meet the MCL set by the U.S. EPA, and our
results show that the fractional removal of metals is largely
independent of the initial heavy metal concentration (Figure
2).
Initial coprecipitation of Cd and Zn exhibited different

behaviors from each other, and our nanometer-scale character-
izations revealed previously unseen internal features (i.e.,
porosity and chemical gradient) of coprecipitated calcites.
These novel findings provide a context through which we can
understand the retention of coprecipitated heavy metals upon
acid exposure, with nearly 95% Zn mass retention and 88% Cd
mass retention. Specifically, the TXM imaging show that
coprecipitated heavy metals were found to be concentrated
deep inside the precipitates after acid exposure rather than be
released, which we infer was enabled by the internal structure
of the coprecipitates. These results further motivate
applications of engineered carbonate precipitation in not
only alkaline waste sites but also acidic waste sites. Still, the
longevity of the mineralized metals with ongoing exposure to
fresh acidic solutions remains to be studied. With careful
engineered controls of pH and with the presence of other
dissolved species, it can be speculated that subsequent mineral
replacement reactions involving precipitation of less-reactive
phases on the surface of coprecipitated calcium carbonates65,66

may lead to further stabilization of calcium carbonate from
continued and complete dissolution.
The experiments reported here are the first attempts to gain

foundational knowledge for scaling up to coprecipitation in
more complex, polyionic solutions, as previous research
revealed complexities in simultaneous cation and anion uptake
in calcium carbonate systems.20 If the observations of uptake
and stabilization of coprecipitated elements can be extended to
other calcium carbonate polymorphs (i.e., aragonite or
vaterite), this process can be used to target the treatment of
other divalent cations that belong to aragonite or vaterite
crystal groups (i.e., Pb, Ba, or Sr). Findings here may be further
applicable to the recovery of critical elements such as Co, Mg,
Ni, and Li, which are known to coprecipitate with calcium
carbonate,10,67−69 if coupled with a two-step process of carbon
mineralization followed by engineered acid exposure for in-
situ, long-term passive treatment for stabilization and
subsequent recovery.
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