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., group concentratlons.

known  group concentratlons.

Abstract

A method of Functional Group .Analysis (FGA) - was

developed for structural characterization of Alberta gas

. 0ils, The aim of FGA was .to) characterize .-the chemical

composition of gas oils.- in terms. of the&concensration of a

]

| selected set of functlonal groups using data from Nuclear,

‘ Magnet1c Resonance (NMR) elemental analysis *(EA), and

Infra-red spectroscopy (IR)

As a first step in. the 'analysisgt gas oils w%re
separated into "classd’fractions enriched " in Seiected
functional groups. Asphaltenes were removed by precipitation
from an_prpentane/benzene solution of 6i1. The deasphaltened

oil was then subjected to «class separation by column

chromatography to give saturates, aromatics, Polar I, Polar

17, and Pdlar»*III fractions. . The polar fractions were.

-

d1st1ngu1shed by . the increasrng polarityv of their
constituent groups. - d‘ |

For- each fractlon,.data from EA :E;JNMR add, IR were
used to~:obtaiﬁ' linear constraints reiatlng the unknown

concentratlon of funct1onal groups to the analytical data-?

phe. less accurate data from '3*C-NMR were‘used to formulate

an objective function which was m1n1m1zed subject to he

‘ linear cqnstraiﬁts. A quadratlc programmlng algorlthm was.

used. in the m1n1m1zat10n procedure ‘to obtaln the. funct1onal3'

g

FGA was applled to a numb€r of synthet1e mixtures with

The pred1cted‘concentratrons of

v

P

/
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some hydrocarbon functional groups such as gamma methyl,

beta metﬁiiy hydroafomatic'rihb, naphthenic methylene, total
|

alkyl Substituents, and mono + diaromatics .vere fairly -

accurate with an estimated error of + 15 %. Concentrations®

a

of\chain methylene, methyne, and naphthenic methyl were less
‘accurate with an error of + 40 %.

The , structural profiles of various class fractiens of

A

'Sync§ude/Coker Gas Oil (SCGO) revealed some of the strengths
/I, .

. and weaknesses of FGA. For each fraction, typical structural

features such as aromaticity, degree’  of 'aromatic ring

condensatlon, degree o subst1tut1on on aromatic r1ngs,

\

etc., were easily determlned from the proflles The profiles

also provided bhe concentrat1on of- varlous heteroatom
groups,/xﬂn’ipartlcular the d1str1but10n ~of sulphur " in

algphetlc and aromat1c_ struetures. On the other hand

» )
discrimination between mono and d1aromat1cs and various

f —

poliéromat1cs was not p0551ble.

J—
A

Structural profiles of gas oils _ from different
geographlc ' locations indicated thath feedstoeks‘ with

‘relatlvely s1m11ar physical prOperties 'had apprec1able

drfferences 1n chem1ca1 comp051tlon. For example, Cold Lake‘

Gas 0il (CLGO),and‘Lloydmlnster Vacuum Gas 011 (LYGO) had‘

wvery similar elemental composition, specific'gravity,(and

boiling range (within 6, °C)fanowever l-CLGOB,had~ 18%. more

heterdarematics, 50% more polyaromat1cs, and 52% mote-

~,

;hydroaromatlc r1ngs than LVGO The d1str1but10n ofv sulphur'

‘0
between aromat1c and al1phat1c structures was also d1fferent



<

»

~

witﬁx 61% of sulphur as thiophenoaromatics in LVG? compared

/ ' . ' . .
wit?- 43% in CLGO. -Such differences in  chemical

“characteristics could result in different reactivity for the

above feedstocks under processing conditions.

JﬂComparisoh of the profiles of hydroprécessed SCGO with

- . those of the original sample revealed significant .changes in

the cpncentrationfof various functional éroups..Ror-example,
. -"_ . )

concentration of phenanthrene .was ‘reduced by 25%, and

aromaticity decreased from 36% to ‘28%-'indicatingf)the

hydrogenation of aromatics. Desulphurization of

A

thiophenoaromatics, deoxygenatjon of dibenzofurans, and-

partial hydrogénation of = condensed aromatics were
responsible for the increase in benzene concentratioh from
0.082 to 0.188 moles/100 —grams of - sample. Such changes

indicated that FGA would be a promising tool in kinetic

modeiling for hydroprocessing of gas oils.

3]
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. /5 1. Introduction
N ‘ : . ‘
,In order to predict the kinetic behavior of processes

: . fa
such fas upgrading of a heavy oil, one. requires a chemical
~description of the oil. In studies where kinetic models are
based on b0111ng range or class fraction, one can obfain an

adequate representation of the oil behav1or fog a specitic

composition over the range of pr0cess cond1t1onsl studied.

CF ' e

. There are extensive published studies on hydroprocessing of

X

heavy 0115. In the case of hydrodesulphur1zat1on for
¢
example, the rate of sulphur removal is generally correlated

w1th total sulphur concentration. Chung (1982) obta1ned a

~ pseudo first order rate express1on in 11qu1d phase sulphur

concentration (mol mL") for hydrodesulphurlzatlon of
Lloydminster. Vacuum Gas 0il which prov1ded a good fit for
the rate data. Beuthér and Schmid (1963) studied the'
cataiytlc hydrodesulphur1zat10n of Middle Eastern crudes and»
obtained a rate expre951on second order in weight percent of
sulphur., Metzger et al. (1971) showed  that the
desulphurization of Kuwait Virgin distillates was adequately
represented by a rate expre551on w1th order of 1.7 in welght

'

percent of sulphur. Sch?}t and Gates (1973)' concluded that

hdesulphur1zat1on of many reactants _over 'a wide range. of

cond1t10ns was f1rst order in reactant concentratlon and in

'hydrogen partlal pressure., . They recognlzed that petroleum

feedstocks should be con51dered ‘as a mixture of sulphur
contalnlng compounds each -of which reactsi,at a  rate

proportional to‘its concentration. Due to a wide range . of



reactivities for various sulphur compounds, the sulphur
removal rate can be first to second qrder in the total feed
»sﬁlphur éontent depending on the feedstock and operating

‘conditions.’
\

A major limitation of such modelling methods is that
they do not provide any information about reaction pathway%

involvipng different \ structures each with different

reactivity. Since heavy =~ oils contain many complex

7

structures,. any single lumped pa{ameter would be inadequate

to describe the chemical changes , in the oil.- For

conventional modelling methods, the predicfive'ability is

_limited by the imprecise relationship between reactivity and

bulk properties of the oil.

Before any kinetic modelling study 1is undertaken for

processes involving complex hydrocarbon mixtures, one
requires a technique for characterizing the chemical

. composition of = the . mixture. Heavy.'oils, coal-derived

liquids, and other organic fuels contain . very complex‘

- structures and no single analyticalvtechhique can identify
ahaﬂquantify.all ‘fhe structures that are present.. Many
characterization studies are avaiiable,,bgtvto be useful for
mddelling purposes, the :gsulting classif{catibh must be
easy fﬁqﬂ implemeht, should describe the 'major‘~reactive
structures adequately; and..yet reﬁain ) fléxibility to
“incorporate varicus sources pf.énalytical'informatibn.
A éo¢ﬁon aﬁpfoéghffor struotqfai ;cha}aétefizationv.of

‘hydrocarbon ‘mixtures is to obtain a set of -average

Al



structural parameters based on nuclear magnetic resonance
(NMR) data (Brown and"Ladner, 1960). These parameters
characterize the mixture ig terms of aromaticity, average
chain length, degree of a&aromatic ring - condensation, and
degree of substitution on aromatic rings as Mell as other
Structural features. Average molecule construction (Oka et
.al., 1977) 1is another technlque which uses the structufal
,parameters obtained from NMR data together with Aaverage

molecular weight data to construct an average molecule to

represent the mixture. Both of these.- approaches provide

b,

informatiop on average structural features and not the’
- R R .

actual structures present. ‘ , g
. . \ ]

In 1983, Ailendproposed the Functional Group Analysis

(FGA) approach for structural characterization of complex
hydrocarbon  mixtures. FGA takes the approach that a

representative set of “functional groups account for the

majority of the important structures that are present. As

shown in Figqure I.1, a large complex molecule is v1ewed as a

comblnatlon of s1mple functional groups. The purpose of FGA:

is to quantify the chemical character of a  feedstock or

prodyct in terms of the concentration of an appropriate set

of selected functional‘groups;,

“depeé%s on the informatiOn availeble on ' the structures

present in that sample. The qual1tat1ve 1nterpretatzon ofr‘

b

The choice of functional groups to.ggpreSent a sample

anelytlcal data from such sources as ‘H- NMR ‘ "C NMR, aﬂd=_n“

L 4

; N

1nfra red (IR) spectroscopy can also prov1de 1nformation on



the . presence of‘partiédlar functional groups. Once a set of

functional groups has been chosen, their concentrations are

determined so as to satisfy the analytical ddta from such

’

' ., sources as elemental analysis, 'H-NMR, '’C-NMR, IR, and mass

spectroscopy.

| The purpose of this study is to develop a method of
Functional Group Analysis for structural charactefization of
gas oils obtained from Alberta bi;umen.'Class‘séparation of
gas oils by column chromatography is wused to obtain

fractions which are enriched in selected functional groups.

This separation is a necessary first step towards the

characterization of gas oils  which facilitates the
appropriate choice of func;ional groups to represent: the

separated fractions. Quantitative information from elemental -

~analysis, 'H-NMR, '°C~NMR, and semi-quantitative data from

IR spectroscopy are used to obtain the structural profiles

~of various fractions.

-

a ficst step in kinetic-modelling studies. Devglopmeht of a
mathematical model which would predict -the changes in' the
concentration of functional groups is difficult .and beyond
the scope of this study. L |

In chapter 2, recent applications of FGA by other

. workers for structural characterization of organic fuels, in

particular" for coal derived:.liquids,. Qill. be briefiy

fchemical .StrUCtdres “in “Alberta bitumen»,wirl bé'used to

S

The concentration of the functional groups can serve as

~

reviewed.iTheéwork of ‘other researchers in “identifying the
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obtain a set~ of functional groups for gas oils. The

analytical methods used in this study are briefly’ discussed
‘ '
in chapter 3 and the mathematical formulation of FGA

utilizing the data from these sources 1is presented in

chapter 4.
14

In chapter 5, FGA is applied to a number of synthetic
mixtures prepared from 1aboratofy organic compounds to
develop an estimate of the accuracy of the. analysis. The
structural profiles of vafious fractions of a Syncrude Coker

’

Gas 0il (SCGO) are presented and discussed in chapter 6 to

reveal the strengths and weaknesses of FGA. '%f

A comparison of the structural profiles of gas oils
obtained from various geographic locations is presented in
chapter 7. In chapter 8, the structural profiles of the

liquid product obtained from ’hydrop:oceésing of SCGO are

o

- presented to examine the changes in* the functional group;

*

concentrations resulting from. hydrotreatment,' Th§
conclusions of this stu@yware summarized in chapter 9. W
) FEL, - _ * e
ﬂ%’,\-
b
q o




= [:j 4-ﬂ&—CH2—O }+2{&—CH2—0 } e
4 ' i

- O + O—CH3 + —(OH +
. + o—CH
Notation: $
. %}uﬂdﬂto arbmatic~carbon
e \Bound to carbon alpha from aromat1c ring

o ,Bound to carbon beta gk further from
aromat1c ring .

Fighre I.1 Representatlon of a Complex Molecule : N
by Functional Groups :
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. b4 - . - ) » ’ ! A - » . LA 0 .
- and involved some assumptions since the,relationship between

2. Literature Survey’
2.1 Application of FGA for Structural Analysié
,FGA has been used for structural characterization of
several fossil fuels, in particular for éoalfderived'liquids
.(Allen, 1983; Petrakis et al., 1983). The domiﬁant
structures in a coal derived oil are variousv aromatic and

l
hydroaromatic structures. Allen (1983) used information from

elemental analysis, ‘'H-NMR, and carbon aromaticity from

"C—NMR to obtain structural pfbfiles for aromatics and
}varipus resin fractions obtained from ﬁygroliquified ‘coal
‘samples. |

| FGA i;valso,flexible in that various sources éf data

can be 1integrated to obtain the structural profiles of

complex hydrocarbon mixtures. 'Allen et al. (1985), wused

. N

infiormation from class separation yields, ‘H—NMR, elemental

analysis, mass spectroscopy, and limited data from '°C-NMR
to characterize heavier fractions of shale oils, heavy

“crudes, and tarsands. For ‘heavy oils, the set of functional

groﬁps such as methyl, methylene, and methyﬁe g;oupsﬁ to

account fbr"the"presencev'of alkyl chains and branqhes in'

addition to various aromatic and hydroaromatic - structures.

AN .

Quantitative interpretation of mags:spectfa wasgdifficult,

. o o ‘ : R et o :
“peak intensities and concentration is not always known. The

assumptions involved in applying_mass?spectra information in

FGA are 0utlinéd'bY'Le’(1985X;'

‘ groups representing the sample’ should include aliphatic



Allen (1983) obtained the structural‘ profiles for a
series of hydrodesulphurized coal liquids using elemental
analysis, 'h-NMR, and high. resolution mass spectroscopy.
Examination of the profiles revealed some- trends with
increasing residence time. A decrease in the concentration
of large aromatic clusters ‘and an increase in the
‘concentration of hydroaromatic and small aromatic clusters
~Sjndicated partial hydrogenation of aromatic rings. The!
concentration of short aliphatic chains, however, remained
relative}y unchanged. ,

Allen et al. (1984) applied FGA to wood tars‘using:data
from elemental analysis, 'H-NMR, and '3C-NMR. The components
of 'tar were rich in oxygen, containing between 34 and 43 %
oxygen by weight. Consequently, the Jﬁppropriate "set of
functional groups was'dominated by,oxygenated species. The
structural ‘vprofiles of the tars were used' to obtain
thermodynamic properties usingioroup contribution methods,
which demonstrated another application of FGA. |
2.2 Chemical Structures in thumen and Heavy Ozls

There is a lack of information on the appllcatlon of
FGA for: structural characterlzatlon of gas 0115 derlved from
fbltumen,. wh1ch ‘ contaln- larger amounts . of saturated
”structures than coal l1qu1ds. In a.recent paper (Allenv et
:al.;e'1985) FGA was appl1ed to a sample of atmospherlc tower"
.bottoms from a Cold Lake heavy o1l The' results,, shown &n'>

Table :1 .1, 1nd1cate that most of the aromatlc r1ng systems

,were heteroatom1c, in partxcular d1benzoth1ophene. Elemental



analysis on the saturated fraction of heavy-odl samples has
shown the presence of cohsiderable .amounts of sulbhdr,'
likely in the form of naphthenic sulfides, which indicare
that not al}ﬁdthe sulphur is in the heteroatomic aromatic
structures. Clearly the choice of dibenaothiophene as the
only sulphur bearing group distorted the results of the

analysis. The high concentration of heteroaromatics has
resulfed }h'a small coheentration'qf benzene .and naphthalene'
groupsvin the resu}tsr A better description of th? oii . can
also be achieved if more information. is extracted‘from
'?C-NMR spectra, id‘particular for the aromafic carhons.AThe
aromatic acarbon band (8 range 100-160 ppm) can be divided
into three bands containing 'protonated aromatic carben}
QOn-protonated .aromatie €atbon  bound. to %arbon, and
non-protonated arohatic‘carbon hgund to heteréatems; This
division would allow a bettér eStimate of the_concentratien

+

of heteroaromatic strugthres.
' The choice of an“appropriate set of functibnal'groups'
for gasﬂozls 1n this study was based on ‘the wOrk of - other -
researchers to 1dent1fy the chemlcal structures in Alberta
bltumen and heavy oils. _ ‘ | ‘ N
Payzant et 'alf | (1980) 'analyzed hvthe saturated:‘ﬁ;

hydrocarbon fract1on of the Cold Lake 0il sand b1tumen. Mass

spectrometry was* used :tor.ldentlfy the mass serles fat '

hydrocarbon r1ng systems from acycllc and monocycllcs- toﬂ,f
f'hexacycllcs._ The Q‘mono—' dif,_.and tr1cycl1c saturated
"hydrocarbons yere ‘ma1n1y aller,subst;;uted cyclohexanes,

A
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Qﬁ;alin , and pgrhydrophenanthrenes* respectxvely Ste;eneq
T f . 1 ,
~and hopanes(’sgonstltutea .“the ' ‘tetra qng pentacyclics

; p ct1vely Strausz et al. (1982) analyzed the aromatlc

ocarbon fraction 'of bhe Cold Lake gxtumen which was
ot 19 weight percent of t?e total bltumen.  The results
5 . . :

‘1n§§cated the *ﬁresence of mono, ‘dl and trinuclear alkyl
y .

4.,

subﬂgﬁtuted aromatyc structures, alkyl %ubst1tuted di, xfi,

x
and tetranuclear“hy&roaromatlcs, and thiqphenocaromatics such

{

~as alkyl benzothi&ﬁﬁénes and dibenzothiophenes. . t

. 3
. “ Selucky : "(1978)'carried out a detailed analysis

of the deasphaltened Cold Lake bltumen using chromatographlc

.

separation followed by IR, . UVk~NMR, and GC/MS studies 8o
R ' ',»» 0 ..u . ) h . . v
determine the chem1ca1 compos:tf%n; Based on mass yspectra'

ianalys&s, ‘they 1dent1f1ed varlous aromatch%nd Hydroaromatlc
rstrULtures.,(The monoaromatlcsA, mainly contained - alkyl
benzenes,» naphthenebenzenes, dlnaphthene}Enzenes, and
bépzotpiopﬁenes; ~ Naphthalenes, - d1benzofurans, and

‘dibenzothiophenes mainly contributed to diaromatics while

the tr1aromat1cs - contained alkyl - phenanthrenés and

naphthenephenanthrenes. . - R "fﬂf
_ . g‘f': :
Research has_ also been carried out in}"identifying

' Qafiogs. heferoatow fungtions and polar groupsiin the resin
fractign of Aibérta  bitumen. Payzant et al.  (1983)
ident{?i;a-' thev{ pfesénég" of néphthenic sulfides ~and

'Sﬁlfo}idés-in AthaBasca bitumenr Sttausz (1984) ‘idenfified

thé, preSéncé of . carboxylzc acids and cyclic‘and acyclic

_;lcohols 1n«Athabasca and Cold Laie‘;1tumen. Bunger et al.

ST I :

. - ‘f‘ . - 4 . ) o N
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(1979) ,analyzed the separated fractions of Athabasca bitumen

by IR épectroscopy and det'ermined the cboncentration of
fdnctéonal .groups such as phenols, carbazoles, eéters,
carboxy}ic acids, ketones, amides, and sulfoxides. Aminés,
‘etﬁeréf furans, and quiholiné are other 'structures which
appeér in ¢oal 1iquids and may be éresent in some oils.

Table II.2 contains a list of 50 fuhctional gfoups.
Some of the groups account for the observed structures in
Ty . -
Alberta bituymen. .The table/also includes structures for coal
liquids and other poséible structures for gas oils that have
5P°t begh reported or discussed. Some of the groups represent
structural isomers. For example, groups 17 and 19, and
groups 18 and 2flrepresent different méthylene and  methyne
grou;s respectively; .however, tﬁey cannot bé,distinguishéd
based on NMR data. . Heteroatom groubs such as a%cohols,
amines, ethers,: thioethers, carbonyls, etc. could be
_adjaéenf to methfné,‘méthylene,'qr methYl grqubs. ‘However,
oniy methylene groups alpha to such fﬁnctiona}}ties are
_alloﬁed. Morééver, in the case of amines and »amides, ohi&'
) primary structures are, considérea.;cfrom ggblé II.2, an
appropriate set' of groups can be selected to rgpresent
"variohs fractions of the* gas oils. For the saturates
fraction for examplé,ingUps 23 and 24 account fbr‘ cyclic
structurés while groupé 19,',21,, and 22 represent linéar'
sttﬁctures: The heferéatom content of‘>saturates could be
repre;ented by the least §oiar groups such as ether and

aliphatic thioether for oxyéen and ' sulphur respectively.
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Data from elemental analysis, 'H-NMR, '*C-NMR, and IR
"spectroscopy were used to obtain the concentration of the
selected functional groups. These analytical methods are

discussed in chapter 3.

-~ \
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Table II.'1 Results for Functional Group Concentrations
u ‘ of Cold Lake Tar Sands (Allen et al., -1985)

Concentrations in moles of functional ' groups/100 g of sample
. ‘ . ~

Group Structure Concentration
L‘ l .
Dikenzothiophene N S @ . 0.15

vCarbazole : , ‘ : 0.03
. v H

Ether bridge —0 ‘ 0.03

Ketone ‘ 8 ' 0.001
. / o— (C—e '

Phenol ' —QOH , 0.09

Carboxylic acid —C—0H ~0.02

Quinoline | @ 0.001

Beng'ene ' , 0.002
Naphthalene - 0.001

Afiiline | —NH, 0.002
Hfdroaromatic ring O | .0.07
'Al.ép‘ha methyl' - } .__CH'B; SR 0.009.
Aiéha methylene | "—CHZ'*; . 0.23
_‘A‘li;::h‘a methyne 2 — .H B . 0.24
(Beté andl Bét:;t(?) methyll : =CHj - 1.01

’ Bet":'a‘,.fand Bet;»('*) methylene °;CH2—° E 2."03' _
B.etgfand VBeta»(*)‘me.thyne ’ —CH. - 0.97

1 R

i



Table 1I.2 ﬁunctional Groups for Gas Oils

Group # Group name
1 ‘Benzene
2 . Naphthalen;
3  Phenanthrene
4 Pyrene
5 Bénzothiophene
6 a Dibenzothiophene
7 'Dibén;ofuran
8 Indole
9 Carpazole
10 '-Quiﬁoline
"o Hydroaromatic ring
12 Doﬁbre hydroaromatic
-13 ‘Alpﬁa methylene
14 Aipha‘methyl,
15 .Alpha méthyné_
16 VBeta mefﬁ}l
17 ?etqlﬁethylénev
18 - Bets methyne

Structure

[
<

14



< ‘Table 11.2 (continued)
Group # Group name

19

20
21
22
23_
24
25
26
27

-

28

29

30
31

.32

33

t 34
35

36 -

Chain methylene
Naphthenic methyne
Aliphatic methyhe
Gamma methyl
Naphthenic methyl.
Naphthenic methylene
Ketone bridge
Biphenyi briagg
Methylene bridge

Double methylene bridge

' Double hydroaromatic bridge

Aromatic olefin

. Terminal olefin S

Aromatic sulfoxide
Aljphatic thioether
Aliphatic ‘sulfoxide

Aliphatic amine

,Aniline}

Structure
O_‘CHZ—O
- 9
e——iH
- 0—CH

0—CHsz

©—CHs

e—CH;—e

—C H=CH—o

‘0—4:H::CH2
-
—S—-CH;—o

. 0—CHy—NH,

—nH,

. 0—CH—S—CH—o

con
 0—CH;=5—CH—o

al .

15
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Table 11.2 (continued)
Group # Group name

37
38
39
40
41
42

43

44

45
46

47

48

49

.50

Indoline

Arométic amide
Aliphatic amide
Afomatic ketone

Carboxylic acid

a

\

Aromatic ether bridge

Phenol

Cyclic alcohol
- Acyclic alcohol

: Naphthenit chéin

.Naphthenic chain

Benzofuran

\

Notation. -

o _Bdﬁnd?to
o | ﬂqund:to‘
o Bound to
' ring
o "Bound to

methyne

Amethylene

. . ‘\\ v - . v ‘
.Tﬁioettii/b;;ége

“A¥iphetic ether

aromatic

*—S—e

B o‘*CHffO—-CHf—ii "

aromatic carbon

napthenic carbon

carbon alpha from aromatic

16

carbon beta or further ftom-.‘

ring

A}
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y 3. Analytical Methods for FGA.

3.1 Class Separation by Column Chromatography
. Clasé separation by column chroma}ography was used to
obtain‘ fractions which, were enrichéd in selected functional
groups. The method was based on the work of Selucky and
Strausz (Selucky, 1976; Séludky et al., 1977) to separate

saturates and aromatics from the resins. The procedure was

modified to recycle the solvents back into the

‘chromatographic column. This recycle allowed the separation

of relatively large QQantities of 0il for further analysis
without the‘ excessive. cénsumptionr'of the solvents. The
recycie nappafétus was based on Syncrude Analytical Method
5.1 .iThe overall recovery from the separation pfocedure was -
generally in excess of 95 wéight percent. The separation
scheme indicating the various fractions 1is illustrated in
Figure 1III.1. The thré; polar fractions were distinguished
by;thg increasing polarity of fheir cohstitueht groups. The

léfiica gel column had an inside diameter of 2.4 cm and 48 cm

 of packing. The column was saturated with about 100 mL of

solvent -and. after addition - of approximately ten grams of

oil,, abodt 270 mL of solvent was added to the top of . the

- column. About 150 mL of solvent was placed ih‘a flask at the

bdtfgm of the column for re¢y¢1é._ The 'aluhiba/silica‘ gel
column ‘ was 3.0 cm in éiameter'with 45 cm of silica gel éné
33.0»ch of’alumina at»the‘top; For this column, abbut 280 mL‘
Q{\solvgnt was used without recyqle.‘ ’

\\

R £
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The class sepafation procedure was also modified fo
deal with lighter oils with relatively low initial boiling
points. For 1ighte; oils, some of the volatile componenté
were evéporated with the. solvents during the separatiqn‘
procedure and resulted in poor recovery; 83 to 85.% of the
original sample. The. volatile components wére removed by
_‘distillationvprior to the class separation. Distillation at
160 *C for four hours was,sufficient to remove the more -
. volatile components and givé a 95 % balance on the fractions
from class Separationf' The volatile _componentsfcould.be
characterized by other analytic;l techniques 'such as gés
chromatography. 1 | | |
3.2 Elemenfal Analysis

Elemental analysis was performed by the Uhiversity of
‘Albefta Microanalytical Laboratory using Perkin-Elmer model
240 and 240B analyzers fo: C, H, N, and 0, and titration

with Ba(Cl0, ). for sulphur analysis. The analyses were

<

normalized.
3.3 'H-NMR
'H-NMR provides.  information - on the .- molecular

1

environment of hydrogeh -atoms “in', the mixture.' One  can
‘ ‘differentiate;  for exémple; between hyd:ogeﬂ\bdnded to an
afoﬁatic}fing,‘adjaéentufo.a rﬁng, or well remgved from a

ring.,  The spedfrhm.'is ‘&ivided, iﬁto seve béndé"each
»corr¢5§onding‘tb a S§ecific‘ boﬁding‘.énViton ent and_ the

intensity“of each band is proportional to the amqunf of
hdeoéén' in thaf }patficuiar _Sondin§; environment.  The

.4
¥

?
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)
relative amount of hydrogen in each band was obﬁained from
the spectrum integration curve.

The 'H-NMR spectra were recorded on a 60 MHz VARIAN'
A—56/6Q7A spectr§meter using the constant wave technique.
‘Hydrogen'chemical shifts, 8§, of 1individual fractions were
measured using 30-50 % (by volume) solutions in CDCl, with
tetramethylsilane (TMS) as an internal standard. f

The 'H-NMR spectrum of the Polar I fraction of SCGO is
illustrafed in Figﬁre I11.2. The small ‘smeared signal
centered at 6=8.3 ppm was due to the presenceﬁ of
phenanthreﬁes which ha;e been identified .in similar samples
by mass spectroséqpy (Selucky et alﬁ, 1977)..The resonances
that appear in this range are due to profons with steric
hindrance ., such as the ”4,5;pfotons of substituted (or

alkyl-bridged) phenanthrenes (Chamberlain, 1974), Thé band.
assignment. for ‘H;NMR is_ preéented in Tablg IiIfl; There
were some oveflaps in the ta11 ends of ad]acent bands. For
the purpose of quant1ta¢1ve 1nterpretat1on, the dividing
péint between two  bands was taken_‘at thé point of
intersection. | ‘. .
3.4 "C?NMR

.‘5C—NMR gives -data -~on  the molgculaf‘environment of -
carbon atoms in the mixture and one  can différentiété:
:bgtween' various types oflaromatit angd aljphatic carbon. The -
bdhd_asﬁignment‘fbrv"C~NMR isbpresenteq in Tab1e 1II,2_ and
is based on a survey by Snape et al. (1979) on 13C chemical

‘shlfts in aromatlc hydrocarbons. The 1nten51ty of each band

- &
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'

is proportional to the amount of carbon in that particular
bonding environment. 'In many cases, the behavior of the
integration curve was poor and a digitizer was used to
obtain the péak areas and hence a measure of the relative
amounts of carbon in each band. h

There was some uécertainty in the band intensities
obtained from '’C-NMR spectra, particulariy in the chemical
shift range between 22.5 and 37;5 ppm where the signals for
various methyléne groups appear. The change in thé chemical
shift of a particular group due to neighbouring substituents
may caﬁse some overlap between bands; Furthermore, the 1long
‘rélaxation ;imes/for non—protonated aromatic carbons result
ih\&ignals with lower intensities (Abraham and Loftus,
1978).

The '*C-NMR spectra were obtaine® on a 15.08 MHz Bruker
WP-60 spectrometer equipbed with a Nicolet NiC—BO computer
systém using the Fourier transform pulsed technique;»fhe"ic‘
~ chemical sh{fts weré measured at ambient temperature in
CDClQ with TMS as an internal reference. Coﬁéentratiops vere
within _the range of 20 - _40% (by‘VO}umé) and chromium
tris—aqetyl acetoqate'waé used as the _reléxation"reagent.
The recording’cohditions were as follows: o
Pulse width (30%) - 3usec. |
Acquisition time - 1.0 sec. , ‘ : | ) \&
'Speétral width.— 3750 Hz |
Number of pulses - 13}000‘t6 70,000, %

-
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The '°C-NMR spectrum for tﬁe aromatics fraction of
Lloydminster.Vacuum‘Gas 0il (LVGO) is illustrafed in Figure
III:B.

3.5 IR Spectroscopy

The IR spectrum of the Polar III~ffaction of SCGO is
 presented in Figure II1I.4. The strong ‘band at 3300 cm"'
indicated the presence of hydroxyl groups, -and a variety of
carbonyl groups gave bands between 1750 and 1635‘ cm-'. The
ratio of . the hydroxyl groupe to cerbonyls or  the
concentration of these groups can 'be ebtained from phe
adsorption of each . band measured by planxmetry, and the
adsorptlon coefficients for each’ band (Bunger, 1976).

Analytical data from the above methods were used to
"obtain the structural profiles of individual fractions of

“various gas oils. The methodology is discussed in chapter 4.

=
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e
Gas 0il L
/
1) Benzene/n-Pentane Extraction Asphaltenes
Deasphaltened'0Oil
2) Silica Gel Column
a) n-Pentane Hydrocarbons
b) 15 ¥ Benzene/n-Pentane , Polar 1
c) 50 % Benzene/n-Pentane - - Polar 11
d) Methanol & Methylené'Chloridg ' Polar 111
3) Alumina & Silica Gel Column
a) n-Pentane - Saturates
b) Benzene v ‘Arométics,

~

" Figure 1II.1 Class Separation Scheme



Bana #
1

2

Range,

4.5

6.3

8.3

9.0

ppm.

1.0

2.0

Table III.1 'H-NMR Band Assignments for Gas Oils

Hydrogen Type
y-methyl
B, naphthenic,
alkyl-OH

_a«, amine, methy;gnew——‘_

"a to shlquié;s,
amides,/éhines, alkyl-OH @
olefinéﬂ a

/§;ématic, amide, phénol_
phenantbrene Eihdgréd H

aldehyde

23
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12

-

N

10

11

nd #.

Range, ppm.
11.- 15
15 - 18

18 - 20.5 -

20.5 - 22.5

22.5 - 27.5

27.5 - 37

37 - 60.

60 - 85
100 - 129.5
129.5 - 140

140 - 160
160 - 185

185 _- 210

a

S ) . . . |
Table I11.2 '’C-NMR Band Assignments for Gas Oils

Carbon Type
f;methyl
b—mefhyl .
a~methy1‘ .
. . _ )
naphthenic methyl, ?-methylene in
hydroaroggtic rings
naphthenic methylene, ﬁ—méthylene
a-methylene; y4methylene,'
B-methylene in ﬁydroaromatics,
bridqé methylené, methylehe a to
O and 'S . u
naphthenic chaiﬁ’méthylené; a, B,
vy, and naphthenic‘m;thyne,
methylene « to N
chiorofdrm~d solvent
aromatic carbon bonded to
hydr&gen, olefins

4

aromatic carbon bonded to barbig
aromatic carbon bonded to O,iN,‘g_
carbonyl carbon in amides and
acids CQ“
ketones
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aromatic olefins a - B Y Ta
L bl A € L i J
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phen&nthrene
—

.
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aromatic
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aliphatic
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4. Mathematical Formulation of FGA for Char;cterization‘of
) Gas Oils » 7
4.1 Development of Mathematical Procedure

In the analysis of gas oils, quantitative data from
elemental anal;sis,' '"H-NMR, and '?C-NMR for individual
‘fractions were utilized to obtain structural profiles for
each fraction. The analytical data from '°C-NMR were less
reliable than those obtained from eleméntal analysié and
‘H-NMR. Conseguently, in thevmathematical_fofmulétion, more
emphasis was placed oﬂ elemenﬁal analysis and 'H-NMR.

The concenffatiqn of a set ofrfunctional groups were
related to the ;halytical data througﬁ a set of Dbalance
equations. For each Band in the 'H-NMR specéra containing a
~barticularvtype of hydrogen, and for each element N, O, S;
and C, a balance equation was written. For example,vthé'
total concentration of B-hydrogen as obtained from elemental
anaiysis and 'H-NMR - data, shouid equal the to£a1
concentfation’ -of' eédh functionalr, group time;‘ the
»stoichiométrié number of B-hydrégen incthét group, sum@edl
<OVef’;il~groups; Hence, ohé COﬁld obtain a set of linear
constfaints given by eqﬁation (1): |

‘j;'é‘A.,x,=b; [N ‘(1)'
| (i = 1,...,m) . |
where x,'afé the unknown functional group quéentraEions..(n
groﬁpé ‘in totél):rb,_afe quantities obtained fromlglgméhtal
‘anaiysis and 'H-NMR (m_pieéés of -analytiééi ’informatibn)f

and 'A., are stdichiomettic coefficients which vere uniquely

9 .

28
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assigned to each functionai group based on chemical
composftion and type of hydrogen. The constraint
coefficients for functional groups in gas oils are presented
in Table 1IV.1.

Non—negativity constraints were appiied to. individual
functional groups to assure that the solution was physically
reasonable, i.e. that all cbncentrations were greater vthan'
or  eqﬁa1 to zero. These constraints were inequalities given
by equation (2):

X, 20 - , (2)

The concentration of functional groups could also be.
related to tﬁe _analytical data obtained.from”"C-NMRa The
spectral scan was divided into 13 bands, each containing a
particular type of carbon. A set of linear equations similar

to equation (1) could be obtained for each band:

n . 3 .
z CO” XJ = C13k ’ . . (3)
I=1 : : -
(k =3%,...,13)
, Q- o ' : S
~where - X; 'are the unknown functional group concentrations,

C13, are-experiﬁentai qUaﬁtitieshof»barbon in gadﬁ band of
the '?C;NMR spectr&ﬁ; and CO,, f are éfoiéhiometric
céefficiénﬁs which were ~uniquely assigned to éach group
based on the type of'¢arbon present in that group. |

 in'appljing7FGA,v gne"Segks to incbfporaté as bmuch
anaiytica1’ information . as pdss{blé in obtaining the .
cohcentration_of'auget'cf éelected functioﬁéi ‘gfoups;, The

methodology to obtain the concentrations depends on the

amount of ‘ahalytical - information available. For - an
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overdetermined systém whére the number of balangg equati9ns
exceeds the number of unknown functional igroups, tﬁe
concehtrations' could be obéained - by ‘a least sqguare
procedure.l In many cases, however, the number:og>equatibns
is smaller than the unknown con;entrations of fuhciional
groups. In such a case, thef‘eéuations »eitﬁer have'né
solutions, which would suggest that the choice of functional
groups 1is inappropriate, ' or that there»egists a space.of
infinite solutions. For the 1a£ter, one cangpharagtenize the
sample by appiying‘ an optimization technique to obtain a
sol;tion which dinimizes an objéctive. function. Detailed
discussion of the methodology for above cases i§ given by
Petrakis et al. (1983) and Allen et al. (1984).
| Allen .(1983) suggestédv thét fdr: underdetermined
systems,ﬁthe most accurate and reliable sources of data K be
~used in constructing linear balance eqguations while the lésél
acéurate data Abe "used in vconstruéting'. the objeétive
function. Consequently,'ih‘the characterizétion of gas oils,
’>elemeﬁta1”analy5£51and ;H-NMR data bwere used to obtain
~linear‘>¢onstréin£s given by equatipn (1). The objective

L : .
 function was formulated using analytical data from the

'*C-NMR spectra. The 'objective function, F, takes the

quadratic formfgiven by equation-(@)i .
. 13 . .- ‘ ." . . o .‘ . ) . :~ .

- F =1 .{c-1'3,,-,“jz'cok, X; }? Y T (4)
The objective functipn COefficignts;.‘COk;,f, "for  the

functional groups,in gasabils%hré presented in Table 1V.2.
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. The contribution of each band in the '°>C-NMR spectra
was‘weighted to 1improve accuracy. Bands which “uniquely
specified a group were wveighted more than the rest so the
concentrations of groups representing these bands
approximate the expected values: With the weighting factors,
the objec}ive function used in the computatioukscheme was of
the form given by equation (5): |

13

F=Z {wr, (C13, - z COuy X, )}? B (5)
where WFk are yelghtlng factors a551gued to each band in the
_"C4NMR;spectra. For bands specifying a single group, a
weighting: factor of 5 ensures a sagisfactory agreemenf
between calculated and expected values. Other Dbands thch
represent several functional dgroups were assigned weighting
factors of 1. |
4.2 Additional Constraints

The'number of functional groups~containing heteroatoms
such as‘ N, O, and .S to account for the presence of such
-elements is limited because ‘of insufficient quantltatlve
data"ﬁor heteroatoms;f~For each fractipn recovered in the
class separatjop .procedure,u the cuoicev of heteroatomic
fuhctional groups is 11m1ted to one, or two groups for each
element;representing the most 11kely structures in thatv
A fractioh. In the case of the Polar III fractlon for example,
IR analy51s 1nd1cated that phenol (group 43) aud ‘carbouyl
lattached to aromatic r1ng (group 40) were the most likely
| oxygen groups. The ratlo of the concentrat1on of phenols to

carbonyls or the1r absolute concentrations could be obtained

r -
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- from the adsorption of . their respective bands in the IR
spectra, measured by planimetry; and the , adsorption
coefficieﬁts for phenols and carbonyls (Bunger, 1976) This
ratio or the absolute concentrations were 1ntroduced in the
computation scheme as additional ‘equality constraints.
Secondary conetraints were introduced to ensure that
" the solution to equation (5) was physically'reasonable. Two
such constraints were utilized:
1. total concentration of chain terminating groups should
be less than or eqhal'to groups contributing to chains.
2. tofal ‘concentraﬁion of aromatic substituents should be
less than or ‘equal to the total concentration of
aromatic Sites;
If phenol1c or alcohollc hydrogens are present in a
Sample, their s1gnals in the "H—NMR spectrum would be

smeared among other bands and no unique band could be?

L assiéned to Such hydrogens. The signals for'lphenollce

vhydrogens appear w1th1n band 5 while the chemical shift
range for alcohol1c hydrogens includes bands 2 and 3.¥If
phenols and/or alcoho}s are present in a‘ sample,; to allow
for'lthe overiaﬁ%,uthe constraints fo; band}5=and/or‘bands 2
and 3 in equatlon (1) are converted ;o .inequélities (left
hand s;de of the above constra1nts would be less than or
.:equal to the' flght hand sides). Add1t1onal 1nequa11ty

:constra1nts would be introduced for phenols and/or alcohols'

":ihat the1r concentrations would be less than or equal to

' tﬁe concentratxon of hydrogen in band 5 and/or bands 2 and
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. . <

3. If the absolute concentrations of phenols and/or alcohols
, £ ]

are known, then the constraints for band 5 and/or bands 2

and 3 remain as egualities but the right-hand sides of these’
constraints are reduced by amounts probortional to the known
concentrations ' of phenols and/or alcohols respectively. In
the case of alcohols, 1t 1s assumed that " they are

distributed equally between bands 2 and 3.

Once the linear constraints and the objective function
~were formulated, any one of a number ‘of optimization
teéhniques could be applieé'to obtain an optimal solution tql
equation (5) subjéct to constraints (1),‘(2), and otheg
additional constraints. ‘
<4.3 Optimization Procedure ‘
The; optimization, procedure used to obtain the
structural profiles was the long form onyolfe's algorithm
for quadratic programming (Wolfe, 1959; Kunzi et él., 1968).
The algorithm s suitablé "for optimizationt problgmsv
involving a quadratic objective function, subject to
equality . and inequaliﬁy as well ' asi non-negativity
-constfaihts. Computationally, the glgbrithﬁ is very
efficient anQ'COnvergehcg to a global.obtimdm is aéhieyed in
'a limitgdrnumbef of‘iteratﬁons. fﬁﬁl ‘
" Another optimiiation,ptocedure that has been appliéd in
 FéA‘(Allén, 1983; Le, 1985)-i5'the'direc£ search ’method of
| Luus and Jaaékola ;(1973)."Thi5'is an iterative method in_
. »

which the solution for the next iteration is obtairjed by

evaluating the objéctibe function for a large numbe;-of !
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points choéen. randomly .and moving to the point which
provngs the most improvement on the objective- function.
Convergence to an optimum 1s Achieyed after a épecified
number of iterations by systematic reduction of the search
region. The advantage of this method is that it requires
very little programming; however, the algorithm 1is fairly

slow and requires a considerable numbér of function

evaluations. iy )
‘The direct search method can be used independently to
obtain the optimal 'solution to equation (5) subject to

constraints’ mentioned previously. For this purpose one

requires an initial feasible solution which could be

obtained using ‘t;égggimplex method for linear programming

(Dantzig, 1963)..Inffﬁis study, however, the direct search

method ‘'was used as a further check for results obtained from

the quadratic programming élgorithm. The iﬁitial soiﬁtion-
for - the direct search methéd was shat obtained from Wolfe's
-algorithm{ The results were further checked by the
'NégtonfMa£qpardt method (Mérquardt, 1963) thch is a least
square parameter estimation methodrin which the direction,of
_searéh is ‘detefmined by ‘the Jacobian of the obﬁect;;e
function and A\, the  Mafquarét parameter. Neither ‘method
~provided an; imp;oveéént“ indicating that a global dptimum_
was reached- ‘ | & |
One’ difficulty‘ftﬁaf‘ wés  encountéred in wusing ‘the
Marqdérét'algorithm’was that the élgb:ithm}wés not ‘suitable

for optimization ﬁroblems in . which all variables should

1 ! , '
' : .

\

\
\

~
~
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i

satisfy the non-negativity constraint. To skirt this
problem, whenever a non-negativity constraint was violated,
the_valué of the objective'fundtion was set to a large value
and hence the solution was rejected.

A computer program written in FORTRAN was developed for
the optimization procgdu;e. Because the constraint and the
objective function coefficients were uniquely assigned to
each groﬁp, it was possible to generalize the program=tolset
up. appropriate matrices representing the constraints and the
objective'functidn. The coﬁstréint matrixAconsists of rows
representing linear constraints with the columns
representing the functional groups. The column entries for a
group correspond to the constraint coefficients for that
group as specified in Table IV.1. Inequality constraints afe
converted to equality conﬁtraints by‘introducing appropriate
slack ‘variabies;" és ~is  normal practice iq ‘lingér
programming. The objective function matrix cpnsists of rows
"corresponding_to each band in the " 3C-NMR ‘spectrum while the
columns Wrepreﬁeﬁt the fuhctibnal groups, The célumn gntries"
for a group corféspond to 'the ’objeCtive funétion
coeffic{entS"for that .group as specified in Table IV.2. For
illustration, the group coefficients in Tables IV.1 and«IV.zn
vere ;sed Hto.obtainvthe constraiq;§ and §bjegfive fpnctiéﬁ
for an afbitra:y.mixture, These are 'presentédv in. Figure ¢‘
V.1, | _. o - |
'It‘should be noted that'in aﬁplying‘ wélfe's_,aigérithm

to obtain the optimal-solgtion; some modifications were made
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in the select1on \ruhes involved in the simplex method to -
ensure that the opt1m§l~ solutlon was obtained. These

modifications resulted lin some non-negativity constraints

being violated during the.oodrse of-the‘algorithm;‘ however,,

wvhen the solution was ohtained, suchvviolations were not

observed. A detailed discussion of ‘the hodifications, is

preaented "in Appendix A. The listing of the program and

documentation is included in Appendix B, |
4.4 Restrictions-on Group Selections

One may ohoose a large set o§ groups to represent Qas

oils obtained from bitumen; howengr, thegappropriate number

of groupa is limited by the. amount v\éf | quantitatiVe"r
1n£ormatlon available as well as \hy the ability of'the
’mathematzcal procedure to generate an e;act solu§1on for the.
stré%tural profile. - \ | - | \\ f ,v\"&

4

In the selection of a set of »functioﬁal griups,. one
should be wary of groups'that'are linear o"binations of
qother groups. For example, the hydroaromatxc rfgg, group 11, |
“can be cons1dered as a comb1nat1on of alpha and chaln
methylene, groups 13 and 19 respectxvely, in the éonstra1nt
vmatr1x°. '

' =2 [o—-CHZ —| . [-—CHZ—«»]

Bmé's ‘ Vv%A

'The hydroaromat1c r1ng can be 1nclu5ed 1n thé analysxs wﬁbn

'the other tvo groups are present because 1ts carbons on. the
B pos1taon are d15t1ngu1shed 1ndependently pin, the "”C NMR"

Qspectrum. _Byu;the same afgument : one cannot d1st1ngu15h



‘between naphthenic methyne in structures such as decalYn,

and methyne in a llnear structure because?T;_ir_édefficients
for the cons;ralnt and the opjectlve funcéion matrices are
the same. Consequently, saturatedff cyclic struc&ures
identified by‘-Péyzant‘et al. (1980) must be represehted by
naphthenic.metﬁylene (group 24) rather than by exp}icit ringr
1strﬁtturés. ‘ 4 | | |

A 1imited. number o% aromatic structures and élkyl‘
groups directly attached to aromatjc rihgs can be chosen to‘
Tepresent a sample. ‘If too 'many of these 'groqbé‘ are
included, an iﬁfiﬁitev‘nrmber .éf solutions give'the éa@e
minimum “for the_objecfive func;ion. Such'_wduld be a caserV
when a _groupv rith' zero .concentration appears ‘inl the
solﬁtion. This céuld be.identified by Qarying the .order of
groups inr the‘  quadratic programping algorlthm, riQé;

“interchange of columns cbrrespdnding to the- functlonal,f-
. _

groups in the constralnt and obJect1Ve functxon matrlces.«If_n?

the‘solut1on ‘iS¥ not} un1que,"another solut;on 'would beffr
6b£5ined3 wirh?‘a dlfferent ‘group havzng z;ro concentratlon r
with no chaﬁge in ithe value’.of‘ the, ob]ectlve funct1on' rw
hehée,v'one could 6btaih: an 1nf1n1te number of s&lutionsbr

betmeen ‘the. two extremes.' By Select1nqi only 3tLe_,mostv;,
h51gn1f1cant ,groups,;  éndﬁ lby . trlal B and error, z&rd?4¥
concentratlons'vcould ‘"be';‘éliminaréd thereby - av01d1n95}
_ non un1queness iforj thé' solutlon.3If a group remé1ned zero:

despite - the .reorder1ng §f‘ ‘the coeff1c1ent matr1x,3fthé§ :

.4

vsolution 'waS'_;ccepted, Th;s; procedure prov1ded a dxrect



-analytical‘ﬁethods.
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check for the unigueness.
4.5 Summary '

Iﬁ the computation Scheme Eor M5A, data from four well
established analytiéal‘methods; eleﬁental analysis, 'H-NMR,
IR, and '°’C-NMR were Jtilizgd. The more reliable information
from elemental analysis and 'H-NMR were used in constructing

R :
balance -equations relating the concentration of functional

'gToupg to the analytical data. When ‘applicable, secondary.

¢

congtraints were added using quantitative information from
IR. An objective ‘function was. formulated psing © the
analytical data from '°C-NMR. The optimization procedure was

based on the long form of Wolfe's algorithm for . guadratic

. prdgramming,f The - computation scheme was fairly

straightforward and was «easily programmed for a computer. In

the next # chapter, the methodology outlined in this chapter

vl'will be appliéd to a number of synthetic “mixtures prepared.

/

ro : . ' ) .
from common ‘laboratory organic compounds with similar

functional gtoups as those for gas oils. Comparison of the

‘conéentration_ of various groups predictéd"from‘EGA with

" known group concentrations would provide an estimate of the

v
a

~:accutacy' of FGA“‘aS‘ well as the expected erfo; in the

&gy
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Constraint Matrix Coeffictents

1

Table 1V.

Group #

Elements and Various Types of Hydrogen
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Objective function coefficients

Table 1V.2

Gﬁoup ”

Band #
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Figure IV.1 Constraints and Objective Function for a Mixture

Mixture: . (::[{:r/\\ + //x\//L\

Group # Structure Group # Structure

1 @ 16 - . o=CHs
1 ::j 19 . . o—CH,—o

13 e—CH,—0 21 o—(CH
14 o—CHs 22 " 0—CHs
Constraints:

6K, +4X,, +E,3 *+Kys +Kys +X;s *Ksy +Xa2; = b,
4X,, +2X,, +3K,u = b, |
4X,, +3K,s +2K,s +X;, = b,

3k,; = by

6X, -2X,, -X,3 -X,4 = bg

Objective Function, F:
F=(Xaz ~C13, )7+(Xye ~C132 )+ (Kyy ~C135 )24 (2K,, -C13, )
+<('x1g +X,, +2X” "C13s )’ + (Xz1 'C131 )’

+(6X, ~X,3 -Xya -2K;, ~C134 )3+ (Ry3 +X,4 +2X,, -c13,o )?

b, (Wt C)/(Atomlc Welght of C)

b, = (Wt % H). (% Alpha-H)/(Atom1c we1ght of H)

H) (% Gaﬁma-H)/(Atbmic weight‘of H)

%
%
b; = (Wt % H).(% Beta-H)/(Atomic weight of H)
by = (Wt %
%

by = (Wt H) (% Aromat1c-H)/(Atom1c weight of H).
C13; = (Wt % C).(% C in band i)/(Atomxc weight of C)

Ax, = coq;entrat1on of group j in moles/100 gram‘of samplep



5. Application of FGA touxggﬁh Mixtures

To examine the accuracy of FGA ,mfxtures of known group

2
concentrations were prepared from/gynumber of simple organlc

compounds containing hydfocarﬁcn functional groups
representative of gas oils. The methodology outlined in
chapter 4 was applied to each sample to obtain the
structural profiles. Compgrison of the spectral information

/ . .
estimate of error for the

with known values provided a
analytical methods. Structura profiles of samples served to
develop error bounds on the funktional group concentrations.
5.1 Sample Preparation and Analytxcal Methods

A total of eight samples were prepared for analysis.
The description of each sample and the organic compounds
‘used in preparing the samples are presented in Table V.1,
The samoles were divided into four categories. Samples S1
and S2 contained linea;:and cyciic saturated structures. MA1
and MA2 were monoaromatics and contained substituted benzené&
.stroctqres as well as linear and cyclic saturates. PA1 was“a
polyafomatic‘ mixiyre containing 'one, two, and three riné
aromatics, hydroaromatic ring, and linear structures. TSI,
TS2, and"TS3 contained substltuted benzenes and linear
structures as well as d1benzoth1ophene. -
In the% analysis' of the the above Samples, the known
~weight percent of elements for each sample were “nsed Some
iot the organzc compounds llsted in Table V.1 are qu1te‘

volatlle and may cause a gross error in Eh\ 'elemental

analysis which- would not be 1nd1cat1ve of the actual erfer

42
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for the less volatile oil samples. For the o0il samples, the
elementa1> analyses were performed by the University of
Alberta Mic}banalytical Laboratory and the reported efror
for each element qnalysis was 0.01 % |

The 'H-NMR spectra for the knan samples were recorded
on a 60 MHz Varian specﬁrdmeter as described in chapter 3.
The "C-NﬁR spectra of the hixtures were obtained from the
University of Alberta High Field NMR Laboratory using a 200
MHz‘BrUker WH-200 spectrometer.
5.2 Peak Assignment for '’C-NMR Spectra

For each known mixture, the '’C-NMR spectrum provided
the poﬁition of signals meésured.in'ppm froﬁ TMS as internal
reference, and the ihtegrat{on results for individual peaks.
The '°C-NMR band assighment discussed in chapter 3, together
yith the exbected number of signals for each band were used
to define baﬁds for the spectrum where signals far
" particular typ“of carbons may appéér. ‘éhé- chgmfcal shift
range of ‘bandsffor S1, 'MA2, PAT,‘and TS2, repre#enting'the
various categories of mixtuaes, a;e presenteduin " the first
column of Tables V.2 to V.5, respectivély; These tables also
provide the position of sigﬁals and their integralsvfor the
‘above ,samples. Each beak was assigned to a particqlar type -
of'cafbon based on the-published *’C chemﬁcal shifps“of the
compouﬁds,zpresent in the ~"mixturjesv‘_'.a’n‘d thé expgcted peak
intensities from the known - concéntrationé.' The references
fdr the chemical %hifts of the4 modeIJ'éompounds are

summarized in Table V.6. Tables V.2 to V.5 indicated that
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for the model compounds used in this study,there were some
overlaps between various bands as defined by'Snape et al.
"(1979) .

Spectral information from 'H  and "3C-NMR, and the
structural profiles for each.sample are summarized in Tables.
V.7 to V.14, For each sample,i two sets of profiles are
presgpted. One profile is based on the observed amount. of .
carbon in the chemical shift range-assigﬁed to each band
(B.A.). The other set of concentrations was obtained from

the observed amount of carbon in various bands based on the

~individual assignment of peaks to eacﬁ band (P.A.). For

example, in the case of §S1 and S2 samples, the chemical

shift rénge for band 6 included 3 signals at 31.16, 52.35,

L]

and 33.79 ppm. Hence based on the band assignment, B.A., the

relative amount of ¢tarbon in band 6 was obtained from the

integration results for the above peaks. However, based on

‘tke fndiVidual peak assignments, P.A.,, band 6 carbons

appeared at 21.95, 31.16, ahd:32;35 ppm.
5.3»Discussion.o£ Results . '
5.3.1 'H-NMR Data °

| A tfpicai charéctéristic of the ;H-NMR spectra of S and
MA samples vas the. broad band containing several_peéks

between 1.0 and 2.0'ppm which was due to the presence of

.. cycloalkanes. For PA and TS samples the peaks in this'range

were rather shafp; Comparison of” the relative amount of
hydrogen in each -band as obtained from the 'spectrum
integ;atioﬁ curve with known valués,-ipdicqted that for all

A .
P
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samples, agreement between observed and known values was

satigfactory. For the ?;amples considered, the average

\

percent error for intensifies of 'H-NMR bands varied between

.4 an ~/6\§K\zr;(Table V.15). These, however, were high
.estimates of r 'H-NMR data since there were possible

losses of- ntane due \fo evaporation during sample

preparatigp<” To mihimize losses, samples were stored 1in a.
réfrigerator prior to NMR analysis. |

For the PA1 sample, the relative émount.-of hindered
phenanthrene hydrdgen, band ﬁ,'was.determingd Ey measuring
the area of very émaIl peaks centered about 8.3 ppm by
planimetry. -The' area of these peaks relative to the total

area of the spectré provided the percentage of hydrogen’ in

band 6 which was in excellent agreement with the known

value.
5.3.2 "°C-NMR Data | R T

The band a551gnment for the "C NMR spectra 1is not‘ as
“stralght forward as that for the 'H- NMR spectra because ‘3C
chemical shifts are extremely sen51t1ve " to - molecular
geometry.  Unlike 'H- NMR ~where only immediate grSUps,or‘
mbleéu1es ihflﬁende the ‘hydrogen chemical sﬁiff;.in ' 3C-NMR,
éarﬁonév separated by several bonds 1nf1uence each other if
they are - geometrlcally close (Wehr11 and erthlln, .1976).
The band a551gnment oresented by Snape et al (1979)'is thus
subject to some uncertainty. The /boundarles vof  such _band
assignments 'ére' not -weiif»defined‘and!are‘subject to some
~overlap. Investigafion of the }chemiéal shifts of model °

’

)
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compounds in this study has clearly shown this overlap, in
particular for the aliphatic region._ggr quantitet}ve use of
"IC-NMR data in FGA, this 1imitati9n was recogni;ed and as
described  in Chepter 4, '>C-NMR data‘were used to formulate
the objective function for the optlmlzatlon procedure.

Some of the bands in the '*C-NMR spectra had :fll'
defined boundaries. One Such band was the: protonated
aromatic carbou. Fpr all"the samples considered, the
positions of eignals for this.carbon were in .the expected
range of 100 - 129.5 ppm. For aromatic carbon bound to other
carbons (band iO)&bnly the. signals for substituted carbons
in diethylbenzene appeared beyond 140 ppm.‘Thﬁs would cauge
an oVerlap between band 10 and band 11 (aromatic carbon
bound uto heteroatoms) which may result in overestimation of

carbon in band 11. On the other hand, the 51?nal for carbon

bound to sulphur in d1benzoth1opheqe,_was observed at 139

, -

ppm. _
Snape et al. (1979) assigned the chemical shift range.

between 129.5 and 148 ppﬁ to aromatic earbon bonded»to.other
carbon atoms. | For the cﬁaracterization.ofﬁgésfoils in this
study, hbwever, the upper limit of this band was set at 140
“ ppm. This: was necessary in order to a401d underest1mat10n of
the relatlve amount of carbon in .band 11. - since the. c-s
51gnals in heteroaromatic 5ulphur structures are expected to
appear around 140 ppm. Since arqmatrcs and polar fractions
of . gas oils contained significant amounts; of sulphur,

tYpiQally between 5 and 8 weight %, any. underestimation of.
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band 11 would result in lower concentration of
thiophenoaromatics and higher concentration of aliphatic
thioether. The overlap of aromatic‘ carbon bound to alkyl
substituents would give an overestimate for band 11 and‘an
updereStimate for b;;d 10.  The undere;}imaie of band 10
would be <corrected by data on alkyl substituents ' and
phenanthrenes from 'H-NMR spectra.‘

A large degree 6f overlap was also observed among bands
in the aliphatic region. In the case of band 1 which
éontains methyl groups gémma or farther from aromatic rinés,

13

the relative amount of éarbon can be underestimated 1if
structures such. as 2-methylpropane, -isopentane, and
2-methylpentane are present. The observed chemical shift fér
the terminal methyl groups bound folmethyne are 24.1, 2i.8,

and 22.3 ppm for the above pompounds réspecﬁively (Levy et'
ai.,1980) which are well out of the assigned range of 11 to,
ﬁS ppm for band 1. Other methyl groups such as those 1in
‘tlbﬁtyl are spifted further down field to.aboqt.ao ppm (Levy
et al., 1980). Hence, if a'sample contains branches which
are at least 2 carbons long, as would be the\case for gas
5115, thevexpec£ed erfor in band 1‘would be neduced. If both
naphthenic methyl and gamma meth;l,iﬁ linéar”structuresvare
included in the analfsis,‘thén“the error in band 1 'w§u1d
affeét.lthe ”distribution of gamma ‘hydfogehb in the above
.groupsg 1f gamma methyl .is - the only Agroupvawith gamma
hydroéen,r then the error in bandv1 Qoufd not affect the
- concentration of gamma methyl since it 'would be 'aireqtly.

1

-
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o
obtainedifrom the concentration of gamma hydrogen (band 1 in
’H—NMR"fSﬁéctra). Rather, this error wéuld affect the
concentration of other groups. However, 1t is difficult to
specify the group'or groups which\are affected by the error
in band 1 of '°C-NMR speétra.
The methyléne group -ajacent to the terminal meth&l'in
,nlpentane is shifted upfield to about 22 ppm and ouf of ,the
- expected range for band 6 (methylene g;oups in alkanes and
alkyl branches). For other straigh£ chain alk?nes sucp 3s
n-octane, n-butane, n—héxane, and n—decane, ﬁhe signals4for
/€2 methylene are observed at 22.7, 24.8, 22.7, and 22.8
respectiv;ly> (Levy et“al., 1980). If a sample contains_very
shoft chains, the percentage 6f methylene groups édjacent to
terminal methyl 1is greater than that for a ‘sample with
(lénger chains. Hence, fog oil samples containing long
chains, tﬁe error in band 6 due to the upfield shift of such
methylene gréups.would be reducéd. |
‘AAmong the bands in the éliphati¢'regioh,‘bands 2 and 3
:éb;esenting terminal methyl beté ahé ‘alpha to‘ aromatic
'ringSj réspeéti?eiy, Qere, cqnsistent. with the band
’assignmenfs.‘ The  position of sfgnqls and - thé ‘obser§ed’
intensities of these bands were in satisfactory agreement
Qith exgecfed.valﬁes. |
. The . 13C-NMR spectra of the, aromatics fracﬁibh’ of
‘Lloydminstgt Vacuum Gés 0il (LVGO) is. preseﬁted.’in Figure‘
V.1, whiéh indicates the band assignments-of Snape ét al.

-

(1979) and the extent of»possible‘overiaps in ghe’bands.; Co

W

T,

L
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By introducing yeightingbfactors for '*C bands in FGA,

it is possible to weight each band on the basis of accuracy.

(For bands which do not show any. considerable overlap with

other bands, such as' bands 2, 3, and 9, one can assign
weighting' factors greater than 1. Weighting factors,
typically 2 to 5, for the above bands would ensure a good
agreement between the predicted and the observed
concentration of carbon 1in such bands. A better agreement
could be obtained bffincreasing the weighting factor for the
above‘bands.

If the '*C-NMR spectra ie divided into bands using the
oand assignment.of Snape et al. (1979;, thete would:be error
associated with the relative amount of carbon in each band
due to the overlapping of bands. For the synthetic samples
consi@eted, using this‘band assignment (B.A.);; the average .
absolute‘ error in the intensities of aromatic bands (Table

V.16) varied between 4 and 9 % while for the 'aliphatic

region, the range for average absolute error for var1ous

‘bands was between 8 and 38 %. For the 0oil samples, the error .

in '3C-NMR- data . is expected to be lower since unlike the
model compounds examlned in thls study, gas \0115 contazn
longer chalns' and are thus less subject to overlap errors.
Ertor'*in *3C-NMR data wasb substantially redupedw’.when

1nd&ﬁ}8nal peaks were assigned to bands‘thereby eliminating

any overlapp1ng of bands. Us1ng the P. A. method the average

between 4 and 14 % except for band 4 (22 %) 'S and MA'

P
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. samples, band\4 represented' naphthenie methyl. for' these
samples, intendities of band 4 were overestimated by 30 to
40 %. For PA and TS samples, band 4 reppesented beta carbons
in hpdroaromatic ring. For these samples, intensities of
band 4 wereloverestimated by only. 6 to 13 %. Fof S and MaA
samples containing saturated cycl?é\structures the errors ‘in
aliphatic bands were substantially higher compared wiEﬁ_iPA
and . TS samplesl which did not contain such structures: fhe.
error. for P.A. hethod caﬁfzbe' 'explained by ahoeher
sbortComing of quantitaeive application of '°C-NMR in that .
the intensities of signals are not exactly p:oportional tp‘
the amount of carbon. For example, censiderihg the signals
for toluene'in the spectrum of MA2 sample, Table V.3, the
ratios of peak integrals a£ 20.81, 124.81, 127,69,’128148,
and 137‘11'Pbm should belj\: 1 f 2,:‘ 2 i ‘respectively.
Hewever,- the observed ratios were 1 :;1.05 :02.74 2 2,13 3
1.01 indicatiné that protonated | cerbone ‘had highef
ihtensities.~ Adjusting the felaxation reagent'orlthe pulse
| sequence could possibly reduce the’ efror"jdue‘ to' lack of“'
proport1ona11ty, however for ‘ges 'oilex Such correcfions
”wéle be d1ff1cu1t to ver1fy.k. ” ' : -:
_ Samples TS1 TSZ ‘and TS3 weYe speC1ally prepared to
| 1nvestlgate thé’pOSSTble error in the 1nten51ty of “the C—S

’.51gna1 inv dlbenzothlophene. EThe expected ratlos for peak

' integrals at 120.99, 122.18, 123, 71 ' 126.08, 134.96, - and

.“138 90 ppm for TS2 sample, Table V.5, should be 1_: 1o T

1 1 i. The ohserved ratios’ were found to be 0. 77 0.85 r
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: 0.91 : 1.31 : 0.93 : 1. The observed ratios indicaﬂed that
contrary ’to' what was observed for toiuene, thé,intensities'
of protonated aromatic carbons were ;iow, The: observed .
"amounts of C-S ‘carbon, band' 11 in fab}es V.12 to V.14,
however, were«in good agreement with the expe%ted values.
For sambles-containing aromatic structures, Tables V.9
to V.14, the amounts of protonated aromat1c carbon, hand "9, .
obtained from the spectra, were con51stently h1gher than the
expected values. The error in the amount of carbon in band 9
was found to decrease from 14 to 5 % with increasing
aromaticity of the ‘sample. Although only 6 samples
containing aromatic structures were considered in this
study, the results suggest that it  may be possrble to4;
establish correction factors for band 9 to minimize the
error in ‘5C—NﬁR'data1 One vsuitable parameterb that such-
correctlon factors may be correlated with 1s aromat1c1ty.
5.3.3 FGA Results o “
A .summary of errors in the predlcted funct1onal group'

LI 7,

'concehtratlons from FGA is presented in Table. v. 17 stng,
. o v
- the B, A, method the predicted -concentratlons of ‘some

funct1on§i groups vere w1th1n the range of ‘+25 % of the

. —e

actyal grbup concentratlons with average absolute errorS'*‘

v\a

between‘e4 'and 13 % These groups were’ gamma methyl

naphthenlc methylene,. beta methyl hydroaromat1c rlng, and'ﬂg

benzene.,For the above groups, the range of ;error and he;

vaverage- absolute error rema1ned relat1vely unchanged when:..

the more accurate data from the P A. method were used
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Using the’B.A, method, naphthenic methyl, methyne, and
. chain’y, methylene had a wide range of error and subsequently
tne average absolute error for these groups'was in excess of
30 %. However,  whan the more accurate data from the P.A.
method were used, the range of error and average absolute
ersor for the above groups 1mproved substant1ally suggesting
that the concentratlons of these groups were most subject to
lerror in '*C-NMR data due to overlapp1ng of bands

| While the predicted,concentrations of alpha methyl from
the B.A. method. were consistently higher than the known
concentrations, the predicted concentrations af alpha
methylene were“’consistently _ower ‘tban known values. The
range and average error for the&roups remained relatively
'.unchanged when '3C-NMR data from the P.A. methQ&:were used.
Both of the above grolips conta1n alpha hydrogen and ‘their
combined concentrations (represented by alkyl substituents
in Table V.17l\§ere in good ‘agreement with the kno;n baluesf

| . Band '3) of ' *C-NMR spectra contains signals from alpha.
.‘methyl groupsi‘The exper1mental concentratlons of carbon" in’
bband 3 were _sl1ghtly higher .than the-actual values (Table
V;fG) with an average error‘of 8 %. In order fto" obtain a,
'good estimate for the_concentration of,alpha metnyl, one ma§
.lnclude the balance equation for‘band 3 of '°C-NMR spectra
"As‘ an add1tlonal constralnt in the opt1mlzat10n procedure,
.or a551gn band 3 WIth a h1gh welghtlng factor.' |

"In the case of PA1 sample, us1ng the P.A. data resulted

;in;va"-d1fferent spllt betgeen bengene and naphthalene,.

‘- . » . oo t

f",
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~ suggesting that distinction between these groups was not
accurate on the basis of NMR data. As shown in Table 9.17,
the combined concentrations of benzene .and ‘naphthaiene
representing aromatic carb/on‘ in mono + diaromatics #ere in
excellent agreemént with known values.

The average absdlute error in tﬁe predicted functional
group concentrations indicated that with the exceptio®- of
naphthenic methyl, only hoderate improvement in the profiles
were obtained when the more accurate '°C data from the ’P.A.
method_ were - used, suggesting fhat, the analysis was
relétively insensitive‘to overlaps in '*C band assignm?nt.
-Althéugh it . is difficult to 'place error bousrds on the
individua;\ functioﬁal group concentrations for _uanowh
mixtures such as gés oils, examination,of model -compound
profiles presented here provided some estimates. for the
degree of accuracy for the predicted concentrations of
“ hydrocarbon ‘funétionél'wgroups. Concentrations of . gamma
methil, naphthenic méthyleng, beta methyl, hydroaromatic

rings,-alkyl substituents, and mono + diaromatics were quite

accurate and insensitive to overlaps in '*C band assignment.

&

For the above ‘grdpps“ the errdr for the predictéd
\ponéenx;aiions vcould‘ be éstimated ét +15 %. The predicted
concentratioﬁs ofuchain methylene, methyne, gnd. naphthenic
methglfwgre less‘aycuréte‘with an eStimated er}or'of140 %.
Introducing we}ghting'faqtors for bands‘wifh relatively
low concentragfbn of carScn representing a s@nglé group can

improve the accuracy of the predicted functional group
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concentrations. For such a band, using a weighting factor of
1.0 may- result in very low predicted éoncentration for‘ghé
group ;épresenting the band sinde'the contribution of error
to the objective functiqn is low. 1In Table V.18 the
predicted functional group concentrations for TS2 sample are
compafgd ‘with the actual concentrations using "C-NMR data
from peak assignments. The first set of concenfrat;ons was
obtained when weighting factors of 1.0 were assigned for ali
bands.fTbe predicted concentrations - were in 'satisfactory
agreement with known values except for the aliphatiC'methyne
group whose concentfation was substantially ~dnderestimated.
The second set of concentrations was obtained by assigning
weighting factors of 2; 4, 2, and 4 for bands. 2, 3, 4, and 7
respectively, which improved the predicted concentrations.
‘ p :

For both set of profiles, the errors in ‘thq concengrations
of alpha methyl and methyléhe were substantial; however, the
cﬁmbined concentrations representgd by alkyl 5ubsti;uénts.
‘were in good agreement with the known valﬁe..The choice of
weighting factors for bands with small concentrations
‘representing a éihgle group is arbitrafy. Weighting factors
for these bands should bé SO  chosen'Athat the pr;dicted
concentrations approximaté the experimental amount of carbon
in such bands. | |

"5.4 Summary

| Coﬁparison of thg NMR data obtained ‘for a number of
synthetic .mixtures with the expected values based on the

known concentrations revealed‘that while for 'H-NMR, the
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data can be juaged as fairly accurate, there 1s unéertainty
in the. ' *C-NMR data. The® error 1in the '°C-NMR da£a ié
associated with the overlap of bandé particularly 1in the
aliphatic reg{on, and with the intensities of peaks which
are not quiték proportional to the amount of carbon
representing- the peaks. |

The accuracy of £he '2C-NMR data could be éubstantially

improved if individual peaks are assigned to particular type
of carbons théreby eliminéting the overlap of bands. This
assignment ié, however, difficult for complex hydrocarbon
lmixtures such as gas‘oils which contain a variety of complex
structures. For fhe samples considered in this study, using
" the more accurate data based on the peak assignments,
provided only - moderate impfovemengl in the predicted
concentration of - funétional groups. This result can be
explained by the fact thét the error due to varyigg signal
“iﬁtensities cann5t“ube completely eliminated. Aiso, the
cpncentration of some fﬁnctional groups are not_sensitive to
the '*C-NMR data. The concentrations of alkyl subétituents,h
and benzene and naphthaiené should be vsuhmed into more -
éenéral'structural parameters.

Introduction. of weighting factors for '°C bands with
small conqgg;$ation‘allbwé the predicte@ concent}aiion_ df
groups . rebresenéing "such , bands to épproximatg the
éxpefimental amounts of carbon. From the‘éﬁplicétioﬁ 9f. FGA

to khéwn 'mixtgrés,‘ the ahalysis cén'bevjudged as fairly

accurate. While for most hydrocarbon functional 'groupé the

3
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error in predicted concentrations could be estimated at +15
%, the predicted concentrations of chain methylehe, methyne,
and naphthenic methyl were less accurate with an estimated
error of +40 %. In the next chapter, FGA will be used for

structural characterization of Syncrude Coker Gas . 0Oil

(SCGO) .
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‘Table V.2 Carbon-13 Peak and Band Assignment for S1-

Range ' :
for Chemical shift (ppm) .
Bands Observed Literature Integral Ref. Carbon Type Band

11.18 1.3 2.743 a /k/. 1
1 13,47 13.7 13.375  a N g
¢} 2163 218 . 7.29¢  a /L/ 1
b 2195 22,2 14.088 <ca NN ¢
 22.32 23.3 10.148 b C>—~ 4
- 25.92 27.2  13.909 4 O::I 5
® 26.03 27.3 11.641 ¢ = O, 5
26.33 27.1 9.943 ¢ O_ s
| 2930 207 5.583 a )\/ 7
t 3116 31.6 4.542 a )\/ 6
6 32.35 34.1 8.890 a = NN 6
) 33,79  34.7.  15.409 - d O:] 5
'35.03 - 36.3  17.068 c. O_ 5
7| 3s.ee 333 0 5477 o Oy 7
43,15 - 44.2 3.651 - d (D 7



"Table V.3 Carbon-13 Peak and Band Assignment for MAZ

?
ol

Range
for Chemical shift (ppm) :
Bands Observed Literature Integral Ref. Carbon Type Band

k,‘mmmqmmmmmm-b
: "‘ L,

f 11.21 11.3 0.512 a }J\/. 1

1 13.49 - - 13.7 - 1,512 a2 NN

14.76 15.8 0.391 e ' 2

2 I 15.14 15.8 3.133 e/\©\/ 2

3 : 20.81 20.4 2.998 - a @_‘ 3

s | 21.68 21.8 1.253° a )\/ 1
4 21.91  22.2 “1.734 " a \\M 6

22.3¢  © 23.3  1.068 b O

24,98 29.2 0.431 e L@J

. . 25.87 . 27.2 0.859 4 OO

A 25.99 27.3  1.552 ¢ O_
Vol 2628 2701 1337 o O

3 - 28.00 29.2 . 1.207 e /\©/\
ﬂ : 5‘8.42. o292 ‘ 2.476 e A@/
- 29.2¢  29.7 “0.B70-_ a )\/
{1 s 3e 0.62¢. . a )\/ |

°r 32,27 34.1 10.822 Ca AN
4 3373 347 2,017 4 O:j
. 34.96 - 36,3 1.563 ¢ O_ -

7 35.83 §_3.3 0.728- ¢ o R
] 4306 ae2 T 0497 4 _'f 7
t 124,60  125.9 02,125 e /\@\ 9

o | 124081 - 125.6 3.162  a @_ 9

125,44 125.9 0.391 e ‘ ’ "7 s

!

) 7

;o
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Table V.3 (Cont.)

Range
for Chemical shift (ppm) , .
Bands Observed Literature Integral Ref. Carbon Type Band

- 140.94 144.1 0.380 e
10

143.56 144.1 '_2.068 .e

4

126.91 125.9 1.082 e /\©/\ 9
127.24 128.5 2.351 e /@\/ 9
9 * . —
| 127.69 1384 8.206 a @_ 9
128.48 °~  129.2 6.380 a @_ .9
T 37000 37,4 3.018  a ® 10
‘ 140.77  144.1 0.951 e 10
10 | : o -
- 10



Table V.4 Carbon-13 Peak and Band Assignment for PA1l

Range
for Chemical shift (ppm)
Bands Observed Literature Integral Ref. Carbon Type Band

w

11.14 1.3 3.919  a */. 1

1 | ._ |
- 13.63 13.7 124.745 a & XN
.t . 14.89 15.8 1.002 e /\@(\ 2
2 t;;) 8] ‘
I‘ 15.26 15.8 | 8.819 e '/\©\/. 2’

21.20 21.3  3.067 a “ 3

4 21.77 21.8 . 7.684  a */ 1
ﬁﬁ 22.04 22.2. 16.021 . a AN 6
N 22.91 24,1 - 8.083 b » (C):) .
5 25.09 129.2 0.980 e ﬁj 6
7 2.1 292 2.653 e /\©/\ 6
6 | |
28.54 29.2 6.268 e /‘\@v 6
of « 29.02 30.3 7.356 b @O e
$29.37 . 29.7 5.151  a )\/ 7
o324 ane 4,000 & A s
7 | 33.83 34:7 . 7.021 a s 6
t . 122,280 122,00 . 0.933  a 9
124,53  124.8 . 2.678 "~ a - 9
| 124.74  125.9 .©  5.273 e 9
125,04 126.0 8.724 b .9
125.43 ., 125.7 3.120»{@ 9
125.54 - 125.9 © 2,328 ' e 9
0o 126.13 126.7 2:928 a ¥ ¥ 9
126.33 1265 ®  0.450 & g
126,49 126.9 4.185  a 9




Table V.4 (Cont.)

Range
“~for  Chemical shift (ppm) ’
Bands Observed Literature Integral Ref. Carbon Tpr)Band

£,

126.86 127.2 3.303 a @@/ 79

127.07 125.9 2.441 e /\©/\ 9

127.22 127.4 2.238 a 9

u 127.36 . 128.5 . . 9.250 e /\©\/ -9
° 127.62 127.5 '3.806 a @@ 9
127.80 . 127.9 4.778  a 9

‘ 128.17 128}5_. 2,195 a @@© 9
) 272 129.6 8.127 b @ 9
4 130.00 131.0 1.047 a ' 10
131.43:-  131.6 .  2.353 a 80 10
131,73 133.0 - 1.349.  a ©©© 10

133,38 133.5.  2.546 a ~/ 10

10 | '1?4.83 " 1352 . 2.445 & 10
©136.5¢ - 137.2  7.248 b @ 10
140.95 | 44010 2,105, e 10
141,12 144.1 . 1.626 e. 10

¥ 4374 1441 f‘ 5_.‘208 e g 10



A
Table V.5 Carbon-13 Peak and Band Assignment for TS2
L ]
Range | “ :
for ~Chemical shift (ppm) o
Bands Observed Literature Integral Ref. Carbon Type Band

.o 11.14 11.3 2.269 4 a /k/ !

1 13.43 13.7 3.888 a NN
' 14.70' _15.8 0.673 e /\©/\ 2
2 I 15,07 15.8 5.398 e “\©\/ 2
3] 20.76 20.4 4.836 a @_4 3
4 I 21.57 - 21.8 6.316 a .)\/ 1
T 21.81 22.2 .659 a NN
22.70 - 24.1 ,,§.v34{’6 b .4
24.88  29.2 0.610. e. 6
. 27.90 29.2 1827 e /\©/\ 6
28.33 29.2 3.738 e 6
28.80  30.3 5.482 - b - 6
" 29014 297 - 3.388  a L7
4 3o 3e . 3.088 8 ¥ ®
& I" 3360 . 387 1.959 a 6
& 1 120.99 122.6  0.842 £ 9
122,18 ks 0.923 £ 9 -
123,71 . 1263 . 0.991 £ O O
’»1:24.5.2< . 125.9 | | 4.022 e /\@/\ 9
G mm oo 8
125.36 . 125.9 - 0.742 e 9
o | 125;08 1244 1,432 f | S' 9
- | 126.86 ',1‘2“?:,9; -~ 1786 e 2 © g
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. Table V.5 (Cont.)

“Range o .
. for Chemical shift (ppm) :
Bands Observed Literature Integral Ref. Carbon Type Band

127.17 . 128.5  3.945 e /\©\/ 9
. 127.62  128.4 13.076  a @_ 9

9 | o |
 128.41 129.2 9.748  a ©_ 9
| 128.e8 w2006 © 6.357 b @O 9
t 134,96 = 139.8 1.009 £ ©”© 10
19" 136.29  137.2 - 5.354 b 10
"4 137.05 137.4 4.691 . a 10

10 |~ 140.87 o 144.1 - 0.684 -~ e 107

10

111 138.90 . 139.9 1.09‘0Vﬁ @)E@ 1
: 140.70 - 144.1 1.655 e /\©/\ 10

143.49 144.1 3,513 e



Table V.6 References for '°C Peak Assignments

a) Levy et al. (1980); page 30 and page 111 for toluene,

page, 52 for isopentane, page 78 for pentane, page 116 for

metbylnaphthaléne and phenanthrene.

b) Ejcharh and Kozerski3(1981) page 181 for

' methylcyclohexane, page 201 for tetralin.

: c) Abraham and Loftus (1978) page 30 for

.

cis-— methylcyclohexane. ’ - . @@-
@) Abraham. and Loftus (1978) page 182 for trans-decalin.

e) Diethylbenzene is a mixture of para and meta compounds,

65

a551gnment of chem1cal shifts to carbons in para, meta, and

other conformers were made based on the ch;ﬁ1cal shifts . for

ethylbenzene, chharh andgxozersk1 (1981) page 201,

f) Chemical ShlftS for benzoth1ophene (Levy et al., f980 -

- page 124) were used to 3551gn peaks for dqaenzothlophene.

v a




Table V.7 Analytagal Data éndrFGA Results for S1

1. HfNMR
Band A?tu
. 1 31
2 .68.

‘2. C13-NMR

16\09

5.46
49.29
15,83

TN e o

3. FGA Result
~Concentration

Structure A
A

07?(142-0
o—CH
012(343
o—(CHj3

(% of total hydrogen)

al Observed % Error

.06

94

3

6

4.15 +9.95
5.85 -4.48

(%Hofﬂtotal:carbop)

13.33 °

P

S

20.07 +26.78 ® .

ct al

T22
0. 944

1,141
10.387
3.493

—CHy—e .

- - Band Actual® Observed(B.A.) % Error

11.21 -30.33

5.08 -6.96
- 45,44 -7.81

18.20 - +36.53

¥

‘Predicted % Error
- (B-A-) -

1.429 ° +27;3€ﬂ‘4

0.751 . - -20. 44
1.330. 5 +16¢56
0,350 , -9 56
3.227 =) 61

LI -
o, .

Observed(P A ) <l &rror J

66

)

e
\\

+12 4

16.29"
7.06 ° -+29.3
47.29 -4.06
| 19;1§ +20.91 -
10.2 -23.33

s in foles of functional group/100 g 6f sample
Predicted % Error

(P.A.)
.‘ 385 -

0.643
o 1.222..
-~ 0.458

3.380

f23.44
-31.88 "

“+7.10

o +18,34

,;3;?4.
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Table V.8  Analytical Data and FGA Results for s2
1. H-NMR (% of total~hydrogen)‘
Band Actual Observed % Error

¥

1 27.35 26.69 -2.41

2 72.65 73.31 +0.91 -
2. CiI3-NMR (¥ of total carbon)

_ Band Actual Observed(B.A.) % Error Observed(P.A.) % Error

12.93 . 9.03  #£30.16 13.55 +4.80

1
4 5.70 . 4.52 - =20.70 7.68 +34.74
5 54.76 45.87 - -16.23 51.40 -6.13
6 12.33 19.68 +59.61 A 16.48 | +33.66
7

14.28 20.90 +46.36 10.89 =23.74

3.  FGA Results

" . Concentrations in moles of functional group/100 g of sample

. Structure Actual Predicted % Error Predicted % Error
' (B.A.) . (P.AL)

07?C}42——o ¢.877 . 1.655 - +88.71 1.343  +53.13
04(14 Lois 0.636 ~ -37.34 0.640 -36.95
_‘955C+43 fo.912‘ ~1.005 +9.36  © 1.010 . +9.90
@__(}43 P 0.405 0,296 -26.91 0.287 f29?n3'

é—{}4257e 3.891  3.515 -9.67 3;823:('-1.75

s N ' ' ~
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.
Table V.9 Analytical Data and FGA Results for MA1

1. H-NMR (% of total hydrogen)

Band *Actual Observed % Error

1 22.43. 23.94  +6.73
2 54.25  50.96 -6.06
3 9.87 11.20°  +13.47
5 13.45 13.90 - +3.34
2. C13-NMR (% of total carbon)

- Band Actual Observed(B.A.) % Error /ObservedQP.A.) % Error

1 10.62 6.83  -35.69 11,98 +12.81
2 3.91 - 3.41  -12.79 - 3.41 -12.79
3 3.12 3.72 +19.23 - 3.72  +19.23
4 2.42 - 5.15 +112.81 3.20  +32.23
5  27.97 25,12 -10,19° 22.18  -20.70
6  13.19 . 14.43 +9.40 15.45  +17.13.
7 8.29 8.81 = +6.27 7.53 -9.17
9 23.44 26.15  +11,56 26.15 - +11.56

10

7.04 . 6.38 -9,37 6.38  -9.37

3. FGA Results o o
Concentrations in moles of functional group/100 g of sample
Structure Actual Predicted % Error ' Predicted % Error

~,

» (B.A.)° . (PJA.)

[:j . 0.369 0.378°  #2.44 0.383  +3.79
e—CHy—o +0.282  0.109  -61.61 0.200, -29.58
" o—CHj 0.227 - 0.400 +76.21°  0.339 +49.34
‘e—CH3.- ~ 0.284°  0.310 . +9.15 - 0.287 .+1.05 " .
o5CHp—o 0676 0.9427 +39.76 .. 0.973 +44.36
o—CH - 0.602°  0.396 -38,22  0.491 -18.44 .
oOCHg . 0.771  0.597  -22.57  0.837 | +8.56"
'ev-C}43 . 0.175 . 0.413 +136.00 0.173  -1.14
e—CHp—e 2.032 ~~ 1.828 -10.06 . 1.662 -18.21

ar’ :
. s Al

i
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Table™V.10 AnalYtica} Data and FGA Results for MA2

1. H-NMR (% of 'total hydrogen)

'Eand' Actual Observed % Error
1 14.81 15.37  +3.98
2 42.14 40.0¢4  -4.98
3 ., 18.24 18.97 +4.00
5 24.81 25.62 +3,26

2. C13-NMR (¥ of total carbon)

Band Actual Obseryed(B.A;)-% Error Observed(P.A.) % Error

o 6.27 4,19 -33.17 " 5.68 -9.41
2 6.43 5.43  -15.55 6.11 -4.98
-3 5.04 5.20 "~ ° +3.17 . 5.20 +3.17
4 1.31 2.17 +65.65 -1.85 +41.22
5 15.06 18.48 +22.71 12.70 -15.67
6 11.76 7.51 -36.14 12.64 +7.48 -
7 4,60 - 4.83 +5.00 . ° - 3.63 . =-21.09 "
9 38.06 - . 41.07 +7.91 . 41,07 +7.91
0

—

11.47 11.12 -3.05 . 11.12 - -3.05°

3. FGA Results - ¢
Concentrations in moles of functional group/100 g of sample

Structure Actual Predicted % Errpor Predicted % Error

_ . (B.A.) (P.A.) ‘
@ © 0.609 7 0.622  +2.13. 0.623  +2.30
—CHy—o o0.47¢  0.353 -25.53  0.411 -13,29
. e—CH3  o0.372"  o0.481 +29.30 0.442 +18.82
o—CH3  o0.472 . - 0.451 ~4.85 . 0.483 +1.90
'o~{:Fﬁ24b 0.392 fd.zis  ’<44.50' . 0,549  +40.05
o—CH ~ 0:320 0.184 -45.88  .0.194 :‘-42;94
biéC}43 | 6.46;"."0.?98*, -16.02  0.444 .;43529_‘
o—CH3  0.09 . 0.192 +100.00° ~ 0.136 +41.67

~e—CHy—e 1111 _;1‘,;;43.7'8- +24.03 . 0.964 --13.23

® -
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Table V.11. Analytical Data and FGA Results for PA1l
1. H-NMR (% of total hydrogen) '
' Band Actual Observed - % E{;or

31.04 29.84 -3.86

.
2 35.63 38.57 +8,25
3 14.01  13.40  -4.35
5 19.00 -17.87 » -5.95
6 0.32 0.32 0.00

2. C13-NMR (% of total carbon)

Band Actual Observed(B.A.) % Error Observed(P.A.) % Error

16.62 . 10.38 -34.84 13,91 -16.30

1
2 5.21° 4.65 -10.75 5.19 -0.38

b3 1.49 - 1.62 +8.72 . 1.62 . +8.72
4 -3.81 4.06 +6.56 ' 4.26° +11.81
6 24.68 26.69 _+8.14 . 23.37 " -5.31
7 2.65 3.71 +40.00 2.72 +2.64
9 *31.03 356.25 . +13.60 35.25 +13.60 -
10 14.51 13,68 -5.72 13.68 v -5.72

Cm

3. FGA Results ' ' ' )
Concentrations in.moles of functional group/100 g of sample
‘Structure Actual -Precdicted % Error Predicted % Error

. » , - (B.A.) ¢ (P.A.)
: ._ 0.331%  0.297 -10.27 . .0.267 - W, 23
0.109 - 0.114  +4.59 .  0.137  +24.77 -

\ ‘ 0.Q19 - 0.0%9  0.00 0,019  '0.00

- o—CH¥o 1 ',14@; 1.3317 +15.84 1.255  +6.70
o——(: 3 0.383 0355 -12.53  0.389°  +1.57

0 :::] 0.140 ©° 0.148  +5.71,  0.160 +14.29

| o—CHz—o 6.3&3_3 ~0.325 ‘3-15'.'»1'4__:. | ‘ol'.ze'o‘ v-zs'.&s‘f"
o—-CH3 1,219 1.172 3,85 1,172 -3.85"

S o= H 'o 194 0.286° +47. .42 0.288 +48.45 - -

o .-é H3 o 108 0.112 +z 75 . 0,127 ' +16.51.
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Table V,12 Analytical Data and FGA Results for TS1

1. H-NMR (% of total hydrogen)
. Band Actual Observed % Error | , )
1 25.19  22.22 -11.79 \ .
2 31.21 33.33 +6.79 ' )
3 18.92 19.56 +3.38" :
"5

24.68  24.89 +0.85

2. C]3—NMR- é(% of total carbon)

Band Actual/ Obsérved(B.A.) % Error Observed(P.A.} % Error

/ .
1 12.86 7.36  ~42.77 11.37
2 5.08 4.41 . -13.19 . 5.00
73 3.3¢ ' 3,56 +6.59 3.56
4 4.40 T 4,61 48,77 "~ 4.98
6  20.14 22.00 - +9.23 "17.03
7 2.47 2.31 <6.47 2.30
9  37.82 41.38 ,#9,41 .. . 41.38 .
10 13.36 13.87 +3.82 < 13.87
11 0.53 0.49  -7:55 - 0.49 .

3. FGA Results S - : o
Concentrations in moles of functional group/100 g of sample

Structure 'Actual Predicted % Erro Predicted % Error _
: (B.A.) . (p.A.) . S
| ~ 0.593 0.594  +0.17  ~  0.597 -+0.67 -
' 0.020 © 0.020  0.00 . 0,020 0.00 ¢ -
.\ 0.161  0.159 J1eze e 04199 +23.60
7 o—CHp—o 0.372 0.265 -28.76 . 0.224 -39.78
o—{:}43‘1 0.245° 0,344  +40.41  0.318 +29.89 |
'-é—{:F43 ©0.372 ° 0.353 ~-5.11" ' 0.422 +13.40 |
| o-?-CHZ—o 9\'7;§f1j 0949 +21.51 0~..756' ~3.20
: ... - 0.181 0.152 -16.02 °  0.1721 = -5.52 . .
, .i»_(]43 0.943 0.832 -T -11.77  0.832. 11,77

. . '

- 5
. : LN : e w
> . EI R .
D ‘ -
T °
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Table V.13 Analytical Data and FGA Results for Tsz
1. H-NMR (% of total hydrogen)
Band Actual Observed % Error
1 22.58  20.67 -8.46
2 29.81 28.62 -3.99
3 20.21 - 21.38 +5.79
5 27.40 29.33 +7.,04
2. C1%-NMR (% of total carbon)
Band Actual Observed(B.A.) % Error Observed(P.A.) % Error
1 11,12 5,77 -48.11  10.26 -7.73
.2 . -5.47 4.29 - -21.57 . 4.83 -11.70
3 . 3.62 3.85 +6.35 . 3.85 7, +6.35
}5_ 4 402 5,02 +24,87 4.25 . +582.
2 6 17.74 ; 22,36 +26.04 - - 17.00" -4.17
7 2.30 1.56 - -32.17 2.67 +16:09
9 40.47 . 42.83 +5.83 - 42,83 +5.83 "
10 13,96 - 13.45 -3.65 : 13.45 © -3.65
11 0.85 ‘ 0.87  .+2.35 0.87 f2.35'
3. FGA Results | R

Concentrations in moles of funct1ona1 group/100 g. of §hmple A
‘Structure Actual Predicted % Error - Predicted % Error ° N\

C (B.A.) - (P,A.)
‘ . 0.614 0.654 - +6.51 - . -0.637  +3,75

0.031 1 0.031  0.00 ~  0.031  0.00

o J ‘b.AAZ 0121 -17.69 - v‘(01134.'i‘—8 84
.Of?C+{2fﬁ3 0.401 ﬁ'b,323‘ -19.45 0.231 ~42.39.

" e—CH3 . 0.265 © 0.395 +49.05 . 0.439 +65. 66

0—CH3 C0.4017 0.433, 47,98 0.424 ,+5 73

-+ osCHy—o 0,633 0‘627"' wo%9s  0.576 . -9.00

t . - N R ;’ S -

oCH - o 169;1.'.'0 069 -59.17, ° 0.137- -18.93

©
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Table V.14 Analytical Data and FGA‘Results‘fof TS3
1. H-NMR (% of total hydrogen) |
Band Actual Observed % Error

1 22.74  21.95  -3.47

2 29.34 " 27.18 -7.36

3 0 19.94 21.60 +8.32

5 27.98 29,27 +4.61
2. C13-NMR (% of total carbon)'

3

.Band Actual

— OV WN =

B a
-—t

Lo

11.04 -
4.79
3.40
4.63

17.80 .

2.33%
40.74
14.04

1.23

3. FGA Results

Concentrations in moles of functlonal group/100 g of saﬁple

Structure Predlcted % Error:

(:Dfs (:35 0.045"
o £ 0.169

o——CHz—d “0.350

‘—CH3 ‘0. 249

o—CH3 o 350

o—(:k42-—0 0.613

o—- 2 10171
CH3

Actual .

0.593

"0. eov..__

6.32
3.84
3.50
4,24

22.74
1.92-

42.72

13.52

1,20

(B.A.
0.619

0.303

0.388
':b.31f
0781
o071

T

.

0.045
0.132

017793“-

Observed(B A.) % Error

-42.75
-19.83
+2.94
-8.42
+27.75
-17.60
+4 .86
-3.70
-2.44

)
+4.38

l\JZi.BQ’

.-13.42' )

-455;85
=111
;1i 09
-58 .48

-3 47

\.Q-OO»

Observed(P.A.) % Errom

10.08
4.32
3.50
5.01

17.53
2.12

42.72

13.52

1.20

-8.69

-9.81,

+2.94
+8.21
“1.51
-9.01
+4 .86
-3.70
-2.44

Predicted % Error

(P.AL)

0.620
f 0.045

- 0.169

0.228 -

0.394

0.343

. 0.545.

0. 117
1 0.779

+4.55
' 0.00
-2.37
-34.86 .

3}

- -2.00
-11.09
- =31.58

Af13;u7

>

+58;23, s

i
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Table V.15 % Error in H-NMR Band -Intensities
% Error = { (observed - actual)/(actual) )x100
: . Band
Sample 1. A 3 5 6
S1 +9,95  -4.48 !
S2 -2.41 +0.91 | .
 MA1 +6.73  -6.06 +13.47  +3.34
MA2 3 +3.78 -4.98  +4.00  +3.26 ’
PA1 ¥ -3.86 +8.25 -4.35 -5.95 _ 0.00
TS1 -11.79 +6.79 +3.38 +0.85" )
TS2 -8.46 -3.99 +5.79 +7.04
TS3 -3.47 -7.36 +8.32 +4.61.
Average ‘ )
Absolute Error 6.31 5.35 6.55 " 4.17

G.

R
TN
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Table V.

Sample
MA1

"MA2

PA1

- TS1
- TS2

TS3

‘Average

' Skmple

1
MA2

PAT,

TSIy

' TS2:

g

rS3 3
Average

w
. B
§

. sample -
81

S2
MA1
MA2 -

‘PA1

~T81

T opg2

TS3 .
Average

' TS3 -

TS
© TS2

Average

-Sample o

PA1

TS3

Average -
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17 % Error in Predicted Group Concentrations
% Errof = ( (predicted-actual)/({actual) )x100
Average = Average Absolute Error

o—CH,—o

B.A. P.A.
-61.61 -29.58

. -25.,53 -13.29
-15.14 "-26.89
-28.76- -39.78,
-19.45 -42.39
“13.42 "3:.86

27.32  31.13

Q

B.A. P.A. .
+2.44 +3.79
+2.13 *2.30
-10.27 -19.33
- +0.17 ™0.67
+6.51 .+3.75
+4.38 +4.55
4.320 B.73

' O—CH f'
é P,A.Y

-20 44 -31. 88‘
 -37.3%2 -36.95
-34.,22 -18.44
-45.88 -42.94

'+47.42 +48.45¢
-16.02 ~5.,52
-59.17" -18.93
-58.48 .-31.58
-+39,87 -29.34

. GF—CH3

‘ +1oo oo-'+41 67

68,12
B.A. . P.A. .-
L +5,71 414429 7
S =1,24 0 +23.60
=17.69° -8.84 °
-21,89 ' -2.37
12.28

22,57

. eCHy
.~B.Ao . E‘A.
+76.21 +49.34
+29.30. +18.82

+2.75" +16.51

.' +40.41 "‘29.80-
+49.05 +65.66
+55,82 +58.23

42.25 39,72
B.A.I I P.A.
" +4.,59 +24.77

4.59 24.77°

o—CH,—©
B.A. P.A.
+27.36 +23.44
+88.71 +53.13"

439,76 +44.36
,~44.90 " +40.05
+15.84 - +6.70
. -0.95 -9.00 .
+11.,09 -11,09

31.27 23.87
/ffGF-CH[—G' '
_ B.Aw PLA.

-7.61 -3.24

-9.67 -1.475
-10.04 -18.21

+24.03 -13.23
12.85

9.11

. Alkyl
Substituents
B.A. P.A.
-0.39. +5.48 .
-1.41 +0.82
-11.18 -17.28
-1.30 -12.15

+7.80  +0.60
+15.36  +3.84
6.24  6.69

Mono +
Diargmatics
’B.A. R.A..

+2.44 +3.79
+2.13 +2.30
-5.01 -3.71
+0.17 +0.67
+6.51 +3.75
+4 .38 +4.55.

3.44 "3.%3

ﬂo“;CHS
B.A. P.A.
+16,.56 +23.4%

+9.36°  +9.90
-22.57 ~ +8.56
-16.02 -3.90
-3.85 -3.85°
-11.77 -11.97
-8.45 -B8.45.

-3.47 - -3.47
11.51 7.12
e—CHsz
"B.A. P.A.
. 49,15  +1.05 - °
-3.85 +1,90
<12.53  +1.87.
« =5311 +13.44°
+7.98  +5,73
~11.1¢ = -2.00
8.46  4.28
IA‘ .
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Table V.18 @:Effect of Weighting Factors on TS2 Profiles

i
i

CSncentnafions in moles of functional group/100 g of sample
Predicted % Error

Structure

Alkyl
-Substituents

4
v

Actual Predicted % Error
N Without WF
0.614 0.686  +5.21
0,031 < '0.031 ' 0.00
0.147 0.131 -10.88
,é.loﬁ _0.257  -31.42~
0.265  0.425  +60.38
0.401 ‘0{533 . -3.24
0.633 . 0.677  +6.96
0.169 0.069 -59.17 ..
., 0.816  0.747  -8.45
0.666 . 0.682  +2.40

With WF .
0.637  +3.75
0.031 - 0.00
0.134  -8.84
0.231 -42.39
0.439  +65.66

0.424 +5.73
0.576. ~9.00
0.137 ~ -1B.93

) . @ R
0.747 - -B.45
0.670 +0.60
o o
A
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"3;FThee_e1ementa1 -analyses . for gach fraction are presented in "~

'1ntegratlon cunve vas paor. In order to mxnlmlze the error=

6. Appl1cat1on of FGA to Syncrude Coker Gas 0il (SCGO)

6 1 Analytxcal Data For SCGO

Functional Group Analy51s was appligd to obtain the

D
o kY

structural proflles of various fractiodns: %f SCGD Tab1e~VI

lists the results of convent1onal analy515 of th1§“d&l As a

first step in the-sgructural cha;acter1z%t1on, IO;gramsAof

samfle were shbjected-to the class separation scheme aﬁd

aggg?-_97 % of the original sample was recovered in various’

fractions, as shown in Table VI;Z} The threelresin.fractions
made up® about B0 % of the oil, All the ftadbions'obpainedj~

from theu-class’ separétion 'proceduref' except for ‘the -

asphaltenes whlch were recovered:in very smallﬁamounts werg. -

further analyzed by elemental enaly51s, 'H-NMR, andv!=c—NﬁR;
, o w

s

F’Table VI 3. AS ~was expected from“"éhe .class separatidh Lo

b}

ischeme, .the heteroatom content increased from saturates to- -
- .polar III. The Polar ILII fraction wis distinguished by 1its
. ! . 'y : A R L

-nitrogen~and 6xygen cohtent.whidh~wasygistinctly hiéheylthan' e

T N P BT
FO

other fractlons. T SR , vaf

The' relat1ve amounts of hydrogen and carbon in var’

‘1bands, as obtalned frém -‘H—NMR and "QﬁNMR :spectra, are ‘y

Ea

"presented‘ in Table VI 4 and Table VI 5 reSpectlvely. Peak

_'areas for bands in 'H NMR spectra were obtalned from the, -

1ntegrat16n curve,T and plan1metry was used to obtaxn areaSq} o
ol ' :
for small peaks such as olef1ns. For "C NMR spectrav peakif"*“

areas ‘were obtalned by planxmetry sxnce the behavxor of thef

Lt

o j . LR e 4
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ih"band ‘intensities from ' >C-NMR sbectra,".the relatrve
amOUnt'oficarbon in 'baud‘ 9 (aromati¢. carbon bonded to
hydrogen) . was obtalned dlrectly from the amount of . aromatlc
hydrogen as measured from 'H-NMR spectra. ‘The 1ntens1t1es of
other; bands were 'adjusted to account for thls correctxon
which minimiied the\possible errors in 'the ' *C-NMR ‘ceak.
areas due to relaxation effects. | | )
6.2 Structural Characterxzatxon of SCGO by FGA

The structural prof11és of SCGO fractions were obtaxned 
E using the methodology outlined in Chapter 4. These proflles
are presented in Table VI.6. ' ’ |
6.2.1 Saturates. |

The .. saturates frection.is:made]up of :linear and cyclic

‘eléphatic‘structures; As mehtionedvninfjcﬁépter. 4, one |is
unable to distinguish between néphthe;ic methyne and methyne
'grOUps inuolved. in linear”,structures; ’Hence' one cannot
determinevthe.diStribution‘of~carbon#in:linear and saturated
cyclic'structures;vThefconcentratioh of ‘naﬁhthenfc methyl
and.‘methylene iindicate that at least 30 % of carbon 1s’
involved in- cyc11c structures such as cyclohexanes, decal1n,
and ‘ perhydrophenanthrenes. ThlS approx1mat1on is made
:assumlng that ‘at least one naphthen1c methyne as present for .
‘every naphthenlc methyl for example in methylcyclohexane..
vThe methyne.‘group concentratlon , 1ncludes  the - .total
concentrat1on -“uok . methyne‘ ip . structures such as
ralkylcyclohexanes, br1dgehead methyne’as in decal1n-'as well

"‘as‘_methyne '1h l1near structures The h1gh concentrat1on of

L . o N . - ) L '—



methyne indicates a high degree of brapching.
The.heteroatom'content_of the saturates ﬁfraction is

quite 1low. Th; gmall amoun&s of oxygen, s&lphur, and

nitrogen compounds contained in the saturates fraction are

considered to be aiiphatic ethers aRrd thioethers, and °.

non-basic nitrogen compounds respectively. . ‘sé structures
are .among other equélly valid groﬂps’suéh‘gs alcghols and
. t P .

mercaptans to account fbf' the ’preéénce of hetersatoms.
However, the choice of groups‘fOr heteroatoms Té“limited
to insufficient analytical‘data. Since SCGO 1is .a reacte
Aoil,aicohols and mercaptans are less likely ﬁqugen and
sulphur groups, respectively, and are not 4£ncluded “in the
analysis. Tﬁe choice of aﬁine to ‘repreéent nitrogen is
unSatisfactqry due to polarity, but no other nitrogen'groups
are known to be more likely. The presence of very small
amounts of nitrogen in ‘the saturates fraction :can also be
explaihed by possible error in the nitrogen'SBalysis.

6.2.2 Aromatiés

<

-~ Aliphatic structures are dominant 1in - the aromatics

fréét13;’5{\SGGQi Aliphatic carbon contributes to linear
alkyl chains asi:?e_l\ as saturated cyclic sqrgctures. The
aromatic structurqé\ére ;&iniy monoaromatics in the form of
alkyl' substituted- benzene~;ﬁH;§gQ;othiophene. The feiatng
concentration of'SUbstituents on'a;omatié rings to fhe total
concen;ratioh of vérémaﬁic sites in groups such as benzene
and heéeroarométics;Vprovides'én estimate of the degree of

substitution. on aromatic rings. For the aromatics fraction,
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. the degree of substitution is about 50 %.° The relative
concentration of alpha-methyl, to the total concentration. ,of
yl and alpha-methylene, indicates that about 35 %

. substituents on aromatic r1ngs are methyl groups.

Ethylﬂgﬁﬁbst1tuents on aromatic rings -as obtained ﬁfrom
beta-methyl conceptration, contribute to 15 % of alkyl
§ubstituticn:xThe remaining 50 ¥ are long, branched chéins,}
~ however; it is difficult‘ to give an estimate of average
chain length or the length .between branches based on the
structural prof1les.
6.2.3 Polar 1

*1n the Polar I fract1on,~aromat1c structures domlnate
the profile and al1phat1c structures ma1n1y contrzbute to
alkyl chalns. The distinction between allphat1c carbbn 1n
linear structures and saturated rings is daff1cu;t due to 

€

the‘ lack of analyt1ca1 information about cyclic structures,
FGA was unable to establ1sh the concentratlon of naphthenic
. methylene but the presence of saturated rings could pot be
~ruled out. The aromatic structures containA condensed rin;
systems' such as- naphthalene .and . phenanthrene as welleqsv
hydroargmatic ,rings. !Phenanthrene was ; chosen as"ua
reptesentative structure for polyarcmatiCS.» The aromatic
hydrogen 51gnal detected in band 6 of 'H NMR may belong to a,

number of polyaromatlc struetures such as:
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»

The choice of multi-ring structures 1is limited due to

~.

insufficient analytical data.

The degree of substitutién on aromatic rings is vaboul
40 % for .thel Polar I fraction and close to 40°% of alkyl
substituents ar ﬁéthfl groups. It is difficult to estimateée

ethyl substitution on éromatic rings due to branching at the

alpha position relatiwe to the rings. The high concentration

0 |

of methyne " suggests that the remaining alkyl chains 'are

highly * branched “and  that cyclization may also be’

significant.

‘In the Polar I fraction, sulphur is involved in

aromatic structures in the form of dibenzothiophene as well

as aliphatic structures in the form of thioéther. Aliphatic

thioether can be involved in linear structures as well as ‘

~ o
R
’ \

cyclic sulfides identified by Payzant et al. (1983) in

Athabasca bitumen. The ability of ‘FGA to establish the

concentration of various sulphur structures is particularly

helpful since each structure may*behave differéntly under

reaction conditions. A small amount of olefins is  also.

present in this fraction. o !
' 6.2.4 Polar Il ]
In the Polar II fractioh,thefa;omatic structures appear

in condensed ring systems as marked by an increase in: the

i
¢

concentration of phenarthrene, dibenzofuran and .carbazole.——

L%

" Dibenzofuran is the mbsé ‘likely oxygénlgroup'in'Polar 11 as

well as aromatics and Polar I fractions since no phenol or

carbonyl bands ﬁgre detected in the IR spectra of the -above

e



fractions.

1

The degree of substitution on the aromatic rings in the

Polar If fraction is aboyt 40 i Whlch is Sumllar to that of
)
Polar I, with alph;\_me hyl contrlbutlng\\b\abOut 40 % of

alkyl substituents on aromatic rings. The 1ncrea§e in, the
- ~_ /
~concentration of methyne groups suggests that the dedree of

‘branching is higher 'in the Polar II fraction compared with.

N

Polar 1I.

6.2.5 Polar III E ' ~ ',.j

The Polar III fraction 1is the ‘only ffactigi§ﬁh$qp

contains a substaﬁ?ial amount of nitrogen and oxygen. The IR‘“

~

spectrum of this fraction pointed to the preserice of Phenols

and carbonyls. . The ratio of phenols to carbonyls was

obfained from the IR spectruh (as discussed in Chepter 4).

N

This ratio was found to be 0.3 and was introduced - in the

1 (‘ 7. . . . . . .
computatlon scheme as an additional constraint. Aromatic
structures present in the Polar  I¥I fraction are- mainly

aromatic ketones, phenols, anlllne, ~and carbazole.

t

Polyaromatlcs a¥ well as hydroaromatlc structures are also w

present in this fractlon. The degree of Substltutlpn oq
aromatic ring is about 50 % which is higher than other‘polar
. : o - e ; ,

‘ . i ' : L DN o
fractions due. to the presence of functlonaf1zed§aromatxc

structures such as phenols 'and aniline. . Sulphur  is

'represented by allphat1c thloether structures whlle an111ne‘
and carbazole represent * the nltrogen © groups. Other
heteroatom groups which may be present 1n th1s fraction’

cannot be accounted for due to the limited data. .

§
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Comparison of the structural profiles of various ™
fractions -revealed some trends in the structural features.

The -aliphatic groups in the saturates and aromatics

fractions contribute to both saturated cyclic structures and

.
A

. linear chains while in the resin fractions aliphatic groups

contribute mainly to alkyl chains. One measure of aromatic

)ratio of the  concentration of

ring condensation is the-
R '+

aromatic carbon bound to other aromatic carbon, to the total’
concentration of aromatic catbon. “The degree of aromatic

ring, condensation sincreases from aromatics to Polar I to

_Polar 11, namely,,19 : 7,*and 30 %, respectively. For the -

~Polar III fractxon, however, aromatic r1ng condensatlon is

about 19 ¥ ‘since functlonallzed benzene structures are the

‘major aromatlc structures.‘ Benzothlophene is the most

-
v

prohable sulphur group present in the aromatics _fraction
while dibenzothiophene and aliphatic fhioether are present

in the - polar fractions. The concentrat1on 'of .aliphatic

‘thioether 1ncreases from Polar I to Polar III whlle that of

Adibenzothiophene_decreases. A high degree of branching is

observed for -dll, K resin fractions and an increase in the
concentration of aliphatic thioethermay suggest an increase "
4

in the average chain length from Polar I to Polar III

The structural proflles of the 1ndlv1dual fractfons are

: comb;ned in proportion to the separat1on yxelds to obtain

"~ the structural profile‘oﬁﬂthe whole oil -(Table VI 7) ‘The

R N ' w4

‘profile excludes asphaltenes and the materlal not recovered:

in the separatxon‘ procedure. From ;the concentrat1on of

L

. -



various functional groups, typical structural featu;es snch
as aromaticity, deg;ee of aromaticrring‘condgnsnfioé, degree
oﬁ'substitutipn on arnmatic‘rings, etn.; can be'obtained for

the oil. The profilés, also provide an estimate of the
o : o . s o
.vd1str;bu€10n of S, 0, .,and N in various heteroatom functional

El

groups.

S

FGA was used for ;ﬁructural characterization of SCGO

: - ’ ¢
without  applying the 'class separation procedure. The

analytical data for SCGO are summarized in Table . VI.8 and

-

RS A

the structural p;ofi}e is pnesented in Table VI.7.
Comparison of the two'profiles in Table VI.7 pointed out
that while the concentration of,aliphntic groups reméined
relatively uncnanged, the concentration of aromatic
structures and the Iéfétribution of heteroatoms in various
grbups were strong1§ affected. The. use of IR data for
phenols énd cafbonyls was alsodexélnded in the whole oil
analysis, hence FGA was unable to establish'any’estimate‘ of

the concentration of'the‘above grqups. Class sepafation of

gas‘ ofls is thus ana_imnottant irst §te§ in the
. Enaracterizgtion upfbceduré, which)’ail ws«‘the ;eieétion of
| diffefent heteroatom grounsk representing bthe'rmostv likely,
structures for each fraction. | o

To obtain acéurate struc;urélvprnfilés} one:should hayé‘
‘ab;fensdnéble, kpdwledge ‘of the major structures étésént in
“*_the -Qample so the iselecfed set of functional[; grdupst
: 1feprésentifhevsamplé gdeqdétely.’pased on the applicdtiqn of ?

'FGA to the mixtures of known concentration, the structural



profileslof the wvarious fractions cap be judged 'as .fairly
accurate; however, it is difficult to plaée an'es;ﬁmate‘of
er;d\ on 1nd1v1dual concentratlons Analytical data from
'3C- NMR spectra represent the largest source of error in the
ana1§51s. In Table VI.9, the relative amount of “carbon in
. each band of~ '*C-NMR spectra as obtalned from FGA areﬁ
.compared with experiyentél values - for  the aromatics
fraction. Most of the. &isagreemenﬁ is in band 10 which
includes signals from non- protonated aromatlc Carbon. ThlS_
dlsagreement could ¥ be explalned by the p0551ble overlap of
bands 10 and 11. As mént;oned in chapter 3, signals for(pand
. 10 carbons could appear up to 148 ppm. The underestimation
of band 10 and overestima;ion of band 11 were corrected by
FGA—as the gredicted concentra{?ons of carbon in the above
bands -were. higher énd’lower than ~ the ‘expefimental values
respectively. Anaother expléﬁatioﬂ for this diéagréement is_
that carbons 1n band 10 would be most subject to relaxation
effects, indicating that .the: method of '°C-NMR analysis
éhou;d be improved. ' q
6.3 Efféc;_éf "C NMR Data on the Structural Proflles s |
L . The effect of "C NMR data on the structural ﬁ}oflles
‘of the var;ous fractlons‘ of .SCGO was 1nvestlgated since
analytlcal 1nformat1on frém ' 2C-NMR~ spectra provide the
largest source . of ' error ‘-in " FGA. }he\relati&e amounts “of
carbon _1n each band were obtaidéd' from the ~ spectrum
‘T integ;ation' curve.-,These ‘are pre#entéd'ih Ta@lé VI;IOXférv

- varioué fractidnS.fFor most fractions, the behavior of the

L
Z
¥



integration curve was very poor. An: example i-8 presented in

Figure .1 where the curve increases over a section of the

baseline where no 51gnals appear. The poor behavior |is

) g : . ;
possibly due to the bowl shape base line of the spectrum
. e K -
which 1s typical of FT-'?2C«~NMR.

3

Comparison ‘of the analytical data as obtained by

. planimetry, Table Vl.S,- with those obtained from the

inteafation hurve, Table V1.0, indicates that the
difference% are within the'expec;ed error for '*C-NMR data.
In the case of the‘Polar IIT fraction, the integration curve
was very poor and it was difficult to obtain reliable data.
‘Tne structural profiles of each fraction were obtainedr
using “Fhe data presented in Table VI.10. These profiles. are
‘ - —~—————— 4
presented in Table VI, 11, Comparison of these profiles with
those presented .in ’Table VI.6, 'lndicates that‘ the
cbncentrations' of Various groups dn ‘the ’saturates and
aromatics fractions are  least affected by  the ‘error in/
'"3C~-NMR data while the prdfiles-of the ‘polar fractions aré

more sensitive to the "C—NMR data. The term "sensitive" is

_used for groups whose concentrat1ons aré forced to zero by

Small changes in "C -NMR data. In the case of Polar I for

-

: example, the. concentrat1on of benzene andfalpha methyne are

; Polar I and Polar :II fractlons are d1fferent from those -

fbrced to zero due to the dlfferences between 13C- NMR data

as obta1ned by plan1metry and as obtained from the spectrum -

5 ’

1ntagrat1on curve. Although the structural proflle% of ° the

presented in Table VI 6, the major structural features 'such

! —-—
>
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as aromatdcity, the deggee of substitution on aromatic
rings, the degree of aromatic ring condensation, and the

degree of branching are relatively unchanged.

»

Comparison of the profiles of the polarvfractions;'

indicates“that the concentration bf_ some Qroups,,such as

‘gamma 'methyl, hydroaromatic ring and polyaromatics are not

affected by the error‘in.”C—NMR’data.‘The _comparison also

points out groups .which',are 'sénsitive to '°C-NMR. The

concentratlon of such groups should be lumped into a- more
\ .

general concentration which is not sen51t1ve to error 1n‘f

analytical . "data.  For example,f thet total.v methynet

concentration, ‘groups . 15 «and _21;.15 relatlvely unchanged -

while the individual concentratlons f these groups are

«

affected by the(' error __in "C NMR data. fThe_‘totalw'v

concentratlon of alkyl side- chalns on: aromat1c r1ngs ~as

obta1ned : from y alpha-methyl ,'alpha methylene,‘ and

“

,ialpha methyne 1s relat1ve1y unchanged but. " the ~1ndmvidual

' concentratlons of these groups are Sensht1ve.-‘

¢

The prolees for the Polar I fractlon p01nt kout ”that

one cannot dlscr1m1nate between benzene and naphthalene onf

the ba51s of NMR data Hence the presence of structures such"

‘as alkyl benzenes may not be ruled “ufil%s the polarj'lrf;ig

"f'by the error. ‘iﬁ fthe 1'°C NMR data.h The analytlcal datai~"
;presented 1n~Tab1e VI, 10 1nd1cate that the relatlve amounts;
of aromatlc carbon bonded‘to heteroatoms, band 11 1n f‘C NMR;T-

-_spectra are dlstlnctly h1gher when the 1ntegrat1on curve 151;'

. o et . Doty
2. i . _ B

. h fractlons._The Spllt between sulphur groups is also affectedzf"

£
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used, hence resulting in an increase in the concentration of

n

dibenzothiophene. Model compounds studies presented in
chapter 5 indicated that the intensity of the'C—S signal for
dibenzothiophene obtalned from the area of the correspondlng

peak, was in excellent agreement w1th the known value. The

)

higher . content of band 1 c;rbon obtained from the
1ntegratlon curve suggests thevlncorrect .interpretation of
thev spectrum 1ntegrat10n curve. To obtain more accurate
estlmates of the amount of carbon in each band, the spectrum
should‘ be expanded"allowing peak areas to be obtairned"bj(‘~

planimetry. Further model compound studies could provide an
2 S Joo R . . v
estimate for ‘'the’ accuracy of the predicted concentration of

'various'aulphur/groups from FGA.
6.4 Treatmentybf'ReSins

A probLem that may. be encountered in the analysis of
\ ' ! - ¥ ‘
gas oils fls that some resin fract1ons, in particular Polar

’

‘11 and Polar III are recovered in. very‘ small‘ amounts. To

obtaln/~a' rellable ' *C~NMR spectrum w1th adequate 81gnal to

/ ©

no1se ratlo, at’least one _gram of sample should be d1ssolved -

Y
in /an 'equal volume of CDCl, .’ In the case of_SCGO,

.suff1c1ent amounts of each fractlon ‘were recovered in the

L class 'separation procedure to - enable 'tﬁe- analy51s of

. 4 > Al

d?individual fractions. However, the treatment o; ;tne resin
fractions should - depend on the amount“‘of each fractlonv
irecoVered. Inf‘caaes _where the Poiar III‘ ﬁract;on; is
“recovered" in - small amounts; aﬁ‘heavy reein fractiOn”t:

’Vcontaining-Pplar 115 and ?Polar‘.Ir% ‘fractions;'should‘,be”'



81

) - \,' -,
characterized by FGA. When both Polar II and Polar I11 are

recovered in small amounts, - less than one gram. combined,
then'a total resin fraction containing‘;éll three polar

fractions. should be analyzed.

S -——R\_h//*

‘;.In Table VI.12 "a comparison is made between the .

strucfural profileé of the rggins oFQSCGJ~ ‘ obtained by

1. comblnation of profiles of individual fractlons

" 2. combination of Polar I and ‘heavy resins profiles

3. structural‘prof;le from total re51nvanaly51s

The: analytical data used for the combined fractions

.

were obtained by 'summing‘ information for 1nd1v1dual

-fractions. This 'is a ‘reasonable first approximation since in

proportional to the: amount of hydrogen or carbon present in
the corresponding bonding env1ronment. Results indicate that
the agreement between the concentration of various

funttional groups for the three methods is satisfactory. In

‘ the . NMR spectra/ . band _1nten51t1es are ‘additive and"

the\combined fraction analy51s, FGA was unable to establish'

esti ates of the concentrations of some heteroatom groups.

The ifferencesvbetween the structural profiles are due to

theuéfensitfgﬁty of some groupéito '°C*NMR data as diScuseed

characteristics of the re51ns are relatively unchanged

.- . B :
. L

- 6. 5 Summary ; o ‘:_ o e -

in '_section ,'6 3. However, the ,' major A'_structural.7

FGA was used to obtain the structural profile of SCGO .

Data from 'H NMR '=c NMR Iﬁ and ele.mental analysls were

&’ ) a . e
S .- . N T e . o IERRER T

&

'Utilized to obtain' the structural profiles of 1nd1v1dual
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e ’ ’ &

fractions recovered from ‘the ‘class separation.procedure. -

Structural features such as aromaticity, de?ree of aromatic
ring condensatlon degree of subst1tut1on3§h(aromatic:rings,
etc., can eas1ly be determined from the ‘concentration of

+ ’
functlonal groups. FGA also provides an_estimate of the
- . , ’ . -

@ o

distribution of sulphur in various groups as well “as the
i
concentration' of'@romatlc and heteroaromatlc structures. On
' O : .
the basis of- NMR data, the d15t1nct1on between mono and

diaromatics is not possible.

‘Because‘ of insuffi'cient analytical ~ data, -@the

concentration of . var10ds polyaromatlc and saturated cyclic
structures preSent in the oil cannot be determ1ned The
cho1ce of heteroatom funct10nal groups is also limited.

Functional groups represent1ng the heteroatom content of

various fractions are chosen to: repreSent the most - 11ke1y‘b

structures. Quant1tat1ve use of IR spectra,' in partlcular

for oxygen groups, to- estimate concentratlons d1rect1y from ‘

adsorptlon, would prOV1de better _ est1mates_ of the

e

concentrat1on of heteroatom groups.' Introduc1ng other

sources of analytlcal data, S 1 partmcular .1nformatxon'=on_‘

Jhtlarlng structures, would also 1mprove the proflles.ﬂ;'
The structural proflles of the saturates and aromat1cs

fract1ons :were ‘%ound to be least sen51t1ve to error xn

'analytlcal data from"°C NMR spectra However, for the polarﬂ“”

. ,fractlons, -thé” spructural prof11es were qu1te Sen51t1ve to *,V

g

N = T

1,1'°C*NMR data. Although s1gn1f1cant var1at1ons in 1nd1v1dualr7‘ .

Lﬂ grodp concentraxlons were observed £or the polar fract1ons,

'

Q
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. . ) .
the major structural features were relatively unchanged.
Alkyl substituents on aromatic fings, methyne groups, and
benzene @and naphthalene, should be ~ lumped ftogethe} to

eliminate the sensitivity of the profiles to the analytical

data.
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Table VI.1 Properties of SCGO - “ -
Boiling range, °C ' (174 - 619
Specific gravity (15 °C) | 0.9829
.Sulphur, weight % | 4,12

Nitrogen, weight % ‘0.305

Fraction,,vél % . |
‘Naphtha (C7 ‘_— 177 °c) | 0.5@{,.»5-*
Distillate (177 - 343 Q  33.02

Fuel o0il (343 °C +) 66.44



" Table VI.2 Class Separation

Fra?tion
Saturates
>Aromatics
Polar 1I
Polar 11
Poiar ITI

Asphaltenes

Recovery

-

»

[

ht %
25.28
20.92
28.27
12.38

9.75

0.34

96.94

Results for SCGO

95
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Table VI.3 Elemental Analyses (Wt%) of SCGO Fractions

Element

c

\
-~

Saturates Aromatics Polar 1 - Polar II Polar 111,

85.89 .  85.61  B84.14 €3.96 79.91
13.57 11.04  8.42 7,72 8.47
0.37: - 0.18 ~0.52 0.66 4.66
0.07 0.03 .05 0.29 2.20

- 0.10. ° 3.14 6.87 7.3% 4.76



Table VI.4

Band #

H-NMR Data for SCGO Fractions

% of Total Hydrogen

Saturates Aromatics

35.62 24.88
63.47 46.92
0.91 20.38

7.82

Polar 1

. 13.86
32.56
32,10

0.69

19.40
1.39

Polar 11

11.50

19.20

36.86

Polar III

14.19

37.07

33.87

12.81

2,06
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Table VI.5 C13-NMR Data for SCGO Fractions

10

11

% of Total Cérbon

. )
Saturates Aromatics Polar I Polar II Polar III]

7.45 5.61 7.65 5.05 7.24
2.25 §.53  2.91 - 3.30
5.04 6.87 6.50° 5.03
5.11 3.10 4.10 3.88  4.68
20.56 14.81  10.63  8.38 -, 9.56
35.40 27.49 17.51 15.80 21.63 |,
31.48  16.04 8.35 . 13.57 15.72
12.02 2879 .24.59 | 18.78
8.74 12.26  15.49 10.50
: ‘

0. 4,87 3.31 3.83 .3.56



Table V1.6

N

‘Structural Profiles of SCGO Fractions

99

Concentrations fn moles of functional groubs/1oo g of sample

Group# Group name

23
24
21
19
22
13
14
15

16

11

33

50

38
36
30

43

40 .

Naphthenic methy!

Naphthenic methy!

Chﬁln methyeene
Gamma methyff\
Alpha methylene \
Alpha methyl
Aipha methyne

Beta methy)

Hydroaromatic ring

Benzene

Naphkha!cne
Phenanthrens
Benzothiophene

Dibenzoth{ophene

Aliphatic thicether o

Structure Saturates Aromatics Polarl Polarll Polarlll]

e—CHs
ene 0¢—CH2—6

Aliphatic m&xthyne O_CH

0—CHs
e—CH,—o
o—CHs
&—CH—o
®—CHs

QD) O
J8g8oc

0.895
1.317
1.852

2.327

CHyS-CHg ©-003

Aliphatic ether o_.CHi..O_CHz_.o 0.023

Dib.niofuranr

Carbazole

Altphatic amine O—CHZ—'NH;; ’

Aniline

Olefin

Phenoi

Aromatic carbony!

.~—+de
—CH=CH—o
o—0OH

o—C—CHo

0.005

0.367
0.837
1,100  0.381
1.149 0.550
0.541 0.386
0.592 0.097
0.352 0.414
o 143{11(547\
0.128
0.186
0. 150
0.058
o.08 .
0.099
0.115

0.011 0.033

0.002 0.004

0.029

. 724
.297
.294
162
.399
.276
. 145

. 121

07T

.084

.097

. 133

.Q41

.021

O 0’0 o0 o

(]

.917
.337
.397
.260

.292
174
1414

227

.087

. 148

.028

.129

0.066

.221

.



Table VI.7

Structural Profiles for SCGO

100

Concentrations in moles of functional groups/100 g of sample

e,

‘ Combination.
Group # Group namé Structqre Fracggons

23 Naphthenic methyl o—CHs 0.235
24 Naphthenic methylene QT;CHlf*D . 0.526
21 Aliphétic méthyne o—CH 020
19 Chain methylene O0—CH,—o .- 1.091
22 Gamma methyl o—CHs 0.571
13 Alphé metﬂylehe | e—CH,—o0 0.204
14 Alpha methyl ~ o=CHs 0.2?8
15 Alpha methyne OL—gH 0.118
16 " Beta methyl e—CHs 0.141

11 '&hdepafomatic ring ::j 0.06f‘
1 Benzené E:j - 0.063
2 Naphthalene @ ~ 0.054
3 Phenanthrene @@ _ ' 0.036
5 Benzothiophene 0.021
; 6 Dibenzotﬁiophene 0.041
© a3 Aliphatic thioether o—CH-S—CHy-0 0.066
i 50 Aliphatic ether  0—CH~O—CH,~ 0.006
7 Dibenzofuran o @”@ - 0.018
: 9 carbazole | 0.007
;‘5 : Alip_l;atic aﬁline O—CHz—ﬂNHZ v 0.001
* 36 'Aniiine o l_-.—-JQHi,‘ - '0.013

-3 oOlefin - . f—CH=CHeo i 0.008

43 H Phend{l a ‘ O—O-OH SRR :0;007_
. 40 Arqmatic-carbbqYl( 10—%8:;Cﬂff° 0.022

Whole .

oil _

Analysis
0.350
0.521
1.159
1.099
0m§12
0.218

0.350
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Table VI.S8 Analytical Data for SCGO (whole oil analysis)

\

1. Elemental Analysis : ) o
Element Wt. % .

C 83.88

H 10.19

0 0.41 .

N 0.77 _‘

s 4.75 o X
2. H-NMR

Band # % of total hydrogeﬁ i

25.53
42,28
18.15
0.45 |
9.98 S
> . 0.61 N

NP N =

-3, C13-NMR
Band‘# % of total carbon

5,75
2.97

5.43

3.36

12.78

26.19

16.16 :

15.66.. - g
7.42 .

4.28

._A\_A ) v N
—-O\D\JO‘\WLPUUN—:

AN



CTTA

Band # - . Range, ppm.  Experimental
1 - 11.- 15 . 5.61
2 15 - 18 2,25'
3 18 - 20.5 5.04
4 20.5 - 22.5 3.10
5 22.5 - 27.5 14.81
6 - 27L5_— 37 o 27.49
| 7 1 37 - 60 - 16.04
9 o 100 - 129.5 12.02
10 , 129.5 - 140 : © 8.74

11 140 - 160 ' 4.87

FGA Results for SCGO (% of total carbon)

102

Table VI.9 Comparison of '°C-NMR Data with

[¥-3

'Predicted

(FGA)

7.57

2.09
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LS

N ; & ppm

- Figure VI.t '*’C-NMR Spectruqi of SCGO Polar I

L
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Table VI.10 C13-NMR Data for SCGO Fractions
( data obtained from the spectrum integration curve )

% of Total Carbon

Band # Saturates Aromatics Polar I Polar 11

1 7.29 . 5.96 2.63 3.14 .
2 2.38  5.92 3.92
3 4.77 5.92 's. 88
4 6.48 ' 3.28 3.95 3.14
5 22.27 " 14.30 5 9.87 8.63
6 32.38 . 27.10 15:79 14.90
7 3158 15.78 10.52 14.90
9 12.02 24.79  24.59
10 8.41 15.34 16.59

(R 6.01 5.26 4.31



Table VI.11 . Structural Profiles of SCGO Fractions

( C13-NMR Data from Spectrum Integration

Curve )

///

-

-

105

Concentrations in moles of funct}mﬁ Groups/100 g of sample

e

. —_——————r— 7
Group # Group name ,// Structur‘jg Saturates Aromatics
23 Naphthenic methy! . Q_C H} Q 0.611 H 0.359
24 Naphthenic methylene e(?-CHz—o 1.494 0.836
21 Aliphatic methyne ~CH 1.836 1.089
19 1_ Chafn methylene O""CHL—O 2.166 - i.135
22 Gamma methy) o_(_:H3 0.988 0.550
13 Alpha methylene —(C Hl_.o 0.615
Alpha methy!? 0.338
Tg\klpha methyne o— H
16 ee{:)mathyl ‘ - 0.165
11 Hydroaromatic ring ., »
1 écnz\Tne D @ . 0. 189
2 Naphﬁﬁalene O
T3 Ph,é{mthrene . @@
5 %o’nzothiopnene S _ 0.088
(] ,éibenzothiophene
33 ;/Anpnattc thioether *'CHfoCHZ* 0.003
50 Aliphatic ether °—CH)_—O'fCH2*° 0.023
7 Dibenzofuran @v@ R 0.011
9 Carbazole ® ® 0.002

35 Aliphatic amine O*CHz'i'NHz 0.005
% _°'°'_'“ , &—CH=—CH—o .

Polar I Polar 11
0.691 0.911
0.231 0.143
0.386 0.294
0.451 0.369
0.357 0.359

0.136
0.357 0.219
0.124 0.094

0.085
0.023 0.065
0.058 0.084
0.161 0.111
0.053 0.119
0.033 0.041
0.003 0.021
Q.029



Table vI.12

Group# Group name

21,

19

22 .

13
14
R -1
e

11

43
40

30

33

36

v

[V

N

Structure Res in
Y s Fraction
Aliphatic methyne O—CH ) 0.738
Chain metﬁylene ‘ oéCHZ_O 0.330
'Ga\mma methy1 O'—CH3 "0.364
Alpha methylene o—C HZ"'O 0.362
Alpha methyl . .f—CHz ) 0.388
“Alpha methyne - o—CH—o ‘
Beta methy! @__CH? - 0.207
Hydroaromatic ring . O 0.130
Benzeﬁe . 0.11§
Naphthalene '
Phenanthrene ‘ : 0.070
. Dibenzofuran '
Phenot . . eo—=0H 0.020
Aromatic carbony HQ—CH{—O o.o§5
Clefin . - - e—CH=CH—0 ©°:°'¢
D ibenzothiophene 0.129
"Aliphatic thioether °'“CH2—S—GH2‘° 0.076
Aniline , : .—NHZ
- Carbazole 038

B

Strluctural Profiles of SCGO Resin ‘Fraction

(

Polar 1 +
Heavy Resins

0.626
.409
.365
.187
.386

158 )

o, o © 0 0 ©

.209

130

.084 vl
.ojo
.023

.014

© o 0o 0o o o ¢

047
Q016
'0.079

'0.126

0,038,

.042 -~

COncentrat!ons- in -moles of functional groups/100 g of sample

Polar

106

I+ 11 « [11

0.
[¢)
0.
¢
0
(o)

©O 0O 0O 0O 0O o O O © 0 0O O O

569

.447

369

. 145

.387

228

208

129

.044

103

.070
.029
.013.
.043
.016
.079
. 126
.025

.013
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o T, Structural Characterxzat1on ofWAlberta Gas Oils

-
~ N . 2

7.1 Descr1ﬁtxon of Gas Qxls. oL

FGA vas used\}ef. the' structural characterfzatiOn of -
fo. . L] N
e gfcur d}ffgrept gas oxls obtaxned frpm Alberta‘hituﬁen. Gas

Y h

;Vig. oils ar® middle °dlstlllates whlch re obtained during:

process1ng of raw bltumen‘by diffenent‘methods.MCold Lake
;. L YRR e 4 ‘
Gas 0il (CLGO) "and Lloydminster Vadmum‘Gas 0il (LVGO) were

Co. L u
obtained by direct?® distillation af  the raw oil and were

[ S

- sUpplled by Petrgcanada Expioratlon Ltd. Syncrude ‘Coker Gas

X, L
;j”-'OJl (SCGOFZ) was gQbtained from Athabaséa bltumen which was
: flrst upgraded by thermal coking. * The SCGO sample ‘which was
conSQdered. in ;chapter 6, was dtfferﬁnt from SCGOFZ in that

* the former was stored for over one year prior to ranalysis.
.. T “ i - o

Another sample: that’ was analyzed in this study was_a gas oil
' obtained from.the Depdrtéent‘of“Energy,_Minesﬁ and Resources
(EﬁRGO) 'This sample was obtaiq§d~£rom Athabasca bitumen

s ¢ .
< By
.

\
.

whlc? w', ‘upgraded by the CANMET * process . prior .to
ny dxstlllatlon. T ' , | -
‘ The results from the conventlonal ana1i51s of these gasa
oils . (Chung, 1982' Man, 1981) are presented 1n Table VII
The Syntrude sample’had the highest content of sulphur and
@kn;trogen as well as a h1gher final. b01luﬁ point. EMRGOfwas
, ‘!;g |

‘a lighter“011 wlth lower 1n1t1al and boiling points

K

-and’ lower content of heteroatoms. In thls chapter an .attempt

1s made to use the structural proflles obtained from FGA as

\‘A.-. o .‘. .
a basis to leern about» the differences in chemical .

composition between these gas oils.

"3
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7.21Analytical Data // ‘. ,.

The class afparatlon ylelds for the gas oils considered
- 1n this study ere presented in Table VII.2. For EMRGO, the
" overall recovery was below the expegtad value | of
- approximately 95 %. The low‘ recovery of EMRGO could be‘
related to its low initiai boiling point.‘hightér_ gas oifs
“gave poor material balance with the normal class separation
c 20 . ) ‘
method because the volatile components were evaporated with
soivents,' Also,” they did not leave any appreciable colored
cbmpouhds on the'sIlica gel in the’ chromatography column,
indicatIngp that losses of higher boiling components were
hinimal.fﬁhen‘suéh oils were dissolved in the chromatography
solventa. and then evaporated, betwaen 5 and 10 % of the oil
was lost with the solvents.

The materials lost during the €lass separation of EMRGé
would hainly contribute to the naphtha fraction and to a
good approximation the 82 % recovery'repfesented about 95 %
of gas oil in the boiling range .of 177-491 °C. JFhis
illustrates one of the shortcomlngs of FGA in that the low
boiling naphtha fraction could not‘ be represented in the
analysis. Such 'low ‘hoiling material cah, howevet, be
: ahalyzéd by other well established techniques such  as gas
chrhmatdgraphy.l. “ |

The-eiehantal analysis data for individual  fractions

, 8 .
are présented' in TableAVII 3. The results were consistent
with the. class separatlon scheme, and for all samples  the

. [ ) .
“heteroatoms content 1ncreased from saturates to Polar III.

N
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e r

Oxygen was present in all fractions but appeared in
substantial amounts in the Polar 1III fraction of all
samples. r |

(Due to the limited amount of polar fractions obtained
from the class separation of gas oils, a total resins
fractisn was prepared for each gas oil in which the amount
of each polar fraction was proportional to the amounts
recovered 'in the separation scheme. This procedure was
necessary since -at least one gram "of each fraction was'
requiréd for "C—NMR. The 'H and }Jé NMR data for the gas
oils‘are presented in Tables VII.4 and VII:5 respectively.

TheAIh spectrum of the Polar 1III ‘fractiogs prévided
additional information on ‘“the concentripion of phenols,
Ncarbon&ls, ana carbazole: The concentration of these groups
in the Polar 1III fractioﬁ was obtained using the methoq-
described by McKay et al. (1975). These concentrations are
presentgd in Table VII.6. In 9sing this data in the analysis
ofvpﬁe resins, thevf6llowing assumptions were'madei |
1; that phenols.and carbonyls appear in the Polar  III’

-fraction only. This is avreagohéble approximation since

3

.these‘afe'the most polar oxygen groups. Also, the IR
spectraf'of Polar I and Polar 1II fractions did not
indicate the_pfesence of these groups. Otﬂef less polaf
groups. such asl dibenzofuran are more .likely to be
present in Polar I and Polar II fractions.

, 2. that besideslparbazole;.éniline, a - basic compound, is

the other most likély;nitrdgen'group in the PolaEvIII.
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fraction. Hence, knowing the concentsétidn of carbazole

and the totgl nitrogen content  of this fractign, the

concentration of aniline could be obtained by

difference. Other nitrogen groups such as guinoline. may

also be present 1in the'Polar 111 fraction, but unless

mbre specific informa;gon oﬁ’ heteroatom groups 1s

available, the choice of such groups is limited.
7.3 FGA Results |

The structural profiles of.séturates, arométics, Snd
resins of SCGOF2, CLGO, LVGO, and gMRGO are presented  in
Tables VII?? to VII.10 respectively. The profiles of the
whole oils were obtained Sy combining the profiles of the
individual fractions in pfopo}tiop«to the amounts recovered
in the sepgration procedure. These profiles are also
presented in Tables VII.7 to VII.10. |

As mentioned in -the previous chapters, the
concent;ation of some groups which are sensitive to "C‘§§§
data should be  sgmméd together to avqid ambiguity. The
analysis of model compounds and SCGO'indicéted.that alkyl
sUbstituents on aromatic rings. should be considered as a
.single' group. Differéhtiating' betﬁeen benzene = and
naphthalene was also not possxble on the basxs of NMR data.
The profiles of varlous gas 01ls 1nd1cated that another
'aner;aintylin FGA results may be_ the distinction between
‘benzothiobﬁéne and dibénZothiophéne. Although FGA pfovidea a

spllt between allphat1c thloethér and thiopheﬁés,' for all.

the samples  con51dered sulthr in thiophenes was elther

. ‘ .
~ - . \\

~.
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determined as benzothiophene or dibenzothiophene (the.
concentration of one group was always zero). Benzothiophene
could be viewed as a representative grouyp for lesé aromatic
sulphur struét&res while dibeﬁzothiophene could represent
highly aromatic gulphur groups. As a %uqther check, mixtures
of model compounds containing both structures should be
examined to see whether or not a distinction between these
groups is possible on the basis of NMR data.

‘With the above limitations considered, the'pr&files of
SCGOF2 (Table VII.7) were in good agreement with SCGO (Table
Vi.7). The difference between the concentration of various
groups for the above samples:were within the expeqted error
in the FGA. This ’demonstrated the reproducibility of the
analysis. Comparison of oxygen analyses " for various
fractions for ‘the above samples indiCatéd that the major
difference between the two samples was a ‘substantial
decrease in the oxygen content of .all the fractions of SCGO.
This could be explained‘by the possible precipitation of
some oxygen. containing polar structﬁfes during the storage'
period, and by theuvafiabilityviny'the uféedstocks for the
,SYncrude pr§céss. B | |

The’ﬁroffles of the éas'oils revealed some  interesting
structhcal'featufés which could be reiated to their physical
properfies,‘i.e; bqiling range. A summary of"somé of the
major ° structural characteristics of thé.igas oils 'is

" presented in Table VII,11,
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One'of the differences between SCGOF2 and other gas
oils was that the former had a significantly higher
.aromaticity. The concentration of heteroaromatics in SCGOF2
vas . also substantially Higher cdmpared with other gas oils,
éonsistent with the higher content of resins 1in SCGOF2.
Compared with saturates and Varomatics, resins had a high
content of N, O, and S which were mostly 1involved in

-~

heteroaromatic structures or functionalized aromatics such
. as phenols and anilines. Also, the sfructural profgies of
resiné of all gas oils were domingted by aromatic
struétures. For the samplesrconsidered, the aromaticity of
resins was between 41 and 55'%. In general, resins may Se
viewed as highly aromatic in character,.:\bontaining
substant?al amounts of POIY,an heteroaromatics,_Thg'tfags
geparation yields (Table VII.2) indicated that. for ‘SCGOFZ,‘
résihs contributed to over 50 % of the of thé whole oil
which was significantly hi§her than other gas oils in which
resins made up between 20 and 32 % of.thélgil.

' The‘highéﬁ content of resins in SCGOF2 could be.relatgd
to the highéf final boiling point of the sample. The final,
boiling point of SCGOF2, CLGO, LVGO, and EMRGO. were 619,
557, 556, ana 491 °C;.respective;y, with fesins'cohtfibutingv"
bto-SO,[32, 2;, and 20 % of ;he‘oils\'resﬁectiyely.,igiﬁhough
fused aromatics and ;heteroatpm. groUps>“whiqh make up the
- resins could éppear in’a wide boil}ngﬁrangg;'such structures
may be particularly abundant in 560-620 °C cut. This would
-‘also expléin;‘the significantly‘ higher: coqéentrétibn 6f‘

>

"_Qbf
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“heteroaromatics in the resins and aromatics of SCGOF2
compared with the corresponding fractions of other gas oils.
The aromaticity of resins was also found to increase with
ihc:eaSing final boiling point of the samples; from 41 % for
EMRGO, to 44 * ‘_for_ CLGO and LVGO, to 55 % for SCGOF2. v

They concentration of total thiophenes‘_was found to
increasg with the increasing fipal boiling point of the gas
oils. On‘ the other hand, the coﬁcentration of aliphatic
thioether, whidh'appeared in alllclass fractions; was not
affected by the final boiling points. This would suégest the
presence of aliphatic thioether.in.a wide boiling range.

The total concentration of funétionalized aromatic
structures, phenols and anilines, was also found to increase
 ,withm,.inc;easing boiling range; ,The"refatively high

, concentration éf.these groups in SCGOF2, could suggest that
similar v‘to'f'heteroaromatic structures, functionaiized.
aromatics were abundant in the 560-620 °C  cut. The
condentration‘ of' ahiline‘~in gas oils is Qf particular
?ﬁterest since as‘an-organic'baée, it would.tend>‘fo poison
lcafa%&sts (Smith,’iQ?O). ' |

'Ih'Table I1.1 the structural profiles of Cold Lake ‘Tar
Sands .(Allen ét.al;,i1985) were‘p:esentgd; This:sample_was a
'heaQY gtmosphe;ic téwef bottoms (ATB? with poilipg point
above  300 éC. The éfomaticity of'this samplé wés‘about’321%
and almost adl”of.thé éromafic carbons ‘were ‘involved in |
heteroéycljc, éfruéturés.‘ Although the cdncentragién _of

dibenzothiqphenefwas overestimated because aliphétic sulphur

A
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étrpctures -were not 1included in the analysis, the
siénificantly higher concentratién of wvarious heteroatom
groups in the Cold Lake ATB compared with CLGO would
'{ndicate the abundance .of such functionalitigs in‘the 560
°C+ cut.

The structurél profiles of Cold Lake ATB showed a
;;significant increase in the concentration of alpha methyne
and alpha methylene groups and" a decrease in the
iconcenﬁ;atibn of alpha methyl compared with CLGO indicating
that for lower,boiling range Samples, methyl substitution on
aromatic ringsvwouid be significgnt. Also, a fraction of
béta and beta(+5 methyl; methylene, and 'methyne_groups
reported by Ailen et al; (1985) should be involved in
naphthenic structures such as those identified by Payzant et
"al. (1980) in the Cold Léke bitumen. The concentrafibns of
benzene and naphthalene' were- considérablyvlower fof Cold
Lake ATB. This could be due to an ove;éstimation of the
concentration of fdibenzothiophene,since sﬁiphur could also
be present in»aiiphatéc structure§ such as>those identified
by Payzanf, et al. (T983). Theipresence of sulphur inbthé
- saturates fraction was further evidenée“for the pfesente of
aiiphatic‘thipethers. | | ’

From ﬁhe structural'profiles of the gas oils,‘ some
relationships:betweén éhémical cpmpositibn_and_their boilingl<
ranée wére observed.‘ﬂéwevgr; Stthctﬁral feéturesfshquld not
merely be related to the boiling range. CLGO énq LVGO were

both obtained!from distillation with.no pfevibus upgrading
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and'the‘boiling range for these o0ils were sihilar. However,
-LVGO was found to contain considerably more saturates and
less resins. The aromaticity of CLGO was gréater; it
' contained more hydroaromatic rings, less naphthenic carbon,
and significantly more‘ heteroatoms ,both in the fqrm of
heteroaromatics and functionalized aromatiq structures. The
profiles of CLGO and LVGb oBtained from FGA have élearly
indicated that gas oils with very similar physical
properties cédld have very ‘different chgmical composition
wﬁicb would - affect,r;hejf reactivity under processing
conditions.

"The structural profiles of the satugates fractions for
the various gas oils were qhite similar. All saturates
fractiong 'contained'very low'amounts of heteroatoms and'fhe
percentage of naphthenic carbon was about the Same ‘for all
‘gamples (between 28 and 31 % of total carbon). The degree of
branching was slightly higher for LVGO aé indicated by éhe
greater coﬁcentration of methyne in linear structures. The

'estimate of branching was obtéined by subtractiné-,the

approximate cbncentratioh ‘of naphthenic methyne (obtained -

from naphthenic méthyl concentration) from ' the  total,

aliphatic methyne concentration.

The class separation yields indicated that for all the

'}

- gas oilé 'conside;ed,‘ the_yields of the aromatics fraction

~'wer_e about: the séma»(zz % of the oil).-Fot arcmatics, some

, of the structural -features were gquite similar for the

hva:icus'gas ofls,.qu_example; the'percentage of naphthenic
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carbon. was found to6 vary between 15 lahd 17 7%, and
aromaticity ranged between 32 and 37 %. One of the
significant differences betweenvthe profiles of aromatics
was the distribution of  aromatic carbon ' between
heteroaromatics and mono ¥  diaromatics. For the lighter
oils, about 70 % of- aromatic carbons were mono and
diarom;tics while for the heavier Syncrude sample, over 50 %
of aragmatic carhons were 1involved 'in .heferoaromatic
structufés. ;
| One of the interesting structural differences between
the aromatics fractiohs was the appfoximate length of alkyl
chains. An estimate of the relétive chaiq length cogld.be‘
obtained from the ratio of the. concentration gf chain
A methylene, group i9, "to the - concentration of aliphatic
methyne 1in 1inear,struc£Urés; This ratio was found to be
.substantially " highef for EMRGO and SCGOF2 indicating'thiij
these samples exhibited a 1lower degree éf branching and
longer average - chain length. This difference _could be
.related tb the upgrading of the avae sampies( p}idr to
distillation which might have-" éaused the removal of some
alkyl ﬁranches. This boint, however, ;hoUld be further
inveétigated:'by examining the .structural profiles of gas
oils in the. same boiling range obtained from virgin
Athabasca bitumen. |
7.4 Summary R -

« For gas oils with low initial bo@lihg pdint,'FGA‘could-
not provide‘adequate struétural4profiles due!-tqk_logsés of

.
t
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naphtha and other 1low boiling 'materials ‘ during the
separation procedure. Application of FGA should be limited
to gas oils with initiai boiling pointé above 170 °C.

The‘ profiles of the gas oils indicated that while the
structures preseht in the resins fraction could appear in a
wide . boiling range, such structures, particularly various
heteroaromatics, were most‘Q§undant in the 560-620 °C cut.
The structural prdfiles~of the saturates fraction weré quité
similar for all samplés while aromatics aﬁd ‘resins showed
significant differences.bThe analysis of gas oils indicated
that chemical composition could not be related merely to the
Soiling range. In the nexf chapter, the structural profilés
of products obtained from a catalytic = hydroprocessing
reactor using SCGOFZI as the. initial feedsfock will be

t

examined. "



Table VII.1 Properties of Gas Oils

-

SCGOF2 CLGO LVGO
Boiling range, °C 174-619 186-557 192-556
Specific gravity (15 °C)  0.9829 0.9347  0.9239
Sulphur, weight % 4.12 ~  2.94 2.41

Nitrogen, weight % 0.305 - ' -

Fraction; vol %

MNaphthé (C7-177 °C) 0.54 0.1 . 0.0
Distillate (177-343 °C) 33.02 32.5 ., 37.2

Fuel oil (343 °C +) 66.44 67.4 62.8
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EMRGO

132-491

0.9148
2.00

0.05

. 50.1

44.3
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Table VII.2 Class Separation Results (wt.

Fraction
Saturates
Aromatics
Polar 1
Polar 11

Polar III

/Asphalthenes

Recovery

SCGOF2

"24.18

21,37

'29.00

10.87

CLGO
38.88
22.63
17.62
7.33
7,03,

0.18

93.67

”

LVGO

44 .82

22.76
J.
15.49
5.89
4.67.

1.29

94,92

119

'% of the oil)

EMRGO

- °89.62

22.23

10.22
4.93
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C0.13 7,

9.55

,(i 

N
Table VII.3 Elemental Analyses (Wt%) of gas oils
1. SCGOF2 .
, Fractiens .
_Element Saturates Aromatics Polar I Polar II Polar III
C 85.56 84.63 83.93 83.65. 79.35
H 13.65 10.56 7.94 7.92 -~ 8.50
0. 0.61 0.78 1.21 0.72 5.53
N 0.08 0.04 0.01 0.48 2.21
S 0.10 3.99 6.91 7.23 4.41
2. CLGO :
- Fractions
Element Saturatés Aromatics Polar I Polar Il Polar III
C 85.83 85.65 85.06 82.08 . 77.50
H 13.55 10.85 9.06 9.48 .9.89
0 0.25 '0.38 0.44 0.57 . 5.07
N - -0.23 0.03. 0.38 - 0.80
S ' 0.09 2.89 5.41 7.49 6.74 -
3L LVGO ¥
‘ Fractions
Element Saturates Aromatics Polar I 'Polar II Polar III
C 85.63 86.19 85.65 81.91 76.93
H 13.73 10.99 8.55 2.79 9.87
0 0.44 0.50 0.62 - 0.78 5.47"
N 0.01 .- 0.04 0.25 0.52
S 0.19 - 2.32 614 7.27 7.21
4. EMRGO - o N N
_ ) : - Fractions N _
Element Saturates - Aromatics Polar I Polar 11 Polar III
. C 85.93. 86.15 83,75 ' 79.15 - 77.04
_H 13.46 10.84 - 8,76 - 10,12 9.9
o 0.30 '0.56 . 111 - 0.90. 6,77
N 0.18 o= o.11 0,28 - 0.70
S 2.45 6.27 . -5.58

.90
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Table,VII.4 H-NMR Data for Gas'Oils'(% of total hydrogen)

1. SCGOF2

Band # ‘

AN WN -

2. CLGO

Band ¢#

AP WN —

3. LVGO

- Band #

_mm-&-ww—-

4. EMRGO

‘Band #

AWK —

Satugatesu

38.09
59.93
1.02
0.96

Saturates

. 35.31
62.08
2.61

Saturates’

35.46
63.52
1.02

Séturates

40.10
56.77
3.1

"t 22.32

Fractions
Aromatics

. 19.17
45.39
26.21

9.22

[

Fractions

Aromatics
21.18
43,35
26.11

9.36

Fractiohs

\

Aromatics:

24,46
742,70

(

10.52

' .Fractions

Aromatics

20.21.
40.94
- (28.35

9 °10.50

) -
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N

Resins

14,25 .
29.73
35.43 &
0.31
19. 14
1.14

LN

4

Resins

19.80 . :
40.03
25.96

13.64
0.57.

~
i

o

Resins .

17.73 - - :
39.38 o
27.02 e
0.23 Lo
15.15 o

0.49

»

Resins

.18.88 >
42.14 |
11.85 .

0.79



"Table VII.5 C13-NMR Data for Gas 0ils (% of total carbon)

1. SCGOF2 A

Band # Saturates Aromatics Resins

1 6,38 5.63 6.75

2 - 3.09 3.65

3 - 4.10 6.44

4 8.51 3.49 3.12

5 19.06 . 12.87 10.00

6 35.01 29.02 15.23.

7 29.22 12.91 12,05

9 0.91 " 13.71 23.45

10 0.91 8.26 11.32

11 - 6.92 7.99

2. CLGO

Band # Saturates Aromatics Resins

oo 11.90 7.44 5.76
2 - 3.44 3.85 -
3 - 5.65 6.71 .

4 "10.67 3.51 3.30

5 18.68 14.93 11.05

6 + 37.76 25.13 16.78

7 20.99 16.48 13.94

r 9 - 14.1%F 19.12

10 - 6.32 15.95

11 - 2.97 . -3.54

3. LVGO

Band # Saturates Aromatics Resins

1 7.22 5.29 4.71

2 - 2.30 2.31
3 - 4.63 3.81

4 5.90 . 3.46 o 2.61

5 24.20 ©13.85 10.90

6 35.08 23.92 18.40

7 27.60 19.35 ° 16.68

9 - '15.99 20.31

10 - 8.03 11.49

11 - 3.18 8.78

4., EMRGO :

Band # Saturates Aromatics Resins

1 8.45 6.78 10.87

o2 - 3.05 4.52

3 - 4.77 9.96

4 9.28 3.25 2.94

5 17.50 12.21 13.44

6 36.14 24.30 17.95

-7 27.63 17.23 10.75

g - - - 15.74 17.42

10 - 7.69 9.89

11 -

4,98

2.26
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Table VII.6 Concentration (moles of functional groups/100 g
of sample) of Polar III groups from IR

Group name  Structure  SCGOF2  CLGO  LVGO  EMRGO

Phenol —(0OH = o0.047 0.035 0.027 0.035

|
Carbonyl O—C'—CHZ—O 0.173 0126 0.117 0.223

Carbazole , 0.060. 0.029 0.017 0.034

k{
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Table VII.7 Structural Profiles of SCGOF2 fracttions

Concentrations in moles of functional groups/100 g of sample

Group # Group name Structure Saturates Aromattics Resins whole ol
19 Chain methylene O—7CH1——0 2.349 1.049 0.276 0.975
21 Aliphatic methyne O~ H ’ 1.632 0.634 D.768 0.957
22 Gamma methyl O—CHS | 0.961 0.414 0.379 0.534
23 Naphthenic methy)l o (Hs 0.759 " 0.256 0.250
24 Naphthenic methylene O—.'CHz_—e 1.27¢7 0.808 0.503
13 Alpha methylene .“"CH)"—O , 0.807 0.439 0.410
14 Alpha methyl CH} 0.318 ‘0.411 0.286

. 15 Alpha methyn; H
16 Beta methyl . 92CHs _ 0.221 0.202 0.155
11 Hydroaromatic ring O 0.091 0.048

1 Benzene @ 0.202 0.070 0.082

2 Naphthalene @ , - +

3 Phenanthrene @@ ' 0.046 .024

S Benzothiophene @ . 0.079
. 6 Dibehzoth iophene . 0.128 °

33 Aliphatic thloether‘q_CHis_CHl_o 0.003 0.045 0.074

.018
.067

.050

7 Dibenzofuran @p.j@ 0.049 0.079 .052
50 Atiphatic ether °—CH : _CH - 0.026 : 007
40 - Aromatic: carbonyl i ) : : » 0.035 .,

43 Phenol s OH ) ' 0.009 005

9 Carbazole ' : @ @ L. 0.003 0.019 011

35 Aliphatic ilmine,_o CHZ':’—NH ’ O.-OOG

: FE 2 ' _
36 Aniline o .—‘NHz ’ ‘ . 0.020
30 aromatic olefin @—CH=CH—o : - o.012

31 Terminatl olef\ln fo) CH__CHZ 0.043

.010

© 0 0.0 0 0 0O 0 0 0 0 0 O
1)
-]

011’

\

EI . K
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Table VII . 8 Structural) Profiles of CLGO Fractions

Concentrations in moles/100 g sample

Group #  Group name Structure Saturates Aromatics Resins whole oil
19 Chain_methylene O-?-CH)_—-O 2.651 0.771 0.905 1.557
21 Aliphatic methyne o (Y 1.771 1.006 0.743 1.234
22 Gamma methy1 0—2CHs 0.645 0.516 0.612 ~0.602
23, Navph't"he_n.tc methyl o (CHs 0.942 0.244 0.451
"34 Naphthenic methylene @—CH;,—@ 1.220 0.830 0.708
13 Alpha methylene o—CH;—o  0.683 0.060 0.186
14 Alpha methy! ""‘CH} 0.409 0.425 0.244
15 Alpha methyne ‘__? H 0.143 0.049
16 *Beta methy! i‘CHg 0.233 0.223 0.133
11 Hydroaromatiq ring 0 . 0..103 0.035

1 Benzene ) @ . 0.263 0.064
2 Naphthalene @ ' " 0.077 ©0.026
3 Phenanthrene o 0.026 ©0.009
5 Benzothiophene @gﬂ 0.038 0.009
6 Dibenzothiophene . 0.086 0.029
a3 Aliphatic th!oetherO_CHf.S_CHl.oo.OO:i " 0.052 0. 106 0.050
7 Dibenzofuran - [ , 0.024 0.057 0.025
50 Aliphatic ethero-cul—o_QCHz_o 0.016 ' 0.007
40 APOTatic carbonyl._ —CHZ——O ) ) o.é28 0.010
43 Phenol - —0H © 0.008 0.003
9 Carbazole @m@ ‘ 0.016 0.014 0.009

35 Aliphatic amine O—CH:LNHZ .

36 Arifline _ .—"NH)_ ’ . ' 0.006 0.002
30 Aromatic olefin .—CH:CH—O ' ' )
.31 Terminal olefin o_CH:CHl



Table VI1I.9

Group #
19
21
22
23
24
13
14
15
16

LR

33

50
, 40

43

-35
36
30

31

Structural Profiles of LVGO fFracttons
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Concentrations in moles of functional groups/ 100 g of sample

Group name

Chain methylene CHZ—O 2.275

Altiphatic methyne H 1.609
Gamma methyl O__C H3 ‘ 0.969
Naphthenic methyl Q—CHJ 0.641
Naphthenic methylene Q—-CH;—Q 1.567
Alpha methylene .—CH2—0

Alpha methyl ' CH3

Alpha‘ methyne H

Beta methy? 9'/_6CH3

Hydroaromatic ring

Benzene

Naphthatlene O

Phenanthrene ' @@

Behzothiobhene

Dibenzothiophene

Aliphatic thioether °"CH,_"S—CH[° 0.006

Dibenzofuran @v@ f

Aliphatic ether o..CHZ_O_C'HL_o 0.028

Aromatic carbony)

. 0—9—— Csz -
Phenol | .__OH p .
Carbazole

Athatitu: amine O—CH;!_NHI_ 0.001
Aniline - .——NHL

Aromatic olefin .—CH:CH‘—O
Terminal olefin o__.C I'zCH)_

Structure Saturates

0.

0.

o O o ©O ©O

.037

Aromatics

907

987

.516
.374
.859
.605

.363

.170

L2714

.035

.031

Resins
0.854
1.030
[ 3

0.631
0.542
D.253

0.135

0.084

0.129

0.022

0.127

0.059

0,070

0.021
0.005

0.008

0.004

0.010

whole oil

1

o}

(o}

o © o ©° [0}

© ©o 0o 00 0 o O o]

.547

1297

.7137

.398

959

298

. 159

.079

.023

. 102

.Oq‘G.

042

I3

.028
.027 .

.013



Tabtle VII. 10

. Group # Group name

19
21
22
23
24
13
14
15
16

11

33

50

40

43

35
36
30

31

Phenanthrene

Dibenzothiophene

" Carbazole

© Aniline

Structural

Profiles of EMRGO Fractions

127

Concentrations tn moles of functionalxgroups/ioo g of sample

Chain methylene O'Q'CH)_——O 2.308
Aliphatic methyne O—(CH 1.939
éammh methyl o—CH; ' 0.817
Naphthenic methyl o C“S 1.012
Naphthenic methylene 0—(:“2—0 1.020

Alpha methylene

—CH,—o

Alpha methy]l . i CHS
Alpha methyne Py H
Beta methy!} CH3

o
|
o

O3

Aliphatic t‘hioethero_.c S- H1-°9'°°""

Hydroaromatic ring

Benzene

©

N&phthalene

Benzothiophene

Dibenzofuran 0 1}

Aliphatic ether ,_CHz._Q_CHL_o 0.019
Aromatic carbony! . -{:H
—o
. e<OH..
Om©
Altphatic dmine O.—CHZiNHz
—NH,
—CH=CH-o

Phenol
0.013

Aromatic olefin

Terminal olefin | O—CH:—CH)_

.

Structure Saturates Aromatics Resins

0.823 1.273
0.524 7 " 0.745
,o.«sog 0.585
0.229 -
0.859 .
0.858
0.418 0.463
‘0,127
0.246. 0.099
0.059
0.296
0.046
0.036
0.054
0.046
0.023 0.170
0.035 0.088
0.052
0.008
0.017
0.004

whole oil
1.653
1.265
0.675
0.552
.72?\
.234
.226
.031
.091
.014
.081
.011,

.009
011
049

.031

.013
.002

(&)
(0]
[¢)
(o)
(o)
o
(o]
(o)
(o)
0.015
(o)
o}
o}
0
(o)
0
(o,
0.0QG -
0

.001
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Table VII.11 Summary of the Important Structural Features
of gas oils :

(concentrations in moles / 100 grams of sample)

SCGOF2 CLGO LVGO EMRGO
1. Whole 0il ‘
Naphthenic carbon 10.8 % 16.5 % 19.2 % 18.1 %
Aromaticity : 36.3 % 22.7 % 19.8 % . 19.8 %
‘Mono + di aromatics 0.492 0.644 0.612 0.596
Polyaromatics . 0.336 0.126 0.084 0.126
Heteroaromatics 1.704 0.828 - 0.700 0.672
Thiophenes 0.085 0.038 0.044 0.026
Thioether 0.050 ~0.050 0.028 0.049
Hydroaromatic rings 0.048 0.035 0.023 0.014
Phenols + Anilines  0.015 0.005 - 0.002 0.003
2. Resins |
Aromaticity . 55.1 %  44.3 %  44.0 % 41.1 %
Mono + di aromatics  0.420 0.770 0.774 0.460
Polyaromatics 0:644 0.346 - 0.308 0.504
Heteroaromatics 2.712 1.884 1.952 1.812
3. Aromatics
Naphthenic carbon 15.1 % 15.0 %  17.3 %  15.1 %
Aromaticity - 34.9 % 33.0 %, 32.1 % 36.9 %
Mono + di aromatics - 1.212 1.578 1.626 - 1.776
Heteroaromatics 1.256 0.784 0.668 0.852
Linear methyne 1 0.378 . 0.762 0.613  0.303
Chain methylene 1.049 0.771 0.907 0.828
Ratio CH / CH2 . .2.8 1.0 1.5 2.7
4, Saturates o
Naphthenic carbon 28.5 % 30% 31.0°%  28.4 %

Linear- methyne 0.873 - 0.82% 0.968 ..0.927



8. Structural Characterization of Hydroprocessed Syncrude
Coker Gas 0il |

FGA was used for structural characterization of a
product oil, SC-101, from catalytic .hyafopfoeessing of
SCGOF2 over a commercial Ni-Mo catalyst. The equipment,
analftical methods, and pretreatment of catalysts for
hydrotreating of SCGOF2 are given by Rangwala et al. (198?).
Hydrotreatmént was carried out at 400 °C under 13.9 MPa of
hydroéen presshre. For typical runs, they obtained 60 to‘90
% sulphur conversion, 20 to 60 % nitrogen conversion, and 17
to 44 % pitch conversion, where pitch vwas defined as the
liqu%d fraction having a boiling point range of 343 and 524
°c. Gases produced durlng hydrotreating included C1 to C5
'hydrocarbons as well as hydrogen su{flde. For the SC-101
run, 0.8 % of carbon in the feed was_con?e;téd to gaseous

- products.

1

"

The analytical data 'used in FGA for structurél

characterization of SC—Id1 are presented k}ﬁ Table VIII. 1 3
' SC;101 was d1st111ed for four hours at 160 °C prlor to the&
‘class separation to stabilize the o0il and 3.07 % of thé
sample was ,reCQVered asl_llghtvvolatiies. The residue was
theq §ubjected fo the separation procgdure and about 95 % of
‘the sample was‘reCOVergd in the various claés’fractions. The
'methqdology.deSCribed in chapter 7 waérapplied to obtain fhé

. I3 . 3 - . ) . , .
- structural profiles of saturates, aromatics, and resins,

129
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8.1 Comparison of Structural Profiles §£>SC—101 with SCGOF2
The > structural profiles of the 1individual 'class.
fractions of SC-101 are pr§§ented in Tablé QIII.Z. These‘
profiles were combined (gé gibé the whole o0il profiles for
- SC-101 which are presented along with the profiles of ?CGOFZ
" in Table VIII.3. Comparison of the profiles pointed to major
structural changes in the product oil, SC-101, résulting
from hydroprocessing of the original feedstock. Some of
these changes are discussed here. ’ , ;ﬁ&
The profiles of the whole o0il indicated a decreasé"dn
the concentration of phenanthrene and an increase »in‘ the
concentration- of’ .bénzene. This would suggest  the
hydrogenation of phenanthrene (coﬁdensed—rings arométics_ in
general) to give less condensed‘arométic structuges. Wu and
Haynes (1975) proposed three major reaction pathways for
- €atalytic hydrocracking of phenanthrene witﬁ tetfalips,
“naphthalenes, and biphenyls as intermediates and benzene and
alkylbenzenes as‘ products. The hydrogenation of.
polyaromatics to alkylbenzenes would also explain the
increase in,the'concentnétion of alibhétic structures and a
decrease in a:omaticfty{‘frOm 36.3 % for SCGOF2' to 28.5. %
- for 'SC~161. The increase in the concentration of benzene
could also be related - to the— désulphﬁrizati6n3vJQf
benzothiophene‘and dibénzothiopheng tougivé éthylbenzene and
| bipﬁepyl, respectively (Nagwetvai.,_1979). ‘_ |
,fw-'The profiles of 'SC-101'.indicated tﬁatrover 70 % of

" sulphur was rehqved from ~the feed. The concentration of
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variou$ heteroatom groups suggested that desulphurization .
was the primary reaction. Examination of individual sulphur
~Ztoups revealed that while the concentration of
Penzothiophene and aliphatic thioether were reduced by about
66 %, over 75 . % of dibenzothiophenes had undergone
desulphurizaeion. This was contrary to previous work in
hydrodeeulphurization of model compounds (Nag et al., 1979).
They found that desudphurization of dibenzothiophene
proceeded less rapidly than benzothiophene under typical
hydroprocessing conditions. An N§ speculation would: be
premature;-however, one possible explanation'could be that
‘benzothiophene and/of aliphatic thioether were intermediatee
in the desulphurization of dibenzothiophene. In the case of
thiocoether being a reaction 1ntermed1ate, a possible reactlon

would be th35‘kydrogenatlon of aromatic rings prior to

sulphur femoval 55 repofted by Nag et al., 1979,
bicyolohe;yl would@ be the product for such reaction scheme.
THe above observation-oould be related‘to two cases: .

1. that the pgedicted"distribution of suiphor in various
groups is inaccurate, Ooe way to check this wouid be‘ﬂto‘
use ot%er“ chemical methods which" identify diffefehp
sulphur types.‘ |

‘2. that the3_reactions of model compounds are not

/;,approprlate for desulphurlzatlon of gas oils.

//’—’A One approach forlmodelllng hydro esulphurlzatlon of gasv»

0115 would be to con51der the react1_ sequence as follows-
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highly aromatic S structures

' o

‘ ‘,- - . '
less aromatic S structures—— aliphatiec”$ structures

R |
aromatics + H,; S aliphatics + H; S

The substituents on eromatic rings. which could include
long alkyl chains as well as other functidnalities could‘
also affect the deeulphurieation reactions. Katti et al.
(1964)‘found that methyl substitution on dibenzothiophehe in
the 4‘poéitioh reduced the pseudo firsfvorder rete‘constant
while methyl substihution in other positions‘ increased Ithe
rate constant. The = effect of longer chains oﬁ
desulphurization of th;ophenoaromatics has not been
repqrted. | N :

The percentage of naphthenic carbon was found to
increase from 10.8 % for SCGOF2 to 15 3 % for SC 101. This
increase eeuld be explalned by hydrogenat;on of eromatic
structureé. Cycloparaffins could react under'hydroprocessing

conditions to give lower molecular ieight cycloparaffins and
butanes, (Sullivan and 'Meyer}’1975).gThis ;eaetion and‘the'4
_dealkylation'ef alhylarematics'with short alkyl\ehainé would
account ‘for the light volatxles which were recovered dur1ng
the hydroprocessxng reactlon and from dlst1llat1on of SC- 101
prior to class -separat19n,- Reduct1on in the beta methyl
concentration-bés fufther*evzdence for ~ctacking of ethyi
‘substltuen{s on aromat1c rings to gzve ethane. Dealkylatxon

Ay

of aromatics with long,,SIde chexns :and hydrogenaplon of_,
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A

various aromatic structures would be responsible for the
increase in the content of saturates fraction for SC-101

compared W1th SCGOFZ
‘ h

The remove *é@ organonitrogen, 35 %, end organooxygen,
38 %, we;é\ suggzaetially lower than the percentage of the
total sulphur remaved. The concentration of carbaéole
remained unchanged‘dhile anilines and aliphatic amines were
lafgely removed. Olefiﬁs were also completely hydrogenated
as the 'H-NMR spectra of varlous fractions of SC-101 d1d not
indicate the presence of olef1n1c hydrogen &
.An interesting \observat1on was the jdecrease in the

\

concentration of dibenzofuran and an increase in the
i \:. e ’
concentration of aliphatic ether, suggest1ng that the’ latter

could possibly ‘be an 1ntermed§ate 1n"the deoxygenatlon of
dlbenzofuran. Furlmsky (1978)\proposed the reactlon scheme
for catalytic hydrodeoxygenatlon of ldlbenzofuvén. It
consisted of the hete:o-r1ng openfhé to éiye biphecyl-i-cl.
Dehydroxylation would eithe% follo%\\immedmetely to ‘givef
Biphenyl or it would proceed Oeg. prellmlnary r1ng
‘hydrogenatlon to give cyclohexylbenzeeex NelRper of the'
above react1on‘ schemes would explain the 1ncrqese‘1n the
’concentration of oxygen structures A in \;he ‘ saturates

\

fractlon. As\ in the case of desulphurlzatlon, a p0551b1e

4'1explanat10n would be the hydrogenatlon of the aromatlc r1ngs‘1

" prior. to the hetero r1ng o.enlng.' In FGA oxygen 1n the»
o
saturates fractlon was represén ed only by allphatic ether-

‘s;nce‘.the choice of heteroatom groups was 11m1téd due to R

ve
)
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insufficient analytical data. Aliphatic ether would be a
posszble 1ntermed1ate, however' furthef investigation of
oxygen types in_'the saturates fraction could provide some
information on the reaction pathwaygwgor dibenzofuran. po£
example, dlcyclohexylether is a l1keiy intermediate in such
reactions and may possibly appearvln the saturates fractlon.

The lower concentration of hydroaromatic rings_and a
higher concentration of alpha methylene.findicatedp the

opening of the hydroaromatic rings in structures such as

tetralin during the hydrotreatment. Other reactions

involving tetralin, ° however, should not be excluded. For

P

example, tetralin could be converted to naphthalene when it f

loses its hydrogens (Aarts et al., -1978). The structural

pfoflles obta1ned from FGA can nelther conflrm nor rule out
the s latter :reactlon scheme since dlstlnctlon between
naphthalene and benzene was not p0551b1e on the ba51s of NMR
data, . ," f‘xb"V}f
B.é-Summary ) | .
Examination of the. structural prof:les of SC 101 and

SCGOFZ reVealed some changes in the concentratlon of varlous

1t

reactions ’1nvolv;ng the functlonal .groups. , Add1t10nal i

P

can be judged as’ a prom1slng tbol to exam1ne fth chemzcalnj.j”

wgroups. These changes could ”he‘ explalned by the varlousff
information;'d_in“ partlcular\«£05 heteroatom groups andf_jid
V condensed aromatlcs, could/provade more\ 1ns1ght 1nto the::*{'

‘reactlons occurring duryng hydropcocess1ng of gas o1ls. FGA"'f;“

’ changes in a feedstock due to process1ng.. ”, N f;j'l i;f{jl'jp
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Table VIII.1 Analytical Data for SC-101
Class Separation Yields
Fraction "% of total oil
Saturates 35.03
. 'Aromatics 33.13
<. Polar 1 16.80
Polar 1l 5.46 ¢
Polar 111 _ 4,29
Asphalthenes ¢ -
Recovery 94.71
2. Elemental Analyses ( Wt % )
Element Saturates Aromatics Polar I Polar 11
C 85.96 . 87.63 87.96 87.03
H 13.23 - 10.88 8.41 8.13 -
o . 0.55 “ 0.50 0.48 0.90
N 0.03 0.06 0.04 1.18
S 0.23 ,0.93 3.11 2.76
3. Hﬂ?MR (‘% of total hydrogen ). ,
Band Saturates '  Aromatics Resins
1 34.92 25.40 . 14,53
¢ 2 61 90 40.32 20.94
3 18 24.20 40.17
5 - 10.08 22.86
6 - 1.50.
4. C13~NMR ( % of total carbon ) ,
-‘Band # Saturatés - Aromatics Resins
S - 8.09 5.82 6.21
2 - 2.38 4;09
3 - 4.65 7.87
4 7.32 3.34 3.98
5 S 22.51 12,67 . 9.44
. 6 . 37.93 24 .26 12.60 .
-7 : 24.14 . 13.96 6.86
9 - 14.91 28.48
10 - 12.74 15.50
14 - 5.27 4,97

79.77
9.18
6.62
2.25
2.18

_5..Concentration (moles of functional groups/100 g of

sample) of Polar III

Group .name

groups from IR'

Structure Concentratiion
phe_n'ol o—OH 0.048
Carbonyl ﬁ-é——CHZ;O | 0.217
Catbazole ‘ 0.087

- . H

-

-
]
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Table VIII.2 Structural Profiles of SC-101 Fractions

Group #
19
21
22
23
24
13
14
15
i6

11

33 .

50
40

43

35

36

Concentrations, in moles of functional groups/100 g of sample

Group name ’ Structure Saturates Aromatics Resins

Chatn methylene CH;—o 2.179 0.822 0.203
Aliphatic methyne (— H 2.207 1.025 0.534
Gamma methyl o0LCHs 0.773 0.545 0.407
Naphthenic methyl Q—-CHS 0.755% 0.369

Naphthenic methylene/g—CHl-—-o 1.158 0.784

_Alpha methylene ._CHZ—Q 0.807 0.714
Alpha methyl CHy 0.337 0.433

Alpha methyne

&—(CH
Beta methyl G—é‘c'ﬁ ' 0.163 0.116 \

Hydroaromatic ring ::) . ' . 0.101
Benzene .' ' ©. 0.208 0.299 -
Naphthalene @ © g
Phenaﬁt;'\rene : 0.063’

B8enzothiophene b. ©\_S_B ) 0.017 .
4

Dibenzothiophene ' . . 0.012 0.043

Altphatic thioether °_CH2“S‘CH2‘° 0.007 0.047
. W

Dibenzofuran 0.031 0.055

Aliphati¢ ethe _ 0.034 '

Aromatic canbonyl 0.035

Phenol . .:_6}5: H—o 0.008
Carbazole ' ‘ o 0.004 0.033
Aliphatic amine O_CHIH—NH;_ 0.002 - ‘
Anfline .—NHZ,
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Structural Profiles for SC-101 and SCGOF2

Concentrations in moles of functienal groups/100 g of sample

Group # Group name

19
21
22
23

2

13

14
15
16

1

33
50

35
36
43

40

30
3.1

i

Chain methylene o—CH,—o
Aliphatic methyne O—EH
Gamma methyl 0—CHs

Naphthenic methyl GH%CFH

‘Naphthenic methylene o CH,—o

Alpha me\thjrlevne ‘—CHZ—O
Alpha methyl O—CHS ‘
Alpha methyne ‘ ‘—CH.

Beta methyi .OéCHg _

Hydroaromatic ring ::j

Benzene . @

| Naphthalene '

Phenanthrene

- 00
Benzothiog}wene @:S_ﬂ
Di benzothi%phene @,@

Aliphatic thioether o-CH,-S-CH,—0
Aliphatic ether O—C'Hz—O—CHzi—o'

. Dibenzofuran | @ 0 @
Carbazole 4 '

Al iphatic amine O'—CHZENHZ

Aniline o—NH,

Phenol A 0——OH
vArox_na‘ti.c carbonyl ._t_CHZ.;o N
" Aromatic olefin FCHzCHj;O -

Terminal olefin 'oé—CH:CHZ

Structure

Concentration

SCGOF2
0.975
0.957
0.534

0.250 .

0.503

- 0.410

0.286

0.155

0.048
0.082
0.024
.0.018
0:067
0.050
0.007

0.052

0.011
0.002
0.010

0.005-

- 0.018

10.006

0.011

SC-101
1.150
1.324
0.591
0.408 -
0.702
0.482
10.239

. 0.089"

0.028
0.188

0.018

0.006
0.016
0.016
0.013
0.6;6
0.011
0.001
0.003
0.002
0.010
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9. Conclusions ané Recommendations
Conclusions
The following conclusions were made from this study:/
The  uncertainty in '°C-NMR data was due to the overlap

in the band assignments and to the intensities of

signals which were not quite proportional to the amount

‘of carbon. Adjustment of the relaxation reagent or the

pulse sequence would possibly reduce the error due to
lack of proportionality; however, for gas oils such
corrections would be difficult - to verify. These

limitations were recognized and '*C-NMR data were used

‘to formulate an objective function.

Wolfe's algorithm for quadratic programming was used in

the optimization procedure. This provided a direct check

‘for the uniqueness of the solution.

The choice of heterocatom groups was limited due to the

lack of analytical data. Quantitative analysis of? the IR

spectra provided information which were used as-

additional constraints.
The contributions of '°*C bands to the objective function
were weiéhted. BY as§igning greater weights for banqsl'

containing relatively small amounts of carbon, the

-

-predicted concentrations of carbon in such bands

approximated the expected yaiues.'
Application of - FGA - to mixtures of known group

concentrations indicated that the ~. predicted

concentrations of hydrocafbon functional groups such as

138
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. —
gamma methyl, beta metgyl, hydroaromatﬁc- ring,

naphthenic mefhylene, total alkyl substituents, and mono
+ diaromatics were fairly accurate with an estimated
error of +15 %. The concentrations of chain methylene,

methyne, and naphthenic methyl were less accurate with

~an estimated error of +40 X.

Distinction between mono and diaromatics and alkyl
substituents was not possible on the basis of NMR data.
FGA provided an estimate for the distribution of sulphur

i

- _
in thiophenoaromatics and aliphatic structures.

Class separation by <column chromatography provided

kractions en;iched in .selected functional groups.
Nitrogen ané oxygen groups'such as anilines, phenols,
and carbonyls were concentfafed in tﬁe_.Polar, 111
fraction. while sulphur groups were - present in
considerable amounts .in all claéé ‘fractioné. The.
separation procedure facilitated the choice of

appropgiate heteroatom groups ' representing the most

‘likely structures for individual fractions. In the whole

oil analysis, the choice of'heteroatomshwas limited.
Gaé 6ils with low initial boiling points, Qere' t:eaﬁed

prior t the class separation scheme to remove naphtha

-and low-boiling materiéls'which gcoﬁld be analyzed ' by

other methods such as gas chromatography. Otherwise such

miterials would be lost in the separation procedure

during solvent extraction.
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sources and produced by different processes indicated
that samples with similar physical préperties exhibited
appretiabPe differences in chemical composition.

Heterocaromatic structures appeared in a widg boiling
rdnge; but they were most abundant in the 560-620°C cut.
St;uctural profiles of ‘hydrbbrocessed SCGO indicated
significént differences in the functional grdup
concentrations from the ofiginal feedstock. fhe changes

could be explained by a number of reactions that occur

i

durihg -hydrotreatment. FGA could be judged as; a

: .. . . A
promising. tool to examine chemical changes due” to

processing of feedstocks.

9.2 Recommendations’

The following recommendations should be considered for

. future work. ‘ ' ‘ -

1.

Asphalténes can_be ignored in the characterization of

0il samples ,when they ate‘present in vefy small amounts.

-However,' éppropriate NMR methods should developed- for

asphaltenes so they could be included in the analysis
when fheyAare present in significant amounts (in excess

of 5 % by weight). .\ -

~The method of ?‘C-NMR analysis should be improved to

SR . g S 14 :
obtain more reliable peak intensities. One alternative

would be to use longer pulse delays.

The distribution = of suiphut‘ in - benzoth";;Lne,f -
, . : ‘ AR \
dibenzothiophene, ~and aliphatic thioether should °

fexaminéd by using FGA to ¢harécterize synfhetid’mixtures
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containing such groups. Other cﬁemical methods which
distinguish between different-sulphur types should also
be considered.

Data from MassJ Spectroscopy on fused aromatics and

hetercaromatic structures could be included in FGA. This

* would involve the development of a method to assign and

relate the concentration of peaks to specific
structures. If -such concentration data are accurate,

they could be introduced as additional constraints.

'Otherwise} the mathematical formulation of EGA should be

modified to iﬁclude Mass Spectroscopy data as part of
the objective function.

Nitrogen was abundant in the Polar III fraction (0.5 ﬁo
2.2 % by weight). Analytiéal data from potentiometrié‘
titration would brovide more accurate éstimates for ‘the
concentration of ,basic nitrogen grdbps such as
carbazdle, aniline, and quinoline. 7‘ ‘
FGA should be applied té»a number of gas oil samplés

from similar sources to further examine the analysis for

TN

éécurqcy and reproducibility. .t
: ~ ' . o '

. S
S~ . ) . ®

~ -

Fal
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Appendix A : Modifications to the Quadratxc Programmxng

Algorxthm

A.1. Description of the Algorithm

In épplfing Wolfe's algorithm  for qguadratic
~programming, some modifications were necessary to .énsﬁre
that the optimum solution was obtained. Deta{lé of the
algorithm is. given elsewhere ‘(WOlfé, 1959). A brief
discussion is presented here. |

Consider a system of n . variables and m linear

constraints. For simplicity, the constraints are taken to be

N

equalities, however, inequality constraints can be haridled
by introducing appropriate slack variables. Rewriting

equation (1) in matrix notation:

1

- . .
A : mxn mqtrix of coefficients for constraints

X :-nxl vector for unknown group Concentrations,
b : mx1 vector of analyt1ca1 data T e

For simp11c1ty, cgn51der the objective functlon g1ven by

hequatlon (4)

-

F=Z {C13k,-ZCO” XJ }z ( . " - o (4)

k=1

_-The above objectlve functloanan befexpréssed*in'terms‘of” X

glven by equat1on (7)‘.-

L]

Flu, %) = u P X+ (xtc x)/z o -_' 1 e '@)

,whefe c is" - nxn symmetrzc p051t1ve sem1def1n1te matr:x

deflnlng the quadratlc part of the objectxve functzon.,P‘:is

.

 a° 1xn ma»rlx and M is?' non negat1ve parameter whlch

‘together deflne the llnear part cf the, object1ve funcpaon.'

148

AX=5D . L S o (6) .

A
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For u = 1.0, the objective function can be expressed by
equation (8) : e
F=2Z;, P, X ¢+ (zj Z, X, X, Ci Y/2 - (8)

N ° ©
From equations .(4) and (8) the coefficients for matrix C and

IFP can be obtained for u = 1.0 B
13
Cg“ = 2{2 COk, CO.(. } - (9)
ko= 1 .
.13
k=t )

Wolfe showed that by introducing variables - V and U

-

where V is nx! and U is 7xm, the solution to the following

system of edquations is ‘the solution to the. optimization

“problém : ‘
VE=0 '
CX-V+A'WU+ P! ='g : e - (11)

The algorithm then proceeds by introducing artificial.
variables 2%, g’j and f Bnd ‘uses the simplex_method to

_ obtain ‘the solution. The initial tableau for the algorithm

is ¢+ )
Ag--!-?!:u_b- .
. . Al . ‘ .'
E-U+A U+T - 2" 4P = . (12)

c
wheré L', 2%, and W are n, n, ‘aﬁd m component“ ~vectors
>féspectﬁyélx}'°. | ’ __
| Wbifefs.algorithm cénéisté of three phgses. In phase_l,
1t$e . Pinear form.g1 W, |is minimiieé ‘to .give én initiél,
feasiblg so;utibn. The initial tabieau fgr phaseﬁ I'xfé é -

slm+n)' by (4n + 2m +1) matrix with the étandard coefficients

of Wolfe's algorithm in gwhichv“g? and . W COnstituté the
initial basis..The columns of the initial tableau consist of
. L ‘ -
R .
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X, %', 2!, W, V, U, and u respectively. The algorithm then
proceeds by éhéosing a non;basic vériable to feplace a basic
variable vin the: basis by apélying the standard selection
rules of simpléx method with the condition that ;O‘U. , Q, ,
and u are allowed to enter the basis. Phase I terminates
after a finite number of basis changes.when ’alg en¢TT}éia1
variables W are »npnfbegic, hence, the linear form|g‘w.‘ié
minimized to zero.

In phase 1II, W, and non-basic Z' and 2? var@ables are
dropped and the linear form;%1 z%, is minimized there %
constitute the n basic 2' and Z* variables from phase I. At
the end of phase 1I1I, all 2Z*, become non?basic. ‘The
conditions for phase II are that u is not allowed to énter
the. basis and that corresponding X, and V, cannot be in the
basis éimultéﬁeously. The solution at-the_;nd of phase I1I
minimiies the objective function,,f, with u = 0. '

In pﬁase 111, u is maximized‘to gbtain the solution for
a specified positive ux, where : |

u’(<'w*'<‘u’2' | ) _ | (13)
,and the Solutioﬁ X* is a linear combination of éolutions X!
and - Xi, where; j*ﬁs the S£ep countér foé the‘prbggsss of
- the algorithm. The value of u* is chosen to be 1.0¢ba§ed on
the‘objeétive‘function specified by équation (8).

A.2., Modifications to theohlgdfithm‘ |
| Considering the conditions for phase II _that
corregponding X. and V; cannot be  in - the basis

simultaneously and that u'remains non-basic, then at the end
, ’ . : -

?

.-

-
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of phase II, all of the m U, as well as n non-corresponding
X, aﬁd V, are basic. Consider that at some‘ stage during
phase I1, there are a total of n non—éorresponding X, and Vv,
in the;basis. At such a point no X, or V, outside the basis
can qualify\to become basic. Now suppose that at this point,
there still remains some i*. in the basis. The simplex
méthqd rule for selecting a non-basis variable to enter the
basis is to gﬁoose the variable with the least negétive d,
(d) ig thé sum of the column entries in the tableau, see
Dantzig, 1963). At this point since no X, and V, can enter
th basis,'only the'non-basis‘U. can“become‘basic} But if at
this pgint; non of the nén—basis U, have corresponding
negative‘}d, . termiﬁation’ occurs since no va}iables.can
enter the basis. | ‘
| At such a Eermination point, there are equalinﬁmber of
Z*, in the basis as there .are non-basic ﬁ. . The approach
taken: was to remove 2%, variables from the basis one by one
énd }eplécé them by an'appropriate"U, . B
Cne additional modification was necessary. Consider the.
case where the total numbeflof basic ?.'and V, is less than
n at a "wouldfb? términat%on point".’At this point, the
total number of basic Z#*, is greéter ‘than' the number of
non-basic U; . If all’ the non-basis U, are made basic in the
-.gxpense of basic Z¥, , there would still remain soti 2%, in

the basis. The number of basic 2%, after all U\ are made

: . . y %
.basic is equal to the difference between n and the total

number of basic X; and V, . The approach taken for such a
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18]

case was to feplace basic Zx, by appropriate non-basic .U, as.
well as non-basic X, and V,

The above approaéhes ensuré the completion of phase II,
but they may result 1in some sign restrigtions to be
violated. However, the violations are_correétéd in phase I]1
when the opt imum solution’is obtained.

A.3. Correction of Sign vioiations

In Wolfe's algorithm, Zi, V, and X are non-negative
vectors. The sign restriction on these variables may be
violated by applying the sﬁrategies mentioned above. Sign
violations for Z*, are corrected when the solution-fOr phase
II is obtained since at the end of phase II all 2%, are
ﬁon—bqsiC' and hence equal to zero. However; some basic X,
and V, may bebnegative ag the end éf phasé‘II. |

Phase 111 of Wolfe;s’algorithm is initiated by dropping
all 2%, and proceeding to obtaiﬁ the solution for u=1}0
The same condi;ionS-as those for phase 11 are applied with |
the exception that u is allowed to enter the bésis and hence |
be maximized. If phase III, begiﬁs by allowing.u to enter
the_basis,'aé in normal procedure, p may take a negativé
vélue, -even .though it is a non-negativg parameter. Another )
uncharacteristic behavior is that 4 may decrease aftér‘ a
change‘ of basis. These effects are tho‘ught.to. be caused by
the fact that some basic X, and. V, ;re hégative. The
approach taken was to eorrect all .sign- violations (by
inteféhange of nega;ivevbasic X, and Y, mith apprqpriage
non-basic.variablés) before u'iS’al;oﬁed to enter the basis. .

S

R
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@
Hence, u remains zero (i.e. non-basic) so long a$ there are
sign .violations in the basis. Then u is allowed to enter the
basis and be makimized by applying the normal procedure of

_Wolfe's algorithm until tHe solution is obtained for w=1.0 .



Appendix B : Program Listing and Documentation

Two cémputer programs written in FORTRAN weré used- in
FGA. Oné pf the programs, START, is a short, interactive
program for' data entry via the terminal keyboard. The other
program, OPTIMA, performs the'c&mputatioﬁs involved in FGA.
Thr'¥e optimization“algorithms are used by the program; These 
are:
1. Wolfe's algorithm'for quadratic p;ogramming
2. Direct searbh method of Luus and Jaackola
3. Marquardt least équare parameter estimation algorithm
Description of the programs and related subroutines together

with the program listings are presented here.
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Program START

This.program is an .interactive program which allows

data entry via the terminal keyboard. The program

writes all the information supplied by the user in
to a file for subsequent use by the main program.

Description of Variables

EA
HNMR
CNMR
N.
KNC
M2
NR

"KRC

CONC
wr

WF

‘COMOP

IRPC

RAPC

s 4% 80 oo o0 ¢ s

array containing the elemental analyses data

array containing H-NMR data

array containing C13-NMR data

number of groups representing a sample

array containing the group numbers

Number of inequality constraints ( < or = )

Number of groups with known concentration from,
other analys1s such as IR

array containing group numbers for functlonal
groups with known concentration

array containing the concentration of groups
with known concentrgation >

array containing the weighting factors for
each band of C13-NMR spectra .

flag for option of comblnlng band 5 and 6 in
C13-NMR spectra

1nd1cator when ratio .of phenol to carbonyl

is known from IR analysis

~ratio of phenol to carbonyl obtained from IR

REAL EA(5) HNMR(7) ,CNMR(12), conc(so)

INTEGER KRC(50) ,KNC(50) ,
INTEGER WF(50),COMOP , . ' L
INTEGER IRPC - - ‘ :

REAL RAPC

]

rWRITE(G 10)

FORMAT(/, HOW MANY GROUPS ARE PRESENT" /)
READ(5,15) N

~FORMAT(16)

WRITE(10,15) N . S

WRITE(6, 20) :

FORMAT(/, 'ENTER GROUP NUMBERS ',/)
DO 30 J=1,N . »
READ(S, 15) KNC(J) -

WRITE(10 15) KNC(J)

"CONTINUE .. = - _
‘WRITE(6,40) - o :

FORMAT(/, 'ENTER THE NUMBER OF INEQUALITIES' /)
READ(5,15) M2

»WRITE(IO 15) M2 o . .
.'WRITE(6, 50) = -

FORMAT(/,‘ENTER NUMBER OF GROUPS ANALYZED BY IR.' /)

v



55

56
58
65
60

70
75

76

85

90 -

100
95

110

125

© 120

READ(5,15) NR

WRITE(10,15) NR

IF(NR .EQ. 0) GOTO 70

WRITE(6,55) ‘

FORMAT(/, 'ENTER THE GROUP NUMBER FOR IR GROUPS.',/)
DO 56 J=1,NR

READ(5,15) KRC(J) ' ~
WRITE(10,15) KRC(J)

CONTINUE :

WRITE(6,58)

FORMAT(/,'ENTER CONCENTRATIONS OF THESE GROUPS',/)
DO 60 J=1,NR

READ(5,65) CONC(J)

WRITE(10,65) CONCtJ)

FORMAT(F10.3) : ) -

CONTINUE . . ;
WRITE(6, 75) ’

‘FORMAT(/, ENTER WT. % OF ELEMENTS 1IN THIS ORDER: ')

WRITE(6,76)

FORMAT('"C H,0,N,S"',/)

DO 80 I=1 5

READ(S, 85) EA(I)

WRITE(]O,BS) EA(I)

FORMAT(F6.2)

CONTINUE .
WRITE(6,90) : )
FORMAT(/, ENTER H-NMR DATA AS % H IN EACH BAND',/)
DO 95 I=1,7

READ(5, 100) HNMR(I)

WRITE(1O 100) HNMR(1)

FORMAT(FG.Z)

CONTINUE

WRITE(6,110)

‘FDRMAT(/, ENTER C13- NMR DATA AS % C IN EACH BAND',/)

DO 120°1=1%13

READ(5, 125) CNMR(I) ,
WRITE(10 125) CNMR(I)
FORMAT(FG.Z)

- CONTINUE

' . WRITE(6,130)
FORMAT(/, ENTER WEIGHTING FACTOR FOR c13 NMR BANDS',/)

130

140

150

200
210

DO 140 I=1,13. ' , ,
READ(5,15) "WF (1) c
WRITE(\10,15) WF(I)
CONTINUE .
WRITE(6,150) -

lf'\
S
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‘ ' N
FORMAT(/, ' ENTER 1 TO COMBINE BAND 5 AND 6 OR 'ELSE 0',/)

- READ(5,15) COMOP

WRITE(10,15) COMOP

"WRITE(6, 200) -
_FORMAT(/, ENTER 1 1IF PHENOL/CARBONYL RATIO IS KNOWN )

WRITE(6,210)

. FORMAT('ENTER 0 OTHERWISE )

READ(S 15) IRPC

\

s
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WRITE(10,15) IRPC . .
IF(IRPC .EQ. 0) GOTO 250 ~
. WRITE(6,220) , '
220 FORMAT(/,'ENTER RATIO OF- PHENOL TO CARBONYL')
" READ(5,230) RAPC

WRITE(10,230) RAPC

230 FORMAT(F10.3)

250 CONTINUE
STOP
END
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B.1. Program OPTIMA

OPTIMA addressés the téék of setting up matrices of
constraints and the objective function using the information
supplied by the user for subseguent use by the optimization
algorithms. The tasks bf this proéram are:

1. to obtain information supplied. by the wuser and tge
conétrain; coefficients for each group, as presented in
chapter 4, to set up‘lihe constraint matrix. The
conéﬁraint coefficients are read from a file referred to
as unit 9. o

2. to set'up'the rigﬁt.hand side vector of the constraint
matrix using elemental analyées and 'H-NMR data as well
as the molecuiar weight of eéch element.

3. to introduce appfbprigte-slack Qariables when inequality

constraints are present.

4. _QS\ set up equality constraints for ‘Fxgups whose

concentrations are known from other analysis, e.g. IR

-

analysis.

£ '

5. to - discard unnecessary information, i.e. delete rows
with no entries in the constraint matrix.

6. to introduce secondary inequality constraints to ensure

that the éolutibn is physically rgasonable,:aﬁd equaiity
o ) o . . ‘ v . .
constraint if the 'ratio of phenols ‘to carbonyls is

known. ,

-

7. bto"rearrangq the ’columhs of the constraintvmatrix 50

B

that no singularity. is served in the depéndent

variables  sub-m#&rix. fhis s1ngu1ar1ty check is' a

R
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requirement if the direct search method is to be
implemented. In the difect search  algorithm, the
independent variables‘ are determined. at random at each
iteration and then thendependent variables are solved
using Gaussian elimiﬁation which réquires that the
diagonal eléments of the debendent variables sub—matrix
be non-zero. Henhce, the columns and rows‘ Qf the
constraint matrix must be rearranged to énsure the above
crite;ié. The columnwise rearnangeﬂeng involves
including a variable corresponding to each constraint in

K
the dependent . variables sub-matrix. Systematically,

~slack variables corresponding to inequality constraints _°
. e
e

(i.e. single element columns), and one variable for eagh
of the remaining, constraints make ué the depeqdedé\ ﬂ
variables . sub-matrix. Rearrangement of the rows ié;
performed by subrou;ine AROW.

to obtain. the -objective funcgion coefficients. as
presented in'éhapter 4 and set up the objective function
matrix. The bbjective_funétion coefficients are obtained
ffquavfile'teferred_to-as unit 8. | |

to delete raws with-nolentries,in the,objectiye tuﬁctioq

, matfix'(i.é; exclude bands with no signals), ihcorporate<
wéightiﬁgffactofs infthe‘objectiveifuhqtion,Aand dom5idé
_inforﬁatibn'for'bandsls and 6 if so specified by"the
'fUSEf., .~ , : . .

Tté‘caii subroutine MAiNP which performs the opfimization

procedure.. = .. . .. - : L
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Program OPTIMA
Description of Variables

HNMR : array containing H-NMR data
CNMR : array containing C13-NMR data

E : array containing elemental analyses data
A,AA : constraint matrix coeff1c1ents
AT : transpose of A
CO,CCO: objective function matrix coefficients
CT : transpose of CO
RHS ¢ array containing gotal concentration for each
' constraint ( right hand side of equations)
Cc13 : array contalnlng the total concentration of
" carbon in each band of C13-NMR spectra
NR : number of groups with known concentrations

KRC : array containing the group number for groups
with known concentration

CONC : array containing the concentration of groups
with known concentrations

N : number of sefllected groups for a sample
KNC : array containing the group numbers
NG : total number of available functional groups
M2 : number of 1nequa11ty constraints
M1 : number of equality constraints
MM : total number of constraint$
. NCB : number of C13-NMR bands detected .in the spectra
WF : array containing the weighting factors for
: . each band in the C13-NMR spectra
COMOP : flag for optian of combining band 5 and 6 1nu.
" C13~-NMR spectra '
IRPC : indicator when ratio of phenol to carbonyl 1s

known from IR analysis -

" RAPC :.ratio of phenol to carbonyl obtained ,from IR .

RMS , RMC, RMO, RMH RMN : atomic weight of S, C,.0, H, N
KRCZ,RNEW,SAVE,COUNT;CNT : intermediate a%ggasﬁgor
. . storlng 1n

VREAL AT(120, 120)UCT(120 120) HNMR(?) CNMR(13) CONC(120)‘

REAL AA(120,120),A(120,120), co(120 120) cco(lzo 120)

_REAL SAVE(120) c13(13) -
. REAL RHS(120) EA(S) ) N

INTEGE c(120) KRC(120) KRC2(120) COUNT(120) CNT(]ZO)
REAL 1(120)

INTEGER WF(13)

INTEGER COMOP

INTEGER IRPC -

REAL RAPC Lt

r

NG=50

DO 1 J=1, NG

READ(9, 2) (AT(J‘I) 1-1 13) .

-FORMAT(13F6 1)
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1 CONTINUE
DO 3 I=1,13
DO 3 J=1,NG
- AA(1,J)=AT(J,1)
3 CONTINUE
READ(10,7) N
7 FORMAT(16)
DO 10 J=1,N
e READ(10,7) KNC(J)
10 CONTINUE
READ(10,7) M2 4 \
READ(10,7) NR S
IF(NR EQ 0) GOTO 15
DO 11 J=1,NR
READ( 10, 7) KRC(J)
11 CONTINUE
DO 12 J=1,NR
READ(10,13) CONC(J)
13 FORMATtF10.3)
12  CONTINUE
15 . DO, 18 1=1,5
. READ(10,16) EA(I)
16  FORMAT(F6.2) —
" 18 CONTINUE -

DO 19 I=1,7 o - '
READ( 10, 16) HNMR(1) o 2

19 CONTINUE
DO 20 I=1,13 -

' READ(10,16) CNMR(1) -

. 20 CONTINUE _ S
: DO 17 1=1,13" :
... READ(10,7) WF(I)
17 - CONTINUE .
: DO 21 1=1,13
: RHS(1)=0.0
21 CONTINUE - ‘ o :
READ(70,7) COMOP = o , S
"READ (10 7) IRPC ' . I
- IF(IRPC .EQ. 0) GOTO 25
"READ(10,24) RAPC I S .- :
FORMAT(F10_3) . S ‘ _ A
CONTINUE L e S .4".»-,

: !@\TH? REQUIRED ‘DATA . HAVE BEEN OBTAINED TO SET UP
CONSTRAINT MATRIX A ‘ :

v ‘-thMC=12 01115
. RMO=15,9994 . ¢
RMN=14.0067
- 'RMS=32.064 -
" RHS(1)=EA(1)/RMC -
'« . RHS(2)= (EA(Z)/RMH)*(HNMR(S)/IOO )
" ' RHS(3) (EA(Z)/RMH)*(HNMR(G)/IOO

N

£ RMme1.0079 . ;L;/~f
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noo

27
29

'35

H45

aOaOn

30.

40

td

50

| MM—13 'ff‘,fv
. 'NN=N+M2 = -
_IF(NR ,EQ. 0) GQTO 100

RHS(4)=(EA(2
RHS(5)=(EA(2
S(e)=(BEA(2
RHS(7)=(EA
RHS(10)=(
RHS(11)=EA(3)/RMO
RHS(12)=EA(5) /RMS
RHS(13)=EA(4)/RMN

po 29 J=1,N

DO 27 I=1,13
a(1,J)= AA(I KNC(J))
CONTINUE ‘
CONTINUE

INTRODUCE SLACK VARIABLES FOR' INEQUALITY .CONSTRAINTS

N1=N+1 .

IF(M2 .EQ. 0) GOTO 50
NN= =N+M2 ;

N1=N+1

DO 30 J=N1,NN

DO 35 I=1, 13
A(I,J)=0.0

CONTINUE

CONTINUE

IF(M2 .EQ. .2) GOTO 40

IF(M2 .EQ. 3) GOTO 45
a(2, N+1) 1.0 S
A(6, N+2)-1.0
A(7,N+3)=1,0
A(B,N+4)=1.0

. A(9 N+5)=1.0
‘ RHS(B) RHS(2)

RHS(Q)-RHS(6)+RHS(7)

' GOTO-.50.

A(2,N+1)=1,0
A(8,N+2)=1,0

RHS(B) RHS(2)

GOTO 50 %5'
A(e,N+1)=F70 = .
A(7,N+2)=1,0 7
A(9,N+3)=1,0 . ./
RHS(9) RHS(7)+RHS(6)

) /RMH) * (HNMR(7)/100.)
) /RMH) *(HNMR( 1) /100.)
) /RMH) * (HNMR(2) /100.)
(2)/RMH) *(HNMR(3) /100, )
EA(Z)/RMH)*(HNMR(4)/1OO )

gﬁ&‘”

Lo
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SET UP EQUATIONS FOR GROUPS WITH KNOWN CONCENTRATIONS

/

DO 80 :J=1,;NR

DO 55 K=1,NG .
NE. K) GOTO 55
MMM

IF(KRC(J)



60

65 ~

55

80

A000

NN0ONNNANn

N}
Op

110
105

g

{4

\ ' .
RHS (MM)=CONC(J)

“DO-60 JJ=1,NN

A(MM,JJ)=0+0

IF(JJ .GT, N) GOTO 60
IF(KNC(Jjﬁ .EQ. KRC(J))y A(MM,JJ)=1.0
IF(KNC(JJ) .EQ. KRC(J)) KC=JJ
CONTINUE L ‘ '

MM2=MM-1
DO 65 I=1,MM2 .
IF(A(I KC) .EQ.- 0.0) GOTO 65

A.RHS(I)vRHS(I) RHS (MM) *A (1, XC)

{1.KC)=
CONTINUE
‘CONTINUE
'KRG2(J)=KRC(J)
KRC(J)=0

’ CONTINUE

SPECIAL CASE FOR PHENOLIC AND ALCOHOLIC HYDROGEN IF
‘THE CONCENTRATION OF THEIR GROUPS ARE KNOWN FROM IR.

;_ \
BN ce

'DO‘90 J=1,NR

IF(KRC(J) '.EQ. 43) GOTO 91
IF(KRC(J) .EQ. 44) GOTO 95
IF(KRC(J) .EQ. 45) GOTO 95
GOTO .90 .

RHS (29 =RHS (2) - CONC(J)

GOTO 90 _ '
RHS (6)/=RHS(6)- (0. 5*CONC(J))
RHS ("7.Y=RHS(7)-(0. 5*CONC(J))
CONTINUE } ‘

'} \‘. ?~‘\ . 4,

)

»

.

AT THIS STAGE WE HAVE ADDED APPROPRIATE SLACK
VARIABLES® AND ADJUSTED THE ‘COEFFICIENT MATRIX A WHEN
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GROUPS WITH KNOWN CONCENTRKTION FROM IR ARE PRESENT~‘

(1. E EXTRA CONSTRAINTS) N

9!

DBLBTE ?OWS WITH NO ELEMENTS

[
o,

DO 105 T=41.MM _:_ ;'igJ»',

COUNT(I)=0
‘DO 110 J=1,NN

CIF(A(I,J) .LE. 0.0) GQTO 110

COUNT(I) COUNT(I)+1
‘CONTINUE®
CONTINUE

, DO 125 I=1,MM

IF (COUNT(1}, ".GT. Q) GOTO 125 . %

": COUNT(1)=0 :

DO 115 J=1,NN. . - '-‘.;;

IF(A(X,T) EQY 0. 0) GOTO 115

':COUNT(I) COUNT(I)+1

IR S P PR L e :
. '_ A . ’ A
. . iR K P
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115

120
125

145

131

135

130

150

- 500

505

506

510"

' CONTINUE

%”/1\\“ .
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CONTINUE \
IF(COUNT(I) .EQ. 0) GOTO 125
WRITE(6,120) :
FORMAT(/, 'WARNING: ROW WITH -IVE COEFFICIENTS ONLY',/)
STOP .
CONTINUE

MKT=13

MT=MKT -

DO 150 I=1,MT

CNT(I)=0

DO 131 J=1,NN

IF(A(I,J) .NE. 0.0) CNT(I)=CNT(I)+1 ~

CONTINUE Y
IF(CNT(I) .GT. 0) GOTO 150

12=1 : :
MM3=MM-1

DO 130 K=I2,MM3

DO 135 J=1,NN"

A(K,J)= A(K+1 J)

CONTINUE . -

RHS (K)=RHS (K+1)

CONTINUE

MM=MM- 1

MKT=MT- 1

GOTO 145

)

. CONTINUE

- INTRODUCE SECONDARY EQUALITY AND

INEQUALITY CONSTRAINTS

FOR AROMATIC SITES RS

A
- M21=M2

IAR=0 . .

DO 500 J=1,N . : . ’
IF(KNC(J) .EQ. 1) IAR=1 : : »
CONTINUE

IF(IAR .EQ. 0) GOTO 531 ' o @ u -
-IF(M2 .EQ. 2)-GOTO 531 : , ' .

IF(M2 .EQ. 5) GOTO 531 , : ,
MM=MM+ 1 o o o
M2=M2+71 : o J' . . ’

DO 505 Jd=t, N ' . .

“A(MM,J)= AA(Z KNC(J))*(-1 0) 5

IF(AA(Z KNC(J)) .EQ. 0.0) A(MM,J)=0.0

CONTINUE o C T : ) o
DO 506 I2=1,M2 - . . o : S
A(MM,N+12)= ' n - .

A(MM,N+M2)=1.,0
DO 510 I=1,MM
IF(I .EQ. MM) GOTO 510
A(r1, N+M2) 0.0 .. - ‘

CONTINUE

&g
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ARHS(MM) 0.0

FOR CHAIN TERMINATING GROUPS

noo

531 122=0-
DO 532 J=1,N
IF(KNC(J) . .EQ. 22) 122=1
532 CONTINUE _
IF(I22 .EQ. 0) GOTO 541
MM=MM+1 -

, - M2=M2+1 . .
DO 535 J=1,N S
A(MM,J)=0.0
IF(KNC(J) .EQ. 22) A(MM,J)

IF(RNC(J) .EQ. 19) A(MM,J)
IF(KNC(J) .EQ. 17) A(MM,J)
IF(KNC(J) .EQ. 21) A(MM,J)
IF(KNC(J) .EQ. 46) A(MM,J)
IF(KNC(J) .EQ. 39) A(MM,J)
IF(KNC(J) .EQ. 35) A(MM,J)
IF(KNC(J) .EQ. 45) A(MM,J)
IF(KNC(J) .EQ. 32) A(MM,J)

535 CONTINUE
RHS(MM)=0.0
DO 536 12=1,M2

. A(MM,N+12)=0.0

536 CONTINUE )

. A(MM,N+M2)=1.0 -
DO 540'I=1,MM , .
IF(I .EQ. MM) GOTO 540

~A(I,N+M2)=0.0 -

540 CONTINUE

| = = a2 )

EQUALITY CONSTRAINT WHEN RATIO OF PHENOL TO. CARBONYL
IS KNOWN _ ) _
))
541, IF(IRPC «.EQ. 0) GOTO 580
" MM=MM+1 .
. RHS(MM)=0.qQ . , S
DO 360 J=1,N - b B .
A(W,J)=0.0 . .- . ) Y
IF(KNC(J) :EQ. .40) A(MM,J)=RAP ' ¢

o
1

-3

o0

" IF(KNC(J) .EQ. 43)a(MM,J
* 560 CONTINUE L el
: DO 565 12=1, M2 . : T
- A(MM N"’IZ) S PR
565 CONTINUE . -y A
: -NR=NR+1 U L .

. KRC2(NR)=43 e : - ‘ .

580 : NN€N+M2 , ' L ;

’ DO 582 1=1,MM |

©+ IF(RHS(1). -EQ. 0. 0) RHS(I) ABS(RHS(I))

582- CONTINUE R , _

-~ NT=N . * o N . N
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175

160

165

155

170

172

180

185 -
" .DO. 190 J=1,NT-

166

START REARRANGING THE COLUMNS.
SLACK VARIABLES ARE ALREADY IN PLACE.
FIRST CONSIDER GROUPS WITH KNOWN CONCENTRATION,

IF(NR .EQ. 0) GOTO 172

DO 170 J=1,NR

DO 155 K=1,NG _
IF(KRC2(J) .NE. K) GOTO 155

DO 160 JJ=1,N

IF(KNC(JJ) .EQ. KRC2(J)) KC=JJ
CONTINUE

DO 165 I=1,MM

SAVE(I)=A(I,NT)
A(I,NT)=A(I,KC)
A(I,KC)=SAVE(I)

CONTINUE

TEMP=KNC (NT) -

KNC(NT) =KNC (KC) .

KNC (KC) =TEMP -
KRC2(J)=0 - :
NT=NT- 1 .
CONTINUE
CONTINUE .

.

N

M2 SLACK VARIABLES AND NR IR-DETERMINED GROUPS ARE

-IN THEIR PROPER LOCATION IN THE MATRIX. THE REMAINING

(MM-NR-M2) SHOULD BE PLACED IN THE APPROPRIATE

COLUMNS IN THE DEPENDENT MATRIX, . I .

NT=N-NR L ,
IC=0 ‘

MK =MM-NR- (M2 M21) : . « : .
DO 220 I=1,13 A : & o
IN=13-1I+1 : ' - oo
IF(COUNT&IN) .EQ. 0) GOTO 220

NS=0 ?' :

IF(M2 .EQ. 0) GOTO 180

DO 175 J=N1,NN -, = ‘

\Y4

IF(A(MK,J) .EQ. 1.0) NS=NS+1

CONTINUE , :

IF(NS. .GT. ) GOTO 210
CNT(MK) =0, ‘

DO 185 J=1,NT

IF(A(MK, Jl,.EQ 0. 6) GOTO 185

" CNT{MK)=CNT(MK)+1 |

IF(A(1,J) - EQ. 0. 0) 1Cc=1-
CONTINUE S

IF(A{MK;3) .EQ. ’o 0) GOTO 190 - -
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!f%

193
190
195°

200

IF(IC .EQ..0) GOTO 193
IF(A(1,J) .EQ. 0.0) KC=J
IF(A(1,J) .EQ. 0.0) GOTO 195
IF(A(MK,J) .GT. 0.0) KC=J
CONTINUE

DO 200 K=1,MM
SAVE(K)=A(K,NT)
A(K,NT)=A(K,KC)
A(K,KC)=SAVE(K)

CONTINUE

. TEMP=KNC(NT)

KNC({NT)=KNC(KC)

" KNC(KC)=TEMP

210
220

605
606

610

Ci200

%100

NT=NT-1
MK=MK- 1 0

- CONTINUE

MLAST=MM
NLAST=N+M2

DO 600 K=1,M2
DO 605 I1=1,MM

IF(A(I,NLAST) .EQ. 0.0) GOTO 605

JJ=1I .,
GOTO 606

CONTINUE

DO 610 J=1,NN
SAVE(J)=A(J3,J)
A(JJ,J)=A(MLAST,J)
A(MLAST,J)=SAVE(J)
CONTINUE

TEMP=RHS (JJ)

RHS (JJ)=RHS (MLAST)
RHS (MLAST) =TEMP ‘
MLAST=MLAST-1

 NLAST=NLAST-1

CONTINUE.
DO 901 J= 1 M2

"KNC(J+N)= 100+J

CONTINUE

THE COLUMNWISE REARRANGEMENT OF THE CONSTRAINT

MATRTX IS COMPLETE

' WRITE(G 905) (KNC(J) J-1 NN)

FORMAT(ZOIG S) .
WRITE (6, 904)

AFORMAT(/)
DO 1000 I=1, MM
WRITE(6, 1005) (A(I J), J 1, NN)

FORMAT(ZOFG 1).
CONTINUE

DO 1100 I=1,MM

HRITE(6, 1200) RHs(I)
FORMAT(FIO 3)
CONTINUE ;

-

&«
Y
e

167
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. 255
250

260

270

'/

275
280
C
C /'
Ty
282
281

C
C .

- C

272

271 -
-+ - DO 273:-1=5,6

273

274

. -289

290

300

C ,/
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SET UP THE OBJECTIVE FUNCTION MATRIX

DO 250 J=1,NG ’
READ(BO?SS) (CT(J,1),1=1,13)
FORMAT (/13F6.1) ‘ : ‘
CONTINPE " .

DO 260 I=1,13

DO 260 J=1,NG

CCO(1,J)=CT(J,1) .

CONTINUE ' \

DO 270 1=1,13 °

é (1)= (EA(1)/RMC)*(CNMR(I)/100 )

NTINUE - ,

/30280J1N

DO 275 I=1,13

co(1,J) CCO(I KNC(J))

CONTINUE

CONTINUE

INTRODUCE WEIGHTING FACTORS

DO 281 1=1,13/

DO 282 J=1,N | - ,
=CO(17J) *WF(I) ’ S St

CONTINUE— | o Ll

C13(I)=C13(I)*WF(I), _ L

CONTINUE LR ‘

IF (COMOP .EQ. 0) GOTO 289 | ~ o

OPTION TO COMBINE BAND 5 AND 6 IN THE C13-NMR SPECTRA v

DO 271 J 1, N : _ a

RNEW(J)=0. o : '

DO 272 1= 5 6 /) :

RNEW(J)= RNEW(J)+CO(I«J) R .

CONTINUE . T e .
CONTINUE - : S C - R

DO 273 J=1,N° . . ... R
CO(I,J)=0.0 v - : .

CONTINUE = . ' PR -) S

' DO 274 .J=1,N "

"CO(5,J)=RNEW(J)

CONTINUE ' o o . , .
C1N5)CW(wﬁm3®) AR - . o e
NKCB=13 . . T S
NCB=NKCB" = - o ' o e

‘DO 830. I=1,NCB - e o
CNT(I)=0 . .~ = e oo e 3
_DO 300:J=1,N * r... | S |

IF(CO(1,d) .NE. 0.07 CNT(I) CNT(I)+1 N
CONTINUE =
IE(CNT(I)-.GT 07 GOTO 330

' bt

'i”} 1B € R 7f’



12=1 .,
13=NCB-1 .

DO 310 K=12,13
po 315 J=1,N _
CO(K,J)=CO(K+1,J)
CONTINUE
C13(K)=C13(K+1)
CONTINUE

NKCB=NCB-1

GOTO 290
CONTINUE

THE OBJECTIVE FUNCTION MATRIX IS SET uP

WRITE(6,400) (KNC(J), J=1 N)

_FORMAT(ZOIS)
WRITE(6,401)

FORMAT(/) Y
DO 410 I=1,NCB

WRITE(6, 415) (co(1, J) J=1,N)

FORMAT(ZOFG 2)

' CONTINUE
- DO 420 I=1,NCB. .
WRITE(6, 425) c13(1),

FORMAT(F10 3)
CONTINUE

. 'M1=MM-M2 :

CALL MAINP(M1 M2,N, NCB RHS,C13,CO,A,EA, KNC)
_STOP. i

END

169
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Suﬁroutine MAINP

This  subroutine addresses the task.of calling other

subroutines used in the optimization procedure. The

~algorithm tor the direct search metﬁod is also i&cluded in
this subroutine. In fhe optimization p;océdufe, first an
optimum solutioq' is ‘ obtained from wOlfé's ‘quadratic
programming algorithmbby calling subroutine “QUAD.,‘Detailed
desctiption of the algorithm is discussed by wolfe (1959). A

brief discussion and modifications to the .algorithm is
-t 3 ) '

presented 1in Appendix A. The optimum solution from Wolfe's
algorithm is tested by the difecf search method. Detatled
‘description"of the algorLthm s given by Luué and Jaackola
(1973).

' Iniv applying _the direct seatch‘ method several-

»

subroutihes are called. These are:
1. AROW

This - subroutine réarranges the rows in the constraint
L : | : &
matrix 'so thHat all the diaYjonal elements. of  the

a
?

dependent variables sub-matrix are non-zero.,
o j , . , '
2. - RANDU n _ ‘ : '\
This is a SSP iibrafy‘syqtém SUbfoutine,which generateé'
.+ random ‘numbers between 0.0 and 1.0..This allows the
independent variables to be determined at random at each
1terat10n. _ R . o ' ,QE;"

S

3, “DECOMP and sonv&,

[ R S av

A These subroutlnes were obta1ned from Forsythe ‘et al.

"f(1967)%‘and use Gau551an e11m1nat1on to solve for the

L
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dependent variables once the independent variables are

determined at éach iteration.
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SUBROUTINE MAINP(M},M2,N,NCB,RHS,C13,CO,A,EA,KNC5

M2
M3

MT
‘N
MM .
-NIN
NCB
R .
‘ER

i

co
c13

EA
RNC -
BOUND

e

GMAX)
MID

RJ

_OOOOOOOGOOOOOOQOOOOOOF{OGOOOOOOﬁﬁﬁﬂﬂﬁﬁﬁh

“

FF,X

®e o0 00 o0 s 00 oo oe se oo

e es oo oo

This subroutine performs the direct #earch
- optimization method and calls subroutines which
perform other optimization algorithms.

Description of ,variables

number of inequality constraints of the
form less than or equal to

number of inequality constraints of the
form greater than or equal to o

number of equality constraints
Jumber of funct1ona1 groups

total number of constraints

number of independent variables

humber of bands in the C13-NMR spectra
random nymber generated by RANDU

size reduction factor for search region
square matrix of the dependent variables
objective function matrix

array conta1n1ng the total concentratlon

- of carbon in eagh band

array conta1n1ng the elemental analyses
array coptaining the group numbers
array def1n1ng the bounds for independent

~variables im- fhe dinect search .method

array containing concentrations yielding
t nimum in the objective function

array defining the center of the feasible
space in the direct search method

Jacobian matrix of the obJectlve function
matrlx

arrays containing. the functlonal group
concentrations

FUN,SMINI ,FUN2,RE” : value of objective function
‘A, AA AO, AOO A02 AAO : arrays for the constraint

matrix coefficients

- B,BB,BBB, BBO B3*RHS'. arrays containing the r1ght

hand sid€ of constralnts

REAL ‘A (120, 120),AA(120, 120) ,A00(120,120) -

Y.y REAL AO(120 120) A02(120 120) AAO(120 120) .
-~ REAL RHs(rQO) B(120) BB(120) BBB(120) BBO(120) .
. REAL Co0of120, 120) c13(120) CB(120) RJ(12O 120) - .
REAL GMAX(120) FF(120) x(120) MID(120) BOUND(!ZO)
"REAL EA(S), B3(120) c(1zo 120) s N

-INTEGER KNC(120) IPVT(120? CLh e
" 'REAL WORK(120) ~ v - ¢ e
‘ ' REAL COND,CONDP1 . °
. (: . - ) - . .
. - NDIM=7120" .
¢ . LL: :';

M3=0 .

]

- g . . . . . . . R
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MM=M1+M2+M3
NIN=N-M1

SAVE THE CONSTRAINT MATRIX AND THE 'RIGHT HAND SIDE
VECTOR FOR LATER USE. i
DO 9 I=1,MM ~ , : .
© DO 9 J=1,NN )
9 T AAO(I,J)=A(I,J)
" DO 78 I=1,MM
B(I)=RHS(I) ,
BB(I)=B(1) . )
BBO(1)=B(1I) .
BBB(I)#B(I)"
DO 79 J=1,NN’
: AO(1,Jd) A(I J)
79 CONTINUE .
78 - CONTINUE -
DO 69 I=1,MM | - Lo &
DO 69 J=1,N :
“AA(I,J)=A(1,d) - y
69 ’CONTINUE ‘ '

o : '
o OBTAIN THE OPTIMUM SOLUTION USING THE QUADRATIC
C ~ PROGRAMMING" ALGORITHM
s . _ .
" CALL QUAD(A} co,C13,B, N NCB,M1, M2 M3,X,FUN, KNC%
% I1L=0 . ? i
Cc ‘ ?\' o .
C. STOP IF NO FURTHER. CHECK BY THE DIRECT SEARCH °
C OR MARQUARDT ALGORITHM IS REQUIRED :
C :-
- IF(IL .EQ. 0) STOP ‘ .
IEVAL=0 * . ‘ . o o
1X= 999 : - ’

AS THE - INITIAL VALUES FOR THE DIRECT SEARCH METHOD

DO 298 J=1,NN

MID -x(J | S
=X T
GMAx(J)- D(J) T T

298 CONTINUE o | :
| . ,

'REARRANGE .THE CONSTRAINTS S0 NO DIAGONAL
| ELEMENTS ARE ZERO . o R

Y

CALL AROW(AO BB, NDIM N M1, M2;M3 c) E S"

USE DECOMP TO DECOMPOSE THE DEPENDENT SUBMATRIX c,
..BY GAUSSIAN ELIMINATION USE SOLVE TO COMPUTE THE
DEPENDENT’VARIABLES WHEN THE INDEPENDENT VARI&BLES
ARE DETERMINBD . : o . SRR

>

' USE RESULTS FROM THE QUADRATIC PROGRAMMING ALGORITHM '



‘4

. 'IE(FF(J) .LT. 0.0) GOTO 3@1,
301 Ty

'Do 385 1-1 M ; 3."',5~ '1T: S

l:CALL SOLVE TO COMPUTE DEPENDENT VARIABLES

QCALLJDECOMP(NDIM MM,C,COND, IPVT, WORK)

CONDP 1=COND+1

IF(CONDP1 .EQ. COND) WRITE(6,4)

JFORMAT('MATRIX C IS SINGULAR TO WORKING PRECISION )

| le(CONDPI .EQ. COND) STOP.

SAVE THE REARRANGED' CONSTRAINT MATRIX AND THE RIGHT

HAND SIDE VECTOR (FROM AROW) FOR LATER USE.

DO 128 1-1 MM
BBBf{J )= BB(I)

. DO 129 J=1,NN

Abo(I,J)=Ao(I,J)
A02(1,J)=A0(1,J)

‘CONTJNUE

Q9NT1NUE : ' Y

‘ESTABLISH BOUNDS ON INDEPéNDENT VARIABLES

DO. 290 J=1,N1ﬁ | |
IF(AAO(1,J) .EQ. 0) BOUND(J)=EA(39/RM0
IF(AZ0(1,J) :EQ. 0) GOTO 290

BOUND(J)= BBO(1)/(AAO(1 J))

CONTINUE ‘ : , o L

SMINI=FUN - . - ‘ "
.L'L=1r ’ ’ [ . . '.

_ EP=0.05 T : -

",MINIMIZATION ROUTINE BY DIRECT SEARCH | FARN

DO 380 L=, G50
DO 381 K=1,200 ~ o P
DO 301 J=§,NIN L T

" CALL . RANDU(IX IY,R) o S
TX=1IY - L rw\

FF(J)~MID(J)+(R 0 5)*BOUNDIU)*2v

,CONTINUE ' T .
. * PO |

INDEPENDENT VARIABLES HAvE ‘BEEN DETERMINED SRR

P
',.‘3‘

B(I)= BBB(I)
DO {390 'J=1,NIN - I
‘B(})=B(1)- FF(J)*AO2(I J) e

’}.Co TINUE: - o . e e
-,C_NTINUE > 7_~; ,' _e;f3”; ,ﬂ”, e

- N R
-F C R )

1%
CALL SOLVE(NDIM Mﬁ C, B IPVT)

(DO 408 dsi M T P

bgb»FF(J+NIN) B(J) '7_f. ST

."

174
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409 CONTINUE
NIN1=NIN+1
DO 410 J=NIN1,NN
IF (FF(J) .LT. 0 0) GOTO 381
410 CONTINUE
IL=IL+1 TN

MINIMI ZATION FUNCTION SHOULD BE EVALUATED HERE

N Yo XaXaNal

. DO 3025 I<1,NCB =
CB(I1)=C13(I). .
DO 3026 J=1,N
IF(CO(I,J) .EQ. 0.0) GOTO 3026
CB(1)= CB(I) co(1, J)*FF(J) :
> 3026 CONTINUE ‘ ' .
CB(I)=CB(I)*%2 ’ .
3025 CONTINUE \ . oo o
FUN2=0.0 ' N R . *o"
DO 3027 I=1,NCB S .
FUN2=FUN2+CB(1)
3027 CONTINUE . ~
& FUN=FUN2 . ;
IF(FUN ,GT. SMINI) GOTO 381 SO
SMINI=FUN ‘
, DO 415 J=1,NN - . = : )
A GMAX(J)=FF(J) S s e . e
415 CONTINUE o b
381 CONTINUE -

4
- g

. DO 420 J=1,NIN ‘ - A
- . MID(J)=GMAX(J) = . o : , [
.-420 CONTINUE S /
¢ 3 IEVAL=IEVAL*IL

-.421 1L= o :

C
C RLT (L/10) LL : ; IR
C - 1F(RLT) 379, 52 379 S L
G52 LL=LL+1 . S - Lo
- ¢ . WRITE(6, 53) SMINI L T .
© €53 FORMAT(E12 5,5%, 13)_ ‘ P S
o t;»ﬁ DO 43,J=1,NN . : . L B
€y WRITE(6 44) J, GMAX(J) e
.+, C43% CONTINUE - - - ' IO -
c44 ..FORMAT{"' X',RZ =',F12.5) . S
379:-'DO" 425 .J=1, NIN : ST e ey
~.BOUND{J)=(1.0- EP)*BOUND(J) LS RTINS
_,-425 "CONTINUE @ . iy _ s LT PR
';380 CONTINUE = = . o el T
: _IF(IEVAL .EQ. 0) GOTO 430A T E D
- GOTO 435 . : . ST e
" 430 WR}T3(6,431),, ~;g; T

A




o

Laaaa

431

435

438
440

441

.

FORMAT( NO FURTHER IMPROVEMENT BY DIRECT SEARCH' )

STOP
DO 440 J=1,NN
X(J)=GMAZ(J) :

IF(J .NE. N+1) GOTO 4351

* WRITE(6, 4352) ‘
4352 FORMAT(/ 'SLACK VARIABLES',/)
4351 WRITE(6,438) KNC(J) GMAX(J) t

e

FORMAT('X'13,'=" F12 5) -« & : .
CONTINUE . o T )
"WRITE(6,441) SMINI ' ‘ rre . o
FORMAT(/ F12.5;/) ~ T

‘
USE MARQUARDT ALGORITHM FOR FURTHER CHECK. THE
INITIAL SOLUTION 1S THAT FROM THE DIRECT SEARCH.

9323 CALL JACC(AOO X, CO 013 RJ, BB B3 MM,NIN,NCB)

RF=SMINI

. CALL MARQ(X,C,C13, RJ BBB AOZ IPVT, NDIM N,M1, NCB NIN

$,RF ,M2,M3, ch)
STOP.
END

176
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SUBROUTINE,QUAD(AA,CO;C13,B,N,NCB,MI,M2,M3,X,FUN,KNC)

This subroutine'contains Wolfe's algorithm.
The -algorithm is briefly explained in Appendix A.
For more details see the reference (Wolfe, 1959),.

Description of variables

M1
. M2

M3 :
N :
NCB
FUN
KNC

oo as oo

"CO
Cc13

se e

CB :

AA
AAT
. A
P

c

BIRH.S':
KROW :
KC
B> aantiR

e

DD

5D -
AS

: number of equality constraints
:" number of inequality constraints ({< or

Hon
~

number of inequality constraints { > or

number of functional .groups

number of bands in C13-NMR spectra

value of the objectlve function

array. contalnlng ‘the group number of the
functional groups

objective function matrix
right hand side wvector of the objective
functional equations

sum of squares of the objectlve function
equations

’

: constralnt matrix

transpose of AA .

tableau for quadratic programming

vector defining the linear part of the
objective function

matrix defining the quadratic part of the
objective function °

right hand side vector of the constralnts
row number for “key row . P
column number for key column T
array for storing the sum of column entries
used” in determining the key column

array for storing D corresponding to the key
column i :

array for storing D

tarray for storing entries of the key column

Q,00,RATIO: ratio of the r1ght hand side to the key

" RMU
RRMU
X
XT

BNDX :
IFLAG:
WO .:

20 |

"PVT -
_KKC

column entries to determ1ne the key row

value of MU in.phase~I1Il
arrdy for storrgg-thb latest 3 values of RMU

fungtional group concentrations

.a*ray for storing the latest 3 functional

“group concentrations in phase, II]
array contaxnlng the index for baSic varlables
flag for using modified version of phase 1
sum of artificial variables W to be
mi®imized in phase I°
sum of artificial variables Z* to be
‘ ‘minimized in phase 11
p1vot element
array for storing the column-numbers of two
scolumns which provide the same 1mprovement
to the obgect1ve functlon in phase 1

Y
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000

70

40
30
20

60
50
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KT : array used to identify basic 21 and Z2
variables at the end of phase I

REAL A(120,120),AA(120,120),AAT(120,120),RHS(120)
REAL D(120),DD(120),AS(120,120),X(120),B(120)
REAL P(120),C(120,120) .

REAL SAVE(120,'120),W(2) \

REAL S$D(120),RATIO(120) N

REAL RRMU(3),XT(3,120) - -

REAL. C13(120),CB(120),C0(120,120)

INT@GER KKC(2) BNDX(120) KT(120) KNC(120)

TOL=0.002
TOLD=-0.0001
IFLAG=0
M=M1
MM=M+M2+M3
NN=N+M2+M3
KC=0

DEFINE MATRIX C AND VECTOR P TO SET UP THE
INI'TIAL TABLEAU

DO 1 J=1,NN *
P(J)=0.0 , ‘ 7 - »
CONTINUE ‘ .

DO 3 I=1,N

DO 3 J=1,N

c(1,J)=0.0

CONTINUE , -
DO 20 J=1,N ’ -

DO 30 K=1,N

DO 40 I=1,NCB
C(J,K)=C(J,K)+(2.%(CO(1,J)*CO(I,K)))
CONTINUE

CONTINUE
CONTINUE
DO 50 J=1,N
DO 60 I=1,NCB "
P(J)=P(J)-(2.*%(C13(1)*CO(I, J)))

CONTINUE

CONTINUE

N2=MM+N

N3=MM+(2%N) +M2+M3 :

N4=MM+ (3%N)+M2+M3 ' : :

« N5=MM+(4%N)+M2+M3

KK= (4*N)+M2+M3+(2*MM)+1
MM2=MM+1 :

SET UP THE. INITIAL TABLEAU FOR PHASE I
DO 75 I=1,N2 _ ; S ,

RHS(1)=0.0
DO 76 J=1,KK



76l

b

90
80

91
93

92
96

95

105
100

125
120

126

128
127

129

(1,3)=0.0
<CONTINUE

75,455 CONTINUE
Qp

DO 80 I=1,MM

. RHS(I)=B(I)

DO 90 J=1,N
A(I,J)=AA(1,J)

IF(1 .EQ. J) A(I,J+NN)=1.9,

CONTINUE

. CONTINUE

IF(M2 .EQ. G) GOTO 93
DO 91 I=1,M2. :

A(I+M, I+N)—1 0

-

CONTINUE
IF(M3 .EQ. 0) GOTO 96
DO 92 I=1,M3
A(I+M+M2,I+N+M2)=-1,
CONTINUE :

DO 95 I=1,N

DO 95 J=1,MM

AAT(I,J) AA(J I)
CONTINUE

DO 100 I=MM2,N2 |
12=1-MM
A(I,KK)=P(1-MM)

DO 105 J=1,N .
A(I,J)=C(1I-MM,J)

IF(IZ LEQ. J) A(1, J+N2+M2+M3)-1
CIF(I1I2 .EQ. J) A(I,J+N3)=-1,

IF(12 .EQ. J) A(I, J+N4)'-1.0

CONTINUE
CONTINUE

DO 120 I=MM2,N2

DO 125 J=1, MM :
A(I,J+NS)= AAT(I -MM, J)
CONTINUE

CONTINUE .

DO 126 I=1,N2

DO 126 J=1,MM
SAVE(J,I)}=A(I,J+NN)
CONTINUE

" NN1=NN+1

NN3=3%*N+M2+M3

DO 127 I=1,N2

DO 128 J=NN1,N4
A(I,J)=A(1,J+MM)
CONTINUE

CONTINUE

DO 129 I=1,N2

DO 129 J=1,MM .
A(I,J+NN3)=SAVE(J,I)
CONTINUE _

DO 130 I=1,MM
BNDX(I)=NN3+I

2179
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130 CONTINUE 4 ‘ I
DO 13 1I=1,N : ‘ .
BNDX{I1+MM)=NN+1

132 CONTINUE -

C DO 135 I=1,N2 ,

WRITE(6,136) (A(I,J),J=1,KK).

1%5 CONTINUE ,

6 FORMAT(25F9.3) ‘

'THE INITIAL TABLEAU IS SET UP, PHASE I .
BEGINS HERE. CHECK TO SEE IF A FEASIBLE -
SOLUTION EXITS AND PROCEED WITH THE ITERATIVE,

PROCEDURE.

nNONNANONA

DO 150 J=1,KK
D(3)=0.0
DO 160 I=1,MM
D(J)=D(J)- A(I J)
2160 CONTINUE ‘
150 . CONTINUE ' .
W0=0.0 .
. DO 170 1=1,MM
WO=WO-RHS(I) B
170 CONTINUE

O

IF(KC .GT. 0) GOTO 205
IT=0

A MODIFICATION TO PHASE I OF THE ALGORITHM WOULD
~ BE TO FORCE W'S OUT OF THE INITIAL BASIS.
THIS AND THE SUBSEQUENT PROCEDURE IN PHASE 1II
MAY RESULT IN VIOLATIONS IN THE SIGN RESTRICTION
. HOWEVER, THESE VIOLATIONS WOULD BE DEALT WITH IN.
PHASE III BEFORE A SOLUTYON IS OBTAINED., FOR THIS
METHOD (SET IFLAG TO 1), AT EACH STEP THE KEY ROW
WOULD CORRESPOND TO A "W" REMAINING IN THE BASIS.

OO0O0O0O0O0000O0Nnn -

IF(IFLAG .EQ. 1) IW=0 .
IF(IFLAG .EQ. 0) IW-1000

ITERATIVE PROCEDURE FOR PHASE 1 STARTS HERE. '
_ ' DETERMINE KEY COLUMN AND KEY ROW. : '
C , ~ '

1000 10=0 : ,

C DO 171 I=1,N2 ‘

C171°* WRITE(6,172) (A(I,J),J=1,KK)

C172 FORMAT(25F9.3)

e X2Ye)

~C  WRITE(6,173)(D(J),J=1,KK)
C173 FORMAT(/,25F9.3 /)
¢ DO 176 1=1,N2
C WRITE(6,177) RHS(I)

C176 CONTINUE | - o
C177 FORMAT(F10.4) . | e



C

OO0

OO0 0n0n

174

182
180

190
191

192 .

850

855

880

755
750

WRITE(6,174) WO .
FORMAT(/,F10.3,/)

DO 180 J=1,NN3

IF(D(J) .LT. TOLD) GOTO 182

"GOTO 180

10=10+1

CONTINUE

IF(IW .LT. MM) GOTO 850

IF(IO .GT. 0) GOTO 850

IF(IO .EQ. 0) GOTO 1100

IF(WO .GT. 0.0) GOTO 190

GOTO 192

WRITE(6,191)

FORMAT('NO FEASIBLE SOLUTION')

STOP 4 .
IF(WO .EQ. 0.0) GOTO 1100 . .

DETERMINE PIVOT ELEMENT

IW=IW+1
IF(IW .GT. MM) GOTO 880 ,
KROW=1W

KC=0

VLST=10000.0

DO 855 J=1,NN
IF(A(KROW,J) .EQ. 0.0) GOTOQ 855 * >
IF(D(J) .LT. VLST) KC=g '

IF(D(J) .LT. VLST) VLST=D(J)

CONTINUE :

-

.GOTO 205

KS=NN
IK=0 -

NS=NN3 ‘ -

DO 750 J=1,NN

IF(D(J) .LT. TOLD) GOTO 755 |

GOTO 750 . . ‘ , = A
IK=IK+1 »
CONTINUE

IF(IK -EQ. 0) GOTO 950 o

IF TWO VARIABLES PROVIDE THE SAME CHANGE IN THE
SUM OF INFEASIBILITIES, THEN A MAIN VARIABLE IS
CHOSEN OVER AN ARTIFICIAL VARIABLE TO ENTER THE

DO 790 K=1,2

"YLST=0.0

KC=0

"DO 760 J=1, KS

IF(D(J) GE 0.0) GOTO 760
IF(D(J) .GT. VLST) GOTO 760

- VLST= D(J)
‘KC=J

181



182

. KKC(K)=KC
760 -CONTiNUE
KROW=0
ST=1000.0
COUNT=0
DO 770:1=1,N2
IF(A(I,KC)) 770,770,774
774 Q=RHS(I)/A(I,KC) R
COUNT=COUNT+1
IF(Q-ST) 778,770,770
778 ST=Q . s
"~ KROW=I C s
770 CONTINUE
IF(COUNT “EQ. 0) GOTO 780
GOTO 785 :
780 IF(K .EQ. 1) GOTO 950
‘ WRITE(6 781)
781 FORMAT('UNBOUND SOLUTION')
STOP = .
785 PVT=A(KROW,KC)
W(K)=WO- ((D(KC)*RHS (KROW) ) /PVT)
co KS=NN3
- 790 CONTINUE : : .
IF(KKC(1) .EQ. KKC(2)) GOTO 950 ° T
IF(W(1) .GE. W(2)) NS=NN o
950 VLST=0.0 )
KC=0 : .
DO 200 J=t1, NS ' ‘
IF(D(J) .GE. 0.0) GOTO 200
IF(D(J). .GT. VLST) GOTO 200
VLST=D(J)
KC=J
200 CONTINUE

205 DO 210 I=1,N2
AS{I,KC)=A(I,KC)
- DD(KC)=D(KC)
210 CONTINUE -
IF{IW .LE. MM) GOTO 233
DO 211 1=1,N2 -
SD(1)=A(1I, xc)
211  CONTINUE
- KROW=0

e

@12 ST=1000.0 - -

COUNT=0
DO 220 I=1,N2 . :
- IF(A(1, KC)) 220,220,215
215 Q=RHS(I)/A(1,KC)
| '~ COUNT=COUNT+1
- IF(Q-ST) 218,220,220 - "= .- .,
218 ST=Q ~
" KROW=1
220 - CONTINUE :
DO 224 I=1,N2 .



224
225
223
230

233

naan

240

1245
246

250

260

280
270

290

1100

1110

B 183

A(I,KC)=SD(I)
CONTINUE ' .
IF(COUNT .EQ. 0) GOTO 225

' GOTO 230

WRITE(6,223) ‘
FORMAT( ' UNBOUND 'SOLUTION') '
STOP

CONTINUE

PVT=A (KROW, KC)
BNDX (KROW) =KC

i 1

~ PIVOT ELEMENT IS DETERMINED, TRANSFORM THE:TABLEAU.

RHS (KROW) = RHS(&ROW)/PVT

DO 240 1=1,N2

IF(I - .EQ. KROW) GOTO 240
RHS (I )=RHS(I)-A(I’,KC)*RHS (KROW)
CONTINUE

WO=WO- D(KC)*RHS(KROW)

IF(ABS(WO) .LE. TOL) GOTO 245
GOTO 246 :
WO=0.0

CONTINUE

DO. 250 J=1,KK
A(RROW,J)=A(KROW,J)/PVT

2

_CONTINUE
‘DO 260 J=1,KK -
B8(J3)=D(J)- DD(KC)*A(KROW J) \

IF(ABSAD(J)) .LE. TOL) D(J) 0.0
CONTINUE -

DO 270 1=1,N2 .

IF(I .EQ. KROW) GOTO 270 .

DO 280 J=1,KK
A(I,J)=A(I,J)-A(KROW, J)*AS(I KC)

' CONTINUE

CONTINUE

DO 290 J=1,KK
DO 290 I=1,N2

XX=A(1,J) \
IF(ABS(XX) .GT. TOL) GOTO 290
A(1,J3)=0.0 . S
CONTINUE"

IT=IT+1

GoTO 1000 .. . ..

JK=NN+1
JK2=N*3+M2+M3

KJZ=0

DO 1105 J=JK,JK2

DO 1110 I=1, N2 - ‘
IF(BNDX(I1) .EQ.. J) KJZ=KJ2+1

'CONTINUE



RLEU

1105

1125

1120
1150

310
305
300

C320
325

LOO0000

CONTINUE
IF(KJZ .LE. N) GOTO 1150
JK=N#4+MM+ 1+M2+M3 ‘

JK2=N*4+MM+MM+M2+M3

DO 1120 J=JK,JK2

DO 1125 I=1,N2’ u
IF(BNDX(I) .EQ. J) 60TO 1120
CONTINUE , '

"RC=4

GOTO 70
CONTINUE -
DO 300 J=1,NN

,DO 305 I=1,N2

IF(J .EQ. BNDX(I)), GOTO" 310
GOTO 305

.X(J)=RHS(I)

GOTO 300
CONTINUE ,
X(J3)=0.0
CONTINUE

DO 320 J=1,NN
WRITE(6,325) X(J)
CONTINUE
FORMAT(F10.4)

]

END OF PHASE I.

PROCEED BY OBTAINING THE INITIAL TABLEAU FOR .

PHASE II.

N2Z=NN+N
DO 400 J=NN1,NN3
KT(J)=0

" DO-405 I=1,N2°

406
405

- 400

IF(A(1,J) .NE. 0.0) GOTO 406

GOTO 405

KT(J)=KT(J)+1 .
CONTINUE _ - - , .
CONTINUE - : ‘

- KP=1

407

N1Z=NN+N’ . ‘
DO 410 J=NN1,NN3 g )

"IF(KT(J) .GT. 1) GOTO 410

DO-407 I=1,N2
IF(A(1I,J) *.EQ.  0.0) GOTO 407
IF(A(I,J) .EQ. 1.0) KI=I

IF(A(I,J) .EQ. 1.0) GOTO 408

CONTINUE

- GOTO 410 -

- 408

409
410

‘DO 409 I=1,N2

A(I,NN+KP)=0.0

IF(I ,EQ. KI) A(I, NN+KP)=1.0
CONTINUE

KP=KP+1,

CONTINUE ‘ .

LY

. 184



425
420

421

C430

C435 -

' C438
Cc439

442
441

490

NZ=KP-1

G

NZ 1=NN+NZ+1 o
NZ2=(2%N)-NZ+MM s,
NK=NN3+MM+1 o
DO 420 J=NK,KK
DO 425 1=1,N2
A(I,J-N22)=A(1,J)
CONTINUE '
CONTINUE

21 I=1,N2

F( NDX(I) .GT. N5) BNDX(I)= BNDx(I)—(z*N—Né)—MMA

NTINUE
" KK2=NN+NZ+N+MM+1 -

DO 430 I=1,N2

WRITE(6, 435) (a(1, J) J=1 xxz)
FORMAT(14F6 2)

DO 438 I=1,N2

WRITE(6,439) RMS(1)

CONTINUE

FORMAT(F6.2) .

NNZ=NN+NZ :

DO 441 J=1,NNZ

KT(J)=0

DO 442 1=1,N2° _ A
IF(A(1I,J) .EQ. 0.0) GOTO 442
KT{(J)=KT(J)+1

CONTINUE -

CONTINUE

DO 443 J=1,NNZ

IF(KT(J) .NE. 1) GOTO 443

DO 444 1=1,N2 ¢

IF(A(1,J) .EQ. 0.0) GOTO 444
BNDX(1I)=J ‘ —.

CONTINUE

CONTINUE

© DO 440 I=1,N2
‘WMTM644M BNDX (1)

FORMAT(IS)
INITIAL TABLEAU FOR PHASE II IS OBTAINED.

PHASE II BEGINS NOW

NNZ=NN+NZ

ZIN2=2*N+NZ+M2+M3+M
KK= N*2+NZ+MM+M2+M3
KKM=KK+1 . {

, 20= 0.0

DO 490 I=1, N2 : ‘
IF(BNDX(I) .LE. NN) GOTO 490
IF(BNDX(I) .GT. NNZ) GOTO 490
Z0=Z0-RHS(1I)

CONTINUE



505

510

509
- 508

(pXeXe]

500
C
c511
. C512
C
K€513
C
C514

DO 510 J=1,KKM

D(J)=0.0 .

DO 505 I=1,N2

IF(BNDX(I) .LE. NN)_.GOTO 505

IF(BNDX(I) .GT. NNZ) GOTO 505
D(J)=D(J)—A(1,J) ' ~
CONTINUE __ ' .
CONTINUE

DO 508 J=1,NNZ

DO 509 I=1,N2 _

IF(BNDX(I) .EQ. J) D(J)=0.0 , R
CONTINUE | '
CONTINUE .

NU1=NN+N+NZ+1
NU2=NN+N+NZ+MM

IT2=0
START THE ITERATIVE PROCEDURE FOR PHASE II.

10=0
DO 511 I=1,N2
WRITB(6, 512) (A(1,3),3=1,KKM)
FORMAT(25F9 3) -
E(6,513) (D(J),d=1,KKM)
FO T(/ 25F9.3,/)
DO/ 514 I=1,N2
WRITE(6, 515) RHS(1)

C515—F0 T(F10 4)

C
C516
C
c.

522
520

525

526 -
-~ 530

[2¥sXe)

550

565 -

WR TE(G 516) Z0
FO (/,F10.4 /)

DO 520 J=1,KK =~
IF(D(J) LT TOLD) GOTO 522
GOTO 520

I10=10+1 "

CONTINUE :

IF(I0 .GT. 0) GOTO 550

“IF(I0 .EQ. 0) GOTO 680 .
' IF(2ZO0 .GT. 0.0) GOTO 625 . ~ .

GOTO" 530

"WRITE(6,526)"
‘FORMAT( ' NO- FEASIBLE SOLUTION )’

‘STOP

IF(ZO -EQ. 0. 0) GOTO 680
DETERMINE KEY COLUMN e
DO 585 J=1,KKM’ |

SD(3)=D(J)
CONTINUE -

¥ - v
-

O
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/5010 CONTINUE
7 DO 5020 I=1,N2

¥ eNe e e NeXeNeNe

7

187

566 VLST=0.0

560

561

563

564
565

KC=0 : :
DO 560 J=1,KK
IF(D(J) .GE. 0.0) GOTO 560

“IF(D(J) .GT. VLST) GOTO 560
VLST=D(J)

KC=J .
CONTINUE
IF(KC .EQ. 0) GOTO 1800

- DETERMINE KEYROW

WHEN TWO VARIABLES ARE INVOLVED IN A TIE IN
CHOOSING THE KEY ROW, THEN THE KEY ROW IS
DETERMINED SUCH THAT THE LEAVING BASIC VARIABLE
1S AN ARTIFICIAL VARIABLE RATHER THAN A MAIN .

. VARIABLE.'

‘KROW=0 . o ¥
- §T=1000.0 "

'COUNT=0

DO 565 I=1,N2

IF(A(I, xc)) 565, 565 563
QfRHs(I)/A(I xc)
COUNT=COUNT+1

IF(Q-ST) 564 565,565 -
ST=Q - :

. KROW=1
/CONTINUE

/" IF (BNDX(KROW) .LE. NN) GOTO 5000

GOTO 5005

| 5060 DQ 5010 I=1,N2

Ie¥eXeNeNe

/

TIO(I)=-1.0

IF(A(I,KC) .EQ. 0.0) GOTO 5010

IF(A(I, "KC) .LT. 0.0) GOTO 5010 °
RATIO(I)=RHS(I)/A(I,KC)

IF(RATIO(I) -, LT. 0.0) GOTO 5020 .-
IF(I .EQ. KROW) GOTO 5020

IF(RATIO(I) EQ RATIO(KROW)) GOTO 5025
GOTO 5020 :

5025 IF(BNDX(I) .GT. NN) KRQW 1

- 570

5005 IF(KC .LE. NN) GOTO 570 .

. 5020 CONTINUE

-

CHECK FOR CONDITION 2 OF PHASE i;

poo - - . a

IF(KC .LE..NNZ) GOTO 590. :
"IF(KC .GT. ' ZN2) GOTO 587 o
IF(KC .GT. NN) GOTO 580 “

"IF(KC .GT. N) GOTO 576



ey

575

576

5717
580

. 585

. 587

588

590

Y

p

605

PP N
P

592
594

596
598

600

KJ=KC+NZ+NN
DO 575 I=1,N2

IF (BNDX(I) .EQ.
IF(BNDX(I) .EQ.
 CONTINUE ..

GOTO .590 .

KJI=KC+NZ+NN+M'

DO 577 I=1,N2

IF(BNDX(I) .EQ.
IF(BNDX(I) .EQ.
CONTINUE

GoTo 590
KJ=KC-NN-NZ-

DO 585 I=1,N2

IF(BNDX(I) .EQ.
IF(BNDX(I) .EQ.
CONTINUE
GOTO 590

‘KIJ=KC-NZ-NN-M
DO 588 1=1,N2

IF(BNDX(I) .EQ.
IF(BNDX(I) .EQ.
"CONTINUE :
GOTO 590 _ -

KJ) D(KC)=10000.0
KJ) GOTO 556

ArAs

”

&

KJ) D(KC)=10000.0

-KJ) GOTO 556

KJ) D(KC)=10000.0
KJ)~ GOTO . 556

KJ) D(KC)=10000.0
KJ) GOTO 556

IF (COUNT EQ 0) GOTO 592

GOTO 596
WRITE(6,594)

FORMAT ( ' UNBOUND SOLUTION )

STOP
CONTINUE

DO 598 J=1,KKM’
D(J)=sD(J)

CONTINUE ™
. DO 600 I=1,N2
"AS(I,KC)=A(I,KC)

CONTINUE

- DD(KC)=D(KC)

PVT=A(KROW,KC)

BNDX (KROW) =KC

|
|

I

i

. TRANSFORM rus TABLEAU

- DO 610 J=1

IF(I-,

3 Qe

DO 605 I=1,N2°

'RHS (KROW) = RHS(KROW)/PVT o

| .EQ. KROW) GOTO 605
;RHS(I) =RHS(I)-A(I, KC)*RHS(KROW)
.CONTINUE

20=20-D( ci#hns(xnow)

IF(ABS(Z ) .LE.
KKM

TOL) ZO 0.0

b

188



A(KROW,J)=A(KROW,J) /PVT ‘ T
610 CONTINUE . .
DO 615 J=1,KKM ‘
"D(J)=D(J)-DD(KC)*A(KROW,J) . _ '
IF(ABS(D(J)) .LE. TOL) D(J)=0.0 =~ & o
615 CONTINUE - : . ¢ ‘ -
DO 620 I=1,N2 - :
IF(I .EQ. KROW) GOTO 620
DO 625 J=1,KKM ®
A(1,J3)=A(1, T3)- A(KROW J)*AS(I KC)
625 CONTINUE ,
620 CONTINUE

DO 630 J=1,KKM e Q -
DO 630 I=1,N2 ‘ - : .

o XX=a(1,J)

o IF(ABS(XX) .GT. TOL) GOTO 630

f a(1,J3)=0.0 . . - .

630 CONTINUE

N \IT2 IT2+1
spr 500

MODIFICATION FOR PHASE II- TO AVOID TERMINATION
FOR DETAILS SEE APPENDIX A E

oo Xe!

1800 DO \802 J=1,KKM S R
D(J)=sD(J) o ’ -
1802 CONTINUE -~ * . - S ” e .

- NNZ1=NN+1 L :
NNZ2=NN+NZ co .
NV1=NN+NZ+1 X ) . o &
KU=NN+NZ+N+M ' :

. DO 1900 JJ=NNZ1,NNZ2 |
. . DO-1805 II=1,N2 - '
IF(BNDX(II) . .EQ. JJ) GOTO 1820
\ 1805 CONTINUE | :
. ."w " GOTO 1900 L T - - : b
" 1820 “KROW=I1 . “ = S » L R

DO 1821J=1,KKM"
-SD,(J')=’£>93) I 0 D
* 1821 CONTINUE e S

1822 KC=0 ;
. VLST= 10000 0
DO .1830 K=1,NU2

i . IF(K “LE. NN) GOTO 1831 [ R
&L IF(K ".GT. NNZ2) GOTO 1831 . T
' 'GOTO 1830 - R %
1831 IF(ABS(A(KROW KJ%' LE. TOL) GOTO 1830 o
" IF(D(K) .LT. VLST) KC=K - i O
IF(D(K) LT, VLST) VLST-D(K) RN U
183Q CONTINUE - ° T T
IF(KC .LE. KU) GOTO 1832 SRS T .
- . "KJ=KC-NZ-NN-M = g
v+~ DO 1826 I=1,N2 o L

aY

%;é;f;_;‘ld



>
C
C

C_

1826
1832

IF(BNDX(I) .EQ. KJ) D(KC)=20000.0
IF(BNDX(I) .EQ. KJ) GOTO 1822
CONTINUE

GOTO. 1836

IF(KC .GE. NU1) GOTO 1836

IF(KC .LE. NN) GOTO 8341

" KJ=KC-NN-NZ

1834

8341

8342

8345

8346-
1836

1833"

1835

1840

[

N TRANQFORM THE. TABLEAU

DO 1834 1=1,N2
IF(BNDX¥®) .EQ. KJ) D(KC)=20000.0
IF(BNDX(I) .EQ. KJ) GOTO 1822
CONTINUE

GOTO 1836

IF(KC .LE. N) GOTO 8345
KJ=KC+NZ+M+NN

DO 8342 1=1,N2

IF(BNDX(1) .EQ. KJ) D(KC)=20000.0
IF(BNDX(I) .EQ. KJ) £&OTO 1822
CONTINUE

GOTO 1836

KJ=KC+NN+NZ

DO 8346 I=1,N2

IF(BNDX(I) .EQ. KJ) D(KC)=2 000 0
IF(BNDX(I) .EQ. KJ) GOTO
‘CONTINUE ' :

,DO 1833 J=1,KKM . S
D(U) spD(Jy - Co - -
CONTINUE‘ : o o

DO 1835 I=1, N2 °

AS(I,KC)= A(I KC) -

CONTINUE ‘ = - :
DD(KC)=D(KC) _ L

" PVT=A{KROW,KC) .
BNDx(KRow) KC

RHS { KROW) = RHS(KROW)/PVT

DO 1840 1=1,N2 ‘ ©
I'F(I .EQ. KROW) GOTO 1840 (
RHS(I) RHS(1)-A(1, KC)*RHS(KROW)
CONTINUE

20=20- D(KC)*RHS(KROW)
IF{(xBS(z0Y .LE. TOL) 20=0.0

. DO 1845 J=1,KKM

1845,

Lo

A(KROW, J)= A(KROW J)/PVT
CONTINUE .

DO 1850 J=1,KKM .
D(J)=D€J)*DD(KC)*A(KROV J)

.0 L IF(ABS(D()) .LE.NTOL) D(J)= =0.0
1850 T

CONTINUE |
DO 1860 ‘I=1N2 -
IF(I .EQ. KROW). ‘Eo'ro 1860
g@ 1865 0= 1; KiH

¢ - ) B

190



1865

+ 1860

C

_C

c

‘¢
C

C

A(1,J)=A(I,J)-A(KROW,J)*AS(I,KC)
CONTINUE
CONTINUE

DO 1870 J=1,KKM
DO 1870 I=1,N2 ‘ .
XX=A(I,J)

" IF(ABS(XX) .GT. TOL)‘GOTO 1870

1870.

1871
1872

1873

1874
1875

1876

1900
680

698+«

- 695

' C

690

657

€699

> XoNe N

A(I,J)=0.0

CONTINUE ]

DO 1871 I=1,N2 g g
WRITE(6,1872) (A(I,J),J=1,KKM)
FORMA§§25F9.3)

WRITE(6,1873) (D(J),J=1,KKM)
FORMAT(/,24F9.3,/) :

DO 1874 1=1,N2

"WRITE(6,1875) RHS(I)

FORMAT(F10.4)
WRITE(6,1876) 20
FORMAT(/,F10.5,/)
CONTINUE

DO 690 J=1,NN

DO 695 I=1,N2

IF(J .EQ. BNDX(1)) GOTO. 698
GOTO 695 .
X(J)=RHS(I)

GOTO 690

CONTINUE

X(J)=0.0

CONTINUE

DO 697 J=1,NN
WRITE(6,699) X(J)
CONTINUE

' FORMAT(F10.4)

\

* END OF  PHASE 11

f PROCEED TO OBTAIN THE INITIAL TABLEAU FOR PHASE I11.

. NN2=2#N+M24M3 |
 NM=NN+NZ+1

905
,900

909

oNeXe]

'DO 900 J=NM,KKM
DO 905 I=1,N2

-

KUM=NN+N+M

I

A(I,J=-NZ)=A(1,J)

CONTINUE

CONTINUE

DO 909 I=T1,N2

IF(BNDX(I) .GT. NN) BNDX(I) BNDX(I) NZ
CONTINUE .

» l

INITIAL TABLEAU FOR PHASE III IS OBTAINED

B Q

K KMU—Z*N+MM+M2+M3+1
RMU=0.0 ’

191



908

907

910

O o000 n0 o

ca11
C912

C913
C915
c914

916

922
920

925
926

930

928.

927

931,

" 935

DO 908 J=1,KMU
D(J)=0.0

IF(J .EQ. KMU) D(J)=-1.0
CONTINUE ‘

DO 907 J=1,NN
XT(1,3)=X(J)
CONTINUE
RRMU( 1) =RMU

IT3=0

START THE ITERATIVE PROCEDURE FOR PHASE III.
DO NOT ALLOW MU TO ENTER THE BASIS UNTIL ALL

SIGN VIOLATIONS ARE CORRECTED.

10=0
DO 911 I=1,N2

" WRITE(6,912) (A(1,J),Jd=1,14)

FORMAT(14F9.3)
WRITE(6,913) (D(J),J=1,14)
FORMAT(/, 14F9.3,/)

DO 914 1=1,N2

WRITE(6,915) RHS(I)
FORMAT(F10.4)

CONTINUE :
WRITE(6,916) RMU ‘
FORMAT(/ F10. 4 , /)

DO 920 J=1,KMU

IF(D(J) .LT. TOLD) GOTO 922 .

GOTO 920

I10=10+1

CONTINUE k .

IF(RMU .GE. 1.0) GOTO 1500
IF(IO .GT. 0) GOTO 930
IF(RMU .LT. 0.0) GOTO 925
GOTO 930

WRITE(6,926)

FORMAT('MU IS UNBOUNDED' )
STOP

IF(IT3 .EQ. 0) GOTO 931
IF(IT3 .EQ. 1) GOTC 928
IF(RMU .LE. 0.0) GOTO 928

IF(ABS(RRMU(2)-RRMU(3)) .LE.
"DO 927 J=1,NN

XT(3,J)=XT(1,3)

XT(1,3)=XT(2,J)
. CONTINUE

RRMU(3)=RRMU( 1)
RRMU(1)=RRMU(2)

- DO 935 J=1,KMU

SD(J)=D(J)
CONTINUE

0.0001) GOTO

1600
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OO0

936

960

9601

9605

9606

9600

963

964

9651
9652

965

DETERMINE KEYCOLUMN

VLST=0.0

KC=0

KJ=0

DO 960 J=1,KMU

1F(D(J) +GE. 0.0) GOTO 960

IF(D(J) .GT. VLST) GOTO 960 &
VLST=D(J) , ‘
KC=J .
CONTINUE

DETERMINE KEYROW

KC 1=KC

NVO=NN+N

NROW=N+MM

DO 9600 I2=1,NROW

I=NROW-12+1

IF(BNDX(I) .GT. NVO) GOTO 9600
IF(RHS(I) .LT. 0.0) GOTO 9601
GOTO 9600 ’
IF(BNDX(I) .LE. N) GOTO 9605
IF(BNDX(I) .GT. NN) GOTO 9606
GOTO 9600 :
KROW=1

KC= BNDx(1)+M2+N

IF (A(KROW,KC) .EQ. O. 0) GOTO 9600
GOTO 9991

KROW=1 -

KC=BNDX(1)-M2-N

IF(A(KROW,KC) .EQ. 0.0) GOTO 9600

GOTO 9991

CONTINUE ,
KROW=0 - X
KC=KC 1

ST=1000.0

COUNT=0

DO 965 I=1,N2 N
IF(A(I,KC)) 965,965,963 _ LT
Q=RHS(I)/A(I,KC)

COUNJ=COUNT+1

IF(Q-ST) 964,965,965 -
IF(BNDX(I) .GT. NN2) GOTO 9651
GOTO 9652 B
IF(BNDX(I) .LE. KUM) GOTO 965
ST=Q ‘ .

KROW=1

CONTINUE

IF(COUNT .GT. 0) GOTO 9661
ST=-10000.0

KROW=0 o

COUNT=0
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9772

9773

9774
9775

9771«
9661

966

DO 9771 1=1,N2
IF(A(I,KC)) 9772,9771,9771
QQ=RHS(I)/A(I, KC)
COUNT=COUNT+ 1

IF(QQ-ST) 9771,9771,9773
IF(BNDX(I)- .GT. NN2) GOTO 9774
GOTO. 9775

IF(BNDX(I) .LE. KUM) GOTO 9771
ST=Q0Q

KROW=1

CONTINUE _
IF(BNDX(KROW) .LE. NN) GOTO 966
GOTO 971

DO 967 1I=1,N2

RATIO(I)=-1.0

IF(A(I,KC) .EQ. 0.0) GOTO 967

- IF(A(I,KC) .LT. 0.0) GOTO 967

967.

969
968

OO0

87

970

975
976
977

. 985

986

RATIO(I)=RHS(I)/A(I,KC)
CONTINUE

DO 968 I=1,N2 .
IF(RATIO(I) .LT. 0.0) GOTO 968
IF(I .EQ. KROW) GOTO 968

IF(RATIO(I) .EQ. RATIO(KROW)) GOTO 969

GOTO 968
IF(BNDX(I) .GT. NN) KROW=I
CONTINUE

CHECK FOR CONDITION 2 OF PHASE II1l

IF{KC- .EQ. KMU) GOTO 9991
IF(KC .LE. NN) GOTO 970
IF(KC .GT. NN2) GOTO 985
IF(KC .GT. NN) GOTO 980
IF(KC .GT. N) GOTO 976
KJ=KC+NN ,

DO 975 I=1,N2

IF (BNDX(I) .EQ. KJ) D(KC)=10000.0

IF(BNDX(I) .EQ. KJ) GOTO 936
CONTINUE '
GOTO - 990

KJ=KC+N+MM

DO 977 I=1,N2

IF(BNDX(I) .EQ. KJ)-b(KC)=10000.0

IF(BNDX(I) .EQ. KJ) GOTO 8936 ©
CONTINUE '

GOTO 990

IF(KC .LE. KUM) GOTO 990

IF(KC .EQ. KMU) GOTO 990
KJ=KC-N-MM .

DO 986 1=1,N2

IF(BNDX(I) .EQ. KJ) D(KC)=10000.0

IF(BNDX(I) .EQ. KJ) GOTO 936
CONTINUE ~ o
GOTO 990

“\
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980 . KJ=KC-NN
DO 995 I=1,N2
IF(BNDX(1) .EQ. KJ) D(KC)=10000.0 *~.
IF(BNDX(I) .EQ. KJ) GOTO 936
995 CONTINUE
T C
990 IF(COUNT .EQ. 0) GOTO 992 .
GOTO 996 :
992 WRITE(6,994)
994 FORMAT('MU IS UNBOUNDED )
STOP
996 CONTINUE
DO 998 J=1,KMU
D(J)=SD(J) X ¢
998 CONTINUE ‘ : ) P
9991 DO 999 I=1,N2
AS(I,KC)=A(I,KC)
999 CONTINUE “
DD(KC)=D(KC)
PVT=A (KROW,KC)
BNDX (KROW) =KC '

s e

"TRANSFORM THE TABLEAU . L

O0O0O00n

RHS (KROW) =RHS (KROW) /PVT 4 ' L
DO 1205 I=1,N2 |
IF(I .EQ. KROW) GOTO 1205 AR
RHS(I)=RHS(I)-A(I,KC)*RHS(KROW)

1205 CONTINUE .
RMU=RMU-D(KC) *RHS (KROW) ~
DO 1210 J=1,KMU

, A(KROW,J)= A(KROW J)/PVT

1210 CONTINUE .

DO 1215 J=1,KMU
D(J)=D(J)-DD(KC) *A (KROW, J)
IF(ABS(D(J)) .LE. TOL) D(J)=0.0

1215 CONTINUE
DO 1220 I=1,N2
IF(I .EQ. KROW) GOTO 1220
DO 1225 J=1,KMU
A(I,J)=a(1, J) A(KROW J)*AS(I,KC)

1225 CONTINUE ; -«

1220 CONTINUE

C N
DO 1230 J=1,KMU
DO 1230 I=1,N2 _
XX=A(1,J) - '
IF(ABS(XX)-TOL) 1232,1232,1230

1232 A(1,3)=0.0 -

1230 CONTINUE

\\ug\/ DO 1240 J=1,NN . k S



eXeXe!

1248

1245

1240

1250

1500

1914
1913
1510
1511

1600

DO 1245 I1=1,N2
IF(J .EQ. BNDX(I)) GOTO 1248
GOTO 1245

X(J)=RHS (1)

GOTO 1240

CONTINUE

X(J3)=0.0

CONTINUE

RRMU (2) =RMU

DO 1260 J=1,NN
XT(2,J)=X(J)

CONTINUE .

IT3=1T3+1

GOTO 910

OBTAIN THE SOLUTION FOR MU=1.0

RS1=(RRMU(2)-1)/(RRMU(2)-RRMU( 1))
RS2=( 1-RRMU(1))/(RRMU(2)-RRMU( 1))
DO 1510 J=1,NN

X(J)= (RS1*XT(1 J))+(RS2*XT(2 J))
IF(J .NE. N+1) GOTO 1913 :
WRITE(6,1914)

EORMAT(/,'SLACK VARIABLES', /)
WRITE(6,1511) KNC(J),X(J)
CONTINUE
FORMAT('X',I13,'="',F12.5)

GOTO 1700 |

DO 1610 J=1,NN
X(J)=((XT(2,3)-XT(1,J3))*(-1-RRMU(2))

$/(RRMU(2)-RRMU( 1)) )+XT(2,J)

1916
1915
1610
1620
1700

1720

1710

1730
1740

IF(J .NE. N+1) GOTO 1915
WRITE(G 1916)

FORMAT(/, SLACK VARIABLES" /) e

WRITE(6,1620) KNC(J), X(J)
CONTINUE .
FORMAT('X',13,'=',F12.5)

DO 1710 I=1,NCB

CB(I)= c13(1)

DO 1720 J=1,N : _
IF(CO(1,J) .EQ. 0.0) GOTO 1720
CB(1)= CB(I) -Cco(1, J)*X(J)
CONTINUE =

CB(I)=CB(I)*x2

CONTINUE

FUN=0.0 '

DO 1730 I=1,NCB

FUN=FUN+CB(1)

CONTINUE

WRITE(6,1740) FUN

FORMAT(/ F12.5,/)

RETURN

"END '

Z
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SUBROUTINE-AROW(AO,BB,NDIM,N,M1,M2,M3,C)

This subroutine reatranges, i.e interchanges the rows
of the dependent variables matrix, C, such that no
diagonal elements are zero. S

. Description of variables

} : ,
AO : array containing coefficients of
the constraint matrix
BB : right hand side vector for the constraints
NDIM : declared dimension of constraintt matrix

N : total number of functional groups

M1 :. number of equality constraints

M2 : number of inequality constraints of the
form less than or equal to

M3 : number of inequality constraints of the

. form greater than or equal to

C : square matrix of the dependent variables

SS,BS: arrays for temporary storing of AO and BB
respectively

~ TT,TC,TD : arrays containing the count- number of
‘ non zero elements in rows, ‘columns, and
diagonal of C.
INTEGER NDIM,N,M1,M2,M3
REAL AO(NDIM, NDIM) BB(NDIM) C(NDIM NDIM)
REAL ss(so 50) Bs(so) TT(SO) Tc(50) TD(50)

NN= N+M2+M3 ,
MM=M 1 ¥M2+M3

NIN=N-¥M1

DO 405 I=1,MM

DO 406 J=1,MM
C(1,J)=A0(I,J+NIN)
CONTINUE

CONTINUE,

DO 651 I=1,MM

TT(I)=0 .

DO 652 J=1,MM

IF(c(1,J) .EQ. 0) GOTO 652
TT(I)=TT(I)+1 , .
CONTINUE * > N
CONTINUE ' ' SR

L
K]

DO 653 I=1,MM j
IF(TT(I)-1) 653,654, 6 3

DO 655 J=1,MM

IF(C(1,J) .EQ. 0) GOTO 655

KK=J .

DO 656 JJ=1,MM .
SS(KK,JJ)=C(KK,JJ)
C(KK,JdJ)=C(1,3J)
c(13qy)=ss(xx,aa); : _ "



N ~ T~

" 659

655
653

672
671

674

676

679

675

673

682
681

684

CONTINUE
DO 659 JJ=1,NIN

SS(KK,JJ)=A0(KK,JJ)
AO(KK,JJ)=A0(1,JJ)

"AO0(1,33)=SS(KK,JJ)

CONTINUE
BS(KK)=BB(KK)
BB(KK)=BB(I)
BB(I)=BS(KK)
CONTINUE
CONTINUE

DO 671 J=1,MM

~ TC(J)=0

DO 672 I=1,MM .
IF(C(1,3) .EQ. 0) GOTO 672
TC(J)=TC(J)+1

CONTINUE

CONTINUE

DO 673 J=1,MM
IP(TC(J)-1) 673,674,673
KP=J

DO 675 I=1,MM '
IF(C(1,J) .EQ. 0) GOTO 675
KK=1I -

DO .676 JJ=1,MM .
SS(KK,JJ)=C(KK,JJ)
C(KK,JJ)=C(KP,JJ)
C(KP,JJ)=SS(KK,JJ)
CONTINUE

DO 679 JJ=1,NIN
SS(KK,JJ)=A0(KK,JJ)
AO(KK,JJ)=A0(KP,JJ)
AO(KP,JJ)=SS(KK,JJ)
CONTINUE

BS(KK)=BB(KK)
BB(KK)=BB(KP)
BB(KP)=BS(KK)

CONTINUE

CONTINUE -

DO 681 I=1,MM

TD(I)=0

IF(c(1,1) .EQ. 0) GOTO 682
GOTO 681 - -

™(I)=1 -

CONTINUE

DO 683 II=1,MM o
IF(TD(I1)-1) 683,684,683
KK=11 |

DO 685 I=1,MM i
IF(c(I,KK) .EQ. 0) GOTO 685

Kp=1
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685
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691

X
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IF(C(KK,KP) .EQ. 0) GOTO 685
DO 686 J=1,MM
SS(KP,J)=C(KP,J)

"C(KP,J)=C(KK,J)

C(KK,J)=SS(KP,J)
CONTINUE

DO 689 J=1,NIN
SS(KP,J)=A0(KP,J)
AO(KP,J)=A0(KK,J)
AO(KK,J)=SS(KP,J)
CONTINUE

BS (KK)=BB{(KK)
BB(KK)=BB(KP)
BB(KP)=BS(KK)
CONTINUE
CONTINUE

DO 691 I=1,MM

DO 691 J=1,MM
AO(I,J+NIN)=C(1,J)
CONTINUE

DO 5 I=1,MM

WRITE(6, 3)(AO(I J),J=1, NN)
CONTINUE

DO 7 I=1,MM

WRITE(6, 3)(C(I J),d= 1 MM)
CONTINUE .°

DO 8 I=1"MM

WRITE(6,3) BB(I) ?
CONTINUE Lo 2
FORMAT(8F7.3)

REZURN

END Ve
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SUBROUTINE DECOMP (NDIM,N,A,COND, IPVT,WORK )

INTEGER NDIM,N
REAL A(NDIM, N) , COND, WORK (N)
INTEGER IPVT(N) : :

DECOMPOSES A REAL MATRIX BY GAUSSIAN ELIMINATION -
AND ESTIMATES THE CONDITION OF THE MATRIX.

USE SOLVE TO COMPUTE SOLUTIONS TO- LINEAR SYSTEMS.

-

NDIM  =DECLARED ROW DIMENSION OF THE ARRAY CONTAINING A.

N =ORDER OF THE MATRIX .

A =MATRIX TO BE TRIANGULARI ZED.

OUTRUT:

A CONTAINS AN UPPER TRIANGULAR MATRIX U AND A PERMUTED
VERSION OF A LOWER TRIANGULAR MATRIX I-L SO THAT
(PERMUTATION MATRIX)*A=L*U '

COND=AN. ESTIMATE OF THE CONDITION OF A.
FO HE LINEAR SYSTEM AxX=B, CHANGES IN A AND B
MAXY CAUSE CHANGES COND TIMES AS LARGE IN X.
IF COND+1.,0 .EQ. COND, A IS SINGULAR TO WORKING
PRECISION. COND IS SET TO 1.0E+32 IF EXACT
SINGULARITY IS DETECTER-.

IPVT=THE PLOT VECTOR. 4
IPVT(K)=THE INDEX OF THE K-TH PIVOT ROW. '
IPVT(N)=(-1)#*%(NUMBER OF INTERCHANGES) ™

WORK SPACE: THE VECTOR MUST BE DECLARED AND INCLUDED
IN THE CALL. ITS INPUT CONTENTS ARE IGNORED.
ITS OUTPUT CONTENTS ARE USUALLY “UNIMPORTANT.

‘THE,DETERMINANT OF)A CAN BE OBTAINED ON OUTPUT BY

DET(A)=IPVT(N)=*A(1, 1)xa(2, 2)*...*A(N N).
REAL EK,T,ANORM,YNORM,INORM
INTEGER NM1 1,J,K,KP1,KB,KM1,M

IPVT(N)=1 >
IF(N.EQ.1)GOTO 80
NM1= N 1 ,

COMPUTE 1-NORM OF A

~ ANORM=0.0
Do 10 J=1,N
T=0.0 . s S
DO 5 I=1,N ' R .
“T=T+ABS(A(I,J)) - o
5 CONTINUE _
- IF(T.GT. ANORM)ANORM T
.10 CONTINUE i
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" GAUSSIAN ELIMINATION WITH PARTIAL PIVOTING

DO 35 K=1,NM]

KP1=K+1

FIND PIVOT

M=K
DO 15 I=KP1,N . .
IF(ABS(A(I,K)).GT.ABS(A(M,K")))M=1
CONTINUE
» IPVT(K)=M
- IF(M.NE,K)IPVT(N)=-IPVT(N)
T=A(M,K)
A(M,K)=A(K,K)
A(K,K)=T ,

SKTP STEP IF FIVOT IS ZERO
IF(T.EQ.0.0)GOTO 35
COMPUTE MULTIPLIERS

DO 20 I=KP1,N
A(I,K)=-A(1,K)/T
CONTINUE

INTERCHANGE AND ELIMINATE BY COLUMNS ' - ,

"DO 30 J=KP1,N
T=A(M,J)
A(M, q) =A(K,J)
A(K,J)=T
IE(T.EQ.0.0)QOTO 30
DO 25 I=KP1,N
A(I, J) A(I J)+A(I K)*T
CONTINUE
CONTINUE.

35 CONTINUE  ~ | E | -

COND=( 1-NORM OF A )*(AN ESTIMATE OF ‘1- NORM OF A- PNVERSE)
ESTIMATE OBTAINED BY ONE STEP OF INVERSE ITERATION FOR THE

'SMALL SINGULAR VECTOR. THIS INVOLVES SOLVING TWO .SYSTEMS
OF EQUATIONS, (A-TRANSPOSE)*Y=E AND AxZ=Y WHERE E

IS A VECTOR OF +1 OF -1 CHOSEN TO CAUSE GROWTH IN Y.
ESTIMATE ( 1-NORM OF - z)/(1 NORM OF Y) '

SOLVE (A TRANSPOSE)*Y E

‘DO 50 K 1,N

T =0.0
IF(K EQ 1)GOTO 45
KM1=K~-1 :
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40,

45

50

55

60

65

70

80

90

DO 40 I=1,KMT1

T=T+A(I R)*WORK (1)~
CONTINUE
EK=1.,0
IF(T.LT.0.0)EX=-1.0
IF(A(K,K).EQ.0.0)GOT™ 90
WORK(K)--(EK+T)/A(K,K)
CONTINUE .

‘DO 60 KB=1,NM1

K=N-KB
T=0.0
KP1=K+1
DO 55 I=KP1,N
T=T+A(I,K)*WORK (K)
CONTINUE
WORK(K)=T
M=IPVT(K)
IF(M.EQ.K)YGOTO 60
T=WORK (M)
WORK (M) =WORK (K)
WORK(K)=T
CONTINUE

YNORM=0.0
DO 65 I=1,N

YNORM= YNORM+ABS(WORK(I))

CONTINUE

SOLVE A*Z=Y
CALL SOLVE(NDIM,N,A,WORK,IPVT)

ZNORM=0.0
DO-70 I=1,N.

ZNORM= ZNORM+ABS(WORK(I))

CONTINUE

ESTIMATE CONDITION

COND=ANORM#* ZNORM,/YNORM
IF(COND,LT.1.0)COND=1.0
RETURN -

f-BY-1

COND=1.0
.IF(A(I,I).NE.0.0)RETURN

EXACT SINGULARITY

COND=1 0E+32
RETURN -

‘END

202
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SUBROUTINE SOLVE(NDIM,N,A,B,IPVT)

INTEGEﬁ?NDIM,N,IPVT(N) : , _ o
REAL A(NDIM,N),B(N) o o !

SOLUTION OF LINEAR SYSTEM, A*X=B
DO NOT USE IF DECOMP HAS DETECTED SINGULARITY

INPUT:
NDIM =DECLARED ROW DIMENSION OF ARRAY CONTAINING A
N =ORDER OF MATRIX
A =TRIANGULARIZED MATRIX OBTAINED FROM DECOMP
B~ =RIGHT HAND SIDE VECTOR
IPVT =PIVOT VECTOR OBTAINED FROM DECOMP
OUTPUT:
B =SOLUTION- VECTOR X.
INTEGER KB,KM1,NM1,KP1,1,K,M i | Ry
REAL T

FORWARD ELIMINATION

IF(N.EQ. 1)GOTO 50
NM1=N-1 a
DO 20 K 1,NM1 te i:l.
KP1=K+1- -~ \_ ’
M=IPVT(K) :
T=B(M) - : S
B(M)=B(K) |
B(K)=T - ' .
DO 10 I=KP1,N
B(I)= B(I)+A(I K)=*T
10 CONTINUE
20 CONTINUE

BACK SUBSTITUTE

DO 40 KB=1,NMI
KM 1=N-KB
K=KM1+1 , o
B(K)=B(K)/A(K, K) o . -
T‘fB(K) - . ‘ N
DO 30 I=1,KM1 o T : o o
B(I)= B(I)+A(I K)*T

. 30" -CONTINUE .

40 CONTINUE 'w | . ;
50 B(1)=B(1)/A(T,1) = = : NI
RETURN i ' o
., END . o o R
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B.3. Mirquardt algo:lthm. v -

- - - : '\

'}
£ b ‘The\rregults from’ the direct searoh method are further

Ie"gé's’teqiy the Marépa.rdt algop;hm (subroutine bfARQ which 1is
a least square ‘pe}ameter‘ e§tina£ioni’algorithm where the
‘direction of seercn&isf obtained :%y ‘the Jacobian of the
Lgbjgptivé functibp& ma%fixV?'Othérx subfoutines{nsed by the

. . - ¢ » ’
algorithm are: ™ [ 1 :
1. JACG A ¥ .

1 ' <

- This ¢ subroutine row-reduces the matrix of constraints,
e ¥ " - . ?S

uses the ‘Tow-reduced form’ to obtain each . dependent

| ,variabfé; .ass .a . linear combination of -independent
)

var1ables, then replaces the dependent varlables in .the

a

ob]ectlve funcglon “by _ the correspond1ng. linear
S comb1nat10n of the 1ndependenm0var1ables The Jacobian

(matrlx -for the objective functlon is then obtained.

“~

~Since each row in the objecéﬁve function matrix
represent a linear equation, the Jacobian matrix is

constant. The Jacobian matrix is used in the Marqguardt

algorithm to obtain an improved solution at .each

v,

fi‘jtevration'. ﬂ ,
2. INV S _ o7

‘;Th;s, ls & matrix invereion .suﬁroufine which is a
requires operation in the Matqnardt algorithm.
3. SOLVE
-This subroutine is called at each iteration to solve for
'dependent var1ab1es once the independent varlables are

v 7

edetermlned.

’

t

&
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Detailed descéiption -of the algorithm iévgiven elsewhere
" (Marqguardt, 1963). A brief‘discussion 1s presented-here.
Marquard{ aigorithm éan be applied to optimization
problems where the objective function can be expressed as
the sum of  squares of s functions of the independent
variables as is the case for the objective function

formulated from '°C-NMR data. Let the 6bjective function be.

"F. Then, | .
F = Lot ' (14)
k=1 \ )
and
. I
¢k‘= C13k -z CO’k, XJ . (15)

1=

where S is the number of bands in the '°C-NMR spectra each
£

with a‘corresponding.concentration of C13, , t is the number
of independent variéblés, X, are the functional group
concentrétions, and CO',, are modified objective function
coefficients such that all the dependent: variables are
expressed 'in terhs of the independent variables.
The solution for the (r+1)thuiteration is then obtained
by the following procedﬁre: _ | |
8= (3" 3+ NMr) D)7 3t &(r) (16)
X(r+1) = X(r) +8 I | (17)"
where P indicétes yalues from rth iteration, ¢ is the column
© wvector contéinihg ¢ , I is the idehtity méirix,»J is the
' Jacobian of the objgctive function matrix, and A is a
vpositivé pafameter known as thé Marquardt parameter. Once a

suitable A is obtained, one can proceed to determine §, the

radius of increment, and hence obtain the solution vector

’
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!
for 'the next iteration. The initial solution vector is that

obtaihed from the direct search method. The procedure to
obtain A at each iteration and the criteria for convergence
is given by Marquardt (1963). Since the algorithm allows for
negative values for each variable, each timev a

non-negativity constraint 1is violated, the solution is

rejected.
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SUBROUTINE JACC(A0Q0,X,CO,C13,RJ,BB,B3,MM,NIN,NCB)

This subroutine consists of three parts.

In part one the matrix of the dependent
variables is reduced to the row-echelon

form. The same operafions are performed

on the right hand side vector. In part two,
the dependent variables are obtained as

linear combination of the independent
variables and in part three, the Jacobian

for the objective function matrix is obtained.

Description of variables

AQO
A2
A3

B3

BB, B
CO
CO2

c13
RJ
X
MM

NN
NIN-

ee o9 oo sa oo

b
constraint matrlx

dependent variable submatrix
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matrix containing coefficients for dependent

variables as linear comb1nat1on of the
1ndependent variables

array containing the constant term for
dependent variables as linear combination
independent variables

right hand vector of the constraint matrix

objective function matrix

objective function matrix rearranged such
that the dependent variables are-linear
combination of the independent variables

right hand side vector of the ob]ectxve
function matrix :

Jacobian of the objective function

concentration of functional groups

total number of constraints

total number of variables

number of independent variables

REAL AOO( 120, 120) A2(120,120),BB(120),C02(120,120)

REAL A3(120,120) RJ(120 120) CO(120 120),C13(120)

'REAL&B(120),BB(120),X(120)

INTEGER MM,NIN,NCB’

PART ONE’

NN=MM+NIN
DO 10 I=1,MM -

DO 10 J=1,MM.
A2(1,d)= AOO(I J+NIN)

‘CON”INUE

MM 1=MM-1

‘DO 100 I=1,MM1
12=1+1 .

IF(a2(1,1)) 15,20,15

DO 25 J=12,MM

of
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ir(J'.EQ. 1) GoTO 25
IF(A2{(J,1)) 30,25,30

30 JJ=J
DO 35 K=1,MM
SAVE=A2(I,K) N

A2(I,K)=A2(JJ,K)
A2(JJ,K)=SAVE |
35 CONTINUE
SAVE=BB(1I)
BB(I)=BB(JJ)
BB(JJ)=SAVE
DO 40 K=1,NIN
SAVE=AOO(I ,K)
AOO(I,K)=A00(JJ,K)
AOO(JJ,K)=SAVE
40 CONTINUE
_ GOTO 15
25 CONTINUE
15 IF(A2(1,1)-1) 45,50,45
45 SAVE= AZ(I 1)
" DO 55 J=1,MM
A2(1,J)=A2(1,J)/SAVE
55  CONTINUE
BB(I)=BB(I)/SAVE ‘ .
DO 60 J=1,NIN
AD0(1,J)=A00(1,J)/SAVE
60 ° CONTINUE
50 I1=1+1
DO 65 J=11 ,MM
IF(A2(J,1)) 70,65,70 }
70 SAVE=A2(J,1) ' .
DO 75 K=1,MM. ~
. Aa2(3,K)=a2(J, x)—SAVE*Az(I,K)
75  CONTINUE
"~ BB(J)=BB(J)- SAVE*BB(I)
DO 80 K=1,NIN
- AO0O(J,K)= ADO(J,K)~SAVE*AOO(I,K)
80 = CONTINUE
65  CONTINUE -
100 CONTINUE
SAVE=A2 (MM,MM) ,
A2(MM,MM)= Az(MM MN)/SAVE
BB(MM) BB(MM)/SAVE
DO-105 I=1,MM
DO 105 J=1,MM
o Aoo(I,JfNLN)=A2(I,J)
105 CONTINUE.
‘ DO 5000 I=1,MM
"B(1)=0.0
DO 5010 J=1,NN
B(I)=B(I)+AOO(I J)*X(J)
5010-CONTINUE _ :
C WRITE(6,5020) B(I)
C5020 FORMAT(F12 3)
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5000 CONTINUE
C * DO 5255 I=1,MM
C WRITE(6,5556) (A00(I,J),J=1,NN)
C5255 CONTINUE
C5556 FORMAT(13F10.3)
C DO 6665 I=1,MM
C WRITE(6,6666) BB(I)
C6665 CONTINUE
C6666 FORMAT(F10.5)
C .
C PART TWO
C
DO 110 I=1,NIN
DO 110 J=1,NIN
A3(1,J)=0.0
110 CONTINUE
MMK=MM+ 1" )
.DO 115 I=1,MM
K=MMK-~1I
IF(K-MM) 120,125,120
125 DO 130 J=1,NIN
A3(K,J)=A00(K,J)
130° . CONTINUE
‘B3 (K)=BB(K)
GOTO -115
120 K2=K+1 :
DO 135 J2=K2,MM
IF(A2(K,J2) .EQ. 0.0) GOTO 135
DO 140 J=1,NIN
~ AOO(K,J)= AOO(K J)-a2(K, J2)*AOO(J2 J)
140 CONTINUE
‘BB(K)=BB(K)-A2(K,J2)*BB(J2)
135 CONTINUE
DO. 145 J=1,NIN
A3(K,J)=a00(K,J) -
145 CONTINUE '
B3(K)=BB(K) -
115 _CONTINUE

o
N

A

C DO 7234 I=1,MM

C "~ WRITE(6, 7235)(A3(I J),J=1,NIN)

C7234, CONTINUE .

C7235 FORMAT(8F12.3) o . L
C . DO 7236 I=1,MM :

C WRITE(6, 7237) B3(I)_

C7236 CONTINUE
C72:37 FORMAT(F12.5)"

C . .

C PART THREE

c “ _ o :
$S=0.0001 ' , o >
DO 210 I=1,NCB - %3
DO 210 J=1,NIN ‘ - E

 RI(I,J)=(-1. 0)*c0(1 J)
210 CONTINUE



215

230

225
220

240

C8235
C8236

€8237
8238

DO 215 I=1,NCB

DO 215 J=1,MM

C02(1,J)=CO(1,J+NIN)
CONTINUE :

DO 220 I=1,NCB

DO 225 J=1,MM

IF(Co2(1, J) .EQ. 0. 0) GOTO 225

DO 230 K—1 NIN

RJ(I,K) RJ(I x)+c02(1 J)*A3(J,K)
CONTINUE

C13(1)=C13(1)-C02(1,J)*B3(J)
CONTINUE
CONTINUE

DO 240 I1=1,NCB

DO 240 J=1,NIN

 IF(ABS(RJ(I,J)) .LTL SS) RJ(1,J)=0.0

CONTINUE

DO 8235 I=1,NCB .

WRITE(6, 8236)(RJ(I J), J 1 NIN)
CONTINUE

FORMAT (5F12.5)

DO 8237 I=1,NCB
WRITE(6,8238) C13(1)
CONTINUE

FORMAT(F12.5) .
RETURN ‘
END '

210
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SUBROUTINE MARQ(X,C,C13,RJ,BBB,A02;IPVT,NDIM)N,M1,
$NCB,NIN,RF,M2,M3,KNC)

This subfoutine uses the Marquardt algorithm to
obtain the optimum solution. Details of the
algorithm, the convergence criteria, and the strategy
for choosing the appropriate Marquardt parameter are
given in the reference (Marquardt; 1963).

Description of variables’

M1 : number of equality constraints

M2 : number of inequality constraints ( < or = )
M3. : number of inequality constraints ( > or = )
MM : total number of constraints

N : number of variables ( functional groups )
NIN : number of independent variables

NCB ' : number of bands in the C13-NMR spectra

RF : initial value .of the objective function

FUN : value of the ob]ectlve function

RM : array containing the Marquardt parameter at

each iteration,
. ITT : counter for the number of iterations
ITMAX: max§mum number of iterations
ITERM: maximum number of iterations to 1mprove on
a solution
AO2 : constraint matrix
KNC = : array containing the group numbers
C : matrix of the dependent variables
B,BBB: vectors conta1n1ng the right hand side of
the constraints
C13 : vector containing the right hand side of
T the objectlve function matrix
" 'NDIM

: declared dimension of the constraint matrix
RJ : Jacobian matrix of the ob]ectlve functlon
RJT . : transpose of RJ
RJTJ : product matrix of (RJT * RJ)
DJ :

product matrix of (RJTJ + (RM #* I) ) where
I is the 1dent1ty matrix Co _
DJIN : inverse of DJ
"PHI ¢ column vector conta1n1ng the objective
function equations with dependent variables as
linear combination of independent variables
DI = : product matrix of (DJIN x (RJT * PHI) )
DEL : vector contalnlng the radius of 1ncrement
~at each iteration
EP,TAU: constants used to establlsh criteria for
o convergence
TST  : array used to test if the convergence
criteria is achieved: ' ‘
V ~  : constant used in the strategy to determlne -
s the Marquardt parameter -
FF : array for storing values of the objectlve
' functlon at each 1terat1on .



OO0 000000n

20

10

30

.25

sXeXKe]

212

F :. array for storing the value of the objective
function at egch iteration in determining
the appropriate Marquardt parameter
SMAX : an arbitrary large real number assigned
to the objectlve function when a
non-negativity constraint is violated
XX : array to store the functional group »%}
concentrations at each iteration - ‘
X,XI,XS: functional group concentrations

REAL X(120),C(120,120),C13(120),R3(120,120),BBB(120)
REAL RF .

INTEGER IPVT(%+20),NIN,NN,MM,NCB,NDIM

INTEGER KNC(120)

REAL RJT(120,120),RJTJ(120,120),XI1(120),FF(120)

REAL F(120,120),XX(120, 120) B(120) PHI(120) TST(120)
RBAL'DI(120,120),DJIN(120 120) DEL(120) DJ(120 120)
REAL xs(120),RM(120),A02(120 120)

NN=N+M2+M3
MM=M1+M2+M3
FF(1)=RF
FUN=RF
RM(1)=0.01
V=2.
EP=0.0000001
TAU=0.001
IFLAG=0
SMAX=1000..
ITMAX=500

ITERM=100 .

DO 10 I=1,NIN
DO 10 J=1,NCB
RJT(I,J)=RJI(J,I)

- CONTINUE |
Do 20 I=1,NIN

DO 20 J=1,NIN. : B
.RITJI(1,J)=0.0 ‘

DO 30 K=1,NCB
CRITI(I,J)=RITI(1,J)+(RIT(I, K)#RI(K, J))

- CONTINUE

CONTINUE
DO 25 J=1,NN
XI(J3)=X(J).

XS (J)=X(J)
CONTINUE

ITERATIVE PROCEDURE STARTS HERE

’ DO 500 ITT 2 ITMAX

ITER=0 L
II=1 - ' 4

RM(1TT)= RM(ITT 1)/v s o



35 . DO 38 J=1,NIN
X(J)=X1(J)
38 CONTINUE ,
DO 40 1=1,NIN
DO 45 J=1,NIN
IF(I .EQ. J) DJ(I1,J)=RJITJ(I,J)+RM(ITT)
IF(I NEQ. J) GOTO 45
DJ(1,3)=RJITJ(1,J)
45 . CONTINUE
40 * CONTINUE
CALL INV(DJ,NIN DJIN)
DO 50 I=1,NIN
DO 50 J;1,NCB
DI(1,J)=0.0
DO 55 K=1,NIN
DI(I,J) DI(I J)+(DJIN(I, K)*RJT(K J))
55 CONTINUE
50 CONTINUE
DO 60 I=1,NCB
PHI(I)=C13(I)
DO 65 J=1,NIN
PHI(I)=PHI(I)+RJ(I,J)*X(J)
65 CONTINUE .
60 CONTINUE
DO 70 J=1,NIN
DEL(J)=0.
DO 75 1=1, Nv
DEL(J)= DEL’J)+(DI(I J)*PHI(I))
75 - CONTINUE
70 CONTINUE 4
DO 80 J=1,NIN
XX(J,I1)= X(J)+DEL(J)
80 CONTINUE
DO 90 I=1,MM
B(I)=BBB(I)
DO 95 J=1,NIN
, B(I}=B{(I)-XX(J, II)*AOZ(I J)
95 CONTINUE
90 - CONTINUE - ‘ -
CALL SOLVE(NDIM,MM,C,B,IPVT)
DO 100 J=1,MM
. XX (J+NIN,11)=B(J)
100 CONTINUE
DO 110 J=1,NN B .
IF(XX(J,11) .LT. 0.0) F(ITT,11)=SMAX
IF(XX(J,11) .LT. 0.0) IFLAG=T
110 .CONTINUE- L \'
IF(IFLAG. .EQ. 1) GOTO 118
F(ITT,I11)=0.0 :
DO 115 I=1,NCB .
PHI(I)=C13(I)
DO 120 J=1,NIN
" PHI(I)= PHI(I)+RJ(I J)*XX(J 11)
120 CONTINUE

213



115

118
125
"C119

c1118
c1119

ci121
c122

130

132

145
140

. 155
150

- 165
160

214

F(ITT,I1)=F(ITT, II)+( ‘(I)**Z)
CONTINUE -

GOTO 125

F(ITT,I11)=SMAX

CONTINUE

WRITE(6,119) F(ITT,I1),RM(ITT),I1,ITT,ITER
FORMAT(/,F12.5,E12.5,313,/)

DO 1118 J=1,NIN

WRITE(6,1119) DEL(J)

CONTINUE

FORMAT(/,F12.8)

DO 121 J=1,NN .

WRITE(6,122) XX(J,II)

CONTINUE

FORMAT(F12.5)

RM(ITT)=RM(ITT-1)

I1=11+1

IFLAG=0

IF(II .EQ. 2) GOTO 35

IF(F(ITT,1) .LE. FF(ITT-1)) GOTO 300
IP(F(ITT,2) .LE. FF(ITT-1)) GOTO 400
RM(ITT)=RM(ITT-1)*V
ITER=ITER+1

DO 132 J=1,NN"
XI(J)=X(J)
CONTINUE _
DO 140 I=1,NIN
DO 145 J=1,NIN -,

IF(I .EQ. J) DJ(1,J)=RJITI(1,J)+RM(ITT),
IF(I .BQ. J) GOTO 145
DJ(I,J)=RJIJTJ(I,J)

CONTINUE ,

CONTINUE

CALL INV(DJ,NIN,DJIN)

DO 150 I=1,NIN

DO 150 J=1, NCB

DI(I,J)=0. .

DO 155 K=#1, NIN
DHIJ)DNIJH%NHHIKH&HU(M)
CONTINUE

CONTINUE

'DO. 160 I=1,NCB

PHI(I)=C13(I)

DO 165 J=1,NIN L

PHI(I)= PHI(I)+(RJ(I J)*x(J))
CONTINUE ,

'CONTINUE

DO 170 J=1,NIN-

~ DEL(J)=0.0 , A

. 175
S 170

DO 175 1=1,NCB
DEL(J)= DEL(J)+(D1£1 J)*PHI(I))

_CONTINUE

CONTINUE

‘DO 180 J=1,NIN



. X1(J)=X(J)+DEL(J)

180

195
190

200

210

300

CONTINUE
DO 190 I=1,MM

B{I)=BBB(I)

DO 195 J=1,NIN
B(1)=B(I)-(X1(J)=*A02(1,J))
CONTINUE : )
CONTINUE

CALL SOLVE(NDIM,MM,C,B, IPVT)

DO 200 J=1,MM

XI (J+NIN)= B(J)

CONTINUE

DO 210 J=1,NN o
IF(X1(J) .LT. 0.0) FF(ITT)=SMAX
IF(XI1(J) .LT. 0.0) IFLAG=1
CONTINUE N

* IF(IFLAG .EQ. 1) GOTO 218

FF(ITT)=0.0

DO 215.1I=1,NCB

PHI(I)=C13(I)

DO 220 J=1,NIN

PHI(I)= PHI(I)+(RJ(I J)*XI(J))
CONTINUE
FF(ITT)=FF(ITT)+(PHI(I)*x2)
CONTINUE

GOTO 225

FF(ITT)=SMAX

IFLAG=0

WRITE(6;,226) FF(ITT), RM(ITT) ITT,ITER

. FORMAT(/,F12.5,E12.5,213,/)
DO 2118 J=1,NIN e

WRITE(6, 2119) DEL(J)
CONTINUE
FORMAT(/,F12.8)

DO 227 J=1,NN

WRITE(6,228) XI(J)

CONTINUE

FORMAT(F12.5) '

IF(FF(ITT) .GT. FF(ITT-1)) RM(ITT) RM(ITT)*V
IF(ITER .GT. ITERM) GOTO 600 -

IF(FF(ITT) .GT. FF(ITT-1)) GOTO 130 .
FUN=FF(ITT) )

GOTO 450

RM(ITT)=RM(ITT-1)/V.

- FF(ITT)=F(ITT,1)

310
400

FUN=FF (ITT) ’
DO 310 'J=1,NN :
XI(J)=XX(J,1) o o

"XS(J)=XI1(J)

CONTINUE

GOTO 450

RM(ITT) RM(ITT—1) : _
FF(ITT)=F(ITT,2) - , , “\

~ FUN=FF(ITT)
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410
450

460

470
C396

C494
C495
- 500/
550
600"
601

1606
1605
605
606 .

'610
650

1609
1608
. 660
670

680

DO 410 J=1,NN

XI(J)=Xx(J,2)

XS(J)=X1(J) L ta
CONTINUE ) ' ~
DO 460 J=1,NIN

TST(J)= DEL(J)/(TAU+ABS(X(J)))
CONTINUE

COUNT=0.0

DO 470 J=1,NIN

IF(TST(J) .LT. EP) GOTO 470
COUNT=COUNT+1. .
CONTINUE o

IF(COUNT .EQ. 0.0) GOTO 550
WRITE(6, 496) FUN,ITT

FORMAT(/, FUNCTION VALUE' F12 5,/, 'ITERATION
DO 494 J=1,NN ,
WRITE(6, 495) XI(J) ,

CONTINUE - .
FORMAT(F12.5)

CONTINUE

GOTO 650

" WRITE(6,601)

FORMAT( 'NO FARTHER IMPROVEMENT').

DO 605 J=1,NN .

X(J)=XS(J) ‘ e
IF(J .NE. N+1) GOTO 1605
WRITE(6,1606)

FORMAT(/, SLACK VARIABLES',/)
WRITE(6,606) KNC(J),XS(J)
CONTINUE L,
FORMAT('X',13,'=',F12.5)
WRITE(6, 610) FUN .
FORMAT(/, FUNCTION VALUE', F12 5)
STOP : ‘
DO 660 J=1,NN A . .
X(J3)=%s(J) -

IF(J ,NE, N+1) GOTO 1608
WRITE(6,1609)

FORMAT(/, 'SLACK VARIABLES',/)
WRITE(6,670) KNC(J), xs(J)
CONTINUE

FORMAT('X',13," ='iF12.5)
WRITE(6, 680) FUN

FORMAT(/ FUNCTION VALUE' 'F12.5)
RETURN

' END

,13)
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SUBROUTINE INV(A,N,AIN)

REAL A(120,120),AIN(120,120)
INTEGER N - -

THIS SUBROUTINE COMPUTES THE INVERSE OF A SQUARE
MATRIX BY REDUCING THE MATRIX TO THE IDENTITY
MATRIX WHILE PERFORMING THE SAME OPERATION ON ‘AN °
IDENTITY MATRITX TO OBTAIN THE INVERSE MATRIX.
INPUT :

A : SQUARE MATRIX TO BE INVERTED

N : SIZE OF MATRIX A . *
OUTPUT:

AIN : INVERSE OF A

aonNnonNnonNnOOO0O00n00n0n

DO 10 I=1,N

DQ, 10 J=1,N

IF(I .EQ. J) AIN(I,J)=1.0

IF(I .EQ. J) GOTO 10 K ’

AIN(I,J)=0.0 _ _ R :
10 CONTINUE b

N1=N-1 - "\\\,
DO 100 I=1,N1 «”‘/ !
12=1+1

IF(A(1,1)) 15,20,15
20- DO 25 .J=I24N

IF(J .EQ. I) GOTO 25 ® o
* IF(A(J,1)) 30,25,30 - o
30 - JJ=J ‘ - A RS
'DO 35 K=1,N .~ ' '
SAVE=A(I,K) :

A(I,K)=A(JJ,K)
~ A(JJ,K)=SAVE

SAVE=AIN(I,K). : , :
“AIN(I,K)=AIN(JJ,K) . -
: AIN(JJ,K)=SAVE o : S :

35" CONTINUE S : _ - R

: GOTO 15 ' L : o : A

25 . CONTINUE - - e C o - '
15 IF(A(I I)-1) 45 50 45
* 45  .SAVE= A(I 1)

: DO 55 J= 1 N -
. ‘%(1 J)=A(l J)/SAVE |

— AIN(I J)= AIN(I J)/SAVE

- 55 CONTINUE‘

50 - II=I#1"
DO 65 J=IL,N
Y IF(A(J,1)) 70,65,70 - | SR SR
70 SAVE=A{d,I)- . - . - S
- DO 75 K= 1, m A | [ T



75
65
100

105

113
115

110

A(J,K)=A(J,K)-SAVE*A(I ,K)
AIN(J,K)=AIN(J,K)-SAVE*AIN(I , K)

CONTINUE.
CONTINUE
CONTINUE
SAVE=A(N,N)

A(N,N)=A(N,N)/SAVE

DO 105 J=1,N

AIN(N,J)=AIN(N,J)/SAVE

CONTINUE

DO 110 I=1,N
=N-I1+1
K1=K-1

DO 115 II=1
SAVE=A(II,K)
DO 113 J—1 N

1

K1

"A(11,3J)= A(II J).SAVE*A(K J)

o

AIN(II J)= AIN(II J)- SAVE*AIN(K J)

CONTINUE
CONTINUE

CONTINUE

RETURN
END

&
.

‘m

[
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