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XPS and SEM study of calcite bearing rock
powders in the case of reactivity measurement
with HCl solution
Lauri Järvinen,a,b,c* Jarkko Albert Leiro,b Frej Bjondahl,d

Claudio Carlettid,e and Olav Eklunda,c
The dissolution of seven natural limestones and calcareous rocks in hydrochloric acid solution was examined to investigate
their capability for wet flue gas desulphurisation. All samples were crushed, ground and sieved to a size-fraction of
150–250mm. Thereafter they were subjected to a dissolution experiment utilising stepwise titration with hydrochloric acid.
The dissolution rates of three calcareous rocks were found to be controlled by reaction kinetics, while the limestones showed
mass transfer control. The surface characterisation was implemented before and after dissolution experiments using X-ray
photoelectron spectroscopy and scanning electron microscopy. Additional characterisation was carried out with X-ray
diffraction, X-ray fluorescence and polarizing microscope. Initial reactivities have been shown to decrease in the order
limestone, calcareous rock with high calcium concentration, calcareous rock with low calcium concentration. Coarse grain
structure is proposed to decrease the initial reactivity. Copyright © 2011 John Wiley & Sons, Ltd.
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Introduction

One of the most common methods to produce energy is to burn
coal in power plants. When coal contains sulphur, sulphur dioxide
(SO2) is formed by coal-fired combustion through oxidation of
sulphur. This SO2 reacts with water and oxygen to produce sul-
phuric acid (H2SO4), which in turn contributes to the formation
of hazardous acid rains. Recently, it has also been suggested that
excess sulphur dioxide has an influence on global warming.[1]

Since the beginning of the 1970s, there has been a pursuit to
reduce SO2 emissions.[2] One option is to use chemical scrubbing
agents in a process called flue gas desulphurisation (FGD).
Sulphur dioxide removal efficiency of flue gas desulphurisation
commonly varies from 50% with some dry sorbent injection
processes[3] to 99% in some wet FGD processes, as claimed in
Ref.[4] In general, wet FGD processes are more efficient in SO2

removal than dry processes, but it is often tempting to use the
latter ones because of their lower capital cost,[5] especially if the
power plant is in operation for only a few more years. The most
common and efficient flue gas desulphurisation method is
absorption of SO2 in a limestone slurry, known as wet scrubbing,
which is obtained according to the reaction

CaCO3 sð Þ þ SO2 gð Þ þ 1

2
O2ðgÞ þ 2H2OðlÞ

! CaSO4 � 2H2O sð Þ þ CO2ðgÞ (1)

where CaSO4•2H2O(s) stands for gypsum.[2]

The aim of this study is to characterise some natural calcareous
rocks and limestones, and analyse their potential use in wet flue
gas desulphurisation via dissolution experiments. The dissolution
rate of limestone (CaCO3) into the slurry is crucial on behalf of the
overall kinetics and may be the rate controlling step in the SO2

absorption.[6] Therefore, limestone dissolution has been studied
Surf. Interface Anal. 2012, 44, 519–528
widely. The rate of limestone dissolution can be estimated by mea-
suring the rate of neutralization of a strong acid either by allowing
the pH to change (free drift) and measuring the rate of change of
pH[7] or by maintaining constant pH (pH-stat) and measuring the
rate of acid addition.[6] However, little attention has been paid to
surface analysis of limestones of different geological origin.

During the dissolution process a diffusion boundary layer of
atoms and ions is surrounding the dissolving particle. The rate
of dissolution can be controlled by mass transfer of hydrogen
ions through this layer, by chemical reaction kinetics, or in bor-
derline cases by both mechanisms. The controlling dissolution
rate mechanism found in different studies depends on the exper-
imental setup and parameter settings. Mass transfer controlled
dissolution was found by Shih et al.[8] in a pH-stat method in a
stirred tank at pH values of 4 and 6 in which the dissolution rate
increases by increment of the stirrer speed. In the studies of
Copyright © 2011 John Wiley & Sons, Ltd.
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Siagi and Mbarawa[6] and Rutto et al.[9] the dissolution rate was
controlled by chemical kinetics.
In studies for the influence of experimental parameters, it has

been found that the dissolution rate of limestone is enhanced
by a decrease of pH,[6,8,9] decrease of particle size[6,10] and
increase of reaction temperature.[6] Influence of chemical compo-
sition often focuses on the amounts of calcium and magnesium. It
has been shown that greater proportion of calcium and lower pro-
portion of magnesium increase the dissolution rate,[6,10] although
some exceptions can be found.[6] Siagi et al.[6] explained the
exceptions by proposing that the source of the sample could play
an important role in the dissolution rate. In the case of a mass
transfer controlled dissolution,[8] no correlation was observed be-
tween dissolution rate and particle size or chemical composition.
Mathematical models for the rate of dissolution have been de-

veloped by, e.g., Ukawa et al.[11] and Ahlbeck et al.[7] In the former
study[11] a dissolution rate equation was derived from the basis of
a mass transfer mechanism. The measured and calculated disso-
lution rate and the reduction rate of the particle size distribution
were in very good agreement for limestone in both batch and
continuous type tests. In addition, the dissolution rate equation
worked well in predicting the dissolution in a wetted-wall column
test apparatus simulating the actual FGD process. The latter
study[7] presented a method based on measurement of the pH-
time derivative during neutralization in a batch reactor. It was
proposed that both liquid film diffusion and chemical reaction
influence the dissolution rate of limestone.
Limestones mainly consist of the trigonal (rhombohedral)

mineral calcite (CaCO3). One less common polymorph is ortho-
rhombic aragonite. In nature, they appear in a multitude of sedi-
mentary environments. There are also magmatic (carbonatites)
and metamorphic (marble) limestones. Our samples had great
variations in their calcite concentrations. A specimen is called
limestone if more than half of it is composed of calcium carbon-
ate (calcite or aragonite). For smaller (or any) proportions, the
term calcareous is used.
Our purpose was to study properties that have an influence on

the wet chemical reactivity, which would provide information
about better selection of raw material for use in wet flue gas
desulphurisation. All our seven samples were naturally occurring,
and can be roughly divided into magmatic carbonatites, sedi-
mentary limestones and recrystallised (metamorphic) limestones.
The specimens were characterised with X-ray photoelectron
spectroscopy (XPS), scanning electron microscopy (SEM) and
polarizing microscope. The surface characterisation of the
samples is important, because the dissolution rate is essentially
surface related. XPS was mainly used for measurement of the
concentration of the elements, whereas SEM was needed for
observation of surface morphology and polarizing microscope
for classifying mineral phases. Additional characterisation was
done with X-ray fluorescence (XRF) and X-ray diffraction (XRD)
Table 1. Sedimentary limestones and calcareous rocks of South-Eastern C

Sample Type Locality

LJJ-04L Limestone Daijiagou, Tongzi, Guizhou (close to Guiyang)

LJJ-05L Limestone Zhuzhai section, Yushan, Jianxi (close to Nanch

LJJ-06C Calcareous rock Wangjawan River section, Yichang, Hubei (clos

LJJ-07C Calcareous rock Daijiagou, Tongzi, Guizhou (close to Guiyang)

LJJ-08C Calcareous rock Wulongguan section, Yichang, Hubei (close to

Copyright © 2011 Johnwileyonlinelibrary.com/journal/sia
methods to support the results of atomic concentrations and
mineral phases, respectively.

Experimental

Samples and preparation

Limestone LJJ-01L is a Precambrian magmatic carbonate called
carbonatite. The sample was collected from Halpanen in South-
Eastern Finland. It is classified as an alvikite.[12] It was formed
during the post-orogenic uplift stage of the Svecofennian
orogeny approximately 1800Ma.[13]

Specimens LJJ-04L, LJJ-05L and LJJ-06C – 08C are from Phanerozoic
(Ordovician–Silurian) sedimentary rocks in South-Eastern China,
LJJ-04L and LJJ-05L are limestones, and LJJ-06C, LJJ-07C and
LJJ-08C are calcareous rocks. These are found in different geo-
logical environments and their chemical compositions vary a
lot. Detailed geological information of the sedimentary samples
is presented in Table 1.

The Precambrian limestone LJJ-09L is from Parainen, South-
Western Finland. It was formed 1900Ma and recrystallised into
marble some 70 Myr later during the Svecofennian orogeny. The
prevailing conditions of the metamorphic culmination were a
pressure of approximately 5 kbar and a temperature of ~800�C.[14]

The samples were crushed using a jaw crusher. The resulting
powder was ground with a vibratory disc mill and sieved re-
peatedly until a suitable amount of material for dissolution and
characterisation experiments was gathered to a size fraction of
150–250mm. Each sample fraction was first rinsed 4–6 times with
tap water (pH ~8.0 and dH ~6.6) and finally twice with distilled
water. The resulting samples were dried under ambient conditions.

SEM measurements

Scanning electron microscopy images were recorded with
Cambridge S200 equipment. All the samples were treated with car-
bon deposition to ensure the conductivity of the surface. In the case
of a nonconducting sample, a negative charge would accumulate
on the surface because of the attachment of the incoming electrons
and bend the path of the secondary and backscattered electrons
thus distorting the image. Measurement parameters can be seen
in themicrographs, whichwere obtained using secondary electrons.

XPS measurements

X-ray photoelectron spectroscopy measurements were carried out
with a Perkin-Elmer PHI 5400 spectrometer. A twin anode X-ray
source was utilised with Mg Ka X-rays (hn=1253.6 eV). A series of
wide scan survey spectra were collected using an analyser pass
energy of 89.45 eV and a step size of 0.5 eV. The electron take-off
angle was 45�, and the power of the X-ray source was 200W. The
powder samples were mounted on a conductive carbon tape.
hina

Age Stratigraphy remarks

Silurian, Llandovery (428–444Ma) Hanchiatien Fm

ang) Upper Ordovician (444–461Ma) Xiazhen Fm

e to Wuhan) Upper Ordovician (444–461Ma) Linshiang Fm

Silurian, Llandovery (428–444Ma)

Wuhan) Silurian (416–444Ma) Lojoping Fm

Surf. Interface Anal. 2012, 44, 519–528Wiley & Sons, Ltd.



Figure 1. Examples of how the particle size distribution changes as acid
is added in steps (a) and how the rate of change of pH decreases in each
consecutive acid addition step (b). Straight lines have been fitted to the
pH data in the pH range 3.5 to 4.0 to calculate the rate of change in pH
for each acid addition (b). 10ml of 0.1M HCl was added in ten steps.
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Atomic concentrations were calculated using the following
relative sensitivity factors provided by the spectrometer manu-
facturer: Ca 2p (1.833), C 1s (0.296), O 1s (0.711), Mg 2s (0.252),
Fe 2p (2.957), Si 2p (0.339), Al 2p (0.234), K 2p (1.466) and P 2p
(0.486). The elements were identified from the high resolution
spectra (0.1 eV step size) that were obtained with a pass energy
of 35.75 eV. The obtained high resolution spectra were fitted
with IGOR PRO 5.02 and a special macro package.[15] A linear back-
ground correction and a Voigt peak shape were used.

For each sample, the XPS survey spectrum was measured three
times from different locations of the specimen, and an arithmetic
mean was calculated from the obtained atomic concentrations.
No significant differences in atomic concentrations were noticed,
so the powders were concluded to be sufficiently homogeneous.

Calcite is an electrically nonconducting material, and because
of that Ca 2p3/2 binding energy of 346.7 eV (in CaCO3)

[16] was
used as a reference. For pure metal a binding energy of
346.2 eV has been recorded.[17] Other options for calibration
are, e.g. to use carbon contamination from air (C1s peak), or to
evaporate a small amount of gold on the sample and measure
the Au 4f line.[18,19] However, an interpretation of the binding
energy data obtained with reference to carbon because of the
contamination must be done with care. The spectrometer was
calibrated with gold. The Au 4f7/2 line of a gold standard was
measured to be at 83.9 eV (accepted value is 84.0 eV).

XRD measurements

Powder XRD measurements were carried out with a Philips PW
1820 Goniometer and PANalytical PW 3830 X-ray generator oper-
ated at a power of 200W (V= 40 kV, I= 50mA). Cu Ka radiation
(l= 1.542 Å) was used. All 2θ scans ranged from 5 to 75� at a
speed of 0.02 deg/s. Analysis of the measured data was carried
out with MATCH! software (Version 1.10 d) by Crystal Impact. K a2
stripping and raw data smoothing were applied to the measured
diffraction patterns before identification of the peaks.

XRF measurements

The XRF measurements were done with a Philips/Panalytical
model PW2400. An Rh-tube was operated at 50 kV and 60mA
(40 and 50mA in the case of Fe and Mg, respectively). A flow-type
detector was used.

Reactivity experiments

In this study, the initial reactivity of the samples was calculated
from the measured dissolution–reaction rate and particle size dis-
tribution. About 1–2 g of ground particles per 500ml of deionized
water were combined in a beaker to create a suspension with a
suitable particle concentration for the measurement of particle
size distributions using laser diffraction. The suspension was
stirred at 600–850 rpm at ambient temperature of 25�C. The
speed was set so that complete suspension of the particles was
achieved. Hydrochloric acid (0.1M HCl) was added in ten steps
(10ml per step). The change in pH was measured during each
acid addition while the particle size distribution was measured
before any acid was added and after each acid addition. An
example of pH and particle size distribution data for one experi-
ment is shown in Fig. 1. The rate of reaction and the reactivity
during each acid addition were calculated using a method de-
scribed by Ahlbeck et al.,[7] where they model the rate of change
Surf. Interface Anal. 2012, 44, 519–528 Copyright © 2011 John
in hydrogen ion concentration in the pH range of 3 to 4 with a
first-order rate equation

d Hþ½ �
dt

¼ K Hþ½ � (2)

where [H+] is the bulk concentration of hydrogen ions and K is
the overall rate coefficient. The overall rate coefficient is calcu-
lated from pH data using

K ¼ 1

loge

dpH

dt
(3)

where the rate of change in pH, dpH/dt, is the slope of a straight
line fitted with least squares method to the measured pH data as
illustrated in Fig. 1(b). The 1/log e part converts pH to hydrogen
ion concentration. Ahlbeck et al.[7] split the overall rate into two
parts, one depending on the rate of the surface reaction and
one depending on the mass transfer of hydrogen ions through
the diffusion boundary layer of atoms and ions that is surround-
ing the dissolving particle, using
Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/sia



Figure 2. The calculated chemical reactivity decreases in each consecu-
tive acid addition step, here shown as a function of the remaining mass
fraction of the measured sample. An exponential model has been fitted
with least squares method to the data to estimate the initial reactivity
used for comparison of samples.

Figure 3. The dissolution rate of limestone particles in a stirred acid so-
lution can be limited by the surface reaction kinetics or by mass transfer
of H+ ions to the particle surface. The kinetic rate (KR) is rate limiting if
the calculated mass transfer rate (KL) is much higher (a). The mass transfer
is rate limiting if the calculated mass transfer rate is almost the same as
the overall reaction rate (b).
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K
¼ 1

KR
þ 1

KL
(4)

The mass transfer rate coefficient, KL, is estimated from the
specific stirring power and the particle size distribution using

KL ¼ kL
A

V
¼ DHþc

Ns6

r

Ximax

i¼1

NSh;i
zi
d2i

(5)

where kL is the mass transfer coefficient, A is the total surface area
of the particles, V is the liquid volume, DHþ is the diffusivity of the
hydrogen ion in water, c is the mass concentration of particles in
the suspension, Ns is a shape factor, which is assumed to be 1 as
for spheres in this case, and r is the particle density. The mass
fraction, zi, of particles of average size di in size range i comes
from an average of the measured particle size distribution before
and after each acid addition. The Sherwood number for each
particle size di is estimated with

NSh;i ¼ 2þ 0:13
di
DHþ

� �
n

DHþ

� ��2
3

enð Þ14 (6)

where n is the kinetic viscosity of the water and e is the specific
stirring power used. The specific stirring power was estimated
from the power used by the stirrer at different speeds. The kinetic
rate coefficient, KR, is calculated from the measured overall rate
coefficient, K, and the estimated mass transfer coefficient KL.
The reactivity, kR, is estimated from the kinetic rate coefficient
using

KR ¼ kR
A

V
¼ kRc

Ns6

r

Ximax

i¼1

zi
di

(7)

The result is reported as reactivity because it is independent of
the surface area of the particles and thus also independent of the
particle size distribution. The reactivity changes as the sample is
consumed. For comparison of the samples is an estimate of the
reactivity at the very beginning of each experiment, the initial
reactivity, calculated by fitting (with least squares method) an
exponential model to the calculated reactivity data from each
acid addition step, and extrapolating backwards towards the
beginning of the experiment as illustrated in Fig. 2.
The kinetic rate coefficient is not always possible to calculate

because the reaction is relatively fast and the overall rate can be-
come limited by the mass transfer rate. Figure 3 shows examples
of experiments where the overall reaction rate is limited by
the kinetic rate as well as the mass transfer rate. With sample
LJJ-07C the measured rate (at pH 4) and the least squares fit
follow the data points of KR (rate of the surface reaction), which
means that the reaction rate is controlled by the kinetic rate. In
the case of LJJ-09L it is the mass transfer rate (KL) that is lower
(i.e. rate limiting) and following the measured rate. A conse-
quence of KL being lower than KR is that the chemical reactions
are not taking place as fast as they could and that kR cannot be
obtained under these experimental conditions. This pertained
to all the limestone samples. Increasing the stirring speed and
the use of baffles did not help.
The dissolution-reaction rate is typically measured with an acid

instead of SO2 to eliminate the gas absorption step in the process
thus simplifying the experimental setup. In the desulphurisation
process SO2 is absorbed into the water decreasing its pH, i.e.
Surf. Interface Anal. 2012, 44, 519–528Copyright © 2011 John Wiley & Sons, Ltd.wileyonlinelibrary.com/journal/sia
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forming hydrogen ions and sulphite ions, which are oxidized into
sulphate ions. The same reaction products form when sulphuric
acid is added directly. The sulphate ions react with dissolved
calcium ions and form calcium sulphate while the hydrogen ions
react with the carbonate ions to form water and carbon dioxide.
The calcium sulphate is not very soluble and could form small
particles. These new particles would influence the measurement
of the particle size distribution of the limestone particles, which
is central to the used method for calculation of the reactivity.
The sulphuric acid is therefore replaced by another strong acid,
hydrochloric acid, to avoid the formation of calcium sulphate
particles. CaCl2 has a solubility of 102 g CaCl2 per 100 g of H2O
at 30�C while CaSO4 has a solubility of 0.209 g CaSO4 per 100 g
H2O at 30�C.[20] Now the calcium ions remain in the solution to-
gether with the chloride ions instead of forming particles. Water
and carbon dioxide are still formed in the same manner as earlier.

After each reactivity experiment, the solid remainder was vac-
uum filtered with filter paper, rinsed once with distilled water to
release the attached particles from the walls of the beaker, and
dried in an oven at 110�C. The filter paper with filtrate was cooled
in a desiccator.

Chemical reactions

According to Ahlbeck et al.,[7] when hydrochloric acid is added
into the calcium carbonate suspension, a dissociation reaction
producing hydronium and chlorine ions occurs according to

HClþ H2O ! H3O
þ þ Cl� (8)

Calcium carbonate, for one, dissolves according to

CaCO3 sð Þ ! Ca2þ þ CO2�
3 (9)

The dissolved Ca2+ and Cl� ions remain in the solution because
of the high solubility of CaCl2.

[20] The reaction between hydro-
nium and carbonate ions goes as follows:

H3O
þ þ CO2�

3 ! HCO�
3 þ H2O (10)

The disappearance of carbonate ions allows more calcium car-
bonate to be dissolved. The final reactions proceed according to

HCO�
3 þ H3O

þ ! H2CO3 þ H2O (11)

and

H2CO3 ! CO2 gð Þ þ H2O (12)
5
2
3

Results and discussion

Polished thin sections and mineral phases

Figure 4 shows polarizing microscope images of polished thin
sections made of the sedimentary samples. All samples were
found to contain calcite-bearing fossils, except LJJ-07C, which
was the only one showing traces of micas under a microscope.
Large phases of recrystallised calcite were common in LJJ-04L
and LJJ-05L. Samples LJJ-06C and LJJ-07C were very fine-grained
showing optically barely any calcite phases. The former was
formed in deep and tranquil calcareous facies. The latter is a bit
Surf. Interface Anal. 2012, 44, 519–528 Copyright © 2011 John
more coarse-grained than LJJ-06C, and evidences lamination.
Sample LJJ-08C includes plagioclase ((Na,Ca)(Al,Si)AlSi2O8) and
small amounts of recrystallised calcite.

X-ray diffraction measurements confirmed that the major
calcium-based mineral in all the samples is calcite (CaCO3). In
addition, all samples except LJJ-01L were observed to contain
quartz (SiO2), although for LJJ-09L it was only the major reflection
(011) of SiO2, which was identified from the spectrum. Sample
LJJ-01L was discovered to contain apatite (Ca5(PO4)3(OH,F,Cl)),
which is in agreement with literature.[12] (104) reflection of dolo-
mite (CaMg(CO3)2) was observed for samples LJJ-04L and LJJ-05L.
Muscovite (KAl2(AlSi3O10)(OH)2) was discovered to be the mica
seen in the thin section of sample LJJ-07C. It was also found from
LJJ-06C. The observation of plagioclase from the thin section of
LJJ-08C could not be verified, although the software indicates
some peaks leftwards from the (104) reflection of calcite, where
the most intensive reflections of plagioclase would be situated.
No other minerals were identified, which is likely to be caused
by their relatively small proportion compared with the identified
minerals.

Spectroscopy

Several published binding energies (of natural or synthetic
calcite) were compared with the measured Ca 2p, O 1s and C 1s
core levels of our natural calcites. Blanchard and Baer,[16] as well
as Gopinath et al.[21] had measured the photoemission core levels
of natural calcite. Significant alteration in binding energies were
observed between the results of this and other studies, which is
probably due to different methods used for charge correction,
namely referencing to C 1s of carbon contamination,[21,22] C 1s
in CO3 carbon,[16] Au 4f7/2,

[18,23] or Ca 2p3/2, which was used in
this work. For all samples used in this study, the C 1s core level
of calcium carbonate appeared at 289.0� 0.1 eV, i.e. within the
measuring accuracy of� 0.1 eV, whereas other reported binding
energies are 289.4 eV,[16] 290.1 eV,[18] 289.6 eV,[21] 289.3 eV[22]

and 282.5 eV.[23] The Ca 2p3/2 core level at 346.7 eV[16] was used
for charging correction, and agrees well with the obtained value
of 346.5 eV.[22] The 1s photoemission line of oxygen occurred at
531.1� 0.1 eV for all specimens, except for LJJ-06C (531.4 eV)
and LJJ-08C (531.3 eV), which are mostly composed of other
minerals than calcite. Closest literature references for the O 1s
line of calcite are 531.2 eV[16] and 531.6 eV,[21] which were mea-
sured for natural calcite. Samples consisting of mostly other
minerals than calcite showed higher binding energies and
greater FWHMs (full width at half maximum) of O 1s, which are
due to different chemical environments. All the FWHMs are
presented in Table 2 together with atomic concentration of the
samples measured before and after reactivity experiments
with XPS. The Ca 2p, C 1s and O 1s core level spectra of sample
LJJ-09L are shown in Fig. 5. In the spectrum of C 1s, three indi-
vidual peaks can be seen. The one having a binding energy of
289.0 eV is attributed to carbon in CaCO3, and the major peak in
the middle to carbon contamination originating from hydro-
carbon molecules present in the ambient air. The minor shoulder
located at 6.8 eV lower binding energy than the carbonate peak
is proposed to originate from carbide.[24]

Reactivities and concentrations

The atomic concentrations of the specimens measured before
and after reactivity experiments with XPS are shown in Table 2,
Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/sia



Figure 4. Microscope images of the thin sections of the sedimentary samples LJJ-04L, LJJ-05L and LJJ-06C–08C (Table 1). The length of the scale bar
is 1mm. LJJ-04L, fossil-bearing limestone with well developed calcite cement: (a) resorbed dusty fossil particles and (b) secondary precipitated calcite.
LJJ-05L, (a) fossil bearing rock and (b) recrystallised calcite. LJJ-06C, fine-grained calcareous rock with fossil shell fragments. LJJ-07C, laminated fine-
grained calcareous rock. LJJ-08C, weakly cemented calcareous rock with limited amount of secondary precipitated calcite around the fossil particles.
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and the atomic concentrations measured before reactivity experi-
ments with XRF are shown in Table 3. All carbon contents in
Table 2 were obtained from the carbonate peaks. The carbon
contamination originating from hydrocarbon molecules present
in the ambient air was excluded from the element contents,
because its large amount (from 21 to 36 percent) would have
hindered the interpretation of the changes in atomic concentra-
tions of the other elements. The results are in agreement with
the mineral phases identified in the Section on Polished Thin
Sections and Mineral Phases. Calcium, carbon and oxygen domi-
nate in the limestone samples, whereas silicon, aluminium and
potassium are more common in the calcareous samples that
contain quartz, muscovite and plagioclase. It is possible for calcite
to substitute some of its calcium atoms with magnesium or iron
in its lattice, which is probably the reason for the existence of
iron, because no iron-containing mineral was detected. However,
iron can also originate from small iron oxide or clay particles that
could not be detected with our apparatus. Dolomite (CaMg(CO3)2),
on the other hand, was seen for LJJ-04L and LJJ-05L. Phosphorus
in sample LJJ-01L is connected to apatite.
Although the atomic concentrations illustrated in Tables 2 and

3 show qualitative similarity (not quantitative), there are a few
discrepancies. According to Table 3, calcium and carbon concen-
trations are clearly higher for all samples except LJJ-09L, there is
Copyright © 2011 Johnwileyonlinelibrary.com/journal/sia
phosphorus only in sample LJJ-01L, and oxygen concentrations
are often lower. It is possible for calcium and carbon concentra-
tions to be lower on the surface, if the sample particles have been
broken along areas of impurities (with more lattice defects and
thus prone to cleavage) during grinding. When the materials
are ground to the desired size, their surfaces are left with
dangling bonds, which form dimers and other new molecules,
for example with adventitious carbon and oxygen that are
present in ambient air. Because of the surface sensitivity of XPS,
the results do not correspond to the composition of a bulk
sample. This can lead to higher oxygen concentrations, because
the whole oxygen peak was taken into account. In addition,
apatite (Ca5(PO4)3(OH,F,Cl)) and muscovite (KAl2(AlSi3O10)(OH)2)
contain crystal water, which adds up to the oxygen concentra-
tion. Phosphorus, on the other hand, could originate from the
deionized water along with fluorine. Small amounts of impurities
shown in Table 3 (Mn, Na, Ti, etc.) are not expected to be seen in
XPS because of the lower detection limit. Our sample classifica-
tion of limestones and calcareous rocks is based on the surface
concentrations measured with XPS, because the dissolution of
the samples is essentially surface related.

The initial reactivities of the three calcareous rocks are
presented in Fig. 6 as a function of their calcium concentrations.
Unfortunately the initial reactivities of the limestone samples
Surf. Interface Anal. 2012, 44, 519–528Wiley & Sons, Ltd.



Table 2. The atomic concentrations (%) of the studied samples measured before and after reactivity experiments with XPS. The prime symbol (′),
e.g. LJJ-01L′, indicates atomic concentrations measured after reactivity experiments. The percentage for carbon (column C (1 s)) is only for the
carbon attributed to CO3. The column others includes fluorine and for LJJ-01L also cerium. FWHMs in electron volts (eV) and the peaks they
are obtained from are shown in parentheses

Ca (2p3/2) C (1s) O (1s) Si (2p) Al (2p) K (2p3/2) Fe (2p3/2) Mg (2s) P (2p) Others

LJJ-01L 16.55 (2.0) 15.37 (1.8) 60.09 (2.2) 1.79 (3.8) 0.51 (2.4) 0.00 (—) 1.20 (5.7) 0.34 (2.6) 3.13 (2.7) 1.02

LJJ-01L′ 12.11 7.58 66.24 0.77 0.00 0.00 2.66 0.19 7.35 3.10

LJJ-04L 10.27 (1.9) 10.39 (1.6) 68.54 (2.3) 6.25 (2.4) 3.53 (2.3) 0.00 (—) 1.02 (7.4) 0.00 (—) 0.00 (—) 0.00

LJJ-04L′ 11.11 9.07 65.96 5.76 3.06 0.00 3.39 0.34 1.03 0.28

LJJ-05L 15.53 (1.9) 15.18 (1.6) 62.02 (2.3) 4.51 (2.4) 2.45 (2.4) 0.00 (—) 0.00 (—) 0.30 (1.9) 0.00 (—) 0.01

LJJ-05L′ 11.80 10.67 66.02 5.75 2.18 0.00 2.63 0.20 0.64 0.11

LJJ-06C 2.42 (2.0) 1.04 (1.6) 68.70 (2.6) 16.05 (2.2) 9.09 (2.2) 1.43 (1.9) 1.01 (6.7) 0.27 (1.6) 0.00 (—) 0.00

LJJ-06C′ 0.88 0.19 68.10 17.45 9.99 1.45 1.67 0.26 0.00 0.00

LJJ-07C 2.92 (2.0) 1.16 (1.6) 71.30 (2.6) 13.66 (2.2) 8.05 (2.3) 0.94 (1.8) 1.49 (6.2) 0.43 (2.1) 0.00 (—) 0.02

LJJ-07C′ 0.92 0.07 68.33 16.45 8.56 0.98 3.65 0.33 0.26 0.46

LJJ-08C 7.25 (1.9) 5.03 (1.6) 67.69 (2.5) 11.41 (2.2) 6.99 (2.2) 0.42 (1.6) 0.92 (5.7) 0.29 (2.0) 0.00 (—) 0.00

LJJ-08C′ 5.90 3.69 68.64 9.67 5.66 0.36 3.17 0.00 2.26 0.66

LJJ-09L 19.64 (1.9) 18.78 (1.7) 59.81 (2.1) 1.17 (2.7) 0.16 (2.9) 0.00 (—) 0.00 (—) 0.43 (3.4) 0.00 (—) 0.01

LJJ-09L′ 15.25 13.77 65.27 0.84 0.07 0.00 2.40 0.00 2.01 0.39

Figure 5. XPS spectra of the Ca 2p doublet, C 1s and O 1s measured
from sample LJJ-09L before reactivity experiments. Markers indicate
the original data, and the solid line represents the result of the fitting
procedure. The dashed lines illustrate individual peaks.
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could not be determined with our experimental conditions as
explained in the Section on Reactivity Experiments. It can only
be said that the limestones react faster than calcareous rocks.
On the basis of Fig. 6 and greater initial reactivities of the lime-
stones it can be said that higher calcium (i.e. calcite) concentra-
tions in general result in higher (initial) reactivities, which is in
agreement with previous observations.[6,10] Calcareous samples
with high silicon concentrations display lower dissolution rates.

Atomic percentages of the samples before and after reactivity
experiments can be compared with the help of Table 2. It is ob-
served that the amounts of calcium and carbon decrease with
all samples except LJJ-04L, which is indicated to faster dissolution
of calcite when compared to the impurity minerals. It can be said
that the surface is becoming calcite-poor. As pH rises during the
reactivity experiments, calcite is consumed while the impurities
(mostly) stay on the surface. A consequence is that the reactivity
kR decreases, which can be seen from Fig. 2. A much higher per-
cent reduction in Ca and C occurs with the impure calcareous
samples because the same proportion of HCl was neutralised
by dissolution of the same amount of calcite in all experiments.
This does not indicate higher initial reactivity of the calcareous
rocks, but instead a larger amount of slowly dissolving impurity
minerals within the samples. Iron and phosphorus contents on
the other hand increase, which is proposed to show that either
iron in the calcite lattice reduces reactivity or that other possible
sources of iron (small iron oxide or clay particles) have slower dis-
solution rate. This could partly explain the lower initial reactivity
of LJJ-07C in comparison with LJJ-06C, although LJJ-07C has a
higher calcium concentration. Apatite in sample LJJ-01L is likely
to dissolve poorly because of high increase of phosphorus con-
tent, although the increase of P with all samples except LJJ-06C
could be due to phosphorus originating from the reactivity
experiments themselves (from the used deionized water). No
general trend can be observed for Si, Al and K, although
Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/sia



Table 3. The atomic concentrations (%) of the studied samples measured before reactivity experiments with XRF

LJJ-01L LJJ-04L LJJ-05L LJJ-06C LJJ-07C LJJ-08C LJJ-09L

Ca 19.30 17.92 18.43 11.43 11.61 17.15 19.45

C 18.23 18.60 18.99 11.99 12.44 17.89 19.91

O 60.31 60.31 60.30 60.82 61.57 60.47 60.06

Si 0.13 1.74 1.53 9.12 9.68 2.67 0.17

Al 0.00 0.43 0.18 2.59 2.35 0.75 0.05

K 0.00 0.10 0.05 0.74 0.65 0.20 0.01

Fe 0.17 0.25 0.06 1.19 0.61 0.28 0.04

Mg 0.21 0.45 0.41 0.82 0.50 0.38 0.29

P 1.50 0.02 0.00 0.01 0.02 0.01 0.00

Ti 0.00 0.01 0.01 0.07 0.08 0.02 0.00

Na 0.01 0.06 0.01 0.21 0.46 0.10 0.01

Mn 0.04 0.09 0.01 0.05 0.03 0.06 0.00

Sr 0.00 0.00 0.00 0.00 0.00 0.00 0.00

S 0.08 0.01 0.02 0.96 0.01 0.02 0.00

Figure 6. Initial reactivity (kR) as a function of calcium concentration.
Ca (%) was measured with XPS before reactivity experiments.
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potassium concentration remains approximately steady. Silicate
minerals such as quartz are known to have slow dissolution
rates.[25,26] Decrease of silicon and aluminium contents could be
explained by detachment of the grains of silicate minerals from
larger sample particles during dissolution. All solid remains from
the reactivity experiments were collected and analysed, but these
detached grains may have dissolved during the experiments,
because small silicate particles in complete suspension dissolve
faster than silicate grains that are a part of larger calcareous par-
ticles, which could explain the decrease of silicon and aluminium
contents with some samples. Amounts of magnesium were so
small (Tables 2 and 3) that it is hard to draw conclusions based
on changes in its concentration. Some dolomite and magnesian
calcite are proposed to have dissolved along with calcite,
although it is known from previous studies that dolomite (CaMg
(CO3)2) inhibits limestone dissolution.[7,10] However, it has been
reported that greater magnesium content may increase the dis-
solution rate,[6] which was attributed to the influence of the
source of the sample. We could not study this because of low
amounts of magnesium in all our samples. Iron–magnesium rela-
tion (Fe/Mg) was not studied either for the same reason. In the
lattice of natural silicate minerals, iron and magnesium tend to
replace each other depending on the physicochemical environ-
ment (like temperature and oxygen fugacity) upon crystallization.
An exception to the drop of calcium and carbon concentra-

tions is sample LJJ-04L, for which the lack of a similar trend is
Copyright © 2011 Johnwileyonlinelibrary.com/journal/sia
proposed to be due to the small size of the impurity phases,
which are easily detached from the original grains during the
dissolution of the surrounding calcite. Detachment leads to com-
plete suspension and faster dissolution as was explained for de-
creasing silicon concentrations above. This prevents the diminu-
tion of calcium and carbon concentrations relative to other
elements. The impurities of sample LJJ-04L can be observed in
Fig. 4 as darker areas among the precipitated secondary calcite.
Figure 4 also reveals that LJJ-07C is more coarse-grained than
LJJ-06C, which is proposed to partly explain its lower initial reac-
tivity (Fig. 6). Additional contribution to low initial reactivity of
LJJ-07C could originate from higher iron concentration (Table 2),
as discussed above.
Surface morphology

Figures 7 and 8 represent four limestones and calcareous rocks
with different geological backgrounds. The pure marble grain
(LJJ-09L) has a very flat surface, while the sedimentary samples
LJJ-05L and LJJ-07C have much more surface roughness because
sedimentary rocks are aggregates of minerals, fossils and rock
particles. The surface of the magmatic carbonate (LJJ-01L) repre-
sents an intermediate form.

Scanning electron micrographs depicted in Figs 9 and 10 rep-
resent the solid remains of the samples shown in Figs 7 and
8 after being subjected to reactivity experiments. Large amount
of small particles for sample LJJ-07C is in agreement with the
strong decrease in particle size distribution shown in Fig. 1. Me-
chanical abrasion and heterogeneity of the sample (lots of grain
boundaries between different minerals) are probably the reasons
behind this. Figure 9 shows that sample LJJ-09L still has a smooth
surface. The corners of the particles have been rounded, and
dissolution has occurred evenly from all directions. According
to Berner,[27] these observations indicate that the rate-controlling
mechanism is mass transfer, as was stated in the Section on Reac-
tivity Experiments. The same is also true for sample LJJ-01L in
Fig. 10. The clearly seen absence of etch pits supports the idea
of mass transfer control.[27] Specimens LJJ-05L and LJJ-07C
depicted in Figs 9 and 10 clearly show remnants of insoluble
impurities on the surfaces of the particles. Soluble calcite parts
have been dissolved and the impurities have remained giving
the surface its peculiar spongy structure.
Surf. Interface Anal. 2012, 44, 519–528Wiley & Sons, Ltd.



Figure 7. SEM images of calcite grains of the fossil-bearing limestone LJJ-05L (left) and euhedral calcite crystals of the marble LJJ-09L (right). The size
fraction is 150–250mm.

Figure 8. SEM images of the magmatic carbonate LJJ-01L (left) and sedimentary calcareous rock LJJ-07C (right). The size fraction is 150–250mm.

Figure 9. SEM images of calcite grains of the fossil-bearing limestone LJJ-05L (left) and euhedral calcite crystals of the marble LJJ-09L (right) after
dissolution experiments. The size fraction is 150–250mm.

Figure 10. SEM images of the magmatic carbonate LJJ-01L (left) and sedimentary calcareous rock LJJ-07C (right) after dissolution experiments. The size
fraction is 150–250mm.

XPS and SEM study of calcite bearing rock powders in the case of HCl
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Conclusions

Dissolution of the samples in hydrochloric acid solutions results
in a CaCO3-poor surface, which is proposed to affect the decreas-
ing reactivity. The most reactive calcareous rock was the one with
the highest calcium (essentially calcite) concentration (LJJ-08C).
The initial reactivities of the more calcite-rich limestone samples
could not be obtained because of limiting mass transfer of hydro-
gen ions. Hence, we propose that increasing calcium concentra-
tion increases the initial reactivity. Coarse grain structure could,
however, decrease the initial reactivity. Particle morphologies in
the SEM figures confirmed the mass transfer control of the disso-
lution of the limestones. We suggest that a fine-grained lime-
stone with as high calcium concentration as possible would be
the best choice for wet flue gas desulphurisation.
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