CHAPTER II
LITERATURE REVIEWS
2.1 Hydrodesulfurization Reaction [6, 7]
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Hydrodesulfuri
sulfur compounds an
major products. rocess is used for
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elemental sWlfur. These fompounds were removed 98.0 %,
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sulfurization process. Mamaeva, et al. [9] improved the
quality of diesel fuel by hydrodesulfurization of thiophene
in diesel fraction. They suggested thét the additions of
olefin improved its hydrodesulfurization activity.

Many types of sulfur compounds are presented in pe-

troleum feedstocks. Examples of these sulfur compounds are
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shown in Table 2.1. It is necessary to reduce the sulfur
content of petroluem fractions for a variety of reasons;

(1) The maximum acceptable sulfur content in the feed to a
catalytic reformer is determined by the nature of the cata-
lyst. Bimetallic reforming catalysts are especially sensi-

tive, and the sulfur content must be limited to the vicinity
of 1 ppm or less. ; J”u ion control standards
require removal of @80 percents or more of

S mm—
the sulfur otherw1
of the sulfur i

_‘—
deposited in t

ous fuel oils. (3) Much

alytic cracker may be

r content of which
is converted to generator and emit-
ted to the atmos Fin : ‘ gases. To limit air
pollution from th qe:'r ir content of the gas oil
he catalytic cracking
unit. (4) The orgaqgé@%ﬁ@%@ij{ﬂ‘~t of feed to a hydrocrac-
kKer must be reduced t VO “‘;*'“"J-f“" the hydrocracking
catalyst. (5) :E“’%;*‘“ﬂ "‘ent reduces corrosion
during refining %pd handing and improves the odor of the
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A s mmary of the‘most 1mportant clas e of reactions
occualmmmm;m'a BB e,
d951re reactions are hvdrogenolysis resulting in cleavage
of a C-S bond; e.qg.,

R-SH + H2 —— RH + HZS (1)
Under industrial reaction conditions, hvdrogenolysis

reactions resulting in breaking of C-C bonds also occur,

2.g.,the hvdrocracking reaction.



TABLE 2.1 Examples of Sulfur-Containing Hydrocarbons in
Petroleum Crude o0il

Name Structure Typical Reaction
Thiols (mercaptans) R-S R-SH + Hz———a RH + HZS
Disulfides / 8-R" + 3H, ~—— RH # R'H

+ 2HZS
Sulfides N R + 2H, —— RH + R’ H
+ st
Thiophenes + 4H2 —_ n-C4H10
| : + HZS
: , :\'é_" V
Benzothiophenes E ‘i + 2H, — CH3CH2-©
, f?b“¢y?:
B + H,S

_ e
Dibenzothiophen@ ‘/."/ ‘ + 2H, __,‘—.
ﬂﬁﬂ?'ﬂﬂ'ﬂﬁﬂﬂqﬂ'ﬁ o
quaﬁﬂimﬂﬂqqﬂﬂqﬁﬂ
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RCH2CH2R + H2 ————p RCH3 + R CH3 {ii)

Hydrogenation of unsaturated compounds also occurs
during hydrodesulfurization, and the reaction rates are

sinificant compared with those of hvdrodesulfurization;

+ - (— (iii)
The last three / ; reactions take on economic

importance in the ing expensive hyvdrogen

. " —— “
without remov1ngy
' Thermaldyﬂﬁ?”’f _ _““ lso take place at

relatively high

e.g.,

molecular-weight

reduction.
The hydr {24 tions are virtually
irreversible at tefpératl ﬁ}f sures ordinarily ap-

plied, roughly 30 o 200 atm. The reac-
tions are exothermic @;ﬁﬁf_”lif?:{,reaction'of the order of
roughly 50 to 100
Btu per standar ‘cubic - consumed.

2.2 Typical orga ic sulfur- contalnlng compounds in feed

= ﬁIUH’m&JW’WEﬂﬂ‘i

researches lkave been &onducted u&;}ng several
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desulfﬂrization reaction. Nagai and Kabe [12] studied the

selectivity for hvdrodesulfurization and hydrogenation of
dibenzothiophene on a presulfided MoO3 A1203 catalyst.

The major products of this reaction were cyclohexylbenzene
and biphenyl. Dibenzothiophene hvdrogenation was inhibited

by a small addition of N compounds and was completely sup-
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press by HZS' They suggested that hydrogenation and hydro-
desulfurization occurred on different sites. Shin, et al.

[13] also studied hydrodesulfurization of dibenzothiophene

dissolved in n-heptane on sulfided Co- Mo/A1203 catalyst

in a fixed bed flow reactor at reaction temperature between
533 and 537 K, and total reaction pressure from 2 to 6 MPa.

The reactions was flrstWh respect to dibenzothio-

phene concentratlon. roducts were biphenyvl and

cvclohexylbpnzen:’———’

Hydrodes

gated over a Co

Studies ratures Cland a*qressure of 1250 psig.

The hyvdrodesulfu 1_i' h i ene proceeded by two
separate mechanis order in benzothio-

phene. Pokorny an Zﬁ{ﬁzil:t died the reaction of

2
i
and at the hydrf?

benzothiophene and tnigppenﬁ-.e=¢,lf1ded Co- Mo/A1203 and
MoS catalyst'”;% the tew ture ranges./from 543 to 623 K

om 0.5 to 2.0 MPa in
a tubular flow rggctor., They found that benzothiophene was

more reactﬁﬂxﬂl’gm@eﬁ ?w %quﬁrf%’e in their

react1v1t1e in a compntﬁxlve reactlons exce%LFd that in
smpl’il‘“ﬁ’ﬂ@ﬁﬂ‘ﬁm URIINYIA Y
Maternova and Zdrazil [16] studied hydrodesulfuriza-

tion of diethylsulfide and thiophene on a Co-Mo/Al.0. cata-

2 3
lyst at a temperature of 573 K and a hydrogen partial pres-
sure of 2 MPa. In the reaction, diethylsulfide reacted
faster than thiophene. The kinetic data showed that the

ring of thiophene was hydrogenated in the first step and the



C-S bond was eliminated.

2.3 Hydrodesulfurization Catalyst [17-19]

Hyvdrodesulfurization is a catalvtic reaction. The
nature of the catalytic process is proceeded without severe
condition by reducing activated energy. Therefore the reac-

tion may be accomplished at a lower temperature and a lower

pressure than that re he homogeneous reaction.

n consist of transition
to improve catalyst
activity [20]. nated on the support
such as y-alumi ca. Vissers, et al.
[21] evaluated row transition

o VIII, supported on
actived carbon fo rf’pﬁi ) catalyze the hydrodesul-
ic pressure. They
suggested that secondéEEEEQf;?}“;f elements had the cataly-

tic activity varying over more thab-aiorder of magnitude

and maximum occiﬁi ‘CQEF and Ir in the third

row. First row e}ements show d a twin-shaped pattern with

acﬁ S AREIVES ) ASeior cavarrecs

had low b1n ing energy shifts and [preserve a vgh degree of
metar Qnifadigt ok hicdd by dodhiibde | Bhnbheas rareis
and Chlanelll [22] studied electronic factors of first and
second row transition metal sulfides that related to their
hyvdrodesulfurization catalvst activity, which were combined
to form an activity parameter for each sulfide. A model for
thé binding of molecule thiophene to the catalyst surface

was consistent both with the relation between bulk electro-
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nic structure and sulfide catalytic activity, and with
ligand properties of thiophene in transition metal complexes.
The most common catalyst used in industry is a
mixture of active metals on a y-alumina support, which must
be sulfided before used. Since metal sulfide is the active

form for hyvdrodesulfurization. Osei-Owusen and Aharoni [23]

studied adsorption of s :‘ ﬁ, ounds by hydrodesulfuriza-

tion catalysts. “‘jﬁe adsorption of sulfur

9

compounds from 1i ase-hy esulfurlzatlon reaction

was too slow to a) k\catalvst was in

oxidic state bu G -J{'; : le rate on the

than presulfidi g with t g to the coke precur-
sor which was formed in the hydrogenoly51s of thiophene.

The methoﬂﬁﬁsd}ﬁﬁ%lﬁ Wﬂq:ﬂﬁconslderablv more

important iH the case of Vl Mo/Al O than w1th Co- Mo/A1203
oo PRI 51564 b o
reduced to metallic Ni by reducing environment in the
reactor, and then this may be difficult to convert to the
sulfide. Metallic Ni may cause undesirable and probably
sinters more rapidly than a nickel sulfide.

Toulhoat and Berrebi [25] studied supported metal

oxide catalysts for heavy petroleum fraction. The catalysts
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were sulfided and activated in 3 steps by (i) introduction
of a polysulfide into the catalvst pores in the absence of

hydrogen at 0-50 ‘C, (ii) sulfidation of the metal oxide at
65-275 C and 0.5-70 bar for approximately 5 minutes, and

(iii) activation of the catalyst at above 275 ‘c for more

than 1 minute. They suggested that a suitable catalvst was

NiO-MoO3 and a suitable ing agent was TPS containing

37 wt% sulfur. In tB&SS% -J“-pg of coker gas oil over a
“h%
presulfided 3:14 m:.o-ﬁoﬁat the temperature of

300 'C, the cataly F 3

activity and 82.

sulfided catal?s

sition metal of hydroc EEEIf-
__,l)é‘i;i'l' :-l‘r "Aii

Dhar [26] stugmpd the catalytLQ‘F' i lities of Al,0, and

hent hydrodesul furi-

Sloz-supporteu’.

zation and cycl exene hydrogenation. jIlThey found that

21’:’;:::“2mf§3pp;ﬁﬂﬁ:ﬁiﬁ:ﬂnm:?z:::;
N mﬁmw EPTR "o

cqntonts of the support. They suggested that the

active metal was well dispersed on A1203 whereas the

dispersity decreased gradually as the SiO2 content of the
support increased. This case was the same as Muralidhar,
et al. [27] who suggested that the catalyvtic activity of

zation of thiophene and hydrogenation of l-hexene model
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compounds was decreased when the Sio2 content in the support

was increased. Co and Mo formed bonds with A1203 which

persisted after the sulfiding while the bonding with 8102
was weak. Co and Mo cryvtallites on 8102 had lower activity
than on A1203 Moore, et al. [28] studied the effect of

an acidic support of the hvdrotreating catalyst on simulta-

neous hydrodesulfurizaki drodenltrogenatlon of

heterocyclic sulfur, the temperature ranges

re ranges form 0.27 to
&g support was more

A
W T,

from 200 to 400

1.4 MPa. They s

effective suppo ion of pure pyridine,

whereas Al1,.0, w

203 rt for hydrodesulfu-

odesulfurization of
thiophene and hvdr .f”* B ‘ £\ pyridine in mixed
feed. Moon and Ihm 2 _i;_ ST Y activities of Mo and
Co catalysts supportegﬁpa:aéz-{;wkf carbon or A1203 in
thiophene hydrodest 1 i — ?drogenation by

‘ ﬂyrogrammed desor-
ption. They found that the carbon supported catalysts

showed hlg)ﬂ”wff%ewtﬁ%@ wﬂﬁaﬂﬁrlzatlon

activities Shan the A1203‘supported catalvstsﬁjesp°c1ally
o GIAREATRIENATNYA Y
Spozhaklna, et al. [30] studied thiophene hvdrodesu-
lfurization on supporting phosphorus-, silicon-, and
titanium-molybdeﬁum heteropoly acids (HPA). They suggested
that the presence of HPA in the initial catalysts promoted
the formation of the Mo state ensuring high reaction rates.

A possibility for HPA synthesis when supporting paramolyb-



13

date on TiO2 accounted for the great effect of the support
on the catalyst properties. Ng and Gulari [31] studied the
effects of preparation conditions on MoO3—TiO3 catalyst
activity /selectivity. They suggested that these catalysts

were more active than A1203 supported catalysts at low MoO

3
loading (less than 4%). Promotion by Co increased catalyst
activity only by a mode§<§g ’ . Later, Daly [32] used
T102 CoO2 and T10 -B terlals of 5 wt% CoO-

ization and hydrode-

H‘\ﬁbﬂqﬁilnltlal hyvdrodesul-

nltrogenatlon

16 wt% MoO cataby

furization and hy

00 /TiO2 catalysts for
hydrodesulfurization v :'__,;;; and hydrogenation of buta-

catalvysts

pecies, while
| P r
sulfided MoO /T;j; catalyst was fullv sulfided to MoSz—llkn

Phases. lﬁuﬁﬁxwﬁmﬁ Wsﬂe‘i ﬂx‘ﬁ(os -1like phases.

They suggestied that «- 51tes were respon51ble for the hydro-

sons R Y ISR B B 1o e

presence and absence of st, while dual sites were as the
hydrodesulfurization active centers in the hydrodesulfuri-
zation reaction.

Hydrodesulfurization of thiophene over zirconia and

alumina supported cobalt-molybdenum catalysts at the temper-

ature of 280 'C and at the pressure of 1 MPa was studied by
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Sedlacek, and Vit, [34]. The activity and selectivity of
Mo/ZrO and Co-Mo/ZrO catalysts in thiophene hvdrodesulfu-
rization were comparedeith those of a commercial Co—Mo/A1203
catalyst. They found that the activity of the former was

lower than that of the latter. The S/Mo ratio for the

Zr02—supported catalysts was 1:2, and that for the commer-

cial catalyst was 2.2.

Pratt and S:E'
hy’drodesulfurizaw :

supported on Al

died the structure and
.’.

02. They suggested

that the domina 0., and 8102 coﬁsisted

of MoS2 oriente ort. On TiO. and

2

r02, the Mos2 t on the support
which expanded at hi RIS ding capsulate the support
particles 1A r the Tioz-and Zr02—
supported systems werg- ly higher than for the
A1203- and Si0Q
Bridg d the activity of a

series of charc-al supported Co Mo catalysts in the hydrode-

e 8 NN ARG o 350 < e

at the atmo$pheric press%;e They concluded that butane

corms AN AEPETIFE 34 A8 | Bbooreea

cataly8ts than over A1203 or graphite-supported catalysts
and charcoal-supported catalysts had a higher hvdrogenation
activity. Duchet, et al. [37] studied the activity of
varying transition metal sulfided catalysts over carbon

supported for thiophene hydrodesulfurization and butene

hydrogenation in a flow microreactor at atmospheric



15

pressure. They found that sulfur species were supposedly
connected with the catalvtic activity for hydrodesulfuriza-
tion. The Co/C gave the highest activity for hvdrodesulfu-
rization. Therefore Co and Ni were considered as the
promoters for the MoS, and WS, phase.

2 2

Topscoee, et al. [38] studied the role of promoter

‘hb’ :ckel molybdenum catalysts.

or the promotion of the

atoms in cobalt-molybdi:

The Co-Mo-S structur 11
=
hydrodesulfurizag:_g_aatlvigy

Co atoms located

9 with the

1ey suggested that

ﬁas_gg.=P to be MoS

Co or Ni edge si ant role than Mo

edge sites in bo and hydrogenation.

Corelation betwe ics and hydrodesul-

furization activi lysts was studied by

Houalla, et al. hat thiophene conversion

rates was higher for_;hﬁ@é; ame catalysts when they used
‘.fl"-if-'k o =
higher Mo/Al 1t i 'ﬁh—-——-@ alyvsts were promoted

se-promoted catalysts
|
increased both thlophcne conver51on ratio and the surface

Mo/Al ratlﬁ uﬂtq%ﬁﬁﬁﬂf\kﬁdﬁeﬂﬁe importance of

pH. Lahirilland Nandi [4%] studied thlophene hydrodesulfu-

e LUl FRISIHIN Eﬂ‘ﬁ‘%}“h Vg

Fe203, or NiO at the temperature of 400 °Cc and a contact time

of 120 gm-hr/gm-mole. The composition of CoO, Fe03, Moo3,

and A1203 were 3, 1, 16, and 80% respectively. This
composition was optimum for 95% hydrodesulfurization of
thiophene in heptane and it was used to desulfurize

stright-run naphtha, Kkerosine and gas oil from petroleum
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feedstock.

Mitchell, et al. [41] studied the activity and
product distribution for the thiophene hyvdrodesulfuri-
zation over '*10/3\1203 catalysts, promoted by Ru, Co, Ni or

Co~= \b/X1203 catalysts at the temperature ranges from 523 to

673 K and atmospheric pressure. They suggested that the

promoters enhanced the . ‘hé’ ‘:ation activity, excepts for

uncalcined Ru, and vdrogenation activity of

'..-"
gi: inactive. The

at an MoSz—type

the catalysts.
promotion of V ¢
layer was not é e catalyst structure
in which all or persed by binding to
unsaturated sulf MoS 2 patches.

McCarty u 5'1' alytic activity of

hvdrogenation .a tempe aih;J-u—-wf- L. Chvrel phase

S with M being

Ho, Pb, Sn, Ag,

In, Cu, Fe, Vl, or Co had hydrodesulfu-

rization aﬁ ﬁﬁa%%ﬁlﬁwmﬁﬁomoted and

Co- promotod 2 catalysgs They suggested that the most

am@cﬁﬂa@ﬁﬁw A SR AR oo, o

and th least active catalysts were the small cation
compeounds (Cu, Fe, Ni, Co). Except for the Ni phase

Nil 6MO638' all Chevrel phase catalysts had hydrogenation

activitie which were much lower than the model Mos2

catalysts. They found that the oxidation state of the

surface Mo atoms of the large action compounds was unchanged
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after 10 hours of thiophene reaction whereas some oxidation
was apparent for the small cations compounds.

Fu, et al. [43] studied the promotion effect of
titanium dioxide on Mo-Co/y- A1203 catalyst. Theyv suggested
that hydrodesulfurization activity of Ti02-containing

catalyst showed a maximum with increasing Tio2 content. The

promotion effect of TiO ‘the catalyst was realized

through the coordin N 1 en TiO,, and CoO which
J 2

increased the forlﬁr— ro ab' Co-Mo-S phase in the
catalyst. Therg ' ter number and the
intrinsic activi yst increased!
Lindner, et al. vdrodesulfurization
by treatment of F d Mo powders with S at
the temperature ra K. They found that
the Ni-, Co-,and Fe ts gave more than 60, 50

sersion, respectively, which

and more than 40% ,

30 and less t were obtained for

Mos and MoS-respect: iggested that the pro-

1.95
moters not only

o v < AR YA e

Resdarches have b@en conducted to 1nv%Jx1gate the

S“”a‘ﬁ]ewf}ﬁ G B HBA A Briderorsse.

Carbon- upported Fe-Mo sulfided catalyst in thiophene hydro-

1ncreased the act1v1ty of these Mo catalysts

desulfurization at the temperature of 673 K in a flow micro-
reactor operaing at atmospheric pressure was characterized
by Raselaar, et al. [45]. The Mo content was 9.5 wt% while
the Fe content was 0.6-9.0 wt%. They suggested that sul-

fided Fe-Mo/C catalysts contained a mixed "Fe-Mo-§" phagce
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and "Fe—sulfide"; The former was responsible for the
promoting effect toward thiophene hydrodesulfurization. They
concluded that the Fe atoms in the "Fe-Mo-S" phase weré
located at surface of MoS2 micfocrystals. The amount of

"Fe-sulfide" present in the catalyst increased with

increasing Fe content. This "Fe-sulfide" might partly
sing a decrease in the
& al. [46] suggested that

general stoichiometry Ee \{o‘nﬂ.ﬁ&was sz Jol xSZ with
x=0.025-0.3. J\ \
, NN S

Thakur

covered "Fe-Mo-8" phas

promoting effect.

Fe-promoted MoS2

0 1.0 ratios. Theyv

catalysts by var
'yity (conversion/g)
and their ratio/unit
surface‘area of ca 1TV o) tion of cyclohexene and
hydrodesulfurization_ggggﬁiégV}Y.Z’ith those from other

~ Group VIII mets i DT om ﬁ*“f ----- . They suggested

1
hydrodnsulfurlzat}on act1v1t1es.

o114 5910 S o conone

oupported o various C m%ferlals, on Al O aneJon SlO2 in

e LA At R BeRleoncent o

0:2=5: 0 atoms per nm support surface area. They suggested

that Fe behavedl ike Ni i ﬁfrogenation and

That C-supported Fe-sulfided catalysts was much more active

for thiophene hyvdrodesulfurization than the A1203 and Sioz—

supperted ones within the surface loading range studied.

The activity of sulfided Fe on A1203 catalyvst was lower than

other supported transition metal sulfides cause by an incom-



19

Plete sulfidation. Groot, et al. [49] studied the character-
istic of C-supported Fe-sulfided catalysts on hydrodesulfu-
rization of thiophene and hydrogenation of butene in a flow
microreactor at atmospheric pressure. The Fe cdntent was
varied from 0.03-1.9 Fe atoms per nm2 support surface area.

C-support Fe sulfide catalyst had a much higher hydrodesul-

furization activity than ’ ported Fe-sulfided cata-

lysts. They were a nd less sensitive to

deactivation tha@ 2 l‘wlysts, which were the

better hyvdrogenati

Beyond a mets, ti are many researches

nitrogenation and h desul] i::' on of C-supported

sulfides of Ru, Rh, by using activity and

selectivity oﬂ;; mixty hiophene of 280 'C

! : o L »
and 2 MPa. The‘r‘enﬁgﬁ -.rldes were also com-
|

pared with those of commer01a1 N1 ‘do/Alzo3 and Co- 'Vlo/Alzo3

L LKL e

of Pt were Better hydrodeéulfurlzatlon and much better

e R GG R RN AR cormiees

9Afanas'ev, et al. [51] studied phase composition and

properties of catalysts based on oxidized and sulfidized
Zirconium nickel tungsten hydride (ZrNiwon) alloys. They
found that sulfidation of oxidized ZrNiwon (n=0.01-0.70)
alloys were more active than an industrial Ni-w-§ catalyst

in the hydrogenolysis of thiophene. Niwo4 was the precursor
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of centers active in the hydrogenolysis of thiophene. The
activity of the catalysts depended on the temperatures of
oxidation and sulfidation.

Kuo, et al. [52] studied hydrodesulfulization of
thiophene with submonolavers of surface S on ruthenium cata-
lysts. Theyv suggested that these catalysts promoted hexene

isomerization, po:v.sonml\r ‘WZEIOH sites, hampened hexene

hydrogenation, incr requencies of adsorbed CO

——— 2

1ncresed the selecti-

vity toward the fa.hydrogenation of

thiophene 100 £ fur promoted irre-

versible H adsorpti ] _7 nafion, and hexene
archuk, [53] studied

thiophene hvdrode 1fided Ru/y-a1,0., and

273

Co-Mo/y-Al ature ranges from 548 to

293

623 K and at the precs’pgiqﬁa;ja..

They found that

thiophene hyd'_‘ : ion over st ided ruthenium cata-
lysts proceeded di: hyc ‘“ the absence of

tetrahydrothlophene formatlon. Sulfided Ru/A1203 catalysts

provided aﬁﬁlﬂ n‘a%ﬁmw Eljf}-ﬂe‘%‘nfurlzatlon

ratio than @b- ﬂo/Al O c%}alvsts when they were compared per

o 6 B SR WAHHHE Fibprons waro-

desulfdklzatlon rates were 7 fold higher over Co- Mo/AlZO3

catalysts than over Ru/Xlzo3 when compare per oxXyvgen
titratable site. Theyv suggested that mild presulfidization
provided surface (i) retaining partial monolavers of absorbed

surface as evidence by microgravimeter and oxXygen adsorption

and (ii) catalizing direct hydrogenolysis to C4 products
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and HZS [54]. The improvement of ruthenium sulfide catalyst
was studied by Vrinat, et al. [55]. Theyv studied catalytic
properties in hydrogenation and hydrodesulfulization reaction
of ruthenium sulfide solid solution containing iron, cobalt
or nickle. These sulfide catalysts were used in hydroéen
ation biphenyl and hyvdrodesulfurization of thiophene. They
fyhowed good activity for
‘_‘&:tivity for hydrogenation,

A @ both reactions.

W of Ruzs.

ied thiophene hydro-

<

found that the Co-Ru ca

hydrodesulfurizatio

and Fe-Ru catalyWow
Ni-Ru catalystsM /

Bussell

desulfurization tals and polycrystal

foids. They foun cryvstals were 1-6
times more active le crystals, which was
in agreement with p oy die: ing rhenium disulfide

and molybdenum dlsulf; alysts. The progress document
25 Recey g =

of Bussell anujécmorjai [5 was led with thiophene
hydro-desulfur tion ove e metal foids of
ey found that hydrodesulfurization activi-

O 1210 121 (R A

metal sulfides were in the order Co(Mo(Re. They suggested

R W’Tﬁﬂ"ﬂﬁfﬂ‘mﬁﬁ?‘ﬂﬂﬂﬁ B tn como

catalysts.

Co,Mo and Re.

Thiophene hydrodesulfurization over transition metal
single crystal (Mo,Re) and polycrystal foid (Co,Mo,Re) sur-
faces was studied by Bussell [58]. They suggested that
thiophene hydrodecsulfurization was a structure-insensitive

reaction over Mo surface, but a structure-sensitive reaction
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over Rh surface. 'The hyvdrodesulfurization reaction over Mo
occurred on a strongly bonded adsorbate overlaver composed
primarily of carbidic carbon. 1In contrast, hyvdrodesulfu-
rization of thiophene over Rh surface occured directly on
the metal surface. The abilityv of the Rh surface to remain
'free of strongly bonded deposits of carbon and/or sulfur

, faca

supported Iridium cata-

made them more active t
Frety, et a V
lyst by depositecyar—]ti ar iers of varying activ-
ity. They sugge. t ;;' he support and the
surface toluran

ased but the hydro-

desulfurization hene decreased.

273
n and hydrodenitro-

Agostini, . fee Ni-U/A1,0, and Ni-Mo-U/

273

genation. They conc

Al,O, catalyst for
in these catalysts

increased the dis-

blocked the fo?matlogégzggi 5 d_“_,te,

persity of the i tive phase, and promotd the hydrogenation

Guillard,

ties of unﬂs%d}vﬂaﬂﬂﬁﬂﬂ’]ﬂg in hydrotreat-

ment reactiBhs. The coma?rlson of the catalytlc properties

29 AR T S VYo s

the su rlorltv of VZSB for perfroming hydrogenation

reaction of various cyclic molecules. The hydrodesulfu-

et al. [61] studled the catalytlc proper-

rization properties of V283 catalysts were the same order
as with those of Mo or W sulfides.
Candia, et al. [62] studied the nature of the hydro-

desulfurization and hydrogenation sites in Co—Mo/A1203 and
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Vl-ﬂo/A1203 catalysts. They suggested that there were two
types of catalyst sites. These sites were unpromoted site
associated with the Mo atoms and promoted site associated
with Co or Ni atoms presented as Co-Mo-S or Ni-Mo-8§. Both

promoted and unpromoted site was much higher than that of

the unpromoted site and the promoted effect of Co or Ni with

respect to hydrodesulfu f was much smaller than that

observed for the hy n reaction. Mo disulfide
layers in hyvdrotre udlpd by Kemp, et al.
[63]. They foun i occupied octa-
hedral sites bet ile the Co prefers
a tetrahedral co er research, Alias
and Srimivasan [6
sulfurization cata o vf””}g~’n ed that octahedral

sites were responsi

The h19§§ﬁfaiyu. catalysts were relatively
©:1 .

of thiophene.

more susceptib nature occurring

during reductior . [65] studied
hyvdrodesulfuriza 1on of thlophene over Co-Mo, Ni-Mo and

e G S PN AT ores

showed the ﬂb551b111ty of higher hydrodesufurlzatlon
ronc 1GR9 ﬁ‘ﬁ“ﬂ*‘i‘ﬁﬁ%ﬁﬂﬂ Fi Dol on
of thldthene and HZS than did the Co-Mo or Ni-Mo svystem.

The adsorption constants of thiophene, H.S and l-butane

2
decreased in the order Co-Mo>Ni-W , whereas H showed the
reserved order.

The most common hydrodesulfurization catalvst is a

mixture of cobalt and molybdenum oxides on a y-alumina sup-
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port. An alternate catalyst composition is Ni- ‘Io/Alzo3 that

used especially in hydrodesulfurization, hydrodenitrogena-
tion, and hydrogenation reaction. This conclusion was en-
cburaged by Krichko [66]. Ni- ‘10/A1203 catalysts was used
in hydrorefining of coal distillates (b. 120-230 °C). The

catalyst containing 10.5 wt$% MoO and 2.6 wt% NiO with
2 ”/ - of pores (more than 1000
4/& or sulfur, nitrogen, and
- '. The optimal conditions

5, imdee these

surface area 130 m
) 0.3 cm®/g had
oxXygen removement
were 380 C, 6 M

condition, phen unsaturated hydro-

carbons, and su 100, 98.4, and

98.5 % removed, estigation was agreed

] studied hydro-

illate over Co- Mo/A1203

and Ni-Mo/Atl.O diggested that the activity

273
of Ni-Mo/Al.0. i’ 1furization L, denitrogenation, and

2
hydrogenation o‘ly aror «aﬁﬁhigher than that of
Co-Mo /Al O The ordnr of removal in the present of the

hetemtz'“f‘i‘iﬂ S FUHYFINEN T

he it atio of traqfltlon metal group VE;/group VIIT
- alQYW FBFHT BBV 1) febdnconrases
by the ollow1ng researches. Lebedev, et al. [68] studied
the effect of composition on activity of Co-Mo-Al catalysts
in hydrogenolysis of thiophene. They suggested that hydro-
desulfurization activity was achieved with 20.8-25.0% MoO3

and 8.7% CoO catalysts. Activity .of unsupported and alumina

supported cobalt-molybdenum catalysts with various Co/(Co+Mo)
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ratios in thiophene hvdrodesulfurization was studied by
Koranvi, et al. [69]. They found that the Mo-rich catalyst,
at r=0.38, showed a maximum curve in thiophene hydrodesulfu-
rization activity. While the Co-rich catalysts, at r=0.50
and 0.75, showed a slowly decreasing curve for supported and

a rapidly decreasing curve for unsupported catalyvsts in

thiophene hydrodesulf tivities. The hydrodesul-

_ _9 catalysts reached a

?‘bﬁﬁ-ﬁﬂg unsupported catalvsts

rplatlvnlv high c
were quickly d

Okamot studied the surface

characterizatio alysts. They sug-

gested that the ity of Co-Mo catalvsts

for hydrodesulfuri were related to the

ective amount of Cogsg

ydrogenolysis of thiophene

31
Aiﬂuh 7

suifidation degree
While Maria, et al.

and hydrogena-'E n ound that the

: f) il K‘
highest cataly 'itH the MoS,-CoAl, O,
H

catalyst.

IPTT}EI TW&] ﬂﬁ wgﬂ‘ﬂaiatalytlc activity

of CoO- MoogﬁAl O catalyst in thlophene hydrodesulfurlza-
son ) W ﬁ“ﬂﬂ'ﬁmﬁﬁﬁf’}‘ﬂ’ﬁf’] opp"” concen-
tratiohs in these catalysts, the former being much more
reactive but more easily deactivated than the latter. The
cstationary catalyvsts was characterized by Scheffer, et al.
[73]. They found that sulfur species on Co/A1203 catalysts

were hydrogenated at a higher temperature than that of

corresponding species in Mo/A1203. Similar sulfur species
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on Co-Mo/Al,0, were hyvdrogenated at a lower temperature than

23
that found for either Co/A1203 or Mo/A1203. Hydrogenation
of stoichiometric sulfur of bulk Co.S, and MoS. occured at

978 2
much higher temperatures than hydrodesulfurization operating

Lemperatures. Hydrogenation of sulfur at a low temperature

corresponded with a high hydrodesulfurization activity for

/4&-‘ ported Ni-Mo sulfided
catalysts for thww od ur zatlon They sug-
gested that the ' o, S ved e highest specific

activity for thi

‘lo/AlZO3 catalysts.

Pratt, et

ion. The hydrode-

3+

sulfurization si 7 unsaturated Mo

cations while ed

cdlate
3‘“"'2:-{ o * 3+ .

E§§r¢ to Mo™ . Highly
e L

hydrogenation sit

dispersed Ni a role in hydrogen

399

activation, transferl electrons to the MoS

2'
gistic mechanism.

tant, 7 and 16 wt%

‘4003 respnctlvely, and xarlable Ni concentratlon in hydrode-

sulfurlzatﬂrﬁﬁfﬂoﬂﬂmcw E‘:ﬂ}ﬂzﬁ by Bachelier,

et al. [75] Theyv suggn%Fed that the main enhancemont of
< RRA QNN T8 RODYHAR Fh. o
active structures of sulfidized aluminum-nickel-molybdenum
catalysts for hydrogenation and hydrodesulfurization was
studied by Agievskii, et al. [76]. They suggested that the

active center of supported Al-Ni-Mo catalyst was MoS The

o-
Mo:Ni ratio of the center can be taken to be 2. Consequently

only one type of center existed on these catalyvsts for
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hydrogenation of aromatic hydrocarbons and for hydrode -
sulfurization of thiophene. They found that an increasasd
in thermal treatment temperature in sulfur-containing media

could increased the level of MoS, promotion.

2
Laine, et al. [77] found that the initial hvdrode

sulfurization activity behavior of supported nickel molyvb-

date catalysts had bee nfluenced by the presence

of nickel promoter. oter diminished both the
rate and the exten the fresh catalyst
when exposed to d thiophene at
atmospheric pre the catalysts with

pure H,S did not V- _ imum el concentration but

on the initial tran§ atio 1 catalyst to maintain

the dlsper51on_ of_(_mliglw the sulfidation of the

Developmn af » hydrodesulfurization
catalysts was stugled by Lalne, et al. [78]. They prepared

a series oﬂtunﬁtfﬂlﬁ HW%W%’Tﬂ;ﬁumzanon sup-

ported cata sts by varyléng the ratlo of prom
s R AR IR LY Y b msans
The Nlﬂ(Nl"'CO) ratios of 0.7 and 0.8 were appropriate for
higher thiophene hydrodesulfurization activity. They sug-
gestad that presulfidation was found to increase the acti-
vity in NiMo more than in CoMo.

The effectiveness of sulfided nickel-molybdenum and

nickel-tungsten on 2-\‘1203 catalysts in hydrogenation of oxv-
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lene and the hydrodesulfurization of thiophene were compared
by Landau, et al. [79]. They suggested that in the Kkinetic
region, the Ni-W catalyst was more active in hydrogenation

and the Ni-Mo catalyst was more active in hyvdrodesulfuriza-

tioh-

Lacrvix, et al. [80] investigated the behavior of a
series of unsupported ;”ﬁ | i catalysts in hvdrodesulfu-
rization of dibenzoc drogenation of biphenyvl

.‘
under medium-high- iC %(2.25 MPa). They

suggested that t

of a mixed NiWws

the hydrogenati . ;7:57“ N to the CoMoS species
Kondrat' » the effect of nickel
on tungsten disul suggested that the
promotion of W32 by ;ﬁf ease of the activatiocon
energy of hydrodesg}gggﬁgr thiophene. The mechanism
of WS, promotl;-" sgous-—tasthat of Mosé promo-

tioh by Co6. the following

research. Burmlstrov, et al. [82] suggestnd that N1/WS2

catalysts ﬁﬂﬁ%%xﬂzﬁ ?WMﬂf‘}he activation

energies in thlophene hv%rogenoly51s.

’Q WS R F0ie3 HRGRHE Bibirsca o
fided 1 W/SlO2 and Ni -ﬂo/8102 catalysts prepared from orga-
nometallic precursors, the structure of the active phase and
active centers for C-8 bond hydrogenolysis. They found that
the active phase of hydrodesulfurization catalysts repre-
sented layvered sulfide structure with the same M-S and M-M

distances as in bulk disulfides where M was W or Mo. The
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active centers probably included Ni atoms, on which thio-

phene adsorption occured, and W (or Mo) atoms on the side

2

were involved in the catalytic cvcle.

planes of the MS, sheet. Sulfur atoms bond with Ni atom

Garrean, et al. [84] studied structural, textural

and catalytic properties of unsupported NiMo sulfide cata-

lysts They suggested

.  They 7 V/ MoS -like structure was
supported on Nixsy ‘10% S more than 0.25, resul-
_ ivities on hydrogeno-

ting an enhancemen
lysis and hydro
A" , hydrogenolysis of

Borodin

. They suggested

that the activity ﬁin s the sum of the
. - % KI" B :
partial activitiesio éﬁ%{@i and M ases, accounting
n:ﬁaﬁ:‘

for their surface a ina ‘ A recent research

nickel-molybde | atalvsts wac 5 udied that by

Rodriguez [86]. >sence of Ni on the

7

support did not a;fect the total number of sites occupied

by Mo. ﬁvﬁ &ﬂﬁnﬂkﬂ wﬁw&] "]xﬁh‘?a' solid was

increased, e Mo spec1es occupled a higher qiypertlon of

Ll T R p—

possesged a better dispersion of Mo species and exhibited a
higher intrinsic activity of thiophene hydrodesulfurization.
Apart from the above researchs, Alias and Srinivason [87]
studied the interaction of thiophene with Co and Ni-promoted

MoO, and tungsta catalysts with the surface activity for

3

hyvdrodesulfurization reaction. They found that MoO3 cata-
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- lysts had good thiophene adsorption properties as compared
to tungsta catalysts. They suggested that the Ni-Mo system
was the most suitable catalyst system for the hydrodesul-
furization reaction.

The comparison of the activities of cobalt-molybde-

num/gamma-aluminum oxide and nickle-molybdenum gamma-alminum

oxide hydrodesulfuriz 'sts was studied by

}ysts were prepared by

. T
simultanecus 1mpre : , ion at the temperature
ranges from 400 » =) that Ni-Mo/y- A12 3

catalyst calcin

Bouyssieres, et al.

ive in thiophene

hydrodesulfuriz 2O3 catalysts.

This conclusion lowing research.

lative catalytic

¥= A1203 catalysts for

the hydrodesulfuri;g;éggﬁr ';;‘_rne at atmospheric
' 226 to 326 °C.

They found thatiﬂ

more active than }he most actlne Co-Mo/y- Al 0 catalyst,

osenouan o 14 GBI MA R o0 scesve o

Ni- %0/7 Al 8% catalysts q} higher eactlon te eratures.

ARENIAIGY 34%'45}%51 843 BBleccon race

255, Mo/Al,0,, Ni-Mo/Al,0. or Co-Mo/Al,0, hydrodesul-

furization catalysts which decreased their activity in the

catalyst was

on Al

hyvdrodesulfurization of thiophene. They suggested that
presulfided Nl—\lo/Alzo3 in hydrogen atmosphere had the lowest

coking and the best retention of catalytic activation.
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2.4 Effect of Other Elements on Catalyst Activity [6, 17]

There were some investigation about the effect of
various elements on hvdrodesulfurization activity. Same
elements could be promoted the hvdrodesulfurization reaction
and other elements could be decreased the hyvdrodesulfuriza-
tion activity. The effect of phosphorus on the activity and

W ;’sts was studied by Fitz and

'arylng amounts of Mo

&1/%0 ratio. Component
“1ohex: and thiophene, with

For hydrodesulfuri-

selectivity on Ni-Mo/A
Rose [91]. The catal
and P and had essen
feeds were used
piperidine also
zation service . "3 \cat fst recipe was a
low-metals forma jf;-;- ium B content. For N-contain
ing feed the high-me o
formance and the 1lo
vity. P-containing & P;E fg & less susceptible to coke
formation and . ~4"-'*;**“-“f:":nd the added
Phosphorus appé an ; inty of A1203 carrier.
While Visser, et gl [92] 1nvestlgated the promotion and

oseoios @ SRAHHBIMG NG Y} Gooroe

phosphate-c talnlng ‘*Io/C‘ catalvsts They suagested that

Q FAAAFFRLHBODTH VS 02 wos 0

to 2. 7 t% (7.40 wt% Mo) decreased the hydrodesulfurization

=3 -3

activity for thiophene from 2.7x10 m /kg-s to 0.3x10

m3/kg—s but decreased the butane hydrogenation activity only

from 8.0x10” 3 m3/kg—s to 5.2x107°

m3/kg-s. The low activity
of phosphate-doped sulfided Mo/C required intrinate contact

between the }IoS2 phase and the phosphate ions. Tischer,
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et al. [93] investigated the effect of phosphorus on the
activity of Ni \Io/A1203 in hydrotreating of coal-liquid
residuum at the temperature of 390 'C and at the pressure of
2000 psig in a batch autoclave reactor. The initial addi-

tion of phosphorus pentoxide caused an increase in this

conversion, while addition of amounts in excess of 8 wt%
reversed the trend and ﬂ activity to decline to
values less than th stivit é phosphorus-free

catalyst. Howeve thon to the catalyst

did not improve i g 7 [ bivity and caused only a
very slight imp
hvdrodesulfuriza .;:: : Ney suggested that the
addition of phos 'g{ sduc the amount of ca;bon
deposited on the ¢ @%»7 ing batch test.

Later, Spbz |
of phosphorus over ‘fﬁj“ Ni-Mo catalysts on the
surface prope.ri s;;;:;u-—_- ————— in thiophene hydro-
desulfurization ng interaction
between phosphorus and support are formed Aluminium phos-

e ot MY I TN BAR o oo

formation. hev suggestgg that 1 wt% P was the opt imum
°°mp°ﬁtﬁ‘?ﬁ~8ﬂ§@ww¢’}%%’}ﬁt&ks and
their h mogeneous dlstrlbutlon.

Ohga, et al. [95] studied desulfurization with me-
tallic sodium at the temperature of 200 C. 1In hexane or
Xylene, diphenyl sulfide and benzothiophene were readily
decomposed, while the decomposition rates of thiophene

dibenzothiophene and dibutyl sulfide were comparatively
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slow. They also found that the decomposition rate of thio-
phene was accelerated by the hvdrogen donors solvent.
Whereas the effects of Na-ions on the physiochem properties
and catalvtic activity of Co—Mo/y-—Alzo3 hydrodesulfuriza-
tion catalysts for thiophene by Lycourghiotis and Vattis

[96], they found that the Na doping tended to decrease in

,//ﬁnts to promote the
_.J

\1/%1203 h\drod? ion %

of 500 °C by

the catalvtic activity.
The effect

of the temperature

\ Liquid feed consisted
e,

of thiophene in ene conversion in

creased from sed group IA ele-

ments as the I d.sthe! ) ane dehvdration con-

sulfurlzatlonk,i 1y dr nation activit f carbon supported
n such a manner that

undesirable hydrogenatlon reactlon were prevented without

decrease oﬂtﬁ sfalwlﬂ ﬁﬁw ﬁr’?mesulfurlzatlon .

The'leffect of tr%?tment w1th trlethvlalumlnum on the

o GAREY PSRN ] BB Tae soamoe-

num, cdbalt and nickel sulfide catalysts was studied by
Bhaduri and Mitchell [99]. This treatment increased the
hydrogenation activity of the individual sulfides but de-

crease that of the sulfided Co-Mo/y-Al and increased

2 3’

the hydrodesulfurization activity of sulfided Mo/7y- Al 3

but decreased that of the other catalysts, and the loss
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of promoting effect of Co on sulfided Mo in the sulfided
Co-Mo/y- A1203 catalyst. The hydrogenation activities of
the catalysts decreased after they used for hvdrodesulfu-
rization.

Lur'e, et al. [100])] studied the activity of catalyst

for hydrogenolyvsis of thiophene. They found that the cata-

lytic activity was incr : @added TiO, on Ni and Mo
.'o o Q. N ) L
oxXides over £10, ca . }ult was in goverment

with that of Fu,F, ],@led the surface chara-
cteristics of M- \r

odesulfurization
catalyst during

that TiO2 improved

the dispersion of s well as acting as
a promoter.

2.5 Deactivation

Most cataly §7ased inihe ogenous catalytic proc-
esses are subject togé;ﬁ@@;féjj'_- the activity, Deactiva-

2

tion of catalys: The time required

for the activit 'o an undesirable
level varies w1th the severlty of the process conditions and

with the tﬁeﬂjﬂa%ﬂ ﬁﬁﬁ;ﬂt&lﬁ}ﬁﬁ Deactivation of

catalysts effect to decr%ase contlnuously the reactlon rate.
s P BT FR) o0 oo
terlng or thermal deactivation of the catalyst; (2) fouling
or coking; (3) poisoning. These may occur singlyv or in
combination, but the overall result is to remove active site
from the catalytic surface. From the three major categories
of catalytic deactivation, which are primary cause in other

mechanisms. These include pore blockage via coke or metal
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decomposition on the internal pore structure of a catalyst,
volatililzation of an active catalyvtic component, distruction
of active surface via detachment from the support, and
incorporation of the active componént into the support stru-
cture in an active form.

2.5.1 Deactivation by Sintering

Sintering or ther tivation of the catalvst is
a phyvsical process £ &ical process. Normally,

the term sinteri ibing the loss of

active surface h occurs when the
catalyst is ope nge of temperature.
Such temperatur ut the catalyvst or
s where reaction

occurs. Sinterin ) r th pport which cause to
change the pore structure . - -agg ate the active metal

which cause to losetﬁ.ﬁfﬁéé n-of the metal crystallites.

active metal into
the support thaiﬂth : er_m for the reaction.
Sintering can be g-v ided by wo 1ng at the operating

tempermﬂuﬁfgosncgs/}@ WG ot senperature.

Deactivation by Poi soning
q maaa DIRENNAINEAA. Yo <o ama
amounts of material, specific to a specific catalyst and
associated with the adsorption of the poison on the active
sites of catalyst. Poison is often associated with contami-
nants such as sulfur compound in the feed stream of petro-
leum fraction which is then termed impurity poisoning.

Though this is the most well documented and best identified

115094119
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of poisoning processes, it is important to recognize that
other forms of poisoning mayv occur. These include poisoning
by a product of the desided and undesired reaction which may
be preferentially adsorbed on the active sites of the cafa-
lyst, thus retarding the adsorption of reactant. Another

poisoning is deactivation by metals which are the impurities

in the petroleum feed L’ ce metal impurities can

permanently depositi

surface and cause ,
tion of metal i

deactivation ef

sites of the catalyst
J-—

ctivity. The deposi-

0 have a long term
Catalys ied in various wayvs,
such as by their the surface, as
temporary or perm e or nonselective. In
particular, we wil _ n between temporary and
permanent poison, a pQgﬁﬁﬂﬁgi_ff_, s upon the degree of
ace, and inhibi-

l
of the main reactkon being car ied out. The description of

< sien G FRURTNG TN T et o o

nature of t e surface andythe degr e of 1nterigt10n of the

sV AT L AN I chens-

sorptlo of poison on the surface which removes active sites

tors of reactioijra‘* er@jeactant or products

in a uniform manner, such that the net activity of the
surface is a direct function of the amount of poison chemi-
sorbed. 1In essence, every active site looks like every
other active site to the poison molecule. Conversely, in

selective poisoning there will be some distribution of pro-
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perties of the active sites, such as acid strength, which
can be the result of any member of factors but which results
in nonuniform deactivation of the surface. Often these will
appear as exponential or hyperbolic relationships between
the net activity of the surface and the amount of poison

chemisorbed.

Most poisonin

sible, so the catal arded ultimately, but

i that are reversible
o g of reforming cata-

lysts by sulfur Soning ing catalyvsts by

#/fiale effectively irrever-

in action.

nitrogen, and t i 1ing— ni rdrogenation cata-

lysts by oxygen R 5 : herefore it is alwavs

rity, hydrode

0§EFen impurity.

Aspects qf catalyst pqifonlng in major petroleum

s SFHBGRURIHE IR rcione

attention w given to th hydrop§85e551ng oﬁm;e51dua1 feed
seoord) WAGHIT Bt B B ona ore
plugglng with petroleum feedstocks a wide spectrum of conta-
minants was usually present, rather than just a single
specieg. It was quit common to refer to poisoning by sul-
fur, nitrogen or metals. Hydrotreating process was suffi-
ciently serve to convert these compounds to a common single

species such as st, NH3. The presence of metals (V, Ni,
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and Fe) in crude o0il damaged the catalvsts by contaminating
on the catalyst surfaces. SKkala, et al. [106] studied hyvdro-
treating of used oil in a pilot trickle-bed reactor on a
commercial Co—Mo/Alzo3 catalyst at the temperature ranges

from 270 to 350 C and at the pressure ranges from 5 to 7

MPa. Theyv suggested that hvdrodesulfurization reaction

,y/t order Kkinetic. The
removal of metals w." y 1mer11v due to thn
phyvsical proces?’ : v%Catalyst bed. Theyv

found that both itions were responsi-

could be described by

ble for the cat e deposition of

trace amounts o v € : ‘ alyvst surface whereas

)etals, including

mercury, lead, blsmuth, tin, and cadmlum, could reduce the

activity oﬂ%ﬁa&}%ﬂ WWE ’ﬁlaﬁ‘ﬁ'esearches with

respect to %he metal 1mp1é,r1t1es in petroleum feed. The

cor ARG T HIPAEHIE G &rect wwaro-

treatmant was studied by Surygala and Radomyski [107]. They

suggested that the amount of coke on Ni- “’lo/A1203 catalyst

at the temperature of 708 K and at the pressure of 19 MPa
‘was higher than on Ni-Co- \10/7\1203 but the latter had
mineral contaminant such as Fe, Ti, Si, B, Ca, Zn, Mg, Xa.

Both catalvsts has selective adsorption of Ti, Fe, and Zn
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onto the surface. The cata,lyst deactivation was due to

the deposition of 22-29 % coke and 3.4-5.7 wt% minerals.

Some metals penetrated deeply into the catalyst grains.
Mann, et al. [1] studied the hydrotreatment of

heavy gas o0il in a trickle bed reactor over Ni-Mo, Ni-W, and

Co-W supported on alumina catalyst at 350 °C and 4.25-12.5

’}/} t in the heavy 0il were

converted to o0il through ,successive reaction.

They found that he wntained large
amounts of asph > sulfur, nitrogen,

and oxygen, an i L1 ‘_ i i vanadium and nickel.

MPa. Asphaltene and g

These are usual These characteris-

tics of heavy fr ls posed major
problem in furthe uggested that cataly-
tic hyvdrotreatment . ed for upgrading the

residual and heavy_j .

arocca, et al. [2] also

found that nick o1

the form of poriﬂy

under cracking copdltlons, dep051t1ng the metals on the

catalyst aﬁuaﬂ’ﬂ wtﬂa%é} Waﬂa’}[‘ﬂ ‘}ntox1de, and

nickel oxid Nickel anqr vanadium contamlna accelerated

the ¢ FARAR TN VlEI’]ﬂ d

Song, et al. [3] found the deposition of trace

ent in crude oil in

lﬂ‘iaorphyrlns decomposed

amounts of some Fe, Ca, and Ti on used Ni-Mo/Al.0

2Y3 cata-

lysts after coal liquids hydroprocessing.
Silbernagel and Riley [4] studied the chemistry
and impact of vanadium deposits which conducted to catalyvst

deactivation. In particular, the effect of organically
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complexed metals on catalytic process was of great signifi-
cance since vanadium and nickel often occured in crude oil
feed at approximate 700 ppm levels. Metal effects can be
physical plugging catalyst pores, or chemical reacting with
active sites or the support. They also found the vanadium

in the deasphalted component occured almost exchusively as a

forms were found on cata

W

_;ho relative vanadium

vanadyl porphyrin.
lysts run on the w
and nickel profi shown maximum valves
near the reacto the catalyst had
not get become lugging of the pore
mouths by metal
Hydrodem ;‘j;rﬂ reaection which decreased
the metal impuriti in pe _‘;;V“ stocks. Marsen, et al.
Joscan crude oil by using
different active pha&ézgggh}Qfa';:. alumina carrier. They
: - slightly in-
fluenced by thei?é a?Ern and by the acidityv.
The H/C ratio deq;o sed faste yith the less hvdrogenatlon

cacasese. f SOV SBI NI one varses o

function of the active plase showi ing that ththsphaltenps
convabh 4 35k ANSUNBIIN AR i tnae-
pondont Chlang and Yu [109] investigated the optimal pore
size of a slab catalyst in hvdrodemetallation reaction. They
suggested that optinum pore size was better determined from
the total lifetime activity. The total lifetime activity was
calculated by the summation of the catalyst activity from the

beginning to age that yields the limiting activity.
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New fuel o0il Development Technology Research
Associate [110] reported about catalvsts for determination

of oil-sand bitumen or the residues at the temperature

ranges from 350 to 500 °c and 50-250 Kg/cmzhr. These cata-

lysts containing CoO or NiO and MoO, over y-Al,O, (average

3 273

pore diameter 80-250 i) had increased reactivity in cracking

and desulfurization whe or P.O

2 275"

il ;esidue (b.>24 'C) con-

e —
3 wt% S was demetalated

, lded 3-10 wt% SiO
Thus,a thermal crack
taining 145 ppm V,

at 410 ‘¢ and 15 wt%) Ni0-Mo0,/A1,0

273
containing 4 wt% ter 124 A°) to
remove 70 % meta
Nourbakhs metal deposition in
porous anodic alﬁ treating conditions.
They used nickel et reagent in hyvdrodemeta-
llation over anodic<Ala ';; -5;21«1 ideal porous struc-
tures. Ni was;;a’**“ g the form of Felatively large
discrete crystaldlitis : amniform layer on the
walls as well as qanv other structuros. Chen and Masoth

[112] usmgﬂaug ’}%ﬂ%ﬁzw E{%lﬂgﬁlnvnsf igated

hvdrodomptaﬁiatlon of Van@dlum and nlchel por yrlns in a
o QPR T MW VIRYAG L e
sures, nd initial porphyrin concontratlons They found
that the reaction followed pseudo first order at the tempe-
rature more than 350 'C but followed lower order at lower
temperature. The reaction was inhibited by adsorption of
reactant and product at different initial concentrations.

Hydrodemetallation ratio increased with temperature and H
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pressure and were veryv low without catalyst or H present.
An apparent activation énergy was 24 Kcal/mol for both
reactants.

Loos, et al. [113] studied hvdrodemetallization of
vanadyl porphyvrins on hydroprocessing catalysts. They found
that vanadyl porphyvrin adsorbed and accumulated on an indus
W n of vanadyl porphyrins
at éwas likely to be more

..j
'—_ . .
’ with the porphyrin ring

trial Ni -\Io/Alzo3 The

with hydrodemetalliz

specific than with re

probably lying fl phase of the oxidic

Nl-\lo/Ale3 cat

catalvtic hydrod

114] also studied
. vanadyl phorphyvrin
over a Mo/A1203 .
tic role of V depo ' ﬂQW“ﬂ dm"" alysts. They found that

stigate the cataly-

V was able to parti Leh LaceEsy the NiMoS phase and

interact with MoS, plj@%ié@ﬁl;ff_q_ a similar VMoS phase.

Another part of .V 1 displaced i & r_',‘f ies formed bulk
- '

sulfides.

g
Takase, et al. [115] studlnd a method to regenerated

spent caralﬁ%ﬁ’}%&]ﬂﬁfgx wgﬂsﬂﬁfor heavy hydro-

carbon oils hpn the cata}vtlc act1v1ty was r%byced as a
oo QRARAATUNNATN NG B o

The rege nnratlon method was applied to the catalysts which
were used in hyvdrodesulfurization, hyvdrodenitrogenation,
hvdrodemetallation, and hvdrocracking by immersing the spent
catalyvsts in iso-propvl alcohol at 90 °c for 20 hours, or
ethylene glycol at 100 ‘C for 4 hours, to selectively extract

V after removing coke accumulateed on them by combustion at
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500 'C for 30 hours in air.

2.5.3 Deactivation by fouling or coking

Fouling is a process of catalyst deactivation that
may be either physical or chemical in nature. 1In general,
much larger amounts of material are responsible for deacti-
vaticn in fouling processes than in poisoning. The most
'k/ at of the carbonaceous

& catalysts used in the

‘a os c

typical of fouling proc

deposit or "coke" th :

processing of petro other organic chemical

feedstocks. The i "&-i’?ﬂ- seous or coke deposits
(containing in ' ig icant ameunts of
hyvdrogen plus tr \ and nitrogen) on the
catalyst surface ce \\- organic based

e of fouling. It is
important to recogni e e deposit in this origi-
nates from the reacti e Tels , 7 and is not an impurity.

Because of th1 ok the main chemical

o A
reactions, fouling b eliminated by purifica-
tion of the feed 0.; use of a guard catalyst. If reaction

occurs, cokﬂ%ﬁl{}%lﬁkﬂ%wg qsﬂ‘zx occur accor-

ding to the hemlstrv of ?he process Howeve coke forma-
tion cqwq)an&ﬂc@mp“%q% WcEl:’]ca %lactor and
operatllg conditions, and in some cases by modification of
the catalyst.

In general, coke can originate from the reactant or
product by reactions (iv) or (v). Reaction (iv) is called
parallel fouling, which (v) is called series fouling or

consecutive fouling. Fouling mav also occur by a combina-
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tion of reactions (iv) and (v). The extent of coke forma-
tion will depend on the orders of reaction with respect to
the formation of desired product R and the coke, and on the
magnitudes of the temperature coefficients for each reac-
tion. Coke deposition will be increased when the reaction

rate is greatest.

A (iv)

A (v)

Song, et .&\. e effect of pore

structure of Ni-»M in hydrocracking of coal
derived and oil sa The experiments
were conducted at a 25 'C and a hyvdrogen

pressure of 4.9 MPa. . d that probably the

C ata lYS t pore Ci'ﬁ‘f.-"7-”—-----_—u.:,unna—--i.zi" on ln the ln l ) la 1
period were cauéﬁr eqaf deposits, because
their buildup maslfelatlvelv r p1d and the accumulation of

— -k AT WE HRFewies o

structure tormlned how‘ea51ly tl feed mol les could
wcees AARRAN SURT NGB oo
wall wa not a continuous solid but had many intersections
with other pores.

Tamm, et al. [116] studied the effect of feed metals
on catalyst aging in hydroprocessing residuum. Petroleum
residuum had a wide range in the amounts of organometallic

impurities. Nickel, vanadium, and iron were most commonly
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in the highest concentrations and, therefor, of greatest
importance. Of the three, vanadium is often the most abun-
dant by far. Residuum hvdrotreating was developed origi-
nally to produce low sulfur feed o0il from high sulfur
crudes. This hydrotreating process emploved a porous solid

catalyst which must be resistant to the soluble nickle,

vanadium, and iron co ) ‘/ ent in most residual oils.

Hydrodemetallation aved a deposit of
mixed metal sulfi -alyst. The buildup of
fhese metal dep d largely determines
catalyst life. n rate was limited

by the rate of through the liguid-

tion at the DOifD?

reactor inlet, regchod a limiti ng valve before the catalyst

bed was rufl] 4BHG W%JW§W%},’] Al netats were

indeed rpmo%%d from moleqples of qafmcter laq&gr than the

svera®] WAGHNAY Pl A QBoor exvene

than for smaller molecules. Iron was found primarily out

Ertalyst near the

side the catalyst particle as a thin scale. Both nickel and
vanadium display a maximum concentration inside the edge of
the particle. XNickel generally cseemed to penetrate the
catalyst to a greater extent than vanadium. These differ-

ences in depositional patterns were due to differences in
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the reactivities and diffusivities of the organometallic
molecules. The deactivation of hvdroprocessing catalyst by
feed metal had been shown to proceed by two distinct mecha-
nisms. These were poisoning of active catalyst surface and
phyvsical obstruction of the catalyst pore structure.

Yoshimura, et al. [117] studied the initial catalyst

’/ 1 liquid over Ni-Mo and

deactivation hvdrotrea

-V
Co-Mo/y- A1203 catal he ;ted that the initial
‘——
catalyst dnaﬂtlvat sini in the following order
hvdrocracking hvdrodesulfuri-

zation for each and surface areas of
the spent catal / ': la N jeposits and high
amounts of N and ( ‘jﬁ';[ ';i ound that the Ni-Mo
catalyst had high -

cabonaceous deposit ' if_>2 ”; ‘chemical states of the

Anotherjﬁi tﬁrns is that of metal-

sulfide dep051t109 arising from the organometallic consti-

tuents of ﬂ u]ﬂ:ﬂuﬂcﬁl %‘%W&] ’}ﬂﬁicontammg mole

cules and d osit within °the pores of the cat&}yst during
wsaro QA BB WA F S et st o
the organometallic compounds will be adsorbed on the cata-
lyst surface and the other site, organic site, will be
polymerize. Then fouling will be occurred. Fouling is
associated with relatively large amounts of depocit and, if
it is excessive, in addition to covering the active sites of

the catalyst it may affect the diffusional properties of the
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porous catalyst pellet. Pore blocking may occur for both
coke and metal deposition, and if allowed to continue the
deposits will block the void spaces between the catalyst
pellets.

Survgala [118] studied the deactivation of Ni-Mo and

Ni-Co-Mo catalyvst in hvdrogenation of coal extract in a flow

/

reactor at the tempera K and at the pressure of

19 MPa. Theyv were unts of coke and mineral

_.‘

deposit, specific s 051ty of the catalyst.

They found that ined Fe, 8i and Ca,
but also Ti, Zn ounts. The Fe and
e and irreversible ‘
ra, et al. [119] also

rived on Co-Mo/y- A1203 .

catalysts in a cont 1“_;.1377 nk reactor. They sug-
gested that the deacg;ﬁh@mmn;*ff:_,alysts might be mainly
the results o ‘, rbonaceous deposits ar etal deposits on

the catalyst suﬁﬁa

tivation. From tgese experlments, Fe was formed on the

St °fﬁ%ﬂaﬂﬁﬂ‘§°ﬂ N3

nfluence of °asphaltene dep051t10 on sulfides

s B AT BE M TR oo

that békh pore blockage and surface poisoning, especially

for catalyst deac-

poisoning of acid centers caused the catalysts deactiva-
tion. There was a small hvdrogenation activity of the

products of asphaltene decomposition, presumably fouling
by V and Ni sulfide. 1In the later, Shimada, et al. [120]

studied the catalyst deactivation of Ni—Mo/Al,)O3 during



hydrotreating of coal-derived liquid for running the
reaction more than 2000 hours. They found that the active
sites for hvdrocracking were poisoned more readily than
hydrogenation. The amount of metallic foulants decreased
with increasing distance from the reactor inlet to the

outlet which caused the inlet catalvst deactivated more

than outlet catalysts. ve pore plugging of the

inlet catalyst than
| —

rea
F 2

t catalyst could be

attributed to g ic foulants on the

catalyst which ;e-site poisoning
and pore-mouth
Reda [1 hydroprocessing
catalyvsts (contai carbon, vanadium,
foulants from spent
Ni-Mo/Al,0, catalys e }f,'ﬂ-f_ ng catalyvsts used to
upgrade heavy 01ls we;,{ﬁbﬁ@%ﬁj’;-activate as a result of
- be removed easily,
|

replacement was r%qulred Cat lyst dumping was environmen-

tally unacﬁ%ﬁ ’}%ﬂ%‘gw ﬁqefl}ﬁtlons of such

heavy metal rons as vanaelum, whlse was conshgered toxic.

e TR BB AG os or

mainly 1ckel and vanadium salts, deposited on the catalyst.

but metal deact%jf" riﬂersibly; so that

The most economic method of dealing with large amounts of
spent catalysts would be regeneration. This experiment had
shown that, when a redox couple, Fe(II)/Fe(III), was added
to the solution used for leaching metal foulant from spent

Ni—Mo/A1203 catalyst. The acids solutions were ranked
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for efficiency of vanadium removal, indicating that oxalic
acid removed as much vanadium as molvbdenum and that formic
acid removed twice as mach vanadium as molybdenum. The
addition of redox couple, such as Fe(II)/Fe(III), reduced
the removal of catalytic metas ‘during metal leaching and
there were no major changes in the crystalline phases of the

catalysts.

2.6 Deactivation of

122] |
Deactiv : j::sgﬁiiyrization catalyst

was occurred du poisoning with

various degrees ion. These charac-
.teristics are pa hen the feedstocks
are heavy residuur »rvediliquids. Such
heavy feeds contain'lai .trace g ‘ntrations of
organomntalllc compounﬁh” ?tq* ’>sit on the catalyst under
reaction condifi - @ molecules are large
and approach thijsé~ ‘ ' uﬁj as the pore
dimensions; as a %pnsequence, thev diffuse very slowly into

tne mtenﬂ 34 TN FWYA MG nee resue 1o

that such c pounds reacq;close to the pore m&yths of the
oA Gl T TR D A

sulfur- contalnlng organic compounds into the interior. This
can be viewed as a combination of pore mouth poisoning and
pore mouth blockage, affecting both the activity and the
transport properties of the catalyst. Ccking occurs
simultaneously with the demetallation process and contri-

butes to aging; in most evaluation of hvdrodesulfurization
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deactivation it appears that the coke deposition is not
diffusion-limited, but this could be a subject of debate
depending on specific catalyvsts and feedstocks. However, the
coke can be removed by burning in oxyvgen, but the metals are
not removed by such a procedure.

The hydrodesulfurization process presents an inte-

/ase in which the main

iffusion, coking
T ———

in feaetion, and metal com-

ore mouths and lead

resting and complex de
reaction is modera
occurs in baralle
pounds plate ou
to pore pluggin

Newson ctivation due to
pore-plugging in action. They found
that the desired ~eaction took place in
h as demetallation and
coking reactions. Th@ g was due to deposition of
(]

i;ﬁn compounds, reacted

onstituents of the

0oil, primarily vﬂma
out of the o0il aan ombined w11;°l} hyvdrogen sulfide to produce

ﬂeu o) AN YN 2 RSreson ot whors

reaction pro ucts occurred both 1n1aa partlclquieposa.ts
accreadbd bt Brbitivebdd il iledol | b btk e pares-
cles for desulfurization, these causeing deactivation by a
pore-plugging mechanism. There were the combination of coke
deposition and metal sulfides plugging to decrease in pore
radius which would be related to catalyst deactivation. They

suggested that metal sulfides deposition was the greatest at

the top of the catalyst bed, where strongly deactivated.
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The correlation between hvdrodevanadization of vana-
dylporphyrin and hydrodesulfurization of benzothiophene in
the presence of tetralin as the hvdrogen donor at 350 'c and
50 ng/cm2 was presented by Kameyama and Amano [124]. They
found that the hydrodesulfurization was accelerated signifi-

cantly and the removal of V from vanédvl tetraphenylporphy-

rin was promoted. In ages of the reaction, the

sulfided VZOS catal

manner like that

*ease in activity in a
*ocess, while the
activity of CoO- The desulfuriza-

tion was accele emoval of V.

Mitchell and Sco \\sﬁﬁwding of V and Ni

porphyrins on hy n their oxide and
sulfide forms. Ti “__'“ %," “**sition reactions
occurred when heate ‘ff; oI ;j- sed to hydrogen and

thiophene in catalytiec hydr sulfurization. They suggested

lyst by a donor-

S = \
F‘.I'IV_—f .
acceptor interaijio*{' d ﬂ]system of the por-

phvrin ring bnlng‘the electron donor and the Bronsted and

Lewis a01dﬁ.\u ﬁﬂoﬂtﬁ%ﬁ%t&qxﬂ %e acceptor.

Moh med, et al. 4126] inv stlgated hxgrodesulfurl-

s PRARAATRUR VIRIIRY comerese

Ni- Mo/£5203 catalyst in a trickle-bed reactor. This feed-
stock consisted of sulfur content 4.2 wt%, vanadium 114.5
ppm, nickel 27.1 ppm and iron 2.0 ppm. The reaction tem-
peraature varied from 320 to 420 'C with the ligquid hourly

space velocity ranging from 0.37 to 2.6 h_l. Hydrogen

pressures was Kept constant through out the experiments at
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6.1 MPa. They found that nickel was more easily removed than
vanadium in the low temperature region, with the reverse
situation at high temperature. Babcock, et al. [127] studied
thiophene hvdrodesulfurization on commercial Co-‘io/?‘«.].zo3

fresh, spent, and treated sulfur catalysts. They found that

the fresh and spent catalysts exhibited highest and lowest

activites respectively } ved the activity of spent
catalysts by regen “$o1 &o remove coke and -

contaminant meta

meter in the rate
model was much ed catalysts than
for fresh catal

Ocampo, e deactivation of

commercially avai ion catalysts due to

cabonaceous diposi , + action conditions

They found that los f __ as generally attributed to
T T

the deposition ulth,u;f"’&éi pores of carbonaceous

ting hydrogen thﬂ carb 1tqﬂ1ad a high atomic

carbon to hydrogerv tio of 48 While they rapidly re-

suce cho i 4B INERIWE TN o ten s o

adsorption carrlers for the inorganic metallias/ that perma-
nent lqu:l axﬂ atjlmgj uggam_ﬂ ’aﬁlgj;e at the
pore moaths would drastically reduce intraparticle diffusion
and hence reduce the rate of hydrodesulfurization. Thick
deposits on the pore walls would cause a loss in the intrin-
sic activity. Thin deposits might be advantageous in that
might screen our the large organometallic compounds that

permanently poison catalysts. Permanent loss of activity
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resulted from residual deposition of metallic compounds ema-
nating from the coal's mineral matter. During regeneration
these were converted to oxides which were than permanently
bound to the catalysts surface. Other permanent deactiva-
tion would occur when organometallic compounds, such as
those of Ti and V, found in the coal's matrix reacted to

form inorganics. These 'yx Eecame permanently bound to

the surface sites. t the inference here

was that the loss o ~<zzaed in coal liquids which

is a combination it was the reversi-
ble deposition o g that the early
decline in activi ion of carbonaceous

materials in the atalyst. That could

be fully regenerat ing time to nearly
heir virgin active StaEe thér was the permanent
poisoning due to theriézgﬁ? dsorption of inorganics.
That slowly led ndactivity.
. 3
Kovach, et al. - me»deactivation of

hydrodesulfurlzatﬁpn catalysts due to adsorption of metal

lics by folﬁ%ﬂcﬂg ‘ﬂnﬂeﬂ %Bﬂ:ﬂ ’}‘ﬂ ‘j’lydrodesulfurl-

zation condl ion was at tgp temperature of 630 and at the
'prossuﬁ}mmnwwwma@am.
S were hown to permanently poison catalysts at different
rates. Deposition of carbonaceous mineral within the cata-
lyst pores suppressed the adsorption of cold-liquid insolu-
ble constituents. However, organometallics, such as those

of titanium, were soluble in coal liquids, gained access to

the surfaces, and were adsorbed in high concentrations. The
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result from the impregnation of the metal salts on the cata-
lyst showed that the alkali metals and Fe in their oxide
forms produced the greatest degree of deactivation. While
the salt forms of Ti, P and Si were easily adsorbed upon the
catalyst, their oxides showed very little deactivation ef-

fect. They found that the amount of titanium deposited

f/’ inorganic forms of titanium
\‘&;vsts, but that organo-

even low concentra-

increased very slowly.

had no poisoning ef
—

metallic forms are i
tion in coal liqud

markedly. While

genation activity
v and had a high
level of adsorpti t under liquefaction

conditions iron s jﬁﬁ; ex with certain types of

Makovshie = 11361 found #3536 on and around a
/ il '
deactivated hYd?EP Deactivation of
catalysts used 1n‘the llquefactlon and desulfurization of

cold was uﬂ%ﬁtﬂ}%ﬁqﬂ‘}w&i qeﬂ@nges in the

catalyst anéubulldups of garbonace S materlahJ minerals,
o S NFMNBENR R EVRE sees o
dep051t on and around catalysts. The tltanlum deposited
around a used catalyst removed from a fixed-bed reactor was
very similar to one of the Tio2 polymorphs (anatase). This
work showad that orgamically bound titanium would form

anatase in liquefaction conditions. Two possible explana-

tions for the origin of the anatase-like material were (1)
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That the titanium was originally orgamically bound in the
coal, but it become oxidized during coal liquefaction, or
{2) That small crystallites of the oxide existed in the coal
and were simply concerned on and around the catalyvst during
liquefation.

Treblow, et al. [131] also found anatase, as the

titania polvmorph, dep ent catalyst in a fixed-

bed coal liquefacti 2d from organic tita-
nium compounds ac d the catalvst pel-
lets to an appr d Ti(IV) cresvlate,
Ti(IV) nonvlate phyrin) as the model
organically bour hey suggested that
because of the i 1e metals deposition.
Ti was necessary m in the coal. 1If
" the source could be! &5 f:}_: lead to either the

s T '
formulation of a bgt&gﬁéﬁEN g method of removing

this material foe a—tonger-—catalyst Ffme . Where as
[

titanocene dich{Er' iﬂl organically

titanium compound‘b Tschelkun nd Seapan [132]. They

messionr yelanemsuenas

catalyst coklng and hydrodenatlon activity. @ this report,
recneibbi] b6 lekbd saskbbinh o) cdld ) o B Ehocene
dlchlorldn on catalyst coking and hydrogenation activity. In
this report, tetralin and a mixture of 5 wt% phenanthrene

in tetralin were doctored with 100 ppm of titanium as tita-
nocene dichloride and hyvdrotreated in a trickle bed reactor
over a commercial Ni-Mo/alumina catalyst. The experiments

were conducted at a pressure of 10.4 MPa (1500 psig), a
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temperature of 350 C (622 ‘F). They found that the addition
of titanocene dichloride to tetralin increased both the
catalyvst coking and the hvdrogenation rate. It indicated
that titanocene dichloride had enhanced the hydrogenation of
tetralin either by promoting the catalytic activity or by a

homogeneous reaction in the liquid phase. The differences

in the phenanthrene runs due : itanocene dichloride also

confirmed that titano6eene di i directly effected the

position in hydro-
ed to upgrade the
remove sulfur and
metal contaminant A=/ d ! Ataining 0.5 wt%
sulfur, V 151 wpp b'ri,_uy. 3-->>wppm). Sulfur-con-

d, and the sulfur was

removad as hydrogenrsqgf:j?}f{ fetalc in the feed deposit
within the pores : -.......::.-—;::—::-:_-.;i,;‘ sulfides. Demet-
allation kineti siﬂorder. Galiasso,
ét al. [134] alsoilnvestlgated deactivation of hydrode-

s HHGYERFHG G, csasos

2.7 wt% S an 338 ppm of y by por plugglng. Thls study
o QRAPAATN N ARV ER: wncer-
stand t e general deactivation phenomena to improve metal
storage capacity. During catalytic hydrodemetallizatiocn
treatment of heavy material containing large amounts of
large molecules such as asphaltenes, the catalyst typically
showad three periods of deactivation and to compensate for

this decline in activity the temperature had to be in-



57

creased. The activity in the first period decreased because
of deposition of coke in the micro and meso pores. Vanadium
is deposited in accessible meso-macro pores. During the
second period of deactivation, vanadium was deposited on the
mouth of mesopores and in a meso-macro structure, which

decreased diffusivity and reaction rates. During the 1last

period of deactivation, nd coke were accumulated

in the external part ro structure and in
multilavers in the 1 e interconnecting the
external and int? t. This impleded
the penetration internal part of

arp decrease of the

ry effects on hy ~ogen ?ncking acti vities by
Yoshimura, et al. ‘1135] Tran51t10n metals such as Ti and

Fe, alkali ﬂ%ﬂ ’J:%ﬂbﬂ‘gdwsq ﬂfa'lme earth metals

such as Ca a d Mg were th? major components d sited on
s QFAG SR B SRR B wore sie
dop051t d on the catalysts in hydrotreating of coal-derived
0ils containing refractory fraction such as asphaltenes and
preasphaltenes. On the contrary, Ni, V and Fe were the
major deposits on the catalysts for hvdrotreating petroleum
feed stocks. Inhibition by typical metal components, such

as Na, K, Mg, Ca, Fe, Ti, Ni and V, were also evaluated by



58

doping such metals on the catalysts. They concluded that in
hvdrotreating of coal-derived oils, metal and carbonaceous
materials deposit simultaneously from the start of the run;
metals such as K, Na, Mg and Ti tend to deposit and accumu-
late selectiveiy on the molybdate catalyvsts. Inhibitory

effects of alkali and alkaline earth metals on hyvdrogenation

and hvdrocracking acti L significant in the order;
K >Na > Ca> Mg. ] léearth metals not only

segregate on the

1so cause the lateral

growth of MoS ition to covering the

N
active gsites (g etals neutralize
the acidity to ties. On the othef
.hand, V, Fe and MoSz—like structures
and to increase t rough the formation
of acidic double ox um alumina support,

increasing hydrocrach&ﬂdfﬁbq£+f,“-« ing hydrogenation in

Hung andﬂd ' f;ﬁm vanadyl etioper-

phyvrin in white oii solvent ov Coo MoO /Al O as cata-

lyst w1th0\ﬂ gl’ﬂl%g ﬂj ws qCﬂ § nickel removal

vanadium reégval had a layer act1v ion energg;and a smaller

nerodeh B h GRS DIBHHIINL TS Boroes o

the catalyst more strongly than nickel. The concentration

s

decline in the transient period was laver for vanadium than
for nickel. 1In mixed vanadium and nickel runs, the vanadium
had to be removed first before nickel could be removed
effectively. Later on, Chen and Massoth [137] used sulfided

o—Mo/A1203 catalyvst in hvdrodemetallation of vanadium and
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nickel porphyrins model compounds. Hydrodemetallation rate
increased with temperature and hvdrogen pressure but de-
creased with porphvrin concentration below 350 ‘c. An appa-
rent activation energy of 24 kcal/mol for the overall disap-
pearance was obtained for both reactants. Hydrodemetalla-

tion Kinetics followed pseudo-first order above 350 'C and

lower order temperatures. : und that hvdrodemetalla-
tion rates were depenc %re of the hvdrogen
pressure, with m@ e of hydrogen. Vana-
dium porphyrin . e ickel porphyrin,
which was ascri reactivity of
vanadium porphv

2.7 Hydrodesulf [6, 18, 122]

Hvdrodesulfu 3 f' '.? c ntaining fraction
had long been one o alvtic operations in the
industry. One of 1tsquﬁb¢§q vng_, he removal of sulfur
petroleum fee :‘"""—',',m“"“m"i" com-
pounds was thio@ﬂe .1ﬁi used as sulfur
model compound to‘study hydrod sulfurization reaction.

o (S| 0,4 gm NBIARFurzur conpound,

was a volatile, colorlesq;llquld wiEh a sllgh&;aromatlc odor
BRI HIIAY At
tion of thiophene, the major product is mixed isomers of
butene which was continuously hvdrogenated to butane in
excess hydrogen system. That will be describe in the reac-

tion network section.
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2.7.1 Thermodynamics of hydrodesulfurization.

Detailed thermodynamic data of desulfurization reac-
tions have wildely reported in several papers [7, 17, 138]

For the reactions of hydrogen with thiols, sulfides,
disulfides and thiophene to produce saturated hyvdrocarbons
and hvdrogen sulfide, if hyvdrogen was present in the stoi-

‘hé, thermodyvnamic limitation

sed in technical

chiometric quantity, ther

in the temperature r

processes (573-773 n 1cated that hyvdrodesul-

furization reacti e and st was also
thermodynamicall ture range of

industrial practi n and accompanying

However, if nﬂ?ﬁiaro‘ ' s reaction resulting in
C-S bond scission wagéggﬁg%?; d thermodynamically, hydro-
stures and at high
pressures. An “igure 2.1 in which
the temperature diPendencp of the equllibrlum constants for

the varlouﬂﬂ:goﬁ} Qﬂ:glﬁﬁ w Ej{ar:ﬂﬁ desulfurization

was shown. ‘It could be s&en that the formatlon of tetra-
ooy RANERFUURATREQ S oecec
.below 6 3 K. This fact must be kept in mind in the inter-
pretation of likely reaction pathways and could explain the
controvesy about the possibility of the formation of tetra-
hvdrothiophene as an intermediate in thiophene hydrodesulfu-
rization. This has been discussed by Devanneaux and Muarin

[139] for thiophene and benzothiophene hydrodesulfurization
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under low temperature and high pressure conditions.

Thus, it appears that new catalysts more active at
low temperatures must be developed when extensive hydrogena-
tion was also desired during the hydroprocessing.

The hydrodesulfurization of thiophene was exothermic
and essentially irreversible under the reaction conditions

%#grature ranges from 340 to

ges to 170 atm [6, 10,

employved industrially

425°C and the pres

140]. Representa is-phase-hydrodesulfu-

rization equili ‘al organosulfur
compounds, incl ide, and a hetero-
cyclic compound
2.3 with the cor
The equilibrium c d with increasing

temperature, consis hermicity of hydro-

iy .

desulfurization, and-apﬁﬁgrgaﬁrfi S _much 1ess than 1 only

practice. In ICE.] res e@rted that the

exothermic reacthp of thlophe hydrodesulfurization had

oﬂsﬁ;y ARERFNYM D «. me oo

librium cons ants for theghydrogen21y51s of oqganlc sulfur
compounebet S04 ookl el adel| ) iroEdcuces o
great as 500 C (see Figure.2.2)

Sulfur removal occurred either with or without hvdro-
genation of the heterocyclic ring. The pathways involving
prior hydrogenation of the ring could be affected by thermo-
dvnamics because hydrogenation of the sulfur-containing

rings of organosulfur compound was equilibrium-limited at
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TABLE 2.2 Thermodynamics of Reactions Involved during
Hydrodesulfurization (Calculated from
McKinly [128] and Vrinat [129]

; -1

Compounds Reaction 3001((kcal mol )
Methane thiol CH3—SH+H 2 -19
Dimethyl sulfide -32
Thiophene =21
Thiophene ) -62
Dibenzothiophene -11
TABLE 2.3 Equilibri ) e Hydrodesulfur-

. Cae \

ization of Selec b Compounds

P e I,
(Speight, 198 ‘

.i;".fn:‘a.!

- L] a

4
-kcal/mol

[.i )rganosulfur
Reactant

14871 a&m W N7

—— propa '+HS

RN \?ﬂ TN ’Tﬂ d

12.07 3.85

2217 C 427 c

thlophene + 4H2

—— n-butane + HZS

*The enthalpies are assumed to be standard enthalpies of
reaction, although they are not listed as such by the author.
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practical hydrodesulfurization temperature. For example,
the equilibrium constant for hydrogenation of thiophene to
give tetrahydrothiophene was has than unity at temperature
above 350 °C [140]. Thus, sulfur-removal pathways via hyvdro-
genated organosulfur intermediates might be inhibited at low

pressures and high temperatures because of the low equi-

librium concentrations r species. Lee and Butt

[142] found that m ed hydrogen increased

with increasing te 1 endothermic chemi-

ocesses.
eated in hydrode-
lopment of a number
een emply described
ental conditions depended

upon the boling rangeéﬁﬁﬁﬁﬁﬁi!f ;' of the feedstock, The

degree of desul furization veguired and the catalyst
employed : indusfjil hyd aﬁﬂpn was generally
carried out betwegp 573 and 69 and pressure from 10 to

200 atmosphﬂuﬂqwﬁmjwzjqﬂj

Neve theless, although 1ndg§Fr1a1 hydqgﬂesulfurlza—
vion 3 Wbl BilabdArd ndlcld e Bhdcheors
kKinetic studles have been made at atmospheric pressure,
However, the newly recognized importance of heavy petroleum
fractions and alternative fossil fuel sources have shown the
need for Kinetic data for the hydrotreatment of thiophenic
sulfur compounds under conditions similar to those used in

industry. Thus, an important effort has recently been made
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in the construction of new laboratory reactors able to
provide reaction data free from mass and heat transfer
effects. Gradientless reactors for vapor phase or multi-
phase systems have been reported by Mahony, et al. [145]
and new laboratory high pressure flow microreactors have
been described by Eliezer, et al. [146] and by Vrinat and

V//

Mec f Hyvdrodesulfurization

De Mourgues [147].

2.7.3 Kinet
Kinetic e
Thiophe 1on of thiophene has
received consid st, partly because
this reaction is eactions that take
place when sulfur i f,f-, ractions are cata-
lystically desulfu d. | Houe 4 pite of the large
urization of this
compound, the reactionﬂgagifﬂlff‘“;. Kinetics are not com-
pletely vG‘-""-""'—"'"—"‘"‘I'i't'f,‘:""“ a fferent labora-
tories are not aﬁfa' |
The relatqye lack of r ct1v1ty of thiophenes

- mﬁ WD FNAW YR Fe10es nes oo

widely domon trated in theg past byabolentsev @nd Mashkina
e O PRGN BRI M 010 VdbA S Eoncas o
Phlllppson [149].

The effect of substituents on the rate of hvdrode-
sulfurization of thiophene was studied by Zdrazil [150] by
competitive reactions of alkylthiophenes (573-723 K, 1 atm,
Co—Mo/A1203) the reactivity increased with increasing

molecular weight but the stearic effects of substituents in
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positions 2 and 3 were similar.

On the contrary, Deslkan and Amberg [151] reported
that 3-methyvlthiophene is consistently more reactive than
the 2-isomer and thiophene (443 K, 1 atm, Co- Mo/A1203).
However, the order of reactivity of the reactants in com-
petitive experiment does not generally agree with the

#/ Different trends in

to quite the opposite

p— !. —
orders. 7 -
Product \\\ln intermediates

during thiophen £ \\\\\k‘e been thoroughly

results from isolated

adsorption and rat

reviewed in rec 54] and a general

reaction network It showed that
hvdrodesul furizati proceed by two
independent routes: thiophene through

sulfur followed by (2) adsorption of

thiophene para y‘—"i: catalyst *.;:"' followed by
hydrogenation and furt piﬁre.
SatterfleQﬂ and Robert [155] reported the first

U I DTE LT S——

desulfurlzagqon, in a stegdy state xecirculation flow
reactoq W’rq aqﬁ)ﬂeﬁem&%agew&qa IEJ 1 atm,
Co-Mo/A?2 3) was represented by the following Langmuir-
Hinshelwood rate equation :

KpPr KyPy

(1 + KTPT + KSPS)
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K = rate constant : K - €quilibrium : P - partial pressure :

T - thiophene : H - hvdrogen : S - hydrogen sulfide.

The form of the Kinetic expression implies a two
point thiophene adsorption in competition with HZS on one
type of site and hydrogen adsorption on another site.

,partial pressure of hvdrogen

/Jﬁpnce the best mathe-

*tSMSlon This work is

Unfortunately the variati

was too small to dete:
matical from of P

reported to have(

transfer influenc

e absence of mass
ted activation energy
of 3.7 kcal mol e the contrary.

Rate equa . bove have been

rization on Co-Mo/AlLO. “cat: ts [38-40] and on Ni-Mo/Al,0,

catalysts [41, : ' 3 r erized in Table 2.4.

Howevaig the 1‘& i 1 not be alwavs

abli ] PBYassoth [156] for

thiophene hvdroggn
study, th m e a dual site
mechanism 1@%1&1‘@?[5%5 adso ﬁﬁj ne type of site
Y L NETIa

mﬁcr)ﬁan act m

new i prove that a hvdrogen

unequivacally est

olysis (673 K, 1 atmDMo/Al . In this

partial pressure term was needed in the denominator of the
rate expression in order to obtain this term from a kinetic
analysis.

This observation can be illustrated by the results
of Lee and Butt [157] obtained for thiophene hvdrogenolysis

on a Co- ‘do/AlZO3 catalyst (523-586 K, 1 atm). In this
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TABLE 2.4 Kinetic Equations for Thiophene Hydrodesulfurization

Reference Date Solvent Catalyst Ea/ _ Rate Expression
Temp./K Used kcal mol r =r
, HDS
Press./atm r =initial rate

Satterfield 1968 - 3.7 KTPT
508-538 r=k 2PH
(1+KTPT+KSPS)
0Ozimek 1975 ) KTPT R
r=k -~ PH
(1+KTPT)
Massoth 19717 - KTPT Pm
n H
(1+KTPT+KSPS)
Morooka 1977 . KTPT
r=k 2 PH
(1+KTPT+KSPS)
Chakraborty 1978 K.P
= T T
r=k E—" PH
(1+KsPs)
Kawaguchi 1978 KTPT s KHPH

i ;ﬂr ‘““&PT"KsPs’“* KHPH’2
. L | 0 |
ekt o UG INERINIIN T e
+KTPT

o AWAQY TR N8 B,

l "
523-586 {x +k }
(1+KpPp+KyPp) UKy Py
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work discrimination between various rate equation was also
found difficult, but the rate appeared consistent with the

following Langmuir-Hinshelwood modified rate equation:

HBS 14 p +K P )

K_P_K.P 1
r. .=k TTHH x{ +k”} ...... (2.2)
TP

(with symbols as'?io’! 1%&5 a temperature
dependent consti:;hf"’f' ibine ode

point thiophene 0 ompetitive adsorption

Previous 1nves 8-163] working at a total

pressure of abolt . Jerature range from

i'. e t"ﬂu'

200 to 500 nC +~“had de products of the

reaction, and had speculated about themeaction mechanism.

There was ﬁxﬂaﬂﬂfﬂtﬂﬁjﬂﬁqﬁﬁd on a number of

catalysts as)shown

Wﬂﬁ*ﬂﬂmﬂ@’lﬂﬂﬂa i)y

———— C4H10 (vii)

The concensus was that the first step of the overall
reaction, Reaction (vi) as hydrogenolysis of thiophene pro-
ceeded through a butadieine intermediate; butadieine had
actually been isolated in small quantities in ceveral

studied [159-161, 164]. The second step of the overall

reaction, Reaction (vii) as hyvdrogenation of butene, was not
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rapid compared with the first step, so that the C4 product
obtained consisted butane and a mixture of the n-butene
isomers. A thermodyﬂamic analysis encouraged that reverse
reaction should be negligible for both thiophene disap-

pearance and butane formation. The intrinsic kinetics of

the hyvdrogenolysis of thiophene on a cobalt molybdate cata-

1 reactor with recircula-

lyst were studied in a
tion, at a total p atm. and temperatures
of 235 to 265 C berts [155]. Their
feed consisted ‘0ogen. The conver-
sions varied fr o about 50 % at
280 'C. Retard some products, both

thiophene and hy ‘ ,T - ' ificant and the rate

described with %EF iﬁte equation. The

forms of the klneﬁa xpre551o obtained implied that the

sene vur GHI FRUNTH HAR Focrnrzurszorson

site. They suggpsted that the catalyst surfage had two
trpes R ehE) \Ehloehe b vbedohh (it G fcbmpereo
with each other for one type, but only hydrogen adsorbed on
the second type. Thiophene underwent a two-point adsorp-
ticn; hydrogen sulfide adsorbed on a single site. The
surface coverage of hvdrogen was relatively low, and the
rate limiting step was the combination of adsorbed thiophene

with adsorbed hyvdrogen. Their results should that rate of
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thiophene disappearance was 19.ZXI06 moles/min. whereas
butane formation rate was 10.3XI06 moles/min.
Lee and Butt [142] investigated the desulfurization

of thiophene on a representative CoO- MoO /A1,0, in the

2 3

temperature ranges from 250 to 313 °c for partial pressure of

thiophene from 20 to 160 torr and for partial pressures of

hydrogen from 550 to 7r t tes of butane hydrogena-
tion were determined iments for butene
partial pressures imary products from
thiophene were -butene, and hydro-
gen sulfide whe imultaneously with
the desulfurizati was detected in
butadiene was found
under any conditio oy s :3": ‘that the primary step
nd then the hyvdrogena-
tion of butene occurrsdpﬁﬁ”qy;fl-;~. sites. There were two
type of thioph¢ sv----- -------—-t-»‘- red via the hete-
roatom, called oﬁf- ?EF other occured
across the ring dqpble bond, t e C-8 bond, which was called

aﬁ Y 'ﬁm% WHART ctnote-sire

adsorption o thiophene was preferig}e via ththeteroatom on
e n RN ITUANIINE TR Y

Pease and Keighton [163] found that thiophene desul-
furization was near zero order in hydrogen and less than
~first order in thiophene, while Owens and Amberg [161]
reported an activation energy of 25 kcal/mol at the tempera-
ture ranges from 270 to 400 QC, base on an assumption of

zero order in thiophene. Whereas Sharma, et al. [165, 166]
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studied the hyvdrogenolysis of thiophene in naphtha over a
series of unsupported and Al 3 -supported Co-Mo catalysts at
atmospheric pressure in a fixed-bed microreactor. The
hvdrogenolysis was 0.8th-order with respect to thiophene and
first order with respect to hvdrogen. On unsupported and
A1203 supported Ni-Mo catalysts, the hydrogenolyvsis of thio-
phene was 0.8th order

to thiophene and 0.85th

/&act ivation energy of
T ——

mperature ranges from

order with respect
the reaction was

250 to 350 C. d that the pseudo-

first order rat arance of thiophene

~at the temperat sure of 71 atm was

1.38x1073 L/g of

-

@ — O

R
o
=
1%
(a1
o
[
=
D
ct
[t
Q
4]
o]
o)
)
-}
<

scission. Fotljﬁn oiﬂd butane in small

amount in the reagtlon product of thiophene hydrogenolysis

e 100 confBHLER) T BN EINBIAR G ere ot 350

and- atmosph3£1c pressure.g The hyd genation a9t1v1t1es of
e R, BINE] 3 e U f%tﬂ%l Pradueda in tne
hydrodnsulfurlzatlon of thiophene at the temperature of

100 “C and atmospheric pressure was investigated by Okamoto,
et al. [170]. The relative activity for the hvdrogenation

to the hvdrodesulfurization was constant in the low-S-content
catalysts (S/Mo<l). Blake, et al. [171] studied thiophene

hyvdrodesulfurization and butadiene hydrogenation on MoS2 and
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HO_06MOS2 powdered catalysts. The presence of hydrogen in
MoS2 did not effect in thiophene hvdrodesulfurization. The
mechanism was reported as: (i) a major fraction of adsorbed
thiophene underweht isotope exchange but was desorbed

without chemical change; (ii) a smaller fraction of ad-

sorbed thiophene proceeded desulfurization before hydrogena-

tion of the hvdrocarbo butadiene and butene; and

(iii) a minority o proceeded a degree of
hydrogenation be d this route was the
source of butan
Debrovo d hydrodesulfuriza
tion of thiophe they found
was 80-96 % at the
ydrodesulfurization
activity was roughl u‘":}ff, the C,H,, yields.
Whereas the predomlnannéﬂ%f’j;l;_; tenes was suggested a

i1on. Kasanos,
et al. [173] suge --diﬂermining step at
temppratures beloy 00 K was t chemical reaction on the

coctses o] c,}os,qegam@w ARG assruston-or-

absorption- 11m1ted.

q maeammwﬂa PIBEROE) s oee-
sented bv Owens and Ambery [164]. The first reaction of
thiophene in the primary reaction path way suggested to be
the C-S bond cleavage to form 1,3-butadiene, rather than
hyvdrogenation of the C=C bond. The figures in parentheses
showed estimates of the rate of the various reaction steps

in micromoles converted per gram of catalyst per second at
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= HZS (18)
—_—> C=C—C=C
+ 2H2 [18]
b S, (HO)
& o +H, \ [>160]
\ ’ e
\ +3H, g
\ ~
\ N !j!
\ ‘3’*“ f/ 100) [Fast]
\ — : c=C
\ c=C——C — —— /A
\ (>100, ast 00) [Fast] C c
- ‘
\ '
\ , ) 31:}. Y
\ b —
\ 2+5)
\ Egg{ ,
c—cic—c Z
el
Figure 2.4 Thiophene g podesul fu on Reaction Network (1).
Numbers in parentheses are ApProxil ates [(mol)/g.s with

(are for Co-Ho/Alzo
catalyst at 400 C. (Reprim red Wit 1 pi ‘from Advances in

n. (ﬁnical‘ Society.)
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3

Chemistry Series.



77

673 K. As l,3-bﬁtadiene could not be detected in product
gases, the hvdrogenation rate was thought to be fairly fast.
Reaction products were included in feeds to provide indenti-
fication of reaction inhibitors and stable reaction interme-
diates. Some conversion and product-distribution data from
a steady-state flow-reactor study were collected in Tables
2.5, 2.6 and 2.7. They ‘»’,/ ved that H inhibited
reaction of thiophen \&1on of butene but had
only little effect‘?-?—t
shifts, or butad? g

led them to sugg

rlzatlon, double-bond

es. These results
ind of site was
operative in hyd
The hvdro s 1 i ' ’ ase condition over a
commercial hvdrode .
investigated in a b reactor by Van Parijs
and Froment [174]. 1ent conditions were at the
temperature rang - ;'-'—*”"fbtal pressure from

e

2 to 30 bar. Thﬁé‘ tlm were described by a

set of Hougen-Watson rate equatlons for both the hydrogeno-
e

et of o4 Y U iGcion o

butene into tane. The %urface reactlons be en thiophene
o bth RA BIRTRIUHAG %Eclé%@%le found to
be the ate determining step. The reactions products of
hydrogenolysis of thiophene detected in measurable quanti-
ties were st, n-butane, l-butene, cis-2-butene, and trans-
2-butene. Since tetrahydrothiophene and 1, 3-butadiene were

not detected in the present work, the following consecutive

reaction scheme was adopted for the hydrogenolysis of thio-



TABLE 2.5 Catalyst Activities in Thiophene Hydrodesulfuri-

zation

BET area. Apparent reaction

Catalyst m2/g rate®’® mol/m?.s
M082 3.3 0.9
MoS2 + 1% Co 0.5

Mos2 from MoSz, heated to

400°c 1.0
700 C / .6
800 C 1.5
Co—l"lo/}\lzo3 1.6
2.0

cr.0 “--___-—,}. ‘-.-".'
23 7/l qufaz‘ﬁt:;

* Rate of reacgdonfvaniéd signi \ ly hetween
fractional conver€ion§ of 0,005. Tabl . es are
average rates betwgén fhese .

-‘u.

® Data were obtain a“é a st
& - ety f

at 288 C. Partial pressure

/ \ e flow reactor

.

nd thiophene were

1.00 and 0.03 atm, re f’:f-a .. ate of hydrogen was

3 . N F“'? . ki
maintained at al_aout3 ‘é:%,ﬂ

varied to give a s

of catalyst were

Source: Repr
Canadian Journal B‘ Chemi s v ght by @e National
Research Council of Canada

ﬂ‘LIEVJ‘VIEJﬂTWEJ’]ﬂ‘E
qmmmm UAIINYAY
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TABLE 2.6 Product Distribution in Thiophene Hydrosulfurization

Products from a steady-state flow reactor at 0.5% conversion of
thiophene; other condition specified in TABLE 2.5

Mol% in C4 Hydrocarbon Product

ene cis-2-Butene trans-2-Butene Butane

Catalyst Butadiene 1-b

MoS,, 19.2 8.8

Mos2 + 1% Co 17.4 4.7

MoS2 from Mos3,

heated to: 400 C 23.5 12.7
700°C 36.5 9.5

Co—Mo/A1203 24.3 6.2

Cr203 11.8 37.4

Source: Reprod Canadian Journal of

Chemistry. Copyrigh h Council of Canada.

)
J

AULINENINYINS
PRI TUNMINGA Y
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TABLE 2.7 Product Distribution in Reactions Catalyzed by Chromia
Conversions in a pulse microreactor at 415°C

Mol% in C4 Hydrocarbon Product

1-Butene + cis-2-Butene +

Reactant Isobutane n-Buta isobutene® tran-2-butene butadiene

Thiophene 0.0 27.4 33.9°
1,3-Butadiene 36.7 38.2b
1-Butene 26.6 22.4
trans-2-Butene 52.4 23.5
cis-2-Butene 37.6 39.2
Isobutene .0 0.0
n-Butane .0 0.0
n-Butenes® 48 32
? Assumed to be was absent.

¢ Value possibl
d ,

Gas-phase equilibrium attained, T~

IN— " ﬂ"

Source : RepTo v “Advances in Chemistry

Series. Copyrigh ,’-i" the Anerican Chenical m
AULINENINYINT
AN TUNNINGA Y

iety.
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phene (T) into hydrogen sulfide, butene (B), and butane (A).

i § =% B > A + H,S (viii)

The hyvdrogenolysis of thiophene into butene and hydrogena-

tion of butene into butane onsidered to take place on

é‘ld T. Since it was not
detect in the ef? | @st be a highly

different kinds of ae

reactive intermedi s assimilated to

butene. For the _ i alysis, ene and n-butane

those for hydrogenéj?}gw 7 . Either the adsorp-

tion of the reae ne) or the.surface reaction

¢ .
between the adsdrbed s 501 ption of the reac-

tion products co d be rate- determlnlng. For the hydrogena-

tion of butﬂumwﬁﬂ?WﬂﬁTﬂ ?e models with a

competitive ddsorption of hydrogen and for whlch the surface
i LN UG Lt
quuent vy, The rate-determining steps on the ¢ sites and the
T sites were independently chosen from one another. As an
illustration, the reaction mechanism of the best kinetic
model that hydrogen was adsorbed in molecular form was given

below.
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i.l For the hvdrogenolyvsis of thiophene on the o-

sites.

tion of butene ongt g te

b.1 For Ehﬂ!!gifff wk\\\\\\through hydrogena-

These f1rsg odels were, derived from a Hougen-Watson

wecranien RIS AN N AFen the reac-

tants and competltlvely adsorbed molecular hydregen was the
rae-ady W’J@Q&i&&%ﬂ%ﬂﬂ nchi§hi&)ana che
hydrogpnatlon.

The second model differed from the first model in
that hvdrogen was atomically adsorbed. The corresponding

reaction mechanism was given below.
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a.2 For the hydrogenolysi_s of thiophene on the o-

sites
H2 + 20 — 2H.o
T & 0 R —— T.o
T.0 # 2H.0 ————— S.0 + BD + 2¢
S.0 + H H,S + 0
b.2 For - ration of through hydrogena
tion of butene o \

+ tu-mu- AW

5ils kinetic studied

It was €0 hat
of the hydrodesuﬂuriza on o ophen@ into butene the

subsequent f butene into butane confirmed the

oﬁfu IS NN DT memnens
:1;:“i~unami BN A

petitively adsorbed hydrogen were rate-determining. Within
the experimental region used in this investigation, and in
spite of the vast amount of data, it was impossible to

discriminate between the kinetic models for which hvdrogen

adsorbed in molecular or atomic form.
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Isagulvants, et al. [175, 176] studied the mechanism
of hyvdrogenolysis of thiophene on Co-Mo/A1203 by using
tritium. They suggested that hydrogen was irreversibly
adsorbed on the sulfided catalyst and participated, along
with catalyst sulfur, in the formation of H.S. However, the

2
irreversibly adsorbed hvdrogen did not participate in iso-

‘h,f f the double bonds in
& orted that surface

sulfur of the cat@tl 1p%ﬁo‘rmatlon of HZS and

sulfur of the cat iophene in the

tope change or in hydrog

thiophene. The next

course of the hv tion. The activity

of the catalyst d exchangeable
sulfur. Introduci n. mina catalyst

increased both the

city for exchange. und that irreversible adsorbed

tions. Hydrogen a oms of thlophene did not directly partici-

pate in proﬁ(ﬂoﬂ«ﬁ wgwﬁawhﬁlfHﬁﬁlon occured

with participation of elthnr rever51b1y adsorbed hydrogen or
s R RTRET fi?ﬁfﬁ%ﬂl’l’ﬂ%ﬁ’}ﬂ £ =2
an intermediate of thiophene hydrodesulfurization.

Arayva, et al. [177] used commercial A1203—supported
Co-Mo, Ni-Mo, and Ni-W catalysts to test hyvdrogenation,
hydrodenitrogenation and hydrodesulfurization activity of

cyclohexene, n-BuNH 2 and thiophene at the temperature of

623 K and atmospheric pressure in a plug-flow integral
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microreaction. They suggested that hydrogenation and hydro-
desulfurization reactions occured on different sites of
Co-Mo catalysts but there was a competition between hydro-
genation and hyvdrodenitrogenation for the same active sites.
On the Ni-Mo catalysts, hydrodesulfurization, hydrodenitro-
genation and hyvdrogenation occured on different types of
\h&’ catalysts, there was a
s/@etween hydrodesulfu-
& '—‘

t;on.;gggg:on. Kuo and
: ?ﬁ?ﬁﬁ%ﬂg§ulfurization,

erization over

active sites, whereas on
competition for the

rization and hydrode

Tatarchuk [53] sgﬁjigﬂﬂif-.

3 catalyst at the
temperature ranges/f  __’ and at the pressure of
102 kPa. They fou af-t'; rodesulfurization
~over sulfide rutheni  “; ;: - ced direct hydroge-
nolysis in the absence_ 1 rothiophene formation.
Sulfided Ru/Al.,0. ~ covided —a Sfold higher thio-
'..'-o/Alzo3 catalysts.
Irandoust and Gahne [178] 1nvest1gated the competi-

e et PP B o o

hydrogenatiofil of cyclohexiPn on a monollthlc Co- Mo/Al2 3

““”ﬁ P B A T R k. e
found t t the reactions proceeded on 2 different type of

active sites. The Kkinetic model was based on hydrogenation
of thiophene ring period to S elimination. While thiophene
hydrogenolysis over bimetallic sulfide catalyst was studied
by Startsev [179]. A mechanism for thiophene hydrodesulfu-

rization using Ni(or Co)-Mo(or W) catalyst was proposed



86
which differed from previously described mechanisms in that
(a) the reaction proceeded in the coordinate sphere of the
bimetallic complex without participatation of the sulfur
atoms. And (b) adsorption and activation of thiophene

occured on coordinatively unsaturated Ni or Co while activa-

tion of hvdrogen occurred on Mo or W.
Kinetic and adso

hvdrodesulfurization of
N

thiophene over Co-Mo, a /Al O catalysts was
..J
e reaction condition

nfﬁh\ﬁ?‘ﬁhiy 325 °C and

from the thiophene

investigated by Ih

was at the temper

.xj}-

atomspheric pres
hydrodesulfurizati cis-2-butene,
trans-2-butene,
Tetrahydrothiophene w PRI 4 ce amounts under some
reaction condition ‘
was found that the
- pounds such asF;L - etra higphene increased in
the order Co-Mo i-;ded in the feed

retarded the rate, whereas C compounds ad little effect on

the rate. ﬂﬁ%%%ﬁ wﬂqﬂﬁz% were superior

for model 7 Whereas Ni- W/Z}l was superlor for both model 7
BEEE awaa@ﬂ@mw% 4 B pp ese vien
one-poi t adsorption of thiophene and relatively weak
adsorption of hydrogen, or a Rideal mechanism of hyvdrogen
with two-point adsorption of thiophene. On the other hand,
model 8 indicated a noncompetitive adsorption of thiophene
and hydrogen with one-point adsorption of thiophene on one-

site and the molecular adsorption of hydrogen on the other



87

sites. Accordingly, it was presumed that the Ni-W system had
a relatively higher hydrogen adsorption capability than the
Co-Mo or Ni-Mo system possibly due to the relatively weak
adsorption of thiophene and hydrogen sulfide. Hydrogen
sulfide acted as a poison and showed a slightly stronger

adsorption than did thiophene in all systems. It was also

W: very weak compared to

found that hydrogen adso:

other reactants and&;

present reaction co

ative type under the

-
h““ﬁﬁifnt activation energy

of the Co-Mo syste The Ni-W system

showed a higher ith a larger value,
about 14 kcal/mol stem followed a
similar trend to t f aspects, it showed
higher rate constants et e er activation
energies. ;
Vrinat [140] gﬁj:fj;;}hiophene hydrodesulfuri-
zation evidentl i
2.3), although tha not completely
understood, with results of dlfferent 1nvest1gators being in

ers e SRURURTWEIATG e 1o

pressure n\p iments 1nd1c?ted that thlophene 1nh1b1tnd its
oun D3 QU F 6 1A A 4 B ) i pvacosen
sulfide %ad been found to inhibit hydrodesulfurization. The
possibility of inhibition by hydrogen was difficult to
assess because only small ranges of hydrogen partial
pressure had been used. Hydrogenation and hydrogenolysis
were inferred to occur on two different kinds of sites since

hydrogen sulfide affects rates of thiophene hydrogenolysis
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and olefin hvdrogenation differently [6].

in a thorough set of experiments characterizing
' hydrodesulfurization of thiophene in the vapor phase [174],
conditions were varied over a wide range (Table 2.8). A
reaction network was proposed in which thiophene was hvdro-

desulfurized to give l-butene and cis-and trans-2-butene,

followed by hydrogenatio utenes. Neither tetrahv-

drothiophene nor but s proposed to be hydro-

— -
genated rapidly to ; tenes) was detected.
Two different Kkings ic si : ere assumed, one for

thiophene hydro

ne hvdrogenation, in

accordance with experiments [140].

which was a more-realistic -In each case, it was
|
assumed that hydrognn sulfide was formed by reaction of gas-

phase hydrﬁ%lﬁ}xﬁﬂoﬂ%ﬁ%ﬁ{]eﬂ %ny Rideal mecha-

nism. The 1 te oquatlong base on tho assumptlon of disso-
mualwa'}anaﬂﬁ@weuw}aﬂ BT 5 vimn e
paramnt r values for reaction at 260 ¢ by Van Parijs and
Froment [174]. The existence of two different kinds of sites
was justified a posterior bv the large difference between
adsorption equilibrium constants for hydrogen on the two
sides. The adsorption parameters of the organic compounds

exceeded those for hydrogen by 1-2 orders of magnitude.
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TABLE 2.8 Reaction Condition for Hydrodesulfurization of

Thiophene*
Reactor Type : Vapor-Phase Flow Reactor
Reac;or Temperature : 260-350°C
Pressure : 2-30 atm
Molar HZ/Thiophene
~Catalyst \ W--Mo/A1203
*Reference from Van Parij oment, 1986.

AULINENTNEINS
AMIANIUNNIINYAY
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TABLE 2.9 Rate Equations for Thiophene Hydrogenolysis and
' Butene Hydrogenation Assuming Dissociatively
Adsorbed Hydrogen (Van Parijs and Froment, 1986)

1. Thiophene hydrogenolysis on ¢ sites:

*r,01%1,0 “n,,0 Pr'n

2 2

77 3

1/2/ |

[1 + Ky o W ARy + Ky 5 Py s, o/ P ]
Sl ' 2 2 2

— l
—
2. Butene hydrogenatd®m’ on 't sites:

f ¥ ’
3 al i-a j:
where the subscripts T,A, and B denote thiophene,
butane, and butene, pg%ﬁictivgigt;

N\ £
Y - -
Parameter values at 260 C are as follows:
Kp 5 = 5-22]x 10" exp(=29.9/RT) =2.82 x 107>
Kp 5 = 5-60 x 104 exp(10.7/RT) ="13.7
Ky o(0-536
2
Ky g =91-2
4 11 =5
kg 0617 2021 %107 = exp {7381 /RTY =05 A6-X A0
Ky o= Ky V= 07 107 % lexp (10.6/rT) 218.87
9 B,t -13 -2
KH = 8.88 x 10 exp(-26.4/RT) = 6.02 x 10
g

where the rate parameters k and adsorption parameters K
have units of mol/(g of catalyst.s) and atm-l, respectively.
The adsorption parameter for hydrogen sulfide is dimensionless.
These results pertain to the temperature range 260-350'C.



91

hydrogen sulfide was a strong inhibitor of hydrogenolysis but
did not inhibit hydrogenation. The data were also fitted to
a model in which the two kinds of sites were interconverted
at a rate depending on the hydrogen sulfide partial pressure,
but the fit was not substantially better with this more

complicated modle [181].

Comments on the of H2 partial pressure.

Although hy en d in all the reactions
. T—— T .
which take place du rdn rocesses, there is a
lack of informat; of reactant. From the

point of view o correlations,

interest so conc fundamental
questions:
(1) Dose hydrogen on the same kind
of catalytic sites ' to adsorb sulfur

compounds?

(2) Is the adsﬁ bed 1 ‘ a_-.-.'.'.:;‘::-_-g,l- he sulfur compound
hydrogenolysis ar

IT iﬂspecies?

Although EPe assumptlon that adsorbed thiophene

reacting wi ﬂﬂ%}nﬁ‘}% ﬁdﬂ@wgb}ﬂ %’ported by Ozimek

and Redomysk [182]. The‘current llterature qepcernlng the
canes @) P AGFERTIY HABAREI A o
generaliy consistent with a dual site mechanism: hydrogen is
adsorbed on type of the second question is, on the contrary,
still much debated. For thiophene hydrodesulfurization ,
the dependence of rate on the H2 partial pressure has
typically been represented as first order at low partial

pressures [155-157, 182, 183], which confirms that hydrogen
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adsorption is not sufficiently important to affect the
Langmuir-Hinshewood adsorption term. Moreover, most of
these studies have been done in too narrow a range of H2
pressure and, in such cases discussion of a molecularly or

atomically adsorbed hydrogen is kinetically meaningless.

The only kinetic analysis of thiophene hydrodesulfu-

rization with an appar order of 0.5 in hydrogen
partial pressure of B ) ﬂrted by Devanneaux and
Muarin [139]. 1In e of hydrogen was
varied from 2.2- Hinshellwood kinetic

analyvsis applie ) i“' \ce i represented by the

Althou@ a' ki in which hydrogen

interacts with ssential to an

he cal’llyst, at the present
time there is a Ej , %’ i ubject. There 1is
some evidel@u Cﬁ\nﬂiﬁn uﬁcﬁjﬂe ing and .neutron
diffraction.ex eei sl ‘ lﬁ ﬁ( sorption
of hyEﬁlﬁdlsﬁﬁa@ﬁﬁj\a ﬂﬂj iz.jzy chemi-

sorbed hydrogen is bound to sulfur rather than to molyb-

understanding ofmthe Work

denum, but these studies do not prove that these species are
involved in the hydrodesulfurization reaction.
Comments on the influence of the partial pressure of

the products
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Turning now to the dependence of hydrodesulfuriza-
tion rate on product concentration, we shall discuss
separately the influence of hydrogen sulfide and hydro-
carbons.

Bv preadsorbing HZS on a "cobalt molybdate" cata-

lyst. Owens and Amberg [164] were the first to report that

this product has a stro

}.’\ 1g effect on thiophene
conversion. This ob ' A%ter confirmed by several
investigators [l? : during hyvdrogenolysis

of various thiop

In the s, this inhibition

effect of H,S is . rde \ tic inhibition

1193] found that,

In addlﬁzf

during hydrodesulgprlzatlon of dlbenzothlophene, HZS added

to the foeﬁug{}%g ﬂfﬁ WE 'ﬁhﬂ%’ of the catalyst

when the H éﬂ ratio is }ow this fact was explalned in
corns RN EAR TE BRI G bocaee on
act1v1€§ of catalvsts and could be related to the work of
Gachet, et al. [194] who proved that on these catalysts
about 20 wt% of the sulfur is liable. Furthermore, it is
well known that a definite partial pressure of st is

required to maintain the activity of sulfur catalysts and

axperimental evidence of this behavior has been abundantly
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reported [195-197]. 1In view of these results, HZS must be
observed for Kinetic interpretations on these catalysts.

Concerning the influence of the hydrocarbon products
on the hydrogenolyvsis rate, differences exist between

various results reported in the literature.

For thiophene hyvdrodesulfurization, Owens and Amberg

!)f vdrogenation and sulfur
1oh @;ake place to some
| T——

1 Satterfield and

[164] have shown that t
compound hydrodesul f
extent on dlfferent
Roberts [155] reg ickly desorbed from
its formation si adsorbed and hvdro-
genation on anot are in agreement
with experiments ‘;j{, / ‘ dded to the same
wayv, Lee and Butt incorporation of a

_e in the hvdrodesulfu-
rization rate equationé?é%??r {f",, sary, which they take

- afion and hvdrogeno-
lysis sites.
2.8 The effect of other compounds in hyvdrodesulfurization

wﬁ%&ﬂ’l‘ﬂﬂ‘ﬂ’ﬁﬂﬂ?ﬂi

Mats oto and BonQp [198] igydled hydqepesulfurlza—

cion o AT T Rrb B HEI) G &

catalysg consisted of 4.4% CoO and 21.0% MoO, on alumina.

In this experiment catalysts promoted the hyvdrogenation of

organic sulfur compounds but did not promote dearomatiza-
tion. 1In product contained 0.08% less BTX than the feed and
it lost more than 99.9% of its original sulfur content.

Hydrogen transfer during hvdrodesulfurization of thiophene
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over sulfided Mo/A120 and Co-Mo/Al,0., catalysts at the

273
temperature ranges from 490 to 590 K and atmospheric
pressure was investigated by Ramaswam, et al. [199]. Typical
feeds containing thiophene (1 wt% sulfur) were prepared in
different solvents such as benzene, cyclohexane and n-hep-

tane. They suggested that the role of hydrogen transfer

reactions occurred between these solvent molecules and thio-

phene adsorbed on the ¢ H-rich molecules in the

feed and H-rich supp the hydrodesulfuriza-
tion of thiophene on | i Thev also found that
aromatic compoun g of the active
centers and to 1 t temperature below
550 K.
Fujimoto, he liquid-phase

calin as hydrogen

tal catalysts at the
temperature ranges frgﬂ?ﬁ%@af,fjf;ﬁ . Hydrogen atoms in
surface and then
to the metal sulfide surfac wE}h thiophene. Mo
and Co on active cgrbon were the most active catalysts for

seonene oI B i

Blekkan and Mltch%}1 [201] 1nvestlgategjthe interac-
vion of oot §1FS) Tinda i 4 ki it B hyarodesur-
furlzatfbn of thiophene. MoS2 catalyst was doped with
cobaltocene which was used in hydrodesulfurization of thio-
phene. The products of this experiment were the mixture of
butane and butene. They suggested that the hyvdrodesulfuri-

zation activity rose when the cobaltocene decomposed because
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the released cobalt was incorporated as a promoter. At the

same time, the hvdrogenation activity decreased that related
to the amount of butane in the product. The activation
energy for the conversion of thiophehe was the same for MoS2
and the promoted catalyst.

Effect of metal-organic compounds on thiophene
hydrodesulfurization over sulfided Co and Ni promoted

i /} :arbak and Andersson [202].

aphthenate were used

‘\10/A1203 catalysts was s

The additions of v

as metal-organic solution. The opera-

ting condition 370 'C and atmos-
pheric pressure ition of nickel or
vanadium naphth ion worked
similarly. At phthenate affected

both catalysts mo ! ' _' 1 naphthenate. They

\

faces at highe ‘should also be

noted that the qEFct 1iﬁger at higher tempe-
rature. The decompes ition of @uganometallic compounds

occured on ﬂ,uﬁl ’}?,CLEJ | ‘§ W 5] B nvarodesur ru-

rization. The experiment€ showed that both Nié-Mo and

co-no A B, bEMEL DM At A EL LRl ene vana-
dium ngghthenate, whereas nickel naphthenate mainly affected
the Ni- Mo/A1203 catalyst. The decomposition of the naphthe-
nate thus produced oxidic and sulfidic nickel species which

indicated that poisoning might occur by physical blocking by

nickel sulfide and changed in the carrier by the formation
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of nickel aluminate. The organic part of the naphthenate

might additionally lead to deactivation by coke.

2.9 Hvdrogenation of Toluene [6, 122, 203]

Hvdrogenation is a reaction between unsaturated
hydrocarbon compounds and hvdrogen. The products of hydro-
genation are saturated hydrocarbon compound. A great varity

of hyvdrogenation reaction carried out industrially.

streams of couples
T ——

composition, to tions in the pharma-

ceutical and fi 2 a very Dprecise

hydrogenation s ing with a relat-

ively pure reac

Hyvdrogen exothermic reac-

tion. The most c form of nickel.

Next is palladium, ctivity and/or selecti-

. i !‘I_'l- :.-"
vity more than,compenﬁsﬁ%%fﬁh

&

these metals re

igher cost. Both of

ro v ,'
M" such as - -iron,

copper and platiﬁpm a iviﬁ which may account

for the high catalygic activityof palladium and nickel.
Supﬂ:%ﬂN@% &J nlﬁlw ﬂ q ncﬁly used catalyst
in petroleu;uhydroprocessfhg, and there are many established
procesthdl ¥ERAL 0 LU bud Wl Bl ogenaion
of unsaturated hvdrocarbon compounds. Nagai [204] suggested
that Ni—Mo/A1203 catalyst "had two types of active sites.
One was the desulfurization size and the other was the
hvdrogenation size.

Toluene, an aromatic compound as C7 g’ is a good
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solvent which use in petroleum industry. It also uses as a

solvent in coal liquid extraction [205]. This unsaturated
hydrocarbon compound, toluene, can be hydrogenated over
nickel catalysts [206] and hydrotreating catalysts such as
Ni- Mo/A1203 Afonso, et al. [207] used sulfided Ni—Mo/A1203

in hydrotreatment of Irati shale oil, containing 0.87 %

toluene content, to study behavior of the aromatic frac-

lﬂ} ting condition (at 400 'C
A 'Ae was removed 30 %

tion under rather dras
and 125 atm). They
conversion.
Reactio
In hydr ith hydrogen to
produce methvlcy ion catalysts. The

catalytic hydrogefi: 1 isWshe "~\\ e following equation:

CH

. (ix)

Pasynkie tudied hvdrogena-

_ | ) [
tion of toluene JL Zlegler type catalyst at the temperature

ranges fro ? E@m nges from 6 to
10 MPa. Eﬂxﬂ ested Wt e bimetallic catalyst systems
WA ATV Poveeere
effect. Evana, et j@oﬂ used a \11/810 aerogel catalyst
in hydrogenation of toluene to methyvlcvclohexane in a flow
fixed bed reactor at the temperature ranges from 90 to 150 C.
Under integral conditions of conversion, the reaction

mechanism obeyed the Langmuir-Hinshelwood model involving

reactants both strongly adsorbed on specific sites and
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exhibiting a global reaction order of zero. The energy

of activation was 47 KJ/mol. The catalytic activity was
very stable with time on stream. Whereas Tran, et al.
[210] investigated hyvdrogenation of toluene and benzene on
group VIIT metals. They found that both reactants were
bonded to the metal surface via T bonds involving an elec-

tron transfer from aromatic ring to unoccupied d-metal or

bitals. Fujie, et al. sed toluene and benzene

as a hydrogenation the catalytic activity

of Ni/A1203 by a BaO which resulted in

higher activity ghest avtivity was

obtained with 1 tion activity was

proportional of emisorbed on the

1/A1203 increased

tion of toluene and

catalyst, and in

benzene in hydrogen tf_ﬁ A'_ 37;“ studied by Orozco and

reactants were disso-

ciatively adso‘r-n—ff—;,T, $ nd-s ~§'supported palla-
1€ wia more readily hyvdro-
genated over bothgmetals than henzene. The sites for the

rcmeorion BN AN WHADT seomenry arn

tinct from those involvedfin toluene adsorptiew and hydroge-
o AN TUURIINGAA Y
q . .

In hydrogenation of toluene, it may occur hydrodeme-
thylation (hydrodealkylation) or hvdrogenolysis reaction.
Kham, et al. [213] investigated the activity of Zr-Co
hydride on Co/ZrO2 and Co/A1203 catalysts in the hydrogena-

tion, hydrogenolysis, and hydrodemethylation of toluene.
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The selectivity of the hydride catalysts for hydrodemethyla-

tion and complete degradation of toluene depended on the
dispersion of Co and the hydrogen content. The characteris-
tics of high temperature catalytic hyvdrogenolysis of toluene
into benzene was studied by Isaev, et al. [214]. The hyvdro-
demethyvlation of toluene to benzene was suggested to be a

n a thermal mechanism even at

O/Al O catalysts in
. ‘--H!iie production pro-

active catalyst

catalytic mechanism rather

a temperature as high

Kozlov, et
hvdrodealkyvlatio
ceeded without t
contained 4.0 % Ni-Mo. They sug-
gested that the ty of surface
paramagnetic Ni fficiently high
concentration of 1! the reduce catalyst

in order to obtain catalyst. Navalikhina,

et al. [216] sgﬁfesteﬂufﬁgt tﬁJ; on' heteropoly com-

pound in Ni-W/AMJO - Cata Hieir pore size dis-

tribution, activity in h sis;EFaction. It gave
93.4 % conversions! @f hyvdrodemethylation of toluene and

7.9 % El & INSNIWE I r coar ar e

temperature of 625 'C andfat the pressure of 5LMPa when the
catal'vq ﬁqﬁxﬂijZim;lfmqq mﬂg} a E]
Krlchko, et al. [217] studied high-temperature hvdro-

genation of toluene in the BTX fraction on Cr O3 Al

2 3
catalyst at temperature ranges from 600 to 625 C and a
pressure of 4.9 MPa. Their results showed that there was a

hvdrodemethylation of toluene, 65.9-86.1 % conversion, on
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those catalvsts which resulted in high concentration of C2H6

in BTX fraction, Boitiawx [218] used Ir/Al,0 catalyst to

2
study selectivity of toluene hydrodealkylation under super
atmospheric pressure. They found that there was a strong

sensitivity for ring hydrogenolysis and not insensitive for

hyvdrodealkyvlation to benzene which resulted in higher con-

centration of methylcyclohex

ne, from hydrogenation of
toluene, in the produc The selectivity to
benzene was increas size increased.

2.10 Organometald( N 203]

Metal imf 0 edstocks are organo-

metallic compou 1 elements. The

organometallic rm of the metal
impurities which in petroleum, as
organic solvents. compounds which con-

om feeds, deposite

_ that causes
irreversible catgayst
Yoshimura,f et al. [135hfound the metal compounds

(such a5 N ﬂxim VS WEEA T Foar-derivea o

and petrolelm vacuum gas 8il. Mostmof metal impurities in
perrorShal todbtstld Holutdbelrd NELABLEL 1157, 152,
219]. Metal in crude o0ils are either in the form of salts
dissolved in water suspended in the o0il or in the form of
organometallic compounds and metallic soaps. Metallic

scaps of calcium and magnesium are surface active and act as

2mulsion stabilizers [203]. The metal impurities in 4dif-
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ferent source of crude o0il was showed in Table 2.10

Hydrotreatment must be use in these crude oil for
impurities removment, metal and sulfur removement. In
hydrotreatment, hydrodesulfurization and hydrodemetallization
occur simultaneously on the catalyvst surface to remove sul-
fur and metal components from feed. The metals are deposited

on the catalyvst in the for metal sulfides. Generally, it

// arbon and a heavy metal

than a carbon sulf tl the rate of metals
e —

conversion from M’ 1 ,' 3 MS to metal sulfides

is faster than

is easier to crack a

r conversion to hvdro-

gen sulfide. sulfides are solid

and deposit on

Kovach e ~deposition patterns

of inorganic meta llics and found that

after carboneceous its maximum, the depo

sition of oil- 1gsolubTe"’:1-1‘i ng‘a, “me alts would be

\
hindered by ca

1 the other hand,

organometallics &n stil e thr@;gh the carboneceous

deposition and intOgthe pores @af the catalyst and be depo

sited thel‘"ﬂ uﬁlﬂ m(ﬁlﬁm im EJ!ﬂlﬂj the aged cata

ifiioiﬁe’iﬁiirﬁhﬁﬁﬁ?mbmﬂem”

1norjanlc metals deposit on the outer surface of the cata

hat most

lyst, whereas organometallics can penetrate into the cata
lyst pores and have the same distribution pattern as those
of organo-vanadium and organo-nickel in petroleum hvdro

treatment. DeRosset [222] also analvzed the aged catalysts
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TABLE 2.10 Trace elements present in crude oils

Source Elements Present
Canada ' _ Fe, Al, Ca, Mg
Ohio Fe, Al, Ca, Mg
California Fe, Ni, Vv

Egypt - O ' Fe, Ca, Ni, V

Irag | ’ Fe, Ni, V
Venezuela - W — Fe, Ni, N

3 »
AULINENINeINg
ARIAATAUNNIING 1A Y
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and found that higher percentages of organometallics were

deposited on the catalyst than inorganic metal salts.

Some observation have suggested that the metal
deposition can accelerate the coke formation. Habib et al.
[223] observed a large increase in coke content due to
catalyst metals poisoning in a cracking process. Tamm et

al. [116] argued that inst of coke which was commonly

blamed for the initia st deactivation, the

h f‘ﬂﬂx Vatlon agents. They
found that the iod was directly
related to the allics in the feed
but 'not to the d by Conradson

carbon content.

1. The loss of c B 2,:” , vdrodesulfurization
reaction was a comb R 4 actor. First, it was the

reversible depqsipigg?ﬁ&? - 10T i )r coking. The other

of organometallii&.
2. Metals in thes feed deposited within the pores of the

catalyst asﬂ u&g 'ﬂ&ﬂ@ﬂﬂﬂﬂﬁmn kinetic was

suggested in flrst order. ¢

oyl i SEUNAAINANEL ccereres 5o
the flrst period decreased because of deposition of coke in
the mixed the micro and meso pores. Vanadium was deposited
in accessible meso-macro pores. During the second period on
deactivation, vanadium was deposited on the mouth of mesopores

and in a meso-macro structure, which decreased diffusivity
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and reaction rate. The last period of deactivation from coke

and vanadium were accumulated in the external part of the
meso-macro structure and in multilavers in the neck of
narrow-pore interconnecting the external and internal parts
of the pellet.

4. The desulfurization was accelerated by the concurrent
t be the

removal of vanadium. Tt effect of a donor-

acceptor interaction compounds and catalyst

surface.

5. Decomposito pounds occurred on the

same sites as t nlfurization. Both

Ni-Mo and Co-Mo ongly deactivation by

vanadium wherea: mainly affected only

Ni- VIo/AlZO3 cata

6. Vanadium ads

fal - more strongly than

nickel. Nickel was m.J;; &sa moved than vanadium in the

low temperature reg@ %Eﬁ‘ g I ituation at high

7. Absorbed 1nong ic forms titanium had no poisoning

effects on ﬁ,ug @%ﬂ%ihw Blodblegariic forms were

ea511y absorbed from evend low conceatration. @Phe amount of
ticanith [Abpbolibh | incskheeh erk dibuagl | 6 £

8. Tslanium and iron penetrate into the catalyst grain
core and irreversible changed the catalyst activity.

9. Iron was adsorbed quickly and had high level of adsorp-
tion on catalyst surface. Iron sulfide might complex with

certain types of aromatics and deposit as organometallics on
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the catalyst surface. For example, cyclopentadiene compounds

were known to form complex, i.e. ferrocenes.

10. Adding iron in such a manner that undesirable hydrogena-
tion reaction were prevented without decrease of the cata-
lyvtic activity of hydrodesulfurization.

11. Hyvdrodesulfurization activity rose when the cobaltocene

decomposed because the released cobalt was incorporated as a

promoter. Whereas the . , urization activity de-

a ; butane in the product.
——

sulfurization was at

creased that relate
12. The operating
the temperature C and at the pressure

ranges from 1.0 iquid hourly space

13. The products i _1f drodesulfurization were
hvdrogen sulfide, ans-2-butene, tetra-

hydrothiophene, 1,3

n-butane. Small amoqnﬁg——x

but this is rap e&w_ma ne. The butenes

; l

qﬂ butane

14. HydrognnathP and hydrodesulfurlzatlon was occurred

n occoronfi GHE14) B BATHREIR R s, cocac

15. = Aromatl compounds cguld lead to poison actlve cen-

o= AR AT LBIG R Eﬂﬁa&}e below

950 K.

ather small portion of

e was an intermediate,

in turn were mo
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