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The desorption non-isothermal kinetics of prelimynadsorbed ClI, Br, and I-containing volatile halo-
carbons from the surface of surrogates for atmesplsolid aerosols (fumed silica and alumina,csilgel
and H-mordenite) was studied by TPD MS. The TPBtspeemonstrate high heterogeneity of the surface
studied. The average desorption activation energres half-widths of the halocarbons desorption gger
rectangular distribution were calculated. The r@aiships between the average desorption activatimar-
gies and molecular descriptors for the halocarbemse derived for the solids. The partitioning a# tialo-
carbons and additional volatile organics betweemnragates for mineral and carbonaceous atmospheric
aerosols (silica gel, Carbopack S, Carbosil) wasmixed by using the inverse gas chromatography
method. These data indicate to the energetic hgesity of the solid surfaces. The average adsor@n-
ergies and variances of the adsorption energy regutéar distribution were calculated and connecteathw
molecular descriptors of the volatiles. A relatibipsis observed between average desorption aabivadi-
ergies of halocarbons on the silica gel surfacarffoPD MS data and average adsorption energiesaseh
systems determined using inverse gas chromatograpttyod at finite concentrations.

INTRODUCTION Asses_sment of_the importance_ of heterogene-
ous chemical reactions of HCs taking place on the
The volatile F, Cl, Br and I-containing halo-  surface of particulates present in the tropospisere
carbons (HCs) used as solvents and refrigerantsan area of ongoing studies [4]. Heterogeneous
are important priority toxic pollutants because transformations of HCs may decrease tropospheric
exposure to the dangerous HCs can be injurious oxidation potential which has been previously es-
to human health and ecosystems [1]. Many of timated from consideration of only gas-phase re-
these compounds are toxic and exhibit mutagenic actions of HCs with OH, N@radicals and ozone
and/or carcinogenic properties. Major potential [5, 6]. In case of such Langmuir-Hinshelwood
health effects of HCs exposure include acute and heterogeneous reactions, the reaction coefficient
chronic respiratory effects, neurological toxicity, depends on the adsorption energy of the HCs [7].
lung cancer, and eye and throat irritation. Potential of soils, sediments, ocean, snow and
The HCs participate in much heterogeneous vegetation as sources and sinks for HCs has
industrial and natural processes. So, heterogene-widely been discussed [8-11]. The volatile spe-
ous reactions of the HCs on the surface of strato- cies can be transported over long distances from
spheric cryoaerosols are responsible for the de- emission sources and be distributed between air
velopment of the Antarctic ozone hole [2]. Re- and these environmental compartments. Adsorp-
lease of chlorine during the HCs reactions with tion of the HCs on these surfaces is a first stdge
constituents of rocket exhaust formed by solid their removal from atmosphere and it determines
rocket motors ¢- andy-Al,Os) may provide an the effectiveness of subsequent transformations
additional source of active chlorine that may cata- such as photochemical, chemical and microbial
lytically destroy the stratospheric ozone [3]. oxidation, etc. Knowledge of HCs adsorption
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characteristics from gas phase to such interfaces
as water, snow, plants, rocks, soils, and sedi-
ments, organic, carbonaceous and mineral aero-
sols is important for assessing the partitioning an
transport of the organics in our environment. The
air/interface partition coefficients are involves a
input parameters in current stationary and dy-
namic models of atmospheric and environmental
chemistry [12]. However, these data for most at-
mospherically abundant HCs on various envi-
ronmental interfaces are unknown.

Adsorption process is perhaps the most com-
mon method for the capture and recovery of HCs

methane, nitroethane, methanol, ethanol, acetone,
diethyl ether, tetrahydrofurane, and 1,4-dioxane.

The parameters of the Antoine equation and
the liquid densities at the standard temperature
(293 K) required to calculate their adsorption iso-
therms from IGC data are taken from [18].

Since the main component of terrigenous aero-
sols in the troposphere is silica [19] the sili g
S60 (Fluka, Switzerland) with BET specific ad-
sorption surface area & =336 ni/g (as deter-
mined from low-temperature nitrogen adsorption
measurements (77 K) by using an ASAP 2010
volumetric adsorption apparatus from Micromerit-

vapors, such as cleaning solvent vapors, from gasics (Norcross, GA)) and fumed silica Aerosil 300
stream [13]. Most adsorbents play a role of catalys (Chlorovinyl Co, Kalush, Ukraine) with

in heterogeneous transformations of HCs or cata- S\=267 nf/g are chosen as this component. Se-
lyst supports [14, 15]. Adsorption data for HCs are cond main component of the mineral aerosols is
essential in choice and development of appropriate alumina [19] and the fumed alumina (Chlorovinyl
and selective adsorbents, solid sensors and in com-Co, Kalush, Ukraine) witls, = 159 rﬁ/g was used
prehension and the modeling of reaction kinetics in the TPD MS study. Zeolites are widely used as

on solid catalysts. In all cases, a priori predicti

of the adsorption characteristics would be very

useful in order to reduce the experimental efforts.
Inverse gas chromatography (IGC) [16] and

thermal programmed desorption mass spectrome-

try (TPD MS) [17] would be appropriate methods

for quantitative study of the HCs partitioning be-

tween gas phase and the solid surfaces. In the pre-

sent work, we experimentally studied the partition-
ing of some Cl-, Br-, and I-containing volatile HCs

catalysts for dehalogenation processes of the HCs
[15] and similar reactions are possible in thedrop
spheric conditions on the surface of mineral aero-
sols containing these minerals. A sample of com-
mercial hydrogen mordenite (H-mordenite from
Norton Co., USA) withS, =380 ni/g and with
Si/Al = 10.7 was used in the TPD MS study.
Carbonaceous aerosols were imitated by
graphitized carbon black (Carbopack C; Supelco,
Bellefonte, PA, USA) withS, = 10 nf/g and the

between surrogates of mineral and carbonaceoussilica gel modified by low-temperature carboniza-

aerosols and gas phase by using these methods.
EXPERIMENTAL

Materials. Following HPLC grade HCs
(Merck, Germany) were used in the IGC and TPD
MS study: dichloromethane (GEl,), chloroform
(CHCly), carbon tetrachloride (C9l
1,2-dichloroethane (#E,Cl,), trichloroethylene
(C,HCly), dibromomethane (CiBr,), bromoform
(CHBFs), 1,2-dibromoethane (E,4Br»),
1-bromobutane (§sBr), and methyl iodide
(CHgzl). These HCs are emitted from industrial and
natural sources [1]. Most of them are presentén th
troposphere in appreciable concentrations and,
therefore, they affect the atmospheric level of,HO
(HO, HG,) radicals and ozone. Furthermore, fol-
lowing volatile "test" compounds (Merck, Ger-
many) possessing different electronic polarizabilit

tion of acetylacetone (Carbosil with 35 wt% car-
bon) with S, = 100 nf/g [20]. The latter was cho-
sen because the burning of solid fuels yields large
amount of silica [19].

TPD-MS procedure. TPD MS technique has
been developed, aimed at studies of adsorption-
desorption kinetics and chemical transformations
of HCs on the environmental surfacstarting
from very low temperature (100 K). The equip-
ment set included monopole mass analyzer MX-
7304A (Ukraine, Sumy), liquid nitrogen free vac-
uum system and pump NMD 0.16-1, precise
thermal regulator with heating element RIF-101,
guarts-molybdenum tube for samples and IBM
computer-guided system of registration and moni-
toring. Equipment parameters obtained in our
test experiments are: mass range is 1-400 Dalton,
resolving power is 10% intensity of 1/M, sensitiv-

and acid-base characteristics of the molecules wereity is 10%g; the heating rate ranges from 0.05 to

used in the IGC studyr-pentanen-hexanen-hep-
tane, benzene, carbon disulfide, acetonitrilepsitr
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30 K/min and average experiment duration is
1 hour. The adsorption capacity of the dispersed
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solids has been provided desorption of about 10
times the weight of sample. The result is a gain in
sensitivity of about 10in comparison with bulk
samples. All the experimental scheme of TPD of
ultra-fine samples became similar to thermal
analysis experiment with mass spectrometric de-
tection of volatile products.

The dispersed samples of the solids each of
about 0.1-1 mg weight are placed into a quartz-
molybdenum tube and evacuated at' P@ and
then attached to the inlet system of the mass spec-
trometer. The reactor-to-mass spectrometer inter-
face included a high-vacuum valve with an orifice
of diameter 5 mm and the inlet tube of 20 cm
length which was kept at 18D The reaction
space is open in the ion-source direction andeat th
heating rate used (about 0.1 K) ghe observed
intensity of the ion current is expected to be pro-

I GC procedure. The inverse chromatographic
measurements were carried out with gas chro-
matograph "LKhM 80" (Russia). Thermal con-
ductivity detector was used in the study. The ana-
log output from the detector was digitalized and
recorded on an IBM PC computer controlled by
original software (Turbo Pascal) to determine the
coordinates of chromatographic peak from those
measurements. Helium was used as the carrier
gas. Air, as a non-interacting marker, was em-
ployed to measure the dead volume of the chro-
matographic column. Injection of the volatile
compounds was repeated at least three times.
Flow rate was measured at the end of the column
with a bubble flow meter and its value was main-
tained in the range 30-40 ¥min. Pressures
measured at the inlet and outlet of the column
(scaling factor was 0.15 Pa) were applied to cal-

portional to the desorption rate so that diffusion culate the net retention volume. The molecular
retardation may be neglected. We assumed quasi-probes were injected manually with Hamilton
stationary conditions when the shape and position glass micro syringes (Hamilton micro liter 700
of desorption peaks did not depend on the tempera-and 7000 series syringe). The volume of injected
ture of the spectrometer interface, the sample dis- liquid probes varied from 0.1 to}8.
persity and/or its size. The TPD data were not con- Short stainless columns (400 mm long and
sidered further if these conditions were not figl 3 mm 1.D.) were filled by the examined solids. The
In the typical TPD MS experiment the solid columns were preliminary conditioned under he-
sample was preliminarily pressed at 3:28. This lium at 470 K for 12 h before their use to remove
procedure, as it has been shown previously, doesthe physically adsorbed water and other volatile
not change specific surface area of the fumed ma- traces from the solid surface. Adsorption measure-
terials. Preliminary vacuum treatment of the sam- ments were carried out over a temperature range of
ples was provided at the temperature 970 K during from 353 to 453 K (at the isothermal conditions,
2 hours. Sample pellet of sizeZx1 mm has been  scaling factor was 0.2 K) at 10 K interval. The tem
introduced into quartz-molybdenum tube and peratures of the detector and injector were 473 K.
evacuated at 7.5-10Pa for half of an hour. After Calculation of primary | GC data. The specific
cooling the sample down to room temperature the adsorption retention volumeg (in cni/m?) for the
material has been exposed to a HC vapor in examined molecular probes was calculated as

amount of inner volume of quartz-molybdenum P Y

tube i.e. about 10 chiThen the sample was cooled E o7 [J 1o p
L o _ 35 3\K o Fio 1

down to the temperature of liquid nitrogen. Cool- Vg =(ty —t)x——x X x 1)

T

r

S,w o)

P

o

ing lasted approximately 10 minutes. When the
stationary temperature of the sample has been

achieved, the high-vacuum pumping started and \yheret, andt, are the retention times of the mo-
after five-minutes of pumping the cyclic record of ja¢ylar probe and of the non-interacting marker
mass spectra was switched on. The temperature i) at column temperatuf@(in K), F is the flow
has been recorded for each cycle and, correspond-yaie of the carrier gas through column measured
ingly, to each mass spectrum. At the first stage of 5 ihe output at room temperatufg w is the
record the typical mass spectrum of a HC was ob- weight of a solid in the colum®o is the satu-
served, further all a HC was pumped away and oiaq water vapor pressure at TheP;, andPo, are

only chemical background was observed in the e pressures of the carrier gas measured at the
mass spectrum. For example, characteristic tem- ioiat and outlet of the column.

perature (_)f 1,2-dichloroethane doisappearance from The "multiple injection” and "one-peak”
the Aerosil 300 surface was 246°K. methods are commonly applied to the analysis of

o
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the chromatographic peak dependence on the

known amount of the liquid probe injected into

the chromatographic column, and for the subse-
guent determination of the adsorption isotherm on
the surface of chromatographic support [21]. In
both methods a given amount of probe injected
quickly, inducing a peak. Adsorption or desorp-

tion may be followed by a mathematical examina-
tion of the front and tail of the recorded peakeTh

first method analyses the dependence of specific
adsorption retention volume on the probe amount,

whereas second approach deals with co-ordinates

of the chromatographic peak at moderate or large
amount of the probe.

The calculation of the vapor pressure for
the molecular probe®..; and the surface solid
coverageacr for the adsorption isotherms using
"one-peak" method with correction for multilayer
adsorption [22] was carried out from the data for
the peak’ profile (400—2000 points) as follows

va xpr
P= xh, )
MWXSpeak I:corr
V X
'0 xSi(ads)’ (3)
MWXSpeakXS X W
Shay (EJ
I:corr=§ >
2 T, |:)I
R)
I:)corr D ——— )
1- P/P
a
a,,6 =——— 6
< 1-P/P ©)

whereR is the universal gas constaw.,is the vol-
ume of the liquid probe injectedljs the liquid den-
sity atT,, MW is the molecular weigh§c. is the
total area of the chromatographic peak calculaged b
its numerical integratior . is the flow rate cor-
rected by compressibility of the carrier gas in the
column and change of surface tension for water in
the bubble flow meter with th& value, h; is the
height for the poini localized on the descending
side of the peak’ tailjqs) is the product of the dis-
tance on the chromatogram from the retention time
of non-interacting marker to the retention time for
pointi on the height of the pointy, Ps is the satu-
rated vapor pressure for the liquid probé&.at
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RESULTS AND DISCUSSION

TPD MS measurements and calculation of de-
sorption activation parameters. The desorption of
the HCs preliminary adsorbed on the surrogates for
mineral atmospheric particulates was studied by
TPD MS method from liquid nitrogen up to room
temperature. In all cases, observed mass spectra
included reliably identified lines of HCs as a main
component. The shape and temperature interval of
evolution of molecular ion varied depending on the
nature of the surrogate and adsorbed HCs. All mass
spectra included also line of water of medium inten
sity, starting its evolution from the sample at the
temperature of about 150 K for all samples.

Fig. 1 presents desorption peaks for the HCs
from the silica gel surface. It is obvious that the
shape of the peaks, their width and temperature
maximum depend on the HCs structure.

120+

|, arb. units

Fig. 1. TPD spectra of Cl, Br and I-containing volatile
halocarbons preliminary adsorbed on the silica
gel (Si60) surface. The heating rate was 0.1 K/s
For the interpretation of temperature depend-
encies of mass spectra we assume that the desorp-
tion equation may be expressed as a first-order
process from homogeneous solid surface

do/dt = -k,0 )

where O is the surface coverage and the desorp-
tion rate coefficiently is

= A, expE, /RT) (8)

whereEp is the desorption activation energy and
Ap is the pre-exponential factor.

Both Egs. (7) and (8) constitute the Polanyi-
Wigner equationdo/dt=-A, exp(-E, /RT). At the
initial condition @ _,=1 we have the following

solution of equation (7)
O(t) = exp[-®(1)], 9)
Pd(t) = jdet. (10)
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According to Eq. (9) desorption rate which is depends upon two opposing factor&T /T,
proportional to ion current may be obtained in the should be chosen as small as possible to preserve
following form the validity of approximation made to derive

_ equation (12):Al /1, on the contrary, should be
de(t)/dt =k, exp-P(t)]. (11) cﬂosen aé Ia)rge as possible to deé/rease the error

The key equation (10) may be expressed in an of graphical measurement &l . A typical com-
approximate analytical form for a slow heating rate promise is the valu@l/l of about 0.1-0.3; the
(B <0.1K/s) and high values of the pre- -corresponding value ofAT is found from the

exponential factorAp > 10 s*) assuming a linear ~ experimental peak = f(T). The valuesAl and
heating rateT = T, + 3t and expanding the tem- AT should be derived from the low-temperature
perature dependence near the peak’ maxifign side of desorption peak. The existence of differ-
ent adsorption sites on a solid surface being the
RTZ, Ep most common source of the more or less overlap-
E—,BAD exp(—ﬁ) (12) ping peaks on the experimental TPD spectra. In
D case of first-order desorption from energetically
which, in most cases, is valid within experimental heterogeneous surface it is necessary to introduce
accuracy. The condition of the maximum value of a normalized distribution function for surface
do/ dt (or ion currentl (t) ) is d(t) = 1. sites overEp valuesp(E,). Then the total de-

The behavior of | (T) near the peak maxi-  sorption rated@dt (and the total ion current)

mum may be used for calculating the parameters Should be calculated as an integral
of non-isothermal kinetics. The behavior of the

o(t) =

experimentally observed ion intensityT) in the d_e'[w P(Ep)dE, (15)
neighborhood oT,,x may be written as dt 0 dt
| "AT? where d4t)/dt is the local desorption rate from
LT/ e =1 2 (13) the surface sites with desorption activation energy
Ep at pointt.

whereAT =T -T,,, andl” is the value of the sec- Unfortunately, very little information is
ond derivative at the peak maximum of experi- available concerning(Ep) function in most cases
mental curvd =f(T). of adsorption of organic molecules on the solid

Expanding, on the other hand, the expressions surfaces. In what follows conditiom(t) =1 is
for ion current taking into account Eq. (12) and applied to the simplest distribution function
the conditiona(t) =1 in the neighborhood Ofimax o(Ep). Let function p(Ep) be a rectangle in the
and comparing with the chosen experimental val- interval Bo(minys Eomay ~ Of  magnitude

ues AT =T —T and corresponding  (Epgmay ~Eown) . In this case
Al =1,.,.-1one can easily obtain approximate E
formulas for the calculation of the desorption ac- ~ d© - 1 DTaX)dQ(ED) dE,. (16)
tivation parameters dt Eoman— Eopm 2 o .
E, = 827T__ 0,107 [kd/mol] (14a)
Neglecting the weak pre-exponential dependen-
and cies uponT andEp, and substitutingep and T
V; by average valueJnax and (Epmay * Eomin)/2,
A, =0, explo,) [s7], (14b)  the following approximate expression may be
max obtained for this model
T
UD = Zﬁ % . (14C) d@ _ ﬁ(ED(min) + ED(max)) x

dt Tmax(ED(max) - ED(min))

The determination oAT value and the cor-
X [O(ED(max)’t) - @(ED(min) ’t)] )

respondingal /1, from an experimental curve

17)
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Table 1. Average desorption activation energi&4,) and half-widths 4,/2) of the rectangular halocarbons de-
sorption activation energy distributions of surfader surrogates of mineral aerosols from TPD M&da
and evaporation enthalpies for the halocarbdh,, from [18]

Halocar bon A-300 Silica gd Al,O4 H-mordenite

Eomy 402 Epmy 202  Eomy o2 Eomy 42 A
kJ/mol
CH,Cl, 50 20 70 10 64 10 67 17 28.0
CHCI, 53 15 75 10 60 20 70 8 29.7
ccl, 60 20 65 25 59 11 71 11 30.0
1.2C,H.Cl, 54 20 70 10 67 15 75 15 32.0
CHCl, 51 15 60 20 55 17 69 9 31.4
N-CaHoBr 55 13 75 15 73 17 78 16 33.0
CHl 42 12 60 10 27.2

Substitution of equations (9) and (12) in (17) for the evaporation process. Formerly we exam-
gives the analytical dependence of the ion current ined the non-isothermal desorption of water from
upon the variables and parameters of the model silica surfaces by TPD MS and DTG methods [24]

and for n-butanol desorption from silica gel sur-

d_@ — B (ED(min) + ED(max)) % face by Q-TG and Q-DTG methods under quasi-
dt  Tia(Epmay = Eogmin) equilibrium conditions [25]. The most calculations
, e of A, from the TPD spectra of water physically
RT o adsorbed on silica by using the most popular Po-
X[ex;{— Dr:ax ) A€ - @9 lanyi-Wigner, Kissinger and Freeman methods
max

[26] give lower desorption pre-exponential factors,
2 _Enmin ranging from 0.8 to 3.6-1@", than the vibrational
—ex{—i e RT ]] frequency, 18 s’ [24]. The dramatic decrease of
/aED(min) Ap was explained by limitations of the methods for
) ] independent evolution &5 in the desorption kinet-
The observed great width of the desorption e from the heterogeneous solid surface [25]. An
peaks (Fig. 1) points to the large energetic sarfac equation for estimation of the minimab value in

heterogeneity of the solids studied. The Eq. (81) i he TPD and Q-DTG studies of physically adsorbed
not reconcilable with experimental TPD spectra for liquids was proposed in [25]

all systems examined. Then the average desorption

activation energies and half-widths of the rectan- AH AH T

gular desorption activation energy distributions Ao = ex;{ RTvap +In[ Vap]—ln(bﬂ (19)
were calculated assuming minimal pre-exponential b

desorption factoR = 1.0-16°s™ [23] with use of whereT, is the boiling temperature of the liquid
Eqg. (18). These data are presented in Table 1. at standard temperature, in K.

From the Table we notice that both the average The calculation of théy values for HCs from
desorption activation energy and width of the dis- 15pe 1 by Eq. (19) gived, varied from 9038
tribution depend on thg halocarbon structure and (CCl) to 1618 (n-C,HsBr). Because the ap-
the solid surface. MaximurBio, values are ob-  hoyimate Redhead first-order desorption kinetic
tained for H-mordenite and the minimum ones are equation [25] predicts that difference between two

characteristic of the Aerosil-300 ;ur'face. desorption activation energiBsu, andEp is
One would expect the proximity of Bygmin)

value for the physical desorption of preliminary Eow ~Eop = RTmax(In Ay —In AD(z)), (20)
adsorbed volatile compounds to the evaporation _ 1 1
enthalpy of the compoundaH,s, However, as it  the decrease iA, value from 16°s* to 1G s

is evident from the Table, the difference between a leads to the difference @, up to 30 kd/mol at
quantity Ep@y4o/2 and AH,,, varies from 2 to  Tmax[1150 K. Then thép,) values from Table 1
30 kJ/mol. One of reason for this difference may Would be shifted of about 30 kJ/mol in the low
be choice of very large pre-exponential fachgr energy direction atp 010° s™.

b

406 X®T12010. T. 1. Ne 4



Partitioning of Volatile Halocarbons between Surrogates for Atmospheric Solid Aerosols and Gas Phase

Almost all theoretical studies of TPD have [29, 30]. The calculated coefficients are presented
been based on the absolute rate theory (ART) [27]. in Table 2
The inapplicability of the classical Polanyi-Wigner
equation to describe the thermodesorption kinetics
from real solid surfaces was known long ago.
Various generalizations of the ART expressions,
toward taking into account interactions between Coefficient  A-300 Silicagel Al,O3 H-mordenite

Table 2. Coefficients of Eq. (21) for thermodesorption
of halocarbons from the surface of surrogates
for atmospheric mineral aerosols

adsorbed molecules, energetic surface heterogene&kJ/MIA) 1511 1.21.4 0.9+0.8

ity, existence of "precursor states" and other were 2 kJ/mol  54+42 11343 5125
proposed [27]. For example, Nagai showed [27] & kJ/mol - 8658  — -

that the ART approach underestimates the role of @ kJ/mol  41+13 4516 6&15  6%9
entropy changes as an important factor affecting R 0756 0668 0.897  0.916
the kinetics of adsorption/desorption processes. As is evident from Table, the Eq. (21) ade-

The pre-exponential term for desorption rate in- guately describes the desorption kinetics of HCs
cludes product of molecular partition function of fom the solids examined. The best result is ob-
the adsorbed moleculesy’ and a constant charac-  tained for H-mordenite whereas worst result is
teristic for an adsorption systefiand they were  gpserved for silica gel (the lowest correlation co-
treated as the best fit parameters in the Nagai the efficient R). High a; and a, coefficients denote

ory whereas this term in the Kreuzer-Payne theory the contributions of polarizability of surface site

is: A, = S,a KT (27mkT/ h)gg /q; where & is a and their acidity to desorption activation energy
"sticking coefficient" on a "empty" surface is of HCs. As to H-mordenite, the terminal silanols
the "condensation" coefficienti? is the partiton ~ (Si—OH), extra-framework AIOH groups and

function of gas molecules related to the internal framework bridged Si-OH-Al species are its
degrees of freedom. Also, the pre-exponential fac- main Bronsted surface sites and their acidity in
tork, = (K, /as)expEu; /kT), whereKy is a con- H-bond formation decreases as: SiOH > AIOH >

stant related to the exchange rate between gass’i_o!"_AI [31]. This_ leads to t_he surface he_tero-
phase and the solid surface once an isolated systemgenfc';[é and to the high c;‘josaf}ﬁmlen_t for ;[hﬁ S;(Ij'd'
has reached equilibriunpg’® is the standard chemi- i meagIJ'Ler'nentsan etcu atlt_)rnho the ac-
cal potential of the adsorbed molecules, was pro- Sorption ~ EquItibrium - parameters. € Inverse
posed for the thermodesorption kinetics by using chromat.ographlc' measurements were performed for
the Statistical Rate Theory of Interfacial Transpor 23 volatile organic compounds including 9 HCs on
(SRTIT) [27]. The most parameters in above ex- the surface of silica gel, Carbopack S and Carbosil
pressions are unknown or make sense as purely':or all systems examined, we observed an appre-
empiric. Then theAo values are not limited by ciable dependence of the retention time on thegprob
TI27h D. 108 < as their downward boundar amount. One example is displayed in Fig. 2. That
We attempt to describe the effect 3:)']: HCs the shapes of the tails of the peaks coincidedar v
structure on thé&p,,) values from Table 1 by us- ous amounts of the probe suggest th‘."‘.t the observed
ing the quantitative "structure-activity" relation- asymmetry of the peaks has an equilibrium nature

. - : associated with nonlinearity of the adsorption iso-
ship (QSAR) similarly proposed in [28] therm rather than the diffusion kinetic one.

Epay =& X0, +8, xIpY +a,xzal +a, (21) In all cases, adsorption isotherms calculated
from the IGC data at various temperatures are
where . is the molecular deformation polariza-  concave with respect to the surface coverage axis
bility of a HC, Za," and 543" are its acidity and  (Fig. 3); i. e., they do not obey the Henry ad-
basicity for the H-bond formation in the Abraham sorption isotherm equation even at low cover-
scale and coefficienta;, a, and ag characterize age (below 10% of a monolayer). Although the
average ability of surface solid sites to dispe&siv. Langmuir adsorption isotherm equation is
interaction, and the interaction with acid and base more suitable to describe the isotherms in this
adsorbed molecules at H-bond formation whje coverage range, all the systems, except for
is a constant for given solid surface. TheZa," n-alkanes/Carbopack exhibit significant devia-
and 3B, values for the HCs were taken from tions from the Langmuir equation.
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Fig. 2. Dependence of retention time and peak profile

for CH,Br,/Carbosil system at 413 K on the
amount of the liquid probe
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Fig. 3. Adsorption isotherms at different temperatures
for CH,Br, on the Carbosil surface calculated
from IGC data by using the "one peak" method
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Fig. 4. Dependence of isosteric adsorption heat for
CHgsl/Carbosil on the solid surface coverage
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That the solid surfaces are heterogeneous is
confirmed by the exponential fall of calculated
isosteric adsorption heats as the surface coverage
raises (Fig. 4). Therefore, the partitioning of the
volatile organic compounds including HCs be-
tween the gas phase and the surface of the surro-
gates for solid atmospheric aerosols should be de-
scribed with regard to the energetic heterogeneity
of the surface similarly to above TPD MS data.

The common integral equation for the adsorp-
tion equilibrium from gas phase on the heteroge-
neous surface is [16]

Ea(max)

O(P,T)= [6(P.T,E\)p(E,)IE, (22)

E agmin)
where &P,T) = a,onf/anm is the total relative surface
coverage aP.; andT, a, is the monolayer capac-
ity, &P, T,R) is the relative surface coverage of sur-
face sites with adsorption ener&y, o(Ea) is the
normalized differential adsorption energy distribu-
tion of the total surface, arfsmin and Eamax are
the lower and upper boundaries of the distribution.

To solve Eq. (22), it is necessary to determine
function 4P,T,E). Let it be described by the
Langmuir adsorption isotherm (lateral interaction
between adsorbed molecules is ignored)

P exp [ E . ]
K, RT
P exp [EiAj
K, RT
where kK is the Langmuir constant, which is
given by [32]

K, = PsexplaH,,, / RT). (24)

Eq. (22) can be readily solved by the im-
proved regularization procedure [33]. Fig-&
show the adsorption energy distributions of 3
halocarbons on the surfaces of Carbopagk (
Silica Gel p) and Carbosil @) calculated using
this method. As can be seen, the narrowest uni-
modal distributions are observed for Carbopack, a
solid with an energetically most homogeneous
surface. For the Silica gel and Carbosil, several
peaks in the distributions are observed. That sev-
eral peaks appear is indicative of the existence of
several types of adsorption sites with substan-
tially different strengths on the solid surface.

The position and the shape of the distribution
also depend on the halocarbon structure. In passing
from CH,ClI, to 1,2-GH,CI, and ton-C4HqBr, as the
polarizability of the molecules increases, the peak
broaden and shift to higher adsorption energies.

(23)

(P, T,E,) =

1+
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Fig. 5. Adsorption energy distributions for 3 halo-
carbons calculated by using the improved regu-
larization procedure from IGC dat—on the
Carbopack S surface;— on the Silica Gel sur-
face;c —on the Carbosil surface
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Although the regularization procedure is effec-
tive in identifying the energetic heterogeneitytios
solid surfaces, it is unsuitable for quantitatieéas
tionship between the molecular descriptors and the
adsorption characteristics. Cumulants (semivajiants
of the adsorption energy (or free adsorption energy
distributions, rather than the thermodynamic adsorp
tion functions or the logarithms of the partitiaret
ficient (which are used in the Henri law regioniqyp
the role of functions in the QSARs [34]. It is cenv
ient to use in the QSARs the distribution functions
that provide an analytical solution to Eq. (22)eTh
simplest distribution that makes it possible tcawbt
an analytical solution is rectangular distribution

1/ EA(max) - EA(min) (25)
p(EA) = EA(min) < EA < EA(max)
O' EA < EA(min) ;EA > EA(max)

Using Egs. (23) and (25), we obtain the solu-
tion to Eq. (22)
a,RT

A (max) A (min)

1+P

corr

(26)
exXp(Ep ag /RT = INK )

1+ P, eXp(Epn /RT -INK,) ||

The first- and second-order cumulants of the -distri
bution (the averagk;, and the varianck;) are given by

xn

K =By = (EA(max) + Epmin )12, (27)
E? - E3 mi
K =0 Za - A (max) A (min) _ 28
! : 3( E A (max) - E A (min) ) ( )
_ (E A (max) + E A (min) )2
2 .

The calculated,, andK for the adsorption sys-
tems examined by IGC are presented in Table 3. They
are related to molecular descriptors for halocarbon
and other volatiles by Eq. (21). The table showas th
in passing from carbon black (which has an energeti
cally nearly homogeneous surface) to Silica Geltand
Carbosil, the variances increase markedly. Thédtsesu
of regression analysis for Eq. (21) are given inld 4.

As can be seen from these data, the mean po-
larizability of the solid surface sites increase<ar-
bopack>Carbosil>Silica Gel, the mean acidity in the
H-bond formation as Silica Gel>Carbosil>Carbopack
and the mean basicity in the H-bond formation as
Carbos#Carbopack>Silica Gel. The last sequence is
explained by existence of strong basic sites, asch
basal faces of graphite, which can be considered as
electron condensed systeni;=0 and[C(O)OH
groups. The reason for decay of surface acidity fro
Silica Gel to Carbosil is the decrease in the hgdro
groups concentration and their activity after cairbo
zation of silica surface.
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Table 3. Molecular descriptors of volatile organic compdsitheir average adsorption energesga(, in kJ mol")
and the adsorption energy varianagg{ in k¥ mol?) on the solid surfaces

Molecular descriptors Carbopack Carbosil Silica Gdl
Compound
e A° Zag" 2B5" Ea@v 0a Ea@y) 0a Ea@v 0’ka

CH.Cl, 6.48 0.10 0.05 28.0 104.2 33.0 143.6 28.8 136.8
CHCl, 8.51 0.15 0.02 42.3 0.08 34.1 162.4 28.4 120.6

CCly 10.48 0 0 41.7 0.03 37.0 150.2 28.7 88.6
1,2-C,H,Cl, 8.0 0.10 0.11 43.1 0.10 37.7 169.1 36.7 63.3
CH,Br, 9.32 0.10 0.10 36.0 1.60 34.0 156.9 29.5 124.2
CHBr; 11.82 0.15 0.09 44.0 0.31 39.3 181.3 30.5 115.2
1,2-C,H,Br, 11.26 0.10 0.17 46.7 0.14 40.9 165.9 33.3 129.2
C4HqBr 13.9 0 0.12 50.7 0.0045 46.0 168.4 35.5 151.8
CHa3l 7.97 0 0.13 25.4 104.7 31.9 123.5 25.9 119.6
n-CsHio 9.99 0 0 43.8 0.00008 33.5 127.8 23.4 130.1
N-CgH14 11.76 0 0 48.4 0.00017 38.2 176.5 29.8 65.6
n-C;Hqg 13.61 0 0 53.3 0.00002 41.3 158.2 32.8 105.1
CeHe 10.33 0 0.14 47.7 13.2 38.0 160.1 35.4 61.2
CH30OH 3.29 0.43 0.47 32.0 103.6 45.6 156.4 41.8 140.2
C,HsOH 511 0.37 0.48 37.4 129.8 50.7 170.4 46.7 156.1
(CH3),C=0 6.40 0.04 0.49 28.4 108.6 38.8 148.7 37.5 136.2
(C,H5),0 10.2 0 0.45 41.6 8.3 37.4 149.8 33.5 157.4
C4HgO 8.2 0 0.48 31.1 29.5 39.6 165.8 39.8 138.4
C4HgO, 10.0 0 0.64 43.1 0.95 37.2 106.8 44.1 164.2
CH3CN 4.40 0.07 0.33 25.1 107.2 40.2 155.8 34.6 141.9
CH3;NO, 7.37 0.06 0.32 26.6 0.00001 37.1 151.8 37.5 67.8
C,H:NO, 9.63 0.02 0.33 33.3 0.00001 41.6 173.6 38.0 121.3
CS 6.9 0 0.07 37.3 120.3 32.1 141.3 26.9 115.6

Table4. Coefficients of Eq. 21 for partitioning the
volatile organic compounds between gas
phase and solid surface

Function/

Coefficient Carbopack S Silica Gel Carbosil
Eaqav)
kjl(% Ay 31305 0.20.3 1.3:0.3
2, kJ/mol — 25.33.6  11.63.8
as kd/mol  29.2410.6  19.46.8  30.G7.0
as kd/mol  9.8+5.4 21.¥3.4  24.436
R 0.85 0.88 0.77
O'ZEa
ka,(ggz Ay 1535 - 2.8:1.7
I o2 - 84.0:33.0 -
‘ sz‘;’]olz - - 89.0+37.0
‘ Jzz}‘;‘;]olz 182.:39.0 84.232.0 126.819.0
R 0.78 0.55 0.52
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The proposed approach makes it possible to
establish how the variance of the adsorption en-
ergy distribution depends on the molecular de-
scriptors. The variance is determined by both the
chemical heterogeneity of the surface sites and
their topography. As can be seen, the largest con-
tribution to the variance for Carbopack comes
from the sites polarizability; for Carbosil the eon
tribution from basic sites is also important. Acidi
sites markedly influence the variance only for
Silica Gel, which surface contains various types
of silanol groups (single, vicinal and geminal).

Relationship between TPD MS and IGC
data. As it shown from Fig. 6, a relationship is
observed between average desorption activation
energies of HCs on the silica gel surface from
TPD MS data and average adsorption energies in
these systems determined using IGC method at
finite concentrations. More |oVEa@,) Values in
comparison withEp,) are explained by more
high temperatures in the IGC experiment (from
353 to 453 K) as against the TPD MS experiment

X®TI12010. T. 1. Ne 4
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(from 100 to 298 K) and by difference between
pre-exponential desorption factor used in the TPD
kinetics and average adsorption entropy for the
HCs in the IGC study.

?g A
S 12-CH.C,
8 1 n-CAHgBr
oy
[e]
£
S 301
é{ CH.
L
25

65 70 75
E_(av), kd/mole (TPD M S data)

60

Fig. 6. Relationship between average desorption acti-
vation energies (TPD MS data) and average ad-
sorption energies (IGC data) for halocarbons on
silica gel surface

The calculated coefficienta;, a, and a; of
Eqg. (21) from TPD MS and IGC data lie within
the same order. Thus, the proposed approach
makes it possible to estimate average desorption
activation energy and adsorption energy for the
HCs on the basis of their molecular descriptors.

Compensation effect in the partitioning of
HCs on the heterogeneous solid surface. All
above calculations df;, andK; values from IGC
data were carried out in assumption tKatcon-
stant is independent on the surface coverage. In
case of dependence K&f§ on the®@P,T) value, the
integral adsorption equation should include in
addition to(p(Ea)) function, the surface distribu-
tion on theln K, value,p(In Ky) also

APT= [[APTE,INK)AE)AINK)IEdINK, -(29)

DA AlNK,

Two extreme variants for behavior of tkg
andEx values can be proposed: there are correla-
tion between these parameters and its lack. Be-
cause, =exp(AS,/R) where4S, is the molar

isosteric adsorption entropy, the decrease of mo-
lar isosteric adsorption enthalpy may lead to fall
of the adsorption entropy. Such relationship be-
tween enthalpy and entropy in phase transitions
and intermolecular complex formation is well
known as "compensation effect" or "isoequilib-
rium relationship” [35]. In first time the adsorfgin
molecules interact with most active sites of the
heterogeneous surface at low vapor pressure

X®T12010. T. 1. Ne 4 411

(high E, values). Then th@ value increases and
less active sites are filled up. This results in de
crease of 4S, function and the<, constant. The
"isoequilibrium relationship” betweeB, and K,
may be written as

In K0 =In KO(iso) + EA / RTis.o (30)
where Kogso) IS the Ky value at isoequilibrium
temperaturs,, Wwhen the Langmuir constant are
equal for all surface sites, i. e. the surfaceds h
mogeneous over these constants.

It has been shown that logarithm of the
Langmuir constant for HCs decreases with reduc-
ing the adsorption energy as the surface coverage
of Silica Gel increases and compensation effect
has been observed [36]. Such relationship be-
tween E and In kK is displayed in Fig. 7 for

CHgsl/Carbosil system.

-1
In KO, Pa
18+ -
17-
. -—
16- o
m’
15+ ’-'.
30 35 40 45 50 55

-1
EA, kJ mole

Fig. 7. Variation of the Langmuir constant versus
adsorption energy for the GHCarbosil system

The approaches based on the distribution
moments theory and condensation approximation
have been proposed to evaluate parameters of this
dependence from the adsorption data and the cal-
culation has been performed for the adsorption of
chloromethanes series (§H,., n=0-3) and
methyl iodide on Silica Gel and Carbosil surface
[36]. For example, Kyisx=8.7-16 Pa* and
Tiso=700 K were obtained for the GHCarbosil
system. The range of the Langmuir constants at
several coverages exceeds noticeably ones calcu-
lated by Eq. (24): IMocary = 12.2-12.8 P& for
the chloromethanes series on Silica Gel and the
experimental INKoexp) Values varied from 5.7 to
20.8 P4 as the relative surface coverage falls
from 1.0 to 0. These variations should be taken
into account in the calculations of tpE,) func-
tion from the adsorption data.
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Atmospheric implications. As it follows from
above TPD MS and IGC data, the surfaces of
components of atmospheric mineral and carbona-
ceous aerosols are energetically heterogeneous.
Only Langmurian adsorption equilibrium on the
homogeneous surfaces (or its initial linear part of
the isotherms, i. e. Henry region) is considered in
current models of heterogeneous atmospheric chem-
istry [37]. The approximation of homogeneous sur-
face may overestimate the partition coefficientd an
adsorption enthalpies, since these quantities lysual
calculated from adsorption measurements in the
Henry region, i. e., under conditions where onby th
strongest adsorption sites are involved. The facti
of such active sites at the surface of atmospheric
particles can be extremely small, and, therefore,
these quantities are not suitable for describimy th
activity of their surface as a whole.

The surface of the atmospheric solid aerosols
is chemically and structurally heterogeneous
[7, 38], which can be explained by its containing
many types of adsorption sites with various activi-
ties, by difference in the topography of such sites
and by the specifics of the amorphous structure of
the surface layer and porous structure of the-parti
cles. Therefore, the partitioning of HCs and other
volatile impurities between the surface of aerosol
particles and air is convenient to calculate within
the framework of the above approaches developed
for describing the adsorption of species from the

3.

4.

5.

6.

7.

8.

gas phase on a heterogeneous solid surface. The

proposed approach (Egs. (21), (26)—(28)) makes
possible to estimate the volatile structure, time-te
perature influence the partition coefficients amel t
surface concentrations on the aerosol particles.
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JocimxeHHs1 po3noAiTy JIErKOJeTKHX raJoreHBYIVIeBOJAHIB MiK cyporaraMmu arMocgepHux
TBEpPAUX aepo30J1iB i razosoro ¢asoro merogamu TIIL MC i 06epHeHoi razoBoi xpomarorpadii

B.M. Bornaio, M.C. Basunescbka, B.I'. Micuanuyk, B.O. ITokpoBcbKnii

Biooin ceonoeii ma eeoexonocii Anmapxkmuxu, Incmumym eeonoziunux nayk Hayionanvroi axademii nayx Yrpainu
eya. Onecs 'onuapa 555, Kuie 01054,Vkpaina, vbog@carrier.kiev.ua
Tuemumym ximii nogsepxui im. 0.0. Yyiika Hayionanvroi akademii nayx Yxpainu
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Kinemuxa neizomepmuunoi decopoyii nonepeonwvo aocopbosanux Cl, Br i l-emicmuux 2anozeneyenesoonis (I'B) 3 nosepxmi
cypozamie ammochepHux meepoux aeposonie (nipo2enni Kpemmnesem i OKCuo amominito, curikazens i H-wopoenim) eusuena
MemoOOM MEMNePamypHoO-npopamosanoi decopbyitinoi mac-cnexkmpomempii (TII] MC). TII cnexmpu demoncmpyioms
BUCOKY HEOOHOPIOHICIb BUBUEHUX NOBePXOHb. Pospaxosani cepeoni eenuuunu enepeii akmusayii decopoyii ma niguiupunu
NPSIMOKYMHUX PO3n00inie enepeill decopoyii I B. Ompumani cniegioHouleHHs Midic cepeOHimu eHepeisamu akmusayii decopo-
yii I'B i ix MoneKy apHuMuy 0eCKpunmopamu Oist 6Cix 8UBHeHUX meepoux min. Po3noodin I'B i 000amxosux 1emkux Opeaniutux
CROJIYK MIDIC CYpO2AmMamil MiHEPAIbHUX | 8Y2NIeYbMICHUX ammocpeprux aeposonie (cinikazens, Kapbonaxk i Kapbocin) doci-
Oorcero memooom obeprenoi 2a3060i xpomamoepaii (OIX). [lani OI'X eéxazyioms na enepeemuyy HeoOHOPIOHICmb nogep-
XHi yux meepoux min. Pospaxoseani cepeoni eenuyunu enepeii aocopoyii I'B i ducnepcii npsamokymHo2o po3nooiny noepxoHs
no eHepaiam aocopoyii ma 3HAOeHi 36 A3KU MIdC YUMU 8CTUNUHAMU A MOJEKYIAPHUMU OECKPUNMOPAMU YUX JeMKUX CHO-
k. Bemanoeneno cnigsionowernts misic cepeornimu enepeiamu akmueayii decopoyii I'B 3 cunikaeemo 3 oanux TII MC i
cepeOnimu enepeisamu adcopoyii 6 yux cucmemax, sustadenumu 3 oanux OI’X npu CKinyeHHUX KOHYeHMpPayisx.
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Kunemuxa neuzsomepmuueckoti decopoyuu npeosapumenvio aocopbuposannvix Cl, Br u I-cooepacawux 2a-
n02enyene6000pooos (I'Y) ¢ noeepxnocmu cyppoeamos ammocghepuvix meepovix asposonei (nupoeennvie KpemHe-
3eM U OKUCb ANIOMUHUSL, CUTUKazelb u H-mopoenum) uzyueHa mMemooom memnepamypHo-npoepamMmupo8antoil de-
copbyuonnoit macc-cnexmpomempuu (TI1JJ MC). TII/ cnexmpuvl 0eMOHCIMPUPYIOm 8bICOKYI0 HEOOHOPOOHOCHb U3)-
YeHHBIX noGepxHocmell. Paccuumansl cpeOHue 3HAYeHUs IHEPeUU akmueayuy 0ecopoyuu u NOIYUUPUHbL NPIMO-
YeonbHblX pacnpedenenuil suepauti decopoyuu I'Y. Tlonyuenvt coomnowienus Mencoy cpeOHuMu 8eIULUHAMU IHePSUU
axmugayuu decopoyuu I'Y u ux MoreKyisapHuiMu 0ecKpunmopamu OJisk 8cex U3y4eHHvix meepovix mei. Pacnpedene-
Hue I'V u 000a80UHBIX IeMYYUX OP2AHUYECKUX COCOUHEHUL MEeNCOY CYPPO2amamy MUHepaIbHblX U yenepoocooep-
arcawux ammocpepuvix asposoneti (curuxazens, Kapbonak u Kapbocun) ucciedosano memooom obpawennoll 2azo-
ot xpomamozpapuu (OI'X). Jannvie OI'X ykazviearom na IHEp2emMuieckylo He0OHOPOOHOCHb NOGEPXHOCTIU DMUX
meepobix men. Paccuumanvl cpeonue snepeuuu adcopoyuu I'Y u oucnepcuu npamoyz20ibHo2o pacnpeoeierusi no-
8epXHOCMEll NO SHEP2UAM A0COPOYUU U HATIOEHbI CEA3U MENCOY IMUMU BENUYUHAMU U MOLEKYIAPHBIMU OeCKPUNIMO-
Pamu 1emyqux coeOuHeHuil. Ycmanoeneno coommouienue mexcoy cpeoHumu snepauamu akmusayuu oecopoyuu I'Y ¢
cunukazens uz oannwix TII/] MC u cpeonumu snepeusimu adcopoyuu 8 Smux CUCMeMax, OnpeoeieHHbIMU U3 OAHHbIX
OI'X npu KoHeyHbIX KOHYEHMPAYUSX.
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