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Abstract

Calcium oxalate crystals are the most common biominerals found in plants. They also
make their presence known as painful kidney stones in humans and animals. Their
function in plants is extraordinarily versatile and encompasses calcium storage and
defense mechanisms against herbivores and detoxification processes. Since plants
containing calcium oxalate crystals are often exposed to metallic environments, we
studied the interaction of such environmental metals with calcium oxalate in vitro. We
showed that selected metals are indeed incorporated into synthetic calcium oxalate,
and in a manner that depends on their ionic radius when precipitated in solution. One
such mechanism of incorporation is based on the replacement of calcium ions by
other metal cations within the host unit cell. The unit cell of calcium oxalate expands
when incorporating elements with larger atomic radii and shrinks when doped with
elements possessing ionic radii smaller than that of calcium. In this systematic study,
metal-doped calcium oxalate crystals were characterized by means of high-resolution
synchrotron X-ray powder diffraction, energy-dispersive X-ray spectroscopy,
inductively coupled plasma atomic emission spectroscopy, and transmission electron
microscopy. Better understanding of metal incorporation into mineral hosts might
lead to ways of developing new and more efficient sorbent materials for

detoxification processes.
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1. Introduction

Many metal contaminants are known to be toxic to the environment and to health. To
minimize environmental pollution, attempts have been made to decontaminate soils,
air, and water. One route is via the development of abundant, low-cost and effective
materials that can be used to retain industrial effluent. Biological systems have turned
out to be valuable entities for studying the impact of metals on the environment and
for gaining a better understanding of the mechanisms involved in detoxification
processes. As both biogenic and non-biogenic crystals have been shown to serve as

2

hosts for organic molecules” * and for metal ions, their interaction has been

extensively studied. In particular, calcium-bearing minerals that plant organisms

3-10

produce,*"? as well as calcium carbonate and hydroxyapatite,' '* have been shown to

absorb or exchange foreign cations effectively.'*'°

A variety of cations have been tested for their sorption behavior especially on
calcium carbonate and hydroxyapatite. Here we refer to some selected examples. In
the case of calcium carbonate and hydroxyapatite, the adsorption affinity of Cd*" for
these materials was found to be higher than that of Zn*".'* The latter showed, in
addition, non-linear adsorption behavior on calcite, leading the authors to suggest that
Zn*" cations form a hydrated surface complex prior to dehydration. Based on this
notion it was postulated that the incorporation of Zn>" into calcium carbonate is
facilitated via recrystallization.'* Cd*" cations, whose electronic configurations are
comparable to those of Ca®’, when exposed to geological calcite were shown to
diffuse first into the surface layers and then into the bulk material.'> Although
different mechanisms were proposed for the interaction of Pb with calcite, Sturchio et
al. observed that Pb*" occupies Ca”" sites in calcium carbonate.'”

In contrast to the well-studied sorption phenomenon on calcium carbonate and
hydroxyapatite, little is known about the interaction of metals with calcium oxalate.
The structure of different calcium oxalate phases has been investigated in some

18, 19

theoretical and experimental studies , and several studies have addressed the

interaction of various organic molecules with calcium oxalate.””** Research that led
to the identification of organic modifiers as growth inhibitors of calcium oxalate™ **
attracted the attention of scientists because of its potential relevance for
pharmaceutical development and crystal engineering. Nevertheless, relatively few

studies have demonstrated the incorporation of metals into synthetic calcium oxalates,
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as shown, for example, in the case of Sr*" 2% As calcium oxalate is rather insoluble
above pH 3.5, it might be an advantage that long-term stability of the metal-doped
phase occurs at a neutral pH.”> Mechanisms suggested so far are based either on
adsorption/desorption processes or on the replacement of Ca®" cations by other
cations.” Clearly, however, a better understanding of the crystal structure of metal-
doped calcium oxalate is needed.

In the framework of this study, we aimed to characterize the crystal structure
of metal-doped calcium oxalate monohydrate (COM) and to gain a fundamental
understanding of the mechanisms of incorporation of different metals. Achievement
of a deeper understanding can be expected to open the way to the development of
novel and more efficient sorbent materials that can be applied to detoxification

Processes.

2. Experimental Section
2.1 Calcium oxalate synthesis

Calcium oxalate was synthesized by simultaneously dropping 50 ml of 0.04 M
CaCl,*2H,0 (Merck, Darmstadt, Germany) and 50 ml of 0.04 M Na,C,04 (Fluka,
Seelze, Germany) solution into 200 ml of deionized (DI) water at 70 °C and stirring
for one hour”” For the preparation of metal-doped COM, the metal salts
[CuSO4*5H,0 (Merck, Darmstadt, Germany), CdCl,*2.5H,0 (Sigma-Aldrich, St.
Louis, MO, USA), PbCl, (Spectrum, New Brunswick NJ, USA), SrCl,*6H,0 (BDH,
Dawsonville GA, USA), and ZnCl, (Merck, Darmstadt, Germany)] were dissolved in
preheated DI water to a final concentration of 100 pg/ml and a molarity of 0.40 mM
for CuSO4*5H,0, 0.44 mM for CdCL,*2.5H,0, 0.36 mM for PbCl,, 0.38 mM for
SrCl*6H,0, and 0.73 mM ZnCl,. Precipitated crystals were filtered (Whatman
#1005, Little Chalfont, UK), washed with DI water, and allowed to dry in air. All

reagents were prepared in triplicates.

2.2 High-resolution X-ray powder diffraction
The HRXRPD pattern was obtained from dried calcium oxalate crystals measured in a
borosilicate 1 mm capillary glass. Experiments were performed on the ID22 beamline
of the European Synchrotron Radiation Facility (ESRF), Grenoble, France at a
wavelength of 0.496006(9) A. The Rietveld refinement method with GSAS-II

software ** was applied for structural analyses.
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2.3 Scanning electron microscopy
Crystal shapes were determined using a SEM (Quanta 200, FEI, Hillsboro, OR, USA)
at high voltage (15-20 kV). All samples were carbon coated prior to analysis
(Quorum Q150T ES, East Grinstead, UK).

2.4 Transmission electron microscopy
TEM analyses were performed on a Titan FEG-S/TEM (FEI, Eindhoven,
Netherlands) coupled with an EDS system for chemical analysis (Oxford Instruments,
Oxfordshire, UK). All samples were ground to nanometer-sized powder and sprayed
in ethanol on copper TEM grids. Micrographs were obtained in the HAADF-STEM

mode.

2.5 Quantification of metals in calcium oxalate
Metal content and distribution were analyzed by energy-dispersive X-ray
spectroscopy (EDS) mounted on a SEM, and by inductively coupled plasma atomic
emission spectroscopy (ICP-OES, iCAP 6300 Duo, Thermo Scientific, Waltham,
MA, USA). Using ICP-OES, calcium oxalate crystals (10 mg) were dissolved in 6 M
HCI and diluted in deionized water up to a volume of 10 ml prior to measurement.

The assumed error for ICP-OES measurements is 10 %.

3. Results and discussion

3.1 Morphology of synthetic metal-doped calcium oxalate monohydrate
Synthetic calcium oxalate monohydrate (COM) was prepared with the dual objective
of investigating its ability to incorporate various metals and studying the effects of
those metals on the COM crystal structure. COM crystals were precipitated in bulk
assays in the absence and presence of Pb*, Sr*’, Cd*, Zn*" and Cu®" salts, as
described in the experimental section.

The crystal habit was characterized by scanning electron microscopy (SEM)
and revealed that pure synthetic COM appears predominantly as twinned crystals
(Figure 1) or as polycrystalline agglomerates (Figure S1, ESI). The presence of metal
ions during crystal growth causes changes in the crystal morphology of COM

compared to the pure COM reference sample. Whereas the appearance of the
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polycrystalline agglomerates is largely unaffected, the surfaces of twinned crystals
appear distorted when doped with Pb*" (Figure 1B), Sr** (Figure 1C), Cd** (Figure
1D) or Cu®" (Figure 1F). In contrast to pure COM, moreover, Pb*" doping leads to
both the formation of larger crystals and the growth of a more complex twinned
morphology (Figure 1B), whereas the presence of Sr*” or Cd*" induces deformation of
the COM habit, making the appearance of the twinned structure less obvious. Zn*'-
doped crystals have a roundish shape (Figure 1E). However, the crystals whose habits
are most similar to the reference samples are those grown in a solution containing

Cu®" (Figure 1F).

Figure 1. SEM micrographs of COM crystals precipitated in the absence (A) or in the
presence of metal-containing solutions (B—F). Control crystals appear as a twin (A) or
in a polycrystalline shape (Figure S1, ESI). Compared to the control sample (A), the
crystal habits of metal-doped COM are distorted (B—F). (See Figure S1, ESI for

overview images.) Scale bars, 5 um.

3.2 Chemical characterization of metal-doped calcium oxalate
monohydrate
To determine the quantity of metals incorporated into the COM phase we performed
chemical analysis by energy-dispersive X-ray spectroscopy (EDS) using a SEM
equipped with an EDS detector to study the crystal surface (to a depth of about 100

nm). To examine the bulk chemical composition we used inductively coupled plasma
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atomic emission spectroscopy (ICP-OES). These two techniques were used in a
synergetic way to investigate cation-doping concentrations in the proximity of the
crystal surface as well as within the crystal bulk (Figure 2). The EDS measurements
indicated that Cd*", Pb**, Sr*" and Zn*' are included well within the host lattice,
whereas Cu’" seems hardly to be incorporated at all. Relative to the EDS
measurements, [CP-OES measurements yielded significantly lower atomic
concentration values for Pb and Cd, but comparable values for Sr, Zn and Cu (Figure
2). The differences in metal concentrations obtained by the two methods, especially
for Cd and Pb, might be explained by their sensitivities to surface (EDS) and bulk
(ICP-OES) chemistry, which in our analysis indicated that Cd and Pb are enriched
near the surface of the crystal. As Cu was detected only at very low concentration, we
omitted the Cu-COM sample from the additional chemical analyses described in the

following section.
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Figure 2. Atomic concentrations of metals detected in COM as determined by EDS
point measurements (black squares) and ICP-OES (orange squares). EDS analysis
revealed the following order of concentration: Cd (1.6 %) > Pb (1.1 %) > Sr (0.48 %)
> Zn (0.20 %) > Cu (0.04 %); ICP-OES: Cd (0.63 %) > Sr (0.5 %) > Pb (0.47 %) >
Zn (0.14 %) > Cu (0.02 %)



To better understand the distribution of metal cations within COM crystals, we
performed line profile EDS chemical analysis of individual COM crystals of Ca*" and
of crystals doped with three metal cations Pb*", Sr**, and Cd*" (Figure 3; black line =
Ca, orange line
homogeneous distribution of metal cations in the different samples. This effect is
especially noticeable in the Pb**-doped phase, as can be seen from the line profile
showing the highest concentration in the center of the crystal on its surface (Figure

3B, orange line). In contrast, for Cd*'- and Sr*"- doped phases the cations distribution

RSC Advances

doping metal). The chemical composition indicates a non-

is more uniform along the scanned area, as shown in Figure 3C, D.
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Figure 3. EDS analysis performed as line scan experiments on individual COM
crystals (A) and COM crystals doped with Pb*" (B), Sr*" (C) and Cd*" (D) cations.
Insets: SEM micrographs of the corresponding crystals. Green lines highlight line
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3.3 Visualization of metal cations within calcium oxalate monohydrate
Transmission electron microscopy (TEM) was further utilized to visualize the
distribution of the selected cations Cd*", Pb*" and Sr*" at the nanoscale (Figure 4). In
the high-angle annular dark-field scanning TEM mode (HAADF-STEM), the heavier
elements appear brighter than the Ca®" cations because of the higher number of their
electrons (z-contrast). The samples expose nanometric-sized brighter regions
exclusively for Pb*'- and Cd’*-doped COM, indicating a local accumulation of these
cations (Figure 4B, D). Sr’*-doped COM also displays areas of brighter contrast, but
the distribution is rather network-like, indicating a more homogeneous distribution of
the cations (Figure 4C). Nevertheless, EDS confirmed the presence of metals in all
areas presented in Figure 4 (Figure S2, ESI). Furthermore, the reference sample
without doped metal cations did not show enhanced brightness in non-

homogeneous regions.

Figure 4. Transmission electron micrographs of pulverized COM crystals (COM
reference (A), Pb”-doped COM (B), Sr”-doped COM (C), and Cd%-doped COM
(D). Cd*" and Pb”" appear in COM as inclusions, as seen by the presence of spot-like
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white areas in the micrographs. No such spots appear in the control (A). Sr? "-doped
COM shows a rather network-like distribution of brighter areas indicating its fairly
homogeneous distribution within the material (C). EDS analysis confirmed the

presence of individual elements for the areas presented here (Figure S2, ESI).

3.4 X-ray diffractometric analysis of metal-doped COM
We carried out high-resolution X-ray powder diffraction (HRXRPD) measurements
using synchrotron light to correlate the differences in ionic radius of the selected
metal cations with the previous observations on their chemical distributions in COM
crystals. In addition, we wanted to understand how the foreign metals substitute for
Ca®" within the lattice and to what extent the lattice parameters of the COM are
distorted by such a substitution.

All of the collected diffraction patterns analyzed in this study are shown in
Figure 5. Observed diffraction peaks can be attributed to the COM phase with the
exception of a low-intensity peak at 20 = 7.023° (Figure 5A, arrow). By analyzing
each diffraction peak more detailed, and comparing the diffraction peak positions of
the doped and non-doped COM, we observed systematic shifts exclusively for Pb*",
Sr**, Cd** and Zn*"-doped COM. These findings are presented here for the (100) and
(040) reflections (Figure 5B) and confirm that Ca”" is indeed replaced by cations with
different ionic radii. The only exception is displayed by the diffractogram of the Cu-
COM phase that does not show any peak shift, demonstrating that Cu®* is hardly
incorporated, if at all, into the structure of COM. This finding was confirmed by the
chemical analysis showing a very low atomic concentration of Cu atoms in COM
(Figure 2).

Furthermore, the direction of the peak shift indicates clear dependence of the
ionic radius of the incorporated metal on the lattice parameter of the crystal host after
its incorporation into the crystal lattice. According the Shannon database® the ionic
radius for the used cations in six-fold coordination are: for Ca®’ i.r. = 1 A, for Pb**
ir.=1.19 A, for St*" i.r.= 1.18 A, for Cd*" i.r. =0.95 A, for Zn*"i.r. = 0.73 A and for
Cu®" ir. = 0.73 A. For the cations with larger ionic radii than that of Ca*", such as
Pb*" and Sr*’, the peaks are shifted to lower Bragg diffraction angles (larger d-
spacings), whereas cations with smaller ionic radii, such as Cd*" and Zn*", induce the

opposite effect. Reflection peaks in the Cd*"- Sr*'- and Pb**-doped COM are strongly

10
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asymmetric, highlighting the non-homogeneity of incorporation into the crystal in

these samples. The material in fact contains zones in which the quantity of cation

dopant is higher than the average, which is in good agreement with the electron

microscopy data shown above (Figure 4).
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Figure 5. HRXRPD pattern of COM and metal-doped COM (A, full diffractogram;
note that the single peak at 7.023 degrees could not be attributed to COM (dark-red
arrow). Zooming in of the (100) and (040) reflections reveals a shift in the peak
positions of doped and non-doped COM (B).

To quantify the cell stress in doped samples and to determine if the insertion of a
small amount of dopant cations in COM can distort the atomic structure, a full
structural Rietveld refinement was performed on all diffractograms of individual
samples based on the structure determined by Daudon.*® As an example, the plot of
experimental and calculated curves of the reference COM sample is shown in Figure
6. Refined lattice constants for all samples and accordingly calculated lattice
distortions along the entire principal axes (Aa/a, Ab/b, Ac/c) are reported in Figure 7
and Table S1, ESI.

PWDR ma2319 sample 501 0003.gsa Bank 1

Phases
| | C4 H4 Ca2010

10000

3000

= 4000

Figure 6. An example of the Rietveld refinement method applied to the COM control

sample.

As shown in Figure 7, the results indicate that cations larger than Ca”" affect mainly
the a,b lattice parameters (Pb2+, Sr2+), whereas smaller cations (Cd2+, Zn2+) influence
preferentially the ¢ lattice parameter of COM and not the @ and b planes. Although
both Pb*" and Sr*" are larger than Ca®", both cations interact in a distinct way with the
pure phase. Pb*" seems to interact exclusively with planes perpendicular to @ and b, as
the lattice distortion along the ¢ parameter is very small, with Ac/c = -9.61E-05. Sr*",

on the other hand, induces distortions along all crystallographic direction with Aa/a =

12
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1.58E-03, Ab/b = 1.51E-03, and Ac/c = 9.85E-04. Of the relatively smaller cations,
Cd*" induced the most prominent negative distortions, with Aa/a = -5.22E-04, Ab/b =
-6.18E-04 and Ac/c = -7.88E-04.
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3OE"3 1 i 3 Ab/b I~
A Acct
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Figure 7. Lattice distortions are determined along the principal axes. The largest
lattice distortions are observed along the a,b directions for cations with a radius larger
than that of Ca*" (Pb*" and Sr*") whereas cations smaller than Ca®" seem to induce

lattice distortions preferentially along the c-direction (Cd*", Zn*" and Cu®").

The diffraction measurements further showed that the dimensions of the unit cells are
distorted when the COM is precipitated in the presence of foreign divalent metal
cations, with cations having larger ionic radii than Ca*’ leading to expansion and
cations with smaller ionic radii than Ca®" inducing shrinkage of the COM unit cell.
This finding led us to expect that the volume of the corresponding unit cells is also
changed accordingly. To verify this hypothesis we compared the volumes of
individual unit cells of COM and metal-doped COM as retrieved by the Rietveld
refinement method (Figure 8). The volume of the reference COM unit cell was found
to be 870.304 A’. For COM doped with larger cations than Ca*" we observed an
increase in the unit cell volume to 871.329 A* (0.12 %) for Pb*" and 873.706 A® (0.39

13
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%) for Sr*" whereas cations smaller than Ca®" led to a reduction in the unit cell
volume: 868.475 A* (—0.21 %) for Cd*", 869.525 A® (-0.09 %) for Zn>" and 870.289
A? (-0.002 %) for Cu". These findings are in good agreement with our hypothesis.
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Figure 8. Relative changes in unit cell volume calculated for metal-doped COM

based on values determined by the Rietveld refinement method.

To correlate the change in the unit cell dimensions with the amount of incorporated
foreign metal cations, we calculated the weighted change in lattice dimensions based

on the average ionic radius and the quantity of incorporated cations.

L.r. (average) = (at %(Ca) x i.r.(Ca)) + (at %(dopant) X i.r.(dopant))

(i.r., ionic radius)

The results are shown for each crystallographic direction (Figure 9A, B and C). The
plots highlight a non-linear dependence of the weighted average radius on the induced
lattice distortions. An anomaly is apparent in the lattice distortion behavior for Pb**-

and Sr**-doped COM in that these cations have the same average ionic radii but

14
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different lattice parameters. This phenomenon might be explained by some
characteristics of Sr*". First, Sr*" has a strong chemical affinity for Ca** and Ca®* can
be easily replaced by Sr** in many phases; secondly, Pb*" is reported to have a lone
pair of electrons and thus, unlike Sr*" and Ca*", cannot be modeled as spherical. This
anisotropic character of the Pb*" cation might explain why it interacts with the a and b
axis in preference to the ¢ axis. Moreover, chemical analysis shows that Pb*" cations
are located mainly at the crystal surface, whereas Sr*" cations are equally distributed
near the surface and the bulk of the crystal. All of these elements probably contribute

to the generation of this anomaly in the lattice parameters.
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Figure 9. Lattice constants of metal-doped COM, shown relative to the weighted
quantity of cations in the COM structure. Data are shown for the main
crystallographic directions a (A), b (B), ¢ (C). (i.r. wq = ionic radius weighted to the

quantity of incorporation)

Aiming a better understanding of the unit cell structure of doped COM, we calculated
the distances for Ca-O in each sample and the results show that the values are
scattered around an average of 2.46(3) A for Cal-O and 2.40(3) A for Ca2-O (Table
S2, ESI). This might be explained due to sample inhomogeneity, where we observe a
peak broadening that puts a limit towards more precise structure refinements and

calculations.

4. Conclusions
In this study, we doped COM with different divalent metal cations (Pb2+, s, cd*,

Zn*", and Cu®") to determine the suitability of each of these cations for entry into the
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structure of COM and to examine how the COM lattice parameters are affected by
their incorporation. Considering the Goldschmidt’s rules for element substitution in
crystals that encompasses ionic radius, ionic charge, ionic potential and
electronegativity, we could expect that Cd*" is the most appropriate candidate for
substitution according to its relative size and Sr*" according to its relative
electronegativity. Moreover, Zn>" and Cu*" would be less suitable candidates for the
substitution of Ca*" as their ionic radii differ the most from all the other investigated
ions and both cations exhibit a rather high electronegativity compared to Ca*".

Based on chemical analyses, x-ray powder diffraction and high-resolution TEM
imaging, we clearly showed that Ca® can be replaced in the lattice by metals, when
the crystal host was grown in the presence of Pb*", Sr**, Cd*", or Zn*". We found that
Cu®" is scarcely incorporated into the COM and the Cu**-doped COM crystals do not
exhibit significant lattice parameter change with respect to that of the reference
sample. In addition to Cu®", the concentration of Zn*" was also found to be lower
compared to the other investigated cations, but slightly higher than that of Cu*". This
is surprising as both have a very similar ionic radius. One possible explanation to this
can be derived via the Goldschmidt’s substitution rule that also relates to the relative
electronegativity: the electronegativity of Zn*" is lower than that of Cu®" which means
that the Zn-O bond is more ionic like than that of Cu-O which is closer to that of Ca-
O and may indeed explain the difference in incorporation levels.

Moreover, we observed a general trend towards correlation of the lattice
distortions with the ionic radii of the tested metals. When cations larger than Ca*" (1
A) were incorporated the unit cells were found to expand, whereas with cations
smaller than Ca®" the unit cells tended to shrink. In addition, we found that when the
ionic radius of the incorporated cation is larger than 1 A the lattice distortions occur
preferentially along the @,b direction, whereas when the ionic radius is smaller than 1
A the distortion is mainly along the c-axis.

Despite this general trend, each individual cation was found to interact with
COM in its own specific way. Of the cations used in this study Sr** is the most similar
to Ca®’, and therefore becomes incorporated by its substitution into the lattice in the
highest amounts. Pb>", whose ionic radius is the largest, was detected in relatively
high concentrations on the sample surface. Although the ionic radii of Pb*" and Sr*
cations are similar, the lattice distortions induced by Pb*" are lower than those induced

by Sr*". Incorporation of Pb*" into the crystal lattice of COM seemed to be somewhat

16
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problematic and the interaction of this cation with the crystal surface might be
preferred. As the ionic radii of Cd** (0.95 A) and Zn** (0.73 A) are smaller Ca** (1 A)
the lattice distortions with these cation were negative as expected. Nevertheless, as
the diffraction peaks of the Zn2+-doped COM were found to be the most symmetrical
of all other doped sample tested in this work, this might indicate that its incorporation
is more homogeneous than that of Pb>", Sr** or Cd**-doped samples.

It is noteworthy to mention that in two recent studies authors report on the
formation of amorphous calcium oxalate in vitro.>" ** Here, although there is no
experimental evidence, we cannot exclude that a minor amorphous phase appears
locally due to the doping and local distortions. A further characterization by means of
X-ray absorption spectroscopy”® and selected area electron diffraction experiments
might help to better understand the chemical environment of doped ions as well as
provide more information on the local structure. However, the substitution of ions in a
crystal lattice is a complex process and various parameters need to be considered.
Beyond the physico-chemical properties of the cations, the experimental setup may
also influence the doping procedure such as reaction temperature and dopant
concentration in growth solution.

Although open questions remain, we could show that growing crystals of
COM interact with various divalent metal cations, so that the latter are potential
candidates to be considered by substitution of Ca®* in various detoxification

procedures.
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Metals from

environmental
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Calcium oxalate is a promising candidate towards the purification of environmental metal
contaminants by adsorption and incorporation processes.



