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This work details the chemical characterization of four NiMo/Al,O; hydroprocessing generation catalysts (1979-1986, 1993-1998,
2003-2008 and 2008-2011) employed to perform hydrodesulfurization (HDS) of diesel fractions in the same hydrotreater of a
Brazilian refinery. The basic differences are the quality of the feedstocks and the HDS experimental conditions. Samples were

characterized by X-ray fluorescence, X-ray diffraction, *C CP-MAS NMR, elemental analysis, loss of volatiles, specific surface
area and average pore volume. The amount and variety of foreign elements deposited on the catalyst increased in the most recent
generations due to the higher amounts of impurities in the processed feedstocks. Coke became more aromatic and loss of textural
properties was more prominent in these samples as expected from the more drastic HDS conditions and the quality of the crude
diesel. On the other hand, loss of volatiles was lower due to the low carbon content, partial oxidation of sulfur to sulfate species and

oxidation of some elements deposited on the catalyst. Coke tended to ignite as it became more aromatic. For this reason, leaching

of decoked samples from the most recent generations by sulfuric acid presented very low yields due to the formation of refractory

oxides that are insoluble in the leachant.
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INTRODUCTION

Over the years, refineries have been processing heavier and
sourer feeds due to shifting crude diversity and sources. Maximizing
of liquid products yield from various processes and valorization of
residues are of immediate attention to refiners.! Hydroprocessing is a
key technology for the production of clean fuels in today’s refineries
operations because of the high concentrations of sulfur, nitrogen,
and metals along with a high proportion of coke precursors in such
feedstocks.?” The petroleum refining industry needs a large amount
of catalyst to purify and refine such crudes because a high conversion
level is required.* Hydroprocessing catalysts are mostly based on Ni,
Co, Mo and W sulfides.?” They account for about one-third of the
total worldwide catalyst consumption.®?

At present environmental directories impose severe restrictions
concerning gas and particle emissions from refineries and fuels.”!
Deep hydrodesulfurization (HDS) of diesel has become an important
issue in recent years due to stringent regulations that require low sulfur
levels (< 10 mg kg™) in this fuel.™!> Those levels can only be reached
by hardening the working conditions (increase of temperature, lower
space velocity and higher hydrogen partial pressure), improving
efficiency of the existing processes'® or using more active catalysts
with good tolerance to deactivation 1214

The heavier and more contaminated feedstock, the faster the
catalyst deactivation,"! particularly when the crude oil has high
percentage of asphaltenes,"'® and at severe reaction conditions.*’
This phenomenon will become more and more critical due to the
ongoing trend in increasing hydroprocessing severity and maximizing
catalyst performance to meet fuels quality.'*!” To maintain constant
product yields and/or quality, the loss of catalytic activity must be
compensated by periodic increases of reaction temperature.'#

Catalyst deactivation plays an important role in process design and
operation within the petrochemical and petroleum industry both from
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an economic and technological point of view.!>!>1320 Hydroprocessing
catalysts are deactivated by coke, oil and elements deposition.'”* They
contain sulfur and can ignite spontaneously in air due to presence
of the flammable oil and metal sulfides. This is an important factor
that endangers the local environmental quality.® The Environmental
Protection Agency (EPA) has considered the spent hydroprocessing
catalyst as a hazardous material.'*!?

Coke deposition on the catalyst is generally believed to be the
primary cause of catalyst deactivation.!1¢182223 Tt is formed very
rapidly at the early stages of hydroprocessing reactions.! The pores of
the catalyst are physically blocked, preventing the diffusing reactants
from entering the pore structure.”?* The rate of coke formation
enhances with increasing reaction temperature.” Qil deposition also
reduce surface area and pore volume of catalysts with prolonged
time of use.”!

Sintering or segregation of the active phase,'>**?¢ poisoning by
nitrogen-containing compounds and elements deposition (silicon,
calcium, iron, arsenic etc.)!! also lead to loss of activity. Elements
deposition takes place at longer period than coke.' The presence of
vanadium and nickel in crude feedstocks is of particular interest. These
metals are usually distributed between porphyrin and non-porphyrin
type structures. They are accumulated as metal sulfides in the pore
mouth of the catalyst and block the way of the reactants to enter.”

The most common characterization techniques to monitor the
changes in catalyst activity during commercial operation are textural
properties (surface area, pore volume, average pore diameter and pore
size distribution),"* elements®'° and carbon content.'*' Carbonaceous
deposits have been characterized by solubility tests (solvent
extraction) and several instrumental techniques.!1%142227 Solid-state
3C NMR has the unique ability to determine the distribution of
aromatic, aliphatic and other carbon types present.'*!822

Itis an important issue to study the deactivation of hydroprocessing
catalysts by investigating the state and distribution of deposited
species (coke and elements) on the catalyst.”!> The investigation of
samples withdrawn from an industrial or pilot reactor provide valuable
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information to develop recovery processes of valuable metals (Ni, Co,
Mo, W) from spent catalysts.!22242829 Ty these studies, coke must
be eliminated under an oxidizing atmosphere at high temperature
(450-550°C) and low heating rate prior to leaching in order to increase
metals exposure to the leachant.”>*?

This work presents a unique study on the deactivation of several
generations of spent hydroprocessing catalysts (covering over 30
years) used in the same hydrotreater to perform hydrodesulfurization
(HDS) of crude diesel fractions. Their chemical composition and
the nature of coke and elements deposited on the catalyst surfaces
were determined to understand the behavior of samples subjected to
leaching with sulfuric acid after coke removal.

EXPERIMENTAL
Spent catalysts

Four generations of spent NiMo/AlOj; catalysts (5 mm cylinder
extruded, 1.2 mm diameter) covering a 32 year period (1979-1986,
1993-1998, 2003-2008 and 2008-2011) were employed. These
catalysts worked in the sulfided form in the same hydrotreater of
a Brazilian refinery. This unit is designed for HDS of crude diesel
fractions obtained after processing various crude oils. Table 1 presents
some data of the feedstocks processed, the crude diesel fractions and
the HDS experimental conditions.

Data of Table 1 indicate that the quality of the feedstock became
progressively heavier as shown by the higher density and amounts
of Ni, V, S and N (there is no significant difference between the
feedstocks treated by the third and fourth NiMo generation catalysts).
The quality of the crude diesel follows the same trend. The first and
second NiMo generation catalysts worked under classical HDS
conditions, the third generation worked as such from 2003 to 2007,
but ultra-deep HDS was introduced in 2008. The last generation
worked only under ultra-deep HDS conditions.!%2630-33

Table 1. Feedstocks, crude diesel and HDS data
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The hydrotreater design remained the same along the period 1979-
2011. Only routine maintenance was performed (change of corroded
components, removal of accumulated solids etc.). The use of current
commercial HDS catalysts without changing the reactor volume
means that the catalyst activity must have increased to meet the new
diesel regulation.® This can be achieved with high metal loading,
minimal support-metal interaction or additional catalyst volume.*>%

The bed temperature was gradually increased during the reactor
run to compensate for the effects of catalyst deactivation and in order
to produce consistent product quality in the face of varying catalyst
activity and feed quality.!36%1621-2633 H, pressure was also gradually
increased from the first to the last NiMo generation catalyst.?!?>?*
This also reflects the more severe conditions required to ultra-deep
HDS. Finally, the liquid hourly space velocity (LHSV) decreased
along the NiMo generation catalysts. The decrease of LHSV increases
the diesel-catalyst contact time. More refractory sulfur compounds
require lower space velocity for achieving deeper HDS .22

When the catalyst was taken out of the hydrotreater, the residual
oil and other impurities adhered to the catalyst surface were removed
by Soxhlet extraction in oxygen-free toluene for ~12 h. The spent
catalysts were subsequently dried at 110 °C for 2 h in dried N, flow.'315
Samples were not ground. They were stored under nitrogen in the
dark at room temperature.

Oxidation of samples (loss of volatiles)

Samples were placed in identical ceramic crucibles. Since they
were not ground, catalyst height in the crucible was fixed at 5 mm.
Oxidation was performed in a furnace at 500 °C (3 °C min™) for 5 h,
according to previous studies in our laboratory.” Temperature of the
catalytic bed was monitored by a thermocouple placed on its surface.
The roasted mass was cooled down in the furnace and transferred to
a desiccator. The experiments were run in triplicate, and errors for
each experiment were always below 3%.

NiMo generation catalyst I

II

1II v

Time on stream (years) 7 (1979-1986)

5(1993-1998)

5 (2003-2008) 3(2008-2011)

Feedstocks
Type Arabian light Arabian light (principal) + Arabian light + Campos Basin Arabian light + Campos Basin
Campos Basin (principal) (principal)
Density (kg m?) 0.86 0.88 0.90 0.92
S content (wt.%) 1.5 1.3 1.1 1.2
N content (wt.%) 0.1 0.3 0.4 0.5
Ni (mg kg') 3 8 15 20
V (mg kg') 8 12 20 25
Crude diesel
Density (kg m™) 0.84 0.87 0.88 0.89
S content (wt.%) 0.2 0.3 0.5 0.5
N content (wt.%) 0.3 0.5 0.5 0.6
Ni (mg kg™) <0.1 0.1 1 1
V (mg kg) <0.1 0.1 2 3
Boiling range (°C) 170-340 170-350 170-380 170-380
HDS conditions
WHSV (h') 1.5-2.0 1.5-2.0 1.0-1.5 1.0-1.5
P (MPa) 2-5 3-6 3-8 4-10
T (°C) 320-350 320-380 320-400 350-410
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Leaching of oxidized samples

Sulfuric acid was used as leachant. According to literature studies,
this acid is by far the most common leachant for processing spent
catalysts.”?!** The experimental procedure is described in detail in
the literature.” The experiments were run in triplicate, and errors for
each experiment were always below 5%.

Analytical methods

Solid-state CP-MAS 'C NMR was used to determine the carbon
types present in the coke. Samples were crushed using a pestle
and mortar so as to produce a fine powder, and then packed into a
sample rotor to which a serrated cap was fitted. All experiments were
performed on an AVANCE I11/400 NMR spectrometer equipped with
a4 mm broadband CP/MAS probe using a magic angle spinning rate
of 8 kHz. The instrument was tuned to a resonant 'H frequency of
400.25 MHz and a "*C frequency of 100.64 MHz. Hexamethylbenzene
(CHj; at 17.3 ppm) was employed as reference for chemical shifts.
The acquisitions were carried out using 90° pulses for 'H of 4.5 ps,
an acquisition time of 30 ms, a recycle delay of 2 s, a contact time
of 2 ms and sweep width of 50 kHz.

Elemental analysis (C and H) were run using a 2400 CHN
Perkin Elmer Elemental Analyzer. Sulfur, arsenic and metals were
determined by energy dispersive X-ray fluorescence (Shimadzu XRF
800HS). Calibration curves (0.1-1000 mg kg™') of the elements
found were employed for their quantitative analyses. Crystalline
phases in oxidized samples were identified by X-ray powder
diffraction (Shimadzu XRD 6000) by continuous scanning method
at 20 mA and 40 kV, using Co Ko as radiation source. Specific
surface (Sgpr) area and average pore volume are routinely of fresh,
coked and oxidized samples were determined by N, physisorption
at 77 K (-196 °C) using a Quantachrome Nova 1200e instrument.
Prior to adsorption, samples (in round-bottomed glass tubes) were
pretreated in vacuum (107 torr) at 250 °C for 3 h. Leached elements
were determined by atomic absorption spectrometry (Perkin Elmer
AAS 3300). pH measurements of aqueous solutions were conducted
by using a combination of a glass electrode and a Ag/AgCl reference
electrode (Orion 2AI3-JG). All analyses were run in triplicate, and
errors were always below 5%.
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RESULTS AND DISCUSSION
Chemical characterization of the spent catalysts

The amount and variety of foreign elements (Table 2) deposited
on the catalyst particularly increased in the last two NiMo generation
catalysts (2003-2008 and 2008-2011). These samples were directly
affected by the quality of the crude diesel and their corresponding
feedstocks (Table 1).'3!” This effect seemed to be enhanced by
the severity of HDS conditions, since the fourth generation only
worked under ultra-deep HDS conditions,>'” whereas the third one
worked only in its last year in service. The presence of silicon can be
explained by the use of silicone for foam control in offshore petroleum
production,” whereas some iron came from corrosion/abrasion of the
hydrotreater.'>?* Vanadium, arsenic and calcium have already been
reported in spent catalysts from hydroprocessing of heavy feedstocks
under severe conditions.'*?!23:34

The amounts of molybdenum and nickel are the highest in the
last two NiMo generation catalysts. This is a way to increase the
activity of the current catalyst technology for ultra-deep HDS 3>
This also explains the higher amount of sulfur in these samples since
the HDS catalysts work in sulfide form during their time on stream.
The higher amount of support additives (P, Si) is another strategy to
improve HDS activity via inclusion of acidic functionality.?!-3>337

Carbon content decreased in the last NiMo generation catalysts
despite the more severe HDS conditions (Table 1). This point will
be discussed further.

H/C atomic ratio

The H/C atomic ratio (Table 3) decreased, especially for the last
NiMo generation catalyst. This result indicates that coke became
more aromatic (lower hydrogen content),'>!#?226 probably due to the
combined effect of the feedstock and ultra-deep HDS conditions.’

H/C atomic ratios below 1.3 are typical of the so-called
“hard” coke.!®? The “soft” coke is formed at the initial stage of
hydroprocessing; it is the main cause of the loss of micropores and
consequently the surface area and the porosity of the catalyst. The
“hard” coke, which is formed in later stages takes up the remaining
porosity.*1*?+ The soft coke has a higher hydrogen to carbon ratio

Table 2. Chemical analysis (wt.%, dry basis) of the spent and fresh NiMo/Al,O; catalysts

I I 111 v

Generation 1979-1986 1993-1998 2003-2008 2008-2011

fresh spent fresh spent fresh spent fresh spent
ALO, 82.9 64.7 77.4 58.5 71.5 51.0 71.1 48.9
MoO;, 133 10.1 14.2 10.6 20.9 15.0 20.2 14.6
SO, absent 8.8 absent 10.6 absent 14.0 absent 15.1
Sio, <0.1 0.3 2.0 2.0 1.5 3.0 1.5 4.0
NiO 2.5 2.0 2.6 2.1 29 22 34 29
P,O; 1.1 0.7 3.7 3.0 32 23 3.7 2.6
Fe,0, absent 0.3 absent 0.7 absent 1.9 absent 2.1
CaO absent absent absent 0.3 0.1 0.4
As,04 absent absent absent 0.1 absent 0.2
V,0s absent absent absent absent 0.3
CuO absent absent absent absent 4x 102
MnO absent absent absent absent 3x 107
C absent 13.0 absent 12.5 absent 10.2 absent 8.8
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than the hard one.!*? As the time on stream increased the structure
of the carbonaceous deposits shifted towards increasing aromaticity,
forming a graphite-like structure.*!21426

Table 3. H/C atomic ratio of coke deposited on spent NiMo/Al,O; catalysts

Spent NiMo/Al,O, generation catalyst H/C atomic ratio

1(1979-1986) 1.61
11 (1993-1998) 1.45
1IT (2003-2008) 1.43

IV (2008-2011) 1.17

3C CP-MAS NMR data

All spectra (Figures 1 to 4) present peaks falling in the C,,* and
C,,* zones (0 — 60 and 120-160 ppm, respectively).’”” The shape of
these peaks indicates a great variety of saturated and unsaturated
carbons, thus reflecting the complex structure of coke deposited
on the catalysts. The integral areas of C,* and C,* peaks give an
approximate estimate of the molar composition of the coke deposited
on the catalyst, although the extent of transfer of magnetization from
the proton system to the carbons depends upon the nature of coke
compounds.?>?” Nevertheless, the peak of the C,* region became
more important along the NiMo generation catalysts. Over 50% of
the carbons of the coke deposited on the last generation are aromatic
(Table 4). This correlates to the experimental conditions and the
quality of the crude diesel (therefore, the original feedstock) processed
in each case (Table 1).%!2141938 This result also agrees very well with
H/C atomic ratio data (Table 3).
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The profile of coke deposited on a catalyst surface is not only
dependent on its amount (wt.%), but also on its chemical nature.
Although the amount deposited is lower (Table 2), the coke of the
last NiMo generation catalyst is more refractory due to its higher
aromatic character.!*»2

Textural properties

The last two NiMo generation fresh catalysts present a higher
surface area and a larger pore volume than the first ones (Table 5).
This is a strategy to increase catalyst activity under ultra-deep HDS
conditions.>*!1217

Both surface area and pore volume of spent catalysts markedly
decreased when ultra-deep HDS conditions were employed. Although
the amount of coke deposited was lower (Table 2), the amount of
foreign elements (V, As, Ca, Fe, Cu, Mn) in these samples increased
(Table 2).>!12324 Besides coke and elements deposition, textural
properties are very sensitive to the more severe HDS conditions
(that lead to the shortening of the lifetime of the catalysts)*** and
the quality of crude diesel processed.'>!”

Characterization of the oxidized catalysts

Loss of volatiles

Data for the first two NiMo generation catalysts (Table 6) agree
with literature data for spent catalysts under conventional HDS
conditions.?®?**% However, loss of volatiles was lower for the two
last generations. This is partially explained by the lower amount of
coke in these samples (Table 2). However, the amount of remaining
sulfur was higher (Table 6). A possible explanation is the oxidation
of sulfur to sulfate species, thus reducing the amount of the element
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Figure 1. °C CP-MAS NMR spectrum of the spent NiMo/ALO; catalyst (1979-1986)
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Figure 2. °C CP-MAS NMR spectrum of the spent NiMo/Al,O, catalyst (1993-1998)
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Figure 3. °C CP-MAS NMR spectrum of the spent NiMo/Al,O; catalyst (2003-2008)
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Figure 4. C CP-MAS NMR spectrum of the spent NiMo/Al,O; catalyst (2008-2011)

Table 4. Aromatic and aliphatic coke content (mol%) derived from peak areas
of 3C CP-MAS NMR spectra

Spent NiMo/Al,O, C,;’ (aliphatic) C,;’ (aromatic)
generation catalyst (20-60 ppm) (120-160 ppm)
1(1979-1986) 78 22
11 (1993-1998) 71 29
11T (2003-2008) 65 35
IV (2008-2011) 46 54

Table 5. Textural properties of fresh and spent NiMo/Al,O, catalysts

NiMo/AL O, Sger (M? g V (em® g')

generation catalyst fresh spent fresh spent
1(1979-1986) 160 93 0.40 0.21
11 (1993-1998) 160 88 0.45 0.25
11T (2003-2008) 225 113 0.51 0.22
IV (2008-2011) 240 76 0.50 0.15

eliminated as SO,,,. Metals such as vanadium can catalyze this
conversion.¥ To assess this hypothesis 100 mg of an oxidized
sample were placed in a 25 mL beaker containing 10 mL of water
at 90 °C under stirring (200 rpm). After 10 min the solid was filtered
and some drops of 0.2 mol L' Ba(NO;), were added to the filtrate.
A white precipitate (BaSQ,), insoluble in concentrated HCI,*4?
was formed, thus confirming the presence of sulfate species in the
samples under study.

The oxidation of deposited elements in the reduced state (As(I1I),
V(III), Fe(ID)),’%%4 as well as Mo(IV),>¥*33 to higher oxidation

states during coke removal (As(V), V(V), Fe(IlI) and Mo(V])) also
explains the lower mass loss for the most recent NiMo generation
catalysts.

During oxidation, the temperature of the catalyst bed suddenly
rose from ~460 to 900 °C in about 10 min for the two most recent
NiMo generation catalysts, despite the low heating rate (3 °C min™).
This phenomenon was not observed for the two oldest generation
catalysts. These samples only ignited when high rates were
employed (10 °C min™).”?# It seems to have a relationship between
the aromaticity of coke and the sample ignition: the greater the
aromatic character, the highest the temperature of the catalytic bed
after ignition. As coke becomes more aromatic, the risk of ignition
increases during heating of the coked sample.!>1424262829 The “hard”
coke ignites at higher temperatures than the “soft” one.!>!42426.29

Table 6. Average mass and sulfur losses of samples oxidized at 500 °C for 3 h

Spent NiMo/AlLO, Mass loss Sulfur loss
generation catalyst (wt. %) (wt.%)
1(1979-1986) 27 80
11 (1993-1998) 25 74
11T (2003-2008) 24 64
IV (2008-2011) 21 55

The aspect of the oxidized samples is quite different from the
deactivated ones. After coke removal the color of the oxidized catalyst
should be green due to the presence of nickel in its active phase, but
samples from the third and fourth generations are reddish in color
(Figure 5) due to the presence of iron deposited over their surface in
considerable amounts (Table 2).
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Figure 5. Aspect of the catalysts from the second (left) to the fourth (right) NiMo generation catalysts before (above) and after (below) oxidation at 500 °C for
5 h. The reddish color is due to iron deposited over the surface

XRD data spent NiMo generation catalysts. Despite the increase of the aromatic

character of the coke in these samples, it appears that coke ignition
did not lead to significant crystallization of inorganic components of
the catalysts.” Although our XRD data do not show crystalline phases,
other work state the formation of spinel-like compounds (NiALO,),

Figure 6 presents the diffractograms of the oxidized catalysts.
All samples exhibit low crystallinity. Only ill-defined peaks
corresponding to y-Al,O;appeared in the diffractograms of the last two

(2]
(=]

intensity (a.u.)

26 (°)

Figure 6. X-ray diffractograms of the oxidized NiMo/Al,O; catalyst: 1979-1986 (A); 1993-1998 (B); 2003-2008 (C); 2008-2011 (D)
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molybdates (NiMoO,), phosphates (Niy(PO,),) and metasilicates
(NiSiO,) when spent hydroprocessing catalysts are subjected to high
temperatures (above 800 °C).#4

Acidic leaching

The amount of insoluble matter after leaching with sulfuric
acid sharply increased from the second (~1.3 wt.%) to the fourth
NiMo catalyst generation (~73 wt.%) (Figure 7). It seems to have a
relationship between the amount of insoluble matter in sulfuric acid
and the aromaticity of coke: the greater the aromaticity the greater
the amount of insoluble matter. Data on Table 7 corroborates data
presented in Figure 7. Leaching of elements markedly decreased from
the first two generations to the last one. Even those deposited on the
catalyst surface (Fe, As, V) were poorly leached from this sample.

80
60
40

20

0 v ] L}
1 2 3 4
NiMo catalyst generation

Insoluble matter (wt%)

Figure 7. Amount (wt.%) of insoluble matter after leaching of pre-oxidized
catalysts with 9 mol L' H,SO, (90 °C, 200 rpm, 70-90 min)

Table 7. Amount of leached elements (wt.%) in 9 mol L' H,SO, (90 °C,
200 rpm, 70-90 min) after previous oxidation of catalysts (500 °C, 5 h,
3 °C min™)

Catalyst generation

Element
1 1I 11T v
Ni >99.5 99.5 86.0 14.5
Mo >99.5 99.0 72.5 11.0
Al 99.5 99.5 55.8 20.0
P 86.4 75.5 37.5 15.5
99.0 99.0 72.0 45.0
Fe >99.5 99.5 80.0 40.0
As absent absent >99.0 20.0
\Y% absent absent absent 15.0

Coke removal is the most critical parameter to ensure an efficient
leaching 22624446 The catalyst must be pre-oxidized at low heating rates
in order to minimize losses of valuable components due to formation
of insoluble compounds in the leachant upon coke ignition.” The low
heating rate employed (3 °C min™') was adequate to pre-oxidize spent
NiMo catalysts from the first and second generations:™? no coke
ignition was observed. However, this rate was not able to avoid ignition
in samples subjected to ultra-deep HDS. Therefore, coke removal from
such samples should be redrawn: very low heating rates, the use of
diluted O, in an inert gas (instead of air) or even grinding of the spent
catalyst before oxidation are alternatives to be searched. These points
are under investigation in many research centers.**
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If a spent NiMo catalyst contains only Al, Si, and Fe, it can be
disposed of in industrial dumps without any special precautions
or can be used as alternative raw material (co-processing) in
construction materials.** However, if Ni, As and V accumulated
during their use, they must be encapsulated before disposal in
order to avoid release of such elements into the environment.*
Regeneration, rejuvenation and reuse in less severe hydroprocessing
units by cascading before final disposal are not feasible because
these elements poison irreversibly the active sites.?*47 Metals
recovery from spent catalysts is the best alternative to avoid dumping
such wastes but new methodologies should developed to overcome
challenges such as removal of a highly aromatic coke and leaching
of elements deposited on their surface.

CONCLUSIONS

As the feedstock was heavier and dirtier and the HDS conditions
were more severe in the same hydrotreater, the textural properties
of spent NiMo catalysts were drastically affected, the amount and
variety of foreign elements deposited on their surface increased, coke
tended to be more aromatic and was susceptible to ignition even under
low heating rates. Mass loss was lower for the most recent NiMo
generation catalysts due to a combination of three factors: the lower
carbon content, the presence of high amounts of residual sulfur and the
oxidation of some foreign elements deposited on the catalyst surface.

Leaching of the oxidized catalysts by sulfuric acid under classical
experimental conditions was ineffective for those subjected to
ultra-deep HDS conditions. This is directly related to coke ignition.
Therefore, new pretreatment protocols must be developed because
metals leaching is strongly dependent on the reactivity of inorganic
compounds present after coke removal.
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