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DEVELOPMENT OF A SIMULATED CATALYST AGING TECHNIQUE 

by 

J.F. Kriz* and M. Ternan** 

ABSTRACT 

A technique to simulate catalyst aging was developed whereby 

catalyst deactivation is accelerated by changing the operating conditions. 

Because of greatly accelerated aging, the technique can provide preliminary 

information on aging rates in a much shorter time than is normally required 

for performing an actual aging test. This report documents a series of tests 

performed to investigate the effect of variations in space velocity and 

temperature. Suitable deactivation conditions were found to prevail when 

both the space velocity and temperature were increased. In one particular 

case, this increase accelerated the aging rate about thirty times. The 

relationship between the aging patterns observed under simulated and actual 

aging conditions is dicussed. An approximate quantitative link was esta-

blished which provided an estimate of the catalyst aging rate from tests 

performed at simulated conditions. 

*Research Scientist, **Section Head, Catalysis Development Section, Synthetic 
Fuels Research Laboratory, Energy Research Laboratories, Canada Centre for 
Mineral and - Energy Technology, Department of Energy, Mines and Resources, 
Ottawa, Canada. 
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] NTRc)DUCTION

In keeplnf; wllh nlms of the I;nrrf;y Research Program of the Canada

Centre for Mineral and Energy Technology (CANMET), Department of Energy, Mines

and Resources and its policy of ensuring effective use of mineral and energy

resources, considerable effort has been focused on processing oil sand bitumens

and other residual oils. Tests have indicated that a major problem in develo-

ping a catalytic hydrocracking process is rapid deactivation of commercially

available catalysts (1).

The problem of rapid catalyst fouling has been alleviated through

two approaches recently investigated at CANMIàT. In one, a two-stage process

is non-catalytic in its first stage (2) and the other uses a relatively inex-

pensive disposable catalyst (3). Although it is not yet certain which refining

alternative will prove most economical, the availability of fouling resistant

catalysts could play a decisive role in implementing catalytic hydrocrackini;

schemes.

Under hydrocracking conditions, heavy oils produce deposits that

accumulate on the catalyst surface. By poisoning and by hindering accessibility

of the active sites, these deposits cause fouling of the catalyst. Material

that is so deposited is either originally present in the feed, such as heavy

metals and minerals, or is formed during hydrocracking, such as coke. Not all

deposits deactivate the surface at the same rate. It was established by repeated

regeneration that rapid fouling under typical bitumen hydrocracking conditions

is caused primarily by coke formation (1). To obtain a longer-lasting formu-

lation, catalyst develcipmcnt should therefore focus on types that resist coke

formation. Such an effort would involve a systematic approach to catalyst

production based on information obtained in aging tests.

To determine true aging characteristics, actual processing conditions

must he maintained because they affect product formation and thereby also the

proc•oss of cloai•tlvrillon. Iluwovor, ;i :,orlouv <Ilsndv:inta};c^ of aging to:.la:

un(Icr ;irtu;il I,roc(.:;r;inI; r^^u^llllc^n: is lhat 1.114-v ;u•Ll Slow riud t_hu:: e0ne;umP

n great deal of time and manpower. The time involved becomes critical if aging

charac:tc,rititics are royulred for ri large numher of catalystti. It Is the purpose

of this report to cir;;crihe a tuc:hnlrple that simulates catalyst aging and

provides preliminary information in a much shorter time.



EXPERIMENTAL EQUIPMNT AND MATERIALS 

A bench-scale fixed-bed reaction system was used, in which the 

bitumen mixed with hydrogen flowed up through the catalyst bed continuously. 

Liquid and vapour were separated in receiver vessels. The equipment was 

previously described in detail (4) but the following modifications were made 

to accommodate the particular requirements of the present study: 

1. The feed measuring device is shown in Fig. 1. Bitumen was stored in the 

heated hopper from which it could be fed through taps into two 1000-mL 

burettes in a heated plastic cabinet, a photograph of which is shown in 

Fig. 2. With a light positioned behind the cabinet and the inside of the 

cabinet heated to about 75 °C, it was possible to monitor the feed level in 

the burettes. A Milton Roy "Constametric" pump, model number TCP 43-43 TJ, 

was used to feed the bitumen through heated lines into the reactor. A 

« pressure gauge was placed at the pump outlet to monitor pressure at the 

pump head. 

2. To reduce the reactor volume, a stainless steel insert was machined to fit 

it, reducing the insidediameter to 1.27 cm from 2.54 cm but maintaining 

length at 30.5 cm. 

The catalyst selected for comparative runs was a commercial type 

Harshaw 0603T with 3 wt % Co0 and 12 wt % Mo0
3 

supported on alumina in the 

form of cylindrical 3.2-mm pellets. About 150 g of this catalyst represented 

a full reactor load but' only about 30 g could be loaded with the insert. The 

rate of aging was evaluated using Athasbasca bitumen obtained from Great Cana-

dian Oil Sands Limited at Fort McMurray, Alberta. Properties of the feedstock 

are listed in Table 1. 

OPERATING CONDITIONS 

The conditions that. affect catalyst deactIvalIon In a continuous 

flow system are temperature, hydrogen pressure, hydrogen flow rate and liquid 

space velocity. The hydrocracking process ronsists of a number of complex 

reaction steps, initially involving various constituents of bitumen. Catalytic 

processes on active surface sites participate  iii  some of the reaction steps. 
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Although It would be difficuli, because of complexity of the 

reactions, to predict accurately the Impact of changes of any processing 

condition, some overall effects can be derived from the fundamentals of 

reaction kinetics. The rate of individual reaction steps varies with tempe-

rature and concentration of reactants. Cracking reactions are endothermic 

and accelerate with increasing temperature, whereas hydrogenation reactions 

accelerate with increasing hydrogen pressure. Coke formation depends on the 

rates of cracking and dehydrogenation, and would therefore accelerate with 

increasing temperature and decreasing hydrogen pressure. 

The conditions for "simulated aging" were chosen by performing a 

series of screening experiments to investigate the effect of variations in 

space velocity and temperature. The effect of hydrogen pressure on catalyst 

aging was studied previously using a different experimental system (5). In 

the present study, the hydrogen pressure was maintained constant at 13.9 MPa 

for all tests, which is within the practical range for hydrocracking. A 

satisfactory effect could not have been achieved by varying only space velocity; 

an increase in temperature was also necessary to reduce aging time sufficiently. 

After some preliminary experimentation, optimum deactivation conditions were 

found to prevail with a space velocity of 5 h
-1 

and at a temperature of 495oC. 

The following series of tests under different operating conditions 

are documented in the present report: 

Series 1. True or base deactivation rates were measured at 450°C and at a 

liquid volumetric space velocity of 1 h
-1 

based on the reactor 

volume packed with the catalyst pellets. The corresponding feed 

rate was 152 ml,•11 4 as no insert was placed in the reactor. 

The hydrogen flow rate was maintained at 35.6 cm3
s-1 at STP. This 

test is referred to as true aging and was run continuously for 56 

hours, and then periodically in five- to eight-hour intervals, total-

ling  about  200  hou ru  in all. Analyses  were  performed on samples of 

the liquid product aecumulaled in Iwo to five hours of operation. 

Series 2. High space velocity tests were performed under the same conditions 

as for true aging - 13.9 MPa, 450°C, and without Insert - except 

for a du forent.  arrangement of space velocities. Catalyst 

aging was carried out in two 12-hour periods during which sPace 
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velocity was maintained at 5 h-1, and the hydrogen flow at

95 cm3s-1 at STP. The level Of activity, initially and after each

12-hour period was determined by changing the space velocity to

1 h-1, the hydrogen flow to 35.6 cn13s-1 at STI' for two hours

and analyzing the liquid sample that accumulated during these

two hours.

Series 3. Simulated deactivation rates were measured

high space•velocity. This test series was

liquid volumetric space velocity of 5 h-1.

in the reactor and the corresponding feed

The hydrogen flow rate was

at high temperature and

run at 495°C and a

The insert was placed

rate was 181 mL•h-1.

maintained at about 70 cm3s-1 at STP.

The series was referred to as simulated ai;inl; and was run conti-

nuously for 32 hours. The liquid product that accumulated during

each hour of operation was withdrawn for analysis.

Series 4. A link between simulated aging and true aging was sought by additional

tests in the following manner. The simulated aging conditions were

applied for a period of time and were then changed to match the

true aging conditions for approximately two hours during which two

liquid samples were obtained. The run was then terminated, the

reactor re-loaded with a fresh catalyst, and the test was repeated

for a different time period under simulated aging conditions. Three

different time periods - 2, 4 and 6 hours, respectively - under simulated

aging conditions were examined. No insert was placed in the reactor

and the simulated aging test was run at 495°C with the feed rate of

760 mL•h- l,space velocity of 5h l, and the hydrogen flow rate at 70

cm3s-1 at STP.

Several processing conditions were applied differently in each scries

of tests. For instance, in Series 2, the space velocity was five times greater

tllrln (n St•rli,>; l, wh(-r,-:lr; the };n--, f Ir,w r:ll i, w:i:c unlv :ll^^lul I.11r1•r I Im1•1 y;r^ :il rr.

ln ti(^rlor; l, l.hV I•.lclw:feL.d rntio-w:iti luwcr Ih:in in :.orieti 3, but hly;hor

than in the simulated aging in Series 4. In addition, the length:diameter ratio

was increased in 5eries 3 by placin}; lhe Insert in lhe reactor, thcrrehy inererl-

sin(; the ].lnerlr velocity:5li;lce vVlOcity ratio throui;h the cntalv;;t bod. The

use of the insert and varying flow regime resulted from experience with the

exherimental system and f,lci.li.tated smooth operation. The changes made were
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necessary to prevent the reactor plugging and Lo maintain temperature profiles 

within the catalyst bed. 

The impact of increasing temperature and space velocity is discussed 

in the next section of this report. Variations in hydrogen flow are not con-

sidered significant for the purpose of this investigation, because an excess 

of hydrogen was used in all experiments and because hydrogen flow seemed to 

exhibit only a small effect on product formation (6). 

RESULTS AND DISCUSSION 

Truc  Aging 

The results of the true aging tests are presented in Table 2. The 

jeactivation pattern is shown in Fig. 3 in terms of an increase in the specific 

gravity of the liquid product and an increase in its sulphur content. It can 

be predicted by extrapolation that further deactivation would be recorded beyond 

200 hours of operation. However, it can be seen that deactivation is more rapid 

in the early stages of the test than in the later stages. Since deactivation 

decelerates with time, the curves in Fig. 3 may eventually level off, indicating 

a constant activity. The decelerating deactivation is in agreement with results 

of a previdus study which also showed that this leveling-off is relatively more 

pronounced and takes place earlier with increasing hydrogen pressure (5). Whe-

ther a State of constant activity in fact exists is not known as the patterns 

in Fig. 3 cannot be extrapolated with any precision. Furthermore, tests carried 

out cont:inuously far longer than 200 hours of operation are necessary to determine 

deactivation patterns that are unaffected by start-up and shut-down procedures. 

These long-term tests are to be performed on a special testing system presently 

under construction. 

High Space Velocity 

The resulLs of the high space veloclLy tests are shown In Table 3, 

which includes analytical data on liquid product samples obtained for both 

high and base space velocities of this series. The results for the base space 

velocities served as a measure of deactivation after completing a period with 

high space velocity. The deactivation is indicated in the left -hand side of 

Fig. 3, 
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A five-fold increase in feed rate had an insignificant effect on 

the rate of deactivation. One could raLionalize this finding by assuming 

that lower conversions caused by reduced residence time would compensate 

for the greater feed rate in relation to coke formation. However, a more 

' detailed analysis would reveal that the relationship between the space 

velocity and the rate of deactivation may be more complex, mainly because 

of the multicomponent structure of the reaction system. The concentration 

of reaction constituents depends on the rates of their formation and deple- 

tion. Thus the total yield of a component may not be a monotonic function 

of the residence time. If some coke precursors react faster than others, then 

their participation in total coke formation depends on the space velocity, a 

change in which may consequently be reflected in both the quantity and the 

quality of the coke deposits. 	For example, a coke-forming reaction is fast 

enough to be completed in a time interval shorter than the contact time with 

the catalyst bed. On increasing the space velocity, this reaction would then 

yield more coke, since more molecules would have a chance to undergo the reaction. 

In addition to chemical phenomena, mechanical regeneration may take 

place whereby particles of coke are detached from the surface by abrasion or 

by dissolution of the binding carbonaceous material. Although evidence for 

this regeneration is not available, an effective regeneration caused by washing 

with a refinery solvent was documented previously (7). Should a similar process 

take place while bitumen is used, it would be enhanced by increasing the space 

velocity. 

The high space velocity series indicated that the desired effect 

could not be established by changing the space velocity at base temperature. 

To accelerate aging substantially, the catalyst fouling was simulated at a 

higher reaction temperature. The term simulated aging is used to emphasize 

the severe consequences of the change in temperature. 

Simulated Aging 

The results of the simulated aging tests are given in Table 4 and 

the deactivation patterns are shown in Fig. 4. The activity dropped rapidly 

in the first period of the run, leveled off, and remained approximately cons-

tant beyond 15 hours of operation. 
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As mentioned earlier, the cracking reactions and coke formation 

were expected to accelerate with increasing temperature. It is noteworthy 

to compare the initial performance under simulated aging with that of true 

aging. Table 4 shows that the initial pitch conversion was relatively high. 

The initial specific gravity and nitrogen content in Table 4 could be compared 

with true aging levels after approximately 30 hours of operation. As shown - 

in Table 4 the initial sulphur content compared with  truc  aging levels after 

about 70 hours of operation (Fig. 3). The hydrogen:carbon ratio in the liquid 

product was substantially lower under simulated aging conditions. This ratio 

corresponded to that under true aging conditions after about 200 hours of 

operation. 

The performance under simulated aging reflected the effect or boLh 

high temperature and high space velocity. The performance seemed to be more 

sensitive to temperature, particularly with respect to the pitch fraction of 

the bitumen. The initial high pitch conversion observed could result from 

molecular weight reduction or growth. Molecular growth would result in 

precipitation of coke, most of which would be retained on the catalyst surface 

and reactor walls. The molecular weight reduction by cracking would generate 

compounds haVing a lower boiling point than those contained in the pitch. It 

is apparent that, whereas both of the latter processes have taken place simul-

taneously, the growth rate was much smaller because the amount of coke formed 

accounts for only a fraction of the pitch converted. However, the high tem- 

perature of simulated aging compared with true aging shifted the balance towards 

coke formation as reflected in rapid catalyst deactivation. 

Less extensive hydrogenation under simulated aging conditions, 

indicated by a low H:C ratio, was presumably due to a high aromatic carbon 

content. An analysis by Fourier Transform C-13 N.M.R. indicated that the 

unsaturated carbon represented about 30% of the total carbon in the initial 

product of simulated aging compared with about 20% of that of true aging. 

The following reasons may he connIdered to account for changes in the aromatic 

carbon content. More extensive splitting of  si de  chains from  aroma  tic  rings 

caused by the higher temperattiire could have yielded more gas in the product. 

. Apart-  from hydrocracking reactions, the higher temperature also shifts the 

naphthenes-aromatics equilibria towards formation of aromatics (8). In addi-

- tion to the temperature effects, the high space velocity of simulated aging 

may have hindered the extent of hydrogenation because of the shorter contact time. 

• 



The sulphur and nitrogen cont(-nts in the liquid hroduct from

simulated aginl, were ;cff.vcted by both hit;h t.emperrrturr and Iiil;h space

velocity as an increase in temperature alone would result in more desul-

phurization and denitrogenation of the liquid product. The reasons why

desulphurization was initially more severely reduced than denitroFenation

under simulated aging conditions are not known. It is possible that more

nitrogen-containing molecules were eliminated by being involved in coke

formation. Changes in relative contributions of bitumen constituents to

coke formation are expected to take place with changing processing condi-

tions (9).

Link between Simulated and True Aging

Since the rate of deactivation under simulzted aging conditions

could not easily be related to the rate of deactivation tinder true aging

conditions, a series of experiments was performed in which a link was sought

between simulated and true aging. The purpose of these experiments was to

measure the level of activity under true aging conditions after the catalyst

had been subjected to simulated aging conditions for a certain period of

time, and then to };rrrphical.ly estinmte the time in wl ► iclr the c;rtal.yst woul.d

deteriorate enough to reach this level of activity while being subjected to

true aging conditions.

The results of this series of experiments are shown in Table 5

and the activity levels,determined for three different time periods under

simulated aging are marked on the right-hand side of the curves in rig. 3.

By applying these results it was estimated that 2 hours of operation under

simulated aging conditions would correspond to about 50-70 hours under true

aging, and similarly, 4 hours to 100-150 hours,and 6 hours to 150-200 hours.

Hence, assuming that simulated aging is approximately 30 times faster than

truc, ;rl,ln}; ► one c•c ► ulcl rxt.t•rrpolatc' the pnttc'rn or 11-11o and sliveolato

Lhrrt .It wuu[d lrvr.l off' In about 400 I ►otu•n or opor;rl.Iun.

EStimat[nl; the link h(Itwilc"n tru(' and simulrrted agi mg In Fig. 3

1s ;rn approximation only. I10wVv0r, it IN ;cl)l);ircnl. t.hat by usinl; slmul;iLccl

aging conditions, the deactivation was ncceleratc,d sufficivntly to proceed

substantially in a very short time. It is expected that by ahhlyi.n}; this

method to a number of catalysts, prcllminary Information can be obt;rined by
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comparing  the [r  deactivation patterns  ;uch as the one shown In  FI g.  4. This 

information would then be available either in addition to the truc  aging data, 

or for use with catalysts on which true aging tests are not warranted. 

CONCLUSIONS 

A technique that simulates catalyst aging was devised. The purpose 

in applying this technique was to compare aging data which could be provided 

in a much shorter time than iS normally required. The objective of establishing 

rapid deactivation was met and an experimental relationship indicated that 

simulated aging progresses about thirty times faster than actual aging. 
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TABLE 1 

Properties of Athabasca Bitumen  

Specific gravity 	 1.009 (15/15 ° C) 
Sulphur 	 4.48 wt% 
Ash 	 0.59 wt% 
Conradson carbon residue 	13.3 	wa.  
Pentane insolubles 	 15.5 	wi% 
Benzene insolubles 	 0.72 wt% 
Carbon 	 86.36 wt% 
Hydrogen 	 10.52 wt% 
Nitrogen 	 0.45 wt% 
Pitch (525 ° C+) 	 51.5 	wt% 



TAisI,i•. 2

True Aging Run
Liquid Product Specifications

Time on
Stream

(I1)

3
5
7
9

11
13
16
18
20
22
25
27
29
31
33
36
38
40
42
45
47
49
51
54
56
59
61
64
66
68
70
72
74
11
79
84
89
95

100
105

110

115

Spcc:ific
gravi ty

(15/15°C)

0.891

().889
0.893
0.895

0.894

0.905
0.910

0.899
0.909

0.907

0.911
0.903

0.91.5

0.908
0.909
0.908

0.919
0.9.1.1
0.918
0.910

O.920

0.912
0.912

0.913
O.914

0.913
0.91.6

0.914
0.917

0.918
0.91.9
0.914

t1.') I 7

().!)?( ►
O.914

0.911
O.915

0.917
0.916

0.921
0.9If>

S content

Nt %)

0.29

0.35
0.52

0.49

0.60

0.78

0.64
0.68

0.87

0.91
0.94
0.78

1 .03

0.87

0.91
0.78
0.90

0.86
0.96
0.81
1 .1fi
1.02
1.03
1.07
1.08
1.18
1.15
1.18
1.21
1.23
1.23
1.14
I.I4
I . '4I
14O
1.32
1.23
.1.23
.1 . 30
1.2.1
1..41
1.40

N content
(1rt %)

0.15
0.1.6
0.16

0.1.7

0.17

0.21

0.22
0.21

0.17

0.1.9
0.20

0.20

0.21

0.21

0.22

0.21

0.24

0.28

II:C
(aitomic
ratio)

1.664
1.662
1.667
1.661
1.664
1.645
1.643
1.652
1.636
1.641.
1.641
]..651
1.638
1.633
1.632
1.641

1.600

1.602

l'itrlI
(+.525oC)
content
(Wt X)

7.7

12.9

11.5

13.6

15.1
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TABLE 2  Cont'd 

' 	True Aging Run 
Liquid Product Specifications 

Pitch Time on 	Specific 	S content N content 	11:C 
(+525°C) stream 	gravity 	(Wt 70) 	(Wt %) 	(at"ie 	content (h) 	(15/15° C) 	 ratio) 

 	(lit 7.)  

120 	0.920 	1.47 	 16.6 
125 	0.914 	1.35 
130 	0.921 	1.52 
135 	0.924 	1.61 	0.29 	1.590 
140 	0.924 	1.62 
145 	0.925 	1.67 
150 	0.922 	1.60 
155 	0.926 	1.68 
160 	0.928 	1.78 
165 	0.925 	1.64 
170 	0.928 	1.68 
175 	0.924 	1.71 
180 	0.928 	1.72 
185 	0.927 	1.69 
190 	0.929 	1.75 	 16.0 
195 	0.929 	1.77 
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TABLE 3 

High Space Velocity Run 
Liquid Product Specifications 

	

Time on 	 Pitch 	Space Specific 	S.content N content 	ll:C 

	

stream 	gravity 	 (atomic 	(+525°C) 	
velocity 

	

(h) 	(15/15°C) 	(WI Z ) 	(14 	7' ) 	ratio) 	content 	
(h- • ) 

(WI 7.) 

	

4 	0.892 	0.60 	0.12 	1.630 	3.5 	 1 

	

7 	0.959 	2.54 	 5 ' 

	

10 	0.962 	2.60 	 5 

	

15 	0.962 	2.58 	 5 

	

20 	0.900 	0.70 	0.16 	1.621 	8.7 	 1 

	

24 	0.964 	2.70 	 5 

	

32 	0.968 	. 2.85 	 5 

	

34 	0.909 	1.12 	0.19 	1.607 	12.9 	 1 

..... 	 
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TABLE 4 

Simulated Aging Run 
Liquid Product Specifications 

Pitch 
Time on 	Specific 	S content N content 	11:C 	(+525 0C) 
stream 	gravity 	 (atomic 	Content 

(h) . 	(15/15°C) 	(Wt 	7 ) 	(Wt 7 ) 	ratio) 	(Wt 7.)  

1 	0.905 	1.21 	0.22 	1.582 	0 
2 	0.915 	1.56 	0.27 	1.559 	0 
3 	0.925 	1.85 	0.30 	1.543 	3.1 
4 	0.929 	2.24 	0.30 	1.552 	3.3 
5 	0.934 	2.36 	0.30 	1.547 	4.7 
6 	0.942 	2.61 	0.32 	1.533 
7 	0.962 	2.99 	0.35 	1.513 	12.6 
8 	0.969 	3.21 	0.36 	1.480 	17.7 
9 	0.974 	3.35 	0.40 	1.479 	22.9 

10 	0.972 	3.35 	0.39 	1.489 	22.9 
11 	0.976 	3.40 	0.38 	1.487 	26.7 
12 	0.974 	3.45 	0.37 	1.496 
13 	0.977 	3.44 	0.39 	1.491 
14 	0.981 	3.54 	0.38 	1.490 
15 	0.981 	3.57 	0.38 	1.492 
16 	0.978 	3.55 	 1.484 
17 	0.979 	3.47 	0.39 
18 	0.979 	3.51 	 1.486 	28.7 
19 	0.983 	3.63 	0.39 
20 	0.977 	3.62 	 1.488 
21 	0.977 	3.44 	0.40 
22 	0.976 	3.54 	 1.484 
23 	0.977 	3.62 	0.39 
24 	0.976 	3.55 	 1.464 
25 	0.979 	3.64 	0h39 
26 	0.978 	3.57 	 1.479 
27 	0.980 	3.65 	0.40 
28 	0.981 	3.64 	 1.477 
29 	0.980 	3.55 	0.40 
30 	0.977 	3.52 	 1.464 	24.7 
31 	0.979 	3.55 	0.39 

' 	32 	0.977 	3.59 	 1.464 	. 



TABLE 5

llcacliv;tt.ion Levels for Simulnted Aging
Liquid Product Speci Cications

Time on Spccific S content
ntreum gravity

(h) (1.5/15°C) (Wt 7)

2 0.915 1.06
4 0.924 1.26
6 0.930 1.57
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FIG 2. 	Front view of feud section for simulated aging test 
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