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Abstract

Reversed-flow gas chromatography, which is a sub-technique of inverse gas chromatography, is an experimental arrangement simulating
a simple model for the action of air pollutants on buildings and monuments, in laboratory scale. By using a commercial gas chromatograph
and an appropriate mathematical analysis, kinetic parameters such as rate constants for adsorptionk1, adsorption/desorptionkR and surface
reactionk2, as well as surface diffusion coefficientsDy, deposition velocitiesVd and reaction probabilitiesγ of SO2 on marble surfaces at
different temperatures (303.15–353.15 K) in the presence or in the absence of protective materials (an acrylic copolymer, Paraloid B-72 or
a aterials to
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siloxane, CTS Silo 111) were calculated. From the above mentioned physicochemical quantities the ability of the examined m
inimize the dry deposition of SO2 on marble is carrying out and a possible mechanism for the interaction between SO2 and Paraloid B-7
as suggested. Both materials (CTS SILO 111 and Paraloid B-72) are good enough for protecting marble against SO2 at low temperature

303.15–323.15), while at high temperatures (333.15–353.15), siloxane seems to protect marble better than acrylic copolymer.
2005 Elsevier B.V. All rights reserved.
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. Introduction

One of the most important effect of atmospheric pollu-
ion is the deterioration of historic monuments and build-
ngs and generally of cultural heritage. Volatile hydrocarbons,
itric oxide and nitrogen dioxide, sulfur dioxide, aromatic
ydrocarbons and suspended particulate matter, are emitted

hrough a number of processes either anthropogenic or phys-
cal [1]. All these affects start with the deposition of air pol-
utants on solid surfaces. The air pollutants may arrive at the
olid surface either by wet deposition (dissolved in rain or fog
roplets) or by dry deposition signifying deposition in parti-
le form, e.g. gaseous SO2 and lead to permanent corrosion
nd damage[2,3].

� Presented at the 25th International Symposium on Chromatography,
aris, France, 4–8 October 2004.
∗ Corresponding author. Tel.: +30 2610 997144; fax: +30 2610 997144.
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Sulfur dioxide is one of the main decay factors
carbonate-based stones (marble, etc.) in polluted env
ments. SO2 deposition on CaCO3 of marble gives gypsum
as the final product[4].

In order to study the action of SO2 on marble is importan
not only to obtain results by pure chemical analysis of cult
heritage but also to clarify the mechanism of this action.
mechanism may consist of various steps in series, whic
usually rate processes, with the deposition as the first
or sometimes equilibrium states, such as the distributio
air pollutant between the solid and the nearby atmosp
environment.

In the present work a gas chromatographic techn
Reversed-flow gas chromatography (RF-GC), is introd
in the aim to calculate physicochemical parameters (rate
stants as well as equilibrium constants) pertaining to th
tion of SO2 on Penteli marble in Greece. In addition, the sa
technique was used to examine the ability of acrylic cop
mers and siloxanes to protect marble against corrosion
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This technique which is a sub-technique of inverse
gas chromatography (IGC) was developed in 1980[5] by
Katsanos and Georgiadou and has been used to measure
deposition velocities and reaction probabilities through the
determination of rate coefficients, namely an adsorption rate
constant, an adsorption/desorption rate constant, and a sur-
face reaction first-order rate constant[6–8]. Some of the
environmental applications of RF-GC (study of action of hy-
drocarbon pollutants on pigments, damage measurements for
the action of air pollutants on marble and monuments, study
of the exchange of pollutants between the atmosphere and the
water environment) have been described in a recent published
book[9].

As regards the choice of Penteli marble, it is well-known
that the most Greek cultural heritage objects in Acropolis of
Athens and elsewhere have been constructed with this type
of marble, and physicochemical parameters like those de-
scribed here may throw some light on the mechanism of the
deterioration of art pieces by air pollutants.

Finally, the protective materials, acrylic copolymers and
siloxanes, are widely used for the formulation of protective
coatings, due to their good adhesion and film forming prop-
erties. These materials have environmental stability[10] and
have been largely used in conservation practice as coatings,
consolidants and adhesives.
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diffusion column of lengthL1, and the lower vessel of
lengthL2. The branchesl = l′ = 62 cm were of stainless-steel
chromatographic tube with 4 mm i.d. The diffusion col-
umn, was constructed from glass with 4 mm i.d. It was
divided in two areas, an empty oneL1 = 46.5 cm, and a
filled with solid L2 = 4.4 cm. The diffusion column was con-
nected perpendicularly to the sampling column by means
of a 1/4 in. Swagelok union. The whole sampling cell was
accommodated inside the oven of a usual gas chromato-
graph.

A four-port valve was placed inside the wall of the oven
and used to connect the sampling cell to the carrier gas inlet
(N2), and to the flame photometric detector.

2.2. Materials

The marble was a Penteli marble (Athens, Greece) with
a purity 97.9% (CaCO3). It was shaped as spheres by using
cutting equipments with a 3.5± 0.1 mm diameter. The ex-
ternal porosity, 0.5, and the specific surface area 100 cm2/g,
of the marble were determined by the mercury penetration
method with a Porosimeter 2000 (Carlo Erba Instruments,
Milano, Italy) with Milestone 200 software and the nitrogen-
desorption method with a Sorptomatic 1900 (Carlo Erba In-
struments, Milano, Italy) with also Milestone 200 software,
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. Experimental

.1. Apparatus

The chromatograph used was a Pye Unicam 4500 (C
ridge, England), with a flame photometric detector (F.P
he temperature of the detector in all experiments was 15◦C
nd the flow rates of the detector gases, in all experim
ere 0.5 cm3 s−1.
The experimental arrangement is outlined inFig. 1. The

ampling cell consisted of the sampling columnl + l′, the

Fig. 1. Outline of the experimental arran
espectively.
Sulfur dioxide was Air Liquide (Athens, Greece) prod

ith a purity 99.99% while the protective materials nam
TS Silo 111 and Paraloid B-72 were supplied by A

Athens, Greece). Paraloid B-72 is an acrylic copolymer
omposition of 70/30 (w/w) ethylmethacrylate (EMA) a
ethyl acrylate (MA) and CTS Silo 111 is a low molec

iloxane.
The carrier gas was nitrogen of 99.999% purity fr

eroskopio (Athens, Greece), dried by passing it throu
as purifier no. 452 of Matheson Gas Products (East Ru

ord, NJ, USA) with a flow rate (corrected at column temp
ture and for pressure drop) of about 0.5 cm3 s−1.

t for the study of the action of SO2 on marbles.
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2.3. Procedure

After conditioning of the marble (0.55 g) by heating it
in situ at 523.15 K, for 20 h under a continuous carrier gas
flow in order to eliminate humidity and other volatile com-
pounds, the oven temperature was regulated to the working
one. Then 5 cm3 (at atmospheric pressure) of SO2 were in-
troduced through the injector to establish constant surface
activity.

When the chromatographic trace in the recorder had sub-
sided to a negligible height above the baseline, a new 0.5 cm3

injection of SO2 was made and after a time interval of about
5–10 min a continuous concentration–time curve was ap-
peared. The rising of the concentration–time curve was due
to the injection of the SO2 and not to the contamination of
the system. The later was verified by a blank run, without
injecting SO2 into the system, for which a constant base-line
was observed.

After the appearance of the continuously rising
concentration–time curve, the reversing procedure for the ni-
trogen carrier gas flow started, each reversal lasting always
6 s. This is shorter than the gas hold-up time in the sectionsl
andl′ of the cell. A symmetrical “sample peak” was created
by each flow reversal. An example is given inFig. 2. The
above flow reversal procedure was repeated many times at
each temperature, giving peaks corresponding to a different
t
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In all experiments the pressure drop along the cell
was negligible and the solid bed was under a pressure of
1 atm.

3. Theoretical

The theoretical analysis relevant to the present work,
dealing with physicochemical parameters determination, has
been published elsewhere[11]. All these parameters such
as rate constants for adsorptionk1, adsorption/desorption
kR, and surface reactionk2, as well as surface diffu-
sion coefficientsDy, deposition velocitiesVd and reac-
tion probabilitiesγ of SO2 on marble surfaces describe
the interaction between SO2 and marble. Only the abso-
lutely necessary mathematical equations are quoted here to
help the reader understand how the parameters pertaining
to the action of SO2 on marble follow the experimental
data.

Four basic equations are mentioned.
First the local adsorption isotherm of SO2:

c∗s = ns

as
δ(y − L2) + ay

as
k1

∫ t

0
cy(τ) dτ (1)

Second, the mass balance equation for SO2 in the gaseous
r

d ed):

tion:
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ime from the SO2 injection.
First, by using uncovered marble spheres, the phy

hemical parameters for the action of SO2 on pure marbl
an be determined.

After that, the same marble spheres were soaked b
ersing them twice in each protective material (each imp
ation was lasted for 20 min and the interval between t
as 10 min according to the manufacturers manuals).
oated marble spheres were placed into the diffusion co
nd heated at 383.15 K for 20 h under a continuous carrie
ow. After this treatment the same physicochemical pa
ters were determined in the purpose to compare the a
f each material to protect marble against corrosion.

ig. 2. Sample peaks of SO2 obtained by reversed-flow procedure dur
ction on marble at 323.15 K.
egionz of the diffusion column:

∂cz

∂t
= Dz

∂2cz

∂z2 (2)

Next the mass balance equation for SO2 in regiony of the
iffusion column, filled with the marble (coated or uncoat

∂cy

∂t
= Dy

∂2cy

∂y2 − kR
as

ay
(c∗s − cs) (3)

Finally, the rate of change of the adsorbed concentra

∂cs

∂t
= kR(c∗s − cs) − k2cs (4)

ith the symbols above denoting at the end of the text:
It is known [12] that the calculation of physicochemic

arameters based on a theoretical analysis of the diffu
and obtained by plottingH1/M or (1/M) ln H againstt in
min), whereM (dimensionless) is the response factor
he detector (1.914 for the F.P.D.) andt the time when th
espective flow reversal was made.

The heightH (in arbitrary units, lets say cm) is propo
ional to the concentrationc (l′, t), H1/M = gc(l′, t), wherec(l′,
) is the concentration of the pollutant, mol cm−3, measure
t the junction of the sampling column with the diffusion c
mn (Fig. 1) andg the calibration factor of the detector, c
er mol cm−3.

By taking into account the initial conditions (cf. Eq. (12
f Ref.[13]), and the boundary conditions (cf. Eqs. (16), (
nd (19) of Ref.[14]) the system of the above differential E
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(1)–(4)was solved[14] leading to the function:

H1/M = gc(l′, t) =
4∑
i=1

Ai exp(Bit) (5)

which describes the diffusion bands.
The physicochemical parameters previously defined,k1,

kR, k2, andDy are hidden under the exponential coefficients
of timeB1, B2, B3 andB4 of Eq.(5), while the pre-exponential
factorsA1, A2, A3 andA4 have not be used in the calculations
of the physicochemical parameters.

By introducing the auxiliary parametersX, Y, Z andW, we
have the relations between the physicochemical parameters
and the exponential coefficients of time:

X = a1 + a2 + a2Q+ kR + k2 = −(B1 + B2 + B3 + B4)

(6)

Y = (a2 + a1 + a2Q)(kR + k2) + a1a2 + k1kR

= B1B2 + B1B3 + B1B4 + B2B3 + B2B4 + B3B4 (7)

Z = a1a2(kR + k2) + a1k1kR + k1kRk2 + a2QkRk1

= −(B1B2B3 + B1B2B4 + B1B3B4 + B2B3B4) (8)

W

w

a

It has been referred[11] that the physicochemical param-
eters mentioned above can not be calculated only from the
four Eqs.(6)–(9)and an other mathematical approach had to
be adopted[11]. This led to the same Eq.(5) with i = 5–7.
Instead of Eqs.(6)–(9) above, the following relations are
valid:

X1 = a2a1

a1 + a2 + a2Q
+ kR + k2

= −(B5 + B6 + B7) (11)

Y1 = α1a2(kR + k2) + (a1 + a2Q)k1kR

a1 + a2 + a2Q

= B5B6 + B5B7 + B6B7 (12)

Z1 = a1 + a2Q

a1 + a2 + a2Q
k1kRk2 = −(B5B6B7) (13)

4. Results and discussion

Using a non-linear regression analysis PC programs in
GW-BASIC [11], the exponential coefficients of time and
from them the auxiliary parametersX, Y, Z, W, X1, Y1, Z1 can
b
a -
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= (a2Q+ a1)k1kRk2 = B1B2B3B4 (9)

here

1 = 2Dz
L2

1

; a2 = 2Dy
L2

2

; Q = 2ayL2/azL1 (10)

able 1
inetic parameters, diffusion coefficients, deposition velocities and r
crylic copolymer or siloxane at various temperatures

olid adsorbent T (K) k1 (103 s−1) kR (103 s−1

ure marble 3.352 5.971
arble + Paraloid B-72 303.15 3.157 9.341
arble + CTS SILO 111 2.724 5.386

ure marble 4.745 7.651
arble + Paraloid B-72 313.15 3.192 5.270
arble + CTS SILO 111 3.331 5.932

ure Marble 5.176 1.892
arble + Paraloid B-72 323.15 3.071 9.537
arble + CTS SILO 111 3.359 6.172

ure Marble 4.847 1.577
arble + Paraloid B-72 333.15 3.883 5.701
arble + CTS SILO 111 2.298 12.790

ure Marble 5.445 1.849
arble + Paraloid B-72 343.15 4.582 7.266
arble + CTS SILO 111 2.891 8.838

ure Marble 5.755 2.005
arble + Paraloid B-72 353.15 4.486 1.608
arble + CTS SILO 111 3.901 7.847
e calculated. Through these with the help of Eqs.(6)–(13),
ll four physicochemical constantsk1, kR, k2 andDy are com
uted. Theα1 value can be calculated by the means of a kn
alue ofDz obtained from the literature[15]. Finally, through
he following Eqs. (14) and (15) of Ref.[6] the overall depo
ition velocity, which is equivalent to an overall mass tran
oefficient of SO2 to the marble, corrected for the activa
dsorpion/desorption and surface reactions, and the re

probabilities for the systems SO2 + pure marble and SO2 + coated marble wit

k2 (104 s−1) Vd (107 cm s−1) γ (1011) Dy (103 cm2 s−1)

1.201 1.661 2.099 3.775
1.275 1.068 1.325 5.146
1.127 1.402 1.770 3.811

1.290 1.976 2.451 12.850
1.391 1.772 2.239 3.758
1.248 1.724 2.136 5.741

1.381 8.847 3.082 50.590
1.487 1.185 1.386 2.096
1.286 1.722 2.107 3.860

1.418 10.040 11.000 93.390
1.476 2.462 3.012 7.160
1.333 0.595 0.717 2.257

1.426 9.795 11.630 228.000
1.493 2.317 2.835 9.003
1.314 1.214 1.441 2.673

1.499 10.050 11.760 326.000
1.541 9.858 11.690 47.880
1.425 1.614 1.887 4.748
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probability γ of SO2 with the marble (coated or uncoated)
are found:

Vd = k1V
′
G(empty)ε

AS

k2

kR + k2
(14)

1

γ
=

(
RgT

2πMB

)1/2 1

Vd
+ 1

2
(15)

whereAS (cm2) is the total surface area of the marble,V ′
G

(cm3) is the gaseous volume of the sectiony of the experi-
mental cell (cf.Fig. 1), Rg (J K−1 mol−1) is the ideal gas con-
stant,ε is the external porosity of the solid,MB (kg mol−1)
is the molar mass of SO2 andT (K) is the absolute tempera-
ture.

The results from the above calculations are listed
in Table 1. These refer to the heterogeneous interac-
tions SO2 + pure marble, SO2 + marble + Paraloid B-72 and
SO2 + marble + CTS SILO 111.

From the listed results we can observe the following:

(1) The values ofk2 in all cases where the marble was coated
by an acrylic copolymer (Paraloid B-72) were bigger
than those for pure marble while the values ofk2 in all
cases where a siloxane protective material was used (CTS
SILO 111) were smaller than those for pure marble. This

Fig. 3. Temperature dependence ofk2 for the systems SO2 + marble (�),
SO2 + marble + Paraloid B-72 (♦) and SO2 + marble + CTS Silo 111 (©).

For this interaction the above mechanism was sug-
gested. In this mechanism the first step is the intermolec-
ular shifting of –H and then the addition of SO2 to the
double bond. All the above steps are reversible and the
whole mechanism is under further investigation.

On the other hand all the values ofk1 for the sys-
tem (SO2 + marble) are bigger than those for the sys-

e

ble
72)
ere
tion
ces
may happens because the sulfur dioxide interacts with
the acrylic copolymer and not with the siloxane. These
results are plotted in theFig. 3.

The interaction between sulphur dioxide and Paraloid
B-72 may occur because of the MA, which is a con-
stituent of the acrylic copolymer but not of the siloxane.
The other constituent of the Paraloid B-72, EMA, does
not interact with SO2, due to the presence of –CH3 group
instead of –H.

tems (SO2 + coated marble) (cf.Fig. 4). From the abov
it seems that the adsorption of SO2 is more difficult in
the case of coated marble than in the pure marble.

(2) The values ofVd andγ in most cases where the mar
was coated by an acrylic copolymer (Paraloid B-
or siloxane protective material (CTS SILO 111) w
smaller than those for pure marble. The only excep
was at temperature 353.15 K where the differen
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Fig. 4. Temperature dependence ofk1 for the systems SO2 + marble (�),
SO2 + marble + Paraloid B-72 (♦) and SO2 + marble + CTS Silo 111 (©).

between the values ofVd and γ for the systems
SO2 + marble and SO2 + marble coated with acrylic
copolymer were negligible (cf.Fig. 5). This could be at-
tributed to the fact that at this temperature SO2 interacts
with a relatively high rate with Paraloid B-72.

(3) All listed values ofVd were four to six orders of mag-
nitude smaller than those from the literature. Judeikis
and Stewart[16] reported values for deposition veloci-
ties of SO2 on selected buildings materials which varying
between 0.04 and 2.5 cm s−1 depending on the surface
material. On the other hand Cobourn et al.[17] had
measured deposition velocities of SO2 on marble and
dolomite stones which varied between 0.06–0.1 cm s−1

and 0.02–0.1 cm s−1, respectively. More recent work of
Grøntoft and Raychaudhuri[18] illustrated values for the
deposition velocity of SO2 on marble equal to 0.009 and
0.088 cm s−1 for the deposition velocity of SO2 on lime-
stones.

F
S

An explanation is that the listed values ofVd in Table 1
were obtained from a steady state system (RF-GC is
a steady state technique because all phenomena occur
in the diffusion column where the carrier gas is stag-
nant), while those in the literature[16–18] from a dy-
namic one (a gas steam flows over the solid surfaces).
In addition,Vd values in the present work are not only
refer to a surface deposition but also to a deposition in
the porous of the material and so are smaller than those
for surface deposition. This is obvious from the defini-
tion of Vd (cf. Eq.(14)) where the rate constants for ad-
sorption, adsorption/desorption and surface reaction are
involved.

(4) From theDy values the effect of the protective materials
is obvious (cf.Fig. 6). In the absence of protective mate-
rials theDy values, at extreme temperatures, higher than
333.15 K, had the same order of magnitude with those for
diffusion of SO2 in pure N2. This may lead to the conclu-
sion that at high temperatures (over than 343.15 K) the
porous of the marble are being destroyed and so surface
diffusion coefficients are equivalent to diffusion coeffi-
cients in the gas phase (according to the literature[15]
the theoretical calculated values for the diffusion coeffi-
cient of SO2 in N2 at 343.15 K is 0.161 cm2 s−1 and at
353.15 K is 0.169 cm2 s−1). In the presence of protective
materials the later does not happen due to the shrink of

( the
-

CTS
tion
.15)
ane
oly-

F
S

ig. 5. Temperature dependence ofVd for the systems SO2 + marble (�),
O2 + marble + Paraloid B-72 (♦) and SO2 + marble + CTS Silo 111 (©).
the porous size of the marble[19].
5) Finally, an explanation of the abnormal behavior of

kR values may be the fact thatkR is a complex rate con
stant pertaining to adsorption and desorption of SO2 on
marble.

From all the above, it seems that both materials (
SILO 111 and Paraloid B-72) cut down the dry deposi
of SO2 on marble at low temperatures (303.15–323
while at high temperatures (333.15–353.15), silox
acts better as a protective material than acrylic cop
mer.

ig. 6. Temperature dependence ofDy for the systems SO2 + marble (�),
O2 + marble + Paraloid B-72 (♦) and SO2 + marble + CTS Silo 111 (©).
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(6) All the calculated physicochemical parameters,k1, kR,
k2, Dy, Vd and γ in Table 1are given without errors
because it is difficult to estimate the final errors since
they come out as a result of complex algebraic equations
based on Eqs.(6)–(16). The application of the law of
propagation of errors in a relatively long but not complex
sequence of steps like that does not give reliable final
errors[14].

In order to test the precision of the method, three replica-
tions at each temperature for the three systems namely, pure
marble + SO2, pure marble + Paraloid B-72 + SO2 and pure
marble + CTS SILO 111 + SO2, were performed. InTable 2
the obtained results for the mean values of the physicochem-
ical parameters with their corresponding standard deviation
at the intermediate temperature, 323.15 K are presented.
The results for the other temperatures are of the same
order.

From the listed values an estimation of the precision of the
method for the calculation for each physicochemical quantity
can be obtained. The precision for each quantity are computed
from the relation:

precision (%)= 100− 100× standard deviation

mean value
(16)

The percent precision values for each physicochemical
p

ere
c hich
m ated,
m

s
o nces
b d
S d
S t in
t

5

1 uced
s
ro-

2 well
of

ined
ls
TS

3 tem-
tures

ate-
arameter for the three systems are also illustrated inTable 2.
From Table 2is obvious that although the results w

oming out through complex algebraic equations, w
eans that accuracy or uncertainties couldn’t be calcul
ethod seems to have a good precision (92–99%).
The statistical analysis (t-test) of the mean value

f all parameters shows that the observed differe
etween them for the systems SO2 + pure marble an
O2 + marble + Paraloid B-72 or SO2 + pure marble an
O2 + marble + CTS Silo 111 are statistically significan

he 0.05 level of significance.

. Conclusions

. An inverse gas chromatographic method was introd
for studying the interaction between SO2 and marble a
well as for the physicochemical characterization of p
tective materials.

. Kinetic parameters, surface diffusion coefficients as
as deposition velocities and reaction probabilities
SO2 on coated or uncoated marble were determ
in order to clarify the ability of protective materia
(acrylic copolymers—Paraloid B-72 and siloxane C
SILO 111) to cut down the dry deposition of SO2 on
marble.

. It seems that both materials are good enough at low
peratures (303.15–323.15), while at high tempera
(333.15–353.15) siloxane acts better as protective m
rial than acrylic copolymer.
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6. Nomenclature

as amount of the marble per unit length of column bed
(g cm−1)

ay free cross sectional area in the solid bed in regiony
(cm2)

cs concentration of SO2 adsorbed on the solid
(mol g−1)

c∗s local adsorbed equilibrium concentration of SO2 at
time t (mol g−1)

cy gaseous concentration of SO2 in region y
(mol cm−3)

cz gaseous concentration of SO2 in the region z
(mol cm−3)

Dy effective diffusion coefficient of SO2 in the solid bed
(cm2 s−1)

Dz diffusion coefficient of SO2 into the carrier gas (ni-
trogen) (cm2 s−1)

k1 dynamic adsorption rate constant (s−1)
k2 rate constant of a possible first-order or pseudo first-

order surface reaction of SO2 (s−1)
kR rate constant for adsorption/desorption on the solid

bulk (s−1)
ns initially adsorbed concentration of SO2 (mol)
y length coordinate along sectionL2 (cm)
δ f

ta-

τ

A

for
f .
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