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In this study, the heterogeneous uptake of gaseous nitric acid on dolomite, Caplg @ calcite, CaCg)

particles under dry conditions at 296 K was investigated. A Knudsen cell reactor was used to measure
heterogeneous uptake coefficients for these reactions. Several different experiments were performed including
those on many, single, and fractional layers of particles. For experiments using multiple particle layers, the
Knudsen cell data were modeled to take into account gas diffusion into the underlying layers of the sample.
From this analysis, initial heterogeneous uptake coefficientswere determined to be (& 2) x 10 and

(2 +£ 1) x 1073, for dolomite and calcite, respectively, at a nitric acid concentration o&618'° molecules

cm 3, For experiments that employed single or fractional particle layers, the initial heterogeneous uptake
coefficient was analyzed using a recent method described in the literature. Values of the initial heterogeneous
uptake coefficient using this analysis were in agreement with the above analysis and determined+o be (7

4) x 104 and (24 0.4) x 1073 for CaMg(CQ), and CaC@Q, respectively. In addition, these results are
compared to previous literature values.

Introduction carbonate minerals such as Ca@fay be particularly effective
minerals in the uptake of HN{ The stoichiometric bulk

It has been estimated that 3668000 Tg of particulates are : . :
reaction for this heterogeneous process can be written as

emitted into the troposphere annudlApproximately 1006-
3000 Tg of that amount is made up of mineral dust aer®sol.
Other types of particulates that are also present in the tropo-CaCQ(s)+ 2HNO4(9) ~

sphere include sea salt, soot, organics, and sulfate aerosols. Ca(NQ,)),(s)+ CO,(g) + H,0O(09) (1)
These particulates provide a large amount of surface area that

can facilitate heterogeneous chemistry. Mineral dust in the \yhen available, atmospheric chemistry models use input from
troposphere often comes in the form of windblown sails and is 3y oratory investigations of the kinetics of these reactions. One
composed largely of metal oxides, clays, and carborfetés: current problem, as recently discussed by Bian and Zéehider,
arid and semiarid regions of the globe expand, the amount of y,o¢ there are discrepancies in the values of heterogeneous
mineral dust emitted into the troposphere may increase signifi- reaction rates that span orders of magnitude from different
cantly. ) ) laboratory studies. An important reason for the discrepancy in
Understanding heterogeneous reactions that occur on thejhe reported reaction rates is the difference in the amount of
surface of aerosol particles will lead to a better understanding ¢,rface area that is used to determine the heterogeneous uptake
of the fate and transport of molecules in the troposphere as well .yeficient. Often experiments are done on powdered samples
as air quality and air pollution. One of the major components a¢ consist of multiple particle layers instead of suspended
of air pollution is nitrogen-containing species, such as D, isolated particles. For powdered samples, the reactant gas can
+ NO) and HNQ. .Heterogeneous reactions tha}t affectxl\"@OI potentially diffuse through the particle layers and access a
HNO; concentrations are expected have an important impactgrface area that is greater than the geometric area of the sample
on the overall chemical balance of the troposphere through poiger, which is often used to calculate initial uptake coef-
coupled processes. With the prediction that the amount of ficients. It has been suggested that the geometric surface area
mineral dust aerosol emitted into the troposphere will increase ¢ 1he sample holder is a good approximation of surface area
in the years ahead, it is important to gain an understanding of \hen, the reaction is very fast, i.e., uptake coefficients close to
the heterogeneous reactions that may occur on the surface 0% anq the gas is taken up before it can diffuse into lower layers.
these particles. _ _ _ . However, when the heterogeneous reaction rate is slow, the use
_ Several modeling studies have investigated the potential ot the geometric area of the sample holder is not a good measure
impact of mineral dust interactions with trace atmospheric gases. 5t the available surface area and there is a contribution of

These modeling studies have concluded that mineral dust aerosohnderlying layers due to the diffusion that must be taken into
will substantially alter the chemical balance of the troposphere 5.cqynt2.13

by specifically lowering HN@ concentration8-° Song and

. Although there is general agreement in calculating reaction
Carmichaél® as well as Tabazadeh etlalhave suggested that 9 g g g

rates and heterogeneous uptake coefficients reactions involving
i —18 19-23
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much of the earlier literature used the geometric area of the surface layers must be taken into account in determining the
sample holder to calculate heterogeneous uptake coefficientsinitial heterogeneous uptake coefficient for nitric acid on
However recently, several groups have reported mass-dependeng-Fe,Os
behavior, correlated to an increase in surface area, of the Because heterogeneous reactions of mineral dust withHNO
observed uptake coefficient on salt surfaces. Hoffman et al. may be an important removal process for HNi@m the gas
report an observed surface area dependence forHlp@ke phase that can, through coupled processes, influence other
on NaCl. To determine accurate values of the uptake coefficient, important trace atmospheric gases such as ozone, it is essential
Hoffman et al. developed a method and model whereby to have accurate rates for these heterogeneous reactions. Besides
fractional layers of particles were used to calculate heteroge-the modeling work of Song and Carmich®¥eind TabazadeH,
neous reaction rates. The use of single or fractional layersrecent laboratory studies have shown that carbonate particles
eliminates any issues related to gas diffusion into the underlying seem to be a particularly important component of mineral dust
layers30 aerosol with respect to its reactivity with nitric adt.The
Zangmeister and Pemberton recently reported a correctionpurpose of the current study is to reexamine the uptake of HNO
to their previously published value for the uptake coefficient on calcite and dolomite using multiple, single, and fractional
for the reaction of HN@on NaCl. By correcting for the BET  layers of particles. Uncorrected uptake coefficients are presented
surface area, a value of the reaction probability decreased byto show the dependence that is observed with the use of
several orders of magnitude, the uptake coefficient fell within geometric area. Corrected uptake coefficients are determined
the same range as other published values for this reatifdn.  from both analysis of the mass dependence and the application
The article by Hoffman provides a more detailed discussion of of the pore diffusion model for samples that contain multiple
the literature regarding the heterogeneous uptake of nitric acid layer of particles and the application of the model described by
on NaCl particles. Hoffmann et al. for samples consisting of less than one particle
In the case of mineral dust particles, Grassian and co-workers|Yer: The results from experiments described here should help
have used both the pore diffusion model developed and better quantify the heterogeneous uptake of nitric acid on mineral

discussed by Keyser, Moore, and Leu for atmospheric reac-dust aerosol, at least under dry conditions.
tions* to analyze their data for nitric acid uptake on laboratory )
surrogates for mineral dust aerd8éP-3*and the linear mass ~ Experimental Methods
dependent rggime of the uptake coefficient over a smaller range Heterogeneous uptake coefficients were measured using two
of powder thicknesses. Both of these methods rely on the BET gitferent Knudsen cell reactors that differ in volume by a factor
surface area of the powder to calculate a heterogeneous uptakgs 15 Both Knudsen cell reactors have been described previ-
coefficient. In particular, Underwood et al. have observed a ously and schematics of these are shown in Figufé43’Each
linear mass dependence for the initial uptake coefficient for reactor consists of a chamber with an isolated sample compart-
HNOs on several mineral oxides such@s\l .03, a-Fe;0s, and ment and a small escape aperture through which reactant and
SiO,, as well as authent_lc prl dust and Saharan_sand. Goodmarbroduct gases can escape and be detected by a quadrupole mass
et al. used the pore diffusion model to determine the hetero- spectrometer. In the Knudsen flow regime, the pressures used
geneous uptake coefficient of nitric acid on CaCOhese are low enough to ensure that the mean free path of the
studies all strongly suggest that the use of the geometric surfacenolecules exceeds the dimensions of the cell. The diameter of
area of the sample holder in the calculatioryafoes not account  the escape aperture must be a factor of 10 smaller than the mean
for all of the available reactive surface area. free path to ensure molecular fl%This eliminates boundary

In the work of Hanisch and Crowley, there was no observation layer effects and also minimizes gas-phase collisions, which
of the surface area dependence of the heterogeneous uptakeimplifies analysis of the data.
coefficient of nitric acid on laboratory surrogates for mineral The large volume Knudsen cell reacteri500 cnd) could
dust aerosot®?” One of the main conclusions drawn from this  accommodate multiple samples holders as shown in Figure 1.
study is that no significant role for internal surfaces below the The larger volume Knudsen cell reactor consists of a stainless
external surface is evident and that the geometric area could besteel reducing cross that has four individual sample holders,
used in the calculation of the heterogeneous uptake coefficient,which are attached to a platform. Four linear translators are
which is in direct contrast to the conclusions made by Grassian connected to Teflon-coated aluminum disks, serving as covers
and co-workerd?282%|t was also suggested by Hanisch and for the individual samples. All interior surfaces that may be
Crowley that discrepancies between values in the literature ariseexposed to reactant gases are also Teflon-coated. Viton O-rings
in part from correction factors to account for diffusion into the provide a seal between the sample holders and the lids. For
bulk of the samples, errors from calculating uptake coefficients multilayer experiments, the individual sample holders used are
due to competitive uptake on surfaces other than the samplemade from stainless steel and have a geometric area of 5.07
and determining uptake coefficients at different nitric acid cn? and a volume of about 2.5 GrBecause the total volume
pressures. In addition, it was concluded that the uptake of nitric of the chamber is close to 1500 &mo corrections are needed
acid onto mineral dust and clay components is quite high with to account for the volume change when the sample compartment
a value near 0.1. is opened. This reactor was used for the majority of dolomite

Very recently, Knudsen cell results by Frinak et al. also report experiments that involved multiple, single, and fractional layers
a layer thickness dependence in the uptake of nitric acid on of particles. A few experiments on dolomite were carried out
y-Fe03.3935 |n this study, the surface area of the iron oxide in the single sample reactor.
particles was measured in situ using water as the adsorbent For all fractional layer experiments on dolomite and calcite,
molecule. Both infrared spectroscopy and mass spectrometrythe larger volume Knudsen cell reactor was also used to hold a
were used to calibrate the amount of water that adsorbed onnewly designed sample holder and lid with a geometric area of
the iron oxide particles and to determine an in situ specific BET 58.5 cn?, over 10 times greater than the sample holder used in
surface area from these different measurements. An importantthe multiple layer experiments. The larger sample holder allows
conclusion from the study by Frinak et al. is that underlying for a greater sample loading, providing more surface area and
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Figure 2. QMS intensity (We = 63) plotted as a function of time for
HNO; uptake on halocarbon wax. The sample holder coated with
(b) Small Volume Knudsen Cell Reactor halocarbon wax is exposed to gaseous nitric acid vapor during the times
the sample holder lid is open as indicated above. No nitric acid uptake
Linear Motion Feedthrough is seen on the halocarbon wax when the sample holder lid is open.
Variable Escape Aperture
Gate Valve
'\-/ezl‘k ﬂ NT-150). Along with the nitric acid parent ion, HNO (m/e =
a vFE @ U QMs 63), other mass channels monitored in these experiments include
. l l NO,"™ (m/e = 46), an important fragment of HNfalong with
H,O" (m/e = 18) and CQ" (m/e = 44). Both HO and CQ
Turbo Ton - : T
Pump Pump are expected as products in the bulk reaction of nitric acid with
carbonate minerals, as shown in eq 1.

Calcite experiments involving multiple layers were mainly
conducted in the small volume Knudsen cell reactor. This reactor
consists of a stainless steel cube with a volume of 108 ém
single stainless steel sample holder (geometric area of 5.34 cm
is covered with a Teflon-coated flange connected to a linear
Sample Holder translator. The sample holder is again coated with halocarbon
"~ (Depth <1 mm) wax. This Knudsen cell reactor is also coupled to a quadrupole
mass spectrometer (UTI-100C and UTI DetecTorr II) through
a gate valve. The QMS is evacuated with a 150 L/s ion pump
(Varian). For experiments in both reactors, the nitric acid was
allowed to flow through the reactor prior to data collection until
Figure 1. Knudsen cell reactors used in this study are shown above: a steady flow was obtained. This was done to passivate the

(a) large volume £1500 cn) system that can accommodate multiple  chamber. The gaseous HN@as introduced to the reactor
sample holders each with geometric area of 5.07@na large sample ~ through a leak valve and tuned to a desired pressure as measured

holder with a geometric area of 58.5 ¢and (b) small volume~+£100 with an absolute pressure transducer (MKS 690A.1 TRC, range
cn’) system with a single sample holder with geometric area of 5.34 1 y 106t0 0.1 Torr).
cn.

Powdered dolomite samples were obtained by crushing single-
crystal dolomite (Alfa Aesar). SEM images of the dolomite
thus a significant increase in the signal-to-noise ratio in these sample, shown in Figure 3, were used to characterize the particle
experiments involving small total surface area. Because {INO shape and size. Dolomite particles were found to have irregular
is very reactive with stainless steel, each sample holder, bothshapes, with a distribution of sizes ranging from 1 to 200
the large one as well as the smaller ones used in the large volumelhe BET surface area of the crushed powder was measured
reactor, was coated with halocarbon wax (Series 1500, Halo- using a multipoint BET analysis (Quantachrome Nova 1200)
carbon Products Corp.), which is inert to nitric acid, as shown and found to be 0.6 fg~%. Two different powders were used
in Figure 2. Powdered samples of carbonates were then spreadis received for calcite samples (Alfa Aesar). SEM images
evenly onto the wax surface. Large multilayer samples were displayed in Figure 4 show that the calcite particles have a
lightly packed down to ensure an even distribution of particles somewhat cubic shape and a tendency to form aggregates.
across the sample holder. Particle sizes for the two calcite samples ranged from 0.2 to 10

The large volume Knudsen cell reactor is coupled to a um, with BET surface areas of 0.2 and 1.4 g1. Multilayer
quadrupole mass spectrometer (UTI, DetecTorr 1I) to allow for experiments were conducted using both samples, whereas for
detection and monitoring of the reactant gas as well as possiblefractional layer experiments the 1.#m ! sample was used.
products. The mass spectrometer is equipped with a 400 L/sDry gaseous nitric acid was taken from the vapor of a 1:3 by
ion pump and an ion gauge (both from Varian). The area volume solution of concentrated HNQ@Fisher Scientific) and
between the Knudsen cell and the mass spectrometer wasH,SO, (Fisher Scientific), purified by several freezpump—
evacuated with a 150 L/s turbomolecular pump (Leybold TMP/ thaw cycles.
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Figure 3. SEM images of dolomite on halocarbon wax. The top two images were used to determine an average particle size and average particle
spacing for fractional layer experiments. See text for further details.

25 um

Figure 4. SEM images of calcite on halocarbon wax. The images were used to determine an average patrticle size and average patrticle spacing for
fractional layer experiments. See text for further details.

Results intensities that are measured with the sample covered and
Knudsen Cell Reactor Results for Nitric Acid Uptake on exposed, respectively. This value of the_u_ptake coefficient is

Multiple Layers of Dolomite and Calcite Particles. Repre- referred to as the observed uptake coefficignis

sentative Knudsen cell data for the uptake of H\® dolomite Figure 5a shows Knudsen cell data for the reaction of HNO

and calcite particles using samples that contained multiple layerson dolomite for several samples that differ by the total mass in

of particles are shown in Figures 5 and 6. A heterogeneousthe sample holder. The nitric acid concentration used in these

uptake coefficienty, can be calculated using the Knudsen cell experiments was 6.5 10'° molecules cm? (corresponding to

equation derived for steady-state uptake, 2 uTorr). The data displayed in this figure are the result of
several experiments for which the QMS intensity curves have
_ﬁ('o B |) _ @) been normalized and displaced relative to one another with

r= A\ = Yobs respect to time. Dolomite is seen to take up HNThe observed

uptake coefficient decreases to zero as the surface becomes
whereAy, is the area of the escape apertukgis the geometric saturated with adsorbed nitric acid as shown in Figure 5b. Due
area of the sample holder, argd and | are mass spectral to this decrease, the values of the uptake coefficient reported
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Figure 5. (a) QMS intensity Ve = 63) plotted as a function of time
for HNOs uptake on dolomite powder (BET surface area of 0% m - “ M : :
g, “op3en9 refers to the time':ihe sam(ple holder is open is and the of various mass. “Open” refers to the time the sample holder is open

particles are exposed to nitric acid vapor. (b) Calculated observed uptake'sband tge pta rlt(lcles ?fr-e- extpos_ed 0 glt\:\g‘ha_clg ;/ggorr.ﬁ(b) dCaIEuIated
coefficient using eq 2 with, = 0.324 cni and As = 5.07 cn?. The observed uptake coetlicient using eq = 0.363 cri andAs =

X g 5.34 cnt for the data shown in (a). The results of three different
results of several different experiments are shown. The data have beerlEX eriments are shown. The data have been displaced in time with
displaced in time with respect to each other. P ’ P

respect to each other.

Figure 6. (a) QMS intensity Ve = 63) plotted as a function of time
for HNOs uptake on calcite powder (BET surface area of 02gm)

here are the initial uptake coefficients and are taken as the
maximum value of the uptake coefficient.

Similar results are obtained for the uptake of HNID calcite.
Figure 6a shows the QMS intensity versus time data for HINO
on calcite. Several different masses are shown. The surface are
of the calcite powder used is 0.2m 1. The observed uptake
coefficient calculated using eq 2 is shown in Figure 6b. The
@nitial value of the uptake coefficign@ increasgs as the mass surface area. These contributions are relateghbioby
increases. Although not shown, a similar trend is also observed
for the 1.4 & g~1 surface area calcite during experiments carried S+79
out using 1.9x 10 molecules cm?® (6 uTorr) of HNOs. Yobs = Vt(—)

The standard Knudsen cell equation fails to account for mass As
dependent behavior that is observed in the uptake of HNO
carbonate particles. This is because in its derivation, it is
assumed that an approaching gas molecule collides once and 1
only once with the top layer of the surface of the sample (whose n= 5 tanhg) (4)
area is assumed to be the geometric area) and does not diffuse
into lower particle layers. However, the mass-dependent be-and
havior that is observed can be accounted for through the use of
gas diffusion models for these multiple particle layer experi- _ m 3o, |[3ryi|M2 ©)
ments. ¢= pLAd

Pore Diffusion Model Adapted for Atmospherically Rel-
evant Systems and Its Application to the Heterogeneous The term in parentheses in eq 3 is a correction to account for
Uptake of HNO3 on Multiple Layers of Carbonate Particles. diffusion into underlying layersS and§ are the external and

Keyser, Moore, and Leu adapted a model from heterogeneous
catalysis literature to take into account diffusion into underlying
layers of a porous sample in heterogeneous atmospheric
reactions’® The details of this model are summarized elsewhere
And will not be presented here. The model includes two
contributions to the uptake coefficient, one from external
(surface) and one from internal (underlying layers) particle

@)

where

Pt~ Py

4
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wherehe is the height of the first layer anld is the height of
all the internal layers.
Figure 7 shows the measured initial uptake coefficient for
0.05 HNO; on (a) dolomite and (b) calcite as a function of the sample
mass. For dolomite, the value pf,sincreases with sample mass
0.04 - l to approximately 70 mg, after which it begins to plateau and
reach a constant value independent of mass. In this plateau
region, the initial uptake coefficient is/0.04. The observed
initial uptake coefficient is dependent on the thickness of the
sample and thus the number of particle layers present in the
0.02 7 sample. Using the KML model, fits were obtained for the initial
uptake coefficient versus sample mass data presented for
0.01 7 dolomite and calcite and are presented in Figure 7. The
parameters used for the fits are given in Table 1. The best fit
— — — —— result of the KML model for HN@ uptake on dolomite was
0 100 200 300 400 given by usingr = 7.0 andy; = (5 & 2) x 10~ The model
Mass (mg) fits both the form and the measured values for dolomite fairly
(b) Calcite well. For calcite, fits were determined for the different surface
0.054 area samples by using= 5.3 andy; = (2 + 1) x 10°2 andr
=27 andy; = (2 £ 1) x 1073 for the 1.4 and 0.2 thg~?
powders, respectively. Only the data collected for the calcite
sample with a surface area of 0.2 gr! are shown in Figure
7b. Again, the model fits the experimental data for both surface
0.034 area powders fairly well.
l Linear Mass-Dependent Regime (LMD) Model and Its
I Application to the Uptake of HNO3; on Multiple Layers of
0.021 Carbonate Particles.As sample mass increases, HN@ptake
% increases as well for both carbonates, until a constant value is
0.014 {

0.06 (a) Dolomite

0.03 7

Initial Uptake Coefficient

0.044

Initial Uptake Coefficient

reached at higher masses. For smaller, thinner samples, the initial
{ uptake coefficient is directly proportional to sample mass as
HNO3 molecules are able to diffuse through and access the entire
sample. This region is entitled the linear mass-dependent (LMD)
regime. The LMD model is used to determine the correction
Figure 7. Initial uptake coefficients calculated using eq 2 are plotted factor that ZIS necessary and its q_erlv_atlon 's described in detail
as a function of sample mass for (a) HiGbtake on dolomite, CaMg- elsewheré? The result is a modification to eq 2, the standard
(COy), (0.64 n? g ), at a HNQ concentration of 6.5 10:° molecules Knudsen cell equation, where the geometric area of the sample
cr? and (b) HNQ uptake on calcite, CaGQ0.2 n? g-9), at a HNQ holder has been replaced with the BET surface area of the

concentration of 6.5< 10'° molecules cri The line through the data ~ powder sample.
are fit to the data using eqs-® and the parameters given in Table 1.

H——---—--" —--———r—r——
0 50 100 150 200
Mass (mg)

A\ [ A
internal surface areas, respectively, and an “effectiveness Vo= ABET\ | - Acer Yobs (1)
factor” that represents the fraction of the internal area that
contributes to the measured uptake coefficient. The effectivenessn this equationy is the true initial uptake coefficient amker
factor is mass dependent and determined from the relative ratess the BET area of the entire sample. Using egyi7can be
of surface adsorption and diffusion into underlying layer. The calculated from the known mass and observed uptake coefficient
tortuosity constant,z, corrects for inhomogenities in the  for individual experiments. To reduce random ergaan also
interparticle voids and typically has a value in the range-681  be determined using the slope of the best linear fit to the initial
but must be experimentally determined for most porous solids. uptake coefficient versus mass data through
Also entering into the calculation gfare the mass, the bulk

density, pn, the true densityp;, and the particle diameted. . AS(CmZ)
Rewriting eq 3 in terms of BET surface areSsdy) and 7, = slope (mg )T (8)
measured bulk density yields Sger (€M™ mg )
Using eq 8 and the data shown in Figure 7 for the smaller masses
Yobs= VePpSeer(he + 171) (6) 9 g

in the linear regime, initial uptake coefficients for the two

TABLE 1: Parameters Used To Model HNG; Uptake on Multiple Layers of CaMg(CO3), and CaCO; Particles

parameter symbol CaMg(GR CaCQ CaCQ
diameter d 53um 5um 3um
specific surface area SeT 0.6 gt 0.2mtgt? 14ntg?
true density ot 2.9gcntd 2.9gcntd 2.9gcntd
bulk density ob 2.6 gcnrd 0.5gcnts 0.8gcntd
true uptake coefficient Vit (5+2)x10* (2+1)x 108 (2+1)x 10°°
tortuosity factor T 7.0 2.7 5.3
HNO; pressure P 2uTorr 2uTorr 6uTorr

HNO; concentration n'v 6.5 x 10" molecules/crh 6.5 x 10 molecules/crh 1.9 x 10 molecules/crh
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Figure 8. (a) QMS intensity Ve = 63) plotted as a function of time for HNQuptake on a fractional layer of dolomite particles (27.3 mg of
CaMg(CQ),) (b) Calculated observed uptake coefficient using eq 2 with= 0.324 cn? andAs = 58.5 cn? for the data shown in (a). (c) QMS
intensity fn/e = 63) plotted as a function of time for HNQiptake on a fractional layer of calcite particles (9.4 mg of CaG0Orface area of 1.4
m? g~%) (b) Calculated observed uptake coefficients using eq 2 Witk 0.324 cnd and As = 58.5 cn# for the data shown in (c).

carbonates were determined to bet{£2) x 104 for dolomite 10~ is obtained. Both of these values are significantly lower
and (2+ 1) x 1078 for calcite. These values are in good than what is obtained from the experiments on multiple layers
agreement with those determined using the pore diffusion modelof particles.
discussed above. Hoffman et al. recently described another method for
Knudsen Cell Reactor Results for Samples Containing a  calculating the surface area that differs from the simple analysis
Fractional Particle Layers. A new approach to determining using the BET surface area. The surface area available for
the surface area available in a sample made up of particles wageaction in this new method is dependent upon the area of the
recently proposed and described in detail by Hoffman &% al. tops of the particles and a fraction of the area of the particle
The method employs the use of fractional layers of particle to sides. The bottoms of the particles, i.e., the portion of the
calculate surface area and determine a true uptake coefficientparticles in direct contact with the sample holder, are considered
for the reaction of gaseous HN©On NaCl. Diffusion problems  to be unavailable for reaction. The area of the tops of the
that arise with multilayer samples are eliminated through the particles can be calculated using average particle dimensions,
use of fractional particle layers; however, as discussed below,as determined by SEM. Calculating the available area of the
the available reactive surface area must still be determined. sides is slightly more complicated. If an incoming HN@as
Experiments using fractional particle layers were carried out molecule strikes the empty space of the sample holder rather
for both types of carbonates. For calcite, experiments using than the top of a particle, it can potentially be scattered into the
fractional particle layers were conducted using particles with a side of a particle. The portion of HNOmolecules that are
surface area of 1.4 fry~1. Representative Knudsen cell data capable of this is determined from the proximity of the particle
are displayed in Figure 8 for both dolomite and calcite. The to each other and the scattering anglewhich is calculated
HNO;3; concentration was 6.5 10'° molecules cm? in these from
experiments corresponding to a pressure aff2rr. In Figure
8, the QMS (_Jla_lta are _shown as well as the calculated observed 0=90— arctané ©)
uptake coefficient using eq 2. b
A true initial uptake coefficient can be calculated for the
samples consisting of less than one fractional particle layer. If wherea is the height of the carbonate particle émi half the
the BET surface area is used as the available surface area, thedistance between two particles, assuming that an kNGecule
a value of (1.0+ 0.3) x 104 is obtained for calcite. For the  strikes the sample holder surface equidistant from evenly spaced
dolomite samples, an initial uptake coefficient of £21) x carbonate particles. By integrating over the 3érizontal
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TABLE 2: Summary of Results from Dolomite and Calcite Experiments Using Less Than One Fractional Particle Layer

mass (mg) fractional particle layers Yobs Yo BET) yo.dcorrected)

Dolomite

18.6 0.26 2.3x 104 1.1x 10 3.5x 10

20.9 0.29 2.9% 10 1.3x 10 4.6x 1074

26.0 0.37 6.3x 104 2.1x 10 9.7x 10

27.6 0.39 7.4< 104 25x 10 1.2x 1073

av (54 3) x 104 (2+1)x10* (7+£4)x 104
Calcite

4.3 0.08 1.5< 104 1.4x 10+ 1.7x10°3

4.4 0.09 1.6x 10 15x 10 1.8x 1073

9.4 0.18 2.4x 104 1.1x10* 1.3x10°3

av (1.8+0.5) x 10 (1.3+0.2)x 10 (1.5+0.4)x 1073

plane, the fraction of molecules for which the scattering angle data for determining saturation coverages of nitric acid on
is =6 can be determined. This fractioR)(is given by the cosine  dolomite and calcite are shown in Figure 9. Analysis of five

law for molecular scattering. different experiments yields an average saturation surface
coverage of (1.1 0.9) x 10 molecules cm? for dolomite.
F=cog 6 (10) For calcite, an average surface coverage of 1 @5) x 10*

molecules cm? is determined on the 1.4%gy! surface area
Even if the scattering angle is large enough for a HN®lecule sample and (8 5) x 10'3 molecules cm? on the 0.2 Ag~!
to collide with the side of a particle, it may pass through open sample.
space between the particles instead. Because ofRthsjst be Gas-phase D and CQ are expected as products of the
reduced to account for this open space using the averagereaction between nitric acid and carbonates, as shown in reaction
dimensions of the particles and the distance between them. The for the calcite reaction. For dolomite samples greater than 20

new fraction is denoted &S. Using the area of the tops of the  mg, there is visible production of G{observed by monitoring
particles and-', the true reactive surface area can be calculated

from 1.0 104

) (a) Total HNO, Uptake on 30.1 mg of Dolomite
true reactive area A, + (A; — Ag)F' (11)

% 8.0 10'3]
whereAyy is the total surface area for the tops of the particles. %
Using this model, Hoffman and co-workers were able t0 £ (]
determine a corrected initial uptake coefficient for the uptake & ;
of HNO3 on NaCl to be (2.3t 1.9) x 1073, F]

Using this model, we have been able to calculate a corrected*,“;'_ 40 10
initial uptake coefficient for HN@ on dolomite in these =, T
fractional layer experiments. The average particle diameter andg
spacing for dolomite submonolayer samples were baotms T 2010
With this spacing and particle size, the corrected initial uptake
coefficient has an average value of 74) x 107 Results
from each individual submonolayer experiment for dolomite and : : i :
calcite are given in Table 2. A corrected value of for HNO 0 2000 4000 6000 8000
uptake on calcite particles in these fractional layer experiments Time (s)
was also determined, using an average particle size qah3 2.0 10
and an average spacing of g@m. With these parameters, an (b) Total HNO, Uptake on 4.1 mg of Calcite
average initial value of (2.& 0.4) x 1072 for HNO; uptake
on calcite was determined. By comparison of the values of the Z | 5 ;o]
corrected initial uptake for both carbonates, it can be seen that%
these results are in good agreement with the experiments done2
on multiple particle layers and analyzed for internal surface area £
due to uptake on particles below the first layer. Uncertainty in & ' 10"
the values ofy calculated using less than one layer of particles £
come from several sources, including particle size, shape, and™.,
spacing on the sample holder surface. For these calculations% 5.0 1013
the particles are assumed to be cubic and uniform in size, as™
well as evenly spaced on the sample holder.

Surface Saturation and Product Formation.Surface cover-
ages were also determined in the Knudsen cell reactor experi- . i . .
ments using fractional and single layers of particles by allowing 0 400 8%(i>me ® 1200 1600
the carbonate powder to completely react with the HNIis ) )
is done by repeatedly exposing the sample to HN@il uptake Figure 9. HNO;s taken up on the surface (moleculed)sss time data

. . . for (a) 30.1 mg dolomite, CaMg(C4R (0.64 nt g~1), sample and (b)

is no longer observed. The HNOQMS intensity can be 4.1 mg calcite, CaC€(0.20 n? g 1), sample. The integrated areas from
converted to the number of molecules lost to the surface per yege piots were used to calculate saturation coverages (molecufgs cm
second as a function of time. The area under the resultant isfor HNO:. The sample holder was opened and closed several times

integrated and a surface coverage determined. Representativeuring the course of these measurements to check baseline drift.

13 ]

0.0M

0.0
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an increase of the CO (m/e = 44) QMS intensity while the reactor and thus the escape rdtg, of gas-phase molecules
powder sample is open and exposed to the Hy&. However, out of the reactor as well as the gas pressure and the value of
after calibrating the QMS intensities for the different gases, it the uptake coefficient. In addition, for multilayer samples, it is
was determined that the total number of L£@olecules important to consider both surface coverage and gas diffusion
produced by the reaction is less than 10% of the total number into the many layers of the powder sample during the time scale
of HNO3; molecules consumed under the dry conditions used of the measurement.

in this study. There is also a visible increase in thie = 44 In the heterogeneous uptake of HNOn CaCQ, surface
QMS intensity when calcite is exposed to HN@n increase saturation and gas diffusion through particle layers occur on
in the water signal is also observed, but only 20% of the amount the same time scafé.When these time scales are similar, there
expected on the basis of stoichiometry. This is evident from an is a significant dependence on the parameters noted above. The
increase in thew'e = 18 QMS signal during exposure. This escape constarkes itself depends on the reactor volume and
result is consistent with the findings of other groups who have the size of the escape aperture as shown in

also observed the production of @@nd HO as products of
reaction of nitric acid with calcité®343%However, the amount __CA,
of product is far less than expected on the basis of the bulk Kese™ a

reaction. Reasons for this discrepancy are discussed in the next
section. wherec is the average molecular speed of the g&sis the

size of the aperture, andis the volume of the reactor. Computer
Discussion simulationd® show that because the use of larger escape
apertures and smaller volume results in larger valuek.g&f
more accurate values of the uptake coefficient can be obtained
as the response time of the system is fasterkdsincreases,
the experimental value increases as well and approaches the
true value of what the initial uptake coefficient would be if there
'were no coverage effectdIn the current study a Knudsen cell
reactor with a smaller volume and a larger aperture size, both
of which should help eliminate saturation effects, have been
used to determine the initial uptake coefficient. Thus, an increase
in the value ofy for the calcite experiments reported here is
observed from that previously report&d*
The shape of the data obtained with the Knudsen cell also
changes when the hole or aperture size is changed. When a
Ca(OH)(CQH) + HNO; —~ Ca(OH)(NQ) + H,CO, (12) larger aperture is used, the response of the Knudsen cell reactor
to changes in the gas concentrations inside it is fddt€he
This reaction has been verified by FT-IR spectrosctigy. resulting QMS intensity versus time curve has a more well-
Once the particle surface saturates with a layer of adsorbeddefined minimum, leading to a more well-defined maximum
carbonic acid, uptake of nitric acid ceases. Thus carbonic acidwheny is plotted versus time. Li et al. also discuss the effect
blocks sites for further reaction. However, in the presence of of pressure on the measured initial uptake coefficient; i.e., higher
adsorbed water, carbonic acid is unstable and dissociates intgpressures will show larger saturation effects. The uptake
CO;, and KO, allowing for further HNQ uptake. The minimal coefficient previously reported by Goodman et34lwas
amount of gaseous G@nd HO detected as reaction products measured at 40Torr, whereas experiments in the current study
in the Knudsen cell experiment is an indication that there is were conducted primarily at 2Torr. The decrease in pressure
adsorbed carbonic acid that remains on the calcite surface underesults in a higher measured valueygfs The value ofy, for
the dry conditions used in these experiments. As noted above,calcite reported here, (2 1) x 1073, is a factor of about 8
to date there has been no spectroscopic study of the nitric acidtimes greater than the value of (2450.1) x 104 previously
reaction with the dolomite surface; however, the amount of CO reported® This discrepancy is due to the different conditions
and HO detected in the gas phase in the Knudsen cell used in the two studies, mainly differences in reactor volume
experiment is much less than what is expected from stoichi- and aperture size, and the pressure conditions during individual
ometry, suggesting that its surface chemistry resembles that ofexperiments. The data presented here also suggest that there

(13)

Reaction of Nitric Acid with Calcite and Dolomite under
Dry Conditions. Equation 1 describes the bulk reaction between
calcium carbonate and nitric acid. Experimental and theoretical
surface science studi®s* have shown that the calcium
carbonate surface is terminated by OH under ambient conditions
as a result of the dissociative adsorption giCH These OH
and CQH groups persist even in ultrahigh vacuum condi-
tions#647The surface stoichiometry of calcite is best represented
as Ca(OH)(CGH). Under dry conditions, the surface reaction
of HNOj3 with calcite results in the formation of adsorbed
carbonic acid (HCOs) according to reaction 12.

calcite. are some saturation effects as well but less than those previously
Value of the Heterogeneous Uptake Coefficient of the  reported as the gas pressures (concentrations) used here are
Reaction of Nitric Acid with Calcite and Dolomite under lower.

Dry Conditions. One of the difficulties in using eq 2 to calculate These new data for the uptake of H)Gn CaCQ are still
heterogeneous uptake coefficients is that in its derivation it is lower than values reported by Hanisch et?al(10 £ 2.5) x
assumed that there is continuous, steady-state uptake. This i€0~2 at a similar HNQ concentration and Fenter et &1.(10 &

not the case for adsorption on a finite number of surface sites.2) x 10-2. Neither of these values has been corrected to account
Instead, the uptake coefficient starts at a maximum value andfor internal surface area contributions. Hanisch et al. assume,
then often begins to decrease as the sample surface becomesn the basis of the results for HN@ptake on other surfaces
saturated. As discussed by Li et #l.the observed uptake and from Fenter et al., that there is no mass dependence for the
coefficient is therefore a lower limit to the true uptake coefficient uptake of HNQ on CaCQ and no need for a correction to be
because a finite number of surface sites prevent the steady-made. The results presented in this work display a clear mass
state uptake assumed in the derivation of eq 2 from being dependence and thus a need to corpggito account for internal
achieved. In this situation, when the uptake coefficient depends surface area contributions.

on surface coverage, the experimentally measured value be- The uptake coefficient for the heterogeneous uptake of FINO
comes dependent on the residence time in the Knudsen cellon dolomite that we report as @ 2) x 1074 is several orders
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TABLE 3: Summary of Knudsen Cell Reactor Results for HNO; Uptake on CaMg(CQs), and CaCQOs

CaMg(CQ); (0.6 n? g} CaCQ (0.2 n? gy CaCQ (1.4 n? gy
Multilayer Samples
y(KML) (5 £2)x 104 (24 1) x 107 (24 1) x 1073
saturation coverages (molecules@n (1.1£0.9) x 10 (8+£5) x 10 (1.8+ 0.5) x 10t
Fractional Layer Samples
Yo BET) (2+£1) x 104 (1+0.3)x 104
Yo (corrected) (A 4) x 1074 (8+2)x 104
of magnitude lower than that reported by Hanisch et’al4 that forms deliquesces at relative humidities near ?8%

x 1072 Although their study was the first to report a value of Nitric acid can diffuse through this deliquescent layer and further
the uptake coefficient for HN@on dolomite, it was limited to react with CaC@ In addition, other laboratory experiments from

a single sample mass. No conclusion can be made about theour laboratory have shown that nitric acid kinetics can be
mass dependence @f,s from that study. enhanced in the presence of adsorbed water. Therefore, under

Results obtained through the use of the fractional layer model conditions more representative of the atmosphere; %096
proposed by Hoffman et al. yield a value of the calculated initial relative humidity, the uptake of nitric acid may increase by as
uptake coefficient for both dolomite and calcite that is consistent much as a factor of 10502°5556The two carbonates investi-
with that measured for multiple layers. Uncertainty in the values gated here would then have initial uptake coefficients in the
of y calculated using less than one layer of particles come from range of 0.001 to 0.1 under atmospherically relevant conditions
several sources, including particle size, shape, and spacing orand reactions with these carbonates is expected to be a loss
the sample holder surface. For these calculations, the particlesmechanism for nitric acid.
are assumed to be cubic and uniform in size, as well as evenly Results obtained through modeling analysis are often sensitive
spaced on the sample holder. Clearly, this is a crude approxima-to the values of uptake coefficients selected, which are taken
tion to the randomly spaced, irregularly shaped particles to be globally uniform despite the variations in dust composition
observed in SEM (see Figures 3 and 4). from different source$>5”However it is important to note that

The data presented here indicate that calcite is slightly more different components of mineral dust, e.g., calcite, quartz, clays,
reactive than dolomite by a factor of 4. One possible explanation and gypsum, react very differently with nitric acg?.29:34.3554,58
for this difference in reactivity can be attributed to the stability Currently, the “state-of-the-art” in modeling analysis is that
of the calcite and dolomite surfaces relative to each other. A mineral dust aerosol is treated as a single entity aerosol and is
recent theoretical study examined the stabilities of the GRCO often just represented as a size distribution, failing to account
CaMg(CQ),, and MgCQ (1014) surfaces under dry and for variations in its chemical composition. These differences in
hydrated condition®’ it was found that in both cases, the calcite reactivity of the different components must be included in
surface was the least stable, making it more likely to undergo models to accurately predict the effect mineral dust aerosol has
reaction. The dolomite surface was the most stable under dryon atmospheric processes. The reactivity of a mineral dust
conditions. A complete summary of all Knudsen cell results particle may also change over time as the particle ages in the
for these experiments can be found in Table 3. The results atmosphere and very little is known about how particle aging
presented here provide improved measurementguQb, on effects reactivity.
dolomite and calcite under dry conditions. The agreement of Though Bian and Zender note the uncertaintyygfio, in
different analysis methods used to account for internal surfacetheir study, they use only a single value faino, and fail to
area indicates that these contributions must be considered inaccount for particle mineralogy in their simulations, although
order to accurately determine the heterogeneous uptake coefthey do recognize the need to include it if a reliable prediction
ficient for these reactions. of the effects of mineral dust on tropospheric processes is to be
made?! Therefore better model representations of global dust
composition and the effects of relative humidity and aging
should be included in atmospheric chemistry models.

To further reduce uncertainty in model results and because
modeling studies depend on results from laboratory experiments,
further work is needed to improve measurementsy/f@io, on
mineral dust components and to further reconcile the disparity
between reported values pfino, are required. Recommenda-
tions for future laboratory experiments include:

Recommendations for Future Laboratory Studies and
Modeling Analysis To Better Assess the Impact of
Heterogeneous Reaction of Nitric Acid on
Carbonate-Containing Mineral Dust Aerosol and
Conclusions

In analyzing the impact of dust on tropospheric ozone, Bian
and Zend€et®! state that the irreversible uptake of HN® the : SO o
most important and the most uncertain parameter in their study. smeasure reaction klnetlc_s of nitric ?‘C'd on t_h_e_co.mponents
Results of a box-model study have shown that values the uptakeOf mineral dust a(_arosc_)l at_ higher r?"'?‘“"e_h“m'd"'es’
emeasure reaction kinetics of of nitric acid on the components

coefficient for nitric acid greater than 1®represented a loss . . .
mechanism for nitric acid in the atmosphé&ghe loss of HNG of mineral dust aerosol in complex mixtures of gases that better
represent the gas-phase chemical composition of polluted

leads to a decrease in the predicted HN®ncentration and : .
the HNG; to NO ratios. Because the experiments described environments; . L . .
here were conducted under dry conditions, they represent a lower emeasure reaction k'n.et'CS.Of Comp'?x mixtures of authentic
limit for the heterogeneous uptake coefficient. Near 0% relative ”?'"_efa' _dust_aerosol using single pz_ir_tlcle techniques to better
humidity, the carbonate surface will become saturated over time, distinguish differences in dust reactivity.

thus preventing further uptake of HNOr'his surface passivation

is not an issue at higher relative humdities, as it has been shown Acknowledgment. We gratefully acknowledge support from

in other studies from our laboratory that the presence of adsorbedthe National Science Foundation through a creativity extension
water can enhance the extent of reaction as the nitrate produciof grant CHE-9984344 and CHE-.
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