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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) ang{Ca&Qunder 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)
whereas for CaCg)it is Ca(OH)(CQH). Water readily adsorbs on these hydroxylated surfaces. This adsorbed water layer plays an important
role in the reactivity of MgO(100) and CaGQ 04) under ambient conditions. The adsorption of nitric acid, a trace gas found in the
troposphere, on MgO(100) and CagiD04) surfaces under dry (<1% RH) and wet conditions (20-25% RH) demonstrates this point.
Adsorption at higher relative humidity results in the formation of nitrate thin films that are on the order of 10-100 layers thick. Water uptake
on these thin nitrate films results in several phase transitions as a function of relative humidity. Thus the results presented here are meant to
demonstrate 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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1. Introduction the stability of these surfacgs]. It is therefore important
to account for the effect of adsorption of atmospheric gases
It is clear that as environmental problems and concernsincluding H,O and CQ on the overall stability of oxide sur-
increase there will be a need to better understand environ-faces under ambient conditions.
mental processes on a molecular level. Oxide and carbon- In the natural environment, the relative humidity
ate surfaces are important environmental interfaces as theyis between 20 and 90% RH (RH#po x 100, where
play a role in several environmental processes including en-p, = saturated vapor pressure of liquid water). This means
vironmental catalysis and remediation, heterogeneous atmo-+hat at 295 K, there is somewhere between 5 and 20 Torr wa-
spheric chemistry and aqueous geochemistiy. 1 shows tervapor pressure in the atmosphere at all times. In the case of
a cartoon depicting the various ways oxide and carbonatemetal oxide surfaces, dissociation of water molecules at the
surfaces are involved in environmental processes as catalystinterface is energetically favored by the fact that hydroxylated
and adsorbents in industry and automobiles and as naturaburfaces are in general more stable than metal-terminated sur-
interfaces in air, water and soil. faces under ambient conditiof. Hydroxylation occurs in
Since reactions of environmental importance most often part to complete the coordination environment of the metal
occur under ambient conditions of atmospheric pressure andand oxygen ions especially at defect sites such as oxygen va-
temperature or in the aqueous phase, it is important to under-cancies and steps. Carbonate surfaces have not been as well
stand the nature of the oxide interface under these conditions studied. However, as discussed in more detail in this review,

Adsorption of molecules such a8 and CQ will change it has been shown that these surfaces are also terminated with
OH groups.
* Corresponding author. Tel.: +1 319 335 1392; fax: +1 319353 1115. _ Since the surfaces of oxides and carbonates under am-
E-mail addressvicki-grassian@uiowa.edu (V.H. Grassian). bient conditions are terminated with hydroxyl groups, they
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(104), (101) and the (11 0) surfaces have been theoretically

!5—‘;‘4 modeled, with the (104) surface being the lowest energy
“‘)‘L?!: surface plan¢11].
A The surface chemistry of nitric acid on MgO and CaCO

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 CagOdhe
resultant films of magnesium and calcium nitrate that form
from reaction of HNQ@ on MgO(100) and CaCgy104),
‘ 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 CaCgand phase transitions in the
resultant salt films are discussed.

Engineered oxide

Natural oxide
and carbonate surfaces

2. Composition of oxide and carbonate
environmental interfaces: MgO and CaCG;

2.1. Magnesium oxide

The 100 surface, shown [ig. 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 00) can be
grown on various substrates at low temperature by evaporat-
ing Mg in a background of oxygei2—14] This is of great
Fig. 1. A cartoon depicting the various ways natural and engineered ox- interest as MgO is used in catalysis as an oxide suppsJt
ide and carbonate surfaces are involved in environmental processes includ-  Hydroxylation of MgO surfaces and the structure and dy-
ing catalysis and remediation, heterogeneous atmospheric chemistry, andhamics of the Water/MgO interface have been extensively

aqueous geochemistry. Adapted from H.A. Al-Abadleh, V.H. Grassian, Ox- : o : u
ide surfaces as environmental interfaces, Surf. Sci. Rep. 52 (2003) 63—162.StUdIed both by theorM‘G 22] and experlmerﬂ8,9,23 33]

Copyright (2003), with permission from Elsevier.
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can readily adsorb wat§3,4]. The presence of adsorbed wa-
ter will play a role in the reactivity of these surfadés-7].
Thus, studies undertaken to better understand the chemistry
of environmental interfaces must employ a combination of Clean
surface-sensitive techniques. Importantly, some ofthese tech- | ™
niques need to operate under ambient conditions of pressure_
and temperature as well as those that operate in an ultra-higrz
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
CaCQ; respectively, under environmental conditions. Much
of the discussion is on well-defined, single crystal surfaces,
MgO(100) and CaCgl104), however, powdered samples
are also discussed. Magnesium oxide is an ideal model for R
ionic metal oxides because it forms the rock salt structure 4 % ;?neﬁc éfmgy (fg) 65 70
and has a relatively simple electronic structure that can be
modeled using ab initio theorig8,9]. For rock salt crys- Fig. 2. Bulk-terminated surface structures of MgO(1 0 0) and photoemission
tals, the most stable surface face is the 1 00 pJahdn the spectra of the O 2s/valence band spectra are shown for clean MgO(100),
case of calcium carbonate, there are two stable polymorphs atvater-dosed (H20) =1 x 10~ 3 Torr for 3min] MgO(100), and water-
ambientpressure and temperature,calcteand arasdlte _[TIeSe) WOG 00 Fr s, £ e et (MGDAce |
The bulk Cr_yStal _StrUCture of Cal_CIte IS rhomb_OhEdral whereas Parks, Reactié)n of water with I;AgO’(lbO) surfaces. ’Pa.rt I Synchro.t’ron. X
for aragonite, it is orthorhombic. Most studies to date have ray photoemission studies of low-defect surfaces, Surf. Sci. 412-413 (1998)
focused on different calcite surface planes. For calcite, the 287-314. Copyright (1998), with permission from Elsevier.
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Most calculations done at different levels of theory for the 6
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 bondinfL6,20,21,24,34Most 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(H.0)=1x 103 Torr for
3 min], water-immersed MgO(1 0 0) surfaces at 300 K, and of
brucite (Mg(OH}) 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. —T T T T T T T
. 4000 3800 3600 3400 3200 3000 2800 2600
Defects such as steps, corners and vacancy sites are found to (b) _ e
. . Wavenumber (¢cm')
hydroxylate at water pressures far less than what is required
to hydroxylate terracei9]. After complete hydroxylation of  rig 3 (a) Adsorption isotherm for water on MgO(1 0 G298 K) mea-
the surface, it is found to reconstruct to an overlayer of stoi- sured for ascending and descending pressures as represented by closed and
chiometry Mg(OH)_ open circles, respectively. An example of the absorption spectra of water for
Molecularly adsorbed water molecules can then interact @n adsorption and desorption cycle is shown in (p). Adapted from M_. Foster,
with Mg(OH), terminated surfaces via hydrogen-bonding. 11,72, P, M SIS Sk ovatr B e eatesi o
Foster et al. studied water adsorption on single crystal sur-¢om Eisevier.
faces of MgO(1 0 0) cleaved in aMitmosphere using trans-
mission Fourier transform infrared (FTIR) spectroscopy at or liquid water results in the formation of etch pits tens
296 K in the presence of 0.2-21 Tornp@ vapor pressure  of nanometers in width after reaching equilibrijigb—38]
corresponding to 1-99% relative humidity (R3B]. Based Such observations have been assigned to the formation of an
on the shape of the adsorption isotherm (B&g 3a) and adsorbed hydration layer where water is chemisorbed to dan-
the invariant nature of the water absorption band as a func-gling bonds of the bulk-terminated surface generating stable
tion of coverage, Foster et al. concluded that water grows in adsorbed hydrolysis products, namelS3H and SCaOH,
three-dimensional patches on the surface. Interestingly, thewhere S is the surface.
adsorption isotherm also showed evidence for hysteresis in  In addition to AFM, other surface analysis methods have
the adsorption/desorption curves. been applied to the understanding of CaCl® 4). Stipp has
Based on the results of all of these studies, it can be con-recently summarized what is known about the calcite surface
cluded thatthe 1 0 O surface plane of MgO will be coated with from several techniques including X-ray photoelectron spec-
more than one layer of molecularly adsorbed water at water troscopy (XPS), low energy electron diffraction (LEED), and
vapor pressures abovel Torr (~5% RH) and that underly-  time-of-flight secondary ion mass spectrometry (TOF-SIMS)
ing this adsorbed water layer is a surface best represented af38]. A side-on view of the structure of a bulk terminated
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Mg(OH),. CaCQ(104) surface is shown iRig. 4along with the XPS
spectra of the O 1s and C 1s peaks of a Cg@04) sur-
2.2. Calcium carbonate face cleaved in air. There is evidence for surfacesg@nd

OH in the XPS spectra. TOF-SIMS chemical maps of a sam-

Water adsorption on calcite in ambient gas-phase environ-ple cleaved in air show high O and H signals suggesting an
ments and the dissolution of calcite in agueous environmentsincrease in the surface concentration of OH species from ex-
have been the focus of several studi&s-42] Studies done  posure to HO in the atmosphere.
to understand the fundamental aspects of macroscopic pro- The interaction of water with CaG{QL 0 4) has been the-
cesses such as calcite dissolution have utilized single crystaloretically modeled11,39—41] A molecular modeling study
surfaces and most often the lowest energy plane, the (1 0 4)of different modes of adsorption of a single water molecule
surface. Atomic force microscopy (AFM) has been a par- on the (104) surface plane was carried out by minimizing
ticularly useful tool in these studies. Results of high reso- the interaction energj39]. It was found that replacement
lution AFM images at the atomic level of freshly cleaved of a carbonate ion by a surface hydroxyl and bicarbonate
CaCQ3(104) surfaces reveal that exposure to humid air ion is energetically more favorable than replacement by two
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Fig. 4. X-ray photoelectron spectroscopy of a CaCi® 4) sample exposed to water vapor from the ambient environment; (a) O 1s and (b) C 1s regions.
Surface species OH and GB 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), witim flenmissi
Elsevier. A side-on-view of bulk-terminated Cagl®@0 4) is also shown.

hydroxyl ions. deLeeu and Parker employed atomistic simu-  Thus it is clear that calcite surfaces are terminated with
lation techniques for investigating the molecular adsorption OH groups representing surface species of OH angHCO
of water on the low-index surfaces of different polymorphs of that persisteven under UHV conditidi38,42]. Furthermore,
calcium carbonatfl1]. The main finding of the calculations in the presence of water vapor between 10-90% RH, there
was that all surfaces investigated tend to be hydrated to full is molecularly adsorbed water on top of the OH andzHO
monolayer coverage and calculated hydration energies werdayer. Therefore, the surface chemistry of calcium carbonate
in good agreement with experimental values. under ambient conditions will depend on the chemistry of the
Water adsorption on CaC@articles afl =296 K has re-
cently been investigated with Attenuated Total Reflection
ATR-FTIR spectroscopy43]. The ATR-FTIR spectra of
CaCQ particles recorded as a function of relative humid-
ity are shown inFig. 5. Intense absorption bands labeled in
the spectra at 878 and 1434 thare assigned to the? and
v3 modes, respectively, of bulk G& . As the relative hu-
midity increases, absorption bands in the water bending and
stretching mode regions near 1646 and 3372%mespec-
tively, begin to grow in. Interestingly, in the spectra recorded
below~55% RH, the G-H 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 abev85% RH sug- e
gest that water adsorbs first in a two-dimensional network 4000 3600 3200 2800 2400 2000 1600 1200 800
and then above-55% RH, multilayers begin to form. This is Wavenumber (crt')
similar behavior to V.Vhat has been f(.)und f(_)r Wat_er adsorption Fig. 5. ATR-FTIR spectroscopy of CaG@articles afl =296 K, as a func-
on several other mineral surfaces including mica and-BaF tion of relative humidity; spectra were recorded at 20.2, 25.4, 35.4, 41.6,
[44,45] 45.4,50.1, 55.8, 60.1, 65.6, 70.7, 77.3, 81.5 and 95.3% RH.
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H,0 H,0 pears to be limited to one monolayer of Mg(R)@under dry

50 reaction conditions (<1% RH).

HIO

3.2. Calcium carbonate: reaction under dry conditions

hydroxylated interface
‘% M(OH)(CO, H) \Hio
or MO
40

water adsorption

Nitric acid uptake on calcium carbonate particles under
dry conditions has been reported by Goodman ef4a]].
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 acidCis, in
these reactions and is thought to occur according to reaction
(2) [43],

MCO, H,0(a)

H,O

water dissociation

Fig. 6. Pictorial cartoon of oxide and carbonate environmental interfaces. Ca(OH)(CQH) + HNOs — Ca(OH)(NO&) + H2CGs

Water dissociation and water adsorption change the chemical composition of

M(OH),

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. 6 shows a pictorial cartoon of the oxide and carbon-
ate interfaces, represented as MO and MC@spectively,
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

)

Carbonic acid is an intermediate in the surface chemistry
of carbonate minerals in agueous solution, although in solu-
tion it quickly dissociates into C&and HO. The adsorbed
carbonic acid also dissociates readily in the presence of ad-
sorbed watef48].

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

3.3. Magnesium oxide: reaction under wet conditions

Al-Abadleh and Grassian have shown that reaction of ni-
tric acid vapor with MgO(1 00) under wet conditions, de-

reactivity of these interfaces, hydroxylated surface and waterso 4 as 250% RH. at 298 K is not limited to the surface but

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

underlying layers can rea¢46]. As discussed in the pre-
ceding section, under dry conditions, nitric acid uptake on
MgO(100) is limited to the topmost surface layer and sat-
urates at a nitrate coverage of 2®.1x 10°ions cnt? to
form a single layer of magnesium nitrate. However, in the
presence of water vapor at 25% relative humidity (RH), sub-
surface layers are found to be reactive and the extent of nitric
acid uptake significantly increases. Magnesium nitrate forms
on the host MgO without evidence of saturation. The infrared
spectra following reaction under three different reaction con-

conditions (<1% RH), i.e., in the absence of any appreciable yitions are shown iffig. 7. The spectra were recorded under
amounts of molecularly adsorbed water on MgO(1 00), has dry conditions (<1% RH). The two spectra labeled 25% RH

shown that Mg(N@), forms on the surfacft6]. Given the

were done at different pressures of nitric acid, leading to two

above discussion, this reaction most likely occurs according yitrerent final nitrate coverages. The nitrate coverages ob-

to reaction (1)

Mg(OH)2 + 2HNOs — Mg(NOs)2 + 2H.0 Q)

The nitrate layer may form via a two-step mecha-
nism involving the consecutive replacement of each of the
OH groups from the surface. Quantitative analysis of the

FTIR data, show that the surface coverage of nitrate ions,

Snos =2.3+0.1x 10%ionscnm? for nitric acid reaction
with MgO under dry conditions. This coverage is consistent
with the formation of one monolayer of Mg(Ng. Although

water forms in the reaction according to (1), the reaction ap-

tained from these different reactions is determined from the
integrated absorption of the nitrate bands near 1400'cm

It can be seen that the extent of reaction is much greater in
the presence of water vapor and that thin films of magnesium
nitrate are estimated to be 10—-100 nm thick.

Water uptake on the surface of these thin magnesium ni-
trate films results in several phase transitions. These phase
transitions were probed with infrared spectroscopy as a func-
tion of relative humidity. Water adsorption and desorption
isotherms on nitrated-MgO(1 0 0) surfaces following reaction
with nitric acid were measured at 296 K. The transmission
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sorbed water in the spectral regions extending from 1500 to
1800 cnt! and 2800 to 3800 crit, respectively, the spectra
show very interesting changes in the nitrate spectral features
as afunction ofincreasing 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(N®-nH»0O, 4 <n< 6, from an
amorphous salt film. The second phase transition occurs be-

o 62N T RO v T P

PR tween 49 and 55% RH and corresponds to the deliquescence
of crystalline Mg(NQ@)2-6H20 to an aqueous salt solution.
| R Thinner films deliquesce at 492% RH, whereas thicker ni-
2. 23401 EEEREFEAN S BT trate films deliquesce at 542% RH which is within experi-
1523 1474 mental error of the value for pure Mg(N®-6H,0 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
Fig. 7. Transmission FT-IR spectra of MgO(100): (a) following reaction an even greater extent on the film thickness. Thinner films
with nitric acid under dry conditionso, = 2.3+ 0.1x 101 ions cnm; (b) of magnesium nitrate show no evidence of efflorescence
following reaction under wet conditions (25% RH) giving a surface cover- whereas thicker films show efflorescence ait4®%. A pic-

age,Sno, =244 0.1x 10'®ions cnT?; and (c) under wet conditions giving  torial representation of the phase changes in the thin film as

i = 6 2 i - - - . . . - .
ahigher surface coveragino, =9.7:0.5x 10°%ionscm 2. Adaptedwith 5 ¢ ction of increasing and decreasing relative humidity is
permission from H.A. Al-Abadleh and V.H. Grassian, Phase transitions in -

shown inFig. 9.

magnesium nitrate thin films: a transmission FT-IR study of the deliques- .
cence and efflorescence of nitric acid reacted magnesium oxide interfaces, ~Al-Abadleh and Grassian also showed that efflorescence

J. Phys. Chem. B 107 (2003) 10829. Copyright (2003) American Chemical (crystallization) as a function of decreasing relative humid-
Society. ity is not observed for the thinnest magnesium nitrate films

_ studied as there may be an absence of nucleation sites on
FTIR spectra of water adsorption onMgO(1 0 0) thathad been i ase smooth surfac§46]. AFM images of nitric acid re-
reacted with nitric acid are shown ig. 8for the lowest ni-  5.taq MgO(100) surfaces showed that the surface rough-

trate film coverage. Besides observing an overall increase inpesg increased significantly for the thicker films. The rougher
intensity in the absorption bands associated with the bending

mode,§(H20), and the GH stretching modey(OH), of ad-

L] L] L] L]
2000 1800 1600 1400 1200 1000
Wavenumber (cm-!)

'

Sno, =2.3 = 0.1 x 10" jons cm
0.02

% RH

ceozZsTHO N TR

2-7%T P 23%
v

metastable phase & Mg(NO;),2nH,0 (c)

solution phase

4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

Fig. 8. Transmission FT-IR spectra of water adsorption on MgO(100) re-
acted previously with HN@under dry conditions at a nitrate coverage of
2.3+ 0.1x 10%ionscnT2. 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, Fig. 9. A schematic diagram showing phase transitions of nitrate films on
57, 62, 66, 76, 84 and 93. Two phase transitions (labeled 1 and 2) are ob-MgO(1 00) surfaces as a function of relative humidity at 296 K observed in
served as a function of relative humidity. See text for further details. Adapted this study. The solid and dashed arrows are for increasing %RH and decreas-
with permission from H.A. Al-Abadleh and V.H. Grassian, Phase transitions ing %RH, respectively. See text for further details. Reprintedwith permission
in magnesium nitrate thin films: a transmission FT-IR study of the deliques- from H.A. Al-Abadleh and V.H. Grassian, Phase transitions in magnesium
cence and efflorescence of nitric acid reacted magnesium oxide interfaces hitrate thin films: a transmission FT-IR study of the deliquescence and efflo-
J. Phys. Chem. B 107 (2003) 10829. Copyright (2003) American Chemical rescence of nitric acid reacted magnesium oxide interfaces, J. Phys. Chem.
Society. B 107 (2003) 10829. Copyright (2003) American Chemical Society.
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surface andthe size of the features, on the order of nanometer¢6 in these experiments)y is the integrated cross sec-

in dimension, provide nucleation sites for crystallization to tion of O—H band of liquid water and has a value of

occur. These results are significant as they show phase transid.07 x 10~ cm molecule® [51], and¢ is the angle of inci-

tions in thin films, tens to hundreds of nanometers thick, have dence, 45. The number of adsorbed water layers can be cal-

very different behavior than that found in the bulk phase. culated by normalizing S(30) values to the surface density
of the hydroxylated calcite surface, which is for an unrecon-

3.4. Calcium carbonate: reaction under wet conditions structed surface estimated to be 10'° mol cn~2 for water
[52].

Al-Abadleh et al. investigated water uptake on thin films From thermodynamic considerations, it is expected that
of Ca(NQ;)2 supported on CaC£[49]. Thin films of Ca(NGs),2 will be converted to Ca(Ng)2-4H,O at 11.8% RH
calcium nitrate, Ca(Ng),, were prepared by reaction of [53]. From solution phase thermodynamics, the DRH should
CaCQy(1 0 4) with nitric acid vapor{200 m Torr). Thereac-  occur at the RH humidity of a saturated solution, i.e., to say
tion was done at room temperatue{296 K) and underwet ~ the DRH is equal to the water activifyp, x 100, whergy is
conditions (23% RH) in order for films greater than one layer the vapor pressure above pure water piglthe water vapor
to form. After reaction of calcite with nitric acid vapor, the pressure above the solution. In agreement with earlier mea-
hygroscopic response of the surface increased significantly. surement$54], we have measured the vapor pressure above

Unlike magnesium nitrate thin films, only one phase tran- a saturated water solution of calcium nitrate to bet3%
sition is observed for these thin films, the transition from an RH at room temperature. Thus, the crystalline tetrahydrate
amorphous nitrate phase to a calcium nitrate solutions ac-phase is expected to deliquesce at 57% RH. Instead, a DRH
cording to reaction 3. near 10% is measured for calcium nitrate thin films supported
. B on calcium carbonate. A possible reason for the discrepancy
Ca(NQy)2 — Ca&'" + 2NO3™(aq) (3)  between the measured DRH and that predicted from ther-
This can be readily seen Fig. 10which shows the hygro- ~ modynamics is due to the fact that calcium nitrate forms a
scopic response, measured by the number of water layerdnétastable amorphous layer that undergoes deliquescence in-
taken up by the surface, as a function of relative humidity Stéad of crystallization to the stable tetrahydrate phase at low
for CaCQy(1 04), before and after reaction with nitric acid refative humidity.
vapor at 23% RH. The number of water layers taken up by
the surface is determined from FTIR spectroscopy by using 4 conclusions
the integrated absorbance of the water absorption band near

3400 cnT*. The surface density of adsorbed water, SOt Clearly water plays an important role in the composition
in molecule/crs, is related to the integrated absorbance of and reactivity of oxide and carbonate surfaces under environ-
the O—H band according {@4,50] mental conditions. For MgO and CagQt has been shown
~ from a variety of studies and experimental data that these sur-
S(H20) = 2'30%5\?14 )cosp 4) faces are truncated with hydroxyl groups and adsorbed water
o

in the presence of water vapor. The reactivity of MgO and
where ,&(OH) is the integrated absorbance of the O—H CaCQ toward nitric acid increases in the presence of ad-
band (cnT1), N is the number of adsorption surface faces sorbed water on the surface. This increase in reactivity may
be related to an increase in the ionic mobility on the wetted

S00 T CaC0.(108) _surface allowing _fo_r futher reaction to occur with underly-
400 ’ N ing layers. The nitric acid reacted MgO and Ca{X0rfaces

ater upiake “J‘i;} show several phase transitions as a function of increasing and
decreasing relative humidity. Phase transitions in these thin
nitrate films of Mg(NQ@)2 and Ca(NQ), differ from that pre-
2001 |9+2% dicted from bulk phase thermodynamics. This discrepancy is
mostlikely due to the formation of metastable amorphous lay-
ers in these thin films. A further understanding of metastable
phases of salts is warranted if these non-equilibrium phases
form under ambient conditions of temperature and relative
humidity [55,56]

3007

100

water uptake before
reaction with HNO}

Number of Adsorbed Water Layers

0 20 4

0 60 80 100
%RH

Fig. 10. The number of adsorbed water layers on Cg€04), before and

after reaction with nitric acid vapor at 23% RH is plotted as a function of

relative humidity. There is clearly an increase in the hygroscopic response Acknowledgement
of these surfaces after reaction with nitric acid, which is attributed to the del-

iqguescence of the Ca(Ng» product at 9 2%. Adapted with permission . .
from H.A. Al-Abadleh, B.J. Krueger, J.L. Ross, V.H. Grassian, Phase transi- The authors greaﬂy appreciate the support of the National

tions in calcium nitrate thin films, Chem. Commun. (2003) 2796. Copyright Science Foundation through a creativity extension of CHE-
(2003) The Royal Society of Chemistry. 9984344.
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