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A pulse-response (chromatographic) method was used to measure adsorption and in-
traparticle mass transfer properties of sulfur dioxide in silica gel particles at 175 to 270°C
and 1 atm pressure. Adsorption was reversible in the 175-270°C range but nearly irrevers-
ible, in the time period of the chromatographic experiments, below 150°C.

The heat of adsorption (—6.5 kcal/mole) and adsorption rate constants indicated that at
175 to 270°C the SO, molecules were held on the silica gel sites with bonds of intermediate
strength.

Intraparticle mass transfer significantly affected the overall rate of adsorption for all
particles with radii larger than 0.1 mm. Hence, this resistance should be considered in
designing equipment for removal of SO, from gases, unless the particle size is very small.
Surface and pore-volume diffusion appear to contribute about equally to the intraparticle

diffusivity.
NOMENCLATURE L length of bed, cm

C concentration of SO, in the " gdosorbedl concentration  of
gas, mole/cm?® 2, mole/ g .

C, adsorbed concentration of R average radius of S‘hca_‘ gel par-
SO,, moles/cm® of particle t%cles (assumed spherical), cm
volume) t time, sec

L . e ty injection time of pulse, sec

D, effective intraparticle diffusiv- T temperature, °K
. 2 b
iy, Cr.n Isec e Vo superficial gas velocity in bed,

D, effective surface diffusivity, cm/sec
cm?/sec N .

U v as velocity in the void space

D 50s—He molecular diffusivity, cm?/sec if the bed )::m Isec P

Dx Knudsen diffusivity, cm*/sec b4 axial distance from inlet of

E activation energy, kcal/mole bed. cm

E, axial dispersion coefficient, o v oi(i fraction in the bed
bzflseo(} ?nnn ccrrctl)]szj;seictlonal area B intraparticle void fraction
ot column, ! 84, 01 moment contributions defined

AH heat of adsorption, kcal/mole by Egs. (3) and (4)

i e constant, D s

k aa ads;;zp)t(lsélc) rat n diffusibility
cmjig ] n gas viscosity, g/(cm)(sec)

ks mass transfer coefficient from i first absolute moment. sec
gas to partlcle spﬁage, cm/sec w)a first absolute moment in dead

K, adsorption equilibrium con- volume, sec
stant, cm3'/g ) (U1)inerr  first absolute moment for he-

[ scale of dispersion, cm lium pulses in nitrogen, sec

1 On leave from University of Salamanca, Spain. 5 second central moment, sec?
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SULFUR DIOXIDE ON SILICA GEL

[l apparent  particle density,
glcm?

Ta apparent tortuosity factor

T tortuosity factor for pore-

volume diffusion

The design of equipment for removal of
sulfur dioxide from gases by adsorption
and desorption requires equilibrium and
rate information. Silica gel has a relatively
high adsorption capacity for SO, yet its
adsorption characteristics have not re-
ceived much attention. Equilibrium
isotherms have been measured by Jones
and Ross (/) from —10 to 50°C. No rate
data for the adsorption process, including
intraparticle diffusivities and intrinsic rate
constants at the adsorption site, have been
reported. The objectives of the present
study were to determine these rate param-
eters by applying the chromatographic

t()
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two effects from intraparticle diffusion and
adsorption at an interior site.

METHOD

Each experiment consisted of injecting a
pulse of gas containing SO, (in helium as
carrier gas) into the bed and analyzing the
measured concentration vs time peak in
the bed effluent. If the adsorption rate is
linear and reversible, adsorption equilib-
rium and rate parameters can be extracted
from the difference between the first-
absolute and second-central moments of
the inlet pulse and the effluent peaks.
Based upon the model described and other
secondary assumptions, Schneider and
Smith (2) have presented the following
equations relating these moment dif-
ferences to the equilibrium and rate param-
eters (K4, E4, D,, ks, and k,q):

Z | -«
P =5 = Ml)d+;[]+—a—(ﬁ+pp[</l):|’ (1)
oy 22 [Es (1 +8)
"'LZ 12 - (IL2)11+ v [a Vz +81:|a (2)
where
| -« P
S
0 B B A (3)
_l—a [p, K2 , R?B ( p 2 5
5. = Po 2] _
B B[B s (1K) (D,.,*kfR)]' (@)

technique (2) in a fixed bed of silica gel
particles.

As indicated in the Experimental Proce-
dures Section, desorption at temperatures
below about 150°C is slow. One of the
requirements of the chromatographic
theory applied here is that the adsorption
be reversible within the time period of the
experiment. Hence, the measurements
were made from 175 to 270°C at nearly
atmospheric pressure. The model used to
interpret the data takes into account axial
dispersion in the void space of the bed as
well as mass transfer from the gas to par-
ticle. Experiments were made at different
gas flow rates in order to separate these

Values of the first-absolute and second-
central moments were calculated from the
measured effluent peaks by the expres-
sions:

J’m t C(L,t)dt
() =— (5)

0
f C (L,t)dt
0

fw (t—p,)2C(L,t)dt

fc C(L,t)dt

)

M » (6)

where C(L,t) is the concentration peak at
the exit of the bed. The data for different
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velocities and particle sizes were sufficient
to determine K ,, D, and k.4, as described
below. The results at different tempera-
tures were used to evaluate the heat and
activation energy of adsorption.

Experimental Procedures

The apparatus consisted of a gas chro-
matograph, with thermal conductivity de-
tector, in which the separation column
contained the bed of silica gel particles. A
flow diagram and details of the apparatus
were given by Schneider and Smith (2).

Tables 1 and 2 give the properties of the
silica gel (Grade 40, Davison Chemical
Co.) and the properties of the columns
used.

Prior to the runs each bed was pre-
treated with a flow (20-30 c¢cm3/min) of
pure helium at 330°C for 18-20 hr. Prelim-
inary measurements were made to deter-
mine the adsorption characteristics of the
system at various temperatures. Succes-
sive pulses of 1.0 cm® volume (25°C, 1
atm) containing 3.0 mole% SO, in helium
were introduced at increasing tempera-
tures, starting at 30°C. At 150°C a very
flat concentration vs time peak in the ef-
fluent gas was observed. At lower temper-
atures, between 30 and 150°C, no effluent
peak was detectable. At a temperature of
about 175°C the response peak was very
large, indicating that the accumulated
adsorption of many prior peaks was de-
sorbed. The pulse volume was changed
to 3.0 cm? (to obtain peaks of reasonable
magnitude) and injections made at temper-
atures from 175 to 270°C. In this temper-

TABLE 1
PROPERTIES OF SILICA GEL PARTICLES?®
Surface area (m?%g) 832
Void vol (cm¥g) 0.43
Particle density, p, (g/cm?) 1.13
Internal void fraction 8 0.486
Av pore radius (A) 11

¢ Masamune and Smith (3).
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TABLE 2
CHARACTERISTICS OF PACKED-BED COLUMNS
Column no. 1 2 3
Packed length (cm) 20.3 20 20
Column i.d. (mm) 7.75 7.75 7.5
Particles
1. Mesh size range 14-16 28-32 60-65
2. Av radius (mm) 0.540 0.272 0.114
Bed void fraction, « 0.327 0.337 0.361
Temp (°C) 200,235 1752200 175,% 200
270 235, 270 235, 270
Gas flow rate 10-150 10-150 10-150

(cm¥min)(25 °C, 1 atm)

@ First moment measurements only.

ature range the response peaks were well-
shaped with little tailing.

Linearity and Reversibility Tests

Equations (1-4) are based upon a first-
order and reversible rate of adsorption, ac-
cording to the equation:

on _ _n
Geka(c-g) @

Hence, it is necessary to choose experi-
mental conditions so that Eq. (7) is appli-
cable. To test the linearity assumption,
first moments were measured at 200°C for
inlet pulses containing 3 and 5% SO, in
helium. The 200°C results in Fig. 1 show
that the first moment is independent of
concentration of SO, in the inlet pulse.
This can be true only if the adsorption
isotherm at 200°C is linear from 0 to 5%.

The reversibility requirement was
examined by measuring the peak areas of
the effluent peaks and comparing them
with areas of the inlet pulses. The latter
were determined by replacing the packed
bed with a short capillary tube. The results
(at 200°C) in Fig. 2 show about the same
areas, indicating that desorption was essen-
tially complete during the time of the
pulse-response experiment. If linear and
reversible adsorption occur at 200°C, it is
safe to assume that these restrictions will
be met at higher temperatures.
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between pulse injection and entrance to
the bed and between bed exit and the de-
tector. This was done by introducing 1.0
cm? pulses of pure helium, using nitrogen
as a carrier gas, with the bed at 200°C.
The results are shown in Fig. 1. For a
nonadsorbing gas such as helium K, =10
and Eq. (1) reduces to

(Ml)inert“%: (P"l)d +% <1 + 1 ;a :3)
(8)

Then (u); can be eliminated by sub-
tracting Eq. (8) from Eq. (1) to give

ey — (t0/2)

7
/ 4 D/EL/D Pure Helium

10 Pulses

/¥, sec

Fic. 1. First moment results.

On the basis of these tests, the final data
were obtained using 3.0 cm? pulses of 3%
SO, for the three particle sizes and the
temperatures listed in Table 2.

First Moment Analysis

To use the first moments in Eq. (1) it is
necessary to determine (u,)4, the retention
time in the dead volumes in the lines

3

o O Input Pulse
% ®R=0272mm,t=200°C

Response {
. i Pulse  {@R=0114mm, t=200°C
»

12 '\

PEAK AREA, (inch) (sec)
y

Q

o«

4

0.4 0.6 03 10 12 14 16
FLOW RATE , cm¥/sec (25°C,1 atm)
Fic. 2. Effect of adsorption on effluent peak areas;
3% SO,-He pulses.

(z/v) [(1 — a)la]
— ['u'l — UU/z)]inert —
WA —a)a]  Pr Ki (9

Since K, is independent of particle size,
the first moments also should be indepen-
dent of particle radius. The results for all
particles, plotted in Fig. 1, show that this
requirement is met reasonably well.

For application of Eq. (9), least-square
analysis was used to fit straight lines to the
data in Fig. 1. Then the difference between
the slopes of the lines for SO, and for
helium pulses was formulated for each
temperature. According to Eq. (9), these
differences in slope are equal to p, K.
The results for K , are given in Table 3 and
plotted vs 1/T in Fig. 3. The heat of ad-
sorption corresponding to the straight line
in Fig. 3 is AH =—6.5 kcal/g. This is less
than the value of —9.3 kcal/g mole re-
ported by Jones and Ross (/) but their
temperature range was lower (—10 to
50°C) and a different silica gel, 923 chro-
matographic grade (Davison Chemical
Co.), was used. Ma and Marcel (4) found

TABLE 3
ADSORPTION EQUILIBRIUM AND RATE CONSTANTS

t (°C) 175 200 235 270
K, (cm¥g) 16.3 10.9 6.9 4.3
k aq[cm¥(g)(sec)] 20 34 61
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Fi1G. 3. Adsorption equilibrium constants for SO,
on silica gel.

AH = —2.2 and —2.7 kcal/g mole for ad-
sorption of SO, on 5A and sodium mor-
denite molecular sieves. The adsorption
equilibrium constants reported for the
latter systems at 133 to 261°C were also
less than those given in Table 3, indicating
that silica gel has a higher adsorption
capacity for SO, than does these molecu-
lar sieves. The chromatographic method
used by Ma and Marcel and in the present
study gives heats of adsorption corre-
sponding to nearly zero surface coverage
since the concentration of adsorbed SO, is
very low throughout the column.

Second Moment Analysis

Axial Dispersion

Before the intraparticle diffusivity and
adsorption rate constant can be extracted
from the second moments, it is necessary
to separate the axial dispersion contribu-
tion to w;; that is, it is necessary to deter-
mine 8, in Eq. (2). The coefficient E,
depends upon the geometry of the bed,
particularly the particle size R, and upon
the gas velocity. The second moments,
evaluated for various flow rates, can be
used to establish the velocity dependency
for each particle size. A relation between
velocity and E, can be expressed in terms
of molecular and convective terms (5)
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E,
@AB

Vo

’
gAB

=n+I

(10)

where the diffusibility 7 is a measure of the
molecular contribution and /, the scale of
dispersion, refers to the convective con-
tribution. Equation (2) can now be ex-
pressed in terms of n and / by using Eq.
(10) for E,:

pr— (8212) — (3)a
2z/v

D 50,-He
| ;32}{ (1+ 8,)?

+% (148,)%+6,. (11)

The second moment, (u})y, in the dead
volumes was measured approximately by
replacing the column with a short length of
capillary tubing and introducing pulses of
3% SO, in helium. The values of (ws3)4 S0
determined were always less than 3% of
the values obtained with the silica gel col-
umn. Since this is less than the accuracy of
the second moments, the correction for
(u3)q in Eq. (11) was neglected. Figures
4-6 show the second moment results
plotted according to Eq. (11). The inter-
cepts at 1/v=10 of the curves on Figs.
4-6 illustrate the required values of 8,.

To improve the accuracy of the ex-
trapolation to 1/v =0, the data in Figs.
4-6 were fit to Eq. (11) using the least-
square technique with 7, [, and 8, as para-

200

OR =050 mm
160 OR =0272 mm
$R=0114 mm

el
| L

0 1 2 3 4 §

40

e\

2/v
°

Ll

\

1
el , sec/cm
¥

FiG. 4. Second moments at 200°C.
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meters. The curves in Figs. 4-6 show how
the curves located in this way compare
with the data. Axial dispersion in beds of
small particles appears to be very sensitive
to method of packing and other poorly
definable characteristics of the bed (5,6).
Hence, this procedure using moment vs
velocity data is probably more accurate
than estimates from available correlations
for E,.

Adsorption Rate Constants

The §, values are plotted vs R?in Fig. 7.
According to Eq. (4), these results should

28
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Fic. 6. Second moments for SO, at 270°C.
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F1G. 7. Relation between 8,/[ (1 — a)/a] and R2

give a straight line with an intercept equal
to (p, K.%lksq). The rate constants eval-
uated from these intercepts are listed in
Table 3 and plotted vs 1/T in Fig. 8. The
activation energy for adsorption obtained
from Fig. 8 is about 8 kcal/g mole.

The values of k,q are approximate be-
cause of the uncertainties in the intercepts
in Figs. 4-6 and 7. However, no other rate
data are available for SO, adsorption on
silica gel so that approximate results
should be useful.

For comparison, Suzuki and Smith (7)
found somewhat lower rates for the chem-
isorption of H, in a Cu-ZnQO catalyst
[k aq = 4.0 cm3/(g)(sec) 200°C]. For purely
physical adsorption, Schneider and Smith
(2) reported k.4 at 50°C to be 167, 255,
and 1500 cm3/(g)(sec) for C,H,, C;H, and
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0 E:]gk“‘

. \Q\ g mole
S
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N

18 18 2.0 21 22 23
e
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FiG. 8. Adsorption rate constants.
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n-C,H,,, respectively, on the same silica
gel. Thus, the adsorption rate for SO, on
silica gel is intermediate between the rate
of physical adsorption of light hydro-
carbons on the same silica gel and chemi-
sorption rates of hydrogen. The activation
energy given (7) for H, on Cu-ZnO was
14.6 kcal/g mole. Ma and Marcel (4) re-
port 4.3 and 5.3 kcal/g mole for SO, ad-
sorption on 5SA and sodium mordenite
molecular sieves.

Intraparticle Diffusivity

The relative large values of the ordinates
with respect to the intercepts of the lines
in Fig. 7 demonstrate that intraparticle dif-
fusion is of major importance in deter-
mining the overall rate of adsorption.
From Eq. (4), the slopes of the lines in Fig.
7 are a function of the combined effects of
gas-to-particle mass transfer and intrapar-
ticle diffusion. Since R, 8, K, and p, are
known, the sum (1/D,+ 5/k;R) can be
evaluated from the slopes. The results,
presented in Table 4, are also approxi-
mate, particularly for 200°C, since the
slope is uncertain at this temperature. As
is usual for gas phase gas systems, the gas-
to-particle contribution to the second mo-
ment is relatively small. This is shown by
the values of 5/k;R given in Table 4. They
were estimated from the correlation for
Sherwood numbers in packed beds given
by Wakao er al. (8). The molecular dif-
fusivity P go,-ue Was calculated from the
Chapman-Enskog equation (9).

The resultant values for the effective dif-
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fusivity were then used to determine an
apparent tortuosity factor, 7,, defined by
the expression

_BIK

D, (12)

Ta
These values (Table 4) were about 1.5,
which is lower than the expected number
of about 4 (/10) and lower than 3.35, the
value determined by Schneider and Smith
(11) for the same silica gel under nonad-
sorbing conditions. Such results suggest
that surface diffusion is involved when
SO, diffuses in silica gel particles. Signifi-
cant surface transport frequently accom-
panies physical adsorption (/7).

The relative importance of pore-volume
and surface diffusion can be estimated if it
is assumed that adsorption and desorption
on a site are rapid with respect to surface
diffusion. Under these conditions the two
contributions to the effective diffusivity
may be written

- B9

e T +pp KA DS9

(13)

where 7 is the tortuosity factor, 3.35, for
pore-volume diffusion and D; is a surface
diffusivity. The latter is defined as the sur-
face transport rate per unit total area per-
pendicular to the direction of diffusion per
unit driving force, dC,/dr. Here the con-
centration C, is the moles adsorbed per
unit volume of particle, or p,n. The
Knudsen diffusivity 2y for SO, may be
evaluated at the average pore radius 11 A
(Table 1) since silica gel has a narrow

TABLE 4
INTRAPARTICLE DIFFUSION OF SO, IN SiLicA GEL PARTICLES

Apparent Surface
Temp 1/D,+ 5/kR StksR D, Dy Dso~He  tortuosity  diffusivity  p, K D,
°C) (sec/cm?) (sec/cm?) (cm?¥sec) (cm¥sec) (cm?¥sec) factor, 7, D (cm%sec) BD,/r
200 1100 2 to 9¢ 0.88 x 103 290 x 1073 1.12 1.6 4.0 X 103 .
235 1000 2 to 9@ 1.0 x 103 3.01 x 10°8 1.25 1.5 7.2 x 103 1.3
270 1000 2t097 091 x 10—  3.10 X 103 1.39 1.5 9.5 x 103 1.0

@ 5/tk;R) = 2.2 for R = 0.540 mm, 3.7 for R = 0.272 mm and 8.6 for R = 0.114 mm.
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pore-size distribution. Then all the quan-
tities in Eq. (13) are known except D,. The
results for D, and the ratio of surface to
pore-volume diffusion, p, K, D,/[ (B Zx) /7]
are given in the final two columns of
Table 4. The ratio indicates that surface
diffusion and pore-volume diffusion con-
tribute about equally to intraparticle mass
transfer. While the absolute values of D,
are subject to error, they are of the same
order of magnitude as surface diffusivities
of physically adsorbed systems. For ex-
ample, the summary of Schneider and
Smith (/7) reports D, values 107* to
107> c¢cm?/sec for propane and butanes on
silica gel.

SUMMARY

The adsorption rate constants and heat
of adsorption found for SO, on silica gel
are intermediate between similar results
published for physical and for chemisorp-
tion. However, the rate was rapid enough
that equilibrium was achieved in the time
period (10-100 sec) of the chromato-
graphic runs and the adsorption capacity
(equilibrium constants) was relatively high.
This information, plus the presence of
some surface diffusion, suggests that the
adsorbed molecules were not strongly
bound to the surface. On the other hand,
the activation energy for adsorption was
high (7.8 kcal/mole) and the extent of sur-
face diffusion was less than that reported
for systems exhibiting purely physical ad-
sorption, such as benzaldehyde on ac-
tivated carbon and on Amberlite (/2,/3).
For these reasons it is concluded that SO,
is held on the sites by bonds of moderate
strength, but that the adsorbed molecules
are not compietely immobile. The SO,-
silica gel system at 175-270°C might be
classified as intermediate between purely
physical and purely chemisorption. The
preliminary measurements at 30 to 150°C
where the adsorption was nearly irrevers-
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ible indicated that the adsorption bond was
not as weak as would be ascribed to physi-
cal adsorption.

The results obtained at 200 to 270°C
(Fig. 7) show that intraparticle diffusion is
more important than the intrinsic rate at a
site for adsorption (or desorption), except
for very small particles. The preliminary
experiments indicated that equipment for
SO, desorption from silica gel would have
to operate at temperatures in this same
range. Hence, accurate values of the effec-
tive diffusivity D, are needed for proper
design.
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