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Abstract
In the present work, a comparative study on the deactivation behavior of three types of industrial hydrotreating catalysts, namely, Mo/Al2O3,

Ni–Mo/Al2O3 and Ni–MoP/Al2O3, that are used to promote primarily hydrodemetallization (HDM), hydrodesulphurization (HDS) and

hydrodesulphurization + hydrodenitrogenation (HDS/HDN) reactions, respectively, in the first, second and third reactor of commercial atmo-

spheric residue desulfurization (ARDS) units was carried out. The main objective of the study was to contribute to a better understanding of the

relationship between catalyst type and catalyst deactivation patterns. The used catalysts from these experiments were fully characterized to

determine the extent and the cause of deactivation. Special emphasis was paid to understanding the nature of the coke and metal deposition on the

used catalysts by applying chemical analysis and various advanced analytical techniques, such as solid-state carbon-13 nuclear magnetic resonance

spectroscopy (13C NMR), temperature-programmed oxidation (TPO), electron probe micro-analysis (EPMA), and diffuse reflectance infrared

Fourier transform (DRIFT) spectroscopy. The results are discussed scientifically based on the physico–chemical properties of the three catalysts.

# 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The atmospheric residue desulfurization (ARDS) process is

extensively used in Kuwait’s refineries for upgrading residues

[1–3]. The process involves hydrotreatment of atmospheric

residue in a series of fixed bed reactors containing catalysts.

The ARDS process unit works primarily as a desulfurization

unit, but also reduces the metals, asphaltenes, and nitrogen in

the products, thereby, ensuring proper quality of purified feed

for downstream conversion units (i.e., fluid catalytic cracking

(FCC) and delayed coker). As an additional benefit, mild

hydrocracking also occurs in the ARDS process with the

conversion of residues to distillates, like naphtha, kerosene and

diesel.In ARDS, graded catalyst systems in multiple reactors

are used in order to achieve hydrodemetallation (HDM),

hydrodesufurization (HDS), hydrodenitrogenation (HDN),

and conversion of residues to distillates at desired levels.
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Three types of catalysts, namely, a HDM catalyst for metal

removal in the front reactors, a HDM/HDS catalyst with

balanced HDM and HDS activities in the middle section and a

very active HDS/HDN catalyst in the last reactor, are

commonly used in the ARDS process. The performance of

the ARDS process regarding the degree of HDM, HDS, HDN

reactions, conversion to distillates and life-on-stream is closely

linked to the catalyst system [4,5]. The catalytic materials used

in the process are almost exclusively based on sulfides of

molybdenum with cobalt or nickel as promoters that are

supported on an alumina carrier. During the hydrotreating

process, the catalysts deactivate by the deposition of coke and

metals [6–9]. Coke deposition on residual oil hydrotreating

catalysts is more extensive during the early stages of operation.

Initial coking is reported to cause a large loss in surface area

and a fairly rapid deactivation of the catalyst. Three stages of

catalyst deactivation, namely, a rapid initial deactivation by

coke deposition, a steady-state gradual deactivation in the

middle of the run and a very rapid final deactivation at the end

of the run by pore mouth plugging have been identified in

residual ARDS operation [10].
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Table 1

Physical properties of fresh HDM, HDS and HDS/HDN catalysts used in the

study

Physical property Unit Catalyst

CAT A CAT B CAT C

Bulk density g/ml 0.4–0.6 0.6–0.8 0.7–0.8

Surface area m2/g 150–200 200–250 170–200

Pore diameter Large Medium Small

Average metal content Low Medium High
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The catalysts used in the process play a major role in

accomplishing the process objectives with respect to various

conversions and run length. Each one of these catalysts has

different properties which may influence their deactivation

during the operation, differently. A clear understanding of the

deactivation behavior of the individual catalysts is important

and highly desirable to optimize the reactor loading as well to

prolong on-stream efficiency which improves the overall

process economics.

In the present work which is a continuation of our studies on

catalyst deactivation in the ARDS process [11–14], a

comparative study on the deactivation behavior of three types

of industrial hydrotreating catalysts, namely, Mo/Al2O3

(HDM), Ni–Mo/Al2O3 (HDS) and Ni–MoP/Al2O3 (HDS/

HDN), used in the first, second and third reactor of commercial

atmospheric residue desulfurization (ARDS) units was carried

out. Although, in an industrial unit, these three tested catalysts

are exposed to different feeds, the experiments were conducted

with the same feedstock, Kuwait atmospheric residue (KAR),

to make the results comparable. The primary objective of the

study was to contribute to a better understanding of the

relationship between catalyst type and catalyst deactivation

patterns during the initial stage of the ARDS process. The

extent of deactivation by coke formation and nature of the

carbonaceous deposit on the three types of catalysts as well as

the extent of metal deposition on different catalysts and their

deactivation role were also examined. Special emphasis was

paid to understanding the nature of the coke and metal

deposition on the used catalysts by applying chemical analysis

and various advanced analytical techniques, such as solid-state
13C NMR, TPO, EPMA, and IR.

2. Experimental

2.1. Materials

Catalysts. Three types of industrial catalysts, namely, Mo/

Al2O3 (low metal content), Ni–Mo/Al2O3 (medium metal

content), and Ni–MoP/Al2O3 (high metal content), further

denoted as CAT A, CAT B, and CAT C, respectively, were

tested in the hydrotreating experiments. The same catalysts are

used by Kuwait National Petroleum Company (KNPC) refinery

in one of its ARDS units. The characteristics of the catalysts are

presented in Table 1.

Feed. The feed (KAR) used in the tests is essentially the

same residue which is hydrotreated in the KNPC’s ARDS unit.

The feedstock’s main characteristics were determined and are

presented in Table 2. The experimental details and the

equipment used for feedstock characterization by various

techniques were the same as reported in our previous papers

[12,14].

2.2. Pilot plant hydrotreating tests

Catalyst performance test was conducted using a fixed bed

single micro-reactor testing unit. 30 ml of catalyst was diluted

with equal amount of carborundum and loaded at the center of
the reactor; the feed flow direction was down-flow mode. The

catalyst was presulfided using 1% CS2 in the straight run gas oil

by the standard procedure [13] before introducing the feed.

After presulfiding the test conditions are adujested to the

desired operating conditions. The operating conditions

employed for all experiments are presented in Table 3.

2.3. Catalyst characterization

The used catalysts were collected from various hydrotreat-

ing experiments and cleaned using toluene extraction in a

soxhlet apparatus till the toluene extract was clear (free from

oil) before subjecting them to characterization by different

techniques, such as surface area and pore volume measurement,

chemical analysis, elemental (C, H, S, N) analysis, EPMA,

TPO, 13C NMR spectroscopy and DRIFT spectroscopy. The

equipment and the procedures used for these tests are described

in detail in our previous papers [11,12,14].

3. Results and discussion

In the ARDS process, catalysts play an important role. The

process performance with regard to various conversions and run

length is linked to activity, selectivity and deactivation behavior

of the catalysts used in the process. In the present study,

hydrotreatment of KAR was separately carried out over three

types of commercial ARDS catalysts to evaluate the relation

between catalyst properties and deactivation behavior. The

operational conditions were: reactor temperature 380 8C,

LHSV 1 h�1 and time-on-stream (TOS) 120 h. The used

catalysts were fully characterized by various techniques.

With regard to the used catalysts, the deposits are described

in terms of coke deposition which comprises the elements

carbon, hydrogen, sulfur and nitrogen, as well as moisture and

metal deposits. The deposits are then further characterized by

quantification of groups of constituents, e.g., metal sulfides,

soft and refractory coke. The coke is investigated in more detail

by solid-state 13C NMR to elucidate its average structure.

Additionally, alterations in the catalyst’s physical properties,

such as surface area, pore volume and average pore diameter,

due to coking and metal deposition are reported. The analysis

results are reported with emphasis on:
1. th
e chemical composition of the deposits;
2. th
e types of carbonaceous deposits;
3. th
e average structural features of the coke;



Table 2

Characteristics of the Kuwait atmospheric residue (KAR), maltene fraction and asphaltene fraction

Property Unit Feedstock

KAR Maltene Asphaltene

Content wt.% 100 96.4 3.6

Density at 15 8C g/ml 0.9837

Density at 65 8C g/ml 0.9507

API gravity – 12.27

Kinematic viscosity at 50 8C cSt 871.2

Asphaltenes wt.% 3.6

Conradson carbon residue (CCR) wt.% 12.20

Carbon content wt.% 83.4 83.4 77.2

Hydrogen content wt.% 11.4 11.1 7.1

Sulfur content wt.% 4.3 4.2 8.8

Nitrogen content wt.% 0.29 0.2 0.9

Total metals content ppm 97 8 2286

V content ppm 69 4 1810

Ni content ppm 21 4 476

Na content ppm 2

Fe content ppm 5

Average structural parametersa

Carbon in saturated building blocksb wt.% 74.6 75.5 49.6

Carbon in n-alkanesb wt.% 35.4 35.9 21.4

Carbon in CH3 -groupb wt.% 10.6 10.7 6.9

Carbon in aromatic building blocksb wt.% 25.4 24.5 50.4

Tertiary aromatic carbonb wt.% 8.8 8.5 17.1

Alkyl-substituted aromatic carbon2 wt.% 17.6 17.8 12.3

Quaternary aromatic carbonb wt.% 16.6 16.0 33.3

Aromaiticity (fa)b 0.25 0.24 0.50

Degree of substitution (s)b 0.40 0.40 0.32

Degree of condensation (g)b 0.18 0.17 0.57

a Normalized to 100% carbon.
b For calculation see text.
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hanges in surface area, pore volume and pore size.

3.1. Coke deposition

Table 4 compares the chemical composition of the

carbonaceous deposits found on the three types of industrial

ARDS catalysts that are designed for specific process

objectives, namely, HDM (CAT A), HDS (CAT B) and HDS/

HDN (CAT C). The data correspond to 100 g of fresh catalyst

without moisture.

Generally, the coking tendency of all three catalysts is quite

high. Nevertheless, there are certain differences in the amount

of carbon accumulation that increases in the following

sequence:

CAT B ðHDSÞ<CAT A ðHDMÞ<CAT C ðHDS=HDNÞ
le 3

erating conditions of hydrotresting experiments

cess parameter Condition

perature ( 8C) 380

ssure (bar) 120

SV (h�1) 1.0

/Oil ratio (ml/ml) 680

e-on-stream (h) 120
The reason for the differences in the coking tendency of the

three catalysts is not clear. Coke formation on a hydrotreating

catalyst is usually influenced by several factors, such as

feedstock type, operating conditions and properties of the

catalyst. If the feedstock and operating conditions are not

varied, the differences in the coking propensity of different

catalysts could be attributed to the differences in the properties

of the catalysts. Catalyst type, acidity, pore size distribution and

hydrogenation function are important parameters that play a

major role on coke deposition on the catalyst during

hydrotreating operations. Generally, the rate and extent of

coke formation increase with concentration and strength of acid

sites in the catalyst. Catalysts with high hydrogenation activity

usually reduce the extent of coke formation by removing the
Chemical composition of the carbonaceous deposit on three industrial, ARDS

catalysts exposed to KAR for 120 h at 380 8C and LHSV 1 h�1

Parameter ARDS catalyst

CAT A CAT B CAT C

Carbon (wt.%) 21.17 18.8 22.72

Hydrogen (wt.%) 2.15 2.01 2.21

Sulfur (wt.%) 2.54 7.25 9.49

Nitrogen (wt.%) 0.38 0.39 0.54

H/C ratio 1.22 1.28 1.17
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coke precursors adsorbed on the catalyst surface by hydro-

genation. The extent of coke deposition has been found to

decrease with increasing pore size.

The three types of catalysts used in the present work had

different properties. CAT A contained unpromoted MoO3 on U-

alumina support. The catalyst also had wider pores than the

others. CAT B contained both Ni and Mo, and had pores having

an average diameter smaller than that of CAT A and larger than

that of CAT C. CAT C contained higher concentrations of Mo

and Ni than those of CAT B, together with phosphorus. The

acidity of the catalyst usually depends on the type of support

used and on the metal contents. The differences between the

three catalysts in key properties, namely, metal contents,

hydrogenation function, pore size and acidity, can be

summarized as follows:
Catalyst property
 Ranking
Active metal

content
CAT C (HDS/HDN) > CAT B (HDS) > CAT A (HDM)
Hydrogenation

function
CAT C (HDS/HDN) > CAT B (HDS) > CAT A (HDM)
Pore size
 CAT A (HDM > CAT B (HDS) > CAT C (HDS/HDN)
Acidity
 CAT C (HDS/HDN) > CAT B (HDS) > CAT A (HDM)
The higher coke formation on CAT A compared with that of

CAT B can be attributed to its lower hydrogenation function.

The deposition of more coke on CAT C than on CAT B is,

however, not consistent with its higher hydrogenation activity.

This is probably due to the difference in the acid function of the

catalysts. Catalysts used in the back-end reactors, such as CAT

C, are usually designed with a higher acidity and hydrogenation

function than the others to promote HDN and hydrocracking

(HC) reactions. It appears that the acid function plays a more

dominating role than the hydrogenation function of catalyst C.

The acidity of the catalyst is mainly associated with the support.

The HDS/HDN catalyst (CAT C) used in the present study was

NiMoP/Al2O3. Although, phosphorus modifies the acidity of

the g-Al2O3 support, it does not increase the acid strength [15].

It is likely the alumina support used in CAT C is specially

designed with higher acidity or mixed with some acidity

enhancing components (e.g. zeolite). The higher the acidity is,

the more cracking takes place and more coke is formed. The

coke precursors will be usually removed by hydrogenation. In

addition, the smaller pore size of the catalyst C could also have

contributed to coke formation [16]. Poisoning of the hydro-

genation sites by adsorption of nitrogen compounds and NH3

and H2S from the gas stream may suppress the hydrogenation

function to some extent. The higher nitrogen content of the

coke deposit on this catalyst is consistent with this.

The sulfure content of the three catalysts is clearly different

and increases in the following sequence:CAT A ðHDMÞ>
CAT B ðHDSÞ>CAT C ðHDS=HDNÞ

Hydrotreating catalysts need to be sulfided before they are

used in an ARDS process. Consequently, there are two sources

of sulfur on used catalysts: sulfur in the active catalyst metal

sulfides and sulfur in deposits. The deposits consist pre-

dominantly of coke and metal sulfides generated from the feed

species. The elemental analysis only provides the total sulfur on
the used catalyst, therefore, this value provides limited

information with regard to deactivation. Nevertheless, since

sulfur is strongly associated with the metals, the catalyst with

the highest metal content shows the highest sulfur content. A

differentiation between both types of deposited sulfur, sulfur in

coke and sulfur as metalsulfide can be obtained by TPO-MS.

This point is discussed in the following section.

3.2. Coke type

Coke deposits on the catalyst occurring during hydro-

desulfurization of residua have been classified into three types

[17]:
1. R
eversibly adsorbed aromatics;
2. R
eversibly adsorbed asphaltenes;
3. I
rreversibly adsorbed highly condensed aromatic clusters.

The first two types of coke are also classified as soft or bulk

coke which is characterized by a high H/C ratio and solubility in

organic solvents like toluene or THF. For example, it was found

that sludge produced during catalytic hydrocracking of vacuum

residue from Arabian light oil (bp > 550 8C) was soluble in

hexane, benzene and THF to 86%, 7% and 2%, respectively

[18]. Depending on the period of coking, the completely

insoluble fraction of coke is usually classified as refractory

surface or hard coke, and the latter possesses a remarkably low

H/C ratio.

In the case of metal sulfides supported on alumina, both

kinds of coke are formed: high (H/C) ratio coke on the metal

sites (hydrogenation or hydrogenolysis sites), and low (H/C)

ratio coke on the alumina support which contains acidic

cracking and condensation sites [19]. The results presented in

Table 4 shows that the H/C ratio of deposited coke on the three

types of catalysts are well above 0.6, usually found for aged

coke deposits [12]. The initial coke that is rich in hydrogen

undergoes dehydrodegenation and condensation reactions to

increase hard coke with increasing catalyst age.

3.2.1. TPO-MS

To study the combustion behavior of the carbonaceous

deposit on a used catalyst which allows a classification of coke

components, the TPO-MS technique is the method of choice

[11,20–22]. In Figs. 1–4, the formation of the major gaseous

combustion products, namely, CO2, SO2 and NO2, versus

temperature is displayed for the three types of used catalysts,

HDM, HDS, HDS/HDN, respectively. The graphs indicate that

there were two distinct combustion intervals for carbon and the

heteroatoms nitrogen and sulfur were oxidized in the

temperature ranges from 150 8C to 350 8C and from 350 8C
to 550 8C. Carbon burned off from 250 8C up to 550 8C, where

the peak showed a shoulder towards the low temperature side of

the axis, but the shoulder appeared at a higher temperature (ca.

325 8C) than the low temperature SO2 and NO2 peak (ca.

265 8C) did.

Regarding the deposited carbon, the combustion went

through two stages, one at about 325 8C and another one at



Fig. 2. CO2 profile for TPO of used CAT A, CAT B and CAT C.

Fig. 4. NO2 profile for TPO of used CAT A, CAT B and CAT C.

Fig. 1. SO2 profile for TPO of fresh CAT A after presulfiding.
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about 400 8C indicating, the presence of two types of coke. The

two fractions of coke were classified as soft coke which can be

removed more easily, and as refractory surface coke which is

more difficult to remove. The refractory coke is strongly

adhered to the surface of the support [23–25]. The soft coke, on

the other hand, is a porous and bulky material that is rich in
Fig. 3. SO2 profile for TPO of used CAT A, CAT B and CAT C.
hydrogen and represents an intermediate phase between coke

precursors from the feed and coke. During initial coking, both

types are formed.

Although, there is a certain overlapping of the two CO2-

peaks, curve deconvolution allowed a semi-quantitative

estimation of the coke types formed during initial coking.

As presented in Table 5, the ratio between the two types varied

and was correlated with the available surface area of the fresh

catalysts in the reactor.

In the case of NO2 and SO2, the first peaks appeared even

before the formation of CO2 started. The SO2 peak at around

265 8C was suggested to originate from the oxidation of

inorganic sulfur associated with the metals in the catalyst (e.g.,

MoS2, NiS) [26]. Yoshimura et al. [27] reported the formation

of a single SO2 peak at about 260 8C during the TPO MoS2/

Al2O3. This was further confirmed by temperature-pro-

grammed oxidation of an only presulfided HDM catalyst

(MoO3/A12O3) that generated merely one peak which appeared

at the same temperature as the low temperature SO2 peak did,

without any indication of a high temperature peak (Fig. 1).

Sulfided Ni in used Ni–Mo/Al2O3 catalyst may be present in

more than one form such as NiS, Ni2S3. SO2 formation during

the TPO presulfided NiO/Al2O3 catalyst has been reported to

occur in a wide temperature range 180–280 8C overlapping

with the SO2 peak formed from MoS2 oxidation. The fact that

the low temperature NO2 and SO2 peaks coincided proves that a

part of the nitrogen is associated with the metal sulfide sites in

the catalyst. This observation suggests an initial poisoning

mechanism, in which some nitrogen compounds were strongly
Table 5

Ratio of surface to soft coke on used ARDS catalysts and surface area of fresh

catalysts

Catalyst Surface

cokea (%)

Soft

cokea (%)

Ratio surface/

soft coke

Surface

areab (%)

CAT A 78.9 21.1 3.74 100

CAT B 88.1 11.9 7.40 163

CAT C 84.4 15.6 5.41 134

a Normalized to 100%.
b Available surface area normalized to 100% for fresh catalyst A.



Fig. 5. Hypothetical structure of a coke deposit.

Table 6

Carbon building blocks in coke

Number Building

blocka

Type Class Symbol

1 CCCH Aromatic Tertiary wt.% Car; t

2 CCC Aromatic Quaternary wt.% Car; alk

3 CCC Aromatic Quaternary wt.% Car; b3

4 CCC Aromatic Quaternary wt.% Car; b2,n, CH3

5 CCCN, CCCS Aromatic Quaternary wt.% Car; x

6 CCCH Aliphatic Tertiary wt.% Cal; t

7 CCHH Aliphatic Secondary wt.% Cal; s

8 CHHH Aliphatic Primary wt.% Cal; p

a See Fig. 5.

Table 7

Determination of NMR visible carbon (wt.% CNMR) on used CAT A (HDM)

Sample CAT A

CEA (wt.%) 17.3

CNMR (wt.%) 16.9

Diff. (wt.%) �0.4
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adsorbed at the active metal phase as soon as the feed was

introduced [6,11,21,28,29]. This also implies that, during the

initial phase of coking, the active metal sulfide phase started to

deactivate rather by poisoning than by carbon fouling. As

observed for the low temperature SO2 peak (Fig. 3), the

intensity of the low temperature NO2 peak also correlated with

the amount of metal found on the used catalysts which confirms

the association of nitrogen with the active metal sulfide phase

(Fig. 4).

The absence of any CO2 peak coinciding with the low

temperature NO2 and SO2 peaks (Figs. 3 and 4) which resulted

from oxidation of nitrogen and sulfur associated with the metals

on the used catalysts, clearly showed that, during the initial

phase of coking, no carbon was deposited on the active metal

sulfide phase. It is likely that the initial coke was deposited on

the support surface, but not at the active metal sulfide phase.

This observation confirms the model of initial coking suggested

by [30,31].

Another remarkable fact is that N and S were mainly

concentrated either in the hard coke or at the metal, but scarcely

in the soft coke which confirms the hypothesis that, in the early

stages of coking, hetero-compounds are embedded in the

surface coke or adsorbed at the metal crystallites.

In summary, the TPO-MS studies confirm our earlier

conclusions on the nature of initial coke, i.e.: (i) two types of

coke, soft and hard (or refractory) are deposited on the catalyst;

(ii) the active metal sulfide phase is not covered with initial

coke; (iii) heteroatoms, such as nitrogen and sulfur, are present

in the hard (surface) coke, but not in the soft coke; and (iv)

during the initial stage of coking, the active metal sulfide phase

starts to deactivate rather by poisoning than by carbon fouling.

In addition, the studies show that nitrogen poisoning is more

severe on the back-end catalyst (C) that contains a higher active

metal content than the front-end HDM catalyst (A), containing

a low concentration of unpromoted MoO3. The ratio between

the two types of coke formed on different catalysts is strongly

influenced by the strength of their acidic and hydrogenation

functions.

3.3. Coke structure

Solid-state 13C NMR. The structural characterization of

carbonaceous deposits on used catalysts is based on the fact that

the deposited hydrocarbons are formed of a limited number of

building blocks (Fig. 5 and Table 6).

These building blocks give rise to 13C NMR resonances

within specific chemical shift ranges. Integration over these

chemical shift ranges allows a quantification of the building

blocks in the coke structure. The error of the integration

amounts up to 3% of the integral value.

Paramagnetic species, like graphite or metals, embedded in

the coke interact with the 13C nuclei, resulting in extremely

broadened NMR peaks, making them invisible to NMR. To

estimate the amount of NMR invisible carbon, the used CAT A

was selected. The sample was mixed with a known amount of

glycine and the SEP/MAS 13C NMR spectrum was measured.

Both values, wt.% of NMR visible carbon (CNMR) and wt.%
carbon found by elemental analysis (CEA), differed only by

0.4 wt.% (Table 7), indicating that there is not much graphite

built at that stage of coking and the effect of paramagnetic

metals, for instance, vanadium and nickel, is negligible.

The most prominent structural parameter in characterizing

carbonaceous deposits formed by conversion of hydrocarbons

on catalysts is the ratio of aromatic to total carbon on the used

catalyst which refers to the aromaticity of the deposit. The value

varies between zero, totally aliphatic (paraffinic), and one,

totally aromatic (graphitic), and the closer the value reach to

one, the more condensed and aromatic hydrocarbons are

deposited. On the one hand, severe reaction conditions, such as

high temperature, long TOS and low LHSV, increase both

decomposition and condensation of hydrocarbons, leading to a

highly aromatic carbon deposit. On the other hand, the lesser

the hydrogenation activity and the higher the cracking activity

of the catalyst, the more coke is formed.

Principally, coke formation on ARDS catalysts is a result of

adsorption, dehydrogenation, cracking and condensation



Fig. 6. Ratio of aromatic to total carbon in coke on the used catalysts A, B and C.
Fig. 8. Ratio of tertiary to quaternary, aromatic carbon in coke on the used

catalysts A, B and C.
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reactions involving coke precursors like asphaltenes. Asphal-

tenes, after precipitation on the catalyst surface, undergo

dealkylation, dehydrogenetion and cyclization reactions on the

acid sites and condense to high molecular weight polynuclear

aromatics to form coke [6,24,30,32].

The data presented in Fig. 6 show that coke formed on CATA

and B was more aromatic (Car/C � 0.7) than that formed on CAT

C (Car/C = 0.4). Compared with the asphaltenes in KAR (AR/

AS in Fig. 6), the coke deposits on both types of catalysts (A and

B) were more aromatic, less substituted (s = Car;alk/[Car;

t + Car;alk] in Fig. 7) and less condensed (g = [Car;b2 + Car;b3]/

Car in Fig. 7). The deposits on catalyst C are not only less

substituted and condensed, but also less aromatic than the

asphaltenes in the atmospheric residue feed (AR/AS).

The aromaticity and other structural features of the

carbonaceous deposits, such as the degree of condensation

(g) and alkyl-substitution (s), depend largely on the hydro-

genation and cracking functions of the catalyst. The CAT A

(HDM) that contains unpromoted Mo on g-alumina has low

hydrogenation activity compared with the Ni-promoted CAT B

(HDS) and the Ni-P-promoted CAT C (HDS/HDN). The

crackability and dealkylation activity of all three catalysts is

fairly high, consequently, the aromatic rings in the coke

precursors were cracked and alkyl side chains were cleaved, as
Fig. 7. Degree of alkyl-substitution (s) and condensation (g) in coke on the

used catalysts A, B and C.
indicated by the drastic drop in the two parameters g and s

compared with AR/AS (Fig. 7).

In summary, the catalysts tested combine different catalytic

functions, namely, cracking, dealkylation and hydrogeneation

functions. In case of CAT A (HDM) and CAT B (HDS) the

cracking and dealkylation functions prevailed over the

hydrogenation function. On the other hand for CAT C

(HDS/HDN) the hydrogenation activity was dominating. On

all three tested catalysts, as a result of dealkylation and

cracking, quaternary, aromatic carbon had been hydrogenated

to tertiary, aromatic carbon leading to an increase of the Car; t/

Car;q ratio compared that one of the coke precursor AR/AS

(Fig. 8).

Owing to the remarkable high hydrogenation activity of

CAT C (HDS/HDN) not only quaternary, aromatic carbon was

converted to tertiary, aromatic carbon but also aromatic rings in

the coke precursors were hydrogeneted to nephthenic rings

resulting in a decrease of all three parameters, Car/C, s and g

compared to the asphaltenes in AR/AS.

DRIFT. The DRIFT spectra of the used ARDS catalysts are

displayed in Figs. 9–13. In the region from 3500 cm�1 to

2750 cm�1, a strong IR absorption was observed which was

assigned to the O–H valence vibrations of adsorbed moisture

and OH groups of the Al2O3 catalyst carrier [33]. On top of the
Fig. 9. DRIFT spectra of fresh (1) and used (2) catalysts A, B and C.



Fig. 10. DRIFT spectra of fresh (1) and used (2) catalysts A, B and C: carbonyl C O (1750–1650 cm�1); aromatic C C (1630–1500 cm�1) modes.
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O–H band, aliphatic C–H bands of the asymmetric CH2 and

CH3 stretching modes appeared at 2965 cm�1 and 2925 cm�1

[34,35]. The intensity of the aliphatic stretching bands can be

mainly related to the amount of soft coke deposited.

In the carbonyl C O (1750–1650 cm�1) and the aromatic

C C (1630–1500 cm�1) region, strong bands were observed,

attributed to oxygen containing and conjugated polyaromatic

structures, respectively. As seen in the spectra of the fresh

catalysts (Figs. 9–11; traces No. 1), the O–H deformation

modes at 1625 cm�1 of OH groups linked to the catalyst

support also contributed to these IR bands in that region.

Figs. 9–11, upper spectrum, show the FT-IR difference

spectra of the used and fresh catalysts, respectively. Curve

fitting revealed the presence of at least one IR band at about
Fig. 11. Curve fitted DRIFT spectrum of carbonyl C O (1750–1650 cm�1) and ar

fitted (3).
1700 cm�1, attributed to C O stretching modes [33], best

seen in the spectrum of used HDM catalyst (Fig. 9), one at

about 1625 cm�1, due to C C in conjugated double bonds

[36], and another one at about 1575 cm�1, assigned as the so-

called ‘‘coke peak’’ [25,33–35]. The ‘‘coke peak’’ is more

prominent in the HDM (CAT A) and HDS/HDN (CAT C)

catalysts than in the HDS catalyst. It is also seen in Fig. 9 that

the coke peak at 1575 cm�1 for the HDM and HDS/HDN

catalysts have similar intensities indicating that the difference

in the amount of coke deposit in these two catalysts is not

appreciably different. It is difficult to make a definite

conclusion regarding the ranking of the two catalysts (CAT A

or CAT C) for coke formation based on the DRIFT spectra

results.
omatic C C (1630–1500 cm�1) modes of used CAT A: fresh (1), used (2) and



Fig. 12. Curve fitted DRIFT spectrum of carbonyl C O (1750–1650 cm�1) and aromatic C C (1630–1500 cm�1) modes of used CAT B: fresh (1), used (2) and

fitted (3).
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3.4. Metal deposition

Besides coke formation, metal deposition, especially of

nickel and vanadium sulfides, is the second major deactivation

route in hydrotreating of residua over ARDS catalysts

containing nickel and molybdenum sulfides. The contribution

of metal poisoning to the overall deactivation of ARDS

catalysts is controversially reported. There is evidence that

metal poisoning is negligible, at least during initial coking

[37–39].

However, Gualda and Kasztelan [40] found, as they

compared coke versus metal deactivation of a HDM Ni–Mo/

Al2O3 catalyst (2.0 wt.% Ni, 8.4 wt.% Mo), that, in the early

stages of the catalyst deactivation a small amount of V is more

deactivating than a large amount of carbon. This result seems

doubtful since coke deposition increases suddenly and rapidly

right from the start of run [32,41,42] while metal poisoning is a

steady and slow process which keeps the metal (V, Ni) content

in the deposits at a low level during the start of the run phase

[40,43].

Investigations in our laboratory on deactivation of a Mo/

Al2O3 HDM catalyst (CAT A) by coking and metal deposition

during hydrotreating of KAR [11] confirmed these findings. For
Fig. 13. Curve fitted DRIFT spectrum of carbonyl C O (1750–1650 cm�1) and ar

fitted (3).
instance, in contrast to carbon deposition which reached about

20 wt.% of fresh catalyst after 120 h, the amount of metals (V

and Ni) deposited in the same period of time was only 2 wt.%

(Fig. 14) [11]. Vanadium deposition on CAT A was, however,

considerably higher than the nickel deposition. This is in line

with the higher reactivity of vanadium-containing species

present in the residual oil. However, towards the end of run, it is

believed that deactivation by pore plugging by the metals (Ni

and V) from the feed is the dominating path for catalyst decay

[8,44].

Table 8 presents the amount of metals deposited after 120 h

and physical properties of the three used ARDS catalysts

examined in this study. The loss of surface area of the used

catalysts compared with the fresh ones is attributed to a

combination of coke and metal sulfide deposition. The strong

reduction in surface area, pore volume and average pore

diameter observed for CAT C (HDS/HDN) might be a result of

extensive of blockage of the narrow pores by carbon and metal

sulfide deposition.

Distribution profiles of metal on catalysts were examined by

electron probe micro-analysis (EPMA). Generally, the extent of

deactivation of residual oil hydrotreating catalysts by coke and

metal depend, to a large extent, on the location of the deposits
omatic C C (1630–1500 cm�1) modes of used CAT C: fresh (1), used (2) and



Fig. 14. Metal (V, Ni) deposition on the used CAT A (HDM) as a function of

time-on-stream [11].

Table 8

Physical properties and metals deposition of three used industrial ARDS

catalysts exposed to KAR for 120 h at 380 8C and LHSV 1 h�1

Catalyst Loss (%) Deposited metalsa

Surface

area

Pore

volume

Average pore

diameter

V

(wt.%)

Ni

(wt.%)

CAT A 19 36 20 1.41 0.29

CAT B 29 42 28 1.13 0.49

CAT C 36 82 71 0.36 0.70

a Difference between metal concentration in feed and product oils.

Fig. 16. Electron micro probe profile of nickel distribution across the pellets of

used CAT A (HDM) and CAT B (HDS) for the operating conditions: tempera-

ture, 380 8C; LHSV, 1.0 h�1; time-on-stream, 120 h.
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within the catalyst pellet. If the deposits are concentrated near

the outer edges, they can lead to pore mouth plugging and result

in a rapid deactivation of the catalyst. On the other hand, a

uniform distribution throughout the pellet’s cross section will

not reduce the catalyst’s activity to a significant level.

The electron probe microanalyses of used ARDS catalysts

are shown in Figs. 15 and 16. Vanadium which had the highest
Fig. 15. Electron micro probe profile of vanadium distribution across the pellets

of used CAT A (HDM) and CAT B (HDS) for the operating conditions:

temperature, 380 8C; LHSV, 1.0 h�1; time-on-stream, 120 h.
concentration on the used CAT A (HDM), was almost

uniformly distributed throughout the pellet (Fig. 15). On the

narrow pore CAT B (HDS), vanadium was preferentially

localized near the pellet edges (Fig. 15). Diffusion limitation

and high reactivity of the vanadium-carrying molecules in the

feed might have induced this vanadium radial concentration

gradient. The concentration of Von the used CAT C (HDS/HDN)

was too low to measure a profile.

In contrast to the vanadium distribution, nickel was nearly

uniformly distributed across the pellets of the three types of

catalysts, as the EPMA data indicated (Fig. 16). Only on used

CAT A (HDM), the added Ni increased slightly towards the

edges. The profiles in Figs. 15 and 16 were obtained from three

randomly chosen pellets, and statistically justified results need

a larger variety of samples to be analyzed.

4. Conclusions

Catalyst deactivation is a serious problem in residual oil

hydrotreating. It may occur through complex processes that are

affected by several factors, such as catalyst type, operating

conditions, feedstock properties and reactor design. In the

present work, as part of a joint research project between Japan

Co-operation Center, Petroleum, Japan, and KISR to study the

deactivation behavior of hydrotreating catalysts used in

KNPC’s ARDS processes, performance tests were conducted

on three types of hydrotreating catalysts, namely, a Mo/Al2O3

(HDM), a Ni–Mo/Al2O3 (HDS), and a Ni–Mo/Al2O3 (HDS/

HDN) catalyst, that have been used in the reactor train of

KNPC’s ARDS units. Three experiments were carried out with

Kuwait atmospheric residue under similar operating condi-

tions: time-on-stream; 120 h, T; 380 8C, LHSV; 1 h�1, p;

120 bar and H2/Oil ratio; 570. The used catalysts from these

experiments were fully characterized by chemical analysis and

various advanced analytical techniques, such as solid-state 13C

NMR TPO, EPMA and IR. The following are the important

results and conclusions of the study.

The results indicated that the coke build-up during the initial

phase of hydrotreating was very fast and the amount of carbon
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deposited reached about 20 wt.% of the fresh catalyst within

120 h. The tendency of coking increased in the sequence:

HDS < HDM < HDS/HDN. TPO analysis showed two types

of coke, namely, soft coke and refractory surface coke, on the

spent catalysts. NMR data indicated that coke deposits on the

HDM and HDS catalysts were more aromatic and more

condensed with less alkyl substituents compared to the HDS/

HDN catalyst. The coke was exclusively adsorbed at the

catalyst support, and the active metal sulfide phase was free

from coke. The surface coke contained heteroatoms such as

sulfur and nitrogen. These heteroatoms were, however, not

present in the soft coke. Nitrogen compounds were also found

strongly adsorbed on the active metal sulfide sites. Depending

on the type of catalyst, the coke exhibited differences in it’s

structure. The HDS/HDN catalyst had high hydrogenation

activity which led to a highly saturated coke with aromaticity

even lower than that of the asphaltenic coke precursors in the

atmospheric residue feed. DRIFT spectroscopy confirmed

coking tendency of the three tested catalysts. Regarding the

distribution of deposited vanadium across the catalyst pellet,

the three types of catalysts fell into two groups. The HDM

catalyst showed a nearly uniform distribution. On the other two

catalysts that had narrow pores HDS catalyst, vanadium was

preferentially localized near the pellet edges. In all three tested

catalysts, nickel was uniformly distributed. The loss in catalyst

surface area and pore volume was substantial during the early

stages of the run. The HDS/HDN catalyst suffered higher losses

in surface area than other two catalysts. The results clearly

show that the physico–chemical properties of the catalysts have

a strong influence on catalyst deactivation by coke and metal

deposition.
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