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biological and geochemical systems. In the Earth’'s atmosphere,
carbonate minerals are important in global £éxchangé and
energy storagé,and they represent a reactive component of the
mineral aerosol present in the troposph&t€alcium carbonate is
also a major structural component of many natural and engineered
systems. In biological systems, carbonate minerals are the building
blocks of shells and skeletohs.

From experimental and theoretical surface science stédiés,
there is clear evidence that under ambient conditions of pressure,
temperature, and relative humidity, the surface chemistry of calcium Pavo )
carbonate will terminate with OH groups that persist even under
ultrahigh vacuum conditions. The OH-terminated surface is a result
of the dissociative adsorption of water according to the reaction : : . 15850 : . :
CaCQ + H,0 — Ca(OH)(CQH). As shown here, it is the reaction 2400 2200 2000 1500 1009 (l::!?) 1200 1000 800
chemistry of this layer that is important in the surface chemistry ) )

Figure 1. FT-IR difference spectra are shown for Cafgarticles (a) as

of calc!um carbonate. . . a function of nitric acid vaporg = 5 to 150 mTorr), (b) following

In this study, the surface chemistry of calcite, the most common eyacuation of nitric acid vapor, and (c) after exposure of the same surface
and stable phase of calcium carbonate, is investigated using infraredo water at 80% RH. Absorption bands due to adsorbed nitrate and adsorbed
spectroscopy. In particular, the chemistry of several trace atmo- C?rbdonicba‘éid afg seen i%the SpedCtrfla}- F(rjequzntﬂestf ghe Vibfatiol?a(; bé}tf;]ds

. : . . Ol adsorped carponic acid are unaerliined, an € pandas are marked with a

Sphgrlc gases |nclud|ng HN‘(.EQ’ HCOOH’ "?“d .Cb(.:OOH V.Vlth solid line. The vibrational bands of adsorbed nitrate are marked with a
calcium carbonate particles is studied. A major finding of this study gaghed line. The negative band at 1598 ¢is due to the loss of C§i-
is that carbonic acid, €0, is found to be an intermediate in these  from the surface.
reactions. This is the first study to identify adsorbegCBx in the
surface chemistry of calcium carbqnate_. AS shown here, in the Table 1. Vibrational Assignment of Adsorbed Carbonic
absence of adsorbed water, carbonic acid is stable on the surfaceacjq14.18.23.24

Carbonic acid is an intermediate in the surface chemistry of
carbonate minerals in aqueous solution, although in solution it

Calcium carbonate is an important and ubiquitous mineral in I pop
0.025

(c) After exposure to H,0

(b) Upon evacuation

OPOSVDT=0NVTD

(a) HNO3 uptake on CaCO3

Frequency (cm™?)

quickly dissociates into C£and HO. It has also been postulated orational mod Hcg’g’egsec%m‘jf;s y ggsog’ecdo

to be of astrophysical importané&:16 Cryogenic techniques have Vrefiond’ Toce £00: (0:CO4 20, (0:LO9

been used to synthesize carbonic déid* Characteristic infrared v(C=0) 1705 (1617) 1685 (1659)
. . . . 0ip(COH) 1296 (1021) 1270 (971)

absorptions, along with theoretical calculations of the frequency v{C(OH)) 1034 (997) 1021 (971)

of the vibrational modes, have been used to identify carbonic acid 800f(CO3) 812 (812) 837 (834)

in these low temperature experiments. As discussed by Moore and
Khanna, the vibrational spectrum of carbonic acid is distinctly
different from that of carbonate, GB, and bicarbonate, HGO.*" in Figure 1b, there is little change in the spectrum upon evacuation
In the case of carbonic acid, the=© stretching frequency near  of gas-phase HN® Absorption bands due to new surface species
1700 cnttis at a much higher frequency than any of the carbon  are seen in the spectra of calcium carbonate following reaction of
oxygen stretching motions found in GO and HCQ~. This is HNOs. As discussed in detail below, it is proposed that these
because the bond order for the=O bond in carbonic acid is two,  absorption bands can be assigned to two products: adsorbed nitrate
whereas it is lower in both carbonate and bicarbonate ions. Thus,ion and adsorbed carbonic acid. Adsorbed nitrate is characterized
this characteristic band is particularly useful in distinguishing by infrared absorptions at 1300, 1046, and 816 §ngonsistent
H,CO; from CO?~ and HCQ™. with the frequencies previously observed for nitrate absorpfidns.
Evidence for the formation of adsorbed carbonic acid is seen in The band near 1685 crh is assigned to the €0 stretch of
the infrared difference spectra of calcium carbonate particles adsorbed carbonic acid. The frequency of this band is shifted by
following reaction with HNQ. FT-IR difference spectra of calcium  approximately 20 cmt from that found for carbonic acid in the
carbonate particles following increasing exposure of HNfe condensed phase. Other absorptions near 1270, 1021, and 837 cm
plotted in Figure 1. The spectra shown in Figure l1a as a function are also due to the presence of adsorbed carbonic acid. An
of HNOj3 uptake are plotted in the presence of gas-phase nitric acid assignment of the bands associated with adsorbed carbonic acid is
but with the nitric acid gas-phase absorptions subtracted from eachgiven in Table 1 and is based on infrared studies of carbonic acid
of the spectra. As shown in the spectrum labeled upon evacuationin the condensed phasg'823.24
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Scheme 1
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2000 1900 1800 1700 1800 1200 1400 formati_on of adsorbe_d _carbon_ic acid. The surface chem!stry of
Wavenumber (cm ™) CaCQis found to be distinctly different from Ca®The formation

Figure 2. FT-IR difference spectra of calcium carbonate particles following 0f carbonic acid from reaction of HND SG,, CH;COOH, and
reaction of approximately 100 mTorr of SOHNOs;, CH;COOH, and HCOOH is shown in Scheme 1. Only under dry conditions is
HCOOH. carbonic acid stable. In the presence of adsorbed water, carbonic

acid dissociates into C{and HO. Thus, carbonic acid may be an

Besides the close agreement in frequency of the absorption bandsy, soant, albeit short-lived, intermediate in the surface chemistry
associated with condensed carbonic acid and that for adsorbedof calcium carbonate.

carbonic acid, the reaction chemistry of this surface species is also
consistent with that expected for carbonic acid. Carbonic acid is Acknowledgment. We gratefully acknowledge support from the
stable on the surface in the absence of water at 298 K. However, National Science Foundation through a creativity extension of Grant
theoretical calculations have shown that carbonic acid is signifi- CHE-9984344.
cantly dt_astabi_lized_even in the presence of only one water m_olecule Supporting Information Available: Difference FT-IR spectra
and rap!d_ly dissociates to G@nd HO.22 From these thfaore_tlcal following reaction of DNQ on Ca(OD)(C@D) and HNG on CaO.
results, it is reasonable to expect that adsorbed carbonic acid wouldThis material is available free of charge via the Internet at http:/
dissociate on the surface in the presence of adsorbed water. Theubs.acs.org.
infrared data after water vapor (80% RH) was introduced into the
infrared cell for several hours and then evacuated show that theReferences
absorption bands associated with adsorbed carbonic acid have nearly (1) Robbins, L. L.; Fabry, V. J. I€arbon Dioxide Chemistry: BEironmental

i i i Issues Paul, J., Pradier, C., Eds.; The Royal Society of Chemistry:
dlgappeared, whereas a_bsorptlons due to ad_sorbgd nltrgte have not Cambridge, U.K., 1994: pp 361304,
(Figure 1c). The evolution of gas-phase £ evident in the (2) Sundquist, E. T. InThe Carbon Cycle and Atmospheric €Natural

i Variations Archean to PresenSundquist, E.T., Broecker, W. S., Eds.;

spec_trum re(.:ordEd in the pres_t_ence of th.e gas phase (not ;hown), Geophysical Monograph 32; American Geophysical Union: Washington,
consistent with the decomposition chemistry of carbonic acid. DC, 1985; pp 5-59.

Additional confirmation of th ianment presen in Table1  (3) Usher, C. R.; Michel, A. E.; Grassian, V. Bhem. Re. 2003 103 4883.

dditional co atio .O the assig ent p e.se ted able 4) Song, C. H.; Carmichael, G. Rtmos. Chem2001, 40, 1.
comes from results obtained from the adsorption of QNG a (5) Steuber, T. IlCarbonate Platforms Systems: Components and Interac-
calcium carbonate sample whose surface was repeatedly exposed  tions Insalaco, E., Skelton, P. W., Palmer, T. J., Eds.; Geological
-oh Thi treat t of th f Its in th Society: London, 2000; pp 2132. ) )

to gas-phase f. This pretreatment of the surface resulis In theé () stipp, S. L. S.; Eggleston, C. M.; Nielsen, B. Geochim. Cosmochim.
exchange of surface-adsorbed hydrogen for deuterium, resulting Acta 1994 58, 3023.

in a Ca(OD)(CQ@D) surface. Following reaction of DNé®n a Ca- @) ftlpp, S. L. S.; Gutmannsbauer, W.; LehmanAf. Mineral.1996 81,

(OD)(CGO3D), two products form: adsorbed,D0; and adsorbed Egg Etipp, S. L.SS.GIeo%him_. ClosgmocnimdAcmégg%fss,Rslzl. Ay
. . . uriyavar, S. l.; Vetrivel, R.; Hegde, S. G.; Ramaswamy, A. V.
nitrate. The frequencies observed for adsorbgd@ are also listed Chakraborty, D.. Mahapatra, 3. Mater. Chem200Q 10, 1835.

in Table 1. On the basis of the condensed phase assignments, the(10) Stakelmann, E.; Hentschke, Rangmiur1999 15, 5141.
p g 5 .
frequencies of the vibrational bands of adsorbe@O; are found (11) McCoy, J. M.; LaFemina, J. BBurf. Sci.1997 373 288.

X . ; (12) Stipp, S. L. S.; Hochella, M. FGeochim. Cosmochim. Acte991, 55,
to be in good agreement with that expected upon deuteration of 1723.
the molecule (13) de Leeuw, N. H.; Parker, S. @. Phys. Chem. B998 102 2914.
_' . . . i . (14) DelloRusso, N.; Khanna, R. K. Geophys. Re4.993 98, 5505.
Further evidence that carbonic acid is an important intermediate (15) Hage, W.; Lied|, K. R.; Hallbrucker, A.; Mayer, Bciencel998 279,

in the surface chemlstry_of 'caI(:lum carbonate is seen in the (16) Gerakines, P. A.: Moore, M. H.: Hudson, R.Astron. Astrophy<200Q
difference spectra shown in Figure 2. The characteristic/signature 357, 793.

absorption band due to the=© stretching motion of adsorbed (17) Moore, M. H.; Khanna, K. RSpectrochim. Actd991, 47A 255.
p. S . K . 9 . (18) Hage, W.; Hallbrucker, A.; Mayer, B. Chem. Soc., Faraday Trart996
carbonic acid is seen in the difference infrared spectra following 92, 3183.

reaction with S@ CH;COOH, and HCOOH as well as HN@see (19) Hage, W.; Hallbrucker, A.; Mayer, B. Am. Chem. So4993 115, 8427.
. . . . . (20) Brucato, J. R.; Palumbo, M. E.; Strazzulla, G.léarus 1996 125 135.
Figure 2). There are absorption bands associated with sulfite, (21) Liedl, K. R.; Sekusaki, S.: Mayer, B. Am. Chem. 504997, 119, 3782,

acetate, and formate in the respective spectra as well, additional (22) %?%ng, A. L.; Bernard, E. B.; Grassian, V.XPhys. Chem. 2001,
products of the reaction with calcium carbonate surface. Upon (23) Loerting, T.: Tautermann, C.; Kroemer, R. T.: Kohl, I.; Hallbrucker, A.;
adsorption of water on the surface following each of these 24) I\T/Ir?yer_bE.;‘ Lei(lilf, K. R.Ange\gﬁ. Cht;em:, Int:dEdZO(I)_Q 3§,b892. N
: H = : _ e vibrational frequencies gfcarbonic acid are liste: ecause they are

adsqrptlon _eXpe”ments' t_he band at 1685 bmilsa_ppears,_ con in better agreement than farcarbonic acid. See ref 18 for further details.
comitant with the production of gas-phase £@gain consistent (25) Infrared absorptions due to adsorbed carbonic acid are not observed

; ; ; : ; following reaction of HNQ, SO,, CH;COOH, and HCOOH on CaO. This
with the expected reaction Chgmlstry OT adsorbed carbonic acid. is consistent with the observation that the surface of calcium oxide is
These data show that the reaction chemistry of the Ca(OHKEO terminated by Ca(OH) See Liu, P.; Kendelewicz, T.; Brown, G. E.; Parks,
surface layer with several atmospheric gases, including, 80 G. A; Pianetta, PSurf. Sci.1998 416 326.

molecule that contains no source of hydrogen atoms, results in the JA0490774

J. AM. CHEM. SOC. = VOL. 126, NO. 26, 2004 8069



