
Mansoura Journal of Chemistry Vol. 34 {2), December, 2007. 

CATALYST DEACTIVATION DURING 
HYDROTREA TING PROCESS 

Abd EL-Wahed M.G ·,Ahmed H. S., Mobmed L. Kh. 
and Abd EL-Salam H. M. 

Egyptian Petroleum Research Institute Nasr City, Cairo Faculty of 
Science, Zagazig University, Egypt 

(Received: 8/10 /2007) 
ABSTRACT 

The deactivation of a Co-Mo/ y - <~lumina 

hydrotreating catalyst is investigated in a cata - test micro 
reactor unit by using heavy vacuum gas oil (HVGO) and a 
blend of 40: 60 % HVGO and heavy vacuum residue (HVR) 
as feed stocks at the following constant operating conditions: 
temperature of 350°C, pressure of 50 bar, H2/ oil ratio of250 
LIL and LHSV of 0.5 h'1 with different durations ranging 
from 3 - 24 h. The results showed that a rapid coke build up 
on the catalyst surface is very fast during the first hours of 
run reaches as high as 3. 9 wi. % and I 0.2 wi. % in case of 
HVGO and feed blend respectively, within 3 h. and then 
tends to level off or reach as an equilibrium value within 24 
h. The drops in catalyst surface area were particularly high 
(28.57 % and 41.71 %) for HVGO and feed blend 
respectively during the first 3 h. of operation. Pore size 
distribution analysis indicated that the coke which formed 
during the firs: hours was deposited predominantly in the 
narrow pores < 50 A o of the catalyst. The improvement of 
surface area after regeneration is very important to reuse the 
catalyst again incase ofHVGO than the feed blend. 

Keywords: Hydrotreating; deactivation; coke deposition; regeneration. 

INTRODUCTION 

The study of catalyst deactivation during hydroprocessing of 
heavy oil fractions is one of the most important aspects to improve the 
catalytic performance in petroleum refining processes [ Ancbeyta, et al. 
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(2003); Furimsky and Massoth (1999); Maity, et al. (2007) and 
Vogelar, et al. (2006)). Catalysts deactivation is caused by: metal 
deposition on active catalytic surface which is irreversible and whose rate 
depends on the metal level in the feed; the carbonaceous materiai 
deposition and precipitation on the external as well as internal structure 
of catalyst, pore constriction and blockage, characterized by a very strong 
loss in activity (Tailleur and Capriodi (2005)). 

Cokes formed very rapidly during the first hours of time - on 
stream, and deactivation of catalyst by this material appears to rapidly 
reach a pseudo steady state level (Hauser, et al. (2005) and Matsushita, 
et al. (2004)}, while metals in the feed (mainly V and Ni) are converted 
to their sulfides, which deposit within the pores and irreversibly 
deactivate the catalyst. 

Metals, mainly vanadium build up until pore mouth plugging. 
With a low-metals feed-stock, there is an initial activity loss as coke is 
deposited on the catalyst This is followed by a more gradual loss in 
activity as the metals deposited. However, with a high metals feed stock, 
there is a more rapid and severe deactivation after the initial coke 
deposition [Furimsky, (1998); Beaton aud Bertolaclui (1991); Rana, 
et al. (2007) and Ancheta, et al. (2005)}. 

Regeneration is carried out by burning off the deposits in an 
oxygen -rich stream. Logically, regenerate composition is related to the 
necessity of avoiding excessive temperature rises that may damage the 
catalyst. The temperature needed for regeneration must be carefully 
controlled to avoid catalyst sintering [Delmou, et al. (1980); Pierre 
(2007) and Christoph aud Audreas (2005)). 

The present work considers, a series of vacuum gas oil 
hydrotreating runs with different durations ranging from 3 to 24 hours, 
conducted together with a blend mixture, 40 % vacuum gas oil and 60 
% heavy vacuum residue. 

EXPERIMENTAL 

Feed stock: 
Heavy vacuum gas oil (HVGO) kindly supplied from Suez 

Petroleum Company and feed blend (40- 60) 40% heavy vacuum gas oil 
and 60 % heavy vacuum residue (HVR) were used in this investigation. 
The main characteristics of feeds are collected in Table 1. 
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Table (1): Main characteristics of feed stocks 

Characteristics 

Specific gravity ,60/60 °F 

Sulfur content, WI % 

Nitrogen content, WI % 

Conradson carbon residue, WI % 

Asphaltene content, WI % 

Pour point, °C 

Aniline point, °F 

Olefins content, WI % 

Color 

Component analysis, wt % 

Total Saturates 

Total aromatics 

Resins 

Metal analysis, PPM 

Vanadium ( V) 

Nickel ( Ni) 

HVGO 

0.8744 

1.83 

0.063 

12 

168.8 

12.9 

5.5 

57.06 

42.63 

1.41 

103 

Feed Blend 

0.9829 

3.95 

13.01 

7.74 

10.61 

79.92 

9.47 

98.4 

82.8 
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Catalyst: 
A commercial Co-Moly-alumina hydrotreating catalvst (surface 

2 • 
area = 175.5 m /g, pore volume = 0.4254 cc/g, average pore diameter= 
194 A 0 ; CoO = 4.1 %and Mo03 = 12.8 % was used in this investigation. 

Catalytic Activity Test: 
The hydrotreating experiments with varying operating times were 

conducted in a fixed-bed cata-test unit. Fifty milliliters of catalyst 
together with an equal amount of glass beads was charged in the reactor 
and used in each run. Two feeds were used: HVGO and a blend of 40 % 
HVGO and 60% HVR as shown in Table (I). More details about the 
cata-test unit. catalyst loading, experimental procedure and catalyst pre
sultiding were reported elsewhere [Menoufy, et al. (2002)). Deactivation 
study was carried out at the following constant conditions: 350°C of 
reaction temperature, 50 bar of total H2 pressure, and 250 LIL hydrogen -
to - oil ratio. 0.5 h'1 of liquid hourly space velocity (LHSV) and time on 
stream (TOS) 3. 6. 9, 12 and 24 h. 

The most important properties of the products were measured 
using the tollowing standard (ASTM) methods: 

I
I Specific gravity 60/60 °F ASTM D-1298 l 

Aniline point. °F ASTM D 611-82 

' Pour point. °C ASTM D 97-88 
Color ASTM D-1500 
Conradson- carbon residue, wt% ASTM D-189 
Asphaltene content, wt% 1 IP- 143 
Su~lfu~r~c<:J!llen"'t"-, wt'lc.=Vt_::_o ___ ----'~I~P_-~3::..:3:..:6:_ __ _ 

Metals analysis was conducted by using atomic absorption 
spectrometer. Perkin- Elmer 800, Surface area and average pore diameter 
of the catalysts were carried out using quanta chrome NOV A automated 
gas sorption system, model 2002 and mercury porosimeter. 

At the end of each run, the coked catalyst was removed. soxhlet 
extracted with cyclohexane then toluene and then dried in an electric 
oven at 11 O"C for 2h then cooled. The washed and dried spent catalyst 
sample was taken off to be analyzed for carbon, metals, BET surface 
areas. pore volume and pore size distribution. 
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Regeneration: 
The washed catalyst was then heated at different temperature in 

an electric oven to eliminate the carbon and sulfur residues in air as C02 
and SO, respectively. 

The temperature is increased from I 00 to 350°C at rate of 50°C lh 
then the product is maintained at 350°C for lh, heated to 450°C at 25°C 
lh, and maintained at this temperature for 24h. 

After cooling to room temperature the percentage of coke was 
determined by loss of weight before and after consumption. 

RESULT AND DISCUSSION 

1- Effect of time on stream on the products quality 
The influence of initial coking on hydrodesulfurization (HDS) 

reaction was investigated by the analysis of the hydrotreated products as 
for sulfur content. The rate constant for (HDS) reaction at various coke 
levels was calculated using the kinetic equation (Marafi and Stanislaus 
(1997)). 

1 1 I 
K = LHSV ·-(---) 

HDS -) sn-1 con-1 
n r "'r 

Where LHSV is the liquid hourly space velocity, n is the reaction 
order =1.5, SF is the sulfur content in the feed (wt %) and Sp is the sulfur 
content in product (wt %).The results clearly demonstrate that the HDS 
activity of the catalyst decreases from 86.84 % at the first 3 h to reach 
83.01 % after 12 h then decreased to 77.05 % after 24 has shown in 
Table (2). The loss of HDS activity caused by coke deposition on 
hydrotreated catalyst may be due to the coke blocking in edges and 
comers of the active MoS2 crystallites. 

The catalytic active sites in the sulfided Co-Mo/ y Ah03 catalyst 
used in this study are responsible for promoting hydrotreating reactions 
as hydrodesulfurization (HDS), hydrodenitrogenation (HDN) aiXI 
hydrogenation (the sulfur vacancies in MoS2 crystallites}. 

These crystallites remain dispersed on the alumina surface as 
hexagonal slabs; coke deposition may cover these active sites leading to a 
decrease in their activity towards the hydrotreating reactions as HDS and 
hydrogenation. 

The other characteristics of the products which are shown in 
Table (2) as yields, density, aromatic contents, and diesel indeces were 
also affected by coke deposition. 
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Table (2): Effect of time on stream on the product quality ofHVGO 
during hydrotreating process 

Conditions: (350°C. 50 bar. 0.5 h·l) 

~ I Yl<ld, "' % 

. Density, 60/60 °F 

3-r 6 

76.90 78.50 80.29 83.93 92.89 

0.8453 0.8472 0.8475 0.8478 0.8479 

Sulfur content, wt % 0.2409 0.3011 0.3063 0.3110 0.4200 

Hydrodesulfurization,% 86.84 83.55 83.26 83.0 I 77.05 

Rate constant (K Hos) 1.589 1.529 1.524 1.519 1.410 

Aniline point, °F 174.2 174.2 174.2 174.2 174.2 

Diesel index% 62.53 61.88 61.77 61.67 61.64 

Color 1.5 1.5 1.5 1.5 1.5 

Component analysis, wt 
•;. 

Total Saturates 62.89 63.02 62.85 62.79 62.71 

Total Aromatics 36.22 36.34 36.70 36.90 37.10 

Resins 0.89 0.64 0.45 0.31 0.19 

On the other hand, the products quality of the yields produced 
from hydrotreating the blend mixture are given in Table (3). The data 
show that at the first 3h, the hydrodesulfurization activity was decreased 
to 74.94 % then it was decreased sharply to 46.08 % after 6 h and slows 
down to reach about 36.46% after 24 h. 
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Table (3): Effect of time on stream on the product quality of feed 
blend during hydrotreating process. 

Conditions· ( 350°C 50 bar 0 5 h-1) 
' ' 

~~ · Properties 3 6 9 12 24 

Yield. wt% 87.44 93.88 95.33 97.22 99.50 

Density. 60/60 °F 0.926 0.935 0.938 0.945 0.948 

Sulfur content, wt % 0.99 2.13 2.35 2.45 2.51 

Hydrodesulfurization% 74.94 46.08. 40.51 37.97 36.46 

Rate constant (K lms) 2.960 1.820 1.600 1.500 1.440 

Asphaltene content, wt% 0.88 4.01 5.31 6.18 6.79 

Conradson carbon residue, 
1.604 9.980 10.250 I 0.310 

10.65 
wt% 0 

Component analysis, wt% 

Total Saturates 52.36 47.52 44.18 41.68 39.11 

Total Aromatics 46.01 49.84 53 06 55.44 58.00 

I 
I Resins 1.63 i 2.64 I 2.76 2.~2.89 L ___L I ··-

It is also observed t!:at after 6 h of run asphaltene conversion and 
consequently .::oke formation are drastically reduced (asphaltene and 
coke deposition changed from 4.01 to 6.79 % and from 13.2 to 14 % 
when TOS was increased from 6 to 24 h respectively). Asphaltene 
content, conradson carbon residue (C.C.R), aromatic content were 
increased sharply from 3 - 6 h and small increase from 6- 24 h. 

This behavior is attributed to that the teed blend contains (7. 74%) 
asphaltene content and (181.2 PPM) metals content (Ni and V) and 
conradson carbon residue 13.01%. These properties of feed, Table (1), 
differ than the feed I 00% of vacuum gas oil and cause great amount of 
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carbon and metals deposited on the catalyst at first hours [Murti, et al. 
(2005) and Saboo, et al. (2004)1. 

Tables (2) and (3) represented the comparison between the quality 
of characteristics of hydrotreatment HVGO and that of feed blend. From 
the obtained results, it is clear that the yield and aromatic content are 
higher in case of feed blend than in case of HVGO, which is due to the 
more catalyst deactivation as a result of higher coke deposition. 

2- Effect of time on stream on coke formation 
A series of heavy vacuum gas oil and blend hydrotreating 

experiments of duration ranging from 3 h to 24 h were conducted to 
investigate the influence of processing time on coke build up on the 
catalyst surface. Figure I. represented the relation between time on 
stream and coke formation of HVGO and feed blend hydrotreatment and 
these results show that the coke formation is very rapid during the early 
hours of the run. More than 3.9 wt% and 10.2 wt% carbon is deposited 
on the catalyst within the first 3 h of operation in case of HVGO and feed 
blend, respectively. After the rapid coke build up during the initial 
period. coking slows down and tends to level off or reach an equilibrium 
value within 24 h [Ancheyta, et al. (2002)). Coke deposited in case of 
hknd was higher than that of HVGO; which may be attributed to the 
amount of the carbonaceous deposits formed from the heavy components 
in the feed stocks [Tanaka, et al. (1998)). It is not surprising since 
asphaltenes. which are very large poly aromatic compounds, are the 
major coke precursors. This confirms that deposition of coke is the main 
source of catalyst deactivation during first hours of run [Manuel, et al. 
(2000)). 

3- Effect of time on stream on metal deposition 
Nickel and vanadium removals showed different behaviour 

during time on stream (TOS). This can be attributed to the difference in 
Ni - and V - porphyrin type structure, In case of V, the linked oxygen 
atom forms strong bond with the catalyst surface while Ni does not have 
this oxygen link. It should also be mentioned that the initial V content is 
about 3 times higher than Ni content (Fig. 2) and this difference affects 
metal deposition on the catalyst where the rate of Ni deposit formation is 
strongly influenced by formation ofV deposits. 

During blend hydroprocessing, asphaltenes are converted to smaller 
molecules and metals (porphyrine and non porphyrine types) transformed 
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and deposited into catalyst causing catalyst deactivation. The molecules do 
not penetrate deeply into the catalyst and accumulated as metal sulfides into 
the pore mouth and block the way to enter the reactants. Metal deposition is 
affected deeply by the pore size distribution of the catalyst [Furimsky 
(1998)]. 
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4- Effect of time on stream on catalyst textural analysis 
The surface area and pore volume of the used catalyst samples 

!1\)111 the di !Ierent runs conducted at varying duration time were 
measured with a view to gain additional information on the influence of 
ini1ial coke on catalyst deactivation by loss of surface area and porosity. 
The surface area and pore volume of the catalyst are plotted as a function 
of processing time in Figs. (3,4). rhe decrease in surface area is 
particularly rapid during the first 3 to 6 hr and then slows down. 

A similar decrease is also noticed in the catalyst pore volume. 
Fig. 4. With increasing processing time, the decrease of surface area and 
pore volume of spent catalyst in case of hydrotreated feed blend was 
lligher than in case of hydrotreated HVGO. The observed loss in surface 
area and pore volume of the catalyst during processing could be 
attributed to coke deposition. The micro pores present in the fresh 
catalyst contribute significantly to the catalyst total surface area. 
Blockage of these micro pores with coke deposition [Marafi and 
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Stanislaus (1997)) can be expected to lead to loss of both pore volume 
and surface area. 

Surface area decreases about 41.71 % in case of feed blend and 
28.57% in case ofHVGO due to coke and metal deposition. 
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The initial coke deposited during the early hours of the run had 
a significant effect on the pore size distribution of the catalyst. Pores 
smaller than 50 and I 00 A 0 diameters appear to be affected more by the 
initial coke deposition than the large pores. Thus the total volume of the 
micro pores having diameter less than 50 A0 is found to be reduced by 
(73.05 % and 83.98 %) for HYGO and feed blend respectively. The 
narrow meso pores (50 - I 00 A'' diameters) are not appreciably affected 
during the llrst hours. but they become progressively blocked by coke 
with increasing TOS. Thus within 3 h of operation (2 !.21 %and 5:!.73 
%) for HVGO and feed blend the volume located in mesopores (20. 200 
A 01 meso pores is lost. Large meso pores and macro pores are not 
affected to any significant level by the initial coke deposits. Catalyst pore 
distribution. thus. plays an important role in catalyst deactivation by coke 
deposition. particularly during the early stages of the run, as indicated in 
Table ( 4 J. 

27 



Table (4): Pore size distribution of catalysts coked for diiTerent duration. 

Condilions: (350"C, 50 har, 0.5 h-1) 

[\.~"''j llETm!/ Tujalpore >SO ~0-100 100·250 

"~ ! --- -~~ ~~ ··~·r«~- r ~ -- -- ---- --- 1-- -c---+---.--+----,--
1 'm'"'i If\(,() fB' HVUl-! FB' I I!VGO FO' I!VGO FB' HVGO FB• 

I r~~h j 17'-5 17~ ~ ·;;.;,~- 0425 0026 ;0~~ 0.273 02;:_;~-"0~;:;- 0.054 -
-- --- - -- --- ---- -~ -~ ~r-- -- f --

1h I 125 102 0 \l8 0203 0007 0004 0.1!5 '0.129 0.065 0.039 0.013 M08 0.293 0.176 O.oJ8 0.023 

(,h 1~~,, 1 100 o~,-;-;-~190 0.006 0.004 o~; 0.12~ 0.056 ~-034- 001;-----;;~;~ ~2;:;-~--0.;~ "-;;~3~- 0.02-;-
-- -- - -- - --+---- -·· -- --+-- -- - - --- -- - - -- --- --~ 

250-400 Total mtso >400 

HVGO ••• UVGO ro• HVGO f'O• 

- --- ---- - -
0.024 0.024 0.351 0.351 0.049 0.049 
-- -- ---- ----

I)h 120 9g 031() 0.183 0.006 0.004 0.003 0()02 0.067 0.040 0.200 0.120 0.270 0.162 0.034 0.021 

1;h" -~;~ - ~~- -o-2~:;-- o.l77 o.006 ~o_o_~~--_~;; ~0~2 - o.oss- o.o;;--;;o;; -;o;~ -~;;s· ~;;5 ~~~~ 
1 

o.OI9 
-~--- --- -~ -- ----! ' 
24h 112 5 925 0240 0.144 0.005 0.003 0.076 0.046 0.105 0.063 0.031 001') 0.212 0.128 0.023 0.014 

'----'---'---'---'----'---'----- - - '-----'-- -'-------' ------'- ---1.----L-----'---L----..L-.J 

--<..1 
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5- Regeneration of tbe catalyst: 
The regeneration of spent catalyst set up by bum off in air are 

very affected on the surface area of HVGO and feed blend. The surface 
area of the fresh catalyst was 175.5 m2/g, decreased to 115 m2/g and 95.00 
m2/g after 12h respectively. After regenerntion the area increased to (154 
m2/g and 117m2/g) for both HVGO and feed blend. Alternatively the loss 
of surface area of spent catalyst equals to 28.57 % and 41.71 %, but the 
regeneration of catalyst becomes 12.61 %and 33.34 % respectively are 
given in Table (5). The improvement of surface area after regeneration is 
very important to reuse the catalyst again incase of HVGO than the feed 
blend. 

Table (S):Effect of regeneration on the loss of surface area of HVGO 
and feed blend during hydrotreating process 

oss ofsurface area (m2/g)% 

I Regeneration I catalyst 
Spent 

~~GO 2857 r~ 
'-I F_e_e_d_b_le_nd------~---J---4_1_.7_1_.1.-/_ 33.34 

CONCLUSIONS 

• HDS activity of the catalyst decreases from 86.8 % at the first 3 h. to 
reach 77.05 %after 24 h. for the HVGO and 74.94 % at 3 h. to reach 
36.46 % after 24 h. for feed blend. This drop due to the coke coverage of 
the 1ctive sites is responsible for the hydrotreating reactions. 

• Coke formation is very rapid during the early hours of the run. More 
than 3. 9 wt % and 10.2 wt % carbon is deposited on the catalyst within 
the first 3 h. of operation in case of HVGO and feed blend, respectively. 

• "'i and V removals showed different behaviors during TOS due to the 
differences in the Ni -and V porphyrin type structure. 

• Catalyst pore distribution plays an important role in catalyst 
deacth·ation by coke deposition particularly during the early stages of the 
run. 

• Regerernrion has ttk: benefit of eliminaring the first cau<;e of dea::tivatioo to due coke 
dep;:>Sirion. 
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