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The role of heterogeneous reactions on particulate matter present in the Earth’s atmosphere remains an important
question in tropospheric chemistry. It has been proposed in several modeling studies that mineral dust may
provide reactive surfaces for trace atmospheric gases. Laboratory studies can provide some answers concerning
the kinetics of these reactions, so that heterogeneous chemistry can be quantitatively assessed in atmospheric
chemistry models. In this study, the heterogeneous uptake kinetics of several volatile organic compounds
(VOCs) on oxide surfaces have been measured with a Knudsen cell reactor at 295 K. In particular, the
heterogeneous uptake of acetic acid, methanol, and formaldehyde~eiD;, o-Al,O,, and SiQ has been
investigated. These VOCs are representative of some of the different types of oxygenated organics found in
the atmosphere. The oxide particles used in this study are models for mineral dust found in the Earth’s
atmosphere. Initial uptake coefficienis, have been extracted from the Knudsen cell data. The uptake kinetics
have been measured as a function of sample surface area to ensure that realistic surface areas are used in the
calculation of the uptake coefficient. Heterogeneous reaction rates are then compared to homogeneous reactions
rates for gas-phase reactions involving acetic acid, methanol, and formaldehyde. From this comparison, the
possible atmospheric implications of heterogeneous reactions involving these oxygenated organics are discussed.

Introduction of interest in atmospheric chemistry because many of them have
been linked to upper tropospheric N@nd HQG cycles?

Although there is some question as to all of the sources of
organic acids, such as acetic acid in the atmosphere, it is known
that both primary and secondary sources of acetic acid &xist.
Acetic acid is one of the most abundant carboxylic acids in the
‘troposphere. Concentrations of acetic acid reported in the
literature vary by location, season, and time of day (from 0.05
to 16 ppbv gas-phase acetic acidyhey are usually higher
during the day, during the dry season, and in urban areas.
Primary sources include anthropogenic emissions from biomass
combustion and vehicular emissions, and biogenic emissions
from soil and vegetatioh.Secondary sources consist of the
photochemical oxidation of chemical precursors, as for example,
the reaction of isoprenes and monoterpenes with o2one.
of VOCs? Thus, sources and sinks of VOCs must be well Remoyal processes for acetic acid in .t.he troposphere are
understood. compnse_:d principally qf wet and dry depo_smon, and toa s_maller

) ) ) extent direct photolysis and reaction with OH radicals in the

VOCs are directly emitted into the atmosphere from both ,n5er tropospher@Single-particle and spectrochemical studies

natural and anthropogenic sourée©rganics can readily  paye shown that there are many tropospheric particles that
undergo chemical transformations in the atmosphere and are;gntain organic acid¥:1'How these organic acids interact with

oxidized with a variety of oxidizing agents such as atomic tropospheric particles is, therefore, of interest.
oxygen, hydroxyl radical, peroxy radical, molecular oxygen,
ozone, and hydrogen peroxide as well as with CBYO,, and
NOy. Oxidation reactions lead to the formation of a variety of
oxygenated organics including organic acids, alcohols, and
carbonyl compounds, to name a féwf. These compounds are

The heterogeneous chemistry of volatile organic compounds
(VOCs) on aerosol surfaces and its overall significance in the
atmosphere are not well-known. Therefore, laboratory studies
are needed to quantify what reactions take place on aerosol
surfaces and how they impact the chemistry of the atmosphere
VOCs present in the earth’s atmosphere play a major role in
air pollution. Heterogeneous reactions that can alter VOC
concentrations have important implications for tropospheric
ozone formation. Ozone is not directly emitted into the
troposphere but is formed through a complex series of photo-
chemical reactions involving nonlinear interactions among,NO
volatile organic compounds (VOCs), and carbon monokide.
recent study showed that tropospheric ozone production ef-
ficiencies from NQ emissions were controlled by the abundance

It has long been known that formaldehyde and other carbonyls
such as acetone play an important role in the photochemical
oxidant cycle, being produced by the photooxidation of most
VOCs and, in-turn, serving as an important source of peroxy
radicals and peroxyacy! nitratés heir dual role makes them
an important species for testing the performance of photochemi-

:gg%?f&ﬁfgﬁeéﬂzng;e should be addressed. cal oxidant models. However, little is known about carbonyls
* Department of Chemical and Biochemical Engineering. in the troposphere, since only a few are routinely measured in
§ Center for Global and Environmental Research. monitoring programs and measurement campaigns (most com-
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monly measured are formaldehyde, acetaldehyde, and acetone).  Linear Motion Feedthrough
Variable Escape Aperture

Formaldehyde is one of the most prevalent carbonyl compounds Gate Valve

in the Earth’s atmosphere. Methanol is another volatile organic Lea r[]1 “

compound of great interest because it is a globally abundant¥ae @ [I oMS

organic species with poorly understood sources and removal . f—uj—| [ Generator

processe$The 1997 Subsonic Assessment (SASS) Ozone and / Turbo Ton oS

Nitrogen Oxide Experiment (SONEX) discovered large differ- . Pump Pump

ences between atmospheric concentrations and estimated sourcessample Viewport eaction [E]

of methanol. Chamber -
The transport of organic pollutants in the atmosphere is

strongly affected by their tendency to adsorb to aerosol particles Overview of the Knudsen Cell Reactor

or to terrestrial surfaces. It is thought that the adsorption to the

surface of mineral oxides or salts is one of the relevant L]«_Linwmm Feedthrough

processe&? Additional knowledge of heterogeneous processes,

such as reactions on the surface of mineral dust aerosol, could

identify effective sinks and provide a greater understanding of i

the earth-atmosphere system. In general, oxygenated organics = ?Sglplgeff‘;';)

with functional groups such as carboxylic acids will have a
greater tendency to adsorb to surfaces.

In this study the heterogeneous uptake of acetic acid,
formaldehyde, and methanol is investigated. These compound

are used as a subset of representative oxygenated organics found .
. ; . Wheret is the average molecular speed of the gas molecules.
in the Earth’s atmosphere. In particular, the heterogeneous

uptake of acetic acid, methanol, and formaldehyde on the oxidesAlthough. Kesc can, in .prlnuple, be callculated using eq 1 Itis
more typical to experimentally determikg, because of limited

of some of the most abundant elements present in the Earth’s =0
crust, including SiQ, a-Fe0s3, ando-Al ,03, has been measured conducte_mce of the vacuum system (vide infra). .
’ ’ ’ ) Two different types of Knudsen cell reactors were used in

These oxides were used as models for mineral dust found in - ) .

these experiments: a single-stage sample holder Knudsen cell
the atmosphere. A Knudsen cell reactor was used to measure - nd a multistage sample holder reactor. There are
heterogeneous reaction kinetics at 295 K. The data have been g P :

analyzed interms of a heterogeneous uptake coefigeme  SLTERI0% B0 IERLEIAREE 2, 0 e e et
data generated in this study can be used as input in global 9 9

atmospheric models as an additional sink for these compoundsd'ﬁerent samples (either different powders or the same powder

- . ] but different masses) can be analyzed in a single experiment.
As will be discussed, the importance of these heterogeneousThe disadvantage is that the volume of the reactor tends to be

reaction pathways will depend on whether these reactions are, L

; : large (on the order of 1000 &nand, thus, limits the values of
Lﬁ:&ggf?:agigggpg:]elymil:hcgg:spg?scir%gearggsle arg(tjeghv(\)/itl? kescthat can be reasonably obtained. The advantage of the single-
heterqgeneous reaction have an appreciable_ _effec_t on theztg?faggﬁzgﬁ gﬁ:;ﬁea:c(tgr: l[iéhc?:(;gf(;olhéggrg;?tehiﬁtor can
chemical balance of the troposphere. In addition, infrared 1 . . "

. . values as large as-8.0 s can be obtained. The single-stage
spectroscopy was used to glean information about the natureKnudsen cell reactor was used to measure the heterogeneous
of the organie-oxide interaction. reaction kinetics of acetic acid and formaldehyde on oxide

. ) . particles!® The single-stage Knudsen cell reactor is shown in
Experimental and Data Analysis Section Figure 1. The reactor consists of a stainless steel cross that serves
as the reaction chamber. The reaction chamber is coupled to an
UTI-100C quadrupole mass spectrometer (QMS) through a gate
used to obtain kinetic information for heterogeneous-gadid valvg. The mass 'spectrometer is pu'mped by a 150 L/s ion pump
and gas-liquid reactions® The technique is ideally suited for (Varian). The region between the exit aperture and the gate valve

the study of heterogeneous reactions in that, at the experimenta \z;mribi d|gererr:1tlalllly ?umﬂec:n? 3 - I&/iittuiﬁonrﬁolegul]arr?umbp r
pressures used, the mean free path of the molecules in the cel arian). Gas molecules are introduced into the reaction chambe

usually exceeds the dimensions of the cell. This minimizes the hrough a leak valve. A stainless steel sample holder sits on

Dl - e top of a tee support in the reaction chamber and is O-ring sealed
possibility of gas-phase collisions and eliminates boundary layer . .
effects, which greatly simplifies the analysis of the data. by a blank flange. Two different sample holders were used in

. these experiments with geometric are@s,of 11.96 and 5.34
The general deS|gq of Knudsen cell reactors fqr the SF“‘?'Y of .. The blank flange is attached to a pughull linear motion
heterogeneous reactions has been described in detail in thgggyinrough, so the sample holder can be completely and quickly
literature!3-15 Typically, the reactor consists of a chamber with

. opened by pulling up on the linear motion feedthrough. The
an isolated sample compartment and a small aperture througr’\/olume of the sealed sample holder is small, such that when

which gas-phase reactant and product species can escape to lme sample holder lid is lifted and opened, there is no observed
detected, usually by mass spectrometry. The choice of the S'Zedrop in gas pressure if no powder is present. A variable iris is

gf the a}perturr]e (or holejy, and thek:/olgmehoffyhe rezctor, V. used to adjust the size of the escape aperture.
etermines the escape constded, that is, the first-order rate The multistage Knudsen cell reactor was used in several

constant, of the molecules through the cell, as shown in eq 1, experiments to measure the heterogeneous kinetics of methanol
B uptake on oxide particles. A schematic of the reaction chamber
Keee= ﬁ 1) of the multisample Knudsen cell is shown in Figure 2. It consists
se of a stainless steel reducing cross—@75 in.) with four

Side View of the Reaction Chamber

Figure 1. Single-stage Knudsen cell reactor used to measure hetero-
sgeneous reaction kinetics.

Knudsen Cell Reactors—Principles of Operation. Knudsen
cell reactors are very low-pressure flow reactors that can be

v



4252 J. Phys. Chem. A, Vol. 107, No. 21, 2003 Carlos-Cuellar et al.

csziﬂﬂlfnmem passivated the walls of the reactor. The gas was introduce_d
through a leak valve to the desired pressure, as measured with
Viton an absolute pressure transducer (MKS 690A.1TRC range 10
to 0.1 Torr). During passivation the powdered samples were
sealed with the blank flange. The Knudsen cell sample holders
have been designed such that there is minimal volume change
when the sample lid is opened.
Several blank experiments were done in these studies. One

Leak Valve

@[ set of experiments was done with no sample powder in place
l ’J to determine if any uptake occurred on the surface of the sample

Pressure@ To 40h Lis holder. No uptake. was pbserved on the sample holder lid for
Transducer lon Pump any of the VOCs investigated. In another set of experiments,

the uptake of several nonreactive gases such,ag\iNand He

was investigated on the oxide powders. In all of these experi-
ments, there was no change in signal observed when the sample
holder was open to N Ar, or He, indicating that these gases
Figure 2. Multistage Knudsen cell reactor used to measure heteroge- were not taken up on the oxide surfac_es at 295 K.

neous reaction kinetics. Knudsen Cell Reactors-Data Analysis.From the Knudsen

cell data, it is useful to determine a heterogeneous uptake

individual sample holders attached to a platform that rests on Coefficient, y, which is simply a measure of how likely the
the bottom 6a 6 in. flange. All exposed interior surfaces are Molecule will be taken up by the surface, through either
coated with Teflon. Four Teflon coated aluminum disks attached @dsorption or reaction, per a gas-phase collision basis. It is
to four linear translators serve as covers for each of the powdereddefined by eq 28
samples. The geometric area of each of the four sample holders _ (the net loss of molecules from
is 5.07 cm. Since the volume of the sample holder is much 14 u
smaller than the total volume of the reactet500 cnd), no the gas phase to the surface per second)/
corrections are needed to account for volume change upon (the total number of gassurface collisions per second) (2)
opening the sample compartment. The seal between the sampl
holders and the cover is made with viton O-rings. With this
setup, four different samples are analyzed in a single run.
The multistage Knudsen cell reactor is also coupled to a QMS
(UTI, DetecTorr 1l). The mass spectrometer is housed in a
e L o AP 2 40 9 up by he surace o |
: . The steady-state uptake coefficient for a first-order reaction
mass spectrometer and the Knudsen cell reactor is pumped byIS given in eq 3:
a 150 L/s turbomolecular pump (Leybold) for differential '

pumping of the mass spectrometer. A [Fo—F
The experimentally determined first-order escape constants Y= As( = ) = Vobs 3)
used in these experiments were determined by abruptly changing
the inlet flow of each gas while monitoring the QMS signal | geriving eq 3, it is typical to use the geometric area of the
intensity of the parent ion as a function of time. A plot of the sample holderAs. The termFo represents the flow of gas in
natural log of the QMS signal intensity as a function of time e ahsence of a reactive surface (i.e. when the sample lid is
gave a straight line of slope equaltdes, For the three gases  ¢josed to the powdered sample), @hdepresents the flow of
investigated, the following ions were monitored with the QMS; 445 in the presence of a reactive surface. Batland A, are
m/e = 60 (CHCOOH) for CH;COOH, m/e = 29 (CHO') for calculated from the measured diameters of the geometric sample
CH0, andmv/e = 31 (CHO") for CHz;OH. holder and the aperture hole, respectively. The reported value
Samples for the Knudsen cell experiments were prepared byof A, is corrected for the Clausing factor and is thus an effective
either using an atomizer to spray an aqueous slurry of the sampleaperture-?
onto a slightly heated sample holder or by allowing a hydrosol  Since the measured quantity is usually the mass spectral
of the oxide particles to dry in the sample holder. Both of these intensity of the reactant gas and this value is directly proportional

procedures ensured even coverages of the powdered samplg the flow out of the cell, eq 3 usually appears as
across the bottom of the sample holder, as determined with an

optical microscope. The samples were put in the Knudsen Ah(|o—|

[ ) = Yobs (4)

%y considering gas flow through the Knudsen cell reactor in
the presence and absence of a reactive surface, a steady-state
uptake coefficient can be derivé#.l® In the presence of a
reactive surface, there is a competition between gas flow out
of the escape aperture or hoks, and molecules being taken

reactor and evacuated overnight. Evacuation times were kept V= A
constant in order to obtain reproducible data. This observation
suggests that water on the surface of the oxide particles canHerel, and| are the mass spectral intensities measured in the
play a role in the uptake of the gases under investigation as theabsence and presence of a reactive surface, respectively. For
amount of surface hydration changes with evacuation time. the reasons described below, the uptake coefficient calculated
Although most of the surface adsorbed water is removed uponuysing eqs 3 and 4 will be referred to as the observed uptake
evacuation, the surface of theses oxide patrticles is covered Withcoefficient,yobs
hydroxyl groups and there is a residual amount of more strongly ~ There are several assumptions made in the derivation of egs
bound water that is not removed by evacuation at 293 K. 3 and 4. The first assumption is that the geometric area of the
For all Knudsen cell experiments, flowing the reactive gas sample holderd, is appropriate in considering the total number
through the reactor for at least 90 min prior to the experiment of gas-surface collisions. However, for a powdered sample
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there may be some diffusion into the powder on the time scale the first layer, andh; is the height of all the internal layers

of the measurement (on the order of seconds), and thereforecalculated from the total mass, the measured bulk density, and
the surface area and thus the number of collisions will be greaterthe particle mass.

than that calculated usinggs. Correcting the observed uptake As will be shown here, there are two regimes evident in plots
coefficient for this increased surface area requires an under-of observed uptake coefficientops vVersus mass. Since the
standing as to how gas molecules diffuse into the powder during sample holder geometric area remains constant, increasing the

the time scale of the measurement. mass of the powdered sample increases the number of particle
In 1991, Keyser, Moore, and Leu (KML) adapted a model layers and thus the total height of the internal layer. The first
from the heterogeneous catalysis literatlite explain hetero- regime is seen at low masses when there are a few layers of

geneous reactions of atmospheric relevaidene model takes particles. In this regime, the observed initial uptake coefficient
into account gas diffusion into the underlying layers of a porous has a linear dependence on the sample mass and the number of
sample by considering the surface area contribution from both particle layers. This linear dependence arises because for thin
the first layer (external) and underlying layers (internal) of samples reactant gas molecules can diffuse through the entire
particles in determining uptake coefficiedt? As the earlier sample on the time scale of the measurement. In this situation,
work includes a complete set of justifications and derivaffors the entire sample area contributes to the observed uptake
that has been summarized in other publicatii#32*the details coefficient and extracting the true uptake coefficient from the
will not be presented here. The premise of the model is that the observed uptake coefficient requires consideration of both the
true uptake coefficient;;, can be thought of in terms of external  entire reactive area and the resultant increase in the number of
and internal components which are related to the observedcollisions a molecule makes within the depth of the powdered
uptake coefficientyqps by the following equation, sample. As shown below, this leads to a very simple correction
factor that will work for any adsorbate/powder system for which
_ S+n§ this linear mass regime can be measured. The second regime,
Vobs ™ 7t T ®) which is termed the plateau regime, occurs at higher masses.
In the plateau regime, the valuegj,sis independent of sample
where mass. This independence of sample mass arises because in the
plateau regime the gas molecules only diffuse through a portion
_1 of the powder on the time scale of the measurement. Typically,
n = = tanhg) . :
1) when no mass dependence is reported in these types of
experiments it is because the experiments are being done in
and the plateau region. The extent of the linear regime depends on
the value of the true uptake coefficient, the particle size and
b= m 3pp 3ty )1/2 BET area, the powder density, and the tortuosity whereas the
PreAAN2(0, — pp) t slope of the linear regime depends only on the true uptake
coefficient and the size and surface area of the particles.
The parenthetic term following; is a correction factor for the As mentioned above, there is a simple way to determine the
effect of gas-phase diffusion into the underlying lay&sand true uptake coefficient using a simple correction factor that will
S are the internal and external surface areas, respectitgly, work for any gas/powder system in which the linear mass regime
is the geometric area of the sample holder, aigla calculated can be measured. In the linear region the incoming molecules
“effectiveness factor”. The effectiveness factor is the fraction can access all of the particles and a correction for the “internal”
of the internal area that contributes to the measured value ofcollisions in the lower layers of the powdered sample must also
the uptake coefficient. Its value is mass (sample thickness) be found!®24 The correction can be made by using the total
dependent and is determined from the relative rates of surfaceBET area of the sample, and eq 4 becomes
adsorption and diffusion into the underlying layers. Because of

inhomogeneities in the interparticle voids, however, the effective A o [ A

diffusion constant is less than would be calculated assuming V= Ager\ | - Acer Yobs (7)
diffusion through long straight capillaries. This effect is ac-

counted for by incorporating a tortuosity factorPorous solids For masses in the linear mass-dependent (LMD) regime, the

have predicted values in the range-18. However, most porous  observed uptake coefficient calculated via eq 4 can be measured
solids, especially powders, are not characterized well enoughand plotted as a function of sample mass. The best-fit slope of

for an accurate calculgtion af to be made; thu;r must .be this line can be used to determine the true uptake coefficient as
experimentally determined. Other parameters in eq 5 include fg||ows 19.24

the mass of the sample), the true density of the materiad;,

the bulk density of the powdepy,, and the diameter of the As(cmz)
particles,d, as discussed in ref 19. y, = slope (mg? T S—— (8)
The form of the equation that we use in our studies is Seer (sz mg )

somewhat modified from the work by others in that here we do

not assume either simple cubic or hexagonal close-packingif the specific surface area defined here as the specific BET
spheres. Instead, the experimentally measured bulk density wagrea,Sge, for the oxides is known.

used in the calculatior8.In addition, the specific BET surface FT-IR Measurements. Oxide samples for FT-IR analysis
area was measured rather than calculated. Rewriting eq 5 inwere prepared by pressing powdered samples of the oxide onto

terms of measured bulk density and BET surface area yieldsa tungsten grid>24 Approximately 25 mg of the powder was
evenly coated oota 3 cmx 1 cm area of the grid. Only half

Vobs— YiPrker(he + 7hy) (6) of the grid was pressed with the oxide powder, and the other
half was left blank. Once the tungsten grid was coated with the
whereSsert is the BET specific surface arédlay is the height of oxide, the grid was mounted inside the IR cell. The IR cell used
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in these experiments has been described previéagyiefly, Heterogeneous Uptake of Acetic Acid
the IR cell consists of a stainless steel cube that is attached tod- 07 L o-Fe O
a vacuum system consisting of an 80 L/s ion pump and a 60 = open 23
L/s turbomolecular pump. .E” 0.6 ' .

The IR cell was held in place by a linear translator inside the @2 05 L
sample compartment of a Mattson RS-1 FT-IR spectrometer E ’
equipped with a narrow band MCT detector. The linear © 04
translator allows each half of the sample grid to be translated 03 L
into the infrared beam. This permits the investigation of gas- ’
phase and adsorbed species on the oxide surface under identical 0.2 0 0 2ot %0380
reaction conditions. Each spectrum was recorded by averaging Time (seconds)
250 scans at an instrument resolution of 4 “émEach b. 07 L a-Al O
absorbance spectrum shown represents a single beam scan—g ' open 23
referenced to the appropriate single beam scan of the clean oxide & 06 T '
sample or the blank grid prior to gas introduction, unless @ 05 -
otherwise noted. %’ '

Sources of Oxide Powders and VOCs Used in This Study. o 04
The oxide particles used in these experiments were purchased 03 L
from commercial sources. Several different oxides were used ’
in these studies. Unless otherwise notedfFe0s (Aldrich, 0.2 =5 00 50 00 50
99+%), a-Al,0z (Alfa Aesar, 99.99%), and SiQ(Degussa) Time (seconds)
powders with BET measured surface areas of 2.9, 12.8, and® 0.8 -
225 nt/g, respectively, were used. The particles in these samples = i 8i0,
have average particle diameters of 068 (o-F&0s3), 1.0um & 07 i
(a-Al;05), and 0.02um (SiQy), as determined by scanning & 4 L open ,
electron microscopy. The vapors from liquid methanol (Fisher @ L
Scientific, 99.9% purity) and anhydrous acetic acid (Alpha g 0.5 |-
Aesar, 99.9985% purity) were used in these studies. The liquid B
samples were subjected to several fregzemp—thaw cycles 04 1
prior to use. Formaldehyde was prepared by heating and 03 i . . ) . ! .

- 30 100 150 200 _ 250 300 350

decomposing paraformaldehyde. Gas-phase formaldehyde was
stored in a glass bulb. Formaldehyde samples were freshly
prepared every day. Figure 3. Knudsen cell data (QMS intensity versus time) for the
heterogeneous uptake of acetic acid on 10.6 mg-6&,03, 64.0 mg
of a-Al,03, and 25.0 mg of Si@ The gas pressure inside the reactor
was 6uTorr measured, and the measuiegd = 2 s

Heterogeneous Uptake of Acetic Acid, Formaldehyde, and  holder lid was opened and closed twice for 100 s each time.
Methanol on Oxide Surfaces: Knudsen Cell Measurements.  These data show that, after first establishing a steady state flow
The heterogeneous uptake of acetic acid, formaldehyde, andand a stable QMS signal, the signal decreases the first time the
methanol was measured on three different oxideBe,Os, sample lid is opened, exposing the particles to gas-phase
a-Al;0z, and SiQ. The Knudsen cell data, plotted as QMS formaldehyde, and then returns to its initial value when the
intensity as a function of time, for acetic acid, formaldehyde, sample lid is closed. Similar to the uptake of acetic acid on
and methanol, are shown in Figures-3 respectively. As these oxide particles, the decrease in the QMS signal is initially
discussed in the Experimental Section, a steady-state flow isthe largest and then it gradually drops less. The second time
established in the reactor before the experiment begins. Forthe sample lid is opened, the QMS signal decreases again, but
acetic acid the pressure in the Knudsen cell reactor was kept atthe extent of decrease is not as large as that at the beginning of
6 uTorr, corresponding to a gas concentration of %90 the experiment when the sample lid was first opened. In the
molecules cm?. The data shown in Figure 3 are for acetic acid case of Si@, the oxide powder was continuously exposed to
uptake on 10.6 mg afi-F&;0s, 64.0 mg ofa-AlO3, and 25.0 gas-phase formaldehyde for 200 s. For the heterogeneous uptake
mg of SiG. (In the acetic acid experiments, SiQurchased  of methanol, there is also a change in the QMS signal as a
from Strem Chemicals with a surface area of 1%gmwas used.)  function of time while the oxides are exposed to gas-phase
It can be seen that there is a decrease in the QMS signal whermmethanol, most notably for uptake enFe,0Oz and SiQ.
the oxide sample is exposed to gas-phase acetic acid, as indicated The observed uptake coefficient for the heterogeneous uptake
by the rectangular bar marked“open”in the figure. During this of acetic acid, formaldehyde, and methanol on the three oxides
time, the sample holder lid is in the open position and the acetic investigated can be calculated using eq 4. The observed uptake
acid can adsorb onto the particle surface. The drop in the QMS coefficients calculated using eq 4 and using the data shown in
signal is greatest at the beginning when the particles are first Figures 3-5 are presented in Figures-8. The values of\,
exposed to the acetic acid. When the sample lid is closed, theand As used in the calculation are given in each of the figure

Time (seconds)

Results and Discussion

acetic acid signal goes back to its original baseline value. captions. The data show that the observed uptake coefficient,
Similar Knudsen cell data are seen for the other two VOCs yqns decreases as the oxides are exposed to the reactive gas.
investigated. Formaldehyde uptake on 19.6 mg-#e,03, 7.1 The decrease in the uptake coefficient occurs because the surface
mg of a-Al,03, and 2.3 mg of Si@is shown in Figure 4, and  becomes saturated with adsorbed molecules. Since the uptake
methanol uptake on 18.8 mg ofFe,03, 6.0 mg ofa-Al,03, coefficient is coverage and, thus, time dependent, it is typical

and 6.2 mg of SiQis shown in Figure 5. In the case of toreport an initial uptake coefficient for heterogeneous reaction.
formaldehyde uptake om-Fe0s; and a-Al,O3, the sample In these experiments, the initial uptake coefficient is taken as
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Heterogeneous Uptake of Formaldehyde Heterogeneous Uptake of Methanol

1.1
& 5ol o-Fe O a. o-Fe O
= open open 273 = | . open 2 |3
& 5 B
. 2 10F
- n
n
Z >
O o09f
I 1 1 L 1 L 1
30 100 150, 200 250 _ 300 350 400 0.8 00 00300 00300 500700
b Time (seconds) b Time (seconds)
: 3.0 F a-Al O . _
= open open 273 - 030 F open o A1203
=] Lo [ 1
n 2 025F
2 N
5 p=
4 0.20
) ! 1 ! 1 | 1
X Pimé (seconds) T 0 0.15 3 T00 150, 200 250 _ 300 350 400
c 2.9 Time (seconds)
SiO c. Sio
Té L open 2 0.07 2
o0 = i open
=28 )
n § 006
n 3 [
= 22 K/’_’_”/*
o 27 2 0.05 __
o
0.04
2.6 30 760 750 00 750 300 I
. 1 1 1 1 1
Time (seconcfs) 0.03 30 100 . 150 200 250 300
) ) ) . Time (seconds)
Figure 4. Knudsen cell data (QMS intensity versus time) for the _ ) )
heterogeneous uptake of formaldehyde on 19.6 mg-6&0;, 2.1 Figure 5. Knudsen cell data (QMS intensity versus time) for the
mg of a-Al 03, and 2.3 mg of Si@ The gas pressure inside the reactor heterogeneous uptake of methanol on 18.8 mg-&&0s, 6.0 mg of
was 6uTorr measured, and the measulgd = 0.20 s, a-Al,0s, and 6.2 mg of Si@ The gas pressure inside the reactor was

2 uTorr measured, and the measuked = 0.56 s1.

the maximum inyeps Since the response time of the system is o
convoluted into the measuremeht. the Sample lid is open (fr0m= 100 s tot = 160 S) and the

The data shown in Figures—$ and 6-8 are represen’[a’[ive iron oxide is exposed to acetic acid. It can be seen for the
Knudsen cell data collected in these experiments. However, thereSmallest mass that the QMS signal quickly recovers and
are differences in the data depending on the amount of Samp|eapproaches baseline as the sample becomes saturated with acetic
used. One difference observed is that, for a given adsorbate acid. For samples of larger mass and thus a greater amount of
adsorbent System for |arge amounts Of samp|e’ the uptake oftotal Surface area, the |n|t|a| QMS Signal iS seen to decrease to
these gases can extend for over several hundreds of secondd larger extent when the sample lid is in the open position. Not
whereas, for very small amounts of powder, on the order of a only does the initial signal decrease to a greater extent, but also
few milligrams, the uptake extends for tens of seconds. The the signal does not come back to the baseline as quickly,
uptake of the gas ceases after the powder is completely saturatedndicating the surface saturates more slowly when there is a
The t|me |t takes to saturate the Surface depends on the Specifi(greater amount Of tOta| Surface area. S|m|lar I’eSLI|tS are Obta|ned
adsorbate-adsorbent system and the total BET area of the for the other adsorbateadsorbent systems investigated.
powdered sample. Another difference is that the extent of the These mass dependent data can be used to calculate a true
decreases of the QMS signal also depends on the sample massiptake coefficient. The data plotted in Figure 10 show the
For larger masses the signal decreases more relative to the case#bserved initial uptake coefficient determined for heterogeneous
of the smaller masses. This is related to the fact that the observed!ptake of acetic acid and methanol @Fe&,0s as a function of
initial uptake coefficient is mass dependent (vide infra) and sample mass. The data points are shown as solid circles, and a
underlying layers are contributing to the overall uptake. The fit to the data using the KML model is shown as the solid line.
mass dependence was investigated in some detail for these The data were fit using a nonlinear least-squares fitting
VOCs in order to account for the appropriate surface area neededoutine, and the results of this fit are given in Figure 10. The
to calculate the initial uptake coefficient. experimental parameters used in the KML model are given in

The heterogeneous uptake of acetic acid, formaldehyde, andthe figure caption as well as the fitting parameters, the true initial
methanol was investigated as a function of sample mass anduptake coefficient, and the tortuosity, For heterogeneous
thus the sample surface area. The mass dependence is showmptake of acetic acid, the true initial uptake coefficient is
in Figure 9 for acetic acid uptake anFeOz. Three samples  determined to be 1.8 103 when the appropriate surface area
of a-Fe0; of different masses were exposed to acetic acid at is taken into account. The data for acetic acid show that the
a pressure of @Torr for approximately 60 s. For the smallest observed uptake coefficient is linear below around 8 mg and
amount of sample, the QMS intensity signal goes down after that above this mass the plateau region, that is, the mass
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Heterogeneous Uptake of Acetic Acid Heterogeneous Uptake of Formaldehyde

-2 a. 50107
a. 5.010 o-Fe O oc-Fe203
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Time (seconds) Figure 7. Observed uptake coefficient of formaldehyde mire,0s,

a-Al,03, and SiQ calculated using eq 4 (withs = 11.96 cni and A,

Figure 6. Observed uptake coefficient of acetic acid arfFe,0s, = 0.0445 crf) and the data shown in Figure 4

o-Al,O3, and SiQ calculated using eq 4 (withs = 5.34 cn? and A,

= 0.363 cm) and the data shown in Figure 3. . . ) .
general, organic acids are quite reactive because of the car-

independent regime, is seen. For the heterogeneous uptake opoxylic functionality present in these compounds. The IR data
methanol, the data are similar in that there is a linear region show that acetic acid irreversibly adsorbs on all three oxides

and a plateau region observed in a plotygfs versus mass. @nvestig_ated (vide infr_a). The Knudsen_cell data also show t_hat
However, the linear region is seen to extend out further to 30 fon oxide and aluminum oxide are in general more active
mg. The explanation for this difference is that the true uptake toward the uptake of VOCs, as evidenced by the larger uptake
coefficient for heterogeneous uptake of methanobeRe,0s coef‘ﬁc_lents compared to those _for the case of,Si0s expected
is approximately a factor of 10 less than that found for acetic that SIQ would be less reactive tham-Al2O; and o-F&0s
acid. It is expected that diffusion will occur more readily when Pecause the latter oxides have surface sites of greater basic and
the true uptake coefficient is smaller; thus, the plateau region a¢idic character compared to Si&
will occur at higher masses. The best fit of the data to the KML ~ Also shown in Figure 9 is the pressure dependence of the
model is found when the true initial uptake coefficientis .9  true uptake coefficient for acetic acid anFe;0s. The data
1074, plotted in Figure 9b are for samples in the linear mass regime,
Besides using the KML model to determine the initial uptake SO that the total surface area of the sample was used to calculate
coefficient, the linear mass dependent regime can be used aghe true initial uptake. The value of the true initial uptake is
well. This is demonstrated in Figure 10 for methanol uptake on determined to be (2.& 0.3) x 1073 in this pressure range.
a-Fe0s. The slope of the dotted line shown in Figure 10 is This value is consistent with the value obtained from the data
0.000 93 R? = 0.95). Using the value of the slope and eq 7, Presented in Figure 10a. The data show that the initial uptake
the true uptake coefficient is calculated to be .04, which coefficient is independent of pressure in this pressure range.
is within 15% of that calculated with the KML model. The mass The lack of a pressure dependence on the uptake coefficient is
dependence has been measured for heterogeneous uptake @Pnsistent with an adsorption process that is first order in gas
formaldehyde ono-Fe,0Os; as well as for the heterogeneous Pressure for the adsorption orFeOs.
uptake of methanol, formaldehyde, and acetic acidiokl ;03 In addition to kinetic parameters, the Knudsen cell data can
and SiQ. Thus, the true uptake coefficients can be determined be used to determine surface coverages and whether gas
from either the KML model or the LMD regime for these adsorption is reversible or irreversible. Surface coverages were
heterogeneous reactions, and either will give a value that candetermined by calibrating the mass spectrometer signal to a flow
be used in atmospheric chemistry models. These values arerate (moleculess) and then integrating the signal as a function
compiled in Table 1. of time to determine the total number of molecules adsorbed
The kinetic data compiled in Table 1 show that heterogeneouson the surface. As described in ref 27, coverage is calculated
uptake kinetics are greatest for acetic acid on these oxides. Infrom the total number of molecules adsorbed on the surface
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Figure 8. Observed uptake coefficient of methanol oRFe.Os, of the true initial uptake coefficient for acetic acid onFeOs.

o-Al,O3, and SiQ calculated using eq 4 (withs = 5.34 cn? and A,
= 0.363 cnf) and the data shown in Figure 5. extending from 1000 to 3000 crh The spectra were recorded

o . in the presence of the gas phase at a VOC pressure of around
divided by total BET surface area. This process must be donezqg mTorr. Gas-phase absorptions were subtracted from the
_for _thin_ samples so that th_e QMS signal goes back to baseline,spectIra shown in Figures #13 such that only infrared
indicating surface saturation has occurred. Surface coverages;psorptions due to adsorbed species are present. It is found that
determined in this way are given in Table 2. It can be seen thatupon evacuation of the gas phase the spectra did not change
surface coverages determined for 5&De orders of magnitude  yery much in terms of the intensities of the peaks or the
lower than those for the two other oxides, indicating less frequencies of the peaks except in the case for adsorption on
reactivity for SiQ, as discussed above. SiO,. For formaldehyde and methanol adsorption on,Stfe

To determine if adsorption of these VOCs is reversible or adsorption process is completely reversible and all infrared
irreversible, Knudsen cell extraction experiments were done. absorptions due to adsorbed species disappear upon evacuation
In these experiments, after the surface had become saturated osf the gas phase. In addition, the frequencies of the infrared
equilibrated with the gas phase, the sample lid was lowered to absorptions observed for formaldehyde adsorbed ory &tO
cover the oxide and the leak valve was turned off so that the 1501, 1724, and 2825 crhand methanol adsorbed on Si&t
gas was pumped out by the two-stage pumping system described 390, 1452, 1470, 2852, and 3006 ¢nare very close to those
in the Experimental Section. After the VOC was evacuated from in the gas or liquid phas®.This suggests that these molecules
the Knudsen cell reactor system, the sample lid was then raisedveakly adsorb on Si© There is also a decrease in intensity of
while the QMS monitored the desorption of the VOC. In the the band at 3748 cmi, associated with the isolated OH groups,
case of acetic acid, methanol, and formaldehyde adsorption ongnd a concomitant growth of a band at lower frequency near
a-Al;05 anda-Fe0s, there was a small amount of desorption 3420 cn1? (spectral region not shown), suggesting that there is
back into the gas phase{ to 15%). In the case of acetic acid, a reversible hydrogen bonding type interaction between these
methanol, and formaldehyde adsorption on Sithere was a adsorbates and the SiGurface hydroxyl group® -3t
significant amount of desorption back into the gas phase- (50  |n contrast to the adsorption of formaldehyde and methanol
100%). To learn more about the nature of the adsorption processon SiQ,, adsorption is irreversible in part for acetic acid on all
the adsorption of VOCs on oxide surfaces was investigated by three oxides investigated, for methanolmire,0z anda-Al 03,
transmission FT-IR spectroscopy. and for formaldehyde adsorption oAFe;03 ando-Al ;05. This

Heterogeneous Uptake of Acetic Acid, Formaldehyde, and  is to say that, upon evacuation of the gas phase, infrared
Methanol on Oxide Surfaces: FT-IR MeasurementsFigures absorptions associated with surface adsorbed species remain in
11-13 show the infrared spectra recorded of acetic acid, the spectrum. For thex-Fe,Os; and a-Al,Os; spectra, the
methanol, and formaldehyde, respectively, in the spectral rangefrequencies of many of the infrared absorptions are shifted from
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TABLE 2: Surface Coverage$ Determined for Acetic Acid,

CH;COOH on 0-Fe,0, Methanol, and Formaldehyde on Several Oxides
VOC
] ' acetic acid methanol formaldehyde
oxide (6 uTorr) (2uTorr) (6uTorr)
I o-FeO; (B+3)x 108 (2+1)x108¥ (2+1)x 108

0-Al0s  (8B£4)x 108 (2+1)x 108 (24 1) x 10
SiO; (7£3)x 101 (8+4)x 101  (1.1+ 0.5) x 101

aSurface coverages, in units of molecules émmeasured at the
pressures noted in parentheses below each VOC. Errors in the
measurement are determined from multiple experiments.

30 40 50 60 70 80 o °
Mass (mg) Acetic Acid EE
; N
0.03 A :H :
: ' CH,0H on 0-Fe,0, b o 190
0.025F : § a. 0-Fe,0, (x2)
SR I 0
S I r 5
0.02-r T I T & 1289
Yobs 0,015 .
: n
[ c s 5
0.01:- , c £ |
3 ¢. Si0, M
0.0054!
3000 2500 2000 1500 1000
0 BT — 00 150 200 Wavenumber (cm-!)

Mass (mg) Figure 11. Transmission FT-IR spectra of acetic acid adsorbed on
Figure 10. Initial observed uptake coefficientos plotted as a function ~ @-F&Os, 0-Al20s, and SiQ in the presence of gas-phase acetic acid at
of sample mass (data points represented as filled circles) for hetero-a pressure of approximately 30 mTorr. Gas-phase absorptions have been
geneous uptake of (a) acetic acid arFe,0; and (b) methanol on subtracted from the ab_ove Spectrg. §iﬁ)‘rarec_i data are cut off at
a-FeOs. The data are fit to a model which takes into account gas 1300 cnT?, because of intense lattice absorptions.
diffusion into the underlying layers, as discussed in the Experimental
Section. Experimental parameters include the diameter of the particles,

d = 6.9 x 1075 cm, the bulk density of the iron oxide powdex, = Methanol -8
2.1 mg cnt?, the true density of a continuous slab of iron oxige of gl
5.24 mg cm3, respectively, and the specific BET area of the iron oxide A ol

powder,Sser = 29 mg cni?. For methanol uptake om-Fe0s, nearly b % a. o-Fe,0, (x2) 1100

all of the data were obtained using the multistage Knudsen cell reactor s
with A, = 5.07 cn®. The solid lines are obtained with the fitting
parameters for (a) acetic acid uptakewfreO;3 [y: = 1.9 x 102 and

7 = 12] and for (b) methanol oa-F&0; [y: = 1.9 x 10~*andz = 3],

and the dotted line shown in part b is the best-fit line determined for
the linear regime; see text for further discussion.

2956
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TABLE 1: Initial Uptake Coefficients Determined for Acetic
Acid, Methanol, and Formaldehyde on Several Oxides

VvVOC
oxide acetic acigd methandl formaldehydé

- 3 4 4
gi‘igﬁ giji)of)léglo Eigig%i 1&4 E%%igggi 1&5 Figure 12. Transmission FT-IR spectra of methanol adsorbed on

. 4 7 a-Fe0s, a-Al,0s, and SiQ in the presence of gas-phase methanol at
SO (2.4£0.4)x 107 (4£2)x 10° (2.6+0.9)x 107 a pressure of approximately 30 m'Frjorr. Gas-pha?se a%sorptions have been
aError bars were determined by the quality of the fit to the data and subtracted from the above spectra. Si6frared data are cut off at
experimental reproducibility> The KML model was used to determine 1300 cnT?, because of intense lattice absorptions. Features indicated
the true uptake coefficient for acetic acid on all three oxiddhe with an asterisk are due to the dry-air purge and poor cancellation of
KML model was used to determine the true uptake coefficient for gas-phase Cfabsorptions.
methanol uptake on-Fe0; anda-Al,0s. The linear mass dependent
(LMD) regime was used to determine the true uptake coefficient for For formaldehyde adsorption ar-Fe,O3 and a-Al-Os, there
methanol uptake on S{O" The linear mass dependent (LMD) regime .\, e several irreversibly adsorbed species on the surface,
was used to determine the true uptake coefficient for formaldehyde ap aa - .
uptake on all three oxides. such as formate and methoxitfe** The llnfrared dgta are in
agreement with the Knudsen cell experiments which show that
those in the gas or liquid phadeas is the case for irreversible  adsorption for most molecules is nearly completely irreversible
adsorption. In the case of acetic acid and methanol adsorption,for a-Fe,0; and a-Al ;0.
many of the spectral features in theFe,03 ando-Al ;03 spectra Atmospheric Implications and the Effect of Relative
are consistent with the presence of acetates(@BO)32-37 and Humidity on Heterogeneous Uptake Kinetics of VOCs on
methoxide (CHCO™),38 42 respectively, on the oxide surfaces. Oxides. Little is known about the heterogeneous chemistry of

3000 2500 2000 1500 1000
Wavenumber (cm-!)
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TABLE 3: log —Normal Distributions Used To Calculate

Formaldehyde Heterogeneous Loss Ratés
A IOI no. modé nd Re log(oi)f
b 1581 polar I 21.7 0.0689  0.245
s &‘_'\ﬂ(jy%/\/\/w/\ [ 0.186 0.375  0.300
0 R A, I 0.000304  4.29 0.291
r 285 2 = troposphere | 129 0.0036 0.645
b | s g2 gz ind(background) I 59.7 0.127 0.253
a 2769 b weALO 7 Il 63.5 0.259  0.425
n 22 maritime | 133 0.0039 0.657
1l 66.6 0.133 0.210
i esio, xR Il 3.06 0.29 0.396
e \V\\//K/\,/\\M urban | 99300 0.00651  0.245
1 1110 0.00714 0.666
1 36400 0.0248 0.337
3000 2500 2000 1 1500 1000 dust [ 7.98 0.88 0.23
Wavenumber (om) aSee refs 14 and 2729. ® Other conditions: diffusivity, 0.148 ctn

Figure 13. Transmission FT-IR spectra of formaldehyde adsorbed on s™%; density, 2.0 g/cif) mean free path, 0.Q7m (in the boundary layer),
o-Fe0s, a-Al,0z, and SiQ in the presence of gas-phase formaldehyde 0.10 um (at 4 km), 0.16um (at 8 km).°No. mode is the modal

at a pressure of approximately 30 mTorr. Gas-phase absorptions havalistribution usedd n; is the cumulative particle number distribution in
been subtracted from the above spectra.,$®ared data are cut off cm3. ¢R is the mean particle radius jpm. flog o is a measure of

at 1300 cmit, because of intense lattice absorptions. Features indicated particle polydispersity? The major difference between the background
with an asterisk are due to Si@ttice absorptions that did not subtract in the boundary layer and at 4 km and 8 km is the mean free path.
out well in the difference spectrum.

rate constant is calculated as a function of different aerosol size
distributions and particle densities. These distributions are

T T T T 0 s

Urban Area 3 ..
107F | pust 1.6 m labeled as urban area, dust, maritime aerosol, free troposphere
E|---- Maritime Aerosol :16 . (FT), at 4 and 8 km from the Earth’s surface, and polar
2 A FT (4 km) -7 region#-4” More of the details of these distributions are given
————— - — _-'d . . .
10 F FT (8 k) HLOT > 25r6n in Table 3 and described in ref 16.
--------- Polar Region 1 . R 3 .
The importance of heterogeneous reactions is determined by

P d 1
-7 ’1—H1CQ¥OH > 3
<cyeoOH~+hyx-" .-

AT -

: ] whether they are competitive with other known sinks, that is,
6 7 T i S Jusa

other removal and loss procesé&dhis is demonstrated here
for some known sinks of formaldehyde, acetic acid, and
] methanol. The most important sinks for formaldehyde are
336y through photolysis and reactions with OH and NThe kinetics,

E in terms of atmospheric lifetimes of formaldehyde associated
] with these three processes, are superimposed on the plot in
oL L L L L i Figure 14. For a heterogeneous uptake of®1@ is seen that

1 v 1 Y Y 1 the heterogeneous reaction is not competitive with the other
loss mechanisms under any conditions. At a heterogeneous

Figure 14. Calculated mass transfer coefficients as a function of the uptake coefficient in the 1@ range, the heterogeneous pathway

heterogeneous uptake as described in the text and ref 14. Gas-phase b it ith th Qeaction f I |
photolysis rates and other loss rates due to reaction with OH and NO ?CQme,S competi ',Ve Wi e NQeac |0r! or all aeroso
are shown for comparison. This diagram shows that under certain distributions excluding that for the polar region. For the aerosol

conditions loss rates of formaldehyde, acetic acid, and methanol throughdistribution labeled dust, it is seen that the heterogeneous
heterogeneous uptake are comparable to those of other mechanismgathway is much faster than the M@action and begins to
compete with the OH reaction for > 104 The values ofy
organics. However, it is clear that organics play a critical role measured here would indicate that the heterogeneous uptake
in the troposphere and the photochemical oxidant cycle. If on mineral dust containing iron and aluminum oxide could
heterogeneous chemistry is to be important in these systemsgcontribute as a removal mechanism for formaldehyde. Further
then the reactions must be fast enough to be competitive with modeling analysis of the heterogeneous removal of formalde-
known gas-phase chemical and photochemical reactions in ordethyde would need to consider how surface deactivation, as
to have an appreciable effect on the chemical balance of theindicated by the laboratory data, would affect these conclusions.
troposphere. Although the complexity of mineral dust aerosol  One gas-phase sink for acetic acid is through photolysis. The
is much greater than that of the oxide particles investigated here,atmospheric lifetime of acetic acid from loss due to photolysis
it is proposed that these particles can be used as model systemis 1.3 days. Thus, the heterogeneous uptake of acetic acid
and represent a first step toward understanding the chemistrycalculated for the dust and urban area distributions is competitive
on mineral dust aerosol. with the photolysis loss mechanism for acetic acid with initial
In a previous papéf,we expressed the rates of heterogeneous uptake coefficients on the order of 0to 1074, close to the
reactions in terms of a pseudo-first-order mass transfer ratevalue measured here.
constant. From this rate constant, the lifetime of gas-phase Inthe case of methanol, one important sink is through reaction
molecules due to heterogeneous uptake can be calculated. Thevith hydroxyl radical. This reaction leads to the production of
data for these calculations are shown in the doylgést shown the peroxide radical and formaldehyde, which is another source
in Figure 14, where the pseudo-first-order mass transfer rate of radicals in the atmosphere. Thus, irreversible loss of methanol
constant and the lifetime are calculated as a function &ince through heterogeneous uptake could lead to a reduction of
the total surface area available for reaction plays a role in radical species in the troposphere. The lower uptake coefficients
heterogeneous chemistry, the pseudo-first-order mass transfemeasured for the heterogeneous uptake of methanol are com-
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petitive with the hydroxyl radical reaction when the urban area, authors gratefully acknowledge Professor Gregory Carmichael
dust, and maritime aerosol distributions are used in the calcula-for his assistance in the modeling aspects of this study.
tion.
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