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Abstract. Methyl chloroform (1,1,1-trichloroethane, gions is worth taking into consideration when inferring the
CH3CCl3) was found to decompose heterogeneously ontropospheric lifetime of CBICClz and global OH concentra-
seven types of standard clay minerals (23 materials) in dry aition from the global budget concentration of gELls.

at 313K in the laboratory. All reactions proceeded through
the elimination of HCI; CHCCI3 was converted quantita-
tively to CH,=CCk. The activities of the clay minerals 1
were compared via their pseudo-first-order reaction rate con-
stants £1). A positive correlation was observed between the The atmospheric lifetime of methyl chloroform (1,1,1-
k1 value and the specific surface ares) 0f clay minerals,  trichloroethane, CEHCCls) is required to evaluate influence
where theS value was determined by means of the generalof CH;CCl; on the environment, for example, stratospheric
Brunauer-Emmett-Teller (BET) equation. Thevalue was  gzone layer depletion (WMO, 2003) and global warming
anti-correlated with the value of, which was a parameter (IPCC, 2001). The lifetime has been inferred from long-
of the general BET equation and related to the average porgerm ground-based observatory data on the atmospheric con-
size of the clay minerals, and correlated with the water concentration of CHCCl; in the ALE/GAGE/AGAGE (three
tent that can be removed easily from the clay minerals. Thesequential experiments: the Atmospheric Lifetime Experi-
reaction required no special pretreatment of clay mineralsment, the Global Atmospheric Gases Experiment, and the
such as heating at high temperatures; hence, the reaction c@tjivanced Global Atmospheric Gases Experiment) (Prinn et
be expected to occur in the environment. Photoilluminationg,, 1983a: Prinn et al., 1999) or in NOAA/CMDL (National

by wavelengths present in the troposphere did not acceleroceanic and Atmospheric Administration/Climate Monitor-
ate the decomposition of GECl3, but it induced heteroge- ing and Diagnostics Laboratory) databases (Prinn et al.,
neous photodecomposition of GECCl. The temperature  1999), by model calculations (Prinn et al., 1995; Krol et
dependence ofy, the adsorption equilibrium coefficient of g 1998: Prinn et al., 2001) using the GECl; emissions
CH3CClz and Ch=CCb, and the surface reaction rate con- data estimated (McCulloch and Midgley, 2001). In this pro-
stant of CI'&CC|3 were determined for an illite Sample. The Cedure, a gas_phase reaction with OH is considered a main
k1 value increased with ianeaSing temperature. The amoun&tmospheric sink of CQ-CC|3, and phot0|y3is and dissolu-

of CH3CCls adsorbed on the illite during the reaction was tjon into seawater (Butler et al., 1991; Tie et al., 1992) are
proportional to the partial pressure of @EICIl3. The reaction regarded as minor atmospheric sinks of {0I€l;. The at-

was sensitive to relative humidity and thevalue decreased mospheric chemistry of C#Cls is thus related to global
with ianeaSing relative hUmIdlty However, the reaction was and hemispheric OH concentration. The atmospheric life-
found to proceed at a relative hum|d|ty of 22% at 313 K, al- time of C}—bccb through a reaction with OH inferred is
though thek; value was about one-twentieth of the value in scaled and used for estimating the lifetimes of chemical sub-
non-humidified air. The conditions required for the reaction stances such as hydroch'oroﬂuorocarbons and hydroﬂuoro_
may be present in major desert regions of the world. A sim-carhons (Prather and Spivakovsky, 1990; Spivakovsky et al.,
ple estimation indicates that the possible heterogeneous dQOOO). The tropospheric lifetime of GECl; through a re-
composition of CHCCIz on the ground surface in arid re- action with OH is evaluated at 6.0 years (Prinn et al., 2001).
The atmospheric concentration of @EICl3 increased in
Correspondence tdS. Kutsuna (s-kutsuna@aist.go.jp) the 1980s. However, it has been decreasing dramatically
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1064 S. Kutsuna et al.: Laboratory study on heterogeneous decomposition of methyl chloroform

since 1992 because of regulation under the Montreal Proequilibrium coefficient and the surface reaction rate obtained
tocol. This decrease in atmospheric £Z€l3 provides an  for the illite, the atmospheric lifetime of GI€Cl3 through
opportunity to study the behavior of OH in the atmospheredecomposition on clay minerals is discussed. A simple es-
(Ravishankara and Albritton, 1995; Spivakovsky et al., 2000;timation indicates that dry deposition due to heterogeneous
Montzka et al., 2000; Prinn et al., 2001). Recently, an inter-decomposition on clay minerals in arid regions may serve as
hemispheric difference of OH concentration and a declinea tropospheric sink of C§¥CCls.
in OH concentration in the last two decade have been sug-
gested on the basis of data on the atmospheric concentration
of CH3CCl3 (Montzka et al., 2000; Prinn et al., 2001). On 2 Experimental and data analysis
the other hand, these behaviors are not supported by a 3-D
model calculation or by observations $fCO (Krol et al., 2.1 Clay samples and measurement of their specific surface
1998; Manning et al., 2002). It has also been pointed out area
that the current estimate of global OH budget is more sen-
sitive to errors in the CECClz emissions data because of a The 25 kinds of standard clay materials referring to those
lower atmospheric concentration of @EICl; (Jockel et al.,  from the American Petroleum Institute (API) (Kerr and Kulp,
2003). A significant underestimation of the emission rate1949) that were examined are listed in Table 1. lllite (API
of CH3CClz in Europe in 2000 and 2001 has been reportedno. 35) and illite (API no. 35*) are different lots for the same
(Krol and Lelieveld, 2002). The use of chemical tracers otherkind of clay mineral. Four kinds of clay minerals exam-
than CHCCl; to estimate the global OH budget has beenined in the previous study (Kutsuna et al., 2000a) are also
discussed (Huang and Prinn, 2008¢Kel et al., 2003). listed for comparison in Table 1, although they are not API
In this laboratory study, we investigated an additional tro- Standard clay materials. All of the samples were purchased
pospheric sink of CBICClg, that is, heterogeneous decom- from lwamoto Mineral Co., Japan. Some clay materials were
position of CHCCls on clay minerals. If it served as a sig- grained, and all of the particles were less than 1 mm in diam-
nificant sink, the global OH concentration deduced would beeter.
influenced. It is known that C¥CCls can easily decompose  In order to determine the specific surface area of the
heterogeneously on sands and metal surfaces under dry conlay samples, we measured the adsorption and desorption
ditions (Rebbert and Ausloos, 1979). Kutsuna et al. (2000ajsotherms of N on the clay samples at 77 K using a gas sorp-
reported that dehydrochlorination of GEICl; occurred eas-  tion system (Quantachrome AUTOSORB 1). The isotherms
ily on clay minerals (allophane and halloysite) at 313 K andwere measured at relative pressures ranging from® 10
indicated the possibility that the heterogeneous decomposislightly under 1.0 by the static volumetric method. As de-
tion of CH3CCl; on clay minerals at the ground surface in scribed later (Sect. 3.1), the general (i.e. three-parameter)
arid regions would serve as a potential tropospheric sinkform of the Brunauer-Emmett-Teller (BET) equation was
Clay minerals are among the main components of soils andised to determine the specific surface area of the clay sam-
dusts. The importance of heterogeneous reactions on dugies.
and soil has been reported by model, field, and laboratory The clay samples examined belong to two types of alu-
studies on ozone, SONO,, and so on (Dentener et al.,1996; minosilicate layer minerals. The kaolinite, halloysite, and
Gusten et al., 1996; Underwood et al., 2001; Ooki and Ue-dickite clays are 1:1 aluminosilicate layer minerals; that is,
matsu, 2002; Hanisch and Crowley, 2003). these clay minerals consist of one layer of silica*{$iin
This paper has three main parts. In the first part, we examtetrahedral coordination and one layer of aluminumtAl
ine the reaction of CEICCls on nine types of standard clay in octahedral coordination with oxygen and hydroxyl in the
minerals (25 American Petroleum Institute (API) standardanion positions. The montmorillonite, metabentonite, non-
clay minerals, Kerr and Kulp, 1949) with a closed-circulation tronite, hectorite, and pyrophyllite clays are 2:1 aluminosil-
reactor. We found that the decomposition of {THCI3 pro- icate layer minerals; that is, these clay minerals consist of
ceeded through C¥CCl3 — CH>=CCl + HCl at 313K for two layers of St* in tetrahedral coordination and one layer
most of the clay minerals examined. The relationship ofof Al3* in octahedral coordination with oxygen and hydroxy!
the reaction rate to the surface area and mineralogy of thén the anion positions. The latter layer is sandwiched by the
clay minerals is discussed. In the second part, the adsorgformer layers. Pyrophyllite consists of these aluminosilica
tion equilibrium coefficient and the surface reaction rate con-layers without any exchange ions in place ofAbr Si**. In
stant of CHCCls on illite and their temperature dependence montmorillonite, a magnesium ion (M) is typically sub-
are determined. lllite is a dominant clay mineral in arid re- stituted for AP+ in octahedral coordination. Substitution of
gions (Claquin et al., 1999). lllite is observed in dusts from Al3* for Si*t in tetrahedral coordination may also occur. In
desert regions (Khalaf et al., 1985; Singer, 1988; Blanco enontronite, ferric ion (F&") is substituted for At in oc-
al., 2002; Bruintjes et al., 2002). The reaction rate increasedahedral coordination, while At is substituted for $it in
with increasing temperature and it decreased with increastetrahedral coordination. In hectorite, Kgand a lithium
ing relative humidity. Finally, on the basis of the adsorption ion (Li*) substitute for A¥* in octahedral coordination. The
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Table 1. Standard clay samples examined. Their multi-plot (Eq. 11) and general (Eq. 12) BET surface area, and the reactivity against
heterogeneous decomposition of ECl3 in air at 313K

BET plot (Eq. 11)  g-BET plot (Eq. 12) 5 5
Locality QPI _110 kl_1 10°K 107 Ko 10" N
0. a("nfza C a('gza C n (s (50mg)™) (s (50mg)™)
blank (no clay) -0.01£0.08 -1243 2
Kaolinite

Bath,SC. 5 19 145 19 79 10 2.7(01) 42(15)  67(2%) 4.6(02) 1

Bath,SC. 7 26 170 27 86 10 2.7(01)  15(14) 190(186) 3.2(0.1) 1
Levistoun, 47 9 148 9 75 10 1.0(01)  8(16)  121(242) 3.4(04) 1
Halloysite

Bedford,Ind. 12 55 576 57 166 43 12.9(02) 213(13)  74(5  8.4(02) 1
Wagon Wheel 59 38 38 38 42 10 3.7(01) 35(14) 109(42)  3.0(0.1) 1

Gan. Colo.

Dickite
San Juanito, 45 2 40 2 18 10 0.1(0.1) -16(12) -3(8) 0.8(1.8) 1

Mexico . )
Montmorillonite

Forest Miss. 20 97  -487 105 181 25 41.0+148 171#23 281108 13.8+50 3
Forest Miss. 21 92  -474 100 183 25 29.3(09) 253(20) 145(13) 11.1(04) 1
AmoryMiss. 22 79 -870 94 205 29 16.5(06) 300(16)  72(5)  7.6(03) 1
Amory,Miss. 22A 79 -342 85 296 26 17.5(06) 286(17)  79(5  7.3(03) 1
Chi”;fefS' 23 69 -1635 74 171 29 26.6(0.8) 241(20) 137(12) 13.6(05) 1
Otay, Calf. 24 32 314 34 105 41 6.5(03) 93(18)  76(15)  6.4(0.3) 1
Upton,Wyo. 25 19 750 19 173 40 1.1(02)  18(16)  58(54)  1.7(04) 1
CaySpw. 26 25 166 26 83 10 1.0(02 1025 107(272) 1.2(0.3) 1
Belefouiche. 27 21 -1310 22 251 33 17403 23410 75134 2603 2
SenaRia.N. 30 34 2438 36 180 32 3.4(3 157(15  25(3  3.3(03) 1
Bayard 30A 66  -408 71 231 26 124(05) 266(3)  59(8)  6.7(03)
Cameron,Aiz. 31 31  -484 33 200 26 7.4(03) 96(17)  84(16)  7.5(03) 1

Metabentonite
Tazewell, Va. 41 17 1847 17 126 31 5.2(0.3) 84 (17) 67 (14) 9.7(06) 1

Garfield, Wash. 33A 37 -529 39 269 28 16.2(04) 170(16) 112(11)  14.9(04) 1
Manito, Wash. 33B 58 -506 66 239 27 20.9(05 218(17) 117(10) 11.7(0.3) 1

Hectorite
Hector, Calif. 34 40 -241 44 277 2.3 48.1+235 0+28 34+16 3
Fithian, Il 35 61 202 63 114 35 18.6+37 149150 144 £57 10.3+21 2
Fithian, .~ 35* 70 145 71 121 41 258493 20660 151+£70 134449 5
Morris, lll. 36 45 218 46 100 10 2.9+03 6018 51418 2.0+02 2
Pyrophyllite

Robbins,N.C. 49 1 27 2 12 10 -0.3(0.2) -18(18) 14(17) -4.6(32) 1
results for clays, which are not APl standard ones, in the previous work

Kaolinite-p 16 4 17 23 10  0.3(04)  7(16) 40(9%) 0.5(02) 1
Halloysite-p 20 200 30 99 10 35(0.1)  91(14) 41(6) 3.8(0.1) 1
Montmorillonite-o 18 51 19 27 10 0.6(01)  14(14)  41(43) 0.9(02) 1
Allophane-p 235 13970 245 179 33 34.3(08) 98(15  386(59) 4.7(0.4) 1
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above substitutions result in a negative charge on the threewith a UV sensor (USHIO UVD-365PD). The reaction tem-
layer sheet, which in turn is balanced by intersheet adsorbegerature was controlled between 283 and 313K.6 K) by
cations such as calcium (€3 and sodium (N&) ions. The  putting the removable cell in a constant-temperature water
intersheet C& and/or N& interact with water molecules. bath.

It is known that the negatively charged clay surface, the ex-

changeable cations, aluminum at crystal edges, and transitiog 3 Experimental runs with the column reactor

metals in the higher valency state are related to the reactiv-

ity of clay minerals (Solomon, 1968; Mortland and Raman, A column reactor was used to examine the influence of rela-
1968; Swoboda and Kunze, 1968; Theng, 1974). The for-

; tive humidity on the reaction in Sect. 3.3.2. The column reac-
mulas of the API clay materials were reported by Kerr et al. A .
(1950) tor system is in principle a kind of gas chromatograph. 85 mg

of clay particles was held by small plugs of quartz wool in

a Teflon tube (column reactor) with an inside diameter of
2.4mm. This column was put in a temperature-controlled
Avater bath to keep the reaction temperature at 313 K. Helium
(He) was used as a carrier gas, and it was passed through

2.2 Experimental runs with the closed-circulation reactor

All the experiments, except for those in Sect. 3.1 and show
in Fig. 13, were performed in a 0.85-drlosed-circulation 3 >
Pyrex reactor, which is described elsewhere in more detaif"® clay sample at a rate ofb 10 dm’min%. The He

(Kutsuna et al., 2000a), so only a brief summary will be carrier was passed thrqugh_a Teflon tube (3.2 mm in an out-
given here. The reactor consists of a removable cell in whickSide diameter, 0.8 mm in thickness and about 2m long) put

clay samples are put, a magnetic-driven glass pump, and in water at 313K before introduced to the column reactor.
White-type optical cell with an optical path length of 3m The He carrier was expected to be humidified by water vapor

by which the gas mixture is analyzed using an FTIR Spec_passing through the Teflon wall and its relative humidity was
trometer (JEOL Winspec 50) at a 0.5 chresolution with estimated at about 1%. The pressure before the column reac-

50 scans. The gas mixture was circulated through the read© Was automatically controlled at atmospheric pressure by

tor with the magnetic driven glass pump (0.7%min~1). It a valve (248A, MKS Co., Japan) that was located after the
took about 3—4 min to circulate all the gas mixture through column reactor. The pressures before and after the column
reactor were measured at 100.5 and 99.9kPa. No pretreat-
/fnent such as heating at a higher temperature was performed.
tal run. A 50-mg sample of clay mineral particles was In the experiment in a humidified atmosphere, the He carrier

piled loosely on a small plate in the removable cell and ex-Vas passed through water (Ichinose-type humidifier). The

posed at atmospheric pressure to synthetic air at a rate JFlatiV]? Eumidity W:S contrpglect:l b% changi;g_gh;rrfsempf)era-
0.2dm?min~1 at a fixed temperature (typically 393K) for (U'e Of the water. A prescribed volume 5 )0

. L 4

an hour. The samples were subsequently cooled to the de= He mgtugcﬁogtalsnlngoﬁnoT (Xe) b_y>1 10—. _volu(rjne

sired reaction temperature, which was typically 313 K. In the_ratlo or H; 3 DY X volume ratio was injecte us-
ng a multi-port valve. The shape of the peak, that is, the

experiments carried out in a humidified atmosphere, the cla)5 . . del . f he iniecti d th K
samples were exposed to a 0.2%min~! flow of humidified retention time (delay time after the injection) and the peal

synthetic air of a known relative humidity for an additional height, of Xe or CHCCIs was measured with a quadrapole
3.5 at the reaction temperature. mass-spectrometer. The He flow was added to the line after

The gas mixture of CECCl in air was prepared by mix- the column reactor to decrease the residence time in the line

ing a standard gas mixture of GACl3 in nitrogen molecules (dead time).

(N2) (Takachiho-Kogyo Co., Japan) with,Nor oxygen

molecules (Q). The initial partial pressure of G€Cl; was 2.4 Data analysis

typically set at 16 Pa. In some experiments, the relative hu-

midity was established by passing a part of the gas mixturdn Sect. 3.2, time course of partial pressure ofsC&lz was

through water (Ichinose-type humidifier). measured using the closed circulation reactor. Three IR spec-
The experimental procedure was as follows: the reac-ral data were measured during 30 min before the;CEl3

tant gas mixture was circulated for 30 min without contact — air mixture flowed over a clay sample. L8t;; (Pa) be the

with the clay sample, and then the gas circulation path wasnean of partial pressures measured during this period. The

changed so that the gas mixture flowed over the clay sampl€H3CCls — air mixture began to flow over the clay sample at

for 180 min without exposure to photoillumination. In most 30 min. The sudden decrease in partial pressure GiGTHs

of the experiments, the gas mixture and the clay sample wergvas observed by changing the gas circulation path. This was

then photoilluminated for 80 min at wavelengths longer thancaused by gas adsorption on the clay sample and by changes

300 nm with a 500-W xenon short-arc lamp (Ushio Co. Ltd., in the circulation route that led to changes in the reactor vol-

Japan), a mirror, and an optical filter (HOYA UV 30). The ume. The volume change was calculated to correspond to

light intensity was about 6 mW cn? at 365 nm as measured a 23% decrease in partial pressure. The reaction tipia (

the closed-circulation reactor.
The clay samples were pretreated before each experime
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minute) is defined as follows: (m?); and v is the mean molecular velocity of GBCls
(ms™).
tr =1t — 30, 1) . .

Equations (6) and (7) are derived as follows. lfgic be
wherer is time in minute after the CkCCls—air mixture is  the mole fraction ofyvc to CH3CClz in air (outside the clay
introduced to the reactor without contact to the clay samplesample) under equilibrium condition. On the assumption of
The initial partial pressure of G3€Cls at#,= 0 (Poinit in Pa)  the steady state and a linear procéggy is written as Eq. (8).
was calculated as follows: 1+ fuc

Poinit = 0.77 x Pinit. (2 fmc

The value ofPginit was used to estimate the equilibrium co- The productkciay fuc value is proportional to a flux of
efficient of CHsCCl between on the clay sample and in air gaseous CECCls to the clay surface at the steady state. The

kclay = ki, (8)

as mentioned later (Eqg. 4). keciay Value and the reaction probability  satisfies Eq. (9):
After contact with the clay sample, GBCl; decreased 1
approximately according to first-order kinetics as shown inVkclayfMc = 275 9)

Sect. 3.2. The decay rate was evaluated by using the quasi- o _ )

first-order rate constarty in s-1. That is, thek; value for ~ Substituting Eq. (8) into Eq. (9) gives Eq. (10).

each experiment was calculated by fitting the data at reac- 4y

tion time ¢ (ranging from 14 to 114min) to Eq. (3). The ¥ = 7, (1+ fuciku. (10)
data at;;=4 min was not used because it did not obey first-
order kinetics. The equilibrium did not seem to be achieved
attr=4 min.

In Sect. 3.2,fmc was approximately replaced l&. Substi-
tuting fuc = K into Egs. (8) and (10) gives Egs. (6) and
(7), respectivelyI” was used instead of becausd™ was the
P(tr) = Posir exp[—k1(601)], (3) reaction probability obtained on the above assumption.
. . i On the other hand, in Sect. 3i3)ay andy were calculated
v_vhereP(tr) is the P art|al_press_u_re of the GHCl; at reaction by Egs. (8) and (10), respectively. Thatis, it was not assumed
time #; _and Porit In Pa is a fitting parameterPofir means that fuc = K. The amount of CHCCls adsorbeddyc) on
the partllal. presfsure of YECl; at#=0 that is estimated by illite (API no. 35*) samples was plotted against partial pres-
ex}lfﬁpo at|0:1 0 ,E?j' (f:,)’)' d by Eq. (4 ditis o sure of CHCCl3 (Puc) at4,=4-174 min. It was found that
Lo eK value is ae |ne' y q( ), and it is given as an amc was almost proportional t&@yc in the reaction on the
indication of the adsorptive activity of the clay samples for j;i.c (API no.35%) except for the data during initial reac-
CH3CCl: tion periods. Thefiyc value was calculated from the slope
K = (Poinit — Posit) / Pofit.- (4) amc/Pmc. Temperature dep.endencelQ_]ia.y and fymc was
) ] o ~also determined for the reaction on the illite (APl no. 35%).

The K value is the estimate of the equilibrium mole ratio |, sect. 3.4. the lifetime of C4CCls through the reaction
of the amount of CHCCls adsorbed to gaseous @BCls at  op, qusts or on ground surfaces was estimated. The estimation
1=0. o was based on thigay and fuc values determined for the

In Sect. 3.2, the activity of clay semplles was evaluated byijiiie (API no. 35*) in Sect. 3.3. The lifetime was estimated
means of two new parameteriky in s~ andT’) as well  op the assumption that the equilibrium of ECl; between

asky and K. The parametekeiay is the first-order overall i, 5ir and on clay minerals was achieved. Since the reactions
rate constant of CkCCl3 adsorbed on the surface and in the ¢ CHsCCl; on clay minerals were slowy(~ 10-9), this

pores of clay materials (Eq. 5). assumption was reasonable.
damvc
= —k , 5
dr clay A4MC ( )

3 Results and discussion
whereaypc in molecules is the total amount of GACI3 ad-

sorbed on the surface and in the pores of the clay sample3.1 Surface area of the clay samples
The parameter represents reaction probability at the steady

state under the experimental condition. Kagy and " val- Figure 1 shows the adsorption/desorption isotherms of nitro-
ues are expressed as Egs. (6) and (7), respectively. gen molecules (B for four API clay mineral standards at
14K 77 K. The P/ Py axis represents a given relative pressure of
kclay = k1, (6) N, that is, the ratio of the pressure to the saturated vapor
pressure. Isotherms are generally classified by their shape
= 4_V(1_|_ K)ky. 7) (Sing et al., 1985). The kaolinite isotherm (API no.7) was
Sv

Type I, and the other isotherms were Type IV. For all the
whereV is the volume of the closed-circulation reactor used minerals except for kaolinite (APl no.7), we observed hys-
(8.5 x 10~* m®); s is the surface area of the clay sample teresis between the adsorption and the desorption isotherms.

www.atmos-chem-phys.org/acp/3/1063/ Atmos. Chem. Phys., 3, 1063-1082, 2003
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Fig. 1. Nitrogen isotherms for four types of standard clay minerals; solid square, adsorption isotherm; open square, desorption isotherm.

The types of these hysteresis loops were classified as Typashere W is the weight of gas adsorbed at a given relative
H3, H2, and H4 for halloysite (APl no.12), montmoril- pressure®/Py); W,, is the weight of adsorbate constituting
lonite (API no. 20), and illite (API no. 35), respectively. The a monolayer of surface coverage; aPglis the saturated va-
hysteresis indicates that mesopores contribute to the surfageor pressure at the temperature of the adsorbent. Thaerm
area, whereas closure of the hysteresi® 4Py ~ 0.4 sug-  which is the BET C constant, is related to the energy of ad-
gests that there was not a significant volume of slits accessorption in the first adsorbed layer and consequently its value
sible to N> below this width 2.2 nm) and that finer voids is an indication of the magnitude of the adsorbent/adsorbate
were wedge shaped. A similar hysteresis was observed fointeractions. The physical meaning of C requires thatGhe
nontronite and hectorite samples, as well as for other samplegalue must be positive. The BET specific surface area and
of halloysite, montmorillonite and illite. For kaolinite and values of the BET parametérobtained are listed in Table 1.
dickite samples, there was little hysteresis between the adAlthough theC value must be positive, the calculation using
sorption and desorption isotherms. For the pyrophyllite sam-Eq. (11) resulted in negativ€ values for most of the clay
ple, a Type H4 hysteresis was observed dowA t&y = 0.1. samples.

The surface area was initially calculated for the adsorp- Therefore, the surface area was calculated by the general
tion isotherm, in the relative pressure ramggPy = 0.05— (i.e. three-parameter) form of the BET equation (Eg.12)
0.30, using the popular (i.e. two-parameter) BET equation(Murray and Quirk, 1990).

(Eq.11). The BET method is the most widely used proce- 0 il
dure for the determination of the surface area of solid ma- y — WinC(P/Po)[1 — (n + 1)(P/Po)" +n(P/Po)" "]
terials and involves the use of the following BET equation [1—(P/PIL+ (C —1)(P/Po) — C(P/Po)"1]’

(Eq.11) (Sing etal., 1985). wheren is the number of adsorbate layers to which mul-
W, C(P/ Pg) tilayer formation is limited. Whem = 1, Eq.(12) is the
W= [1—(P/Po)l[1+ (C —1)(P/Py]l’ (11) Langmuir equation and, for large valuesmgfit assumes the

(12)
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form of Eq. (11). In practice, therefore, Egs. (11) and (12)

are virtually coincident for values of larger than~5and ¢ 1o AR (|3H300I3I R
P/Py < 0.3. Equation (12) was applied to the adsorption € 12 ~ -
isotherms in the relative pressure ranggPy = 0.05-0.30, el - ‘ ‘ ‘ 1
by a nonlinear fitting method. The specific surface areaand § 0-8 | ‘ .
the parameter§ andn obtained are listed in Table 1. This & 04 C ]
surface area will be referred to as the g-BET specific surface b E
areas in the text. In this calculation, when>5, n was fixed O ey , 1
at a value of 10. Eq. (12) gave positi¢evalues for all clay 0.8 —r—rrr—rr T
samples. This result agrees with that reported by Murray and Q " 4—min reaction 1
Quirk (1990). Hence, the g-BET surface aeand the relat- c 06 .
ing parameters andC are used in the following discussion. -g 0.4 i ]
n
3.2 Heterogeneous decomposition on various standard clay 2 02 i ]

minerals e Mu'k‘ JE

3.2.1 HCl elimination reaction 04 ——1r—+—r—r 1T
8 2 ) ) CHZZCC|2 E

Figure 2 depicts the infrared spectra of a4t lz—air mix- S03F 64-min reaction .

ture before contact with a halloysite sample (APl no. 12) at -g " ]

313K and at 4 and 64 min after contact. As the intensity of 2 0.2 i ]

the CHCCls peaks decreased with time, new peaks appeared <  ; |

at 788, 869, and 1627 ch. These new peaks are attributed L

to 1,1-dichloroethene (C4#£CCk). No decomposition prod- 0 ik et T——"

ucts other than CECCl, were detected in the air mixture. 3000 2500 2000 1500 1000

Figure 3, part A, shows the time course of the partial pres-
sure of CHCCI3 (Puc) and that of CH=CCL (Ppg) in
]Elhls reactlohn. hAItI 30 T“'”' a C{f;CICE?;alr m!gtlére began toh Fig. 2. IR spectra of CHCCI3 and its decomposition products in
ow over the halloysite material. e rapid decrease at thay, . gas phase for the reaction of gELCl3 in air on halloysite (API

time was caused by gas adsorption on the halloysite and by, 12) particles at 313 Ka) Before contact with the halloysité)
ChangeS N the CIrCU|atI0n route as dESCI’Ibed N SeCt 24 Thgﬂer a 4_min’ andc) after a 64-min reaction.

volume change was calculated to correspond to a 23% de-
crease in partial pressure. After contact with the clay sam-

ple, CHCCl; decreased approximately according to first- cH,=Ccl, that had been produced. HCI and carbon diox-

order kinetics. Figure 3, part A, also shows the time coursgge (CQy) were detected as photodecomposition products of
of the partial pressure of GJECl in a blank experimental  c,=cCl,. Under photoillumination, the partial pressure of

Wavenumber (cm'1)

run (with no clay samples). o CH3CCl3 seems to be almost constant. This effect was also
Figure 3, part B, plots the increase Hpe, which is de-  gpserved for the reactions on other clay minerals. It will be
scribed asA Ppe hereafter, against the decreaseAdc,  discussed later (Sect.3.2.3). In the text, the reactions un-

which is described as-A Pvc hereatfter, during a 180-min  qer photoillumination are described only in Sect. 3.2.3; oth-
reaction period. Except for the initial reaction period, the gryise, "reaction” means the reaction without photoillumi-
increase inA Ppg was almost the same as the increase inpation.

—A Pyc. Hence, the reaction was judged to proceed through
elimination of HCI (Mochida et al., 1968; Vogel et al., 1987)
as follows:

In a similar way, decomposition of GG&Cl3 and for-
mation of CH=CCl were confirmed in dry air at 313K
for most the API standard clay minerals examined. Since
CH3CCl3 — CH=CCl, + HCI. (13) CHs3CCl3 decreased exponentially with time, the decay rate
and the adsorptive activity were evaluated as described in
Photoillumination was not required in this reaction. Hydro- Sect.2.4. Thek; and K values obtained are listed in Ta-
gen chloride (HCI) produced could be bound to the surfaceble 1. Thekcjay andT" values calcualted by Egs. (6) and (7),
of the clay samples. respectively, are also listed in Table 1. The values in paren-
At 210 min, photoillumination X > 300 nm) was started theses represent the errors deduced by the non-linear regres-
against CHCCIlz—CH,=CCl—air mixtures in the presence sion. The errors in this text indicateo. The error ofK is
of the clay material. As shown in Fig. 3, part A, photoil- calculated not only from the error dfys; but also the error
lumination did not accelerate decomposition of 1Tl of the factor 0.77 in Eq. (2) that is estimated to be 0.01.
but it induced heterogeneous photodecomposition of then Table 1 indicates the number of experimental runs. When
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v change of the gas route

__Vlighton (> 300 nm) 4

000 CH.COl, A | B
15 - : 7 st

I~ ? blank (no clay minerals) ]
e
[0} r o : . 6}
S 10} & ) . ‘ {1
? L .o contact with halloysite (API no.12) 3 o
o r : mE _ w
a L . n [ L] . CHz—CClz Qé’ 4+
= I : ]
. 5 : : -
= [ ;-
I : u Oo 1 oo 2t
[ 3 " C0opggo ""ooco

- : [ ] .

0 I " .- .. 1 " " 1 " " " 1 " " " " 1 A " " .. | T R 0 //
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Time (min) -APyc (Pa)

Fig. 3. Changes in CHCCl3 and newly formed CH=CCl, for the reaction shown in Fig. ZA) Time course of CHCCI3 (open symbol) and
newly formed CH=CCl, (solid symbol) partial pressures. Solid red line is a fit by first-order kinetics. Upward-pointing triangle symbols
indicate time course of C¥#CCl3 in a blank experimental run (with no clay mineral9B) The decrease in G4CClz partial pressure
(—APyc) versus the increase in GHCCI, partial pressureA Ppg) during a 180-min reaction without photoillumination.

T T — T — Figure 4 plotsA Ppg against—A Pyc for 114 min of re-
12 . action time for all clay samples examined. The two values

E Jecciiadly are almost the same for each mineral, which implies that
= ol és*/,’ss* | the decomposmon_ on the clay mlnerals examlned occurred
.% EA @l through the HCI elimination reaction shown in Eq. (13). HCI
s 338 [o]] 20 was not observed in the gas phase except for the reaction on
= 8t sl 4 the hectorite sample (API no.34). Thus, HCl seems to be
£ o bound to the surface of most the clay minerals. The result for
g 6L [12] i the hectorite sample (API no. 34) will be discussed later (in
© // Sect. 3.2.4).
B 4Ff L @ . 3.2.2 Relation ok, K, kclay andT" with the surface area
g . . and mineralogy of the clay minerals
| £ ]
8 21 The order of thek; values for the different minerals typed
% zf’ was as follows: hectorite, nontronite halloysite, metaben-
o 0 “1° tonite > kaolinite > dickite, pyrophyllite. For the mont-

0 é "‘ é é 1'0 1'2 morillonite samples, thé; value varied from 1x 10°° to

CH;CCl; decreased in a 114-min reaction (Pa)

Fig. 4. The decrease in G}CCl3 partial pressure{ A Py c) versus
the increase in ChECCl, partial pressureA Ppg) for 114-min re-

actions on various API standard clay minerals at 313 K. The label
indicates the APl number of the clay minerals. Clay minerals of the

same type are represented by the same color.

several experiments were carried odt & 1), the mean and
the standard deviation of the mean are listed in Table 1. Ex+elation observed in the heterogeneous decomposition of
cept for the dickite (APl no. 15) and the pyrophyllite (APl some hydrofluoroethers on similar clay materials (Kutsuna
no. 49) samples, the decomposition of §i+Cl3 on clay min-
erals in dry air at 313 K was confirmed by the positive value calculated by Eq.11). The slopa/s is estimated to be

of k1.

Atmos. Chem. Phys., 3, 1063-1082, 2003

41x 10-°s~1 for 50 mg of sample. In a previous study (Kut-
suna et al., 2000a), the montmorillonite sample examined
showed a small value df; (montmorillonite-p in Table 1),
but in this study several of the montmorillonite samples ex-
hibited much largek; values. As for the illite samples ex-
amined, thek; value of one material (no. 35 or 35*) was ten
times that of the other material (no. 36).

Figure 5, part A, plots the; value against the g-BET spe-
cific surface aread) for each clay sample. Thi value
correlated positively with theS value. The positive cor-
relation between thé; and S values is in contrast to the

et al., 2002; however, in that study, the surface area was

5.7x 102 s~ m~2 with a correlation coefficient) of 0.72,

www.atmos-chem-phys.org/acp/3/1063/



S.Kutsuna et al.: Laboratory study on heterogeneous decomposition of methyl chloroform 1071

—~ 5ol : - . . . . . 5ol . —— .
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Fig.5. (A) Pseudo-first-order rate constant (B) equilibrium ratio estimated for the adsorptigh and(C) (1 + K) k1 in reactions on
various API standard clay minerals at 313 K versus specific surface&afeach clay mineral deduced by Eq. (12). The label indicates the
API number of the clay minerals. Clay minerals of the same type are represented by the same color.

wheres is the surface area of 50 mg of the clay material, thatfor flat materials with narrow cylindrical pores;

is,s = 0.05x S. Figure 5, part B, shows th& value versus 3 1 1

the g-BET surface area. The adsorption was almost propory = — (— - —) , (149
tional to the g-BET surface area. The sldigs is estimated ¢ \tanhp ¢

to be 54 x 1072m~2 (R = 0.85). Figure5, part C, shows for porous spherical materials,

the product1(1+K) versus the g-BET surface area. As de- whereg¢ is Tiele’s modulus, which is calculated by Egs. (15)
scribed in Sect. 2.4 (Eq. 7), the slopg1+K) / s is propor-  or (15):

tional to the reaction probability. The slope1(1+ K)/s is 12

calculated to be6.8+0.7)x 10 ° s~ 1 (R=0.78). By Eq. (7), ¢ = L(k1e/Dmc)™", (15)

I is calculated to b&1.0 + 0.1) x 102 when 223 mslis

for flat materials with narrow cylindrical pores;
given for mean molecular velocity of GECl3 at 313 K.

_ 1/2 ;
Although thek; andkglay values are roughly proportional ¢ = Rplkse/ Duc)™, (15)
to thes value, thel” values vary by one orders of magnitude. for porous spherical materials,
For example, the hectorite sample (API no. 34) has the largesivhere L is length of cylindrical poresDyc is the effective
value of". Among the 12 montmorillonite materials, tiie  diffusion coefficient of CHCCls in the pores; and,, is the
values vary from 2 x 10 19to 1.4 x 10°%. For one illite  radius of the pores. In both types of porous materialsythe
sample (API no. 35 or 35%)" was about five times larger value becomes almost unity when< 1. In the reactions ex-
than for the other illite sample (API no. 36). amined,L and R, can be less than 1§ m. The order of the
In general, not all of the internal surface area of porouskle value can be estimated from thevalues as<10~%s™.
solids always participates in the reaction (Keyser et aI.,The.l?'V'C value erends on the structure of ”;e 20[6;5 and
1991). The clay materials examined have mesopores and m s difficult to estimate, but it should not belO_‘ m=s
cropores, as mentioned in Sect. 3.1. Therefore, it is neces- ence, can b? evaluated asl, ‘?nd. t_hep v_alue is expected
sary to check whether the BET surface area corresponds tgq. be about unity. Thus, the varlab_|I|ty ofis not due to the
all of the surface area accessible to {Cil;. The ratio of |ffe_rentn values of the clay materials. .
the surface area participating in the reaction is indicated by Figure 6, part A, plots thé' value against the g-BET pa-
the effectiveness factar As for an irreversible first-order re- rametern. The " values tend to be '?“ge for clay materials
action with a reaction rate constant/at (s%), then value W'th small;_z._For example, the hectorite sample (API no. 34),
of flat materials with narrow cylindrical pores and of porous which .eXh'b.'tS. the Igrgeslf vglue, has the smallggtvalue.
spherical materials can be calculated by Eq. (14) or (14", re_'Ifhere is a distinct difference mbetween the two |II|t(_—:' mate-
spectively, as follows (Levenspiel, 1999): rials (APl nos. 35 or 35* and 36). T_he reason forthl_s relation
betweerl™ andn is not clear. A possible explanation is as fol-
lows. As described in Sect. 3.1, a small valua ofieans that
tanhp there are many narrow voids accessible to(fér example,
¢ (14) cumulative voids about 0~41.4 nm in diameter fon = 2).

T)Z
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Fig.6. (A) TheT value in reactions on various API standard clay minerals at 313 K versus a parameter of the general BET eq(gjion,
TheT value versus interlayer @4 in a unit cell of the clay minerals (Kerr et al., 195@F) TheT value versus amount of 4D released
from clay minerals by heating at 378 K in per cent by weight (Kerr et al., 1950).

These voids are formed by connections between clay crysthe reactivity of clay minerals against the decomposition of
tals via their faces and/or edges. The anti-correlation of CH3CCls, as mentioned later in Sects. 3.2.3 and 3.3.2.

andTI" suggests that such narrow voids may serve as reaction

sites. These voids may accelerate the reaction under specidl2.3 Effects of pretreatment, reaction temperature, and
circumstances such as in intense electric fields (Aochi and photoillumination

Farmer, 1995).

For the montmorillonite samples, the relation betw&en In this study, the clay samples were dried at 393K for 1h
andn is ambiguous. For example, materials with similar in air flow before the reaction. This commonly used pro-
small values of” (API nos. 25, 26, and 27) have valuesiof ~ cedure for drying clay minerals is said to not destroy their
from 3.3 to 10. The correlation of tHe value with the min-  structure. On the other hand, it is well known that the activ-
eralogy of the montmorillonite materials was checked on theity of clay minerals, for example, their acidity, depends on
basis of their reported chemical analyses (Kerr et al., 1950)the water content of the surface (Zielke et al., 1989). Hence,
The chemical formulas of the clay samples (API nos. 22Athe effect of the pretreatment temperature was examined for
and 30A) were assumed to be, respectively, the same as tibree clay materials (APl nos. 20, 34, and 35*). Figure7
clay samples (API nos. 22 and 30). No correlation offthe plots thek; values measured for the reaction on each clay
value with the charge at the clay surface nor with the sub-material against the pretreatment temperature.kfhalues
stituted metal in tetrahedral and octahedral coordination waseem to decrease with decreasing pretreatment temperature.
found. Thel value seemed to correlate with the concentra-However, the difference was less than the measurement er-
tion of interlayer C&" and with the water content of the clay ror for k1. The decomposition of C4€Cl3 was confirmed
minerals examined. Figure 6, parts B and C, plotdtivalue at pretreatment temperatures down to 323 K. The purpose of
against the concentration of the interlaye?Cand the wa-  the pretreatment is the removal of some of the water from
ter content, respectively. The water content shown in Fig. 6the clay minerals. In general, clay minerals lose water at
part C, presents the amount of the water that the clay couldemperatures a little higher than ambient temperature. Reac-
release ak378 K. The Ca-montmorillonite materials tended tion conditions similar to the pretreatment in this study can
to exhibit largerT values than the Na-montmorillonite ma- be found in natural environments, particularly in hot and dry
terials with the exception of two montmorillonite (API nos. regions such as the Sahara Desert.

24 and 30). The positive correlation betweenhealue and The k1 value increased with increasing reaction tempera-
the amount of water loosely bound to the clay indicates thature. Figure 8, parts A and B, shows a semi-logarithm plot of
sites formed by removal of water can serve as active siteshe typical time course oPyc in typical reactions on hec-
for the decomposition of C§CClz. It is known that solid  torite (APl no. 34) and illite (APl no. 35*%), respectively, at
acid sites can serve as active sites for the decomposition a283-313 K. The decay rate for each reaction at each different
CH3CCl3 (Mochida et al., 1968). Solid acid sites seem to betemperature was evaluated by the quasi-first-order rate con-
present under dry conditions (Zielke et al., 1989). The ad-stantks, as described in Sect. 2.4. Some data determined dur-
sorption/desorption behavior of water seems to be a key tang the initial reaction period did not obey first-order kinetics,
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CH3CCl3 did not decompose by photoilluminatiod &

60— ' ' ' ' ' ' 300nm), as shown in Fig. 3, part A, for any clay materi-
—eo— Montmorillonite (APl no. 20) | 1 als. In contrast, CkECCl, which had been produced, de-
50| —*  Hectrite (APIno. 34) ] composed through a heterogeneous photoreaction on the clay
Illite (API no. 35%) T minerals except for some montmollironite (API nos. 25 and

27). For the dickite (API no.15) and the pyrophyllite (API
no. 49), photodecomposition of GHCClL was not exam-
ined in this study, because GHECCI, had not been produced
from CH3CCl3 on these clay minerals. The photodecom-
position of CH=CCl, on the API standard clay minerals
seems to proceed via two schemes: heterogeneous photode-
composition of CH=CCl and the reaction of C}CCh
with Cl atoms that are released from €+CCl in a similar
way as observed for halloysite-p and kaolinite-p in the pre-
i vious study (Kutsuna et al., 2000b). g@ere detected as a
gaseous photodecomposition product of68ClL. When
the photodecomposition rate was large, HCl was observed.
As described in Sect. 3.2.1 (Fig. 3, part A), the decay rate
of CH3CCl3; was decreased under photoillumination, and this
Pretreatment temperature (K) was the case for most clay minerals. This behavior can be as-
cribed in part to gradually decreasing activity of clay miner-
als during a 180-min reaction before photoillumination. But,

Fig. 7. The pseudo-first-order reaction rate in reactions on clay min-COm ared with effect of this inactivation. the decrease in de
erals at 313K versus the pretreatment temperature of clay miner- P ’

als. The pretreatment temperature means the temperature at whi@py rate of CHCCI? was large in most the reactions. For
montmorillonite (API no. 20), hectorite (API no. 34), or illite (API @ case of the reaction on halloysite (API no. 12) as shown

no. 35*) was heated before the reaction. in Fig. 3, when photoillumination was started, LI in-
creased due to desorption from the clay surface. The desorp-

tion decreased the decay rate of {LHI3 under photoillumi-
probably because the adsorption equilibrium was not yet esnation. CHCCl3 seems to be released by increasing temper-
tablished. Accordingly, the data was fitted for the reactionature of the clay surface under photoillumination. The des-
times between 14 and 114 min for the reaction at 313 K, andbrption can also be explained by accumulation of photode-
for those between 74 and 174 min for the reactions at 298 andompositon products such as HCI on the clay surface. This
283 K. Figure 8, part C, plots the values obtained against explanation is supported by the fact that §{3€l; decreased
the inverse of the reaction temperature. For the reaction atinder photoillumination after disappearance of S8Cl,
313K on hectorite (APl no. 34) and the reactions at 283—(Fig.3). The inhibiting effect of the photodecomposition
313K on illite (API no. 35%), several experiments were run. products of CH=CCl, can be expected to be less signifi-
Figure 8, part C, plots the mean of the values for those cant in the environment because diffusion of newly formed
reactions at each temperature. The error bars show the staGH,=CCl, to the atmosphere decreases,SHCI, over clay
dard deviation of the mean at each temperature for illite (APIminerals to much lower concentrations in the environment
no. 35*), while the error bars for hectorite (API no. 34) were than in this study.
set at the ratio of error to the mean at 313K (46%). The ap-
parent activation energiea ) of the reactions on hectorite 3.2.4 Reaction on hectorite
(API no. 34) and illite (API no. 35*) were calculated as @1
24) and (37+ 21) kJ mot1, respectively, by the weighted- The hectorite material (API no. 34) had the largEstalue.
nonlinear regression of the data using the Arrhenius equatn the reaction on hectorite, HCI was observed as a gaseous
tion, k1 = Arexpl(—AE/R)/T]. These apparent activa- product. The ready release of HCI from the clay surface
tion energies are smaller by about 150 and 180 kJ hak- is probably the reason that tHe value is so large. Af-
spectively, than that for the homogeneous gas-phase therm&r HCI increased in the air mixture, it decreased by being
decomposition of CRICClz (220 kJ mot1) (Weissman and adsorbed onto the hectorite. As shown in Fig.8, the ap-
Benson, 1984). In contrast, they are larger than the activatioparent activation energy for the reaction on hectorite (API
energy (12.9 kJ mol') (DeMore et al., 1997) for the gaseous no.34) was larger than that for the reaction on illite (API
reaction with OH, which is a main tropospheric process forno. 35*). The large value of for hectorite (APl no. 34)
the removal of CHCCIlz. The relative importance of the re- does not result from the lower activation energy of the re-
action on clay minerals to the gaseous reaction with OH thusaction on hectorite. Hectorite (APl no.34) has some re-
increases with increasing temperature. markable features in comparison with the other clay minerals
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Fig. 8. (A) Semi-log plot of the time course of GECl3 partial pressures for the reactions on hectorite (API no. 34 Bhadn illite (API
no. 35*) at 283-313 K(C) Thek; values averaged for the reaction on hectorite (API no. 34) and;tledkc|ay values averaged for the
reaction on illite (API no. 35*) versus the inverse of reaction temperatures; open stija@@ljd squarekc)ay-

12 , , . . . — 3.3 Reaction on illite

3.3.1 Temperature dependence of the adsorption and sur-
face reaction

N
o
T
|

The temperature dependence of the adsorption was consid-
ered separately from that of the surface reaction o CEl3

] for the reactions onillite (API no. 35*). Figure 9 plaassPpe

283 K against—A Pyc for each reaction on illite (APl no. 35%)

[o¢]
T
N
[(e]
(o]
P
1

6r shown in Fig. 8, part A. The discrepancy betweeRpg and
— A Py increased as the temperature decreased from 313 to
al i 283 K. The discrepancy observed during the initial reaction

period and that for the reactions at lower temperatures can be
. explained by the presence of EIClz or CH,=CCl, or both,

2+ - which did not react, adsorbed onto the clay surface. This ex-
' planation is supported by the fact that the formation rate of

CH,=CCl, and the rate of decrease of @ELClz were almost

the same after the initial reaction periods.

In order to evaluate the amount of GHCCl, adsorbed
CH,3CCl; decreased, -APyc (Pa) (ape in molecules) in these reactions, the adsorption of
CH>=CCl, was measured at temperatures of 283-313K us-
ing the closed-circulation reactor. The results are shown in
Fig.10. The data were analyzed by using the Langmuir ad-

CH,=CCl, increased, APpe (Pa)

0 . . . 1 . 1 .
0 2 4 6 8 10 12

Fig. 9. The decrease in G}CCl3 partial pressure{ A Pyic) versus
the increase in Ch=CCl, partial pressureX Ppg) during reactions

on illite (API no. 35*) materials at 283, 298, and 313 K. sorption Eg. (16):
quDEKpDEPDE (16)
ADE = —(—— VD pF o
1+ KFI)DEPDE

wherem is the mass of the clay mineral in §;is the spe-
examined: the presence of Li and F atoms, the trioctahedratific surface area of the clay minerals irfrg~?; ¢PE is
sheet, and the presence of micropores. These features maytemperature-independent parameter ir’mand K5€ is
be related to the ready release of HCl into the air and thean equilibrium constant in P&. The parameterg®® and
large number of reaction sites, which may result in the IargeKF'?E are obtained by a nonlinear regression of all the data
I value. at different temperatures with the same valueg;BE. The
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Fig. 10. Adsorption on illite (APl no. 35%). (A) Isotherms of CHH=CCl, in air at 283-313 K(B) The temperature dependence of the
adsorption parameters for GHCCl, (open symbols) and GHCCls (solid symbols).

; DE — 7 (=2 DE
regression gavgPE = (2.0 + 0.4) x 10" (m2) and K
g gave ( ) X (m™) P Table 2. The values ok; andk MC measured, and theyay values

=1.5£0.5,3.2:0.9, 6.G£1.8, 9.G:2.9, and 15'3:_5'5 (10_3 calculated for reactions of G} Cl3 in air on illite (API no. 35*) at

Pa) at 313, 306, 298, 291, and 283K, respectively. df® 83 313K. The data for all the experimental runs and the mean of
values calculated from these values are shown by solid curvegem at each temperature were listed

in Fig. 10, part A. The produatPE K BE is plotted against
the inverse of temperature in Fig. 10, part B. g value
obeys Eq. (17). KMC

H
KBE(Ty) = KE(T) expl(AFagy BT — ;7). (7). 1) k(005 (0Pm *Pah) komf10%s

313 11.6 1.13 7.1
wherek BE(71) and K 5E(T>) are the adsorption constants at 24.0 0.82 19.5
temperaturedy andT» in K, respectively;A Eagsis the heat 25.9 0.90 19.6
of adsorption (J moil); and R is the universal gas constant 35.8 0.52 44.9
(8.31Imot1K—1). The value ofA Eags was calculated as 31.9 0.69 30.4
— (564 10) kdmol! by fitting the data to Eq. (17) usingthe _mean  25.8£9.3 0.81+0.23 24.3+14.2
weighted-nonlinear regression with the Weighbgfz, where 298 3.9 2.37 14
o . was the error bar size of each data. 11.7 1.61 5.4
The amount of CHCCI; adsorbed onto the clay surface 9.2 1.65 42
. mean 8.3t 4.0 1.88+ 0.43 3.7£21
(amc in molecules) was calculated as follows: 583 12 291 03
— 7 8.5 3.93 2.1
amc = 2.07 x 101 ( APMC APDE) ape, (18) 65 375 17
where the factor D7 x 107 in molecules Pal is a result mean 5.4 3.8 3.97+0.23 1.4+ 1.0

of the units used in Eq. (18). In all reactiomasc was much
larger thanupe. As mentioned in Sect. 2.4, the uncertainty
in A Pyc due to the pressure drop is estimated at about 0.16

Pa in gaseous GY€Clz, which corresponds t0.3 x 1016 Figure 11 plotsivyc versusPyc for all experimental runs
molecules inayc. On the other hand, errors ofe are es-  at 313K (part A), 298K (part B), and 283K (part C). Except
timated at<4x 10" molecules wherPpe <10Pa at 313K.  for the data from the initial reaction period, colored in gray,
Hence, error ofiyc is estimated at about:3 10'°. Errors of  each data set can be fitted by a straight line intersecting the
apE are estimated at4 x 10'®and 35 x 10'® molecules at  origin. A Henry’s law type equation (Eq.19) thus applied
298 and 283K, respectively, whe?Pbe = 10 Pa. Hence, er- ynder the reaction conditions examined.

rors ofapc are estimated at (4-5)10'® molecules at these

temperatures. amc = m S KMC Pyc, (19)
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the data in Fig.11 are listed in Table 2 along with the
value obtained as described before. RS are also plot-
ted in Fig. 10, part B. The stronger adsorption of {THTI3
compared with that of Ck+CCl is indicated byKHMC >
¢PEKEE. ThekMC(T) at temperatur@ in K was written as
Eq. (20) by weighted-nonlinearly regressing the data with the
weight ofagz, whereo ¢ was the error bar size of each data,
by using the equation ok }\C(T) = B expAEags/ (RT)],
where A Egsis the heat of adsorption (Jmdl); B is a pa-
rameter in n2 Pal; and R is the universal gas constant
(8.31Jmott K1),

KMC(T) = 3.87 x 10° exp(457Q/T). (20)

The heat of adsorptioA E5gs0f CH3CClg is calculated to be
—(38+ 6) kImol L.

In order to consider the temperature-dependence of ad-
sorption and surface reaction separately, we simplified the
reaction scheme as follows:

CH3CCl3(g) = CHsCClz(pore), ko1 (22)
CH3CClsz(pore = CH3CCls(ad), Koo (22)

CH3CCls(ad) — CHy; = CCl(ad) + HCl(ad), k23 (23)

o
o

CH,=CCly(ad) = CH,=CCl(g), (24)

N
N

where kz1 is a constant originating from diffusion of
CH3CCl3 in pores;K»; is the adsorption equilibrium coeffi-
cient of CHCCl3 in poresikos is the first-order surface reac-
tion rate constant in pores; GBCl3(g) and CHCCls(pore
are gaseous CICCl3 outside and in pores, respectively;
CH3CCls(ad) is CH3CCl3 adsorbed on the surfaces in pores;
and CH=CClx(ad) and HCl(ad) are Ck=CCl, and HCI, re-
spectively, adsorbed on the surfaces in pores. To simplify an
explanation, only reactions on the surface in pores are con-
sidered. This simplification is reasonable because the surface
area in pores is much larger than the surface area outside
00 2 4 6 8 10 12 pores of most clay materials examined.
Partial pressure of CH;CCls in air (Pa) Since theky3 value is much smaller than the adsorption
rate and the desorption rate, equilibrium of 4&Cl3 be-
Fig.11. The amount of CHCCls adsorbed on ilite (AP twee_n in air and on the surface can be expected to be de-
no. 35*) versus the partial pressure of §ECl; in the reactions termilned. byK 22. The steady state flux of GJECl; to pores
of CH3CClz—air mixtures on illite (API no. 35*) materials 4A) by diffusion (Fuifr) is represented by Eq. (25).
313K, (B) 298K, and(C) 283 K. Different colors in each part of
the figure indicate the data for different experimental runs. Solid
Iine.s are fi.ts. py Eq. (19) in the text. Gray symbols are data usedyhere Puc(g and Pucpore are partial pressures of gas-
during the initial reaction periods, but they were not fitted. phase CHCCl; (outside clay samples) and equilibrium par-
tial pressure of CHEICCls adsorbed in pores. It is assumed
that CH;CCl3 in pores is removed according to first-order
where m is the mass of the clay mineral in ¢ is the kinetics by reactions on the inner surface of pores of clay
specific surface area of the clay mineral if gr!; and  minerals by Eq. (26).
K,’X'C is an adsorption constant of the Henry's law-type equa- ; p

. . R i MC(pore
tion in m=2 Parl. The K€ values derived by regressing —_— = —kdaPwc(pore. (26)

CHsCCl; adsorbed, ayc (1017 molecules)
o

(o]

N A~ O

Fuift = k21(Pvc(g) — PMcpore), (25)
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wherekg = k23K22. SinceFyif= —d Pyc(pore /dt = —kclay 30
fvc Puc(g) at steady state, whefkgiay and fic are defined

in Sect. 2.4, Eq. (27) is obtained: ) o
25

- - - i I

(kelay i)t = kap + kg™ (27) _ 5
B {6

Substituting Eqg. (8) to Eq. (27) gives Eq. (28): 20f Q

L Q

L+ fue) Ukt =kop + kgt (28 | R

o 15 IS

The kp; value is estimated to be 10~2 s1 at 313K, be- = ‘3

cause CHCCI3; decayed according to first-order kinetics af- E I >

ter 14 min-reaction period. The1 value is expected to de- 107 §

crease with decreasing temperature and thus it took longer {12 7

time at 298 and 283K till the adsorption equilibrium was 5[ >

achieved. Thé»; values at these temperatures are estimated g

to be> 2 x 104s~ 1. In addition, the formation rate of . . — .
CH,=CCl, is measured to be almost same as the decay rate 00 10 20 30 40 500
of CH3CCl3 except for the initial period after changing the % Relative humidity at 313 K
gas-circulating route. These facts indicate that< k21
f”md that(,l + fmc)ky is nearly equal tdq. Physical Mean- — rig 12. The effects of the relative humidity on a reaction of a
ing of k1 is represented by Eq. (28) on the assumption of theCH3CCI3—air mixture on illite (API no.35*) materials at 313 K.
steady state and linear processes as shown in schemes (2lgpen symbols represent the pseudo-first-order rate constant; solid
(24). In these schemes, under quasi-equilibrium conditionssymbols represent the amount of §+CCl, produced in a 114-min

the equilibrium mole ratigfy ¢, which is defined in Sect. 2.4, reaction.

is represented as follows:

fue = 1.71x 107k MC, (29)  value in dry air. At 22% relative humidity, C##CCl, for-

17 ) mation and thé value were about 18 and 20 times smaller,
where the factor 1 x 107" in m* Pa is a result of the  (egpectively, than in dry air. The decomposition of §TiCl;
units used in Eq. (29). Substituting Eq. (29) to Eq. (8) gives proceeded even at 22% relative humidity, however, at 313 K.
Eq. (30): The effect of relative humidity was examined by means
kelay = (1 + 5.85 x 1016K|_|\|/IC—1)k1‘ (30) of a column reactor experiment as mentioned in Sect.2.3.

Figure 13, part A, shows the xenon peak (Xe) after a Xe—
The k¢jay value can be calculated by using Eq. (30) with the He mixture and a non-humidified He carrier-gas flow were
measuredk; and KHMC values. Thekgay values are listed passed through the column, which contained 85mg of il-
in Table 2 and are plotted in Fig. 8, part C. By weighted- lite material (APl No. 35*), at 313 K. Figure 13, parts B-D,
nonlinearly regressing the data in Fig. 8, part C, by using theshows the CHCCIz peaks after a CkCClz—He mixture and
Arrhenius equation, thigay(7') value in s1attemperature He carrier-gas flow with controlled relative humidity were
T in K was expressed by Eq. (31) and the activation energypassed through the column at 313 K. Xe was used as a refer-

of the surface reaction E; obtained is (74t 31) kJ mot™: ence because little is adsorbed onto clay minerals. The cor-
rected retention timet(MC) is defined as Eq. (32):
kelay(T) = 4.78 x 10° exp(—893Q/ 7). (31)
rt(MC) = t(MC) — ¢(Xe), (32)
3.3.2 Effects of relative humidity wheret(Xe) ands(MC) are the respective retention times of

the Xe and CHCCIs peaks. The value aft(MC) is approxi-
The dry surface of clay minerals seems to play an impor-mately proportional to the adsorption equilibrium coefficient
tant role in the decomposition of GBCl3, as mentioned of CH3CCl; on the illite sample (API no. 35*). The adsorp-
in Sect. 3.2.3. We also found previously that the decompo-ion of CH;CCl3 on the clay minerals at 43% and 17% rel-
sition rate of CHCCI3 on clay minerals (halloysite and al- ative humidity decreased by about 34 and 16 times, respec-
lophane) decreased with increasing relative humidity (Kut-tively, compared with adsorption in a non-humidified atmo-
suna et al., 2000a). Figure 12 shows fhevalue and the sphere (about 1% relative humidity). The column experiment
amount of CH=CCl, produced in a 114-min reaction at dif- indicates that water content on the surface decreases the ad-
ferent relative humidities. Both thig value and the amount sorption of CHCClI; on the clay surface, which seems to
of CH,=CCl decreased with increasing relative humidity. be related to the decrease in the reaction rate due to relative
At 43% relative humidity, the formation of Gi#CCl, was humidity. In addition, it confirms that C¥CClz can be ad-
not detected and thiey value was about one-fiftieth of the sorbed on the clay surface at 17% relative humidity.
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Fig. 13. The results of the column experiment for illite (no. 35*) in
dry or humidified He flow at 313 K(A) The experiment of a Xe—He
mixture in dry He flow (about 1% RH)B)—(D) The experiments
of a CH;CClz—He mixture in (B) 43% RH, (C) 17% RH, and (D)
dry He flow.

3.4 Environmental implications of the reaction of

CH3CCl3 on clay minerals

3.4.1 Estimated lifetime through decomposition on clays in(

airborne dusts

The values obtained fdiay andK,_'\{'C in Sect. 3.3.1 indicate

that mass-transport processes such as a gas diffusion pr

cess cannot be the rate-limiting step for removal by airborn
local-1 ;

dust. In this case, the removal rate of §Cl3 (4,5, ~ in
year1) is determined as follows. First, the distribution fac-

tor of CH3CCls, fuc, is represented by Eq. (33):

fuc = KMCRT Snp, (33)

whereny, is the mass concentration of the clay minerals

[g (md of air)~1]; R is the universal gas constant equal to
8.31Pammol~! K~1; and thek ) in m~2 Pa L mol is de-
fined by Eq. (34):

KNC = 1.66 x 10724k ¢, (34)

where the factor 56 x 1024 in mol is a result of the units
in Eq. (34). Substituting Eqg. (20) to Eq. (34) gives Eq. (35).

KNC = 6.42 x 107 % exp457Q/T). (35)

Let XMC be the proportion of CBCClz on clay minerals

in all CHsCCls in the atmosphere. Th&MC is given as
Eq. (36):

XMC = fuc/(L+ fuc). (36)
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Table 3. Estimated local lifetime ‘l’fs?') through the reaction on

airborne dust. Blanks mean1000 years

local (year)

T (K) Tdust
1®nm(@m=3) 1 10 50 100 200 500

273 600 300 100
283 600 300 200 60
298 300 100 70 30
313 600 100 60 30 10
328 300 60 30 20 6

Substituting Eqg. (33) to Eq. (36) gives Eq. (37):

KNMCRT Snm
p G — (37)

1+ KMCRT Snm’

Assuming that the reaction rate is proportionakig: with
a surface reaction rate constantkgfy (s1) as described in
the Sect. 2.47/0%4 =1 can be estimated by Eq. (38):

local-1

dust

=3.15Xl )
1+ KMCRT Snm

(38)

where the factor 35 x 107 (y~1s) is a result of the units in
Eq. (38).

From Egs.(31), (35), and (38), the local lifetime of
CH3CCls through the reaction on clay particleg%2) can
be calculated for different concentrations of clay minerals
nm) in the atmosphere. The result is shown in Table 3.
Blanks in Table 3 indicate-1000 years of lifetime.

Tegen and Fung (1994) modeled the atmospheric mineral

g_ust cycle using a global three-dimensional model that in-

cluded source regions and different size fractions of the soill
components and their size distributions. The results indicated
that the annual average concentration of clay-sized dust ex-
ceeds severgkg m~23 in the first dynamic layer (about 960
mbar) over and around the continents almost everywhere.
Even if all of those clay-sized dust exhibit a similar activ-
ity for the decomposition of CECCls as illite (API no. 35%),

local would be estimated to be1000 years. This is much
longer than the tropospheric lifetime of GEICl3 through the
reaction with OH (6.0 years) (Prinn et al., 2001). We hence
conclude that the reaction on airborne clays cannot serve as
a significant tropospheric sink of GECls.

At the local scale, the reactions on airborne clay dusts will
be significant only for high (e.g. hundredso§ m—3) con-
centrations of airborne clay minerals. The relative humid-
ity dependence of the reaction shown in Sect. 3.3.2 indicates
that the conditions required for the reaction may be present
in arid and semi-arid regions. Here we consider the reac-
tion on airborne dust over such dry regions. Model calcu-
lations indicate that the seasonal dust concentration in the
planetary boundary layer (0 to 1 km altitude) exceeds 250
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m~3 over the western Sahara and the Sahel region, in part&hered, in m means the top layer depth of the ground sur-
of the Arabic Peninsula and Iran, and in the Asian source reface in which clays can contact with GACI3 in the atmo-
gions (Taklimakan and Gobi deserts) (Ginoux et al., 2001).sphere; andyy is the ratio of the weight of clays to that of
The model calculation also shows that the volume fraction ofall the sands at top layer of the ground surface. Assuming
clay-sized particles<2 um of diameter in the coarse mode) that the clays have an activity and surface area similar to that
in those dusts are approximately a half. lllite is estimated toof illite (APl no. 35*), thea value in Eqg. (39) was estimated
be a dominant clay mineral in the Sahara Desert (Claquin eby Eq. (41).

al., 1999). By sampling of airborne dusts and observation MC )

of their composition in the laboratory, illite minerals in dusts , _ 1 _ gy —3.02 x 10°kelay KA R T S”m] (41)
from deserts are detected with an IR spectrum (Blanco et al., 1+ KNCRT Snj, '

2002) or an XPS spectrum (Bruintjes et al., 2002). If half of

the dust has an activity similar to that of illite (API no. 35*), where a factor 32 x 10° in s corresponds to reaction time
the 2% value would be estimated to be a few hundred yearsof 3.5 days as mentioned abovejay and KN are calcu-

at 283K and about 60 years or less at 313 K. The decompolated by Egs. (31) and (35), respectively;is the universal
sition on airborne clays may hence contribute locally to thegas constant equal to 8.31 P&mol~*K~; T is the tem-

removal of CHCCls in dust storms and plums, although it perature in K; ands in m? g=* iStrggg‘sBET specific surface

cannot be significant at the global scale. area of illite (API no. 35%). Ther, . ,qVvalue was estimated

from thea value thus obtained and Eq. (39) for different val-
3.4.2 Estimated lifetime through decomposition on clays atues of Ny. The result was listed in Table 4. Blanks in Table 4

the ground surface indicate>1000 years of lifetime.
In Table 4, the case dfy = 5 means that lifetime is eval-

Higher concentrations of clay minerals are expected for re-uated for all desert regions in the world. The areaVgf= 2
actions occurring close to the surface. In arid regions, thes almost equal to that of the Sahara Desert. The case of
type of reaction studied here is expected to be significant beg, = 2 um means that only clays exposed to the atmosphere
cause it proceeds easily under dry conditions. Temperaturegan contact with CEICCls. The lengths of/, = 20um
in excess of 333K at the surface of the Sahara Desert durand 2 mm correspond to maximum diameters defined for silt-
ing the daytime should accelerate the reactions. lllite hassized and small sand-sized particles, respectively. The calcu-
been reported to be a dominant clay mineral in desert regiongation was performed for three cases (i)—(iii). In case (i), the
(Claquin et al., 1999), although the absolute concentrationsalue of Cy, corresponds to a half of a clay-sized sand frac-
are not known. Kaolinite, montmorillonite, and other clays tion (<2 um in diameter of sands) reported from the field
have also been reported in desert regions (Potter and Rossbservations of the dry deposition of 0zone onto the Lybian
man, 1977; Bwe et al., 1981; Verrecchia and Le Coustumer, Desert in the Sahara Deserti(&@en et al., 1996). In case (jii),
1996). The tropospr}eric lifetime of GECIz by the reac-  one-twentieth (0.0% N©) of the value calculated by Eq. (35)
tion at ground level ;o) was estimated from the model \as substituted fok M€ in Eq. (41). The other parameters

reported by Alyea et al. (19t7r§36$ We assumed a fairly dryyere set to be the same as those in the case (i). The case (jii)

desert surface. In this modey,;,.in year is estimated as  may correspond to the reaction under humidified conditions,
follows: for example, at about 20% relative humidity at 313 K.

t In estimation of the dry deposition rate forsQo the
Top0% = 12.04/(a N, (39) y oep 3

desert sand, an aerodynamic resistance and a quasi-laminar

where Ny is the area expressed as a multiple of the area Opoundary-lay_er resistance were repo_rted to be insignificant
the model desert (1500 km wide and 3000 km long) aris! compared with the bulk surfgc;e resstanca’):é@n et al,,
the chemical removal efficiency of GBCl; at the ground ~ 1996). The extent of deposition rates examined here for
surface, which was determined experimentally as shown beCHsCClz was <10-®cm s™1, which corresponded to sev-

tropos P . o
low (Alyea et al., 1978). The global desert areas are roughlyeral years ofry g, or longer lifetime. This deposition rate

equal to five model desert®/§=5). Thea value is taken to ~ Was less than that reported fogence, in calculating, an

be the removal ratio of C§CCls to the initial concentration ~ aerodynamic resistance and a quasi-laminar boundary-layer
experimentally determined for reaction periods of 3.5 days inresistance were not considered, and only bulk surface resis-
a reactor 1 m high in which particles have been spread ovef@nce was estimated.

the bottom. The parametertakes on values between 0 and ~ Table4 indicates that dry deposition originating from
1. Letn/, be the average mass concentration of clay mineralglécomposition on clay minerals can be a significant re-
in air below 1m high on the ground surface. Let a soil den-moval process at ground level, involvingl0o—* by weight

sity be 2.5gcm3. Then/,, value in gt is represented by (100 ppmw) of clay minerals such as illite (API no. 35*) (Ta-

Eq. (40). ble4). Hence, we conclude that the reactions in the top
layer of the soil could serve as a significant tropospheric
np, = 2.5 x 10‘2d|_CW, (40) sink for CHzCClg, if the relative humidity does not decrease
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o through the decomposition on the ground surface. Blanks md&00 years

7

groundtmpos (ye ar)

(l) d, (um) 2000 20 2

Ng 5 2 0.5 5 2 0.5 5 2 0.5
case (i) Cy, = 0.4% by weight
283 2 6 20 40 100 400 400 1000
298 2 6 20 20 50 200 200 400
313 2 6 20 9 20 90 80 200 800
328 2 6 20 5 10 50 40 100 400
case (i) Cy, = 100 ppmw
283 20 40 200
298 8 20 80 700
313 5 10 50 300 800
328 3 8 30 200 400

case (iii) C,, = 0.4% by weight. In Eq. (20), the value of 0.05 K, is used
instead of that of K,"© calculated by Eq.(35).

283 9 20 90 800

298 5 10 50 300 800

313 3 8 30 200 400

328 3 6 30 80 200 800 800

the reaction rate significantly. The difference in the reac-
tion activity among illite materials (Table 1) is a remaining

research subject. On the other hand, the reaction in semi-

arid regions that have larger amounts of clays than arid re-
gions do could be significant, as could the transport of clay
particles to arid and semiarid regions. The decomposition
of CH3CCl3 over deserts might be found on the basis of
the ALE/GAGE/AGAGE or NOAA/CMDL data. For exam-
ple, at the station in Barbados, which is located in the North
Atlantic Ocean, for the ALE/GAGE/AGAGE network, dust

plumes passing over the Sahara Desert have been observed

(Mahowald et al., 2002). The long-term continuous data
on the atmospheric concentration of gECl3 at the station
might provide an opportunity to evaluate locally the contribu-

tion of heterogeneous decomposition over the Sahara Desert

to CHsCCls lifetime.

4 Conclusions

By using the closed-circulation reactor, the reactions of
CH3CCl3 on various types of the standard clay minerals were
examined typically at 313K and in dry air. The following
conclusions were obtained.

— CH3CCl3 decomposes to Ci#CCl quantitatively on
seven types (23 samples) of clay minerals via the elim-
ination of HCI at temperatures appropriate to the lower
troposphere. The decomposition occurs without pho-
toillumination. Photoillumination does not accelerate
the decomposition.

Atmos. Chem. Phys., 3, 1063-1082, 2003

— The pseudo-first-order reaction rate constant is roughly

proportional to the surface area of the clay sample.

The surface area of clay sample such as porous mont-
morillonite should be estimated by the general (three-

parameter) BET equation instead of the two-parameter
BET equation.

A parameter of the general BET equatienthe inter-
layer C&* content, and the water content that can be
removed easily from the clay minerals seem to be re-
lated to the activity of the clay materials.

The decomposition of C§CCls on clay minerals re-
quires no special pretreatment of clay minerals, such as
heating at high temperatures; hence, the reaction can be
expected to occur in the environment.

The reaction rate increases with increasing temperature
and decreases with increasing relative humidity. This

dependence indicates that the conditions required for
the reaction may be present in hot and dry regions such
as the Sahara Desert.

The adsorption equilibrium coefficients and the surface
reaction rate constants for an illite sample can be deter-
mined in the temperature range of 283-313 K.

The decomposition on clays in airborne dusts can be
expected not to be a significant tropospheric sink of
CH3CCls. It may be significant locally in dust events
and dust plumes.
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— The dry deposition due to the reaction on clays at the Surface-level ozone fluxes onto the Sahara desert, Atmos. Envi-
ground level in arid regions can be expected to serve as ron., 30, 911-918, 1996.
a tropospheric sink of C£CCls. Hanisch, F. and Crowley, J. N.: Ozone decomposition on Saha-
ran dust: an experimental investigation, Atmos. Chem. Phys., 3,
119-130, 2003.

tion on clavs. on the inferred atmospheric OH ConC(_:‘n_Huant‘;;, J. and Prinn, R. G.: Critical evaluation of emissions for
yS, p potential new OH titating gases, in Proceedings of 2002 Joint

tration may t?e different between |q the North_ern Hemi- international Symposium on Atmospheric Chemistry within the

sphere and in the Southern Hemisphere, since deserts g4 System, 22, Crete, 2002.
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