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Influence of fractal pore structure in Claus catalyst performance
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Abstract

The Claus process is an efficient way of removingHrom acid gas streams and it has been widely practised in industries such as natural
gas processing, oil refining and metal smelting. Catalytic stage plays a paramount role in Claus units performance. Different samples of
Claus reaction alumina catalyst were characterised by the fractal dimension parameter employing nitrogen adsorption porosimetry. The
influence of such a dimension over Claus reactor performance was studied employing a reactor model. Significant differences between
fractal and smooth catalysts performance were found as well as implications in reactor design. Deactivated catalyst samples were also
characterised and its behaviour as Claus catalyst shows influence of the fractal dimension value. Fractal dimension appears as a usefu
parameter to the Claus catalyst selection procedure. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction stable COS and GSpresent in low concentration with high
efficiency.

The Claus process is an efficient way of removingSH
from acid gas streams and it has been widely practised in
industries such as natural gas processing, oil refining andCs, + 2H,0 — 2H,S+ CO,
metal smelting. Increasingly strict pollution control regu- ] ] - ]
lations require maximum sulphur recovery from the Claus Usually the hydrolysis reactions are verified at the first re-
unit in order to minimise sulphur-containing effluent. Claus actor and an outlet temperature in excess of ¥b@ssures

reaction consists of hydrogen sulphide and sulphur dioxide IS completion.

COS+ H0 — HaS+ COp

reaction in vapour phase to produce sulphur and water. Alumina catalyst has a key role in optimum sulphur
recovery so a deep understanding of its properties is needed.

3H,S + 1.50; = 2HS+ SO, + Ho0 In the present paper alumina catalyst behaviour is studied
by means of a Claus reactor model and taking account of

2H,S+ SOy < (3/x)S, + 2H0 alumina fractal properties. Relevant information, about cat-

alyst performance to the Claus reaction is obtained as well

Here § is the sulphur allotropic form.In a first stage as reactor design implications.
one-third of the HS is oxidised producing $6 and S@ in
a 2:1 ratio. Due to thermodynamics restrictions conversion
is limited to 70% at this stage and three to four catalytic 2. Fractal dimension
stages are needed to obtain 95-98% conversion.

The most widely used Claus catalyst in sulphur recovery  Fractal objects are self-similar structures where increas-
units is non-promoted spherical activated alumina. Theseing magnifications reveal similar features at different length
catalysts allow HS and SQ conversion to elemental sul-  scales [1,2]. Characterisation and analysis of porous ob-
phur. In addition, they are capable of converting the more jects in terms of fractal geometry has become an intensive

research area in recent years. Aggregation and growth phe-

_— _ - nomena far from equilibrium typically lead to fractal struc-
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Nomenclature

Ce

ri

I'macro or micro

S
T
V
Vi
Vim

Vimacro or micro MACro- or micropore volume (cty)

z

Greek letters

o
B
1)
8/
5min, max

A

XRSGS ™

reactant concentration (units

as a function of rate equation)
specific heat, kJ/kmaéIC

catalyst diameter (cm)

pore volume differential
combined diffusivity (crd/s)

bulk diffusivity (cm?/s)

parameter in Eq. (22)

effective diffusivity (cnf/s)

fractal dimension

Knudsen diffusivity (crd/s)

molar flow (kmol/h)

superficial mass flow rate (kgfh)
heat of reaction

molecular weight

number of adsorbed layers
Fjord escape probability

H>S patrtial pressure (atm)

H>S equilibrium partial pressure (atm)
total pressure (atm)

saturation pressure

catalyst radius (cm)

catalyst surface reaction rate
average reaction rate

macro- or micropore radius (A)
surface area (Aig)

temperature (K ofC)

volume of gas adsorbed

molar volume (crymol)

volume of gas adsorbed in a monolaye

axial coordinate in the reactor

parameter in Eq. (19)

parameter in Eq. (19)

molecule effective diameter

8/8max

minimun, maximun cut-off
Difference between sulphur low
point« reactor outlet temperatureC
porosity

Thiele modulus

modified Thiele modulus

surface tension (dyn/cm), parameter
in Eq. (22)

effectiveness factor

solid or pellet density

bed density

Lennard-Jones constants

factor as defined in Eq. (9)
collision integral, unity if molecules
are considered rigid spheres
reactor cross-area @

—

equilibrium, internal surface of alumina has been suspected
as fractal on molecular scales. This fact has been confirmed
experimentally [3]. Coppens and Froment have applied frac-
tal structure of Pt-Re-alumina catalyst to the catalytic naph-
tha reforming process finding influence of fractal dimension
over the process conversion and product selectivity [4].
Fractals has been described as objects able to simulate
diffusion controlled process structures as catalyst [5]. Avnir
et al. made an important observation from the analysis of
many adsorption data published in the literature: for a large
number of porous media, including many catalyst, the mea-
sured surface areéadepends on the effective diameteof
the sorbate molecules according to simple power law

S~ § ¢ (1)

The so-called fractal dimensiobg, expresses the space
filling capacity of a fractal. While Euclidean shapes have
integer dimensions (1 for a line, 2 for a surface and 3
for a volume), a catalyst surface can have any dimension
between 2 and 3, both limits included. Many fractals in
nature can be very well approximated by a statistical self-
similar or self-affine structure. A real object can only be
self-similar, fractal, within a finite fractal scaling range,
the inner and outer cut-off§min and §max. Informally the
numberN of units of sizes needed to cover a fractal object
decreases with as

N ~ §~PF (2)

Lengths are measured B8, areas adls?, so that in Eq. (1),
a = 2— D and becomes

S ~ 827PF (3)
Several methods for fractal dimension determination has
been described using the information of the complete

adsorption isotherm of a single probe [6,7]. Small angle

X-ray scattering (SAXS) can be also used to study the mass
fractal and surface morphology of materials [8—10].

3. Clausreactor model

In Claus process plants, wide but shallow beds are used.
The beds are adiabatic with the possible exception of the
region adjacent to the insulated vessel walls. In the absence
of localised channelling, radial temperature and concen-
tration gradients are thus minimised. It may be reasonably
expected that a adiabatic one-dimensional reactor model
should suffice in simulating Claus converters. The model is
described by the following equations:

dFh,s
dz2 = PB2RI{1,s (4)
dr pBM,
= - 1,5 = 117H,S (5)

dz  (Gey) Y(~AHD, S

with initial conditionsF = Fy, T = Tg atz = 0.
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The temperature and production rates are obtained, for 0.25
each d, from
02y
T =T+dT, Fr,s = FH,s) — dFH,s, E
Fso, = F(so,) — 0.5 dFst, Fs, = Fs + (%x)dFHZS, %:" 015+ e 0.5 atm
x=23456.78  Fuo=Fno +dF,s  (6) 2 01 ————1atm
where $ and § are the main sulphur allotropic forms at = 2atm
reactor operating conditions. Claus reaction is considered T 005 |
as a moderate exothermic reversible reaction coupled with = 0 -

sulphur allotropic thermodynamic transformation reactions.

These reactions are considered fast so sulphur allotrope equi- 600 700 800 900 1000

librium composition is achieved. Fourth-order Runge—Kutta Temperature K
numerical integration scheme for solving ordinary differ- _ o _
ential equations was employed to integrate the equations Fig. 1. HS equilibrium partial pressure.

through the fixed bed reactor. Particularities of effectiveness

factor calculation and reaction rate expression for the Claus o ) )
reaction are described below. The H:S equilibrium partial pressure is calculated through

the Gamson and Elkins [13] procedure the calculations re-

sults are shown in Fig. 1. The-® curve is presented in
4. Claus reaction effectiveness factor Fig. 2.

Effectiveness factor evaluates the pore structure influ-
Catalysts are highly porous materials, and typically show €nce in the catalyst performance. Values close to 1, indi-

some aspects of pore diffusion control. The effectiveness cates a rapid accessibility of the reactants to the active sites
factor, 5, for a catalyst is defined as the ratio of the average @nd products exit from the catalyst, low effectiveness factor
reaction ratey’, divided by the rate at catalyst's surface, =~ Means a small catalyst efficiency and poor performance.
When the reaction rate presents constraints due to the porous !N calculating effectiveness factors for the Claus reaction
structure of the catalyst pellet, the true reaction rate is given System, the correct intrinsic rate function should be used.

by Table 1 lists several rate expressions and their authors. The
, similarity in form between equations independently obtained

r=nr and n=f(¢) ) for different alumina-based catalyst suggests that the cata-
whereg, the Thiele modulus, is the ratio of the reaction rate 'YSt mechanism may be relatively insensitive to the physical
to the diffusion rate and is given by [11] s.tr.ucture of the alumina surface. Alternatively, this insensi-
12 tivity to the catalyst surface could be a consequence of the

6= }r (ﬂ) ®) presence of large amounts of sulphur being adsorbed on the
3 \ DeCe surface, as many authors believe [14,15]. According to Dalla

Effectiveness factor includes various potential rate—controllinglr‘;t?oa \?\}hzlr.e[%t?(]a c:é?ungl zeeeieoafcttﬁ; g:lt(;lljlz??; rg:gfee ddltJ(;ethae
factors such as the intrinsic catalytic reaction rate, both ' y

inter- and intra-particle mass and heat transfer rates, andgzacégarﬁtsfgfggg}'%?%é;ggﬁ%idézggngi:);p;fesgg
the physical properties of the catalyst particles. y '

. - . . Reversibl tivation mechanism Iphur condensa-
Effectiveness factor calculation for Claus reaction in- eversible deactivatio echanism, as sulphur condensa

volves considerable complexity due to the presence of tion and alumina sulphation are not considered here. The
multiple reaction steps in the system and the reversibility
of the Claus reaction. The calculation of a local isothermal

effectiveness factor depends upon the feed composition to
the reactor, the extent of the conversion and the tempera- g 0.8 |
ture at the exterior of the catalyst particle. Razzaghi and 2 06 |
Dalla Lana [12] have proposed the use of a modified Thiele 8
modulus,®, and an—® curve applicable for the Claus re- 304 1
action in the 500—600 K operating temperature range. The 3
modified Thiele modulus has the form b 02}
1) 0 : : : :
® = ﬁ (©) 0 2 4 6 8 10

is i Thiele Modul
wherewy = ph,seq/ PHss is included due to the thermody- iele Modulus

namic equilibrium restriction inherent to the Claus reaction. Fig. 2. Thep—@ curve.
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Table 1

Intrinsic rate expressions for Claus reacfion

Author Catalyst ko E (J/mol) b N
Dalla Lana et al. [16] Bauxite 6.483 31149 0.0317 1
Dalla Lana et al. [26] Alumina 5.24E-3 30773 0.045 2
George [249 Co-Mo alumina - 23500 - 1
Quet et al. [23] Alumina - 27100 - 1
El Masry [25] Alumina - 35100 0 -

21ty = ko €Xp(—E /RT) prpspl3, /(1 + bp,0) .
b Equation for reactor calculation.
¢Low activation energy due to diffusional limitations.

main catalyst deactivation mechanism is due to small pore

random pore model of Wakao and Smith [17] in these cal-

collapse caused by the water effect over alumina at reactorculations, since matches very well alumina diffusivity mea-

temperature or by temperature excursions.

5. Random pore model

The pore structure of a catalyst pellet can be conveniently
characterised by its pore size distribution determined by

porosimetry. For bimodal pore structures, the relevant quan-

tities are

Vmarco: marcopore volume  Vpicro : Micropore volume

rmacro= (1/ V)macro / r dv : macropore average radius

T'micro = (1/ V)micrO/ r dv : microproe average radius

ps - solid density (20)

surements. The random pore model considers both Knudsen
diffusion (very small pores) and bulk diffusion (very large
pores) and accounts for the transition region. The following
equations will be needed for the random pore model

D, _ 0001853 ¥2((1/Mp) + (1/Mg))H2
AT Poas2a8 ’

bulk difussivity (15)
T\ V2
Dk,macro or micro = 9.7 x 1037’macromicro <—) s
Mp
Knudsen diffusivity (16)
1 B ( 1 1 Q)
Dmacroormicro N DA Dk,macro or micr ’
combined diffusivity (17)

Under the term micropores we are considering pores smalleryyith all these, the effective diffusivities are computed from

than 100 A, macropores are those over 100 A. Micro- and

macropore average radius and volume are obtained by meang  —

of nitrogen adsorption and Hg porosimetry. The following
properties can be derived from these

1

o= (1/ps) + Vmacro+ Vmicro (1)
wherepy is the pellet density.

€macro= Vmacra®p (12)
whereemacro IS the macroporosity.

€micro = VmicroPp (13)

whereemicro IS the microporosity.

The surface area of the catalyst is directly related to its
pore structure. For bimodal pore structures, as alumina, in-
tegral properties allow a reasonably good correlation

_ 2Vmacro

S + 2Vmicro (14)

'macro micro

Beyond the surface area, the pore structure also determinesDk(8)

the diffusive characteristics of the support. We employ the

2 2 .
Dmacr&macro‘i‘ Smacro(l + 38macro) DmICI’O
1 — emacro

It is clear that fractal morphology of the surface influences
the Knudsen diffusivity of gases, since a molecule with an
effective diametes can only enter pores larger th&wAn ex-
pression has been derived [4,18] for the ratio of the Knudsen
diffusivity in a general porous medium with a statistically
self-similar internal surfacd)y, and the Knudsen diffusivity
in a medium with the same pore network structure, but with
a smooth internal surfacé)y,. Hence, the fractal nature of
the surface was treated as a perturbation. The Eti®y,
depends on the smallest accessible indentation or fjord width
and is proportional to the effective diameter of the molecule.
According to the work of Coppens [18]. The expression
for the Knudsen diffusivity in a porous medium is not a real
power law of the effective molecular diameter, and contains
besides the fractal dimensidbp, also an additional param-
eter,po, the probability of escaping out of a fjord where has
previously entered, return probability

1
Dy, (L+ad— (8"

(18)

(19)
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with 8" = §/8max. The coefficientsr and 8 are given by Table 4
a= (2= Do+ (4/po) f (20) Parameter Al A2 A3
1+ (22— De)(1 - (1/po)) ,
BET plot intercept 0.0002 0.00028 0.00184
1 BET plot slope 0.01303 0.03097 0.1403
B=1+(2- D) (1 — —) (21) Fmicro (A) 26 52 91
po S (m?) 3285 139.1 306
with £ = 0.5, and Vpore > 10A (cn/g) 0.3619 0.325 0.168
Vpore < 45 A (cmPig) 0.318 0.234 0.037
. 2logy and Dr — 2log((1/po) + v) (22) d (cm) 0.6 0.6 0.6

- log(1+ y) T log(1+y)

These equations are solved g according to the restric-

, micro-, mesopore distribution as can be seen in Fig. 3,
tions: D¢ should be between 1 andj2 should be larger than

where pore size distribution is represented for all the sam-

-1
1.618 andn should be smaller tha(iL.618_DF — 16187 ples. Remaining samples are Al catalyst at different stages
For an explanation about Knudsen diffusivity analytical ot geactivation after service in an industrial Claus unit.

expression derivation and meaning see [10]. For not too low Sample A2 presents mid run stage with a significant de-

values ofpo andé’, the following first order approximation  rease of the surface area and modification of the original

is useful pore size distribution. Sample A3 has been taken from a

Dy(8") — @) DE—2 23) heavily deactivated reactor and presents a very low surface
Dy, area and microporosity as expected in a spent catalyst.

. ) L Fig. 4 shows adsorption—desorption nitrogen isotherm for
This equation expresses that the Knudsen diffusivity is in- he alumina samples studied where adsorbed amdgt

versely proportional to the non-accessible surface area. expressed in chhat STP, is plotted as a function of rela-
tive vapor pressurB/Pg. The isotherms exhibit an extended
) i i i hysteresis loop for all the samples, which is a signature of
6. Alumina fractal dimension calculation capillary condensation. A progressive diminution of the ni-
trogen adsorbed and the hysteresis loop size is found as the
Typical Claus alumina characteristics are presented in catalyst deactivates. For the adsorption—desorption isotherm
Tables 2 and 3. In this work, three alumina catalyst has the standard BET analysis were performed and results are
been considered, their main structural properties, obtainedgiven in Table 4.
by nitrogen adsorption porosimetry, are shown in Table ~ Fractal analysis found in literature ([19] and references
4. Al catalyst is a fresh Claus catalyst with a different nerein) for nitrogen porosimetry are based on fitting adsorp-
tion data to an expression relating nitrogen adsorbed to the

Table 2 relative pressure applied. The volume of the adsorbed film is
Catalytic converters effectiveness faétor 3_D

Voxr F
Parameter Reactor 1 Reactor 2 Reactor 3
Temperature C) 320 230 15 Typllca!ly a Ilrcljear ffl'[ (chf trr:e z':lldsorptflon datﬁ_ ohn ?‘ Io];q—logI
HaS (vol.%) 75 2 1 scale is use _to ind the slope, from whic the fractal
H,0 (vol.%) _ 28 39 dimensionDg is obtained. Following such procedure, a
GHSV (b} 500 500 500 plot of log(Vadg/Viun) versus log() was made, where was
1 0.14 0.12 0.31 calculated using the well known Kelvin equation

a Atmospheric operating pressure. . 2yV1 (24)
RTIn(Py/ P)
Table 3
Alumina physical properties
0,25

Parameter Alumina o

3 02
ps (glcn®?) 3.15 e —e—A1
pp (glen®) 1.24 £ 0.15 4 g
Vmacro (Cmg/g) 0.085 ° 0,14
Vicro (cm/g) 0.404 2 —a—A3

2 0051 /
I'macro (A) 5226 nC_’ |
I'micro (A) 25 0 — = : 7
&M 0.14 0 100 200 300 400
£m 0.56 ]
S (m?) 325 Pore radius, A
d (cm) 0.6

Fig. 3. Alumina samples pore distribution.
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Volume adsorbed (cc/g. STP)

04 + 4 + 4 i

1
0 A 2 3 4 5 ) 7 8 9 1
P/Po

Fig. 4. Alumina adsorption—desorption nitrogen isotherms.

2 the surface fractal dimension from an analysis of multilayer
adsorption to a fractal such that

(L)-crm(r(B) e

whereV is the volume of gas adsorbed at an equilibrium
pressureP, Vi, the volume of gas in a monolayer, aRgdis

the saturation pressure. The const@ns a pre-exponential
log(r) factor andS is a power law exponent dependent Dg,

the surface fractal dimension, and the mechanism of ad-
sorption. There are two limiting cases: at the lower end
of the isotherm, representing the early stages of multilayer
and Vi) is the volume of nitrogen measured at the maxi- pyjld-up, the film/gas interface is controlled by the attractive
mum p/po. The nitrogen adsorption branch data were taken yan der Waals forces between the gas and solid which tends
in each sample, due to the fact that during nitrogen desorp-to make the film/gas interface replicate the surface rough-

tion pores in the interior part of the catalyst cannot empty npess. In this case the value of the cons@ist given by
until enough pores on the outer part are emptied to make 1
S =3(Dr—23) (26)

them exposed to the surrounding vapour. The adsorption
branch of the isotherm does not suffer from this accessibility At higher coverage the interface is controlled by the
problem. Results obtained are shown in Fig. 5 where dataiquid/gas surface tension which makes the interface move

correlation to a straight line is confirmed for the samples further away from the surface so as to reduce the interface
studied. Fractal dimensions derived from this procedure aregrea. In this second cassds given by

presented in Table 5. S—D-_3 27

Another fractal dimension value estimation method [7,20] © — ~F 27)

has been also used. The method is based in an expression faunder both circumstances the raMVy, is related to the
number of adsorbed layers, by

log(V/Vfull)
=]
@

Fig. 5. Dg estimation for A1, A2 and A3 samples; Ma method.

Table 5

v\ V/@=Dp)

N = (_) (28)
Parameter Al A2 A3 Vm
Dr (cm) [19] 266 2 40 230 The actual thickness of coverage is obtained multiplying by
r2 0.98 0.99 0.99 the diameter of the adsorbate molecule (3.5 A for nitrogen).
Dr (cm) [20] 2.68 2.39 2.30 The length-scale cut-offs encompassed by the surface fractal
2 0.98 0.99 0.99 dimension is the thickness of the adsorbed multilayers over
Cut-off range (A) 3-35 3-35 3-35

which the fractal dimension applies.
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4 From the figure it can be inferred that if reactor temperature
N 3 is 5°C higher than dew-point, pores with diameters greater

S %‘*—1 than 23 A (11.5 A pore radius) are still free of sulphur con-
= ~——— densation. An estimation of fractal dimension in the range
T — of 11-35A gives values of 2.70, 2.39 and 2.27 for the A1,
‘ . ‘ 5 . A2 and A3 samples, respectively. In general Claus plant

operators maintain dew-point margins around 82 (22]
so fractal dimension is able to characterise the catalyst sur-
face area at industrial operating conditions.

-2,5 -2 -1,5 -1 -0,5 0 0,5 1
In(InPo/P)

Fig. 6. Dr estimation for A1, A2 and A3 samples; Pfeifer method.

7. Model results and discussion

Fractal dimension of these samples as well as cut-off val-
ues has been calculated according to the described proce- Claus reactor performance has been obtained by means
dure. Results obtained are presented in Table 5 and Fig. 6of reactor modelling for different alumina catalysts taking
also including correlation factor and cut-off range where fit account of its fractal structure. Intrinsic rate expressions for
to Eqg. (25) is linear. Eq. (27) provides unrealistic fractal di- the Claus reaction taken from the bibliography are shown in
mension values so Eg. (26) was employed. Table 1, second expression was the rate expression employed

Both fractal dimension calculation procedures gives sim- in the modified effectiveness factor analysis [12] and has
ilar values for the three samples. Results obtained pointsbeen the one employed into the reactor calculation. Operat-
to the fact that Claus catalyst presents a fractal dimensioning conditions of reactor stages at a Claus unit are described
of 2.67. As catalyst deactivation proceeds, catalyst fractal in Table 2. Third stage conditions has been employed in
dimension diminishes. Mid age catalyst A2 has a fractal the simulations where low reactor concentrations and high
dimension of 2.40. Severe deactivated catalyst presents avater content constraints reactants conversion.
2.30 fractal dimension. Deactivated samples microporosity =~ The reactor simulation procedure calculates effectiveness
is smaller than fresh catalyst and mean pore radius increase$actor for the Claus reaction over alumina catalyst depending
from 26 to 52 and 91 A, respectively, fractal character seemson alumina pore structure parameters. Initial data consists
to be related to the smaller pores those that keeps the mairof reactor operating conditions and catalyst structural prop-
part of the catalyst surface area. erties as shown in Tables 2—4. Knudsen diffusivity account-

Catalyst cut-offs from the samples analysed remains into ing for the catalyst fractal dimension is employed for the
the 3-35 A pore radius range so fractal structure is restrictedmicropores; calculation sequence is presented in Fig. 8. This
to Claus catalyst micro- and mesoporosity. Although pores modified expression of the Knudsen diffusivif, is used
smaller of 7.5 A has no catalytic activity due to the size of in the effectiveness factor calculation and provides a differ-
the sulphur molecule, the 7.5-35A range still represent a ent value for the effectiveness factor of the Claus reaction.
big part of the catalyst active surface area. Fig. 7 presentsAlthough a small maximum exists for extreme valuep@f
the maximum pore diameter that plugs with liquid sulphur in general if we consider the fractal nature of alumina, lower
as a function of the reactor temperature and the differenceeffectiveness factor than smooth surface catalyst are ob-
between sulphur dew-point and the reactor temperature [21].tained as fractal dimension increases. Operating conditions

80

d, (A) 40 |
30 4+
20 L A=5C
0 r A=10°C

160 180 200 220 240 260 280 300 320 340 360

Temperature °C

Fig. 7. Reactor temperature influence over pore plugging due to sulphur condensation as a function of dew-point and reactor temperature.
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Initial Data: P,T, Vi, Vi v T'msPs R, Crizs s02. 120

I

!

o

r (T,P) calculation Dy; Da; D Fract.Dimens.
Table 1 rate expression. cquations 15,16,17 Equations
19,23,25
v v y
Thiele q10dulus < Deff < Pp; Ev; Emy S
equation 8 equation 18 equations 11,12,13,14
A 4 \ 4 *
P ieSeq Modified Thiele Modulus | > M- ® curve
figure 1 @, equation 9 figure 2

reproduces industrial plant third reactor. Water content of re- from 2 to 3 at 0.2 intervals and the reactor conversion (%)
actor feed thermodynamically constraingFiconversion to
values below 90%. Reactor temperature rise varies between
15°C for the fresh catalyst and®€ for the spent A3 sample.

y

Effectiveness Factor
n

Fig. 8. Effectiveness factor calculation procedure.

expressed as

. H->S —H
conversion= 2Sintet — H2Soutlet

Fractal dimension effect over reactor performance is pre-

HZSnIet

sented in Fig. 9a and b where fractal dimension is varied as well as effectiveness factor are included. Firstly Eq. (19)

was employed for thBy estimation. Up tadDg = 2.6 a HbS
conversion decrease from 0.827 to 0.773 is obtained as the

3[22 ] = fractal dimension increases. Effectiveness factor diminishes
c 087 - @ with fractal dimension from 0.33 to 0.22. For fractal dimen-
5 08+ ¢ sions higher than 2.6 a slight increase of conversion and ef-
g 0791 2 fectiveness factor is observed, Fig. 9aDat= 3 conversion
3 g;? £ and effectiveness reach 0.812 and 0.286, respectively. This
0:76 | ' = fact has been predicted by Coppens [10] and is related to
0.75 . . . . 0 the return probabilitypg, value at high fractal dimensions.
2 22 24 2.6 28 3 When Eq. (23) is used fddg estimation, conversion and ef-
Fractal Dimension fectiveness values decreases monotonically with the fractal
@ dimension as can be seen in Fig. 9b.
0.83 0.4 Model results are presented in Fig. 10;3Hconversion
0.82 = 1035 along the reactor is presented for the A1, A2 and A3 smooth
0.81 | - — los £ and fractal catalyst where fractal dimension is estimated
§ o8l e T o5 & over the 3-35A cut-off range. Smooth catalyst, those with
g 0.79 . <_‘ — Loz g fract_al dimensionDF_ = 2, shows th(_a best behavic_;ur per-
£ 0.78 | e o S forming an approximately 5-6% higher conversion than
pap— 1 o1 § fractal ones at reactor outlet fo_r thg Al and.A2 samples.
s 1 005 1 For A3 deactivated catalyst this difference is lower and
7 . . . . 5 less than 1%. The spent catalyst presents an indiscernible
' 3 5% 4 a8 - 5 behaviour between the smoo_th anq fractal catalyst due to
the low value of the fractal dimension, 2.30, and the low
Eractal di";e"sm" reaction rates at these conditions.
(b)

Fig. 9. (a) Fractal dimension influence over3$ conversion and ef-
fectiveness factor (Eq. (19)); (b) Fractal dimension influence ov$ H

conversion and effectiveness factor (Eq. (23)).

Effectiveness factor and Knudsen diffusivity are presented
in Table 6. The minimum effectiveness factor and Knudsen
diffusion values are obtained for the fractal A1 sample, 0.214
and 23 x 10~/ cn¥/s, respectively.



R. Larraz/Chemical Engineering Journal 86 (2002) 309-317 317

in the 11-35 A range, which is representative of Claus cat-
alyst accessible porosity at industrial operation conditions,

——spent 2 and in the 3-35A range extends applicability of fractal
N —spent2,3 paradigm to the Claus reaction.
S  mid2 In spite of further experimentation is needed in order to
s , confirm these results, fractal character of the Claus alumina
g mki2i catalyst appears as an important factor in the performance
8 ——fresh 2 of Claus units and fractal dimension estimation could help
——fresh 2,67 during the catalyst selection procedure.
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0 0,5 1 Acknowledgements

Reactor Length,L/L ] )
The author wishes to express his thank to the referees for
Fig. 10. Fractal and smooth alumina catalyst performance, 3-35 A cut-off their valuable comments and to Prof. Jose Victor Rios from

range. Pennsylvania University for some fruitful discussions about
the fractal dimension concept.

Table 6

Parameter Smooth Al A2 A3 References

Dk (crP/s) 0.009 2.3x 1077 0.005 0.014

n 0.327 0.214 0.284 0.290 [1] B. Mandelbrot, The Fractal Geometry of Nature, Tusquet, Barcelona,

Dr (cm) 2 2.68 2.39 2.30 1997.

[2] D. Avnir, D. Farin, P. Pfeifer, J. Chem. Phys. 79 (1983) 3566-3571.
[3] D. Avnir, The Fractal Approach to Heterogeneous Chemistry, Wiley,

Regarding conversion evolution through the reactor bed Chichester, 1989.
9 g 9 ' [4] M.O. Coppens, G.F. Froment, Chem. Eng. Sci. 50 (1995) 1013-1026.

using the smooth catalyst a 0.75 conversion value is obtained [s) p. avnir, D. Farin, P. Pfeifer, Nature 308 (1984) 261—263.

at 14.2% of reactor length whilst the fractal catalyst needs a [6] A. Neimark, Physica A 191 (1992) 258-262.

32.6% of reactor length to obtain the same conversion. For [7] P. Pfeifer, D. Avnir, D. Farin, Nature 308 (1984) 261.

design purposes the catalyst fractal structure should involve [8] A- Guinier, G. Fournet, C.L. Walker, K.L. Yudowitch, Small Angle

. Scattering of X-rays, Wiley, New York, 1955.
higher reactor volumes than expected for the smooth one. [9] PW. Schmidt, J. Appl. Cryst. 24 (1991) 414.

[10] M.O. Coppens, Catal. Today 53 (1999) 225-243.
[11] P.B. Weisz, J.S. Hicks, Chem. Eng. Sci. 17 (1962) 265.
8. Conclusions [12] M. Razzaghi, |.G. Dalla Lana, Can. J. Chem. Eng. 62 (1984) 413—
418.
[13] B.W. Gamson, R.H. Elkins, Chem. Eng. Prog. 49 (4) (1953) 203-215.

Claus catalyst reactor performance has been studied tak-[14] M. Steinjs, P. Mars, Ind. Chem. Prod. Res. Dev. 16 (1) (1977) 35-41.

ing account of its fractal porous structure described by the [15] s. Mendioroz, V. Mufioz, E. Alvarez, J.M. Palacios, Appl. Catal.
fractal dimension parameter. Fractal dimension has been  Gen. 132 (1995) 111-126.

calculated employing methods based on nitrogen adsorption[16] I.G. Dalla Lana, D.E. McGregor, C.L. Liu, E. Cormode, in:
porosimetry. A reactor model has been used that considers a Proceedings of the 4th Europe/2nd International Symposium on

g . L . Chem. Eng. Reac. Eng., Elsevier, Amsterdam, 1972, pp. 9-18.
modified gﬁgctlveness factor, which includes Claus reaction [17] N. Wakao, J.M. Smith, Chem. Eng. Sci. 17 (1962) 825.
characteristics.

[18] M.O. Coppens, Fractals in Engineering, Springer, Berlin, 1997, pp.
The analysed Claus catalyst samples presents fractal di-  336-349.

mensions in the 2.67-2.30 range, restricted to micropores[19] J. Ma, H. Qi, P. Wong, Phys. Rev. E 59 (1999) 2049.

among 3-35A pore radius. Fractal dimension significantly [20] S-P- Rigby, Catal. Today 53 (1999) 207-223.

modifies reactor performance increasing reactor volume E;} f'AR'gg:]gsb?ﬁxg?:ébgqazgogej;wﬂ132%pgbe?rla_t;?r’]'s Sulphur

needed to obtain the same$i conversion. Fractal dimen- Recovery Seminar, Estanbul, 1995, pp. 5-17. '

sion decreases as catalyst deactivates presenting a 2.3(3] C. Quet, J. Tellier, R. Voirin, Catalyst Deactivation, 1980, pp.

value for severe deactivated samples. Influence of fractal = 323-329.

dimension over deactivated catalyst is low. Only irreversible [24] ZM. Gleorge' J- Calta" 32|(1974) 261-271.

deactvation mechanism as surface area loss due to pordia 'L SN L CamL Lo ek 0L

blockage, thermal and hydrothermal aging has been consid- " nterational Symposium on Chem. React. Eng., Vol. 196-205,

ered in this work. Similarity of fractal dimensions obtained Frankfurt, 1976.



	Influence of fractal pore structure in Claus catalyst performance
	Introduction
	Fractal dimension
	Claus reactor model
	Claus reaction effectiveness factor
	Random pore model 
	Alumina fractal dimension calculation
	Model results and discussion
	Conclusions
	Acknowledgements
	References


