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,Hydr'étreatment of EY '-he'avy gas oil derived from the Athabasca tar.

" sands bltumen was carr-ned out inoa trickie-:b.ed réactor The . main

e

_objective. of thls study was to deve[op 2 hlgh efﬁcnency Ni-Mo catalyst

usmg zeollte material as well as a composite of silica- alumma. as support

"mater:ais The present mformatlon avallable in the Iuterature was used

as a startlng pomt The ava:lable I|terature on the hydrodynamlcs of'

trlckle bed ‘reactors was:, used for desngn of the researchn reactor and

stdtistical experimental designs were “used for efficient data collection

and analysis.

A catalyst suppért—'consi'stih'g of 10% by wt. silica", 25% by wt.

* rare- earth exchanged Y- ~type zeoltte and 65° by wt. alumina gave the
' best‘ . performance - for - hydrodesulf-urlzatlon - (HDS) and
-"-hy\drcd_eniltrogenatl_on4 tHDN;}. Kinetic _study with this catallyst was’
_carried 'cut‘-and the data fitted the 1.5th c:rder model for HDS and 2n‘_d\

“order. ‘m’odér for‘ HDN ‘»Tl"\e cdrresponding rate -constants at four

temperatures (i.e., "350° C; 375u ,400° 'C, and 425° C) were

B
1

_es'tirnated‘ and _,the actlvatlon : energles for HDN and‘ H"DSl Qer’e* g
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L - Reactéfj:'length - =
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m o Order of the reaction ) -~ i
h /;Numb;r of data points ) = .
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. quality of; ‘the feed—stocks

-__meet market demands ‘as’ well as product standards

I

RSEATES L Chapter I P -
| e CINTROBUCTIONS . - o oh Ul

- R C . - C -
. . . e

H . " -

Petroleum plays an 1mportant role in- the energy scene of Canada and

>

5 most other c0untr|es ‘Self sufflmency in thts major source of . energy

-

. has always been envnsaged as the necessary mgredlent of the formula to-

S e »

= get a stable and steady‘ econom:c growth The development of Canadlan-.

~ g

_tar sands IS a step :n the r:ght dtrect.lon

to ,achleve such ObJECtIVES

.
. -
. .~ . .
. . - - . - . -

s Canada has an est:mated '750 bxlhon bbl of heavy crude 011 reserves

{72]'.' ln fact the- estlmated

“as tar sands recoverable reserves of 550 -
~

; b.iHi.‘on bl:;l in Canada and Venezuela are comparable in size Ato the

. - - [

world's total’ recoverable r'eserves of conventlonal crudes Wthh have -~

'5een estimated at’ 670 'billion b'bl. lt ’iS'because .of th'is reason that-.“"'

+ -

Canada, more than any other country, needs to g:ve more emphasus on_

the deveiopment of technology to tap th:s vast source. of energy

v

e, ‘.

The operatlon ‘of .a modern oil refmery is very complex With the

e

"\present day demands -on’ the product streams and always changlng

a rnodern refmery has to be quute flex:ble tn

"

ltS operatxons leen an economlc env:ronment oil compames.have to

Several . process -

steps are mvolved for each of the products and the whoﬁa operation is

'carrled. out .w1t!h|__n th frame work of rnaxtmizatlon ‘of profits’.”
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Therefore, processes with better efftc;enc:es are contmuously sought‘

and the research work in the field of catalysls used in_ onl the mdustry

is ar_:-,:mportant part of this evolution.

The world market of crude_ on[ suvpply has been slowly shifting

towards heavier crudes. Quality of crude ns expected to. dec[me further""“

more heavy crude is becommg available from the tar sands of Canada .
-Mexico and Venezuela. "These heavy crudes give _rlse.to increased
amounts - of heavy oils and residuals. Inherently, the heavy crudes
contain higher‘. Ievels_ of sulfur, nitrogen and metallic impurities

(espemally VvV and Ni). During the processingﬁ these impurities

concentrate in the heavier fractions. This makes further processing of

“‘the heavy oils and the residuals even more difficult.

p- 3 . -3 .
The processing of petroleum crudes and/or> the tar sands bitumen

————

always leads to substantial fractions of heavy oifs and residual oils for

whi::h there is very little marf(et. This makes it necessery that such
heavy'efls- be-'further processed to—'more salable lighter fractions.
Furt":er processmg of these heav:er fractions involve a series of
process: ste?s Ch0|ce of a particular processing scheme fer any of the
iheevy. 'fractions,»- WOUld obviously depend . upon the quality of the
‘;Afractidn_. Geherally the vacuum r‘e's'idues are processed in deiayed
“.cok_ers"‘._or Qisbreakers (dependin'g'r on _.t.h‘e"__‘severity of craeking
~reduired)_.. The"ceker oils as well as the uirgin‘ vacuum gas cils may be

processed using catalytic cracking or hydrocracking.

-2 -

as the hlgh API grawty, low -sulfur crudes are depleted Also more and-.
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The heteroatoms and the metallic impurities present' in the heavy
fractions are very. harmful for the catalyst used in cracking,
.hydrocrackmg or the reforming ~processes. Also the environmental

standards make removal of such objectiormable elements from the finished

RS

"

products an ,_ab_s_olute essent;al. Thts removal of harmful impurities from
the - heavier fractions as well as some of the finished low boiling

Cw

_-'_-_p'r‘oduc__;s is carried _out- using a h\;rdrotreating process.

Rl

Hydrotreating ‘pl'ays a very importan;c role in the further processing
of heav:y oils. Various aspects "qf hydrdtreatment and properties of
heavy orls that affect the hydrotreatment process were dlscussed in my

M A.Sc. the5|s [57]. However, a short review is presented here.

1':."":~Eroperties 01:. Heavy Gas Oils
. The ferm 'heavy gas oil" is q.ui.te arbitrary. "It is generally apPlied to
pétroieum fractions boiling between 320°C (61-0°F) and about -4._'27°C
(800°F) These are viscous Ilqu:ds with APl gravity values generaily

less than 20. They contain the objectlonable heteroatoms such as sulfur

(up to 10%) and nitrogen (up to 2%) which pose the dlfflcultues in

' further processing. In addition, these heavy gas oils gener.ally~have

metallic impurities in the form of metallic complexes. These are mainly

P S

vanadium (V), nickel (Ni) and iron (Fe), and the total amount of these.

may be as high as 3000 ppm.

S S
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The presence ot heteroatoms (partioularly N) and metallic impurities
m feed- stocks is harmful for the processing catalysts. The heﬁsroatoms
like S 'and N in the final products, not only pose problems of
-enwronmenta! pollution and corrosuon of user machmery but are very
detrimental ta product stabiiity.ﬂ The metallic impur,iti'es (par_ticularly
"V} in the f:nal products "Iead to ash formé'vtion which can be
dangerously harmful to the .user machlr\ery like generators, oil-fired gas

turbines and furnace refractory [_mmgs ) ~.~:

e~

. —

1.1.1  Sulfur Compounds BT -,_

——
S e

Sulfur is present in the heavy oils mostly ln the 'Forms of‘ thlophenes'

.*r.

and their derwatlves Other forms I:ke sulfldes sulfates me.rcaptans

]
= -'

thiols and thelr derivatives are also present. The degree of d:f‘fjculty in

: -

the sulfur removal in the hydrotreatment process s

-

enerally

o

. proportional to the complexity of sulfur t:on‘calmng.~ moleci:fes ~‘wh|ch

increases in the order paraffms, naphthenes, aromatics. A typical

distribution of sulfur origindlly present in crude and in its fractions in

a typical distillation process is shown in Téio‘ie 1. "‘"—

N
r

Table 1: Sulfur Distribution \n Petroleum Fractions
Sulfur . Sulfur in product i, h\
content % of original sulfur in oil) T
of crude Naphtha i
oil (wt%) (Gasoline) ° Kerosene Gas oil BeSlduum

0.15 0.05 0.5 - 6.60 ~ ~57.507

to to to to .i;,’ to

2.45 1.8 4.2 38.6 . 7 92.8
'—-..._-. -

ra
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Nltrogen 'm petroleum is c!assrfned in=to two arb‘rtrary ciasses basnc

%

.-D J

Generally it can be seen that the v‘portron of sulfur w:ll mcrease mth ]

] .
||

i the ab_ove tabie but n‘_:d'lstlllatnon

the bo:hng -pomt of the f‘ractlon -as

-

is allowed‘* to. proceed at too hlgh a temgerature, thermal decomposntlon

]

of the hlgh moiecular we:ght 3ulfur- compounds wnll ensue énd hem:e,

e

- L - -_. - . . k . L. - ~

. et - . \: . ' . - S _‘_;._:._":-“
fractton§.__h o e P U

it I « . . ¥ - 3 \ -
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1.1.2_ Nitrogen Compounds = 'T‘;' R "

.- . ~ RN

-and nonbasm dependlng upon whether they can be tltrated w:th

EY

*per‘ch1or|c aond n a-50/50 solut:on -of‘»glaual acetic ac:d and benzene

o
.-. ~ :

The bas1c mtrogen compounds—ere composed of {namly pyrldme homologs

and occur. throughout the “boiling ranges and hEve 3 tenderrcy to exlst ’

—a -

in the: hrgher b0|lm_g fractions and r‘eSidU-a “The nonba51c compounds

are of pyrr‘o[e, lndol&and\carbazole type also occur mainly in hlgher B
boiling fracttons . The amounts of nitrogen in a crude is generally,,

found to be related to its carbon residue. The higher the carbon

residue (or the asphaltenes3 the higher would be the n#rogen amount

in a crude. -~

1.1.3 Oxygen Compoundsu ~
Oxygen in petroleum is mamly due to exposure of the oil to atmosphere
A w:de vanety of oxygen compounds are generally found in petroleum.

Alcohols, __ethe'rs_ ac_ids,-;,anhydrides, acetates, ketones and furans are all

oW
-’

_;f.ound ‘to be the ‘-constit‘he_n;ts -of the oxygen content. Oxygen too is

L

n
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mainly present in high moIecular weagh‘t cempounds and thus glves rlse

_to higher amou-nts of oxygen in heavy. fractlons
The presence of.,oxygen in the flmshed products generally alds the o
product deterioration which" rnay be due to “the' pres.ence of other‘ _

ob;es:tlonable elements Some acxdlc forms of ox.ygen compounds could .
pose corrosion problems. Oxygen also promotes the gum fOrmatlon m the SNLI f )
finished products . S . '3}»__"_-: 'ﬂ S L

' " 1.1.4  Metallic Impurltles e T ;.. e -‘_ B .
e trace amounts of metalhc 1mpur‘|t|es Inke -II‘OH - o
in . the feed . s-tocks .for..:"' '

N

The presence of eve
especnally mckel and vanadium
are. - -

copper ang
ylth crack:ng adverse!y affects the actlvuty of the catalyst resultmg
These meta_!l’lg . |mpur:t|es
Distillation’ ghobeé;

| fn iricreased gas and coke‘for_-matxon_.
rﬁain[?* present in the form of metal!icr complexes
tends to concentrate these metallic constitdents in- the heavier fractions
and residua. . . ‘ ' ) L
- Most of the wvanadium nickel,‘ iron and copper (the foua:' main
B metallic impurities) in the heavy fractions may be preelp:tated?‘along
- with aephanltenes using pentane This can reduce the‘ concentratlona of
| especially vanadium by up to 95%, yith substantial reductions in the
" amounts ofk 'nickei, iron, copper and other metallic impurities as well
- -

"h""f"'-‘.,

H g,
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'I 1 57 ChemicaJ Structure. of"".-Th:e Heavy Ci[s ‘ -~

Heavy oHs are a complex mlxture of several dlfferent épe; .of heavy

: ,moledu[es .and . therefore,'. cin not be. descrlb'ed in terms -of .simple

o }[\ structures. Foi'-'better ur:xderstandf'hg of the structure of the heavy

-

0|Is, they are separated mtmlfferent fractlons by using dxfferent
types of solvents These solvents separate out one type of molecule'

from.the-other. There |s no umver'sally accepted method for doing this

.separation. An’ example of such a separatson method is presented below:

- P - . . . . ’ . . , -
- -

_ ) _.-'I_,"" ,_As_pha_l_tenes-,. precipitated by n-pentane.
N -2 _“‘,_“__‘"Resins_,.- p;ecipitated- with propane., can be ferther divided «into:
o h‘-_" L ._a-'-. --'.-:'SQf'.t Resins, :.;ollublle in aniline:
- -1 ) b. ".___Hardj.hesins, precipitated with aniline.
f— :""-'“"3": - .ﬁ',Wai, precipitated with rﬁethvl-isobutyl ketone.
) '” R "'Oii»é', the remam:ng fract;on This could be further subdivided
a tnto: . h
- A s a Paraffinic oils., precipifated .\;‘Jith acetone at -23°C
- -:"::‘. b. Naphthenic oils (remaining’-‘mater.ial)-. B

iy

—

P

1 2. Heavy Gas Qil Used In This Investigation

'The oil ussd in this study was a 345 C (650°F) to 524°C (975°F) heavy

i

Jdas .. oil fr:actlon demved from hydrocrackmg Athabasca tar sands

) -

bltumen 'The bltumen ‘contains 51. 5 wt.% pitch {(material boiLing above

574"C) and about 0.6, wt ® of ash, Other properties of the bitumen are

| 3
given m Table 2 [36]. .

1
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Table 2: Properties of"Great Canadian Tar Sands .Bitumen
Specific gravity (60/60 F)y - - 1.010
Sulfur (wt.%) , 4.73
© Ash (wt.%) 0.56
Viscosity (cst. at 210°F) 175.8
Conradson carbon re5|due (wt. o) ‘ 13.7
. Pentane insoluble (wt.%) ‘ 15.6
Benzene insoluble (wt.%) ' 0.57
Nickel (ppm) ' 68
Vanadium {ppm) . ' 211 "

The distiliation analysis of the bitumen is given in Table 3. The

process of bitumen hydrotcracking is quite complex and exact details

are not available. However, from the available information, it is known” S

that bitumen is hydrocracked at temperature_ of up to 450°C with
hydrogen pressure of up to 2000-psig and a liquid hourly space velocity
(LHSV) of the order of 1.0.

N\

N

Table 3: Distillation Analysis of Bitumen,

Equivalent Fraction Cumu-_  Sp.Gr. Sulfur
distillation (wt. %) lative of . wt.% in

range at 1 atms. (wt.%) fraction  fraction

Temp. °C (°F) -. '

IBP2200(1BP-392) 1.4 1.4 0.816 1.52
200-250(392-482) 2.2 3.6 0.856 1.02
250-333(482-632) 9.7 13.3 0.804 1.78
333-418(632-785) 17.7 31.0 0.855 2.98
418-524(785-975) 17.5 48.5 - 0.988 3.8
51.5 100.0 T.073 6.39

+524(  -975)
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There is substan‘ma[ reductlon in concentratnons of sulfur, mtrogen

-

as well as the metallic |mpur1t|es 'durmg thermal hydrocrackmg of

. - -

" bttumen. The heavy gas oil derlved from this process const:tutes about

35% of the total liquid products. The heavy oil was tested for its.

physical properties, elemental ana'l-ysjs and ASTM D-2887 d‘:stlliatlon.:The

results are shown in Table 4

3 . Tt e .
L. LT T e

.

C 1.3 - Hydrotreatment ‘ R

A

Hydrotreatment is a process fo catalytlcally stablllze petroleum products

-

and/or remove ob;ecttonable elements from prooucts or Feed stock.s by. o

_..«

reacting them with hydrogen [24]. This mainly mvo]ves remova] of the

objectionable elements like sulfur' mtr'ogen oxygan. and-‘ metalhc

’-
- -

impurities, as well as hydrogena‘aon of oleflns and gum- formmg unstab[e

diolefins to paraffins. It could”’ be apphed fo a wide varlety of feed~
3 o l N Q
“stocks ranging from naphtha to reduced crude. B

s

- -

- .- e -

TFhe process involves contacting hycilrogen and oil mixtures \_A'v'ith_ a
suitat;le hycirotreatment ""catalys't Most hydrotreatincj reactioﬁ's are
carried out at temperatures below 425°C -(800°F) to minimize crackmg
and coke formation. Fixed bed reactors are used for such operat:ohs
Pressures of befween 100 psig to 3000 psig has been used for wvarious
feed-stocks. Liquid flow rates in terms of liquid hourly space \;felocity

(LHSV in short) between 1.0 to 8.0 have commonly been employed.

=
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i Table 4 Propertles of Hea*vy Gas O:I _
Specific gr’avaty ” (60/60°F). - - 0.9803- &
. APl gravity C(PAPIY T 01280

Viscosity (at ‘75 c) . ) .

I Centipoise (cp) K . 241.5

.  Centistokes “(est) - . c 246,40
Equivalent Saybolt. C -
Universal vis. (IOO“F)(sec) ) 1140.0

Asphaltenes (wt. %)y o« o 0 1.0

Aniline point N (*Cc)-. L 52.7 -

Elemental Analysis 2 (wt.%)

T -7 ¢ 88.8
' o H 10.4
N 0.4831
i S—' 3.05
i C/H Atomic. Ratio 0.71 .

ASTM "887 Distillation :~ | |
Teﬁxp‘erature (°C). 32_2"340 373 39" 411 429 452 477 504
Véolume (%) . - 5 10 20 30 40 50 60..70 80

.'Hydrdg‘en is consui-ned in the convers:on of sulfur to ‘hydrogen -
sulfid-e,‘ nitrogen to -émmoma, oxygen-.to water vapor and for the
hydr_‘ogénatfbn‘ of the cracked or‘ tf:re unsaturated cqmponen;cé.
Consum.p:t‘i'dn rates of. between 200 to 800 scf/bbl of &il are quite

-
-

However,

reactor for hydrotreatmg appflications.

common.

;"OOO to 10 000 scf/bbl of oil.

include ox:des o'F Co-Mo, NI'MO, and

.. generally pres”ul.fided prior to*use.-Th

-

an excess of hydrogen is.always passed t.hrou'gh the

“These- rates CouI‘cj. be any;w_her'e
Catalysts used
Ni-W on gamma-alumina which‘ are

ese three catalysts<were used in a

-y

in hyd rotrea-trrjent'



previous study [57]. Some of the conclusions of - that study and ‘a
review of the literature on catalysis aspec®as weyvarious important

factors influencing thé‘-"'operatior!'of trickle-bed reactors are discussed

in next chapter.
: T >
1

3 ‘
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Chapter |1

LITERATURE REVIEW

A ]

The present study was llmlted to the: catalysis aspect of.'

: hydrqtreatment and ’t‘he‘refore\/the ||terature survey was confmed to

this partit:ular aspect. Commermal[y hydrotreatment is mostly carr:ed

out in trickle-bed reactors. A s:mllar laboratory scale reactor was: used~-" ST

- for this study and the pubhshed mformat:on on the performance of

.

trlckle bed reactors is also revuewed in th[s chapter A thorough‘

survey of the Ilterature perta:mng to. thns fteld was presented in an- «

earher work ( M. A Sc Thesn; [57]). ThlS mc!udes the publlshed

A I:terature up to 1981. The WOrk of Wlttmgton et. al [81] Green.

et.al. [5] Furlmsky [..3],-\Parsons and Ternan [53] Frost et .al
[22] Eberline et. ‘aI. (18], Mtrza et. al. [46], Ahu;a et [ [2],\'-}

'.,and Hass [27] were discussed in this literature survey.

. 2.1 Prevnous Study !

. . . - - »

The above mentloned hterature rewew was the basns of the . resea'rch'
: work that formed a part of the MA. Sc ‘thesis. The objectwes of this

study were two fold: 1’ .e‘..;,'._.e_'w '
"1, ~ to establish-a scheme 'of: experimental and~anafytical procedures,

and® . - ‘ " - T . . " .- _...'..t'..



-"Co-Mo, Ni-Mo, and-Ni-W-on alumina).- - = . ° ~

S
-.‘-

‘-

The objectlves set forth prewously were successfully ach:eved

""Some of the aspects highlnghted bu thJS study are the 'Followmg

Tt
. -~
-

1 A ':'-h.ighe'r ., level | .f hydrodemtrogenatton' (HDN) | a’ncl.

. hyc'lro.desulfurization (HDS) . was pOSSIbIe lf _‘the catalyst
‘hydrogenolysm propertles could be |mpro»’fed-- . '_ ‘ _

| 2 .Temperatures‘ hngher than ] 400 C gtve . ruse ) t'o. . higher

N _-_hydrogenolysns actlwty at the’ cost of more coke format:on and

'high gas- y:elds

v

3 N1trogen removal was more difflcult than sulfur removal for the .
given _heavy- gas“ml. Ni- Mo combmatnon performed the best
HDN. . o B

The nltrogen removal was *Found to be more daff:cult for this heav’V‘/
ga_‘_s o:l and thereby " needed partrcular attentnon Therefore_p, t_nc (\
search for, :deas -develop more efftCtent catalysts le‘d td- th l. co
hypothesns’that some zeoltte materlals could be - tried to enhance the
hydrogenolys:s actw:ty of the hydrotreatment catalysts The followmg
"‘-_tex't-;ns presented as a- brlef ‘description of zeolltes_and_,the, l:terature
. sqryey ‘t-hat"led to the aBove "hYpothesisjt |

-13 -
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2 2 Zeol:tes SRR ST =

Zeolutes are best descrlbed s crystalline, hydrated aluminosilicates of

. group [ and ll elements (Jacobs [35]) ). Structurally these are’infinitely

. .'extendmg three drmenslonal network of 5104 and AIO4 tetrahedra linked

oo toge‘ther throu‘gh col‘hmon oxygen atoms Therr chermcal formula can be-\ -

B R T I

,Soda_lrte pmt ( Flgureyl).

.o

“written as & . - - -7 e

) -‘Mz"ﬁ'lo A|2o3 » )_;_‘~s;oé*~j. _‘z_.HE_zO.

- - -

where M is the compensatmg catlon of valency " for net negatwe '

;'_'charge that is the result of |somorph|c subst:tutlon of Sl by AI A unit,

cell of zeollte can be structurally represented as i

X

/;,~M‘_"'_°z’_->.<,,f$i°z"y] ZHO

2.2.-1 Types of Zeol:tes '

i 'There are many types of natural and syn*hetlc zeolltes and some of the_‘

:mportant types are brtefly descr:bed here The framework structure '

"of zeol:tes are composed of arrangements of tetrahedra bunldmg umts

gomg from rjng structure to polyhedra Zeohtes A }( and Y tons:sts—*

"'-of Imked cubooctahedra (B cages or '74 hedra) - whlch is also called a

- -

Types X and Y are structurally and topologtc’ally related to. mlneral.

""“faUJas:te and are frequently referred to as fau;asnte type zeolites

r‘-_(s_hgwn__ in Flgure 2) The mterconnec.txon of cancr:mte or ¢= umts

14
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Fi ur"e..gfk': Zeolites X and Y (Faujasite) Structure. {Taken from
[63])
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"‘geney,ate.thé zeolites offretite,. erionite, zeolite T.and L. In zeolite Z

or mordenite, the basic building- unit consists of a .ring of linked
tetrahedra. The structure consists of chains of these building .units

cross linked by the sharing of neighboring oxygen atoms.

.-'These dif_fe}'ent types of zeolites have‘differ:ent ‘size of wvoids or

cages interconmécted by chaﬁ'nels_. ".These channels and -the
ir;-t—érconnected voids are occupied by the cations and water molecules.
The cations are generélly mobile and can be replaced, to a varying
degree, by exchange with oth‘er_ cations. Removal’ of. water molecules,
constricts the intercomjecting channels thereby giving. rise. to hiéher
diffusion resistance to molecular movet:nent in and out of the zeolite
.strueture. The complete dehydration, in cate of some of the zeolites,

results in partiél collapse of the structure. For process applications

only the structurally stable zeolites are of real interest.

IS
- -

.

2.2.2. Types X and Y Fo Lo . .

Faujasite type X and Y zetlites have among. the largest minimum

.
-,

" aperture restrictions of any zeolite, and the highest void fractions. «
These consist of an arra\,f;,.ca‘mc cavities {also” called superc'ages:) having
internal diameters about 1.2 nm. Access t& eeg_h cavity is through six

eqliispaced necks having a diameter of about 0.74 nm. Because of these
S :

-

bigger size channels and cavities, "these “ate_ extensively used’ in

b}

~

hydrocarbon conversion applications. Y type zeolites -are thermally more

stable than X types because of their higher silica_/.aluminl'a ratio.

& 5 -
Aty e
“ L
e
Lo v . L e
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2.2.3 Thermal and Hydrothermal Stability . .

Most synthetlc zeohtes are ‘crystallized in the monovalent alkal: metal

-

form (generally Na) and have tittle or no catalytic activity for so called

..

acid-catalyzed reactions. Also they are not very .stable to high

temperature conditions encountered in process applications. Therefore, .
. k

these are modified by exchangihg the alkali metal ions with high‘eu_-

valency ions to make them catalytically active as well as thermélI:/ ind

hydrothermally more stable. - o

-

2.2.3.1. Sodium Removal
Tt

The . structural stability -of less stable zeolites s increased by

excl:anging the Na ions with rare earth ions for catalytic cracking
applications. ) Commercially, a Tiixed rare earth salt containing
princ;ipaliy cerium (Ce), lanthanum (La), neod&;mium.' (Nd), dpd
preseodymium (Pr) Yis uséd. These - ions ar'e: i'ncorporated into zeolite
materia! replacing from 80 to.ﬂr‘nore than 97% of equivaire'ht Na. Catalyst

activity and selectivity in cracking are independentFof thevrare earth

-

'r;_xtig of Ce, [z or Na.-'in the zeolite content of' the catalyst. However,
zeolite stablhty is d:rectly wproportional to Ianthanum",or neodymium

content and mverse‘ly proportional to cerium content (Magee and Blazek

.

~

[ b I

The catalytic activity of these materials depénd upon the alkali metal
" content and so a significant increase in catalytic activity is brought .
about by removal of the residual Na. This is generally achieved by

multiple ion-exchanges with intermediate calcinations. This -treatment

- 1'['_
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causes the sodium cations 1o migrate~to positions accessible by ion-

/exchange solutions. It'is possible to reduce the residual sodium content

- from 2-3% to leSS\than 0.2%.- . ..
- o ‘ : i N:“.; -
. : . - N TR P B
2.2.3.2" _A]um:mun; Removal - T L= I

The “-thermal - stab|l:ty ‘of zeolltes is '-'_a‘lso :ncreased af'ter gradua[ly

PR . - d - - .

leaching out the a]um:mum atoms and thereby.,mcreasmg ‘hé___‘:.'-

S:Oz/AI 03 ratlo Such structures aisq - become more resustant to mlneral

acids. This -aluminium extractuon is carrled out by‘ !eachmg WIth strong
= A = “l.‘

acid solutions. For example, mordenite = as ‘synthesnzed, has-—a.‘

e, . -

‘-SiO.,/AI.,O:; ratio of app?oxipately 10. After,m‘qefdi:ﬁxing:_with GN'-‘.:Irj_CI forh-;.'.'i_

el

erioés up-to 8 hr., this ratio cé‘n be. irfcireased to betweei?\;' RE to’"’-100

Too much de-aluminization - may nct always be advantageous for the

catalyt:c activities and therefore, an optlmuWLevel can “be determ:ned

& experimentally for a particilar application. PSRN T
s o . i . . . .. \ - -‘_‘ . Ll RN - .
.. b 2 2.4% Acidity - . P " - _ ;.-

- - .

~ - h

- decomposition of NH4-exch_ange form, hydrolysis of wate;'-of '“ﬁydra.tidn
of cations or by reduction of catio

dehydration of these structures results in dehydroxylatnon and_thsrgg’y-

e

formation of Lewis type of acidic sites. Acidity of .‘raréjggi?th exchanéecf'-:-"

=Y type zeoliteés is attributed to the dehydroxylation of the hydroxy!

groups associated with rare-earth ions (Bolton=[8]). ==
. S - 18-

-r .-

Lt Zeol:tes have hlghly acudlc structures. Both Bronsted and Lewns type oF-‘._‘_. .
- acnd sites” are present t‘n ‘zeoh.te structures. Pro‘tons (| e. Bf‘onsted -type_’ £

of acid sites) are introduced in to the zeolites’ gt_t_hef by :_thern-_:al' .

to a lower valency sfate whereas,
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2.3 Cracking Cataly's,t o :'; i o

/ - -

. - -
-~ -

crackmg catalyst and therefore, zeolutes have been extensnvely used for‘

e ~ - i

s such appltcatlons. "Pure -zeolité= materlals are not smted for crackung

-

- -

appllcatlons because of therr- flne pores For example Haynes et al

[78] have found a crlt:cal molecular S|zexof 0.9 am Lsnze of pyrene

molecule) for a Y type zeolste in the:"' hydrocrac’xmg experlments The:r'

ey

‘_‘-;"‘..:'-"‘ ~catalyst was . :neffectlve in p-rocessmg of = molecules bigger th.an the o

-"L-;,i‘—' . _crlt_lcal s:ze Therefore, these materials are generally mlxed W|th other

Te oot N

amorpho_us support materials for catalysus applications.

[

A cracking catalyst of silica-alumina ma¥rix containing 15% of Y-type

. zeolite was first introduced in 1862 [63]. Such oatalyst were found to
iy ‘ - :

give not‘.on'“ly higher. catalytic activity because of the.high acidity of the

. catalyst but also h:gher .cyl‘elds of the high octane- gasolme were °

. ", q,
1 A, -

s s T obtamed Miale et al l_.w[4"] ’from tbeur wor'k on cracking of n-hexane

~on” zeol:te mater;als found that such. rﬁatertals are at least 10* times as

- - e e R "._—- -\..

act[ve. as- amorphous S':l?ca alumlna ‘However, the concentration of acid
sites on zeoll_tes is only 10 to 100 times greater than that on the silica-
alumina - This alone did not provide a satisfactory explanation for the

. high activity\oﬁf'the zeol'i?te-“'rr_‘laterials. It has been suggested that in the

o

vicinity of wnshielded ca‘tijonei wlthin the small pores, high electrostatic

v

fields ar'e: cre_ated that may enhance the catalyst activity. This>~'as
observed by NMR. squdies of adsorbed xenon molecules on zéolite

materials by Fraissard [21].

High. aCtdlty of the catalyst is one of the mam"requlrements of a- o
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Effect of Zeolite Input

Magee and Blazek [39]) have summarized the following effects of the

28]

o

At constant conversions, lower coke, lower dry gas vyields and

higher yields of gasoline and cyble oils are obtained “with
increase 'in zeolite content. - -

Aromatics and olefins decrease in gasoline fractions a2t low zeoclite

levels with corresponding decrease in motor and research octang

fl

numbers. Above 9% zeolite, however, aromatic content increase

probably fromi-cracking of aromatic compounds in the light cycle

oil into gasoline range.

-

At high zeofite inputs C3 and C4 olefins disappear faster than

L]

would be expected s a result of acid activity only. They “may

.be_underjgoing a type of. conjunct polymerization to form

a -
saturates and aromatics in the light cycle oil range and coke.

Residence time plays a more'important rcle than acid ‘activity in

catalyst of very high acid activit.y. Thus at high zeolite inputs,

high vields of light cyc¢le oil cannot be obtained since the long'

contact time required to. . convert heavy oil to lighter
N ":? (4

\hydrocarbons inevitably lead to overcracking of light cycle oil to

gas fractions and to a lesser degree to gasoline fractions:

-



2.4 Hydrocracking Catalyst
As mentioned earlier in ‘Introduction’,. catalytic cllracking‘ and
c.bydrocrac;king are\—iaoth ‘ve'ry impq$nt parts 'of almo.dern r;efinery.'
Thesy '.cwo .processes - supplement each other. ' Virgin gas oils are
generally used in catalytic crackiﬁg whereas rjsfractive gas oils that are
derived from cracking ‘and coking operations are processed in
7_1l1ydrc.>cr‘acking. Operating conditions in hydrocracking® are more severe
. éhan:l in cat‘élytic cracking and a high pressure of hydrog¢n1is required
to reduce the coke formation as well as to ‘con\;rert the refractive
) =

materials to oils..

et
L -
1 -3

Bolton [7] Has degc;.ribed .in great details the use of zeolites in
hydrocracking. A good hydrocracking catalyst should have highly. acidic
cra'ckiné‘component along with a noble metal or a combijnation of non-

'_ noble metals as the hydrogenation component. Heinmann [29], i‘r-udicated
‘_chat rare earth exchénged Y-zeolite” (féuj'as}te)’ }(i!i§persed in matrix of
silica-éiumina, synthetic, clays or natural clays~“are most cemmonly used
as cracking catalysts. However, hé pointed out tha't ‘the use’ of ‘Sl{ch
catalysts in hydrocracki‘ng is still quite limited. Heinemann further )

“narr;ows dow:ﬁ the choice of zeolite for hydrocracking purpo-ses to large,_\

pore ultrastable' zeol—ite-Y ~and hydrogenation components such as
platinum or palladium in re_lativeiy small quantities (0.5%) or niﬁkel,

‘tungsten, or molybdenum oxidéd or sulfided in larger amounts® (3-8%).

. . .
Two of the recent books namely ‘Zeolite Technology " and

Applications’ [82] and 'H?dféprocessing Catalysts for Heavy Oil and

- 21 -
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Coal’ -[34] give information available from U.S. patent literature from
1974 to 1981. This information is also indicative of the same conclusions
as made by Heinemann. No more information is available in this field

-

beyond the range of compositions of catalysts.

2.5 Hydrotréa’ting C@taly}s't'

Catalytic hydrotreatment is a hyarogenation_ process “used mainly to

achieve high degrees of impurity removal, ‘wherea;s in catalytic

hydrbéracking, a feed stqu is mainly crack.ed along with efﬁtive
- hydrogenation of cracked products.. Some ciegr}of_ hydrotreatment is
i achiev:ed i}m hydrocracking , and similariy, feed stocks do.get cracked
to a"cer:tain extent in a hydrotreéting process depending upon the
operating conditions. This is generally.desiréable if the f_'eed stocksl are
h.eav'y. Hyd‘rotreatmt‘ant of some.of thc.a final Iigﬁter prqducts is carried

out at very mild conditions so as to maintain the product quality.

The heavy gas oil used in the present study contains ébout 19 of

the refractive material (asphaltenes in Table 4) and in this ‘case mild
cracking is considered desirable. Also as indicated by our previous
study [57], higher levels of HDS and HDN could be achieved with
: ~

-higher degree of hydrogenolysis. Therefore, in the development of an
. _efficient hydrotreatment catalyst for this oil, the above mentioned

review of the catalys'ts_‘used in the catalytic cracking as well as

hydrocracking forms a good starting,point.l

4
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Table 5: Details of Zeolite Material

Description : Type Y, molecular sieve
rare-earth exchanged

Composition 1 Si0, - 65%
‘ 'AI?_QS | - 23%
Na.,O - 200
¢ Rare ,
_ Earth . - '1100
Form J: Powder (38um to 33u)
Surface Area : Approx. 550 m?/g.
Catalogue No. - : 14-8910 (powder) of

Sterm Chemicals, USA.

2.5.1 Zeolite Material Used in This Study
According to the above literature review, rare-earth exchanged Y-type
zeolite is the beést suited material for hydroprocessing applications.

Preparations and testing of such materials is quite involved and the

required facilities were not available. * Therefore, it was decided to use

the material availabie from a commercial- source. Some details of the

§

zeolite material used in this study are listed in Table S

-
—

2.6 Trickie-Bed Reactors AN :
. ' . *
The types &f industrial gas-liquid-solid reactors can be divided in two
i . .

categories, i.e., one where the solids are fixed and the other where
y

solids are in a suspende& state (e.g. fluidized or ebullated bed’

rean.:tors). The fixed bed reactors can be operated in t‘i-wree ways. Thew
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2.6.1 'Advantages of Trickle-Bed Reactors:

13
r

gas and liguid can both flow concurrently upwards or downwards or a

counterturrent operation in which liquid flows downwards.

. . “ )
'_J One of the most widely used three-phase reactors is the tricklexbed

. reactor (Shah Y.T. [67]1). This type. of reactor is particularly

L3

“favdured by the hydrooroce‘ssing industry. In a trickle-bed reactor,

the liquid flows down over the packings in the form of a thin liquid film

- -
- L

and the continuous gas phase flows in between the packings‘either

concurrently or counter currently. Concurrent gas flow is generally

-~

preferred to a\(oud floodmg problems.

v te . e
L)
)

-

: Tu%ﬁu!a'lr r-eactors offer ease’ of- operétion ) simple -equipment for:mat

-

and better heat"t’ransfer compared to sturred bed batch reactors (Sm:th

169]). .However,-... in the case of trlckle bed reactors, fluid flow.-':_

patterns, liquid tl_old-up, catalyst wettmg and ‘axial diooersion- ,effectc

play important roles. A" lot of . work has been done to ufgoerstand the

hy‘a'f'odynarniés of tricklels‘gdj’:actors a

nt\xar‘ious’ models are available
.. .

for —‘pred:ctlon of . va-rlous flow regimes.-A rﬁcent revnew ~of Smith et.

. [70] has dlscussed most of St?th ava:lable llterature

>
-

ot - . . -

.
-,

Sorne..o_f._._th_e.adv;nt'g{ges of trickle-bed reactors are as follows:

o
.. . o

1‘. - -‘Fl'ow |s close to plug f[ow,“allowing high conversion to be

C achleved m ‘a smgle reactor ' ; )
ST :.‘ -

—— - - . -

‘ 3
R— o .



2. ‘Liquid-to-solid __r'atio.,--,‘is small, n"i'inirri?}:i'ngmﬁt‘he"-'_homo_gere'ous side’._. -
reactions. L . O TPy g
3. L1qu1d flows in the form ,of a th:n fllm on the sol:d packmg»thus '

surface s , o

- PR I N

offermg a sma[l resistance to, the” gas dlffusmg to the sohd

4. .. F]oodmg is not a problem and pressure drop is Iess 1han in the

concurrent up- flow and countercurrent flow reactors Thls

-

results in essentially umfo_r-m partial p*ressu.r_e of reactants across -

o

the Iength of the reactor. "

o

bed reactor systems have simple eqqipment forrnat .andcoper'atioo

*

and maintenance is egsy. . . . 7 -

2.6.2 Disad.ventages of Trickle-Bed Reactors ™ °

Along with. above mentioned advantages of the tricklé-bed reactors,
there ere some inher.'erw‘; disadvanta;és of such a reacfor system. At
low qut:xid flow rates maldistribution of liquid such as channeling ,

bypassing and incomplete catalyst wetting can occur in trickl.e-bed

reactors. Catalyst particle size cannot be too small as this could give

- -

‘rise to higher pressure drops as wel] .as it increases the- chances -of bed

-

plugglng Therefore, the catal,yst partac[e ‘are of larger size in such
reactor systems as compared to fluxdlzed bed or ebullated. bed:. systems

and %o the imtra-particle dnffuswnal effects are more pronounc_ed

-

-
.

In large scale trickle-bed reactors, a major gisadvantage could be

the poor -radial rmxlng of heat: This could cause excessrve localized

o e -
- P |

o, As compzred to fiuidized or ebullated- bed reactors the ”tric‘kc_le-i
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poe

along the reactor length.

2.6.3 Hydrotr;eatment Applications

- " . PR B VO LT »

heatihg resulting in r:;pid catalyst deactivation 'an_d/or_-'. -in‘creése in

R
S

_un_désiré.able'reactions. This problem becqmes jmpprtént for.the reaction”

“;’\,r:étems‘ invgl-ving high heat” effects and can be solved to some. extent

by addition of one or more streams of quench fiuids at different points

L )
. .
- -

- T

s i

Trickle-bed reactors are particularly suited for the hydrotreatment type

.

of ‘reactions because of the above mentioned advantages. Low liquid

Te e

- d

.. reactions. ,Predominantly plug-flow type Qf‘ behaviour "of fluids, in

trickle-bed reactors makes high degree of conversions possible in a

single reactor. The above mentioned disadvantage concerning the heat

effects do not seriously af?eﬁ:‘t the hyc_ﬂrotr’eatr@ér’if reactions because the

heat effects in.such reactions are quite moderate. -

]

For better distribution of liquid, distribuiters are used at the top of

reactor as .well as -along the length of the-reactor (if so desired). In

>

commercial applications, *high Iiguid flow rates are used which minimizes

the'maldistributioh problems. !Intra-particle mass. transfer effects have
to be considered for the design of such reactors as this disadvantage
can not be ci'rcumve_nted. This makes it important to evolve catalyst of

high efficiencies. o

o



2.7

For concurrent gas liquid down flow m ‘a packed bed var:ous flow el

Dynam1cs of Trickle- Bed Reactors

- o st 2

' reg1mes can be. obtalned dependlng upon the gas and I:qu;d flow rates .

the nature and size of packmg, and the nature an’d propert.les of Inqmd

as well as gas. These are:

B 3%

TRICKLE-FLOW REGIME

A .ﬂow"'. .

in this flow reglme "the .liquid trickles down over tne‘ p;}cking' T

the form of duscontmuous film ‘or r:vulets The liquid _ f[ow is

mainly laminar and the gas rows around the wetted part:cles in )

a gas contmuous fash:on The gas flow cou[d be laminar or

"turbulent

’SPRAY ELOW REGIME S o T

»

Wlth the |ncrease in gas flow, the‘-dr_a_g force on the liquid film

increases and the liquid flow around the ' particles also bécome .

" turbulent. At certain flow conditions, small droplets of liquid

start to separate from the liquid fiim and flow along the .g'as'.in

(3

the .gas continuous region in the form .'.of a llqund spray Thls

flow regime is also called the ‘transition regime' or rlpphng.

.

PULSE-FLOW REGIME e L "

If the gas flow rate is further mcreased for suntabre llqurd flow

rates, the amount of |IQUid drops or slugs in the gas contunubus

phase become sm‘ﬁc:ent to momentaraly block a part of the flow

"channels between the- packlngs This causes: mcreased flow in-

other part of the packed bed and,. thus mcreas:ng the chance

. .
L) b PN . Kl 5

-
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R f separat:on and block:ng m parallel— channels Th'ie disturbance
:_'tend to acce[erate towards the !ower part of the reactor and

o o ‘gwes r:se to pulses or waves |n the outlet stream

- . - "
. o . bR ~

. ‘-514'-}:;-;-.'-' -"BUBBLE FLOW REGIME 5 SRR .

*

' -Thts is qu‘nte janq undesnr‘eable situation ,-in the trlckle bed_
- ‘reactor‘s wh:ch can occur at hlgh I}qu:d flow rates In th.ts flow

regxme the Ilqmd flows down in a continuous phase whereas the

‘gas bubbles are d:spersed ih the liquid phase Such a situation

can occur at very low gas flow rates and hqurd flow rates

uffn:nent to form 2 qumd continuous phase. The llqmd entraps

." some gas bubbles before it forms a_ liquid contindous phase

-

somewhere-along the léngth of the reactor. .

i

- .‘\.A' . .
A e ‘1 -

-

-—2.7'.1 Predlct:on of Flow Reglme

-A Iot of work has been reported m:‘the recent past. For ;'a'ir-water .

[

systems, Sato et. ‘al. [60] presented a 5ummary'of flow pattern

-
L]

boundaries, Charpent:er and coworkers [12] [13] [14] have done a lot
“of work in this area and have proposed generalized diagrams “for
predibtion of flow regimes for foaming as well “as nonfoaming systems.
Baldi and‘ coworkers [4] are also active in this field and they denote
the trickle-flow regime or tbe gas-co'n‘tinuous. regime ae"-a "low-interac-
;'tion‘ regime” and pulsed flow or the spray flow 'regime as "high-inter-
action regime". Reéol_ts’ of Baldi et.al. agree quite well with‘those of
Charpentier et.al. for the nonfoammg systems whereas, for the foaming

systems there IS some’ d:screpancy between the two Recen‘tiy Tosun

[26] has reported his resuits of studles o‘F the gen:erahzed fiow maps.

. -
> . R .

.-
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.

His data were in qui_te good agreement with t_he generalized flow map

proposed: -by Charpentier et.al.. Shah [87] has'pf_-eserrted the

generahzed flow map of Charpentier et.al. in his recent book.d_'f_he"éame.'

is shown in Fugure3 The symbols in Figure 3 have the following

meaning: '

L T superficial liquid mass velocity (kg/m‘.iS)

O
1

L
|

o’ =" superficial gas mass velocity (Rg/m’ s)

Al oo

\ .

‘ ‘ ’-Th'e. sy.mb"o[s e, u, and o represent density, v:scosuty and the surface

.- tensuon and their subscripts are G for gas.. L for I:quxd Jair’ for air

- -

a‘nd wat for watér.

. .
- - . ~ >

As can be seen from: ;the generatized flow: reg;me chart the values

£y -

of the densutles, v:scos:ttes and the surface tensu:m are requu'ed for

making any prediction. At present such mformatlon for’ ~_the complex

s

systems such as the hydrotreatment of heavy gas o:ls . :s' not'ava‘ilable

"

Therefore, it is possible to have some understandmg of the fiow

regimes in a hydrotreatment-. process onlyr".-throqgh-, the actual

experimental studiesz

oW

-

For the present study, it was aecided to studY,thE»eff.ec;cs_of both

<4

-.». gas and liquid flow rates, within the nominal rangg of floy rates, so as

..% N =

to get some insight into the flow regimes present in the experimental

reactor.

Py
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2.7.2 . Liquid and Gas Distribution ; ' .
. . ‘ L . - . o . . P e
The distribution of liquid and gas in the trickle-bed reactors is another '
important factor to be considered.- In hydrotreatment.applications, the
- . - .
F)

'limitring reactants are in the ”Tl:;quid phase- and so the distribution of
. e . 1 : "
liquid is quite important whereas gas distribution is generally vety

" good. Depending upon the ratio of reactor tube diameter to particle ¢ .. .

-

- . )
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EN .s'c-ud:es tend to indicate that at dt/dp > 20

diameter (dt/dp), it has been found that Iiduid has a tendemcy to

v channel towards the walls of the reactor. In the low interaction regime -
&Y " .

4w ~

(sup;er?f‘icial qudid velocity U < 0.9)210.." m/s) liquid distribution has

~ & been found to be uniform (Specchia et.al. [73], Sylvester and

k

P:tayagul’sarn [75]. and Herskowitz and Smith [310). Syl;xester and
P:tayagulsarn found the liquid distribution to be unstable when the
liquid spuperﬂmal velocity was higher than_0.01 m/s and “the gas
superficial velocity was‘lower‘ than 0.033 m/s. A significant increase in
the liquid flow rate at the ut':entre of tne column was observed by these

‘authérs, at the onset of the pulsing flow regime.
T—— — o . ' . &

- -,
-

T Prchlik et‘.:ah Eéﬁt] reported that fqr‘ dt/dp > 25, the wall flow was

by

les;_-.tha'n 105 of the total flow. Herskowitz and Smith [32] found that

for d /d > 18, the wall flow is’ negl:gnble and granular particles cause

.less wall flow than spherical or cylindrical part:cles As the distribution

oW

of liquid _:in the reactor will depend upon many physical’™ factors

concerned with the flmds and the packmg, the available information can
o " .

.only be usedvas wspecu[atlon, Howewver, increasing the ratio (d /d ") does

have a posmve .effect on the umformxty of the liquid distribution in

tnckie bed reactors as was mdlcated by these studies. No single val’ue

of th:s ratlo wili be good . for alf the physical sntuatnons but these

, the chances of-a uniform

-liquid ‘distribution- are very good.

-4 v’
2
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© 2.7.3  Effective Catalyst Wetting T, TR -
* In the hydrotreatment processes the’ reactlons occur;m the hqund*f:lm

'on the catalyst partlcles as well as the’ Ilqmd :ns:de the pores of these

particles, it is;very lmp_ortant that they be wetted-.by liquid tn order to

use tHe ‘catalytic sites effectively. Mears [40] Paraskos atual [-5_]
Montagna and Shah ‘[4?] and Montagna et. al - [48]\’? have recently

shown that -some of the data on trickle-bed reactors can Be better‘--'

correlated assummg :ncomplete catalyst wettmg At present very llttle

is known on how |ICIUId SOlId contact eff:clency depends upon the gas-.,'; S

“n .~

and I:quud flow rates however |t s belleved that hlgh-er gas: a$ l:qurd '

—~

Ioad:ngs and h:gher dynamsc I|qu1d holdups can i;nprove the catalyste

-
I

efficiencies.”

Satterfield’ [64] defmed the contactlng effectweness in 'chemical

reactors in-terms of the apparent klnetlc constant (k app ) obtalned |n a”

\

trickle-bed reactor and the-‘,actual kinetic constant (kv) obtained in the

'continuously-stirrea-tanlg reactor. Based on ‘the experimental aa'ta,

Satterfield proposed 2 graphical correlation which is shown in Figure 4.

-

~y
e Sme

- . - iy —~—_

Recently, Mills and Dudukovic (45], obtdined additional data by
using tracer methods. For a small particle size (0.72 mm) the wetting

efficiency was found to be close to unity over the r'é'ngé of ligquid flow

rates : 0.15 to 3.5 kg/m? s., whereas, from.'Sattert_f_ield's correlation the

predicted values are mut¢h lower. There are many snmilar correlatlons

il .

proposed by Schulman [65], Kranze and Serwnnsk: [38] Onda et aT

M s w . )
e . . el
- - 37 - W e -
2= L :
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Figure-4: Contacting Effectiveness as Function of Liquid Loading |

T

[50], Puranik and Vogelpohl [55] and others, some of WhICh are listed

-

'b:y‘;_Shah ,[57] S:nce there is large degree of dlscrepancy between the
predictions of' various correlattons, - it is best' 't '-rely '_'o.n the

experimentally determmed values for a part:cular trlckle bed operatuon

. . . o
- . e [N

2°7.4 Liquid Holdup

Liquid h-oldup is the amount of I:quud present m the packed bed at
¥ .

steady state conditior;s This is “further duwded m--"to two categor:es,
dynamlc and static holdup ‘The dynarmc holdup :s consndered to be the
] ramount of liquid at a steady state condition that will dram out of the
packed bed if the inflow of liquid is stopped. The ‘difference in the
total liquid hokdup and the dynamic holdup is con;sidered.as the static

A

holdup. L . -,
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~ «Swaaij et.al [78] for the static liquid holdup.

4

1t was first proposed by Henery and Gilbert [30] that the departure

of, _trsél:le-bed reactor behaviour from an ideal plug-flou.; could be
) L *

explained by the liquid holdt.;p. T;_hey proposed a model -based on liquid

haldup to correlate some of their own data as well as data available from

other authors. This-modet will be describéd in section (2.8.2).

‘The static liquid holdup is correlated by the Edtovs number

-

(Eg = pLgdé’/cL . where dp is the-nominal particle diameter and g is

the‘ gravitational acceleration). Figure 5 shows a .correlation given. by

s
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Figure 5:  Correlation of- Static Liquid Holdup With Edtovs Number
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- There are severzal correlations available for dynamic’ holdup (hd),

some of which have been discussed by S 7]. He recommends the

use of two correlations by Specchia and Baldi ]. These are:

hg = 3.86 (Re)* ™" (Gat)"’::w‘.‘_:n(as.dp/t){:. Cay

for poor-interaction regime, where ReL is defined in terms of superficial

-

4 =

i * L ’
liquid velocity, and GaL is a modified Galileo number defined as

" :
= 3 - 2 H
e Ga dp pL(pLg BLG)/uL ., where § . is the two phase

e

fractional pressure drop between. liquid and gas. For ti'ae high-

-

interaction regime, they-obtained the following relation:

hy = p[zw'*]q_(as'dp/s)“'“, . P
where the constants : T~
Sha . p = 0.0125, q = -0.312 for nonfoaming liquids,
P = 0.0616, g = -0.172 for foaming liquids, and

Z Re

G“‘”/ReL“"”, and the parameter v is as defined in

B

Figure 3.

bao-
LY

2.7.5 Axial Dispersion
In trickle-bed reactors, axial dispe.rsion of the gas and liquid reactants
can occur to varying degrees depending .upon the physical properties of

the fluids and: the characteristics of the ;}ackings. This makes the

. behaviour of trickTe-bed reactors deviate from. the ideal plug-flow -

regime, and as a result, longer reactors would be required to_ get the

desired conversions.



o

: . “ i
Axial dlspersmns are generally ‘estimated’ from residence-time-

dletrlbut:on (RTD) studies with the help of suutable tracers Single-
parameter axial dispersion models characterlze the a&_li! daspersion (or
back mixing) nsing a/ simple one dimensional Fick’s ) \ type diffusion
eéquationl. The constamt of proportionality is called the .ax.iall dispersicn
coefficient (Ez) and is expressed. in dimensionless form as the Peclet
number (Pe = uLe/Ez], which is also sometimes referred to as the
Bodenstein number. Hene u is the superflcial ve[ocit-y of fluid, and
L. is generally the size (dianfater) of the packing. .V.élue of this number
Pe, denotes. the degree of backmixiné. If Pe = 0, backmixing _is

complete, and if Pe = », then ideal plug-flow prevails. ‘ T

~ =

Various models have been proposed by different -authore whereby

the "eclef number has been correlatea’ to the Reynolds number and the

Galileo nurnber of the liquid. The gas phase flow Reynold numbers
generally have no effect on these correlatlons. One such correla,thn
given by Michell and Furzer [44] is:
= e-7T0 T~p-32 .
PeL- 1.00 ReL GaL . . (3)
= .= = 3 z 2 ©3
where, Pe uLdp/EzL’ Re, dpp‘z’LuL/uL, GaL dp gr /uL S s

the ‘interstitial liquid wvelocity and Ezl. is the _liquid ‘phase axial

\
dispersion coefficient.

. A similar relation is proposed by Elenkov and Kolev,[1§] in whith

they. have defined the dimensionless groups in a different manner:

[

U /3 E, = 0.088(4U, /2w )* T (a/a v D)0, (4)
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y Here, a, is the total surface area of packing per unit Volume of

- [

- column, and U“L is the superficial liquid velocity based on single-phase’

flow in an unpacked reactor column.

Hochman and Effron [33], on the basis of "their data, proposed that
‘the Peclet ngmber can be successfully correlated wfth o'nly the Reynolds

number as:

Pe = 0.042 Re °'%, ' (5)

-

B

where Reynolds number s defined using b&" porosity (c) " a,;,s
ReL = QanLdp/uL(T-z)
A correlation similar to the one by Michell and Furzer [44] is also
iy .
propos’*éra by Kobayashi et.al. [37] which is presented by Mordechay
and Smith in their review [70]. In this’ correlation the dimensionless
numbers are defined in a different way and“the reviewers recommend

.

the use of this, equation. '\

¢ Once again, use of the available equ;ti‘ons for _bred'iction.s in the
case of a real hydrotreatmgat situation is questionable as these
correlations are based on simple ‘air-water‘ (or 'similar) systems. Mears
[40] and [41], has developed a criterion for judging the significance of
backmixing in trickle-bed reactors. This has been commonly_ _psed' by
most of “the authors wor?iné with such reactpr systems. As per .this
. criterion, if axial dispersion effects are to increase -reactor length by

less than 5% ovér the minimum length required with ideal plug-fiow

assumption, then the criterion to be met is: -

- 37 -
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g7 Tpe g (6)
Cpi- o -

(!

where, Pe = U,d /E U, is the superficial velocity of fluids based on

€ i .

empty’ bed,- dp is the par‘é\l"cle size', E, is the axial dispersion

-7 coefficrent, m “is the order of the reaction, C and C are the inlet and
“.,:, . ‘o . & - , . .
outlet concentrations of reactmg component and ‘u is the order of

reaction. ™

- .-.
A

For various °gas oils, Mears estimated Pe value of 0.2 for ‘Reynolds‘
numbers of about 10. Taking a first order reaction, for 85% conversion,

the right hand ‘side of the above criterion cofies to about 300.

-

Therefore, as a 'rule-of th}me' mos? .of the authors have used a ratio

~

c.».‘f.'L/cip > 350 for assuming ideal plug-flow conditions in trickle-bed

reactors. This criterion is guite conservative and has been varified by '

S - -

Mears [40] and [41], Montagna_and Shah [48] and many‘-‘"other authors.
van Klinken and van Dongen [77] have recently shown with their RTD
studies that for small partxc!es and dlluted bed. laboratory reactors, the

criterion of Mears is in fact-very conservative.

Lo

. T LR

L e

2.8 Mathematical Models for Trickle-Bed Reactors

Trickle-bed type™ ‘of columns are used for a variety of‘\appl:cattons in’

the chemical industry and each appl:catlon requires a dlfferent type of ' .

mathematical treatment whlch results m"mode[s suttable for only those -

particular applications. For this work, models mainly assocuated wnth the'

hydrotreatment type of applications will be discussed here -

°
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2.8.1  Ideal Plug-Flow Model R

For hydrotreating applications, a simple plug-flow model can be assumed |

if the following conditions are satisfied:

1. No signifif:ant axial dispefsion. .

2. :.C.ataly'st completely ,wette-d'by liquid. h

3. Reaction occurs only at the liquid-.s.olid‘ i‘ntér;"q.ce. .

4. Negligible mass transfer resistance {bo_?h gas-liéuid as well as
the figuid-solid).

3. Heat e_ffectsl"are negligible and operation is isothermal.

6. _ No vaporization of liqpid or; condensation of vapour? occ‘ﬁ'r.

A -»

e,
- .

Forf such an ideal case, a differential mass balance of one of the

rehcting species will” give a simple plug flow equation of the type shown

-

below: ,
' 3
: -
Sk (1-€)n S '
dC _ _'m m_ _ m m
@ Tl T rmmswlelt 0zl (7

where C is the concentration of the reactant, k’I[n the intrinsic rate of

reaction and m is the order of reaction, z is a dimensionless- length
——— . .

parameter; ¢ is the void fraction of the catalyst.bed, LHSV is liquid-
hdurly—space-veloqity which is generally 'taken as the volumetric hourly

- flow rate of liquid divided by the catalyst volumle. n‘“ is the catalyst

effectiveness factor and k’mi the m'th order reaction rate .constant

_based.-on the total volume of catalykt. This rate constant can be defined

in many ways. |t could be defingd on the basis of unit catalyst area, or
' i . d '
unit catalyst mass as well and accordingly, the above equation will be

modi\fiéd. " The definition based on the total volume of the catalyst is

—
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most often used. Integration of the above equation over the “entire

fength of the reactor yields:

Cj k~. 7 . _
Ing. = {TAswY ®

while k, is the first order rate constant for a first order reaction, for
& R
_second order reaction, (m=2), the integration yields:

1 Kz m

1 ] |
(SR (YR (9)

where subscrlpts i and o :nd:cate the :nlet and outlet concentrations of

the reactant. Mostly the concentrat:ons ‘are expressed |n terms of

-

percentage by weight rather than in terms of the moles.

2.8.2 - Holdup Mode!

-

Henry and Gilbert [30] proposed that the deper‘ence of catalyst
effectiveness on the liquid flow rate in a pilot scale and sther smaller'

: ) ~ - :
reactor systems._was due to insufficient liquid holdup in the reactor'.

Therefore, they mcluded the ligquid holdup term in the 1deai plug -flow

equation. for a ﬁrst order reaction, the’ modlf@d equation is:

c:i k,nh

- L

Ing EEZ -~ ao

where hL is the liquid holdup. They ud#ed the liquid holdup correlation

of Satterfield et.al. [81], which.is:
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h = Bldge uy/u 1t 0 [d e 0 1T an

where B is a constant and other‘lsyﬁpbols has the usual meaning. Using

this value of the liquid holdup, they derived the model equation‘in th'e

»

following form:

-~
Tt e -

C. . .
L 0+3133 ~8-:6G7 “0+6ET{,~,y83133 . )
Ing. (L) (LHSV) (d))7° 7 (v ) 3 - (12)

where n is taken as unity, L is the len_i_:;.t'h of the catalyst bed and v is
the kinematic viscosity of the liquid. The above relation is valid for 10

< Re, < 600.

L

2.8.3 Effectlve Catalyst Wetting Model

Mears [40] did not agree w1th the model proposed by Henry and Gllbert;
(Holdup Model). He suggested that dependence of reactor performance_
on the velocity of Ilqutd in p:Iot scale: reactors is aue to mcomplete
catalyst wetting at low flow rates. Therefore for a flrst order reaction,

he modified the ideal-plug-flow equation as:

-

(E kITICAef'F - ] \ (13) .
dz = (TASV) - R .

where, Aeff is the rat'ro of wetted to actual surface area of the

catalyst. Mears used .the -foliowing correiation. glven:'by_.i’uranlk -and

Vogelpohl- [535] for. Aeff :

-

Aot = 1.05 (Re )?" 047 (We )°2%* [\_GC/UL]D'--zQC_-; : (14)

- 41 -



where We UL d pL/UL is - the. ,Weber numbe'r,»' ol-_-is the surfa’ce K

-__tensaon of llqund and oc 1s the crttlcal value of the surface tens;on for

o

a glven comblnatlon of ]Iqt.l]d and catalyst* Below thts value of the
crut:ca‘l surface -tensnon, the contact ang!e is zero and the . liquid

completely wets the the catalyst Using} this equation for the value of -

-

Aeff' Mears deruved the followung equatlon for his model based on the

[

_effective ca_talys-t wettlng. .

. - . L. . »
LA * E A

C. ~, " . . . G L ’ - .-' ‘ . B
! = . . -0t 62 N—g-18 -0 05 921 . .
Inco (LY 2ELHSV) T2 (g 070 v )70 [ofo 122 n(d)), 7015

+

Th:s modei is. 5|m1!ar to the one given. by Henry rand Gllbert in
predlctmg the dependence of ln(C/C }Jon L and LHSV However it
diffess from the holdup model of Henry and Gi!bert in prednctmg the

affect of partlcle size, surface tension and wscosuty on the performance

»

of the trlckle-bed ‘reactors.
. .

The corre'lation tor t‘heﬂeffective wettin.ghby Puran.ik and ‘Voglelpohl
does not provide "a good preduct:on for commercsalwtrlckie bed reactors
where-hlghertllqu:d ‘flow rates are u-sed and the - effective catalyst .
Qvetting_is genera[l;) c!ose‘to one. Mears suggested using the correlation_

given by Onda et.al. [51] for the reactors using liquid® mass velocities

" of more than 500 g/h-cm? . ‘Their correlat'ion for effective wetting is: =

-

ff ‘I-exf::[-1.BGGaL".'”Wel_.‘;'zv(ct(‘ol_)"'?s],‘ - (1¢)

k]

4 -



hd

-

" Using this equation for the first order modél} the model equation of

_ the following fofm results:
NN

" o -

Ci' -.‘kl.], mn.- .
[nao = (L—]_.{-.S—V—]['l-'exp;(-B’(L‘}""“(LHSV)""“)], : (1N

-
*

- In \thiS'equatiOn the viscosity, surface tension, density and particle

.\ -~ * - -
. -~ . e .
.diameter terms have been combined in one parameter ¥ .

o -
’ s - *

2.9, Choice_of Reactor

* . -
- - [N "

Unfort—unately the" available -'data on hydrodynamics “of trickle-bed

v

reactors is based on simple- air-water:or similar systems at normal

temperature and. pressure conditions. Therefore, the:application of such

data to a complex system such as heavy 'gas oil at h;y’drotreatment

.

canditions is qu1te q-uestlonable. Moreover the accurate estimates of the

-

phys;cal propert:es "‘of -the heavy gas 0|| and hydrogen system at the

1

. operating conditions are very essentlal for using the avallable models

L. By

~for predlctmg the hydrodynamtc condltloos |n5|de ‘the reactor. Such

, estimates are not yet avanl%n the pubhshed l:terature

-

lnsplte of the above mentioned ||m|tat|ons some usefu!l hints were
_ quite- handy in the des:gn of the trickle-bed reactor This information
T was. used in the earl-:er work [57] and guiter good results were

obtained. The reactor used m the earher study was 40 cm long with

.

17.5‘ mm inside diameter. 40 cc of catalyst was required for each’.

]

-~

filling. : , g . i

- 43 -



s
s

In the bresent study the catalys,"c was made in the laboratory and
our trials indicated that to make a batch of about 100 cc cata_lfr_st, quite’
blg reaction .and mixing vessels, filtering and ‘washing* fa-;:ilitie's'.\ "ai"re

requnred T}ferefore lt was decided to use a smalier reactor 'For this

work. Based on this limitation and the available Ilterature on ,‘jcruckle-bed

- A

hydrodynamics, a 1 m long, 0.52 cminside diameter tﬁpe was used for

.

this study. Average size of catalyst particles was 0.2 mra (70 to 80

-

mesh sfze) Poor ca)talyst wetting or any adverse axial dispersion effects
Vi . .
were not expected with this- design as per the ava:lable hter‘ature A

snmllar system was also- used by Satterfield and Yang. [67]for their HON

*

_and HDO study of heavy gas oils.

u
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Cnapter 8 R T

ST R  OBJECTIVES - *

el

The outcome of the literature survey and the first hand information

-

>

obtained in this fietd from the earlier work, was to develop and test

. -

more eff,nc:ent catalysts for hydrotreatment of . the heavy gas oil derlved

from Canadlan Athabasca bltumen Some of the main features of the

ot - - )

" present re‘s,earch were as follows :

1

Y

1. To study the operating region and find out an optimum operating

“'point for performing catalyst testing.

2. To _evolve. a catalyst preparation scheme and test its

.y - b

~ reproduciblity. = ' : o T

3. Y To make and test cat.alysts of. different compositions with respect

ta the silica and zeolite concentrations.
4. "™ Find an optimum composition of catalyst support ‘material from’ .
the above mentioned tests.

5. ' Study kinetics of the reactions over catalyst prepared thh the .

. -
B -

k]

cptimum composition and to eva[uate rafe constants and acttvatuon'

.. energies for both sulfur and throgen removal from the heavy

.- e

. gas oil. o R
P
] J"/ ’
- - e -
- - T
- . * o Y - ’
N —
-~ -



: Chapter A

-

EXPERIMENTAL EQUIPMENT

i 14

The equipment needed for the catalyst preparation were items such as -

-

‘[aboratory g!ass ware: stirrers, crL_lshin'g and screening faci[ities,ﬁ
ovens, extrusion facilities, muffle furnace, etc.. A short description of R
this equipment__is given in tﬁe catalyst preparati?n ‘settion (5.1). Since A
_most of the equipment were s‘g_a_x’ndard laboratory items, no detailed: '

' _.descr?pt_ion is considered necessary. The equipment used for the testing

of catalysts in the hydrotreatment of heavy oil #s described beloi}v.

4.1 Hydrotreatment Syster

equipment mainly consisted of the trickle-bed reactor kept in a sand

bath. The oil and gas were fed from the top The produdt strjeam was
- '\\b‘__

removed from - the bottom of the reactor through a-. back—

- .c__.

.,s

regulator. The product stream was elther run through tivo ane litre 3

1 .— -

,- - 3 . 5

liquid separators when no sample ‘was to be wnthdrawn, ,or the exnt

A8 h . Tt

stream was cornected ‘to a weighed sample bottle where >the 11qu4d was

separated frorn the gases The exit gases were ana}yzed by an onlme

gas chromatograph system The exit gases were scrubbed m a hydrogen . "'"

sulfide scrubber before they were vented to the atmosphere R .o

- 2k s gt
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Except for-: tbe gas mamfofd system and the gas chromatograph all

the aperlmentaf setu,p was lnstalled msnde a fume hood to avoid the

t
~ —

exit gases gomg mto the bu:ldmg ventilatnon system Also .this was a

safety precautlon to avoid the hydrogeh concentratwns in the room

atmosphere reachmgv dangerous proportnonS/Whlle the fume hood fan’

h ]
-was contmuously run during the exper:menta! runs, a fume hood air
.’ .

flow sensor was’ used to momtcne the anr dr‘aft In case of failu'r;e of the

-

fume "hood fan thls sefsor wou[d send a s:gna! to the main control

panel to shut off the gas supply as well as to shut off powes. Tto all

- : L. ‘ -

units.

4.1.1 quu:d Feed System

The heavy gas o:'f was pumped in to the reéactor by a hlgh pressure

metering pump (Mllton Roy Company, Model No. 386-31). The pump

was calibrated before use . A one litre measur:ng cylinder was used
as the main oil reser-\(o:r‘ along with a 50 ‘cc burette for measuring the

instantaneous flow ra't-:e_'o'f- oil. EAH fead lines were 3 mm 0.D.- 20 BWG,

-

$5-316 tubes. A non""-"heturn vé"lve was used to prevent any possibility

of back flow - of gas :n to the on[ pump, The power supply to the pump
was obtained from the matn control panel whlch was des:gned to cut off

power to the pump in case of any-emergency 5|tuat10.n.

T

4.1.2 Gas Manifoid

o

A gas manifold was constructed outside the f'ume hood for connecting

gas cylinders of hydrogen, nitrogen and a 10% -by volume mixture of

/
AN
—

A

LD
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=

Q’l‘- .*‘

_*hydrogen sulflde .in hydrogen. Only one gas was passed to the tube

.__ _go:ng to the reactor top at any time depending on the need. The gas

?

.lme to the 'reac‘tor had a micro-regulating high pressure valve to

_ -

“tontrol the gas fiow, a power-to-open solenoid valve, a pressure gauge

Lo~

e

e

-,

':__Bnd a non-return .valve The solenoid valve was used to cut off the- gas

-—

.. flow in the event “of, ,power ‘failure or in case of the fume hood failure.

at

‘:-'_"..The non-return valve wa:s‘y:i;ec} to avoid the possibilit;/ of any oil going

LY

~back in the‘gas line as, the pressure gaugeé and the micro-regulating

‘;_\.‘r'alve were quite sensitive to. the presense of oil in the gas stream.

4]

The Reactor PR S

~—

' The reactor was a 1 m long, 0.516 em' ID and 0.953 cm O. D ., S8 - 3'16—

S~
Fad
lJ.be (internal volume = 20. 9 m!), and had high pressure end fittings.

The bottom had a 3 mm outlet whereas a 6 mm tube was connected to
the- reactor top. Both top and bottom end tubes were provided w:th the
hlgh ‘pressure quick-connectors to facilitate the frequent removal of the

"a

reac’wr assembly. The bottom end tube\ size was chosen to be 3 mm to

make the size of the quick-connect flttm:., small enough to pass through

thé_ r},arrow tube in the bottom of the sand bath.

4.1.4 Sand Bath

P
The detalled construct:on of the sand bath\ is shown in Figuré 7. It
was fabricated out of a 50/:mm nominal size” plpe; At the top a conical
hopper was welded to facilitate the filling of sand as well as to _keep the

wa N 3 o 7.
sand from being blown away by sudden increase in the air flows. At
€ .

@

o'
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the Bottom of the pipe a heater filled with Kiselguhr was idded to
preheat the air. Three separate heaters were used for this sand bath.

The one at the bottom was for the air heater followed by a2 heater for
the middle of the reactor sand bath and then one for the top. These
three heaters were individually contr;olled by the th_ree Honeywell
temperature controllers.  While the therrpocouples for the top two
heaters were. placed at the middle of of ea:_:h ‘heater length inside the’

sand Sath, trne thermocouple for the bottom air heater was placed above

the porous plate.

The semi-circular heater elements were kept in their proper
positions ?;y tightening them with the metal clamps around the sand
bath. The *sand bath was insulated with abeut 40 mm of ceramic wool
fol!owed by about "5 mm of glass wool. The §and bath was esigned by
the author and was fabricated at the UmverStty machine shop{facilities.
The sand used in ti}is sand bakh was screened between 35 agd 50 me’h
screens. A drain w'ag. provided just above the poroes plate for the
‘sand removal. ‘

The sand bath was tested several times for checking the uniformity
of temperature: inside'ttme entire bath. Atter‘thea.temperature co-ntrollers
were tuned to the required ‘loads tﬁe sand laat/h.was able to give a
steady state temperatures of within 2°C inside the entire bath. The'
temperatures were measured with by a dlgltal thermometer. The
‘thﬁermocouple probe was moved along tf;“é entire‘*__iength at different

radial positions.

TS
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- 4.1.95 Oil Separation and Sampling System

The product oil and gas mixture coming‘.frdm £fhe reactor bot‘;om was
released through, the'back-préssure_’ regulator into the oil separation and
sampling sy::.tem. This section mainly consisted of two one litre volume
stainless steel separators connected in series. When samples were not
being drawn, the exit stream was passed through these separators to

L ]
remove the oil from outgoing gases. While the oil could tf]en' be removed

fronf* the separator bottom valve, the exit gases would pass to the

hydrogen sulfide scrubber. For sample withdrawals, the first separator .

was bypassed -and the oil was separated from the oﬁt gping- gases in a
weighed 200 cc glass bottle. The exit gases at the time of ﬁample
withdrawal.s were analyzed by passing a part of t.he exit gas tﬁrough
the gas chromatograph sample loop: The exit gases returning from the
g‘as chromatograph as well as the gases going out from the seebnd
separator were scrubbed in the hydrogen sulfide scrubber before the
gas flow meter. A three way ball valve was used to ghift the flow of
the -exit product stream\ between-the sé;ﬁérators and the sample bottle.
This valve and the sarr;;l.-'e"collection bottle were kept very close to the
back pressure r:egulator to minimize the_.dead velume between the
reactor exit and the sample bottle.

=

4.1.6 Wet Test Gas Flow Meter .
A Precision Scientific wet test gas flow meter (catalogue no. 63115) was
used to monitor the exit gas flow'co—r;tinuously.- A He;vlett Packa'rd
integrator (model no.33738) was modified- and was uged as a tirr.xer to
get t'he time for each complete rotation of the wet test gas flow meter

needle.
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;-t.'T.Y Gas ‘Chromatograph ) ‘ .

The exit gases were a?alyzed with a Hewlett Packard gas chromatograph
(model no. 5700A) attached to an integrator (model no. 3380A). A d.S
cc heated .sample loop was used to inject the gas. 23% SP-1700 on 80/100
C.hr'omosorb PAW packed in 1/8 inch OD stainless stéel tube 30 feet long
column of the Supelco company was employed. A 6 feet long 1/8 inch
OD Chromosil 310 celumn was added in series to t'he.above coluymn for

-~

better separation _of the hydrogen sulfide pee;k from tHe peak for normal
butane.- Columns were kep.t at an isothermal'l“ temperature:of 70°C. A
thermal conductivity detector at 100°C with a curr-er;t'of--_ZOO mA was
use&__.__The l.sample loop was also kept at a co;\stant 'temperatulre of 100°C
and the carrier gas (helitl’m) flow was 25. cc/minute. The chromatograph
was calibrated using the standard éas mixtu";-es Ql;f known compositions.
] .

4.2  Analytical Equipment

The equipment used for tHe tésti—ng of -the ‘catalyst as. well as the-
produ.ct oil _samples, is ‘described very briefly in this séction_. Most of
the eq,uipme’n;%ﬂwas of standard nature and theref'orf:' does not require

any detailed description.

4.2.1 Catalyst Testing
Thé final catalyst particles were tested for their chémical composition,

pore volume ‘and the nitrogen adsorption surface area.

—-
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4.2;.1:1 Chemical composition

The catal;/st particles were ground to a fine powder . (< 150 me;h size). -
0.1 g of this powder .was then fused with aboiit 0.5 g of lithium
metaborate (}:owder in graphitekc?rucib]e at 1000°C for ten minutes. T}.we
melt was then dissolved in 1IN nitritl: acid. This solution was then
-analyzed for the arnt;unts of silicon, aluminium, mdi'ybdenum ahd n'i‘ckel
with the help %f Direct Current _Argon Plasma Atomic Emission
Spectrophot-émetgry- (Beckman Spectras‘pan—V): The gravimetric method
for silicon and aluminium testing (as. per Vogel's [80] text book) were
.also used to check the accuracy " of the Atomic  Emission

 spectrophotometeric method. o

-

4.2.1.2 Pore Volume
Pore volume of the particles of the support material (before
_impregnation), - and the final catalyst was measured using the carbon

tetrachloride adsorption method = (Benesi, Bounar and Lee [5]).

&

4.2.1.3 Surface Area

Nitrogen adso;*ptio}r surface area was measured using a standard BET
6] mgthod. A giqss apparatus was alssembled as per the details.‘giy'e:nl
in the Tethnical Bulletin {-20]. of the Mellon Insti‘,tute §f Ind.us_tr.-ia}

-
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4.2.2  Analysis of Oil Samples -

The original ml and the product " oil samples'wér"e'tested ,for-"their

dens:ty, wscomty, aniline po:nt bmlmg pomt dlstrlbutlon and elemental

analysis (C, N, H and S) usmg.the methods_'mentioned below.

4.2.2.1-/ Density .. T
Density of oil ‘samples at 25°C was measuréd usir;g ‘a 2. cc specific-

gravity bottle.

4.2.2.2° Viscosity

The kinematic 'viscos:ity'f at 25°C was - measured using. a calibrated:

" Cannon-Fenske Routine: viscometer tube Ne.' 400.

-

4.2:2.3  Aniline Point

*

Ah'il'lh.e_ point of the 'oil sap‘ples_ vlras measured usirlg the Standard :

procedure and the equipment asl' per ASTM D-B11.

.2.2.4 Bmlmg Point DlStr‘IbUthn .

-

Slmulated DIStI”atiOl"l of the oul samples was carrled out accorddnng to

ASTM D 2887. A Hewlett Packard gas chromatograph' model 5730A was

used with. a flame;xomzatxon detector An integrator model 33738 ‘was

.,_-.modified to give the area Aunder the chror:na’cogram after every 2.5

"m:nutes Fcr the oil samples analyzed |n thIS work, " this method was

-

found to be sufflmently accurate _A chart record\é-/madel 7127A was

;—55‘-
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used to. get a chromatogram 'l 5% V-101 on- TOO/EO mesh . chromosorb-G
’ i "
} packed in 1/8 1nch SS 5 feet column was used WIth oven temperature

'programmmg of O“C (O min.). - 16° C/mia’.’ 350 c (‘IG min. ) The -
temperature of the mjectlon port and the FID detector was kept at
350° C 1 mscro fitre: sample was m{cted each time. Callbratlon .»ampfe' i

No 5080-8716 of Hewlett Packard contalnmg normal paraffms from C5 to"

C40 was used to get the retentlon tlrnes for dlfferer:\arbon numbers

E

- 4.2.2.5 Elemental Analysis ' - B

‘ Elemental analysis for C, N and H “was carried Qut with "the - Elemental

Analyzer rr:f_)del No. 240B of Perkin -EI;ne'r. Sulfur analy‘s‘r's was .earriedz.

out'by' an outside labor.atory using micro-analytical techniques;

-



- . Chapter V

' EXPERIMENTAL PROCEDURE .(PART - 1)

-t
s

~ The experfimental proc-:edt,i-;*e is divided_ in- two parts. Iﬁ the first part

= —
- -

the";pr-ocedu‘ré"?d'r" the’ E:a:taiyst preparation and _testing is d‘_iscuss“ed and

— -

in the:- second' part actual testin'g of the prepared datélyst in the
hydrotreatment - trickle-bed reactor  as well as the methods Jor the

product oil sample analysis is pr'ésented.

h tort

. e .
e h ~ W
-~ . e . e

‘\

5.1 - CATALYST PREPARATION IR

All the catalysts used in this studx were prepared by first making |
silica“alumina ‘gel. and mixing.it with powdered zeolite material. That

H

gel-zeolite mix> was then ‘.filte.'r‘ed,"washed and ‘extruded through=-a. 3/8

- - . . -4 - .
inch\, rotuind o¢pening. These extrusions were then dried, calcined,

’

crushed and screened to the right size. The catal?st"suppo;t particles

> I

were then tested for.the pdre volume and required concentration - of

nickel and molybde%um in the impregnation solution were calculated. An
. ' b 3

- impreg‘nation solution was prepared and the support particles were..
s ) ., ) e .
impregnated using ‘a vacuoum impregnation technique. The impregnated
+ . - K] - R s

'-cata[yst_ particles were then dried and calcined.

- The catalyst particles were tested for silicon,  aluminium, nickel and

- molybdenum concentrations and nitrogen adsorption surface area. After

B e s



—te

"'ge'tting satisfactory results from the apove test_!;,

y

‘the catalyst -particies
were then tested in the trickle-bed reactor.: 'Son;:e of the‘rel‘eva'nt details

of the catalyst preparation method as weil as,.'th'e. testir'\g methods are
described._below:

- w )
5.1.1 Gel Preparation

L

The required am_éunt of aluminium-nitrété was dissolved in distilled

water in a _11 “litre beaker fitted with & stirrer and a pH meter. T_hé

a_pprgbriate amount of sodium silicate was weighed and slbwlir added to
the aluminium 'nitrate: solution.

Ammonium hydroxide was then added -
from a burette to the well stirred contents of the beaker to bring the
pH to a neutral level. Silicon and aluminium,

thus precipitate out as
respective hydroxides in form of a white gel. The beaker-was filled to

the top with distilled water. The gel was left to settle as well as to age
for a period of about one.e_day.

o
.o,

o~ I~

The clear quui-d abové ‘the settled -gel was decanted and the

AL

required amount ,of Zeolite powderj (Type-Y Ze;lli,te’ rare 'ela’rth" -
e_xcﬁanged, 38 :to 53 micron size powder supplied by; Séerm_ Chemi;:al

compény) was added to the gel. The contents of the beaker we‘r'-'e
stirred thoroughly to dislgerse the .p<l>\7\ider. unj_fg |

rmly .,

-

- LR
5.1.2

Filtration' and Wasking i R
The above gel-.powderj mixture was fi]fered in two 18.5 cm vacuum-filter

funnels. The gel-powder mixtire was equally ‘divided in the two funnels

.k

¥

v e



-

. cakes. This was continued until no more water drops’'were coming down

L
1
T
¥

and the resulting filter cake was washed three times with a 2% by

weight solution of ammonium acetate. About 1.3 litre of solution was
used for each washing. Care was taken not to let the filter cakes dry
during filtration and washing. After three successive washes, the filter

cake was .allowed to stay' in the fumnels letting the air run through the

I from the filtration funnels.

-

-"

= 5.1.3  Extrusion and Drying

.
R

" The fit‘tér cak'_evs from both the filtration funnels weré ‘removed an

- e -

[

. d ’

x biaced on a plate and were mixed by a stainless steel spatul; to” make a™ -

'uniform extrudeable paste. The paste was then pressed through 5..3/8_

inch round hole dye of an extruder and the extrusions were spreéa )

" over glass plates for drying. The extrusions ‘were dried for a period of

one day in air and then dried in an oven at 60°C for a period of 3 to 6

. hours depending on the water contents of the extrusions.

-
Vo
RERE

5.1.4 _"Calcination,‘
Partially dried extrusions were then transferred to a crucible and kept

in 2 muffle furnace at 700°C. This calcination was carried out for a

w ~

period of 5 to 6 hours. The calcined extrusions. were cooled and stored

in a glass desiccator.



5.1.5 Size Reduction : .

.-

-

- “ . . a- Ui .
The calcined extrusions had good mechamical strength and were crushed ..

using a 160 mm O.D. size porcelain mortar and pestle. The extrusi&h-’s :

were not crushed to the desired size at one time. The crushmngas-

H O
_..‘. N \‘

carried out in stages. The des:red size of the partlcles was between 70‘

and 80 mesh. Therefore, the screens were stacked startmg w:th a 18‘

\ * ’

_.mesh at the top followed by 50, 60, 70, and then 80 mesh screen at the.-'" -

bottom InitiaIIy, the crushed mater:al was put on the top (18 mesh]

screen and the screenmg was done for a perlod of ﬁ minutes. After
this the materlal left on the top screen was taken out, further crushed

and was put back on same screen. Again the screens were shaken for

Iy
¥
o

15 minutes. Th:s process was repeated till no maternal was left on the .

top screen. The top screen was then removed and the materlal on the
next screen was crushed -and 'scr_eened in the ‘same manner. This was

. done until no.material was_left on that screen.’

The crushing -and screening sequence was' continued until almost no

)

fhé;te'ria1 was left on the 70 mesh screen. The crushed particles retained

on-the 80 mesh screen were then collected and stored in: glass bottles

for pore vo[ume measurements and vacuum nmpregnatlon This techmque

J./
~ of crushmg and screening sequence was found to” be -rnost efﬁcnent n .

getting the maximum amounts of the desired size pacticles. .°
~ .4 . 7 ' . . .-' . . . .‘l i L .' .

vy




5.1.6% Pore Volume Meas'urement: B L

IR e

The pore volume 'of'the'cataly'st euppo'rt particles 'dvas measured using

the carbon te rachlorlde adsorptton tech,nlque of* Benes: et.al. [53]. In

-

al6 cm dtameter glass desnccaton "7 5cc of n- hexadecane and 182.5cc of

.

carbon tetrachlorlde was added and . W3S thoroughly mixed. About 1to2

g of the dry catalyst support parttcles were we:ghed in a 5 cG narrow

L

neck measurmg bottli wath a hexagonal base 1t was kept in’ the

- a
n

desiccator and was then evacuated usmg a vacuum pump An ice trap

-

was used for condensmg carbon tetrachlorzde \rapors~ The pump was

PO .

run till about 10 cc of carbon tetrachlortde was collected in the cold

Lt

trap The desxccator was then 1so|ated and Ieft for 3 perlod of- at Ieast

4 hours for an equ:llbrlum to be reached Subsequently the des:ccater--

was opened and the bottle containing the catalyst support particles was

~

:mmedtately c!osed with a stopper The bottle was then. weighed. The

diff e:ence m ..enghts gave the amount oT' carbon tetrachloc

0

in the catalyst pores and on the bottle wal[s‘

-

e condensed

e a .,,l. . ". A'.
i ' -

The above procedure was repeated with the empty ‘bottle to find

4

the amount of carbon tetrachlorlde adsorbed on the sides .of the sample

';bottle.' Approprtat,e amounts of carbon tetrf.chlonde were added to the

. v

desmcater to keep the concentrat:on of the. two components at initial

v

Ievels The concentrat:on of the mixture in the des:ccater was checked

s .by measurtng the. refractlve mdex The welght of carbon tetrachlor:de.

“adsorbed m the catalyst pores was then dyﬂded by its density ‘and the

/——'
welght of dry: sampie to 'get the p me per umt welght of the

: support partlcles
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5.1.7 | Impregnation . ‘ , e

InJ
‘h

The’ concentrat:ons of nickel nttrate ame!' ammomurn molybdate required

ol
to get the desnred amounts of these compmnds into the pores of a

')I

support material of known pore volurne.'._._jfv-as estimated. Sufflc:ent

quantity of impregnation scolution to immerse':-'_-ihe entire amount of the

) support parttcles was prepared (details in Appendlx)

-u.-
i i
-

4

-

A spec:al twm flask was made from two 500 m! conical fiasks to

quickly drop the entlre amount of the catalyst support particies in the

'impregnation so[ution under wvacuum, That special flask was supported

on a stand that allowed rotation of the flask in sucht a way—t-l'/at the

.evacuated catalyst b;rtlc!es could be\ dropped from one sectton of the
F

flask to the.other. igure 8 shows tHe details of the arrangement.

S . -

The catalyst support particles dried at 110°C for at least. 3 hours

were taken in the part A of the imprégnatio;{ flask. The flask was then

connected to a vacuum pump and the catalyst support particles were

evacuated to a vacuum of 0.2 mm Hg to remove all the gas from the

pores. The wvacuum valve was “then closed and the impregnation

7

solution was slowly introduced in part-8 of the flask taking care not to

. . . L

let any air in or to splash the solution on to e catalyst support
. " & T

particles. The fl3sk was then turned to drop all the catalyst support

pa*e,o the impregnation solution. Once all the particles were

immersed in the solution air was slowly in_troduced into the flask to
bring it to the atmospheric pressure. The particles werd then allpwed to

Ve .
reach equilibrium for u;bout' 15 minutes. The particles and the solution

S



+»—— Impregnation
Solution

To -—

Vacuum

o —

Imprednation
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AR . Figure. 8: Vacuum Impregnation Arrangement

._‘,.,: - . v

. . “slurry was then transferred to a coarse sintered -glass filter funnel and

the solution separated from the particles. The impregnated particles

were dried and calcined ati?OO“C for about six hours.

&

»

5.1.8 * Analysis*?of Chemical Compositjon

Ve The conzentrations of silicon, aluminium, nickel and molybdenum "were
R ;.:-‘ \" analyzed  using the D.C. Argon Plasma Atomic Emission
:;-_'- ‘. - ' Spectrophotoimmeter. Approximately 0.1 g of the powdered catalyst was

weighed in H graphite crucible and about 0.5 g of lithium metaborate
was added’ to it. The crucible wé‘a covered with a graphite lid and was
"~ > then kept-in.a muffle furnace at 'IbQO“C.,for about 10 minutes. 75 mi of

;;#f;': ) & . . T

D-. . : . | . . -,6-3 )
»
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IN-nitric acid was placed in a 400 m! beaker kept on a magnetic ‘stirrer.

The red hot crucible was taken out from the furnace and the Hd was

removed. The melted bead of the fused mass was carefuily _droppéd' into

the nitric acid. The content of the beake_; were kept well stirred till all
the melt was dissolved. That Sdlution was then transferred to a 100 ml

*

measuring flask and the volume was made up to the graduation mark.

The solutio ax stored in a plastic bottle. ©

A Beckman Spect%pan-v was used to analyze the solution prepared

above. Standard solutions were prepared in 1N-n.it'r'ir;'.acid using the

. -
L

avaiiable standards for the four elements to f.;g;f:é}maly'}_‘ed 'fd:r" the’

oy
)

calibration of the equipment. Blank solutions were prepared by fusing.

0.5 g of the lithium metaborate with no catalyst powder. These "blank
solutions gave zero reading of emission levels for each of the elements.
Three readings were taken for each element and an average was

obtained. The weight of each element was calculated from the vélume of

solution and th'e weight of the catalyst powder used. The % by wt. of

. . , . \ .
silica, alumina, nickel oxide aq;\molybdenum oxide were then

-

determined. . : .

The concentrations .of silicon and aluminium were also checked using

the gravimetric method given"in .'Vogel's [80] book. *}TH’é-‘.'cataiyst
pe;rticles wer;a fuégd in _sodium hydroxide in a nickel crucible and then
'ﬁéissolved in distilled water. The same so!u,éi}on was used for both the
tests. The agreement between grayimefric _methods and-the Atomic
Emission Spectrophotometery method was quite'good.- Therefore .the

‘gravimetric methods were used only for the first few catalysts.‘

v
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5.1.9 BET Surface Area

The glass equipment for the measurement of surface area was assembled

-]

as described in the 'Technical Bulletin' [20] of the Mellon !nstitute.

'
< Pl

The surface area measurements were carried out as described in that

b -

bulletin.

t
After checking and correcting™ for all vacuum leaks the volumes of

the glass burets were calibrate’d by weighing the"éimount of mercury

o e

g requ:red to fill ‘the - glass bufbs Bulb factors were then calculated. 1 to
Z g 91" the Cataryst partldes" were taken in" the sample tube and

degassed at 200°C for about three hours. Dead “space factor was

calculated ‘by using helidm §es. Three to five points were obtained on

‘the nitrogen adsorption isotherm up to a nitrogen pressure of about 0.4

Lol A T R
X

A

atmosphere.

L
- "9.. . , - ‘
A computer program w¥® written using Ieast-squares grethod for

-

flttmg a stralght Ime through the pcnnts of the adsorptlon data., The
program is given in.the Append:x. The wvalues of the’ ,slope .and the
mtercept of the straight line’ was calculated ?rom Whie}i “the surface ,

area was determmed The results were found to be qunte reproduc:ble

4

PN ' B
5.1.10  SEM Imaging ané’-énergy—Dis'per;s'ive X-Ray Analysis T
Catalyst samples for scanning-electron H;\icr:oscope x-ray dot maps were

v

mounted in epoxy-resin and were polished in oil.’
| /‘\\_/
\
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Chapter Vi

EXPERIMENTAL PROCEDURE (PART - 1)

6.1 CATALYTIC H_YDROTREATMENTﬂ,_,,

After varioﬁs characteristics of the catalyst were satisfactory, it was
placed in the reactor to determ'infe its performance. In 'this section,
catalyst filling in the trickle-bed reactor, sulfiding and activation,
hydrotreatfﬁe’nt.and sample withdrawal are described. This is followed
by jche gas 'analys;.is of the reactor e;cit galses and the 'ana.h,;sis of the oil

bl

samples.

-
-+

6.1.1 Reactor Filling Witl:-x thg_lyst

The reactor was 1 m in length a;:nd‘f;ad a volun:1e of 20.9 ml. The volume
of catalyst used for éach test was 8 rpl. The catalyst particles w:are
_between 70 and 80 mesh- size. The‘c'étalyst was diluted with equal
volume of a-alumina of the same size. Catalyst volume was measured by’
packing it to the 8 ml mark in a 10 -ml glass meaéuring cylinder. The
cylinder was kepf on a vibrator to get the maximum packing.: ';'he
packed cylinder' wés-also weighed to get the bulk density of the
- catalyst. "The volurr:e df- ¢-alumina was also 'me_'asur:éd in the same .way.

The 'catalyst___particies‘and the alfa-alumina particles were‘_thorou’ghly'

mixed in a 200 ml Blass bottle to get a uniform mixture.
e ‘ .

-
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sand bath.

" The reactor was also packed using a vibrator. A 5.cm long, very

tightly rolled roll of 60 mesh stainless steel screen was first inserted in

“he reactor tube at the bottom. This was found to be quite adequate to

prevent the catalyst” particles from being carried away with the reactor

effluent. The tube was then heid-vertically in a §tand "A vibrator was
attached at the bottom The catalyst alumtna mixture was sIowly pourcd i
in to the_top end-of the tube. '16 ml of the mixture fllled 76 9 cm of the
teactor tube. The top portion of the tube was then f:lled w:th the same
size a-alumina. A 1 cm long pliug of a quartz wool was then placed at-

the top end of the reactor tube. The reactor hig:h-pressure end fittings

. were then secured at the ends and the reactor was lowered into the

T

6.1.3 Sulfiding and&ActiQon | - -

After connecting the rea-c;tor at \the top and bottom to the quick-
connectors, the -complete. system wys \pressurized to 15000 psig .v'vit:h
nitrogen/’t-o check for feaks. The gas was then released and the reactor
system was brought to atmospheric pressure. The flow 'of. 10 mole ‘;,
mixture of hydrogen sulfide in hydrogen (of . Mathesgn. Co. ) was |
started through "the reactor at a pressure of 50 psig. The sand bath

was filled with sand and heating was started. The temperature was set

at 350@ "“‘C for sulfiding. The temperature reached thé set value in

_about one hour per'lod and sulfxdmg orf the catalyst was.carrsed at those

cond:txons for 4 hours Hydrogen was then passed throégh the rcactor -

at the same conditions for 30 minutes.



ty,

1

6.1.3 Hydrotreatment . N :
. . .
i-After the sulftdlng was completed the sand ‘was taken out’ of the sand

bath anggthe reactor was allowed to cool to a temperalture_. Beloi 150._C“

1

4

was.then -'started and the ""feed Sil was pumped :nt_o' the reactor.

Hydrogen continued flowing through the reactor

Pumping of oil“was then started .10 mi of the oil was passed

-

through the reactor before settlng the actual operat:ng cond:t:ons
This was found suff:cient to wet aII the tataiyst par‘tictes The back-
pressure regulator was pressurize to the deSIred_.vhydrotfeatment
'pressure and the pres's'Ure of the "h'ydrog{en cyiinden ?ﬂlator was also
adjusted accordlngly The flow of the hydrogen wasr

mlcro—regulatmg valve. The sand —§ put back into the sand bath and
heatmg was res.:med The hyd"otreatmen* temperafure as, set at the

-

desired value. ) s

-

*

....

lt ,took about 90 mmutes for the reactor system to reach a_ steady
'state. During normal runs the reactor effluent was passed through the

first - one [itre separator. The, exit gases were ‘scrubbed in :the

N

hydrogen sulflde scr‘ubber and later patsed through the wet-test-flow

*

-

as it was not advisable to pass the ~oil om hot dry catalyst. “The pump -

adjusted thh the

" .meter. The integ-ator connected to the wet-test- flow rneter ga?e a -

contu’nuous record of the gas flow" rates The gas flow rates rema:ned

» fau:b,-— constant over the en.tnre run aithougb sltght decrease |n the gas

*

flow rate was observed. ) . ) ' T

Ny



' ‘n,s 1.4 . Samp[e withdrawal. .~ .-

A 200 ‘ml glass bottle was welghed and. attached at the sample collectnon

.~

- pomt The reactor effluent flqw was shifted to the sample bottle using

“the" three way valive for mthdrawmg the cul sa_mple. The oil was

from thelgases in the sample _bottle and” a part of the Ggas
stream was sent to the gas chrdmatograph_ for "analysis. The rest ql’ the
1 stream alongj with the return ‘gas from the gas chromatograph was

‘_then scrubbed -in the hydrogen sulfide scrubber containing - a "0 wt. %

solution of.-KOH - The gas " flow of the effluent gases” was contmuously

monitored by the wet-test-flow meter. The sample collectlon -and the_gas

/\ ' analy51$ was continued’ t:ll the requ:red amount (e.g. amount sufficient

. ' for further oil analy5|s) of oil was collected _ . T

R -

6.1.5 Gas finalysis o

Rl

" The de’tails of the gas chromatograph"-and accessories used to analyze

D .

< . ""—""t'he reactor ef luent gases has already been descrubed; in fhe prev:ous
S | _chapter A port:on of the  gas gomg out of the sample ‘bottle was
. _continuously. g}sed throughua heated 0 5 ce sample vélume. *When the
gas\ wag to be analiyzed, the-gas * was mjected _ mto the’ gas.
chromatograph by\ﬁl:pplng the sarnple~ valve A typic:al c:hromatcigram'
obtamed durmg the» analysis is shown in  Figure 9. .Areas ?nder

various. peaks were given by thé_integrator. These areas were then

- - ‘! Ll ' "

converted to the? number of moles of the gorresponding puré gas
cdinnonent's'"'::sin_é -the -calibration -‘_curves -'for “each aqgas. l-lydrééjén was
e calr:Ul_atecl by" difference. Subsecluently_ the molar % of .each of the

component_was estimated. . Y o, e

1




] 1.-Methane . 4 .
- ' ' T 2. Ethane~ * o -
) | 3.- Propane e

. 4. lso-butane

~ 5. Hydrogen sul fide s

' -6. Butane - .
7. Isoipénfihe _
8. Pentane . o

™~ ‘p.p ’ .

! The gas chromatograph .was cahbrated usmg a standard mixture of

-

4

known compos:tlon and three different snzes of the sample !oops Gi.e.

.0 125 cc, 0.5 cc and 1.0 cc). Areas under the’ dtfferent peaks were

plotted\gamst the absolute amounts of the gas components and the

points ‘were connected by the straight lines. These were used for:
analy"s’ls of exit g3s. T

-

.G' 1.6 _ Shut:Down

4

During the shut-down of the hydrotreatmeni ‘system, care was :iken not
to let the catalyst run dry under hot cc;n,ditions. This was t

prevent

any excess formation of coke on the catalyst. The.excess ‘coke fnrjmatioh

L] . . —

+

]

aty
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A

B

N

- +

dur:ng the start up periods would have resulted in the premature --

1. b

deactivation of the catalyst The purpose of avoiding the excess coke .

build-up durmg the shut-down lwas “to. get accurate data on the coking

propeﬂrty- of the catalyst. T e s L

b. .
o - v
: Lt e

. The heating was first stopped and all the sand v@és withdrawn from -
the sand bath Air was Blown into the sand bath to facilitate cooling of . . )

(N

the sand bath. The oil pump as well as the hydrogen flow through the .
reactor were not mterrupted until the temperature inside the reactor
was Iess than 100°C. At that time ‘the pump was stopped and the

-~
reactor was depressurlzed slowly by reducing the pressure on ,the

back- pr'essur-e regulator and  the hydrogen  press {e reéu?ator N

. slmultaneously ‘The hydrogen gas_ cylinder valve was then closed and |’

R

.-.nitroge'n valve wa‘s opened. This was done tof flush out all hydrogen

from the reactor sy'stem“b'e?ore taking the reactor apart.

L
!

A mixture of 25% by volume of benzene and acetone was used as a

cleaning soluflon to remove Wl the 0|I from inside of the reactor. Thns "

solution was passed throu‘gh the catalyst bed"\several t:mes till clear.

liquid was seen 'eomirig out of the reactor. Nitrogen was pur‘ge..}‘through

. ' 1 o .
‘the reactor to dry out the catalyst. The reactor was then taken out of

the sand-bath, opened and the catalyst 'and e-alumina particles were

' rernpved and collected- X . . -

, . - / .t . h
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6.1.7 Analys:s of O|L5amples

r

Physical properties (l e dens:ty and v:scosnty) An:llne point, Bo:lmg- )

™

Point distribution, and'_elem_en_ta-l analys:s (i.e. N, C, H ,a‘nd, S) of the

origi'nal oil. and oil. s‘am'ples, from hydrotreatment experiment were

" determined. ... : Vs »

) 6 1.7, T Density -and Vi'sco'sity

~.Dens|ty of the OI| samp!es was measured by a 2 ml sbecific-gra\}ity

bottle The oil sample at 25°C was introduced’into the bottle and- the
bottle wasg\wnped clean from the outsnde The bottle was weighed and

the dens:ty was. determmed from the welght of the oil in the bottle.

¢ .

Viscosity . was measured USmg the Cannon -Fenske. type calibrated

viscometer tube No. 400 A constant temperature bath was used to keep

1t l

V|scometer tube and was allowed to attam the temperatur of the bath.

R

The oil was then Sucked tp ;ust above the upper etched myrk on the

oy I,

the . vVistometer -tube at "5 C 6 Y mi of the on! was placed in- the'

tube and the t;me was -nhoted for- the Ol] level to pass. through the two

etched‘mar-k_mgs pn the Vtscometer tubed The measurement was repeated

4
four tlmes and the average value ‘of the ‘wscomty was calcuiated
. .

C %

6.1.7.2 Aniline Point

-

The aniline-point of the oil was de'm?ned accordin‘? to ASTM D-611.
SNy .
The aniline was first contacted wnth sodf-m' hydroxide pellets in a glass

¥ .o ' : -

e



P K

3n opaque glass bottle under nitrogen atmoSphere.\/_\\ Co

aniline-point for the oil sample.”

. . -
bl . - P

bottle and kept overmght to remove the mo:sture 'Aniline: was then

-dlstqlled under vacuum m a- rotary evaporator The f‘rst 10°o of the _

Th'e‘ d:sttlla’uon was- stopped when Iast 'IO% of

the aniline remained in the dlst1l|atnon flask‘ The dlStl”atE was stored m‘

P

-
-

.The aniline-point apparatus was assembled as per ASTM D-611.\10

Ml of the oil and~10 m! of the aniline were Gsed for each measurement.

Both aniline and oil were poured into the inner test- tube and the'

contents were kept well stifred. Heating _was started and the

temperature was noted when a'_cle?t(- liguid appeared in the test-tube.

- . - ‘ k]
The test tube was cooled and the above- procediure was repeated till

e

three reproducib“le readings were obtained.. This temperature was the ’

b .
]

I

6.1.7.3 Bo:lmg Point sttrtbution

R

;‘The Simulated | Dlstlllatlon technique as per ASTM D-2887" was used to

T -

. determine the bollmg-pount distribution of the. oil ‘samples. The

_equipment used for this has been desc}'ibed' ‘in the chapter.

"EXPERIMENTAL EQUIPMENT" ‘The gas-chromatographic column was

condlt:oned at 350°C overmght The injection-por‘t and the dete’ctor-'-
o

temperatures were ' kept at 350"-@ and the Flame 1onization Detector

(FID) ‘was lit. The oven temperature programmmg was set for 0°C (0

~min.) - 16°C/min.: - 350°C (16 hip.). A blank run was _taken to check

]

if the column performance wﬁa's _satisfactory. 1 micro-litre of the

LI . . -

-standard fample (Hewlett-Packard No. ' 5080-8716, containing C5 to

- 73 - : {
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A

~

standard-sample is shown in Fugure 10.

chromatogry (as shown in Figure 12 ) and the area under the curve at .

\ ) I“ r : oo . B - ;

= C 40 normal para-ffms) \was m;ected and th-e retentlon times for various

o
carbon numbers were noted. A typlcal chrornatogram obtained, with .the

In Figuré M a smooth curve is drawn through the 'points' oh‘tained’

Py .

froh' the standard Sémple 1' ul of each sample was injected ‘the

every 2.5 minute time interval was® measured. This area was correlated,

with- the boiiihg-éoin'ts at various retention- times. The boiling-point
distribution curve was generated. A computer program was written for
- n

these repetltlve calculations and is given in the appendix. A typical
- hS
_/bonltng -point dlstrzbutton curve is shown in Flgli‘ne 13. .
L] . ‘h
) .
,-?.‘ A .
[ s L‘ o~
S
- ‘
‘4 . N ' .a )

-~

n

e
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shows the retention times for différent carbdn-numbers. -
o DS . . Coty

[y

- = A = Ty /-/\)
e ~ - i a ¢
« o ™~ s . *\\ -4
] - D : Y
o = - S - A ' e
; - ) e
» }-—-’ 3 o - r:"- e .. : .
.u. b 56 ' Y2 oo Carbon , Retention
i . . Number 7 Time(min.}
; : 5 . 3
6 0.5
o 16 . . 1.0 °
A § * 8 1.77
” < I 9 .o 2.76
X | 10 " 3.78 .
g 11 . 74.86 )
12 - 5.79
S 14 7.51 ¥
. 15 8.32
. 16 9. 04 3
- : 167 o 9.72 :
18 10.33 i
20 11.51 |
} . 24 13.73 :
N 28 15.32 |
\ ) 32 16.80
¢ 36 822,
. a0, 19.69
A
' R T | .
. - ’ /5 Time I([r]m'n'.‘}“ ]5 20 #
2 A
- ’ ] . . - N .‘. . ..“' f"
. Figure 10;: Simulated-Distillation (Standard Sample) This/Figure
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Fig-ﬁre 13- Simulated Distillation - Boiling Point Distribution’ Curvel

6.1.7.4 Elemental Analysis e

e’

The analysis of oil samples for the determination of amounts of carbon,
nitrogen and hydrogen was carried out with a Perkin Elmer Elemental

Analyzer Modei. No. 240B. Since maximum nitrégen in the oil samples

L S L
.- B

o

- F -




waé only"'.EO.49.% (by wt.) there was a need to make a standard for
"calibration of the nitrogen factor KN » Slnce no pure compound was
available wrth such a low Nitrogen concéntratlon appropriate amount of
diphenylamine was dissobved in benzene. ‘it was: then ‘dissolved in the
desired ‘amount of squalane (C3OH62). The amounts of tﬁe ‘three
componen'.cs were adjusted .to get a final mixture"qqritaining 0.5 % (by
wt.) of nitrogen. This was used as a standard to find the nitrogen

-

factor for the machine. The carbon and hydrogen factors ('i,.lé"..- KC

and KH) were evaluated using acetanilide as a standard.

s

‘After the K-factors were determined, ‘éhe oil samples were ‘a:);a_ly-;ed
by weighing about I.'3 gl of oil in an aluminium capsule. The:‘c.‘a-psule
"was sealed, kept in a nickel shell and was then I‘o'aded on thelf .
combustion ladel. The ladel was mserted- in to<the combustion tdb.é of._r
the machine and the program was started. The analysis of the sample"
from this point onwards was automatic except for pushing the [ade! \into
the combustion zone and brlngmg it Back. The magnitude of the s:gnals':
from the three detectors were recorded with a “chart recorder : The

\.‘

values were read form the chart and: corresponding amounts -6f the

-t

three elements were calculated using'thé' K-factors. Three. tests were
made for each sample and the mean value was reported.'-‘..'l}he' sulfur -

' analysis was performed-‘_at an outside laboratory.

. ' b



— Chapter V[i e Lo
L ﬁESULTS AND. DlSCtﬁ’SSION
‘. . . - -

. . o ) '.’..‘.:3"- : ‘:: K o ) .

Ample evidence is available in .the literature ‘coh'cerning the use of ..

o

&

abplications'-.,"'rhere are  not “muchs data ava:lable on;i-ts- use ?or

hydrotreatlng apphcatlons Therefor"e be"r'qre carrymg out any"'d'etalled

experlmental ,work it was thought fit to eva]uate the potentlal of such a

m:xed support mater:a! m‘thefhydrotreatmg of the heavy ga.s 01l The

followmg three catalysts were prepared. .. -

-

: metal:

~

- .

o L . R ‘. .

Cat. No. I]-"T,:: “14.5% zeolite a'nd"!'-85.5% alumina with' no active .

e — .ot
- - er

. . ' as .. . B
-~ . . -

Cat. No. 1--'2"':" 14.5% zeolite 'o'l:‘us equ‘al _parts of .s_i,lioa and

. . ok

~alumina (i.e. 42{2%" snlrca and 42.3% alurruna) With no actiye .

- -~

AR
AP
2 o ~

Cat No 1-3 zeolrt'e sul:ca and a[umma as in Cat No. 1-2 Gt -

.

-‘impregnated with 4. 7 MoO3and 1.65% NiO. e

I
- R . R -
w . : r- X .‘" oL
' . . . -

-Thesa three -catalysts"were 'Ftrst -tested to determlne thelr

performance for the remova\‘ of mtrogen and sulfur from the heavy gas

oil.

The results obtamed and the test condntlons are glven m Table 6.

o, -~
i . . X . A
bl . . . ~ : - fal
' 2 -
- t
-
4 - % - -
L 4 et \ L
- - . . . -
- 79 - . : -
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P . .
.
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- -
s s
. S R
=
. -
- - ’

. zeolite' mixed with ‘amorphous silica-alumina supports “for cracking . -
~ ' I A
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* \ .Lvanabies :n the approprtate coded 1‘or'ms.T ]'he codm% used f'or thns
L) '! LT ‘. . .’v‘...f : . .'
T :},"_,_- study ts g;ve,n m Tabje 7 A SO
S . P
-iﬂ' _:‘ . ’ : -_ . “" . N JE -7 R .- o -‘.\-“ o
e . *‘ ‘.7.' "'.; .. - = . ; B T T W
. - ‘:‘ - R - e T PR ’:.
AL | Operatmg- Regxon L R
- TR g ", i IR c . AR
',_\,1. The. boundaraes of the operat:ng regton 'For thls t_ype of worle- are very.,
¥ - weil defmed ( [74] [34] and uother hyd ro-processmg J'te‘raturé} The
Y par‘ h‘eaLvy gas 011 used m thrs s‘tudy was t‘hé‘ ,sa'rne as used earher
. - ""'-'._ N .
ﬁ’ e (Sambl LS?}) . Tb.Q results of ~thxs study fcy-medr the ~ba‘51s- of c.hoosmg
- . O - - the.;approprlate set oﬁ condlt:ons For the above experlmeﬁtal d‘esugn.
- L oo . N Sooe, P . K
. K ;r- o : . - ay B 3 . - -“ - Tyied® L r N g -
R o : . — . - .
kr - ' rTablg'Y‘ Codmg uf The Dperatlng Var-:ables .
L I SRS X1 "= [Temperature (~ Cl J/SO“ S :—,."' ;
T SN EO % 5" [Pr‘essure (szQ) 1000]f@0 LR o
SR e U= TLHSVY - 270171 o . i
T P T ~[Gas Flow Rate. (st I/hrJ 150]/100 "l‘<_;
. e .‘- K PR . ; .. . .:.. |
Lo ' B-Lé\;eis of Operatmg Vamables :_F' i o
‘: . '.\:; Coded Temperature Pressur‘e qumd Flow Gas quw ~ :-,,
e o Valge. (C) -'_‘ (psig). . (LHSV) {St |/m)
. o - -325 - 500 1. 0 . ‘ 50,"‘ .
oI R S i 375 3000 .7*2.0 . 50 i
e sl JA425e 0 e .« 1500 .. .3 0. 250~
o l_: ."'.— ) . - - - . e L o . _“::.,.‘ :‘.. s --? ‘_; »
; ) -v‘:.._. __’7 P L -‘ .,_ “;. ,_‘.V q.\....’,"_‘ :, : T
) . . _ et _:_ . _. - ! v < o . ‘_‘ = g :: ‘_.M .

"__ » “\u .
mtrogen «remova[')

E(x) +s

LB

.
-
N

LY

- -

) m‘dlcate a lpartlcu,lar performance crl.tef'ro‘n ).

_the e'xpected".val.ue, of“the' rth \perfqrmance cr»temon (-e 9
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e ~:""' s iy -::" BN P, - . 2
: TR = :
q’vw N T T e L i
AR : - ~ v 'v“ Lo __,‘x..""’
‘ : : o > o - RIS IR St
: ’Fhe .empsgruca.! mod'Els‘-,pf the type glvef'r in ‘Eqm (1)"are ‘§'enerauy
D ,"_',‘ R ‘ -'t_ -_ u 1.* v R . ~ '

» e, 'h L evatid -onlyxwrthm or_ vary close to the ope-ratmg ,region _ The-q:ho;ce of
I.. : -".-_ . =" . --‘- " ".. ooah, .; ,._A‘ % * ., . ‘\ "
f'.'."—:-‘-i too smaﬂ a r-eglon W|II hmlt the wange of appht:'abll:ty and there.fere the
a ' o ~‘1‘ u:se?ulness ‘of " the model it Gdn .‘also Iead to -dlfflcuLtles i détectmg the

R N Ty g - B s .

& , o effect's of— ’the Operatmg vaﬂables~ relatwe tD “the. exper:mental _errors
o ‘On the other hana 'vuse of toq,"\laf-ge an’ Operatnag-regron ‘miay !ead to
“ " Jnadequa’ce“and thus unr'ehable d‘escrnp’twn of the system \ﬁthm the
G RRTU eratmg regxon whe Cons’idkr:ng the above menttoned factors. -the chouce
T ?f:_";' PR PR VA . o - R
O L .of the operatmg reglon_ was g made The operatmg r'agion Jwas ‘al :
BN hypercube deflned by the Followmg 1tmItS S

AT "\ - : PR Tl - o

o ‘l__- c ’ 3‘7‘5 C _é Ten?peratu re .;_.'-“-‘4‘_5'5‘°C - e s e T
RREE T R 500 ps-rg g 'Pressur.e "ISOO psng T IR 5-‘2».. ST

T e . S 1.,Oh qumg Houri‘y Spade \fe!ocxty' (LHSV') 3'0 \

- .‘4. ‘1.1 . {‘;» ; :A.- N -l‘;;:~., ! -. .

T 50 st r/hp. _</ Gas Flow Rate _,_s‘- 750 st i/hr, : '

S - -.~- SRR . R i L.
o .. -. - ;; . ' . - T S "‘ . - et 1- o tra T
L e 7 1. 1. 2 Rarrdomlzatton of the Experlmentaf Rums =~ L= L
B : Lot . . w-— v -
e The order of executton of the runs should,x.;dealiy be random:zed,,m
. ,:_5_:‘ s . '. e e . . -.i : . ‘.
g , erder to ensure‘ the val:d mterpretatron of the expernmental results .and
the model One attempts to spr,ead the effect of any extraneous source
v . of varlatuon equally -over aII the : reSuIts by 'réndo?mzataon, ‘thereby
-.rb";_;- " " ' Tooe -
et avo:dmg the confoundmg of the. ope*ratlng varlables ;of mterest w1th

R ._-ET‘ : . . - - . “ . .' J‘
T these extran30us varrabies «-However c_;_omplete-. randomization was ‘not
L e " R N AT I L T O
R -'i-'.;i_-j:-‘r-l experlmehtally* expedlent for' -tfns'- wor:k.' Especially ;:han_ging‘ the
L RN temperatu.re ,of hydrotrea'tment was very tlme consummg and’ 50 afl the
R T v e Tre e - 7. .

R o e v ' : " ) " !
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A ke ot ' v . t E
T - . S W Ay -
- } ,'_": q,f‘““-;‘ \. .
;"l . . - B Rk . L ., Q.' S g ’ t,,. ~ T Y:f\‘ :‘_-*..
. 2T e s Tars
oA T Funs at each temperature were, generally c,errred out in’ suc‘tessuon The
] _,\-’_ -~ \ ."_- ;- - .__ . ‘,_ u‘?. A .
T s order of executlon ) w1th4n each glock was random:zed The- three .
‘| T rephcate rur'as at the centre of the Operatmg reglon were purposely
B execu{ed at the begmnrng, mlddle and end of the exper:mental pro_gr'am
. ..‘ - - - - ‘- -
- : so ‘35 ‘to evaluate any p055tble tlme effects (e g catalyst deactlvatton)
-. Wt -.' v ) - ) :‘ .- L. EA PR S L'l o " K "' LT el
. S T s
v 71,2 Anajyms o'f Results ‘of E!tpemmental Des:gn - C
. ' "w - The results obtasned from ‘the ex‘perlments “are gjven m Table 8.

' should be noted that the ‘77 rud Box- Behnken desugn was- au-gme-nted b

. . ' '

- one addlt:bnal run at the Centre point to allow for more complete
‘ \- checkmg of the catalyst decay_ o LT k, 2 ",' - "-"'- o
R ) 7121 .'Mode:-l- é_&ilo‘_inf_g."u R
’.t."‘n_ ' ThemodEIS,aegcrubede Egqn.- (1) were f:tted to the’ e;p‘ernmental
i "-'\ results b\} Ii‘l'iear:-"lea'st ;qa;rég techmque ! ;f'he fltted mod.els “were
b . LT : exammed for [ack of f:t by n;eans of |eS|dual plots and mternal Iack o’F
" ‘ ‘ 'Flt tesf 38 glvennn‘ Draoer and Sm:th' [16] "'-lln\ generaf not .all the
o '“ te-rms 4qn a. full second degree plolynomlal .were reqmr'ed to 'prov:de an
‘ A _ adequate de*scmpt:on of the data (as“' mdlcated by the 95% confldence
3 Ce mter'ya‘ls‘-fo;'.the pa.rameter estlmates) and sorne srmp[rflcatton of the
‘ - model “form :vas deswable._ Because of the partral orthogonallty of t'Fns
T T deslgn:, .h'e" *slgmflcance of any ol‘ . the md’ﬁwdual- : terms
i : ‘:. :;-“'- mvolvmg B, Bz: By ﬁt, Bu, B’n, 61,., Bz,, B“,‘or 5“‘ may b'e jUdgEd._._
".,.:. ‘ 't’_-“\ghdependently and deletlon .of any of these .wnll Ieave othe.r parameter '
o ’es'tlmates _ unchanged‘.. - Deletion - 'of'--'._ any . of. ' the .¢ terms
(- T R Wl e N L :".f':
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w mvol\mng B,, B“,‘Bzr, B,, or B,,,. may«-be carried more carefully and

e ﬂ

— e o wull resdlt in changes in the remammg pap.ameters in th:s group since

4 they are correlated with one another. The _extent of these corre!atuons

' -
.- e
. il ~ e .

were sma[l and the confidence intervals still provided useful.guude[mes

. b R
PR -

. _‘as to the sx"g'nificance of these terms.

~ Lote T o T
- - ”

c-

: . . i
- . R . "

Normaliiation of Responeedviairiables: For this analysis'and for 'the'f

subsequent modelling, the obserfved catalyst perforﬁnance crlter:a were

sca[ed fo have values ‘tn the range -1.0 to 'l 0 usmg the fo!lowmg linear

‘ relations h E ' . T : ' E o _ o
- R . e . o R
- T ‘ Yi = ( 2.y; 1 range)/(range) where, - .. - e
- e range = Maximum .valuesof Vi - Minimum valué of v; -
. . . ~ . . .. . ) : e RN . . .

-~ - " . - N Lo . . . -

. ~Th+s a]lowed for easuer compar:son of the effects of catalyst decay

i - - ot -
»-

. reTat:ve to thé effects of the o’peratmg varlab]es Also thls failitated .

3, S the qpm'parlson of_ th'e- effects;- o"F'-the .operating var:ables from.* one
. " N . . oLt . ) AR A

- - - -

criterionyts another. . L.l
. S L R . . -~

- L. - . - . N v
~ 2 . ..- 3 - “ . - K N .

- . [ . . ' .. P

- Actlwty Decay Durmg Experumntatmn‘

. . R

. s Plo’cs of the’ scared performance criteria for the repeated runs are show1

FLa

e

“im Flgure 14 a functxon ot’ trme o"h‘ stream These " results

- . - - e

- demonstrated that over the perloa of thls expemmentat\‘on the effect of

-

- -

catalyst decay on various performance crltema were small reIatlve to the

. - .
. -
. . . .

S effects of the operatlng condxtuons» Therefore,‘ tcatalyst decay was

. neglected in the subsequent ana!ysxs of the response su‘rfaces Results

fo-r Cetane lndex and Diesel Index were not plotted_ sihce they,'rare

a!read{z_ ,reflected in the'Deﬁ'mty, “Aniline Point and de.fBoin'ing Point
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..-“[I test ratios‘ were much’ Iess than the F

Rl

”d_ata. Results of the C/H ratio were not conleigered reliable as_a-result

of suspected analytical errors in the'runs at 53J5 and. 62:5<hours. ~" _
- -~ e e —r ‘__" ;_“,- .. - ) -
7.1.2.2  Fitfed ModéT - e o

The .results of fitting a 'second degrée‘-»p‘élynomial model:- of the 'form"

.given'bi Ean. (1), in terms of the . coded‘ response and operatlng

- e
.

Variables are given in Table 9. In. this’ taBle _ Ope . +the est:mate of

-/ . -

-

pure error variance obtalned from the repeated runs at the centr,e of ~

the Operatmg reg:on,‘ SSR/(n p) the sum of squares of resuduals-

-

dwlded by ltS degrees of freedom,.the Iack of fit test ratlo as def'ned

by Draper and Smith [16],  and *the abscissa values'.. of' the F-

dist‘rib_u'tions having n-.p_—é ind- 3 degrees of freedom.-for “the numeratt)r

oL -

and denominator reséEEtiver; for a 'Qrobabi'lity‘,l'evél of &= 0.05; dre

r
aat

listed beneath the '{)arame'ter' estimates and their 95?0 confidence 1i!"1’i“l"t5‘
v < " \ "-7-_."_ ‘. . ’ - - “ ..'__'-. S -P;

Values of lack of fit’ test raho greater than the.- correspondlng F-
value are mdrcatlve of mgmf:cant lack of 'Flt The reselts_r ll"l thjs- table
. . .

indicate that norne of the fitted. models show .any -signif’rcant “Tack of fit

10 3 0 05, value -of 8. 8 The

adequacy of the f1tted models was furtber yer:fled by ressdual plots

» . L e
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2 Observed' vs Predicted Values of 'Respon‘:“.e Variables
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! “‘Red'.ljcedh.Modelé:.- Examlnatlon tof the~ confldence\ llmlfs for the;“_'.:

—-‘\a -

-paran"ueters however re\:,ealed that, “in all models some terrns d|d. pot

'] -

- - - . . T -

have an :mportant effect on the predrct:ve. ablitty of the model The

¥ £ . . - . L -‘ . . -

parametersl of concern have. been underllned These terrns were dropped_,ﬂ L

. - ‘.

from the model The remamlrrg parameters were.x re estlrnated and’ the

- . " . "-
- L} S . e -

reduced models were agaln checked for the adequacy tests as well 'as o

,ea i P

lack of fit” tests The results of the\r‘educed rhodel‘s are showfn

o

o7 .

= Table 10. Nenther the Iack bf 'Flt’ test rat:os no.r- the resldual-plots"

-

revealed any sngnl‘Flcant' Lack of flt. Plots of- observed,versus- predJcted_ .

values of the . performance c,r:.terla are gwén. m F'gure..'IS These too'.-'
mdlcate 'no sngml"lcant lack of flt e e T e P

o. Plots, -.of thn res:duals- also provnded mformatuon copcernmg the-'

. NN
. -

extent ofa any ca‘talyst agmg and the occurrence of any - mcons:stent
bes 4

3 N
0 -

_data. ‘When’ plotted as a functmn ot’ the o’rder of executlon of the runs

- . Lo . - '._‘ ~ ‘.

(" thure ‘16) no trends- wers observed confz-rmmg the conclrusrons

drawn frorn the “cent«re-’pomt experlments d‘scussed earljer 'Ex“amination"

“~ . . - -

.
+ ~of the plots in F|gure ‘IG reveals however' some‘ ~susp|cxous values

'r.... - -

(-outlierslj. in the C/H Rat+o and.oHDS data Smce the t:orrespondrng <

*, Y at

e r‘esults for the other performance cr:fer;a'showed no s:gn of any

- - - ] -
. - - b

:, mconsusteneles it was specylated that there was’ lllcely some error |n the

elemental analys:s f-or C H and S for these runs. .As .a resurlt they

v -t

were om:tted from any subseq-uent analysus Thas als explams the,‘

.

-'..f absehce of a centre ponht test for. catalyst decay “for the C/H Ratno

i -
- .

d:scussed prev:ously Co L ‘;_" R
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‘_ s lnterpiretatlo.p ‘Qf The Fttted Nfbaels e SR
o ‘y '- PRI S ..-.-4..-,L IR ) -~ S ',.' o
o ps:der.;a ie. mformatlop ,qan Be obtamzed ﬁrom the fltted models. "-This
S o - .
B i N
vt mf.ormatron Is re'fated to f‘he -precmlo'h of both observed and predfcted :
*: . '--q_. _..‘ B w ./ RS '.‘ k. _:; .A_,
e . values o.f the pér:formance cr:te_,r:a nthe Iocat:gn o? the opt:mal operatmg
S . - S - -
corfcht:ons. .for- each performahce -cr:ter:on, and the natu re o‘Fr theu- i
i - - A b St - .
‘“ G T response s‘urfaces» -W'_.“ N “ S e T A N
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- Ihe prec:s:on o;‘ reprodumbhty of' the qbserved r'esponse varues i’s.
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Lo s Lo 1nd|cated ~ b-y the quantlty SSR/(n -p). "r, ven’. adequate < modei
A e e E ‘.'”. Ca o R SERC R - ._\ .
e s - AlternatlveIY.u‘the p[ot -of the amount of fscatter5 “in the reStdual or. .-
. L .-. ', ‘,, - e " . 3 “: ; ;- . PN .
R Lo observed versus pred:cted' va!ues gwe§ a- qual:tatrve plcture of
AU 5 _.4\. . - "\

A precnsnon Exammatl,on of t.he SSR/(n p) ’values in Table 'IO Flgure 15
P vy and Flgure ‘16 -reveals tha’t dens:ty, vnscos1ty,~ oHDSwa'nd :Duese{ lndex'
_ ' "_"' X were mpst preo:se!y measured‘ wh:fe Amlme - Pomt apd C./H. Ratto .
: S det-er'mmatlonsrhad re]atwely poor prec:\s:on S - I

\"- ) D P ) R S el .
- -u . oA .- ~ ':“ ‘; .-':..‘ -\. ;h. ! 4' L. :\ - ".' . K i - 4 R s ” \
: Ml - fa \( I L a ‘ hd 4 ‘ L] . .
R 7. 1 3 Iu Respcnse Surfaces and therr An-al - oy .
o T W ] ; Tl e ’
Yoo Examlnation of the par‘ameter estlmates for each- fitted- mode[ prov:ded a
a7 prelrrmnar-y feehng for the sensnt:vmes of each performance crlterlon to
AP . ‘ ) N . v -~

l
a - RS .

T operatmg .varlables.. it |s seen ‘From Table 'IEJ that temperature (xl) had :

. . -
. e e L, I

. 1 ,: the greatest effect o‘n all cr:ter:a pressureo- ['xxz) and the hquld ﬂow

. N -

Ta - rate (x,) had a lesser effect on all crnferla .and the gas~ flow rate (x..)

R i had‘an ms:gmf:cant*effect on-‘ nearly aJI*'crlter:a Densi-ty', FJHDS and
Lo Dresel Index bemg t.he exceptlons A more detalled ‘analysns of these -
o ’ SEI'ISltI_YItIES was . provxded by 'a thorough ex-ammatlon of various
' response .surfaces . P 0 5 e l
3 . - - 95 -



: " LI A : e, * " > ¢ e .
h "‘ - n.' k i ,~,:;“:. g l‘.b \'.‘ o
B L] :f-' -." ™ :‘.: - - * :;f " -
. _- S St /s' \.. :1;:': e :::'-_3".';,'.". ';-_ ;"’ "J_ ’.. .‘- E" ‘-' ,,u.‘ -
The f:;ted models weré t?ansforrned lnto then- canomcaf forms ﬁIBacon- A
T e “r ; S, R Vi e
L [3]] g:ven by. A I ".'-‘,.‘ - ST P,
R Y . . - .:‘ 1.' .: < L e i A.'ih‘/ hd _.'_‘ <. . ,‘ .‘”-‘ ; v .“":- - ~
- '/.. -, " 'i - ey -‘— AT -r-l S pA :‘" '; . ‘l‘(’--' ’ . " - ,f'-' N - '
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T The s:gns of the new coeff:c’ients, li" ' ldentlfy -the natur-e .of the REREE
‘ statlonary pomt If the sngns of the )\ s are posltnie then the g -..;-.
e A Y , - .
N L o o :
R ‘ . stattonary pomt ts a mrmmum and- :f-vthe s:gns garq pos;tlve an& negatwe
P m1><ed then the. statnona;y pount -u*s a‘sada!e pomt "The locabron 'of the A
- ‘ statxonary pomt is, deflned by the equatlons z, :\'0'. *Z: =.,;'
“ o : - - rOYIIN -

. “'-'-’ and z., = 0 and the vatu.e of the response at tl‘ie s‘tatlonar.y .pong:t N
L ' ,' - .. . o BRI -
wree gsven : by Yy The sen-srtlwty of fhe response IS ﬁnd'cateéi- bj the

'-‘:' magmtudes of the l 5. o ‘ e T e

: <. \ ;, - : K R .t ..', . 1.‘ LA,

. L . . . B N <
‘ o o 7':1.'3.2'4 Optlma[ Operatmg Cond:tron‘s
e Ll - 'The" optamaf“‘ operatmg _ condltrcms for e-ar;h mdwrdua‘l pferf'brmance o .:
o e 'crrtemon. was - deter-mrned w-thm the bounds of the Qpefatmg»"
ST L us:ng the fntted models and a cons.tralned optxmiza.tlon procedure ‘ERay .
Tt e ‘a‘nd Szekely [56]] The results ar-e summamzed ’lll"l Table 'TT»» These
) ’ , PN - - ., = teors ~~:_, o e "‘,
. - reveal a number of featur-es..__ RS '-.; Y '
S : - - ] . - . ‘ 5 . l.'-; we s B . ." L
o~ X T R IERAEE P n._ T e
'Although the predlcted optlmal cond:tgons were ‘the “sdme-. ] _'e',--.",. BRI
o o L x, = 1, xz'= ‘»'E', Xy =."-'I', Xy = any value) 'Por most af the\mdnwdua[ C
: criteria‘ it was dlfferent for the two of them n;rﬁ(ely fpr t-he Den-ssty
' and Mld‘-Bomng pqmt The dn‘ference for these \bemg the ‘ leve[ of
. ‘pres'sur'e (xz). The pred:qted* optumal locatlons wer‘e found. t0“ be at a -

’ . t . . B B -

'corner or vertex of the' operatlng reg:on excent for Dens;ty whose - '-"{
L optlmum was on an -edge. . CTT o T Tl e T ’
. ) " -‘g.sm : ) ;-\ . _
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,7“'-‘_'-'-_‘.-'."_:,.*The actuaf nature of the. resbonse -sur:faces ‘were "determmed R

-___ -obtam mformatmnfrega,rdmg the sensntlwtles of the performance crtterra'-f.'-

e

BT t’b the qperatmg varlabtes,‘.usmg elther a canpmcal .transform.atton of

S * -

‘ o the "fltted mode[ or- by smply generattng two d:mens:onal contour plots"'.

g for the response surfac s It was generally found dnfflcult to lnterpret ‘
= o ‘ ,' the canomca[ form in four dl-mensaons especnally when the ‘stationary

- N '.““\.

po:nt \was usual[y found' to ‘Be well outslde the operatmg reg:o‘h On the

-

. ‘\ . : o.ther hand although two d:menSronaI contour pJott:ng is also a dlfflcult
. ~_:“~'.'_ :"'__, to :nterpret procedure for a four, d:menslonal system, the occw'rence of
.~ '"'::"- * the 'optlmal 'Iocat|ons‘:at\ a vertex or along an edge of the operatlng
\.5." . ‘.re_g:on.. greatif reduced the number of such plots requ:red to develop a S
.-»‘- = , e p:cture of t'he respc:nse surfa‘ce around the optlmum )
. e ~l . s R P %
V = 7 ‘l 3 3 Examp[e Analyms For oHDS A' ) ) ’
S - ) 'f'he -hydrodesulfurlzatton ( HDS) response .surface wxll be consndered to

>

JIlustrate the mterpretatnon of the response surface by the above‘

mentuoned -methods The mode! is seen to- be l:near\ln temperature andf"

+
B

:pressure and quadratlc ;in' Irquld flow rate and gas ffow rate g

-

S 'Table 10) Thus the canomcal analysm reduces to a two dimensional -
"analysus in. x, and x,., the respor;se surface simply increases in a Ilnear '

«fashlon :n the x1 and Xy d:rectlons ‘The canomcal for[n, with respect to

-3
-

- Xy and x,..' is g‘.u‘ven ,by,:.

- , _y . =0.26 * 0.80x, * 0.17x, * 0.15z,% - 0.03z,°
S0 wheres  z, 0 = 0191(x50.71) * 0.41(x,-3.2) ~ .

- 0.41(x,*0.71) < 0.91(x,-3.2). .-

L
=]
o
2]
"
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AR

: ‘7.1 Conclusnons of Operatmg Reglon Study e T

~This . represents .3 saddle-?:ldnt 'at Ay =_ -0. 7'[‘ ahd J%, = 3.2 with

%mamr axes defmed by zZ, 7 0 and z2 = 0 The. response {i. é '-.:.HDS)

4.

decreases a!ong vaz dlrect:ons and lncreases along . dnrectlons wnth-

b o

-“Fésponse being much more sens:tnve to changes along the z, axis. A

- -

contour plot of tHe response 3urface m the. x,‘-’ x‘. plane sbown in

[N ., - .,_ -

Figure 17 reveals these characterlstacs and- the opt:mum at (1, 1 'l -1).

"~ e At

The ‘above study of the operatmg re*glon gave good mathematl !

L -

representatmn of the’ effect of the four operatmg varlab!es on soma of

\ N

the Jmportant propertres of the hydrotreated heavy * o"'T ' Alth'ough,_ the

conclusmn’s of thls study --were not anythmg new but ‘were the

confurma‘tlon of what w0u|d normally be expected with the exustlng

A

knowledge of the- hydrotreatment process, this study provided the same 7

P

facts wrth scxent:f[c _qp‘reclsmn and-took the guess work out. The

i,

available mforr’n’atié’n on 'hydrotreatment does leave a margin of
Fy i

uncertamty and ‘this part of the present study fills in those gaps.

Especually, the 'effect of the hquud an‘d ‘gas flow rates which are

dnfﬁcult t6 " predict wnth the extstmg ‘knowledge, are the important

'outcorpe~ of thIS_. study. Also this | study indicates some strong
--'i'nteractions between th‘et_eperating_variables which could not have l?een-“

pos'sible.‘with any other type of study.
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"-57 1,401, Temperature Effect St S

--strong mteraction wnth pressure terms for two of” the performance'-‘-

_the temperature as dlscussed above o P

7.1.4.3 'Liquid Flow Rate Effect - ©*° . - © T B

Incréase in flow rate decreases the residence’’ t’me ;nSIde the reactor

[

-

propertles Increase in - temperature Improved the Pmperties of ‘the FRE

! : - P g
- N o o o s L

product oil. The optimum for ' the temperature was well outs:de the 2 )

i

q
R

operatnng reglen towards the hlgh temperature range Temperature had Wit

3 S
- P s
-

i i . -.“-

crlteria -namely rn:d bonhng pomt (812 = - 0. 22.) and DHDN (ES;2 = Q. 34) -

- ,r_

This mduca.tes that the comBmat:on *of pressure .and temperature

enhances .oHDN whereas ~the~ fmd bo:lmg pomt of the product wopd

- _--.-A

increase (because of the’ posltlve sugn of 51; values) lt s generally AR

e e aTe

desnrable to get a hlgh yleld of~ 1ower 'bomng products wnthout affectmg

‘.'"-.-1 A

the quahty of the product Therefore the above. mentloned Tnteraction

a!so becomes an lmportant factor to be consxdered -
- - < .
‘\._\_ ¥ a3 r
’ - o -
_ .. e
‘ e L )
7.1.4.2  Pressure Effect _ .

Pressure'of hydrotreatment also h3d-a ‘-posmve effect ‘on all the

~ __'.- -

performance criteria except 1the mld boalmg pomt (as mdlcated
by B8; values of Table 10). Pressure term appears only ‘j,n.’ the

-

R o - e .
mteractxon term for the mid- bomng pomt T_hi\s"is'«the intera_ctwn with T

e . ca Tl } R

ER - ‘ P

and so it affects" the hydrotreatment' As can be seen from the Tab[e 10

the flow rate had the expected ef‘fect on all fhe- perf,ormance cr|ter:a

- -
- . . e -



;l- 1,,1 4 4 Gas Flow Ratp. ﬁffecgw -"_:_. _ .

" M\-A w2 Ve ‘“:‘.ﬂ“

L . ‘-.‘ ““‘ ‘.-:" . .:\-“'; \;,_ L
e 5 : prOperfnes of *Eh
.'{"....
s b Ag‘ sugges.tedﬂn the recent thera‘tt!ré on f‘ne ﬂow reg:mes “in tmckle-
<. " .¢ . - .‘. : v_._ ,
P ebedw _r'eactors {tGU?ay,_i_ Tosug [”6]_-\-ngth [?0]‘ ‘_Mordechay [49]
" ‘\:""D.ud koyu: ET?] Charpen‘her [14] '“Sh‘ahe {GG}MMears {40] Hochman
. . Car "u .
s .y . A~ e ; r S '\ .
T [33},,—and numerou-&.othev references): a very st’rong lﬁTe:-actlon should
° ‘." b - “ “ i ~ . s
> T Ther expected between the- gas and’ tbé qulnd ﬂow ‘lna tr:ckle bed
] -7 - - \./‘l - a—l" ’
: ﬁ_,_'-\.'- : SR - . -
T oreactors The .gas fjow"rates wer'e chosen -so as to -get both hugh-
FR . . oo ~ .'. -" L -~ . - -
ST e lnteract:ort. flow reglme as ‘wefl as'the 1ow~:nteractson frow reglme
IR BRI UL oL TR e e -
. i .., _}.',‘.._ ) '4- @ L .":‘-". . -a;v.;' TR
a - ? - '\ B -_ - e . ."4 -.. .- . '”i M. N
o As most of ..Ihe available Ilterature Sn :the hydrodynamlcs of trickle-
BRI bed r‘eactors s 'based on simple systems-..such as . alr- water- gene'rally at
T - ambLent crr- m:ld condltlons the pred‘_lctwe ab:ltt:es of models developed
IR w1th such systems are quee.tlomable The preg‘e-nt system is quite
compfex. The. daxa for the accurate physmal“propertles -of such a
;"‘ :'system 15 also not ava:l‘eb[e A study of the hydrodynamlcs of such
systems is @ good prcuect in’ ntseI‘F The present study was only lm’uted
. f_l"--: to the catalys,ls aspect and Iherefore no further mvestlgatlon was done
} "-‘ L m‘.thls, regard. However, fQ_r' the present study the e‘Ffect of the gas
. L flow rate ‘on the catalyst performance was found to be ms:gmflca.nt (as
S T s mdlcated above) R ..'__ ‘ h_‘ o : *- o ..
SRR o ST :
RN L. ) - 102 - -



7.1.5 Optzma] Operatnng Pomt - T Tl "-‘,;-, __'_"?':. .

L.

The above study of the openatmg reg:on d|d not Iead t'o apy partreular -

smg!e -set rof’ operat-mg condrtnons whlch cou1d be _cajlec} as -opfumum

\-\J’ - -
L CY - ...‘\

- po:nt for hydrot—reatment Df the' ,gWen ‘heavy 011' Therefore the chonce{

- ". ~

of approprlate operat:ng pomt for the pata!yst screemng test‘ Wasumade }

] - - . * . T

conmdermg the outcome of a‘bove study as weJI as ._va o is- o‘therd‘
”p.ractlcal aspect5. ." ',.:‘_..'.- -.':_. v.—.i . ;. .~ '..-' _'\‘;; . . - . el .
- . e - -n ‘_x .

. - . . ., L
- . - - ’ - . ~ 1 L] b d T

A temperature df 375“C was selected‘ Hydrotreattneo temperatures

-, e
r LS

higher than th:s lead tQ ggher‘ leve[s of coke format:on -on the catalysts

and the Iower. h‘quxd» yle[ds- Pressure of- 1000 ps;g was"thought'

v
. ‘~

.appropriate as ‘an- m'crease in. press-ure' d’Ld not... glve—remarkable

.
L . > -

improvement in any of the product propertles It ise a'ho kn0wn that
higher levels of pressure grve hlgher d.egrees of hydrogenatlon,, whlch

may not be al.ways desnreable Arlso h:gher pressure mcreases the

\ - -

capital and operatmg cost of plant ~and machmery in a.redl refming

i .

SItuatlon As d;scussed n the above -analysns the pressure term had a

strong interaction with the temperature term for t‘he mlJ—bo:I:ng pdmt

i

For temperatures greater than 375 c- (1 e __xl-pq_s_:_twe), pressures..--‘-

.
- -

greater than 1000 psig (i.e.  x, posntwe)_,. tends to inc_re.ase- the mic]f

¢

boiling point of the product oils. Th'erefore' considering’™ all these

.' o [y

factors the above choice-for pressure ‘is qulte appropriate. .

NES

LHSV of 1.0 to 3.0 is quite common in the hydrétreatment of .heavy
oils. Hence, this was the range used in the above s'{udy. For further

ca-talyst'testing purposes a LHSV of 1.5 is®selected. This liquid flow

- 103 -
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- . . . : .
.-

rate was thought to be appropmate\ taking into consuderatlon our past

- *

ex-per:ent:e WIth the same heavy oil. The gas flow rate had very

; ms:gmflcant. eff_ect on *nearly alivathe performance criteria. Excess of

-

. hydrogen gas flow IS kept m trickle- bed hydrotreatment operatlons‘

"

mamly because of the mass transfer and hydrodynamtc consuderataons \\

nr-Y L0

flow rate of 5000 scf/bbl of oil (i.e 0.83 st. I/ml of oil) is quite -
- ]

commonly used. Therefdre,‘ this gas flow rate was used for. further

. ~ -
J.r -

catalyst screemng . - o B

- .’

y !

T

7 2 S‘EARCH FOR BEST CATALYST COMPOSIT]ON

P

lt ‘has been Lalready d:scussed in the literature survey that the present

1

knowledge of the effncnent hydrotreatment catalyst is only I1rmted Most

1

of the published llterature indicates the resu]ts obtained by use of the

,"'ava'llable commercial catalysts. These commercial catalysts’ are generally

.available in only a few standard compositions. Therefore, in the present

study it was thought necessary to make our own catalysts _for a

[ "

systematic study. . —_—

It was als:o known' that the rrethod of preparation and the v.ferious
steps involved in- the catalyst maAking have euite; sAignific'ant effect on
the properties of the fina) catalyst. Therefore, the reerod;ciblity was a
major cri:ceriop when. the method of 'prepaﬂrat’ion was-sélected. The
preseat jstudy was limited to variations in the compositions ‘of silica and
zeolite in a s(ilica-alum_in’a:zeolite'_lbased cafalyst. The standard method

for preparing such catalysts |s by making a éilica-elumina gel and then

mixing it with the zeolite powder.

v -



-

, s g

-~ Caener sl . T

co-precipitation of gel weré. not’

The é;cact details of .the pi';ce‘sg._,-fof

av'ailablé .and therefore m?qy_:trialg-‘ h‘ad to ‘.'l_:\_é-_"dohe_,jfb understarjd_ the
art of m'a'king the cat'aly.gts. Mq catalysts vl_erg' _magfie"and tested for'
their chemical co_m\positions*"e.fnd_physic_:a;‘ proSeptfés. On the basis“éf

those’ 'trials a. .c.atalyst" prépﬁé’ration‘,"scheme was finalized -which has

already been presented in thé 'Experimental Procedure’. That scheme o

was reliable and gave good reproduciblity as is confirmed bYy the results
‘v S ; . v : .

that will follow.

7.2.1 Experimenta'L-Design i-

The nominal range of the compositions of silica and z;aoli';e wa—;s‘_‘_éelected
on the basis of inforn'lt.a't_iop available in the Iiterature.“ /;\ccordinglyﬁ, ‘the
selected range for silica was from 10% to 50°o b;\/ wt., andifor zeolite it

was 10% to 4b°o'-by wt. Again it was thought best to use some of the

modern statistical experimehta[ 'desigh‘t’echniques for carrying out a

'search for optimum composition within the defined region..

Nothing was known about the outcome of these experiments in _terrﬁs
of effe.cts‘ of :c.ilica and zeolite concentr_a;ions'on the propertiés and
performance of the catalysts. Therefore, it' was appropriate to try at
least a , second c.Eegree model .:;ather than just a simple linear one.
Accordingly, a second degree polynomial type of model wé# considered

to défine the response surface:

Bu*BxxfBzxz*Bx1.x12°ﬁzzx22*512x1.xz: : (20)°

Ely,)
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‘l' RIS

X

. or sulfur~ concentrat:on

where i\'=\'l .and 2 md:cate 3 partucu]ar performance crlterlon

-

|s the expected value of the lth performance crlt‘enon (e. g

E(y)

densntyﬂ wscomty ote.. ] and X and Xy are

”

‘\

the two de51gn varlables i the approprlate coded forms The codlng

used s gnven m Table 'I"

e

e

In order” to" esti.?nate “the 'c'oe'f'%'i"c‘-ients of the’ equared 't.erms i.n"the

above model

at ieast three va!ues of each Varxable must be tested.

,‘;Three Ievel factorlal desugn Simllar .to ‘the one used in the study of

5

_-operatmg reg:on could be used but in. th:s study a better experlmental

~des:gn cal[ed central

composste deS|gn was’ selected

Th:s type of

and was: further

mpnoved by Box and Hunter ['IO]

. - .
- - -

'dessgn was flrst proposed by Box and Wllson [9]

. | Table 12

Coded va riables are:

X, :

t'l. au .

X2 [ by wt.

L

[ Shy wt. S|I|ca)\ 30]/1! 1421
zeol:t’e) "5]/10 6066

Centre composute desugn pomts and composmons

Central Coroposite-D'es'rg_n'_ -

‘Co‘mp. _ No. of - %by wt. %by. wt by wt.
f No. - x, X5 Runs Silica .Zeolste_ - Alumina
-~ 0.0 - 0.0- 8. 30.0 25.0 . 45.0
2 1.0 -1.0 1. 44.1421 .14.3934. 414645
3 1.0° 1.0 1 44 1421 35.6066 202513
4 1.0 -1.0 -1 15.8579 14.3834 69.7487
-9 1.0 1.0 1 - 15.8579  35.6066 48.5355 -
6 0.0 14142 7 1. 30.0 10.0 - 60.0
7 0.0 1.4142 1 30.0 - 40.0 30.0
8 -1.4142 0.0 1 10.0 25.0 65.0 -
9 1 0.0 1 ~ 50.0 25.0

25.0

- 106 -
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) coded values of these compos:tlons (l Xy,

'Tab[e 12. ._T_he composition' of aiumina

"‘ N -
- N,. N- - s 2
bl _" > .g 4 :
SRR e .
e Tl a (=T - -
. Q N
. L - e
- T
e
- :
[ - .
=, .
B i =4 \c
- (&)
o N
. -
-
B
o‘r .
. < e ‘~ E
- ™o .
- e I "~ y
D .
. . - o < -
" [ =) g- K g .
. g g & ] 3 R n - v - -
B e ,—./f S R ﬁ' _
e Coded SiHca Concentratwn (x.i) _ _ f
‘|Figure 18: Pictorial Representat:on -of Centre Composute Design -
™ N : te . : “ e . . '-\,- _' ) - R .. -

Vanous sett:ng of the compos:trons of 5|l|ca and zeolite - and the."'

e

\—w

-and xz) are shoWn

. ‘\

s g:ven ~by drfference

in

Th:s

design requ:res a total of 16 runs, -out of whrch 8 runs are repl:cates

1

" at the centre point. 4 runs corre5pond ta the two Ievel fac/n/:rw:a] de5|gn-'-‘

and the other four runs_ are along the axxs passmg through the centr‘e'-

"pomt "These eight- points are equ:d:stance from the centre

.o,

ln this way

these eight points actually l:e on 2 circle as shown in Flgure 18

- -
. -

..

-y

X This design Kas the following“adx?é‘ntages:'

1.« Itis a second degree design which 3llows fo;-' t‘éh‘é"“secgnld c;egree“
h . @ - R - . .
terms-in the ‘predicted m;del. o ' e N
2. It has a uniform .'precision' throughout _thn. Fegion.
L . . . : ) -
- ,- . . AR ;-;- i .

~



ST Ry ‘The' paFameter: ' estimates'_. i are "'_unco'rrela'teg:; Eeca'use;‘ s of
e T orthogonahty of des:gn ' , - T _ T U ‘
- T ‘ . NOCEEE - - .I_»‘* . .
c 4l Deslgn is. rotateable around its l:entre pomt
- s, . “__,_,..-—-"""‘" . ‘ . 9 . g ,,l T .' amt . P .-
g U T .

Elght runs are’ requnred m the above experlmental des:gn at thez ’

-centre po:nt composut:on E“ght repeated runs for the _same composnt:on .

-

) were-_.Ju_dged suff:crent to prove the reproduc:bﬁty of the entlre catalyst U

t oA

preparation, catalyst test:ng as well as the analyt;cal schemes ' The",
’ order of catalyst preparatron was randomlzed in order to spread the

effect of any extraneous source of varlatuon equally over aII the results .

: to‘avoxd the‘confoundmg of the varlable of mtere_s___t._ thh ,these,

,;-'—- e . . S e

,_-,extraneous sources of error-

ot _. '17.2..2 Resu'lts of Catalyst Phys:cal and Chermcal Test:ng

A

As descrrbed earller the prepared catalysts were tested for thenr'

e physucal propertle:s_.asj' welI _' chen‘ucal compos:tion before actual
-hydrotrea\tme"nt jtests The order of catalyst preparatlon was randomuzed'

'-"by‘d'rawing.'\lots" The catalyst nu.rnber ln the followmg presentat:on

Cow

- refers to th:s -randornlzed order of catalyst preparatlon.

P .- r
PR R

"

Ar Phslxsical propertles-of the prepared catalyst and thear'che'rnical'.

..__

-

. e : comp05|t|on are shoWn in Table 'I3 and Table M The flrst table showsl
-'the results of the eight repllcate runs The average values and the‘
. standard dewat;ons *For each column are shown at the bottom - From-"

‘these’ ‘valu'es. |t can be concluded that w:thln the hmnts of the

"

. _,'experime'ntal'".errors the catalyst preparatuon method was reproducnble' R



" Table 13: | ‘ Physucal Propertles ‘and  Chémical - Compoditién .of

i

Catalysts (For 8 Repl:cate Runs)

' BET . e
;“,Bulk o “Sur-_ . " - L
_ Den- Pdre’ face ~ ° Chemical
Cat =~ - . sity  Vol. Area - . Composition (wt.%) -

2.

No No x; x; ~ g/ml" ml/g. m?/g SiO 3.

.,Al‘zoa _NiO " MoO

0.602 283 .44.23 51.03

4 10 0 06213 1.02 3.13
5 10 0 0.¢p78 0.813 279  46.19 50.79° 1.63 3.59
6 1.0 .0 0.6139 0.643 263 48.30 51.32 1.4 3.40°
10 100 0.6205 0.8631 269 45.76 -49.05 1.59 4.09 .
12 10 0. 0.6300~-0.618 260 46.09 49,93 1.43 3.81 -
14 30 0 0.6050 '0.593 257 46.66 50.05 1.83 3.77
157 10 0 ' 0.6100 0.819 264 . 45.32 50.95 1.31 2.98
16 10 0 0.6193 0.623 262° 44.95 49.94_ 1.65 3.18
- Average . 0.6180 0.618 267 45.94 50.38 1.53 3.49-..
" Standard - ’ - . N
. Déviation : 0.0008 '0.016 9.3 _ 1.22 0.76 0,27 0.39

-
e -

as"' fazr as - the chemical' édm;:;béition"and' the physical -piro;:iertiéS"\pvere

H-'c0ncernéd Table 14 shows the results of the . phys:cal propertles "and

chemlcal composutlon of the remaining eight cata[ysts prepared as per .

the central composute de519n- Columns 3 and 4 of these tables |nd|cate.‘

the values of the coded var:ables X1, and xz . Comparlng the va[ues of

standard dev:atlons 'For bulk densnty,'pore volume and BET surface -

_area, |t is seen that these values show more varlatxon |n Table 14. This

/

"is due to, the change in composntlons mdlcatmg that msplte of keepmg ‘

»

.-aII other factors in catalyst preparat:on umform the propertles of these

"t

_catalystq are affected by thelr composntlon



- metals SO as

res u lts

1.

L Also,

©Table 14:° - Physical: "Properties .-and. Chemlcal ‘Composition «of
e - Catalysts (,For 8 De51gn Runs) S
, LT CBET B
L . 'B'_U'[k ~Sur-. T
. Den- - Poreu face ;- Chemical- ..
Cat sity.” Vol | Area- . Composutson (wt ) -
No . No x; xz .g/ml 'ml/g m?/g SiO.,“' Al Oé NIO MoO3 1
CTL2001 11 005750 0.639 249 - 52130 45.141.88 37
.83 1 1 0.6011 -0.613.. 294 - 67.82 29:01 1.91" 4.0T.
13-4 51 -1 0.7934  0.598 - 266 23.11.772.83 .1.33. 4.31
- 95 -1 1 0.7023 0.576 .. 289 . 38.07 -56.11 1,62 3.89
7 6 0 2.0.6726° 0.60T 253 34.91 63.30 .1°13 3.7i
2 7.0 2 0.5786 0.642 24T 55.80- 39.95 1.45 3-49, .
11 8 2770 0.79T1 0.601 *°288 ©°25.14 71.01 .1.69 .3.88
-3 9 2 0 0.5886 .0.633 240~ 63.81. 31:85" ’1‘.49: 3.33 -
. ] _ Y .
Average - : 0.6628° 0.613. " 265 I 55 3.72:.
~ Standard L e -
- Deviation : 0.0920°. 0.023 - 23 - 0.27 .0.39 .

.;'-The active metal loadlng (l e.

by wt

"From. Table 13

for thrs part of study, ‘as the excessuve I'admg WO Id have '

and Table 14

Ni

get a NiQO: MoO3 rat:o of O 3.

[P

.:mpossnble {l:;ejcatalyst supp_orts were 1mpregoated wutfi\l;u"

can 'be - cdnciuded

L

-

th at.

the

|mpregn-at|on technlque too was qunte adequate and' gave the desnred

T

The amounts of actlve metal

“ "‘-'.'110,‘"'..'" B

components actua[ly found on. the
. cata.lysts by analysns compare ciose]y wnth the mtended composntlons

_:t can be concluded from the standard devuatlon values that ‘the

‘J’;‘:




o e wma. " - e 7 T S e

amounts of scatternm the results of* Impregnated actlve metals, s )

Z

mdependent of composutlon of the support materlal This also conf:rmed

thé“:“‘Epl"OdUClbht\/ of the entlre catalyst preparatlon scheme -

o 4 - - Va0
PR

7.3 Hydrotreatment Results e -"“‘ L.

S:xteen catalysts prepared as’ per the central' ”cornposne des:gn were

then tested in hydrotreatment trlckle bed reactc:-r for their

. .r.

per-form'ance Once agam the order of the catalyst testmg was

randomnzed for the same. reasons as explamed earlrer~ lh ‘the followmg

e _t -

‘ dlSCUSSIon the order of' catalysts testlng s referred to as i -Run-""'

.number . The’ requ:red procedure has already been descr1bed earller

1~,¢- -

For the present study, HDS and HDN were the mam crlterla for

.

compartng the act:v:ty -of drfferent catalysts Therefore,‘ in thls. study
main emphasrs was on these act:v:tles Howewer to augment the data
other propertles llke dens:ty,yv:scoslty, amllne pomt and mtd bolllng

ponnt were also determmed R

.__-'.7’.43.'1_ Study of Catalyst lmtlal Actrwty Decay “" -

It is. generally known that the |ntt|al- actlwty of. such catalysts is. much

@

hlgher than the average actrvnty these catalyst show later. It is. hard o

v

defme a steady state actrv:ty as the,actwuty decay IS ‘an ongomg,".

u

process for such systems However‘; the Lmtral h:gh a'ctlwty decays oo

lower levels wnthm first 5 to "O hours of run and the further decrease'

- n Bl -

in actw;ty takes place at a much smaller rate It-is thls second level of

e :_ catalyst actxv:ty wh:ch may be cons:dered as. a.- pseudo-steady state



' '*--the cata[yst 1s smeﬁ (e g genera.l[y not more, than 3. The"'time when
' ":thlS pseudo steady s.tate may be reached in a parttcular sutuatlon
] -.'!

‘ ‘depends upon the properties of catalyst, - the liquid belng processed and

g the operatmg condltlpns, - and- this ~ could only-- be determined
N e)(perlrﬁenta{ly, AR . A
e ‘ . -'-‘.. 1 - M
S TR S _
=] o~
R 5.8
e MRe ~ E
‘.I.‘-‘.J;d- '-O.:
= T3
. ‘:’l . = = .
Lo L
=N .
bt ~
o - .
e o , )
== N o
T T T T
N AR 6~ 8 19 43 67 .. 9 115"
N . Time {hrs.) - I ‘
" Figure 19:. Initial Activity Decay. Catalyst No 30; Te'mperat'ure-u? .
A o 375°C Pressure = 1000 psig; LHSV = 1.5; and Gas Flow
. o Rate =.0.89 st.I/ml of oil. - - R
- Samples were. drawn at dtfferent time - mtervals after the start of ’the-"':"
hy_drotreatmentﬁ'reactlon. These samples were anaiyzed malnly “for the
sulfur. eeneent}-atibns‘:. 'Results obtained mth_ d typt_cal cataiy-;;t .are
', shown ih‘;'FigiJré 19..1t can be seen from this figure that the initial--high
. oD ) _ . T e .. Tm
Too2 - L



. 7.3.2 .Results_ ‘

4 -
- : - s

activity of the catalyst. decays very fast and _Withi_n ,'Firs‘t"six hours the

. catalyst activity reached the level where ‘further"-"decay'"'i'n‘ activity takes
Place at a much slower rate. ThlS pseudo steady state is reached

approx:mately within the same time mterva as was observed with two

-

more catalysts. Therefore it was decided to wuthdraw oil samples after a

catalyst was on stream for about 20 hours for compamson of a‘ctwr.tues of

different catalysts. . - .

~

[}

The results of analysns of oll samples mthdrawn at the standard test

.condltlon (i.e. Temperature- 375.° pressure- 1000p3|g, LHSV- 15

-

" and Gas Flow Rate- 5000 scf/bbl) after each catalyst was on. stream for-

at least "0 to 2‘2 hours, are shown in Table 15,

- -

'Values of nitf-dgen and sulfur concentratidns, d.en5|ty, viscosity,

- . A

-

aniline point and the m:d bonllng pomt are given for all:"the sixteen

L3 e .

_de5|gn catalysts For’ ease of comp‘artson«-the results of etght des:gn

cuns “(i.e. 4 corner points and 4“aX|aI__._pp|nts) are.:tabulated ﬁrst
- ~

followed by the results of 8 'replicate-" runs. Wh:le flrst tWO columns

) |ndtcate the cataryst and run 'nurnber's the thlrd and the fourth,

- i Eo

,’columns mdlcate “the values of, the -ceded desngn varlables Ky, and .-

Y
.y
"

Xz respectlvely The average values stand‘ard dEVlatIOQ and the' 95%
conf:dence lnterval for the elght repl:cate runs are gwen at the bottom

of each column. _ o



' Téblg 19: - Results Obté'i‘rigd With Sixteen Desigh Catalysts .
) .' L . - Den~ Visco- Aniline = Mid-
Cat Run- . N™ s sity . -sity point B-pt
. No. No. x; x; ppm  wt.% g/ee . cp 'C °C
1 10 .1 -1 4155 0.37 . 0.9508 103.3 50.4  399.5
.8 137 1 1 4027 0.89 ~0:9521 .. 96.6 30.4 '414.6°
131 -1-1 2638 0.32 0.9352 .85.5 53.4 402.5°
9 2 -1 1 .°3029 -0,48 0.9384 : 70.8 "52.2  405.0
o T . :
314 /-0 38647 0.77 0.9508 g4 - 50.4  410.7
171 9-/2 0 _-2659 90.26 0.9337 - 61.1'x\_ 52.9 390.8
2 13 0vVZ. ' 3905 -0.72 .'0.9488 - 91.86 50.9 -~ 411.6
7 5 .0vZ 2618 0.31 ©0.9345 - €30 ,52.8 391.6
48 0 0 3333 044 0.9398 7471 52.0  402.7 -
5 6 00 3445 .0.52 0.8409 73.6 '52.3  .389.1
6 11 0 O 3374 0.47 -0.9404 _ 74.6 1.7 408.1 .
10 16 0 3487 . 0.54 0.9450  78.5 ,S1.6  407.5
12. .7 0 0%  3654. 0.70 . 0.9467 , 86.0 _ - 51.1° 398.9
14 12 007\ 36100 0758 0.9441  83.5:° 51.3 ° 409.7
15 3 0 0 3532 0.57 0.9428 82.9 51.5 412.9:
16 4 0 O 3385 .0.48 0.9416 75.4 '7 -52.3" 403.8
R e e T . .
Average. : " 3478 0.54 0.9427 . 8.6 ST 404.1°
étandard : O o _ i
Deviation : "115 0.08 0.0024 . 4.9 0.5 | 7.5
.- 95% Conf. . o - o LT
Interval ». 286 =:0.07 =0.002 4.1, 04 Q:2

The . results ‘éff the 8 _replicate runs did indicate a fairly good
' repro"ducib[ity' of . the ‘catalyst ‘ performa‘nce withih” the Iimit§ of
expertmental errors. The values of a,mlme pomt agam md-xcated more _

scatter. The same was’ observed prevnousiy in thé study of operat:ng

LT region' Th'erefore, thls performance cr:terlqn. ‘was - not - considered -

appropruate for further analys:s

_'_‘ 114“_‘."_ g'...-.‘,
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S 7.3:21 Model F'ttlng T L

cata[ysts ll,. 7 and 13 gave th‘e best performancef. ;:-

* mtrogen concentratlons in 'the produtt onls obtamed ‘wuth these catalysts

are quite comparable whereas,\th.e-;:;erformance of catalyst number 'll“ _
- _was " best for’ aulfur remeval.- A s.lnlllar.‘-t::mclusmn- was aI;o reaehed J' '
looklng the other prepertles.,- waever:'__‘ih:s: ‘dld- not ascertam the..-‘ . i
expected performance at pomts otherqthen the ones selected for c.atalyst ol
. preparatlon Therefore a detalled mathema.tlcal .anal;ers o'F the' data was 7
done fo get a bette~r .ptcture of the- er‘ltlr'e Tespor-\-.se' s:urface Wltbl-ﬂ “the ;l.-
operatlng region. . . . ~ .' - ‘7:.‘ L ™
. 3 /- | ..L .. ' g 2 ;:".:’ 4
The data values were. scaled between--1 and l for the sake of‘ "_-_“.‘—' 1'".‘:
better comparlson between __j:e dlfferent 'perfbrmance ,cr:terla as v._ras-_.."‘r " T
done earl:er ) ‘ y w6 : " -{'.I‘
region. The,. resultlng scaled val‘ues .of ear._h' perf;r:mance {:rlte'rla were _-:_‘“'
fgtted‘tc; the second degree polync;naal -‘type,»cf mbd_el equatlon‘ (Eqn _
("0)) uslng the\lmear lre_gr-essuon tech-mque.. The ' values --of the T -.
_parameter est:mates are. Ilsted.m Table 16 The 95 t:on“ﬁdence lntervals""-

for each parameter estlmate are given below each estjmated' value At e

Y . h-"' L
S

the bottom of each'.column, the pure &rrof” \rarlance o _e? whlch was... ” "';",

.'h. ;'.-‘ el ". -_ s N o Do .’, e
obtained from the a~8 replicate . runs,s the R—ratlo test value and C L
-.l' AT ey e s - N
correspondlng F- values are. I:sted for each fltted Tnodel"’ ; ‘-“"_‘7_?
- .- . e AR "-.'-‘:- . T ot .
- o - : Nt ;-=‘“-,, T e o
. SO VL I A i
: - : T o Trm iy .
- - 2 - = B - > ‘::\ i f’ R "-‘-.' * E M ! -
o S . ~ 1 B STl o .
Py NN - R
» v r - e ._
- - " i . A""‘
. =Y . ) .
-t T - N : ,
- ' LI —
- ) T 115 - - -
“ - s ~ .
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: ‘ L, E -l
: E L .
_-_'q‘:"‘-v "+ AvoTable. 16: The Estimated E’a_ramefegs of: Fitted Model,
14-The 1I'm:tde'f 'iaquation"f‘s: .":.." ) . ‘-- : I
. E(y )'_ -: ~‘ | ao’-s‘xx]‘- foz Bux i} #Bzzx? E.l'z)—_‘l')iz -.
D ".’< .‘ . "5'-.-’;?%‘- A MR
1 - e TR : GRS ‘
’ The v*alues of the estlmated _parameter -
"r' -“ . -"‘"" "..,,_ L "L
. ' coe:fﬁqent N o s - Dens.lty Vlscosnty '-Mige-BP
s ~ B e O, 118 S0119 5-0.026 L0712 0.47s
L T 0.5 =u 2077 :0.221 20,195 . 20.490
¢ ] _ . . .-' -  * : . . ']
RS- 0.686 o i69 " 0.727 0.681 - 0.341
e 20.125  20:217° #0221  =0:195  =0.490
- B ;~,0.339  0.500. .0.338 0.231 - 0.450
- "0.125  +0.217  20.221 20.195-  +0.490
T R -0.075  -0.036 .36  0.084  -0.480
T o +o 125 =0.217 20.221 ¢.20.195  20.490
I - P -0 075 -0.036 0.006 CQ.oss -0.147 -
-o 175* -:0.217  20.221 0.195 0. 490
R - lo.Fe8S  0.286  -0.052 -0.142 0.247
- T - 20,177  =0.307  0.313 £0.275 +0. 693
| 6 0.022  0.068  0.070 0.054 0.343
R W 0.5 2.48 4.21 . 0.65
T sFivalue~ To3igs 3.64 3.64 \3.64 3.64
T e
-' -6 -

atr
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7.3.2.2 " Model Interpret-ation'l- : _ -

-lt. can be seén from.the Table 16 that excep.i for the values of the
coefficients B, and B,, the va(ues of al['-other coefficients ;re less than
their 95% confidence intervals. Dropping out these'term.s leaves just a

first degree model whijch in three dimensions is represented by a plane

passing through the origin. Such' 2 médel would noty vyield any' useful

clusion as far as finding an optimum is concerned. Therefore, ‘such

)

n exercise was consjdered futile.

.(.';,:"/’..

» v

The reason for wider confidence intervals was identified to be the

-

‘higher values of the pure error variance which was a result of higher

-

degree. of spread in the values of properties of the oil” samples from

eight replicate runs. —At this stage of catalyst testing such a spread

was expected as this indicated the total error accumulated in the entire -

i .

sequéh};e of cataiy'st preparation and - testing. Considering this
limitation, it was.decided to analyze the resilting models as obtained
without any attempts to d'rop the insignificant :t_garrns.

- Tow
-

-

7.3.2.3 Canonical Transformation _
As exp;lained earl?e\r, the mt;del interpretétion_-is“;implified by canonicgl
‘;ransformations'.‘ This transformation converts the'ﬁode{ equation intd a
simple two parameter form and the interlpretation of ;che response

A . " o -
surface is easy. The valugs of the new parameters for the transformed

.model and the coordinates of the stationary poin'g are given in Table 17.

.y

L%




»

Table 17:: Carmdnical [Transformation Parameters

- - -

The c;_anonical model form is: = -
E(yi) = ¥o*¥,2,%7%22,2 - ] T -
: - - .
‘where . . .
* * ,
Z, = Alx, - Xy ) * B(x. - x5 ), and
' Tox SR
oz = Blxy - xyp )t Al - xp ).
x % .
and (x, , x; ) is the stationary point coordinates.
. N ' S Density Viscosity Mi'd-BP
. .
* - .
Xy -7.847 -2.304 14.750 11.614 -2.081
* \
X 20 11.057 -2.217 . 34.648 18.581 -2.188
A ~0.709 0.576 ©  -0.711  -0.723 0.642
B 0.705 - -0.817 -0.703. -0.691 . -0.766
% 0.178.  -0.119  -0.026 ° -0.172  -0.175
7, -0.971 10.212 -1.405 . -1.205  -0.341

¥, .0.811 7 0.319 1.385 172 0.449

[

From Table 17 it can be seen that-all the stationary points lie vAér:"y‘

much outside the regian.

)
»

and ¥, indicate that all the response surfaces are 'saddle’ type. The
estimated value of each performance criteria increase in z, direction and
decrease in the z; direction. The minimum value of all the performance

criteria are desireable in the present case.

’
£

- 118 -

The op;posite signs of “the coefficients of %.
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7.3.2. 4 Gontour Plots . 7 S » | s "."n.

-

The response surface can be better Vlsuallied w:th the Help. ot’ contour- L

- Lo

plots. These are shown in F:gure 20 to’ F:gure 24- e each of these

flgures the plot a‘t the top shows the overall response surface lncludmg

the stat:onary po:nt for an ex‘panded reglon whereas the plot at the

bottom focuses on only the selected range of the desngn reg:on

‘4 e
.-

meor

.o

- * ,.- .

_All these plots indicate that within the design reglon the m:n:mum

: expected value of each of the flve perfOrmaqce cr:ter:a w1|l be obtalned

’

at t_he pomt (1 ). This :s the catalyst number ' 3 A The above

A - -
. - -

conclusuon was not m COmplete agreement w1th the actual results Both

[

-catalysts (7 and ll) .at_the nelghborlng potnts (0,-/2) and (-\/'2,0)

) 7. 3 2.5 . Results of Three Repeat Runs _ ) - '-

PR .

L -

o also I:sted in thls table for compar:son

respecttvely gave better performance than the catalyst number 13 at

pomt (—l'—l) To resolve thrs»confllct it was thought best to repeat

" these three catalysts and evaluate thelr performance agam

- . . . + '
. . L S -
' o

- Bk __'- [

Catalysts l?,' 18 ’and 19 were prepared wlth the_ compos:tlons

composrty desrg,n Thetr preparatlon and ‘testmg was done in exactly the

.,

same manner' as was done for the prev:ous cat‘alw,?sts~ They were each

'-

-

correspondmg'to pomts (~./ 0) (-1.-1 and (0 f") of the central-_

run in the hydrotreatment tests and the chl samples “were drawn at the '

L ‘. -

the results obtarned from the analysls of ’che o:l samples are. shown m

o
1

Table T8 The results obtamed Wlth the prevnous three catalysts are.

(R4

. standard test cond:tlons The res‘ults of th*e catal’yst testmg as well as'

L



(ST

' _-.Tabl'e 'l§ Results of Three Repeat Catalysts -

] - R :T.‘_-_': -.‘"" ~Design Des:gnat:ons ) -
Lo ,;-.(-f2,0) SNy (o, —/23
Cat. No:' W17 17 . 13 L 1g P g
“Run- No: 9 - "7 1 . .18 5 19 ¢
CATALYST /.t . 0 e e .-
TESTING = "~ - - : :
. Density S L o
- < (bulk) (g/nfl) 0.7917_ 0.7623° 0.7934 0.7659 ,0.6726 #£.6831 !
~f BET Surface ’ Lo T _ ' . .
Area(m /g) . ..288 393 266 . 251 . 253 261 °
Chemical .. . . ) D ' .
“Cdmposmon 3 . .
L sib, 25.14 25.33 2311, 22.89- 7 34.91  35.01
B SR 03‘ 71,01 69.83  72.83  71.99 63.30 64.18
NiO  1.69, 1.53 .1.33- "1.54  1.13  1.33
MoO, 3.88° 3.67 4.3  4.08° 3.71  4.09
OIL SAMPLES -~ Lo ,

- ANALYSIS, L o
SN(wt.3) . 0.2659 0.2431 0.2638 0.2719- 0.2618  0.2655.
S(wt.3) ‘9:26:.. 0.23° 0.32 . 0.33 --0.31 ' 0.33
Density . . ' s
. (g/ml) ~0.9337 0.9313. 0.9352 < 0. 9331 10.9345 0.9351 * |

.. Visc.(cp) - 6111,  62.3 . 65.5 < 83.00 841,
- An.Pt.(°C). - 52.9. %51.5  53.4 . 55 1 ~52.8 " 51.8 .
~Mid-BP(°C} - 390.8 388.9 402.5'. 401.0 391.6" 398.1

The results obtalned wnth the repeat runs were close to the ones

- obtamed earluer Catalyst number 17 gave the best performance out of

the three‘repeated catalysts Therefore, " this  was consndered the

- ‘!

_ ,optimum pomt wuthm the desugn reglon The explanation for the little
* ldlscrepancy between the ¢onclu5|ons based on the mathematlcal analys4s'l‘,

'of the central composute desngn and p.hysncal observatlons _was the fact

Sy

) _;-tﬁat the model flttmg for .8 ‘given data always smoothes ottt the small

varlatlons n-a partfcular reg:on “Because “of tl‘ns nature of the model

Y . T . . e
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fitting procedure although the ‘poi"nt ('I-]) gave shghtly htgher s
values rof nearly all performance “criteria than the two nenghbomng

pomts (-JI Q) and (O, ﬁ) the model averaged out .the values and

- . 2

pomted towards pomt [ T, -'I) as. an optlmum . The _ res.ults of the =~

., S

. sixteen desugn runs are shown on the p:ctor:al presentatlon'~ of -the '
desngn mddel in Figure 28 to Figure 32. ™ e .
' Tl 3905 . .
c NP Q — o o
‘ = 3029 . )
i e ~I
‘J -
i - _
" = K ",‘- -
A ‘é - . (ppm}
- ) . I R
. s ol 2659 _ 347_-8. ?96_ L .
) < 8 Runs
w
- -
T ,
o .
~ —
= ! -.
Q v
= I [V ] .
s S .
w2 ] .
| L. DTSSR ]
: 7 0 - . -_'ﬁ.-
' Coded Sitica Concentrahph 'T)'
Figure 28: Nltrogen Resurts of S:xteen Desngn Catalysts ’ .
. e —mmme e s ‘ fa” T e """"‘\‘—'_"‘"“ e
These figures’ 'sup#drt _.th‘é: 'above explanatlcn . Looking_' at these. '
figures,  it" can” l:;,e‘ seen that™ nearly at "all levels -'of zeolite™ ~
. . L - -7 ‘ O T . . . K
concentrations, ” the \'ralues 'df the - "these propert;es decrease wnth -
,-decrf.-ase in the concentratnon of srllca Th’is mducated that 2 catalyst
' with no s:lrca would proEany per‘form the ,best. However, our
- > - wp
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prellmmary study supported the addltlon of Sl.[lca' for lmprcrvmg catalyst:

'propertues To further substant:ate —the,.earher ﬁndmgs, cataLyst ‘70 was_ .

- '.
L " 2 R - - -

prepared w:th same zeollte concentratlon .as. that of the above optlmum.‘

. pomt ( /2 ®), w:th no silica added The performance of th:s catalyst"

L
a

was tested in t-he same’ way as. earfter-.....'l‘he results are tabulated

'll
~ < h r

"Table 19 From thls table |t was - seen tha‘t the ca_taly:st contammg no' -

\ -

‘e I -'41 —"‘ -
5|hca gave worse performance than the op‘ézmu«'n ‘-pomt catalyst .
R . l-- - - ‘ - _‘_ i ,L.c- ;)- T Ny - ';.
Table.19: esults Obtamed W':th Catalyst No "0 e
A ~"\ De:':l- v Vrsco- Amllne Mi.d-"' -
" Cat Run A eN-T O Se s:ty- s sity. : pomt "B*pt .""
No. No. '><1 X2 '_';p;:;m,“'.wt.%"-";" g/cc o cp R "'C , °C
20.20 L% % '7853 0.42 k 09493 90 3 51 5 407 8. 1"
Sk ok The catalyst support was "5"5 zeohte and rest aJumma*“ ‘5'--'-"‘;""" .
- ,._ ‘.\.c . - o - T
. - - - l~"

e .... - ; ) ) ) “\.“,_ " T Y
7.3.3 ° Conclus:on to . . B
ln conclusnon of this part of study, |t was found that,, the” catalyst
support material conta:nmg 25° by wt. 2eol|te ma‘terla{. 'IO° -by wt

; -\\"“

silica and the rest alumma gave the best performahce for sulfur and_

LA
-~

e

mtrogen removal and also gave the"?ﬁoducﬁ-ml wrth IOWest densﬁ:y,,'!'

v:scosnty and- the mld bonlmg pomt out of the catalyst tested as per.

. 3 -

. the central- composnte desugn Th|s deslgn was usm‘ul“ln defmmg the_

- - -y - R

response surfaces for dlfferent cr:terta ws:th the rn'h:m,um‘ number of

runs and was useful in pomtlng towards the 1dlr'e'l.:tn:h"l of optlmum S
. ,.1. L ) - . . o -. ,‘-. i .' ‘, . R “'nl.. .)' “ ,\Q.‘_.@ i "'-..- .
" - A SN e
- ' ':-..:1“:}‘ .""i. -
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« . The second major: outcome of th:s part of study was the conflrmatnon
' - -j. of the good reproducrbhty of the entire catalyst preparatlon and testmg
e | scheme EEE ' S : ~ - -
RN ¥ )  KIRETIC STUDY - '}'f:f‘ CTs L » '

" This part of the present* stt.rdy mamly deals w:tb .a s:ngle catalyst and,

2 ' _’ the results obtained: from the hydrptreatment of the hea\ry gas oil in the

5 - -
. hydrodesulfur:zatlon (HDS) and hydrodemtrogenat:on (HDN) was fltted -
N R ._'_
- t W to the kinetic “models and the resultmg rate constants were evaluated
. " ’ Data are obtame’d at d.lfferent tempera‘tur‘es to get estx'mates “of the
- IR N actlvat:oﬁ»\!. energ:es for these reactlons The perf‘crmarlCe of the trr.ckle-
= bed reactor heat and mass transfer effpcts ahd tbe effect’:veness factor
STy - consnderatlons are aIso dlS’CUSSed "
oo N [ a Ut v o
o . - 3 e :’ ) . _‘__: ',: .
" 7.4.1 Catalyst Used for Klnehc Study
““Fhe catalyst used in this part of the st,udy was pﬂepared wuth the '
Y B RO f .
~° optimum composition found- in the prewotxs sectlon The catalyst
- pr-e.parat:on and« ‘testing schemes wereﬂ exact.ly the sameé as ‘were used
earlle{; ’These have been dlscussed m fhe expemmental 'sections. The
,properttes of the 'prepar'ed catalyst artd‘ the resu'ts of the analysis of @ ~
" " . phys:cal propertles and the chemlcal composition are listed -in
T '»,-Tab'le._'zo. e T T ’ g
" . T e e . t
. B — - . . ‘ i
s hie 'J - - ;.‘ 1 '¥
: e -
. - ~, - .
- - - hY h
: ) - 130 - -

'tr|ckle bed ‘reactor are pr*esented here. The-data obtamed for-.

o
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Table 20:  Physical Peoperties and Chemical Composition of
Catalﬁt’@?c.ipfor Kinetic Study
_ _ BET
T Bulk - - Sur- .
: Den- Pore face - Chemical
Cat . sity .. Vol. Area Composition :
No... - g/ml ml/g m?/g Sio, - AlLO Ni©  MoQ
_ 2 2¥3 . 3
30 0.7956. 0.597 293 25.53  70}84 2.24 5.37 ‘j_"_ﬂ\
& . - .

»
L3

7.4.2 SEM Imaging and Energy-Dispersive X-Réy Analysis

‘The catalyst used for this study was :tested for distribution of its

constituent atoms _mainly Ni, Mo, Si, Al and the rare-eafth atoms La

»

and Nd by scanning-e]ectfon m‘icréscope x-ray dot maps. These are

shown in Figure 33 to Figure 37. o

Figure 33: SEN& sl'r‘i;i‘sge for Aluminium. The bright dots represent
L 2luminium distribution. ’ ~

VAR . (
Sl - 131 - D
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SEM Image for Silicon.
distribution.

The bright dots represent silicon

Figure 357, ' SEM Image for Nickel.
- distribution.

The bright dots represent nickel|
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Figure 36: EM Image for Molybdenum. The brigl:u't_ dots represent
- molybdenum distribution. N
I
|
Figure 37: SEM Image for Lanthanum. The blright. spots Eep‘.rgéent

lanthanum  distribution. s . . o
e ’ : \'
f - 133 ;
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These figures indi\cate'a uniform distribution of Si, Al, Ni, and Mo

.2toms  throughout the ‘catalyst matrix. Figtire 37 indicates the-=.

distribution of the zeolite material in the catalyst support as depicted
by the b'right spots showifg the agglomefatés of La(Nd) rare-earth
atoms of the zeolite material. This figure too indicated Quite a good

mixing of the zeolite material in the prepared catalyst: Since the zeolite

_material was added in the form of a ‘powder, the uniformity of mixing

can not be as good 'as the other atoms indicated. in’ the. remaining four

figures. : | e

7.4.3  X-Ray-Diffraction Studies T
- i

X-ray diffraction patterns were taken for the catalyst as well as the
original zeolite powder. This study confirmed the zeolite type. The x- °

ray diffraction sbéctrogram showed the characté'riitic péaks typical of )

the, t\/be of zeolite (faujasite) used in the p_r‘epérition of catalyst.
However, the actual amount of crystallinity in the catalyst matrix could
not be accurately estimated. ‘This'stt;::!y confirmed that the final ca;c_alyst

consisted of crystalline particles well mixed in the arﬁorph'ous support

»

,Oper%ing Conditions Used

7.4.4

_'I'Héz;"_trici(le-bec_i reactor was used to collect the kinetic data for mainly

HDS and HDN ‘reactions. The reactor was operated at a constant

‘. pressure of 1000 psig and a gas flow rate equivalent of 5000 scf/bbl of

cil wasgmaintained. 350°C,. 375°C, 400°C, and 425°C were the four

f.

-
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ter'nperatures 'selected The h:gh temperature of 425°C was _selected .

matnly 13 see the catalyst performance at h:gher temp{erature The

-

quuld flow rates were varlec to get Ilqmd hourly space- velocnty (LHSV)

of 'l 0 'I 333 2 0 and 4 0. The*.se values of. LHSV were selected to get

(J/LHSVJ factdrs as’ . 0, O 75 0. 5, and '0 25 Although some’ of the
Ilterature 1nd|cated usmg much IOWer values of LHSV to get” (1/LHSVJ
factors as hngh as hnglr as 4 0, it- was consndered quste undes:reable

Az
Our’exper:ence Wlth the present heavy gas 0|[ had shown that operat:ng

" a trackle bed- reactor W|th such Iow quurd flow rates glves exce‘s\iﬂe

coke formation on the catalyst The present catalyst had qulte enhanced

<

hydrogenolysns actlv:ty due to addrtlon of hlghly acxdlc materna’l nd
thls would only have resulted in very fast cataLyst deact:vatton at low
N - 3
llqmd flow rates. o .
. Vs -
7.4.5 Kmetlc Study Results ' T .®

."u

The ‘results obta;ned w:th the hydrotreatment of heavy gas. o:l usmg the

-~ Y

above mentroned catalyst!. 30 are presented in thls Sectton 8 rnl of
catalyst was used and zt was d:luted thh equal volume of inert materlal.
(a<alumina). The operatlng proced.t,gre has already been descr:bed in the_
experrmenta[ section. The catalyst was flrst condlttoned for a perlod of
"0 hours at the standard operatmg cond:tlons (l-e 375 C ‘I_(_)OO psig;

FEEY

LHSV of 1.5 and gas flow rate of 5000 scf/bbl)

. e

P

L
-

After the initial running- m (stabil:zatton) period of twenty bougs,
the kinetic study runs were started with the Iowest temperature of
350 C, folloyved by the h:gher temperatu,res in mcreasmg order.._ Liquid

..

Le3s - e T



S T'ab!e";l_1: Results of Kinetic Runs m
. N Préssure = 1000 psig -~
""" Gas Flow Rate = 5000 scf/bbl*_
Temperature o Sulfur Nitrogen Formatich of = . .
X (°C) LHSV (wt.%) -~  ppm gas (wt.%) .
| Original Oil 3.05 <1
| 350 4.0 1.04 . 3650 0.0864 ° . o |TT=-
350 2.0 0.70 ‘33417 o 0.1734
350 4/3" 0.53 - 3094 - 0.2553 S
350 1.0 0.40.. 2946 0.3379 ‘.
375 4.0 0.72 34 0.1929 -1 [ -
375 2.0 0.39 . 2757 .0.2984 )
375 4/3 - ©.0.25 © 2235 . 0.4798
375 1.0 0.13 2063 " 0.5585 \ 3
400 4.0 0.34 . 2280 0.5837 . .
400 2.0 0.13 ° _ 1765 0.9576 . .|
400 4/3 0.08 1403 - 1.2815°
s . 400 S 1.0 . 0.04 ~. 1226 1.4651
425 4.0 0.16 1937 . 1.5824
1425+ 2.0 0.04 987 - 1.9689 -
425 4/3 0.03 760 . 2.1747 )
425 1.0 ..0.03 738 2.6051 :
- B ) . S ///

>

v

’ !

flow rates were changed from _thét

. __..I'n the hegining and t‘he_ end as

maximum ‘flow of 32 mi/hr (LHS\./=4.0)'

. to the lowest sele‘ct‘ed flow of 8.ml/hr. ,(‘LHSV=1'.O) for each témpe_r:ature.

well as in-setyveen, the two different

i:emperature-run_s the operating ‘conditions were changed to the standard

-operating conditions and samples’ were drawn. This was done to check

the ‘catalys

activity during the kinetic study'.

e



Table 22+ Results of Kinetic Runs ()
‘ Pressure = 1000 p519 )
,G'as Flow Rate = 5000 scf/bbl i
\ Den:  Visco-  Aniline .. Mid-
Temperature ’ sity | sity Point B-Pt.
(°C) . LHSV (g/m) = @ (°C) ey
.Orlgmal oil - 0.9803  241.5 52.7 291
350 4.0  0.9575  123.0 50.4 an.g Lo
350 2.0 0.9517 18.1 - 51.2 393.8 .|
350 . . 4/3 0.9470 - 94.6 . 51.7 . 3968
350 1.0 - 0.8437. 957 | 0524 .. 021
375 1 4.0 - 0.9490. | :95.7 51.6 402.1
375 2.0 .0.9431 T -78.7 52.5 403.0. |-
375 473 . 0.9396 *768.6 . '54.0 389.9 <]
375 1.0 0:9379 61.1 . 53.8 389.8
400 4.0  0.9428  61.5  52.6 . _389.6 °
400 2.0 0.9349° 7 41.7° - 52.0 i 385.8
400 4/3 - 0.9376.  31.7 . . 53.8 382.8 -
400 1.0 © . 0.8256-° 26,2 - 51.3 378.3
425  © 40 . 09343 - 33.9 48.9 - 378.0 -
425 - 2.0 . 0.9247 20.5 - 47.2-  .370.4 .
425, 473 0.9214 _ 17.2° ' 46.5 36847 .
425 1.0 0.9216 . 16.3 - 46.0. . 3885

tlt was very unportant to ‘make sure that each Ol[ sample was drawn .
~” 3

at the steady state‘ condition. . To ensure . th:s,.a wa:tmg persod of at
least one hour was allowed after the setttng of a new temperature
| Thls one hour 'was countetj rom the time when the temperature ms:de
the sand bath had reached the new set steady “state temperature It was
found sufficient to get -2 uniform sample. /Slmllarly, for.every new liquid
flow rate sett:ng a suitable t:me peried dependmg upon the new set flcw-'

<

rate was allowed. It Was one hour for the high flow rate setting of 32"

W

-137-

-
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_ ‘ml/hr and Ionger perlods were dsed for the lower flow rates A ‘time

perlod df"more than three hours was used for the flow of 8 mI/hr

- . S PR
ke : . . B Tt g .
N .,.__r, - R . P
. . —-' - . e N 1

- - oo - . . i
v

The mlet flow of the 011 was measured usmg the 50 ml burette

attached to the pump snlet The steady state ou,t flow of llqmd was "

.. -

measured , by welghmg the mass of sample collected !n a gjven time

perlod The exnt gases were analyzad with the help of an- on line gas

R .

chromatograph The concentratJon of each gas._.inm the exlt stream wasf

¢ L

calculated usnng the cal:bratlon charts The ex-lt gas flow rate was'

measured wuth the wet test meter These data were, used to calculate

¢ . “J.

- ..the total gas 'Format:on for e.ach of the hydrotreatment runs The

- -

overall materlal balance on the orl was performed 'For each run. The

results of analysis 'of the samples obtained from tﬁis kinetic stery are.
givenin Table 21 and Table 22. ", 1. .,

. . .
L . P - S
'S B

Table 21 gives the concentrations_ of s_ul;Fur in wt % and nitrogen in
ppm (by wt.). The gas formation values- are given 'ih"’ by' wei.ght' 'of

the oil feed. It can be se_en that the gas format:on mcreases as the

hydrotreatment temperature :ncreases Thes’e results, are d:scussed'

- -
.

shortly in cqmpar:son to “the gas ‘formatron rates obtained from
hydrotreatment without®catalyst. ?

'7'.476 j(met:c Models . SR N

; o ) '_" '3

The data fpr the sulfur ‘and 'nitrogen concentr’attons in the oil samples/ '

taken at various temperatures and the flow rates was fltted into the

,

--power law rate equations of the’ type shown- below

Tt ..
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‘. rnodel equatlon can be mtegrated to y1e.ld equat:ons (8) and (9)

factor(] / LHS-V)

best possuble stranght I|ne through the data points.

tset of data‘ pomts

‘stralght I:-ne passmg throhgh or:gln

~ wn o . .. . N

e ’ . ':s .-'..\: . 3 - P !“

[ R . -,_-)_- ) . . L Lo \ __
»‘ , ) __;. . - .l.e - Cs . l"— . P ] . R . o 1:
TR o feI”. S ey

- N - L - - - - -t .. - e

N - . dt m. - R
where "C is the concentratron. of sulfur or nltrogen in wt %,, and m Jis
’ . o . ~

. the order of the rate equatlon- Usmg the rdeal plug row model equatlon

(7) nand comblnmg the effectweness fac.tor w.tth the rate constant the

The.s.g .

& S
. : - : . - ; * LR . A 7
are.: _ . e, ot e
S - . B . Y - . ot .~
- . . R : . . .
. e, : .a . AR . . ¥ .
. - N - . . Tt ' . 3 d - . '
. [ 2 - - - . . . * . -~
. - - s “ . C k, - B -
AR ) . - B - _," .. N o,

T il eting s (LHSV) I

o S . l(-. . e ‘ ' ,..£ -
T - S T R T

whe‘re k, 'an'd' k2 are, the ﬂrst ‘and second order rate constants elnd

'subscrcpts i and o |nd|cate the mlet and ou‘tlet concentra-tnons of - s-urfur

) ' ' W - l
or mtrogen The same equatlon can be mtegrated' for a general case of
‘.mth order and the followmg .equatxon results T 5 o

Lo 'Irnr-' Tm . ‘ SR
- . - = . 22
S '[Co:l cootel (“’ ” (LHSV) . (22).
. e .. R . ey 5 N

e [

lf the Ieft hand sudes of the above equattons are plotted aga:nst the

o4 -

then E! straught l;ne should result if that equatlon holds

true A SAS [58] procedure called - "PROC REG was used for. flttlng the o

Thls program uses

a least,-squares regreSSIon techmque “o f:t a. lmear model mto a’ gwen

N

In the present case the model was nothlng but a

~ .

To supress the mtercept NOINT

was. used_ as an optlon in the, - PROC REG’ prccedure ST
T N 1 .t " . . A "
B BN ¢ Lo e . g A
Sl ‘ . P N
) Iy - 139 - S - )
. o M ’ ‘ N :
oL e . . :
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of Sum
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~ The ‘data for the nttrogeﬁ‘" fitted qunte well to the pseudo second-.. I

.\

first or the second order models

LAt

-—

orders between 1.0 and 2;0 Orders 'I 'I

L}

tried for both m'trogen and squur.'

 areshown in Table 23 to Table 26.

.
-

- other parameters, a coefﬂment of determ:nat:on ['COD)

f Squares (rnodel) and Sim of Squares

1 2

r

~

B VT P

(total)

'up to 1.9_. were then - -

) ~ - . .
- - . -
Table 23:. - Rate constants, COD andﬂ“Rr_"‘ob;F.:for“’S_ui_fur,-D‘ata
e LOrder 1 to 1 4) e D
. ot Pressure = 1000 psig '
- : et Gas FIow Rate —'5000 scf/bbi L
Temperature ' _ - Order of Rate Equatlon | o
(6 ) IR . SRS U U 2 BT R 1.4
kv w2318 2273 2.3 2201 . 2.176 -
, 350 cop . 0.8504 ;- 0.9654 - 0.9712 " 0.9766- 0.9815
d Y. /P>F 7070035 '0.0028 - 0.0021 - 0.0015 “0.0011
LT Ty 2.434 T 3517 3637 - 3,788 3.975
375 COD. 0.9760  0.9835 :.0.9895  0.9937 .0.9957
- P>F . 0,0016 © 0.0003 “:0.0805 .0.0002  0.0001
K. 4.902  '5.337° C 5.889°  6.587 © 7.465
i 400 - COD.  0.9624 - 0.9744 0.9846  0.9822 . 0.9966
. P>F " 0.0037, - 0.0018 . 0.0008,  0.0003 . 0.000]
oy k © 5.862- 6608 - 7.576. -8.832 . 10.463
425 COD 0.9180 | 0.9284- " 0.9379. 0. 8463 ~- . 0.9533
P>F . 0.0702 - 0. 0083;- 0. 0067 , -_0-._0054"' 0.0043

. ThlS procedure gives analys:s of regress:on whlch mcludes among

Th|s 1s a ratlo‘

Thls value;

represents the quality of fit'of a” given’ mode[ to. the gtven data

--order model but ‘the sulfur -results drd ~not glve a good f:t for elther

Therefore it was decnded to try ‘-

The__,.r_'.esults of the linear-regression

s
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" Table 24: Rate Constants, COD and Prob>F for Sulfuf Data

(Order 1.5 to "J . X S .{..A' :
LTI e k. S
> Pressure = ‘IOOD psig o
Gas Flow Rate = 5000 scf/bbl .

. “Temperaturz Order of Rate Equat:on -
cccy 1.5 18 .77 18 T T - o200
Ak U 2,158 72146 2.140 - 2.140. 2147 . 2.160-
350 COD 0.9860 . 0.9898 0.9931 0.9956 0..9975 0. 9985 :

P>F (.0007 0 0004 0.0002 - D 0001 0. 0001 0.0001

.. KL Ua:200  4.469 . 4.783  5.168 5612  6.134.¢
7375 -7 COD 0.9953 .0.9923 - 0.9867 0.9786 0.9681 '0.9555
- P>F 0.0001 "0.0003 070006 0.0013 0.6024 0.0040,
: ok 8.571° 9:964 .11.722 13.944 16.760  20.340
400 COD 0.9973 0.9943 0.9875 0.9773 0:9640 0.9483 -
'~ P>F ©.0001 0.0002 0.0006 0.0015 6.0029. 0.0051

.k 12584 15.348 18963 23.703 39.940, 38.174 °
425 - COD 0.9583 '0.9628 0.9656 0.9672 -0.9680  0.9681
P>F 0.0036 0.0031- 0.0027 0.0025 0.0025 0’0024

-

" -
S

in these tables the values of the rate constants (which'-were nothing

- but ‘the valu"es of slopes of the fitted straight lines), the coefficient of‘

determmatuon (COD) and the Prob>F are listed for each order for a[I
temperatures. The values ‘of COD close to the value 1.0. mdncate ,a
better fit- of a model. Also a [ow value of the factor P>F is indicative of

a good fit of data to a gwen model This value mchcates the

L _probab:[rty of getting a greatg statlstlc th.an observed af the

estlmated value of “the model parameter (the k value in the presen‘t'

s

case) is zero. . .



nt

- . (OrdEr T to 1.4)

'.T'ab,‘l.g‘ 25: Rate Constants; COQ and Prob>F fqr Nitrogen Data

' I
—y

”

l' ‘

Pressure = 1000 psug
Gas F[ow Rate = 5000 scf/bbl

Temperature .. . Order: of Rate Equatlon

ey . T 10 1.1, 12 - 1.3 1.4
ek 0.578  -0.635°" 0.699  0.763  0.846 -
350 COD  0.9515 0.9530 ©.9545 0.9560 0.9575
. "P>F  0.0046 0.0044 0.0042 0.0040 0.0038
Y k. 0.966  1.079 1.206, 1.343  1.510
375 COD  0.9727  0.9749  0.8770° 0.9790  0.9810
« “P>F  0.0019 0.0017 0.0015 0.0013 0.0011
k 1.595  1.825 2,081 2400  2.758
400 COD  0.9560  0.3601 0.9641: 0.9680 0.9718
e P>F  ©0.0040° 0.0034 0.0029  0.0025  0.0020
k . 2.288 2,691  3.174  3.755  4.454
425 COD 0.9513  9.9554 0.9593 0.9630 0.9654
e P>F  0,00456 0.0041 0.0035 0.00231 0.0026
g - . e . . __,3“11.;:&‘.

-r

it can be seen from these tables that for nitrogen data, a ..nd order

'umodel fits the data values at all temperatures This is mdicated by

RIS

values of COD close to 1.0 and Iow values -of the P>F factors for all

temperatures for the order 2.0. Ther_efore it was concluded that’Wnth

- this ‘catalyst the nitrogen removal (HDN) followed a _pseﬁ'do4second

order kinetics.’ - -

v

In. the ease of'-the sulfur remoVal'(HDS) data, the cho;ce of the

~

- order of reactlon was not that straaght for‘ward,. As “can be seen from

Table 23 and Table 24, the data at 350 C and 4'7S°‘C gives a better fit

DR - 142
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Table 26:

' Rate Consfa nts,

COD and Prob>F for Natr‘ogeh Data

(Order 1. 5 to 2) . - R

p r'-\.. .“' [

Pressupe = 1000 psig : ks

Gas 'Flow .Rate = 5000 scf/bbl .

‘Temperature ’ Order of Rafe-équation
(°c) A5 18 -V 1.8 . 1.8 ¢ 2.0

N 5

k - .0 931" . 1.025 1428  1.242 . 1388~

350- - COD0.9590

P>F 0.0036

0:9605° 0.9619 0.9634 “©.9648 0. 9662
0.0034 0. 0032 0.0030 ©0.0028 0I0027 *
S0 a

Y. 893 2572

STk 1.890 2123, 2.380 2,676 2797
375 COD 0.9828 -%.0.9846:3D:9862 < 0.9877 0.989% 0.9905
P>F 0:0010 _.0.0008." 0. 0007 0.0006 . 0.0005 0.0004
3. s 6575 4220 4876 5.642 “E.537
“ 400 COD 0.9853 0,8787 0.9819 0.9849% 0.9877 0.9901
© P>F 0.0077 0.0073 0.0010 0.0008 0.0006 0.0004
k. 5.297 . 6.317 7.354 9.058 10.889 13.124 _.
425 CODO0.9695 0.9723 0.9748 0:9769. 0.9787 0.9802 -
. Tl P>F0.0020- 0.0020 0.0017 0.0015 0.0013 0.0012:
\/’.’,\-\ ,‘-h: -~ :
Table 27: Final Rate Constants for HDS and HDN
Pressure = 1000 ps:g ‘ .
g Gas Flow ‘Rate = 5000 scf/l?b[ N % T
: | HON < v R e k
2nd Order ™~ 1 5th Orden
Temperature Rate Constant . Rate Constanf;
' (°c) et L (heT 1(m )“" 5)
350 1.5067.. , -2, 758
L ars 2.9971 . 4200 e
i & . _ o o
- 400 6.5369 ” o “8 571“ > AR T R -
425 13.1237. 584 ; x R
_ - 143 - ) - 3
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-for a 2nd order..model whereas, the data at 375 C and 400°C fitted

- more approprlately to the 1.5th order kmetlcs ~To resclve this conflict,

TR
. ’]i

S s

i -

the values of the COD and P>F _ were compared for all. four

temperatures for 2nd jnd 1.5th order kmetlc It was found that the... .-

degree of fit did not deterlorate very much if we go from 2nd ordEr to

y
1.5th order model ln case oﬁhe data at temperatures 350°C and 475"(:

However, for the d&ta at 375"(.‘:- arrd 400°C C, shifting the -order of

Feaction from 1.5 to ...0 t'he d'egree of fit as. md:cated by the COD and

-

P>F va]ues, dec]mes by Fa much greater value ' Therefore 1.5th order .

power low model was found to be more appropr:ate at all temperatures -

e

~N
T to represent the sulfur EHDS) data for ‘the present catalyst.
’ ’ ‘..‘— \ %z 5
\ ' ‘1 b A i
. i 3 ?&’:. . . K
- Table "8 Act:vat:omEnerg:es for HDN and HDS
Arrhemus Equatrorr v;',_ ~ > R
_ ey , .
@ K7 = A Exp(-E/RT) .-
‘'~ . . where, ) k is the rate constant, T
PR -. . A is the coefficient,
R is the activation Energy, _
- RS » T i$ absolute temperature, and
® A * R is the gas constant.
. iont o HON HDS
L EL L 2nd‘0rder 1.5th Order
S Slope. R '-,—:12 6447 -10.4741 '
- Intercept _ "0 6640 17.6040
~» CoD :'."-',‘.‘; *0.9980 -7 0.9910
PR *.0.0010 ©0.0045
(K Cal/g moie) . 25.12 20.81
A ~(Ur_nt$'of Y ':' 9.4248x10* 4.4188x107
< .' - 144 - -
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The values of!: the r te constants obtained from the above analysis

are ~I|sted in Table 27 for both sulfur removal and the nitrogen removal

at thJe four tempera‘tures :%Standard Arrhenius type of correlation was
u:ed I1‘<‘Jr;ew.raluatmg; the respectwe activation energles The wvalues of
!nfk; 'ar-.-e ;Iotted agalnst (1000/T° K}. “Agam to get the best ftt SAS
subroutme mentloned above was used. The correspondmg values of the

slope’ and mtercepts = COD and P>F as well as the activation energies |

(E —--glope*1000*R) and the coefflcnent A (A = Exp(mtercept)) obtained

for both mtrogen ‘and’ sulfur data are listed in Table "8

- ...l. "
-’ e

7.4.7° _Mater-ial Ba[anc':efl,.,

Mass b'alance was done c;'n-"the"'.dil‘feed and the exit stream. Inlet filow

was measu:ed by volumec T'he steady state out-flow of oil was

* "

determmed by we|ghmg t'he 6rl collected in a kndwn time period.

.- y l‘

Amount of hydrocarborvs m the ex:t gas stream were calcuiulated from

[}

the, exit. gas flow.- rates and compostlons as determined by the gas

L *“ e .- . n’
‘chromatograph:c analysis® '~“‘. S . L~
. - 3 Lo . ’ roe . r
-” ,|"' ' . ’
i - o i 1 -

! .
- . *

*a

Amount:'bf"'ftota | Toke formatlon on the catalysts was det,ermlned by
g - -

removung the used 6ataiyst from thegreactor after washmg it wuth’

q S

mlxture of _‘5" by vomme benzene m acetone It was then we:ghed and

- 7 ‘
l

. calcined at 7.00“!: for‘a persod of 12 hours in air. This was found

e
sufficient -to o:(ndlze all? the- depos:.t on the catalyst. Constant welght of

- -

catalyst resulted within about eught hours The dxfference in weight was
[ -
the measure of the wenghx of coke deposxted on the catalyst

Tt

Rl

Wi,
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i . ’ 7 7 <{Table 29: Material Balance’
O L Basis: One Hour——
e . RS . All units in g !
g . P - ? i
L et oil
R e e *H, *S -N -Gas Out Balance
oy 31.3696 0.0972 0.6305 0.0371 0.0271 30:7319 (.0403
o 15.6848 0.0894  0.3686 0:0234 0.0272  15.3769  -0.0219 .
1 10.4566 -~ 0.9941 0.2635 0.8182 0.0267 1074381 -0.1958 -
‘ 7.8424 - 0.0729 0. "078 0.0148 0.0265 7.5995 0.0667 .
- "31:3696 0.1412  0.7309 0.0507, 0/GB05S  30.7185  -0.0499
. 15.6848 0.1082 0.4172  0.0325° 0.0468 15.0801 0.2164
St 10.4566 0.1014 02928 0.0271 0.0439 10.1836 0.0106 .
o ¥ 7,8424  0.0800 0. ""90 0.0217 0.0438 7.4978 0.1301 ¢
, = 31.3696 . 0.2698 - 0.8501 0.0800 0.1831 30.3251 0.2010
w0 A | o 156848 0.1474 0.4580 0.0480, 0.1502 14.9991 0.1769
Tl 10.4566 0.0820 0.3106 0.0358 0.1340 10.0000 0.1942
T '7.8424  0.0737 0.2361 0.0283 0.1149 7.3057 0.2312
"';_-., e, 3103696 0.1694  0.9066  0.0911  0.4964  29.8918 0.1731
S0 v, 19,6848 0.1427 0 '0.472177 0.0603  0.3085 14.7398 - 0.2468
el oele 10.4566  0.0774 0.3158C 0.0426  0.2274 9.6924 0.2558
o <%, 7.8424  0.0784 0.2368 Q0321 :0.0204 7.1334 0.3142
' P A
_ ; ' "';‘Tﬁé"-coke for-i‘ha'tion.'ra;te is a function of the operating conditions as
. L wel[ as the age of . the catalyst It was very difficult to know exactly
_ how much of coke was formed on the catalyst within a given period of
A .“':-’tlme for the materlal balance calculations. Therefor‘e,‘ it was excluded .
’_:"from this analysis.
»’: <.» Table 28 shows the results of  material ‘balance for the s:xteen‘@a
ﬁ:“*, ‘kenetic runs. The results ar{a listed for the kl/neflc runs at 350°C first,
[ ) » -
".': ..0 !‘ ] )



v
followed by other temperatures in increasing order. is table is
prepared 'takin;_:; one hour period as 2 basis for all calculations. The
first colurfnn of this table gives the mass feed rate of oil and tht:-_“ second
column gives &e mass of hydrogen addition to oil. Column thrhn-ck
four give the loss of mass because of sulfur and nitrogen removal, ar;d
column five is the loss™of hydrc;carbons in the exit gas stream. Column

six gives the weight of oil sample collected in one hour and the the fast

.column is the net materiavbalance.

The positive ‘balance indicates fh_e'loss of oil which is most likely used

up in the coke formation. In ger_jeral, it can be concluded “from the
values of the material balance that for the present study, a good
overall material balance of the liquid feed is achieved: and. most of the

liquid feed as wetl as the ‘product could be accounted for.

7.4.7.1 - Hydrogen Consumption
Material balance on hydrogen was not performed since the inlet flow of

hydrogen coujd nbt be measured. Only 4he exit gas flow and the

.. composition was determined. hydrogen is consumed for conversion of § -,

o

to HZS- and N t;o NH3 . and for hydrogenation of unsaturated andr‘
cracked hydrocarbons.'- Consumption of hydrogen for $ and N
conversions was directly determined “from the amounts of $ and N
removed. Hydrogen used for hydrogé{wation was calculated from the

hydrogen analysis of the feed and the product oil.

- 147 -
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" ?’able 30:" Hydrogen C.._Q‘n'éd—mptior;—/\
. S Pressure = 1000 psig
Gas Flow Rate .= 5000 scf/bbl
: - H\;drogen -
Temperature LHSV - Consumption
- {°C) o (Scf/bbl)
. 350 o« 4.0 565
350 . . 2.0 918
330 4/3 1341 -
350 . 1.0 1392
N - 4.0 ) 3 w
v 375 2.0 1104 )
375 4/3 1471 -
375 1.0 1546 .
| 400 4.0 1328
400 2.0 1456
400 - -4/3 1396
400 1.0 1477 !
[
425 - 4.0 960 (/
425 2.0 1447
425 - 4/3 1245
425, 1.0 1564

A small- amount of hydrogen was consumed in hydrogenating the

cracked gaseous products and hence could.not be cénsidered in these-
calculations. This is e%:ected to be only a small fraction ;af the ;;al
hydrogen consumption, and Eh;.JS would not have changed the total
consumption .figures sign__ificantly. Total hydrogen consumption calculated
as described above is given in Table 30.

The values of the hydrogen consumption are very sensitivé to the

concentrations of S, N and H in the oil, and due to the errors in the
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analysis of oil samples, no'clear correlation could be observed: between
the hydrogen consumption and the operating condifions. However, the

results indicate that the hydrogen consumption is more at higher

'températures and low liquid flow rates.

7.4.8 Reactor Performance )

In th‘g kinetic. study, the basic assumption was that the rea.ctor'
operation was essentially isothermal and plug-flow. Some -of the.
important factors which make t?xe performance of a Iaborators; trickle‘-
bed reactor deviate from the ideal plug-flow have been discussed in the

L:terature Review"”. These fundamentéls w%r'e applied to the present

reactor systern to check its performance. This discussion is presented

“in the following sections. »

7.4. 8 1 Ax:al Dispersion

- Q .
Axial dtspersmn 'is one of the major factors which make ‘the reactor'

perform‘ance deviate from the ideal plug-flow. The most-widels} used,

&

" criterion to assess the magnitude of this problem is given by Mears

{40]. This has been described in the 'Literature Review'. According to-
this criterion, for the axial dispersion effect on reactor per.forquce to
be less thamr 5%, the reactor length to the partlcle diameter ratio (L/d )

should ‘be more than 350.- I\n the present case, '[00 cm long reactor was
h L
used and the partlcle size was 0.02 cm. Thls gives a the L/d ratio of

5000. Therefore, lt can be concluded that as _per this criterion, there

was no possibility of significant axial dispersion or back-mixing effects

I3

and the assumption of ideal plug-flow was valid.
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7.4.8.2 Effective Catalyst Utilization ' -

It is importent for the catalyst to be wetted by the process fluids to

really be effective as a catalyst. lneffieient catalyst wetting or "the
channeling of‘tHe liquid in the packed bed - couid adversely affect the
utilization of the catalyst. The litera‘ture on the "hydrodynamics of
trlckle bed reactors indicated that for a tube diameter -to particle size
ratlo (d /d ) greater than 20, there is minimal or no channeling of
liquid in a trickle-bed reactor. For this study the tube diameter was
0.52 em and rpartic_::[e size of the . catalyst was 0.02, cm, a ratio of
. dt/dp of 26. Thereflore- wtth this size l6f catalyst part_ic!es"i;t this stedy,
the liquid distribution was good -and no adverse_thanneting effects could

be anticipated.

- The 'wetting efficien'c'ies in the""labo—ratory trickle-bed reactors are .
generally Iow as predlcted by the most commonly used correlat:on given: -

by - Satterfleld [64] Th:s problem was circumvented by dlLutmg the =

r

&

‘cataiyst bed w;th equal volumes of an inert material (a-alumlnaJ.
. ,Studies of_ de. Bruijn__ [15], and van Klinken and van Dongen [77]
mdncated the enormous advantage of catalyst bed- dilution in case of

Iaboratory scale reactors.

de Bruijn, indicated that in diluted cértalyst beds, the effect of

catalyst size on the eetivity was m;.xch smaller as compared to.the same
effect in undiluted beds. Also he concluded that in the diluted beds the
space time {(=1/LHSV) was 2 realistic reactiq'n time .parameter‘ rether
tha'n‘ 1/LHSV® factor as proposed by the effective catalyst wetting model

or the axial dispersion model.
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van Klinken and van ljongen observed a six-fold increase in the
value of Peclet number in the diluted bed which strongly supports the
assumption of plug-flow in the trickle-bed reactor. with diluted bed.

Also in the static-holdup studies, they observed a tw:o fold increase in
the pore volume utilization in case of a. dl[uted catalyst bed. This
increase actually indicated a much bigger increase in catalyst utilization

smce they used rather big molecules of C3., 66 for thelr RTD studles

,Bath ‘these studies were carrled out tor actua[ hydrotreatment systems

at the usual operatlng.c_ond:tlons. Thus, their results formed-a more -

~sound basis of predit:.tidh of reactor performance in the pre;‘.ent atudy-.

>

o ' i Loy . . .
Consider_ing the  predictions of the above mentioned studies, it can

be concluded that m the present study, 'by dilution of the catalyst bed,

the effective catalyst Li'ti?ii;a'tion was veky good..

.
-

>
e -

7.4.9 Mas'SQT?rahsfer. Effects and' Effectiveness Factor . . .

H\g?:treatmg reattlons occur on active cataly&mtes For t-h:s reason

it 3s very |mportant for ‘the’ reactants to reach these actwe s:tes Most ‘

of the actlve sites in the porous catalysts are msnde the catalyst pores _

This makes the following five steps. important for such catalytic

reaction:

1. ‘Diffusion of reactants into the pores of the catalyst.
Adsorptlon of the reactant species on the active catalyst ,s:tes

3. - The chemtcal reactlon on the catalyst site.
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4. - Desorption of the prgdu'cts from the catalyst site. '
5. Diffusion of the products olt of the catalyst'peres: & "

The overall rate of a reaction will be. determlned by the slowest of

-
’

above mentloned steps. For ~doing the ‘Rinatie study of _a. catalyst ‘it' is

very |mportant to have ‘the experlmental set-up destgned in such"a way

that the chemlcal reactlon step becomes the rate controlllng step and al'[

other .step_s have a faster rate. To do thls for the stud:es like

e

hydrotreat:ng, no:‘mélly the faarti‘cle size of tﬁe catalyst is reduced .

-

suffnmently to a-chleve an effect:veness factor “of close to one. The

same techmque was employed in the pres,ent .study

tw

" Table 31: Effectiveness Factl_o_r;s
L ) .Effeet-
. Catalyst N e " -iveness -
Used Reaction Size Factér = ° 'Reference
. Co-Mo on ~ HDS . Smm -X-Smm... -0.36" S van Deemter - [75] ‘ ]
Alumina = : S : -1
AT
" v 3.6mm X 0.6 Adlington . [1]
' "3.6mm o . : ‘ :
o o ll’fmmeIi_m_m:I 0.5, " van Zoonen 78]
- . ‘ ' ; L tO ‘ . ' S0 .\
. R N - . .
" .7 . HDS 8/10 mesh 08 . ... Sooter. ‘. [70)
7 ¢ and  to- - to and | v ’
HDN - 48/50-._rrie§h 1.0 - Satchell, [58})




- . . " -

T-he avallable" data pn the effectwerress factors of the catalysts used,

~ L]

Yin . slmrlar s.tudles was very useful in determlnmg ‘the s:ze of thel

catal-yst 'Used in th‘e present study Some of ' these data is _sh_own in’
C r -

- Tablé 3. T e oy AP R

PRI . . - . . . .‘ -

: It was" predlct(é from the llsted va[ues of effectlveness 'Eac‘tors in

the above fable, that for”a partlcle size of Q. '7mm, .the effectlveness_'»

factor WOuld be very close té one\h:s predlctlon was tesfed by usnng

.~

'a catalyst of smaller ssze but the same composttxon as cata[yst 3@ used
.in the klnetnc study Th:s catalyst (number 31) had ar parttcld s:ze

between 'IOO a,nd 'l"O mesh (0 'l'-’4mm ‘to 0 147mm) T.h|s 'was~ tested in,

the trickle-bed reactor in the same manner as. the othEr catalysts This -

o

" . catalyst ‘too, was flrst .run -at standard condttlons for a- perlod of "0

hours and then the sarnples were drawn at LHSV‘lof _at aII'the four

temperatures used for the kmetlc study The samples were tested .and

l;e results are |nd|cated |n Table' 3" . S .

R . . R
) .

w- ’ s : .

The results obtamed with - th:s catalyst were close to the results

obtamecl wuth catalyst number 30 within the hmats of the exper:mental

-_ errors-.v ‘T'her'efore,i it was _conc‘luded W|th the help of 'these results as.

well.'as'-the ,brevjous data available en the ef‘fectiv’eness fa'c'to'rs' that for™

- -

all’ practncal reasons, the effecttveness factors cf .the catalysts used in

thls study were close to unlty



T Table 32:" Results Obtained With Catalyst Number 31
‘ . .~ Pressure = 1000 psig. e e
Gas Flow Rate = 5000 “scf/bbl e T
L ~LHSV =20 . . L )
J S T Nitrogen : Sulfur
Temperature pPM.. - (wt %)
'(°C.).L_\‘ - rl\_I_e.BO | ‘No.31 . No 36— No 3.
350 7 3341 . 3383, 010 0.72..
375 . - 2157 23 Y 039 .0.39
400 1765 . 1688 0.13  _0.14°
425 - - 987 . 1003~ 004 . 0.03

>

7.4.10 Heat Transéer Effects : ‘ o

Another assurnpttOn “involved in the k|net|c analysu:. was . the lsothermal

operation of thé trnckle bed reacto‘r. NOn-nsothermal COl"’IdItIOﬂS can

-~

occur because of‘ two“main factors: \
l . ) g
<1. * inefficient ‘physical temperature control around the reactor
. - | - . . -
and/or', E * . " .

N %

excessive heat effects involved in chemical reactions occurring in
x - e

the reactor. *

R
A -

The temperature control around the reactor was very “efficient in the
"'.present .case. A sand bath was used: to mamtam the reactor at. a
constant temperature Temperature inside the sand bath was checked,

several tlmes durlng the course of this mvestngatnon and was found to

A -



- be within, 2° c at alI pounts msnde the sand bath Therefore, there was

[ .

" no possnblllty of temperatur“e dn‘ferences due to t’hns factor

-
-

.

. . . + P - "
L . - . )

- . -

.o . . \

.

The heats of. reactlons :nvolved in hydrotreatment are generally.

’ v,ery Iow Eof the order of 25 to 30 Kca[/g mole) and the concentratlons

.-
v

of -the react:on species are also Very ‘low. Secondly, the cata]yst is

-

aIWays wetted by the process I1qu|d This he[ps the intrat partncle as

well’ as inter-particle heat transfer. Also the reactor used in -the
present study had an internal diameter of only 0.52"em* Therefore" it
* . was not expeoted to have any,_ significant temperature gradient in the
radial direction of the catalyst bed. E - -

However, to check'\the temperature .difference between inside the

¢ ‘ -

* reactor and ‘outside, a'l thermocouple was .placed at the middle of the
© , catalyst bed length inSide the’ reactor. . The thermooouple size wa.s: .was

. 1/2-32 of an .irzh (0 Smm) and was inserted from “top of the reactor.
Another thermocouple of the same type and size was attached “outside
the reactor tube wuth a small spot weld at.,approximately the same

length where the inner thermocouple was placed. The experl,ment was

-
~ -

run at all the four temperatures and the temperatures from both the

thermoc:oup[es were read with a dugltal thermometer Under steady state

<. cond:tlons no’ temperature dxfference could be notlced between the two

[ N

temperature readmgs. The thermometer used was only capab[e of

readlng the temperature w1th|n 1 °C Therefore it was concluded that

e\_fen-tf there was any temperature difference between i'hside and outside
- T o FERRN ' ' :

of the reactor,” it was less‘th_an 1°C.

' ,_,. 155 -

.2 good phys:cal temperature control around the reactor and there was

-

£

-
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7 the gas formation are giveo in.Table 33 and Table-34. . .

‘the catalyst no. 30 used in the kinetic-study.

7.4.11  Hydrotreatment Without Catalyst. ”
Miki et.al. [43] reported their study Lon hydrocrackmg of afmospheric

residue wnthout usmg any cata[yst in an autoclave type of reactor

.

They observed some hydrodesulfurlzatlo_n _and hydrodenutrogenat:on.
" Some other investigatorg also have reported similar fi'ndings The

proportions .of HDS and HDN occurrtng wuthout catalyst is dependent .

upon the feed type and the operatmg condltlons To evaluate the extent

of thermal .HDS ~ 'and HDN  for -t‘h_e__' present - ‘catalyst system,

' hyd_rotreatmenf study was carried ouf without using. the cata!yst_.

-
.h -\ N
- * -

The inert material «* alumma was used "in this’ study to dtlute the

catalyst The size of this’inert materual was same as that of the cata[yst

(70 to 80 mesh). e-Alumina was .packed into the trickle- bed reactor. :

The same operating pr‘ocedure- was followed as was done in- the ca'_s_'e.pf_.k

]
0y

- A Y N P o C - "

~ P -
it

The hydrotreatment was carried out at the standard conditions for a

period of 20 hours. Samples were drawn at all the four temperatures in

.

the same way-'as was done for ‘the kinetig-runs. The exit gas analysis

was also performed for &ll the-rins.' After the completion of these runs

L3

- the inert material packed in the reactor was.taken ott and amount of

coke format:l'on was determined. There was very Jittle coke formation on

- -

this inert material (1.98% ) whereas- the catalyst number 30 was, found to

have a 13.3% coke 'deposmon. The ‘results of the sample-ana!y and

e . . - - - . - ~
» R . . s

[V - . - e e

I
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Table~33 g:ves the surfur and mtrogen concentrat:ons ;and t‘he gas

formatqon rates.

i o~
---‘18 3% HDN and 13.8% 'HDS occurred wuthout ca-tai'y.st a‘s compar;ed to

— — . .‘ : A
~ T -
) "'4- '_
. .’:uu' .
; Table 33: Results of Hydrotreatment Without Catalyst (l] -
* Pressure = 1000 psig ) -:;__ :o‘“‘ o
Gas Flow Rate = 5000 'scf/bbl e ',;.- - ' g
Temperature ' Suifur Nitrogen ;. Forma.tlon of
(*C) LHSV ¢ (wt. %) " ppm gas (wt n)
Original Oil’ 3.05 . 4831 AN
%350 4.0 2,92 . 3948 0.0708" ,‘
350 2.0 2.88" 3952 0.1230. -
350 4/3 2.87 & 3991 Q.1435
350 1.0 . 2.78 3950" 0.1785
' . v : . P N v
.375 4.0 2.82"  4115. °° 0.0583 R
.| 375 2.0 2.76- 3983 0.1511"
375 - 4/3 2.82 T 4051 | 0.22% - |
: 375 1.0 2,72 413, 0.2627. -
400 " 4.0 2.80 4082 Q0.0884 . °
. 400 2.0 1 277 %4057 0.1779 )
" 400 * 4£3. 2.74 4116 .« 0.2974 ~ = r A
400 -~ 1.0 =2.78 - - 4165.. -’ ~013379
.. . . . . - ~ . LY '.
Tt S A ¢ 2.79 - 4059 . 0.1909 - ;
ST 425 .~ 200, 2.68 © 3938 . 0.3558 .
e 425 .- - 4/3.- 2.61 4022 " 0.52797 -
. 425 - 1.0 2.63" 3973 0. 7073 e
; — ‘;: ——
- B . R ;.-\ T s

From thege va[ues it can.: be seen -that’ .a maxlmum of

v w e

-
s

\.__'

84, 7 HDN and 99 O%.HDS achleved W|th the cataiyst FThe gas formatlon

'J( -+ .

-

-

L

rates were a'Iso !ower m case of cr. ai‘-umma at #ll temperatures The gas

formed wuthout the use of catalyst |'-|ad srn.ai] ~amouﬁ‘ts of unsaturated

gases Ilke acetylene and butyiene whereas no unsaturated gases were

B
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“was subsﬁantia’lly red-n..;_é.ed. ‘ t

Table 34 gives the values of._h_the physical properties, aniline point
and the mid-boiling point values of the samples obtained with c-alumina.
Density values at a!l 't‘émperaturé@-’;‘{\yere very plo;;e to the density of the

original oil and in fact st 350°Ci"'.;= values higher than the density of

original oil were also obtamed Thls observataon a[ong with the hlgher

_ gas formation at th:s wﬁ'perature sugge..ts that with «-alumina,” mostly

%\/ *

“the smaller mo[ecu!es of pil cracked -to_;-,produ_g:e theegases and the bigger

. I

‘molecules were '\not affected. ' K

-

Mid-boiling point wvalues were aiso not very much affected in case of

the hydrotreatment with a-alumina. Aniline point values are all in a

- -

small range between 44 and 47°C. Viscosity ~'values reduced .with

increase in temperature. Lower va!'pes of the aniline point than the

L3

original . oil indicate less}:r paraffinicity . of the products. From these

vaiues it _can be concluded tha't with th_e a«-alumina 2lone, the paraffins
'w—\'\, N

[

':;'élthough the mid-boiling point values showed little change, the viscosity

-

- ) . ; e L

. _ : 0

The above comparison showed that most of the cracking-a'ctiviéy‘o{:-

">

the big 'molecules as well as most of the sulfur and nitrogen removal

was by ¥irtue of the catalyst and not because_of the thermal effects

-

alone.
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Chapter VIII ) ' o
CONCLUSIONS

C-

.
.

Most of the conclusions have been elaborated in the previous chapter at

bl

-

the en.c!)of the discussions ofn each part of the prgéent study. Some of

v

the important conclusions are summarized as-follow: o 4
. 5 ’
,oo-
1. There was no single opjcimurﬁ point  for operating a-

R .
hvdrotreatment reaction within the nominal operating range, which

5 cou.ild satisfy  all hydrqtr'ea.tfnc'ent criteria. " Mowever, - the
experimental technidue used wéé good to point .out individual

._.obtimtims as well as optimum for any joint criteria if desired.
2.I' Stuc'ly. of the operating region indicated a strong interaction of
- ;'>ressure' and 'tempef,ature for mic:{-boiling point as.- well as HDN,

whereby intrease in pressure enhanced the YHDN but increzsed-

the mid-boiling point. .

-

3. There was not any sig'nificant-'effect of gas *flow rate on

hydrotreatment and no high-interaction or low-interaction flow'. -

-

LS

regimes could be observed within the selected range for the gas

& .flow rates. e X |

4 The catalyst preparation and testing scheme demonstrated if this

i 'study showed very good reproduciblity.

5. A catalyst suppor;t material -having 10% by wt. silica,..'ZS% bd wt.
of type Y zéolite mater;i-al ra.re-eérth excha_nged, and the re‘.;t

; - 160 - -



<2 ' .alumina was found to be the best for both sulfur and n'itrogen
removal ’ - . “-,, -

6. Kbe catalyst with the opt:mum composutlon was able to remove’ up

to 99 of the sulfur and 85% of the mtrogen present,m the-“‘
heavy gas oil as compared to a maximum oferBG 2° HDS and 61.4%

- HDN obtained at a 25°C higher hydrotreatment temperature with

a best commer‘c:a[ catalyst (NI-Mo on alumina) tested in the
prev:ous etudy. ) . .
7. The kinetic, study of the’ optimum cata‘lyst suggested a T. 5th

/__/\::fer power law model fob sulfur removal and a 2nd orde‘f' mode[
or nitrogen removal. : . " -

’

8. \Ihe values of activation energies for the HDS and HDN we_re;

.2 30.8 and. 25.1 i\cal/g moie respect:vetv

¢

9. There was very little HDS (< 14%) and HDN (2 18%}) by virtue of
_thermaL effect alone as indicated. by the results obtained v.'ritho‘ut

© usin catalyst: -
- s , @

10. Reactor, perfor‘rnance as per the available Ilterature was close to
N - - N . [

|sotherma! plug f[ow i

s f.
Lem -

11.- A good material bal%ﬁ;é“of oil feed was achievéd- for all the’

j" '-/ . " .'\

runs. -, T 5o "“'_

120 The. ehalysis o{t\ﬁe exit gaseéh'did .not indicate any unsafur:rted

) gases~ presen: in the exnt gas streamx which points to a good

o " R hydrogenatlon capab:l:ty of the catdlyst developed in_this study-‘
) 13 A maximum gas formation of abdut 0.7% by ‘wt. of feed oil wass

observed at 425°C and LHSV of 1. 0

e

- - 161 -
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o L hy

14. The gas formation decreased wi

. o . G
increase in liquid flow rate or

.. decrease in temperature.

15. Hydrogen consumption was found .to.be between 565 scf/bbl .at

350°C and LHSV of 4.0 and a maximum of 1564 scf/bbl at 425°C
" and LHSV of 1.0.

.
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PROGRAM FOR BET.SURFACE AREA

i
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'Appendix A “‘,;.-" oAt |

COMPUTER PROGRAMS
/ >

: ) wr f. . .
THIS PROGRAM WILL CALCULATE THE VALUES IN THE WORK SHEET FOR
B.E.T. SUR#ACE AREA .FIRST FOUR VALUES OF DATA SHOULD BE FOR
'EMPTY SP&CB FACTOR CALCULATIONS. NEXT TWO VALUES  SHOULD BE

FOR CALCULAII§G THE NITROGEN TOTAL VOLUME.

LR "
N
-
T RS

REAL P,PC, PO TB,VT,VB,VS,VA,Y,X,FV,FS,FSH, RA\GE Y1,X1, xyw ALBP, ANO
1VA,E, PRED WT, s xy
' DOUBLE‘PRECISIOV WK
. INTEGER M;N;IER,MDP,SNUM
- DIMENSION- F(}:) PC(lsa PO(15),TB(15),VT(15),VA(15),VB(15),VS(15),Y
1(15):X(159,FV(6,5),FS(2),M(15),N(15) ,RANGE(4),¥1(15,1) X3 (15),X¥W(
215,3), ALBP(2), AVOMA(I3) MDP(3),B(4, 12) PRED(15,6) ,WK (%€, XY(15,4)
~DATA READ Fonon a FILE DEFINED AS 'NO.5
READ(S, 1)smun wr L 1Li"- : ¢ T . ¢
FORMAT(///, 15x,15 /"15a F6: 4 / ISK 12, fJ) '
DO 2 I=1,L ¢ T
READ(S; 35&(1) N(I) P(L) TB(I) POLI)
FORMAT (10X,11, 1: I1,1X,F5:1,1X,F4. T\mx F5.1)
MM+
NCI)SN(I)+I & .-+
COVTINUE\ i

Yo,

READ—THE hITROGEN BULB FACTORS FORM A FILE: FB FORTRAN DEFINED A§

" NUMBER 7. . ) .

READ(? 51)FV(1,1),Fv(1, 2) »FV(1.3),FV(1, &) FV(l 5)
FORMAT(5(/),14X,5(F8.4,2X), /)

DO 50 I=2,6

READ(7,53)FV(I,1),FV(I,2) TV(I 3),FV(I1,4), FV(I 55

FORMAT(14X,5(F8.4,2X},/) . » -
CONTINUE o - _,-—;3’// R

= w

+

i n
CALCULATE EMPTY'SPAQ? FACTOR
DO 5 Isi,L | -
PC(I)=P(I)*(0.9955- (TB(I)-25.0)%1.8E-4) "
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5 CONTINUE -.- -« IR T e e _{\7 . R
‘ ‘ D0.6 I=t,2 °° ‘ SN . . S
VT(I)-PC(I)*FV(M(I)ﬂN(I})/zga 13 Ca . B
6 * . CONTINUE T --. oo w
' VI(3)= (VT(1)+VT(2))/2 _ - I
VT(4)=VT(3) - o :-' . - R : -
DO 7 I=3,4 & ~ .- : C ot e _ T
VB(I)= PC(I)’FV(M(I) N(I))/298.13- - - v - - oy
VS(I)=VT(I)-VB(L) T,
FS(I-2)=vS(I)/PC(I) =~ ™ S ‘
7 CONTINUE n L.
FSH—(FS(1J+FS(2))/.2
DO 8 I=5,6 o S
VT(I) PC(I) FV("I(I),N"I))/‘)Q& I3 . . - : )
8 CONTINUE . - | ‘
Do 9 I=7,L : . . - - . E
VT(D=(VE()VT(6)) /2. . , s
VB(I)=PC(I)*FV(M(I),N(1))/298.13 o . R -
VS(I):PC(I)-;‘FSM-,‘:(]_ ‘+PC(I)*6.6SEI“S). - ) oo \ g ‘."“

VA(I)=VI(I)-VBLI)-VS(I} -
Y(I)=1./(VA(I)" (PO(I)/P(I) -1. )) _ R
XYW(I-6,2)=Y(I) ' e L Ll
XYW(I-6,3)=1.0 - . S -
Y1(I16,1)=Y{I) e v i
X(1)=p(1)/PO(I) _ U
XYW(1-6, 1)=X(I) - L _
- XLI-e)=X(D) T e SRR - T f
9 CONTINUE v - ) - )
WRITE (&,20)SNOM,WT . T .
20- FORMAT(1H1,6X, '¥',41¥, "= 61X, '10? ; : .
: 1 S 30‘-{ 1('"') /,30%, SANPL NO:. 'o18,t vt /,30%,2
11( ) H1o 10X, SA%PLE WEIGHT = FS.&,/,” K
1 ',/,5X, 'BU- ‘PRES~  PC. TEMP VAP. VT(I) VB(}) VS(L)
cew - 1 VA(I)  P/PO Y',/,5X,'LBS SLRE | PR. _ CC", €C
: 2 Cct cc ',4/) . L . )
DO 42 I=1,L - . R Lo T
M(I)=M(I)-1 T
N(I)=N(Iy-1 . ) ‘ o T,
42 CONTINUE S .- o0 . 3 ‘
DO 21°1=1;2 - ; oo- 0T
_ "WRITE(S, 22)&(1),N(I) P(I) PC(1) 13(1) VT(I) ‘ 0
22 FORMAT(S5X,11,'+',11, 1X,75.1,1%,E5.1, 1X,F4.1,7%X,F6.3,/) .
21 CONTINUE & B o
DO 23 1=3,4: © ‘ o :
wRITE(s 263M(1), N(I) P(I) PC(I) TB(I) ,VT(D), VB(I) VS(I) FS(k- 2) Fs'
"IM - ar
24 FORHAT(SX,II 11 ,1X, FS 1 1x JF5.1,1X,F4.1,7X, 6. 3,1% F6.3,1X,F6.
13,2%,"FS. = F6 3, 3< ‘FSM = ',F6.3,/) -

23 " CONTINUE = ‘ o '
. DO 25 I=546 ‘ .
- WRITE(S,26)1(I), (1), P(1),PC(1),78(1) vT¢h) A

26 - FORXAT(SW 11, ,I11,1%,F5.1,1X,F5.1,1X,F4.1,7X JF6.3,/)
25 CONTINUE - : ; .
) Do 27 1=7,L

/.
E



R R R -7t . i .o - - o -
.-'_": ‘»“- s, -,'_-_._."-,‘ -‘_‘ LI v; ST < e 4 - ' 1\ . e 12
el ST D F e . T . et .
B -'. '.'.: - .‘.: kS .-t ' NDoa T - » ' - -. ’ ’ - - . B
o By -. ey ’ .'-'. v e , L. ": '.'_. ey - -‘\ ‘s
D Vs T WRITE(S, 28)M(1) N(1),P(17;8C(1, T3¢13,PO(D), vrcx) VB(D),VS(D), VA(T
e ‘. KR — 1) x{—I) Y(I) oo P
R S 287" FORMAT(SX,II,™+',11,1X, F5.1,1X, Fs. 1,1X, FA 1,1X, Fs 1,1X,F6.3,1X,F6.
131XF6'31xF631XF5a1x3115/) Ty >

T T e T 277 T CONTINUE L= A S I
I WRITE(8,41) . P K2

A S S FORMAT(/// 10X, ! LT s T
T ._& ',/,10X, 'NO. OF /" '"SLOPE - . INTERCEPIPT' . - SURFACE- .
"4 72", /,10%'BOINTS . -° S ‘ ST . ¥ AREA',//) -
. - :MDP(13=1 - oo o .

N V- T ¢  T P R . < 8
N, T T e O _LALBP(1)=0.05 S < » -
- L * . 1. 'ALBP(2)=0.05 . : , '
Lo e L T IK=L-6 . - 7 oy oty
R "DO 11-I=3,IK/ P R -
T DO 44 K=T,I - \ : : S
S DO 44 KK=1,3. T . 1 N T
. XY (K, KK)=XYW (K, KK) .- _ -
) 441 CONTINUE © - L a ) =

- ‘ . NV-I ’ . —
h : CALL RLFOR(XY,15, NN 95.,MDP, ALBP mova B, 4 ,PRED, 15; wx ;IER)
el , . S=4.38/((B(1, 2)+B(2 2¥)* W‘r) re AT
A - v L¥  WRITEC6,40)1;8(1,2),8(2,2),8 soee
- 40 FORMAT(12X,12,2X,2(E13.6,4X),3X,F8.3,/) . ~— .
. 11  GONTINUE . , . L , -
Y . - URANGE(1)=0.0 ) .
Ceem e ", RANGE(2)=0.6 ' cr -~ . N oty
.. " - RANGE(3)=0.0. B . - I o
. "S v . RANGE(4)=0.08 . s Lo
el e CALL USPLG(X1,Y1,!,(L-6),1,1,15HADSORPTION PLOT, 15 AHP/PO 4 13}{?/(
. w7 L+ = 1VA/(PO-P)),13,RANGE, 1H*,0, [ERP" . ; o
R - _WRITE(6,30)IER Coo s : '
.. ,-Y - 30  TFORMAT(///, 10x 'THE ERROR MESSAGE = )]
- -~ STQP . - : ! /
T " END T ' °

LES

. - \ » &
~ - m - g - -
. - -
-
» a0
. - - - ty L e
-
P ) .
EARTS .
4 """h\
i - IR
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. . b - . - -
’ ;-_ . 15\";_ - a . -
x TER 7 % - . * - . <
X [ , S 1 ~ .
S E > X o
R )
( i L.
e .= o ’ :
3 - - A C < .
Z. Programs fb’:._' the Simplaf}ed-ﬂzstlllancn . , '
5 . . . . 5 N E',_'n’ ‘.‘;l - JC:' .
. C THIS‘—PROGRPEI ACCEPTS RAW élA'IA AS GE\‘ERATED BY THE GC INTEGRATOR
C ; .
! ¢ “To RN : FSI¥ EXEC . : : o
C - — - - . - i , ™
, . INTEGER N§,NP,NT,NOFS o 3
L€ i/ REAL X,X1,X23¥,Y1,SUM,MIDBP _ "= ‘ :
©=-  DIMENSION \{(20),.\{1(20),:{2(20) Y(20),Y1(20),NS(2) g v
c - ’

C GIVE THE VALUES ar 'I'EMPERATURES CORRESSPONDING TG THE RETE’\'TIO'\IS
c. TIMES FOR EVERY 2.5 HINUTES INTERVAL TO Y1'S BELOW:-

., C R o '
“C i . . .. -
DO 9 I =1,20 © : . .
Y1(I1)=0.0 . : - _
9 » & . CONTINUE ' . | -

: NT=8 Ry . - )

L ’ Y1(1)=142,0 - . . ‘
Y162)=196:00 - . ' . .
¥1(3)=243.00 - { .
Y1(4)=307.00 _ : - : f
Y1(5)=366.00 ¢ . C N
Y1(6)=41%.00 . RO 3 LT

o Y1(7)=4B2.00 ., h ‘ . ’ P .
A Y1(8)=533.00 . o
C : 4 . : . 2 S '
T READ NUMBER Of'saMpLES ane THEN. R s o e
C READ THE SAMPLE NO. AND THE VALUES OF TEE AREAS FROH THE, 1\"rscmmn
c >
el . READY S , 49 )NOFS - -
L4y, FORMAT(14%,13) _ 4

1}

~ , DO 48 J=1,NDFS

"READ(5,50) (NS{I),1=1,2)

50 FORMAT(13X,4A4) "
Lt READ(S‘S%\?

53 ~ . FORMAT(19X, m\

DO 6 I=1,NP B -
F\A(S :’1)\(‘(;) N e
51 FORMAT (EB - "‘ o :‘;. 2, ‘-
. 6 A CO\"I‘I\UE_'.Q :
g C * . -~ w ' T :
C CUMMULATIVE AREA (x;-;e.fn..,}A.\'D % AREA (X2(I)):
c R . .
- v Fy | S
~ SUM=0.0 -~ O e,
o DG 1 I=1,NP g ‘ _
R SUM=SUM+X (1) ) : . S
: 3OXI(I)=gly - . ) _ . © : '
1 .. CONTINUE . . - .

-

\ N Do 3 r=1wp T, . FUE
- + i . ) L o . ’_‘v
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21

© 23

22

5

c
c
C
2
60

51

X2()= (x1(I)/SUM)+100 0
0 Y(X)=2.5*1
CONTINUE. .™

Al

CALCULATE THE MID-BOILING POINT BX USING A& ST. LINE IN THE

IN-BETWEEN POINTS

1=1
IF(X2(1+1) LT.5Q. 0) GO TO 21
GO TO 23
I=I+1
’ © GO TO 24
' IF(X2(I+1).EQ.50.0) GO TO 22

 MIDBP=Y1(I+1)-(Y1{I+1)-Y1(I))*((X2(I+1)=50. 0)/(%7(I+1) X2(1)))

-4 GO TO 25
MIDBP-Y1(I+1)

-

- —_——

WRITE THE GIVEN DATA IN AN OUT PUT FILE DEFINED AS 6.

WRITE(6,60)NS ' : )
FORMAT(IHI'/// 15%,'SAMPLE NUMBER :- ,244,/,15X,

CUWULATIVE ,2X, 'RETENTION',3X, PERCEN%” 2X, TEMPERATLRE ./.8X,"'A

21" ). [111,17%

1R£A ,8X,.'AREA' ,7X, TIME 7%, AREA ,7%,'DEG.C',/,5X, 10¢"_"y.2x,10("

1_’).2X,9('_').3¥ 707,225,110 ). /1)
DO 3 I=1,NP
WRITE(6,61)X(1),X1(1),¥Y(1),X2(1),Y1(1)

FORMAT(5X,E10.4,2X,F10.1,4X,F5.2,4X,F6.2,5X,F6.2,/)

CONTINUE _
: WRITE(6,62)MIDEP
FORMAT (/ /., ]0X,”MID-BOILING=POINT =

'F6.2,' €

'WRITE VALUES IN A FILE CALLED PD FORTRAN FOR PLOTTING

DO 33 I1=1,NT
WRITE(7,34)¥2(1),Y1(I}
FORMAT(F7.3,1X,F7.2)
CONTINUE
CONTINUE v
STOP ST
" END
REAL XARRAY,YARRAY
DIMENSION XARRAY(11),YARRAY(11)
CALL PLOTS(200.0,27.5) L. -

CALL PLOT(0.0,5.0,2) ' T

CALL PLOT(6.6,5.0,-3)
XARRAY(9)=0.0

XARRAY(10)=1.0

" YARRAY(9)=0.0 i

YARRAY (10)=1.0 S
DO 2 J=1,2

Do 1 I=1,8

READ(5,51) XARRAY(I),YARRAY(I)
FORMAT(F7.3,1X,F7.2)

XARRAY (I)=XARRAY(I)/10.

. =173 -



3 O

YARRAY (I)=YARRAY(I}/50.
CONTINUE ot
CALL SCALE(XARRAY,10.0,8,1) -
CALL SCALE(YARRAY,12.0,8,I) o
CALL AX1$(0.0,0.0,16HPERCENTAGE ( % ),-16,10.0;0.0,0.0,10.0)

. $CALL AXIS(0.0,0.0,22HTEMPERATURE ( DEG. C ),22,12.0,90.0,0.0,50.0)
< CALL FLINE(XARRAY,YARRAY,-8,1,1,1) .. .

CALL SYMBOL(1%7,18.0,0.7,9HSIMULATED,0.0,9)
CALL SYMBOIL{(1.0,16.3,0.7,12HDISTILLATION,0.0,12)
CALL SYMBOL(1.0,15.0,0.42,14HSAMPLE NO :  ,0.0,14)
CALL PLOT(15.0,0.0,3)
CALL PLOT(15.0,-5.0,2)
CALL PLOT(21.6,00,-3) * . . .

CONTINUE — Y : “

CALL PLOT(0.0,0.0,999) .. ~

STOP

END | .
-/ bl

-
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3. Program used for Oberéting Region Study:-

This program was used ‘for model fitting with linear regression for
different performance crfteria used in the Study of Operating.Region:=-

50

86
25

REAL X,Y¥.B,E,XTXIN,XTY,YMEAN,YHAT,PERR,YM,R,BVAR,RANGE ,A NEU,CONFI
1N, XTY,WKAREA ,MAX ,MIN,Y1,COV,COR,D,Y2,B1,C1 .

INTEGER I,1Y,N,M,INC,IOPT,IER,L,CT,NO,OK,BST, TITLE v

DOUBLE PRECISIO\ EMEAN,SS,SSPEESQ e

DIMENSION X(28,15),Y(28),XTXIN(15,15),%TY(15),B(15),E(28,1),YHAT(2
18),BVAR(15) ,RANGE(4).L(28),A(28),CONFIN(15),XTX(15,15) ,WKAREA(20),
1Y1(28),C0V(15,15),ESQ(28),COR(15,15%,BST(15) TITLE(G) D(28),Y2(28,
19),B1(15,9),C1(15,9)

DO 1 J=1,28 - .
X(J,1)=1.0 -

READ(5,50)%(J,2),%(J3,3),X(J,4),X(J,5)
FORMAT(4F4.1) '

X(J,6)=X(J,2)** 2

X(J,7)=X(J,3)™

X(J,8)=X(J, 4y ' o -

X(J,9)=X(J,5)**2 et T g

X(J,10)=X(J,2)¥X(J,3) : ' ‘

X(J,11)=X(J,2)*X(J,4) el L

X(J,12)=X(J,2)*X(J,5) . - ‘ :

X(J,13)=X(J,3)*X(J,4) . ‘ :

X(J,14)=X(J,3)¥X(J.,5) A o ca

X(J,15)=X(J,4)*X(J,5) C . e -
CONTINUE - - . o

DO 30 I=1,15 . - .

Do 30 J=1,15 R

NTX(1,J)=0.0 : . o

DO 30 K=1,28 N -

YR(IJ)KTNIJyM(hT)\U\J) '
CONTINUE .

WRITE(6,71) AT
FORMAT(1H1,///,30X, "INPUT DATA',]/) . ’

DO 7 I=1,28 ~ :

WRITE(6,72)X(I,1),X(1,2),X(I,3),X(I,4),X(1,5),X(1,6),X(1,7),X(1,B)
1,X(1,9),X(I,10),%X(I,11),X(I,12),X(I,13),X(1,14),X(I,15)
FORMAT(2X,15(F4.1,1X))

CONTINUE -

WRITE(6,85) ,
FORMAT(1H1,///,25%,'XTX MATRIX',///) <. .

DO 25 I= 1,15 :

WRITE(6, as)xrt(l 1),XTX(I+2),XTX(1,3), KTX(I &), XT\(I 5),XTX(I,6),X
1TX(1,7),XTX(1,8),XTX(1,9),XTX{I,10), XTH(1; 11) XTX(I,12),XTX(1,13),
IXTX(I,14),XTX(1,15) )
FORMAT(ZX,15(1X,F7.4)) e "
CONTINUE

CALL LINV1F(XTX,15,15,XTXIN,0,WKAREA,IER) ~-

R
-
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R

- , | . . . .
- I Sl
Y ~ < : e
Sy & S . .
-i"‘ - i B :‘-‘ ’ < . o . ._:.T; WS - o ~ o -
T wRITEGE, 7Y SN
74 ., FORMAT( ///,36X,'XTXIN',//7) . .
.»77 D0 10 1=1,15 e

WRITE(6, 75))_CIXIN(1 I),XTXIN(2,I),XTXIN(3,1), XTXIN-( »1),XTXIN(5,1),
IXTXIN(6, 1) ,XTXIN(7,I),XTXIN(8¢I), XTXIN(’,B I XT"’.,IN(IO ), ‘(TXIN(ll

L 1F) XTXIN(12,1), XI\INT13 1), XTXIN(14, I ¥;XTXIN(15,1) -
75 _FORMAT(1X,15(1X:F774)) L .
" 30~ CONTINUE 4 - e A ; '
'WRITE(6,90) IER.~ « o - T e
90 " FORMAI( /1 .5%, "™MATRIX INVERSIOV ERROR MESSAGE IS = ',d4,/)
.« D09 1=1,28 &7 P ¢
' READ(S:, SDLCD) o _ L
51 FORMAT(I2) 3 = - .. - - P
C o D(D)=EL(ET - P
9 .. _CONFINUE. _ 7 S : o
) READ(5,57)N0,0K . * LT e —
. 157  FORMAT(244Y S :*ﬂ‘ ST e .

* DO 35-CT=1,9 &
READ(S,55)TITLE(1), TITLE(2),TITLE(3) TITLE(&) TITLELS) ,TITLE(6)
55 ~° FORMAT(6A4%) o . LT y
-D0 33-1=1,28 . e
- REAB(5,56)Y1(I) ‘ - . PR -
56,  FORMAT(FB8.4) o . W S ' N
- Y2(I,CE)=Y1(I) NI . :
33 - CONTINUE i ST T
<o MIN=10000.0 T -
MAX=0.0 T - .
DO 17 1=1,28 - " . S s ..
TF(MAX.GE.Y1(1))GO TO 18, g , .. T
Ly MAXSY1(E) . T : 3
18", IF(MINTLE.Y1(I))GO TO 17 r T
) MIN=Y1(I) . e T .
- 17 . CONTINUE L s
.- .. DO 19 1=1,28 . )
T Y ((Yl(I).ﬂIh)/(ﬂAK wr\)) -1.07
,19. . CONTINUE_ ; S e
' D04 K=1,15- - . - oL
XTY(X)=0.0" ) .
DO & J=1,28 . -
TOXTY (K¥=XTY (K)+X(J, h) Y(J) ! ST
4 CONTINUE ‘ ST 2 L
'_. DO 5 F=1,15 ‘ . . B
B(iJ=0.0 w F S ‘
DO 5 J=1,15 -~ _ .
B(I)=B(1)+XTXINCI,J)*XT¥(J) T
L. ¢ BL(ILCT)=B(L) . ) . . ’1
5 - CONTINUE L -
. YMEAN=0.0: ] ’ L L .
.. EMEAN=0.0 S . -
'$8=0.0D Q0 Lo . ’
: . DO 6.,1=1,28 R B
-+ "YHAT()=0.0 ) , . . . S i
“DO11 J=1,15 . .- . . - t.
- YHAT(I)—YHAT(I)+B(J)+Y(I 37 L " ' L -

-

RS 72



11

89
32

7

o 7 IMEANSYMEANSY (1) A ik R4
6

P
-

. FORMAT(1H1,/,45%,37 ('
.1),77,30X,
D0 12 171,15 . .

CGONTINDE - - s oL Lol T e e

.

o £ -, aT - ] . fw‘ ooz

CONTINUE ™ ' TN v T

E(I,, F=Y (1) -YHAT (3D o v DT e T

ESG(I)=E(I,1)#*2" TR B P
SS=SS+ESQ(I) - ' P L P

EMEAN=EMEAN+E (I,1)*10000.¢" M a0 Ve

CONTINUE_ .- o o R
EavgEA 2800000 B L T L2 g ‘
YMEAN=YMEAN/28.0 T

SSPE=0.0D 00 S AU SO
DO 14 I=25,28 - ,9‘ e -
SSPE= SSPE+E(I L) L

_mcmnpmf ' G e s e T Ty ‘

LR ' T -t LS

. R=(SS- ssPE)*3. O/GSSPE‘(ZS 0= 1; b 3, 0))

: *'PERR—SS/(ZS 0-15.70) 2. : O

.. DO 15.1=1,15 . . L P

. BVAR(I)=PERR*XTXIN(I, I) LT N

", CONFIN(I)=2 .160% (SQRT(BVAR(I))) SRS S o

“ CLEILCT)= CO\FE\(I) - TP V-

_ BST(&3)=6K' -~ ' T

" TF(ABS(B(I)) GT. ABS(CO\FI\(I))1G0~T0 130 - o
BST(I)=NO = ~ - .. .Y . L . g

' DO 15-J=%,15" st —_—
COV (I, J)=XTXIN(I, J)/(SQRT(YT\i\(f 1) K?KIN(J J))) " o
JIF(I7NE.J)GO T 15, -« N .
"Cov (T, J)zBVAR(I) . ST ;-‘ s

N ~

* N " ' L.‘ -

+ "CONTINUE — CR ' R PO

WRITE(6, 87)TITLE(1) TITLE(Z) TITLE(3) TITLE(A) TITLE(S) TTTLE(GJ
"y, /7, 65X 64k, '~ ANALYSIS - ,/ 43%,37("%
'VARIANCE- COVARIA\CE HATRIX IR o F
WRITE(6&,83)COV(I',1),C0V(E,2), COV(I 3),COV(1;4) ; covc1 53, CDV(I 6),C
10V (E,7),CoV¢I,B) , L0V (L, 9),CoV (T, 10) cov(I, 11) COV(T,12), CDV(I 13),

C1C0V(IN14),C0V(L,15) . s e

Foa.m‘r(is(l\ F7.4)) |

Y.DO 31 I=1,15
DO 31.J=1,13 - - .
.COR(I,J)=CavV (1, J)/SQRT(GOV(I I) COV(J J)) e

-

. CONTINUE . .. = _ )

:FORMAT(

WRITE(6;88) . ° .
/77 ,20%, CORRELRTION HATRIX ///)
D0 32 I=1,15 - -

- WRITE(6,89)COR(I,1),E0R(I,2); COR(I 33, COR(I 4y COR(I 5y,CoR(1,6).C
10R(1.,7),COR(I,8),COR(I,9),COR(T, 103, COR(I 1, COR(I,12),COR({,13),

- 1COR(1,14),COR(I, 15)

FORMAT(IS(lX F7. 1))

_-CONTIRUE

WRITE (6,77)TITLE(L), TITLE(Z) TITLE(33 TITLE(%), TITLE(S) TITLE(G)
FORMAT (HI, /s 1X,644,/,"
-1 - . T/ 410K,

1y »
DO"16.1=1,28 '
WRITE(G 78)Y1(I) YD) YHAT(I) E(, 1, ESQ(I)

9k, Y' ,?x, 'YHAT" 7X ERRDR 12X. EBRSQ A

-

RN --.[ S ey
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7& = FGRHA‘:(&X,F& 4, 3% JF8.4 a'x FB a 4%, 1-‘9 & A.xfﬁll’: 5) " A
JCONTINUE ~ .

-

..b-

o . WRITE(S, 79;Y»:EAN- EMEAN M'Ax MIN ss 9915’}: e Tl e
‘f -.79 EORL'IA’I‘(// 2X, YMEANS " 1'-‘8:.& 5%, TEMEAN=S ! Eu. 7 1% mxw ,F8.4,5
S STMIN= W FB4, /A, “108%;" SUR O, SQUARES = ma 7, //“,-I'OX 'S+ 8. PURE
L 1ERROR =" JE1437,4,1HL) oL T YT o
. WRITE(S, BO)PERR‘,R JSYTA e e T S
,'.-.-;."8‘0 FORMA’I‘.(/H 24X, ' PURE “ERROR UARIANCE e va // mx -" MODEL A
~ lDEQUACY TE}ST VALHE .R =1 m 7,_////) e
T« WRTTEC6;73) =7 * o T e
C 73 romrtizx"cosmrcmw VALUES sx 95 CONF IN’I’ERVAB' , 10X, 'VARI
,‘_-f- ¥ IANCE TSy el e ST e e T e T
- ~DO.8 1=1,15 SR o
- .. ¥ WRITE(S ‘YG)E(I') BS‘I‘(I) CO\’F‘I\I(I) BVA'R(I) BTN
. 76 “EORMAT(I3X,E14.7, X, Ak, 12X, F14.7, 12X, Ela 7) ‘.-' LT e L E .
- g *¥ CONTINUE. -~ - % . S
S w TY=1- :*-: S L B '_ e LT '
* N*ﬂs,, e e Lo e :
" %‘1_1 ) " -‘ ' ‘?- .. ‘. : ) . o - ‘ “"." T o
s LINCS1 » S o ST
. . RANGE(lB--L 1. A T = LT .
~ T RANGE(2)=1.1° Ce e e T EARR S
. "RANGE(3)=0.0.. = - .0 = - S ok «
JRANGE(4)=0.0. T T ot a U E e
. JIopT=l 0 Lt : R S
. CALL USPLO(Y.E, IY,.' M, II\C 30HRESIDUAL PLOT ( RESIDUE Vs Y ), 30,28H
v . }(Y) THE DEPENDENT® VARIABLE,ZS, {9HRESIDUALS , 9 ,RANGE, 1z, IOPT IER)
. Rmssu)fo 0. : - & -
" LRANGE(2)=Q.0 - - Ea e - -
LG CALL USRLO(D,E,IY,N,M,INC, 3UHRESIDUAL PLOT RESIDGE. Vs N ),30,28H
v JI(L)~ THE SAMPLE I\UMBER 5 28\9HRESIDUALS,9, RANGE ylH* ,"OPT, IER)
DO, 21 I=1,28 " T >
. Aft)=x,2-0.5 . . -
21 -7 CONTIMUE - ; ' '
- CALL USPLO(A, £, GIY,NLM, m.c 30HRESIDUAL ﬁLOT ( RESIDUE va Xl) 30,28H
) 1TEMPERATURE (VARIABLE X1<.5), 28, SHRESIDUALS, 9, RANGE, 1HX, IOPT,IER)
RN - DO 22.1=1,28. °* , . A
. ALDRX(, 3)-0.5.. L LS ‘
22 CONTINUE . A i
“CALL USPLO(A,E,IY,N,M, INC, 30HRES’IDUAL PLOT ( RESIDUE.VS' x'J) 30,28H
- 1PRESSURE (VARTABLE X2-0.5) ,28, 9HRESIDUALS,9,RANGE, mx IOPT IER)
DO 23 1=1,28 - &
- A(I)"‘((I 43-0:5 PP _' ‘~_
_ 23 .CONTINUE - ' - «“ S -
CALL USPLO(A,E,IY, N M, INC SOHRESIDUAL PLOT ( RESTDUE vs X3),30,28H
1LIQUID FLOW (VARIABLE X3-.5),28, 9HRESIDUALS 9,RANGE, lHX IOPT ,1ER) -
. DO, 24" 1=1,28 ,
. A(D)=X¢1,5)-0.5 S
24 CONTINUE - = ' .k : '
) ~ CALL USPLO(ALE,IY,N,M,INC,3GHRESIDUAL PLOT ( RESIDUE VS X4), 30 28H
1GAS * FLOW- (VARIABLE X4-0.5) ,28, 9HRESIDUALS ,9,RANGE , 1HXy10PT, IER).
" .35 . CONTINUE » - .
- WRITE(6,81) ,..' T YL
81 FORI'IAT(IHI /// 1X, EXPERIMEN'I‘AL ,4X, 'SAMPLE ", 2X, DENSITY"‘ 3%, 'Visc
B ‘- 178 - - ' ' '
.. - : v -t
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~ <14%,"% HDN',4X, 'CETANE' ,Bx,"nn-:sm, e z.x"nssmn..,u "NUMBER', 2X, (
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INDEX'S, 1F.X, 114" 'Y017) U L _

D026 1=1,28,. - « & “"-'--_“r.,_
WRITE(S, 373}((1,.2) X(1,3), xu & ka,sn, " W
LTy, Y2(1,1)3¥2(1,2), ¥2(%;3) | YZ(T‘ &),,Y"(I 5, Yz({ +6),Y2

1¢1,7),v2¢f58),Y2(1, g%

X, E6. z B'( F4. z,ex F6.4 46X, F
15.2,4X,F5. ",J.\F5'2aws 2) -, .

TF((I.EQ.4).OR. (T-EQ 8),OK. (I, EQ 12). op..(r EQ 16-) OR. (1 EQ. 20) OR.
1(1.EQ24).0R~(I. EQ. ‘s‘))s@ TO 96 ¢, _ -
GO TO" 28 - A T S Lt . P

WRITE(6,95) C e e R e .
SEORMATCIZINGCT "), /) onie 7 e
Y CONTINUE R T .; ST Tl

~ WRITE(E,92) .

FORHAT(lHl /f/f 21X, COEFFICIENT VALLES §°w< 'COI\.FIDENCE IMTERVALS

':f'///) 1;“.. 'o!' . . : L
pued 34 1=1, lJ - . s

) \\'RITE(ﬁ 93)Bl(l 1), BI(I ) Bl(I 3}, B1(T, 14) BILI. '5) Bl(I 6) B1(1,7)

- 1, BI(I '8),B1(1,9), Cl(I . 3).C1(1,2), Cl(I 3, Cl(,I 4y, Cl,(I 53, Cl(I 6),C .

11(1,7),C0(1,8)C1{1,5) 4 ,
“FORMATA2X, 9(F6:3,1X),5X, 9(F6 3, 1*{) /) C e .
+.CONTINUE R ; L oot
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A Pro ram used for‘model‘flttlng w1th llnear E’gressaon for Locatlon of

thzmum Catalyst Comp051fxon -, ) -, .
THIS PORTRAN is kRITIEN TO DO THE MULTIPLE LINEAR REGEKSSION
.A\IHLYSIS S -

.o

e

THIS WAS F{RST WRITTEN FOR THE SIXTEEN RUN CENTRE COMPOSIT
USED' FOR THE-CAT&LYST SCREENIVG DATA'READ FROM FILE 5 ’

AT THE-END IT CAN GIVE DATA IN FILE 7 ToR EIGNVALUES

b

- REAL X XIY YTXiN Y B. "YHEAN YHAT'PERR ¥M,R,BVAR, RANGE A MEU CONFI
1IN, XTY WKAREA,MAX'NIN ;Y1,C0V,COR, D Y2, Bl Cl PERV,P,XS,C CIN W, Z,ZIN,

2F,T,¥2,Y3,Y0

IVTEGER I,IY, N, M, IhC IOPT IER L,CT, \O OK, BST TfTLE KR1,KR2Z, JR1

» DOUBLE PRECISION EMEAN,SS,SSPE, Esb E .
". DIMENSION X(l6,6), KTY(é 63, XTXING6, 6),¥(16)+B(6),E(16,1), YHAT(16),

1BVAR(6),RANGE(4), L(lé) A(Iﬁ) CONFIN(G) XTY(6) ,WKAREA(20),Y1(16),CO
2V(6 6),ESQ(16),COR(6,6)., BST(6)] TITLE(G) D(16),Y2(16),B1(16,6), Cl(l

.36 ), YS(Z) C( 2) CIN(Z-Q) W(Z) 2(2 2), . Y3(16) .

>

THE DESIGV DATA IS GENERATED

' NUMBER.OF DATA" POINTS' . & PRI
M=16. - . - - S e
NUMBER OF co- EFPICIEVTS TO BE ESTIMATED .
Ns6 T N O
7 'NUMBER OF REPLICATE RUNS S
" R1=6 - :
_ . " REPLICATES BEGIN 3T SERIAL NUMBER
- KR1=5" L e
RN REPLICATES END. AT SERIAL VDHBER L : -
KR2= 12 - . LT e ' oLl s
fno I=sLM. L j ‘ : . N
X@D= T A L e g
“IF(I GT. 4)-GO TO 2 P ‘ e
x. X(L,39(-10yws1 - - SR E
IE(I ~GT. 2)GO TO- 3T, _— .
COXEL,2)=1T 0 L S S PR
oY G0TO1 T L s e
X(I,2)=51 - B S .
SGOTO1 P S
CX(I,2)=0 .- T T T T e
CX(1,3)=0 0 o~ T T PO . T
- CONTINVE =~ * -~ -, . " T
X(13,2F=SQRT(2:) . o e TS
S X(16,2)=-8(13,2) .~ . - o T o LR
X(15,3)=X(13,2) - - o e .
L X(16,3)=-X€13,2) . ;- - T . e T
.. WRITE(6,60)M,N - < R
) -.186 - .



- + .y - . o B
P . BT .
LTt e0 FORHAT(lHl /1/,30%, “INPUT MATRIX X(',12,",*.12,")" /773
AR DO & I=1,M s T -
ST T . e = XK(TL,8)EX(T,2)2 : .
ot T L X(LL5)=X (T 3)**2 e .
i g X(I,6)=X¢1;2)*X(I,3) * = :
e “ ' WRITE(6,71)X(I, 1)¥x(1 2),X(1,3),X(1,4), \(1 5),X(I, 6) LT
.. <71 FORMAT(1O0X,6(F7.4 X) /) o
o 4* CONTINUE - o LoE "
. " C s " ) a7 ° N .- . .
. c CALCULATE ¥TX,XTXIN, AND XTY - L
~ . C R ‘$ - -
o © e . DQ5ISLE e N ~ . -
- . D05 JELN e ce '
. . XTX(1,7)=0, ~ " e D
oo 7t s~ o+ D05 K=lM . AL
et ?TY(I'J)-\TK(I IFX(K, Ty SICES) B
?; -~ "« CONTINUE ) Do e

T _WRITE(6,72) -
el © ot T g2 FORHATilHl /117,30%, 'HATRIY XX /175
. .7 1.D0 6 I=1,N.

o VL . WR.ITE(s ;3)&"1’)&(1’1) XTX(I;2), \"1‘\(1 3 \"D..({ u) \"I’\(I 5) \"I“((I 6)
o .- 73, .. FORMAT(3X, 6(F10.5,2X),/) - e .
o 6. -CONTINUE o TR
e e CALE LINVIE (XTX N .N YTKIN‘O-WKAREA 1ER)
vt ST T L. o T . WRITE(6,74) - ot

s le.m -0, FORMAT(IHY,///,30X; ﬂATRIh \T\I\ ///)

- , . - DBAT I 1 '&
* v« .. WRITE(6,7 )YT\I\(I 1) SXTXINCI L2 \T\I\&{ 3) \T\LN(T 4y, XTXIN(TLS),
LoTer T S O \T\I\(I 6) " , ‘ i
* 750 ‘FORMAT(5X,6(F10.5.2X),/)" =~ v
. T LTl ' CONTINUE
¢ L
: C ‘READ THE VALUES OF THE DEPENDENT VARIABLE FROM FILE DEFINED AS
. . ,=. €., . S. FIRST LI\E GIVES'THE® YO VALUE.
. .. - C. DATA 18 MRITTE\'GIVI\G THE ORDER OF RUN FIRST AND THEN THE
) ' c - VALUE OF- DEPENDENT-VARIABLE.
. -C- . ) L " -
. . ‘ - ) c . - . . -
L £ ".tT « READ (5,50)Y0 .
AN 50 FORMAT(//,34X,F6.4,////) .
v . C . et - . .
L . . C . BRI
L. © 7 D09 I=1,¥
R _« “READ(5,51)L(I1),Y2(1)
at e, w81 ’ FORMAT(5X,12,3X,F6.4)
‘ ' ' D(1)=L(I) e .
I U . T Y1(I)=(¥0- YZ(I)) *100.0/Y0 ~ .+
ee TETT N7 09 . "CONTINUE - ’ v
5 - MIN=1000.0 -
T ey . MAX=0.0 =~ .
‘ P "o © DO 17 I=1,Y
T R IF(MAX.GE.YI(I))GO TO 18
'L Tt e MAX=Y1(I)
. ¢ P - )
St e - 181 -



~

18

1
‘c
.o C-

c

7.

¢

- 19

IR IE, Y1(1)60 TO 17 _ .
CMINSYIED) . v e ‘ o TR

R Ty
Coeatar . LA
‘ N ., PEEERC
B - L)

- -

cmnimm .o > L

-

" ERROR ESTIMATIONS - - °’

- NORHALIZE THE VARIABLE b8 CALCULATE XT? AND B‘VALUES

-l'i

DO 19 I=1,M-.
T LY(D)E ((Y1(I) MIN]JGMAR~HIN)) 2.0~ 1 0‘"‘
) CONTINUE® - VoL T .
po 24 K=1,N 7 T . -
XTY¥{K)=0.0 - - . L
DO 24-J=1,4 . o s

* L] --.‘
- -

L . YIX(KJ—YT¥(R)+¥(J K)“Y(J)

) . CONTINUE - E .-.j' s
DO 25 I=L;N ., F.Qk e =

L BTID,0 R i , . -

. 77 D025 J=L,N T y
» B(1)=B(1)+XTXIN(I J) x:Y(J) o
« CONTINUE - . _ ' .

Wt -

~
v bd L - .
ST, . P

P . YMEAN=0.0

-

S . EMEAN=D.0 L e o,

- '$5=0.0D 00 .

’
’

DO 26 I=1,M ° - ' ’ N

e ~ YHAT(1)=0.0 o

_ D011 J=I,N ' " .
T YHAT(I)—YHAT(I)+B(J) X (I,J) ,
CONTINUE )
Y3(I1)=Y0-(0.5% (YHAT ()% (MAX- 11\))+wxw) (&0/1bo 0)
. E(Is1)2Y(I)-YHAT(I)
_ ESQ(I)=E(I,1)*E(I,1) X
e ”:SS=SSfESQ(T) -
- .. '+ EMEAN=EMEAN+E(I,1)¥1000.0 * .

I | - YMEAN=YMEAN+Y(I) ’
. CONTINUE s i

" YMEAN=YMEAN/M " -

t

" PURE ERROR ESTIMATION FROM REPLICATES

SSPE=0.0D 00 : oo
DO 14 I=KR1,KR2 -
SSPE=SSPE+E(I,1)%E(I,1)
CONTINUE .
- . PERV=SSPE/ (R1-1) a

pun ¥ )
R—(SS SSPE)*(R1- l)/(SSPE“(P R1+1)) P -
BVAR(1)=M-N S

' o - 182 - ’ ‘

t -

.



*

o'—bk »

. . . N -
. ' - kr - 1"
P . . . =172
1 : R . ) LTI

-
L

P BVAR(Z)—Rl 1
‘ . CALL MDPI{0.95,BVAR(1)}, BVAR(Z) F IER},
PERR—SS/(% NYe» -

s

¢
. C. COhFIDEwcs;;NTERVALs AND VARIANCE -tORRELATION MATRIX.” ~
c . ‘ L. i .
: R(1)=R1~1"~ I
fCALL_wn 1(0-05,BVAR(1), T IER) S . ~
c h “VALUE OF T-FUNCTION IS EVALUATED ABOVE. S
' ' DO.15 I=1,N - N '
"BVAR(I)= PERV XTXIN(I; 1} . l
CO\FI\(I)-T‘(SQRT(BVAR(I))) - ‘ -—*ﬁ.f-,‘
DH+15.J=1,N ,** . o
Cov(1, J)-XT\IN(I J)/(SQRT(XTEIN(IZI) XT\IWIJ J)))
. . IF(I .NE. J)GOTO S ., T .
' R © COV(I,J)=BVAR(I). _ ~ - ° EERIA
15 . COVTINUE “u
c --" ¢ - v - ‘
T - WRITE STATEMENTS . <= A - . _
o it ety Rt . -
N . T ' WRITE(6,82) SR L .
... 82 FORMAT(IHI //7,18%, "XTY VARIANCE -- CORRELATION  MATRIX'.///)
: ‘DO 12~ I=1,N . B

R hRITE(é 83)YTY(I) COV(I 1) covgx 2),COV(1,3),C0V(I,4),COV(I,5),C0V
Lo DT 1L, e) Ters : . T )
© 83 "FORMAT(10X,7(F7. a 3Ki /) e .- . .
12 GONTINUE .., AT L
, WRITE(6:;77) . ‘ R SRR LI L ' g .
77.. FORHAT(IHL ///,2x Sk, RUM';ax,'Ylj;gx,'Y',ax,‘DATA',sx:'PRED‘.
o 1 - 11X, "YHAT' STR ERROR L12%, "ERRSG'Y, /,2X, 'NO "NO.' /1)
.. PO 16 I=1,M .
WRITE(6,78)], LIy, Yl(I}-Y(I) Y2(I), Y3(1), YHAT(I) E(I.1), ESQ(I)
78 FORMAT (31X ,13,1X,13, 1x Fs 43X, FB 4 zx F6.4,2%,F6.4,2X,E14.5,1X
- 1,E14.7,4X,D13. 5 /) i . _
e 16 COVTINUE Co el E '
WRITE(6, 19)YHEAN EMEAN HAK SMIN, ss SSPE t
t 79 FORMAT(// 2X, "YMEAN= ',F8,4,5X, "EMEAN= ' ,E14.7,/4X, MAK“ " F8.4,5%"™
’ - 'HIN— ,F8. 4,//, 10X, 'suM OF _SQUARES= ",E14.7+//,10X, 'S. S. PURE E
ZRROR‘ Ela 7./,1H) . . '
WRITE(6,80)PERR,R, PERV,F,T.

-

-
-

80 FDR‘“!FL‘T(///Z&’( TOTAT.. S..8. VARIANCE— ,E16.7,//,10X, 'M"ODEL A
-T1DEQUACY ’I'EST VALUE'- R JE14.7 "// 24)( "PURE ERROR VARIANCE= ', El
L 24607 // 10X - VALUB 9)3 FU\ICTION F = '",F7.3,//,10K, '"VALUE OF T-FUNCTI

~ BON' yF7.3, /, - N )

2 ,/// 11X, 'CO- EFFICIEVT VALbES 6%, 95W CON. INTERVAL',10X,'VA
<3RIANCE',//) .° e . ) ;
*° DO 28 I=1,N . . :
WRITE(6,76)B(I),CONFIN(I), BVAR(I) " ~

76  “FORMAT(13X,E14.7,7X,E14.7; 12x El& SR :
*.38 - CONTINUE : U ) - S
oo Iy= . 0T BRI
n ‘.' . J:M . kN . N : . . . . ) ,
L I=1'v . T " B - ’ *
ING=L L e L I -

£ -

A R



o - .~ RANGE(R)=-1.1 .o
T T _ RANGE(2)=1:1 -~ :
- . RANGE (3)=0.0
) 7 . S RANGE (4)=0.0
- t 10PT=1 v
e . CALL uUsPLO(Y,E,IY,J,I,INC, 30HRESIDbAL PLOT ( RESIDUE VS Y ),30,28H
, .1(Y) THE. DEPENDENT VARIABLE , 28, SHRESIDUALS,9, RANGE, 1H#, I0PT, IER)
v o RANGE (1)=0.0
e : ! * 7 RANGE(2)=0.0 .
! ' , CALL USPLO(D,E,IY;J,I,INC,30HBESIDUAL PLOT ( RESIDUE VS N ),30,28H
i 1(B) THE SAMPLE hUMBER _»28,9HRESIDUSLS, 9 RANGE, 1i#, IOPT, IER)
DO 21 K=1,4 .
' - ©L 7 A(K)=X(K,2)-0.5 . L. . :
. 17 21 - CONTINUE -
- p-__* - .CALL USPLO(A,E,IV,J, I, INC,30HRESIDUAL PLOT~( RESIDUE VS' x1) 30,28H
R * 1(X1)THE SILICON- CONCENTRATIN, 28 ,8HRESIDUALS, 9, RANGE, 1H#,10PT, IER)
. - ;_.. .DO 22 X=I,M " ° .
S L LT AR)E xcx.31 -0.5 . R v .
-‘— .22. CON’TINUE - bl [ = : ' ol . -
D R o7 3 DSPLO(A E, IY J,1,INC, 30HRESTDUAL PLOT ( RESIDUE VS X2),30,28H
. o '1(X7)THE ZEOLITE- CONCEVTRATI\ 28,9HRESIDUALS, 9, RANGE, 1H#, IOPT, IER)
+ - N I -
. S R DATA WRITTEh In FILE 7 FOl E}Gh VALUES. RS
- . - ‘C EPETAEE . L - N
. " - -- = c . - v = -'- K el . 1.
T kRITE(T' 9:)8(*) B(é) B(6) B(:) H(") B(3), B(l) .
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Appendix B.
IMPREGNATION SOLUTION CALCUALTIONS .
< e )
The water soluble salts of nickel and moiybdenum were mckel[ous)
. \‘W'qu, nitrate - Nt(Np )., ; GH O (F Wt '790 8) and ammonium molybdate -
o (NHE I_GMQ?OM .'4H 130.- (F 1235, 86). The impregnation solutions
- \-:_’ T, were prepared keep?ng a, NnO/MoO3 ratso of 0.3 and a concentratlon
T * s.uf'fiment to gwe- a tota} o‘F 5° 1oad|ng of both the active metal oxides
combmed Formuta weight of 'N:O is 74. 71 and that of MoO, s 143.94.)
;e_{f-::':*gj% 'The amounfs of the salts reqU|red for a given support of known
- - _';-"_ g pore \(o}ume were ca[culated as follow
2T S otal volume of the solution ~.* =100 ml
] Pore vohﬂne of the support =y ml/g X
—— Amount of the mckel nitrate reqmred . =
(O 05) {0.3) (290.81) =
. X 100 X (1 3) X .(74 7) 4.4914/v g
Amount of the amm mo[ybdate required . =
w X 100 X (1.0) X (12353, 86/7] = 4.7175/v g

(1 3J (143 94).






