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Abstract:

Solvent refined coal (SRC-II) must be catalytically hydrotreated at elevated temperatures and pressures
to improve its stability and meet the feedstock requirements of conventional petroleum refineries and
boilers. Once the operating conditions are set, the development of catalysts is the primary problem.

Four transition metals, cobalt (Co), nickel (Ni), molybdenum (Mo) and tungsten (W), were selected as
the catalytic agents and impregnated on a y-alumina support having large surface area and pore size. In
the first stage, seven different combinations of the metals were impregnated by a stepwise
impregnation technique to test their hydrotreating activity. In the second stage, the most active metal
combinations, Ni-Mo and Co-Mo, were subjected to three different impregnation techniques to test the
effect of impregnation method on catalytic activity. The effect of the presence of 2 % water in the feed
on the catalytic activity was tested for every catalyst.

The most active metal combinations among the seven were Ni-Mo for hydrodenitrogenation (HDN)
and hydrogenation (HYD), and Co-Mo for hydrocracking (HYC). Water enhanced HDN activity of the
catalysts containing Ni-Mo and Co-W combinations, but inhibited activity of the catalysts containing
Co-Mo and Ni-W combinations. In general, HYC activities of the catalysts prepared by stepwise
impregnation were improved by water addition.

Batchwise impregnation of Co after batchwise Mo impregnation reduced the interaction of Mo with the
support giving more surface CoMoO, type phase and produced the most active catalyst. HDN and
HYD activities of Ni-Mo catalysts were not greatly affected by the impregnation technique. In general,
batchwise impregnation of Mo reduced Mo-support interaction and improved HY C activity of both
Ni-Mo and Co-Mo catalysts. When both step size and order of metal impregnation were changed, the
enhancing effect of water on HDN and HYC activities of the Ni-Mo catalysts disappeared and the
inhibiting effect on HDN activities of the Co-Mo catalysts became more inhibiting.
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ABSTRACT

. Solvent refined coal (SRC-II) must be catalytically hydrotreated
at elevated temperatures and pressures to improve its stability and .
meet the feedstock requirements of conventional petroleum refineries

‘and boilers. Once the operating conditions are set, the development

of catalysts is the primary problem.

Four transition metals, cobalt (Co), nickel (Ni), molybdenum
(Mo) and tungsten (W), were selected as the catalytic agents and
impregnated on a y-alumina support having large surface area and pore
size. In the first stage, seven different combinations of the metals
were impregnated by a stepwise impregnation technique to test their
hydrotreating activity. In the second stage, the most active metal
combinations, Ni-Mo and Co-Mo, were subJected to three different
impregnation techniques to test the effect of impregnation method on
catalytic activity. The effect of the presence of 2 % water in the
feed on the catalytic activity was tested for every catalyst.

The most active metal combinations among the seven were. Ni-Mo
for hydrodenitrogenation (HDN) and hydrogenation (HYD), and Co-Mo for
hydrocracking (HYC). Water enhanced HDN activity of the catalysts
containing Ni-Mo and Co-W combinations, but inhibited activity of the
catalysts containing Co-Mo and Ni-W combinations. In general, HYC
activities of the catalysts prepared by stepwise impregrnation were
improved by water addition.

Batchwise impregnation of Co after batchwise Mo impregnation
reduced the interaction of Mo with the support giving more surface
CoMoO, type phase and produced the most active catalyst. HDN and HYD
activities of Ni-Mo catalysts were not greatly affected by the
impregnation technique. In general, batchwise impregnation of Mo
reduced Mo-support interaction and improved HYC activity of both
Ni-Mo and Co-Mo catalysts. When both step size and order of metal
impregnation were changed, the enhancing effect of water on HDN and
HYC activities of the Ni-Mo catalysts disappeared and the inhibiting
effect on HDN activities of the Co-Mo catalysts became moére inhibiting.




CHAPTER 1
INTRODUCTION

When the world oil crisis started in the early'seve#ties, many
natioﬁs around the world seriously sﬁarted looking for alternative
energy resourées.
Among the several alternatives, coal is the most impdrtant one
to the countries which have abundant coal reservés such as the United
States. The United States has 3,600 billioh metric ions of coal
reserves and 200 billion metric toﬁs of it is estimated to be currently
economically recover;ble [1]. According to the forecasts; it will be
enough to supply the nation's 1iquid;fue1 needs more thén a century

[2] if it is used only for liquefaction.

Coal as a solid fuel is not convenient tp'substitute for
petroleum or natural gas, because the transportation sector exclu-
sively depends on liquid fuels, the residential and commercial
sectors~depend héabily_on gaseous fuels, and industry requires
three quarters of its needs as 1iquid apd gaseous fuels [3, 4].
Consequéntly, the conversion of coal to convenfipnal forms -(liquid or
gas) is necessary.

The first gasification and 1iqﬁefaction‘processes wefe developed
in Germany during the 1900s and 1930s. They constitute the basis of
the today's technology. Téday, there are four basic.coal liquefaétion '

processes in the U.S.; Solvent Refined Coal (SRC), Exxon Doner Solvent




2 .
(EDS), H~Coal, and Synthoil. They convert high sulfur coal to distil~
late liquids. Tﬁe chemical composi#ionAand the physical préperties of
the coal liquids are considerably different from those of‘petroleﬁm.
They have a higher carbon-to-hydrogen ratio and higher heteroatom
(8, N, O) concentrations. .

'Raw'coal-derived liquids, as received from liquefaction units,

. must be furtﬁer hydrotreated before‘seing used either as a boiler
fuel or refinery feed stock because of their high heteroatom content.
Nitrogen, sulfur, and oxygen cause storage problems {5]. Sulfur and
nitroéen content must meet the EPA emission standards [6]..In addi~
tion, basic nitrogen content must be‘giniﬁized for refining processes
to prevent catalyst poisoning.

The pa#imum requirémént for nitfpgen'in refiﬁeries varies from
ﬁrocess to process, but should not be more. than 0.3 wt% iﬂ order to
be processed in the existing refineries [7]. In ihis study, 0.3 wt%
nitfogen in the product was taken as the minimum féquirement.

The objective of thi§ study was ?o dévelop catalysts which Qould
be able to upgrade SRC-II Light End; Column Feeq (1LECF) Fo a feed '

stock acceptable to present petroleum refineriesl
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CHAPTER 2
BACKGROUND

COAL AND COAL CONVERSION
Coal: Coal is a generic term applied to widespread and widely

differing natural rocks that consists primarily of'organic material

admixed with smaller éuantities of mineral matter [8].

Coal deposits were formed from plant m;terials by‘the action of
heat and pressure for long periods of time . The first stage of
coalification involves the heirarchial formation of peat, 1ignité,
followed by subbituminous coal, bituminous coal,'and finaliy
anthracite. Coal is ranked differentiy in d;ffefent countries and
the.claésification method currently.Beiﬁg used in the U.S. is shown
in Table 1 [9]. | |

Despite the years of research ip this field, the chemical struc-
ture and chemical properties of coal aré'still notlwell understood
today. The basic reason islfhc complexity of anl and dependence of
chemical properties and structure on the geographical origin and rank

[10]; The major elemental components of coal are carbon, hydrogen

"and oxygen; the minor elements include sulfur, silicon, nitrogen,

aluminum, iron, calcium, magnesium, potassium, sodium, and titanium.

Carbon is the most abundant element, and its molecular form in combi-

nation with small amounts of hydrogen and oxygen provides the struc-
tural integrity of coal. The organic compounds shown in Fig. 1 are
thought to be among the imﬁortant components in the organic portion of

coal structure.
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Table 1. Classification of Coals by Rank [9].

ASTM classifica;ion method

Limits of Ultimate
fixeda Limits of analysis ratio
, carbon”® heat content Hydro-
Class (% w/w) (Btu/1b) Carbon gen Oxygen
I. Anthracite 86-98 [- ‘ 90-97 3-5 1-3
II. Bituminous ' 85-90 4-5 5-10
low-volatile 68-86 - :
medijum-volatile 69-78 - ‘
high-volatile A <69 £14,000
_~high-volatile B 13-14,000
high volatile C 11,500-13,000 .
III. Subbituminous 8,300-11,500 75-85 5 10-20
IV. Lignitic 6,300-8,300 70-75 4-5 20-25
(plants and . - o
trees) 25-30  4,000-5,000 50-60 5-6 35-40

a Mineral-matter-free (mmf) basis. To convert to MJ/kg,
multiply. by 0.00232. . ' ‘

b Dry-mineral-matter-free (dmmf) basis, normalized for
exclusion of sulfur and nitrogen. -

These organic structures are bonded together to form cross-
linked polymers. These polymeric chains represeni the molecule of
coal. However, there is no unique structure found to‘represent a
coal molecule. Among many proposed representative coal structures
[13, 14, 15, 16], the one proposed by Solomon [17] is shown in Fig.
2. | |

Coal Utilization and Conversion: Commercial utilization of coal

is directly linked to industrialization. whén the Britiéhfwere faced
With deforestation, they substituted coke from coal for wood charcqal
‘[18]. Coal was used‘extensively in sieam'genératian for étéam engines
and electricity production, as well és home heafing, until the

liquid distillate fuels from petroleum became more efficient for




%/ # 01 $23432 2 15 // 61718 79 0 :

9 2 &<



%/

#

CDUDC $T$ |

4837 153 /1

433 =5

832172 [/

1>2% 91 1505 /5

9 1515 /5



7
fransportatidn, home heating and other forms of energy production. A
factor in the decline of coal utilizatibn was the extensive usage of
natural gas in utilitieé after World War II [3]. |

The reasons'behind these shifts-include both conveniépce and
cost. One measure of cbnvenience ié tﬂgvéoﬁcentrapion of eﬁergy per
unit of fuel product. Approximately,ZWOod contains 16 million
Btﬁ/ton, coal contains 26 million Btu[ton, and petroleum contains 40
million Btu/ton. This represents efficiency in transportgtion,
storage and usage. The cost of crude-gii was very low unti! 1973, And
the natupallgas prices'were held at a?tificia11§ low leveis.[S].

At present, the most common utiiizétibg of coal. is ﬁeﬁallurgical
usage and combustion for energy production. For moré extehsive utili-
zation of coal in toda&’s technoiogy, its cpnversion'inﬁo gaseous or-
liquid fuels is required because of the dependence of use?é on fhese_
forms [3]. . |

Conversion of coal is not a new idea. I; extends far back to the
early 18th century. Whég coke from coal was produced, the by-prodgcts
were gaseoué agd liquid fuels from the pyrolysis ovens._Herver, only
the gaseous products were used as fuel.:Tﬁe liquid product; Qere
utilized as‘chemicalsm |

After this initial stage;.ﬁechnqlogical improvements were made
for gasifié;tion of coal. Even though synthetic'gas is not populgr in
the U.S., there are many commercial gasifiers around the world,
especially in Europe. It is, howevgr; reemerging in the U.S. today.

" There are about six major coal gasification processes; Descending




Bed, Fluidized Bed, Entrained Flow, Molten Bath, Tumbling Bed, and

8

Underground Gasification.

In contrast to the gasification technoiogy, the developmeﬁt of .

liquefaction technology waited until this century. Processes were

pioneered in Germany during the 1920s and 1930s. Development of syn-

thetic liquid fuels from coal followed two separate routes. First, -

the direct hydrogenation of coal was initiated by Bergius in 1913;

and secondly, the production of liquids By the reaction of CO and H

was reported by Fischer and Tropsch in 1923l[19].

2

There were several commercial plants-producing liquid fuels by

using these two processes before and during the World War II. German

capacity of the Bergius process was 70,000 bbl/day and that of

Fischer-Tropsch process was 15,000'bb1/day [19]. Today, South Africa's

SASOL procéss, based on the Fischer-Tropsch process, is thé only

commercial one producing liquid fuels from boal.‘

Coal liquefaction processes are usually classified as shown

below [19];

Classification

Pyrolysis

Direct Liquefaction

Solvent Extraction

Indirect Liquefaction

Example

fCoal-Oil-Energy:Development-(COED)

Lurgi-Ruhrgas
H-Coal and Bergius

Solvent Refined Coal (SRC)

1

_Exxon Doner Soivent (EDS)

Consolidation Synthetic Fuel (CSF)

Fischer-Tropsch, Methanol

1
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In the Pyrolysis Process, coal is heated in the absence of oxygen
This heating breaks down the coal molecules to form hydrogen rich
gas, tar, and a hydrogen'deficient char. The tar products are primarily
aromatic in nature. This has been practiced industrially for decades.

In Direct Hydrogenation, a high purity hydrogen is used to react
with coal at elevated temperatures and pressures in the presence of a
catalyst. The products are primarily aromatic.

The Solvent Extraction Processeslinvolve slurryiﬁg che pulverized
~feed coal in a coal-derived liquid»and reacting at elevated tempera-r
' tures and pressures. Hydrogen is added to the SRC and EDS processes.
The products are pr1mar11y aromatic,

In Indirect Liquefaction,'the feed coal is compietely gasified
to produce a synthesis gas-consisting primarily of hydrogen and
carbon monoxide. After purification, hydrogen and carbon monoxide are™
reacted at elevated cemperatures and pressures in the presence of a
catalyst. The products are aliphatic and olefinic in nature.

Thermal efficiency of these processes differ considerably from
each other._In general the efficiencies of hydroliquefaction pro-
cesses such as extraction, donor soivent, and direct hydrogenation
are higher than those of complete pyrolysis and indirect liquefacﬁion '
processes such as Fischer-Tropsch and methanol. Escimated efficiency‘
of SRC-II is in the-63-7i%-range [19j.

SRC Process: The SRC project was begun.in 1962 when Spencer
Chemical Company was awarded a research contract by the Office of
Coal Research (OCR, subsequently a ﬁart of DOE) to study the technical

feasibility of a coal deashing process (now called SRC process). In
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1965, the process was successfully démonstfated with a 50-pouﬁd-per-
hour continuous flow unit. During the tefm of contract, Gulf 0il
Cérpofation acquired Spencer Chemical Company. After reorganizatioﬁ,
the contract was assigned to the research department of Pittsburgh .
and Midway Coal Miniﬁg Compény (ps1) [20].- ‘ |

Construction of a 50-ton-per-day pilot plant at Fort Lewis
(Tacoma), Washington, vas begun in 19&2 and became fully operational
" in 1974. This early process is called SRC-1I and pfoduced a solid
product. Later in 1977, the SRC-I process was modified to‘the SRC-I1
process to pfodﬁce liquid products [20]. The SRC-II process flow
~ diagram is shown in Fig. 3 [19].

In the SRC-II process, dried and pulverized coal is fed to the
slurry mixing vessel where it is miied with a slurry recycle stream>
and a filtered process'éoivent recycle. The entire slurry:is pumped
from the mixing vessel and the recycle plus make up hydroggﬁ isq
injected in the stream ahead of the slurry heater. The mixture is
heated to about 370°C in the slurry heater and then enters the dis-
solver at a pressure of about 13.8 MPa. The products come out of the
reactor at aboqt 425°C and are let &own‘in pressure aqd'cooled in
- several flash separations in the vapor/liquid separation section.
The gises Qre sent to the acid gas removal unit to remove carbon
dioxide and hydrogen sulfide to pufify hydrogen. Part of the slurry
stream is recycled back to the slurry mixing vessel; the rest is
filtered to remove mineral residue and recover liquid products. The
filtrate is vacuum disiilled to produce distillate fuels overhead and

SRC bottoms. The distillates are fractionated into light oil, light
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distillate, and heavy distillate streams, including the wash solvent
(part of the light distillate)-and the filtered process solQent'(part
of the heavy distillate). |
The feedstock used in this research,';he Light Ends Column Feed

(LECF), was distillate fuels obtained from the vacuum distillation
overhead. The physical properties of LECF 'is shown in Table 2. It
contains about 24 wt% light oil (naphtha), 65 wt% middle distillate
and 11 wt9% heavy oil. Hydrogen/Carbo# atomic‘ratio_ié aboﬁt-1.23.

The heteroatom content is 1.21 wt% Sulfur, and 0.67 wt% nitrogen.

For the detailed analysis of the SRC-1I product see Appendix A.

CATALYTIC UPGRADING OF COAL LIQUIDS

Coal liquids, as received from the liquefaction plants, are not -

suitable for conventional use. They contain very high concentrations
of heteroatoms such as nitrogen, sulfur and oxygen, and H/C atomic

ratio (see Fig. 4) is too low to meet the standards. The low H/C

ratio is caused primarily by high percentage of condensed ring aromatic

compounds present in the coal liquids. H/C ratio is a rough measure
of aromaticity. In‘génpral aromatic ¢ompounds have lower H/C ratios

than their aliphatic or olefinic counterparts.

Table 2. Properties of SRC-II Light Ends Column Feed

Elemental Analysis (wt %) Distillation Fractions (wt%)

Carbon 87.80 Light Oil (40-205°C)  24.09
Hydrogen 8.97 - Middle 0il (205-298°C) 64.77
Sulfur 1.21 Heavy 0il (298+ ) 11.14
Nitrogen 0.67 '

Oxygen* 2.25

Ash 0.02

Specific Gravity, 60/60°F = 0.96
* By difference.
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Heteroatoms, in general, reduce the stabilitf of the coal liquids.
and cause étorage problems {5]. Sulfur and nitrogeﬁ are vé%y severe
pollutants and must meet the current EPA stan&ards. Basiélnitrogén_.
and sulfur compounds cause catalyst poisoning in the downstream
refining processes such as catalytic cracking, hydrocrackiﬁg and
reforming._The.tolerable nitrogen content Qaries from process to-
process. The maximum allowable nitrbgén content in the existing
petroleum refineries is 0.3 wt% [7]. a

Another problem with coal liquids is the presence of polycyclic 
organic compounds in. high percentages. These compounds produce smoke
upon burning'and can not be crackedlﬁithout hyd;ogenation._Hydrogena-
tion of these polycyclic érganic compounds reduces smoke productiqn
and eases cracking. Hoﬁevé:, hydrogqgation ié a very expenéive process.
If these compoun&s are enﬁrained duriné ;ombustion,_they cause environ-
mental.and health problems. Some'carpinoggns_haye been idéﬁtifiéd
among these products [gl]. They aIss dissolve iﬁ the procéss water
and cauée cleaning probléms [22]. Therefore, catalytic hydrotreating‘
is a necessary step. | |
Cataixsts:

The role of a catalyst, in geperal;'is to coﬁtrol the rate and
direction of a réactién. A catalyst incfeases the rate of 5 rggction
by 1owe¥iqg the activation energy of ;'reaction by creating an.altér-'
native path or mechanism for the reaction. |

In a ﬁulticomponent chemicallenvironméﬁt such as coal liquids,
the number of possible reactions are mény.lIn this case a catalyst 

"must éelectively'catalyze the desired reactions. Therefore, the
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hydrotréating catalysts for coal liquids must be selective as well as
active on certain desired reactions like ‘Hydrodenitrogenation (HDN),
Hydrodesulfurization'(HDS), Hydrodeoxygenation (HDO); Hydrogenétion
(HYD), and Hydrocracking (HYCj. An excessive hydrogena£ioﬁ is not
desired because hydrogen is very costly; howevér, a certaiﬁ level of
hydrogenation'activity is necessary to assure heteroaﬁpm remov;1 and
to miﬁiﬁize aromaticity and coking.

In both peﬁroieum hydrotreating and coal-liquids'hydro£reating,
supported metal catalysts are usually used. The metals are transition
metals, usually Co, Mo, Ni aﬁd W. Supported metal catalysts are
prepared by impregnating the water éoiub1e~salts-of the metals on a
- high surface area support. A gamma-alumina or gamma-~alumina-silica
are the supports most widely used.

Charactgristics of the supported metal catalysts are not well
understood today. Most iechnologicgl patents and know-how are usually
only accidental findings rather than a result of a sciéntific predic~-
tion [23]. This\is due to the complexity of the processes of catalyst
syntheéis and testing. The most important of these is the catalyét‘
synthesis, or in other words, catalyét prepérétion.

Cat#lyst preparation starts witﬁ selection of a proper support
for the specific reaétiohs involved. It must ensuré [23] (1) a large
enough pore-&iametér for the free pégsage of molecules id&olved in
the reaction, (2) high dispersion of an active component "(high sur-
face area),‘(3) the-reéuired type of macro distribution of an active
component along the radius and hicr&ldistributibn on the surface, (4)

absence of an unwgnted interaction of the active component with the
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support affecting the catalyst activi£y,‘(5) high mechanical and
" thermal stability of the catalyst under working conditions, (6)
miﬁimum'heat and mass transfér resistance-in the pellets énq'bgﬁween
them, and (7) absence of impurities.or additives which ?educe gctiviti :
- and selecfivity of the catalyst for fhé desi;ed reactisns.

The pore diamefer and pore size.diétribution is a very ihpo;tant ‘
physical proberty. Because of phe vé;y large molecules preéent_in the
coal liquids, a majority of the poreé must be larger than the largest
molecule. It must also be assured that the number of bottlenecks
betﬁeen the pores is minimum. This can be'checked by the hystegesi;
in the adsorption-despxption cgfves. -

The macro distribution of activé components are dictated by the
_process, type of reaction, diffusion prbblems and the ébst of the
active components. It can be controlled by conmtrolling the duration
- of the support in the solution, the rate aﬁd type of:drfing, and the
typé of'impregﬁatioﬁ (sorption, capillary and ion eichange). Details
are given in references [23, 24, 25, gé, 27].

Once a‘proper suppoét is selectgd, the impregnation technidué
becomes the ﬁost impoffant step. The solution concentration, the pH
of the solution [28], the sequence of metal impregnation [29, 30, 31, -
32, 33, 34], the duration of the support in the solution, the percent
metal load on'fhe sﬁpp6r£, and the déying and calcining conditions
are among the most important féctors'which must be carefully con-
trolled to assure the desired,activity'aﬂd selectivity. The basic
reason of the appearance of so maﬁy pabers contradicting with each

other is the compléxity of controlli@g these factors.
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Co-Mo/A1,0 ,Catalysts: Chung and Massoth [29, 30] and Okamoto

23
et al. [31] studied the effect of impregnation technique on the

surface structure of Co-Mo/Al2 3 catalysts. The former inveétigators
studied the effect of the sequence of metal load1ng, the ca1c1n1ng
temperature and the solution concentratlon (in other words, stepwise
and batchwise 1mpregnation). The latter investigators studied the’
effect of the sequencé of loading aﬁ&”the calcining température.

For CotMo (Mo impregnated after Cp), the chemical state of Co
depends on the method of Co impregnation. When Co is imprégnated
stepwise (1% each time), QO is present in the A1203 lattlce It is
mostly CoA1204 (non-reducible, non-sulfidable) and with some octahedral
€o0 tightly bound to CoAlZO4 phase (ntﬁ-;educible but su}fidable).

The percent of the both phases increases with increasing Co concentra-
tion. No 00304 phase is detected up to 3.5 wt% Co, but no data was
taken above this concentratlon When Co is added batchwise, no CoSO4
phase is detected up to 1.5 wt% Co, and the phases present are the
same as the Co-step catalyst. However, when the concenttation-of Co

is more than 2 wt%, the octahedral 00304 (both reducible gnd sulfid-
able) starts to appear and increases linearly with increaéing Co
concentration. The concentrations of C°A1204 and CoO decreases with
Co concentration after reéching a maximum at around 2 wt% Co. When
the Co-batch catalyst is calcined at 750°C instead of 500°C, the
phases present are similar to that of the Co-step catalyst. Calcining
at hlgh temperatures causes the migration of Co 1nto the A1203 1att1ce

In this particular catalyst system (Co+Mo), Mo.does not intEract with

the Co phase present on the support, and preexistence of Co limits
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the Mo- A1203 interaction since most of the Al 03 sites are occupied

by Co. Usually, in all Co-Mo catalysts, Co limits the Mo~ A1203 inter-

action and this is 1nterpreted as the stablizing action of . Co by some
investigators [31, 35, 36] since it also limits the formation of a
separate crystalline.MoS2 phase upon sulfiding.

In the case of Mot+Co catalyst (Cg added after Mo), the chemicalv-
state of Co and Mo is different from the previous case. When Co is
added stepwise oﬂ Mo, Co is present at tetrahedral sites iesembling-
CoAl 04 type structure (non-reducible but sulfidable to a certain
extent), and there is no C0304 formed. Since the tetrahedral Co phase
is sulfidable, it is'mnot totally CoAizoé, but probably a surface

' Co-Mo interaction where Co is strongly attached to the Al,0, surface.

2 3

This could be caused either by altering the surface acidity of A1203

[37] or Mo blocking Co-diffusion paths through the Al,0, matrix [38],

273

However, when Co is added batchwise on Mo/Al (Mo+Co/A12 3

catalyst), the less amount of the CoA1204 (T) phase is present than

that is present in the Co+Mo/A1,0, catalyst {29, 30, 39], and no

273
00304 is detected. The majority of Co is present in a SurfaCe CoMo
complex (precursor to CoMoOA) where Co occupies tetrahedral S1tes[29
30, 40-42]. The rest of Co is present as CoO tetrahedral attached to
the Al,0, surface. Ca1c1nation of this catalyst above 650°C gives

273.
more CoAl 04 by moving Co into the A1203 matrix This shows the
importance of the calcining temperature. Nevertheless,.there are some
disagreemeﬁts on the presence of Co304‘[31] and the sites occupied by

Co in the surface CoMo complex [43], probably because of differences
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in ;he preparation prdcedures other than the sequence of metal
iﬁpregnation. Even though it is believed that the surface structure
of the éulfided catalysts are similar to the oxidic precursors [31],
the phases present are not certainly understood [30]. Ubon sulfiding,
Co0 (0) and'CoMo surface complex is sulfided to CoS, Cogs8 and MOS2
respectively. Some MoSé may crystalliée, but it has not béen deter-
mined to be significant for the Mo concentrations less than 10 wt%
[30].

When Co and Mo are coimpregnated, (Co-Mo)/Ale3 catglyst, a
discrete CoMoO4 phase is observed when Co concentration is greater
than 2 wt% [30, 44-48]. However, some’investigators disagree with
this finding [31; 36, 69, 43, 49-53]. Diségreement appears to be due
to the differences in preparation technique. The major factor is the
calcining temperature. When the cataiysts containing CoM664'aré
heated up to 750°C,.the'amount of CoMpO4 decreases with increasing
temperature [29, 41, 50]. The presénce.of other phases like c9304 are
not.known. Sulfiding gives some Cogss, but a substantial fraction of
Co remains unsulfided. Some investigators [54] give evideﬁce for the
presence of a two dimensional Co:MoS2 structure. |

Ni-Mo/A1203 Catalysts: It is interesting to note that there is

no other supported metal catalyst that has received as much attention
as Co-Mo, probably'because of,ifs ektensivé usage in petroleum hydro-l
‘treating. The Ni-Mo catalysts are one of the least studied catalysts.
Only a few recent studiés are conéerned ﬁith the sufface'strupture of

the Ni-Mo catalysts'[33,'55-59].
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Even though some similarities with the Co-Mo catalysts can be
deV1sed it has a considerably different surface structure. Since
Mo+Ni/A1203 (Ni added after Mo) is the only Ni-Mo catalyst studied,
it will be given here. |

Fo;.éhe concentrations up to 6 wty% Ni, no NiO phase is detected
[58]. For low Ni content (Ni less tﬁan 3 wt% and Mo 14 wt%), the Ni
and Mo species are well dispersed on fhe support as two indepéndent
tﬁo-dimensional 1ayer§,‘“NiA1204" and polymolybdate. They do not
have any mutual interactions. The presence of this structure is very
sensitive to the preparation technique [33, 55, 56, 60]. .In this
structure, the Mo and Ni species which are'iﬂcorporated in the sur-
face polymolybdate occupy octahedral sites and resemble a.distbrted
ocpahed:a [56]. As the Ni content increases (Ni > 3 wt%), formation
of a new phase, a combinétion between the éolymolybd#te and [a]
NiMoO4 as an intermediate phase (not very well defined), takes place
which results from interaction between the Ni and polymolybdate
spgcies. When the molar rétio Ni/Mo = 1/1,.the_[a] NiMoO4 phase is
distinctive [55]. .Caléination temperatures between 350-550°C do not
ha?e any effect on the basic structure. However, when temperature is
higher than 550°C, the Ni spec1es mlgrate 1nto the bulk of the Al2 3
lattlcg where a surface spinel with Ni in octahedral and tetrahedra;
positions is formed [41, 55, 56, 61]. This treatment leads to leés
distorted, two-dimensional monolaygr of edge-sharing MoO6 octahedra.

Ni-W/Al,0, Catalysts: Even though Ni-W is a good hydrogenation

23

and hydrocracking catalyst, 1t was not a subJect of more than a few

studies [62, 63] Slmllarly to the Ni-Mo catalysts, there is no NiO
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detected on the catalyst. Nevertheless, Ni is present on the catalyst
as Ni203 and NiA1204, where Ni203 is nét detected on Ni-Mo catalysts.

N:'LZO3 species are dispersed on top of the W monolayer. Separate WO

3’
NiWO4 and A12(W04)3 phases are absent. However, in contrast to Mo, W

interacts with A1203 support t6 form a monolayer of interaction

complex which is not reducible but sulfidable. Upon sulfiding with

HZS’ Nis, N1332 and WS2 are formed. If sulfiding is not complete, a

W-surface complex intermediate is formed which has both a terminal

oxygen and a termiﬁal sulfur.

At this point a-Quesfion may ariSé; what is the impo:ﬁance of
knowing the surface étruc;ure to the cgtalyst performaﬁce? Since all
of the reactions take place on the catalyst surface, the first few
atomic layers of the catalyst surface determines activity and selee-
tivity of a catalyst. That is why some catalysts are superior to the
others even though they contain the same metals on the same support.
The diffe;ence in the sequence of metal impregnation, the'calpiqing
temperature or other procedural changes make the activity and selec;
tivity of a catalyst different, as in the casé of Co-Mo [39, 64] and
Ni-Mo [34, 60] cétalys;s, It is well known that Co or Ni added on Mo
catalysts are more active for HDS ‘than the others. Another finding is
that, when Ni-Mo is calcined at high ﬁemperatures, it has low HDS
activity. As discuséed above, such a treatment causes the migration
of Ni into the A1203Alattice. ' : _ ?
Activity and Selectivity of Ni-Mo, Ni-ﬁ and'Co-Mo‘Catalysts: i

In general, the Co-Mo catalysts possess a lower hydrogenafioﬁ‘

activity than the Ni-Mo or Ni-W catalysts at the same or highe%
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degree of HDS [65;-661. That is why the Co-Mo catalysts are preferred
in the pefroleum industry for HDS. The'Ni-Mo cata}ysts bossess a
higher HYD activity aﬁd'HDN‘activity than the Co-Mé and Ni-W catalysts
[65, 66, 67]. If the pfimary objective is rémoval of nitrogen and
hydrogenation of aromatic.compounds in'gddition to HDS, as in the

case of coal ligquids upgrading,,the Ni-Mo catalysts are preferred.
The Ni-W catalysts are activg for hydrocracking in addition t6 HDS

and HYD [66, 68]. However,-NieW is pﬁgrer for HDN reactions than the
other two [69], even though there is éome disagreement [66; 70, 71]
(éee discussion later). Catalyst activity or selectivit& can be
altered by some additives to the major metal lattice [65]. When
phoéphoric acid is added to the Ni-Mo catalysts with low metal content
and medium phosphorué‘céntent (Ni < 3 wt%, Mo < 10 wt% and P < 3

wt%), HDS activity is increa;ed:_'With high metals/high phosphorus
catalyst the best HDN with the lowest hydrogenayion and coke formation
.is obtaingd [55]. In the latter case, HDS_is decrgasgd..

Transport Phenomena in the Catalyst Pores:

Mass Transfer Effects: Mass transfer resistance within the

catalyst pores has a significant role on tﬁe effectiveness of a
-cétalyst and its life. Sometimes diffusion of reactants may control
the global rate of a reaction if the pores ére small compared to the
size of reéctant molecules involved..Therefore,.during éelection of.a
'catalyst support or a commercial catalyst, this point must be con-
sidered as;has béen discussed above. For example, Cecil ef al. [73]
found that when the average pore diameter was increased froﬁ 7.8 to

10.3 om, the effeétiveness'factor of a 1.6 mm cylindrical pellet was
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_increased from 0.4 to 0,8 in HDS of Middle Eastern residua. In addi-

tion to the average pore diameter, the critical pore diameter, diameter

at the narrowest point, is important in diffusion effects as pointed

out by Berg and Kim [74]. This effect is relatively easy.to establish
* for simple molecules, but the importance of molecular configuration

becomes increasingly important for higher molecular weight substances

and complicates the study [75].

Heat Transfer Effects: Intraparficle heat transfer can have a
significant effect on the reaction ;ate, activity and selectivity. If
a reaction takes place in completely liquid filled pores,hthe tempera-
ture difference between the pgllet.center and the péfiphery_will not
be significant. However, if the pores are filléd with vapor, a case
which arises quité often for fast reactions with low flow_ra;es, an
exothermic reaction causes a large temperature differgncé [75]. As a
result, catalyst performance is affected by transport phenomena.
Therefore, selection of a catalﬁét support or a commercial catalyst
and operating conditions must be made after carefully studying thé
specific reactions and reactanté involved. This is another source of

contradictory results reported in the literature.

Catalyst Aging: The catalyst agiﬁg is one of the most'éerious
problems in all catalytic processes. Some catalysts 1ast for years,
some only a few months or days, and sbmétimes even a few houfs,
depending on the feed composition and reaction conditions. There are
two general types of ;ging (or‘deactivation); permanent and temporarf.‘

fhe perﬁaﬁent deactivation is usually caused 5y sinteriﬁg of a

catalyst or changing the surface structure (e.g. Ni-Mo anﬂ Co-Mo as
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discussed above) because of excessive heat treatment or formation ‘of
volatile metal salts from the impurities in the feed (e.g. Cllorine
ionsj [76], deposition of metals (Ni, V; As, etc.) on the surface -
from demetallization reactions of organometallic coméounds and deposi-.
tion of solids (like iron and scale). [77, 78, 79]. These depositg
cause pore blocking and restrict diffusion of reactants.

The temporary.deactivation is caused mainly by coke deposition
and other chemisorbed compounds depending on the feed composition and
catalyst composition [77, 80]. Of these, coke deposition is the most
serious problem. Itsuformation can be minimized by increasing the
séléctivity of the'catalyst (e.g.:phoéphorus‘addition_to Ni-Mo) or
increésing H2‘pressure, but cénnot‘be prgvgnted in hydrocarbon
processesl Coke deposition causes pore blocking; The cheﬁisorbed
compounds originate either from the feed or reéction products.,
Therefore, chemisorptioﬂ can be minimized by purifying the fged or by
altering the éelectivity if the chemisorbed compounds are from the
side reactions.

Coke is usually removed by aif burnoff unde; strict.temperature‘
control. If temperature is not controlled very well, it may cause
permanent loss of cétaiysf activity by sinterihg [76, 77] or
changing the surface structure of the metals on the catalysf surface
as discussed abové'[33, 56].

Catalysts for Petroleum and Coal Liquids Upgrading:

The types of catalysts'to be used in both petroleum and coal
liquids upgrading largely depend on the physical and chemical

properties of the feedstock to be treated. In hydrotreating light
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petroleum.fractions,7usua11y Co-Mo catalysts are the Eest'because
they have higher selectivity for HDS over HYD. However, if HDN and
satufation of condensed ring aromatic compounds are desired prior to
hydrocracking and wherg unsaturated arbmatic compounds pass through
without cracking and nitrogen compounds poison the noble metal
molecular sieve catalysts, the desired catalyst is Ni-Mo [76] or Ni-W
[21]. The composition of metals are in the range of 3-6 wt% for Co or
Ni and 12-18 wt% for Mo or W. All catalysts are sulflded prior to
use. As discussed before, the selection .of support is important with
respect to the feed. In‘generél; heaviépland highly éromatic feeds
require 1a;ger pore ‘aiameters and pore volume, which is a compromise
over larger surfacg area.

Similar catalysts will probably serve for the coal-liquids
upgrading. However, the severity of conditiqns'aﬁd composition and
physical properties of the catalysts may be différent since the
chemical and physical composition of coal liquids are different ffom
that of petroleum [81]. Coél liquids are more aromatic in nature and
contain high molecular-weight condensed-ring aromatic compoundsAas
well as insoluble organic and inorgahic‘materials in varying concen-
tfa£ions, depending 1arée1y on the spuré; of -the coal liquids. They
contain fairly large ¢oncentr§tions of heterocyclic nitrdgen, sulfur
and oxygen'compound;. The reactivity of thése compqunds are relativeiy
less than their counterparts in petroieum [21]. In practice, removgl
of nitrogen'is generally more difficﬁlt.than sulfur, especially iq.
the condensed-ring compounds [21, 76, 81]. The reactions desired are

HDN, HDS, HDO, HYD and HYC.
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. Therefore, the catalysts for éoal liquids must be selective as
well‘és éctive. Activity can.be controlled and improved by changing
fpe cgmposition of metals oﬁ the support. Seléétivity can:be main-
tained or controlled by changing chemical structure or composition of
the metals or by adding some promoters as discussed above. To prevent
diffusion problems, physical properties of the catalysts must be‘véry
well controlled. Larger pore diameterg aqd pore volumes are required
while at the same timé maintaining a iarge surface area [81]. ' As can
be understood from this discussion, the catalysts should be bifunc;
tional or multifunctional; selectively removing the heteroatoms with
a minimum of hydrogeh consumption.

Hydrotreating Coal Liquids and Representative Model Compounds:

Hydrotreating studies on coal liquids followed two different
routgs; (1) studies on model compougds to deteirmine the mechanism of
HDN, HDS, HDO, HYD and HYC, and. (2) studies on actual coal liquids to
determine the process variables, catalysts and 6perating conditioﬁs.
The model compound studies are important to understand the intrinsic
mechanisms involved. However, they possess a drawback and can be
misleading sometimes since they do not consider the complex inter-
action of different compounds, functional groups and competing reac-

" tions that are present in actual coal-liqﬁids.

Chemistry of Hydrodenitrogena;ion‘(HDN): To‘underst?nd the
‘mechanism of HDN, the most Stﬁdied compounds are pyridine [82-99],
quinoline [66,.91, 100-103], acridine [66] and indoie [85, 104]. Séme‘
of these studies considered the gas phase reactions and.the others

liquid phase reactions [67]. Since the reactions of coal liquids will
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not affected. Addition.of HZS to thé system inéreases the C-N bond
‘brgaking rate constants (k4 and k6). This faéf is true for most of
the HDN reactions. Severe conditiong make Ni-Mo catalysts more
active compared to Co-Mo catalysts, probably because of excessive
hydrogenation since high pressures make thermodynamic equilibrium
favorable togardslmore hydrogenation for this system. Even though-
Co-Mo is legs active than Ni-Mo, it ié.more selective in hydrogenatipg
heteroatom rings which' are required prior to C-N bond breakiné [101].
The activity of each catalyst also depends 6n the-héteroc&clic nitrogen
compounds studied [104]. For example, Co-Mo is more active for Pyrole
and Carbozole HDN than Ni-Mo. o

K1 .
Chemistry of Hydrodesulfurization (HDS): This is the most

studied reaction among hydrotreating ;eactions because of ité impor-
taﬁce in the petroleqm industry.‘The-most studied cy;lic sulfur
compound is thiophene [68, 77, 98, 105-115]. The other polycyclic
thiophenes received attention in the recent years [116-123]. HDS of

_ heterocyclic sulfur compounds differ with tﬁeir-mqlecular-structure.
. From the éasiest to the most difficult:_ihiophene > benZothiéphene >
benzo{b]naphtho[2,3~d]- thiophene > 7,8,9,10-tetrahydro-
benzo[b]naphtho[Z,B-d]-.thiophene > dibeﬁzothiopheﬁe > methyl spb-
stituted beﬁzothidphenes.[76, 118]. ‘As an éxample, HDS'meéhanisonf

dibenzothiophene is given [116, 120];
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enhances hydrogenation of benzene ring. These results are true for
the most of the HDS reactions of héférocyclic sulfur compounds.

Hydrogenation and hydrqé?acking also takes place on these
catalysts at the same time begause of their bifunctional character,
and they folléw similar mechanisms in both HDS and HDN. Cracking
activity of catalysts depends more on the support than on metals.
Silica containing gamma-alumina supports are more active [124]. Ni-W
catalysts are more active’for cracking than Co-Mo and Ni-Mo [124].
Studies Qith model compounds showed that HYD, HDN and HDS'take place
on different sites of the surface [124, 125]. Presence of heterocyélidi
nitrogen_compounds hinders the HDS and HYD actiQity of Co~Mo catalysts.
HDS is in general not sénsiti?e to.thg basicity of a compound, 5ut
HYD is very sensitive to’the basicity of the*comﬁoﬁnds. However, HDS
deactivates more than HYD_[124]l . ‘

The first papers concerning coal-liquids upgrading appeared in
the ii;erature in the late seventies'[126-135]_and in the eariy
eighties [67, 69, 136~159]. Their primary objective was to remove
heteroatoms in the syncrude. They éovered vérious operaﬁing condi-
tions, tested almost every commercially known hydrotreating c;talyst
and developed new catalysts to achieve their objective. The common
conclusiog was the difficulty of reﬁoving nitrogen, especially from
hea§y syncrudes or syncrude fractions, and the necessity for coqtinued‘
research to develop new highly selective HDN catalysts. .

It appears from some of these studies [69; 130-132, 140, 142]
that the catalyst-support physical prope}ties have a significant

effect on the activity of the catalysts for HDN, HDS and HDO. The
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catalyst with larger surface area and fore size di;triﬁution in the
‘larger pore diameter.;ange gave bettef HDN. HDS and HDO are less
sensitive to pore size distribution [69]. One reason for poor per-
formance of some.good commercial hydrqt;eating catalysts for heavy
coal liquid fractions is their pore éize distribution even though
they have large surface area [131, 132, 142]. The commercial catalysts
have been de?eloped for petroleumnhydrotreéting and their pore volume
distribution is usually in the small pore diameter raﬁge.

The catalytic faétor comes from the metals present.“Metal contenf
and composition have a pronounced effect on the catalyst'gctivity and‘
selectivity. However, if a right catalyst support is not sélected,
the effect of metals appears to be negligible. There is séﬁe disagree-
ment about which metal combinationslgre most active; Ni-Mo, Co;Mo or
Ni-W. The common conclusion is, however, thét the Ni-Mo cétalyéts'are
more.active for HDN and HYD than either Co-Mo or Ni-W [67,v79, 128,
132, 140). The reasons for the disagreement appear to be originating
either in the.phyéical properties [13}, 150] or in‘the impregnation
methods [144, 132, 153]. Increasing the'cdncentration of Mo on the
catalyst increases thé HDN activity [131, 132, 152]. Incre#sing Ni or
Co at fixed Mo concentration (12-16%) incfeases the HDN acti?ity
- . [69]. Adding phoéphorus’as a promote# increases the HDN activity of
- Ni-Mo [69,.128]. Ni-Mo catalysts producg more saturated hydrocarbons,
alicyclics or naphthenés, but:Co-Mo produces more aromaticé.,The
operating copditidns.have a marked effecﬁ on HDN, HDS, HDd and HYD..
HDN, HDS and HDO are improved by increasing temperature [67, 127,

128, 130, 131, 138, 141, 146, 150, 153, 155, 157, 159]. However - the
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effect of temperature on HDS is not great [67, 138, 154]. The effect
of temperature on h&drogenation depends on.pressure, and sometimes
high teﬁperaturee decrease hydrogenation because of thermodynamic.
equilibrium [127]. Low space velocities or short residence times give
- better HDN, HDS, HDO and HYD [128! 131, 138, 141, 146, 155, 159].
Neverthelees, selectivity is best at a low residence time and high
‘temperature t141]. Generally, higher pressures and temperatures and’
lower space velocities (high severity conditions) are feqﬁired for
heavier feeds. Light fractions of coal liquids can eas11y be hydro-
treated under mild operating condltlons The-operatlng condltlons
will be, however, more severe than petroleum hydrotreating.[67].

High severity conditions produce more_géseeue and hydrogenated pfo-
ducts, but less coke [67, 148, 150]. Usuaily, most of nitrogeﬁ is.
left in the heav& fractions indicatiqg the difficulty of removing
these heavy molecular weight nitrogen compounds [143].

' One of the most serious problems in coal liquids upgradlng is
the very - short catalyst life. Catalyst deactlvatlon is very fast .
compared with petroleum processes. Deact1vat10n rate depends largely
on the composition of the feed, the opefatiug conditions,'the:catalyet
physical properties’and the reactor type. Heavier feedstocks cause
more rapid catalyst deactivation than the lighter feedsteéke [145-147,
153, 154]. Heavy feedetocks tend to form more coke. Stability of the
feed under high temperatures is also an important factor [147, 148].
- Feeds containing mineral and particulate matter cause éevere‘catalyst
aging [139, -146]. Mineral matter deposits on the outer surface and

combines with the metals. It also causes more coke formation [139]ﬂ
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Catalysts with pore volume distribﬁtion in thelsmaller pore~diameter
range tend to deactivate faster because coke blocks the smali pores
[69]. The tjpe of reactors plays a role in catalyst deactivation..For.
example, catalysts in upper portions of a trickle bed reactor start
to deactivate first ;nd most of the metal deposition and coke forma-
tion take place in this section {146, 1&7]. In the other reactor
types; aeactivation.is more homogeneous.

The type of reactor to be uged is usually determined by the feed
composition and properties. Hgavy_and high boiling point feeds, and
feeds c;using operational problems in the trickle bed reactors are’
usually tested or processed in a batéh,. a slurry or a fluidized bed -
“reactor [147, 151]. alwevér, the bat;h reactors are not suitable for
bench scale or pilot ?lant operations; Data e?éluation is’aléo diffi-
cult for these because of difficulty in-controlling residence time.
Using trickle Bedlreactors_for liquid feeds is common. Handling and

data interpretation is easier for trickle bed reactors.

_Trickle Bed Reactors:

In a trickle bed reactor, a liquid phase and a gas phase fiow
concurrently downward through a fi#éd:bed of-cétalyst particleS‘whiie
reaction takes place. The first commercial frickle bed reactors were
developed by the Shell Companies andlthe_Brifish Petroleum Compaﬁy.

They are extensively used in the petroleum industry for hydrotreating,
hydrocracking and hydrogena£ing unitg‘[75,'160].

Hydrodynamics: The two most impq;tant hydfodynamic factors in

the lab~scale trickle-bed reactors are liquid distribution and pressure

drop. A poor liquid distribution causes low conversions. Usually,
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liquid tends to flow along the wall and. the catalysts are left poorly
wetted. Higher ratio of reactor-to-particle diameter is required to
éssu;e a good liquid distribution. Particle shape-alsélaffects good
liquid distribution. They are from the best to the worst: granulaf,
spherical and cylindriéal (75, 161]..That is why the upper sections
of reactors are sometimes packed with inert spherical or granular
particles. Therefore, for a good liquid dieribution, smill catalyst
particles are needed in small size léb reaqfors; However, small
particles cause excessive pressure drop through fhe bed. When there
is a ﬁroblemAwith coking in the upper sections of the catalyst bed,
this causes serious pressure drops, even reacﬁor plug ups [i47, 148].

Mass Transfer: External mass transfer limitations to hydrogen

will not be significant since the liﬁiting reactant is in the'liqﬁid'

bhase in hydrotreating reactions [162].

.Céntactigg Effectiveness: In m6§p practical laboratory-scale
trickle-bed reactors, the.total exte£é41 area of the catalyst is not
wetted. The wetted fraction increases with inéreasing liquid velocipy
[163, 164]. The effecﬁ of gas velocity is negligible [165]; waevef,
measurements are extremely difficult. Qne way of overcoﬁing.tﬁis‘
problem is catalyst dilution [165]. By c$£alyst &ilutidn with inert
particles, axial dispersion is reduced,,and plug fiow is approacﬁed,.

catalysf wetting and heat transfer is improved.

- X-RAY PHOTOELECTRON SPECTROSCOPY (XPS) IN CATALYST CHARACTERIZATION

Surfaée'analyéis by x-ray photoelectron épectroscopy-(XPS), more

commonly known as electron spectroscopy for chemical analysis (ESCA),
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is aecomplished by irradiating a sample with monoenergetic.soft
x-rays and energy analyzing the electrons emitted. MgKa x-rays (1253.6
ev) or AlKa x-rays (1486.6 ev) are used. The'penetrating power of
these photons in a solid is in the or&er of 1-10 micrometers. They -
interact with etoms in this surface region by phofoelectric effect,
causing electrens to be emitted. The'emitted electrons have kinetic

energies giﬁen‘by:
= hv - BE - Q

where hv is the energy of a photon, BE‘is the binding energy of the
atomic orbital from which the electron originates, and Q ie the
spectrometer work function.

The binding energy can be regarded as an ionization energy of

the atom for the particular shell involved. Therefore, every shell of

- an atom or different atoms will emit at different energy levels

depending on the energy level of the shell.

Even though the photons can penetrate to a depth qf a few micro-

meters, only those electrons that originete within tens of Angstroms

below the solid surface caﬁ leave the surface without energy loss. It

.1s these electrons which produce peaks in spectra A more detailed

theory and uses of ESCA is given in the references [167 171]

The electrons leaving the sample are detected by an electron
spectrometer according to their kinetic energy. The analyzer operated
as an energy "window", accepting only those electrbns heving an

eﬁergy within the range of this fixed window, referred to as the pass
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energy. Scanning for different energies is accomblished by applying a
variable electrostatic field'before.the analyzer is reached.

Application of ESCA to catalyst characterization is new, and haé
been applied only for'a decade. The basic applicatiohs to determine
the chemical state of catalytic compounds, for example, transition
metal oxides and sulfides, started in the early seVenties‘[172-183].

When it was understood that ESCA had great potential épplications
in determining the.chemicai sta;e of the métgls on the catalyst, it
found an extensive application in this field. Most of the applications

were done on the Co-Mo catalysts sincg this catalyst was very imﬁortant

* to the petroleum industry [31, 35, 40, 42, 52, 56, 181, 184-192].

Recently some nickel-containing catalysts, such as Ni~Mo, Ni-W, Ni or
sbme tungsten catalys;s, were studied by ESCA [55, 62, 193-197].

From the shifts in the BE of an elément on the catalyst surface,
its chemical environment can be qualitatively obtainéd. Usually the -
BE shifts range from 0.2 to 5 eV. See Fig. 5 for example.

It is also possible.to obtain quanfitative results on the quanti-
ties.of metal idns present, dispersion of metals on the surface, etc.

[198-200].

RESEARCH OBJECTIVE AND PLAN

The objective of this research was to develop catalysts which
wqul& be .able to upgrade the SRC-II Light End§ Column Feed to a feed-
stock acceptable to the convéntional pepfoleum refinefies or a boiler
fuel. |

To achieve this dbjective the fqllowihg research plan was proposed.’
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Phase I:

a) Selection of a proper catalyst support (a iarge surface
area and a pore volume dist;iﬁutioﬁ in the-large pore
diameter range), |

b) Determining the effect of metal combinations on the catalyst
acti?ify and selegtivity,

c) Determining the effect of wgter.addition to the feed on
activity and selectivity.of the metals on certain reactions
involved,

Phase II: A further study of the two Best metal combina-tions in
phase I.

a) Determining the effect of 1mpregnat10n technique on the
act1v1ty and selectivity of the catalysts,

b) Determining the effect of water on the activity and selec-
tivity of fhe catalysts produced in part a.

Phase III:'Consists of characterizatién of catalysts tested in phase
I and II by ESCA, and correlation of catalyst activity and
selectivity with tﬁe surface structure of the catalysts.
The_efféct of water on catalyst aqpiﬁity was also s£udied sinpe

water is present in coal liquids in certain amounts and it is'always

produced during the process from HDO reaction. Coai 1iduids contain
approximately 3'wt% oxygen and the amount of water can reach a sub-
- stantial amount in the catalyst pores to affect the activity of a
catalyst. If its effect is known in advénce some precautions can be
taken or a catalyst resistant to the effect of water should be

utilized if the effect is negative.
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CHAPTER 3

EXPERIMENTAL

FEEDSTOCK AND MATERIALS USED

Solvent Refined Coal (SRC-II) Light Ends Column Feed (LECF) was

used as a feed stock in this research. SRC-II LECF was obtained from

the Tacoma (Washington) pilot plant of Pittsburgh & Midway Coal

Mining Company. The properties of the feed are shown in Table 2.

The catalyst support was obtained from Katalcél(serial no.

81-6731) which is a 0.794 mm ¥-alumina extrudate. The support

' possesses a surface area of 223 m2/g, a pore volume of 1.1 mi/g, and

S o
a pore diameter of 169 A. See Appendix B for the detailed analysis of

the support'properties. The metal salts used to_impregné;e the metals

were;

Ammonium Hepta Molyb&ate (from Baker Analyzed, reagent
grade); (NH4)6M07024.4H20 (F.W.= 1235.9 gm) with 81.4 9%

essay in MoO, (M.W.=143.94 gm).

3

‘Nickel Nitrate (from Baker Analyzed, reagent grade):

Ni(N03)2.6H20 (F.W.=290.82 gm) with 99.2 % essay ig NiO
(M.W.=74.71). |

Cobalt Nitrate (from MCB, reagent grade): Co(NO3)2.6HZQ

(F.W.= 291.55 gm) with 99.5 9% purity.
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4. Ammonium Meta Tungstate (from MCB, technical grade):
_(NH4)6H2W12040.XH20 with 85 % essay ié WO3 (M.W.=:231.85
gm) ..
The reference compounds used for ESCA (XPS)'énalyses were;

1. Molybdenum (IV) Sulfide (from Aldrich); MoS, with 99+ %

2
purity.

2. Cobalt (II,iII) Oxide (from-Aldrich); 00304 with 99;999 %
purity.

3. Cobalt (Ii) Oxide (from Alfa); CoO with 95 % purity.

4. Cobalt (II) Molybdate (from Alfa); CoMoO, with 98 % purity.

5. Cobalt Aluminate (from Alfa); CoAl,0, with 98 % .purity.

6. Aluminum Molybdate (from Alfa?; A12(M004)3 with 99 % purity.

7. Nickel Molybdate (frﬁm Alfg); NiMoO, with 98 % purity.

8. Molybdenum Trioxide (from Baker); M003 with 100 % purity.

9. Nickel(ous) Oxide (from Fischer); NiO with 99;97 % purity.

10. Tungsten Oxide (from Fischer); W03, pure.

11. Ni685 and.CoQS8 were synphesized in the lab as described in’

reference 201.

.CATALYST PREPARATION TECHNIQUES

Catalysts.wefe prepared By impregnating metal salts.on é 0.794
mm (1/32 ") alumina-extrudate catalyst support by using the incipient
wetness technique. In this study, the total metal load (as oxides)
was kept at 26 wt% (which is percent'weight increasé.over the support),
with promoteis (Ni.and/or'Cq) and active metals (Mo and/or W) at 4

wt% and 16 wt%. respectively. This enabled us to determine the effect
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of metal combination on the activity of catalysts for upgrading

SRC-II.

Stepwise Impregnation: - Stepwise imﬁregnation was used to impreg-
nate the metals because of the difficuity in impregﬂating Mo and also
to achieve bgtter activity. In our earlier studies, when the concen-
tration of.Mo solution exceeded 4 wt%, the solution turned milky and
a sticky white precipitéte covered thé outer surface of the particles
a few minutes after soaking the suppb;t in the solution.‘Catalysts
prepared this way were less active than_their commercial c¢ounterparts
[202, 153]. It was postulated that’the precipitated material was
plugging up the pore§ and also causing poor distributién of impreg-
nated metals. In stepwise impregnation, the following procedure was
used.

1. Wash the support,

2. Dry at room temperature until the particles can move freely,

then oven dry for 8 hours at 110°C,

3. Calcine in an oven for 8 hours at 500°C,

4, Cool the support in a desiccator to room temperature,

5. Prepare a solution to impregnate 1 wt% metal oxide for Ni

or Co and 3 wt% for Mo or W,

6. Soak the subport in the solution while mixing the contents,

and continue mixing for 1 minute,

7. Drain the excess solution (no excess solution in the case

of Mo and W) and dry the caﬁaiyst by spreading it on a
paper towel at room temperaturg,

8. Repeat steps 2-7 until the desired metal loading is reached.
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9. Repeat steps 2-7 until the desired metal leading for Mo or
W is reached. Follow thg'sequence:of metal impregnation
and.the metal composition:given,in Table 3.
Seven catalysts (see T;ble 3), containing different metai combinations
and combositions, were produced this way and tested fo¥ the effect of

metal combinations. .

Table 3. Metal Composition of Catalysts

Name of Metal Load as wt%

increase over support Impregnatlon Sequence
Catalyst Co Mo Ni W . ' and type
TS-11 4 16 - - Co(s)+Mo(s)
- TS=-12 4 8 - 8 Co(s)+Mo(s)+W(s)"
TS-13 4 - - 16 Co(s)+W(s)
TS-14 2 8 2 8 . -Co(s)+Mo(s)+N1(s)+W(s)
TS-15 - - 4 16 Ni(s)+W(s)
TS-16 - 8 4 8 Ni(s)4Mo(s)+W(s)
TS-17 - 16 4 - Ni(s)+Mo(s) '
TS-18 &4 16 - - Mo (b)+Co(b)
TS-19 - 16 4 - Mo (b)+Ni (b)
TS-20 - - 16 4 - Ni(s)+Mo(b)
TS-21 4 16 - - Co(s)+Mo(b)
b = batchwise impregnation

s = stepwise impregnation

Single Step Impregnation: The best metal combinations from the

stepwise impregnation technique (Co-Mo and Ni-Mo) were prepared with
two different impregnation techniques as described below to test the
effect of impregnation technique on the catalyst activity.
| First, the orde¥ of ihprégnation of metals was reversed. Initially
Mo and then Co or Ni were impregnated with calcination between each
metal impregnation. The following’frqcedure was used.

1. Follow steps 1-4 in the stepW1se 1mpregnat10n,

2. Prepare a solutlon to impregnate 16 wt% Mo,




43
3. Soak the catalyst-suppor; in the solution and keep under
constant mixing for an hour,
4. Drain the e#gess solution and dry the catalyst by spfeading
'on-a paper towel at room temperature, h
5. Sift the catalyst to remove the precipitate on the outer
surface of the catalyst,
6. Oven dry at 110°C for 8 hours,
7. Calcine at 500°C for 8 hoﬁrs,
8. Cool the catalyst to room temperature in a desiccator,
9. Prepare a solution to impregnate 4‘wt% éo 6r Ni,
10. Soak ihé catalysﬁ in the solution’while mixing the contents
and contiﬁue_mi#ing for 5 minuﬁes) |
11. .Repeat steps 4, 6, 7, and 8.
Second, the order of impregnation of the.metals was the same (first
Co or Ni then Mo), but Co or Ni was impregnated in two steps (2 wt% .-
each time) and Mo in a single step. Thg following procedure was
foilowed. |
1. Follow steps 1-4 in stepwise impregnation,
2. Prepare a solution to impregnate 2 wt% Co or Ni,
3. Soak the support in the sélution and mix for five minutes,
4. TFollow steps 4, 6, 7; and 8 in thé previous procedure,
5. Repeat steps 2-4 once more.to make 4‘wt% Co or Ni,
6. Prepare a solution to impregnate 16 wt% Mo,
7. éoak the catalyst in the solution and keep under constant
mixing and blowing air at room temperature until the catalyst

is dr&,
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8. Follow the steps 5-8 in the.preQious procedure,
9. -Wash the cafalyst with distilled water to remove the pre-
cipitate on the outer surface of the catalyst,

10. . kepeat step 8.
The catalysts produced in this way are listed in Table 3 and given
vthe names; TS-18 (Mo+Co), TS-19 (Mo+Ni), TS-20 (Ni:s+Mo:b); and TS-21
(Co:s+Mo:b).

Catalyst Pretreatment: Catalysts were sulfided befo;e-beiﬁg

used to improve their activity and réduce_surface poisoning [77]. The
reactor (will be e#plained later) was loaded with catalyst and heated
to 400°C by an electric furnace while ‘a stfeam of 16% HZS/H2 mixture
passed through the catalyst bed for 12 hours (see Fig. 6). The spent
gas from the sulfiding reactor was scrubbed by a series of impingers
with 20%~NaOH soiutiqg. V

Extreme caution was.taken during this operation because exposures
of 800 to 1,000 ppm HZS may be fatal én 30 minutes [203]. The low
concentrations (20 to 150 ppm) of HZS'can bé identified by a distinc-
tive odor similér to a rotten egg. However, at higher concgntration§

it can not be detected by its odor.

_ CONTINUOUS TRICKLE BED REACTOR SYSTEM

For this study, a bench scale reactor fabricated by the Chemical
- Engineering Dep;rtment at Montana State University was usé&. The
reactor system is shown in Fig. 7. The reactor was a 101.6 cm long
2.54 cﬁ diameter Schedule 80 Inconel pipe. A 0.635 cm stainless steel

' cross was welded to the top of the reéctor to serve as liquid -and gas
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feed ports to the reactor, and the.fitting of a 95 cm long_thermowell
tubing. The reactor was placed into the bore of a 15.24 cm Q.va9i.44
cm long aluminum bloek wrapped with three-sets of ceramic bead encased
NiChrome wire heatiog coils. Each of.the three coils wes.connected to
a Powerstat variable transformer which is manually controlled for
temperature. Two chromel-alumel (type K) thermocouple wires were
placed‘in the thermowell to monitor Femperatures at the end of the
preheat section and at the center of.the catalyst section. The
temperatures were read by Cole-Palmer digitel thermometers (Model
8520-40) | |

The upper section of the reactor wes ioaoed_with 175 ml of 0.635
cm spherical Denstone inert support [204] and 25 ml of 0.318 cm
cylindrical Denstone inert support The function of this section is
mainly to preheat and unlformly d1str1bute the feed. 44 gm of catalyst

. (based on oxlde form and correspondlgg to approx1mately 60 ml) diluted
[164] with 60 ml of 0.318 cm cylindrical Denstone inert support was
loaded-below thenpreheat section. The remainder of the reactor was
filled with 0.318 cm cylindrical Densﬁone inert support (see Fig. 8).
Finally, a stainless steel screeo was placed to support the catalyst
bed above the reactor plug which was threaded into the pipe.

The SRC-II LECF was puhped into the fop of the reactor by a
Milton-Roy simplex piston pump (Model A MR-1-23) through a 0.318. cm
stalnless steel tube. The pump. is equlpped with a ‘manually controlled
micrometer adJustment for feed rate.control. Technical grade hydrogen
was fed through a pressure regulator, a 0. 318 cm stainless steel

tube, a micrometer valve (to adjust the flow rate), a Brooks Thermal
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Mase Flowmeter [205], and a ball check halve-to fhe top of the
reactor.

Hydrogen and the SRC-II feed was passed through the pressurized
and packed reactor bed concurrently, to a condenser, and then to a
gas-liquid separator through a Grove back-pressure reguletbr equipped
with a corrosion-resistant Teflon diaphragm. The exit gaseé were
scrubbed by a 10% NaOH solution and vented. The liduid product was

collected in a bottle continuously.

EXPERIMENTAL PROCEDURES AND OPERATING CONDITIONS

The idaded and sealed reactof wds placed in the heating unit and
connected to the feed_lines and prqduet‘eeperator. The sys;em'wes
pressurized to 6.9‘MEe (1000 psig) wihh nif?ogen end the‘ail'conneCH
tions were checked for leaks with Shphp liﬁuid detergent.'if there
wére no leaks, the heaters were thrqed on and the reactor Qas flushed
with nitregen for 10 minutes to reﬁove air. The system was' kept under
nitrogen pressure until the desiredlégerting temperature of 350 C was
reached.

The cooling water valve forhthe.edndeﬁser was opened and nitrogeﬂ
' pressure was reieesed before connecting fhe hydrogen 1ine to the
system. When the system reached the de31red hydrogen pressure of 6.9
" MPa, the hydrogen flow rate was adJusted to 1 900 scm/min (10,000
scf/bbl of 0il) with the micrometer valve The feed reservoirs were
.'f111ed with SRCwII LECF and the pump was turned on. Feed rate was

measured by timing the change in the flhld level in the buret and
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adjusted by the pump micrometer. The flow rate was checked every two

‘hours to ensure .a steédy flow rate.

Every run was started at 350°C, and L1qu1d Hourly Space Veloc1ty
(LHSV) was kept at 15. 0 hr for the.flrst 5 minutes to help prevent
an initial rapid deactivation of the’patalyst. The temperé;ure was
steadily raised.to the steady state y§1ue of 400°C within 5 hours.

The other oﬁerating cénditions were: pressure of 6.9 MPa (iOOO’psig),
Hydrogen flow rate of 1900 scm/min_(lQ;OOO scf/bbl of oii), and LHSV
of 1 hr-1 (or WHSV of 1.35.(see Tablé.4), Water Qas added to the feed'.

as 2% of the feed for the runs which applied this téchqigﬁe;

Table 4..0perating,Conditions

Starting Temperature, ©°C° - 350

. ¥ 10
Starting LHSV*, hr ' 15+ 1
Operating Pressure, MPa _ 6.9 + 0.6
Opreating Temperature, °C_1 . 400 + 10
Operating LHSV, h;_l ] 1.0 +.0.1
WHSV hr 1.370.2
Amount of Catalyst, ml 60 + 2
Amount of Catalyst*** 6 "~ ¢ 44 2+0,2

* Liquid Hourly Space Ve10c1ty, for only the first
three minutes.
*% Weight Hourly Space Velocity. .
“*%% Based on oxidic (unsulfided) form of the catalyst.
It varies for every catalyst in sulfided form since
every catalyst uptakes a different amount of sulfur.
The product was collected continﬁously in a bottle and the bottle
was changed every 10 hours. Product samples for analysis were taken
from these bottles so that every analyzed sample'reflects the average

value of 10 hqurs.

When the run was completed (either 140 or 100 hours), the pump

was turned off and hydrogen was let flow for 30 minutes to make sure
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that oil left in the reactor had enough time to react. Then, the
hydrogen valve was closed, the heaters were turned .off, and the

system was depressurized.

ANALYTICAL PROCEDURES

Sample Pretreatmeqt: After~comp1etion of .a run, the amount of
product in every bottle was measured gnq recorded. Water produced in
the process was separated from the oil énd the oil was washed with
distilled water to remove water solubie nitrogen compounds. The oil-
was separated from the water again. Some samples were taken from the
bottles contginihg tﬁe product for the periéds 10-20, - 50-60, 90-i00,
and 130-140 hours for nitrogen analysis. '

Nitrogen Analysis: The nitrogen analysis for the product samples

were done by Macro-Kjeldahl Method [296-208]. The percent Hydrodenitro-
genation (MDN) was calculated with the following equation;

(wt% N in the feed) - (wt% N in the product)

L -~
% HDN = (wt% N in the feed)’

Where N is nitrogen present in the feed or the product.

Distillation: Product distillations were done in a.columﬁ with

three theoretical plates and“a reflux fatio of three to determine the
quality of the product obtained.

Elemental Analysis: The elemental analysis of the product

samples was done by Caflo Erba Elemental Analyzer (model 116). Sample
‘containers were cleaned with acetone, dried in an oven and then
weighted. About 1.0 mg of sample was injected into the containers.and

the container mouth was sealed by squeezing with a pair of pliers.
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After recording the weight of the sample the contaiﬁers was placed in
é rotating disc of the analyzer. Disc contains 22 samplelholes. With
every batch of sample anﬁlysis a co#ple Qf blank containeig andj.
standard chemicals were also analyzed as references [209]; Every
sample was analyzed three times to get.a reliable ;esult. When enough
consistency is feached the regult was aésumed‘to be the éorrett

value.

ESCA (XPS) Analysis: The ESCA aqglyse; of the-catalysts were
done by Leyboid-Heraeﬁs X-ray Photoelectron Spectrometer (L-H ﬁAli).
The catalyst particles were mounted on an Indium foil and evacuated:
in a separate evacuation chambe? at 100°C under vacuum of 10_5 torr.
A double-stick scotch tape was used for the reference compounds;'the
Lcatalysts‘tested fér the effect of impfeénation téchnique'and sulfided
catalysts. The sulfided samples gnd the reference samples were pre-
pared in a glove bag under inert atmosphere to avoid contact with
oxygen. Then, the samples were mounted on the §amp1e hol&gr-of the
instrumeﬁt as quickly:as possible to évoid adéotption of moisture.

The sample holder aliows a quick inse;tipn of the sample into prepgra-
tion chamber and then to the analysis chamber. When vacuum in thé
chamber reached 10-7 or 10-8 torr, the x-ray source was turned on.

The data was recorded both with an analog and a digital recorde¥. The
latter was done by a Tektronix compqtéf, and stored on a magnetic
tape. For.low signals such as Co 2p énd Ni 29 spectra, a few scans
were recorded by adding signal couﬁt rates on top of each other tq

magnify the signal.
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When the analysis of all the catalysis were completgg, the data
were cleaned from noise (basically cauéed by the digi;al ;ecorder)
and smoothened by a second order smoéthening function (see App. C for
details). A copy of every scan was taken'by a Tektronix Hard Copier
or an X-Y recorder which is connected to the computer. The peak
binding energies and intensities.wefe determined and all'binding-.
energies were referenced to C 1s peak:binding energy of 2#4.6 év to

account for the charging of insulating fype ctatalyst samples.
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' CHAPTER 4
RESULTS

_ Results will be feported in three sections. The first section
covers the'effect of ﬁétal combinatidns on ﬂDN HYD and HYC activi~
ties of the seven catalysts fabrlcated with dlfferent comblnatlons of
N1, Co, Mo and W. The second sectlon includes the effect of 1mpregna-
tion technique on HDN, HYD and HYC activities of the Co-Mo and Ni-Mo
combinations. The third section explains.the‘feéulﬁs of ESCA (XPS)

analysis of all catalysts evaluated iy the first two sectiéhs.

]

EFFECT OF METAL COMBINATIONS

As explained in Chapter 3, seven c;talfsts were fabrigated by -
impregnating differen; combinations og.Cq,,Mb, Ni and W. cé and Ni
. were iﬁprégnated stepwise in 4 or 5 stepé,.and'Mo or W were impregnated
stepwise to an additional 3 wt% eachzfime uﬁtil the desired metal
load was reéched. Each catalyst waé eﬁaiuated with.respecttto catalytic
activity twice, once with ‘and énce wi?hout wat;r addition to the feed
to test théieffect of water on the'caéaljst performance. in addition'
to the seveﬁ catalysts fabricated, thé Blank suppo;t was tgsted for
its capability to upgrade SRC-II-LECE, bo;h with and without wa£er
addition to the feed, as a reference to the'impregnated catalysts.

HDN.results are plotﬁed in Fig. 9. Overall average nitrogen content

of the product oil, average HDN, H/C atomic'ratio, distiliation
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fractions and perceﬁt carbonaceous material deposited on the catalyst
are given in Table 5. As can be seen both from the Fig. 9- and Table
5, the blank support does not have any HDN activity and thé water
did not show any significant effect on HDN. Table 6 summari;es.£hé
difference between the H/C ratio and distillation fractions of the
product oil and that of the feed. It also.includes the relative
percent change in these quantities oﬁer the feed. Thé efféct of water
on HDN, H/C‘ratio and distillatién f;actions are gived in Table 7 as
differences between.the'funs with and without water addition; Even
though water did not have any effect on HDN, it enhanced ;he light
oil production (see ?able 7). In both cases, with ané without water
addition, the amount‘of light oil dégréased, 2.1% and 7.1% respec-
tively (éeé Table 6). The amount of miédle oil increased, indicating
. some condensation of light hydrocarbgés (see Fig. 10 and Fig. 11).
Some hydrogenation occurs with the sypport but it is not éreat (Table
6 and Fig. 12). | | |

Fig. 13 shows the HDN results of the ca;alys£ TS-11 ¢4% Co, 16%
Mo) as a function of time. HDN activity of the catalyst slowly de-
creased with time. However, the cataiyst was operafed for over 140
hours, and the fime averaged HDN was‘71 wt% and 74.wt% for the runs
with and without w;ter addition respectively. The effect éf'water on
HDN wés not significant (or may be siiéhtly inhibiting) for this
catalyst. The amount of light oil'prqducgq was 12.1 and 10.9 wt% over
the feed with and without water'addi;iqﬁ respectively, and middle and
heavy oil contents were reduced sigéificantly (see Tabie 6 and Figures

10 and 11). This corresponds to 50% and 45% increase in light oil




Table 5. The Effect of Metal Combinations and Water on HDN, Product Quality (Distillation
’ Fractions) and Catalyst Coking

'Catélyst

LS

. o © BN H/C®  LO® Mo® _5o¢ %c®
Run wt wt’ o wt? wt? wt? o wWtZ
. TS-10NW* (support) 0.71 0 1.25 22.4. 66.3 - 11.4 10.03
TS-10W* . ~0.71 - 0 '1.25 . 23.6 65.4 . 11.0 ©9.81 .
TS-11NW (Co+Mo) 0.18 74 1.38 35.0 55.7 9.4 13.06
TS-11W _ 0.19 71 '1.38 36.2- 55.0 9.1 11.61
TS~12NW (CotMo+W) | 0.25 63 1.34 31.2 . 58.9 10.7 11.19
TS-12W , 0.27 59 1.33 33.0 - 57.3 10.5 9.90
TS-13NW (Co+W) ' - 0,35 . - 49 1.33 33.0 56.8 10.2 9.45
. TS=13W - 0.25 . 63 . . 1.32 ~.35.2 . 57.8 - .6.9 . 12,63
- TS-14NW (CotMo+Ni+W) 0.29 57 . 1:.36 - .31:8 59.0 9.3 12.07
TIS-14W ' 0.36 46 1.32. 29.6 60.8 . 9.7 9.51
TS-15NW (Ni+W) 0.41 39 1.34 28.9 61.5 9.6 9.90
" TS~15W ' © 0.44 36 1.30  ° 29.4 61.2 9.5 8.40
TS=16NW (Ni-+Mo+W) 0.43 36 1.33 27.4 62.3 10.3 8.37
TS-16W ' 0.42 - 37 1.31 28.2 . 62.1 9.7 7.77
TS-17NW (Ni+Mo) 0.13 81 1.40 33.9 57.3 8.8 14.40
T8-17W : 0.07 90 - . 1.40 . 35.8 56.0 8.3 15,23
; NW = No water added. W = 2 7 water added.
-b Hydrogen to carbon atomic ratio.
. Light oil content in the boiling range 40 - 205 C
g Middle oil content in the boiling range 205 - 298 °c.
o Heavy oil content in.the. boiling range.298 - _end. point.

Carbonaceous material dep031ted on' the catalyst.




Table 6. Chenge in H/C Ratio, Light 0il (1L0), Middle 0il (MO) and Heavy 0il (HO) from the Feed

Catalyst . : - Composition Change From . Péfcent Relative Change From
: & ' : the Feed "the Feed for Each Category
Run - LO MO HO - H/C _ LO MO_ HO H/C
TS-10NW* (support) -  -1.7 1.5 0.2 0.02 =-7.1 = 2.3 2.7 1.6
TS-10W* -0.5 0.7 -0.1 0.02° "-2.1 - 0.9 - 0.9 1.6
TS-11NW (Co+Mo) . 10.9 -9.1 -1.8 0.15 45.3. -14.0 =-15.3 12.2
TS-11W : : 12,1 -9.8 -2.3 0.15 50.2 -15.3 -18.0 12.2
TS=12NW (Co+Mo+W) 7.1 -5.8 =1.3 0.11 29.5 =~ 9.1 - 3.6 8.9
TS-12W 8.9 -7.3 -1.6 0.10 37.0 =-11.6 - 5.4 8.1
. TS-13NW (Co+W) 8.9  -7.8 ~1.1 .0.10 -36.9 -12.4 - 8.1 . 8.1
TS-13W 11.2 -7.0 .-4.2 .0.09 46.5 -10.8 -37.8 7.3
TS-14NW (Co+Mo+Ni+W) 7.7 -5.8 =-1.9 0.13 - 32.0 =-9.0. -16.2 10.6
TS-14W 5.5 -4.0 =-1.5 0.09 22.8 - 6.2 -12.6 7.3
TS-15NW- (Ni+W) 4.8 -3.3 -1.6 0.11  19.9 - 5.1 --13.5 8.9
TS-15W . 5.3  -3.6 ~-1.7 0.07 22.0 =-.5.7 -14.4 5.7
TS-16NW (Ni+Mo+W) 3.3 -2.5 -0.8 0.09 13.7 -3.9 -7.2 7.3
TS-16W - : 4.1 -2.6 -1.5 0.08 .-17.7 = 4.2 . -12.7 6..5
TS-17NW (Ni+Mo) . 9.8 -7.5  =-2.4 0.17 40.7 -11.6- -20.7 13.8"
TS-17W ‘ ~11.7 -8.8 -2.9 0.17 48.6 -13.6 -25.2 13.8

% NW ='No water, W = 2 7 water added.

8s-
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Table 7. The Effect of Water on HDN, H/C ratio, and Light 0il
(LO), Middle 0il (MO) and Heavy 0il (HO) Contents

Difference in % Composition Between Rﬁns

_ Catalyst _ NW and W (W-NW)#* -
& ‘ .

Run H/C Lo MO HO HDN
TS-10 (Support)’ 0.00 1.2 -0.9  -0.4 0.0
- TS=11 (Co+Mo) 0.00 1.2 -0.7 -0.5 -'3.0
TS-12 (CotMo+W) -0.01 1.8  ~1.5 -0.3 =~ 4.0
TS-13 (Co+W) -0.01 2.4 1.0 -3.3 14.0
TS-14 (CotMo+Ni+W) =-0.04  -2.2 1.8 0.4 -11.0
TS-15 (NitW) -0.04 0.5 -0.3  -0.1 - 3.0
TS-16 (Nit+Mo+W) -0.01 0.8 ~0.2  -0.6 1.0
TS-17 (Ni+Mo) 0.00 1.8 -1.3 -0.6 9.0

¥ W = No water added, W = 2% water added.

contents over the feed for these runs. Dgspite the insiéqificant
effect of water on HDN, water enhaﬁces the light oil production (see
Tables 6 and 7 and Fig. 10). The H/C paﬁio femained the same both
with and without water addition (Fig. 12). This may indicate some
contribution to HYC from water.

Fig. 14 shows HDN results of the catalyst TS-12 (4% Co, 8% Mo,
8% W). This catalyst was less aE£ive than the catalyst TS-11 (Co+Mo)
which gave 74 wt) HDN vs. 63 wt% HDN for the present catalyst (see
Table 5). Deactivation was faster for TS-12 (Co+Mo+W) than for TS-11
(the élope of the 1ine:gives the trend of deactivation). Quality of
product was not as good using TS-12 (CotMot+W) as with TS-11 (CotMo).
Going from the TS-12 (Co+MotW) to TS-11 (CotMo) catalyst, light oil
production ﬁas lowered from 10.9% to 7.1% without water addition and
from 12.1% to 8ﬂ9% with water addition (see Table 6 and Fig. 10); the
H/C ratio was also lower (1éss HYD a;tivityj. The efféct of water on

HDN appeared slightly inhibiting (although not significant), but it




D#

%/l &#

99

D#

9115 0=21 23127 1

vV 7
TIT)

D*l D*-

D@ DG

77 22 % 5

&U =512> 1  615/021)Q1 15 <)

&AU T) &CU T!TT)

U T'#

&FU T)

57

5U T!) &U
&U TIT)

v
3 80 %$ /iD

®

J40:

D*A D*2



FF

%/ &&#

99 9115 0=21 23127 1 77 2 21775 3551

V7

&AU T)

&U =512> 1

615/021) Q115 <) & U T!) &U T!T)

&CU T!ITT) &FU T) &U T!IT) &U TI#

>Cd9



1 >0l

>0*

% &# : 99 9115 0=21 231271 77 22D 1 6103
E7 %28 10 1=2<
V 7) &U =512>1 615/021)Q115 <) 5U T!) &:U
TIT) &U T) &CU TITT) &U T) &U TIT)
U Ti#



0 C

0 J

30
D# E@;0O )

Bl 177 7
Bl 177 7

*A;0 F

6: 3K

&C



*@0 C

DAl

Bl 177 7

;JB1 177 7

30
E@;0),;0),,01F

6: 3



65

enhanced the product quality (seée Table.7). H/C ratio remained about
the same. Thereforé,'thé improvement in light 0il production may be
because of enhancing effect of water on HfC activity of this ca£a1yst.
This catalyst produced specification grade product (less than 0.3 wt}
N in the'product.ﬁil) initially, but it started producing iower grade
product at the'end.

fig. 15.shows the HDN results of the catalyst TS~-13 (4% Co, 16%
W). The activity of this particular caFalyst was very low without
water addition; however, waier increased HDN from 49 wt% to 63 wt%.
Without water addition, the catalyst was not able to produce
specification grade product (see Table 5). A similar effect of water
was observed for prodgct quality._Lngt oil p;oduction increased from
8.9% to 11.2% (see Table 6 and Fig. 10), and a higher percentage of
heévy oil was convefted to lighter f;gctions. In contrast to the
positive effect of waigr on HDN and;thg product quality, H/C ratio
femained about the 'same (Tables 5 apd 7 and Figures 16 and‘12). This
indicates the enhancing'effect‘of water on HYC.

Fig. 16 shows the HDN reSults.of'the'Catalyst TS~-14 (2% Co, 8%
Mo, 2% Ni, 8% W) as a function of tiﬁe, HDN activity of thevcatalyst
was moderately gobd Without'ﬁater additibn even though deactiVatjon
was faster. However, water reduced HDN f?om 57 wt% to 46 wt%, The
catalyst produced specification érade product when time ave;aged over
140 hours without water addition, but started producing ndn-épgcifi-
cation'gra&e product at the eﬁd of the run. Thg effect of water on
ﬁhe product quality was also inhibitive for thié particulér catalyst A

(see Tables 6 and 7 and Figures 10 and 11). Light o0il production was
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reduced from 7. 7% to 5.5%. H/C ratio was reduced from 1 36 to 1.32
indicating that water inhibited HYD activity (Flg 12)
Fig. 17 shows HDN results of the catalyst TS-15 (4% Ni, 16% W).
This catalyst was one of the poorest for both HDN and product quality
(Tables 5 and 6 and figures 9 and 10). Catalyst deactivation was also
faster than for the other catalysts. Ihls catalyst did not produce a
specification grade product with or w;thout water additionf Water
slightly inhibited HDN activity, 39 wt% vs. 35 wt%.\The effect of
water on product quality was not significant (see Tables § .and 7 and
Figures 10 and 11). H/C ratio for the.run with water addition was
lower, even though both runs produced about the same amount of light
oil (Fig. 12). This indicates the enhanclng effect of water on HYC .
for this catalyst. | | -
Fig. 18 shows the HDN results of the catalyst T8~16 (4% Ni, 8%
Mo, 8% W). This was the least active catalyst forlboth HDNCand product
quality. It did not produce specification grade product even at the'
beginning of the run, ‘indicating extremely poor activityl The etfect
of water on HDN was insignificant, bht light oil production slightly
increased. Nevertheless, the production of light oil was the lowest
of any catalyst tested (see Tables 6 and 7 and Fig.'lo). The effect
of water on H/C ratio was inhibitive (Fig. 12), therefore, it enhanced
_HYC activity.
Fig. 19 shows the.HDN_results of the catalyst TS-17 (4% Ni, 16%
Mo). This catalyst had the highest HDN and HYD activity.among the
catalysts evaluated in this group. Catalyst deactivation was slower

than for all the other catalysts except TS-11 (Co+Mo),. especially
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when water was added to the feed. The effect of watér on both HDN and
the product quality was positive (Tables 6 ana.7 and Figures 10 and
11). H/C ratio remained aﬂout the same for both ruﬁs} Thié indicates.
the ﬁositive éffect of ﬁater on HYC‘since the light oil production
was improved by water addition. .

To'gee the relationghip between aétivities of W and Mo, HDN
results are plg;ted as a function of W/(W+Mo) ratio in Fig; 20. HDN
'aEtivity decreased'with.ihcreasing amount of W on the catalysts
‘ generally. However, when 2% water wés addea,.HDN activity of Co-W..
catalyst increased significantly. With this exception in’mind} iﬁ
general Mo is preferable to W for HDN of SRC-II Light Ends Coluén_
Feed under the conditions of this study.

When all the catalysts evaluated in this group are compared, the
most active metal combinations for HDN, product qﬁality and H/C ratio
(or HYD) can be given in the followigg order:

1., For HbN; |

a) No watér,
Nit+Mo > CotlMo > CotMotW >‘Co+Mo+Ni+W > CotW > Ni;w_?‘
Ni+Mo+W “

'b)  With water,
Nitto >.Cotfo > Cotlio+W = CotW > CoHo+Ni+ > Ni+Mo+W
= Nit+W

2. For product quality (or light éil pro@uction);

a) No water, | '
Cotlo > NitMo > Cotil > CotMotNit > CotMotW > Ni+¥W > |

Mo+W
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b)  With water,
CotMo > Nit+Mo > Co+W > co+Mo+w > Co+Mo+Ni+W > Nit+W >
Nit+Mo+W | .
3. For H/C ratio (or.HYD);
a) No water,
Ni+Mo >>Co+Mo > CotMotNi+W > CotMo+W = Ni+W > Ni+Mo+ﬁ
= CotW
b) With water,
- NitMo > Co+Mo > CotMo+W > CotW = Co+Mo+Ni+W > Ni+Mo+W
> N1+W
Carbonaceous material deposited on the catalyst was determined
by ‘air burnoff, and is given-in Table 5.'in general; water reduced
the amount of carbonaceous materialndeposited. However,'it is not -
.easy to 31ngle this out from the data 11sted because of the fact
.that the more active catalysts produced more carbonaceous material.
When water enhanced the activity of a.catalyst Significantiy; there
was also an increased amount of carbopaceous material on the catalyst
(see TS~13 and TS-17 in Table 5). This.is'probably due.to the ' dual
character of coke formation. ﬁnreactive coke poisons reaction sites.
React1ve coke is subsequently converted to reaction products [210].
Fig. 21 supports this proposition. The amount of coke on the catalyst '
significantly increased with increasing HDN activity. Indeed, water
reduced the amount of carbonaceous material on the inert support,
used as a diluent for every catalyst tested without any exception

(not shown here).
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EFFECT OF IMPREGNATION TECHNIQUE

Two of tﬁe beét cafalysts,.Co-Mo and Ni-Mo, evaluated in the
'ﬁrevious'séction were sﬁbjécted to two different impregnation tech-
ﬁiqués as described in Chapter 3. In both cases, Mo was impregnéted
in a single step (bgtéhwise). Co of_Ni was then impregnated in one
case in two steps (TS-21 for Co-Mo and TS-20 for Ni-Mo) and in a
single stép (batchwise) in the other case (TS-18 for Co-Mo and TS-19
for Ni-Mo). The catalysts TS-18 (Mo+§p) and TS-19 (Mo+Ni) were .
prepgred by Co and.Ni impregnation on Mo, respectivgly. The cataiysts
TS-20 (Ni:s+Mo;b) and TS-21 (Co:s*Mo:b) had a reverse sequence of
metal deposition. Activities of these catalysts are compaféd in the

following paragraphs;

Ni~Mo Catalysté:-Since TS-17 (Ni+Mo, step) was discussed in the
previouﬁ section, it will not be discussed hére. Instead, pnly'éom‘
pafatiVe-references will be made to ip;

Fig. 22»shows HDN results of the catalyst TS-19 (16% Mo, 4% Ni)
. as a function of time. This catalyst was as active as TS-lf for HDN.
In cgntrast to catalyst TS-171(Ni+Mo, step), water did not have any
significant effect on HDN for TS-19 (Mo+Ni). When the reéuits given
in Tables 8, 9, aﬁd 10 and Figures 23, 24 and 25 are compared, H/C
ratio for TS-19 (Mo+Ni) islslightly'ﬁigher.than,TS-17 (NitMo, step),
and the lighf oil-production is significantly hiéher; Light oil.
production was 12.7% and 12.3% with and without water addition,
respecﬁively. Thé"effect of water on Eoth product quality and ﬁ/C
ratiovwas nd; significant. As a result, HYC activity was nbt‘affected

by water.
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Table 8. The Effect of Impregnation Technique and Water Addition on HDN, Product Quallty
(Distillation Fractions) and Catalyst Coking

8/

‘Catalyst product HDN H/c® 10° | Mo®  mod . c® roNT
& -Nitrogen for
Run - (wt%) (wt%) (wt%) (wt?) (wt?) (wtd) (wt3) Lo

TS-11NW* (Co+Mo, step) 0.17 75 1.38 35.0 55.5 8.9 13.06° . 89.0
TS=-11w* 0.17 74 1.38. 36.2 55.0 9.1 1l1.61
TS-18NW (Mo+Co) 0.09 87 1.38 39.2 53.0 7.9 14.29 85.4
TS-18W 0.12 82 1.36 38.0 - 54.2 7.8 15.53
TS-21NW (Co:s+Mo:b) 0.15 78 1.37 36.9 55.0 8.1 14.53 89.4
TS-21W _ 0.20 71 1.37 36.8 54.7 8.5 14.24 )
TS-17NW (Ni+Mo, step) 0.10 86 1.40 33.9 57.3 8.8 14.40 - 82.0
TS-17W : 0.05 92 1.40 35.8 56.0 8.3 15.25
TS-19NW (Mo+Ni) 0.10 86 1.41 36.8 54.5 8.7 16.25 82.4
TS-19W 0.11 84 1.40 36.4 54.8 8.8 15.53
TS—20NW (Ni:s+Mo:b) 0.11 82 1.41 37.0 54.4 8.7 14.89 82.3
TS—-20W . 0.12 82 1.41 36.5 55.4 8.1 15.80

* NW = No water addition,.W = 2 7% water added.

: Hydrogen to .carbon.atomic ratio.

- Light oil fraction in boiling range 40 - 205 C

g Middle oil fraction in boiling range 205 - 298 °c.

Heavy oil fraction in the boiling range of 298°C to the end point.
? Carbonaceous material deposited on the catalyst

Research octane number.
























































































































































































































































































