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DEMETALLATION, DEACTIVATION AND BEDPLUGGING
IN RESIDUUM HYDRODESULFURISATION

Esmond ' J. Newson

' Technical University of Denmark
Instituttet for Kemiteknik .
Bygning 229, 2800 Lyngby, Denmark "

The reduction of sulfur oxideAemissions resulting from the use
of high-sulfur crudes has recently become of increasing importance,
High sulfur petroleum fuel oils contribute to the probléms-of air
pollution.vThe conversion of high sulfur crudes to éynthetic crudes
" low in sulfur, would increase'tﬁelsuppiy of limited natural re;

" sources, _' ‘

One method of}reducing the sulfur content in crude oils and re-~
>Sidua is residuum hydrodesulfurisatioh in trickle-bed reactors.
Total operating costs for this process can beé divided into three
componénts i.,e, catalyst costs, hydrogen consumption costs and
_ufilities Plus investment charggs.’Catalyst costs represent a sig-
nifiéant fraction of the total operating costs and also control thé
hydrogen and investment costs. . _

" The facfors contriButing to catalyst utilisation will be the

subjeqt of this paper. These factors are classified broadly iﬁto

two categories, Intraparticle diffusion leading to pore plugging and
rapid catalyst deactivation, Sccondly, interparticle»roac%ion 1eadfﬁg
to bcd-plugging, The -possibilities for increasing catalyst utilisa-~

tion in thesc two respects will also be considered,




- 66 -
PORE DIFFUSION IN RESIDUUM DESULFURISATION-DEMETALLATION

(1-5)

on residuum hydrodésulfurisation, the
major conclusion is that metals contents of the feeds esscentially

From recent papers
control catalyst ﬁtilisation. Analysis of porc diffusion problems
will theréfore be limited to a pore plugging deactivation mechanism
which progressively retards mass transfer of the sulfur-containing .
molecules to the interior portion of the catalyst.pellét. This me-
chanism has been recognised for some time 6-8) but little quanti-
tative information is available from journals or patent,literature.

uffectlveness factors for demetallation of vanadium compounds

(3)

afe significantly less than 1.0, Assumlng typical values ‘of 11qu1d
hourly space velocity (l.0) and desulfurisation conversion {75%),
corresponding demetallation conversion results (7 %).; Catalyst
particle size can now be plottied agawnst the effective diffusivity
for demetallation with effectlveness factor as a parameter, In
Figure 1, >for an effectiveness factor of 0.75, with a'catalyst par-~
tlcle size of 1/16 inch diameter, a mlnlmuﬂ dlffuslv1ty of 5-lo”

cm /se& is required. An effectiveness factor of 0.5 allows the mini-

-7

Eram dlffus1v1ty to be as low as 2°1c cm /scc. A first order reac-~
tion has been assumed together with a spherical particlc shape.
rlgurq 2 shows estimates for -valucs of the effective diffusivity
as a function of molecular weight. The Stokes-Einstein equation was
used to estimate liquid diffusivities .for large molecuies(9) to~
gether with a catalyst porosity of o0.5. The parameter in Figure 2
is the4tortuosity-factor with values of 2, 5, lo and 20. The initial
value is close to that'for loosely packed beds and probabiy repre-
sents a minimum for a formed catalyst particlé such’ as an extrudate.
The final value of 20 may refléct the accurilation of metal sulfides
and coke in pores éf the catalyst ﬁarticularly in an cuter anulus of
the pellet, From Figure 2, using a tortuosity factor of 5, an ecffec-
tive diffusivity of 3,5 - lo"7 cmz/sec. is estimated for a compound
.of molecular weight 4ooo, The latter value is towards the lower end
of the spectrum of asphaltene molecular weights for Arabiar IHeavy
atmospheric residuumsl'B) L preliminary conclusion from figurces 1
and 2 based on pore diffusion theory and aun oversimplified moleccular
plcture is that effectiveness factors of about 0.6 are probably
attalnable in demetallation of a feed such as Safanlyi to 1 weight

per cent product sulfur,
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It cén»be'sstimatcd hewever that the effective diffusivity.
Tor demetallation is »u‘3+ant1111v lowar than.3"10_7 Cﬁz/sec. for
st Safaniyd feod boinv r'E cod to 13 vreduct sulfurn This may he
the result of ao:c“p 10" nhenomenn -particilarly for vanadium com-
(Lo,ll)

)

pcundsg ) Othof Jota for the desulfurisation rcaction pro-
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vide upper bounds to thé'estiﬁates for offc ctive diffusiwity for

catslvet particlce.
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sequent estims
rates more *ynical ot In the st data, the
'uonver41on (7“%) 4 the liguid hourlr snace velocity (l,j) were

modest by VGO standalaf. means a tortuosity of 5.

Residuum desuifuricaticn’ with information
11‘ . . B
from the pqtont literatur ! allows én cztimate to be madc for the

effective diffusivity of a Safaniyn foedstock. A value of about
-7 2 § i . U
2+1lo" " em"/scc. was colzonlated for assumoed proce ss conditions of
o

one liquid’hourly spacc vol

Goj desulfurisation conversion,

This provides an uopaer - wo the rmluas of the effective diffu-
u

sivity for demeiailation when desulfurising a Safanivae feed to 1%
product sulfur. The procision cf +he ostimates is contingent upon

a number of: assumptionc S0 T

reor of magnitude values are
pos ible at this timeo.
The ef ectlvn difTus vity for demetallation will be less than

the corre spondlnn veians for dnsald rce much of the de-

sulfuri ation takes’ place’ from that ~acti " the feed boiling
between 550—1000 T, Demctallation trltes nloco from feed boiling

To
~abovae lcoo J°,

Effective Diffusivity Sor Demetallaticn
' ' o 1]

6)

Form of cencentrati

Scme dati for dcmctWLl“tioé i nro.-

8]

files in t22 pellot i3 tvni?ablu Tory oo topped residun, 2L

APY gravity. The vanadiam @orcnntrntion in *he regoemerated catalyst
3
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pelletrwas extremely stéep but the pellet diameter was 5 mm, An effec-
tive diffusivity faor- vonadiunm of 2;10-7‘dm2/scc. wns cstimated. This
value is also plotted on Figurc 1, : . .
More recent data is- available by means of clectron micro-probe
profiles in 2 spent catulyst pelle%B. An effective diffusivity of
110" =7 cn /sec. was costimated for vanadium during the desulfurisa-
tion of aﬁ Arabian Light feedstock,_17.50API. Correlating the‘above

estimates for effective diffusivity with feed gravity suggests an

-8 2 . - .
order of magnitude value of 3°lo cm /soc. for vanadium when desul-
furising Safaniya to 75% conversion at a space velocity of 1.0, o

-7

This value is indeed lower than the upper bound of 2+10 cmz/sec.
suggested'from desulfurisation data, .
Referring to the minimam diffusivity plot for demetallation,
Figure 1, an effectiveness factor of about 0.l is obtained for a
Safaniya feed. In the same way, an effectiveness factor of’o.3 is

obtained for an Arabian Light feed,

Catalyst Utilisation’

The only aspect of catalyst lifethat:is baing considered is the’
ability of the catalyst to accept metals within its pores yet main~
tain desulfurisation conversions of approximately 75p. This degree
of desulfurisation corresponds to approximately 75% donetﬂllutloé

The catalyst metals loading at end-of-run is determined by the
effectiveness factor for demetallation associated with a particular
feedstock, A pore pluggi.ig mechanism combined with effectiveness
factors less than 1.0 means that the catalyst pcore volume ‘available
for dep051t10n of metal sulfides is roduccd from the fresh catalyst
value. For example, an effectiveness factor for demetallation of
0.1 means that a catalyst whose pore volume is 0.5 cc/gram will only
provide o0.05 cc/gram of pore volume for deposition of metal sulfides
and coke in the part of the cﬁtalyst where' the pore—plugging'mechan
nism is critical., Coke is considerod to deposit uniformly throughout
the particle but will play a minor role 1n the porc plugging mecha- -
nism. . A value of lo weight per cent coke has becn agsumed.dep051tcd
on the spent catalyst together with a coke density of 1 grn/cc. This
is about one-half the ideal value since the coke formed on a,hétero-
. geneous catalyst surface is unlikely to occur in its ideal state;
Similar reasoning éllows the use of 3 gm/cc as the nickel and vana-

dium sulfides denéity.

PN
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“ith thesce consideraticns,' it becomes possible to estimate
the catalyst 1ife in - rosiduum desulfurisation as a.function'ofv
metalé removed from the feed, The effectiveness focter (q) for dmntalkmkﬁ
is the important parametor. Figure (3) shows estimatcs for catalyst
life as a function of feoecd metals depositod inside the catalyst
pellet, Thesc mctals may well be derived from the ﬁsphaltene_frac-
tion of the crude oil and reprosent about 7ob of tho tot_'al metals

(13) -

in tho residuum.

2csidun from Middle Zast crudes arce in genceral predicted to
have lenger cotaiyst lives than Venczuelon stocks, Differcnccs
within Middle East stocks nre alse considereble, An Ar-bian Light'
feed for example with ~n coffcctivencss factor of 0.3 is predicted
to have a catalyst 1ifce of about 7ooo hours. 4 Safaniyéyfeed wos
estimated to have on offcctivencss {actor of o.l so that the pre-
dicted catalyst life is about looce hours, This can bo iﬁproved to
3o00c nours by incrcasing the effcctive diffuéivity threcfold to
about 9-10_8 cmg/soc. The introduction cil maéroporcs could achieve
this but the original éctivity and stability of the cotalyst must
be roeteinced, )

A similar comparison beotween Xuwnit and Gach Saron residua
gives o predicted life of aboutvjooo hours for Xuwait ond looo
hours for Gach Saran, This is not quite the factor of (x2) based
on Gulf RDS life estimateég) but sikows the cerrocct troend.

The parameter that obviously must be chocked by experimental

observations with differcnt feeds and catnlyst the offectiveoncess
factor for deoemctallation at o given desulflurisation xenction ratc.
If product sulfurs less than 1 weipglt per cent are desipred wien

thon

processing Middle East residun such as Kuwait and Safaniy

a 1/16 inch catalyst particle size imposcs seovere limitaticns on

5

process conditions, Liquid hourly space vaeiccitios 21 about o,5

and catalyst lives of about 6 months cr less are envisaged.




Mecthods os iicreacing cobtelyst utilisation

Particle Shape

The effectiveness factor for domeicllotion ecssentially contrels

catalyst utilisation when the pore plupggile niodel applics, ¥With

“hen n. 5, the leagth

effectiveness factors Fox domet-Lllotio Ly

dimension in the Thicle modulus is apparcutly the most importont

of the catalyst prepertlies tras corncrituic ¢ modulus, The volume
to surface ratio of tho Farticlaos 95 Tuie o 78T gcncrnl definition of

¢ stoie nominal particle size c.g. 1/16

the length dimension. I
inch diamecter, the value ef thoe lorgth dimeasion is substantially
influenced by the shnope of thie catalyst marticle,

Figure (%) shows the influonce of particle shape on effective-~
ress factor in the strongly diffusion iufluenced regime., The sphere
vas taken as a standzrd,., Cylinders of Longth to diameter ratio cqua

to 3/1 znd 1¢/1 were comsidernd, Crushorl perivicles wore also inclug -

cres

- L
3

ed using volumc and surface shape ifactors from a micromeritics tex
It is interestirsg that cylinders are ~pparently the least dee
sirablce catalyst shape for 2 given nomiral diamecter. Particles *n
the form of "flakes' or "polor chiips® cre predicted to be the nost
effecetive. Ring--shaped cntalysts are anether alternative and have
provided benefits ir activitr and stability for methanol exidation
Decrecased reactor pressuroe drep wiLg an ndditional bonus.
A frequent counter-argument to the s of crushed catalyst par-

ticles is thot an incxrcascd renvie~ pirossere drop will result when

using the catalyst in its erasol tion erlindricel form.
(131
. - . i . .
Using the Ergun cquation 20 o Ui cask.d Lods, © 0 Q9w

crcasc in tho cquivnlent particle ci=acter o7 o Inetor of (x2) any
be componu.tod by ~ 3¢ rvoduction is gmas rato. This trade off moy bo

attractive with o fe suca o0 SaTanire whon catalyst costs duc to

ol

ad
low effecctiveness factors Tor cemetrllnbinn, “)pro ch 20 c/Bbln

Pore Structurc

The effective diffusivity -ind "ciice itlhwe offectivencss Tocior
. o)
ifor mctols ecan be incroasoed by ircrenciivr the pore dinmhtoff ™

simplest coxpression Joctive diffusiccity to entalyed

physical properties

portiecnal to pore diamoter. At “ow atPachvencss @acto

mrmcr criterion nt const ot chasarved reachion rate

u/ ) shows that the effectiivat ess Lfactor Tor metals .capaci*r is



-peilet density resulting freom a modest increcase in pore volume., When

‘directlé propcrtidral to porc.dianetor. . P

A pore plugging ncacl would prcolct ﬂ,grcatcr dcppndence of
of-cctlvennss factor on porc diarieter, The essentisl difference
betwecen the conventicnal pore moutl poisoning phehbmcna and pore-
Plugging-is that the access of sulfur-bcaring'molecules to the in-
terior of the catalyst particle is provented when the diameter off
the partiallf blocked pg%c anproaches the tize of the aSphaIteno

and motal-contzining ‘moloceylies., This simple picture suggest that

tiie effoctiveness foctor for demetallation is proportionql_to_the

square- pcwer on pore diametor basod on o timates for the sizc of
aspﬁultenv mcleculo (“7) ) .

Data is ava 11«01\ -\ to'test.this relationship but the methqd-t
of prepuraflon of tnu’catnlyst suggosts that an increase in the

nacroporc voluro was probably. the wuy the diffusiviiy was increased,

Thls suggest1qn is consigtent with the relatively large decreasc 'in

macropares (greater than 6ooi dlanetor) rec present in the pore

struéture, the concept of volume-average pore diameter is a better

: : i [~0) :
L ;
\

corrclaving parameter thon surface average porce dicmetor™ 7 A re--

s}

lationship can be suggested between vclume aversge pore diameter

s
. C . . - L. . 1o
‘and fraction macroporc volume. Desulfurisation oxfectlvenGS'chtoré !

now correlate well with velume average pore- diameter raised o the
.

square pcwer. This ralationship would also hold approXimatoly for -
A AT B

demetallation and is clese to the vilue reguired by o simple pere-

Plugging model, Obvicusl ly, more dquu nceds ts be considoered for
better cvaluation of .the effec t of pore structure on the offccrive~

ness factors for desulfurlsutlon and QOﬁot a2tisn,

" Catalyst preparqtlon tochnlquos can be modified to signi
1y ibprove t e Plcrrpovo veclune and por- dfnméter. Réducticn of

surface tension during dryln& is shown to increasc the micrepore

{(19)

volume of £n extruded ¢ 1un1n“. Ca10131t10n in wet air bas a

similar offect. For a given bochmite crystalliite sime, a compromise
is necessary between pore volume and pore diameter of the extruded

alumina,.
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BED-PLUGGING Ti¥ RESIDUUM DESULFURISATION

In addltlon to catalyst deactlvation by the metals a second
major problem in residuum processing is bed-plugglngSA 3) Desalting
alone is not enough to prevent the build-up of interstitial materlal-
This material reduces bed voidage,_especially at the'top 6f a'triddeF
bed reactor, and causes a sigﬂificént increase iﬁ overall reactor
pressurce drop. The interstitial deposits are composed malnly of. the

(3)

sulfides of iron, nickel and vanadium, They are contained in re~ .
siduum stocks in orgqﬂo-metallic compounds and in the case of iron3’
‘its feed concentration may obvibusly be supplemented by corrosion
processes in lines anead of the reactor, Nickel and vanadium
sulfides depositing on the external surface of the cafalyst pellet . .
are probably held only weakly és nickel and vanadium in micelle—
tfpe structure%. Their rate of reaction is probably greater than

the nickel and vanadium deposited within the catalyst bellet. Coke

deposits will alsb occur both inside the particle and interstitially..

Prediction of Bed-plugélng

Estimation of plugging lives in tric&le—bed-r actors cén be
rnade as a function of feed metals concentration reacting'éxternélly,
with rate constant as a parameter. A firsi order reaction has been
assumed, Interstitial deposits are- considered to‘océur in *he,top
ZOp of the trlckle-bed—reactor(B) Using the Ergun equatlon( 5)
pressure drop 1ncreaoe aﬁalnst dec"ea51ng bed v01dage can be plotted
in a dlmenslonless form Plgure (5) Taklnggxfac&m of 5-~lo 1ncrea59
in overall pressure drop as a criterion for the plugglng life { PLUG)
the corresponding volume of interstitiel cupos;ts~can then be cal-
culated. This is translated to grams of interstitial mefal splfides;
pe* cc of reactor if a metal sulfldn den51ty of 3 gm/cc is assumed.
This value is abouth one-half . the 1deal crystalline sulfide densities
-but in a trickle bed reactor metal sulfides formed are'unlikely tb:
Qccur'in their well-ordered, ideal states. Assuming for ekamplé,
first order rate constants from l-lc, plugging lives may be
.estimated; Figuré 6. ‘

Once again, the problemns of processing Mid-East residua are




Aignifiqantiy less than Venesuelan residua due to the .higher mqtal
content of ‘the lattexr, Yithin the crudes of the'Mid—East, SOni0

Cistinctions may be drawn csince demetallation rates decrease as

molecular weight iner sesglj) This ‘implies that interstitial rates

ol reaction for Arabian Heavy feeds arc less than for Arabian Light

“oed tocks. If it ia ,onsidered.that'intefstitially deposited metals .

ave uerlwed mainly from the maitenc fraction of crude oils then
aboat 3o % of the total ni ickel plus vanadium metals will be avail-
2bLe for inte

,(p)

he rresence of 5«16 ppm of iro . in the

ot

surlface, in addition,
:csiduuﬁ-wiil also-be available for ¢1.¢15ti ial reuctlon and
subceqguent dopesitien as ivcon SuT;ldGS. For an Arnblan nght feed,
qulng a racemconstant between 5 and 1o nr -1 and an .entering feecd

netals corncentration of 2¢ p?m,'a plugging-life of about- 7ooo hours

-rstitiai reaction rpqu1rir essentially 1ittlé_cata1yst

¢

is predicted from Figure (6), With a-Sajeniya feéd, a rate consiant

- e -1 , . . : )
ol about’ 2-5 hr T, an snsering feed w;t.-p ounrentvcﬁion(fho Ty
o plugging Life of about 6000 hours is predicted from Pigure (8).

 Venezue1an residuan would bhave very sho:t-pl;gglng lives of about’
in06 houvre. In,the'comnarisoh between Arabian Light and_Safani&a
fééds, the decressed rate of reaction has eased th ¢’ plugging problem
Toxr the S5afa 11y1 feod. _

The-assumed valuc of #he metal sulfidés deﬁsity would strongly

affect thie predictions in Figure 6‘and_tho siope of the.curves.‘The'
N

~ I
g . ‘ . Lei;
prescucs of gait and rporticulate iron has been found ™ !'77 . to sub-
avoantialliy & crease piugging lives. For accurate prcd*ctlons tbo
interstitial rate constants and neta_ culfides density should

obvious lj be determired experlmentnlly.

".?’l‘- 1 lV\ ..;

Hetheds of imcreasing niung
' The methods availabie’ depend on: whether the flxed bed concept

~f overation is Tetainad or the flex1bility-of an gbullatlng bed

0

vstem is considered. The lotier system will Lo considered first
.gincéo one of the primery advaniages of the ebullated bed is the

{5)
lank of pressure drop buildup with time on-strecam.”’’

Moving Beds:»Thé adventases oi thc H~o0d) zwocess have frequently

————

beaen desaribed ard owe generally assscieied witk uniform distribu-
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tion of renctants, isothermal operaticn, lack of bed plugging and
continuous catalyst withdrawal and replacement. The formabticn of

coke-catalyst agglomerates in tice
of a gas-o0il fraction is practiscd Howover, there arc disad-
vantages asseciated witili the nse of this zenctor design il
doéulfuriéatioh is of primary importance, Stoging oi tho roea
becomes necessary to aciiieve fhw desired convoersion levels :
This means tant the fléw througsk the reoctor does not appr ach the
plug flow of thc tricikle~bed operation, & completely mixoed. sysicem

probably defines the chullat ing bod better and is conslstcnu with

the strong claims made for isothermol operntion, This conclusion'ds
also consistent withr valucs for the height of a mixing unit (H L.L)

. ..o (21) N .
.o studics, These studiszs

obtained in threc phase {luidisa
showed thzat the E.l.U, for on anir-wator-ballotind system with 6 m.m,
sphexres was of the order of L-i~ em i.c. approaches piug—flow. T
colurm diaméter was 9 inches, the bed hoight 1L feeot, I the par-
ticle size wns deereased to 1 m.m,{~ 1/232 inch) the value of the
H4,. U, dncreased signigicantly to 'to-loo ¢ém,., The changs was attri-
buted to bubble disinteg ration with thn}lérgcr particles aand bubble
oalesconce with the smaller particles, Using -o.1 m.m, poicticloes
(~ 200 mosh) it is thought that the velue of the MU mny increase
by another order of magnitudc to 10; cni, The deviation from plug

filow is comsiderabdlc.

in summary, pore diffusion arguments Jictate o smnll catulysts

particle size of about 200 mesh, but mixing problems recuire o

particle size, about & ronen nlug flew, A

¢
o
&
=]

1/32 inch catalyst size scems to be suggesied particuloriyv.if the

problem cf separating the fine catalyst frowiz the oil is important,

A completely mixed-system would also resulit in highor bydroser

consumptions due to increascd hydrcceracliiys, Thd ebullatad bhod ro-

actor volume must also be significantliyv greator thon plug-ITlow
) !~ -\

- . o - ~ LR, 2 \ L,

casc. Bed expan51ons ol the order of 50 BT 77 / arc uscd ound watlh

a 75 % ccnve rs1on, the volume of « conplotely wixed renctor syster
would be at least twice the velwme of o pluy flow reactor, indoed,

the boed-plugging problom ir climin~ted uh

from plus flow

ard its associated disndvantares o c“ﬁovtod.
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?ixéd Beds: If theo fixed bed conccpt of operation is- rcthlncd
then graded catalyst bods can be used to relieve the interstitial
bed-piugging'broblem. Graded cat alyst beds arc alrcaay being useéBl‘
in deasphalted oil Isomok,

_Giaded catalyst beds incorporatc the principleS'associdted
with +hespcc*‘fic surface of variously sized particles and particle

shiopes with low pressurc drop chaructorlstlco. Rlngu* aped. cqtulysts'

1. ~ 2
have Docn used in methanol ox1dat10£ ’ to decrcase the pressure

drop across the reactor. The presence of interstitial deposits re-

acting from the fecd mokes this spproach particularly useful.since

thc void volume per unit volume of rcactor has been increased in

-comparison to cylindrical particles, The surface arca of a catalyst

particle per unit volume of reactor is_invqrsoly proportional to
the diameter so that large pavrticles at the top of .a trickle~bed
reactor will. réducc. thiec avnilable surface for the interstitial

reactioh and spread the metals further down the bed.

CONCLUSIONS

AApproximaté methods have been outlined for the prediction of

catalyst lives in fixed bed residuun desulfurisation, Predicted

"~ catalyst lives were consistent with trends in current RDS litera-

'ture. A Oore-plugglng mechanism due to metals dbp051t10n wa

assumed to be the cause of catalyst deactivation fer desulfurisa-
tion, Dometallatibn cffectiveness factors less than o,5 are .con-
siaered typical for Middle East-fesidua. Hethods of decrcasing

the pore diffusion problem are related to spe01u1 Catulyut pPre-

© parations and the use of unusual catalyst shqpes.

ApproxlmateAmetnods have alsc bgen wutlined for the predic-
tion of fixed bed plugging in RDS;.Plggging'lives less than 8000:
hours are considcred-likely for Middle East residua, For Véﬁczue1
lan stocks looo hours may be typical, Movel cataiyst shapes could
again be useful, Deviation from plug~flow is expected with ebulla-
ting catalyst beds particularly with 200 mesh size particles,

More experlnentwl data and more rigorous theorctical treat-

rnents arelrequlrcd to improve predictions,
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FIGURE 2 : EFFECTIVE DIFFUSIVITY vs.
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: CATALYST LIFZ vs. METALS DEPOSITION IN RESIDUUM DESULFURISATION,
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-FIGURE 4 : -EFFECT OF PARTICLE- SHAPZ -ON - EFFECTIVENESS FACTCR
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FIGURE § :+ EFFECT OF DECREASING BED.VOIDAGE ON' FIXED BED PRESSURE DROP, . -

301

20

Presau%e dro} ratio '
(o) |
- S b

Interstitial deposits -
in total bed,

o

Interstitial
deposits only
in top 20% of
: bed,

}

Commerpially;'
. I acceptable,

refer to fresh ﬁn

catalyst cqhditi

0.2

Ratio of bed voidage (£/ z‘) '

— u’ -

T—— . e et

I ] Smpma——

~——

-——

—_——




g

_— e

——— - a—

T colig——

o . ey ppm—— ot

- 83 -

FIGURE 6 : BED-PLUGGING LIVES vs. INTERSTITIAL METALS DIZPOSITION
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