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Abstract

The measurement of effective diffusivity for KD306 sulfur-tolerant methanation catalyst has been carried out using the ‘single pellet string
reactor’ technique. The average tortuosity factor for KD306 catalyst was experimentally determined to be 7.2. The results of linearizatio
method are in good agreement with the solutions of the parameter estimation method, which shows that the assumptions made in lineal
processing are reasonable, and that the methods of linearization and parameter estimation can both be used to determine effective diffusi
efficiently. © 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction ing system, are generally larger than those determined by
steady state techniques.

Sulfur-tolerant catalyst plays an important role in the  Scott et al. [2] developed a single pellet string reactor
methanation of CO with KHand in making clean coal pro- (SPSR), the diameter of which is only slightly larger than
cess technology feasible. The determination of effective dif- those of pellets (ratios 1.1-1.4) and which contains 50 or
fusivity is needed to provide information for establishing the more pellets to minimize axial dispersion. A large number of
reaction—diffusion model for the catalyst. studies have since been reported using SPSR for diffusivity

The theoretical prediction of effective diffusivity of gases measurements [3—7].
in porous catalysts is still not definitely resolved and inmany  In this work, the effective diffusivities of KD306 catalyst
cases not accurate enough. Among the reasons for this is thagre measured under nonreacting conditions using a SPSR.
the diffusion flux may include contributions from several A computer sampling system was developed to record the
mechanisms, such as bulk, Knudsen and surface diffusion;experimental data which employed four different pairs of
and, in addition, a satisfactory geometric model for the pore tracer gas-carrier gas (Hez2NN—He, Ar-N\o, No—Ar). The
structure is not yet available. Thus, an accurate estimationexperimental results are processed by methods of lineariza-
of effective diffusivity may have to be done experimentally. tion and parameter estimation.

Both steady-state and dynamic methods have been devel-
oped to measure the effective diffusivity in catalyst pores
under inert conditions [1]. The commonly used steady state
method, designed by Wicke and Kallenbach, suffers from ] ] ] )
the disadvantage that the mounting procedure may restrict FOf @ gas pulse dispersion in SPSR, applying the
access to pores and that diffusion reflects only those poresubin—Kucera model [8], the moments of the broadened
that allow passage of gas from one side of the pellet to the Peak leaving the reactor are related to the parameters which
other. Dynamic methods have the advantage that the contri-2'€ the axial dispersion coefficieBa, the external mass
butions of micropores and dead-ended pores are taken intdransfer coefficienks, the adsorption equilibrium constant
account. The effective diffusivities measured by the dynamic KA, the adsorption rate constakigs and the intraparticle

methods, which more closely reflect diffusivities in a react- diffusivity Desta. Moments of peaks appearing at the reac-
tor outlet after injection of a square wave pulse of tracer

2. Theory
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volumes (u}4, n2d). The first absolutex; and second o any i

centralyu, moments are, thus, given as
i L 10A !
M/1=M/1+M/15+M/1d=7(1‘1‘50)4‘74‘#/1(1 1)
M2 = fi2 + H2s+ pU2d
2L (Ea/e)1+ 0% | a 2
= — e — —~ 2
o GG B
where Fig. 1. Experimental apparatus for SPSR method. (1) tracer gas cylin-
l1—¢ opKa der; (2) carrier gas cylinder; (3) six-port injection valve; (4) 102G gas
&= 0 (1 ) (3) chromatograph; (5) soap-bubble flow-meter; (6) SPSR; (7) transducer; (8)
amplifier; (9) computer and (10) recorder.
E1=%a+6& tée 4
1—¢ \ ppKa A novel computer sampling system was developed to
fa= ( . 9) ok (5) overcome experimental error caused by slow response of
ads the recorder. The mV signal of the detector is amplified lin-
1_¢ R20 Ka\2 1 early into V signal by transducer and amplifier (ATP-M16),
& = ( - ) 12 (1 + PPT) D (6) which can be recognized by computer sampling-board
vy efA (ADC-30). The system, which assures wide-range-linearity
1_¢ R20 Ka\2y +2 and high-accuracy, responds briskly and could collect more
e = < . ) 012 <1+ PPF) TR (7) than 50 data points per second.

After the catalysts were packed, the leakproofness was
The first absolute and second central moments of the chro-checked. Prior to experimental runs, the packed column was
matographic curve€(t) are defined as left over-night in the chromatograph oven at 423K with

inert carrier gas flowing. Experiments had been carried out

n1 = 1 (8) at atmospheric pressure at 313, 353 and 383 K, with a carrier

mo flow varying between 10 and 90 é/min (Reynolds number

1 [ ) 2-100). Each set of experiment had at least 15 data points
n2 = m_o/o (t = n)*C@)dr ©) and every data point was repeated no less than four times.

The experiments were divided into five groups: (a) im-
where the integraley andmy are given by pulse runs with Ar (carrier)-N (tracer); (b) impulse runs
o0 with No—Ar; (c) adsorption runs with He—\ (d) inert runs

my :/ "C@)d: for n=0,1 (20) with No—He and (e) blank runs with He-Nwhile the

0

packed column with catalyst was replaced by a tube of di-
ameter 0.3 mm.

3. Experimental

4. Materials
3.1. Apparatus and procedure
The catalyst employed was obtained from University of
The experimental arrangements for SPSR are shown inscjence and Technology of China, with reference num-
Fig. 1. The apparatus consists of three parts, the gas supher KD306. The cylindrical catalyst pellets (diameter
ply and control part, the gas chromatographic column and 5 422 mm, lengti-4.327 mm) were prepared by compress-
the data collecting system. The tracer gas was injected intojng particles. Pore size distribution (Fig. 2) was determined

the carrier gas stream using a six-port injection valve with ysing a Micromeritics ASAP 2400 Sorptometer.
sample loop volume 0.2ml. The column was mounted in

a gas chromatograph oven where the temperature could be

held constant withint:1 K. Column length was determined 5. Experimental results

before the tube was coiled. 154 pellets of KD306 catalyst

were packed into the column one by one. The inside di- The computer signdl gained through sampling system is
ameter of the column was 6 mm and the length 0.668 m. a linear amplification of the detector signal which is directly
Thermal conductivity detector, the signal of which was sent proportional to the tracer concentrati@h Moments u,
into a recorder, was used at the column outlet. Carrier gasu» are calculated from the computer sigtéby Simpson
flowrates were measured with soap-bubble flow-meter. formula according to the definition
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Fig. 2. Pore volume distribution for the pellet of KD306 catalyst.
Fig. 3. A sample of experimental curve recorded by computer{dgr-
rier gas)-Ar (tracer gas); temperature 383 K; superficial carrier gas ve-

; foootH(f) dr (11) locity 27.75cml/s; real curve — experimental signal and dotted curve —
K= fOOOH(t) dr predicted results.
0 ’\2
t— H(t)dt
1o = fo ( oo,ul) (@) (12) D _ QDMA 13
Jo H(t)dt effa =0 —— (13)

A computer-recorded curve is shown in Fig. 3, and part of The effective diffusivityDesa for component, as evaluated
the experimental results are given in Table 1. from experimental data, is based upon the total pore plus
solid area perpendicular to the direction of diffusion and on
the most direct path, for example, the radial coordinate for a
spherical particle. The composite diffusivibya is a func-
6.1. Composite diffusivity pa tion of the pore radius, if Knudsen diffusion is significant.
The concentration of diffusing component within the pellet
For diffusion of gases in porous catalyst particles, it is is always very low. Neglecting the composition effect and
customary to define a tortuosity factbiby the expression at constant pressurBya [9] is given by

6. Results

Table 1
N2(carrier gas)-Ar(tracer gas) impulse runs
313K 353K 383K
V (cmis) o (s) n2 (%) V (cmis) #y () pa () V (cmis) wy () 2 ()
8.01 84.86 174.24 7.84 74.92 109.08 5.89 81.06 115.30
10.08 70.23 135.16 9.33 62.87 95.76 8.47 66.75 88.90
12.12 57.13 103.33 9.83 59.30 81.75 10.47 54.86 68.67
15.01 45.24 83.73 12.29 50.40 68.47 12.45 45.93 55.74
17.99 40.12 72.19 13.35 45.63 61.45 13.64 43.16 50.75
19.99 36.49 70.40 15.67 39.89 52.15 15.33 38.89 44.87
20.61 35.67 66.59 16.61 36.57 46.87 16.44 36.43 43.23
23.42 31.29 62.14 17.99 34.54 43.43 17.54 33.86 40.41
24.93 30.33 61.38 19.97 31.38 39.21 19.58 30.21 33.82
27.45 27.99 50.57 23.06 27.15 33.33 23.00 26.32 29.01
29.63 25.67 45.75 24.79 25.28 30.66 24.17 24.88 27.12
31.59 25.02 43.63 27.43 23.40 29.02 27.27 22.67 24.00
31.90 24.77 42.95 29.43 21.73 25.95 27.75 22.26 23.67
32.84 24.04 40.38 31.58 20.51 24.44 29.41 21.12 22.59
33.77 22.88 37.08 32.33 20.06 23.13 32.19 19.04 20.67
36.35 21.82 35.67 33.92 19.16 21.74 34.32 18.05 19.14
37.24 21.31 34.64 35.62 18.01 22.08 36.46 16.92 18.42
39.07 20.05 31.48 38.55 16.91 19.38 39.18 16.00 17.15

41.98 17.72 29.13 39.40 16.16 17.85 40.41 15.61 16.00
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Table 2 Table 4
Composite diffusivity Diffusion coefficients evaluated from the second central moments
Tracer gas Carrier gas  Dwua Tempera- Intercept Slope  CorrelatioBa Defia 8

ture (K) coefficient  (cri/s) (1073 cné/s)

313K 353K 383K

313 3.3311 53.0989 0.93 2.3844 1.0681 7.10
N2 He 0.04498 0.04864 0.05124 353 22802 37.9516 0.98 1.9214 1.2484 6.57
He N 0.09838 0.10809 0.11509 383 1.7743  47.1057 1.00 2.6126 1.3428 6.43
Ar N2 0.03019 0.03334 0.03559
N2 Ar 0.03426 0.03797 0.04063

in Table 3 manifest only slight error incurred in the experi-
mentation.

b (o ) e s
MA = /0 ( Dro + Dra (o) f@p)drp

whereDag is the bulk diffusivity for the binary gas mixture
A, B, andDka (rp) is the Knudsen diffusivity for A in a
pore of radiugp.

The results of composite diffusivitpya obtained by ap-
plying the above model are summarized in Table 2.

6.2.2. Effective diffusivity D4

When patrticle size is increased, adsorption resistance de-
creases rapidly. External mass transfer resistance increases
slightly, but it is still small and could be ignored. However,
intraparticle diffusion resistance increases promptly and be-
comes the dominant contribution [2,5]. Based on the above
assumptions, the second central moments for adsorption runs

6.2. Linearization method [10
[10] and blank runs could be deduced as follows:

6.2.1. Adsorptionle_quilibrium constanK . N 2L [, (Ea/e)(1 + £0)? fg/.\
Under the condition that the value of adsorption equilib- (#2)ads= v [& + T] + 75 T Had (18)
rium constanKp is given, effective diffusivityDesia could
be evaluated from the correlation Bgga with Ka in the 2
item of intraparticle diffusion resistanck is obtained by ~ (#2)blank = % + prad (19)
linear regression of the differences of the first absolute mo-
ments for adsorption runs and inert runs. If Eq. (19) is subtracted from Eq. (18), we obtain
. 2
adsorption runs(He-N) (42)ads— (142)blank = 2L [Si + —(EA/S)(lzJF %) } (20)
(M/l)adsz (l_ill)ads-i- (,U«/lg)ads‘i‘ (Ma_d)ads (15) v v
Apz . (Ea/e)1+50)° 21)
inert runs (No—He) 2L/v V2
(HDinert = (A)inert + (Kig)inert + (Hig)inert (16) According to Eq. (21) a linear relation should exist between
Subtracting Eq. (16) from Eq. (15) the second moment function on the left hand side ak@.1/
The data for different velocities are shown in Fig. 4 for 353
Apy = (1) ads— (1)inert = () ads— (ZY)inert and 383 K. The lines represent the least square approxima-
Ll—¢ tion of the data to Eq. (21Ea could be gained from the
=V pPKA (17) slope, Defta from the intercept. The relation between the

o ) ) _ ) second central moments and the flow velocity of carrier gas
Apy is correlated linearly with 3, thenKa is obtained  for plank runs is also regressed as a polynomial. The results
from the slope of the line (Table 3). The relation between gptained are summarized in Table 4, which contains the tor-
the first absolute moments and the flow velocity of carrier tuosity factors. The results show that the valuessodt dif-
gas for inert runs is regressed as a polynomial. ferent temperatures are approximately consistent with each

~ The low value ofKa in Table 3 shows that the adsorp-  other, which indicates that depends only on the catalyst
tion of N2 on KD306 catalyst is weak. The intercepts of the e structure.

lines are not equal to 0, but the small deviations as shown

Table 3

Adsorption equilibrium constant of tracingzN 7. Parameter estimation method [5,11]

Temperature Intercept Slope Correlation Ka

® coefficiont (cnilg) To assure the reliability of the parameter estimation

method, the data taken for each set of experiment are no

gég —g-ggg ;‘i-ggﬁ g-gg 8-822‘2‘; less than three times the number of parameters to be eval-

383 —0.3600 28,0333 0.90 004273 uated. The square sum of residuals is chosen as a criterion
for the accuracy of the model.
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Fig. 4. Au2/(2LIV)—-1N2 linear correlation.
N Table 6
2 2 imati
f= Z{[(M&)i _ (V*/lcal)i] + [(Mz)i _ (ManI)i] } (22) Estimation results of the other mass transfer parameters
i=1 Carrier Tracer Tempera- Ka Ea Kads ke
) i gas gas ture (K)  (chlg) (cnfls) (sY) (cmis)
where 7, n2 represent experimental values of the first ab- v " 13 00640l 29525 56762 31477
H e . . . .
solute almd s(;acond Ce.mr?l rgorgents,lwmyl?)czah (12)cal He N, 353 0.05538 1.8382 6.9926 7.8007
are evaluated, respectively, by Egs. (1) and (2). He N 383 0.04196 2.6467 46315 8.4569
The least square method of variable polyhedral algorithm ar N» 313 0.09591 0.7225 3.4939 9.1181

[12] is employed to find the minimum value éfand the N2 Ar 313 0.10420 0.3613 1.8651 12.8058
suitable value ofDesa. The other mass transfer parame- N2 Ar 353 0.07367 1.0964 4.5993 44.5733

ters are obtained simultaneously. The results are shown in
Tables 5-7.

In Table 5, the maximum deviation éffrom the average
is about 18.5%, which shows once again thatalues are
within a narrow range. Furthermor&yalues obtained from

both methods as shown in Tables 4 and 5 are all clustered

Table 7
Resistance distribution

Carrier Tracer Tempera- Adsorption Intraparticle External mass

around an averageidof 7.2. From Table 7, it is easy to draw

the conclusion that adsorption resistance and external massie
transfer resistance could be neglected when compared withHe

intraparticle diffusion resistance.

as gas ture (K) resistance diffusion transfer resis-
&a/61 (%) resistance  tanceé&g/&1
&i/61 (%) (%)
N2 313 3.51 95.94 0.55
N 353 3.40 96.33 0.27
He \7 383 5.05 94.70 0.25

Table 5
Effective diffusivity of KD306 catalyst

A sample of predicted curve obtained by the optimization

Carrier gas Tracer gas Temperature (KDesia (10-3cné/s) &

He N2 313 1.1534 6.57
N2 He 313 2.2043 7.52
He N2 353 1.3661 6.00
N2 He 353 2.4043 7.58
He N2 383 1.4075 6.14
N2 He 383 2.6188 7.41
Ar N2 313 0.7610 7.59
N2 Ar 313 0.6536 7.78
Ar N2 353 0.7958 8.04
N2 Ar 353 0.7173 7.83
Ar N2 383 0.8753 7.82
N2 Ar 383 0.7363 8.15

method, based on the experimental curve and the model
results ofu’ andpuy, is also shown in Fig. 3. The two curves
are almost coincident with each other and the differences
are very small.

8. Conclusions

The results of a linearization method are in good agree-
ment with the solutions of the parameter estimation method,
which shows that the assumptions made in linearity pro-
cessing are reasonable and the methods of linearization and
parameter estimation can both be used to determine effec-
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tive diffusivity efficiently. The uniformity of the estimated )
values ofs also verifies the soundness of the SPSR method 1
for measuring KD306 catalyst. The average tortuosity fac- 9

tor for KD306 catalyst was experimentally determined to pp
be 7.2. The deviation of tortuosity factors obtained through &;
Ar—N; as compared with that through Hex-I¢ very slight, &

which suggests that Ar, instead of expensive He, might be &

first absolute moment (s)

second central moment3js

porosity of particle

particle density (g/ml)

defined in Eq. (4)

intraparticle diffusion resistance defined in Eq. (6)
external mass transfer resistance defined in Eq. (7)

used in the SPSR method.

9. Nomenclature

C tracer concentration (molf

Deia  effective diffusivity (cnt/s)

Duwa  composite diffusivity (crivs)

Ea axial dispersion coefficient (cffs)

f sum of residual squares defined by Eq. (22)
Ka adsorption equilibrium constant (é¥g)
Kads adsorption rate constant(§

ks external mass transfer coefficient (cm/s)
L column length (cm)

R mean radius of pellet (cm)

toa injection time of trace gas (s)

\% superficial carrier-gas velocity (cm/s)

&a adsorption resistance defined in Eq. (5)
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