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Spectroscopic Study of Nitric Acid and Water Adsorption on Oxide Particles: Enhanced
Nitric Acid Uptake Kinetics in the Presence of Adsorbed Water
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In this study, the heterogeneous reactivity of nitric acid on oxide particles of some of the most abundant
crustal elements is investigated at 296 K. The oxide particles are used as models for mineral dust aerosol
found in the atmosphere. Transmission FT-IR spectroscopy is used to probe changes in the spectrum of the
oxide particle surface following adsorption of HNOn SiQ, a-Al,0s, TiO,, y-F&0;, CaO, and MgO. It is

found that HNQ molecularly and reversibly adsorbs on Si®or the other oxides investigated, HNO
dissociatively and irreversibly adsorbs to form surface nitrate. There is also a small amount of molecularly
adsorbed nitric acid<10% of the adsorbed nitrate) on the oxide particle surface in the presence of gas-phase
nitric acid. Because adsorbed water may play a role in the heterogeneous uptake of nitric acid in the atmosphere,
transmission FT-IR spectroscopy is used to investiga®® Bldsorption on Si@) a-Al,Os, TiO,, y-F&0s;,

CaO, and MgO particles as well. Uptake of water on the oxide particles can be described by a multilayer
adsorption isotherm. Water uptake on nitrate-coated oxides remained simibeAlo©; and TiQ, compared

to the uncoated surface; however, foFe0;, CaO, and MgO, the shape of the adsorption isotherm changed

for the nitrate-coated particles with an increased amount of water adsorption at a given relative humidity.
The infrared spectrum of the surface nitrate shows that water adsorbed on the particle surface can solvate the
nitrate ion. The rate of nitric acid uptake onAl,O3; and CaO is found to increase by nearly 50-fold when
going from conditions near 0 to 20% relative humidity, indicating that the nitric acid dissociation kinetics on
the wetted particle surface is significantly enhanced. In the case of MgO and CaO, the amount of nitric acid
uptake is increased in the presence of water and is not limited to the surface of the particles, producing

saturated solutions of Mg(Ng} and Ca(NQ),. From the studies presented here, atmospheric implications of
heterogeneous reactions of HiN®ith mineral dust aerosol are discussed.

Introduction reported; however, modeling studies indicate that these processes

Ozone concentrations in the troposphere are highly affected are nqt significz?lnt enough to reduge the I-N@ NO; ratio
by NO, (=NO, + NO) and HNG concentrations, the main when included in global atmospheric chemistry modéfsté

nitrogen oxide reservoir species, because ozone is formed by & "ecent modeling study by Dentener et al. has suggested that
complex series of photochemical reactions involving nonlinear N€térogeneous reactions on mineral dust aerosols may affect
interactions with NQ-2 Current atmospheric chemistry models e NG (=NOz + NO + HNOy), SQ (=SC; + sulfate), and
have trouble reconciling the relative concentrations of HNO Os budgets.” It was found that gas-phase nitric acid may be
and NQ and tend to overestimate the HY® NO ratio by a n_eutrallzed by reacting with mineral aerosols to form particulate
factor of 5-103-5 especially in the spring and summer seasons Nitrate’

when dust storms in Asia are prevalénRecent kinetic Mineral aerosols are produced from wind-blown soils and
measurements for the OH NO; indicate that this rate has been represent an important component of the earth’s atmosphere. It
overestimated,and thus the model and field measurements are is currently estimated that between 1000 and 3000 Tg of mineral
in somewhat better agreeméntiowever, there is still a  aerosols are emitted annually into the atmospkefeTegen
discrepancy which is thought to be largely due to the fact that and Fung estimate that 50% of tropospheric dust originates from
HNOs; concentrations are over-predicted in atmospheric chem- disturbed soilg° The world’s major regions that contribute to
istry models, and this discrepancy may potentially be caused mineral-aerosol emissions extends from North Africa’s wet coast
by an important yet unknown chemical pathway involving the across the Arabian Peninsula to central Adian addition,
heterogeneous removal of HNGrom the atmospher&!® mineral-aerosol emissions may increase substantially as arid
Heterogeneous processes are often neglected in most troporegions expand because of changes in land use, mining, and
spheric chemistry models because there is a great amount ofndustrial activities? For the most part, atmospheric scientists
uncertainty in the rates of these processes. have been mostly concerned with the optical properties of

_Several studies on the heterogeneous removal of IO mineral aerosols and the role they play in climate forcing
cirrus clouds;**3 sulfate? and soot aerosol surfaces have been  hrough radiative cooling or warmidg?> and as cloud-

+To whom correspondence should be addressed condensation nucléf Recent modeling and field observations
t Department of Chemistry. suggest that mineral aerosol could act as a reactive surface with
* Department Chemical and Biochemical Engineering. trace atmospheric gases, thus, influencing the trace atmospheric

10.1021/jp003722] CCC: $20.00 © 2001 American Chemical Society
Published on Web 06/13/2001




6444 J. Phys. Chem. A, Vol. 105, No. 26, 2001 Goodman et al.

gas budget through heterogeneous reacfibfsEurthermore, TABLE 1: Characterization of Oxide Particles:

studies in which aerosol-particle emissions are chemically Commefgléﬂ SQUFIC& Avelrage F’%mde SéZ_E, BI!IET Surface
analyzed support the prediction that HN@acts with mineral érea, and Typical Sample Weights Used in These

. . . . Xperlments

aerosol, in that mineral aerosols are coated with nitrate. Dentener—— - _ _
et al. calculated that more than 40% of the total atmospheric 0Xide ~ commercial average particlesurface areatypical sample
nitrate is associated with mineral aerosblHanel further sample _ source size (nm) (m*g)  weights (mg)

investigated the properties of nitrate-coated atmospheric aerosolSiO: Degussa 20 230 28

particles as a function of relative humidity and showed that '(Fi-él 20s g'égl'ﬁseszar 1002% 15‘(1) 22%
: . . B

Saharan mineral du_st, once coated with sulfates and mtrat_es,y_,zeZO3 Alfa Aesar 110 50 43

can take up substantial amounts of water when relative humidity cao Alfa Aesar 1300 4 12

is above 50%68 Han and Martin found that ammonium nitrate  MgO Alfa Aesar 1000 15 9

particles internally mixed with oxide particles had substantially _ ) _ o

different hydroscopic behavior compared to that of the separatedfrom the design used in previous studiéShe modified infrared
particles?® Goodman et al. showed that water uptake on CaCO Cell consists of a stainless steel cube with two germanium
particles substantially increased after the particles were re-Windows and a sample holder. The inside of the stainless steel
acted with HNQ and that saturated solutions of Ca(})O cube is coated with Teflon in order to avoid HM@ecomposi-

formed on the surface of the particles surface at 20% relative tion on the walls of the infrared cell. The oxide samples prepared
humidity 3° on the tungsten grid are secured inside the infrared cell by Teflon

oated sample holder jaws. The infrared cell is connected to a
acuum chamber through a Teflon tube and two consecutive
glass gas manifolds with ports for gas introduction and two
absolute pressure transducers (range G-A@O000 Torr and
0.1-1000.0 Torr). The total volume of the infrared cell is 2015
+ 4 mL (infrared cube 17% 2 mL, first glass manifold 502
d mL, and second glass manifold 13291 mL). The vacuum
chamber consists of a two stage pumping system, a turbo-

As the above studies indicate, gas-phase and aerosol chemist
are linked in ways not accounting for in chemistry models.
Specifically, HNQ concentrations appear to be connected to
mineral-aerosol concentrations and aerosol water uptake. Thus
it is important to quantify and understand heterogeneous
processes involving mineral aerosol. In this study, we have
undertaken a comprehensive investigation of the heterogeneou
reaction of HNQ on oxide particles of the most abundant crustal . X )
elements. Because mineral-aerosol particles are mainly com-molecular/mechanical pump for pumping to"I0rorr, and a
posed of silica and silicate minerals, oxide particles of some of Mechanical pump for rough pumping to f0rorr.
the most abundant crustal elements were chosen as model 1Ne infrared cell is mounted on a linear translator inside the

systems for mineral aerosol present in the troposphere. These 1R spectrometer. The translator allows both halves of the
model systems are chemically much simpler than mineral grid, the blank side for gas phase measurements and the oxide

aerosol found in the atmosphere but are used to provide some-0ated side for surface measurements, to be probed by simply

insight into adsorption mechanisms and the fate of adsorbed™©Ving the infrared cell through the IR beam path. Infrared

species in heterogeneous atmospheric chemistry. TransmissiorsP€ctra were recorded with a single beam Mattson RS-10000
FT-IR spectroscopy is used to investigate the adsorption of SPectrometer equipped with a narrow band MCT detector.

HNO; and HO on oxide particles: Si© o-Al,0s TiO, Typically, 250 scans were collected with an instrument resolu-

y-Fe0s, CaO, and MgO. The adsorption data have been tion of 4 cn?t in the spectral range extending from 4000 to
analyzed and modeled to quantify the coverage of surface 750 cntl. Some of the oxides are opaque in the lower spectral

adsorbed water in terms of adsorbed water layers and the'@19€: €., Siis opaque below-1250 cm* anda-Al20z is
saturation coverage of adsorbed nitric acid in molecules?cm ~ OPaque below~900 cnt". Absorbance spectra for gas and

In addition, transmission FT-IR spectroscopy was used to adsorbed species were obtained by referencing single beam

measure the kinetics of HNdsorption on oxide particles in ~ SPectra of the blank grid and the oxide coated grid to single
the presence and absence of water. The EN@d HO beam spectra collected prior to gas exposure.

adsorption data is used to explain the enhanced reaction kinetics °"Y gasfeous nitric acid was tak%n from the Vlﬁpolz of a1:3
measured for nitric acid uptake in the presence of water vapor, Mixture of concentrated HN§X70.6% HNQ, Mallinckrodt)

Possible atmospheric implications of these results are discussed?nd 95-9% HSQy, (Mallinckrodt). Distilled RO (Milli-Q) was
degassed prior to use.

Experimental Section Results
The following oxide particles were used in the study: $iO Classification of Oxide Particles.Oxide particles are often
a-Al20s, TiO2, y-Fe0s CaO, and MgO. Particles were classified according to their Lewis and Bronsted stfes.
characterized by their BET surface area using a QuantachromeHowever, Lewis and Bronsted sites are often closely linked,
Nova 1200 multipoint BET apparatus and by particle size using and in some cases, adsorption of water may generate both types
a Hitachi H-6000 transmission electron microscope. The com- of sites. One approach is to consider the net acidic or basic
mercial source, average particle size, BET surface area, andpbehavior of the oxide, where the tendency of the anion to donate
approximate sample weight of the oxides studied are listed in electrons is compared to the tendency of the cation to accept
Table 1. electrons. Tanaka and Tamaru observed a relation between the
For FT-IR measurements, the oxide particles were preparedpartial charge on the oxygen and the acidity of dissolved oxides
by either pressing or spraying an oxide/water slurry onto half and applied their findings in determining the acidity of solid
of a tungsten grid (Buckbee Mears, 100 lines per inch tungsten oxides33 The partial charge on the oxygen is related directly to
mesh wire widths of 0.0015 in. and thickness of 0.002 in.). The the electronegativity of the cation; therefore, increased cation
other half of the grid was left blank for gas-phase measurements.electronegativity results in a more acidic oxidélanaka and
The grid half coated with the oxide powder was placed inside Tamaru suggest that the acidity of the oxide is a function of
the infrared cell. The infrared cell used in this study is modified the cation radius, the anion radius, and the formal ch&rge.
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Filimov et al., using the net acidity theory, related the acidity To2 435, @S0, Tos d.7-Fe,0,

of a series of oxides to the electronegativity of the cation and = 2580 K3

found the acidity of some of the oxides of interest here to be a 369 1640

ordered as follows: AD; > TiO, > MgO.35 b M
Another method of distinguishing the type and strength of (S, Tos e. Ca0 1406

acid centers on oxide particles is by the infrared absorptions of r 1460;

adsorbed pyridiné® Infrared absorptions of adsorbed pyridine l; 3335 2180 1049

provides information about Bronsted and Lewis acid sites. n

Shibata et al. have showed some correlation between acidity ¢ To. £ MgO 1406

determined by pyridine absorption and acidity determined by ° 1460:

cation electronegativity’ The results from infrared studies of 1645 3333 1645

pyridine adsorption show MgO as a basic oxide;G¥ as an 2129 2168

acidic oxide, and Si@as a neutral oxidé& Although, it is 4000 3300 3000 2500 2000 1500 4000 3500 3000 2500 2000 1500

important to recognize that many of the acidic oxides are Wavenumber (o)

actually amphoteric and have basic sites as well. Figure 1. a—f: Transmission FT-IR spectra of water adsorption on a.

In this study, we classify the oxides into the following three  SIO b. a-Al;0s, €. TiO,, d. y-F&0s, €. Ca0, and f. MgO particles at

- - - 296 K as a function of pressure between 2 and 96% relative humidity
groups by applying the electronegativity theory and pyridine corresponding to water pressures of 0.430 to 20.3 Torr. FT-IR spectra

infrared fadsorption predictions as neutral (§i@mphoteric ¢- . of adsorbed water were recorded in the presence of the water vapor.
Al203, TiO,, andy-Fe&0s), and basic (CaO and MgO). As will  Each spectrum was referenced to the appropriate clean oxide spectrum
be shown, we can further classify the oxides into the above prior to exposure to water vapor. Gas-phase absorptions were then
three groups according to their reactivity with H® the subtracted from each spectrum.

presle%cle of bﬁ %s nC%r_l(r)eactlvg ne:trgl msoludble (S)?eacglve_ TABLE 2: Assignment of Vibrational Bands of H,0O

insoluble (-Al20s, TiO,, and y-F&0s), and reactive basic  agsorbed on Si0y, 0-Al,05, TiO5, y-Fe:0s, CaO, and MgO
soluble (CaO and MgO). As will be discussed, nonreactive and —— - -

reactive respectively refers to whether HN®eakly adsorbs ~_Vibrationalmode Sig o-Al.Os TiO, y-FeOs CaO MgO
on the oxide particle or whether HN@an react and dissociate ~ O—H stretching 3251 3286 3401 31?1>289 3335 3333
on the oxide surface to form adsorbed nitrate ion. The classes

. . . . H—O—H bending 1635 1643 1645 1640 1640 1645
insoluble and soluble for the mineral qmdes were determined associatiof 2139 2152 2129 2097 2180 2168
from bulk measurements, where the oxide powders were placed o ] _ _
into beakers and then first immersed in®followed by the ® Frequencies in crit. ® The O-H stretching region was broad with
addition of HNQ. Upon addition of water, none of the oxides two absorption peaks centered at 3589 and 3113 .chiThe association

. mode ¢,) is a combination of the bending, liberation, and hindered
dissolved to any gre_at extent_. I_—Iowe_ver, when HN@s adde_d translation modes, + v — vr, respectively?® It is a weak broad band
to a water suspension containing either CaO or MgO particles, gpserved in each spectrum.

it was found that these basic oxides instantly dissolved, whereas

the other oxides did not. This is important as it will be shown yapor was admitted into the infrared cell containing the oxide
that the reactivity of HN@with CaO and MgO is not limited  particles. When the pressure of the gas reached equilibrium,
to the surface of these particles in the presence of water vaporyyg spectra were recorded: one of the gas phase and the other

and that a saturated solution of M(N@ where M= Mg or of the surface in the presence of the gas. Absorbance spectra of
Ca, forms on the particle surface in the presence of adsorbedgnly the adsorbed species were obtained by referencing an oxide
water. sample spectrum after water absorption to an oxide spectrum

Water Adsorption on Oxide Particles. First, the FT-IR prior to reaction. This gave a spectrum that showed absorptions
spectra following the adsorption ok8 on oxide particles, Si&) of water adsorbed on the oxide surface and absorptions due to

o-Al03, TiO,, y-F&0s, CaO, and MgO, at 296 K as a function  gas-phase water. Gas-phase absorption bands measured through
of pressure will be discussed. The spectra of water adsorbedthe blank grid could then be subtracted from the spectrum in
on the surface of the oxides particles at water vapor pressuresorder to obtain a spectrum of surface species only. Sharp and
between 0.43 and 20.3 Torr, corresponding t98% relative noisy features in the regions between 3800 and 2600 amd
humidity, are shown in Figure 1. The assignment of the 1830 and 1460 cmi in Figure 1 are residual gas-phase water
vibrational bands of water adsorbed on these patrticles is givenabsorptions left over after the subtraction proceddre.
in Table 239 In these experiments, oxide particles were loaded  Water adsorption on Siparticles as a function of increasing
in the infrared cell and evacuated to ¥0rorr overnight. FT-  water vapor pressure between 2 and 96% relative humidity is
IR spectra collected of Sio-Al,Os, and TiG particles showed  shown in Figure 1a. The broad- stretching absorption band
absorptions associated with hydroxyl groups on the surface of ranges from 3800 to 2600 crhand is centered at 3251 cfa
the oxide particles prior to exposure to water vafJoFT-IR A negative band at 3744 crhdue to a decrease in the intensity
spectra collected of-Fe,0s, CaO, and MgO particles prior to  of the isolated @-H groups terminated on the SiQarticles
water adsorption revealed surface carbonate bands between 149¢hows that water molecules adsorbing on the,Si@face are
and 1429 cm! (COz*~ v3 asymmetric stretcH). Heating oxide interacting with these ©H groups. The HO—H bending mode
samples under vacuum can remove surface adsorbed carbonatie centered at 1635 cr. A weaker band centered at 2139¢m
by forming gas-phase GODifference spectra of the oxide is assigned to a combination band.
particles, y-Fe;0;, CaO, and MgO, where spectra collected  |nfrared spectra collected for water uptakewil .03, TiO,
before heating were subtracted from spectra collected aftergng y-Fe,0; (Figure 1b-d) between 2 and 96% relative
heating, showed negative absorption bands between 1437 anthumidity were similar to spectra obtained for water on SiO
1480 cnr?, indicating loss of surface carbonéte. particles (Figure 1a). The ©H stretching and kD bending
Following pretreatment of the oxide particles (i.e., evacuation adsorption bands centered respectivelya890 and at-1640
overnight or evacuation/heating), a known pressure of water cm* for a-Al,O3 and TiQ, compare well to the band centers
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obtained for water absorption on Si@t 3251 and 1635 cni. 6 TN 4 TTe0,
In the case fory-FeOs, the HO bending absorption band 4 ML
compares well to the other oxides, but as higher relative | ‘TL _ 7 e

humidity is reached, the ©H stretching band fory-FeO3
shows different spectral characteristics in that the absorption 1:)"
band splits into two bands with centers at 3589 and 3113'cm n
Ishikawa et al. have studied FT-IR adsorption spectra of ferric ‘1> 4 ot | ML
a
y
€
by
S

02 04 06 08 02 04 06 08

oxide hydroxides and foungt-[Fe(O)OH] to have a strong i < 1
absorption band at 3160 crhand two weak absorption bands
at 3624 and 3328 cm.*3 The O—H stretching band split that

0 02 04 06 08 10 02 04 06 08 I

we observe for water uptake grFeO3 is most visible at high <. TiO, f.MgO
relative humidity and may indicate thgtFe O3 is reacting with L y L] e
gas-phase water to form surfaggFe(O)OH]. Moy e e ’ Ve
. . * B A
Water adsorption on heat-treated CaO and MgO particles was o . . : . 0¥ — LML .
. . . . 0.2 0.4 0.6 0.8 1 02 0.4 0.6 0.8
then studied as a function of increasing vapor pressure between Relative Humidity (P/P.)

2 and 96% RH (Figure le,f). Adsorption bands due to surface Figure 2. a—f: Water uptake on oxide particles a. Si®. a-Al,0

N 1 . . — 1. . - WAV,
adsorbed Watgr at3390 and 1640 cn* were fairly Yveak. c. TiO,, d. y-Fe0;3, e. CaO, and f. MgO particles at 296 K as a function
The H,0O bending absorption band centered at 1645 ‘cfor of increasing relative humidity. The integrated area of the water-bending
MgO and 1640 cm! for CaO is of the same shape as the other mode near 1640 cmiwas determined as a function of relative humidity.
spectra collected. In addition, positive bands at 1460 and 1406The integrated absorbance was then converted to the number of

cm i, assigned to water-solvated surface carbonate, increase iradsorbed water layers (see text for further details). The filled circles
intensity as the relative humidity increases. represent experimental data for water uptake on oxide particles not

. . reacted with HN@ The solid lines represent the BET fit of the
Surface Coverage of Adsorbed Water on Oxide Particles.  experimental data according to eq 3. The open circlea£at,0; were

When water from the vapor phase condenses onto an inertmeasured as a function of decreasing water vapor to show there is no
surface, the gas-phase asymmetric and symmetric stretchinghysteresis in the adsorption/desorption of water on this oxide. The open
modes at 3756 and 3657 cfy respectively, collapse into a  squares represent experimental data for water uptake on nitrate-coated

broad, irregularly shaped band with a maximum near 3400-cm oxide particles i.e., oxide particles after reaction with nitric acid. In

’ - . Y 1 : cases where there were differences in the observed isothyeF®Qs,
and full Wldth at half_helg_ht OT 400 Cr.ﬁ n the infrared CaO, and MgO), the dashed lines represent the BET fit of the
spectrum. This band is primarily associated with-l sym-  experimental data for the nitrate-coated oxide. One monolayer of
metric and asymmetric stretching modes with some contribution adsorbed water on each of the oxide particles is indicated by an arrow.

of the overtone of KO bending modé*—46 The oscillator
strength of the ©H stretching motion is enhanced by 1 order integrated absorbance of the® bending absorption band to
of magnitude in the liquid and solid phase from that of the gas quantify water coverage on oxide particles should introduce
phase because of the formation of hydrogen bdfd#e band much less uncertainty and complexity compared to theHO
center for the G-H region of condensed water shifts to lower stretching region.
wavenumbers as higher relative humidity is reached. This is The coverage of adsorbed water on oxide particles,,SiO
because as the water coverage increases the hydrogen-bonding-Al20s, TiO2, y-F&0;, CaO, and MgO, can be quantified by
arrangement of water molecules chaAgin addition, isolated ~ generating adsorption isotherm curves. The bending mode
and associated hydroxyl groups terminated on the oxide particlesabsorption band of surface adsorbed water is integrated and, as
also contribute to this region of the spectrum and their intensities discussed in detail below, integrated absorbance is converted
and frequencies change dramatically when gas-phase watet0 the number of adsorbed water layers and plotted against
adsorbs on the surface and hydrogen bond to the terminatedelative humidity P/Po (Figure 2a-f, filled circles). The number
O—H groups already on the oxide surface. of adsorbed water layers is assumed to be a linear function of
Although the O-H region is the most thoroughly studied the integrated absorbance of the bending mode. The data,

spectral region of liquid water, overlapping frequencies of the ePresented by filled circles, exhibit the shape of a type Il or
asymmetric and symmetric-€H stretching modes and the:@1 s-shaped ads_orpjuon |sotherm curve, which indicates that multi-
bending mode overtone along with the contribution of the Iayer adsorption is o'cczjgrrlng. The data were therefore modeled
hydroxyl groups terminated on the oxide particle surface make USiNg & BET analysi€® _ o
this region difficult to analyze when quantifying the coverage If adsorption takes place on an uniform surface and an infinite
of surface adsorbed water. In comparison, the spectral region"UMPer of layers (= o) build up on the surface at the

of the HO bending mode contains only one vibration. When saturatlon. vapor pressure of the gdsorblng gas, then most type
water from the vapor phase condenses onto a surface, e H Il adsorption isotherms can be fit to the two-parameter BET
bending mode at 1595 crhof water vapor forms a relatively ~ €91

sharp, well-defined band centered near 1645 %tfr46 The =

measured frequencies of the bending mode for water adsorbed VmCE
on oxide particles, Si§) o-Al20z, TiO,, y-F&0; CaO, and V= 0 (1)
MgO (Figure 1a-f), are within 10 cm of the bending mode of (1 _ E)(l L CB)

water condensed on an inert surface at 1645 csuggesting P, P Pg

that this vibration in both frequency and intensity is less affected

by intermolecular interactions. As demonstrated in Figure 1a whereV is the volume of gas adsorbed at equilibrium pressure
f, the H,O bending mode band shape is uniform on a variety of P, V, is volume of gas necessary to cover the surface of the
surfaces, whereas the shape of the surfacél@tretching band adsorbent with a complete monolayét,is the equilibrium
depends to a much greater extent on the detailed nature of thepressure of the adsorbing gas, dhds saturation vapor pressure
chemical and physical surface properties. Therefore, using theof the adsorbing gas at that temperature. The pararoétehe
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temperature-dependent constant related to the enthalpies offABLE 3: Adsorption Parameters for Water Uptake on

adsorption of the first and higher layers through eq 2

AHS — AH;]

RT 2)

c=exp—[

where AHj] is the standard enthalpy of adsorption of the first
layer, AH3 is the standard enthalpy of adsorption on subse-

qguent layers and is taken as the standard enthalpy of condensa-

tion, R is the gas constant, afidis the temperature in Kelvin.

In most cases, the two-parameter BET equation shown above y-Fe,0;
does not fit the experimental data at the highest pressures when

the adsorption isotherm rises indefinitely and an infinite number
of layers i = ) of adsorbing gas is predicted to build up on
the surface. A three-parameter BET eq 3 limits the number of
layers of gas adsorbing at high values RfPy. The three-
parameter BET equation is then

VmC(PEO) 1-(n+ 1)(,%)n + n(lz%)mrl
P P pP\nt+1
) R R

whereP, Py, V, Vi, andc are defined as they were in eqs 1 and
2 andn is an adjustable parameter given as the maximum

V= ®)

number of layers of the adsorbing gas and is related to the pore
size and properties of the adsorbent. As a result, multilayer

formation of adsorbing gas is limited tolayers at large values
of P/Po.

Oxide Particles Si0,, o-Al,03, TiO,, y-Fe,03, CaO, and
MgO

% RH for

oxide 1 ML? n e AHS© P/P¢
Sio, 22 10 131 -50.3 0.021-0.84
(0.99944)
o-Al,03 17 8 252 520 0.006-0.95
(0.99683)
TiO, 11 8 748 546 0.019-0.95
(0.99589)
13 4 511 -537 0.009-0.95

(0.99945)
y-Fe0z*¢ 13 6 553 —53.9 0.004-0.95
(0.99999)
CaO 27 6 8.1 —49.2 0.01%+0.96
(0.99416)
CaO* 14 4 584 —54.0 0.012-0.36
(0.99951)

MgO 23 6 123 -50.2 0.12-0.93
(0.99985)
MgO*e 13 3 500 —536 0.006-0.36
(0.99995)

aPercent relative humidity corresponding to a coverage of one
monolayer of adsorbed water on the oxide partictesis defined in
eq 2.¢ Standard enthalpy of adsorption (kJ/mol) ofCHon the oxide
particles calculated using eq 2Range of relative humidity used for
linear plots, wherd®, = 21.08 Torr; typically, only the central portion
of the data is used for linear curve fitting. The linear correlation
coefficientR is given in parenthese8The asterisk indicates nitrated-
oxide particles.

Equation 3 models experimental data well when afinite ¢ jnteqrated absorbance for one monolalgris determined

number of layers are observed for adsorption of gases on 3from plots of ®(nx)/l with respect tad(nx), in the same way

porous surface.

The three-parameter BET equation was used to obtain a fit

to the experimental data. The parameter¥,, andc can be

calculated according to the method discussed in detail by Joyner

et al., in which eq 3 is rearranged into the linear form, shown
in eq 4°

d(nx) 1 , 6(nx)

vV V,C  V, “)

where

X[~ X7) — X1~ X)]
D(nx) = LX) (4a)
X1 - X
Q(H,X) = % (4b)
and

X=PIP, (4c)

Plots of®(n,x)/V with respect ta(n,x) are made while changing
the value ofh until the best straight line through the experimental
data points is determined. The consta¥ts and c are then
calculated from the slope and intercept of the straight line.

In this study, the coverage of adsorbed water on oxide
particles, SiQ, a-Al,03, TiO,, y-F&0s3 CaO, and MgO, was
quantified in terms of the number of adsorbed water layers in
the following way. Because the infrared data were analyzed in
terms of the integrated absorbance of the bending mdédés
replaced byly, units of integrated absorbance, in the above
equations an is replaced by, the integrated absorbance of

the HO bending absorption mode of surface adsorbed water.

thatVy, is determined. The number of adsorbed water layers at
any value ofP/Py is just the integrated absorbance at that
pressure divided by, (i.e., number of water layers I/1y).
Using this analysis, the number of adsorbed water layérg) (
versus relative humidityR/Pg) is shown as the line through
the data in Figure 2 for the oxides investigated in this study.
The relative humidity, corresponding to one monolayer of water
adsorbed on the oxide surfaces, is marked in Figuref 2ar
each of the oxides and is tabulated in Table 3 along with the
values ofn, ¢, and AH]. From this analysis, the following
number of water layers is determined to be on the surface of
these oxides as follows: approximately one monolayer at 20%
relative humidity, two to three adsorbed water layers at 50%
relative humidity, and three to four adsorbed water layers at
85% relative humidity, depending on the oxide surface. Our
coverage estimates agree with studies of water adsorption versus
relative humidity ona-Al,0O3 powder, which show that, under
typical atmospheric conditions (298 K and-560% relative
humidity), about three monolayers of water are adsorbed on
alumina surface%:

The standard enthalpy of adsorption of water vapor on the
oxide surfacesAH;, was calculated from theparameter in eq
2. TheAH; values, tabulated in Table 2, range betweet9.2
and—54.6 kJ/mol and are greater than the standard enthalpy of
condensation of water vapor 8(g) — H.O(l), AH, = —44.0
kJ/mol.

The water adsorption isotherms on oxide particles shown in
Figure 2 were also investigated as a function of decreasing
relative humidity for a-Al,O; (Figure 2b). Filled circles
represent data when water vapor was added to the infrared cell
containing the oxide particles with increasing relative humidity.
Open circles represent data when the water vapor pressure has
been evacuated and lowered. Because the number of water layers
decrease when the water vapor pressure is lowered (as indicated
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Figure 3. Transmission FT-IR spectra of HN@dsorption on Si® Figure 5. Transmission FT-IR spectra of HN@dsorption on CaO
between 1200 and 4000 cfn The phrase “gas phase subtracted” refers and MgO between 750 and 2000 tin The phrase “gas phase

to infrared spectra collected as particles were exposed to increasingsubtracted” refers to spectra collected as particles were exposed to
HNO; pressure: Si@(3, 5, 7, 9, 13, 17, 32, 65, and 276 mTorr). The increasing HN@pressure for 1615 min: CaO (6, 11, 16, 22, 32, 51,
bottom spectra were all collected in the presence of the gas phase. As97, 188, 287, and 387 mTorr) and MgO (7, 13, 23, 40, 62, 82, 165,
indicated above, contributions due to gas-phase absorptions have beegnd 329 mTorr). The phrase “gas phase evacuated” refers to the
subtracted from each of the spectra shown. The phrase “gas phasépectrum recorded after evacuation of gas-phase Hbi@wing the
evacuated” refers to the spectrum recorded after evacuation of gas-final pressure of gas used in each of the experiments.

phase HN@following the final pressure of gas used in the experiment. . . . . .
TABLE 4: Assignment of Vibrational Bands of Nitric Acid

Adsorbed on SiQ, a-Al;,O3, TiO,, y-Fe,03, CaO, and MgO

Joa o-ALO; | 19,05 TiOy | | 0.5 -Fe,0;
][ 1581 1282 :|[ 1622 S“”.ac? ) . :
N 1636, o 124 588 1281 g description assignment SiO a-Al,03 TiO, y-F&O; CaO MgO
! : | 11229 :
b : ',1.230 21 1555 933 molecularly v (OH) b
s 1905, : ’ adsorbed v (NOy) 1680 1679 1683 1679
e — HNO3 & (OH) 1400 1336 1336 1337
b . gas phase evacuated gas phase evacuated Vs (NOZ) 1318 1292 1305 1297
. ey 1307 | 1sg2 1284 1622 1283 .
n U098 s || 1636 2% oy 7% ion- v (low) 1305 1313
c : IS8T 07 gas coordinated vs (high) 1330 1330
e B nitrate
: T Srm— oxide- monodentate
gas phase subtracted "1 2as phase subtracted £3s phase subiracte coordinated v3 (lOW) 1306 1282 1281
nitrate vs (high) 1547 1509 1555
2000 ' 1600 1200 ' 800 | 1600 ' 1200 800 = 1600 ' 1200 800 bidentate
Wavenumber (cm™') v3 (low) 1306 1243 1229
. L . high 1587 1581 1588
Figure 4. Transmission FT-IR spectra of HN@dsorption omx-Al ,0s, giiégigng)
y-Fe&0s, and TiQ between 750 anq 2000 cm “Gas phasq subtrapted" v3 (low) 1306 1230 1203
refers to spectra coIIe_ctgd as particles were exposed to increasing HNO vs (high) 1628 1636 1622
pressure for 1815 min: (1'A|203 (3, 5, 7, 9, 10, 13, 18, 28, 48, 79, 1 1012 1005 993 1042 1024
97, and 323 mTOfr)V—FQO:g (3, 5, 6, 8, 11, 14, 23, 38, 71, and 300 V2 d d 794 815 812

mTorr), and TiQ (6, 9, 19, 42, 85, and 329 mTorr). “Gas phase
evacuated” refers to the spectrum recorded after evacuation of gas-2dsorbed v (low) 1350 1331 1346 1297 1270

phase HNQ following the final pressure of gas used in each of the Water v3 (high) 1399 1406 1399 1323 1340
experiments. solvated V1 1048 1046 1040 1046 1054
nitrate 2 d d 814 822 822

by the open circles) and follows the same path as integrated 2Frequencies in crt. ® The O-H stretching region was broad
absorbance for increasing relative humidity, water adsorption (4000-2500 cn1) with absorptions at 3628, 3141, 2997, 2749, and

on the hydroxylated-covered-Al,O; surface shows no sig- 2614 cntl. These absorption bands shift upon deuteration to 2689,
nificant hysteresis indicating reversible adsorption 2288, 2112, 2110, and 1900 ctn® This is a broad band that is most

Nitric Acid Adsorption on Oxide Particles under Dry likely composed of several bands associated with different modes of

" . o . > . coordination to the surface®Not observed below oxide lattice
Conditions. The adsorption of nitric acid on oxide particles was  apsorption.

initially investigated under dry conditions, i.e., in the absence
of water vapor. FT-IR spectra following the reaction of HNO  to 1077 Torr overnight;y-F&0s, CaO, and MgO were not heated
on oxide particles, Sig) o-Al,0s, TiO,, y-Fe0s3 CaO, and under vacuum. A known pressure of Hh@as admitted in
MgO, at 296 K as a function of HN{exposure by increasing the infrared cell containing the oxide particles for-11b min.
the pressure from 3 to 300 mTorr for a period of-1b min Absorbance spectra of HNGdsorbed on the oxide particles
are shown in Figures-35. The assignments of the vibrational were obtained by referencing an oxide sample spectrum after
bands of nitric acid adsorbed on these particles are given inHNO3; was introduced into the infrared cell to an oxide
Table 4. background spectrum prior to HNCGadsorption. Gas-phase
The nitric acid experiments were done in a somewhat similar absorption bands measured through the blank grid could then
way to the water uptake experiments on oxide particles in that be subtracted from the spectrum in order to obtain a spectrum
the oxide particles were loaded in the infrared cell and evacuatedof adsorbed HN@only. Gas-phase HNfwas then evacuated
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from the infrared cell and another spectrum was recorded and Upon evacuation of gas-phase HpJQabsorption bands
referenced to a clean oxide spectrum. The next highest pressurdetween 750 and 2000 cthremain in the oxide spectrum

of HNO3; was then admitted into the infrared cell containing

(Figure 4, gas-phase evacuated). When a difference spectrum

the oxide. Spectra of the oxide were collected in the presenceis taken where spectra recorded upon evacuation of the gas-

and upon evacuation of gas-phase HiN@is procedure was

phase HNQ@are subtracted from spectra recorded in the presence

repeated again and again until the uptake began to level off asof gas-phase HNg) absorption bands at 1679, 1400, and 1318

the surface became saturated.

The infrared spectra following HN§adsorption on Si@
particles as a function of increasing Hi@ressure are shown
in Figure 3. In the region between 2000 and 1200 §rnthree

cm! can be discerned. These absorption bands are assigned to
molecularly adsorbed HNAIthough the absorption bands for
molecularly adsorbed HNfOand oxide coordinated nitrate
overlap, absorption bands due to molecularly adsorbed HNO

absorption bands are readily observed at 1680, 1400, and 131&t ~1680 cn* can be most readily observed in the spectra
cmand grow in intensity as the nitric acid pressure is increased recorded at the highest nitric acid pressures. Thus, kifé@cts

from 3 to 276 mTorr (Figure 3, right panel, gas-phase

with oxides a-Al,03, TiO,, and y-FeOs to primarily form

subtracted). Upon evacuation of the gas phase, these thre@Xide-coordinated nitrate, which is not removed under vacuum,

absorption bands disappear, indicating that HN&sorbs from

and some weakly adsorbed HhMecause HN@reaction on

the surface upon evacuation of gas-phase nitric acid. These thre@-Al20s, TiOz, andy-Fe;Os particles is mainly an irreversible

bands at 1680, 1400, and 1318 Tirthave been previously
reported and assigned to molecularly adsorbed EINQNO,),
1680 cnTl; §(OH), 1400 cntl; andv¢(NOy), 1318 cnrl5253
These bands are shifted by-168 cnt?! from the gas-phase
HNO; frequencies of 1708, 1331, and 1325 ¢t

In the spectral region between 2000 and 4000 %there is
a broad absorption band extending from 2600 to 3800cm

that grows in intensity as the nitric acid pressure is increased
from 3 to 276 mTorr (Figure 3, left panel, gas phase subtracted).
At the highest HN@ pressures, absorption peaks at 3741, 3628,

3141, 2997, 2749, and 2614 chran be discerned in the broad
absorption band which extends from 2600 to 3800 trithis
complex band is assigned to the-8 stretching vibration of
adsorbed HN@and surface hydroxyl groups which are involved
in hydrogen interactions. It is likely that the absorption peaks
at 3741, 3628, 3141, 2997, 2749, and 2614 Emvhich are
most evident at the highest HN@ressures, arise from specific
hydrogen bonding interaction between adsorbed kiN@d
O—H groups found on the Si{particles.

The fact that the molecular absorption bands of HNO
adsorbed on Sigare not very different from gas-phase values
and that HNQ@readily desorbs from the surface upon evacuation
of the gas phase shows that HN@dsorption on Si@is
reversible at 296 K. Thus, SiOs classified as a nonreactive
neutral insoluble oxide in that there is no evidence for the
dissociative adsorption of nitric acid on the surface of SiO

The reaction of HN®@ on a-Al,03, TiO,, and y-Fe0s

process forming adsorbed nitrate ions at 296 K, we thus classify
o-Al;03, TiOp, and y-FeOs; as reactive insoluble oxides.
Although the fate of the proton is difficult to unambiguously
discern, the dissociated proton can react with surface hydroxyl
groups to form adsorbed water or can react with surface oxygen
atoms to form hydroxyl groups on the surface. It is difficult to
distinguish these two mechanisms from infrared spectroscopy
alone.

The adsorption of HN@on CaO and MgO particles was also
studied as a function of increasing HN€xposure. The spectra
are shown in Figure 5. In the region between 750 and 2000
cm1, four absorption bands are readily observed at 1330, 1305,
1042, and 815 cmt for CaO and 1330, 1313, 1034, and 812
cm! for MgO (Figure 5, gas-phase subtracted). These bands
grow in intensity as the nitric acid pressure is increased from 6
to 387 mTorr. Upon evacuation of gas-phase HNe three
absorption bands remain in the spectra (Figure 5, gas phase
evacuated) without loss of intensity. This implies that the surface
adsorbed species represented by bands at approximately 1330,
1042, and 815 crt is strongly adsorbed onto the CaO and
MgO particles and cannot be removed upon evacuation.

The bands at 1330, 1042, and 815%nfor CaO and 1320,
1034, and 812 cm for MgO are assigned to ion coordinated
nitrate (/s asymmetric stretch at 1330 chv; symmetric stretch
at 1042 cm?l, and v, out-of-plane bend at 815 crt) and
compare well to adsorption frequencies for solid nitrate ion salts
such as Ca(Ng)x(s) (v asymmetric stretch between 1358 and
1450 cnrt, v, symmetric stretch at 1050 crh andv, out-of-

particles shows different behavior. The infrared spectra of these plane bend at 822 cm).58 Thus, implying that, as HN§reacts

oxide particle surfaces as a function of increasing HNO
exposure are shown in Figure 4. Upon adsorption of HNO®

with CaO and MgO, nitrate is not simply forming on the oxide
surface as in the case for the reactive-insoluble oxides but is

the oxide particles, several new absorption bands become evidenteacting by a neutralization process that can be thought of as

between 750 and 2000 crhand grow in intensity as the nitric

an ion exchange in which lattice oxygen atoms are replaced

acid pressure is increased from 3 to 300 mTorr. The absorptionwith nitrate ions. The overall reaction is shown as (5) and (6)

bands between 1200 and 1640 énhave been reported in
previous studies in our laboratory for reaction of Néh oxide
particles and are assigned to the degenerataode of oxide

coordinated monodentate, bidentate and bridging nitrate which
has been split into two bands because of loss of symmetry upon

adsorption (see Table #)®and have also been observed in a
recent study of HN@on Al,O3.57 The band near 1000 crhis

for CaO and MgO, respectively.
CaO+ 2HNO,; — Ca(NQ,), + H,0 5)
(6)

The protons then react with oxygen atoms to form adsorbed

MgO + 2HNO, — Mg(NO,), + H,O

assigned to the; mode of oxide coordinated nitrate. In the water. The band near 1645 chcan be assigned to the bending
case foro-Al O3, weak absorption bands at 1399 and 1350tm  mode of adsorbed water and supports this conclusion. As
due to water-solvated nitrate are also apparent in the spectrumdiscussed in the next section, there is evidence that this
The presence of water-solvated nitrate on oxide particles hasneutralization process occurs on the surface of the MgO or CaO
been discussed previousf/As will be shown, absorption bands  particle and with bulk oxygen atoms as well. This exchange is
due to water-solvated nitrate become more apparent in thefacilitated by the presence of adsorbed water. The heterogeneous
presence of gas-phase water vapor at pressures greater than 7¢#action to form Ca(Ng), most likely involves a two step
relative humidity. mechanism: MO+ HNOz; — M(OH)NO3; + HNOz; — M(NO3),
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TABLE 5: Saturation Coverages for Nitric Acid Uptake on
Oxide Particles SiG, a-Al;03, TiO,, y-Fe,03, CaO, and
MgO

oxide N2 oxide N2
Sio, 74+ 3x 108 y-Fe0s 3+2x 10"
o-Al .03 6+3x 10" CaO 4+ 2 x 1015
o-Al,O8P 442 x 104 MgO 241 x10%
TiO, 34+ 3 x 10 MgQP 74+ 3 x 10%

aN; nitric acid (molecules/c/) corresponding to saturation coverage
under dry conditions? Ns nitric acid (molecules/cA corresponding
to saturation coverage under wet conditions.

+ H20(a,g), where M is Ca or Mg. Because the reaction of
nitric oxide with both CaO and MgO vyields oxide-ion-
coordinated nitrate, CaO and MgO are classified as reactive
basic soluble oxides.

Another process that contributes to the reactivity of the basic
oxides involves surface carbonate that is difficult to remove
upon evacuation. As shown below, in this process, gaseoys CO
as well as water forms as a product in the reaction. There is

Goodman et al.
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Figure 6. FT-IR spectra of water uptake arAl,O3 (left panel) and
MgO (right panel) particles previously reacted with HN®he spectra

evidence in the infrared spectrum of the formation of gas-phase show conversion of surface nitrate to water-solvated nitrate with

CO;, providing proof of the occurrence of the overall reactions
(7)3%%%and (8) for CaC@and MgCQ, respectively.

CaCQ, + 2HNO, — Ca(NQ), + CO, + H,0  (7)

(8)

With the exception of Sig the adsorption of HN®is found
to be mostly irreversible on the oxide particles investigated. In
the case of the reactive oxides, Hhf@acts with these oxides
to primarily form oxide coordinated nitrate and some weakly
adsorbed nitrate. The data indicate that HNf@sorption on
o-Al 03, TiO,, andy-Fe0s is about 90% irreversible at 296
K. For the reactive basic soluble oxides, H\s@Isorbs on these
oxides to form ion-coordinated nitrate. The reaction of HNO
on CaO and MgO is shown to be greater than 99% irreversible.
Surface Coverage of Adsorbed Nitric Acid on Oxide
Particles. To quantify nitric acid coverages, volumetric meas-

MgCO; + 2HNO, — Mg(NOy), + CO, + H,0

increasing relative humidity.

this process of bulk reaction is enhanced in the presence of water
vapor.

Water Adsorption on Oxide Particles Coated with a
Nitrate Layer. Water adsorption on oxide particlesAl 03,
TiOy, y-Fe0s, CaO, and MgO saturated with HN@vere also
investigated by FT-IR spectroscopy. Changes in the spectrum
of the nitrate ion in the presence of water and changes in the
uptake of water when the nitrate ion was adsorbed on the oxide
particle were investigated in these experiments. The oxide
particles were then exposed to Hil@apor at relatively high
pressure;~300 mTorr, for thirty minutes such that the surface
is saturated. The gas-phase HNf@as then evacuated leaving
oxide coordinated nitrate ion on theAl 03, TiO,, andy-Fe0s,
particle surface and ion coordinated nitrate on CaO and MgO
particles. Water was then adsorbed on the nitrate-coated particles
as a function of pressure between 2 and 96% relative humidity

urements were done by measuring the pressure drop in the FT{0.430-20.3 Torr) at 296 K.

IR cell upon expansion of nitric acid from a known volume

Water adsorption on nitrated reactive insoluble oxides (

into a second known volume in the presence and absence ofAl,O3, TiO,, andy-Fe0Os) and reactive basic soluble (MgO and

the oxide sample. The number of molecules of HN@sorbed

CaO) oxides showed interesting behavior. Because the same

on the oxide sample was determined by subtracting the numberspectral characteristics were observed for oxide particles in each

of molecules of HNQ adsorbed on the oxide sample and the
walls of the gas handling system from the number of molecules
of HNO3 adsorbed on the walls of the gas handling system.
The coverage of HN@®was determined by accounting for the
total number of molecules adsorbed, the oxide sample weight,
and the BET surface area of the oxide.

These calculated coverages are given in Table 5. The
coverages obtained in this way have a fairly high level of

of the two different classesy-Al,O3 was chosen as a repre-
sentative oxide behavior for the reactive insoluble oxides and
MgO was chosen as representative oxide behavior for the
reactive basic soluble oxides investigated. Representative spectra
for water adsorption on nitrate-coatedAl,O3 particles are
shown in the left panel of Figure 6. Upon addition of water
vapor to nitratedx-Al,O3 particles, the infrared spectra show
that absorption bands assigned to oxide coordinated nitrate

uncertainty because volumetric measurements are difficult whendecrease in intensity and bands at 1645, 1399, and 1358 cm

the gas has some affinity for the walls of the reactor as is the
case for nitric acid and the Teflon walls of the infrared €eft

increase in intensity. As previously discussed, the bands at 1399
and 1350 cm? correspond to solvated nitrate. The band at 1645

The uncertainty based on duplicate measurements is ap-cm™! corresponds to surface adsorbed water as observed in

proximately +50%.

The values obtained show that Sikas the lowest nitric acid
coverage,<1 x 10 molecules/cr a-Al 0z, TiO,, y-F&0s
are all in the range of (36) x 10 molecules/crhand greater
than 18°> molecules/crf for CaO and MgO. For CaO and MgO,

Figure 1. The water coverage is estimated to be around three
layers for the spectra labeled 65% RH and near one monolayer
for the spectra labeled 12% RH. Upon evacuation of water
vapor, water-solvated nitrate converts back to oxide-coordinated
nitrate (top spectrum, left panel of Figure 6). Another feature

the coverages are greater than the expected surface coveragiat appears in the spectrum upon the addition of water to the

for a single layer. These high values are interpreted in terms of

surface is a band near 1698 chThis band may be due to an

an ion displacement reaction that occurs both on the surfaceassociated nitric acid species in the water layer as has been

and a few layers into the bulk of the material. As will be shown,

observed for concentrated nitric acid solutiéhs.
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Spectra of water adsorbed as a function of pressure on MgO = SI0 06
particles that had been reacted with HN@® form ion- T 044
coordinated nitrate are shown in the right panel of Figure 6. ][o.m 021
Upon addition of water vapor between 0.6 and 36% relative 0
humidity, to nitrated MgO, the infrared spectra show that Increasing
adsorption bands assigned to ion coordinated nitrate at 1330, A 1680 1460 1318
1313, 1025, and 813 cmh shift to higher frequency as higher
relative humidity is reached. These bands shift to 1340, 1270,
1054, and 822 crrt are assigned to water-solvated nitrate. Upon
evacuation of water vapor, water-solvated ion-coordinated nitrate
converts back to ion-coordinated nitrate (top spectrum, right
panel, Figure 6). Relative humidity greater than 36% was not
investigated because loss of nitrate from the sample was found
indicating a thin film of a saturated Mg(N{ solution form
that can fall off of the sample holder and deposit in the infrared
cell chamber. A similar phenomenon was observed in studies
of water uptake on nitrated calcium oxide.

0.03

The coverage of adsorbed water on nitrate-coveréd,Os, c. Ca0 00r]
TiO,, y-Fe0s CaO, and MgO was quantified using the ][0_02 0o
integrated absorbance of the water bending mode to determine N
if the water adsorption on the oxide surface was affected by a— e omvondsy 0
the presence of the adsorbed nitrate layer. A plot of the Time 815
integrated absorbance versus water pressure again generated type 1042 i
Il adsorption isotherm curves. These data are plotted in Figure . =
2b—f as open squares. As demonstrated in Figure 2, the water
isotherm curve for water adsorption on oxide particles of Wavenumber (cm)
o-Al;03 and TiQ, previously reacted with HNg(open squares) Figure 7. a—c: Transmission FT-IR spectra of HN@ptake on (a)
follows the same isotherm curve found previously deAl ;03 SiO;, (b) a-Al;0s, and (c) CaO particles as a function of time. For
and Ti0 that were not reacted with HN@ffilled circles, solid clarity, only every tenth spectrum collected is shown in the main portion

. . : . . . of the figure. The integrated absorbance (or peak height) for the
lines). This implies that oxide-coordinated nitrate plays no role absorption bands of adsorbed nitric acid is plotted as a function of

in the net adsorption of water on these particles. time in the inset. Every spectrum collected is used for the plots in the
However, when the adsorption isotherm for water uptake on inset.
y-Fe0s;, CaO, and MgO particles previously reacted with HNO
(Figure 2d-f, dashed lines, open squares) is compared to the h. A known pressure of HN®vapor was then admitted into
adsorption isotherm for water uptake on particles not reacted the infrared cell while infrared spectra of the oxide particles
with HNO3 (Figure 2d-f, solid lines, filled circles), different ~ were collected every few seconds at an instrument resolution
adsorption isotherms are observed. It is apparent from the shapef 4 cn'L.
of the isotherm curves that water uptake on CaO and MgO is  Representative spectra collected for HN@ptake on SiQ,
greater on reacted oxides (Figure-Zgdashed lines) than on  o-Al,03, and CaO as a function of time are shown in Figure 7.
oxides not reacted with HNgJFigure 2e-f, solid lines) between  In Figure 7a, Si@particles were exposed to 10 mTorr of HNO
0 and 36% RH. The relative humidity corresponding to one vapor (corresponding to 3.% 10 molecules/cr#). In this
monolayer of surface adsorbed water is even lowerd% RH) experiment, FT-IR spectra were recorded every 2.5 s (four scans
for nitrated CaO and MgO compared to that of the unreacted per spectrum) at an instrument resolution of 4-érfor 1000
oxides (~25% RH). As mentioned previously, the FT-IR spectra total seconds. Nitric acid uptake on SiParticles was deter-
indicate that saturated solutions of Ca(joand Mg(NQ), mined by integrating the absorption band at 1680 %rduring
form above 36% relative humidity. In addition, the bulk the course of the experiment. The integrated absorbance plotted
measurements resulted in the complete dissolution of the CaOversus time is shown in the inset of Figure 7a. Similar
and MgO oxide particles when mixed with liquid water and experimental data are shown forAl Oz and CaO (Figure 7b,c).
nitric acid. Thus, this implies that the dashed line isotherm for For a-Al,03; and CaO particles, the particles were exposed to
CaO and MgO does not rise to infinity at relative humidity 9 mTorr corresponding to 2.9 1014 molecules/crhand spectra
greater than 36% because the outer layers of the particleswere recorded evgr7 s (four scans per spectrum) at an
undergo deliquescence at the higher percent RH. The nitratedinstrument resolution of 4 cnt. The extent of nitric acid uptake
y-F&:03 shows different behavior in that the water adsorption on a-Al,0O; was determined by integrating the entire region
isotherm deviates for the nitrated particles only at the higher extending from 1189 to 1822 crh A plot of the integrated
relative humidity. absorbance as a function of time is shown in the inset of Figure
Heterogeneous Reaction Kinetics: Uptake of Nitric Acid 7b. The region extending from 1189 to 1822 dnaorresponds
on Si0,, a-Al,03, and CaO. The rate of HNQ uptake on oxide to absorption of predominantly oxide-coordinated nitrate as well
particles was determined by time course experiments. Kinetic as a small amount of molecularly adsorbed HNBor CaO,
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experiments were done on three different oxides,SiQAl 03, the peak height of the absorption band at 815 {ncorre-
and CaO, because they represent oxides of the three definegsponding to the out-of-plane bend of the ion coordinated nitrate
classes of oxides, nonreactive neutral insoluble {5i@active ion, was measured because this was found to be the best method

insoluble (-Al,0s3), and reactive basic soluble (Ca0). In these for determining the extent of nitrate adsorption on CaO. The
experiments, oxide particles, either $i@-Al,0s, or CaO, were peak height is plotted versus time in the inset shown in Figure
loaded into the infrared cell and evacuated to“10orr for 3 7c.
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TABLE 6: Kinetic Analysis —Nitric Acid Uptake on SiO,

HNO; HNO; raté (integrated rate fluxd

(mTorr) (molecules cm?) RH2 absorbance3) (molecules st cm™?) (molecules st cm?) ye
7 2.3x 10" 0 6.8x 104 1.9x 1@ 1.8x 108 1.1x10°
8 2.6x 10" 0 1.0x 1078 2.8x 10° 2.1x 108 1.4x 107°
9 2.9x 10+ 0 4.7x 10 1.3x 1@ 2.3x 10% 5.9x 1071
9 29x 10" 0 1.3x 108 3.7x 10° 2.3x 108 1.6x 107°
10 3.3x 10" 0 1.6x 103 43x 10 2.6 x 108 1.7x10°
11 3.6x 10* 0 1.1x 108 3.0x 10° 2.8x 108 1.1x107°
11 3.6x 10" 0 1.6x 103 4.4x 10° 2.8x 10 1.6x10°
12 3.9x 10% 0 1.8x 102 4.9x 1¢° 3.1x 108 1.6x 10°°
13 4.2x 10 0 2.0x 108 5.4x 10° 3.3x 10 1.6x 107°
14 4.6x 10 0 2.3x 1078 6.3x 10° 3.6 x 108 1.8x 107°
15 4.9x 10 0 2.4x 1078 6.9x 10° 3.9x 10 1.8x107°
16 5.2x 10" 0 2.6x 102 7.2x 10 4.1x 1018 1.7x10°
17 5.5x 10% 0 3.1x 103 8.5x 10° 4.4x 108 1.9x 10°°
19 6.2x 10" 0 3.5x 102 9.7 x 10 4.9x 1018 2.0x 10°

a percent relative humidity? Rate measured in integrated absorbarnéecRate converted to molecules cis L. 9 Flux of HNQOs. € Calculated
uptake coefficient.

For heterogeneous reactions, the uptake of a gas on a solidplots for the data presented in Figure 7. These rates were
is most often expressed in terms of an uptake coefficient or determined in units of integrated absorbance (or peak height)
reaction probability,y. Equation 9 definey as the rate of per second and then converted to molecule$frhusing the
adsorption divided by rate of gasurface collisions calibration determined in the last section. The flux, the

denominator of eq 9, was calculated from eq 10. Table8 6
o (dN/dt) summarize the data used to calculgteThe average uptake
=TT ©) coefficient for HNQ is determined to be (1.6 0.3) x 1079,
(4+1) x 1078 and (4+ 1) x 1077 on SiQ, o-Al,03, and
where the numerator is the rate of formation of surface-bound CaO, respectively, under dry conditions. The uptake coefficient
species on the oxide particles upon reaction with HN@&por was found to have slight pressure dependence for nitric acid
(units of molecules/cis) and the denominator is the flux or uptake on Si@ and no pressure dependence for nitric acid
collision rate per unit area of HNOvapor with the oxide uptake ona-Al,Oz and CaO.

particles (units of molecules/cirs). The flux is calculated The main assumptions in the above analysis are that thesHNO
according to the kinetic gas theory pressure is constant, the number of sites on the oxide particles
PN is uniform and large, and % 6 is close to 1, i.e., the fraction
Flux = DT (10) of sites covered@, is small. The error associated with these
(27MRT) assumptions is small for HNfQuptake on Si@particles: ~2%

error in assuming pressure is constant and% error in

assuming - @ is equal to 1. In the case ofAl,O3 and CaO,

the error associated with these assumptions is higher for HNO

uptake: as large as 15% error assuming pressure is constant

and 12% error in assuming-t 0 is equal to 1. Thus, there is

an error of 25-30% associated with the uptake coefficient

dN/dt = k(1 — O)NP (11) calculatgd fora-Al 293 and. CaQ on er surfaces under t'he
assumption of a uniform site distribution. Another underlying

where dN,/dt is the rate of formation of surface-bound species assumption is that diffusion into the layers is facile and rapid.

whereP is the pressure of HN§N is Avogadro’s numbenM

in the molecular weight of the gaR,is the gas constant, arid

is the temperature. The rate of formation of surface-bound
species on the oxide particles upon reaction with HN@por
can be described by the rate law

on the oxide particles upon reaction with Hy@apor,k is the Pl_roblem_s assoc_iated with these assumptions are given in the
rate constant of adsorption, @ 6) is the number of sites on  Discussion section.

the oxide particles available for reaction afid= Ny/Ns, Ns is The rate of HNQ uptake or-Al.03 and CaO particles was
the saturation coverage on the oxide particles, Bnd the also investigated in the presence of adsorbed water which was
pressure of HN@vapor. As discussed for the heterogeneous varied by doing experiments at different percent RH. The same
uptake of NQ on NaCf263and ALO3,% if the pressureP, is experimental procedure described above was followed except

constant and the number of sites on the oxide particles; (1 that the oxide particles in the infrared cell were exposed to
0), is large compared to the number of surface-bound speciesmixtures of HNQ and HO vapor. For the experiments with
formed, 6, then the rate of formation of surface-bound species water vapor present, it was necessary to increase thesHNO
on the oxide particles,M,/dt, is proportional to the slope of a  concentration as some of the gas-phase BHMN@s lost in the
plot of N, versus time. water layer on the reaction vessel walls. The increased uptake
By making the above assumptions of constant pressure andon the walls was determined in separate experiments. Thus, the
a large number of surface sites, we have determined the uptakemeasured uptake is a lower limit as the flux to the surface is
coefficient for HNG on SiQ,, a-Al,0s3, and CaO. The rate of  overestimated in the analysis pf The uptake of HN® on
adsorption on the oxide particles, the numerator of eq 9, was a-Al>,0; and CaO particles in the presence of water vapor was
calculated from the slope of the peak height or integrated complete somewhere between 3 and 30 s after the experiment
absorbance of surface-bound species versus time. The inset obegan, which is many times faster than the uptake of EIbO
Figure 7a-c depicts this type of plot for Si§ a-Al,Os, and particles under dry conditions. Therefore, spectra were collected
CaO. The following rates were calculated from the initial linear at the maximum data acquisition rate of 1.67 scans per second
portion of the integrated absorbance (or peak height) versus time(1 scan per spectrum) at an instrument resolution of 8'cit
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TABLE 7: Kinetic Analysis —Nitric Acid Uptake on a-Al,O3

HNOs HNO; rate (integrated rates fluxd
(mTorr) (molecules cm?®) RHa absorbance3d) (molecules st cm™?) (molecules st cm™?) ye
5 1.6x 10 0 1.3x 103 3.1x 101 1.3x 10 2.4x 108
6 2.0x 10" 0 1.9x 1073 4.6 x 101 1.5x 108 3.0x 1078
7 2.3x 10* 0 3.5x 103 8.4 x 10% 1.8x 10 47x 108
7 2.3x 10" 0 3.4x 1078 8.1x 101 1.8x 108 45x 108
9 2.9x 104 0 4.0x 103 9.5x 10% 2.3x 108 41x 108
11 3.6x 10* 0 3.6x 1078 8.5 x 101 2.8 x 10'8 3.0x 1078
13 4.2x 10 0 6.9x 1073 1.6 x 10 3.3x 108 49x 108
25 8.2x 10* 1.6 8.0x 1073 2.8 x 10" 6.4 x 108 4.4x 108
38 1.2x 105 1.9 7.6x 1072 2.7 x 10% 9.8 x 108 2.8x 1077
39 1.3x 105 1.9 7.9x 1072 2.8 x 10%2 1.0 x 10 2.8x 107
40 1.3x 1015 2.0 1.7x 10t 5.9 x 10% 1.0 x 10 5.71x 1077
44 1.4x 10% 2.2 2.0x 101 6.9 x 10%? 1.1x 10%° 6.1x 1077
51 1.7x 10' 31 2.7x 107t 9.5 x 10% 1.3x 10% 7.3x 107
76 2.5x 10 4.7 5.6x 101 2.0x 10 2.0x 10% 1.0x 10°¢
101 3.3x 10'5 6.3 1.1x 107? 3.8x 108 2.6 x 101° 15x 10°°
76 2.5x 10 6.3 48x 101 1.7 x 1018 2.0x 10% 8.7x 1077
83 2.7x 10% 9.4 6.4x 107t 2.3x 108 2.1x 101 1.1x 10
88 2.9x 10% 11.0 9.7x 10! 3.4x 1013 2.3x 101 1.5x10°
152 4.9x 10' 13.0 1.2x 1 4.2 x 1013 3.9 x 101 1.1x 10
126 4.1x 105 14.0 1.2x 10 4.3x 1013 3.2x 10¥° 1.3x10°
152 4.9x 10'5 16.0 2.0x 10° 7.1x 108 3.9 x 101° 1.8x 10°®

a percent relative humidity? Rate measured in integrated absorbanée°sRate converted to molecules cis2. 9 Flux of HNQs. € Calculated
uptake coefficient.

TABLE 8: Kinetic Analysis —Nitric Acid Uptake on CaO

HNO; HNOs rate rates fluxd
(mTorr) (molecules cm?®) RH2 (peak height st (molecules st cm?) (molecules st cm?) ye
4 1.3x 10 0 9.6x 1076 3.3x 104 1.0x 108 3.2x 1077
5 1.6x 10 0 1.1x 10°® 3.9x 101 1.3x 108 3.0x 1077
6 2.0x 10" 0 1.2x 10°° 4.3 x 101t 1.5x 108 2.8x 1077
6 2.0x 10" 0 9.8x 1076 3.4 x 10 1.5x 108 2.2x 1077
7 2.3x 10" 0 1.4x 10°° 4.7 x 101t 1.8x 108 2.6x 1077
8 2.6x 10" 0 2.3x 107 8.0 x 101 2.1x 108 3.9x 1077
9 2.9x 10* 0 3.0x 10°° 1.0 x 1012 2.3x 10 45x 107
11 3.6x 10 0 3.0x 107 1.0x 102 2.8x 10'8 3.7x 1077
11 3.6x 10" 0 1.8x 10°° 6.4 x 101 2.8x 108 2.2x 1077
14 4.6x 10 0 55x 10°° 1.9 x 102 3.6 x 10'8 5.3x 1077
16 5.2x 101 0 3.8x 10°° 1.3x 1012 4.1 x 10'8 3.2x 107
18 5.9x 10" 0 6.6x 10°° 2.3x 10%2 4.6 x 108 5.0x 1077
23 7.5x 101 0 55x 10°° 1.9x 1012 5.9x 108 3.2x 107
27 8.8x 10% 0 1.3x 104 4.4 x 1012 6.9 x 10'8 6.3x 1077
37 1.2x 10 0 9.9x 10°° 3.5x 102 9.5x 108 3.6x 107
25 8.2x 10 0.31 2.8x 1075 9.6 x 101 6.4 x 10'8 1.5x 1077
20 6.5x 10* 0.94 5.1x 1076 1.8x 104 5.1x 108 3.5x 108
25 8.2x 10 1.6 4.3x 104 1.5x 101 6.4 x 10'8 2.3x10°®
32 1.0x 105 1.7 3.5x 10 1.2x 108 8.2 x 10'8 1.5x10°
38 1.2x 10% 1.9 1.2x 1073 4.2 x 1013 9.8 x 10'8 43x 106
40 1.3x 10'5 2.0 5.7x 107 2.0x 108 1.0x 10 1.9x 10°
48 1.6x 10 2.7 1.7x 1078 5.7 x 10 1.2 x 10 47x 106
51 1.7x 105 3.1 1.9x 1073 6.5 x 101 1.3 x 10 49x 106
61 2.0x 10% 4.1 3.4x 1073 1.2x 10" 1.6 x 101 7.5%x 10°®
61 2.0x 10% 4.1 2.1x 1073 7.2 x 1088 1.6 x 10 46x 106
63 2.1x 10% 4.4 3.7x 1073 1.3x 10" 1.6 x 101 7.9x 10°®
25 8.2x 10" 6.3 1.7x 1073 5.8 x 101 6.4 x 10'8 8.9x 10°¢
101 3.3x 1015 6.3 5.7x 1073 2.0x 10% 2.6 x 10% 7.6x 10°©
44 1.4x 10% 13.0 3.2x 1073 1.1x 10" 1.1x 109 9.9x 10°¢

a Percent relative humidity’. Rate measured in absorption band peak height KRate converted to molecules chs . 4 Flux of HNGs. € Calculated
uptake coefficient.

relative humidity greater than 17%, the reaction of HN\D wetted surface as a function of relative humidity is shown in

o-Al,03 and CaO saturated in less than three seconds, thusFigure 8. The open circles represent the enhancement in the

limiting our ability to measure reaction probability much above reactive uptake coefficienfuedydry, of HNO; on o-Al 03 and

17% relative humidity. CaO particles as a function of relative humidity. The solid line
The uptake coefficient for the reaction of HNON o-Al,03 represents the BET isotherm fit for water adsorptiormefl ;03

and CaO in the presence of water vapor was calculated usingand CaO particles in which the parametgy, the volume of

eq 9. The uptake coefficient for HNn a-Al,0O3 and CaO adsorbed water on the oxide particles corresponding to a

increased by as much as 50-fold as relative humidity increasedcoverage of one monolayer, was replacedyy the uptake

from 0 to 16%. The increase in the uptake coefficient on the coefficient measured at a water coverage of one monolayer, in
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200 a-ALO, Discussion

Water Adsorption on Oxide Particles Under Ambient
Conditions, T = 296 K and 0—90% RH. A molecular level
understanding of water adsorption on solid substrates is a topic
of great interest. There has been an enormous amount of insight
gained in this regard for water adsorption on salt crystals from
the work of Ewing and co-workers and their studies of water
adsorption on NaCl(100) surfac&<’5>67 Single-crystal surfaces
are ideal substrates for gaining insight into the molecular level
80 details of the adsorption process. From a large shift in the
vibrational frequency of the ©H stretching mode and a jump
in the integrated absorbance, it was inferred from transmission
401 FT-IR data that at 295 K water initially adsorbs on NaCl(100)
in two-dimensional islands at submonolayer coverages and then
begins three-dimensional growth and multilayer adsorption
T ; . . between 30 and 45% RH. It was also shown that bad CI
o 20 40 60 80 100 ions are incorporated into the water layer at coverages above 2

Relative Humidity ML
Figure 8. Enhancement of the reactive uptake as a function of relative T.h re have been some recent theoretical and experimental
humidity for HNO; uptake oroi-Al 03 and CaO particles. Open circles ere have been some rece eoretical ana experimenta

representyweyary as a function of relative humidity. The solid lines ~ Studies of water adsorption on single-crystal oxide particles
represent the modified BET isotherm fit for water adsorptionel ;05 under ambient conditions that have provided a greater under-
and CaO particles as determined previously except now calibrated tostanding of the oxide-water interface under ambient condi-
ymweras shown in eq 8 and discussed in the text. For CaO, the nitrate- tions8-74 Using synchrotron diffraction techniques, Eng et al.
coated isotherm is used. examined the structure of the hydrated\l ,05(0001) surfacé8

The fully hydrated surface is oxygen-terminated with a con-
tracted aluminum layer underneath and is found to have a
structure which is intermediate betwea+Al ;O3 andy-Al(OH)3

1507

1007

YWCt 50

Yary 0 Ca0

60

201
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eq 3, as suggested in a recent paper by Davis and Cox for nitric
acid uptake on Na¥ This equation can be written as

P 1 1 P\n p\n+1 with a semiordered layer of adsorbed wéfer.
y""et'mc(ﬁo) (n+ )(50) + n(—o) In this study, water adsorption on oxide particles at 296 K
wet P P P\ (12) was characterized by transmission FT-IR spectroscopy. As
1- (g) 1+(c— 1)(5) - C(E) discussed, the ©H stretching region is complex for oxide
0 0 0 particle surfaces, because hydrogen-bonded hydroxyl groups and

Thus, the BET parameters for the isotherm curve for water adsorbed water all contribute to the intensity of the-D
uptake ona-Al,O3 particles are nowyetm = 1.82 x 1076 at stretching region. Analysis of the bending mode of adsorbed
16% RH withc = 25.2 andh = 8. In the case of CaO, the BET  water shows that on the oxides investigated here{Si\I ,0s,
isotherm curve for water uptake on nitrate-covered CaO particles TiO2, o-F&:03, CaO, and MgO) there is no obvious discontinuity
was used to model the dependence. The parameters for CaO in the integrated absorbance nor is there a jump in the vibrational
are NOWywetm= 9.90 x 1076 at 13% RH withc = 39.7 andh frequency for this mode as the water coverage increases from
= 4.1. The ratio ofywefyary as a function of relative humidity ~ 0 to 96%. As discussed previously, the bending mode is not as
and the calculateghefydry from the water isotherm curve shows perturbed by intermolecular interactions compared to th¢diO
that the HNQ uptake rate on oxide particles is enhanced in the stretching mode. Thus, the bending mode is not as useful in
presence of water vapor and that this enhancement can begaining insight into intermolecular interactions as compared to
understood in terms of the increased adsorbed water layers orthe O—H stretching mode. However, the analysis of the bending
the oxide particles. mode allows for the quantification of the number of adsorbed
The effect of water vapor on the net uptake of HN\fD the water layers on the particle surface as a function of relative
oxide particles was investigated. In these experiments, the humidity using a classical BET adsorption model. From the BET
reaction of HNQ on a-Al,03 was investigated as a function of  fit, monolayer coverages are defined and coverage-averaged
HNO;z pressure in the presence of water vapor corresponding enthalpies of adsorption can be determined. From this analysis,
to 30+ 2% relative humidity. The; absorbance band of oxide-  the following generalizations can be made. Near 20% RH, there

coordinated nitrate resulting when gas-phase HNOHNO; is a.ppro>§imatelly one layer of adsorbed water on the oxide
and HO are evacuated was integrated for spectra recorded undeiparticles investigated, and the range of values goes from 11 to
dry and wet conditions and plotted versus HN&juilibrium 27% RH. At 50% RH, water coverages above one monolayer

pressure. The net uptake of HN@r o-Al,Os is slightly less are present, close to two layers in most cases. Near 80% RH,
under wet conditions then under dry conditions. The uptake of there are between two and four adsorbed layers, depending on
HNOz on MgO particles in the absence and presence of water the oxide.

vapor was also compared in the same manner as described for Although useful in defining monolayer coverages and quan-
o-Al,0s. The data show that nitric acid adsorbs more in the tifying adsorbed water layers as a function of percent RH, the
presence of water vapor on MgO at 302% RH as compared  BET analysis provides little insight into the details of the
to uptake under dry conditions and at coverages greater thanmolecular adsorption process because it does not take into
one monolayer suggesting that the bulk oxygen atoms participateaccount lateral adsorbatadsorbate interactions. Clearly this

in the reaction as well as the surface oxygen atoms and thatis a major oversimplification for water adsorption which will
this participation is enhanced in the presence of water vaporform two- and three-dimensional hydrogen bonding networks.
similar to what has been observed for the heterogeneous uptakén addition, because of the heterogeneous nature of the particle
of HNO3z on CaCQ particles as shown in our previous stuiy. surfaces, average behavior can be characterized and, therefore,
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sometimes only a limited amount of insight into fundamental Thus, the total rate of nitrate adsorption can be thought of as
interactions can be gained. The BET analysis can then be usedollows:
to find an empirical functional form of the water adsorption
isotherm. The empirical equation can potentially be incorporated — X i
into atmospheric models and used to model uptake coefficients (ANG/l) = KN, (S0 + KuaeNyio N0 (18)
as a function of the atmospheric water content. . . ]
Adsorption of water on a nitrated surface may provide some Where the adsorption rate is composed of two parts: one being
insight into the molecular nature of the adsorbed water layers. @dsorption on the dry surface in the absence of adsorbed water
The infrared data show for the reactive insoluble oxides (e.g., @1d the other being adsorption that involves surface adsorbed
a-Al,0s) regions of oxide coordinated and water-solvated nitrate Water. The kinetics of these two steps are very different. What
ions coexist at relative humidity below 30%, as discussed Makes the kinetics even more complex is that water appears to
previously by Miller and Grassia#.This suggests that there s b€ forming during the course of the reaction such that the
some islanding of the water molecules on the surface at kinetics maybe changing as well. Another comphcayon is that
coverages near and below one monolayer, as suggested b)t,here may be strongly_a_dsorbed water on the particle surf_ace
Ewing and co-workeré7:65-67 Because the adsorption isotherms €ven under dry conditions suggesting that the mechanism
are similar for these oxidesi{Al 03, TiO,, and a-Fe03) in repre;ented l:_)y reaction 17 may be important under all congimons
the region from 0 to 35% RH for oxide particles that have mvest!gated in thls study, as has been sug.geste.d by Biechert
reacted with nitric acid compared to oxide particles that were and Finlayson-Pitts and Ghosal and Hemminger in the uptake
not reacted, the data suggest that some islanding may beof nitric acid on NaCl particle$"®
occurring as well on oxide particles that were not reacted with ~ The uptake coefficients reported here are quite low, and these
nitric acid. For the reactive soluble oxides, the data indicate Values may not represent accurate values of the uptake coef-

that saturated solutions of M(N§ (where M= Mg2t and ficient for several reasons. The most important being that
Ca&") form, similar to what is observed for nitric acid uptake diffusion of the reactants through the powder is not instantaneous

on CaCQ.30 but will occur on the time scale of the measurement and not all
Nitric Acid Adsorption on Oxide Particles—Adsorption layers are accessed simultaneously. It takes a longer amount of
Mechanism and Reaction Kinetics Nitric acid adsorption on  time to access underlying layers. So, the uptake coefficient is
Si0, is completely reversible: being measured for a powdered sample which at any given time
will have each layer saturated to a different extent. For example,

HNO,(g) == HNO(a) (13) the first layer will adsorb and saturate first and the middle layers

will saturate last (molecules are colliding with the “front” and
the “back” of the oxide powder pressed onto the tungsten grid;

reasonable to assume that the nature of the interaction betweedus: the middle layers represent the least accessible layers of
the SiQ surface and molecular nitric acid involves a hydrogen the Powder). At the pressures used in these experiments, some
bonding interaction. layers may be saturating within the first second or two of the

For the other oxides, the majority of the adsorption is experiment. The effect of diffusion and saturation of some layers
irreversible in that upon evacuation of the gas-phase adsorbed’€"Y auickly will be that the experimentally measured value of
products remain. The following reaction sequence is proposedthe uptake coefficient will be much lower, potentially by several

for the reactive uptake of nitric acid @Al 03, TiO, y-FeOs orders of magnitude, than the initial uptake coefficient which
Ca0, and MgO: ' ' ' is what is often times reported in the literature.

Atmospheric Implications. This study was done to address

_ ot - the question of whether HNFemoval by mineral dust would
HNO(g) — [HNO4(@)] —~ H'(a) + NO; (a)  (14) be significant to reduce the HN@o NO ratio when included
in global atmospheric chemistry models. The laboratory study
showed that all of the oxide particles can adsorb HN@d,
except, for SiQ this can be considered as reactive uptake on
these oxide particle surfaces. In addition, our studies indicate
that the reaction of HN®with CaO and MgO is not to be
limited to the surface and can react into the bulk of each of the
particles. The dependence of water on the reactive uptake is
clearly demonstrated in this study in that, as relative humidity
increasesy increases by almost 50-fold and follow the water
adsorption isotherm measured in this study.

The value of the reactive uptake coefficient is significantly
lower than that measured in recent Knudsen cell studies even
though in the Knudsen cell study, the BET area of the entire
. sample was used and not just the geometric area of the sample
where M= Al, Ti, or Fe and M = Ca or Mg. In the presence  p5der77.78 The Knudsen cell studies were done at much lower
of adsorbed water, the adsorbed water layer provides another,essures on the order of a factor of I@wer. Thus, saturation
medium for the dissociation reaction and can be written as  affects are minimized in the Knudsen cell experiments. The

assumption of a uniform site distribution might not be valid,
HNO,(g) + H,O(a)— H;0"(ag)+ NO, (aq)  (17) and the most reactive sites may be probed at the lower pressures.
The water content of the particles is also difficult to control
The reaction kinetics are most likely more complex than the under dry conditions and may be different in the two experi-
analysis provided here suggests. At least two mechanisms mayments. In a recent box-model stdfyn o-Al,Os, TiO,, and
be operative, one involving adsorbed water and the other not. y-Fe,Os, reactive uptakes greater tharr@vere found to reduce

The SiQ surface is terminated by hydroxyl groups, and it is

It is unclear whether the adsorption involves a molecular
precursor state, HN£pr), prior to the dissociation step as has
been recently proposed by Davis and Cox for HNPtake on
NaCl584

Although the nitrate ion can be easily monitored by infrared
spectroscopy, the fate of the proton is less defined. The proton
may react on the surface with surface hydroxyl groups or oxygen
atoms to form adsorbed water, i.e.

HNO, + M(OH) — MNO4(a)+ H,0(a)  (15)

2HNO, + M'O— M'(NO,),(a) + H,0(a)  (16)
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