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Figure 2.1 Typical naphtha hydrotreater



A hydrogen-rich gas (usually above 708 Hp) joins the feed.
This mixture is then heated and, in almost all cases , totally
vaporized. The feed-hydrogen mixture then passes over a fixed
catalyst bed at conditions which depend on the feedstock properties
In the most common light

hydrocarbon application ' +  hydrotreating ( naphtha

e
ﬂﬂm ajm etreatment of
cracked napthas or gasolines would be similar with one exception.
Hydrogen consumption for cracked stocks would be much higher and would

depend heavily on the olefin content of the charge.



Product stream to bo.ufed fc ca w_r.:-ﬁ.-:_h orming

00 BCT

= PUNN

: ‘\ (858 Hy purity)
dbia
450600 °F average catalyst bed temperature

i : Jﬂ r
Yiald: .Mf?. Y
el < o

]

&

% = - :
HpS, wt T3 01-0.07
C1-Cp, Wwtd o £
C3—C4, wtd _ "
: il
Cg+, vol% 99.5-100%¢

TN IWENS
E‘*ﬁmﬂnm P VEREE

Olefin, vol% <0.5
Oxygen, ppm <5
API Same as feed
Distillation Same as feed

Hydrocarbon analysis Essentially same as feed




10

2.1 REACTION

A summary of the most important classes of reactions occurring
in the hydrodesulfurization process is given here, to be followed in
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R-CH=CH-R' + Hp ——> R-CHy-CHy-R'

These C-N and C-0 bond cleavages are much more difficult to acheive
than the C-S bond cleavage. Consequently, denitrogenation and
deoxygenation occur to a much lesser extent than does desulfurization.



Fortunately, nitrogen and oxygen usually are not significant problems
in virgin napthas, although in cracked stocks or in synthetic napthas
(such as those from coal or shale) concentrations of nitrogen and

oxygen can be quite high \\U’ 2,2-2 ). In such cases, very severe

hydrotreating conditi o reduce the concentrations to
—J.

a level acceptable reforming owtim{d ppm) .

. tién is sffected simply by the addition

e ( a molecule with

Finally, ol
of hydrogen to an w
one or more carbo 2 a saturated product.

T8 li m ‘orm R-CHp-CHp-R. The olefin
1.- proceeds relatively easily.

For example, R—CH
saturation reaction i
Straight-chain £o hydrogenate while branched
o difficult. Aromatic rings are

f}r drotreating conditions.

and cyclic diolefins are Bpwenhat
not hydrogenated

As with ni _.'-V‘}. lefifis are not found to any

)

great extent in v g:i.n naphthas, but COTICE]
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ations can get as high as



Table 2.2 Ranges of conditions used for various types of light oil
hydrotreating

111
General f -.Lﬁ_,_. Synthetic or
type a2 and cracked blends of virgin
and synthetic
Severity te Severe
Feedstock Sulfur 500-8000
Feedstock Ni 500-6000
Feedstock Oxygen, p 100-5000
Feedstock Olefin, m,' <1b-45¢
Space velocity 4 " 4.0-6.0 8-20
Total pressure, finz gauge zm-«m 400-700 800-1500
oot cLR ) LTI
50—150 150—4{:0” 500-1000
TSR 1917 1712075
gas, ‘mol% 71)—19;] w E'Im’:]gu E] 70-90
Gas rate, SCF/bbl 200-400 400-1000 1000-6000
Average temperature, °F 450-600 550-680 650-730
Cycle life,months 6-24 6-18 3-12

4 Por example :Naphthas from coal or shale oil
b For naphtha from coal. € For naphtha from shale oil
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2.2 CATALYSTS

The catalysts applied in hydrodesulfurization have evolved
from those developed in prewar for hydrogenation of coal and
coal-derived liquids.

of Co and Mo, and & surfaces élhr sulfided in operation.

Catalysts of this

which is a jargon teu may contain as much as

10 to 20 percent o related compositions have

been applied nd W instead of Co and Mo.
Cobalt- molybdenun widely used throughout the
industry for naphtia Hydrotrestifidss Heugh nickel-molybdenum (NiMo)

or nickel-cobalt-molybderis {,} satalysts are often chosen when

feedstock ni J‘.;.-jw_ ,Tf , nickel-tungsten (NiW)

catalysts are . dered.
Z;ii%@*"wm%iﬂ mnas

Wﬁitﬂﬁm are mlilly either in the form
of 51:% snma catalyst

marufacturers are reporting advantages for shaped extrudates. Some

c@l?sts have not, however,

typical ranges of catalyst properties are shown in Table 2.3.
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Table 2.3 Typical range of hydrotreating catalyst properties

Nominal catalyst diz : 1/8 to 1/20
~1/4
D/ : 30 to 50
el 200 to 300
| 0to 6
0 to 6
5 to 15
2.3 PROCESS CONSIDERZ
s.afartﬁt in f%orsindatarmﬁnhgtha
operating cm:d:. needed f a given hydrotreater are the

soodstock MWH@HM%ﬁ- These tuo

factors sat the general severity that isgrequired in the
rydrotiating) [bierhtioh b [4186bwh | obnbd [donkihrations (such a3
catalyst type, heater limitation, or the amount, pressure, and purity
of the hydrogen available) will have a bearing on the actual
conditions that are used. The major processing considerations are now
discussed.
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Feedstock Properties

As the concentrations of sulfur, nitrogen, oxygen, and / or

olefins increase, more treating conditions will be needed

to bring the concen : ‘s a given level. The rate of
hydrodesul furizat iomiEENtns sulfur compounds follows
; —

first-order Kinetiesy"Howsver | when  Dresent in combinations , the

' ap : pparent reaction order of up
to 1.6. There afe ifrgh/ fervs, \\i\‘ ies of light hydrocarbon
feedstocks that an e/ Wirgireates h irgin, (2) cracked (e.g.
or shale liquids). The
virgin stocks are mild,

coker naphtha), &
conditions typica
whereas treating cracked’/féed (or Blénds of cracked and virgin feeds)
requires more fvam #—— ons. “Hydrotreating synthetic stocks
represents the|#ost—severe type O r::j‘-u . Table 2.2 presents
typical ranges oflj condi hﬁrotraating cases. Case I
is mild hydrotredting of a naphtha, Case II represents

relatively %E,LQ&LEJDV] §eﬂ fof Midoah naphtnas , case 111

is the savara pretreating® of shalemil or coal maphtha or blend of

those fobls Wi Bbicl bl | dhVbikhe | B st o cnmes

that the product is to be charged to a reformer. This means that

the product sulfur and nitrogen levels must be reduced to below 1 and
0.5 ppm, respectively, and the olefin content must be less than
0.5 volsg.

019386
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Space Velocity

When holding all other conditions constant, increasing space
velocity will «cause product sulfur ( and/or other contaminant

concentrations) to increase. fect can in some cases be offset

by increasing ei : ' ature and/or the hydrogen
. - -,-J

partial pressure. T o2 sShows —mi-ﬂ space velocity ranges for

the various In mild operations, space
velocities range fueh o) \ n as h gh as 15 hrl, In more

severe operations Y between about 3 and

- gBPAace .
6 hrl, and in sif s

vary between 0.8 and

velocities typically

g —— \
Incraas" . ‘- the rate of

desulfurization, ‘_ﬂJ ‘trcganatim, olefin ﬂ ation, and deoxygenation,
if all o have shown that
desulfuriza Lﬂm m&:l: h'_'eﬂrogan partial
pr ﬁ It should be

aﬂsﬁm ‘1@ pressure can ba alterad by changing

total pressure, (2) gas circulation rate, or (3) the hydrogen
purity of the circulating gas. Typical ranges of these variables are
presented in Table 2.2.
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Temperature

Higher temeratures increase the rates of desulfurization
and other desired reactions which remove contaminants. In the
design of hydrotreaters, the intial (start-of-cycle) temperature is

are normally kept
of about 800 °F. Above
deposition become too

between 500 and

800 °F, hydrocra

prominent for economd

Catalyst Aging- - Cvzg Life
Y
The majur ) : INg n%tha hydrotreater cycle

lives and catalysty Aging rates gis the feedstock character. If

the mmeaﬂ UHINENITHYIDT = comemenisic

other heavy ¢contaminapts which capm deposit on the

cata ma&m:mum el Crolebbvaly

prassmra drop problems could force an early unit shutdown. These
contaminants are usually a problem only when treating synthetic
feeds or high concentrations of cracked stocks.

In general, catalyst aging due to coke laydown increases with

increasing temperature or with decreasing hydrogen partial pressure.
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When hydrotreating a virgin naphtha, catalyst aging due to coke
laydown generally occurs very slowly and, in fact, does .ot usually
determine cycle life. Most commercial hydrotreaters that are in mild
naphtha pretreating service are shut down when it is convenient and
often for some purposes other than needed catalyst regeneration,

such as general cleaning or a refinery turnaround.

Catalyst regenerations times as a matter of
ifferent types of light oil

hydrotreating are pice

2.4 LITERATURE SURVEY.AROUT i7 1*5';‘?::-: JRIZATION OF LIGHT OIL

hydrodesulfurization of

hydrocarbon oil by £ aly ground metal which can

react with HyS in -
A . ;

passing the mi - over-a & “hydrogenation catalyst. Thus,

i

Luxmass(Fe(OH)3, "-;r-.:':.--: ------------- ", , was mixed with oil
.ﬂz diesel index 29 and

furized, adding Hp and

( density = 0.901, 8.1 wt®
boiling point > 248 suspension along with Hy (49 ft3 Hy /ton

o prouce) (b UV S VDS ctriie

Mo Esandbmmltagz.ﬂ%atﬂma:aof 5.06/kg/1l/hr, 375 °C
mﬁmmmumwmaﬂ
ﬂaumalnhmmtamrp (1960) reported that a porous Aly03
catalyst was prepared by spray-drying an agqueous Al hydrate to
obtain microspherical particles, adding a catalytically active
promoter, drying the impregnated catalyst with a hot gas and
extruding it. Thus, 1500 1lb. of the dried Al903 hydrate
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particles containing 10-15 % free Hy0 prepared by atomizing the
aqueous slurry containing 6% Al,03 hydrate at 900-1000 1b./ sq.
in. and 1000-1100 °F was added to 527 gal. of Hy0. The mixture
was heated to 180 °F and agitated with 175 1b. of MoO3 stirred
in 15-20 gal. Hp0. Then 107 1b. CoCO3 stirred with 15-20 gal.H50

obtained W al Hy0 and 5-10% free H,0 for 10-20

mimute at 60-80 5 increased to about 33%
by weight free was pelleted in an

extrusion mill, pFediis : 250 OF screened to remove fines,

J"l dd
bulk density of 47 ] 258 of 15 1b. crushing per 1/8
JIJ-'“"

and calcined at 1000890 'give Mpellets. The latter had a
Wrdor Y

, +"‘J”’ )
in. length and contaz uu’-’,_. : nd MoO3. When a fluid cycle
oil of 25.9 API gravity  contaiming 1.8% sulfur and 0.03% N, and

having a bro ' no. of 1 was brow At/ into contact with the
' '

catalyst at 700 . ., 500 f51 . hourly space velocity

of 2, a product mg an API grmtyn 29.2, 0.08% by weight S,

B “ﬂwmmmwmm

. Northcott, and Ermst C. Housam (1960} reported that

m@ﬁﬂﬁﬁﬁ%ﬁﬁ%ﬁ%ﬁ optained by

rpotation of 2.5-3.0% fluorine in the Co-Mo catalyst and

operation at 810 9F, using the equilibrium-pressure method. For
example, Kuwait gas oil, boiling point 248-358 °F, sp.gr. 0.844 ,
containing 1.29 %sulfur was autorefined over a catalyst containing
17.6 % MoO3, 2.7 $CcO , and 0.25 % fluorine, and supported on
Al503. At 810 °F, an equilibrium pressure starting at 100 psig
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and space velocity of 4 wvols./vol./hr., the organic 8 content of
the product after various periods of operation was :10 hrs., 0.04%;
50 hrs., 0.09%; and 100 hrs., 0.23%. Under similar conditions, but
with a temperature of 780 °F, the organic S content of the product
was 0.17% after 5 hrs. and 0.27% after 25 hrs. The use of

David K. Beavon {196 H-Bﬂécut hydrodesulfurization of
petroleum h?dromy Ein H&amc—mntauﬁng catalyst.
Hydrocarbon fractigné #/sié ds \Gatalybically or thermally cracked
naphtha, kerosine, 4 ool distillate are brought into

contact at 500-8004F, a in the presence of Hy
pre L treatment of straight-run
naphthas. The catalys§ has'a’ § it Gontaining at least 0.01%8 by
wt As. Thus, a mixture 'j *_vol heavy, catalytically cracked

jagoline was processed in

one case over thé use : ‘“' case over the fresh

catalyst at 555 OBEED psig, space velmt}ﬂﬂtfhﬂﬂt} 4.66, with a
%jﬁ ? t contained Co 2.0,
S 7oA ()X 11201 e P
Mo 5,68 % arywith the
Mmmm mtalﬁ Br.no. of the

treated fluids are 35 and 43, S content 0.42 and 0.45% by wt. and
basic N 213 and 233 ppm, respectively.

Jame E. McEvoy(1961) reported that a Co0-MoO3.Alp03 catalyst
having a higher surface and lower bulk density was prepared by using
a mixture of &{-Al5043.Hp0 and S5-Al703.3H70 as support material.



Thus, a catalyst comprising Co0 3%, MoO3 15%, Aly03 82% and Nay0
0.02% and having a surface area of 308 in?/g and a bulk density of
0.7, desulfurized and reduced the nitrogen content of a naphtha
charge stock by hydrotreating for 300 hours at 750 ©°F and 555 psig,
at a space rate 3 vols. liquid to 1 vol. catalyst per hour and H, :

oil ratio of 3. U//
Lawrence B.fi &lmﬂaﬂ that kerosine was
8511 rIZod | -... sating it in the presence of a

460 OF, was hyde®treaté i, 420 psig, and a space velocity

boiling point 320-

alumina catalyst (I)

containing 4% Coo an 5‘# 047 hydrogen from a subsequent

hydrodesul furizationfstép was: cireulated &t 320 standard cu.ft./bbl.
of charge. After gaillciR R M. wos stesm stripped and
washed succesively MW line mets and water. The
Ereated Raronidl ‘ sulfur and 0.001-
0.002% by weight' e_j']]:mal of 99% and 988,
respectively. The th.a from 1pper overhead was mixed with
mmm-rﬁ%m PHIETP- TP —
is h?dr taminated at 700 OF, 470 psig, and agpace velocity of

s voi o) Y 10 N e et ¥ 2| b hhatdo =

from a subsequent reforming step was circulated at 200 standard
cu.ft./bbl.of charge. The treated stock ( S<20 and N<1 ppm.) was
reformed at 9309F., 550 psig, and a space velocity of 2 vols./vol./hr.
in the presence of a catalyst containing 0.35% Pt and 0.71% by wt. Cl.
The hydrogen:naptha mole ratio was 6. Excess hydrogen—containing gas
was delivered to the hydrodesulfurization step. The circulation of



hydrogen in the kerosine stablization step was 25-40% of the amount
usually used.

L.N. Osipov, E.S. Semenova and S.P.Rogov (1963) reported that
the relative efficiencies of hydrofining catalysts were determined
by comparing the activity of an unknown catalyst with that of

a concentrated Al-Co-Mo catalyst containing 12.6% MoO3 and 5.6% CoO
w2/ average pore radius of 41 A.
9 fraction of 1.10% S straight-run
Romanshkino crude. Runs™ #ore arried out in a laboratory hydrofining
| 1, flow rate 500 1/1 of

feedstock and at feedsfofk rate .0 and 6.0 vols./vol./hr.

an (1963) studied about the
hydrodesulfurization cdtalyst _4_' Process. Catalyst extrusions were
described, which were highty aetive in the hydrodesulfurization of

regeneration withi |i sions were easier to

make and had a lamr density
MoO3 were t to form a damp,
solid mmﬂram nTiEl in a controlled

mm Lmﬁ:m -p The amount of
acid used jliyi of 't product. The

extruded mixture was dried at 1000 °F to evaporate the moisture,

catalyst tm:lats Al,03 hydrate and

decompose the Co and Mo salts, partially dehydrate the Al;03, and
convert the catalyst into hard pellets having great physical strength
and capable of withstanding repeated regeneration. The acid could be

added simultaneously with incorporation of the Co and Mo compound



compounds and needed not be highly concentratzd. These catalysts have
an increased activity, especially in desulfurization. To prevent
"deadburned" Al,03, the calcination temperature should be 600-1000 °F.
The color of the catalyst could be improved by adding a small amount
of Al stearate of other fatty acid salt or other C-containing material.
The amount of

ntaining compotmds dn the catalyst could vary over
a wide range, but it yas léava >=1 atom C/mol of Co

from 1:5 to 1:1. The

ible to Co0O upon
and Mo (as MoO3) 2-20%

of the catalyst f Tufls/10! ydrated Bl,03 (27 $ Hy0, equal
proportions of o S o dtch, and 9 1b. MoO3 were
dry-mulled for of an aqueous
solution of Co(NO3), - taining 1.8 1lb Co0, was
addadmﬂtmmnmam%g@! t 10 min. Next, 2.5 1b HNO3

Water (approx. 43 jal) ve ﬁ extrudable paste which
wasaxtnﬂadthm@alfams ess steel die. The extrudates

e sl U FIIRTN AR T v, a5

at 950 OF. THe catalyst was sulfided by heating at 700 °F for 2 hrs.
in m%ﬁﬂhﬂa& 253 Blbg| ded dudh] contdifing 1400 pom s vas
hydrode uruadaverabedofﬂuscatalystat?uﬂos'mthaprem
of Hp at a rate of 1500 ftafbbl., 300 psig, and a liquid hourly
space velocity of 3. The catalyst reduced the S content of the oil to
150 ppm.

Shell International Research Maatschappij N.V.(1964) reported
that hydrocarbon oils containing cyclic and(or) acyclic S compounds
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were treated with steam at 350-450 °C and above 15 atm. in the
presence of a catalyst which contained a sulfide of a metal of Group
VIA and FeS, NiS, or CoS and was supported by Alp03. Hp had to be
absent. For example, 1 1 CgHg contaminated with 10% by wt thiophene
and containing 4.5 % S was treated with 1 kg. Hyp at 20 atm and 400 °C

_ Jr.(1971) studied the
2-stage desulfurizftigh hyfirodes £ izakion, of a hydrocarbon oil,
boiling point above£00f°F. The 'rapidly\deactivated, S-resistant 1st

support con
apurevnlmeafﬂﬁm!grarﬂa fa::a area in 30-70 A pores of

S (IR eI T —

and 18 hr re&mratlon with a Hy str mntauum b% HpS. During 9

ereia) Wﬂrﬁi‘%ﬂmiﬂ%@cﬂﬂ% g simitarty,

WO3-Ni0 catal‘jrst was used.
Hatano Takanori, Okagami Akio, Matsucka Seiichi(1974) reported

ﬁu.rfaca area of 266 m2/g,

that in hydrodesulfurization of petroleum hydrocarbons containing S
compounds., the petroleum hydrocarbons and H; or a Hp—containing gas
were passed simultanecusly through a hydrodesulfurization zone packed
with a solid hydrodesulfurization catalyst to convert the S compounds
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to HpS in the presence of Hp,and with an adsorbent (different from the
hydrodesulfurization catalyst) for adsorbing the S compounds and HpS
formed. Thus, spherical 7 -Aly03 (1.5-2.0 mm) were soaked in an
agueous solution containing Co(NO3), and (NH4)gMoj0p4, dried, calcined
at 500 OC in air for 4 hr to yield a catalyst containing Co 1.61 wt%

and Mo 3.64 wt%,ttmnr"/ HzartaﬂD"Cforzhr sulfided

with a kerosine , mixed with an adsorbent

(containing Zn0O wmﬂm

w:zuu vol ratio, and packed
in a fixed-bed yas| okl (boi : ’

0.8261, total S 1200 ppn) Af & flix was passed through the reactor
| 360 1.Hy/1. oil. The

s ‘ catalysts with increased
activity in hydrodes f‘-‘- pcarbon oils, containing less
than 30 % MoO3, were ing boehmite with agqueous
ammonium molybdate, mulling the pain ufe with aqueous Co salt,

Bpfevent the formation of

and calcining at

| ' - Al
large cobalt moly te -::rystallitas us; 230 g boehmite (Hp0

1211 11191 ol
== ’ﬂ‘?ﬁﬁﬂ‘i@‘ﬁ%ﬂ"ﬁ’mﬂ“ e

and calrined 2 hr at 1200 to give a catal 26.2% MoOg
and 8.8% Co0, surface area 198 m?/g. In desulfurization of light
diesel oil containing 0.65% S at 700 ©F, 700 psig and liquid space
velocity 5/hr, this catalyst had relative activity 139, compared with
100 for a catalyst containing 15.9% MoO3 and 6.0 % CoO with surface

area 313 mz,’g.
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Yu Albert P., Myers Edward C. (1979) reported that cracked
naptha was catalytically hydrodesulfurized, with minimum saturation
of olefins. A catalyst containing 4 wt % CoO and 5 wt% MoO3 on Mg0
support was presulfided and used to hydrodesulfurize cracked naphtha
at 450-750 °F, 75-600 psig, Hp to feedstock ratio 200-500 ft3/bbl
-1, The desulfurization level was

and liquid space velocity 0.

91.5 wt% after 408 hr, hr for high-metal catalyst,

i.e., 3 wt% Co0 and

-

2R

nu; ol

al -\\ sulfur is present largely in
L= \'i t with Hy to form hydrogen

4 .

. -¢~
thiophenes. Mercaptéing'and / 'sulfig
sulfide and h;drocarbdns —"i'*'-‘f-‘-'*"'

..:f*‘ !

|

T‘T_'g

iy

—> RW+ HyS
ﬂuaﬁwﬂﬂﬁwﬁnﬂﬁ
RSR'+ Hp  -£> FRH + R
AT EAT B
where qud R' are various hydrocarbon groups.

The order of reactivity is roughly RSH > RSSR' > RSR' >
thiophenes. Reactivity decreases with increased molecular size and
varies depending upon whether R is a aliphatic or aromatic group.
Thiophenic compounds are the least reactive sulfur compounds in
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petroleum, and being the simplest and most easily obtained compound in
this class, thiophene itself, has frequently been chosen for study,
being regarded as a model reactant. Thiophene hydrodesulfurization

was examined in a series i es by Amberg and coworker
The catalysts were 203 (1.3 % Co and 6.1 % Mo)
chromia, and Kinetic data were
obtained rom a steady-state flow
reactor operated Reaction products
were included ification of reaction
inhibitors and Some conversion and

collected in Tables 2/4 and 2.5, -

- 1 __‘ o ] “

:in

T
AU INENTNEINS
PRIANTUAMINYAE



Table 2.4 Catalyst activities in thiophene hydrodesulfurization

Apparent reaction

rate,2:P mol/m? s
0.9
MoSy + 1 % Uo 0.5

MoS, from . |
400 ¢ 11.0
700 ©C 1.6
800 ¢ 1.5
Co-Mo/Al,03 1.6
Cry03 2.0
3 Rate | of Teaction varied significaitly between fractional

conversions of _|] \@ms were average rates

between these two cenversi

mmmwm flow reactor at

288 ©c. Partlal pressures fof thiophene were 1.00 and

o2 RT3 50 NN BILIAE Bt . s

3 x 107 mafs. The amount of catalyst was varied to give a surface

area of 2 to 5 m® for each.

Source: Reproduced with permission from Canadian Journal of
Chemistry. Copyright by the National Research Council of Canada.
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Table 2.5 Product distribution in thiophene hydrodesulfurization

Products from a steady-state flow reactor at 0.5% conversion

of thiophene.

4 hydrocarbon product

Catalyst ///"\ 2-Butene Butane
MoS, 5 19.2 8.8
MoSy + 1% Co 4 Gﬁ‘{; 3 | 17.4 4.7
MoSy from MoSj, A _ﬂ
heated to: __ /3

400 ¢ P 23.5 12.7

700 °c 36.5 9.5
Co-Mo/A1,03 47.5 19 8 24.3 6.2
o f120)) mmIRLINT -

’Qﬁqﬂﬂﬂ‘im AN Y

Reproduced With permission from Canadian Journal
of Chemistry. Copyright by the National Research Council of Canada.

Owens and Amberg (1961) also used the microreactor containing
chromia catalyst to determine the conversions of the individual
compounds listed in Table 2-6. The data of Tables 2-5 and 2-6 lead



to the reaction network suggested in Fig.2-2 for thiophene
hydrodesulfurization catalysts by chromia and by Go—!hﬂlﬁ,

Table 2.6 Product distribution in reactions catalyzed by chromia

trans- cis-2-Butene+
Reactant 2-Butene butadiene
Thiophene ; 8.6, 30% 27.4 33.9
1,3-Butadiene O 220 s 36.7 38.2P
1-Butene 0_ZI819% 2. 26.6 22.4
trans-2-Butenef> 0.0 1.9 22.3 5 52.4 23.5
cis-2-Butene | ~D.C P 37.6 39.2
Isobutene 2.0 0.0 98.0 0.0 0.0
- L7
moatane (3] ) 215 VR0 3 Y48) ) 1) Fo-0 0.0
u] |
n—But;emsdv o 20 48, 32
aki; 1 9S4 Q8 f el
"X-2 B - L

qatnbaabsmtumiaommirasahﬁent.
b putadiene present.
€ Value possibly high.
d Gas-phase equilibrium attained.
Source: Reproduced with permission from Advances in Chemistry
Series. Copyright by the American Chemical Society.
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Figure 2.2 Thiophene -- Ation reaction network. Numbers
in parenﬂxasas "gre : mMol)/gs] with chromia
catalyst at 415 & ,; 887 Co-Mo/Aly0; catalyst

at 400 ©c. Adcances in Chemistry

v m&mﬂmﬁm 1oy

rather than hydrogenation of the C=C bond, was supported by further
data of Desikan and Amberg (1964). Their results showed that
hydrogenating compounds with the C-S bonds intact(tetrahydrothiophene)
gave products in hydrodesulfurization different from those observed
for thicphene.
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Amberg and coworkers also observed that HyS inhibited
hydrodesulfurization reaction of thiophene and hydrogenation of butene
but had little effect on cis-trans isomerization, double-bond shift,
or butadiene conversion to butenes. These result led them to
of sites were operative in
i this point later.

Though quanti i ' ization kinetics,
'Nn pressure and including

3:111 generally lacking,
a partial determinatier ics of t *\.\: e hydrodesulfurization
in the absence “6f 4influence” has been reported by

suggest that more than

Satterfield and ‘ Co-Mo/Al,03 catalyst
containing about 3% €o #nd /7% Mo AReaction-rate data were determined
a. low conversions attained i sady-state recirculation—flow
reactor. Prassl.}:j ual ightly ‘a pheric, temperature was 235
to 265 OC, and fE=dS contained var nErations of thiophene and
HpS; hydrogen paﬂial pressure was varied aly insignificantly. The

reaction network

@LU&L’J mmmamim M

rHDS = ':1]
(1+KyPp+Ky, gPy, g) 2
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k'PgPy
Thyd = (2)
(14K gPg#K' 1, 5Py )

102 x 101 x

Temp. , K:ﬂr K.Hls.r
o¢c atm!l  atml
235 9.8 9.1
251 1.2 1.9
265 ~0 1.3

mﬁw S B 8 s 1 iy

astabl:.shaﬂ the data, several clearly important qualitative results
o S0 S STHNIBAL T BN By e smies
both h?ﬂrogmnlysls and hydrogenation reactions; (2) significant
amount of reactant thiophene and butene are adsorbed on the catalyst
surface in competition with HyS; (3) less clear, but more important,
is the conclusion that the hydrogenolysis and hydrogenation reactions
proceed on separate catalytic sites, consistent with the results of
Amberg mentioned previously.



Hydrodesulfurization catalysts with cobalt molybdates are
commercially produced in their oxidic form. Structurally, the
hydrodesulfurization catalyst may be defined as a porous Y -Al504
support which carries molybderum oxide as a bound monolayer. Cobalt
promoter ions are deposited onto the surface of the molybdenum alumina

structure. The most active fo catalysts is with the metals
in the sulfided form. ‘ cou:peting reactions between
reduction and sulfi

De Beer, e a model in which the
monolayer oxide pra _ apart during sulfiding
to form discrete Mg ST s ha 3 robebly . Raman spectroscopy
has been applied to dnyésfigats s fided catalyst by Brown(1977).
Molecular MoS; structiire s after) sulfiding with a mixture
of HpS/Hy but no evide ok fides such as CogSg was

obtained. From el Stevens and Edmonds (1979)

have found .u-n:h on th ';?::f’“d\ 4 catalysts contain the
same sulfided stat"'I of Mo arx 'H components do, and
that in particular a Hu state rase:;blmg Mo*"-8 in MoSy is common to

s o AR st o s

Mo-Al catalars in which tha‘ major raactmn at m@prate sulfiding
W@“W FEPERBEH4 o $144) ) som 1000 o
n at higher temperatures. From careful measurement of

surface area for both oxidic and sulfided catalysts, Massoth (1977)
suggested that a monolayer of Mo on alumina remained after sulfiding.
In such ways the activated Mo-state varies between
investigations. These disagreements may come from differences in

catalysts or presulfiding techniques. However, generally the amount
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of sulfur required for activation of the HDS catalysts must be
calculated from the following formulas: MoSp; and CogSg.

ref : v
o ah}

Experiments have shown for both NiMo and CoMo that under
hydrogen catalyst activity is not affected when the temperature is
kept below 200 °C. Pressure should be held at the atmospheric level

during drying in order to release water at a low temperature. High
catalyst bed inlet temperature might cause damage of the catalyst

183N AG L



because of rapid evaporation and an exothermic reaction due to
generation of adsorption heat when steam condenses in the lower (still
cold) part of the catalyst bed. Therefore, when drying is started,
temperature should be kept at 120 °C until water released in the
separator levels off (0.1 wt%/hr). Finally the catalyst can be dried

in presulfiding:

This methdd, 0 yery often and is most

Y

popular in Japan. l
feedstock. Tupreva‘ptreduction, t:mpra@ml iding can only be applied

mmsfunyﬁﬁuoﬂ Wﬂ:ﬁ‘j Wﬂ ’ﬂaﬁithls technique will

take a long fiime before sulfiding has been muplatad

Qﬂﬁﬁﬁﬂﬁﬁuuﬁﬂﬂmﬂﬂ

IThis presilfiding is carried out in gas phase. Conversion

5" sulfur from the normal

of the metal oxide into sulfides is done by H;S from the treat-gas
(3-10 vol%$ HpS). In commercial practice this method is a common
practice in laboratory experiments.

3. Spiked feedstock

This method, in wet process, is applied in Europe and
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increasingly in the U.S. BSulfiding is mainly done by the sulfur of
the spiking agent(about 1 wt%® S on feedstock). A spiking agent is
chosen which decomposes at low temperatures.

The following are details of these techniques.

substantial sulfuf ads n by the | catalyst. Up to 508 of the
sulfiding of the metal
This amount of adsorbed

for good wetting of the

After s@aking has beensgompleted at 150°C, the temperature

st be inchoba £ dethichd 1 Witk Mokl im0 5. poe
RS R

may be from 12 to 25 ©C/hr until 300 °C is reached. Thereafter,

temperature increase was lowered to 7° to 12 OC/hr until 350 °C is
reached.



2.5, ith

The most widely used procedure involves contacting the
catalyst with a gaseous mixture of hydrogen and HyS at elevated

temperatures. appears to give a more active
catalyst, apparently 2 : Group VIB metal sulfide
component in an optimum valencelstaté. However, the use of hydrogen

in such a process presgnfs Certain prob . At elevated temperatures,
above about 260 OCfudidh/ are no 1y required to complete the
sulfiding) ge ; ca tends to reduce some of

the active mets g /'t ' b Metals, resulting in agglomeration,
particularly with” rgépdes B Wien 2 nixed gas stream of
Hy/H,S is passed . dadp. b
is initially chemisorbed or - BB vith the wper layers of the
46 bed substantially free

of catalyst, all of the HpS8

catalyst bed,

of HpS. It is &l "Sulfide the entire bed of

catalyst at a ralamvely low temperature, then gradually raise
difficulty with

exothermic, and

mmmm N Eﬂ;ii

activity.
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The process is the same as the presulfiding with
nonspiked feedstock but sp ing agents are added to the feedstock.
Spiking agents are s | --
HpS at a much lowerteliperature Hfithe sulfur compounds present in
normal feedstocks. v gents
their temperature«*6f #Hafoifgos . and P ice per kilogram sulfur
produced. All ageffts
maximum performanc

Table 2.8

Compound ¢ a °C.o S, wts S/kgs
- AUYINUNINYIAT

Carbon du%!l_fm ¢ 175 84.2 s  0.52

pinstritaidiiaa 73 1 Wl’l’] NHAAY o

n—&:tylmarcaptan 34.7 5.18

Dimethylsulfide 250 51.1 2.94

TNPS 160 37.7 6.25




In the past, carbon disulfide (CSp) has been applied as a
spiking agent. However recently it is seldom used because of
environmental restrictions. Hercaptam such as butanethiol ,
successful alternatives b ‘ /:x.‘u:x has prompted search for
other alternatives. \\

Nowadays ; g |agents.. ;-i- as dimethylsulfide (DMS)

3 thﬁ?‘:"a fully TMY can be
delivered in steeldfOoris gt s ::\\;\\

temperature. The laWe = ;1-:- "‘A\ \ temperature, the better.
He \ se of DMDS, a presulfiding
temperature of 250 °CFis;enough; r DMS about 275 ©C is necessary

and dimethyldis

Commercial experiences hat i
before adequate reactiGn '’ takeShiPlace. No noticeable activity
difference, howaver, has been found I8 comnorcial operation between
scale spiking with

ditertiary nonyl pu%ysulf:.de {THPSUrocmcee comparative activity with

“‘”“PMﬂUU’WIEmﬁWEI\']ﬂ‘E
’Wﬁﬂﬂﬂ‘im AN Y

IMS and DMDS
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