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Oxide and carbonate surfaces as environmental interfaces: the importance
of water in surface composition and surface reactivity
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Abstract

Environmental molecular surface science is an important and expanding area of current research. Here we give a brief review of the
chemical nature of two representative oxide and carbonate surfaces, MgO(1 0 0) and CaCO3(1 0 4), under ambient conditions of temperature
and relative humidity. Studies using a variety of spectroscopic techniques have shown that water readily dissociates on these surfaces under
ambient conditions leaving a surface truncated with hydroxyl groups. For MgO, the surface stoichiometry is best represented as Mg(OH)2

whereas for CaCO3, it is Ca(OH)(CO3H). Water readily adsorbs on these hydroxylated surfaces. This adsorbed water layer plays an important
role in the reactivity of MgO(1 0 0) and CaCO3(1 0 4) under ambient conditions. The adsorption of nitric acid, a trace gas found in the
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roposphere, on MgO(1 0 0) and CaCO3(1 0 4) surfaces under dry (<1% RH) and wet conditions (20–25% RH) demonstrates this
dsorption at higher relative humidity results in the formation of nitrate thin films that are on the order of 10–100 layers thick. Wat
n these thin nitrate films results in several phase transitions as a function of relative humidity. Thus the results presented here a
emonstrate the importance of adsorbed water in the surface composition and surface reactivity of oxide and carbonate surfaces
2004 Elsevier B.V. All rights reserved.
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. Introduction

It is clear that as environmental problems and concerns
ncrease there will be a need to better understand environ-

ental processes on a molecular level. Oxide and carbon-
te surfaces are important environmental interfaces as they
lay a role in several environmental processes including en-
ironmental catalysis and remediation, heterogeneous atmo-
pheric chemistry and aqueous geochemistry.Fig. 1 shows
cartoon depicting the various ways oxide and carbonate

urfaces are involved in environmental processes as catalysts
nd adsorbents in industry and automobiles and as natural

nterfaces in air, water and soil.
Since reactions of environmental importance most often

ccur under ambient conditions of atmospheric pressure and
emperature or in the aqueous phase, it is important to under-
tand the nature of the oxide interface under these conditions.
dsorption of molecules such as H2O and CO2 will change

∗ Corresponding author. Tel.: +1 319 335 1392; fax: +1 319 353 1115.
E-mail address:vicki-grassian@uiowa.edu (V.H. Grassian).

the stability of these surfaces[1]. It is therefore importan
to account for the effect of adsorption of atmospheric g
including H2O and CO2 on the overall stability of oxide su
faces under ambient conditions.

In the natural environment, the relative humid
is between 20 and 90% RH (RH =p/po × 100, where
po = saturated vapor pressure of liquid water). This me
that at 295 K, there is somewhere between 5 and 20 Tor
ter vapor pressure in the atmosphere at all times. In the c
metal oxide surfaces, dissociation of water molecules a
interface is energetically favored by the fact that hydroxyl
surfaces are in general more stable than metal-terminate
faces under ambient conditions[2]. Hydroxylation occurs i
part to complete the coordination environment of the m
and oxygen ions especially at defect sites such as oxyge
cancies and steps. Carbonate surfaces have not been
studied. However, as discussed in more detail in this rev
it has been shown that these surfaces are also terminate
OH groups.

Since the surfaces of oxides and carbonates unde
bient conditions are terminated with hydroxyl groups, t
381-1169/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2004.09.059
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Fig. 1. A cartoon depicting the various ways natural and engineered ox-
ide and carbonate surfaces are involved in environmental processes includ-
ing catalysis and remediation, heterogeneous atmospheric chemistry, and
aqueous geochemistry. Adapted from H.A. Al-Abadleh, V.H. Grassian, Ox-
ide surfaces as environmental interfaces, Surf. Sci. Rep. 52 (2003) 63–162.
Copyright (2003), with permission from Elsevier.

can readily adsorb water[3,4]. The presence of adsorbed wa-
ter will play a role in the reactivity of these surfaces[5–7].
Thus, studies undertaken to better understand the chemistry
of environmental interfaces must employ a combination of
surface-sensitive techniques. Importantly, some of these tech-
niques need to operate under ambient conditions of pressure
and temperature as well as those that operate in an ultra-high
vacuum (UHV) environment.

In this paper, we present a brief review of experi-
ments that give some insight into the chemical nature of
two representative oxide and carbonate surfaces, MgO and
CaCO3 respectively, under environmental conditions. Much
of the discussion is on well-defined, single crystal surfaces,
MgO(1 0 0) and CaCO3(1 0 4), however, powdered samples
are also discussed. Magnesium oxide is an ideal model for
ionic metal oxides because it forms the rock salt structure
and has a relatively simple electronic structure that can be
modeled using ab initio theories[8,9]. For rock salt crys-
tals, the most stable surface face is the 1 0 0 plane[2]. In the
case of calcium carbonate, there are two stable polymorphs at
ambient pressure and temperature, calcite and aragonite[10].
The bulk crystal structure of calcite is rhombohedral whereas
for aragonite, it is orthorhombic. Most studies to date have
focused on different calcite surface planes. For calcite, the

(1 0 4), (1 0 1) and the (1 1 0) surfaces have been theoretically
modeled, with the (1 0 4) surface being the lowest energy
surface plane[11].

The surface chemistry of nitric acid on MgO and CaCO3
surfaces under “dry” conditions (<1% RH) and “wet” con-
ditions (∼25% RH) is presented as an example of the im-
portance of water in the reactivity of MgO and CaCO3. The
resultant films of magnesium and calcium nitrate that form
from reaction of HNO3 on MgO(1 0 0) and CaCO3(1 0 4),
respectively undergo phase transitions as a function of rel-
ative humidity. The role of adsorbed water in the uptake of
nitric acid on MgO and CaCO3 and phase transitions in the
resultant salt films are discussed.

2. Composition of oxide and carbonate
environmental interfaces: MgO and CaCO3

2.1. Magnesium oxide

The 1 0 0 surface, shown inFig. 2, is the most stable sur-
face of magnesium oxide and other oxides with the rock salt
structure[2]. Well-defined thin films of MgO(1 0 0) can be
grown on various substrates at low temperature by evaporat-
ing Mg in a background of oxygen[12–14]. This is of great
i

dy-
n ively
s

F ission
s (1 0 0),
w r-
i
i G.A.
P n X-
ray photoemission studies of low-defect surfaces, Surf. Sci. 412–413 (1998)
287–314. Copyright (1998), with permission from Elsevier.
nterest as MgO is used in catalysis as an oxide support[15].
Hydroxylation of MgO surfaces and the structure and

amics of the water/MgO interface have been extens
tudied both by theory[16–22]and experiment[8,9,23–33].

ig. 2. Bulk-terminated surface structures of MgO(1 0 0) and photoem
pectra of the O 2s/valence band spectra are shown for clean MgO
ater-dosed [p(H2O) = 1× 10−3 Torr for 3 min] MgO(1 0 0), and wate

mmersed MgO(1 0 0). For reference, a clean brucite (Mg(OH)2) surface
s also shown. Adapted from P. Liu, T. Kendelewicz, G.E. Brown Jr.,
arks, Reaction of water with MgO(1 0 0) surfaces. Part I. Synchrotro
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Most calculations done at different levels of theory for the
water/MgO system have found that for the most part water
reversibly physisorbs on defect-free MgO surface, and that
hydroxylation occurs only at defect sites. Other theoretical
studies found that dissociation of water molecules on flat
MgO surfaces can occur through a mechanism stabilized by
hydrogen bonding[16,20,21,24,34]. Most experimental stud-
ies of water adsorption on MgO surfaces are done under UHV
conditions and results vary depending on the temperature,
pressure, and crystal cleavage procedure. In general, results
from UHV studies range from molecular to dissociative ad-
sorption of water at low water exposures and multilayer water
formation at high water exposures. Liu et al. obtained spectra
of the O 2 s/valence band using photoelectron spectroscopy
of clean, water vapor exposed [p(H2O) = 1× 10−3 Torr for
3 min], water-immersed MgO(1 0 0) surfaces at 300 K, and of
brucite (Mg(OH)2) for Ref. [8]. These spectra are shown in
Fig. 2. The vacuum cleaved, “low defect” MgO(1 0 0) surface
is found to adsorb water by first forming hydroxyl groups.
Defects such as steps, corners and vacancy sites are found to
hydroxylate at water pressures far less than what is required
to hydroxylate terraces[9]. After complete hydroxylation of
the surface, it is found to reconstruct to an overlayer of stoi-
chiometry Mg(OH)2.

Molecularly adsorbed water molecules can then interact
w ing.
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Fig. 3. (a) Adsorption isotherm for water on MgO(1 0 0) (T= 298 K) mea-
sured for ascending and descending pressures as represented by closed and
open circles, respectively. An example of the absorption spectra of water for
an adsorption and desorption cycle is shown in (b). Adapted from M. Foster,
M. Rurse, D. Passno, An FTIR study of water thin films on magnesium ox-
ide, Surf. Sci. 502–503 (2002) 102–108. Copyright (2002), with permission
from Elsevier.

or liquid water results in the formation of etch pits tens
of nanometers in width after reaching equilibrium[35–38].
Such observations have been assigned to the formation of an
adsorbed hydration layer where water is chemisorbed to dan-
gling bonds of the bulk-terminated surface generating stable
adsorbed hydrolysis products, namely S·CO3H and S·CaOH,
where S is the surface.

In addition to AFM, other surface analysis methods have
been applied to the understanding of CaCO3(1 0 4). Stipp has
recently summarized what is known about the calcite surface
from several techniques including X-ray photoelectron spec-
troscopy (XPS), low energy electron diffraction (LEED), and
time-of-flight secondary ion mass spectrometry (TOF-SIMS)
[38]. A side-on view of the structure of a bulk terminated
CaCO3(1 0 4) surface is shown inFig. 4along with the XPS
spectra of the O 1s and C 1s peaks of a CaCO3(1 0 4) sur-
face cleaved in air. There is evidence for surface CO3H and
OH in the XPS spectra. TOF-SIMS chemical maps of a sam-
ple cleaved in air show high O and H signals suggesting an
increase in the surface concentration of OH species from ex-
posure to H2O in the atmosphere.

The interaction of water with CaCO3(1 0 4) has been the-
oretically modeled[11,39–41]. A molecular modeling study
of different modes of adsorption of a single water molecule
on the (1 0 4) surface plane was carried out by minimizing
t nt
o nate
i two
ith Mg(OH)2 terminated surfaces via hydrogen-bond
oster et al. studied water adsorption on single crystal

aces of MgO(1 0 0) cleaved in a N2 atmosphere using tran
ission Fourier transform infrared (FTIR) spectroscop
96 K in the presence of 0.2–21 Torr H2O vapor pressur
orresponding to 1–99% relative humidity (RH)[33]. Based
n the shape of the adsorption isotherm (seeFig. 3a) and

he invariant nature of the water absorption band as a
ion of coverage, Foster et al. concluded that water grow
hree-dimensional patches on the surface. Interestingl
dsorption isotherm also showed evidence for hystere

he adsorption/desorption curves.
Based on the results of all of these studies, it can be

luded that the 1 0 0 surface plane of MgO will be coated
ore than one layer of molecularly adsorbed water at w

apor pressures above∼1 Torr (∼5% RH) and that underly
ng this adsorbed water layer is a surface best represen

g(OH)2.

.2. Calcium carbonate

Water adsorption on calcite in ambient gas-phase env
ents and the dissolution of calcite in aqueous environm
ave been the focus of several studies[35–42]. Studies don

o understand the fundamental aspects of macroscopic
esses such as calcite dissolution have utilized single c
urfaces and most often the lowest energy plane, the (
urface. Atomic force microscopy (AFM) has been a
icularly useful tool in these studies. Results of high re
ution AFM images at the atomic level of freshly cleav
aCO3(1 0 4) surfaces reveal that exposure to humid
he interaction energy[39]. It was found that replaceme
f a carbonate ion by a surface hydroxyl and bicarbo

on is energetically more favorable than replacement by
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Fig. 4. X-ray photoelectron spectroscopy of a CaCO3(1 0 4) sample exposed to water vapor from the ambient environment; (a) O 1s and (b) C 1s regions.
Surface species OH and CO3H seen in the spectra are consisted with water dissociation on the surface. Adapted from S.L.S. Stipp, Toward a conceptual model
of the calcite surface: hdration, hydrolysis and surface potential, Geochim. Cosmochim. Acta 63 (1999) 3121–3131. Copyright (1999), with permission from
Elsevier. A side-on-view of bulk-terminated CaCO3(1 0 4) is also shown.

hydroxyl ions. deLeeu and Parker employed atomistic simu-
lation techniques for investigating the molecular adsorption
of water on the low-index surfaces of different polymorphs of
calcium carbonate[11]. The main finding of the calculations
was that all surfaces investigated tend to be hydrated to full
monolayer coverage and calculated hydration energies were
in good agreement with experimental values.

Water adsorption on CaCO3 particles atT= 296 K has re-
cently been investigated with Attenuated Total Reflection
ATR-FTIR spectroscopy[43]. The ATR-FTIR spectra of
CaCO3 particles recorded as a function of relative humid-
ity are shown inFig. 5. Intense absorption bands labeled in
the spectra at 878 and 1434 cm−1 are assigned to the�2 and
�3 modes, respectively, of bulk CO3

2−. As the relative hu-
midity increases, absorption bands in the water bending and
stretching mode regions near 1646 and 3372 cm−1, respec-
tively, begin to grow in. Interestingly, in the spectra recorded
below∼55% RH, the OH stretching band has distinct struc-
ture compared to the spectra recorded at higher relative hu-
midity and the full-width-half-maxima of the water bending
mode below∼55% RH is narrower than it is at higher rel-
ative humidity. These differences in spectral features below
∼55% RH compared to the spectra above∼55% RH sug-
gest that water adsorbs first in a two-dimensional network
and then above∼55% RH, multilayers begin to form. This is
s tion
o aF
[

Thus it is clear that calcite surfaces are terminated with
OH groups representing surface species of OH and CO3H
that persist even under UHV conditions[38,42]. Furthermore,
in the presence of water vapor between 10–90% RH, there
is molecularly adsorbed water on top of the OH and CO3H
layer. Therefore, the surface chemistry of calcium carbonate
under ambient conditions will depend on the chemistry of the

F -
t 41.6,
4

imilar behavior to what has been found for water adsorp
n several other mineral surfaces including mica and B2

44,45].
ig. 5. ATR-FTIR spectroscopy of CaCO3 particles atT= 296 K, as a func
ion of relative humidity; spectra were recorded at 20.2, 25.4, 35.4,
5.4, 50.1, 55.8, 60.1, 65.6, 70.7, 77.3, 81.5 and 95.3% RH.
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Fig. 6. Pictorial cartoon of oxide and carbonate environmental interfaces.
Water dissociation and water adsorption change the chemical composition of
the surface from that of the bulk. Dissociative adsorption of water gives rise
to a hydroxylated surface that is stable even under UHV conditions. In the
presence of water vapor, water molecularly adsorbs on the surface to form a
thin water film. The reactivity of these two interfaces, hydroxylated surface
and adsorbed water layer, will control the reaction chemistry of oxide and
carbonate surfaces under environmental conditions.

interface defined by the hydroxylated surface and the water
thin film adsorbed on that layer.

Fig. 6shows a pictorial cartoon of the oxide and carbon-
ate interfaces, represented as MO and MCO3, respectively,
after being exposed to ambient conditions. Under dry condi-
tions (<1% RH), OH groups persist even under UHV condi-
tions from the irreversible dissociation of water on the surface
whereas at higher relative humidity molecularly adsorbed wa-
ter in equilibrium with water vapor covers the surface. The
reactivity of these interfaces, hydroxylated surface and water
adsorbed on the hydroxylated surface, with nitric acid vapor
is discussed in the next two sections.

3. Nitric acid adsorption on oxide and carbonate
environmental interfaces

3.1. Magnesium oxide: reaction under dry conditions

FTIR studies of reaction of nitric acid vapor under dry
conditions (<1% RH), i.e., in the absence of any appreciable
amounts of molecularly adsorbed water on MgO(1 0 0), has
shown that Mg(NO3)2 forms on the surface[46]. Given the
above discussion, this reaction most likely occurs according
to reaction (1)

M

ha-
n f the
O the
F ions,
S

w tent
w
w ap-

pears to be limited to one monolayer of Mg(NO3)2 under dry
reaction conditions (<1% RH).

3.2. Calcium carbonate: reaction under dry conditions

Nitric acid uptake on calcium carbonate particles under
dry conditions has been reported by Goodman et al.[47].
Similar to reaction of nitric acid on MgO, the reaction is lim-
ited to the surface of the calcium carbonate particles. There is
some evidence for the formation of carbonic acid, H2CO3, in
these reactions and is thought to occur according to reaction
(2) [43],

Ca(OH)(CO3H) + HNO3 → Ca(OH)(NO3) + H2CO3

(2)

Carbonic acid is an intermediate in the surface chemistry
of carbonate minerals in aqueous solution, although in solu-
tion it quickly dissociates into CO2 and H2O. The adsorbed
carbonic acid also dissociates readily in the presence of ad-
sorbed water[48].

Enhanced uptake of nitric acid on oxide and carbonate en-
vironmental interfaces under wet conditions and phase tran-
sitions in thin Mg(NO3)2 and Ca(NO3)2 films as a function
of relative humidity are discussed in the next two sections.

3

f ni-
t de-
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u e-
c on
M sat-
u
f the
p sub-
s nitric
a rms
o red
s con-
d der
d RH
w two
d ob-
t the
i m
I ter in
t sium
n

ni-
t hase
t func-
t tion
i tion
w sion
g(OH)2 + 2HNO3 → Mg(NO3)2 + 2H2O (1)

The nitrate layer may form via a two-step mec
ism involving the consecutive replacement of each o
H groups from the surface. Quantitative analysis of
TIR data, show that the surface coverage of nitrate
NO3 = 2.3± 0.1× 1015 ions cm−2 for nitric acid reaction
ith MgO under dry conditions. This coverage is consis
ith the formation of one monolayer of Mg(NO3)2. Although
ater forms in the reaction according to (1), the reaction
.3. Magnesium oxide: reaction under wet conditions

Al-Abadleh and Grassian have shown that reaction o
ric acid vapor with MgO(1 0 0) under wet conditions,
ned as 25% RH, at 298 K is not limited to the surface
nderlying layers can react[46]. As discussed in the pr
eding section, under dry conditions, nitric acid uptake
gO(1 0 0) is limited to the topmost surface layer and
rates at a nitrate coverage of 2.3± 0.1× 1015 ions cm−2 to

orm a single layer of magnesium nitrate. However, in
resence of water vapor at 25% relative humidity (RH),
urface layers are found to be reactive and the extent of
cid uptake significantly increases. Magnesium nitrate fo
n the host MgO without evidence of saturation. The infra
pectra following reaction under three different reaction
itions are shown inFig. 7. The spectra were recorded un
ry conditions (<1% RH). The two spectra labeled 25%
ere done at different pressures of nitric acid, leading to
ifferent final nitrate coverages. The nitrate coverages

ained from these different reactions is determined from
ntegrated absorption of the nitrate bands near 1400 c−1.
t can be seen that the extent of reaction is much grea
he presence of water vapor and that thin films of magne
itrate are estimated to be 10–100 nm thick.

Water uptake on the surface of these thin magnesium
rate films results in several phase transitions. These p
ransitions were probed with infrared spectroscopy as a
ion of relative humidity. Water adsorption and desorp
sotherms on nitrated-MgO(1 0 0) surfaces following reac
ith nitric acid were measured at 296 K. The transmis
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Fig. 7. Transmission FT-IR spectra of MgO(1 0 0): (a) following reaction
with nitric acid under dry conditions,SNO3 = 2.3± 0.1× 1015 ions cm−2; (b)
following reaction under wet conditions (25% RH) giving a surface cover-
age,SNO3 = 2.4± 0.1× 1016 ions cm−2; and (c) under wet conditions giving
a higher surface coverage,SNO3 = 9.7± 0.5× 1016 ions cm−2. Adapted with
permission from H.A. Al-Abadleh and V.H. Grassian, Phase transitions in
magnesium nitrate thin films: a transmission FT-IR study of the deliques-
cence and efflorescence of nitric acid reacted magnesium oxide interfaces,
J. Phys. Chem. B 107 (2003) 10829. Copyright (2003) American Chemical
Society.

FTIR spectra of water adsorption on MgO(1 0 0) that had been
reacted with nitric acid are shown inFig. 8for the lowest ni-
trate film coverage. Besides observing an overall increase in
intensity in the absorption bands associated with the bending
mode,δ(H2O), and the OH stretching mode,v(OH), of ad-

Fig. 8. Transmission FT-IR spectra of water adsorption on MgO(1 0 0) re-
acted previously with HNO3 under dry conditions at a nitrate coverage of
2.3± 0.1× 1015 ions cm−2. The spectra are recorded as a function of in-
creasing %RH; 0.57, 1.4, 2.3, 3.5, 4.4, 9.2, 14, 19, 24, 28, 33, 38, 43, 47, 52,
57, 62, 66, 76, 84 and 93. Two phase transitions (labeled 1 and 2) are ob-
served as a function of relative humidity. See text for further details. Adapted
w tions
i ues-
c rfaces,
J mical
S

sorbed water in the spectral regions extending from 1500 to
1800 cm−1 and 2800 to 3800 cm−1, respectively, the spectra
show very interesting changes in the nitrate spectral features
as a function of increasing water vapor pressure as well. These
changes can be correlated to two phase transitions occurring
in these films. One transition occurs at low relative humidity,
<10% RH, corresponding to the formation of crystalline mag-
nesium nitrate hydrates, Mg(NO3)2·nH2O, 4 <n< 6, from an
amorphous salt film. The second phase transition occurs be-
tween 49 and 55% RH and corresponds to the deliquescence
of crystalline Mg(NO3)2·6H2O to an aqueous salt solution.
Thinner films deliquesce at 49± 2% RH, whereas thicker ni-
trate films deliquesce at 54± 2% RH which is within experi-
mental error of the value for pure Mg(NO3)2·6H2O crystals.
A hysteresis is seen as a function of decreasing relative hu-
midity, and the transition corresponding to efflorescence, i.e.,
crystallization as a function of decreasing RH, depends to
an even greater extent on the film thickness. Thinner films
of magnesium nitrate show no evidence of efflorescence
whereas thicker films show efflorescence at 48± 3%. A pic-
torial representation of the phase changes in the thin film as
a function of increasing and decreasing relative humidity is
shown inFig. 9.

Al-Abadleh and Grassian also showed that efflorescence
(crystallization) as a function of decreasing relative humid-
i lms
s es on
t -
a ugh-
n gher

F s on
M ed in
t creas-
i ssion
f sium
n efflo-
r Chem.
B

ith permission from H.A. Al-Abadleh and V.H. Grassian, Phase transi
n magnesium nitrate thin films: a transmission FT-IR study of the deliq
ence and efflorescence of nitric acid reacted magnesium oxide inte
. Phys. Chem. B 107 (2003) 10829. Copyright (2003) American Che
ociety.
ty is not observed for the thinnest magnesium nitrate fi
tudied as there may be an absence of nucleation sit
hese smooth surfaces[46]. AFM images of nitric acid re
cted MgO(1 0 0) surfaces showed that the surface ro
ess increased significantly for the thicker films. The rou

ig. 9. A schematic diagram showing phase transitions of nitrate film
gO(1 0 0) surfaces as a function of relative humidity at 296 K observ

his study. The solid and dashed arrows are for increasing %RH and de
ng %RH, respectively. See text for further details. Reprintedwith permi
rom H.A. Al-Abadleh and V.H. Grassian, Phase transitions in magne
itrate thin films: a transmission FT-IR study of the deliquescence and
escence of nitric acid reacted magnesium oxide interfaces, J. Phys.

107 (2003) 10829. Copyright (2003) American Chemical Society.
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surface and the size of the features, on the order of nanometers
in dimension, provide nucleation sites for crystallization to
occur. These results are significant as they show phase transi-
tions in thin films, tens to hundreds of nanometers thick, have
very different behavior than that found in the bulk phase.

3.4. Calcium carbonate: reaction under wet conditions

Al-Abadleh et al. investigated water uptake on thin films
of Ca(NO3)2 supported on CaCO3 [49]. Thin films of
calcium nitrate, Ca(NO3)2, were prepared by reaction of
CaCO3(1 0 4) with nitric acid vapor (∼200 m Torr). The reac-
tion was done at room temperature (T= 296 K) and under wet
conditions (23% RH) in order for films greater than one layer
to form. After reaction of calcite with nitric acid vapor, the
hygroscopic response of the surface increased significantly.

Unlike magnesium nitrate thin films, only one phase tran-
sition is observed for these thin films, the transition from an
amorphous nitrate phase to a calcium nitrate solutions ac-
cording to reaction 3.

Ca(NO3)2 → Ca2+ + 2NO3
−(aq) (3)

This can be readily seen inFig. 10which shows the hygro-
scopic response, measured by the number of water layers
taken up by the surface, as a function of relative humidity
f cid
v p by
t sing
t near
3
i e of
t

S

w H
b ces

F d
a n of
r ponse
o del-
i n
f ansi-
t right
(

(6 in these experiments),σ is the integrated cross sec-
tion of O—H band of liquid water and has a value of
1.07× 10−16 cm molecule−1 [51], andφ is the angle of inci-
dence, 45◦. The number of adsorbed water layers can be cal-
culated by normalizing S(H2O) values to the surface density
of the hydroxylated calcite surface, which is for an unrecon-
structed surface estimated to be 1× 1015 mol cm−2 for water
[52].

From thermodynamic considerations, it is expected that
Ca(NO3)2 will be converted to Ca(NO3)2·4H2O at 11.8% RH
[53]. From solution phase thermodynamics, the DRH should
occur at the RH humidity of a saturated solution, i.e., to say
the DRH is equal to the water activity,p/po × 100, wherepo is
the vapor pressure above pure water andp is the water vapor
pressure above the solution. In agreement with earlier mea-
surements[54], we have measured the vapor pressure above
a saturated water solution of calcium nitrate to be 57± 5%
RH at room temperature. Thus, the crystalline tetrahydrate
phase is expected to deliquesce at 57% RH. Instead, a DRH
near 10% is measured for calcium nitrate thin films supported
on calcium carbonate. A possible reason for the discrepancy
between the measured DRH and that predicted from ther-
modynamics is due to the fact that calcium nitrate forms a
metastable amorphous layer that undergoes deliquescence in-
stead of crystallization to the stable tetrahydrate phase at low
r

4

tion
a iron-
m n
f sur-
f water
i and
C ad-
s may
b tted
s rly-
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S HE-
9

or CaCO3(1 0 4), before and after reaction with nitric a
apor at 23% RH. The number of water layers taken u
he surface is determined from FTIR spectroscopy by u
he integrated absorbance of the water absorption band
400 cm−1. The surface density of adsorbed water, S(H2O)

n molecule/cm2, is related to the integrated absorbanc
he O—H band according to[44,50],

(H2O) = 2.303Ã(OH) cosφ

Nσ̄
(4)

here Ã(OH) is the integrated absorbance of the O—
and (cm−1), N is the number of adsorption surface fa

ig. 10. The number of adsorbed water layers on CaCO3(1 0 4), before an
fter reaction with nitric acid vapor at 23% RH is plotted as a functio
elative humidity. There is clearly an increase in the hygroscopic res
f these surfaces after reaction with nitric acid, which is attributed to the

quescence of the Ca(NO3)2 product at 9± 2%. Adapted with permissio
rom H.A. Al-Abadleh, B.J. Krueger, J.L. Ross, V.H. Grassian, Phase tr
ions in calcium nitrate thin films, Chem. Commun. (2003) 2796. Copy
2003) The Royal Society of Chemistry.
elative humidity.

. Conclusions

Clearly water plays an important role in the composi
nd reactivity of oxide and carbonate surfaces under env
ental conditions. For MgO and CaCO3, it has been show

rom a variety of studies and experimental data that these
aces are truncated with hydroxyl groups and adsorbed
n the presence of water vapor. The reactivity of MgO
aCO3 toward nitric acid increases in the presence of
orbed water on the surface. This increase in reactivity
e related to an increase in the ionic mobility on the we
urface allowing for further reaction to occur with unde
ng layers. The nitric acid reacted MgO and CaCO3 surfaces
how several phase transitions as a function of increasin
ecreasing relative humidity. Phase transitions in these
itrate films of Mg(NO3)2 and Ca(NO3)2 differ from that pre
icted from bulk phase thermodynamics. This discrepan
ost likely due to the formation of metastable amorphous
rs in these thin films. A further understanding of metast
hases of salts is warranted if these non-equilibrium ph

orm under ambient conditions of temperature and rela
umidity [55,56].
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