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~.  ABSTRACT

’ The hydrodesulfurization of’benzothiophene OVer a

) t

Nl—Mo y-al, Oa catalyst was studled Jin af flxed bed mlcroreac-'

tor at 350 to 450 C and atmospherlc pressure. Before: use,
| BN

the catalyst was. f1rst reduced in 51tu at 250 C forl4 hours.
in- a stream of hydrogen and then presulf1ded at 250 C 1n a
10% mﬁxture of hydrogen sulflde 1n hydrogen for another 4
hours. The catalyst was kept on’ stream for up to 40 hours

-

for a glven set of reactlon condltlons after wh1ch p01nt 1t :

was . dlscarded ‘ . l~r’* o o | R l/

Ethylbenzene was the major product, dlhydrobenzothlo—

“;and styrene were also found 1n the product stream in f

mbch smaller quantltxes andﬂwere 1dent1f1ed as 1ntermed1—'

v . iy

ates. The overall reactlon rate 1ncreased from 350 to 400° C,

= -

but was: v1rtually 1dent1cal at 400 and 450° It was hypothe~’

51zed that as/temperature 1ncreases beyond 400°‘ the major

‘reactpon p th shlfts from 1n1t1al hydrogenatlon of benzo—v

thlophene to d1hydrobenzoth1ophene to. 1n1t1al desulfurlza~

A

tion tO'styrene, with the decrease in the rate of benzoth104~'

phene hydrogenatlon caused e1ther by adsorptlon llmltat1ons
fon one of the reactants or by a Shlft in the equ1l1br1um B
between benzothlophene and dlhydrobenzothlophener_ |

| Catalyst act1v1ty was. also found to decrease llnearly

x

w1th t1me on . stream, at a rate whlch ranged from 0. 0 to 0 2%

per hour.,Thls rate of deact1vatlon was found to be 1ndepen-d

‘dent of t1me on stream and to depend only on the reactlon s

)

iv ' :.@



. o o :—‘x'g.
‘ ‘ B R .
w1th an increase in conver51on of

éondltlons, decreaSLn‘
'M~dga§1ng w1th te}peraturé. It is sug—‘
yq . ,f

“&CthltY yas due to a loss of sulfur ;
'and”that this was 1nh1b1tqd by the hlgher

from the catalys '

hydrogen sulflde part1a1 pressures in the reactor at hlgher
~b h
fractlonal conver51ons. '

i
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1. INTRODUCTION
w

It has long been recognized that the hydrodesulfuriza-
tiogvof petroleum fractions has a numbef of benefits beyond
the réduétion of sulfur oxide emissions from combustion.
Poisoning of precious-metal reforming catalysts is less-
éned', the ratio 6f middle distillate to heavy fuel oil

obtained from the crude is increased?, and the odor and

3
K

color of the final product are improved.

Until about fifteen years ago, application of H}d:odé~
sulfurization to heavy feeds had been deterred by the unique
éharacteristics of‘thesé feeds and the éssociated‘costlyx
processing requirements. With the increased development in
recent years of alternative er; squrces, in particular the
higﬁ-sulfur and high-nitrogen liéuids derived from tar
sands, coal, and oil shale, the process of hydrodesulfuriza-
tion has Laken'on a new importance.

The design of large scale catalyﬁ;c reactors usually is
improved b& an understanding of the reaction hechanisms
involved as well as by the availability of kinetic data.
Me;hanistic.data are scarce in the case of hydrbdesulfuriza-
tion ;eactions, and most of the available data have |
described the behav{or of one of the simpler sulfur com-
pounds, thiophene®-'', Detailed kinetic 'data are even mare
difficult to obtain, and the available iiterature‘has again

focused on thiophene.

i
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| A’51gn1f1cant amount of the sulfur present ln crude
foss1l fuels 1s present as benzo(b)thlophenes, henceforth
referred to as benzothlophenes, however. Martln and Grant"r
found that two r1ng thlophenes accounted for 22% of the'sul-
fur compounds and 33% of the tthphenlC compounds 1n a- sam—'
ple of Mlddle East crude, and" 14- 25% of the sulfur compounds
and 23 35% of the thlophenlc compounds 1n a number of sam—'r
ples of Amerlcan crudes Clugston et al d~also»found»51g—':
n1f1cant quantltles of benzothlophenes 1n samples of bltumen
from the Athabasca and Cold Lake dlstracts, and inia sample
of heavy 011 from the Lloydmlnster area.'\ o o
Only a few desulfurlzatzon studles""7 have been perra
formed u51ng benzothlophene as a feed and these ‘have tended
to be more qualltatlve than quantltatlve. In addltlon,,there~
‘is llttle agreement among researchers toncernlng the rela-v_
tlve rates of varlous reactlon pathways,,or the detalled \
mechanlsms of even the major paths. For thlS reason 1t wasf
dec1ded to 1nvest1gate the benzothlophene hydrodesulfurlza?,

—
t1on reactlon moré closely

.l)v ;

Unt11 recently, the standard catalyst for hydrodesul—f?
furlzatlon has been sulflded cobalt molybdenum supported oﬁ[
y alumlna. Nlckel molybdenum catalysts, however are comlng‘
under much‘closer scrutlny, partly for economlc reasons,,and
partlg because of recent data show1ng them to be more effec-

t1ve for treatlng feedstocks hlgh 1n nltrogen and oxygen

compounds than had prev1ously been supposed



R T S
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A The mode of actlon of the n1ckel and the cobalt cata-
o S e .
lysts 1s supposed to be very 51m11ar‘° and the hydrodesul—

furlzatlon act1v1t1es also appear comparable "’“w Greater
Ly ,.J

: act1v1t1es for the nlckel catalyst have been reported for

véhydroden1trogenat10n o2, and for hydrogenat10n’°;-and

3 <

_ﬂalthough these results have been challenged"f thlslhasibee

another major reason for the reevaluat1on of n1cke1 promota

‘o-’

fcatalysts.g"

Because no detalled studles of the hydrodesulfurlzatlm

t'of benzothlophene had been performed u51ng a nlckel cata—.'
::lyst,‘and because th1s catalyst may become as 1ndustr1ally,

';&mportant in Juture as’ the more heav1ly studled cobalt éata

£

dlYStS,'itfwas dec1ded to use a n1cke1 molybdenum catalyst f
7o :
supported on alumlna 1n the present study VAN



2. LITERATURE REVIEW

2

2;TwHydrodesulfurjzationdof”Benéothfophene“h
’ B ' " B ’ ‘ ‘ : N L \ P : '\\ V | . . L ! g
Early work on the hydrodesulfurization of benzothio-. -
phene was more concerned'with'predicting~the‘mainlreaction

,products or ‘with prov1ng the effectlveness of ‘a glven cata—f
lyst than\ufth'attemptlng to dlscover a reactlon netWork |
In 1960 Thompson and hlS coworkerszz 1n attemptlng to
dev1se a method of USﬂng the products of hydrodesulfurlza-‘
tion as a means for 1dent1fy1ng sulfur compounds, found thati
‘only ethylcyclohexane was produced whem the reactlon took |
place over an alumlna supported palladlum catalyst at 155 c ;
_That same year, Hoog et al f, worklng w1th a: cobalt—molyb-".
denum catalyst and'Yamada";:work1ng w1th a molybdenum tr1“
sulflde catalyst both found only ethylbenzene as ‘a’ product"
Later Hopklns et al desulfurlzlng benzothlophene 1nil'
'b0111ng methanol w1th Raney n1ckel _agaln found only ethyl—rv
'benzene produced vhrf'fll;‘:dh"f*idffffd- Tfff'«f if>“
| The flrst attemptvto study the meéhanlsm of benzothlo—dl
phene hydrodesulfur1zat1on 1n deta11 was that of G1vens and"

Venuto“‘ln 1970 U51ng a. serles of alumlna supported cata—'

lysts (1nclud1ng E%o Co Mo~ver51ons) 1n a contlnuous fl:}"

reactor at atmospherlc pressure and temperatures ranglng.”}\
from 300 to 400 c, these authors found boih ethylbenzene and:
‘dlhydrobenzothlophene as products. Because the latter only

appeared at hlgher space veloc1t1es and because 1t appeared-5

,1n 1ncrea51ng amounts at_lower temperatures w1th no new e



'products, it was:hypothesized thatvthe reaction‘was attwo4
;step conver51on of benzoth1ophene through the 1ntermed1ate
idlhydrobenzothlophene ) | ’ | | |

The mechanlsm postulated was that of a rapldly occur-1
:rlng equ111br1um between benzqthlophene and d1hydrobenzo~
ithlophene, w1th a slow -1rrever51ble desulfurlzatlon steph._
’dralnlng thlS equ111br1um Thls was supported by data from"
htests og the desulfurlzat1on rates of mlxtures of benzothlo—
fphene and dlhydrobenzothlophene 1n varylng proportlons |
“whlch 1nd1cated that an equlllbrlum between the two was
”reached qu1ck1y, and for thlS reason the two appeared to
form ethylbenZene aticonparable rates. It was suggested that
\1f dlhydrobenzothlophene were the source of ethylbeqzene, |
ldesulfur1zatlon mlght be a- multlstep process 1nvolv1ng flrst
1a cleavage of one carbon-sulfur bond to glve a dlscrete
;mercaptan 1ntermed1ate, followed by a second C S bond sc1s—
“sion: to glve "the hydrocarbon plus hydrogen sulflde CIf |
;genzothlophene were the source -of ethylbenzene, sulfurvwould

vbe lost 1n a one step procegs 1nvolv1ng the synchronous f

breaklng of two C S bonds, produc1ng the hydrocarbon w1thoﬁ/

-

I R SRR ERR A
a mercaptan 1ntermed1ate.3':“w.;;j:.ey~; RN j,‘:/f
These results were later corroborated by De Beer et
fal ; who used benzoth1ophene hydrodesulfurlzatlon to test'

Vthe relatlve act1v1t1es of a serles of alumlna—supported
:molybdenum and tungsten catalysts promoted by nlckel and
7cobalt Usmng a f1xed bed reactor operatlng at. atmospherlc ‘

pressure, these authors also found ethylbenzene and



d1hydrobenzoth1ophene as the only products, and agreed w1th
the hypothe51s that d1hydrobenzoth1ophene was’an 1ntermed1—

LI I I

ate 1n the reactlon. . ‘ :
The quantltatlve results of this earl1er 1nvestlgat1ony
‘may be questroned waever, 'since the products of the reac—
~tion were condensed prlor to analys1s (presumably at room
tempgrature) rather than u51ng an on- llne ;as Sampllng |
‘technlque Consequently,‘lt is p0551ble that some of the
imore volatlle compounds whlch could have been produced 1n
thlS reactlon may have be_n eluted 1n the gas stream ThlS

would affect the relat1ve amo‘

nts of the products analyzed

and could have resulted 1n ‘ar fall re to detect other 1nter—

medlates or. 51de reactlon products.‘

’ )

v .Also, the catalyst was used 1n a - hlghly"educed‘stateh
hav1ng been reduced 1n szat over 500 c prlor to U1“5" |
reduct1on temperatures have been repor@ed to serlously
degrade the act1v1ty of hydrodesulfurlzatlon catalysts27
and 1t thus seems p0551b1e that many of the catalyst 51tes:
may have been destroyed by the tlme that 1t was used If so,
llttle (1f any) sulfldlng of the catalyst by the H S pro-fn
duced in the reactlon may have occurred (The effects of fﬂ*

.varlous methods of catalyst pretreatment are. revie;ed 1n |

lmore detall 1n Sectlon 2 5. ) Th1s 1s supported by the fact.
that the authorsvfound no effect of presulfldlng .on catalyst

act1v1ty, and as result the1r catalyst may have borne

\\ ) !

)
l1tt1e resemblance to most current 1ndustr1al hydrotreatlng

|

catalysts. :.d.'lj:‘f.'hfl7“;”{it,.'“- 'e-ﬁ”y' tﬂ
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The next study of thlS react1on was. performed in 1974

by Bartsch and Tanlelan",'who also used a Co Mo - Al;0,

,catalyst in a contlnuous flow . reactor at atmospher1c pres—

sure, w1th temperatures in the same range as had been used
by Givens’ and Venuto In thlS study, ethylbenzene was - agaln

the only product found Bartsch and Tanlelan used their datc

.to derlve a pseudo flrst order rate expre551on and an appar-

@

ent. act1vat1on energy (4 9 kcal/mol for the overall -reac- -

P
|

ThlS 1nvestlgatlon unfortunately 1ncluded most ‘of the

def1c1enc1es of “the. prev1ous one The reactlon products were

agaln condensed at . room temperature prlor to analy51s, and

le the prereductlon and presulfldlng condltlons were lesc

severe (400 c), it is. Stlll p0551b1e that the catalyst may
have been adversely affected e 'fd"f,". _ i- |
Styrene was dlscovered 1n the reactlon products along

Wlth ethylbenzene by Furlmsky and Amberg“ 1n 1976 These-
A

authors used a serles of unsupported molybdenum dlsulflde

catalysts as well’as ‘a commerc1al Co -Mo~ y Al Oa-catalyst anc
\ :
a chromla catalyst 1n a pulse m1croreactor at atmospherlc

pressure and temperatures rang1ng between 250 400°C. Both

i

benzoth1ophene and dlhydrobenzothlophene were employed as ..

feeds in thls study "7p¢ _i ;.mff .»;,‘

Apparent act1vat1on energles based onsArrhenlus plots'
were calculated for:the desulfurlzatlon of benzothlophene
and dlhydrobenzothiophene (12 kcal/mol and 7 kcal/mol :

respettgwely);:In addltlon, thertemperature dependence for'”



the yield‘of &enzothiophene.from dihydro enzothiophene was
used to estlmate the actlvatlon energy of\the dehydrogena—

-tlon of- dlhydrobenzothlophene (14 8 kcal/m 1) The fact that

“\

than for desulfurlzatlon 1mp11ed that W1th Pncrea51ng ten—‘
perature,'the rate of digydrogenatlon would becomq increas-
1ngly 1mportant o |
Based on these*ffndlngs; Furimsky and Amberg proposed
several reaction routes for the‘overall desulfurlzatlon, as
shownfln Flgure 1. T |
| Reactlon route.a suggests parttc1pat1on of the B- hydro-
gen of the thlophene r1ng in carbon sulfur bond cleavage,,
dhypothesls supported by the earller f1nd1ng of leens and
Venuto that a marked decrease in the desulfurlzat1on rate of
ybenzothlophene was found when thlS hydrogen was substltuted
w1th a methyl group Route b 1nvolves C- S bond cleavage w1tt
ikthe part1c1patlon of hydrogen as the 1n1t1a1 step, though
b2 mercaptophenylacetylene 1s too unstable and 2= mercaptosty-
‘rene too qu1ckly desulfurfzed for the authors to have
expected to have detected them in the1r products. Route c
represents the saturatlon of the thlophene r1ng followed by
’e1ther mlgratlon of one of the B hydrogens Wlth subsequent
- C- S bond cleavage or by double C-S bond sc1551on ‘and satura-
'tlon of the allphatlc carbon.,’y: |
The presence of styrene 1n the productvstream was';
‘ver1f1ed by Bartsch and/janrelan?; 1nv1977,_wh1lerstudyfngr

-,

'the»hydrodesulfurlzatlonvof,benzothiophene over prereduced:'
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Fe;OJ catalysts at atmospheric pressure and 3003400°C Thesef
authors supported the v1ew that C-S bond cleavage was the
prlmary 1n1t1al step in the’ overall desulfurlzatlon reac-
~tion, and hypothe51zed two p0551ble main reaction schemes
151mllar\to routes b and c of Furlmsky and Amberg Bartsch
,and Tanlelan also allowed cleavage of the S-C, bond as an
valternatlverto,the S—C1 bond,_with.2-phenylethanethiol and
2;phenylethylenethiol the intermediates produced. A pseudo—h“
first order rate equation.was derlved for the overallireac;
“tion, with apparent activati6n>znergies of between 12. 5 and
14.0 kcal/mol found for the catalyst reduced at 400° C. |
No styrene was found when the catalysts‘were presul-%"
‘fided, however, and Bartsch and Tanlelan suggested that the
;ulfurlzed s1tes alded in hydrogenatlon. This was supported
by data show1ng a feed con51st1ng of pure styrene to be |
:completely hydrOgenated when subjected to thelr reactlon
rconditions. | c
It was also found in thlS study that the amount of sty?
rene produced us1ng prereduced catalysts decreased w1th tlmef
‘on stream and these authors concluded that these sulfurlzed
hydrogenatlon 51tes were formed durlng the flrst few hours
on stream. | o :
| The early results of Thompson found some support from
Rollman2? 1n 1977 who also found traces of ethylcyclohexanei
whlle hydrotreatlng mlxtures of sulfur .and n1trogen com-
pounds 1n the l1qu1d phase at 2. 1-10 3 MPa and 300 450 C -

“over a Co—Mo,catalyst Ethylbenzene was the only other

el
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product‘found No mechanism;was postUlated in lhis sfudy;ﬁ
the maln concern of this 1nvestlgatlon was the relatlvq\
react1v1t1es of the various compounds tested | R \
The next researcher to investigate benzothlophene
ﬁhydrodesulfurlzat1on was Daly17 in 1978 ThlS author used a
l1qu1d phase stlrred batch m1n1reactor charged W1th a Co- Mo—
Ra Al O3 catalyst operatlng at’ 200 400°C and 8.6 MPa An |
apparent act1vat1on energy of- 16.1 kcal/mole was-calculated,
for ‘the overall reactlon o ' > , | S
Traces of 1—'and 2~ phenylethanethlol were, detected in
the products along with ethylbenzene and styrenel It was
suggested that these thlols resulted from a back reactlonv
between hydrogen sulflde and an unsaturated hydrocarbon,
probablydstyrene Thls was supported by the result that an |
1ncreased»hydrogen sulf1de concentratlon produced an. i
increase‘in the concentratlons of these back- reactlon prod—
'ucts, and that in the presence of elemental sulfur (known to-
catalyze the reactlon of hydrogen sulflde w1th olef1ns’°)
_there was also ‘an 1ncrease in these products.

'baly propOSed a reaction scheme'similar to that of
Furlmsky and Amberg, but 1ncorporated steps in whlch styrenei
reacts to form 1— and 2~ phenylethanethlol and d1hydrobenzo—
thlophene reacts to . form 2- phenylethanethlol which could ,; |

‘subsequently ‘be desulfur1zed to. form ethylbenzene

' The pretreatment in thls study was also at a h1gh tem-

perature? andaln addltlon mass balances were not computed

for the products,'whlch ‘may 11m1t ‘the valldlty of the
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" Quantitative results. \
| In 1978 K11anowsk1 et al. used a Co-Mo- y-Al 0, cata~'

lyst in a pulse m1croreacébr to test the relatlve react1v1—

t1es of varlous thxophenlc compounds at atmospher1c pressure .

and temperatures of 300~ 400 C Styrene and ethylbenzene were

the only products found from benzoth1ophene hydrodesulfurl—

\

vzatlon, and it was concluded that the reactlon network COuld ‘

be approx1mated by a 51mple sulfur extrus1on. Theyahsence of
s sulf1des and mercaptans in the products was taken as ev1—7

o

?dence of the carbon—sulfur,bond,sc1551on~be1ng,a slow reac-

tion step. | L | |
| iIn»this study, the pretreatment~con51sted of heatlng

thejcatalyst to 400 C in hydrogen,lthen presulf1d1ng at thxs

temperature w1th a 10%: mlxture of H S 1n H,. mhla presulf1d-

1ng may have had only a short 11ved effect on the catalyst,

o though since pure hydrogen was passed over the gatalyst

'constantly, w1th 0 5 ul pulses 1njected only every 35 m1ne
- .utes to.1 hour. Although llttle data ‘are avallable on cata+
lysts which have been presulflded and then subjected to
severe reduc1ng cond1t1ons, it seems llkely that a Slgnlfl"
ri;%ant amount of sulfur would be lost. from the catalyst in i
such a case.’ “ SRR S o . L
:These authbrs'also Speculated on the nature7of-the

adsorptlon of benzoth1ophenes on the catalyst surface. It

" was suggested that 51ngle an1on vacanc1es could" accommodate

the'sulfur-atom in a 51ngle polnt" adsorptlon, as had been

"~proposed for th1ophene, whereas an adjacent pa1r :.of |
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vacancies might allow for a flatvadsorption, involving the
' S )

'electrons of the thlophen1c ring.

[

k second study of benzoth1ophene hydrodesulfurlzatlon
by Kilanowski and GatesJ’.was publlshed the/next year. The
. same'catal&st’was used as preuiously, although thls time the
reaction took place in & flow .microreactor at atmospherlc
-pressure and temperatures of 252 302, and 332 c. In thzs
study, ethylbenzene was the only reactlon product found in

greater than trace amounts

Only one of a number of emplrlcal rate equatlons tr1ed

P

“tures, and‘thls equatlon fit the data much’more poorly at
, 332°C than at the two’ lower temperatures. | |
&' It was suggested that the d1ff1culty of f1nd1ng a rate
tequat1on appllcable to the full range of temperatures stud-
ied was due to a complrcated mechanlsm and changes in the 0
‘,klnetlcs w1th temperature. From. the data, an apparent actl—.
vatlon energy of 20 +3 kcal/mol was calculated the respec-
tive heats of adsorptlon of benzothlophene and H S were cal-
Culated as§-15 +10 and -6 +6 kcal/mol w1th the large
.nuncertalntles in these latter flgures malnly due to scatter
‘in the data at 252 c.

In 1979, Nag et al 33 desulfurlzed benzoth1ophene in a

-

hlgh pressure (7 2 MPa) batch reactor charged with a commer-'

/

cial Co Mo Y- Al .0, catalyst at 300 C Pretreatment con51sted

\

of presulfldlng the catalyst for 2 hougsmat 400 C in a .

‘mixture of 10% H.S in H,. Ethylbepzene and styrene were the



only products found, in the approximate%ratio of 5:1. A

»

pseudo-first oﬂder rate constant for the disappearance of

"benzothiophene of 2920 cm®/g catalyst-hr was calculated.

Recently, Kwart, Schuit, and Gates®* proposed a model
for the -adsorption of bentothiophenemonto the surface of
sulflded catalysts, whlch they claimed was much superlor to
both the" "one p01nt" and the "flat" adsorpllon models which
had generally been used to describe the state of thlophenlc
molecules prlor to desulfurleatlon ThlS new model was then
used ‘to make spec1f1c pred1ct10ns about the paths that the
desulﬁurlzat1on reactlon should take. M

These authors claimed that the expected bondlng charac—

“terLstlcs of thiophenic molecules would lead to adsorpt;on

at the C, rC bond) rathér than at the sulfur atom: the
unshared nonbonded electron pa1rs on sulfur should be so
1nvolved with the resonance of the thlophene nucleus that
the sulfur atom should have dittle residual electron

avallablllty for- d1rect coordlnatlon by CatijSt It was

_/_dﬂ‘ggested~enstead“that thlophenlc molecules may be chemi-

{
sorbed such that the Cc,-C, bond 1s coordinated at an anion

vacancy on the catalyst with the adjacent sulfur center

then 1nteract1ng W1th a nelghborlng sulfur atom on the cata~
lyst surface. When the thlophene r1ng becomes bonded via the
C,—C,-pos1tlon at the anlon/vacancy, the %esult is_expected
to be a change in the electron distribution of the ring, |

making_the sulfur atom’electron-deficient, Aand consequently

/promoting its_boﬁding with another sulfur atom‘offh}gh

LI p . - N

¢ ! . S . :.’ T

o



electron density on the catalyst surface, These changes
should facilitate hydrogen addition to the coordinated C,-C,
centers and formation of a dihydrogenated intermediate. This
adsorbed species is depicted in Figure 2.

A benzothiopheﬁe molecule adsorbed at the C,-C, bond
could provide several alternative steps to simple hydrogena-
tion ‘and desorption to form dihydrobenzothiophene. If par-
tial hydrogenation occurs at the C, atom, electron delocali-
zation could lead to rupture of the S-C, bond, which would
ptoduce either 2-merciptostyrene if the sulfur atom were
hydrogenated, or styrene, if the sulfur étom became .fully
bonded'ﬁo the‘catal}st surface with subseguent C-S bond

\
scission. Alternatively, the partially bonded protons.in the
structure of Figure 2 could become involved in covalent .
bonds to the C, and C, atoms by a concerted process, with
subsequent f-elimination leadlng to the same products.

These authors agreed with the earlier suggestion of
Kilanowski®' that a one-point siﬁe might‘bettér account for
the high reacti&ity'of hydrogénated'compbuﬁds lacking the ﬁ-
electrons nedesséry for this ”threg:point” model. They con-
sidered their model.superior to thé flat adsorption model in
that it did not reqguire the interaction of two separate 0
"complexes. ; X

| In summafy; the mechanism By which penzothibphene is
desulfurizediis's§iil_unqleér. This reaction has been stud-

ied both in the gas phase at atmospheric pressure and in the

ligquid phase at high pressures. Only Co-Mo-y-Al,0, and



Figure 2'- Kuart Schuit, and Gates storption Model
‘The dashed- Tines indicate a weaker interaction between
centers -than  solid 1ines, the wavy line indicates a -
-_.l,onger or more. remote bond Betueen centers

L1
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f%egbg-yFAl,O; haVetbeen-employed_as catalysts, and bothvhave
:_been pretreated by varlous methods. It:is generally agreed_'
”that ethylbenzene ‘is the major product bnt both styrenéaand
”fdlhydrobenzothlophene have been found in small quant1t1es in
1‘the product stream _and it appears that elther or both may

be 1ntermed1ates ‘in the overail desulfurlzatlon reactlon

5 0.

'The klnetlcs appear to be compllcated and may vary 51gn1f1—
”,cantly Wlth temperature,.type of catalyst used method ofrv
g-pretreatment and length of tlme that the catalyst has been

--on stream. lf,. _[5'“1‘_ fy -

LY

ltz 2 Chemlstry of Sulf1ded Hydrodesulfur1zat10n Catalysts

X Attempts to 1dent1fy the catalytlcally actlve spec1esv:
:ipresent in. hydrodesulfurlzatlon catalysts started w1th
"Rlchardson°5 1n 1964 By measur1ng the magnetlc susceptlbll?

'_1ty of varlous cobalt spec1es 1n a serles of Co Mo $ Al O3 i

fcatalysts and correlatlng thlS w1th desulfur1zat10n act1v—:

f-1ty, Rlchardson characterlzed the catalyst as a mlxture of

”tAl O,, CoAl O. (both 1nact1ve) Co S.’(very sllghtly
‘hactlve) MoS2 (moderately actlve 1tself but requ1r1ng‘pro—l
tmotlon by act1ve cobalt" for maxlmum act1v1ty) and:p0551—‘
';bly MoOz'(m1ld1y actlve) Tﬁis‘"actlve cobalt" was con51-"
i‘dered to bg a non reduc1ble form of the metal probably in
ffan octahedral coordlnatlon,'whlle the 1nact1ve cobalt wasj

/.‘ g : s

'hllkely conflned to tetrahedral 51tes.

)]

]



Rlchardson also found that catalysts witth initial Co: Mo'

ratlos of less than 0 3 had the same flnal compos1t1on when
v‘calc1ned 1n the range 538 650 °C but at hlgher 1n1t1al |
'~Co :Mo. ratlos, the f1nal comp051tlon was dependent on both

‘“tcobalt content\and heat treatment method The catalyst found

";to have the greatest act1v1ty had a Co Mo ratlo of 0 2 and .~

© an. actlve Co Mo ratio of 0 18

. P
o

/ Two models appeared 1n the early 1970 s to explaln the
‘ hHsurface chemlstry of tungsten and molybdenum catalysts pro—'

5moted w1th nlckel and cobalt Both of these models descrlbed*
’"7the effect of the promoters as an increa i';n-thenreducthnl;

of the catalyst 1ons, but the mechanlsms%ivahlch.thfsiwééh'>
achleved were 51gn1f1cantly dlfferent - V‘»- b
The flrst of these two models was the 1ntercalatlon

i
\

;tfmodel ‘proposed by Voorhoeve and Stu1ver°“" and Farragher‘
v_hand Cossee”;_It had bein found that MoSz and Wé have a A
”xlayer structure 1n whlch the metal 1s surrounded by aiﬁb'ﬁf\
'h*trlgonab pr1smat1c coordlnatlon of 51x sulfur atoms The.
”:stacklng of the sulfur layers can be e1ther hexagonal or
r‘.?rhomblc, 1n practlce both are found w1th frequent defect
”lstructures..Although 1nterca%§t10n 1s 1mp0551ble for perfectx
MoS2 and WS,'crystals, 1t was postulated that nlckel and E
QA\Gobalt can 1ntercalate apprec1ably 1f the crystals are."
iy ;small . L . f : ‘., , SRR |
Based on klnetlc studles of the hydrogenat1on of cyclo—;
hexene and benzene over a sulflded Nr—W catalyst Voorhoeve'h

: and Stu1ver concluded that the act1ve 51tes were sulfur—j

)
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deficient.anion vacancies in the metal. Th1s was - later sup—
ported by Wentrcek'and Wise‘°, who found a p051t1ve rela—'

tlonshlp between hydrodesulfurlzat1on act1v1ty and elec—v

“*tronlc_"holes" 1n the surface of a s1ngle MoS2 cr stal,  and
, Y

"'by Aoshlma and Wlse“, who found that a small number of-S"

vacancies in- thlS crystal was benef1c1al to hydrodesulfurl—
zat1on act1v1ty

- From the relatlonshlps between an ESR resonance

’\\» Y

‘ascrlbed to W“,'_a‘,ndez,rS/_H2 ratlo and catalyst nlckel con—hyn
‘tent and from thelfactlthat xncrea51ng H:S conCeDtFaﬁlQn'
;decreased the act1v1ty of the catalyst Voorhbeve7concluded>v
&i'that W3+ was. the catalytlcally actlve s1te. This was sup-d
vufported by a correlatlon between 1nten51ty of the ESR 51gna1
fgand catalytlc act1v1ty for benzene hydrogenatlon."
The dlscovery that the alumlna carrler had no. effect on
'dthe types of 51tes produced along w1th the results from |
:dfoptlcal studles and X—ray llne broadenlng measurements led

¥Voorhoeve and Stu1ver to conclude that n1ckel was, located 1n

'aboctahedral holes between layers of WS,, wh1ch produced an

“bllncrease in electron concentratlon 1n the WS2 sheets and

":thus an 1ncrease in the number of act1ve tungsten 1ons bn

“the surface. The lack of correlatlon between the magnltude

of the W3* s1gnal and act1v1ty 1n cyclohexene hydrogenatlon

led to the conclu51on that th1s compound was adsofbed on.a il

)
4

.,dlfferent type of 51te, p0551bly also Wa*blons but 1n a d1f—

-ferent coordlnatlon.v-_”“
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Farragher and Cossee extended thls‘model’WTthigurther
optlcal and X- ray measurements, showlng that the nlckel ions
1rtended to be located ‘on the edges of the crystals

Max1mum Ni: W ratlos based on. thlS exten51on of the
edgeylntercalatlon model were predlcted to be in the range
of 0 3"to 1° 1t was suggested that varylng crystal 51ze
?'Icould explaln the w1de varlatlons in the optlmum values of
thls parameter reported in: the l1terature.‘1n addltlon, »
{ynlckel and cobalt" were shown to be both phy51cally and ther—
‘vmodynamlcally 1deal for occupatlon of octahedral holes 1n‘
the crystal structure v \'”\13-- | | .

The two types of 51tes hypothe51zed by Voorhoeve and

- Stu1ver were seen as a. 51ngle WJf 1on connected to an anlon ‘

vacancy-and a.comb1natlon'of two W’*jlons w1th,1nterconnect-ﬁ'%
- ing S*- ions absent/‘ ff'ﬁh'dh';"'vl,i;‘ V\:{:d;lig SR
Although thls model was con51dered to be appllcable to'
the Co Mo SYSt%F ‘as well ESR data for the correspondlng
-‘compounds had not conflrmed thlS exten51on desplte attempts
ﬂiby Lo Jacono et al 2-and others‘a, Lo”Jacono mentloned that
\‘the absence of an ESR 51gnal was not proof of the absence of
:“A?Mo°*4 thoughw due to the p0551ble ex1stence of these 1ons as.‘
“;fdlamagnetlc palrs.‘f -,‘ | " |
' A second model was developed by Schu1t and Gates‘3 and
;Hagenbach Courty ‘and Delmon“ to better desFrlbe sulflded
:Co Mo catalysts. It had been shown that although n1cke1 pre;:
'ffers an octahedral coord1nat1on cobalt has a stronger'

‘,preference for tetrahedral 51tes‘5 rAs a result ‘these™



‘authors characterized cobalt‘as Ehcorporated.into'tetrahed—,
‘ral sites.below aelayer of iorns on the catalyst sur face,

“In thlS model,.y Al 205 - 1s assumed to con51st of partl—'b
cles formed by a -one- dlmen51onal stacklng of alternatlng o

yand D layers, where the- D layers have only octahedral Al

~and the Calayers have an- equal number of octahedral and tet—

rahedral s1tes. MoOaxls present 'n a monolayer on the

ith the opp051te symmetry N

1

. alum1na surface and is arranged
Fto the top alumlna layer To compensate for the excess
pos1t1ve charge, an anlon "capplng" 1ayer 1s assumed to be
‘located on’ top of the monolayer, con51st1ng of S”‘lons in‘y
sulflded catalysts and Oz‘ 1ons .in ox1d1c and partlallyiv
reduced catalysts Incorporatlon of Coz* in the support‘is;
¢ .
yassumed to result in the locatlon of these cations 1n a tet-,
'rahedral p051t10n some%here below the monolayer. Thls is

:accompanled by expu151on of Al" ions from the support

' whlch then must find tetrahedral p051t10ns in the mOnolayer,v'

'f_;wh1ch 1n turn forces the Mo ions to flnd places 1n ‘the octa—"

:Mlhedral 1nterst1ces. As a result fewer Mo 1ons are 1ncorpor~'

vated and the ratlo of capplng 1ons to molybdenum 1ons is -

‘1ncreased Th1s was supported by pulse flow data of De Beer

et al , who showed that . the addltlon of Co to a Mo-y- Al 505
*1catalyst 1ncreased the uptake of H. S and by the dlffuse<.
_reflectance spectroscopy of Gajardo et al conflrmlngbthe.l

‘ Q?presence of tetrahedral Coz* as CoAl O“1n ox1d1c Co\Mo-l_“'

':"7 -al 03.;Gajardo et al also found a 51gn1f1cant amount of

'octahedral Co", however, and suggested a Co -Mo bllayer'

Ler
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? 'mlght better account for some aspects of thls system

Addltaonal support for the bllayer charactqr of the

-\',monolayer model was presented by Delannay et al.*” whose ion .

scatterlng spectrometry\experlments conflrmed that molybde—

2

num was essentlally conflnedtto the surface layer of nonre-
Aduced catalysts, and that cobalt-was present 1n1a}51ngle
llayer between the yfAlzongupport'ahd the molybdenum surfaCe
layer, ‘ | | - o | |

| In the monolayer model “the stability of the monolayerj
should also be 1ncreased ‘'since part of the task of blnd1ng
1t to\the surface layer would be taken over by the alumlnai
'support. Hagenbach and h1s coworkers“ have found that in:
'_small quantltles, Co does in fact bﬂlng about a better,'
.crystalllnlty as. well as a decrease 1n surface area in

Ny
_‘<,

-:Co Mo-y- Al 93, although at very low concentratlonsgthe

Pan

'sancorporatlon of ‘Co seemed% armful rather than beneflclal tox

' catalyst act1v1ty o ,»: b ' o ' o "'W'

Another consequence of the %onolayer model 1s the for—""

| ulmatlon in the sulflded catalyst of some. Mo‘* and Mo‘* 1ons,vh-ﬁ

depend1ng whether the top Al 03 layer is a c or a D layer~

replacement of O*\\fbns ‘in the capplng layer w1th the much.

/

- larger Sz’ilons results in extra anlon vacanc1es when the
latter ions: are removed w1th 51multaneous reductlon of the
ﬁunderlylng Mo 1ons. ThlS aspect of the model recelved some :

:support from the th1ophen hydrodesulfurizatlon data and
?

",spectroscoplc measurements of Llpsch and Schu1t‘”’5°. These

,authors concluded that cobalt was almost entlrely present in

T
- :
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a Eetrahedral coordination, but they also characterized some

 of the active sites as-including Mo*+*, Mo5‘, and Mo"'ionsf“
1n an octahedral env1ronment Support for the view that

extra an1on vacanc1es are produced by sulfldlng ‘and that -

‘ithese are catalytlcally active was glven by the grav;metric
vdata of'Massoth5"5’vin 1975 and 1977.

* Dufaux, Che,:and Naccﬁche5f found that the intensity of
rthe:Mo°* signal appeared only at'Moog concentrations aboVe
'10%, adding:support:to the'concept of antinert MoO, mono-

;r-/layer Lo Jacono et al .2 also found this effect . but- also

found that a weak Mo5+ 51gnal dlsappeared w1th the adstlon
of a small amount of" Co They concluded that the ESR 1nert-(
ness of ‘the f1rst amounts of MoO, mlght 1nstead be ascrlbed E
to a solutlon of Mo in the support In other words, both Co
and Mo dlssolve in the alumlna and although 1n1t1ally the
solublllty is restrlcted once the two 1ons are present
s1mu1taneously, the1r solub111t1e 1ncrease.5 |

| In contrast to thlS, Ashley and Mltchells"ss found

that a con51derable amount of Co’* was present in an octahe-"

dral env1ronment (as would be predlcted from the 1ntercala-

t1on model) but v1ewed Mo¢; as tetrahedrally coo: vad,
These'authors also.found a‘synerglc effect 1n the « : it
adsorption of Co and Mo, and'a decreaseiin the C e i

.

tetrahedral Co w1th 1ncrea51ng Mo concentratlon

as a competltlon for tetrahedral 51tes.db

B \

A predom1nantly tetrahedral coord1natlon of Mo has also

been found u51ng dlffuse reflectance spectroscopy by Chung
v e , - . .

;o
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and Massoth®* and éajardo et al.**. Chung‘and'Massoth.sugf

gested that the predominantly.tetrahedral or pctahedral

| coordlnatlon of Mo depends on calc1n1ng temperature as well

as on the amounts of both cobalt and molybdenum 1n the cata—
‘ lyst : ‘ i R o .

o ‘ Subsequent spectroscoplc data by Mltchedl and Tr1f1ro57
also conflrmed the presenCe of llnked MoO tetrahedra and.
CoO‘ octahedra in’ the fresh catalyst On sulfldlng,‘lt‘was

.found that sulfur added to MoO4, and that no more than one
or two O" ions per un1t cell were replaced by S", probably_d
those brldglng between Mo and Co. No ev1dence was found for
discrete sulfldes,‘such ﬁs MoSz and Co S, , and as a result

these authors- concluded that’ the actlve 51tes were probably

e

onysulfldes, rather than sulfldes. These catalySts were not-
kept on:streamvfor a'great length of tlme, and consequently;
: :he.further'removal of 02" ‘could be another effect assoc1-7
,ated w1th the change of the catalyst state from monolayer to
1ntercalated

| A detalled ser1es of experlments were performed in 1974}
‘by De Beer and hlS coworkers" to test the relevance of the
“two models to the preparatlon and operat1on of act1ve cata-
" lysts.\Slnce the 1ntercalat10n model predlcted that the most
7effect1ve promoter 1ons should be/those that’ prefer octahe—ﬁx
‘dral 51tes, and the monolayer model predlcted that. they
vshould prefer a tetrahedral coordlnatlon 1t was hypothe—h- f

”h51zed that if a certaln mob111ty were assumed some

: promoters would become more actlve with use and.some less

>

[
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\
active, depending on their initial 1oCationstahd Inherent
preferences. |
To test this,\three~methods of preparatlon'were used: a
sequeritial impreghation“of the carrier with“Mo and Co.solu-
tions (to produce'an'intriﬁsically ideal'monolayer system),
‘a slurrylng of MoS2 ‘with the carrier before the promoter was
added (to.y1eld,a true ‘intercalation system), and a thlrd |
method designed to_produce a'catalyst intermedlate between
the two. | | o
’ . Thlophene hydrodesulfurlzatlon at atmospherlc pressure
~and 400 °C was used as a test reaction. The-results 1nd1f'
'_cated that the standard. method of catalyst preparat1on
(sequentlal 1mpregnatlon) does result ina monolayer cata-'
lyst, but_that‘under actualvrun condltlons, the‘promoter
h’migratesato the'surface, and within a.mitter of‘hours,“the
catalyst becomes essent1ally an, 1ntercalated system
ThlS study also conflrmed two predlctlons of Farragher
1and'Cossee4’. It ;as shown that 21nc, although hlghly act1ve
1n1t1ally, was no promoter for the 1ntercalated system and
that. nlckel less actlve‘than cobalt initially, becomes more
| active‘after“a"féﬁfhoﬁfsfon stream;:This'alSo‘explained‘the
; earlier results_of‘De Beer‘5,¢who‘had found zinc and cobalt‘
to'beomuch more effectiye promoters-than nickel In'addi—
tion, the predlctlon that the act1v1t1es of Co—w and Ni-W
vcatalysts should be nearly equal was also ver1f1ed

It was also shown that catalysts prepared‘to be

ihitially‘of'the:monolayer»type showed higher activities
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‘after heiné converted to‘intercalation sYstems than didicat_
| alysts prepared to be intercalated initially It was sugﬂ
4gested that the stablllzatlon of the monolayer by Coz* leads
to smaller crystals, whlch are 1mmed1ately 1ntercalated by |
these ions as they'rlse to the surface;v .

Schuit and'Gates had suggeSted that that"the two models

may not be mutually exclu51ve in’ either nlckel or cobalt ;

fcatalysts, and that perhaps both systems are present 51mul—

S

utaneously with on% structure more active for (say)- hydrogen—
‘ation and the other more active for ‘desulfurization.
| | Behbahany et al ’ have recently publlshed data sup:
‘porting this idea -in thlS study, a maximum 1n thlophene
desulfurlzatlon act1v1ty corresponded to an 1ntermed1ate
ratio of tetrahedral to octahedral _cobalt.

ThlS two-site concept was not w1thout precedenta De51~
kan and Amberg had concluded from selectlve p01son1ng
1pexper1ment5'u51ng a Co-Mo-y—Al O3 catalyst'that two.typesjofy-'
51tes were’ present on the catalyst surface Thetfirst was |
1characterlzed as belng strongly electroph111c, hlghly sensi-

vtlve to p01son1ng by the adsorpt1on of ba51c nltrogen com—.
'“pounds such\as pyr1d1ne, and malnly respon51ble ‘for oleflnrc
hydrogenatlon (and occa51onally dehydrogenatlon) Thevother
,type of 51te was seen as less electrophlllc, more re51stant
to. p01son1ng,vand more 1mportant for desulfurlzatlon. o
'M1tchell‘5 also proposed the nece551ty for two types of

;51tes, one more actlve for hydrogenatlon and isomerization

and connected with the presence of Co**, and the other more:
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directly concerned with desulfurization. Ahuja et al.‘° also
concluded that there was a hydrogenat1on/dehydrogenat10n
.functlon as well as a dlfferent acid function operating in
sulflded‘Group VIII—Group VIa catalysts. ;
‘ In 1973;‘Smlth Hinckley, and BehbahanY“ combined a
selectlve p01son1ng technique w1th the deuterlumoly51s of
sulfur and nltrogen compounds ‘to offer further ev1dence of
\“multlple sites on Co—MoﬁyfAle,. These.authors found evi-

~dence for three‘types‘of.sites: one for'low activation

energy multlple exchange and hydrogenatlon located on the'

\

&,
the last two both located on the catalxst 1tself

'y Al O,, one for desulfurlzatlon, and one for a- exchange,

Hargreaves and Ross‘2 used the hydrodesulfurlzatlon of
thlophene at pressures below atmospherlc and temperatures in
the range 200-400° C to 1nvestlgate the nature of these‘twob

o

major types of. s1tes 'in more detall A‘variety of CorMo:*\;

" AN

' :‘y.-Al,O3 formulatlons vere used 1t Was found that the addi-

tion‘of Co'(Up to a maximum) increased the rate’of desulfur—"

/

1zat10n much more than it 1ncreased the rate of hydrogena—l

tion. 'From th1s, 1t was concluded that the desulfurlzatlon

sites were dependent-on promotlon by Co ~while the hydrogen—'

_atlon 51tes probably were not. Slnce the select1v1ty of the
reactlon did not. change wh11e desulfur1zat1on act1V1tw
11ncreased when the degree of sulf1d1ng was 1ncreased 1t-was
also concluded that the hydrogenatlon 51tes were probably in

‘the sulflded state. I o o

=
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In 1976, Persons‘and Ternan*; investigated the desul-

furization, denitrogenetion, and hydrooracking activities ot
various formulations of unpromoted Mo-y-Al,0, catalysts on a
gas oil in a high pressure reactor. The fact that the extent
of cracking increased significantly with an increase in Mo
concentratlon whlle desulfurlzatlon did not offered addi-
tional ev1dence that theSe two processes took place on dif-

. ferent 51tes, and that the desulfurlzat1on site was more
dependent on promotion.
| A number of different catlons were tested as promoters"‘
for thlS system No clear correlation was found between
ionic rad;us»and actinity in any of the three reactions;

' . Parsons énd-Ternanfinterpreted this as evidence for‘the

“inapplicability of the"interceiation model.

3" L The same yeaf,‘De'Beer_and‘his coworkers?* compared the

3 hcyclohexane isomeriZatipnpaétivities of Mo-y-Al,0, and w?i

mrAlEO,featalysts, both onpromoted and'promoted by‘Ni £nd'

« Co, The,two unpromoted cataIYsts showea a mnéh highef_aetiv—
ity'then the promoted catalysts, and-the nnpromoted cata-
lysts onva more aiid'sppport were/ﬁofe active than those on
a less atidio base. De Beer snggested that isomerization'was
essentlally a carrler phenomenon, evern though unsupported
sulflde catalysts had been shown to possess some 1somerlza—
tlon actlvlty. | | \ ‘ ‘ _ | R

In summary, the COmplex chemlstry of sulflé;d‘hydrode-

sulfurlzatlon catalysts has only begun to be understood

W1th1n the past decade. Both- the 1ntercalatlon and monolayer

N
S )
2 - N~

~
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models have received some verification from studies of non-
reduced, reduced, and sulfided catalysts using variohs
ahalytical techniques, and both have been extended and
refined as a result. Each model has been‘successful in
predicting catalyst behavio% under some brocessing condi-

tions, but the precise con@ip&ons under which either (or
Qvf."'f,;:." .

both) model may be applicable have not yet been defined, and

appear to depend on catalyst composition, methods of prepa-:
ration and pretreatmeht, and time on stream.

0« These studies have also revealedythat-at1least two
functionally different types of cétalyst sites appear to be
present on the catalyst surface: one more active for degul—'
furization and another more active for hydrogenation’ and \
dehydrqgenation. It also,appéars that a third type of site -
responsible for isomerization may be present. To date, there
is nq‘conclusive'déta linking a given structure or bonfiéur—
ation on the cétalyst with a particulaf type of catalytic

activity. .

o

2.3 Effect of Catalyst Composifion

Most of tﬁé published hydrodesulfurization data have
1 . : ’

. " ‘
been based on one or more of the Group. VITI-Group Vla-

y-Al,0, catalysts. Thé Group VIII metal is déually cobalt

o

and the Group VIa métal usually molybdenum, but bccasionafly
either nickel or tungsten (or Hoth) have been usea in place

.-

of these respective elements.

BN
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A few studles have attempted to compare two or more of
|

Hf'these a}ternatlve formulatlons under varlous process1ng con—-

PR

*f.d1t1ons. It 1s generally agreed that N1 and Co- are the best

;Jpromoters for hydrogenoly51s reactlons, but'cons1derable‘

idlfferenCe of oplnlon ¥x1sts as’ to whlch 1s the better of

”the two for any of these reactlons.n'g,dgy‘7t : -'fgawe~& _;’~

71 Beuther Fllnn, and McKlnley“ 1n 1959 w@re among the.
' v,

".fflrst to compare the relatlve act1v1t1es of Co Mo and N1 Mo

[

"catalysts U51ng the hydrodesulfurlzatlon of a 11ght gas 011
Q'at 4 1 MPa\gnd 315 370 °C as a test reactlon, cobalt was '}
hrfound to- be only sllghtly more act1ve than nlckel but‘sub‘-7=‘

9l

Vp~stant1ally more nlckel than cobalt was requ1red to produce
j'th;s.act1v1ty for a g1ven amount of molybdenum.pfd_gl

B In 1970 Ahuga, Derrlen and Le Page‘° agaln‘trled to
T.[bompare the act1v1ty and select1v1ty of hydrodesulfurlzatlon;vf

G b
'*catalysts. In thlS 1nvestlgatlon Co—Mo,_Nl Mo Co—w and

Tijl W catalysts supported on 5111ca and y Al O3 were tested°

f}_for hydrogenatlon and desulfurlzatlon act1v1ty at 350 C and

ff”atmospherlc pressure.leckel was found to be the more actlve'*l
A,ipromoter for hydrogenatlon, put no dlfference was found
7between the two promoters for desulfurlzatlon, or between -

/the catalysts for elther hydrogenatlon or desulfurlzat1on

'The results of thlS study have 51nce been challenged on the

R

f‘iba51s that they may have been based on catalysts of unequal

.-, . o el o e n - . f

,surface area‘s;'

o . P Lo B RS

De Beer and hlS coworkers‘5 compared a ser1es of Mo-"

'rify Al OJ catalySts promoted by varlous amounts of Co, Nl,ﬁzn,f_p

o
[l

%
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1;and Mn at 400 C and atmospherlc pressure The hydrodesulfur—i

'llzatlon of thlophene and the hydrogenatlon of the butenes

'produced 1n thlS reactlon were used to evaante the perform—
‘ance of the varlous catalysts. These autHors found the rate
“ .of hydrogenatlon to Be relatlvely 1nsen51t1vJ to the nature f
f the promoter ion; _and that Co: and Zn appeare to»havef'

AN
’,y51gn1f1cantly greater desulfurlzat1on act1v1ty th i

~although this latter effect only appeared at. hlgher
epGroup VIIJ metal to molybdenum ratlos The flndlng that the
’max1mum act1V1ty for each metal occurred at a dlfferent
fsmetal to molybdenum rat1o 1mp11ed that catalyst act1v1ty.was

,5not 51mply a matter of fllllng tetrahedral vacanc1es

After the emergence of the 1ntercalat10n and monolayer

= models of Catalyst structure, De Beers'.retested the rela—fferqr'“

h ﬁ @ '
':vtlve act1v1t1es of varlous catalysts and promoters.‘A wldef

e 8 T I
'~_ﬂvar1ety of formulatlons were tested for thlophene‘% P

/hqhydrodesulfurlzat1on act1v1ty, 1nclud1ng N1—Mo y Al 03,
‘Zn Mo~ y Al O;, Co -W- y Al oj, N1 -W- Y Al 03,'and fOur Co- Mo—f,~'

tyﬂAl O3 varlatlons. All catalysts were used in the reducedéw"

”;state, although two Co Mo ¥ Al O3 catalysts and oné unprOf_;'

’moted Mo y Al O; catafyst were run in both the reduced and ?g\

S a

?isulflded states. (Presulfldlng vas. fOU“d to s“bSta“tlally

'filmprove the act1v1ty of the promoted catalysts but to 51g—'

'ﬂ:nlflcantly 1mpa1r the act1v1ty of the unpromoted catalyst )

~‘¢_f These authors found nlckel to be a much more effectlve

'lpromoter fot the molybdenum catalyst than cobalt whlle/21nc{’

’.d1d;notgshow anyfpromoterjeffect>at.ally.llttlefdlfference;:-””"

s



hwas found between nlckel and cobalt as promoters for the

vi@tuﬁgsten catalyst The Co Mo Y Al 20, catalyst was also found;

to be substantlally more actlve than the Co-W- y Al .05 cata-t
lyst although the surface areas and cobalt contents of the

s

‘-wtwo catalysts were not matched as: carefully as 1n the other-
. A
'3‘comparlsons of thlS study (No correspondlng N1 Mo v Al O,v

N1 W Y- Al 205 test was made ) "
';5 ’; The dlfferences between the results of thlS study and -

'those of some of the prev1ous stud1es concernlng the rela~

bl?t1ve act1v1t1es of the varlous promoters was attrlbuted to a'

‘ undamental change 1n the chemlstry of the catalyst surface’7'
d r1ng the flrst few hours of operatlon' prev1ous data may; y
have been based on}a catalyst conflguratlon whlch would be_rn
only short llved under actuai proce551ng condltlons.-:?d_ S

| 1975 Satterfleld Modell and Mayer‘5 1nvest1§ated‘f.b
':the concurrent hydrodesulfurlzatlon of thlophene and hydro+;§’
'd;den1trogenatlon of~ pyrldlne over Co Mo y Al 53, N1 Mo—b
”’ﬁy Al O,, and N1 W-y Al O3 at atmospherlc pressure and 250—'

}f425 C Because ‘the’ concentratlons of the actlve 1ngred1ents

- and the surface areas per un1t we1ght of catalyst were somef

what dlfferent ford%ﬁe dlffe;ent samples, no d1rect comparl—d,w

b;;sons could be made, but on a welght ba51s,sthe N1 Mo and-
'th -W catalysts were foundkto be 51gn1f1cantly more actlvev;’
l-fthan the Co Mo catalyst for both reactlons g
| Parsons and Ternan"_recompared the relatlve.act1v1t1esd
'of var1ous promoters 1n 1976 wlth the 1nteptlon of | | |

R

YQ developlng catalysts that would be much less expen51ve than
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l'current commerc1al catalystsbyet Stlll be - reasonably actlve,'
-,for use w1th feeds with hrgh metals contents (and thus high
‘pOlsonlng rates) A heavy gas 011 derlved from Athabasca o
1b1tumen was treated in a flow reactor at 400 C and 14 MPa,
i.and analyzed for desulfurlzatlon denltrogenatlon, and
hydrocracklng act1v1ty Co and Ni were found to be Qhe most
‘.actlve promoters in all cases; the two were v1rtually 1den-'
A‘itlcal 1n desulfurlzatlon act1v1ty,'whllg N1 appeared
'"sllghtly more actlve for denltrogenatlon and cracklng

v

That same year De Beer, Dahlman, and Smeetsz‘ comparedf'

"-dthe h1gh pressure desulfurlzatlon and hydrogenatlon act1v1—w

‘tles of- w- y= Al O3 and Mo 1= Al O3 catalysts promoted by both

"v,,Ni and Co. Because a number of 1mportant parameters wereu,;

7¢fvar1ed 1n the‘preparatlon of th

talyst only the‘maln

-

‘.effects were reported The result vof thlophene desulfurlza—j

'tio;‘were 1n agreemen\ _ith De Beer s earller5° data Also,
“} the promoter effects of Co and N1 for desulfurlzatlon were
'v.much hlgher for benzothlophene than for thlophene

In contrast to the data oj Hargreaves and Ross‘z' both -
2 KD I

'*_5Co and N1 seemed to be relatlvely good promoters for benzene~-5<

L

ﬂ.hydrogenatlon. For thls react1on, Ni- seemed the better pro—

: moter and W the better catalyst as had been found by Ahu:;ar

‘i“Thls result was not in accord w1th the data of Farragher and_-

i - S o
15‘Cossee°’, who found Co to be a much more effectlve promoter~pf

'j than N1 for benzene hydrogenatlon on W catalysts._rﬁi
Rlpperger and Saum’° tested»Co—Mo—y Al 20, and N1 Mo—

lty Al 20, catalysts for desulfur1zat1on, hydrogenatlon, and

(&
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denltrogenation:activity at medium*pressure‘in aitrickle—
bflow reactor w1th a solutlon of "thiophene and pyrldlne 1nh
‘1sooctane as the feed It was: found that for a g1ven degree
of desulfurlzatlon, the N1 catalyst possessed a greater ‘
act1v1ty than the Co catalyst for both hydrogenatlon and

den1trogenat1on EIn add1t1on, the den1trogenatron act1v1ty

'tlof the N1 catalyst (and to a lesser degree, the Co catalyst)

'could be 51gn1f1cantly 1ncreased by ! treatment wlth phos—'
‘:-phorlc ac1d It was shggested'that.the den1trogenat1on"
b?loccurs on. the nlckel surface, and that phosphorlc ac1d h1n~"
f:ders m1gratlon of the nlckel 1ons 1nto the alumlna lattlce‘
.uThls effect was also shown for desulfurlzatlon, although the“
1ncrease 1n act1V1ty was much smaller f‘f 't-._'f'"# lif S

In 1978 Furlmsky, Ranganathan, and Parsons” compared,‘x

::,'several Nl-xand Co promoted catalysts for hydrodenltrogena—‘v"*

.htlon acthlty by treatlng two bltumen dlstsllates 1n a flowt
Vreactor at 14 MPa and 320~ 420 C No dlfference between ‘the .
two promoters was found ~the apparent contrad1ct10n between’
'ath1s result and those of prev1ous 1nvestlgators was ’ -
‘expla1ned as poss1bly due t& the’ 1nappllcab111ty of low—
:pressure data to h1gh pressure 1ndustr1al processes, or to

: iz Co
..fdlfferences in. the preparatlon of the two catalysts in the )

i »
’varlous studles.- _ ‘ ,

."Recently Furlmsky“ retested the hydrogenoly51s act1v1—m
tles df Co Mo y Al O3 and N1—Mo y Al OJ 1n a’ 51m11ar reactor L§r
fto the one used prev1ously Furlmsky agaln found llttle o

':Zdlfference in desulfurlzatlon den1trogenat1on, 9%’:f'“
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_deoxygenatlon act1v1ty between the two’ catalysts, and
relterated hls earller explanatlons for the dlscrepanc1es
between hlS results and those of other researchers

i The only evaluatlon of the effectlveness of varlousn-

Vsupports found 1n the 11terature 1s that of De: Beer et

4

al Based on the act1v1ty of supported Co Mo for thlo-’

‘

.phene desulfurlzatlon, it was found that SlO,, n Al 03,.and

.1 -Al O, were all good supports as long as the spec1f1c sur-

35

face areas were hlgh but that Al 03 was preferred to SlO2
because it 1nh1b1ted the formatlon of CoMo@‘. | |

In summary, the relat1ve act1v1t1es of varlous catal?st

'

formulatlons are Stlll unclear. Cobalt and n1ckel appear to

be the best\promoters for hydrodesulfurlzatlon,vmolybdenum
\ ~the best catalyst and y alumlna the best support.,The
d_advantage of these materlals over others such as 1ron
tungsten and 5111ca do not seem . to be’large however,,and
cost may become the determlnlng factor for appl1cat1ons

’ where the rate of foullng 1s great.y 3;"t

.

a' sent 1s that of Lalne, Pratt and Trlmm. Bot'

i

t1on of the actlve metals" and the method of\preparatlon"

¢ were- varled in. this study.‘

the concentra—:k
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‘The best‘method of preparation was found‘to be the

sequential'impregnation'of,first Ni and then’Mo, a result

which would support De Beer ss' hypothe51slthat catalysts

1n1t1£11y approx1mat1ng the monolayer model would produce a

L better‘catalyst even after that Structurelwas no longer in - -

.o

e)ustence
N

The best start1ng salt was found to be nlckel acetate

pdesp1te the fact that 1t ‘was only partlally soluble in the
‘lqu1d used for lmpregnatlon.rlt was Suggested that a |
' '{favorable anion should 1nterfere w1th the adsorptlon of |
»_ammonla‘ and should form an ammon%a salt whlch would ea51ly

/Vescape from the-catalyst durlng.the'ca1C1n1n9‘PefL°d Th1s“

.»was supported by the f1nd1ng that catalysts prepared from

nlckel hydrox1de, nlckel phosphate, and n1ckel sulfate weret

.

'the least actlve. Whlle ammonlum acetate and ammon1um
'l_nltrate would not be removed more ea51ly than the ammonla,
h'ammonlum phosphate and ammonlum sulfate produced from the
'~‘unsuccessﬁul startlng compounds,idecomp051tlon of the
~,n1trate and acetate would be expected to. . lead to relatlvely

',1nnocuous anions wh1ch could then be removed as,qf f‘
.example, carbon ox1des durlng calc1nat10n o

| The optlmum comp051t1on of the catalyst was found to beillb

3y mo and 359 MoO,,‘although Moo, contents&of 1o 15% vere

5'only sllghtly less actlve..Below about 2% N10 the act1v1ty
.‘~hof the catalyst decreased con51derably, thls was explalned

'as belng due to the formatlon of - the 1nert N1M004.v‘_b‘fpa;

%
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Ca1c1n1ng prereductlon, and presulfldlng ‘are all known“

'\

- to produce hlgher act1v1ty and longer lee in hydrodesulfur—‘

o

1zatlon catalysts", In addltlon there may be 'a relation-

/ 3

Vshlp between coke formatlon on the catalyst and catalyst
sulfur content“. Desplte thlS, l1ttle data are avallable in

the llterature concernlng the optlmum method of pretreatment

&
of these catalysts :

Calc1n1ng has been the least studled of the three pre—

1treatment steps,,however the avallable data on the effectsv

of varylng calc1natlon temperature are 1n good agreement

In 1977 Rlpperger and Saum2°tested the effects of

vcalc1n1ng temperature on the act1v1t1es of Co Mo—y Al O, and,"

'N1‘Mo y Al .0, catalysts The results of thlS study showed

catalyst act1v1ty to be 51gn1f1cantly 1mpa1red at calc1n1ng

/‘ e N\

) temperatures above 550°C

'ThlS result was s%gported 1n 1979 by La1ne, Pratt“ andw‘”'

[ace

‘ Trimm“, who used the hydrodesulfurlzatlon of thlophene over
’_a N1 Mo A Al 03 catalyst to test the effects o{ varlous pre—
,treatment methods on catalyst act1v1ty An opt1mum,calc1na-"‘

t10n temperature was dlscovered at about 500°C and a slow

rate of heatlng of the catalyst to the max1mum calc1uatlon

‘Vtemperature”was found to be necessary to av01d.a 51gn1flcantf‘
‘loss of act1v1ty. Based on X- ray dlffractlon studles, the:'
f 'authors hypothes1zed that above 500 C, loss of catETyst

kyact1v1ty through the- formatlon of Al (MoO ); was the mostwg

1mportant factor,‘rather than 51nter1ng The lower act1v1ty -

\



',at lower calcination temperatures\was explained as due to
tfnsufficient reaction'between the yarious inorganicwcom—
‘pounds present on the‘surface of the catalyst For - example,

heatlng the catalyst too qu1ckly could result in Vapor phase'

'transport of 1ntermed1ates between ‘the uncalc1ned and
3 i .

'palc1ned phases: 1f decomp051tlon-of nlckel nltrate-were
incomplete, it would be -expected to boild resulting .in a
‘loss of nickel in the final catalyst. This scenario was

verified by Xfray fonrescente analysis Adsorption of

'ammonla onto ac1d1c sites was also cited as a p0551ble

factor to explaln he dlfferences in act1v1ty produced by

varlous-calc1n1n procedures.

Prereductlon has been studled to a mpch greater degreejt

'than calc1n1ng, but the results are not qu1te so conclu51ve.,'

-,Thls may be. partly due ro the more complex nature of the

chem1ca1 changes assoc1ated w1§h prereductlon and partly
\’ /
because the effectlveness of Z glven prereductlon tempera~'j

fture may depend more on’ the conditions seen by tha catalyst'
after the prereductlon has flnlshed i.e; the actual reac;
‘tlon condltlons and whether or not the catalyst 1s presul—
._f1ded prlor to use

Rlpperger and Saum2° found that no. apprec1able reduc—

‘ntlon occurred below 250 C for Mooa—y Al O3 or Co- ‘Mo—y- Al .0s

'Jvcatalysts, and that above 500 C exce551ve oxygen was lost

”’from the- catalyst resultlng in’ a loss- of act1v1ty It was
g suggested that there was an- optlmum degree of reductlon forf

\catalysts used 1n the sulflded state- excess oxygen should']

\
B
. \

-
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'be,renoved.from-the catalyst;,but enough should remain to
allow formation of oxysulfides rather than the catalytically
less actlve metal sulfldes ot ! _

Laine, Pratt, and Trlmm‘B also found that the lowest
~.prereductionhtemperaturefused-(300 C) produced'the-mOSt
active sulfided'Catalyst and that a hlgh act1V1ty was
obtalned even though no. prereductlon was carrled out These
authors suggested that a reductlon of MoO; to MoOz took
place at above about 350 C, Wthh was unde51rable because;

/

the latter was more difficult to sulflde _ o ) 'l/‘
| In 1977 Massoth and Klbby52 used a grav1metr1c/tech—

.nlque to test the effects of various catalyst pretreatmentj
hmethods on the rate of thlophene hydrodesulfurlzatlon over
Mo-y- Al 0,. These authors also found that prereduced cata—,c
_lysts sulflded to a lesser extent than those whlch had not
:been prereduced but ‘no correlatlon with catalyst act1v1ty
was found. It was also found 1n thls study that for a given
zprereductlon temperature, catalysts used in the~reduced |
state showed a h1gher act1v1ty than sulflded catalysts
Aalthough llttle dlfference was found between the act1v1t1es
»vof the’ optimum prereduced catalystsland the optlmum (non—
'prereduced;‘sulflded catalysts.m' ' N -if |

h’ Massoth and Kibby hypoth851zed that sulfur adsorbed
.onto the catalyst in two ways durlng the presulf1d1ng step
by - the replacement of oxygen atoms w1th sulfur atoms,,

produc1ng extra aplon vacanc1es and thus more act1ve 51tes,-

.and by the 1rrever51ble adsorptlon of 1nert H S onto the



active sites. At low prereductloh temperatures, sulfur was
added malnly by exchange with oxygen, while. at h1gher tem--

. peratures, adsorptlon of H,S was more ;mportant

n*1980 Gissy, Bartsch and‘Tanielanll used the con—l
~version of benzothlophene over a Co*Mo-y- Al 20, catalyst to
'ﬂtest the effect of pretreatment temperature on act1v1ty

'Sulf1d1ng was found to markedly increase the act1v1ty of all

- catalysts Studled. A mlld~degree of prereductlon was found.

to be beneficial; 250°C’wasvfouﬁd to be inadequate to

produce this'effeCt but 400° was an effect1ve témperature
for prereductlon prlor to presulfldlng |
Presulf1d1ng methods have been studled to an even’
_greater degree than those for prereductlon The resultsfare -
- less conclu51ve Stlll and are compllcated by the fact that
_the H,S" produced in the test reactlon tends to. affect the
'level of sulfur on. the catalyst and thus obscure the effects
- of the pretreatment | _ ‘ E
Ternan and Whalley’°, u51ng a N1-Mo y Al,0, . catalyst in
a bottom feed reactor operatlng on Athabasca bitumen at hlgh
_Apressure, presulflded with mixtures of hydrogen and elther
feedstock carbon dlSUlflde, or hydrogen sulfide at varlous
temperatures and pressures to determlne the effects of pre-
‘sulfldlng condltlons on-catalyst performance. These authors

found.that after 8 hours, the sulfur content=of the~catalyst

approached an'asymptotic value, regardless of the presulfldf.

-

'j,1ng cond1t1ons. Although there were 1n1t1al dlfferences in

N

catalyst act1v1ty, no dlfferences were found_after the 8

™
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ﬂour break-inhperiod in.any‘of the properties of the liquid
dhydrocarbon product. The‘fraction of coke in the‘catalyst
was also found to be independent of presulfiding conditions,
'<InJ1976,‘De Beer et al,’' tested the effects of various
'presulfiding conditions on the sulfur contents of various .
catalysts, including Co-Mo-y-Al,0,. At a presulfiding tem-
perature of 4QO°Cf catalyst sulfurecontent increased'with{
time, 1eveiling'off after about 2 houfs.'ﬂighér presulfiding
temperatures produced higher sulfur contents in the range
h250-500°C and in general hiéher sulfur contents‘co;related

~w1th hlgher hydrodesulfurlzatlon act1v1t1es, based on con-

~version of thlophene.'

Comp051tlon of the pre ulf1d1ng mlxture was also- S

tested; an increase 1n H, S thratlo from 0 04 to 1.0 pro—

'7bvduced only a 10% 1ncrease in sulfur content.

It was also found that as much as 30% of'the-sulfur
present after pre;ulfldlng could be removed w1th1n 2 hoursp_
by subsequent reduct}on. ThlS surprlslngly had no effect on
'hydrodesulfurlzatlon act1v1ty, and 1t was. concluded that a
51gn1f1cant amount of "moblle sulfur" was present whlch had
- no . 1nvolvement in the desulfurlzatlon act1v1ty of the: cata-vi

\

._lyst.

"The'next year[hﬁipperger and'Saum’°, working with both '
Co-Mo-y-Al 20, and N1 Mo Y- Al O,‘catalysts also used mixtures
of elther carbon'dlsulflde or,hydrogen sulfide as presulfld—'
ing agents. In thlS study, 1t was found that presulfldlng |

should take place at about 250 C for optlmum performance. It
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. was suggested that complete redQ%Fion of the oxides before

N

conversion to oxysulﬁfaes was the main reason .for the loss
.of act1v1ty when prereductlon and presulfldlng took place at‘
hlgher temperatures. . | | .

Gissy, Bartsch, and Tanielan®’ in 1980 also found 250°Cw'
to,be’the,eptimUm temperature for presulfiding, ahd‘that_a
Jhigh eatalyst sulfur cohheht at steadx/S£ate corfesponded to
a high catalyst-activity. These aathors also“saw presulﬁid—
ing as an importaht step in preﬁecting‘the catalyst against
c&king; . e :
/

Laine, Pratt, and Trimm!‘.also'tested presulfiding

methods 1n their thlophene hydrodesulfur12at1on studies.

Whlle standard presulfldlng techniques 1nvolve a mlxture ofl

10-15% H, S in.in H,, Laine et al. found'the most effective

presulf1d1ng mlxture to be pure H S and the most effectlve
‘bemperature (when u51ng pure H,S) to be 400°C. -

In conclu51on the method of catalyst pretreatment

.kappears to have a 51gn1f1cant effect on catalyst act1v1ty

Ca1c1natloq should eake‘place at -about SOOvC,,follgwed by
hp:ereduétioqvinthdfogen at aboutf3Qb°C and presulfiéing,

for 'which the data on the optimum method is inconclusive.

<

/ ‘ ,
2.6 On stream Catalyst Behav1ox v
Catalyst behav1or over long perlods of t1me has been
one of the least studled aspects of the hydrodesulfurlzatlon

"process. It has been found ‘that t%éﬁg;t1v1t1es of prereducedt



vsulfided7CatalystsKis due to the establishment of a new
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“catalysts increase from near zero and asymptotically

,approachlmuéh higher values during the first few hours on

stream, while presulfided catalysts start off much more‘
active, and level off at a much lower activity after the
first few hours on stream'%*"7', o

‘De Beer7‘vsuggests that the increase in activity of

prereduced catalysts appears to be due to sulfiding by H S

»produced in the reaction, whlle the decreaseaﬁh activity of

L4

4

' ox1dat10n/redu“%aon equ111br1um on the catalyst. Although a

: ¥
-51Jtlf1cant k@@ﬁ of sulfur from the fresh catalyst and a

correlatlon b~ v sulfur content and act1v1tywwere:

"_observed De Beer hesitated to attribute the initial loss 'in

F

vact1y1ty to a loss of sulfur. It was. suggested that the hlghk

2! )

B activities found in catalysts whxch nad not been presulflded

- would have required unreasonably hlgh rates of on-stream

sulfldatlon. “ ) Q

After a catalyst has been on stream for 4 or 5 hours,

‘most researchers have assumed the activity to be constant,
~and there,is-little data available in the literature -

.descrlblng cataiyst behav1or beyond this point.

Rollman”; workxng at high pressure recorded the'

act1v1t1es of hls catalysts for dlbenzothlophene hydrodesul—

furlzatlon over a perlod of several days but d1d not detect

i

;any change in’ act1v1ty durlng thlS tlme.

Y

Altken et al , worklng with a Co-Mo-y~- Al 20, catalyst
in a trlckle bed reactér did find a llnear drop in act1v1ty

N~
P} 4



'over‘a‘pefiod:of’hundreds of'hourS,IWith the rate increasing'.-
exponentlally w1th a decrease 1n hydrogen partlal pressure-l
; thls ‘was attrlbuted to coklng via dehydrogenatlon react10n51"

S S : T R
on the catalyst surface. U . v ST

R g,
o N

: The only study to date devoted to mon1tor1ng the
5 changés in hydrodeSulfur1zatlon catalysts over long perlods:
of t1me1ls that of Broderlck Schu1t and Gates’?. In this
study; the hydrodesulfurlzatlon of dlbenaot_lonhene over =
’:lCo “Mo=y- Al 03 catalyst was. studled in. aj-lqulo phase flow
llreactor at 10 MPa and 300 C w1th space velocity and amou*t‘;-b
;;dof H S added to the feed the 1ndependent varlables Typic- é’;:'“
. ally, catalyst act1v1ty 1ncreased by about 10% over the‘,_'f

\ f1rst 10 20nhours of operatlon,uafter whlch p01nt no changet'

was observed up to 1507 hours of operatlon.

Vo o

From the results or step changes in- the reactlon condl-lf
vtlons, the authors concluded that at low H S concentratlons:ff"‘

.1n the reactor, a decrease 1n H S concentrat1on resulted in

d:_an 1rrever51ble loss of catalYtlc 51tes, Whlle at hlgher H S

fconcentratlons, changes 1n thlS parameter affected the reac—"\
ultlon only by the competltlve (reyer51ble) adsorptlons of L
‘tf{dlbenzothlophene and H,S. ‘,,b~vfbh fl”Q? V

In 1980 K11anowsk1 and Gatesai'reported a loss 1n con-

| 'ver51on of benzothlophene w1th tlme in the1r flow reactor

”onvers1ons. These 7”

foperat1ng at atmospherlc pressure a?% low;
authors agreed w1th the hypothe51s of Broderlck et al
'fﬂfthat the loss in act1v1ty was attrlbutable to structural d

shchanges ;n the,catalyst-assoclated w1thusulfur depletlon.'To'if-

. . g - RN T o v



counter thlS loss 1n act1v1ty,»appron1mately 2% H, S‘was rwl
added to. the1r feed//thls proved successful in St&blllZlng\
*the catalyst” :f3~4 o t‘,. lf o hui f.é;' | SRR
Also 1n 1980 Glssy,‘Bartsch and Tanlelan" reported a
51mllar loss 1n act1v1ty, aga1n desulfurlzlng benzothlophene‘
'1over Co Mo y- Al O,fln a- flow reactor at atmospherlc pres- '
sure. It was also found that the presence of H;'S. ellmlnatedl

. thlS deactlvatlon, ‘but- GlSSY et al concluded that the loss

iiin act1v1ty was due to coke formatlon from the: cracklng of

g

fn dodecane,:the solvent used for benzothaophene (No solvent{u_we

“_vhad been used 1n the K11anowsk1 and Gates study ) It was
ha:guggested that the presence of H S 1mproves the hydrogena-'l‘
vhtlon act1v1ty of the catalyst and 1n thlS way 1nterfered
d]inth the coklng process SUbstltutlon of . n- hexane for R
lin dodecane was found to ellmlnate the deactlvatlon"on the:;d
‘ifother hand subst1tut1on of n- dodecene markedly 1ncreased ‘ ft

W'hthe rate of loss of act1v1ty




3. DESCRIPTION‘ OF EQUIPMENT

The ba51c des1gn of the experlmental apparatus was that
of a flxed bed reactpr w1th on- llne,gas sampllng, 51m11ar to
. that used by Satterf1eld‘5. A flow dlagram of. the equ1pment

1s shown in- Flgure 3.

to the reactor was a 30% (wt )'solutlon

\

_r1ch Chemlcal pedlfled 95% pure,

| ;Thepliquiddfee‘
v;of benzothlophene ‘
',although a chromatographlc analy51s showed the purlty to be
approx1mately 99. 8%) in: ‘n- hexane (Flsher Chemlcals 99%y
pure) Gases fed to the“reactor were hydrogen (99 995%)
nltrogen (99 998%) and hydrogen sulflde (99 6%) and the

. carrler gas. for the gas chromatograph was hellum (99 9999%)

S

all supplled by Unlon Carb1de.’”
Trace oxygen 1n the hydrogen and n1trogen’streamswwas“:

converted to water by a Matheson OR 10 catalytlc converter

Il% The water was subsequently rem ved %y pa551ng the gas stream i

through a glass tube 22 futic in- d1ameter packed w1th 10 cm of'“

() v

1/16" pellets of Molecular Sleve Type 4A. A 2 5 cm layer of.i-d

¥, /'

Dr1er1te (1md1cat1ng calc1um sulfate) was located above and '

below the bed to: 1nv1cate when the molecular s1eve needed

ﬁ~re &aclng The’Drlerlte and molecular 51eve were held in-

kap%ace w1th plugs of glass wool Trace water 1n the hellum}d'ﬁ
= was\removed by pa551ng the gas through a steel tube 1/2"’“
d1ameter’conta1n1ng a’ 35 cm bed of molecular 51eve.vvg'”"’

. Gas flow rates were monltggfé w1th Matheson Type 600
vrotameters and controlled by needle valves The hydrogen and

‘..‘

, :
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nitrogen rotameters were calibrated‘using a stopWatCh and”a

‘_soap bubble flowmeter (the callbratlon data are g1ven in
’Appendlx 1), whlle the manufacturer S supplled callbratlon

curve was used for the hydrogen sulf1de rotameter, w1th a -

correctlon made for the dlfference in molecular welghts

- between the cal1bratlon‘flu1d (alr)‘and hydrogen.sulfldet._,b?

‘quuld feed rate %as controlled w1th a Sage InstrumentS"

'Model 355 syrlnge pump f1tted w1th a 50 ml glass syrlnge-‘

'callbratlon data for the syrlnge pump are g1ven 1n Appendlx

'h2. The llqu1d was vaporlzed in the gas stream 1n an 1nsu—

‘lmanometer flaled w1th Merlam flu1d (dens1ty 1. 75) located
v;_'sure of the gas stream'V"

]“’pump to ellmlnate any concentratlon gradlents in. Ehe feed to.V

'a
dfwhen the llquld feed rate was too hlgh droplets were formed

: they fell onto the wall of dhe flow1ng gas stream tublng,

lated box heated to 3Q0 'C by a. strap heater A mercury—

"'fllled barometer used to measure atmospherlc pressure and a».,

: 9 ‘
,;upstream of the hot box were used to measure the gauge pre -

'.Q A 100 ml cyllnder was. located downstreamfof the syringk

“the reactor whlch mlght have been taused by 1rregular vapor— ,fr-:

Jzatlon of ‘the - llqu1d feed Prellmlnary tests had shown that,_t

o 'on the end of the syrlnge tublng whlch flashed qu1ckly when _v

D

tlrather than vaporlzlng contlnuously at the end of the

5

’syrlnge tublng Th1s caused osc1llat10ns in, the pressure in. e

]

: b
‘ the tub1ng W1th a magnltude of about 0 25 kPa, measured
'u51ng the manometer. Because no osc1llatlons vere observed

a. fdur1ng the actual experlmentatlon, 1t was concluded that any -



concentratlon gradlents 1n the gas stream enterlng thlS

100 ml cyllnder vere very small and would have been
ellmlnated 1n thlS tank although the mean resldence tlme

..was only 8 s at the hlghest flow rate used |

The ! reactor consisted of a O-1000 g (+ 0 00&4 g) bed of:

‘catalyst.(depth approx1mately 5 mm) . contalned in 1/2" (nom, )

"..stalnless steel tubing. The bed was supported by a 100 mesh

stainlesS~steel-screen whlch was in turn supported by a. bed_
;§f .0 mm glass beads. The bottom of the tublng was plugged
»7w1th a small p1ece of glass wool to keep the beads 1n place-
sp»whlle the reactor was operatlng The catalyst bed was.
lcovered by a 5 mm layer of~—40+60 mesh glass beads, to"

.vproduce a more. constant veloc1ty proflle o% the reactant gas

stream when 1t came 1nto contact w1th the catalyst Thls waS’ L

'cOvered by a second 5 mm layer of 1.0 mm glass beads to hold

| _the smaller beads 1n place Both the.glass beads and the

'w;!stalnless steel screen were ver1f1ed to be catalytlcally

f@ ;680 780 kg/m3

_Tlnert prlor to experlmentatlon.

’ The catalyst uSed was a commerc1al catalyst Nalco
NM 502 contalnlng 3% N1 and T4% Mo (wt 9 - supported on
y= alum%ha, ground in the labJratory and 51eved to —40+50 B
lmesh The surface area’1 of the catalyst was 270 m’/g, and: .
"dthe pore volume was. O 55 cm /g “The p@lreﬁ den51ty was
The reactor was held at a constant temperature 1n a.

flu1dlzed bed of 90 mesh Alundum, wh1ch was heated

h]externally wlthnn;chrome,w1re, The flu1dlzed bed was
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Ty
‘approximately‘10hcmiin'diameter andv30 cm deep when flUid—-
1zed the' catalyst bed was ldcated approx1mately 10 cm belowv
. the surface of the f1u1d1zed bed. The top of the fluldlzed
bed was contalned by approxlmately 6 cm of - 1/4"vglass
Raschlg rlngs, supported on ‘a coarse wire screen. The tem-
perature of the flu1d1zed bed was controlled by a Techne
TC4A temperature controller to w1thIn 2 C and monltored by a
. Type J (1ron constantan) thermocouple located close to the’ |
reactor tublng at about the same helght as.the catalyst bedrmv

Temperature in . the reactor was measured us1ng ‘a Type J ther-

#

) mocouple 1nserted 1nto the" catalyst bed. (The temperature of’ '

the catalyst bed did not dlffer 51gn1f1cantly from that of
the f1u1d1zed bed at any t1me ) Pressure 1n the - reactor was
held at 101 kPa (+ 3 kPa) us:ng a globe valve located in the~
~hot box downstream of the reactor. The pressure 1n the reac—.‘
tor was. assumed not to dlffer s1gn1f1cantly from that of the-
gas stream as meaSured by the manometer upstream of the T
syrlngeafeeder.,: .v | | | ’ .y
The products were sampled w1th a Valco model V- 4- HT gas i
'samp11ng valve (1nterﬁhl volume 3 ul) 1ocated in an 1nsu- |
.lated steel box mounted on the 51de of the gas chromatograph
and heated to approx1mate1y 250 C ‘by a strap heater. Analy-
' 51s ‘was performed usi: . - dual column F & M 720 gas chroma—
tograph the condltlons under wh1ch thlS analy51s was per-
formed are summarzzed in Table 1 The sampllng valve,‘lnjec—‘y

txon port and detector temperatures shown are approxlmate, B

fv and varxed by about :5° over the course of thls study The



. N

51
Table‘17\,summary'of Ch:qmateg;aphicvAnalysis'COnditioné
Column-'Length\ 10" o |
' Diameter: 1/8"
Packlng Dexs1l 300 on 80/100 Chromosorb W/AW ‘

Carrler gas: Hellum :
s Flow Rate: 40 cm?® /m1n

‘ Detector Type. Thermal Conduct1v1ty e ' ',T !

Current' 150 ma.

\

Temperatures- Gas Sampling Valve: 260?C

Iryeftion Port' 200°c
Detector: 260°C = '~

Temperature Programmlng Rate' 10°/min
Initial Temperature: 40°C
© Final Temperature: 190°C S
Total Analysis Time: 15 min’

S
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flow of'carrier gas was checked regularly with a soap}bubble:
flowmeter,voutput from the gasvchromatograph vas‘integrated.w
and recorded using aanP33380A lntegrator; | |

To illustrate the'degree ofhseparation'of‘the ma jor
" components of’the product‘stream} a typical chromatogram is
shown 1n Flgure 4, (Note that thefpeak heights.havepheeni
plotted on a logarlthmlc scale; and,as a result the relative

~ peak areas may be deceptlve ) 5

) .
L1qu1d products were collected in a glass condenser

‘held-at room temperature (approx1mately 22° C) to’ obtain a-
concentrated sample of the-heavier products for qualltatlve

Q .
analy51s..Non conden51bles were vented to a fume hood. No

' mass balances were computed for elther the llquld productsl
‘or the: gas stream leav1ng the condenser. |

All equ1pment in dxrect contact w1th the reactants ‘or |
_products was/constructed of Type 316 stalnless steel unless
'noted otheéwlse 'All equlpment was connected w1th 1/4"

'tuxlng, except the ylne from the syrlnge pump to the flow1ng :

".ga stream and the lines connectlng the gas sampllng valve

columns;-all of'wh1ch were 1/16". All 11nes between
~the reactor hot box, sampllng valve, and condenser were
el trlcalg;:traged with "Heats- by the Yard" ‘and 1nsulated
The temperatures of these l1nes were«monltored wlth Type J
'the mocouples 1nserted under the traclng. The voltages
”acro s each strap heater and sectlon of trac1ng were

_contr lled manually using Varlacfvarlable_voltage'

~transfoymers.
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4. EXPERIMENTAL PROCEDURE

4.1 Catalyst Pretreatment = o . ]

No tests were done in the-present study to assess the

effects of various pretreatment methods. Instead it was

decided to use the ba51c ‘method of Rlpperger and Saum1°-‘5

7

hourS'calcining in a;r'at 500° C, followed byv4.hours pre;e4

duction at 250°, followed by 4 hours presulfiding at -250°

" with-a mixtUre of JO%‘HZS.in H,.

Theﬂcatalyst was ground 51eved and graded as to parti- -

-
~Qw

cle size, and calc1ned in a1r at 500° c for 5 hours' Follow-

Tng the suggestlons of Lalne et al ' the catalyst was

”_\heated to the max imum calc1n1ng temperature as slowly as .

'p0551ble, about 2° /m1n. ThlS heatup t1me was not 1ncluded n i

~ the 5 hours calc1n1ng tlme. After calc1n1ng, the catalyst

&
Y o

' and connected to the rest-of the equipment. The nitrogen -

- .was stored in'a de51 cator untll required.

vwhen a'new'Catalyst‘bed‘was reQuired the . flu1dlzed bed

‘ I
was cooled to 250 C and the system was flushed w1th nitro-

gen. The reactor tube ‘was cleaned and packed w1th the glass

beads and catalyst, then transferred to the fluxdlzed bed

L&

- flow was.terminated,“the'hydrogen'flow was set at 50

CmJ/min, and the pressure was»adjusted:to 101ikPa. After 4
.hours, the hydrogen sulflde flow was set at 5 cm’/mln while
the hydrogen flow was left unchanged. After another 4 hoursp
the hydrogen sulflde flow was termlnated, ‘and the‘reactor.

N

DY
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l4.2 Reactor Operationv ) ‘ : e
When the pretreatment had ended, the flu1dlzed bed- tem—
\perature controller was reset to the de51red reactlon tem-
pérature, the syrlnge pump was started the hydrogen flow
_rate was reset, and the pressure was adjusted This was con-
sidered the start of reactor operatlon | | "
| After the reactor temperature had risen to the desired.
anlue, (the temperature of the flu1d1zed bed could be ra1sed

by about 10°/min) and a stablllzaruwn perlod of about 15

‘ mlnutes had passed; gas samples from the product strenm“wereA

301hours,’after uhichvthe run was.termlnatedqand,the catas
lyst discarded.. | i _

The syringe usually‘had to be‘refllled at least once
during a‘run. When this became.necessary, the gas flow was
termlnated and the syrlnge was d15connected from the rest of
the apparatus and refllled Th1s usually took about 5 min--
utes,wdurlng which time the connectlon‘hetween the’syrlnge

eiand the gas stream was kept Sealed a\period'of at IeaSt‘TS
mlnutes after the syringe was reconnected and the _gas flow
restarted was allowed for reactor condltlons to restabilize
beforeosampllng was resumed. | :

When either_the'syringe,was'refilled'(i,e.,a‘nenkliquid

feed batch) or a new catalyst bed was 'installed, the . =



subsequent gas samples were con51dered to constitute a new

series. Approximately halfway throughveach series, the fol- g
s »
lowing data on the operating conditions were taken: atmos-

pheric pressure, reactor gauge pressure, hydrogen and nitro-
gen rotameter readlngs syrlnge feeder setting, and fluid- »
~ized bed temperature set p01nt

When a nep catalyst bed had been 1nstalled and the
}eactor was operatlng, the reactor temperature was mdn1tored
for a' period of about 15 minutes using the thermocouple

g ‘ T ‘

;ocated in the catalyst bed itself. Since no signifieant
dlfferences were ever found between these readings and those E
from the fluldlzed bed temperature controller, no record was )
kept of these data. At thls time, the temperatures of the )

hot hex, gas chromatograph detector, sampllng valve and

-injeCtion:perts-were also checkedl
Solutlons of benzothlophene in n'

*.requ1red Typlcally, a 100 9 bottle oJ.'"“

stopper,ﬁshaken-to mix the contents
any benzothiophene which might have:

sides or in the neck, and left to-



h7
in a fume(hood..Thé;e solutions were intended to have an
'approximateﬁbenzothiophene/n~hexéne‘weight ratio of 0.4.
Thi§ value was choéen so.thag the solution would be concen-
trafed“éhough to minimize ref&liing of the syringe‘during
reactor operation, but still beldilute enough that the reac-
“tion produéts;wouldnnot solidify in the condenser.

The high vélatility of n-hexane resulted in slight dif-
fefgnéespin concenérétionvof the contents of the syringe
between one ggriés of gas samples and the heit series éfter
it héd'béén fefilled, dﬁe to such factors as evaporation in
theisto%ége bottle subsequent té the previous filling Sf the
syringe, évaporation"dqring the-transfef of solution from

bottle to sfringe,iénd diffé:ences in the original composi—;ﬁ%
. \ ; . , : o

tion of the solution as" it was made up. Cooling the solution®

waS-impraCtical, sgmcgﬁpéniothidphene would‘starp té'crys—
talli£690ut of solutﬁgﬁ ag-temperatdres‘on}y slightly below
room’temperature. It Qés‘ihposéiblé fé sample the'contents
of a given,syfinge difecgly in mény caées (such as when the
syringé‘was refilleaiin the middle §f a :gn), SO instéad itj
waé«deéidéd_tq céiculategfhe composition of'the feéd solu-
tion from.a molar balancg based on an analy%is_df'thé prod-
uct ‘stream. The details offﬁh;s calcuiation are'given in the
next ;haptgr. ; |
wWheh‘the_reactor“wasinot’_in Op;fation, all‘eduipment
wasfképt'hot;(abobe 250°) éndAa small flow of nitrogen was

kept runﬂihg through all lines.



'

The products of typlcal runs were oondensed at room
temperature and compared to a sample of condensed feed"

¥gfproduced by 1nject1ng the llqu1d feed 1nto the flow1ng gaS}‘

’§Stream and recondensxng 1t after 1t had bypassed the reac-;..

Vﬂ:tor..These products were qualltatlvely analyzed by a_ y

’“comblnatlon of gas chromatography and mass spectrometry

oo . : PR N
A PR - S e



.:“other runs ( 60+70 mesh

5. EXPERIMENTAL

tlons‘ls glven 1n Table 2

jWhere the series’ numbers are not consecutlve, thlS 1nd1cates-

'_that the accumulated data for a 51ngle run ("Data P01nt")

"a comp051te of data from two separate catalyst beds._h

All experlments were conducted w1th hydrogen present 1n

hgreat excess The hydrogen and benzothlophene partlal pres—lv._j

<

fsures 1n the Feed to the reactor were held falrly constant

ﬁt about 97 and 1, 7 kPa, respectlvely The temperatures usedw;

'gwere 350 400 and 450 C “a d 7 5, and 4 data p01nts were.r

-A'obtalned at each of these respectlve temperatures.“At each

f*temperature, runs were per ormed with. the space tlme ranglng B

Tfrom 1x10‘ to 7x10‘ g cat7ﬁyst s/mol benzothlophene.f'-‘

To verlfy the absenc

h-tlons, one run (Data P01ﬁt 6) was performed u51ng a 51gn1f1—>'

’ ’l-

:‘cantly smaller catalyst elletvs1ze than was used 1n the(
‘as oppOSed to:—40+50) It wa5'"

xassumed that 1f the abslnce of 1nterna1 d1ffus1on effects
”ﬁcould be shown,jlt wou'd also ellmlnate the p0551b111ty of

'.gexternal mass transfem/llmltatlons on. the reactlon.'

Although the thermocouple 1nserted in the catalyst bed

v"_gave some ev1dence agalnst %ny 51gn1f1c£nt thermal grad1entsu°”'

';fln the bulk phase, 1t could not rule out completely the pos—'”;

9.‘,

'fslblllty of 1nternal of external heat transfer llmltatlons

~9 LT 3

,‘on=theureact10n:rate Thss.meactlon is hlghly exothermlc,u,-’

1

'and 1f the ent1re heg;

-

of 1nterna1 mass transfer 11m1taf‘” B

1oad irom the react1on were absorbed EUTRE R



Data
P01nt

10

\auxqcﬁﬁipcgh)d¢

T

e c)7

~400

400

400

400 .

400
- 400"

400

450
450
450,
450, "
...350 )
03500
350 .

 w/F

S
3
2.
4

5.
3

3

6

Cx1074

057

0227
.057 -+ =

5.912
'4Q753“. 
244
<031
947 2 ¢
4011
S 1,947
5,991
2.
S
4
Sh3n

082

500

2001
636
031

B
“‘ 1

=3

:p(sT)f'
kPa -

.74
28
w17 v
.65-
.87
.73
.60
.65
34
19
.63
B3
68
54
«90
44

?_Table 2 —‘Summary of Run Con@ltlons
. S S , gl

102
97
- 97.
96

,96;

‘kPa,'

60"
32
24

97<. E
100 -
10 .
+35
15
.73
.55
.29
6.71" e
.08 ."
w94 .
.41
.63

DRRE

Series .

62,63
73,74
75,76,9§ -
90,91

92,93

94,95 SRR
. 68.,69,70 97j: e

80

183,84,85 -
8%,87,88,89

~ 79,98 |
81,82, 99 2e

113 114

102,103, 104[
115,116
' 108 s R
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‘.by the gas stre 1t is estlmated that the rlse 1n tempera—»
? =

ture would be approx1mately 50° C (cf Appendlx F).

To test thlS, one run (Data P01nt 5) was made with

>about 9% of the hydrogen in. the feed replaced w1th nltgogen.d

¢

»If the mass heat capac1t1es of the two gases were 51m11ar
'fthls would 1ncrease the spec1f1c heat of the mlxture by

L,,about 25% However, calculatlons made subsequent to thef

”‘actual experlmentatlon showed that these mass heat capac1—*

‘lbtles dlffered greatly,,and that the effect of subst1tut1ng

'lhydrogen w1th nltrogen on' heat capac1ty was negllglble.”".

Another data p01nt (P01nt 4) was run u51ng a more‘

"1d11ute llqu1d feed solutlon than in the other runs (0 34

f‘mlxture by about 6% Two more data p01nts (P01nts 13 and 14)h. .

1drather than 0. 43 wt ratlo benzothlophene to n- hexane) thlsft

;1was estlmated to have 1ncreased the spec1f1c heat of the.-‘”

,used a more concentrated solutlon (0 51) than normal thlS

"fwas estlmated to have decreased the spec1f1c heat%of the"ﬂ

‘f m1xture by about 9%
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. /,'/_ 6. DATA ANALYSIS
All. calculatlons descrlbgd in the follow1ng sectlons

‘were done u51ng the. computer programs llsted 1n Appendlx 5
“unless noted otherw1se. A sample output from the ma1n data

analy51s program is. shown in Table 3. ThlS series. was chosen

because 1t represents both an entlre data p01nt (P01nt 5)

‘ ;and a. 51ngle complete llqu1d feed batch The chromatogram

shown in, Flgure 4 represents Run 18 1n thlS serles

P

hf,6;1_CalculationdofSReactor_Operating Conditions and Feed

-.Reactor tepperature for any data p01nt was con51dered

“controller Total pressure 1n the reactor was calculated as

i gured“by the manometer upstream of the syrlnge pump (It was

'ﬂrfbenzothlophene was more complex. Callbratlon data for the 'y'

}jrespectlvely to the—calf

iassumed that the pressure losses caused by the 1/4" tublng -
t‘and the glass beads above the catalyst bed and the bed

frtself were negl1g1ble )

vb

' :1dent1cal to the set p01nt of the flu1dlzed bed temperature

iijthe sum of atmospherlc pressure and the gauge pressure meas-'
he

Volumetrlc flow rates of hydrogen and n1trogen were _”'

computed by f1tt1ng thlrd- and fourth order polynomlals f,

ratlon data u51ng the method,of

'b:lated assuming 1deal gas behav1or._

Calculatlon of the flow rates of n- hexane and

e F -7 T

' nleast squares (cf Appendlx 1) Molar flow rates were calcu—- ‘V.
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| Tabi]e ‘3 - ‘Sampl_'e, Output from Data An‘a]ysij_s Program

‘ :'SERIFS g2
0. B00123

i

,TDTAL PRESSURE IN REACTOR: ' 104.59 KPA
TEMPERATURE IN REACTOR: 673.2 DEG. B
CATALYST: NALCO NM 502, 0.1002 G. -40+5o MESH S
. CATALYST BED NUMBER: 23 ‘ SR v
~ LIQUID.FEED BATCH NUMBER: 36 - A :
. FEED. RATES TO REACTOR: =~ -
. U H2: “0.1672E-03 GMOL/SEC

BT: =~ 0.3420E-05 GMOL/SEC Sl AR s
oMEX:  0.6826E-05 GMOL/SEC S S
. N2:  0.1340E-04 GMOL/SEC SRS Tl iE L
PARTIAL PRESSURES OF FEED TO REACTOR e SR
U H2: 91.63:KPA - - o . S
‘BT . 1.87.KPA ’ i ',‘ ' e

U HEX: . 3.74 KPA o R
U UN2: 7.34 KPA ~
\~W/F- 0. 2930E+05 G- SEC/GMOL(BT)

" RAW DATA [AREA %) ~'1 : S -
. RUN N2+H2 N- HEXANE _ ETHYL- © STYRENE  BENZO- DIHYDROBENZO: "
g dhas " 'BENZENE _ ,  .THIOPHENE  THIOPHENE

§ 39.7765 43.3200 2 5470 °0.0193  14.0100 0.0
2 40.0670 - 42.4100  .2.5060 0.0 14.8300 0.0
; %',40;5509-- 42.0400 2.6660 0.0 . 14.6500 . 0.0
% '43.7300 38.0400 - 2.7270 0.0 15.3000  0.1859
5 42.7600 = 40.1900 - 2.5360 0.0 14.4600 0.0
.6 43.1632 39.3900 ~ 2.6610 ~ 0.0534  14.5200 = 0.0
7 41.55336  41.7900 ° 2.5520 - 0.0 14.0100° 0.0
-8 41.6775 40.9200 2.4150 0.0 . 14.8800° - -0.0361
"9 42,3756 39.8500 - 2.4650 ¢ 0.0 .- 15.1500 ~ 0.1322
10" 39.8329 43,9200 ©.2.3020 0.0 . 13.9100  0.0344
11 40.3800 42.7600 . 2.4060 - 0-1629. 14.1500 0.0
12 . 44.0360 - 38.5700 . 2.6010 0.0  ° 14.7600.. 0.0
13 40.2400 42.4600  2.5820  0.0305  14.6900 = 0,0
14 37.9236 -44.6100 - 2.3330  0.0655. 15.0600 0.0
15 38.3500  44.6800 - 2.8410 ~ 0.0860 . 14.0500 0.0
16 40.5959 40.9100 ~ -2.5580 0.0 - 15.6700 - 0.0,
17 38.7200 43.8700 2.3510 0.0 .- - 14.9000 . 0.0647
18 - 40.B600 . 40.6600 - ~ 2.4060 - 0.3094 15.5600 = .0.2132
18 37.8500 44.3700.  ©2.3240° 0.1304  15.2600 0.0 ¥
20 41.2700 - 40.6100 . 2.5790 0.0 ~ ©15.2300 © 0.1217
2% '37.9300 - 44.5800 " 2.2850 - 0.0 - 14.8400 . 0.0672 .
22 '42.7300  39.4100 2.3960 - 0.0 - 15.2900. 0.1004 -
;723 43.0700.. 39.6100 2.3040. . 0.0572 ~ 14.8200 0.0 . .
D4 42.4700- - 39.2200 - 2.4740 0.0 . 15.8400 . 0.0
25 38,9100 43,0900  2.3280 . 0.0 .. 15,3900 0.0
96 " 42.9600 . 38.5500  .2.6930 - 0.0 1558890 - 0.0 . .
27 38.9500 '42.8900 ~ 2.6850 0.0 - °15.3800 = 0.0641
28 40.9800 41.0600 - 2.4860 - 0.0 . 15.4300° " 0.0476
29° 41.2400 41,0008 .2.1170 0.0~ °15.5300 0.0 .
30 45.1200  -37.3800  2.1170 0.0 15.1700 . 0.0
31 39.3600 - 42.3400° - 2.7230 . 0.0 15.4700 0.0
.32 '39.3652 0.0 15.1200 0.0
33 .41.3000 -3 .0,0 " -14.4000 - 0.0810
34 ' 40.8700 “41.810 9.0 15.1200 - 0.0452
'35 40.8100 42.0900 1 14,5900 0.0522
’ 36 - 40.9500 41767 10

14,9700  0.0900 -
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NBLWR

.423040
. 436525

426088

0
0
0
0
0
-0
0.
0
0
)
0
0.

;171453 0
.182237,°°°0
.177416 - 0
;175797\, 0
.182621 - - 0.
. 182381 .. 0.
.165466 0.
.164861 0.
..168168 -0,
L 170363 - 0,
0

177493

36 .440563 -
37 .448008 - -
38 0.435034
C . 33 0509521
. FRACTIONAL'
RAN - RUN"".TIME
P ;' B ggg' .
3 égi -
4 -
.5;;;'3 583,
rE
R 8 . 4{‘%33 ..
9. 5.950 -
10- . 5.583 .
it ﬁ17:u

°

-0,

- TO STY:
001340
.0
.0
.0
.0
003640
0
0
0.
0 u;"l U
011458 B
0

(cont.)
} ? 37 42.4600 40.4000 . 2.2460°
‘38 39.8200 42,4800 2.1010
39‘ 44, 0400 37. 7200 , 2.1480
LIQUID
. RUN BT/HEX
1 0.415425
2 0.433518
3 9.437722
4 0.5068265 .
5 0.448947
6. 0.465315
7. -0.421179
8 .448654
9 471679
10 (0.392046
11 1 0.415453
12 \0.477912 DR y
13 :°°0:432769 ‘
- 14 - 0.414391 , . '
- 158 0.405397 -
16 0.472103 -
. 17 .°0.4177718 . X ,
' -18 - 0.482340 .
19 0.422835 - ‘
.20 - 0.468145. . : _
21 0.407936. - :
22 - 0.477575. . o,
23 .0.461886 - -
. - 24 - 0.494204 T
. ! 25 ..0.434830 AR
. ' 26 - 0.505943 '
- 27 0.448601 -
28 . 0.463342 .
29 . 0.454029 :
30 .0.488106" . Y
-+ 0.456208 - v ‘
0.423094 S e
o oy
0
0
0
.0
-0
0

CONVERSION OF. BENZOTHIOPHENE
- ~TO EBY
. 198996

0.0 ‘
0.0314
0.0

FEED COMPOSITION- BASED ON MASS BALANCE (WT. RATIO):

VGQQdoooooodo ,
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- 7

14.8700 0.0
15.3800 . 0.0
0.0

- 16.0800 .

=X c%:oc:oc:oc:oc:
" e e e e :

P L (:2 .
AR
\
T0. DHBT EB+STY:
0 . 200336
Q0 171453 -
0 +182237
008731 16
0
O ]



{;

».Téble 3 (cont.)

13-, 10.333 0
14 10.583 0
15 10.917 - 0
16 11.187 0
17" 11.500 0
98  11.833 0
19 . 12.167 0
20 12.583 . 0
21 %12.917. 0
22 13.250 0
23 13.667 . 0
24 14.187 0
257 14.500 . 0
26.° 14.750 0
27 15.083 " 0
28 15,417 0
29 16.833 0
30  17.167 0
.31  17.500 0
132 17.833 0
33 18.167 0
34 18.417 0
35 . 18.750 0
36 © 19.083 0
37 19.500 0
38 .19.750 . 0
39 20.083 0
MEAN:" 0

176749
. 158749
. 187295
. 166599
- 161353
. 154317
. 155817
. 170638
. 158048 -
. 160131
. 158409
. 160555 -
. 156288
. 173680
. 175536
. 164363
. 143051
.145950.
177326 .
. 149479 .
. 162432
. 146525
.153113
. 150466
. 156082
. 143007
. 140585
.164997 -
.004562

LIQUID FEED BATCH: 36 .

COMPOSITE MASS BALAN
AVG. FEED RATIO BT/H

A

cooo .

0000000000000

OO0 OoDOO

.008284
.006963
.0 :
.002123.
0

002014
.001336

.002074 ..
.004427
.005933
0

0
.019713
.008685 _
O -
‘0
0
003907

.odqqooooooooococooooooooooooo”

OO0

.003573
.011003
0
.006479
.003740
.005399
0
0

0 -

.0
.003372
.00253
0
0
0
0
.00348 1
.002507
.002946
.004962
0
0
0
001817
.000928

CE BASED ON 39 .DATA POINTS

EX: 0.4484 +/- 0.0098

»./

0000000000000 DOOOOO0O0OO000DOOO

. 178823
. 163176
.203228
. 166599
161353
174030
. 164502

. 158049
.160131

. 160555
. 173680
. 143051
. 145950
149479
. 146525
. 156082
. 145130
. 140585
.004635

. 170638

.162316 -

+175536
. 164369

18701

-

. 156288

2162432

. 161398 -
. 157428

65

2177326 -



'syringe pump yielded a linear-relationshfp between volumet—
ric flow rate and flow settlng (cf Appendix 5), Tt'had been
’verlfled that the volumes of SOlld benzothlophene and llquld

1
n- hexane were add1t1ve in form1ng solutlons in the range of

' concentratlons of 1nterest (ct. Appendlx 4) and so, glven
,the relatlve concentratlons of benzothlophene and n- hexane
'1n_the solution, the molar flow‘rate could_be readlly calcu-
1ated _ r. ) . _ fo . . .

The concentratlon ofvthe llqu1d feed SOlUthﬂ was‘estl—
'mated from an analysls of the.produpt stream. Since one mole‘
‘of each of the reactlon products ethylbenzene, styrene, and
,dlhydrobenzothlophene, represents one mole of: benzothlophene

in the orlglnal feed, and 51nce these three products com-
prised an estimated 99ﬁ5%.of the,total.reaction.products,
',the;mole ratio (and thus‘Weight.ratio) of "equfvalent-benzo~
:thiophene to n- hexane could be calculated for each- ‘gas sam-
rple. These welght rat1os were averaged to- g1ve a value for
“each lquId feed batch ‘The values of llqu1d feed danentra—
’tlon obtalned from thlS method were prec1se to w1th1n about
3% based on 95% confldence 11m1ts° thlS precxslon varied .
,from about 1% to 5% dependlng malnly on, the number of . mass -

By

-Thefspace time of-benzothlophene.b

samples was calculated as the quotleng
,mass and the molar feed rate of bepzoth1ophene computed from
the mean batch comp051tlon for that ser1es. The space time

for each data poxnt was calculated as a welghted mean oﬁ sthe
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oo _,\ / ) . ' ° .
space times of each series of samples used to generate that

“point:

)
Tp = T(ns x T8) / T (ns) T (1)
wheres:
TS = space time for a given series
‘TP =vspace time for a'given data point )
ns = total number of gas. samples in a given series

The part1a1 pressure of each feed component was. calcu-
_ lated for each series as the product of the mole fractlon of
that component in the feed and the total pressure. ' ,’/h
Because space time for a glven data p01nt ‘was calcu-
'lated from the molarwzeed rate of benzothlophene to the'
reactor, which' was in turn based on an analy51s of the prod-
uct stream a relatlonshlp is introduced between the meas- |
‘urement errors of the. 1ndependent varlable, space time,-and
'the dependent varlable rate of conver51on of. benzothlo—"

N,

phene. Consequently, any-subsequent‘statlst1cal analyses
wthh were based on this assumptlon (such as nonllnear_
regre551on) are technlcally 1nva11d The relatlonshlp .
v'between the errors of these two var1ables appeared to: be
,_falrly weak, however and for thlS reason it was assumed“

that no serious errors should result from this sl1ght

relaxat1on of. stat1st1cal rlgor.
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6.2 Calculation of Fractional Conversions of ‘Reactants to

“Products . !

_For each gas sample, the fractional conversions of
benzothlophene to ethylbenzene styrene, and dihydrobenzo—
thlophene were calculated as the quotlents of the molar con-

N

centrations of each‘product‘ln ‘the sample and the<total of

the molar concentrations of these four’components in/the

‘ o S J
. sample. . ’ , : . v /
. o ) . ) : . . . . /’ . ‘
1t was discovered»early in the course of this study

/
"

that - the fractlonal conversion of benzothlophene to ethyl—
benzene decreased notlceably with tlme. Typlcally, the cata-
lyst act1v1ty would decay quickly for;the first 0 to 3
_'h0urs,,after'whiCh‘time the rate of 1oss of activity would\}"
decrease, reachlng a constant ‘value after about 5 to 10 :
hours and- cont1nu1ng for- as long as 1t was monltored (40
hou;s 1n-the‘longest case). . e : s |
Kilanowski?and Gates5’2 haé independently fonnd this
saTe phenomenon and had ellmlnated 1t by adding small
»quantltles of H, S to thelr feed. Rather than 1ntroduce any
addltlonal varlables 1nto this study, (i. e. ‘the competltlve
_y'adsorptlon between H S and benzothlophene) 1t was dec1ded
/to ellmlnate the effects of -a: decay in catalyst act1v1ty by
‘applylng a transformatlon to the data. To obtaln a-‘consis- |
tent value. for catalyst actlvtty, a hypothetlcal "zero t1me:
act1v1ty °was deflned, representlng that act1v1ty whlch the
catalyst would have had if 1t[were in equlllbrlum w1th 1ts

surroundings,at the moment 1t’went on-streamﬁ before the



3

|
il

long-term linear decap had ‘'had any effect. To obtain an

fitted”* to the data: o

o

F ='C, + C,xt + C,%exp(C,xt) -
whefe{

F= Fractional conversion to ethylbenzene

t= Time

-

estimate of this, a function of the following form was

69

'C',C;,CafC4= Parameters to be fitted by the.method of
' o . : S

least squares &

. ©

The folloWing'cdnstraints were placedvon the parameters:

Cy

0.0 < C, < 1.0
-0 <;C; < 0.0
0.0 <3c3'< 1.0
l—1.0 <. Cy < —0.3‘

,[‘

(2d)

) ("23) B
(2b)
IT(ZQ),'

The linear portion of this function was ext;apolated’bact to

€

1thef6rdinate,fandathis initial value of'fraetibnal'conver-'

advantages of thlS treatment of/}he data were that it

enabled all of the data from a given catalyst bed to be
used, and it av01ded the necegslty of mak1ng any arbltrary

dec151ons concernlng the length of time requ1red for a cata*

lyst bed to reach steady State.

sion (i.e. C, ) was the'value subsequentlyFUSed’ Two further



iv

’ g
Whlle the\constraxnts on’ the parameters may seem cﬁ§51khm

e

5 '

tant values of C, in any "of the cases examlned- Further,

there was in most cases some phy51cal just1f1catlon for
their use.

Therreasons for theﬁupper and lowerrlimits on C, are
,self;evident; fractional‘conversion_must by‘defihition'fall
'between ‘ZEro and unity. | ” |

v The upper limit on C, precluded a steady state increase
in.act1v1ty;‘wh11e thls boundaryfwas encountered.ln one
instance, there vas no statistﬁcal'justificat{on for its
'velimination The lover.limit on”c; vas;grbitrary; in‘any_
case -it -was never encountered | : )

~ Forcing C, to be p051t1ve Precluded the poss1b111ty of

catalet‘activ1ty 1ncrea51ng 1n1t1ally and later decrea51ng.
,‘Although this phy51cal 51tuat10n ‘was: never encountered; the
mathematlcal constralnt freouently was. If Jhe decay in cat—:
alyst act1v1ty was llnear by the time that sampling began N
(as it occa51onally waS) and 1f the re51dual error of the‘
flrst sample was negatlve, then the curve f1tt1ng program
would attempt to force a negatlve C. (and a.posltlve CV) in.
order to better accomodate this p01nt Therlower boundary on
. C, was de51gned to. counteract this. The upper boundary on C3
theoret1cally should be (1 -C, ) and not 1 since’(Ci+C,;) -
-represents’the extrapolatlon‘of the experlmentalrdata to
“time zero,_and_it isrthiSJValue_which must be hept below

“unity. Neither value for the upper limit of C, was



. 71
. : B
. @
approached in thls study, however.
ﬁﬂhe lower 11m1t on C, was again chosen to counteract
"the problem of the residual of the. first gas sample affect-
ing the shape of 'the exponential portion of the fitted

curve. A value of .1.0 seemed to keep the problem reasonably

well under control‘while still leaving enough flexibility to

allow a good f1t for the cases in which there actually was a -

~large initial rate of decay The upper limit on C, was cho-

‘sen to force the fltted curve to become llnear after a max1-
;{i{'i: i .
mum of about 15 to 20 hours.

In'Table 3, it can. be seen that there 1s a very large
,_q;

amount of scatter’ in the measurements of the concentrat1ons

) ‘of styrene and dlhydrobenzothiophene and that the amounts
b s _—
~of these compounds 1n the gas’ sample are very close to the

Y Ky

minimum thau could be detected by the . gas chromatograph L

] ," "c

. BecaUse of thls, no conclus1ons could be drawn coucernlng a
.relatlonshlp between the fractlonal conver51ons to these
compounds and the time that Ehe catalyst had been on stream,

7i andrlt was dec1ded 1nstead to calculate the fractlonal’con-

T , < : , o ,
~.version for a given data point as the mean of tlhe values for

leach i%dividual gas‘sample It should be noted that the

errors in the fractlonal conver51ons to theSe two compounds

>1s probably very large —‘both the fact that catalyst deactl—.

- vation was not taken ‘into account and the fact that these
data were taken S0 close to the 11m1ts of detectlbn of - thev

apparatus would tend to yleldvvalues Of'chVEFSIODVlowerOV”
. than the actual ones. = -

4



B . 7. RESULTS AND DISCUSSION |

The three ma1n products from thlS reactlon (1f H S is

;not con51dered) ‘were ethylbenzene, styrene,qand d1hydro—7»~.

l

’f.benzothlophene..Ethylbenzene was the domlnant product and
f:lcomprlsed over 95% of the organlc carbon 1n the products 1n
vw‘all but two of the cases studled Thus, many features of the'”jfpﬂ:f:

ffoverall reactlon can be approx1mated by\a study of thlS one

Cw .
component _ ’ s RO / : R T R v

CF"Vf The t1me dependence of the fractlonal conver51on of

'»?iures 5a)through 5p. Where 'the

;freactlon cond1tlons, the dataﬂ”

fShown as, +’s rather than x! s.

|

”Q;benzoth1ophene to ethylbenzenejfor each run 1s shown 1n Flg—A

se of a second catalyst bed
\ a\, ./

was necessary to supplement thh data for a part1cular set of

e N

'%[tlal curves whlch'were fltted to these data are summarlzed

r 1n Table 4 §In all cases,vth':curves appeared to f1t the n~t';ﬁ

“fdata extremely well

I -
.-

v

.

%

!

o The shapes of these curves were 51m11ar for all runs'=’vff

,rj,

1;He1ther the rate of loss of act1v1ty was rap1d at flrst

'fd decfea51ng asgmptotlcally td a constant, -or else the rate of

/

d“ deaCtlvatlon was essentially constant from the tlme that’:;‘g

was started Thls 1s 1n agreement W1th the results

j” of most desulfurlzatlon studxes reported 1n the llterature

U SRR S ,‘_ \

lThe only exceptlon to thls behav1or was for data p01nt‘

12 The low conver51ons obtqrned duilng the flrst 5 hours of

o EREN
L e ‘ e R T SR 8 :[ o
"‘ | B Loy o N s . U B booe 8 o
: ,‘ S u_/; T ’ L \,/ ) '/, o . . v r S

rom thlS second bed have been f"'

;\he Constants of the exponen-' .”ﬂ%“*
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. Table 4 - Constants’of Catalyst DeactivatiomTurve |

Data- . .C,
~ Point ot

©.0.3651

B T

. 1815

coooo

. 0.1155
70,3753
Y0, 1244

s e T
VWOV U WN =

10, . 0.0777

- .0.,2546.

.2873
;0850

- 12 0. 1898;,~“.

13 0.2782
14 7 0.1045

ST TN P 7 7 S A ¥
R TR ¥ 1912 -

[,

-0.0667
0.0996

0.0330

- 0.0610
0.0487
- 0.1033 .
0.0911
0.0377 -
~0.0392
0a1125 -
©.0.0075
©0.0000
. 0.0876.
0.0512 .
0.0719
0. 0836ff

:<3o<:¢:;o1:ot:®cjo¢>o
A" L L] - . . L] [ ] . . Ll .. L] L]

”89

"0.5476r

. 0486
. 6874
0 786

. 0. 8100j‘

0,7131
- 0.6354

o 6989»fJ

.7822 ¢
.9052°

1 0752

.4323
\0 0000

0.8223 .

1.09229‘“'

0. 1071},"
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operatlon for thlS po1nt were due td a dlfferent catalyst
bed hav1hg been used in this perlod for which the operatlng
cond1t10ns may have dlffered sllghtIy‘*Rather’fﬁ’h dlscard
7these data, it was dec1ded that a comp051te of the‘data)from
‘the. two beds would glve a better estlmate of the 1n1t1al
"act1v1ty of the catalyst than would elther bed-alone, and"
'f\for thls“reason thlS bed was treated 1dent1cally to. the
.other beds used to obtaln the rest of the data.

_ The conver51on for Polnt 5 ‘wa's found to be sllghtly
‘d'low"thls may be explalned by the fact that the hydrogen
ivpartlal pressure was -a few percent lower than those in the .

bother runSﬁ‘ | | |
: o
7 2 React1on Klnetrcs d,»'mv
The fractlonal conver51ons of benzothlophene to ethyl—'
; hibenzene,_styrene, and dlhydrobenaothlophene are presented 1n
”Table 5 and plotted as a. functlon of space t1me in Flgures
6 - 8, respect1vely.1 gfj_f : 'Tw;}Q 1 : ‘;x'Q;iA.

From Flgure 6, _1t can be seen that over the range of

hvreactlon cond1tlons used the reactlon rate, obtalned from _vf
ﬁhthe slope of the curve, 1s 1ndependent of the conversion’ of
Tbenzothlophene up to fract10na1 conver51ons as h1gh as 0 4,
"~Thls may be 1nterpreted as ev1dence for 1ntr1n51c zero order'

klnetlcs, however 1f the space t1me 1s 1ncreased much beyond

zl_Lthe-rangenu5ed~here, the conver51ons do begln to fall below"

RO /
. the llnear relat1onsh1ps shown in: thlS flgure. Thls v

-]
T !é"v :
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Table 5-.- Fractional -Conversion Data o
Data T 'W/F . To - To To

< Point" - (°C). ~x10°¢* ~ "EB = STY DHBT
' .0018  0.0005

400 5.912°  0.3670 )5
0011  .0.0002 "

400 - 4,750 .0.2870 ( ,
400 1.244.  0.0984 .0035  0.0007
.~ 400 © -3,03%. 0.1949  0.0021  0.0019"
.~ 400°  7.947 . 0.4832° " -0,0024~ 0.0017
400 - . 4.011 0.25980 - 0.0021. 0.0012 .
400 . 1.947 ©© ©0.1219 - -0.0027  0.0005.
450 . 5,991 " 0.4007.. 0.0080 0.0002
{450 2,057 -~ -0.1268 - 0.0100. 0.0004
L i . 450 . 1.227  0.1815 v 0.0073  0.0006
11T . . 450 4,057 0,2701 ° - 0.0143 " 0.0014 .
©12 450 3,082 . 0.1985 .-0.0152 ~  0.0011
.13 .. 350, 5,500 -~ 0.2195 " : 0.0013- 0.0043.
e e 350, +3.001 - ©0.1047. " 0.Q001 '0.0012
. 415 . .350.  3.636 “~0,1420  0.0009° . 0.0063 . -
16 350 6.031 . _0.1950.  0.0009  0.0027 .

cooo

O 0~ WU W N =

TN
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indicates that the intrinsic rate is not zero-order.
g ' ' A .
Much more .scatter Cahvbe seen in the data taken at

350°C than at the other temperatures. This was probably
~caused by a much‘slouerhequilibration'of the catalystiwith
Cits surroundings at this temperature. ) ‘
The‘absence‘of effects from heat and;massltransfer lim%

. . Lok o .
«itations can also be seen.in Figure 6: neither' a decrease in

L catalystaparticle sizeﬁ(Point 6) nor an increase (?oiptA4)'/ N
or decrease (Points 13,214) in the‘specfficdheat of the gas’
‘phase appeared to prodUCe\any significant effect on trae-'
tional conversion~ i |
. The observed reactlon rates at the three temperatures
studled are. shown in Table 6 and the logarlthms of these
rates are plotted as a functlon of rec1procal temperature in

Elgure 9

'ﬁ ’ The dependence of the reaction rate on temperature is
str1k1ng although the overall ratellnereased,51gn1f1cantly“
from 350 to 400°C, no incﬂease was'observed from 400-to‘
450°C, implying the existence of:a maxlmum or a'point of

';1nflect10n in this relatlonsh1p P0551ble causes of this

behav1on w1ll be dlscussed below.'

~ The conver51ons to styrene and dlhydrobenzothlophene

|

\
are shown in F1gures 7 and 8, respectlvely In each case,

the convers1on appears to rise to a max1mum w1th 1ncrea51ng
space time and then to decrease, although the data for dth‘
i drobenzoth1ophene,are-too scattered to be-conclu51ver,Thls

would support the conclusion of Furimsky and Amberg'* that .



Table 6 - Observed Reaction Rates

¥

Temperature
.OC

350
400
450

96

Rate
mol/qg cat-s

0.03611
0.06243
0.06225
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both are intermediates in the overall reaction,

The conversion to styrene increases with increasing
temberature, while the conversion to dihydrobenzothiophene
dgcreqses. If these intermediates are -seen as répr&ﬁenting
reﬁpe@tive hydrogenolysis~hydrogenation and hydrogenation-
hydrogenolysis paths, and if direct conversion from dihydro-
benzothiophene to styrene is considered to be small, then it
'isvimpliedvthat the activation energies for hydrogenolysis
’are higher than for hydrogenation in both cases. This is
what would be expected from kinetic theory.

This mechanism is in itself insufficient to explain the
lack of increase in the overall reaction rate between 400
and 450°C, even if’cohversion of diﬁydrobenzothiophene ﬁo
styréne is considered. At least two alternative hypotheses

1

'coﬁld reasonably explain this result. Y $
One possibility is that the lack of change in reaction
‘rate is a céﬁsequence of a shift in the equilibrium between
benzothiopﬁene and”dihydrobeniothioéhene. Givens and
Vengto‘{} Furimsky and Amberg'* and Kilanowéki et al.’' all
L’fdund that the rate\bf dehydrogenation of dihydrobenzothio?
phene was significant even at the frelatively high hydrogen
partial pressures used in this study (3-4 orders of magnirs
tude‘bigher than tghie of dihYdrobenzothiophene). Furimsky
and Amberg also found a higher activation energy for dehy-
arogenat¥on than for desulfurization, and from this pre-

dicted that dehydrogenation would increase in importance

with respect to desulfurization as a ere-limiting step as
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R o . \ ' o . R T.e

l,the temperature 1ncreased S . >f“- .

If thls reverse reactlon 1s in fact rate 11m1t1ng,_

Vhls 1mportant to estlmate 1ts relevance for the operatlon of

'éﬁ{commer01al hydrotreatlng reactors.t51nce these reactOrs -;lﬁ

‘operate at hydrogen partlal pressures approx1mately two‘

foo

""orders of magnltude hlgher than 1n the present study, 1t\is

fexpected that the temperature at whlch the rate of dehydro—_w

fgenatlon becomes cr1t1cal should be hlghef than found here.;f B

inf the forward react1on 1s flrst order in’ hydrogen (as has :”
ﬁbeen found for the overall desulfurlzatlon reactlon by

f,Rollmanz’ and Bartsch and Tan1elan’5) and the heat of reac~

'.tlon 1s assumed to be 30 kcal/mole (typ1cal for hydrogena—bf”"

EEN

r3yt1ons) then an 1ncrease in hydrogen part1a1 pressure by a

1

“fufgctor of 100 would ralse thlS "cr1t1cal temperature" by/

.

‘Uuabout 175 C. ThlS 1s in agreement w1th the predlctlon of
b._hFurlmsky“ that the dehydrogenatlon reactlon should not be
"an 1mportant factor at hlgh pressures,_Thls éstlmate of
31 cr1t1cal temperature" may be m1slead1ng, howevei,_ln that

] RS

‘~1t does not allow for any effects of H S whlch has been.

'lfffound to severely retard some hydrogenatlons’; Consequently, ,{(

'qvthe actual temperature at whlch thlS dehydrogenatlon rate"_}”

‘&fshould become 1mportant qn an 1ndustr1al hydrotreater\w1th
Zjh1gh H S partlal pressures may be much lower (or even in the
’ig?opp051te dlrectlon) than the predlcted value.ct°' EA
| A seéond p0551ble cause of the unusual character of the-a
N o

B ,temperature dependence~of the overall rate is that the rate’7:'”

“xfof adsorptlon of one of the reactants may have been a rate—h\ﬂ*
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‘ ﬂcontrolllng step If, for example the reactlon/’ook place

’on two dlfferent catalyst 51tes, one more act1ve for 1n1t1al

[‘hydrogenolys1s of" benzoth1ophene to styrene and one more

-

actlve for 1n1t1al hydrogenatlon to dlhydrobenzothlophene,
uand 1f the exothermlc adsorptlon of either benzothlophene or’
L hydrogen onto the latter 51te were stronger than onto fhe

'former then (at some p01nt) ‘an’ 1ncrease ‘in temperature

-
-

;.gcould also result in no change in the overall rate as well

100

~as 1n ‘an 1ncrease in styrene and a decrease 1n d1hydrobenzo~v

l.thlophene 1n the reactlon products. Consequently, a reactlon S

'{dmodel 1ncorporat1ng adsorptlon llmltatloﬁs-on the reactlon
”path through dlhydrobenzothlophene could also predlct

klnetlc data con51stent w1th the results of thlS study

Most studles relevant to the evaluatlon of th1s hypoth-/gfr

N

1fe51s have been conducted at too low a temperature to permlt
7

uany deflnlte conclu51ons to be drawn w1th respect to thi/

*.present data. Llpsch and Schult" found a max1mum 1n the

"~fadsorpt10n of hydrogen onto supported CObalt molybdenum Cat_h

“falysts at about 550 C and Owens and Amberg77 found that the
»fact1vat1on energy for chemlsorptlon of hydrogen onto chromla

g had the rlght order of magnltude to have been able to affect

’f,the rate of thlophene desulfurlzatlon at 250 "C. Owens and

t”'Amberg also found that the adsorptlon of th1ophene d1d not
sVappear to be a rate: controlllng step 1n thlS reacﬁlon at .
’;temperatures up to about 370 c, but allowed that thlS may

not be true at h1gher temperatures

h', -E

s
/

S
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‘;Deslhan’and'%mhergj°, worklng with methyl substltuted
T*_thiopheneS'at'temperatures up to.350 c, concluded that

) adsorptlon of elther thlophene or hydrogen onto Co Mo—f
y—Al 0, comld not be the only rate determlnlng step, and
Kawaguch1 et al '; studylng thlophene desulfur1zat10n in

3the same temperature range, concluded that adsorptlon of

h’hydrogen onto Nr-Mo Y- Al Oavwas not 51gn1f1cant 1n determln—j

'”;1ng the overall reactlon rate. Frye and Mosby”;‘worklng at

7f"h1gh pressures and 330 C also suggested that hydrogen chem-.df

)

v_lsorptlon was probably not 51gn1f1cant

If the reactlon path is hlghly temperature dependent
‘:fthen one may ask on what basls have prev1ous researchers

e

’calculated apparent actlvatlon energles and pseudo flrst"‘

‘,:order rate constants for thlS reactlon.,From the exper1—-hf7:i}

"mental data for 350 and 400 C two poxnts alone, a value of.L5‘

B ‘1 -

:?9 1 kcal/mol was estlmated as. a m1n1mum value for the appar-fd
-fnent actlvatlon energy of the react1on path through dlhydro—“#*'
'benzoth1ophene._From thlS, a pseudo zero order preexponen-n“h‘

“:ptlal factor of 57 33 mol/g cat s was calculated Thls value:;f

I

7y_of actlvatlon energy 1s shown in Table 7 along w1th the

101

'fprev1ously reported llterature values. The detalls of thls‘p S

I
"_calculat1on are\glven 1n#Append1x G

’JI

chjvatlon energy falls w1th1n the range of values reported by

a

v“other researchers, however the error 1n thlS value is 51g~v‘

g n1f1cant\ and 1t 1s 11kely that the true apparent actlvatlon

_.energy for this path may be somewhat hlgher. The use of only;'

The experlmentally obtalned mlmdmum value for the act1-fl7



Table 7 - Experlmental and‘therature Values of

Act1vat1on Energy

- Reference .14. o catalyst’

G Present Study

S5

o , L | : i
- 'Bartsch and Tanielan'®: Co-Mo-y-Al,0;"
~Bartsch and Tanielan?*® Fe,0,-y-Al.0;.
Furimsky and Amberg™¥ Co- Mo—thl 0,
- Daly'’”. | CosMo-y=Al,0,.
‘Kilanowski and Gates? "Co-Mo-y-Al,0,
5-A: *N1—Mo y’Al 0, -

Ea

o, 9 -
'7 9 14,0 -
«12.0 :

<16,

0 20%3.
J '

>9.

1

‘!)')t

kcal/mol-

102

Temp. Range

C

:;300;400;
300-400  °
250-400
200-400

. 252-332

~ 350-400"
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two p01nts in the estlmatlon of this act1vat1on energy cer—
j'talnly 1ntroduces some error 1nto the calcSQat1ons, and the1~

“fact that the m1n1mum temperature used 1n th1s calculatlon

. .was somewhat h1gher than those used in prev1ous stud1es

_meant ‘that the present value is probably less rellable as an

-~ . » 4

'estlmate of the true actlvatlon energy of the low tempera-

ture reactlon path than are the other reported values. Slnce“

-

the apparent actlvatlon energy accounts for the k1net1c§ of

'v~the adsorptlon and desorptlon ef the reactants and products

~ffpresent study rather than a ce alt catalyst may also have

J“p'of these trace\products was present in. excess of 0 1% of the

xigas well ‘as for the k1net1cs of the actual reactlon, 1t 1s

..®

p0551ble that the use og\a\niizel promoted catalyst 1n the

h:been respon51b1e for some of the dl

Vrepancy between the

observed m1n1mum value of apparent act1va ion energy and

',fprev1ously reported values of th1s parameter.

SN
o

:7 3 Trace React1on Products )
A chromatogram of th; condensate from a typacal set- of
freactlon condltlons is- shown 1n Flgure 10 along w1th the'
“molecular welghts assoc1ated w1th each peak by mass spec-'”
A_trometry These'results are only qualltatlve (and at best
V1ncomplete) 51nce most of the l1ghter products would have
fbeen lost from the conden\er 1n the flow1ng gas stream but
~u1t 1s estlmated (u51ng benzothlophene as a bas1s) that none',p?

Ja

_total productsl and that most vere present at a level of
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~0.01% orilower Another factor affect ng these results ‘is
the relatlgely large amounts of the four main’ components of
the product ftream w1th respect to the race products. 1t 1s
almost certaéh that a small peak with a. retentlon t1me close
‘to that of one of the main products woul have been lost in’
._:Ahls larger peak espec1ally if lt had the same molecular

‘ welght as the large peak | o o

| The only peaks present in an analy51s of . the llqu1d
.feed were ethylbenzene, styrene, benzothlophene, dlhydro—

",benzothlophene, the: peak w1th molecular welght 146 eluted

‘Vgust prlor to ben20thlophene, and the peaks w1th masses 176

uand 226 eluted just after dlhydrobenzothlophene. It appeared

ot

'»that the relat1ve areas of all these peaks. in the product

analy51s were 51gn1f1cantly greater than in the feed -and as-

a result 1t was concluded that all were legltlmate products
of the reactlon, rather than ]ust 1mpur1t1es
A summary of the molecular welghts of\all the compo-ﬁ

nents of the product stream along w1th p0551ble 1dent1t1es

-d of some of the trace products 1s glven 1n Table 8 These

1dent1t1es could not be checked by an analy51s of retentlonf

*itrmes because the pure compounds were unavallable._
From thls table, 1t can "be 1nferred that a small degree

of cracklng of the reactants and/or products occurs, along

@

fwlth some ;ecomblnatlon of the hydrocarbon fragments. The

;
presence of some spec1es 1mplles that thelr 1somers should

' also be present~ 1n some cases peaks correspond1ng topl

e

fp0551ble structurar/;somers were found in some ‘cases- they

'S

o
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Tab]e'8 - Composition of Product Streamv 
MoleCUiar ' - Number ‘ ' ; R
- Weight . .of Peaks  Possible ldentity

78~ t‘ ; 1
92 . 1

Coos 1

\106

- 120 3 1+ isomers

+ TSomersw
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' Table 8 (cont.)’

Molecular Number o
Weight of Peaks Possib]e.ldentity

38 1

142

T CH:CH:SH
o1 1 :Il 'llm B
BERTY: T R

176 1

210 1

226 . 1




108

Table 8 (cohtﬁ)

Molecular  Number = - | o R
‘Weight of Peaks Possible Identity. A

346 . - i




fuy

5 . ' . . ‘ o y
were not, 'possibly due to inadequate separat;on or sensitiv-

ity of the apparatus.

. A peak at molecular'weight'210 was identified as disty—,

rene and a second peak at M.W. 346 could represent the prod-
uct of a reactlon between distyrene and benzothlophene. Thls
indicates that even at 400°Czsome degree,of styrene polymer-
ization was occurrlng |

Furlmsky and Amberg had pred1cted that 2- mercapto—l

phenylacetylene (M.W, 134) and 2—mercaptostyrene (M. w 136)

mlght be found in the reaction products in trace quantltles.

In. the present analysis, only one un1dent1f1ed peak corre-

1spond1ng to e1ther of’ these masses was found ‘at MUW. 134,

’ Daly‘V'found separate peaks which were attrlbuted ta 1-

and 2- phenylethanethlol The reactlon condltlons used 1in the~

c

—

present: study (low pressure’ and low conver51on) would not be

/dexpected to favar‘a'back—reactlon between styrene’and H'S-

®

Daly's major path for the formatlon of these products, but
1t could allow for 2- phenylethanethlol to be formed from-‘

dlhydrobenzothlophene through 2 phenylethenethlol No eV1—

-dence was found for the presence of elther of these com-
'pounds in the reactlon products, although it 1s qu1te p0551-

- ble that a. peak represent1ng the 1ntermed1ate may have been

~ lost 1n the much larger dlhydrobenzothlophene peak
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. 7.4 Catalyst Deactivation
Only one researcher (Kilanowski et al.??) has reported
a loss invcatalyst activity comparahle‘to‘thaf found in the
breSent study. Kilanowski concluded that the decrease‘in
‘activity was due to a.loss of sulfur from the catalyst sur-
face. | | | |
To test whether this‘explanation ls consistent with the
results of the present study, or whether another explanat1on
such as coklng on the catalyst.mlght,be regu1red the rate
of deactivation was normalizedvfor each’data‘polnt,to
account for_difrerences in_fractlonal conversion‘between the

‘runs. This normalized rate of‘decay'(expressed as the,frac—

‘“"t1on of 1n1t1al act1v1ty lost per hour) was calculated as

the rate of decrease of fractlonal convers1on d1v1ded ‘by the
;;nltlal fractlonal conver51on (i.e. C,/C,). (Although a mean
avalue'of,fractlonal conversionimight have:been chosen rather“
S .
(than the 1n1t1al value, th1s would not haVe affected the
normallzed rate s1gn1f1cantly )
“The normallzed deact1vat10n rate is- shown in Table 4,
gand 1s‘elotted agalnst fractlonal conver51on to ethylbenzenevg
in Figure lT' (Slnce fractlonal convers1on to ethylbenzene
'was found to be dlrectly proportlonal to space tlme, the
‘shapes of these curves w1ll be s1m11ar regardless oflwhichf
;of these varlables is used as the abscissa.) The curves in’
th1sof1gure are exponentlals Wthh were f1tted u51ng a least

squares algorlthm with no constralnts on e1ther of the

parameters, and were 1ncluded only to show the general

/
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relationships between the variables rather than to sugqest
any particular mathematical dependence or to provide any
basis for extrapelation of these data.

Although the errors in these deactivation rates are
large, some general conclusions can still be drawn from the
data.

1f the deactivation rate were related to a‘chemiaal
change on the catalyst surface, a deactivation rate wiﬁh a
negétive order with\respect to one of the reaction products
" may be more plausible. One hypothesis which would predict
this type of behaviour is that the loss in activity is the
result of a loss of sulfur from the cétalyst surface, as
‘suggested by Bréderick et al.’? and Kilanowski et al.®? In
this case,‘it would be expected that an increase ;n frac-
tional conversion of benzothiophene (and hence an inc%ease
in H,S partial pressure) would lead to a decrease in deacti-
Qation rate. |

;Anothef explanation for this obsefved long term deacti-
vation might be coking reactions on the catalyst surface. If
the overall rate of coke fdrmati6n>is zero order in benzé-
thiophene (as has. been found for desulfurization), then this
'deaétibation rate will‘bé independent of space time. If, in
addition, the rate of coking is a positive order with
" respect to any (of all) of the products of th? desulfuriza-
tion. reaction, then an increase in space timé;would result

in an incteaSe in the partial pressures of these components

in the reactor, and thus the deactivation rate should



wflncrease w1th 1ncrea51ng space t1me.'It is only when the
o |
'_rate of coklng has ‘a negatlve order w1th respect ‘to one of

fh the reactlon products (perhaps due to blocklng of one of the

l;catalyst 51tes by a harmless component) that a negat1ve‘.
Hreactlon‘order may be poss;ble Sl 7{ :

‘ ’%ghe nature of the trace products of the desulfurlzatlon' :
‘reaction WOuld seem to Lndlcate that coke formatlon could
,result from reactlons between styrene benzothlophene,
bfhydrogen sulflde,'and th1ophen1c fragments formed by crack-‘{ ‘
'f?ing of the benzene rlng 1n benzoth;ophene If thls 1s in |

r;fact occurr1ng, then the rate of coklng should have a

!p051t1ve order w1th respect to these compounds. A negatlve
'nfforder wrth respect to d1hydrobenzoth1ophene is also |
'f:unllkely,'51nce 1t appears td be 1n equ1llbr1um w1th benzo—‘f:”

® -

d’fthlophene, and'consequently an 1ncrease@1n d1hydrobenzothlo—57
{;phene partlal pressure would also be assoclated W4th an

::1ncrease in that of benzothlophene Slnce an 1ncreas% @p
;%ethyLbenzene pressure can only be the result of 1ncreased
3:amounts of styrene and/or dlhydrobenzothlophene, 1t 1s alsohl'

:unllkely to be an 1nh1b1tor of cok1ng

Hydrogen sulflde wés found by Glssy et al 'to'inhiBit.fy

’”coklng of n dodecane on Co Mo- Y- Al 03‘1n a 51m1lar reactor

w3

'.lIto that used in- the present study. It was suggested by Glssy

'nythat H, S protected the catalyst by 1mprOV1ng 1ts hydrogena— I

Do

'tlon functlonl‘and thus 11m1t1ng the concentratlon of ole—”

Jflnlc coke precursors 1n the reactor. If thls hypothe51s 1s'

N

S

gVappllcable to the present case, then the rate of



'deactlvatlon should decrease w1th 1ncreasing space tlmen--'
1(‘the same result as would be predlcted by the "loss. of cata—~y
.lyst sulfur" hypothe51s _ ' VH‘ ‘. |

The data 1n Flgure 11 support both the hypothe51s that:
‘>dEaCtlvat10ﬂ[15 the resuiycof a loss of sulfur from the cat?'

"alyst ‘and the hypothe51s that H S 1nh1b1ts cok1ng by

. 1mprov1ng the hydrogenatlon functlon of the catalyst' event'

'_ very small H S partlal pressures (on the order of 0 5 kPa)_h
ﬁare assoc1ated w1th a 51gn1f1cant decrease 1n the rate of .
'hioss of act1v1ty | o 7: | |

' Other data 1n the present study would also seem tob

Lfavor the former explanatlon however Not only were- heavy' 5

N

‘-_,allphatlc hydrocarbons such as. n dodecane absent from the’f

“ffpresent study, but an. analy51s of the reactlon products B
| would seem to 1nd1cate a greater effect of 1ncrea51ng tem-?fv‘

vf'perature on potent1a1 for cok1ng than was obServed

e appears that the change ln deactlvatlon rate;from 350 to'

vhn450 C 1s falrly small for a flxed conver51on of benzothlo—

"ffphene, 1ncreasxng'by a factor-ofvbetween twovand-ten but y-

"tvlthat the ratlo of the amounts of styrene (presumably a maln :
';coke precursor) produced by the reactlon at these two tem—vv
d,'peratures may be much greater, perhaps between 20 1 and

© . 50131 based on the relatlve amounts oiag"yrene and dlhydro-z”

‘f”benzothlophene 1nvthe product stream. 1In addltlon,vthe data

'for all three temperatures show both a low rate of deactlva*f*f

"'_ftlon and a relatlvely h1gh degree of unsaturat1on 1n the"y

:eproducts:stream at 1ntermed;§te,to hlgh_values.of;spacef



ytlme, Unfortunately,‘these data are not suff1c1ently
accurate to completely ellmlnate the p0551b111ty of coklng
Regardless of wh1ch of these two explanatlons 1s correct (1f
l,elther) ‘1f the protectlon of the catalyst 1s in fact due t05
‘rH Sr,thls type of deactlvatlon would not be expected to be a
-51gn1f1cant factor in hlgh pressure processes, and could

E 7expla1n why thls effect has not been found in 51m11arlx
fstudles conducted at. h1gh pressdre “ ._ |

| Other hypotheses could also be con51stent w1th the cat—,

O O AT
v‘alyst deactlvatlon data of the present study For example,‘

'ehhthe presence of hydrogen sulflde may protect the catalyst"

7“ffsurface 1n a; dlfferent way (perhaps by hlnderlng mlgrat1on

L of metal 1ons below the catalyst surface) ¢or that thlS

’fprotect1on may be malnly due to the presence of a dlfferent

i product or that deactlvatlon may be- the result of several o

-}%concurrent processes.,If desulfurlzatlon occurs on two dlf—'

,Lferent S1tes,.1t is. also p0551ble that one may be affected ;l
ul;and not the other, or’ that one type of 51te may be slowly |

1trans§ormed 1nto the other._These p0551b111t1es were not
'f:1nvest1gated further,‘due to the largevamount of scatter 1n.‘
a::the data and the consequent d1ff1culty of obtalnlng meanlng—:

ful results from subsequent tests.."



. 8. CONCLUSIONS =~ | = -

‘h i; A flxed bed m1croreactor w1th on- llne gas samplrng
| :bprov1des an effectlve method for studylng hydrodesul-ﬁ
furlzatlon reactlons, and has the advantages over. anv
.analy51s of condensed products that the - ana1y51s 1s.1

L]

',quantltatlve and that small changes 1n catalyst act1v—'
: \ -

"'rtij;th-t1megonvstream.can_be detectedgmore ea51ly,y‘
”32 The pretreatment method of Rlpperger and Saum2°'1s effec—
t1ve 1n produc1ng a catalyst w1th con51stent act1v1ty

e e

‘_“3 Benzothlophene 1s desulfurlzed v1a two main - reactlon

ﬂ_paths.vAt lower temperatures, be zothlophene 1s flrst v

hydrogenated to d1hydrobenzoth1 hene, Wthh 1s thenvv)

¢ v

J;desulfurlzed to ethylbenzene{ At h1gher temperatures,dy;
fbenzothlophene 1s flrst desulfurlzed to styrene, whlch
’fls.the; hydrogenated to produce ethylbenzene. Jt 1s
fsuggested that thls could have been duefelther to a
:7sh1ft 1n the equ111br1um het;een benzothlophene and

: d1hydrobenzoth1ophene or’ to adsorptlon llm1tat1ons onr

tnone of the reactants. Because of thls,,a rate expres?"‘”‘M

'gs1on whlch does not allow for a change in the main |
'»i,ﬁreactlon path w1th a change in’ temperature may be
kf:dappllcable only over a very llmlted range of tempera;fi

'ftures.bi



4; A minimum value of 9.1 kcal/mol was calculated/fof/the
”apparent actlvatlon energy of the reactlon path through“
rdlhydrobenzothlophene. ThlS 1s w1th1n the range of |

;:iother reported l1terature values, however it 1s sug? o
', gested that ‘the true value may be somewhat hlgher.: |
Possible reasons for thlS dlscrepancy 1nclude the error;:
ACaused by the fact that ‘the rates at only two tempera—
. tures were used to calculate thlS quantlty, the w1der}
ktemperature range used by other researchers wh1ch may
lfbe more representatlve of the react1on path _and the-‘
t;dlfferences between the nlckel-molybdenum catalyst used:c’

S
?1n thlS study and the cobalt molybdenum and 1ron cata—

‘lysts used by other researchers K Lo
S ERR : : : .
5 Other reactlons taklng place ‘to a lesser degree in the

N

%Jlreactor 1nclude cracklng of the benzene rlng, dealkylafv
'jlltlon of ethylbenzene, and reactlon of the resultant |
'hydrocarbon fragments w1th each other, hydrogen

‘sulf1de, and the other reactants and products It is_"”‘
festlmated that these reactlons 1nvolve only about 0 5%
ledof the total react1on products..In addltlon to thlS
R

],jh~ev1dence was found for a sllght degree of styrenetf:‘7

polymerlzatlon 1n the reactor.

L

':-‘6 Catalyst Jct1v1ty was ?ound to decay llnearly at a rateff:
L on the order of O 1%/hr. Although thlS nece551tated

deflnlng a hypothetlcal zerOftrme ,actlvlty_for‘the

PR
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_cat lyst, ;h1s was not cons1dered to have affected the

/
)

ibresults in any way Because thlS deactlvatlon

e

var1ed 1nversely w1th space tlme (and w1th hydro—-

gen sulf1de partlal pressure) it was concluded ‘that
,;coklng was not the cause of thlS deactlvatlon. It 1s
' psuggested 1nstead that a loss of sulfur from the cata—.

'lyst may be a more reasonable explanat1on;’

‘6§§Ebt1ng:>:jﬂ
that the loss 1n act1v1ty could be 51gn1f'cantly : |
reduced by a sllght 1ncrease in the hydrogen sulflde

‘partlal pressure in the reactor«

o
9.

a

v§\7;TBecause the equ1llbr1a between benzothlophene and dth"
| drobenzothlophene ‘and between H,S ln the gas phase and ‘\uh
".sulfur on the- catalyst\surface are strongly dependent

on pressure, data from atmospherlc studles should not’

be extrapolated to the hlgh pressure tr1ckle bed

' g*reactors used in: 1ndustry

o
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69.VRECOMnEnDAT10NS"

v

-

Ana1y51s of’ the 1ntermed1ates styrene and dlhygrobenzo—
"'fth1ophene would be 1mproved u51ng a gas sampllng valve

bw1th a larger 1nternal volume than was used in the pre-'

L,

‘r_sent study,‘preferably at least 10 ul and/or'a more

ysen51t1ve gas chromatographd

~

The 11m1tat10ns 1ntroduced by 1ncon51stent llqu1d feed

'concentratlons could be: lessened 1f the apparatus were

;vrede51gned to allow refllllng of the syrlnge w1thout o

]

*expos1ng the solutlon to the atmosphere. One p0551b1e

.mod1f1cat1on to the apparatus may be to 1nclude a-

ahot box, the th1rd arm of Whlch 1s connected to - a large

','reservolr of fe€d~§§lut1on kept under pressure, and

from whlch the syrlnge could be refllled once 1t was

_ empty ThlS modlflcatlon would have the addltlonal

xftladvantage that a more dllute feed solutlon could be‘

'used As a result the heat capac1ty of the gas stream
in the react&r would e 1ncreased and thlS would
lessen any p0551b1e effects of heat transfer llmlta—

ftlons on the react:on rate. e "“ff %
The react1on mechanlsm for the hydrodesulfurlzatlon of |
benzothlophene should be studled 1n more detall f;

dlhydrobenzothlophene and styrene are 1nc1uded 1n the

v»119p51.‘

'three way valve in the 11ne between the syrlnge and the

o



1.
]

feed, this would assist in obtaining more data on the "
rates of the individual reactions making up the overall
network, '

.iThe‘eause'of_the‘ieﬁgAtermkcatalyst dea¢tivatfbhaShosid
_alsp be investigatedffurtherf'The addition of Smailt‘

~':am,o’u_n_tsefiHYdroger}\'sulfid’e“to‘,the'gas'.‘sthream'shduid

'tshoﬁ:whether“or net.tﬁis Compoundfis involsed”in ‘the

&aeactivatioh although spectroscoplc measurements of .

"the catalyst 1tself would probably be necessary to drawv. -

Y

—any conc1u51ons concernlng the actual mechanlsm of the‘

deactlvatlon.

o . : T . : E . R . o e v e B -
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APPENDIX A - ROTAMETER CALIBRATION DATA

The hydrogen and nitrogen rotameters were calibrated
using a stopwatch (accurate to 0.1 s) and a soap-bubble
flowmeter manufacturgd f;om a 50 ml burette. The procedure
consisted of setting a flow rate on the rotameter, adjusting
the pressure to 101 kPa using a globe valve 1ocated down-~-
stream of the.rotamefer, and measuring the length of time it
took for a given volume of gas to pass through the fléw— |
Gneter. This volume was usuaily chosen so that the time meas-
ured would be on the order of 30 s, although when the flow !
rate was very high and the full volﬁme of the flowmeter was
used, the measured times'were as low asKS‘s.‘ x

The calibration data are presented in Table A-1, The

,.wﬁeolumetrlc flow rates shown were measured at 24°C and 92. 6

kPa. The following polynomials were fitted to these data

using a léaét squares algorithm®®: ‘
Qhg = 1.6258x10°' + 1.3138x1o-=a ~1,1197x10-*R* -
~ - 2,1589x10°"R? *\L\\ (A-1a)

Ohs = 7.2424 + 3.7017x10°°R + 1. 8662x10"R’
+ 4, 118x10-’R= , (A-1Db)

Ong = B.5157x10° % + 6.4351x10°*R + 8.2782x10" *R?
. - 5.7607x10-"R* + 1,8400x10°’R* (A-1c)

ons = -3.0917 + 1.4885x10-'R < 2.1137x10- °R* |
+ 1.4609x10-*R® - 3.5941x10-*R* ' (A-1d) -

o

vwhere

. Q = Voihmetric\flow rate, ﬁm’/s

e A 12&/'



AR e e Wt
~va:'Rotameter readlng

dh;=3Hydrogen Rotameter

n = Nltrogen Rotameter:dv

.g?% Glass Float

*‘-sd%fgteeloﬂloat"

Te

The order of the polynomlal was the m1n1mum 5uch that“

‘Q;the addltlbn of another term woulq\not glve a. statlstlcally

Y

,fbetter f1t to the data. Both the data and the fltted polyno—'t

B ‘.\

'fdmlals are shown graphlcally in Flgure A 1

-

g
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f ‘Table A-la - Cal1brat10n Data for Hydrogen Rotameter ka vk, T |
S (glass ball) , - : ‘ . e

¢

-

" Rotameter . Flow Rate_v B - Rotameter . Flow Rate
Readlng em®/s N . " Reading cmi/s

.2503 o 91,8 .. 1.0000 -
2519 o .91.3 . 1.0067 = &
02407 70 0 o 0090,8° .0 - 1.0135 0 o
2519 : . 90.5 - .1.0239
p3o35',» S 090060 ¢ - 1.0239
.2869 1 e 080.0 0 0 v0.9967
;2813 0 . .90,5 - -uo.9772.
L2703 . oo 0 101,00 1.1364
£3231 0 100,80 1.1173,
V3211 0 1012 1.1236 00
3247 - 7.100.5 +,1205"

03284 . 0 100.7 1. 1364»

.3752 . ..o 107.0 1,22703 O
w3953 - oo 106, o’ 1.2346 -

40247 - o S .105.8 1.2461° 7.
.3839 . 105.5 1.2422 .
L4890 1T, 1.3333.°
L5195 11,3513 ¢
.5168" 1.3468"

4975 1.3559 "
.5102 - 1.3559
5634*” . 1.3559 0
.5848 1,4970
5747 1.5198 . -
.5682 . - 1.5106 .
+6515 o 1.5060 . 4
(66071, 108106 e
.6515. 1.4620 0 -

o
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

25, 0»

. .25.,5 .
26,0
.25,

29,
29,
S.28.

28,

SR <

32
32,

.30,

L .40,

to a0,
a0
';Qa;40
By
BT,

51

B2,

O 52.
.. 59,

-v.ﬁ’59.
~.B9.
59,
. 67,
. 66,
66,
664

65,
74,

73
73,
72,
- 73,
L2
Ry A I

80,
g

ST 8.
T

B
.83,

e 82,

gl
T191

e
—
=
mm

* o & s e

: \£:<1v.a:"‘..'g. ;

* e @

6410 .. L4620 7
L4663 s
4620 g
6026 7
.5873 .
5974
J5974 .
5823 -
.5924
6949
.7065 7.
1t9007
7065
.7065
L7123
1.9011
.9011°
,8797‘

6515
.7605

7519
J7463 g _
L7605 24,2
L7547 s 12402

%463,"»'>._f_]~ Cl2e.2 o
g389:;”_ s ,,f, *433m0;’ o
8451 . 133,
.8446 oo 133.
w8361 132,
L9146 T 132;
.8202 T 132,
L9615 . L 140,
©9375° 0 140,
L0169 L 0 140,

DOOBPYWOOVOOTOD L
OB N OO OO0

¢ e s e

74obdodooooObooobboéododoodOoédoOoOOdobOoooOooo'
INE N
-
W W

wmpmmmwwomowmppmmwgﬁemmﬁmmmywuooomooowmmoom

-mmmgquo
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v'; Tab1é'A;1a (coht?) RS \‘

e . TR _ SR S
‘Rotameter  Flow Rate - .. Rotameter - Flow Rate
.~ Reading  cmi/s ~ .. Reading = .cm?/s

. 7483

.7422

.4205

.4045

140,80
‘140.8 .
150.0 -
150.0 -
-~ 150.0
T150,0 0
- 150.0 -
- 145;6
L 145,6
o 135,5 -

L9011 135,50

.9084 - o0 13505 :
.0492 - T 114,
20243 114,
.0243 . oL 114,
f0492'__v P e 114,
0325 < 195,
.9084 . 94,
.9084 . - 1- 9
w8727 S 9B,

.4006
. 1390
. 1359°

21013
L1312

- e N RN NN

.4045 7
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Table A-1b - Callbratlon Data for Hydrogen Rotameter.

Rotameter. -
Reading

28,
22.
23,
.23
..24
22,
30,
w30y
029,
29,
” w"28
,52
52,

. j}53
’52
53,
37.!
36,
36

S 34
'ﬁ'33
34,
LT,
f71

7 1.
T,
T T
71,
 ;k71
79,
79,

- 79,
.78,
77
J_ZKZG
86,

- 86,
o B6.
85
84,
BT
. 83,
94,0 -
- 293,0

.92,

opomm@wwoompwmmompmw@mommoomomommmNmoooooomo

i

(Steel ball)

Flow Rate
cm3/s

'

ORGP UTUI U & GTOTE R BB PR NNV NNWWEWWN -

9305
.6340
6287
6234
.5924 -
L6129 -
.0243
.0243
L0000 e
.0000 " .
.2051 -

. 1250,
L1646
1646
.1250: “ -
.3474
.3697
.3364 . - -
.3364 4
72624
,3148 il
.3860
.3860 .
.3860 -
;3478 ,"‘
3103
.3478
.3860 .
+1546 . -
.0505

8544

<0505
1020 -
.0505 :
0505
.6180
5556
.5556
«4945
.5556
.6180
5556

.0976

.0976 . T .

0

PR

918,

150,

107,

v‘.13b,

Rotameter
Reading

93,
93,
93,

" 107.
107,
107.

106.
. 106.
120,
120.
120,
120,
119,
119,

- 130.
130,

130.
129,
129,
130,
150.

150.

150.

145,
139,
139,

=139,

- 139,
- 135,
- 134,
134,
134,

Qf:urmxuuiw~4grm<3czm@nq1mt3clo<>tio<3¢im<na:mknu1ocqc;ocau;oxnm>wcoojogncﬁ

6.1728

6.1728
6.1728.
7.3529
7.3529
7.2464
7.2464°

7.3529.

' Flow Rate
‘em?/s

7.2464 -«

"8.6207

8.6207

8.7719 .

8.4746
B,4746

. 8.6207
18,4746
- 9.8039-

'9.8039

9.8039 -

9 6154
39

- 10.8696

11.6279

~10.2041

10.2041
. 9.8039

©10.0000
©9.8039

10,2041
.10.6383"
10.4167

9.8039 -

9.2593

.8.9286

9.6154

9.4340

19,0909

. 9.0909
';_'1.9365”55’r'
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ZVTable'A—1b,(cbnt.)

Rotameter. Flow ‘Rate - Rotameter  Flow Rate-
Reading ' - cm /s - -~ . Reading em?/s

7.6923 . 57.5 3.4722
7.8125 . B7.5  .3.4722.
7.8125 S 5700 3.4965
7.8125 . 58.00 . 3.4965 -
7.8125 . B0 3.4965 .
7.6923 . ' © 47.3 . 2.8249
7.6923 a7 2.8249
7.6923 © 47,5 . 2.8409
7.8125 . 47.3 . 2,8249
. 6.7568 . . 47.5 ' 2.8409
6.7568° .. - 39.8°  2.5381.
6.7568 . -~ .. . 40.5- 2.5510
© . 6.6667 .. 38.8 . 2.5381°
101.5  6.7568 . aa.0 0 2.8090
L . 5.8139 . 43.0 - 2.7933
. 88.5  5.6818 . 4a.0 . 2.8090
.88.8 5.8823 .. 34,0 - 2.283]
8.2 5.6818 - .. 35,0 - ' 2.4390
" 63.5 © 4.0323 - 36,0 . 2.4390 .
63.0 . ' 4.0000 . °26.0 - 1.8050
o 64.5 ' 4.0650 . 26,5 - 1.8248
65,0 - 4.0650 260 18315
. 64l5 . 4.0650 o260 18382
5715 T 3.4722 »ﬁ’ U e T T

w—-—-A—A—-"—iwp.::-p
. . e . .

/
. .. R 4
[ e P W N U WP WU W UG G ¥

101.
101,

o

(D
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O
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'1_Table A-1c - Calibration Data for Nltrogen Rotameter
: (glass ball) : ‘

‘ 'Rotametér . Flow‘Rate~'i y Rotameter . Flow Rate
Reading - ., .ecm®/s © - ., Readlng . cm®/s!

0.3717
0.5348
- 0.5333 -
. 0.5333
~ 0.5333
-~ 0.5333
.0.5848 -
- 0.5848
0.5848
©0.5848
.+ °0.5865
-0.6192;
© 06173

0.1247 - . 68.
. 1289 . 94,
.1012 o - 93,
157200 92,
.1359 - . - 92.
L1433 .92,
21401 - 0100,
.1335 Lo =100,
1292 . oo 99,
“1276 .99,
L1776 N 199,
.1799 . 104,
.1789 . ST 104,
2347“ R 104,
L2257 - oo 104,
$2262 . 104,
22262 .
.2247
J2222 . - T
L2217 e 1
L2242 .. 11
V2247 o e
02247 e o1
L S R K
11
11

19.
219,
19,
19,
A9,
24,

" 24,
24,
~24 .
24,

- 36.
37,
- :36.
40,
40,
.40,
V40,
- 40,
40,
39.
43,
435
a2,
50,
50.
49,
49,
49,
48
.48
- B8,
. 58.
.58+
57,
.57,
.. 57.
. 63.

. 63.
62,
.62,
62
70,
69,
S 69,
o 69

- 0.6173 .«
0.6173
0.6173 -

. 0.6667
0.6667 -

0.6667
0.6667. ./

. 0.6667 . .

0.7067

. 0.7042.

o 00,7017
2611 . . 0.7042 -
L2691 . —TTI19,40 T 0.7407
%2558 o 119,80 1 0.7353
.2545 . 123,10 00,7576
L2545 0 0 122.,9 - - 0.7576
L3077 0 . .. 122.6 - - 0.7605 .
3058 - . . 122,5 . 0.76B4-
$3040° . . 122,20 0.7634
.3049 ©130.0 . 0.8163
30490 7 129,90 0.8231"

-
-
—_ e
-
$

meOQPOANmQOwNhmmmmobwmmwom

.2632
2611

VW UIONUIO O OO

03448 0 . .. 129;5 . 0.8231 -
3460 ' . 129.6 . 0.8197 . -
3413 . .. 134,6 ©  0.8645
.3378 . . 134,0 - 0.8571
.3367 .. 134.0  0.8596
J3759 0 133,80 0.8571 .-
.3745 - 00 133,6 °  0.8596
23731 140,30 ..0:9231
B7217 139.2 . 0.9174
L3717 0 138,90 0.9174

e o S

Q&u@-ObJQIQLpQ)N&JUIQTOU1N}dcjw(nC)O(ﬁ#SO(nC)h)NxD\Jm}OCJQPONQNPON)mchoYmch‘
oboododboédoodoooéo66ooodooOOOooOOOOOOObcdooo

@
(]
(&)

23060 . 129.6° . 0.8197 i



Table,Aj1c’(coht.)

:‘7'R6tameterf‘
Reading

138,
| 138,
142,
142,
141,
a1,
141,

T s 00D O N 00 0O

 Flow Rate .
S cm?/s

0.9293

c. . 0.9464

0.9464

0.9434
. 0.9434

0.9464

. 0.9464 "

133 .

Rotameter Flow Rate
cm?/s

s

141,
‘149,
149,

.'148,
148.
148,

- Reading -

TN O NN

0

— eed ed eed —d

9464

L0274
.0135
.0204
+0169
.0135



Table A—1d - Callbratlon Data for N1trogen Rotameter

-Rotameter Flow Rate

Reading -~ cm? /s

- 59.8 =~ 0.8850
59.5 = '+ 0.8876

..59.0 0.8902
59.7 / . 0.8902

©58.2 . 0.8902

- 64,0 ©0.9901
. 63.3 0.9868 -

68301 - 0.9836
62.7 . .0.9868"
61.8. 0.9836 -

68.5 1.0714

- 67.8 1.0753.

- 67.0 1.07891
66.3 1.0753
65.5 1.0753"

74020 1.1494

S73.7 . ©1.1494
72.9 ~1.1538 7

272030 1.1493

71,8 ~1.1538

80.% 1.3072 -
79.5 1.3029 .
78.8 1

- .78.6 1.3029

. 78.3" 1.3029 .
'84.7 +1.3605. -

84,2 103559 (-

“83.3. - ~1.3605 . ..
82.6 . 1.3605 .

82,0 1.3605
- 91.8 -.1.4981 0

C191.7 - 1.4981

~91.4- . 1.4981"

291.3 ° 1.4925
R 01,4925

.96.9 1.6026
96.7 - - 1.5924.°
96.6 - 1.5974
86.3 - - 1.5974

.96.2 'e. - 1.6026
~99.5" -1.6502 .

- 99.5 . - 1.6447

. 99.4 --1.6556

©9 9905 7 11,6556

99.3. 1.6556 "
'1.8182-

105

.6

(steel ball)

L2987

Rbtémégér.

L 137.4.

Fldw Rate

.5510

134

Reading ~cm /S'
105.7 1.8116:
105.8 " 1.8182
105.8 . 1.8182

.105.9 - 1.7986

. 109.8 1.8868,
©.109.9 1.8797
109.9 1..8657
109.9 1:8797
108.9 - 1.8727
114.6 1.9920

114.5 - 1.9685
114.3 1.9685

; 114.3 . 1.9608
Co114. . 1.9608

2 120.5 2.1368

1203 @ '2.1097
120.1 2.,1097
12001 . 2.1186
120.0: . .2.0920 -
124.0 ©2.2624
124.1 . 2.2422

124.0 S 2.2522 .
124.2 i2.2624 .

12403 ©2.2422
e129.40 0 02,3697
Cfo129.1 0 0 2.3809
4 129.6. 2.3585
3 129.5 2.3148
% 129,585 2.4510
129.7 2.3697 7.
134.5. 2.5641
C 1459 2.6455 .
.145.8. "2.,6738
© . 145.8 2.6455

- 145.7 2.6455
145.7 '2.6455

.149.9 °2.8249

- 149.9 2.8409 -

©149.9 . 2.8409

. 149.9 2.8249 -
149.9 ,2.8409 .

140.6 .2,5510.

140.5 2.5126-

2137.5 - 2.5510
137.5 2.5641

02



R |

Table A-1d (cont.)

Rotameter Flow Rate .

'»Reading .. . cm?/s

©137.5 . 2.5907

137.7 2.5641

2135

* Rotameter 'Flow Rate
"Reading - cm?®/s -

137.7 © 2.5641
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'APPENDIX B - SYRINGE PUMP CALIBRATION DATA

The procedure for oalibrating the syringe pump was as

follows: The syringe was filled with water and connected to

the pump. The section of 1/16™ tubing which nas‘to lead from

o the end of the tublng and w%

the syringe to the flow1ng gas stream during the actual

| ‘experlmentat1on was attached to the syringe. A flow rate was

set and the pump was allowed to run for a short while forgfi

"the flow rate to stablllze. A wezghed flask was set under

jer was collected for a given

'perlod of tlme, @easured W1th4i stopwatch. The length of the

time perlod was’ adjusted ,@;} the mass .of the 11qu1d col-

lected was on the order of a few grams. Slnce the flow of

water fellfanto the flask as discrete drops rather'than as a

i‘contlnuous flow, ‘the time perlod started and flnlshed ]ust

&

after a drop was released from the end of the tub1ng.
The flow rates measured fell between 10% X 1/1000 and
100% X: 1/100 of the maxlmumlflow rate of the pump; these

data’ are reported in Table B- 1 and plotted in F1gure B 1



 Table B-f

W \‘f)

- Syringedemp'Calibration”Qaté

K

 Flow Setting

% Max.

10%
20%

30%
- ron
50%
- 60%

70%
- '80%

- - 100%
S 10%-
.20%

30%

o

C a0y
o 50%
. B0%
oo 70%

-, 80%
A 90%
S 15%

-:35%

L 45%"

75y

85%.
95%
. 100%.

fxmxx%xxxxWxxxxgxxxxkx#&&xg*&x

<Rate

171000 0 "
1/1000 ©°

1/3000

1/1000
1/4000
1/1000.
1/1000 "
1/1000
1/1000 %
1/100 .
A/100° 0
/100
1/100
L1/100 0
1/100 o
/10000
1/100 - -
1/100
1/100
1/100,
171000
211000 0
“1/100
/100
1/100 -

- 1/100

1/100;

P

ot)ot:ocjdcadtaoxpotao

Flow Ratel-ggV

.ml/mln-_.

0.0088

.0335

0881

. 2639
4390

0..3954:

0.4851

0.5833

. 0.6574. .
.0.7622 .
04,8299
0. 8758. 1

.0262°

0843
.0520.
.0596 . .
.0690 .
L0768

d0894,-[;v5
1798

3513

L5182
e 00610300
0.6998 -
048026
1337 e
Coo0.2201
0.3057

141
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T _ S
p.ppmmx c - GAS cnnom-rocmmn DETECTOR CALIBRATION DATA

- ,\Ax.\

Prlor to analy51s,,the gas chromatograph detector was
A

:'cal1brated for- the. three major components in - the product

'stream, benzothlophene, ethylbenzene, and styrene, u51ng

~ 'n-hexane as ‘an’ 1nternal standard
‘} The procedure was 1dent1cal for all three components._pl
"iFlrst a small volume (approx1mately 50 ml) of a solutlon of;f
‘sznown comp051t10n of the component in n- hexane was made.-
":Flve samples of 10 ul each were 1n3ected 1nto the gas chro~"'
'-,matograph,othe response rat1o of the component to n- hexane |
'7_gwas calculated for each sample,’and the mean of the f1ve {”

,,psamples was computed Thls procedure was repeated unt11 51x i

'or seven data p01nts had been collected

' For all three componentspbthe response ratlo var1ed
:{llnearly w1th the welght ratlo. The data are summarlzed 1nv
’f?Table C-1 and plotted 1n Flgure c-1. The relat1v% response

; |
f;factors are summarlzed 1n Table C 2

The only relatlve résponse factor avallable in the llt—_“‘a

tv:erature was that for ethylbenzene" 1. 17 No explanat1on\

v'"can be offered for the dlscrepancy between thlS value and

%0.99).

;the value obtaln ; experlmentally

' vi-\The analygas was performed under the same cond1t1ons as

. v '~.x3 b,

i d'" é1bed in Chapter 3 except that the temperature program4

. \.x._

-l;mlng rate was 15°/m1n. for ethylbenzene and styrene and

°‘20°/m1n. for benzothlophene, and that the ru as term1natedppv

e,‘as soon as the component of 1nterest had been fully eluted.-r“

<o,

s



!

Table €-1 - Detector Calibration Data B

‘wComponent' :

. | n».
o Styrehe
Ethylbenzene
-

Weight Ratio
Component/HEX o

0.0543

0.0188
0.0067

- 0.0857

0,026
951092

0.1814
©0.0208

10,0134

0.0088

0.1396 ..

'0.0704

 0.037%
10,0181
0,0050.-°

©0.0511

~0.1063

- 0.1637

144

R/

 ,ReSponse RétiQ‘
 Component/HEX

1 0.0562
.0.0194
0.0067
0.0888
0.0254
. 0.1098

'0.1823 -
©0.0222 .
. 0.0139 =
0.0089.
©0.1401 -
0.0706

0.0521

© o 0.0368

0.0174 . .
. 0.0045
L 0.0711
0.1040

. 0.1648
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. *Téble C-2¥4rRélative,ResponsebFactors

\

- - Component 'Relative .
. : Response Factor
,Benzothiophene/n4Hekane o 1.0272

‘Ethylbenzene/n-Hexane ‘ 0.9942

Styrene/n-Hexane . - ‘ 0.9697

8



e

: spec1f1c grav1ty of pure sol1d benzoth1ophene 45 1.1497%,

APPENDIX D - DENSITY~COMPOSITION DATA'FOR LIQUID FEED
. | SOLUTIONS . - P

hThis appendix describes work done to verify that.the -

specific-gravity of solutionS'qf benzothiophene in n-hexane

' could be pred1cted by 51mp1y addlng the products of the

| welght fractlons and spec1f1c grav1t1es of each pure compo—

¥

EE. )

nent.

”:A'total of.four data pointS'were\collected In each

‘cas€e a small volume (about 50 ml) of solutlon was mlxed on a

balance and 1mmed1ately used to flll a 25 ml spec1f1c ‘grav-

Ry

flty bottle; The bottle was welghed and the spec1f1c grav1ty
:"calculated The welght rat1os of benzothlophene to n hexane.
"1n ‘the test solutlons and the exper1mental and theoretlcall

'spec1f1c gravztles are shown in Table D~ 1.‘The'experimental

/

- points andfthe theoretmcalvcurve~are shown 1nhFigure D~1lﬁ'

/

- The spec1f1c grav1ty of pure n- hexane is 0. 6603"' the

L

The exper1mental cond1t1ons were 20 °C and 93 3 kPa.'



Table D-1 - Density—Compos;tion-Déta for

- Benzothiophene/n-Hexane Solutions

BT/HEX

0.7334 ..
0.6206 -

0.5521

Wt. Ratio

;

0.3974"

&~

Experimental -

S.Gl
0.8648

.0.8524

0.8302
0.8007

Theoretical
S.G.

0.8671
0.8474
0.8341
0.7993

150
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APPENDIX E - LISTING OF COMPUTER PROGRAMS

‘The main data analysis proéram used inbthe.preparation
of this thesis uas entitled-gHEUNIVERSE llsted beg1nn1ng oh
the next page. It was used to calculate the fract10na1 con-
ver51ons of benzothaophene to each of the major products.andb
to cohputeﬁan estimate of the couposition of‘the liguid
feed. Aftypical output tromvthis-program is given in Table
3._ . | S

The program used to f1t a least squares exponentlal to
‘the fractlonal conver51on data maklng up each 1nd1v1dual

data po1nt was called REGPT, -and ;s llsted-aft@f -

THEUNIVERSE. The constants returned by this program are

B

P
R S

Jgiveu‘in Tablee@ ahd-the'curves-themselves'are plotted iu
F1gures 5a through 5p. The actual output from thls program
v can be obtalned from the author on request. A
The 11brary subroutine ("AR‘) called by this'program -
~has been documented elsewhere"l The. functlon to wh1ch the
vdata are, fltted (Equatlon 2) 1s passed to the p;%gram as a

51ngle l1ne of FORTRAN in a separate flle."

a

b

152



based on a ‘composite mass balance over the entlre

153

ThEUNIVERSE

This is the main data analy51s program used 1in the ¢

present thesis, It takes all the data recorded,

during the actual experimentation as input, anﬁ
outbuts the following for each series of gas samples:
Series identification number
Date ) ‘
Reactor pressure
Reactor temperature’ .
Catalyst bed mass £
~Catalyst pellet mesh size
Catalyst bed identification number - ,
Ligquid feed batch idéntification numbers : = S e
Molar flow ratesof all feed components ' '
Partial pressures of all feed components
Reciprocal space veloc1ty
For each individual gas sample, the followlng are

. printed out:

Percent’ of‘total peak area for each component
in the product stream
A hypothetlcal feed concentration based
- on a mass balance for. that gas sample
Fractional conversion of bt to each of the . =
reaction products ,
Finally, the program prints the means and 95%

confidence intervals of the fractional conversions

over the series of gas samples, and gives an
estimate of the original liquid feed composition

liguid feed batch,,

The 1nput to the program for each serles of gas.,;
samples is as follows: , ;

" 'NSER: Identification number for the series: .y
NBED: Identification number for the catalyst bed
NFEED: Identlflcatlon number for the quuld feed

- batch ce ' S
‘NDATE: Date on Wthh the data were obtalnéd
NPTS: Number of- gas samples in ghe series:
BTCONC: Wt. ratio bt/hex in the liquid feeﬁ n o

(Although thlS program will calculatemalgaluelﬁl
based on a composite mass balance of Elx”“as, e
samples in the .data file, this input valde < »
will be the one used to calculate bt a
. flow ' rates. In other words, thlS progf

o~ . to find out the value of BTCONC and'é
' second time to use 1t in the calcula
-~ ATM: Average atmospherlc\pressure for th

B
3
e o
Q



- " In addition, the following data are 1nputtzd for

"O'OO‘OFOOOOOOOOOOQ'C“)OOOOOOO
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CATWT: Catalyst bed weight, g.

MESH1,MESH2: Catalyst pellet size, standard mesh

~ (e.g. =40+60)

H2: Hydrogen rotameter reading

NHROT: Hydrogen rotameter float (1-glass, 2=steel)
SP: Syringe pump setting, % x 1/1000 of . full rate
EN2: Nltrogen rotameter reading ,
NNROT: Nitrogen rotameter float (as above)

each gas sample*

THR,TMIN: Time elapsed between reactor going
on stream and sampling time, "in hours and
minutes .

GAS: Sum of peaks for hydrogen, nitrogen, and
hydrogen sulfide, % of total area of all
peaks (not. used in any calculations)

HEX: N-hekane peak 51ze, % of total area

—EB: Ethylbenzene peak size, % of total area

STY: Styrene peak size, % of total area

BT: benzothiophene peak size, % of total area

DH: D1hydrobenzoth1ophene peak size, % of. total
area

DIMENSION MESH(z),GAS(BO),HEX(BO),EB(BO) STY(80),
@ CONV(80),BTTOEB(80),BTTOST(80),T(70), BALNCE(BO)
@ BTTODH(BO) THR(SO) TMIN(BO) BT(BO) DH(80)

AT

Initialize variables ” '

'DATA T/12.71,4.30,3.18,2.78,2. 57 2.45,2.36,2.31,
e 2.26,2.23,2.2, 2 18 2 16, 2 2 13,2112, 2 11,

@ 2.1,2%2.09, 2. 08 2%2.07 3*zh06 2%2.05,2%2.04,

@ 5%2.03,8%2.02, 12*2 01, 16*2 / ‘
TOTCOM=0 .~ o
_TOTSQ=0. - : . ‘
NCOMP=(

NNROT=1“

*

Input. data for a,new\serles of runs and re-initialize.
_variables : & :

2

100 READ(5,101)NSER, NBED,NFEED, NDATE- NPTS, BTCONC ATM, P,

@ .TC,CATWT,MESH(1),MESH(2),H2, NHROT SP, EN2,NNROT
IF (NSER<EQ. o) GO To 200 A
'CONVST=0.0 " ] - :

- CONVDH=0.0 . I

BTDHT=0.

 BTDHT2=0. L

BTEBT=0. e : _
BTEBT2=Q. ) - S ' -
" BTSTT=0., T \ SR

. BTSTT2=0. :
BTCT=0.

BTCT2=0.



/ . R

’ DO 110 I= 1 NPTS . : ' ' o
..~ READ(5, 111)THR(I) TMIN(I) GAS(I) HEX(I) EB(I) =
@ STY(I) BT(1), DH(I). o S

 THR(1)= THR(I)+TMIN(I)/60 ‘,' VY ;rc»

110 CONTINUE - ° PN A R

Calcn\ate reactor pressure (kPa) and temperature
(deg K) v : , _

0000

_' PR=P*0. 4358935+ATM* 13332241
4 TK=TC+273.16 S

'Calculate volumetrlc (Q) and molar (F) flow rates for‘hv'
~ gas (cm3/s,mol/s) and liquid- (ml/min, mol/s) feeds;
-QNCalculate rec1procal space veloc1ty ' B ‘,m_~

cacao

11966954 1E-4*¥H2%%2-2. 51893166 1E-7*H2%%x3 . '/~
. 86622234 6E-4H2*%2+4,118887046E=7#H2%%3" e

@
@
"® -~ +8,278195381E- 5%EN2%%2-5. 76040392E 7*EN2**3
@ +1.83998824E-9*EN2%%4. . o
‘ IF(NNROT EQ.2) QN2=-3, 091740296+1 488523368E X*ENZ ‘
@ -2, 113716022E 3*xEN2%%2+ 1. 46093048E 5*EN2 *3
@ . -3,59407426 8*EN2**4 j - /\ :
o FHZ :3.7476E-5% H2 L B
" FN2£3,7476E-5%QN2
CIF(EN2.EQ.0) FN2= 0 _ S L
'BTFRAC=BTCONC/ (‘1. +BTCONC):3;,-j~'f~;/;-

. -QLIQ=9.67BE-4*SP.

" 'FBT=BTFRAC*QLIQ*1.42697E~4. S

. .FHEX= (1'-BTFRAC)*QLIQ*1 2769E 4 ;/3'1q_ e
. WF= CATWT/FBT ° S L /Q.]ﬂ pb_;f

,l{Calculate total molar flow rate, and partlal pressures~gvn
s of each feed component (kPa) : 2

. [’.,. SR

GO

©F= FH2+FBT+FHEX+FN2

CPH2=PR¥FH2/F - 0 v 0 s e
.”_PBT PR¥FBT/F . ol

. 'PHEX=PR#*FHEX/F " o S :

o PN2 PR*FNZ/F

.\,‘;;

"{A 1

f"Ca]culate fractlonal conver51on of bt to eb Sty)3 v
o dhhbt for each run - . : , ; A

)

eoaahea

ng1rst a. welght ratlo and then a mole ratlo of each
,component to n- hexane 1s calculated I RN

DO 120 121 ,NPTS R
- 'WRBTHX= BT(I)*? 027193/HE&( ) '
WREBHX=EB(1)#%0.994211/HEX(1)
WRSTHX STY(I)*O 969739/HEX(I)

- IF(NHROT EQ.1) QHZ=1:625815615E=1+1. 313837578E 3sm2- S
- IF(NHROT EQ.2) QH2=7.242407802E-1+3.701697921E~ 2*H2/3n~ S

’IF(NNROT EQ.1) ON228.515653607E-2+6.435097751E- 4ﬁgﬁ2ﬁtdli_5f.
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",:styrene,,and d1hydrobenzothlophene are calculated‘:. -1pf'M‘

lﬁ”fBTTOEB(
~ BTTOST(I)=STYMOL/TOTMOL
(

© . The rest of the
P values of variablles" ‘used to ‘compute means ‘ v-,i
“;and confldence 1ntervals in. the next sectlon o

120 CONTINUE

tf‘(10<5-f71.4‘t“‘ T

" CONVBT=BTCT/NPTS . -~ = e e T SRR TR A
~ .CONVST=BTSTT/NPTS - - ' . R ST ) 0
CONVDH=BTDHT/NPTS ' ' .| R

156

" WRDHHX=DH.(I)*1.0272/HEX(I) ..
' BTMOL=WRBTHX*86.18/134.,2 ' 7
©  EBMOL=WREBHX%86.18/106.07
. STYMOL=WRSTHX*86.18/104. 15.
- DHMOL=WRDHHX*86. 18/136. 2\ ;
:TOTMOLJBTMOL+EBMOL+STYMOL+DHMO#
BALNCE(I) TOTMOL*134 2/86

 Next, ar benzene rlng balance on “the product stream‘

f S is computed TOTMOL " is the mole ratio: of total o
. aromatics to n-hexane in the product '

stream,” which should be ‘the same ‘as the mole: ratio -
‘0of bt/hex in the feed. (the weight.ratio of bt/hex.

vfgln ‘the orlglnal feed is given by BALNCE.) Based on
"~ .this estimate of bt/hex mole ratio, the fractional .,

conversions of benzothlophene to ethylbenzene,.,. § .,u.:fc

) “EBMOL/TOTMOL - ;_ fz, : '»»};55:"4t-;j};53

~ BTTODH(I)=DHMOL/TOTMOL ' -
’}CONV(I) BTTOEB(I)+BTTOST( )

oop is: used to store 1ntermed1ate;5“

© ' BTEBT=BTEBT+BTTOEB(1)- *', ,fi,.!.v.ﬁf | "-L-e_‘;yr

BPSTT=BTSTT+BTTOST(I) . .~ .0 oo
CBTCT=BTCT+CONV/(L) . = .~ o m e

© . BTDHT=BTDHT+BTTODH(I)

BTEBT2=BTEBT2 BTTOEB(I)**Z Gt

" BTSTT2=BTSTT2 BTTOST(I)**z.._J'_,Vﬁ;,~p‘f%“',1;“;* R
- BTCT2= BTCT2+§bNV(I)**2 IR S Do

© - BTDHT2=BTDHT +BTTODH(I)**2 ey e R e S e e
"NCOMP=NCOMP+ - T T
TOTCOM=TOTCO +BALNCE(I)

TOTSQ= TOTSQ_BAENCE(I)**Z

Compute ‘mean a'd confldence 1nterval at 95;leve1;‘ R
of 51gn1f1canoe ,w', S T ‘;-f/j

CONVEB= BTEBT/NPTS T O R ,;»‘/jjf_

SIGEBC= (BTEBT2/NPTS- CONVEB*CONVEB) %0, 5. “;;V,‘.~ﬂ:’_p" &

©* .SIGCON=(BTCT2/NPTS- CONVBT*CONYBT)**O B L e
© . "SIGSTC=(BTSTT2/NPTS~-CONVST*CONVST) %0, 5 S e I
. "SIGDHC= (BTDHT2/NPTS CONVDH*CONVDH)** 5o L e
. NU=NPTS-1 . = A f,A__
. wCIEB T(NU)*SIGEBC/NU**@ 5 : “ni s




Tnnamﬁn~'qg‘5«-

T R - &

- c1TOT= T(NU)*SIGCON/NU**O 5o e
CIDH T(NU)*SIGDHC/NU**O 5 ‘ R

' Output everythlng

,WRITE(G 131) NSER NDATE
WRITE(6,132) PR, TK S ‘ ‘
WRITE(6,133) CATWT,MESH(1) ME&y(z)
-~ WRITE(6, 139) NBED, NFEED

P wRITE(6_134) ‘FH2, FBT FHEX FNZ RS
. WRITE(6,135) PH2,PBT, PHEX PN2

_ WRITE(6,138) WF e L Lo T e
WRITE(6,136) .~ * uv,'f v ‘;'f,_;'#

DO 130 1=1,NPTS . . hE:
- WRITE(6;, 137) I GAS(I) HEX(I) EB(I) STY(I) BT(I),gv
e . DH(I);gj e

'>,e;13o CONTINUE

WRITE(6,151) - ,,5'.'pj T e
. DO 150 1=1,NPTS AR TP N
" WRITE(6, 152) T, BALNCE(I) R
150 CONTINUE = .. SEre R
. WRITE(G 141) . ,iw'A[:jf
‘DO 140 1=1 NPTS T RS
' WRITE(6 142) I, THR(I) BTTOEB(I) BTTOST(I)

el BTTODH(I) CONV(I)

, WRITE(? 142) 1 ,THR(I), BTTOEB(I) BTTOST(I)
L @*. BTTODH(I) CONV(I) SRR
140 CONTINUE Tl

WRITE(6,143) CONVEB, CONVST CONVDH CONVBT CIEB

’Zgz@'v» CISTY,CIDH, CITOT

. NFEEDX= NFEED B Pl L T e
GO “TO 100 ¥”~v:f%-~ ;’%%“;*~'f.k‘veh'?~-§,,”

Calculate avg feed comp051t10n bas Q on all runs

*200 AVCOMP TOTCOM/NCOMP

SIGCOM=(TOTSQ/NCOMP~- AVCOMP**Z)** 5

?g:V¢NUNU NCOMP=1. i

CICOMP= T(NUNU)*SIGCOM/NUNU**O 5 e
WRITE(6 201) NFEEDX, NCOMP AVCOMP, CICOMP _g,mj

, 2F6 12) _
(2F2 0 6F8. 4)

131_FORMA_(fJ‘ VSERIES . 13 o 17 // u' T
132;FORMA (' 1. 'TOTAL PRESSURE IN REACTOR- ';F7.2,' KPA'.
e , ' TEMPERATURE IN REACTOR:: ' /F6.1,' DEG. K"

e I, e 12 "MESH') - | ‘ .
A,139 FORMA;("’ 'CATALYST BED NUMBER"' 12 /,; iagg N
@,,,,'LIQUID FEED BATCH. NUMBER: ',I12) - R T
134 FORMAT('.', "FEED RATES TO: REACTO c o/ sx TH2: PR
e E11.6, GMOL/SEC',/ 5x 'BT: ',E11«4 GMOL/SEC'“

- gg;¢”>_:

(r 'CATALYST "NALCO NM 502 F7 4,".G. ,_!,__"“
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e . ,/,5%,"HEX: ',E11. 4 GMOL/SEC ,/ 5x,'N2: ', o
e Etl.4," GMOL/SEC

| ‘f135 FORMAT( - "'PARTIAL PRESSURES OF FEED TO REACTOR_"

//5%,'H2: " ,F6.2,' KPA' ,/ 5X,'BT: ',F6.2,
KPA +/,5%,"HEX: ' ,F6.2, KPA',/ 5x 'N2: '1,
F6.2,' KPA') il

DD

138 FCRMAT(' 'j'w/F— E11\4— G- SEC/GMOL(BT)' /)
’136 FORMAT("' ', 'RAW DATA (AREA %):',/,5%, RUN‘ 3Xx,

- e "N2+H2' 22X, '"N-HEXANE' , 4%, ETHYL*' 3X, STZRENE'
e -4X, ‘BENZO- DIHYDROBENZO' ./ 12X, '+HZS' 13X, -
e " . ‘BENZENE' 11X, 'THIOPHENE 4K, THIOPHENE ) o

137 FORMAT (' ', 4X, 12 zx 6(F7:4, 3x))

151 FORMAT(' "/, " LIQUID FEED COMPOSITION. BASED ON MASS'
o BALANCE  (WT, RATIO):',/,5X,'RUN',3X,'BT/HEX')
152 FORMAT(' ',4X,12,3X,F8.6)

g,141 FORMAT{ " ',/, FRACTIONAL CONVERSION OF BENZOTHIO' 

@ . 'PHENE:' ,/ 5X, "RUN', 3X,'TIME' , 6X,'TO EB4' 4x
e . 'TO" STY" 3X,'TO DHBT' J4X, EB+STY") v

142 FORMAT(! ', 4%, 12,3%,F6,3,4(3,FB.6)). . “_,‘ s
143 FORMAT(' SERIC) O MEAN- gx 4(F8 6 3X) / 5X |+/_ X{.H

@ o a(F8. 6 3X))

5,201 FORMAT('1"'LIQUID FEED BATCH : 12 //, COMPOSITE

@ 'MASS BALANCE BASED ON " 12 DATA POINTST,/:‘
‘@ f( 'AVG FEED RATIO BT/HEX" F7 4, +/-~ /P7. 4) _
END | _ e
1 , R

/ : b . ‘ s

PR . e e
— il -




~"/PROB. . |
- . /INPUT /

e
VVAR
... /'REGR ..

© /PARAM

“TITLE IS 'REGPT'.
| VARIABLES. ARE 2.

f MIN ARE 0. 0 o 1,0.0, 1 o

K . '1 ﬂjﬁ:_{;

it

A - ' . . i {
i ) .

FORMAT IS (9x F6.3, 3x F8 6)'
CASES ARE - 54

'MTSFILE IS POINT12'
'NAMES ARE THR,CT.

DEPEND IS CT.
INDEP IS THR.

. PARAM ARE 4,
" ITER ARE 200.

HALV ARE. 200, o
TITLE IS 'POINT 12",

INITIAL ARE 0.15,-0.002,0.1,-0.5.

MAX ARE 1.0,0. 0,1.0, 0. 3.v

I : LA e S : X -

™

159



. _APPENDIX FY-' cALCULA'rxo'n OF HEAT “LOA‘D’ m.nmcrog A

\ therature values of the heat capac1t1es of the
reactants and products are shown in Table F- 1 The relevant
bond strengths at 25 'C are summar1zed in. Table F 2

'-F' 'The heat of reactlon for the hydrodesulfur1zatlon of
’”rdlhydrobenzoth1ophene was estlmated as 62 4 kcal per mole of

jdlhydrobenzothlophene reacted based on the net change in

.bond energy between the reactants a d products, assum1ng

Q.‘-that the C S bond strengths do not dlffer greatly from the

vvalue shown 1n th1s table for an al1phat1c chaln. If the,.

]

o heat of react1on for the hydrogenat1on of benzothlophene is.

: jassumed to be 30 kcal/mol then the net heat of reactlon for
fthe overall desulfurlzatlon of benzothlophene can be calcu—ifﬂ
‘};”lated as about 92 4 kcal/mol

Assum1ng that benzothlophene is converted 1nto only

“ghethylbenzene and hydrogen sulf1de, the heat capac1t1es of

']x‘the reactants and products at 25 and 400 C were used to cal—'

ulate an estlmate of the heat of reactlon at the hlgher
: temperature of 98 4 kcal/mol ‘
- The feed to the reactor under normal operatlng condl-"

K

'f‘t1ons cohs1sted of hydrogen,'n hexane,‘and benzothlophene 1n
‘1the approxlmate molar proportlons of 57 4 1. Assumlng only
’w40% of the benzoth1ophene 1s desulfurlzed the average heat

tfvcapac1ty of the product stream was calculated as about 11 5
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Table F-1 - Heatléapaéipiequf'Reactants‘and Products

)

Compound em. Heat Capac1ty (cal/mol K)
o Wy o 298°K 800°K . 673°K
" Hydrogen .’ . 6.64%% o 71600
Nitrogen =~ .= 6.80°°. ' 7.17¢%°2
Hydrogen Sulfide ‘8.28°2 .. 9.62:%°
n-Hexane ©34.,20°¢ 70.36°%*  61.18%
Benzothiophene o 31.6%% 64.0%x . 52.8x% .

| Ethylbenzene = ' 30.70°  67.15°¢  57.89%

% estimated by linear 1nterpolat10n '
*x estimated assuming the same mass heat capac1ty as
‘ ‘methylthlophene‘5
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Table F-2 - Bond Stfengths of Reactants and Products -

- Bond = .Sfrehgth;(kéal/mol)
H-H- 104.2
C-H (aromatic) . 112.0°
C-H (aliphatic) - 98.0
S-H (in H,S) _90.0
c-s (aliphatic) - 60.0
_All bond strengths®‘are at.25°C

-
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' A change in the liquid feedlconcentrdtion’from a'mol¢ 

_ ratio Qf'n-heXane to’benzothiophene of 4:1 to 4;631;results‘
“ in;ah average.heat capacity of 12.1 cal/mol—K,-aﬁd a3chahge‘
to 3;2:1 feéuits in an avgfagé'heat capacity of 10;6‘ |

cai/mol-K.‘ o o L
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APPENDIX G - CALCULATION OF KINETICQCONSTANTS

T?e Mminimum apparent actlvatlon energy for the reactlon ,>
path throuoh>dlhydrobenzothlophene was calculated from the
react1on rates (cf Table 6) at 350° and ‘400°C. It was-v
Nassumed in- thlS calculatlon that the rate could be descrlbed
by a zero- order Arrhenlus type equatlon of the. form-

~ A

Rate =‘Awexp(-E/RT)_

-

where

-

A‘é.preexponentlal factor, mol/g cat-s -
Bl = apparent actlvatlon energyn cal/mol '
‘R = gas constant, 1.987" cal/mol—

T = gemperature, °K B

N E = -1.987 1n(0;06243/0.036107) = 9123
T 673-' - 623- -

<&
From thlS value of E and the measured rate at 400°C, the
‘ preexponent1al factor was calculated°

o

= 0.06243 exp(+9123/673x1.987) ='57.33



