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Abstract

Surface diffusion of H,S and SO, 1n alumina membranes with an average pore diameter of ca 350 mm,
impregnated with y-Al,0;, 1s studied as a function of pressure at temperatures between 446 and 557 K
Daffusion through the gas phase 1n the pores of the membrane almost entirely takes place 1n the contin-
uum regime The pressure dependence of transport by diffusion through the gas phase and by surface
diffusion 1s different, a fact whach 1s used for the interpretation of the steady-state diffusion measure-
ments It 1s observed that the contribution of surface diffusion to the total diffusion through the mem-
brane can be as high as about 40% The surface diffusion data obtained are interpreted by a theoretical
surface diffusion model using two parameters to be fitted, the product of the effective surface diffusion
coefficient, the concentration of the adsorption sites and the adsorption parameter as well as the adsorp-
tion parameter 1tself The parameters fitted for SO, show a remarkable change between 498 and 525 K
This probably maybe attributed to a change i the adsorbed species also reported mn Iiterature The
parameters fitted for H,S at different temperatures show a maximum, however, the product of the effec-
tive surface diffusion coefficient and the concentration of the adsorption sites increases with temperature

Keywords surface diffusion, alumina membranes, continuum regime, membrane reactor

1. Introduction

A novel type of membrane reactor has been
developed 1n which the membrane 1s not used
to separate components but to keep reactants
separated from eachother [1] The reactants
are fed to opposite sides of a porous membrane
and diffuse 1nto the membrane from either side.
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Therefore 1n principle no pressure difference 1s
applied over the membrane contrary to the
usual application of membranes The mem-
brane contains a catalyst, or 1s catalytically ac-
tive by 1tself, for a heterogeneously catalyzed
chemical reaction between the reactants Pro-
vided that the rate of the reaction 1s fast com-
pared to the diffusion rates of the reactants the
process will be diffusion imited A reaction zone
which 1s small compared to the membrane
thickness will occur inside the membrane lead-
ing to a reaction plane in case of an instanta-
neous 1rreversible reaction. The location of the
reaction zone insitde the membrane will be such
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that the molar fluxes of the reactants are in
stoichiometric ratio. If the concentration of one
of the reactants for some reason changes this
will automatically result in a shift of the loca-
tion of the reaction zone until the molar fluxes
of both reactants are 1n stoichiometric ratio
again. Finally the products will diffuse out of
the membrane to both sides.

As a model reaction the Claus reaction [2] 1s
used to study this membrane reactor

2 H,S+850,53Ss +2 H,0 (1)

The membrane used is made of a-Al,O; with a
mean pore diameter of ca. 350 nm impregnated
with y-Al,O,, a well known catalyst for the Claus
reaction

The molar fluxes of the reactants into the
membrane can be calculated assuming an in-
stantaneous irreversible reaction inside the
membrane and neglecting mass-transfer resis-
tances in the gas phase outside the membrane.
The transport 1s based on the combination of
Knudsen and continuum diffusion through the
gas phase 1n the pores of the membrane The
calculation of the molar fluxes requires knowl-
edge of the mean pore diameter and the poros-
1ty-tortuosity factor of the membrane. As a re-
sult of the assumptions the molar fluxes
calculated are the highest possible provided that
diffusion through the gas phase 1n the pores of
the membrane 1s the only transport mecha-
msm. Conversion measurements at a temper-
ature of 549 K 1n the absence of a pressure dif-
ference over the membrane, however, resulted
1n effective diffusion coefficients of H,S and
SO, that seemed to be high compared to the
continuum diffusion coefficients calculated
from gas kinetic theory [1]. Possibly an addi-
tional transport mechanism takes place prob-
ably being surface diffusion. In order to verify
the occurrence of surface diffusion of H,S and
SO, in the membrane, steady-state diffusion
measurements, in the absence of a pressure dif-
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ference over the membrane, were carried out
that are discussed 1n the present study

2. Theory

Transport owing to the combination of dif-
fusion through the gas phase 1n the pores of the
membrane and surface diffusion 1s studied in
the steady state using ceramic membranes with
a flat sheet geometry. The total transport in the
absence of a pressure difference over the mem-
brane of component 1 owing to the combination
of diffusion through the gas phase in the pores
of the membrane and surface diffusion 1s de-
scribed by eqn (2):

4

JL, tot =, gas + d—Jl, surf (2 )

P

In the present study 1t was assumed that the
pores could be regarded as 1deally cylindrically
shaped although this assumption 1s questiona-
ble for alumina membranes Another compli-
cating factor 1s the homogeneity of the distr-
bution of the y-alumina over the «-alumina
surface 1inside the membrane. As the main ob-
jective of the present study was to demonstrate
the occurrence of surface diffusion effects 1n
ceramic membrane reactors no special atten-
tion has been paid to the actual pore configu-
ration Moreover, another pore shape only af-
fects the value of the constants of the nominator
of the term for oJ, .. 1n eqn. (2), e g rectan-
gular pores have also a value of 4

The geometric factor 4/d, 1n eqn (2) arises
from the fact that transport owing to diffusion
through the gas phase in the pores is propor-
tional to the cross-sectional area of the pores,
therefore proportional to dZ, whereas trans-
port owing to surface diffusion 1s proportional
to the circumference of the pores, therefore
proportional to d, The molar flux of compo-
nent : through the gas phase in the pores of the
membrane 1s described by Fick’s law (eqn 3)
using the Bosanquet formula for the combina-
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tion of Knudsen and continuum diffusion by
the principle of resistances in series.

P dx
— __Qeff i
Jz,gas“ Dt,gasRT dZ (3)
with
1 1 1
DI, e, e

€ 0 )]

TD L, K TD i, 1nert

The Knudsen and continuum diffusion coeffi-

cients D? ¢ and D? ..., are calculated from the

gas kinetic theory {3] The porosity—tortuosity

factor ¢/1 of the membrane 1s determined by

permeation measurements with a pure gas
Surface diffusion 1s also described by Fick’s

law as presented by eqn (4)

Jt, surf = — D ?,fgurf Cs % (4 )

In eqn. (4) cg is the total concentration of ad-
sorption sites on the surface (mole/m?) and 6,
the fraction of the adsorption sites occupied by
component . Assuming that the adsorption and
desorption kinetics are fast compared to the
transport rates of component : through the pore
and assuming a Langmuir adsorption iso-
therm, 6, can be calculated by eqn. (5) in which
b, 1s the adsorption parameter.

b,Px,

6 ~1+b,Px,

(5)
Substitution of eqn. (5) 1n eqn. (4) yields the
expression for the molar flux owing to surface
diffusion as a function of the driving force in
the gas phase in the pores presented ineqn (6)

bP  dx,
wrfCS (1 1 b, Px,)? dz

From literature [4,5] it is known that the ad-
sorption parameter b, as well as the surface dif-
fusion coefficient D, ,..r depends on the frac-
tion of the adsorption sites occupied by

ff
Jt, surf — _Df, 81

(6)
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component i, 6, owing to the fact that there
usually 1s a distribution function of the heat of
adsorption instead of a single value As the ad-
sorption sites with a high heat of adsorption are
occupied preferentially, an increase of 6, results
1n a decrease of the average heat of adsorption
of the remaining not-occupied adsorption sites
This results in a decrease of the adsorption pa-
rameter b, for these sites but at the same time
In an increase of the mobility represented by
D, ot for these sites. Therefore the product of
b.D, .18 expected to be relatively independent
of the fraction of the adsorption sites occupred
by component i, 6,

Substitution of eqns. (3) and (6) 1n eqn. (2)
results 1n the final expression for combined
diffusion.

P
Jl,tot = (D iféas—
RT (7)
i eff P _).qx._t
tag Diebes iy ey e

Integration of eqn. (7) results in eqn. (8) which
can be used for the interpretation of experi-
mental data.

__M_=Deff P
Xt 0 — X, mnt L ’ gasRT
4 P
_Deff b
+dp 3, surf LCS(1+blPxL,mt0)(1+b,sz,th)

(8)

Ineqn (8) x, ,ut0and x, ., 1 represent the mo-
lar fractions of component : at the membrane
interface at z=0 and z=L respectively. Mass
transfer resistances in the gas phase outside the
membrane, coupling the molar fractions at the
membrane interfaces to the molar fractions 1n
the bulk of the gas, are taken into account by
eqns (9)

P
Jl, tot = kg—é"q_—‘(xt, bulk 0 = ¥, 1nt 0) (ga)
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P
Jz, wt=kgﬁ1(xl, mt L — Xy, bulk L) (9b)

If the pore diameter of the membrane 1s suffi-
ciently large and the pressure 1s sufficiently
high, diffusion through the gas phase 1s taking
place 1n the continuum regime The effective
diffusion coefficient D™, 1s therefore equal to
the effective continuum diffusion coefficient
which 1s inversely proportional to the pressure
and so the first term in the right hand side of
eqn (8) 1s independent of pressure. The sec-
ond term 1n the right hand side of eqn. (8), rep-
resenting transport owing to surface diffusion,
however, 1s linearly dependent on the pressure,
provided that the fraction of the adsorption
sites covered by component : 1s relatively low.
This difference 1n pressure dependence can be
used to discriminate between both transport
mechanisms

Rearrangement of eqn (8) results 1n eqn
(10).

Jz, totL _Deff i =
xl, mtQ — xz, it L " gasRT
4
'd—D ?,f gurf bch
= P (10)

(1+bLle, mtO) (1+blle, th)

The left hand side of eqn (10) 1s plotted as a
function of pressure This should result 1n a
straight line through the origin, the slope being
equal to (4/d,)D, cubcs provided that the
fraction of the adsorption sites covered by com-
ponent 1 1s relatively low If the product in the
denominator of eqn (10), (1+b,Px, ;o) X
(14+b,Px, nc1), 18 not close to umity this will
result in a downward deviation of the straight
surface-diffusion line at higher pressures

In porous media usually a distribution func-
tion of the pore diameter of the membrane 1s
present It has to be determined whether this
distribution has an influence on the overall mo-
lar fluxes that will be determined by exper:-
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ments According to literature [6] the standard
Johnson and Steward effective diffusion coef-
ficient from steady-state diffusion measure-
ments must be calculated from eqn. (11).

dp =0
Dt = j D (d, )df(d) d, (11)

p

dp =0

In eqn (11) f(d,) represents the volume frac-
tion of pores with a diameter equal to d, In the
derivation of eqn (11), using the parallel pore
model, 1t 1s assumed that the tortuosity of the
pores 1s independent of the pore diameter Us-
ing the parallel pore model results 1n the max-
1mal possible influence of the pore size distri-
bution on the molar fluxes and this therefore
can be regarded as a conservative
approximation

The distribution function of the pore diam-
eter of the impregnated membrane was mea-
sured using mercury porosimetry and 1s pre-
sented 1n Fig. 1.

As the determination of the distribution
function of the pore diameter takes place with
only a small part of the membrane as a sample,
1t was checked whether this distribution func-
tion 18 constant over the entire membrane.
Therefore this measurement was also carred
out with another sample of the same mem-
brane The agreement of the average pore di-
ameters calculated from both distribution
functions was within 3% The average pore di-
ameter of the membrane based on the pore area
1s 309 nm and based on the pore volume 1t 1s
322 nm, calculated by eqns. (12)

volume averaged

dp=OO
7 df(d, )
@r= | a9 - (12a)
area averaged
dp=co
- df(d, )
dp=d[0 »~ad, (12b)
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Fig 1 Distribution function of the pore diameter of the impregnated membrane

In the continuum regime 1n the presence of sur-
face diffusion the overall effective diffusion
coefficient as a function of the pore diameter
can, according toeqn (7), be presented by eqn
(13)

fof(dp)=C1+% (13)

dp

Substitution of eqn (13) into eqn. (11) results
1n the expression that must be used to calculate
the average pore diameter for the combination
of continuum diffusion and surface diffusion

1771 dfdy)
= ) & aa, 9%

dp =0

(14)

Fromeqn (14) an average pore diameter of 256
nm 15 calculated This average pore diameter
has to be used 1n the factor 4/d,, 1n eqn. (10).

3. Experimental setup

The experimental setup used to measure mo-
lar fluxes through the membrane 1s presented
schematically in Fig. 2.

Hydrogen sulfide in nitrogen or sulfur diox-
1de 1n nitrogen 1s fed by a mass flow controller
to the membrane reactor to one side of the
membrane and nitrogen 1s fed by a mass flow

H,S, N, ?

‘ F—g.Db_’Hzg 7 N2 purge

@ ===

f@ T 99

Fig 2 Experimental setup

0

0

- analyzer

controller to the other side of the membrane
The reactor 1s made of stainless steel and con-
sists of three parts, the upper chamber, a mem-
brane holder and the lower chamber kept to-
gether by bolts. Both reactor chambers are well
stirred and considered to be 1deally mixed to
simplify the interpretation The reactor 1s
heated by an electric oven and the temperature
n the reactor is controlled. The exit stream of
the reactor at the nitrogen side of the mem-
brane contains a mass flow controller This
mass flow controller 1s used to keep the flow at
the nitrogen side of the membrane constant
which results 1n a pressure difference over the
membrane of zero In order to check the pres-
sure difference over the membrane a U-tube
containing coloured water connects the two 1n-
let streams just before the reactor The pres-
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sure 1n the reactor 1s controlled by a flow reg-
ulator 1n the exit stream at the hydrogen sulfide
m nitrogen side of the membrane The exit
stream at the nitrogen side of the membrane
containing hydrogen sulfide 1s analyzed by gas
chromatography using a flame photometric de-
tector The column used 1s a Chromosil column
operated at a temperature of 323 K
In Fig 3 the sealing of the membrane in the
eel holder is presented schemati-
cally The membrane holder contains succes-
a sealing ring made of Fluorescent®, a
mica remnforced teflon, the membrane, a second
sealing ring, a pressure ring and a ring contain-
ing three bayonet catches by which 1t 1s con-
nected to the stainless steel holder. This ring
contains s1x 2 mm screws that, after tightening,
are pressing on the pressure ring which 1s used
to distribute the pressure exercised over the
sealing ring The membrane holder 1s con-
nected to the H,S and SO, chambers by bolts
on the outside For sealing between these com-
partments Fluorescent® rings are used again.
The membranes used were obtained from ECN,
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sheet geometry with a diameter of 55 mm and
a thickness of about 5 mm These membranes

th a saturated solution of
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Fig 3 Sealing of the membrane 1n the holder

aluminum nitrate with ureum 1n water. After
drying and calcining at 700 K for 2 hr y-Al,O4
was obtained, the amount impregnated was of
the order of 4 5 wt.%

Measurements were carried out 1n the steady
state and the time required to obtain the steady
state was of the order of 1 to 1.5 hr, the first
measurement of each day requiring 3 to 4 hr to
stabilize the system

T +L +L =1
rrom bllC aucuy SIS UL Ulh
e

i€ O o1l
hydrogen sulfide at the nitrogen side, which has
diffuced thronch the mnmb‘ane’ 1S

T.-11,

concen

LRI USTE Vadi VU is vaiT 2230882

and with the flow of nitrogen the molar ﬂux of
hydrogen sulfide times the membrane area 1s
calculated The bulk concentration of hydro-
gen sulfide at the high concentration side of the
membrane 1s calculated from an overall mass
balance This balance was checked by analys-
ing both exit streams together and the agree-
ment was always within 0 5% As the molar flux
of hydrogen sulfide times the membrane area
was at least 20% of the flow of hydrogen sulfide
into the reactor the accuracy of the molar flux
of hydrogen sulfide or sulfur dioxide measured,

based on the agreement of the overall mass bal-
0ascl 011 N agreeinent 01 vle overail IMass oail

ance, was always within 2 5%. The eproduc1-
bility of the ments was always within

4. Determination of the porosity—
fommadeenctder Lrndbnue o fam AL AL e neea b e
LUILUUdILY 1Lallul, €/, UL LU L1IClUL allc

In order to be able to subtract the molar flux
through the gas phase 1n the pores of the mem-
brane from the experimentaiiy determined mo-
lar fluxes the poros1ty—tortu081ty factor, €/1, of

Eﬂe Inemurane Ildb LU Ue UULUI'IIIUIUU lllc pU'
rosity-tortuosity factor of the membrane 1s

masciirad hy narmaastinn meaciiramante with a
LULICASUICVU VY PULLLCAULIVLIL LUCAOULTILITIIUS VWil a

pure, non-adsorbing gas These permeation
measurements consisted of forcing a pure gas

through the membrane and measuring the
pressure drop over the membrane as a function
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of the flow through the membrane and the av-
erage pressure.

The transport through the membrane 1s 1n
this case caused by the combination of Knud-
sen diffusion and viscous flow and is presented
by eqn (15) (seee g., Ref [7]).

1 B,P\dP
Jl=—ﬁ<Di§§+ ;’1 )E (15)
with

€d:

BO..‘L_32 and

€ ed 8RT
Deff =_DO =__p

PET RT3 1M,

Integration of eqn (15) results 1n eqn. (16)

J, 1 e, B, -
AP~ RTLZ ™ +RT;7LP (16)

The average pressure 1n eqn. (16) follows di-
rectly from the integration and therefore it 1s
not necessary to have a pressure drop over the
membrane that 1s small compared to the pres-
sure 1tself Plotting J,/AP as a function of the
average pressure should result in a straight line
Both from the intercept and from the slope of
this line the porosity-tortuosity factor of the
membrane can be calculated. In order to check
this experimental technique permeation mea-
surements were performed both with nitrogen
and with helium at a temperature of 533 K and
using the impregnated membrane. In Fig 4 the
results of nitrogen and helium are plotted ac-
cording to eqn (16)

From the intercept and the slope of the lines
1n Fig 4 the effective Knudsen diffusion coef-
ficient D% and the membrane parameter B,
are calculated respectively, both for helium and
for mtrogen. Viscosity data required 1n the cal-
culation were obtained from literature [8] In
Table 1 the results for the parameters are given
for helium and for nitrogen.

Before calculating the porosity tortuosity

269
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Fig 4 Permeation measurements with N, and He at a tem-
perature of 533 K

TABLE 1

Parameters determined from the permeation measure-
ments at 533 K

He N,
D% (m?/sec) 1734%X10°° 7011x10-¢
B, (m?) 287x10"16 279x10-1

factors from the data in Table 1 the results ob-
tained for He are compared with those ob-
tained for N, The values of B, being a mem-
brane specific parameter, see eqn (15),
determined with helium and nitrogen should be
identical From Table 1 1t can be concluded that
the values agree within 3% The ratio of the ef-
fective Knudsen diffusion coefficients deter-
mined for helium and nitrogen should be equal
to the inverse of the square root of the ratio of
the molar masses of helium and nitrogen as can
be seen from eqn (15) Comparing the exper-
imentally determined ratio of the effective
Knudsen diffusion coefficients of 2.473 with the
theoretical ratio of 2 645 the agreement ap-
pears to be good as the deviation 1s about 6 5%

Therefore from the results of the measure-
ments with helium and nitrogen 1t can be con-
cluded that this technique can be used to deter-
mine the characteristic membrane parameters.
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From the effective Knudsen diffusion coef-
ficient and from the value of B, the porosity-
tortuosity factor of the membrane €/7 can be
calculated, see egn. (15). As viscous flow 1s pro-
portional to d2 the average pore diameter to be
used 1n the calculation of €/7 from B 1s the vol-
ume averaged pore diameter, 322 nm. However
in the calculation of ¢/7 from the effective
Knudsen diffusion coefficient the area aver-
aged pore diameter, 309 nm, must be used as
Knudsen flow 1s proportional to d,. The values
of the porosity—tortuosity factor €/t calculated
are given 1n Table 2.

From Table 2 1t can be concluded that the
porosity-tortuosity factor, ¢/7, of the mem-
brane determined from the viscous flow param-
eter B, 1s about 24% lower compared to the
value determined from the effective Knudsen
diffusion coefficient A possible explanation 1s
the use of the parallel pore model whereas in
practice the distribution of the pore diameter
can very well be located in the individual pores
As the membrane parameter By 1s proportional
to d2 whereas the effective Knudsen diffusion
coefficient is proportional to d,, an obstruction
nside the pore having a smaller pore diameter
reduces viscous flow more effectively than
Knudsen diffusion So the porosity-tortuosity
factor, ¢/, of the membrane calculated from B,
18 reduced more by the occurrence of an ob-
struction inside the pore compared to the po-
rosity-tortuosity factor calculated from the ef-
fective Knudsen diffusion coefficient.

Because in the diffusion measurements

TABLE 2

Porosity-tortuosity factor €¢/7 of the membrane

He N, average

€ (from D% ) 0 092 0099 0096
T L3

0074 0072 0073
% (from B,) 0
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transport 1s caused by diffusion processes and
not by viscous flow, as there 1s no pressure dif-
ference over the membrane, the porosity—tor-
tuosity factor ¢/1 determined from the effective
Knudsen diffusion coefficient will be used 1n
the interpretation of the diffusion
measurements

5. Determination of the mass transfer
parameter in the gas phase, k,

For the interpretation of diffusion data, the
difference 1n the pressure dependence of diffu-
sion through the gas phase 1n the pores of the
membrane and surface diffusion is used.
Therefore 1t 1s important to interpret the mea-
sured data using the correct pressure depen-
dence of the mass transfer parameter in the gas
phase, k,, outside the membrane The mass
transfer parameter, k,, as a function of pressure
and temperature can usually be described by a
Sherwood (Re,Sc) relation as presented in eqn
(17):

Sh=C, +C,Re™Sc" (17)
with

k,d pNd? n
Sh:——g———, Re= and Sc=

?,mert ’1 pD?,Lnert

Values of m and n 1n eqn (17) as reported 1n
Iiterature, determined in gas-liqmd systems in
stirred cells with a smooth interface, are m=
2/3 and n=1/2 [9]. For these gas-liquid sys-
tems 1t appeared that constant C, is negligible
Fromeqn (17) and these values of m and n the
dependency given 1n eqn (18) 1s calculated

kg~ (P)~23(T) (D nere)V? (18)

with D?,,.... the diffusion coefficient at a pres-
sure of 10° Pa

Since the difference between the continuum
diffusion coefficients at atmosferic pressure of
H,S and SO, 1in N, is about 30%, the k, values
for H,S and SO, will differ only about 15%. The
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Fig 5 Mass transfer in the gas phase outside the membrane as a function of pressure

influence of the temperature on %, 1n the range
of 450 K to 550 K where diffusion measure-
ments were performed, 1s limited to about 5%,
according to eqn. (18). The difference of the k&,
value between a pressure of 10° and 6 X 10° Pa,
however, 1s about 50% according to eqn (18)
Therefore, and to determine the value of the
constant C; ineqn (17), k, measurements were
performed as a function of pressure in the ex-
perimental setup used for diffusion
measurements

The mass transfer parameter in the gas phase
outside the membrane, k,, was measured by
performing conversion measurements with H,S
and SO, at a temperature of 534 K. H,S in N,,
with a H,S molar fraction of 0 03, and SO, 1n
N,, with a molar fraction of SO, of 1500 ppm,
are fed to opposite sides of the porous mem-
brane Both reactants diffuse through the stag-
nant gas film outside the membrane into the
membrane and react very fast resulting 1n a very
small reaction zone as was pointed out 1n the
introduction Owing to the high molar fraction
of H,S the location of this reaction zone 1s en-
tirely shifted towards the membrane interface
at the SO, side and mass-transfer limitation of
S0, 1n the gas phase outside the membrane oc-
curs In this situation shp of H,S to the oppo-
site side of the membrane occurs From the de-
termination of the conversion of SO, the mass-
transfer parameter k, 1s calculated as a func-
tion of pressure To check whether the &, values

obtained are independent of the flow rate of the
mixture of SO, and N, this flow rate was var-
1ed Noinfluence on the k, values calculated was
observed In Fig 5 the mass transfer parameter
k. 1s given as a function of pressure. During
these experiments the stirrer speed was kept
constant at the same value as used 1n the dif-
fusion measurements.

The mass transfer parameter k, as a function
of the pressure P can be described by eqn (19).

k,=7.53X10-3x P01 (19)

with P1n 10° Pa

Except for two data all experimentally deter-
mined k, values can be described according to
eqn. (19) within 15% Although in the present
study k, has been determined 1n a completely
different experimental setup and conditions
compared to those in Ref [9], the agreement
between the pressure dependence of k, deter-
mined, —0.16, and literature data [9], —1/3,
can be regarded as remarkably. Especially if 1s
taken 1nto account that the interface of Ver-
steeg et al. [9] was a freely moving gas-liquid
interface and 1n the present study a fixed ce-
ramic interface was used The %, data given by
eqn (19) are used 1n the interpretation of the
diffusion measurements.

6. Results from diffusion measurements

Diffusion measurements as a function of
pressure were performed both with H,S and
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Fig 6 Diffusion data of SO, as a function of pressure at a temperature of 548 K

with SO, at temperatures between 450 K and
550 K. The interpretation of the diffusion data
was performed according to eqn. (10). An ex-
ample of the figures obtained 1s given 1n Fig 6
for SO, at a temperature of 548 K.

From Fig. 6 1t can be seen that there 1s a sub-
stantial difference between the transport ex-

nontad an tha haaia af anlv Aiffiicinn thranoh
MYLLtu Vil LIV JADLD UL Vllly uUllluoivil Ullluusll

the gas phase 1n the pores of the membrane and
the experimentally observed transport; the dif-
ference amounts to 60 to 80% based on gas
phase diffusion. From the fact that the line rep-
resenting gas phase diffusion 1s not entirely 1n-
dependent of the pressure 1t can be concluded
that the experiments performed at these lower
pressures are not yet completely 1n the contin-
uum regime Subtraction of the transport
through the gas phase in the membrane from
the experimentally determined transport gives
the contribution of surface diffusion (see eqn.
16) The line representing surface diffusion,
which according to eqn. (10) should pass

thraonch tha arein 16 not atraicht hut cnirvad
tarougan uae origin, 1s nov straignv out curvea

Apparently the denominator 1n the surface dif-
fusion term 1n eqn (10) plays a role, meaning
that at the highest pressures the fraction of the
adsorption sites covered by SO, 1s not negligi-

bly small. As the curvature is caused by the ad-
sorption parameter b, the data can be used to
determine both the product D, gb,cg and b, by a
two-parameter fit of the experimental data
Chosing values for the product D, gb,cs and b,
theoretical values of the surface diffusion con-
tribution term of eqn (10), SDC,,..., can be

caloulated ga a fiimetion of nreaauirae from aan
Qal AALCU A5 A LUlivuiVil VUl PJITDHOULT 1L1viil oyl

( 0) and compared with the experimental val-
s, SDC,..,, presented by eqn (21)

L 'exp) '''''''' Dty Snd
SDCtheor
P
___Deff
dD bcs(1+bthl.mt0)(1+bLle.th) (20)
SDCeXD =—£1E£_-_Df.fgas£n (21)
: xl,mtO_xl,th oarn

The parameters D, sb,cs and b, are fitted min1-
mizing the cumulative relative deviation func-
tion, CD, between the surface diffusion model
and the experimental data by the expression
given tn eqn (22)

SDCtheor 7 SDCexp,J )2
QN /

UUUBV,]

=3 ( (22)

J=1\

with N the number of experimental data and
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SDCtheor,J + SDCGXD,J
2

SDC,,,, =

Successively now the data obtained for SO, and
H,S are discussed.

6 1 Surface diffusion data of SO, on y-Al,0;4

In Table 3 the fitted parameters for SO, are
presented at different temperatures, also the
calculated value of the product D, sc5 and the
average relative deviation between the theoret-
rcal surface diffusion model and the exper-
mental data are given. A graphical comparison
of the experimental surface diffusion data and
the theoretically fitted data as a function of
pressure at different temperatures 1s given 1n
Fig 7

From Table 3 it can be seen that the param-
eters D, gb,cs and b, fitted can be divided into
two groups, the data at temperatures of 447, 473
and 498 K and the data at 525 and 548 K The
surface diffusion data within these two groups
of temperatures are reasonably constant but
there 1s a remarkable difference between the two
groups of data From a change of the tempera-
ture of 498 to 525 K the fitted adsorption pa-
rameter, b,, increases suddenly by about a fac-
tor of 10 whereas the value of the product
D, gb,cg increases by about a factor of 2. The
values of the product D, scg are only presented

TABLE 3

Surface diffusion parameters of SO, at different temperatures
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at the two highest temperatures as only 1n that
situation an acceptable accuracy of the adsorp-
tion parameter b, 1s present

Studies 1n literature concerning the adsorp-
tion of SO, on y-Al,O; reveal that there are dif-
ferent adsorbed species, physically adsorbed
SO, and a weakly chemisorbed SOz anion [10-
13] Ono et al [11] studied the formation of
SO; anions on y-Al,O; as a function of tem-
perature using electrospin resonance and found
a maximum 1n the amount of SO anions at a
temperature of 513 K of approximately 10 per-
cent of the SO, adsorbed. Karge et al. [12] re-
ported also a sudden decrease of the relative
amount of SO; anions, however, at a higher
temperature between 550 and 650 K Chang
[13] measured adsorption 1sotherms of SO, on
y-Al,O; and found a gradual decrease 1n the
amount of SO, adsorbed 1n a temperature re-
gion of 298 to 773 K which is 1in contradiction
with the increase of the adsorption parameter
b, between 498 and 525 K as presented in Table
3 Deo and Dalla Lana [10] studied the adsorp-
tion of SO, on y-Al,O; using infrared spectros-
copy and reported a remarkable change in the
infrared absorption spectra between 473 and
573 K The absorption band at 1685 cm™~?, ob-
served at temperatures up to 473 K, has disap-
peared at 573 K and absorption bands at 1440
and 1570 cm ™!, that hardly occur up to 473 K,
are much stronger at 573 K This indicates that

T D*Eb,cgx 10V b,x10° Degx 10t Average relative
(K) ( mole ) (Pa~1) (mole) C
deviation [—
Pa-sec sec N
447 058 —-001 - 0033
473 065 —-001 - 0088
498 074 011 - 0022
525 150 136 110 00862
548 131 090 146 0058
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Fig 7 Surface diffusion data of SO, as a function of pressure at different temperatures

at 573 K a species 18 present which was not connected to the change in the relative amount
present at lower temperatures of some chemisorbed species.

Although the change 1n surface diffusion be- From the adsorption 1sotherms measured by
haviour of SO, reported in Table 3 cannot be Chang [13] the adsorption parameter can be
explained with the results from hiterature con- calculated Chang distingmishes two types of

cerning the nature of adsorbed SO, 1t 1s likely adsorbed SO,, a chemisorbed species and a



SpC + l()i {mole/m %)

b |

'z-:/”‘

T T
(l 2 -1 6
—
P (10" Pa)
b
SDC * 105 (mole /m s)
T 6] 5211(
0 2 4 6
—_—
P (10° Pa)

5
SDC + i) (mole/ms)

T N s
.
|

P (10 Pa)

SDC * 10° (mole / m s)

] |T = 557K|
T 6-‘
4 o
4
T n
]
0 ; .
0 2 4 6
—_—
P (10 Pa)

SDC

expenimental data
predicted by theory with fitted parameters
surface diffusion contribution

AN TN

defined by equations (20-21)

Fig 8 Surface diffusion data of H,S as a function of pressure at different temperatures

physically adsorbed species. From the total
amount of SO, adsorbed, consisting of both
physically adsorbed and chemisorbed SO,, an
adsorption parameter b, 0f 1 1 X1073 Pa~" can
be calculated from his data at 473 K for a par-
tial pressure of SO, of 133 Pa whereas from the
amount of phys1cally adsorbed SO, only a value
of 8%X107° Pa~"' can be calculated These val-
ues are in reasonable agreement with the data

t+ad Mall Q
presented in Table 3 and indicate that the

chemisorbed species 1n the present situation 1s
only present at higher temperatures. Gilliland
etal [5] reported surface diffusion coefficients
of SO, 1n porous glass and porous carbon At a

temperature of 288 K they reported values of
the surface diffusion coefficient of SO, between
5% 1079 and 2X 1078 m~2-sec™! depending on
the heat of adsorption The activation energy
of surface diffusion they found was 27 kJ /mole.
To caiculate the surface diffusion coefficient of
SO2 from the data presented in Table 3, the to-

bal LUIILBIlLdelUIl Ul dua(upuuu blbeb, LS, lb es-
timated by eqn (23) which 1s based on mono-

area/molecule=1 09 (m/p)?/3 (23)

In eqn (23) m 1s the molar mass and p the
density of the adsorbate as a saturated liquid
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TABLE 4

Surface diffusion parameters of H,S at different temperatures

HJ Sloot et al /J Membrane Sct 74 (1992) 263-278

T DEb,cgx 10" b,x10? Defegx 10 Average relative

(K) ( mole ) (Pa~1) mole) C
Pa-sec < sec deviation N

446 093 075 124 0074

484 128 125 102 0058

521 160 100 160 0123

557 094 051 184 0081

From eqn. (23) a value of cg of 9 5X10~¢ mole-
m~2 1s calculated From Table 3 an effective
surface diffusion coefficient of SO, of about
1%10~% m~2-sec™! results. Using the poros-
1ity—tortuosity factor of the membrane of 0 096
a surface diffusion coefficient of SO, of 1 X102
m~2-sec ™! results which 1s of the same order of
magmtude compared to the values reported 1n
literature by Gilliland et al. [5].

To determine the influence of the mass-
transfer parameter 1n the gas phase outside the
membrane, k,, on the interpretation of the dif-
fusion measurements, eqn. (18), two addi-
tional fits were performed One fit uses values
for k, that are increased by 50% and the other
fit uses a dependence of k, of the pressure P of
the power —1/3 as found 1n literature [9]. In
the last case the constant was adjusted to give
the same k, values at an average pressure of 0.5
MPa. In the first situation, using a 50% higher
k,, the parameters D, gb,cs and b, fitted were only
4 to 8% lower. Lower values are expected as the
decrease of the mass-transfer resistance in the
gas phase outside the membrane results in an
increase of the driving force over the mem-
brane 1tself and as a result a larger part of the
experimentally observed molar flux is ascribed
to diffusion through the gas phase in the pores
of the membrane In the second situation, a dif-
ferent pressure dependence of k,, the surface
diffusion parameters fitted deviated less than
1% compared to those presented in Table 3

Therefore the exact relationship giving £, as a
function of pressure 1s not very important for
the interpretation of surface diffusion data in
the system used

6 2 Surface diffusion data of H,S on y-Al;0;

Diffusion measurements of H,S through the
membrane as a function of pressure were car-
ried out at temperatures between 446 and 557
K. The contribution of surface diffusion was
calculated 1n the same way as described before.
The surface diffusion parameters D, scgb, and
b, were fitted from the data and the results are
presented 1n Table 4 From Table 4 1t seems
that both the product D, scsb, and the adsorp-
tion constant b, show a maximum as a function
of temperature whereas the product D, gcg 1n-
creases with temperature A graphical compar-
1son of the experimental data and the theoret-
1cal data predicted using the fitted parameters
1s given 1n Fig 8

7. Conclusions

It 1s demonstrated experimentally that sur-
face diffusion of H,S and SO, in an alumina
membrane with an average pore diameter of 322
nm, impregnated with y-Al,O;, can contribute
substantially to the transport rate Moreover,
for this system 1t 1s of almost the same order of
magnitude as the transport caused by ordinary
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diffusion through the gas phase in the pores

Owing to the large pore diameter diffusion
through the gas phase 1n the pores of the mem-
brane 1s determined almost completely by con-
tinuum diffusion and the molar flux 1s there-
fore independent of pressure. Surface diffusion
however 1s linearly proportional to the pressure
provided the fraction of the adsorption sites
covered 1s very low It 1s demonstrated that the
resulting difference 1n pressure dependence of
both transport mechanisms can be used to dis-
tingmish between diffusion through the gas
phase 1n the pores and surface diffusion.

As the fraction of the adsorption sites cov-
ered with H,S or SO, appears to be considera-
ble, 1t was necessary to use a two parameter fit,
the product D, scgb, and the adsorption param-
eter b, itself, to interpret the surface diffusion
data For SO, the fitted surface diffusion pa-
rameters show a remarkable change between
498 and 525 K which probably can be attrib-
uted to the change of some chemisorbed species
as has been reported in literature. The order of
magnitude of the data found are 1n reasonable
agreement with literature data. For H,S the pa-
rameters fitted show a maximum with temper-
ature, but the product of the effective surface
diffusion coefficient and the concentration of
adsorption sites increases with temperature,
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List of symbols
b, adsorption constant (Pa—1!)
B, membrane specific parameter

defined n eqn (15) (m?)

V]
Dz, mert
0
Dz,K
DL, gas

D 1, surf

f(dy)
k

g

JL, tot

Jl, surf

w pEvII gC

7]
>

T
SDC.,,

S D Ctheor
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concentration of adsorption sites
(mole-m~—2)

cumulative relative deviation
function between SDC,,, and
SDC\peor (see eqn. 20-22) (-)
average pore diameter (m)
continuum diffusion coefficient
(m~2%-sec™?)

Knudsen diffusion coefficient (m—2-
sec™!)

diffusion coefficient in the gas phase
in the pores (m—2-sec™')

surface diffusion coefficient (m—2-
sec™!)

volume fraction of the pores with
diameter d, (-)

mass transfer parameter 1n the gas
phase outside the membrane (m-
sec™ ')

total molar flux owing to both
transport mechanisms (mole-m~2-
sec™!)

molar flux owing to surface diffusion
(mole-m—2-sec™ 1)

membrane thickness (m)

molar mass of component : (kg-
mole~1)

exponentm eqn (17) (-)

exponent mneqn (17) (-)

pressure (Pa)

gas constant (J-mole '-K~1)
Reynolds number defined 1n eqn

a7 (=)

Schmidt number defined in eqn (17)
(-)

Sherwood number defined 1n eqn.
(17) (-)

temperature (K)

experimental surface diffusion
contribution (see eqn. 20) (mole-
m~l-sec™?!)

theoretical surface diffusion
contribution (see eqn 21) (mole-
m~!-sec™!)
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X, molar fraction of component : (-)

z location 1nside the membrane (m)

Greek

€ porosity of the membrane (-)

n viscosity of the gas (Pa-sec)

P density of the gas (kg-m~—%)

T tortuosity of the membrane (-)

0, fraction of the adsorption sites
covered by component ¢ (-)

Subscripts

bulk 0 1n the well stirred bulk of the gas at
the side of 2=0

bulk L 1n the well stirred bulk of the gas at
the side of z=L

eff effective, corrected for the porosity—
tortuosity of the membrane

int 0 at the membrane interface at z=0

int L. at the membrane interface at z=L
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