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Study of the scavenging behavior and structural changes accompanying
the interaction of aqueous Pb?* and Sr** ions with calcite
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The uptake of Pb** and Sr’* ions from aqueous solutions by calcite was studied at various initial concentrations and
pH conditions using the batch method under ambient conditions. XRPD, SEM/EDS, AAS/AES, and DRIFT techniques
were used in characterizing the sorption process. The results indicated that the retention mechanism of Pb** and Sr?* ions
ranged from ion incorporation to precipitate overgrowth (cerussite, hydrocerussite for Pb, strontianite for Sr) depending
on the concentration and pH conditions. The calcite structure seemed to be entirely vanishing upon formation of cerussite
and hydrocerussite while partial dissolution of calcite occurred upon strontianite formation. The formation of precipitates
showed rapid kinetics, and equilibrium seemed to be reached within about an hour from the start of mixing. SEM analysis
showed that cerussite, hydrocerussite, and strontianite had columnar prismatic-like, tabular hexagonal-like, and needle-
like morphologies. Based on a nine-month observation period, dry samples of hydrocerussite seemed to show more mor-
phological stability than cerussite. EDS analysis indicated that Pb>* sorption is more favored than that of Sr>*, particularly
in the phase of precipitate overgrowth. DRIFT analysis indicated a change in the symmetry of the carbonate groups in

calcite matrix upon uptake of Pb?>* and Sr** cations.
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INTRODUCTION

Lead is an element that is continuously discharged into
the biological environment as a result of various indi-
vidual and industrial activities (gasoline, batteries, paints,
insecticides, pipes, etc.). Due to its potential threat to the
living system, Pb is classified at the top of the priority
list of the most hazardous substances along with As, Hg,
C,H;Cl, and C¢Hy (Godelitsas et al., 2003).

Strontium is an element that possesses radioactive iso-
topes like Sr (t;,=50.5d) and 08y (t;, =28.5y), which
are produced in high rates during the fission reactions
and considered among the most important radionuclides
from radioactive waste point of view (Lieser, 1995).

Due to their potential detriment towards the living
systems, the sorption behavior of both elements on vari-
ous types of soil fractions has been widely investigated
(ex., Hooda and Alloway, 1998; Ponizovsky and Tsadilas,
2003; Adhikari and Singh, 2003; O’Reilly and Hochella,
2003; Abollino et al., 2003; Axe et al., 2000; Sahai et al.,
2000; Cherniak, 1997).

The large availability of carbonate minerals in the earth
crust makes them among the most important minerals that
are responsible for dispersion/accumulation behavior of
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various metals and hence affecting the biogeochemical
cycles of these metals in the environment. These miner-
als play a major rule in the chemical regulation of aquatic
environments via precipitation, dissolution, and sorption
reactions which are in turn controlled by the chemical
processes taking place at the interface between the min-
eral lattice and the bulk solution (Morse, 1986).

CaCOj; can exist in three polymorphs; calcite, arago-
nite, and vaterite. Among these three polymorphs, calcite
is the most thermodynamically stable one at room tem-
perature and atmospheric pressure. Calcite possesses a
rhombohedral/hexagonal structure with the trigonal car-
bonate ions being coplanar. The planes containing car-
bonate ions are perpendicular to the c-axis and they are
rotated by 60° from one carbonate layer to the next
(Kuriyavar et al., 2000).

Knowledge of the nature of interaction of the metal
ions with carbonate minerals is essential in predicting the
extent to which they could be fated by these ions, the
thing leading to retarding their dispersion into the envi-
ronment. Recently, the increased applications of various
surface-sensitive spectroscopic and microscopic tech-
niques in sorption studies is enabling an understanding
of this process on molecular-level the thing providing a
better understanding of the mechanisms of interactions
between different ions and sorbents. A limited number of
such studies were devoted to characterizing the interac-



tion of Pb?* and Sr>* ions with calcite (e.g., Pingitore et
al., 1992; Parkman et al., 1998; Godelitsas et al., 2003;
Hay et al., 2003).

In this study, the scavenging of Pb>* and Sr’* ions by
calcite at different loadings was investigated. The experi-
ments were performed under ambient CO, pressure. One
duplicate set of the mixtures was allowed to react in an
uncontrolled pH medium. In the second set of mixtures
the initial pH was increased to 10.0 units. X-ray Powder
Diffraction (XRPD) was used to reveal the change in the
calcite structure and detect the possible precipitate for-
mations following sorption. The morphology and the el-
emental composition of calcite surface before and after
sorption was analyzed using Scanning Electron Micro-
scope/Energy Dispersive X-ray Spectroscopy (SEM/
EDS). The bulk concentration of Ca?*, Sr>*, and Pb** ions
was measured using Atomic Absorption/Emission
Spectroscopy (AAS/AES). Diffuse-Reflectance Infrared
Spectroscopy (DRIFT) was applied to analyze the vibra-
tional modes of carbonate specie before and after sorp-
tion.

EXPERIMENTAL

All the experiments were carried out using the batch
method. Aqueous solutions of Pb(NO;), and Sr(NO;),
were prepared using distilled water at concentrations of
1.0 x 107!, 1.0 x 107, 1.0 x 10> M (mol/l). 100.0 ml
aliquots of solutions were added to 1.0 g powder samples
of calcite (CaCOj;; Carloerba), and mixed in 250 ml Er-
lenmeyer flasks using magnetic stirrers. The powders were
used as received from the manufacturer and size
fractionation by dry sieving indicated a wide distribution
ranging from 48 um to 600 um. Mixing was performed
under ambient pressure and temperature conditions for
time periods ranging from 10 minutes up to four hours.

The experiments were carried in two sets, one of them
with no pH control and the second with the initial pH
raised to a value of 10.0 units using a 0.010 M solution of
NaOH. The pH variations are reported and discussed in
the part of “results and discussions” that follows. At the
end of the mixing period, the solid phases were separated
from the solution by filtration and dried at 50°C for 24
hours. The liquid concentrations of Pb, Sr, and Ca were
determined using AAS/AES measurements, which were
conducted using a Thermal Elemental SOLAAR M6 Se-
ries-type instrument. Pb and Sr were analyzed in AAS
mode with hollow cathode lamps (A(Pb) =217.0 nm, A(Sr)
=460.7 nm) applied as light sources. The analysis of Ca
was performed using AES at A =422.7 nm. During analy-
sis, air was used as an oxidant, and acetylene as a fuel.

The solid samples were analyzed using XRPD, SEM/
EDS, and DRIFT. The XRPD analysis was performed
using a Philips X Pert Pro diffractometer. The samples
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were first ground, mounted on holders then introduced
for analysis. The source consisted of Cu K, radiation (1
=1.54 A). Each sample was scanned within the 2 theta
range of 15-60. The step size was 0.020 with a time per
step duration of 0.6 s.

SEM/EDS characterization was carried out using a
Philips XL-30S FEG type instrument Prior to analysis,
the solid samples were sprinkled onto adhesive aluminum
tapes supported on metallic disks and then coated using
deposited Au-Pd vapor. Images of the sample surfaces
were then recorded at different magnifications. Elemen-
tal analysis was performed at four different points ran-
domly selected on the solid surface and the average of
the results was reported.

DRIFT technique was used to collect the spectra of
the samples in the middle IR region using a Nicole Magna
550 type instrument. The samples were introduced as
powders mixed with KBr and the spectra were recorded
in the range 400-4000 cm™'. The KBr powder was used
as a background. A total of 32 scans were recorded with a
resolution of 4 cm™! for each spectrum. Omnic 1.3 soft-
ware was used to process the results.

RESULTS AND DISCUSSION

The XRPD analysis indicated that the CaCOj; fractions
used in this study were entirely composed of calcite poly-
morph. The sample is characterized by the major features
occurring at d,o, = 3.069 A, d,;, = 2.488 A, d,; = 2.288
A, dyy, =2.092 A, dyg=1.949 A, d,, = 1.892 A. This
was verified also by the DRIFT analysis which showed
the presence of the characteristic bands of calcite. In gen-
eral, the vibrational spectra of carbonate minerals con-
tain modes arising from the symmetric stretching mode
(vl), out-of-plane bending (v2), the asymmetric stretch-
ing (v3), the in-plane-bending (v4), in addition to the two
combination modes (vl + v3) and (vl + v4) (Bottcher et
al., 1997). Based on this, the bands at 712, 878, 1437,
1789, and 2509 in the DRIFT spectrum of pure calcite
were assigned to the vibrational modes v4, v2, v3, vl +
v3, and vl + v4, respectively. The band corresponding to
the vibrational mode v1 was absent. In calcite, the car-
bonate ion has a D5, point group (Reig et al., 2002), for
which the symmetric stretching mode (v1) is IR inactive.

The calcite samples were also characterized using
SEM. The micrographs obtained at x15000 and x50000
magnifications showed that the mineral is composed of
aggregates of various sizes. The EDS results showed that
the mineral consists of C, O, and Ca with atomic percent-
ages of 36.9 £ 6.9, 47.3 £ 3.2, and 15.8 £ 3.7, respec-
tively. These numbers corresponds to arithmetic averages
of the data taken from four different locations. The re-
ported errors correspond to the standard deviations in the
data. Adventitious O and/or C—those arising from sources



Table 1. The bulk concentration of Ca following the sorption experi-
ments of Pb and Sr on calcite obtained using AAS/AES

Initial conc. (M)

Ca concentration (ppm)

Pb?* sorption experiments

Sr?* sorption experiments

Set 1 Set2 Set 1 Set2
1.0x 107 15 21 <1 <1
1.0x 1073 32 34 22 27
1.0x 107! 1681 1521 851 917

other than the analyzed sample—might frequently cause
anomalies in the measured data.

Analysis of the samples prepared in uncontrolled pH me-
dium

In these experiments, no pH adjustment was attempted
and all the mixtures were reacted under atmospheric CO,
pressure. The pH measurements performed once every
15 minutes during the calcite-solution contact period
showed that the pH changed within the ranges 9.1-8.5,
8.7-8.4, and 7.6-7.3 for solutions with initial Pb** con-
centration of 1.0 x 107, 1.0 x 1073, and 1.0 x 107! M,
respectively. On the other hand, in the case of Sr** up-
take, the pH ranged within 9.0-8.2, 8.9-8.2, and 7.7-7.5
for the initial concentrations of 1.0 x 107, 1.0 x 1073,
and 1.0 x 107! M, respectively. It is well known that in
aqueous media, carbonate (C032‘) ions dominates if the
pH is larger than pKa, of carbonic acid (=10.3). In the
pH range 6.4-10.3, the dominating specie will be HCO;",
and if the pH goes below pKa, (=6.4), then carbonic acid
starts to form. Hence, it is evident from the pH data that
increasing the initial concentration of Pb?** and Sr?* ions
enhanced the acidity of the medium, thus contributing to
an increased surface dissolution of calcite and as a result
release of more CO;>~ and Ca** ions. This enhanced dis-
solution was verified using the data obtained from AES
measurements performed to measure the Ca concentra-
tion in the bulk solutions at the end of the sorption ex-
periments. The results of those measurements are given
in Table 1. The data indicates a large jump in the concen-
tration of released Ca upon increasing the initial concen-
tration of Pb>* and Sr?* ions to 0.10 M. The large deple-
tion of Ca®* resulting from the intense dissolution of cal-
cite matrix indicates a parallel increase in the CO;>~ con-
centration available in the bulk of solution.

The XRPD characterization of Pb-, and Sr-reacted
calcite samples (Figs. 1(a) and (b)) showed that while only
some slight intensity reductions were observed in the cal-
cite peaks at 1.0 x 107>, and 1.0 x 10~ M initial concen-
trations of the sorbed ions, formation of cerussite (PbCO5)
and strontianite (SrCOj;) occurred as the initial concen-

20 25 30 35 40 45 50

Fig. 1. XRPD diagrams of: (a) Pb-sorbed calcite, (b) Sr-sorbed
calcite (i) pure calcite, (ii) initial concentration = 1.0 x 107
M, (iii) initial concentration = 1.0 x 1073 M, (iv) initial con-
centration = 1.0 X 107! M, Cer: cerussite, Str: strontianite.

tration of Pb?* and Sr** was raised to 0.10 M. Further-
more, Fig. 1(a) suggests that the features of calcite dis-
appeared almost totally upon cerussite formation. On the
other hand, strontianite formation is seen to be accompa-
nied by partial intensity reductions of the calcite peaks,
as given in Fig. 1(b), indicating a partial dissolution of
the mineral in this case.

The crystal overgrowth of cerussite and strontianite
was studied also as a function of time. Calcite samples
were reacted with Pb>* and Sr?* solutions with initial con-
centration of 0.10 M at mixing periods of 10 minutes, 30
minutes, 1 hour, 2 hours, and 4 hours. The XRPD charac-
terization of the samples indicated fast overgrowth of
cerussite and strontianite; within 10 minutes after the start
of mixing as shown in Figs. 2(a) and (b) for the sorption
of Pb** and Sr?*, respectively. Moreover, the figures re-
veal a faster dissolution of calcite when contacted with
Pb?* ions and a complete disappearance of calcite fea-
tures by the end of about one hour of mixing. The partial
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Fig. 2. XRPD diagrams showing the overgrowth of cerussite

(a), and strontianite (b) as a function of mixing time. (i) 10

minutes, (ii) 30 minutes, (iii) 1 hour, (iv) 2 hours, (v) 4 hours.

dissolution of calcite, in the case of Sr2* uptake, seems to
cease in less than a ten-minute period after the start of
mixing. The termination of dissolution is paralleled with
an “apparent’” achievement of saturation in the overgrowth
of cerussite and strontianite as indicated by the peak
intensities. This is indicative that simultaneous dissolu-
tion/crystal overgrowth processes are taking place upon
the sorption of both of Pb?* and Sr?* ions. Similar obser-
vations were reported for Pb>* uptake on calcite and arago-
nite polymorphs (Godelitsas et al., 2003).

Formation of cerussite and strontianite was also veri-
fied using SEM analysis as shown in Fig. 3. In line with
the XRPD predictions, SEM micro-images demonstrated
no distinguishable change in the calcite surface for the
mineral samples prepared with initial Pb*>* and Sr>* con-
centrations of 1.0 x 10~ and 1.0 x 1073 M. As the initial
concentration of both cations was raised to 0.10 M, a
massive overgrowth of cerussite and strontianite was ob-
served. Figure 3(a) shows that the cerussite crystals pos-
sess a columnar prismatic morphology. Strontianite crys-
tals, however, assumes a needle-like morphology as dem-
onstrated by Fig. 3(b).

EDS analysis was carried out to determine the atomic
percentages of Pb>* and Sr’* ions in the carbonate matri-
ces following the uptake processes. The EDS results,
which are given in Table 2, correspond to findings ob-
tained for duplicate sets of experiments at different ini-
tial metal concentrations. The table contains also the
atomic percentages of Ca”* obtained from the same sam-
ples. Each of the results represents an average of four
EDS measurements taken at various locations on the solid
surface and the reported errors refer to the standard de-
viation in these results. The increased depletion in Ca
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Fig. 3. SEM micrographs of: (a) cerussite (magnification of
x50,000), (b) strontianite (magnification of x100,000).

content verifies the AES results, the thing referred to the
enhancement in calcite dissolution upon increasing the
initial concentration of Pb>* and Sr**. The data shows
clearly that Pb>* uptake is more favored than that of Sr**
at all initial concentrations. Upon overgrowth of cerussite
and strontianite, a large increase in the sorbed amounts
of Pb?* and Sr?* is observed in parallel with a larger gap
between the scavenged quantity of each of these ions.
In literature, it is stated that, at low initial metal con-
centrations, the uptake mechanism by carbonates is due
to an initial fast adsorption reaction followed by a slower
step of fixation of ions onto the carbonate surface, while
at higher metal concentrations surface precipitation oc-
curs leading to formation of carbonate and
hydroxycarbonate as discrete phases (Schosseler et al.,
1999). Reported investigations of the sorption behavior
of calcite towards Sr>* ions indicated that the type of up-



Table 2. EDS results giving the atomic percentages of Pb and Sr in the carbonate matrice
obtained from duplicate sets of experiments at different initial concentrations

Initial conc. (M) Experimental set Pb-sorbed calcite Sr-sorbed calcite

Ca Pb Ca Sr
1.0x 107 1 157113 0.1£0.0 145+2.6 N.D.
2 19.7+£3.7 0.1£0.0 15.1+£1.9 N.D.
1.0x 1073 1 11.3+£2.2 2.7£0.6 14.6+34 0.2+0.1
2 152+1.8 1.2£0.9 14.9+0.7 0.2%0.1
1.0x 107! 1 22+1.2 8.6+3.8 59+2.1 23103
2 1.5£0.5 12.3£0.6 62%1.3 1.7£0.2

N.D.: Not Detected.

Table 3. The ionic radii of Ca®*, Sr**, and Pb>* and Gibbs free energies
of formation of the aqueous cations. The table provides also the calcu-
lated log Dy, igea Which shows the theoretical partitioning at the calcite/

solution interface.

Cation Radius (A) AG’ ion (kcal/mol)  AG®; 03 (kcal/mol)  logDyyjgeq
Ca? 1 -132.12 -270.0 —
Sr2* 1.16 -133.72 -270.3 -0.9
Pb** 1.18 -5.79 -146.0 1.8

take mechanism is closely related to the coordination
number of the sorbed ion in its structural environment
(Parkman et al., 1998). At low Sr>* loadings, measure-
ments of the Sr-O bond length was found to correspond
to an approximately six-fold coordination, resembling the
hexagonal (rhombohedral) structural environment of cal-
cite. At high Sr** loadings, however, the Sr-O bond length
seems to be close to a nine-fold coordination as it is the
case in the orthorhombic strontianite (Parkman et al.,
1998; Pingitore et al., 1992). A six-fold coordination of
Pb on calcite was also documented. In a study using Syn-
chrotron X-ray standing wave and X-ray reflectivity, it
was reported that most of the sorbed Pb>* ions (conc. 2—
25 ppm) by calcite surface occupy Ca’* sites (Sturchio et
al., 1997). Furthermore, the differences between the
sorbed amounts of both cations might be referred to dif-
ferent types of incorporation mechanisms. It is reported
that, at low concentrations (10~% to 10~* M), the ionic ra-
dii of the divalent cations determines the extent of up-
take of these cations by calcite so that ions with smaller
radii are more preferably sorbed (Zachara et al., 1991).
Although the ionic radii criterion proved to be successful
in explaining the preferential sorption of various ions on
calcite (Zachara et al., 1991; Curti, 1999), it can not be
used to explain the higher selectivity of calcite towards
Pb?* ions over that of Sr** ions since both of them pos-
sess identical charges and close ionic radii as given in
Table 3. Similar deviations of the ionic radii criteria were

observed also for pairs of cations possessing similar ionic
radii like Zn?>* and Mg?*, Na* and La** ions (Curti, 1999).
The explanation offered for such anomalies relied on the
hypothesis suggesting that ions with lower partition co-
efficients are trapped within the limited number of inter-
stitial positions in calcite rather than exchanging with Ca>*
in lattice positions (Busenberg and Plummer, 1985). The
larger partition coefficient for Pb>* can be verified from
a thermodynamic approach which covers the possibility
that both of Pb?>* and Sr’>* ions might be incorporated
within orthorhombic positions of calcite (Bottcher, 1997).
According to this approach, the partition coefficients are
calculated as:

logDMe,ideal = (AGOf,CaCO3(s) - AGOf,MeCO3(s)
- AG"f,Caz +aq t AG"f,Me2 +(aq))/((1n(10))RT).

Where AG? correspond to the standard Gibbs free ener-
gies of formation for the rhombohedral solid carbonates
and the aqueous cations, T is the temperature in K, and R
is the gas constant (1.98717 cal/mol.K). The equation
above may serve as a first aid for the evaluation of the
degree of solid-solution formation with calcite of trace
metals which do not form otherwise stable end member
carbonates with the R 3¢ space group (Bottcher, 1997).
Based on the equation above and the corresponding val-
ues of AG®; (Sverjensky and Molling, 1992) given in Ta-
ble 3, it is possible to calculate log Dy jgeq Of ST** and
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Pb>* as —0.9 and 1.8 which correspond to partition coef-
ficients of 0.13 and 63, respectively. This approach is
useful in particular at lower metal concentrations where
the possibility of incorporation of the sorbed metal ions
by the rhombohedral calcite sites is higher.

At high loadings, the extent of precipitate overgrowth
of a given cation can be related with the K, of the cation-
anion pair forming the precipitate. Theoretically, in a
mixture where the reactants are highly dispersed, the ex-
tent to which cation species reacts with calcite can be
estimated using the individual K, values (Hay er al.,
2003):

CaCO, + Me?* — Ca?* + Me?* + CO;%~ — MeCOj, + Ca®,

where Me?* stands for a divalent metal ion. The net solu-
bility product is then:

Ksp,CaCO; - [Ca2+]
Ksp,MeCO3 [Mez+] ‘

Kcaco, sMeco, =

Utilizing the K, values of 4.5 x 10~,7.4 x 1074, and 9.3
x 10710 for CaCO; (calcite polymorph), PbCO;, and
SrCO;, respectively (Skoog et al., 1996), the net solubil-
ity products are calculated to be ~61 000 and ~5 for
cerussite and strontianite formation respectively. These
results are indicative that while the reaction between Sr>*
and CO4?~ would be—to a certain extent—driven towards
strontianite formation, the reaction of Pb** with CO;>~
would proceed until almost all calcite is converted into
cerussite. These predictions are supported also by Fajans’
coprecipitation rule used for qualitative predictions of the
extent of precipitate formation of radioelements with
counter ions (Curti, 1999). According to this law; “the
lower the solubility of the compound formed by the
radioelement with the anion of the precipitate, the greater
is the amount of the radioelement carried down as cation”.
It is obvious that these predictions qualitatively explain
the larger removal of Pb%* ions (in the form of cerussite)
compared to the removal of Sr?>* (via strontianite
overgrowth) at higher loadings of these ions on calcite.
However, it must be noted that the above discussion is
based solely on a thermodynamic approach, and thus care-
ful comparison between experimental and these theoreti-
cal predictions should be done, as such models usually
lack a kinetic perspective.

The effect of Pb>* and Sr>* uptake on the symmetry of
carbonate groups was studied using DRIFT. In general,
FTIR spectroscopy is considered as a useful tool in the
molecular characterization of inorganic species and has
certain advantages over other techniques, namely the re-
quirement of only a small quantity of the analyzed sam-
ple, quick and easy sample preparation and short analy-
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Fig.4. DRIFT spectra of : (a) Pb-sorbed calcite, (b) Sr-sorbed
calcite (i) pure calcite, (ii) initial concentration = 1.0 x 107
M, (iii) initial concentration = 1.0 x 107 M, (iv) initial con-
centration = 1.0 x 107 M.

sis time. The application of the technique might, how-
ever, be complicated due to the appearance of water bands
and the wide absorption bands and irregular profiles which
make the assignation and identification of the cation-anion
pair more complex (Reig et al., 2002).

Theoretically, a gaseous carbonate ion is known to
possess a trigonal planar shape with a point group of D5,
This molecule possesses, as was previously stated, four
first order internal modes; v1, v2, v3, and v4 with the
last two modes being doubly degenerate adding up to a
total of six normal modes. Due to symmetry considera-
tions, the selection rules predict that the vl mode is IR
inactive. Because of the intermolecular interactions, the
symmetry of carbonate ion might be lowered in a crystal-
line state and the selection rules might consequently be
affected, the thing leading to activating initially inactive
bands and splitting the degenerate vibrations. When con-
sidering molecular vibrations in crystalline states, rather
than the isolated gaseous states, the concept of site sym-
metry is used to predict the plausible changes in the vi-
brational modes. The site symmetry concept refers to the
local symmetry around the center of gravity of a mol-
ecule in a unit cell. This approach explains why, for ex-
ample, calcite and aragonite have different vibrational
spectra in spite of the fact that they have the same chemi-
cal composition. It can be theoretically shown that the
D;,, symmetry of carbonate ion is lowered to Dj in the
case of calcite and C, in the case of aragonite the thing
that leaves the carbonate vibrational modes unchanged
in the case of calcite but activates the vl mode and causes
the v3 and v4 modes to split in the case of aragonite
(Nakamoto, 1986). Experimental observations are in
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Fig.5. XRPD diagrams of: (a) Pb-sorbed calcite, (b) Sr-sorbed
calcite, (initial pH was raised to 10.0 in all experiments). (i)
pure calcite, (ii) initial concentration = 1.0 x 107 M, (iii) ini-
tial concentration = 1.0 x 10 M, (iv) initial concentration =
1.0 x107" M, Hyc: hydrocerussite, Str: strontianote.

agreement with these predictions (Kuriyavar et al., 2000).

In light of the above information, DRIFT technique
was applied to study the effect of possible geometry
changes following the uptake of Pb and Sr on the vibra-
tional bands of calcite and elucidate the vibrational bands
of other ion carbonates formed as coprecipitates. The basic
IR modes of pure calcite are compared with those of Pb-
and Sr-loaded calcite in Figs. 4(a) and (b), respectively.
The feature appearing near 1074 cm™ in the spectra of
both of Pb- and Sr-loaded calcite belongs to the v1 vibra-
tional mode (symmetric stretching) that is IR inactive in
the spectrum of pure calcite. The peak becomes much
distinct in the case of strontianite compared to cerussite.
Moreover, a broadening is observed in the asymmetric
stretching peak (v3)—which occurred at 1437 cm™' in
calcite—accompanied by a blue shift in this mode to about
1467 cm™! upon strontianite formation. Furthermore, the
originally weak feature, appearing near 847 cm™' in cal-
cite, is becoming more intense upon sorption of Pb?** and
Sr** ions. It is clear from that the increase in intensity of
this band is associated with a decrease in the intensity of
the v2 (out-of-plane bending) mode, the thing mostly pro-
nounced upon strontianite formation.

Analysis of the samples prepared at an initial pH 10.0
These experiments were conducted with the initial pH
adjusted to 10.0. Again, pH measurements performed once
every 15 minutes during the calcite-solution contact pe-
riod showed that the pH ranged between 10.0-8.3, 10.0—

pot Magn  Det WD

5
30 50000x TLD 50 [IYTE-MAM

Spot Mag@
0 25000x%

Fig. 6. SEM micrographs of: (a) hydrocerussite (magnifica-
tion of x50,000), (b) cerussite powder stored under ambient
conditions for nine months (magnification of x25,000).

8.4, and 10.0-7.9 for solutions with initial Pb** concen-
tration of 1.0 x 107, 1.0 x 1073, and 1.0 x 10~' M, respec-
tively. On the other hand, in the experiments of Sr** up-
take, the pH ranged within 10.0-8.2, 10.0-8.2, and 10.0—
7.4 for the initial concentrations of 1.0 x 107, 1.0 x 1073,
and 1.0 x 10" M, respectively.

The XRPD patterns of Pb-, and Sr-sorbed calcite are
shown in Figs. 5(a) and (b). Like in the first part, the
overgrowth of strontianite was observed only when the
initial concentration of Sr** was raised to 0.10 M as re-
vealed by Fig. 5(b). Comparing this figure with Fig. 1(b),
it can be seen that the intensity of strontianite reflections
upon increasing the initial pH to 10.0 is larger indicating
enhancement in the overgrown amount of strontianite.
Comparing the calcite reflections in the same figures re-
veals a further loss in their intensity with the increase in
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Table 4. EDS results giving the atomic percentages of Pb and Sr in the carbonate ma-
trices obtained from duplicate sets of experiments at different initial concentrations

and an initial pH value of 10.0

Initial conc. (M) Experimental set

Pb-sorbed calcite

Sr-sorbed calcite

Ca Pb Ca Sr
1.0x107 1 16.3+1.7 0.1£0.0 177123 0.1+£0.0
2 16.9£0.6 0.1£0.0 164+1.2 0.1+£0.0
1.0x1073 1 16.3£1.1 3.1+£1.2 17.1+£1.0 0.210.0
2 13.5+1.8 22407 16.8 £ 1.1 0.210.1
1.0x10™! 1 0.9+0.2 30.8+£5.0 3.7+04 6.8+0.8
2 1.5+£0.3 253+43 7.9+0.5 7.0£0.2
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Fig.7. DRIFT spectra of : (a) Pb-sorbed calcite, (b) Sr-sorbed
calcite, (initial pH was raised to 10.0 in all experiments). (i)
pure calcite, (ii) initial concentration = 1.0 x 107 M, (iii) ini-
tial concentration = 1.0 x 1073 M, (iv) initial concentration =
1.0x107"' M.

intensity of formed strontianite features. Figure 5(a) in-
dicates that in the case of Pb%*, however, increasing the
initial concentration to 0.10 M have caused the forma-
tion of hydrocerussite (Pb;(CO;),(OH),)—rather than
cerussite—associated again with a total loss of calcite
features from the figure. SEM characterization showed
that strontianite retained the needle-like morphology and
that hydrocerussite is of a tabular hexagonal-like shape
(the edges look not very sharp) as shown in Fig. 6(a).
The formation of hydrocerussite upon uptake of Pb by
calcite was reported also by other studies (Marani et al.,
1995; Lin et al., 1995; Godelitsas et al., 2003). In these
studies, formation of a mixture of cerussite and
hydrocerussite was reported. In our case, both the XRPD
and SEM characterization did not reveal any cerussite
formation accompanying the overgrowth of
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hydrocerussite. Literature resources show a disagreement
among researchers about the relative stability of cerussite
and hydrocerussite, the thing that is referred to the fact
that the reaction 3PbCOj5 ) + H,0 < Pb(OH), (PbCO5),,
+ CO,(, lies very close to the partial pressure in the at-
mosphere (Godelitsas et al., 2003). In the same study, it
was also argued that hydrocerussite formation might re-
sult from a rapid pH increment but that a subsequent equi-
librium with the atmospheric CO,,, can lead to a higher
stability of cerussite. Our studies confirmed the fact that
the formation of hydrocerussite was caused by the incre-
ment in the pH, but it revealed also that exchanging CO,
with the atmosphere during a period of four hours did not
lead to any conversion of hydrocerussite into cerussite. It
must be stressed here that a time period of four hours is
very short to be able to draw a sharp conclusion about
the relative stability of cerussite/hydrocerussite within the
solution medium as phase transitions might sometimes
be kinetically controlled.

Moreover, the morphological stability of cerussite and
hydrocerussite was tested for the dried samples that were
kept under ambient conditions for a period of nine months.
SEM and EDS analysis revealed that while hydrocerussite
retained its morphologic configuration and chemical com-
position over this time period, a slow morphological tran-
sition was observed in the case of cerussite from colum-
nar prismatic shape to what seems to be a rectangular
plate-like shape. Figure 7(b) shows some cerussite crys-
tals that are undergoing this morphological transition. The
results were confirmed by duplicate samples prepared
under identical conditions and stored under identical con-
ditions (room temperature, atmospheric pressure). Simi-
lar analysis of the strontianite crystals showed that the
needle-like morphology and chemical composition were
retained over the same time period.

The atomic percentages of Pb, Sr, and Ca in the sam-
ples were determined using the EDS analysis. The results
are given in Table 4. The data confirms again the enhanced
dissolution of calcite—indicated by the increased deple-



tion in Ca content—upon overgrowth of hydrocerussite
and strontianite. While the sorbed amounts of Pb?* and
Sr?* seems to be not much affected by increasing the ini-
tial pH to 10.0 for the mixtures prepared at initial con-
centrations of 1.0 x 107> and 1.0 x 1073 M, the amounts
of scavenged ions upon precipitate formation is largely
increased. In particular, the results indicate a very large
removal of Pb compared to Sr, the thing that can be viewed
better if the data is expressed on a mass percentage basis
(~78% Pb and ~27% Sr, of the cation carbonate), which
points to the higher efficiency of calcite in Pb removal
from aqueous solutions.

DRIFT analysis of Sr-loaded calcite samples gave
identical results as those obtained above for the mixtures
prepared without any pH control except for showing a
broadening in the in-plane-bending mode, v4, upon
strontianite formation. The DRIFT spectra of Pb-reacted
calcite are given in Fig. 7. The incorporation of Pb within
the calcite structure is causing again various changes in
the vibrational modes of carbonate. The changes observed
for the samples prepared by reacting calcite with Pb**
solutions having the initial concentrations of 1.0 x 107
and 1.0 x 1073 M seems to be unaffected by the increase
in the initial pH (an increase of about 1 pH unit). The
DRIFT spectra of hydrocerussite, however, showed some
differences from those of cerussite. As illustrated in
Fig. 7(a), the band occurring at 3538 cm™! is originating
from the stretching vibrations of the structural—OH
groups in hydrocerussite. As in cerussite, hydrocerussite
formation caused a red shift of the band center to 1376
cm™'. The band corresponding to the vl mode (symmet-
ric stretching that is IR inactive in calcite) became more
distinct upon hydrocerussite overgrowth compared to the
case of cerussite. Moreover, it is evident from the spectra
that hydrocerussite formation weakened the v2 band (out-
of-plane bending) and that the v4 band (in-plane bend-
ing) evolved at 676 cm™' (compared to 712 cm™" in cal-
cite). As was previously discussed, the splits in the v3
and v4 modes and the activation of the vl mode all point
to geometrical modifications (point group variation) re-
sulting in a decrease in the symmetry of the carbonate
group upon the uptake of Pb>* and Sr?* ions by calcite
even in the absence of a precipitate formation of these
ions.

CONCLUSIONS

- Calcite is more effective in the removal of Pb**
ions from aqueous solution compared to the removal of
Sr** ions.

- Atlow aqueous concentrations (1.0 x 10 and 1.0
x 1073 M), the sorption mechanism seems to proceed via
incorporation of the sorbed ions within the interstitial
positions or exchanging them for structural Ca>*.

- When the initial concentration of Pb>* and Sr** ions
is raised to 0.10 M, a rapid overgrowth of strontianite
and cerussite was observed. Increasing the initial pH to
10.0 caused enhancement in the dissolution of calcite,
increase in the amount of precipitated strontianite and the
formation of hydrocerussite instead of cerussite.

- The SEM images showed that the morphologies
of strontianite, cerussite, and hydrocerussite have nee-
dle-like, columnar prismatic-like, and tabular hexagonal-
like shapes, respectively. SEM and EDS analysis of the
dry samples stored under ambient conditions for a period
of nine months indicated that while hydrocerussite and
strontianite retained their morphological structure and
chemical composition, cerussite seemed to undergo a
morphological transition yielding rectangular plate-like
shape.

- The uptake of Pb** and Sr?* results in decreasing
the symmetry of the carbonate group (in calcite) as evi-
dent from the changes in various vibrational bands.
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