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A flow adsorption vessel connected in series to a backmixed reactor permit,ted the 
simultaneous determinat.ion of adsorption isotherms on both catalyst and support. The 
multicomponent. partial pressures above t,he support were identical to those over the 
catalyst in the steady state flow reactor. At high reaction rates of dichloroethylenes 
in Hz over 0.5y0 Pt peripherally deposited on q-AlzO~ catalyst, there were greater amounts 
of reactants and lesser amounts of products adsorbed on the support than on the catalyst, 
even though partial pressures over each were the same. The depletion of reactants on the 
catalyst at high reaction rates is believed to be a combined effect of surface and gas diffu- 
sion mechanisms. The experimental met,hod enabled an estimate to be made of the 
reacting species part.ial pressures at the interior end of the catalyst pore, behind t.he 
peripherally deposit.ed actjive metal. Effectiveness fact,or 7~~ for the active metal and 
the maximum useful depth max liAo for metal impregnation into the pore were define3 
and calculated. Both T)IA~ and max Z i~c were fourld to be dependent upon dichloroethylenes 
concentration and reaction rates. At fixed trans-C&H&& partial pressure of 5.0 Torr, 
e.g., 1)~~ decreased from 1.0 t,o 0.75 as the reaction rat,e ranged from 1.0 to 4.0 rmoles/min 
cc catalyst. The act,ual depth of metal deposition on the I/‘16 in. diameter extruded 
pellets was 34 + 16 pm. The maximum useful pore depth to which Pt could have been 
impregnated was 92 pm at 5.0 Torr (rans-CtHJJ2 and a reaction rate of 4.0 rmoles/min 
cc cat,algst . 

NOMENCLATURE 

gas concentjrat~ion (moles/cc) 
concentration in t,he bulk gas k 
(molcs~cc) 
gas concentrat’ion behind the 
pcriphcrally dcposikd active 
mclt.al (n~olcs/c~~) 

~ 
JAc 

diffusion coefficient in a singIt> 
pore (cm2/scc) 

I 
‘I 

Knudsen diffusion coeficient, max LAc 

(cm2/sec) 
cffectivencss factor, i.e., ratio df 

of mc>asurcd to kinct,ic reaction ” 
rate -l-T 

Thitk modulus, defined by Eg. 
(7) 
kinetic rate constant per unit i 
total volume of the active por- 

tion of t’he pellet’ (containing 
w 
kinetic rate constant per unit, 
t,otal internal surface arra of 
t)he active part, of t.hc catalyst 
pellet 
length of the nctivc portion of 
pore 
tot,al length of t,he half pore 
useful pore depth for metal 
impregnation 
molecular weight (g/molt) 
kinetic reaction order 
amount of reacting species 
measured on the cat’alyst, 
(moles/g) 
average port radius ( = 2 Ti,/S,) 
Slope of the linear adsorption 
isotherm for any reacting 

* Correspondence. species on support in Fig. 5, 
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pmoles/g cat Torr reacting 
species 
total N2 BET surface area 
(m*/g) 
external geometrical surface 
area per pellet 
average t’hickncss of the periph- 
eral Pt layer 
pore volume of catalyst (cc/g) 
geometrical volume of a single 
cat’alyst pellet, including the 
pore space 
effectiveness factor defined by 
Eq. (4) 
porosity of the catalyst] 

INTRODUCTION 

Due to difficulties in measuring surface 
concentrations, kinetic expressions for heter- 
ogeneously catalyzed reactions are formu- 
lated on the basis of measurable gas phase 
concentrations surrounding the catalyst. 
More recently, experimental methods have 
been adapted for adsorption measurements 
during the process of surface catalysis. These 
include gravimetric, volumetric, gas chro- 
matographic (1, .2) and temperature pro- 
grammed desorption techniques (3). Weiss 
and Gambhir (4, 5) have used a flooding 
met,hod (which is the basis of this present 
work) to measure the amounts of species 
present on a catalyst in a flow system at 
steady state. The method is useful both 
when a reaction is in progress and when 
there is no reaction taking place. 

The methods cited measure the integrated 
amounts of adsorbate on the catalyst pellets 
in a reactor. A technique for measurement 
of the concentration gradient, across one 
single catalyst pellet was suggested by 
Zeldovich (6) in 1939. Zeldovich’s idea was 
experimentally demonstrated by Roiter et al. 
in 1959 (7). The hist)orical development of 
the single pellet technique along with the 
recent improvements are given by Hegedus 
and Peterson (8). 

Balder and Pet.erson (9, 10) used a single 
pellet react,or which allowed direct measure- 
ments of the concentrations of the molecular 
species at the center of the symmet,ry plane 
of a pellet. They measured the hydro- 
genolysis reaction of cyclopropane on alu- 

mina supported platinum catalyst pellet, 
0.95 cm diameter X 0.6 cm long in size. 

In the present study w-c have found that, 
it’ is possible to infer the concemrations at, 
the interior of a much smaller commercially 
sized catalyst pellet, in this case l/8 X l/16 
in. diameter. The approach involves having 
a reacting system at steady state which is 
instantaneously flooded with a material that 
competes for the active sites of the catalyst. 
Reactants and products on the catalyst at 
the instant of flooding dissolve into tEc 
solution and provide a measure of tEe 
amounts of the species on the catalyst pellets 
at that, instant. The model reaction chosen 
for study is hydrodechlorination of cis- and 
trans-dichlorocthylenes on 0.570 plat’inum 
peripherally deposited on q-A1203 catalyst. 
The same reaction system was used for 
previous studies with the flooding method 
(4, 5). The zero order reaction scheme is 

ClCHzCHLX 
+H?t 

ClCH=CHCI 
ClCHXHx 

I. +H? +HzT 
CICH=CH +2H2 

-HCl 
2 --HCI CH&H, 

and the kinetics were measured by Weiss 
and Krieger (11). Pt is t,he active catalytic 
agent and alumina only serves as an inert, 
extended surface carrier. Isomerization of 
cis- and tran,s-dichloroethylenes is negligible 
in the system; and the major reaction is 
conversion of dichloroethylenes to vinyl 
chloride, which in turn, is hydrodechlon- 
nated and rapidly hydrogenated to ethane 
as an observed product. Side hydrogenation 
reactions leading to the formation of ethyl 
chloride and 1,2-dichloroehhane are also 
observed to occur. 

It was reported earlier (4, 5) that the 
measured amounts of adsorbed dichloro- 
ethylenes on the catalyst surface decreased 
as a function of extent of reaction rat1er 
than of partial pressure. A transition from 
first, to zero order kinet.ics occurred well 
below monolayer coverage. Surface diffusion 
of physically adsorbed reactants to the 
dispersed Pt sit,es was offered as an explana- 
tion for the observed reactant depletion. The 
effects of reacting Hz and product HCl on 
the adsorption of reacting dichloroethylenes 
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were not measured before. These effects will 
also be reported in this work, the main 
purpose of which will be to provide bot’h a 
measure and an interpretation of the cffec- 
t,iveness factor concept for peripherally 
deposit.cd noble metal catalysts. 

EXPERIMENTAL METHODS 

1. Catalyst and Reactim System 

The reaction system, catalyst, preparation, 
materials, analytical methods and experi- 
mental procedures used are described else- 
where (4). q-Al2O3 support) in the form of 
ext,ruded pellets, l/l6 in. in diameter and 
of variable length, nominally l/8 in. was 
supplied by Houdry Process and Chemical 
Co. and was impregnated with aqueous 
(Lhloroplatinic acid. 

Visual inspection of the cross section of 
broken halves of a single reduced catalyst 
pellet showed that l’t was deposited only 
on the pellet, periphery. The depth of t,hc 
dark black peripheral Pt layer was measured 
using a Reichtrt research metallograph and 
Universal camera microscope “MeF” at a 
magnification of 15 X . Platinum dcposit’ion 
depth measurements \verc made at, lo-15 
different locat,ions over the circumference 
of a single pellet and averaged. The metal 
deposition depth tAc was mcasurrd for six 
different pellets and averaged to give ?A, = 
34 f 16 pm. Since I’t is at the pore mouths 
(i.e., pellet periphery) only pore length 
containing Pt. will participate in the reaction, 
the pore length behind t)hc metallic Pt will be 
inert. 

l’t crystallite size was dctcrminrd from 
transmission clccstron micrographs taken at 
a magnification of 348,000. Catalyst charac- 
teristics are summarized in Tnblc 1. 

2. Adsorption Studies irl the Absence of 
ReactiorL 

Th(L reactor was also used as a vessel for 
flow adsorpt.ion stud&. It was a U-tube 
fabricated from 6 mm id., S mm o.d. Pyrex 
glass, with a 5 mm Pyrex glass rod inserted 
in the rfflucntj leg, uftcr t,he catalyst, bed. 

TABLE: 1 

Catalyst pellet size: 
Av length 
Av diam 

N, BE:T sllrface area 
He Chemisorption surface 

area 1.34 m2;g 
Powsit,) 8 0.55 
Pore vol v,, 0.38 cc,/g 
Pellet density PI’ 1.44 g/cc 
Tulle chemical densit, PT 3.25 g/cc: 
.4v thickness of peripheral Pt i*, 34 + 16 ~111 

layer 
Pt crystallite size 20 - 40 ii 

Adsorbent loadings of 0.3005 f 0.0005 g 
were used. 

Adsorption isot.hrrms for a 50.9 mole y0 
cis- and 49.1 mole y0 tran,s-CzHzClg mixture 
were measured over q-Al,Os support at 32°C 
in the presence of HCl. Liquid dichloro- 
ethylenes feed was pumped to a vaporizer 
at a constant liquid hourly space vrlwit~ 
(LHSV) of 0.52 hr-’ by a Sage syringe pump 
equipped \I-it.h a 5 cc Hamilton Teflon 
plunger gastight syringe. Anhydrous HCl 
(obtained from Matlmon Co., >99% pure) 
was pumped by a Harvard compact infusion 
pump equipped with a 50 cc Hamilton Trflon 
plunger gastight, syringe. CpH&lz and HCI 
feed streams were ftd from their pump 
syringes to the adsorption system through 
Teflon capillaries. HCl gas flow rates ranged 
from 0.0092 to 0.193 SCCM, giving HCl 
partial pressures brtwcn 0.094 and 2.01 
Torr. Helium flow ratt> was fixed at 70 
SCCM. When adsorption steady state (as 
measured by efflwnt analysis) was reached, 
t,hr reactor was flooded with 3.5 cc of Ccl,. 
Organic species in the Ccl, were measured 
gas chromatographically. The CCL solution 
contained no measurable HCl. The ad- 
sorbent. pel1ct.s w\‘;(‘re then t.ransferrrd to a 
t~otth~ containing 2.5 cc of distilled water and 
t)hc total mixture of adsorbent and water 
was titrated with 0.025 S NaOH to a methyl 
red end point. The titrated slurry was then 
wfluxed, titrated and refluxed again till no 
furt,hrr acidity n-as imparted to t,hc solution 
upon heating. 

In addition to the nethod described 
above, flow adsorptiondesorption ctxptri- 
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ments for gas mixtures of varying partia1 
pressures of dichloroethylenes and HCl in 
70 SCCM He were also made on both cata- 
lyst and support. Activation was in flowing 
He + Hz at 190°C for 2.5 hr. Adsorbent 
temperature was fixed at 32°C. Effluent gas 
at the reactor exit passed through a train of 
two 2FjO cc Erlenmeyer flasks containing 
about 75 cc of distilled water each to absorb 
HCl. More than 99% HCl absorption took 
place in the first flask. At steady state, when 
both HCl and C2H&l, partial pressures in 
the effluent stream equalled those in the 
feed, the adsorbate feed stream was abruptly 
switched to pure He at 70 SCCRl over the 
adsorbent.. The temperat.ure of the adsorbent 
was kept, const,ant at 32°C. The desorbate 
stream was absorbed in water andmonitored 
till the HCl concentration in the effluent 
stream reduced to zero. Total HCl purged 
from the catalyst by the flowing helium 
corresponds to the cumulative amount of 
HCl which was physically adsorbed. When 
the physically adsorbed HCl was purged 
off, the adsorbent, was flooded with water 
and the water solution titrated for the HCl 
remaining on the adsorbent. This provided 
a measure of the HCl quantity chemisorbed. 

Experiments were also made using two 
identical U-tube vessels in series. The ar- 
rangement is shown in Fig. 1, and, as with 
the preceding work, each vessel was fabri- 

Liauid CCI, 
I 

Gas Feed 

C,H,CI,+ H2+He 

-1 

catotyst (0.5% Pt R A / 
On q-Ai,O,) 

cated from 6 mm o.d., 8 mm 0-d. Pyrex glass, 
with a 5 mm Pyrex glass rod inserted in the 
effluent side. Product gases from the first 
vessel (the reactor) containing Pt on A1203 
catalyst were fed to the second vessel con- 
taining only the AlzOa support’ (without Pt). 
This permitted adsorption to proceed at 
partial pressures ident’ical to those in the 
reactor outlet. Both the catalyst and sup- 
port (loadings of 0.3005 f 0.0005 g each) 
were activated in situ in flowing He + H, 
for 2.5 hr at 190°C. At steady state, the gas 
feed stream to the vessels was bypassed and 
simultaneously 3.5 cc of liquid Ccl, were in- 
jected into each vessel. Appr0priat.e blank 
correct.ions were applied by subtracting the 
amounts of cis- and trun&&H&l~ present 
in the empt,y vessel from the adsorption 
quantities measured when adsorbent was 
used. 

RESULTS 

Adsorption isotherms obtained in the flow 
mode in the absence of HCl for dichloro- 
ethylenes at 32”C, LHSV = 0.52 hr’ over 
q-A1203 are plotted in Fig. 2. Both He and 
He + Hz (610 Torr) were used as diluent 
gases. Figure 2 shows that Hz has a minor 
deplet’ive effect, on adsorption of both cis- 
and tran,s-CzHzClz. 

Figure 3 shows t,he effect of HCl on the 
adsorpt,ion of cis- and tra7L.s~CzH&lf on sup- 

Liauid 

Product 

Stream/ 

L - - 

-2 
cc I* 

To Gas 

Chromotograph 

, support 

r 

FIG. 1. Series experiments. Flooding both vessels at steady &ate allows measurement, of adsorption on 
both catalyst and support at conditions identical to those over the catalyst. 
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400 I I CIS TRANS 
ns / A 0 
Hs+H.(610Torr) A . 

0 2 4 6 6 IO 

TORR GeHeCle 

FIG. 2. Hydrogen has a minor depletive effect’ 
on adsorption of both cis- and trans-C2H&1~. 

port in He at 32”C, LHSV = 0.52 hr-’ and 
fixed dichloroethylenes partial pressure of 
10.6 Torr. The amounts of adsorbed cis- and 
trans-CzH&l, both decrease as a function of 
pHC1 up to about 0.5 Tow. Above this HCl 
partial pressure, the amount,s of adsorbed 
CzHzClz are unaffected by competitively 
adsorbed HCl. 

Adsorption of dichloroet’hylenes (10.6 
Torr) in HCl (0.19 Torr) at 32°C was meas- 
ured at nonreacting condit’ions both over 
support by using He + Hz (580 Torr) as a 
diluent gas instead of He alone and over 
catalyst instead of support as the adsorbent 
with He as the diluent gas. These data are 
also plotted in Fig. 3. Almost identical 
C2H&12 adsorptions at, nonreacting condi- 
tions were obtained on cat.alyst, (in He) and 
on support (in He or He + Ha). The pres- 
ence of either H, in the gas or I’t on the 
cat,alyst does not influence t,hc adsorption 
of dichloroethylenes at a fixed I-ICI partial 
pressure. 

Figure 3 also shows adsorption data ob- 
tained under reacting conditions. CzH&lz 
LHSV was varied from 0.2.5 to 3.85 hr-’ at 
fixed partial pressures of 4%5 Torr Hz and 
10.6 Torr C&H&l2 (feed) at 32°C over a 
fractional conversion range of 0.006-0.20 
(4). HCl partial pressure was calculat,ed 

:::A: 
. SUPPORT IN He ’ 
0 SUPPORT IN He + Hz(S60Torr) 
o CATALYST IN He I 

2oo I’i- ” CAJ:LYST ‘N HI+ 7,(46STorr) 1 

u) 0 1.2 2.4 3.6 

w TORR HCI 
2 
w 

01 / I I 
0 1.2 2.4 3.6 

TORI3 HCI 

FIG. 3. C&H&l2 adsorpt.ion at 10.6 Tow, 32°C. 
The depletion of C&H&% on the catalyst during 
reaction is greater than that accounted for by the 
presence of HCl alone. 

from the product, gas analysis and hhe known 
stoichiometry of the reackm. 

Figure 3 shows that at fixed HCl and 
dichloroethylenes partial pressures there is 
less dichloroethylenes adsorbed on cat,alyst 
under reaction conditions than on support 
or cat’alyst, in t’he absence of rea&ion. The 
deplet)ion of C&H&l, on the catalyst under 
react,ing conditions takes place to a greater 
extent than that accounted for by the com- 
pctitive adsorption alone. 

Figure 4 shows that HCl is adsorbed in 
large relat,ivr yuantit,ies compared with 
adsorption of both cis- and trans-C&H&&. 
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0 04 0.6 1.2 ? 1.6 2.0 2.4 
TORR HCI 

FIG. 4. HCl is adsorbed in large relative quantities 
compared with adsorpGon of both cis- and trans- 
C,H,Cl?. 

Table 2 summarizes the results of t,he 
desorpt’ion dynamics studies for support and 
catalyst brought to adsorption steady state. 
More t,han 90% of the HCl adsorption by 
the support occurred in the first hour. 
Seventy percent of the physically adsorbed 
HCl desorbed in 3 hr. The support did not 
have any measurable acidity. The catalyst 
had an acidity of 12.6 pmoles/g probably 
due to HCl left on t,he surface during reduc- 
tion of HzPtC16 to Pt,. The majority of HCl 
is chemisorbed. 

Scanning electron micrographs with a 
Cambridge Stereo Scan Mark 2A microscope 

TABLE 2 
MOST OF HCI IS CHEMISORBED~ 

pmoles/g on 

Support Catalyst 

React,ed with adsorbent 160 122 
Physically adsorbed 180 216 
Chemisorbed 484 

/ 
462 

IJnaccounted 52 

Total by material balance 876 800 

n 32”C, 1.84 Torr HCl, 10.4 Torr C~HKS. 

were obtained for fresh (reduced) and for 
aged catalyst pellets at magnifications of 525 
and 2100. Both exterior surfaces and the 
fractured cross sections of the pellets were 
scanned. Surface transmission elcct,ron mi- 
crographs were also obtained for both fresh 
and aged catalyst’ at, magnifications of 
288,000 and 348,000. The cat,alyst was aged 
at, pC2H&l, = 33.0 Torr, pHz = 570 Torr 
and a reaction temperature of 32°C for 9 hr 
(these reaction conditions approached tte 
severest for the entire study). Scanning and 
transmission electron microscopic analyses 
revealed no not,iceable changes in the mor- 
phology of eit’her fresh or aged cat,alyst 
samples (I$. Temperature increases on the 
catalyst surface and within a catalyst pellet 
resulting from the exot.hermic Eydrode- 
chlorination reactions were calculated by 
the methods of Anderson (IS), or Mears (14) 
and of Bcrcovich and Jaime (I@, as well as 
measured experiment,ally. The experirrental 
measurement of temperature involved in- 
serting a 0.0303 cm diameter thermocouple 
into a fine hole (0.0440 cm) drilled in the 
axis of one of the f{G in. diameter pellets 
in the reactor. Heat conduction along t,he 
thermocouple wire could result in a measured 
temperature rise lower t’han the t,rue value 
(for reaction conditions approaching the 
severest for the entire study). Calculated 
and experimentally measured temperature 
differences (I!?) amounted Tao only 3.5 and 
1.3”C maximum, respectively, which are 
insufficient to significantly affect either the 
rates or the adsorbed quantities. 

Series experiments were made using ap- 
proximately an equimolar cis- and trans- 
C2H2C1, feed mixture at 32°C react)ion 
t,emperaturc, 0.52 LHSV and varying Hz 
and C2H2Cls concentrations. Since the first’ 
vessel (the reactor containing t’he catalyst) 
behaves as a backmixed reactor, both 
catalyst in the reactor and support in the 
vessel following the reactor are subjected 
to the same gaseous product concentrat,ions. 
Since the adsorbed quantity of any species 
on catalyst is only a function of its gas phase 
concentrat,ion and remains unaffect,ed by 
react,ion, its amount on both the catalyst 
and support should be identical, if no other 
phenomenon affects adsorption-desorption. 
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TABLE 3 

Quantities of trans 
l(ea&n adsorbed 
eflllent Reaction (pmolesjg) 
(Torr) Total rate -~ 

-- con”. (pmoles/ 011 on 
Hy hns Gi( min cc cat) catalyst s\Lpport 

47.2 5 11 5.75 6.7 53.8 53.0 
53.X 4.92 3.28 3.8 49.9 53.2 

610.9 2.63 3R.2 45.8 8.4 27.4 
582.0 0.96 37.9 43 3 0.42 11.7 

-. 

Results obtained for trans-CzHzCls are sum- 
marized in Table 3. Degree of dispersion 
calculations indicat,e that, in all of t#he 
experiments listed, the reactsor \vas cffec- 
tively back-mixed, as vi-as the case in earlier 
work (4, 5, 12). It can be srcn that at low 
rcact’ion rates (3.8 and 6.7 pmoles/min cc 
cat,alyst) idemical amounts are adsorbed on 
both catalyst and support, implying t)hat’ 
the entire internal pore surface of t,he 
catalyst is available for adsorption at the 
bulk gas conccnt,ration. At, high reaction 
rates (~4.5 ~moles/min cc catalyst) the 
amounts adsorbed on peripherally deposit,ed 
r:at.alyst range from 4 t,o 30% of that meas- 
ured on support. The dcplet.ion is more 
pronounced with decreasing CzH&!ls gas 
concentration at, identical observed reaction 
rates. Similar results were obtained for 
cis-C&H&I&. 

The measured amounts of the different, 
species on catalyst and support in the series 
experiments are plotted against] effluent gas 
phase concentrations (measured at the out,- 
let of the second vessel) in Fig. 5 (for reacting 
species) and in Fig. 6 (for product, spccics). 
All the dat,a are for pHC1 > 0.5 Torr, where 
HCl was found to have a constant effect on 
dichloroct,hylenes adsorption. Figures 5 and 
6 show at’ partial pressures t’hat correspond 
to low reaction rates, t,hat) adsorbed quan- 
tities of both reactants and products mcas- 
ured on the catalyst are identical to those 
measured on support. At high reaction 
rates, reactants deplete and prodwt,s ac- 
cumulate on catalyst, relative to their 
rcspectivc amounts on support. This t.ypc of 
behavior is charact’rristic of pore diffusion 

phenomenon. Thus, at high reaction ratrs, 
bot’h surface diffusion and pore diffusion 
effects combine to cause the tot’al observed 
depletion of reacting species on the catalyst. 

INTERPRETATION 0F RESULTS 

An idealized pellet, pore structure can 
be regarded as an asscmblagc of cylindrical 
pores of ident.ical average radius and average 
length (18-18). An average catalyst pore 
with various dimensions is shown in I;ig. 7. 
LAc is the active length, i.e., the depth of 
the peripherally deposited metal. CaJculated 
value of the average radius ? is 40.4 A, which 
is in the micropore regime. Although di- 
chlorocthylrnes react#ion to ethane is accom- 
panied by a mole number change, such a 
large excess of Hz and He was used in this 
study that the effect. of volume change is 
negligible,. Vectors suggesting gas-phaw dif- 
fusion, adsorption-dcsorptjion, and surface 
diffusion are also dralvn on Fig. 7. Co wpre- 
sents bulk gas reactant wnccntration, Cc 
that in the pore behind the active metal. 

If gas diffusion is t,he only means of trans- 
port’ into the pow, the steady state con- 
servation equation incorporating a power 
law rate expression for reacting dichlortr- 
ethylenes (tYnn.9 or cis-) in a single port is 
(17) : 

c12c Zlc,C” Ds =-+-. (1) 

There is no reaction and hence no flux past 
the act,ive length of the pore i.e., at x = LA?. 
The concentrat,ion gradient must be zero at, 
this point. The boundary conditions for the 
conservation Eq. (1) are 

x=0 c = co 
ClC 

(2) 
x 2 LAc c = ci - = 0. 

c1.c 

Gas concrnt,ration gradients for a periph- 
crally deposit’ed pore are shown in Fig. 8. 
For simplicity, a linear conccntratjion profile 
in the gas phase is assumed over the active 
length of the pore L.kc. 

The conservation Eq. (1) and its boundary 
conditions for the single pore are those for a 
single pellet, reactor, such as used by Balder 
and Peterson (9). The total pellet, length 
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, 

2 3 4 5 
TORR C,H,CI, 

IO0 -Cis 

t 

. 

0.32 

5 0.24 

0.06 

0 

60 

50 

Ii 
40 

(3 
. 
In 
u 30 
0' 
I 
1 

20 

IO 

0 

0 .02 0.06 0.10 0.14 
TORR CeHJCl 

and center plane chamber in a single pellet 
reactor correspond, respectively, to the 
active length LAc and inert pore length 
(beyond L& of a peripherally deposited 
catalyst pore. The concentration Ci of the 
reacting species in the center plane chamber 
is analogous to concentration Ci in the inert 
length of the pore in the example on Fig. S. 
Calculated concent,ration gradients for vari- 

2 3 4 5 6 
TORR CeHeCle 

FIG. 5. Series experiments at 32”C, 0.52 LHSV. 
Reactants deplete on catalyst relative to t’heir re- 
spective amount8 on support. 

ous reaction orders can be used as a more 
rigorous solution to the system than the 
simplified assumption of linear concentra- 
tion gradient across the active metal that 
we use. 

The quantities of species measured on the 
catalyst in the series experiments correspond 
to the integrated amount under the concen- 
tration profile that is shown in Fig. 8 for a 
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i 
W 6 
. 

cn 
w 5 

;: 
= 4 
1 

1.6 

Ii 1.4 

w 
. 1.2 
VJ 

5 

ii 

I.0 

1 0.6 

0.6 

0.4 

0.2 

0 I 

0 

0 0.1 02 0.3 04 05 0.6 0.7 0.6 0 .02 .04 .06 .06 0.1 

TORI? $1 

1 I ! 
0.4 0.a 1.2 I .6 2.0 2.4 I 

TORR CeH6 

-I 
i 

single pore. At low reaction rates Ci ap- 
proaches Co and identical adsorption quanti- 
ties of reacting and product species are 
measured on both the catalyst and support. 
At high reaction rates the observed depletion 
in the amounts of reacting species adsorbed 
on the catalyst compared with their relative 
amounts on support is due t’o (a) surface 
concentration gradient,s around the active: 

TORR C,H4Cle 

FIG. 6. Series experiments at. 32”C, 0.52 LHSV. 
3 Product,s accumuiate on catalyst relative t,o their 

respective amounts on support.. 

Pt, sites and (b) gas phase concentrat’ion 
gradient across the active pore length due to 
reaction. 

The total amount N, of reacting species 
measured on the catalyst is the sum of (a) 
the amount adsorbed in the pore at uniform 
concentration C = Ci plus (b) the additional 
amount adsorbed on the active pore length 
due to the fact t,hat, in this region C > Ci. 
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Pt 

med Linear 

Wheeler’s Working Rules 

LT = +T= 46011 

T "g ;2- 
53 

= 40.4 A 

LA,= z fi= 37.6 (r 

FIG. 7. Pore model for a peripherally deposited 
catalyst pellet. 

Ci is calculated directly from the experi- 
mentally measured bulk gas concentration, 
total quantity adsorbed, and the support 
adsorption isotherm slope of Fig. 5, X. 

c = (NT/S) - @'Ac/~J%)& 
z 

1 - (LA&%) 
(3) 

(using the assumption of a linear concentra- 
tion gradient across the active metal). 

C. Measured Directly 
Ci Calculated From Adsorption Isotherms 
Boundary Conditions: 

x=0 c= c. 
x = L,, C= Ci , $+=O 

x = L, dc _ C=Ci 9 x-0 

Ddk; 2kC” 

d x2 7 

FIG. 8. Peripherally deposited pore concentration 
gradients. The quantity of reacting species mess- 
ured on the catalyst permits estimation of cencen- 
trations inside the pore. 

The effectiveness factor for peripherally 
deposited catalyst can be defined as 

%‘Ac = 
active length used for reaction at C = CO 

total active length 
(4) 

This is shown on Fig. 9, and the effective- 

‘LAC q 

Active Area Used For Reaction At C= Co 
Total Active Area 

FIG. 9. Extrapolation of the gas concentration profile to the point where Ci = 0 gives an estimate of the 
useful pore depth for metal impregnation. 



EFFECTIVEKEGS FACTORS 253 

- .06 

0 

I 

I- 
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0 
0 I 2 3 

TOR R TRANS- CeHeCle 

FIG. 10. Utilization of active metal. At fixed reaction rates, both 1)~~ and max f,.kC increase with increasing 
reactant concentration. 

2.0 

Fixed Partial 

Trans-= 5.0 Torr 

0.5 

0 
0 I z 5 

TRANS- REACTION RATE ( 

1.00 

.80 

.60 

FIG. 11. Utilization of active met,al. qac and max LAG both increase with decreasing reaction rat,es at fixed 
react,ant concentration. 
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ness factor for the active length 
where the metal is deposited, is 

co + ci 

of the pore Both TAG and max LAG decrease with increas- 
ing reaction rates. Similar results were ob- 

I-. tamed for cis-CzHzClz. More metal is 
r]Ao = -* 

260 (5) utilized and greater pore depths can be used 
, .1 for metal deposition at low reaction rates 

and high reactant concentrations. 
The solution to Eq. (1) for reaction order 

n = 0 in the act’ive length LAc has also been 
given by Wheeler (17) 

If Pt were impregnated deeper into tne pore 
more gas would react inside the pore for 
the same Co. Extrapolation of the linear gas 
concentration profile on Fig. 9 to the point 
where Ci = 0, suggests that there is a 
maximum active Pt length, beyond which 
no reactant gas is available for reaction. 

h = [2(1 - $)I”= LA&&$~‘2 (7) 

From the geometry of Fig. 9, 

CO 
m&x LAc = LAc Co _ Ci’ (6) 

and as Ci + Co, max LAc + m . 
Figure 10 is a plot, of bot’h the active metal 

effectiveness factor VA, and the fraction of 
the pore length that is useful for metal 
impregnation (LAc/L~)rn~x as a fun&ion of 
Ir~ns-C~H&l, partial pressure at’ fixed reac- 
tion rate of 19.2 pmoles/min cc cat. As 
would be expected, at fixed react,ion rate, 
both effectiveness factor VAe and (max LA,) 
increase with increasing reactant concentra- 
tion. Figure 11 shows the effect of trans- 
C,H&lz reaction rate on ?JAc and (LA~/‘LT)~~~ 
at fixed truns-partial pressure of 5.0 Torr. 

where the experimentally measured reaction 
rate based on active metal length LAe equals 
the zero order rate constant k,&o. The diffu- 
sion coefficient DAc for the peripherally 
impregnated pellet is then based on the 
active length LAc of the pore. This differs 
from the normal concept of diffusion coeffi- 
cient based on the total length of a catalyst 
pore in a uniformly impregnated pellet. 
Table 4 lists diffusion coefficients across the 
active metal. The Knudsen diffusion coeffi- 
cient DK at the conditions of the experiments 
is larger than the values of DAc, possibly 
due to low permeability of the outer layers 
of the extruded catalyst pellet-the so-called 
“skin effects” (19). Scanning electron micro- 

FIG. 12. SEM results on a fresh catalyst pellet. The fractured cross section of the cat,alyst pellet, (right; 
X 1710) has a higher porosity than the surface exterior (left; X 1688), a skin effect, from the extrusion process. 
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TABLE 4 
SINGLE PORE DIFFUSIVITIES (cmz/see) 

cis-CzH&$ 

PO Conv. 
(Torr) (%) 

LAo’kAc DAM = - 
.9Coh2 

5.00 3.28 0.0325 
5.17 e5.75 0.0026 
0.98 37.90 0.0023 
2 47 39.20 0.0012 

graphs for a reduced but unused catalyst 
pellet in Fig. 12 show that the fractured 
cross section has a higher porosity than the 
surface exterior. Since the diffusing reacting 
molecule has to pass through the external 
surface layer first, ideally the average pore 
radius P to be used in the calculation of 
DAe and Dx should be that of the pellet 
exterior and not that calculated from the 
experimer$ally determined rat,io 2l’,/s, 
(= 40.4 A) for the yhole pellet. A value 
of p lower than 40.4 A will increase DAc and 
decrease DK bringing the two values closer 
together. 

CONCLUSIONS 

In the system used for t,his work, the 
reaction of hydrogen with dichloroethylenes 
over 0.5% Pt peripherally deposited on 
Hs X g in. a-A1203 pellets, it was found 
that product HCl adsorption was high 
enough to displace significant quantities of 
dichloroethylenes. (This was not the case 
with hydrogen.) Even so, the depletion of 
reactants on the catalyst surface as a func- 
tion of either conversion at, fixed dichloro- 
ethylenes partial pressure or of partial 
pressure at fixed LHSV is significantly 
greater than can be accounted for by com- 
petit’ive adsorption of HCl produced in the 
reaction. The observed depletion of react- 
ants on catalyst during reaction is believed 
to be a combined effect of surface and gas 
diffusion effects. 

The technique of using a flow adsorption 
vessel tandem to the backmixed reactor and 

of flooding at steady state permits deter- 
mination of adsorption isotherms on support 
at multicomponent partial pressures iden- 
tical to those over the catalyst in the reactor. 
Such isotherms serve as the means for 
estimating the partial pressures inside a 
catalyst pore and behind a peripherally 
deposited active agent. With these data it 
then becomes possible to define an effective- 
ness factor WAC for a peripherally deposited 
catalyst and to predict the maximum useful 
depth that a catalytic agent should be 
impregnated into the pore. For rapid indus- 
trial reactions, such as reforming, pore 
diffusion limitations mitigate against im- 
pregnating noble metal uniformly along the 
length of a pore, since metal near the center 
of a pellet will not be utilized. On the other 
hand the useful pore length concept has the 
advant’age of being an approach to ‘Yailor” 
the depth of impregnation of a noble metal 
on a catalyst support to produce an economi- 
cally optimum catalyst. The active metal 
effectiveness factor provides a measure of 
the efficiency of the metal utilization. 
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