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- ABSTRACT

. A series of commercial catalyst supports impregnated on an equal weight per unit sur- .
face area basis were tested for hydrodesulfurization (HDS) and hydrodenitrogenation
(HDN) activity on SRC II, a coal-derived liquid. The surface area distribution in the pore
diameter range of 40-200 angstroms (A) was compared to relative catalytic activity of the .
supports. A correlation was found between relative HDS and/or HDN activity and the sur-
face area attained in the 60-80A pore diameter range. The significance, and supporting evi-
dence, of the correlation between activity and surface area distribution is discussed.




Chapter' I

INTRODUCTION

s ! . .
Late in World War I, pressed by reduced availability of conventional fuels, the German

Reich turned to fuels derived from coal, so that they could continue their effort.

The technology they used was developed over many years of intense research in both
Europe and America. This research was sparked by the diséovery, in the. 1800s, oAf the
nature of coal’s complex molecular structure, and of the possibilities 6f feafranging its
components into useful products. -

Working with hydrogenating 'catalysts at high. temperatures and élevated pressures,
Friedrich Bérgius succeeded in liquefying coal. In the years after the war, little attention
was_.directed to the develdpment of coal-derived liquids, although, directly aftér the war a
team of mofe.than 6ne hundred scientists was. sent into Germany to collect synfuel tech-
nology. _ | |

In the laté 1960s and early 1970s, rekindled by the threat of limited a‘vailability of
cénventional fuels, the United States, like other high energy consﬁmers, turned its interests "
to synthetic fuels. |

One aspect of current research is to reduce nitrogen and sulfur content of coal-derived
. liquids so that they can be used in either conventional refineries or a§‘a boiler fuel. -
| The 'hydrodesulfuriz_atioﬁ (:HDS) and hydrodenitrogenation '(HDN) of céél-dérivéd
liquids, generally performed by supported catalysté, involves the intraparticle ‘mass tréns—
port of large molecﬁlés inside fhe catalyst. Since .the diameter of reacting molecules is
believed to be comparable fo the pore size of the supportéd catalyst, partitioning of the

molecules between the bulk liquid and the internal surfaces is a factor in catalyst perfor- .
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mance. To produce optimum rates of reaction the poresize distribution of a catalyst .
should be such that the total of diffusional (pore size dependent) and reaction (surface
érea dependent) i'esistances be reduced to a minimum. One way to minimize the com- -
bined resistances is to optimize a pore—sizve and area relationship in terms of perfor_mance;
It is the object of this study to ascertain, for a given réaction ss;stefn, 'what‘,' if any,

optimum pore-size and area relationships do exist.




Chapter II
BACKGROUND

The work presented in this study, that is, the activity qf impregnated ca;alysts towards
HDS and HDN of a coal-derived liquid with respect to_the physical characteristics of the -
catalyst support, is bésed on three basic assufnptions':

1. Catalyst support properties, in particular, pore size vs. cumulative surface area,

. can, in 'fact, be characterized.
2. Given the proper procedure and conditions, a catalytic component can be’ uni-
" formly distributed over the entire surface aréa' of the support, wifh the possible
exception éf the most rﬁinute realms; also, that these dispersions would not signifi-
cantly alter relative subport properties. |

3. Diffusion and surface area limitations can both be factors when (I:onsidering the

global rate, and, in turn, degree of HDS and HDN of a coal-derived liquid.

A: defense for these assumptions will now be outlined in the following section.

Surface Area Characterization

The relationship between ‘supported catalyst surface area and pore size distribﬁtjon
is a key fac_tor .of influence in light of the reaction/transport scheme encountered in the
catalytic upgrading of ‘coal-derived liquids. Considering this, any inquiry into the relation-
ship between catalytic performance and the physical nature of t:he support must include a
bgsis for charaicterization of the materials’ physical structures. Porous materials can be char-k
acterized in terms of several quantities; these generally include average pore dia_metef, pore
volﬁme, density, and surface area. Of these methods, surfe;ce area characterizations, that is,l

‘surface area which is greater than the observable geometric surface area, are of particular




'iltility. Porous materials differ greatly in 'their.characteristic surface areas; fo; example,
some activated carbons have sufface areaé 500,000 times the exferrial geometric area,' whﬁe
-a porous filter plate’s éurface area is only 1,000 times its geometric area. Many factors lehd .
to this effect buf one of particular interest is that éf the pofe size distn’bu‘tion within _the.
materials. i |
Pores in different materials may vary greatly in their absolute dimensions, from th.ose'
eaéily seen by the unaided eye, 10¢ angstroms (&) in diameter to those of 4 to 5 A in
dla.meter Typlcally the surface area contnbuted by pores averaging 20 A in d1ameter is on
the order of 1500 sq. meters per gram, while the surface area contrlbuted by a practically -
equal volume of pores averaging 20,000 A in diameter is oniy 1.7 sq. meters per gram [1]:
While the larger macropores do not contribute significantly to the total surface area they
noﬁethéless play an important role in that they act as artéries to the sfnaller micropofes [2].
-In this study, two standard methods we;,re used by the vendors of the carriers in the
surface area charactenzatlons of the catalyst supports. Wh11e neither of these methods pro-
duces a detaﬂed description of the actual size and shape of each void space in the carrier
they do give an averaged representation of the carriers’ geometric properties. Slnce the pro-
cedures are standardized and widely accepted, the key to their utilization lies not in the
ability to accurately determine the actual void volume according to void size, but, in the
ability to éenerate a representative description of structure for a broad range of porous
materials. _

In 1945 Wﬁeeler [3] proposed a theory, a composife of BET multilayer adsorption

“and capillary’ coﬁdeﬁsation viewpoints, which has been used as the Basis for much work .

involving techniques for estimating the volume and area of porous adéorbents available to
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molecules of various sizes. Over the years several'- refinements were made on Wheeler’s
original model to the point that today catalysis researe_hers have available sfraightt"orward
and reliable methods for characterizations of this type [4].

Pore distriiﬁution characterizations founded on Wheeler’s model find as their basis an
in'terpretation of the sigmoid-shaped sorption isotherms generated by varying the pressure
“in a condensable—vapor/carrier system, Experimentally, these isotherms are obtained by’
‘ rneasﬁring the change.in volume (relatjve toan incremental increase in system 'pressnre) of
a condensable vapor, generally N, at -196°C, due to capillary condensation in the porous .
material. When the system pressure is increased to the point of saturation, 1 atm for N, at
-196°C, the void space of the material is completely filled with condensed vapor and at
this pomt the adsorptlon branch of the isotherm is complete By reversing the process, that
is, by gradually lowenng the system pressure, the.desorptlon braneh of the isotherm is
obtained. |

It is considered that cdpillary condensation in porous materials occurs as a result of
lower vapor pressure over a concave meniscus formed by liquid in the material’s void space.
The Kelvin equation [5] which gives the relationship between vapor pressure and radius of
the concave §u;face of a meniscus, is used in conjunction with a cylindrical pore model to
give a distribution of interior surface area ‘with respect to pore size. When the Kelvin -
enuation (or aome form particular to the connensable vapor_ employed) [6] is used to con-
vert pressure to pAore. radius the original isotherm can be replotted in terms of volume -
sorbed (pore vdlume) vs, radius. Since the pores of the model are considered fo be st_faight
and cylindrical (for a given increment of lengfh), the surface area corresponding to a partic-

-

ular volume can be determined through the simple relationship of volume to radius;
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2« (pore volume)

surface area = -
pore radius

From this informatiqn one can formulate a descriptive picture of the distribution of
the material’s surface area over a wide range of pore sizes.

In an.analysis of this type five basic assumptions are made: -

1. Pores are cylindrical. |

2. Each pore space is connecte'd‘with at leaét one larger pore.

3. The meniscus radius is that of the inside tube formed by multilayer adsorption.

4. Liquid nitrogen surface teénsion is the same regardless of pore size.

5. There exists thermodynamic equilibrium on the‘ desorption branch of the isotherm
and that it is this branch to which the Kelvin equation is generally applied. On the
adsorption branéh of the isotherm there is a question as to t_he need of a supersatu-
rated state before the pores fill with capillary condensed vapor, and, therefore; the
adsorption branch is usually not considered in determinations of this sort.

A direct méthod for determining the volume and area distributions, in terms of pore
size, of porous adsorbents was develobed by Ritter and Drake [7]. This method, which
utilizes a high pressure mercury porosimeter, is entirely independent of the sorption iso-
therm method. The idea is based on the phenomenon that mercury does 1_10t “wet” most
catalyst materials, and, that it will not penetrate the void spaces of the material unless
force(_l.in under pressure. Ritter and Drake correlated the force needed to keep mercury
out of a bore due_ to surface tension, to the forcé apf)lied to the mercury/catalyst systém.
Using this procedure data can be generated relating the intrusion v.ollume ;/s. applied pres-

sure, and, from this a volume vs. pore diameter curve can be developed. Pores down to the




7
40 A range in diameter can be accessed using modern apparatus which can attain pres-

sures upwards of 50,000 psi. The cylindrical model incorporated in this technique, like

that for the isotherm method, allows one to obtain surface area distributions in terms of

pore éi;e.

. Comparispns between the mercury porosimeter. and nitrogen isotherm methods [8]
indicate that the two methods give substantially the same'disfcribution curves. Whén cuﬁh— ’
lative pore volume vs, pore radius curves are compared, for the same material, the shape of .
the curves is nearly identical but there is a shift of the porosimeter generateﬁ curve towards _
the higher end of the pore range. Effectively what this shift amounts to is a reduction in
surface area vs. pore size in the rangé of 20%.

In summary, the foregofng experimenfai methbds givés a means‘of modeling the dis-
fﬁbution of void spaces in porous materials over a wide rghge of void sizes. Even though
the pofes may be in fact' interstices between crystalline building-blocks, and rﬁqst lik'ely_
not'cylindrical in shape, a useful picture can be deveioped to give an-idea as to what size

void a molecule must pass before it can access a given surface area.

Dispersion of Catalytic Components on Alumina-Silica Supports

Typically catalysts are materials that possess high surface areas whefher they téke the
form of fine powders, .supported and coprecipitated metals, or films. The focus of tﬁis
work has been on suppo;ted metal catalyéts. These catalysts, iﬁ which the catalytic com-
ponent is distributéd th.r.oughc')ut a porous material"s surface area, can be prepared in a_
_pumbex_; of wlay-s [9l. .One,procedu;e for preparation comm‘or'xly‘used is the incipient we't-‘

ness technique. Here, the metallic dispersions are a result of a series of wetting, drying, and
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éctivation steps. The procedure gensrally consists of saturating a pofo_us support with a_‘
solutio_n containingi the catalytic component, then _after drying and calcination .a distri- .
f)ution-of small crystallites of the metal oxide are produced in the support‘.' | |

Optimum compnsition profiles in supported catalysts ate usually dictated by service
conditions. For the reaction system encountered in the upgrading of t:oal derived liquids,

. wilich is neither predominately mass-transt’er limited nor surface reiaction controlled, a uni-
form impregnation was considered to be desirable from not only the standpoint of perfor-
mance .but also eva]uatio_n. The' point being that a uniform distribution, thioughout,the
macto- a:nd microsystéms ‘of void spaces, gives one tne basis by which catalyst performance
can bé compared to availabls surface area. (This is a .key point of consicieration if impreg-
nated catalysts are to be evaluated in terms of the supports’ p_hysical prqperties, as has
been done in this work.) .

The ability to attain g uniform distribution of. the cétalytic component throughout,
including the fine porous structures‘qf the support material, remains a matter of conjéc—ﬂ
.tltre, but, several physical phenomena lend credence to the feasibility.

1. Large capillary forces, present in highly porous materials, provide a vehicle by
.which even the innermost realms of volume .can be attained by iiqui_ds possessing the
prot)er wetting ch;).ractsﬁstics. As an exarnnle t)f application of this effect one can con-
sider water adst)rption procedures, which are widely used to determine the pore vohtme of
silica alumina supports and similar catalyst carriers [10]. |

- 2. When in sol\ition, catalytic components (like those used in this stlidy) 'maintainecli‘- .
at the prsper‘pH remain in the jonic forin. These ions possess diameters on the order of

angstroms. For example,. when solution pH is maintained in the acidic range, the cobalt ion
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is generally ‘present in the Cé (II) state which has a radius of 0.82 A [1 lj . Considering the |
small ionic size, transport of the catalytic component in sc')_lution shoulnd only be restricted
in the very smallest realms éf the support. ‘ .

3. Adsorption of the catalytic components onto the surface of the support can influ-
encé dispersion, If sorption effects during the wetting stage of the impregnation are low;
the component in solufion would be unifomly distributed in the material’s volﬁme' [121.
Reason .being that if in solution the component hag a high affinity for thé sui)port material
a rapid adsorption wﬂl occur, resulting in a droﬁ of its concentration as the liquid front
ﬁoves throughout the pellet.v A low adsorbing component, on the other'hand,'would.
rémain at a more constant conceﬁtration in the pellet. '

Depending on the support/impregnating solution co;nbinatipn, the pH of the system
can inﬁuence the %i‘egr'ee of adsorption [13]. For support/soliition combinatidné like those
used in this work, it has been found that a lower pH wili result in a lower dégree of adsorp-
tion. For instance, only 5% of a 1.2 X 10 M Co (II) ion sqlution will adsorb onto an
Si0, surface of 75 sqﬁare meters per liter of solution when the solution pH is 4.5 [14].
(Solution pH’s en.countered.in this investigation were 4.6 or lower.) |

By slowly drying the peilet, impregnated throughout with é constant concentration
solution, a finely dispersed phase of the catalytic component uniformly distributed in the
volume,vwiil_l result upon précipitation [1s51. |

It is generally accepted that by manipulating certain aspects of the incipient wetn‘ess‘
process of impregnation'suéh as pH (support and _solution), concentration qf ilﬂpregnating‘ '
solution,' wetting time, drying speed, and general handling procedures one can éttain a

good degree of control over the distribution of the catalysts within the support granuie.
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Diffusion
Liquid-phase diffusivity, m a pore which is of size comparable te that of the diffusing
chemical species, may be limited by two independent phenomena. First, the hydrcidynaniic
resistance (dia'g), above that in the free solution, would hinder the movement: of diffusing .
molecules through the pore. Second, a geometric exclusion factor, . which essentially
excludes a species from a fraction of the pore volume, leads to equilibrium partitioning;
wherein, the species concentration inside the pore is less than the bulk concentration out-
side the pore. Both of these‘,‘effects arise as a result of proximit_y of tlie species fo the pore
wall but are also influenced by the degree of adsorption of either the‘solute or solvent onto
the nore surface. - .
| Various models have related.these effects to the ratio of the relative size of the dif-
fusing species to pore size [16,17,18,19]. Satterfield demonstrated, using siIice-aiumina
catalysts, that in various solute/solvent combinations of hydrocarbons (saturated and aro- -
‘matic) the logarithm of the ratio of effective to bulk diffusivity decreases linearly with
increasing ratio of solute critical molecular diaineter to pore diameter [20]. Another study, .
whieh used silice-alumina pellets, involved diffusion of similar solute/solve'nt systems (for
example tetralin-benzene). There, it was shown that with a',shift of average pore diamete‘rr
from 66.4. to 56.9 A the diffusivity of a component can be reduced by as. mucn as SO%
[21]. | | | |
These anci similar works of this nature, that is, the diffusion of a partici_llar species in
known solnte/solv'ent systems, ca_n not be -‘direct.ly ielated to the diffusional phenomene
.invoiving coal-derived liquids, which contain a host of 'ce'mponents in undetermined "con-

centrations.
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There is, though, a general theme .that comes forth: the concept that there occurs a
rapid decrease in effective diffusivity of a chemical species, manifested with the narrow-
ing of a pore through which the species must pass. Keeping this in mind and recognizing
that coal-deﬁved liquids are composed of molecular species with diameters between 25
. and 150 A [22] (;:omparable to the pore diameters which constitute the majority of
sﬁrfac_:e area of the catalyst in this study) one can almost be assured thgt diffusional rqétric—

tions will play a major role in catalyst performance.

Chemistry of Coal-Derived Liquids

As a means of gauging catalytic performance, in terms of the pofe size distribution
;)f the carriers, HDN and HDS activity was followed. T_he Kinetics, in particﬁlar the reac-
tion sequences, in the h‘y'drotreatment .of céal-derive;d liquids is not well defined. Essen-
tially when one is dealing With the chemistry of coal-derived liquids it must alWayé be
kept in mind tha’F specific compounds in known concentr_ations are not eﬁcountered. ‘
Ra_lther, rr?'odels based on representative compounds, Fig. 1, are usea to describe reactions
that would likel§ occur. This is the case because, s.tr.ictly speaking, there is no sﬁéh thing'
as a coal molecﬁle, from which these liquids are derived. Coal is a nonhomogeneoﬁs,
bonded system of molécular groupings, most predominately benzene ring based, such as
naphthalene, anthracene and larger-ring compoundé. in addition, straight 'chained hydro-
carbon subgroups are bglieved to be present in the infinitély interlinked system. Not only
are large disseminations of chemical subgroups within particular classes of coals prese;nt,

“but, variations in composition between types of coals is‘notable [23].
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In commercial applications the motivation for effecting HDS and HDN is twofold:
reduce possible oxide emissions generated through combustion of the final product; and
minimize catalyst poisoning in downstream refining steps.

It is generally suggested that bifunctional catalysts play a significant role in HDN
and HDS. With respect to nitrogen-containing compounds it is believed that nitrogen inter-
acts with one catalyst site (of particular acid nature) while an adjacent surface site (pos-
sibly a transition metal cation) involves a neighboring carbon atom in the nitrogen hetero-
cycle. This would then ultimately lead to the weakening of the C-N bond and facilitate
nitrogen removal.

Not unlike nitrogen compounds, sulfur species take advantage of bifunctionality in
that they involve the use of catalytic sites of different nature for different steps of the
reaction sequence. Since it is believed that HDS involves C-S hydrogenolysis (which occurs
on strongly electrophilic sites) and hydrogenation (that occur on weakly electrophilic sites),
bifunctionality of the catalyst becomes important.

Generally accepted HDN mechanisms, of representative coal-liquid compounds,
involve the following sequence [24]:

saturation of nitrogen e cleavage of ring

containing ring at C-N bond 2. denitrogenation

For example:

H2 H2 H2
—> —> —> + NH,
N N NH,
|
H
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The rate limiting step in a sequence of this type is believed to be that which involves the
rupture of the C-N bond [25]. Since the majority of nitrogen in coal-derived compounds
is present in the ringed position, the ability to liberate it from these compounds is difficult.

Unlike compounds containing nitrogen, sulfur is generally present outside of the
hetero ring in such compounds as mercaptans, sulfides, or disulfides and as a result is more
easily removed from the coal-derived liquids. A species that possesses greater difficulty in
sulfur removal, thiophene, has been the subject of several HDS studies [26]. A reaction

sequence proposed in that study takes in the following steps:

saturation of rupture of saturated ol
hetero-ring i ring at C-S bond - desulfurization
For example:

]
> CH;3-CH,-CH,-CH; + H,S
S S

It has been apparent in several studies involving HDN and HDS [27] that once satis-

factory nitrogen removal is attained the sulfur content will also be reduced.




Chapter III
MATERIALS, EQUIPMENT, AND PROCEDURES

Support Characterizations

Supports used in this study were vendor supplied and eacﬁ support was accompanied
with a detailed description of its physical properties. Information available about the phys-
ical nature of these supports is generally given on a per unit weight basis; for instance, sur-
face area per gram of pellet. Since procedures used ifl this work were developed around the
use of a constant bull; volume of support it was necessary to adjust the vendor-supplied
information; 1o a per unit volumel basis. To do this the bulk density of thé support, packed
as it would be in the reactor, was determined. By multiplying this value times the given
supplied property value one coqld then determine the pxjoperty value on a per unit volume’

basis. For example:

cumulative '
surface area | g support _ cumulative surface area -
g support ' cm? (bulk) cm?® (bulk)

This step was absolutely necessary in the analysis, cogsidering the great variance in
the bulk densities of the supports.

For comparative purposes unadjusted values of the supports physical properties are
given in Table 1. Cumulative surface area vs. pore size information, used in the actual

activity analysis, was adjusted to a per volume basis, and is given in Figufe 2.

Catalyst Preparation

In order to .attain a constant amount of catalytic component per unit area of support,

for each of the supports used in this 'ini/éstigation, an incipient wetness procedure was
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employed .(see Dispersion .of Catalytic Componénts on Alumina-Silica Supports). .Sinc'e

_catalyst performance was to be gauged solely on the nature of the supports’ physical

characteristics (that is, surf‘ace area vs. pore size distribution), composition-of the catalytic

- component was considered not to be a criﬁcal factor as long as it was such that HDS and

HDN were effected. In fact, Yeh [28] has shown, using catalysts of nature similar to'this

study, that with différent compositions of metal loading the physiéal characteristics of the

subport is by far the predominant factor in catalyst performance. Nonetheicss, in this.'
work careful attention was .paid to the impregnation process with respect to consistency
of metal loadings. |

As a basis for composition of the catalytic component the supports were impregnated
in a manner so that a constant amount of the catalytic constituents (from a se:t weight
ratio of cobalt, molybdate, and tungsten salts in solution) would be produced per unit sur-
face area of support. Selection of the weight ratio of salts placed in solution, and of the
overall sé)lution concentration was based on one that would produce a resemblance to an
ultimate oxide loading previously conﬁrmed to be desirable [29].

Thié o;(ide loading corresponded to an oxide weight per unit area of 3.7 10™* g/m?
broken dowh into a weight percent of 2% MoO, 4% CoO, and 2% WO, combination on a
161 A median pore diérﬁeter (based on adsorption pore volume) silicé—allimina suppdrt.

While this exact oxide loading may not ha\}e been attained, the imprggnation pro- '
cedures used in this study did provide catalysts with suitable HDS and HDN activity.

To attain the partiqular impregnation characteristics of each su;ﬁport, so that desired
loading could be achieved, a screening procedure tﬁat iﬁvplved varying the impregnating

solution’s concentration was developed. This screening procedure, necessitated by the
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'- different physical characteristics of the supports (see Table 1) is outlined below in refer-
ence to Figure 3. |

1. Each support material, as ;eceived from the vendor, was oven dried at apbroxi—
rﬁately 110°C for eigﬁt hours, and then cooled.in a deéiccato‘r.

2. Impregnation | |

a. Dried supports were then placed in an equal volume of a common solution, of
predetermined ove.rall salt concentration, with the weight ratio of the salts élways ﬁnain-
tained at:'

1 gram Ammonium Tungstate (NH; )¢ H,W,;,04,°xH,0
13.3 grams Cobalt(ous) Nitrate Co(NO; ),-6H,0
to
2.3 grams Ammonium Molybdate (NH,)Mo,0,,-4H,0

b. The supports, each in a sealed container with equal volumes of the impregnat-
ing soluti_on, were then gently rolled in a rotating drum. This was done to assure completg
wetting of the support over the eight hour contact period. A wetting period of eight hours
was selected because it was determined that after this span of time there was little, if any,
of the solution’s components ﬁnparted to the supports. A typical example of this can be
seen with support E (Fig. 4).

Data for .this curve was generated, in a process similar to the impregnation process, by. _
placing samples, approxinﬁately one gram, of the support in sealed vials containing equal
volumes of a common §olution. These \.'ials were then placed in a rotating drum, to assure
.. good solution contact, from which samples were selected at various time intervals. After

removal of excess solution and drying, the weight of the entrained salts was .q'etermined
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Table 1. Support Properties.

0c

) Most Fre-
Desorption Pore Volume Data quent Pore Bulk
Compo- 1200PV SatPV 4V/A MPD-SA MPD-PV Diameter Porosity Density
Support  position Size cm?/g  cmi/g A A A A cm?/ cm?/
cm? cm?
bulk bulk
A 98% Al,0; 1/32” 0.8702 0.8931 162.2 119.2 126.6 120 045 0.51
2% Si0O, extrudate
B 98% Al,0; 1/16” 0.6918 0.7059 116.2 92.2 93.6 85 0.39 0.55
2% SiO, extrudate
C 91% Al,0; 1/16” 0.7848 0.79 148.5 NA 95.0 50 0.48 0.62- -
9% P,0s  extrudate
D 96% Al,0; 1/32” 0.7414 0.7648 91.7 3.7 76.1 90 0.35 0.46
4% SiO, extrudate
E 91% Al,0; 1/16” 1.0800 1.1005 153.9 93.8 160.4 80 0.35 0.32
9% P,0s  extrudate
F 98% Al,0; pellet NA 0.90 NA NA NA NA NA 0.50
PV = Pore volume
SA = Surface area

MPD = Median pore diameter
Sat = Saturated
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and plotted against the support’s time in solution. Information of this nature indicates that
the supports’ are not of the sorption type and that the .compone’nts in solution are not
readily adsorbed onto the surface. . |
c. After the specified wetting time the supporf and solution were poured onto a
filter plate in a vacuum funnel and the excess solution quickly removed.

d. At this point the catalysts were dried in two stages; fori:y-eight hours in air at

' room temperature, then oven dried at 110°C for eight hours. The initial air drying time was

done to help facilitate a more uniform distribution of the catalytic components through-
out the support (see Dispersion of Catalytic Components on Alumina-Silica Supports).

e. The impregnated catalyst was then, as an activation step, calcined at 450°C for

‘eight hours.

3. After the calcination step the weight percent of the impregnated material was

determined where:

weight of dried
weight of - unimpregnated
catalyst weight _ impregnated support support % 100
percent weight of dried ' '

unimpregnated support
4. From the weight percent data the weight of the impregnated material per unit sur-
face area was determined for each support, where:

weight ._ weight percent]

unit surface area 100 | B.E.T. surface area

5. If at this stage sufficient data points for each support, around the target weight per -

unit surface area of 3.7 X 10~* g/m?, are generated then the initial screening is complete; if -
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Figure 5. Weight of Catalytic Material Dispersed vs. Concentration of Solution Used in the
Impregnation. Crossed points indicate actual data points; the remaining points
were generated by polynomial regression equations relating solution concentra-
tion, y, and catalytic component weight, x, where:

y=aX 107 +8X 10® (x)+» X 107 (x2)+5 X 10" (x*)
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Figure 6. Weight of Catalytic Material Dispersed vs. Concentration of Solution Used in the
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not, the process (steps 1-4) are repeated with a different concentration salt solution (main-
taining the same wgight ratio of salts) until sufficient points have been attained.

6. Having attained sufficient data points, Vthose of weight/surface area vs. impregnat-
ing solution concentration, numerical anals}sis can begin; To model this data a -polynomial
regression routine that genérate; a polynomial'équation of Eest fit of the data was em-
ployed (see App'endix O). | |

7. Using the polynomial equations genergfed, solution concentrations that would
closely match those needed to produce the target loadings, can be determined, for each’
individual support (see Figs. 5 and 6).

8. If necessary, slight adjustments can be made on solution concentrations, dépend-

. ing on the degree of consistency required, to fine tune the loading..

Trickle Bed Reactor

Catalysts in this study were evaluated in a continuous trickle bed reactor (Fig. 7). The
reactor, made of one-inch inner diameter schedule-80 Inconel pipe,- was th.il;ty-six inches in
length. At the top of .the reactor a quarter-inch stainless steel tee served not only a feed
port for hy.‘drogen and SRC, but, waé also fitted to abcept a thermowell. The bottom of the
reactor was threaded inside gnd accepted a plug that reduced to a one-quatter-inch diameter
pipe. This pipe was then conﬁected to a catch pot arrangement which allowed sampling,..

The catch pot consistéd-of a sampling bomb which could be isolated, by cutoff valves,
from the reactor system. Between the bomb and réactor was a branch in the connécting
pipe leading to a w.ater-cooled' condenser. Through this, reactor gases passed, and were con-
densed, to fall into the resewoif. Those gases not co_nde_nsed were Ve_nted to a hood by way

_of an NaOH bubbler.
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To maintain system pressure (and througfx which reaétor exit gases passed), a Grove
back pressure regulator fit_ted -with a Teflon diaphragm was used. Ga;es that 'passeci
through the pressure regulator were vented to the atmosphere \'Iia a 20% NaOH solutioﬁ. |
In order to draw a sarﬁple, the sample bomb was isolated from the reactqr by closing a
- valve between the reactor and bomb. The bomb \;vas then slowly aépressﬁrized through a
vent td the atmospﬁere. Samples could then be taken by opening a valve at the bottom of
the reactor. T6 bring the bomb back into the system tﬁe bottom and veht.valves were
closed and the bomb pressurized with,nitrogen.- Once. the bomb pressure reached the
system pressure the valve between it and the reactor was opened.

A heated aluminurh block, in which the reactor was placed, maintained a uniform
temperature over the length' of ther reactor. The block, through which the reactor was
passed into from above, was six inches in diameter and wrapped with three sets of Nichrome
heating wiré enclosed in ceramic beads. The wires were spaced at one quarter inch intervals
over the entire length and each of the three lead‘s was connpcted to a manually controlled
Powerstat variable transformér. To ensure that the reacto'r would be as vertica] as possible,
in order 'to' allow for proper gravity flow, the alum‘inum block was carefully leveled.

The reactor temperature was monitored using two iron-constantain thermocouples
placed in the thermowell, at preheat and catalyst sections of the reactor. Before the runs
were conducted, a témperature p_roﬁle of the length of the reactor was made. This profile
_indicated that tﬁe temperature over the length of the reactor could be controlled to within
+ 8°F, at 425°F. |

Feed was delivered to the reactor head, through one-eighth-inch stainless steel tubiﬁg,

by a Milton Roy Model MR-I-_49 Simplex packed, four stage, piston pufnp. Pumping
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speed was varied with a _microrriefer adjustment on the pump. The feed line to the reactor,

in addition to the feed holding reservoir were heated by Cole Parmer flexible heating cords

- [30].

Technicql gréde hydrogen was supplied to the tee at the head of the reactor through
one-eighth-inch stainless steél tubing via a regulator at the tank head, a micrometer valve,

and a thermal mass flowmeter {311.

Trickle Bed Reactor Set-Up and Operation

All catalyst evaluation runs c':onducted. in.tﬁis study involved the same preparation
and operating i)rocédur'es of thé trickle bed reactor. The process, in sequénce, w)ent as
follows: |

1. After ha,vin.g been thoroughly cleaned, usihg toluene as.a sblvent, the reactor was
then dried and charged with:

a. 175 cm®, % in. Denstone support [32]
b. 25 cm?,'l/8lin. Denstpné support
c. Mixture of 60 cm®, 1/8 in. Denstone suﬁport +.60I cm?, .catalyst
d. Remaining volume filled with 1/8 in. Denstone support
The reaétor bottom ‘was then capbed with a i)lug that reduced to a % in. diameter pipe.

2. Through the charged reactor, with the catalyst zone heated to 325°C, was passed o

60 cm?®/h of a 10% hydrogen sulfide blend for twelve hours. Sulfidir;g of fﬁe 'su;;ports was

performed as an activation step.
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3. After the in situ sulfi&irig of the catalyst the reactor was placed in the heating
block and the Powerstats édjusted to the proper settings. The ‘r'eacto;,'after placement.of.
the catch-pot, 'was.also charged with 1000 psi. of nitrqgén. ét this time. -

4. If, after aﬁ eight hour period, no pressure drop was observed, the reactor was
depres'surized.. Having reached the designated operating temperature, 425°C, the hydrogen
and SRCI feed liﬁes were then connected to the head of the reactor.

5. At this time, fhe rleactor was pressurized with hydrogen to 1000 psi., 'at which
point a flow was.established past the back pressure regulator. Hydrogen ﬂow‘was then:

adjusfed, using a micrometer valve attached.to thé flowmeter, to 1900 standard cubic
‘c-entimeters per.minute (equivalent to 10,000 étandard cubic feet per barrel of feed).
| 6. The SRC II feed wés introduced to the reactor for the first five:mi'nutes at the rate
of 10 cm?® per minute. This was done to help rédupe flashing of the feed-as it wés first
. introduced into the reactor and in turn help reduce initial carbonization of the qatalysts;
_ After five minutes the feed rate was reduced to 6ﬁe cm?® per miﬁute. Tﬁis conespoﬁded t§
a liquid hourly space velocity of one. |
7 Dufing the run; samples weré taken at various time intervals and their vélume and
weight. recorded.. The duration of the runs made.with unimpregnatéd catalysts was three
‘ hours, whereas thoée made with the impregnated catalysts were eight hours. X
| 8. At the corﬁpletign of the run the’ reactor feeds were shut down and the feed lines
disconnected, after deprgssuriiation. The.catch pot was then rerr'xovéd frbr;i the reactor and
the réactor‘pulled from the heating block. The contents of the re;,actdr-\iveré immed'iately

dumped to avéid freezing up of the contents. B




30
9. After cooling, all system components that came in contact with the SRC II were

' cleaned and flushed with toluene.

Feedstock

The SRC II feed stocks used in this étudy were provided by the Pittsburg and‘ Midway
Coal Mining Company’s Fort Lewis, Washington, pilot plant. Their process basicaﬂy consists
of solvation of pulverized coal by a process derived slurry,.in the presence of hydrogen and
at an elevated temperature. Further processinghremoves the majority of ash and ulthﬁately
yields naphtha, boiler fuel, and vacuum residue liquids [33,34,35]. Analysis of the feed

“coal to the process and products used in this study are given in Table 2.

Table 2. Properties of SRC II and of Coal Used in Its Process.

' SRC II Vacame = - SRCII Light
Feed Coal . Flash Feed Ends Column Feed
- ' . Analysis (used with (used with
’ ' Kentucky #9 - unimpregnated cat.) impregnated cat.)
Carbon 71.35(1) 87.43 N.D.
Hydrogen 507 - . 7.15 - N.D.
Nitrogen . 1.44 . 1.17 : 0.88
Sulfur 3.50 0.72 0.57¢2)
Oxygen 7.55 3.72 - N.D.
Ash 10.12 0.249 0.02
API Gravity - 1.18 0.98

60°F
(1) Unless indicated all values are reported as weight percent.

N.D. — not determined. '
(2) As determined in analysis made at M.S.U.

Chemical Analysis

Determination of nitrogen and sulfur content in product oils were made using two

standai'd methods. Sulfur analyses were performed using a Bicd-Brown Shell quartz tube

(o]
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combustion sulfur apparatus [36], whereas nitrogen levels were determined by a Macro-
Kjeldahl method [37]. Both of these procedures yield analyses in terms of weight percent

of tﬁe component being tested for.

Density Measurements

Der_isity measurements of the products from the coﬁtinuous runs were deemed neces-
sary due to the observation that the products had differing specific gravities, enough so
that it was considered to be a factor in the analysis. Chemical aﬁalyses of nitrogen and sul-
fur content are generally reported in weight percent terms, i.e., grams of N,/g sample. In
order to take into account the variable specific grévity, all nitrogen and sulfur contents

reported in this work are those of concentrations generated from:

weight percent I density
100 ]

concentration = :

The determination of density was done using a microsyringe and a highly accurate
Mettler balancé. The prbcedure was as follows: |

1. Draw 10 ﬁl of sample into a microsyringe arid remove any excess from outside of
needle.

2. Weigh syringe andicontents using a Mettler balance and record weight.

3. Remove syringe from balance and caré_fully discharge contents, weigh again, gnd
record weight.

4. From this information éample density can be determined where:

weight of sample

density =
volume drawn
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-Whilé these procedures generate a density measurement with accuracy combarable to

that of a simple pycnometer, + 0.02 g/cm® they also facilitate handling of small or volatile

samples (see Appendix B for propagafiqn of error analysis).

‘Characterization of Fractionated Feed and Product Oils

In order to gain an insight as to whgre nitrogen and sulfur comp_é?ne;nts exist, with
respect to their boiling point, both feed and produc't oils were fractionated into five distil-"
lation cuts, and .these cuts analyzed for tfleir ni_trogén and sulfur'contef;t. By comparing
the daté from the products of runs using catalyst A and E with that of the feed, a determi--
naﬁon could: be made asl to the ‘activi'ty'of the :‘respective éétglyst toward differing nitrogen
aﬁd sulfﬁr species. o

To generaté this data a sainple would be fractic;nated, using an ASTM distillation unif,
intb five cuts:

1. Initial boiling point to 300°F

2. 300°F to 375°F

3. 375°F to 475°F .

4. 475°F to 58.0°.F"

5. 580°F to end (including residue)

Then from each of ._thes.e.cuts hitfogen and sulfﬁr weight percent was /determined, _
in addition to dehsity. | '

Whe_an all the pertinent data was corﬁpiled it waé transformed into a form that would
facﬂitate bofnparisons of the differgnt samples. Samples were compared in terms of gralﬁs

of sulfur or nitrogen, present in a given boilihg range, per cm® of charge, where: .
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-g(NyorS) _ wt% | ASTM Volume fraction | density of fraction
cm?® charge- - 100 | Lo I

Essentially, what this accomplishes is to break the nitrogen or sulfur content of a
sample down into the various boiling point ranges while 'taking into account _thé 'density, -

" volume, and 'weight percent.




Chapter IV
RESULTS AND DISCUSSION

To gauge catalyst pélrformance of impregnatéd and unim'pl"egnated supports towards -
HDN activity, nltrogen concentratlons of product 011s were momtored as a function of
time on the catalyst (see Fxgures 10-17). In addition, HDS activity of ummpregnated sup-
ports based on sulfur concentrathns of the product oils were also momtored as a funcnon
of time on the catalyst (see.Figyres 8 and 9).

It is interesting to note the decrease in activity due to poisoning displayed in the
increase of nitrogén concentrations over time, on both the impregnated and unimpregnated
supports, Figures 10-17, while the product sulfur concentrzition, Fjgures 8 and 9, shows
littlé, if any, increase over the length of the runs.

ITo illustrate the ‘nature of cafa‘lytic performance of the various impregnated and
unimpregnated éupports (see Appendix A), in particular with respect to a support’s cumu-
lative surface area attained at a given pore diameter, parameters indicat’iﬁg the degree of
HDS and HDN were employeéd. -

HDN -péfformance of the unimpregnated supports was ranked in termsv of a percent
Qenit'rog'enation where:

Wt % Ny i =Wt % Ny s

DN = X 100
% " Wt%NZ"ln 0

with:
% DN — percent denitrogenation [=] dimensionless
wt % Noin — weight percent of nitrogen in the feed [=] g/g

wt % N2-ou — average of nitrogen weight percents, for a given catalyst, over the
- entire run [=] g/g
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Figure 8. Product Sulfur Concentration as a Function of Time on Impregnated Catalysts.
The error bars show the determined limit of error in the concentration measure-
ments. The limit of error in time is less than the size of the point.
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Figure 9. Product Sulfur Concentration as a Function of Time on Impregnated Catalysts.
The error bars show the determined limit of error in the concentration of meas-
urements. The limit of error in time is less than the size of the point.

























































































































