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METHOD FOR PREDI CTI NG CHEM CAL OR PHYSI CAL PROPERTI ES

OF COWPLEX M XTURES BACKGROUND OF THE | NVENTI ON 1. Field O
The I nvention This invention relates to a nethod for rapidly
predicting the physi cal and chem cal properties of a conpl ex
hydr ocarbon m xture usi ng a conbi nati on of gas chronmat ography and nass
spectronetry. WO9701122 Description O The Related Art PCT/US96/06592
Tradi tional wet chenistry methods for obtaini-ny -physi cal and chem cal
properties of a conplex hydrocar bon m xture are very t| me consum ng.
Hydg ocarbon m xtures typi ¢RERQPR } : ) \ PHRSICAL PEOPRECIRS
chem cal conpounds so only bul k propertﬂhmxrxmm of corrpounds are
usual Iy neasured, e.g., distillation range, viscosity, pour point and
the |ike. : '
. UND OF THE INVENTION
4 : 1. Field of The Invention

This invention relates to a method for rapidly predicting the
physical and chemical properties of a complex hydrocarbon mixture

using a combination of gas chromatography and mass spectrometry.

2. Description Of The Related Art

Traditional wet chemistry methods for obtaining physical and
chemical properties of a coxhplex hydrocarbon mixture are very time
consuming. Hydrocarbon mixtures typically contain many thousands of
different chemical compounds so only bulk properties for classes of
compounds are usually measured, e.g., distillation range, viscosity,

pour point and the like.

Gas chromatography has been used to predict physical and
performance properties of hydrocarbon mixtures boiling in the gaso}ine
range. Crawford and Hellmuth, Fuel, 1990, 69, 443-447, describe the
use of gas chromatography and principal components regression analysis
to predict the octane values for gasolines blended from different
refinery streams. Japanese laid-;open patent application JP 03-100463
relates to a method of estimating the cetane number for fuel oils by
separating an oil sample into its components using gas chromatograpy.,
measuring the signal strength of ion intensities at characteristic
masses in the mass spectrum, and correlating these ion intensities to

cetane number using multiple regreasion analysis.

Combined gas chromatography/mass spectrometry (GC/MS)
anélysis has been done on crude oils. U.S. patent 5,119,315 discloses
a method for aligning sample data such as a mass chromategram with
reference data from a known substance. Williams 2t al, 12th European

Assoc. Organic Geochem., Organic Geochem. Int. Mtg. (Germany 08/16-



Gas chromat ography has been used to predict physical and per formance

properties of hydrocarbon m xtures boiling in the gasoline range.
Crawford and Hel | muth, Fuel, 1990, 69, 443-447, describe the use of gas
chr omat ography and pr.inci pal components regression anal ysis to predict
t he octane val ues for gasolines blended fromdifferent refinery
streans. Japanese | ai d-open patent. application JP 03-100463 relates to
a method of estWHE¥IHE t he cetane nunber for fuel oils by PCTARBE/GsHNT an
oil sanple into its conmponents using gas chronat ograpy, measuring the
signal strength of ion intensities at characteristic masses in the
mass spectrum and correlating these ion intensities to cet ane nunber
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sanpl e data such as a nmass chromatogramw th reference data froma ~

known substance. WIIi agg Lhiak QP : ¢, .Qrganj ¢ Geochem,
Organic Geochem_ Int. Mg. (Ger erré%%%gfylgg Rl ‘2 mech 86 prddlBlG FERRE
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SUMMARY OF THE INVENTION

This invention relates to a methed for predicting physical,
performance, perceptual or chemical properties of a complex hydro-

carbon mixture which comprises:
(a} selecting at least one property of the hydrocarbon mixture;

{b}) * selecting reference samples, said reference samples containing
characteristic compound types present in the complex mixture and
which have known values for the property or properties selected

in stap (a});

{c) producing a training set by the steps of:
{1) 1injecting each reference sample into a gas chromatograph
which is interfaced to a mass spectrometer thereby causing
at least a partial separation of the hydrocarbon mixture

into constituent chemical components;

{2) Aintroducing the constituent chemical components of each
reference sample into the mass spectrometer, under dynamic

flow conditions;

{3) obtaining for each reference sample a series of time

resclved mass chromatograms;

{4) calibrating the mass chromatograms to correct retention
times;



It would be desirable to have a nethod for predicting proper- ties of
conpl ex hydrocarbon m xtures using gas chromat ography/ mass spectronetry
whi ch net hod i nvol ves anal yzi ng col | i near data. SUMVARY OF THE | NVENTI ON
This invention relates to a nethod for predicting physical, perfornmance,
perceptual or chem cal properties of a conplex hydro- carbon m xture which
selecting at | east one property of the hydrocarbon

conpri ses: (%3

m Xt ure; (b) QLB ng reference sanples, said reference sRBORUER/06592
cont ai ni ng characteristic conpound types, present in the conplex

m xture and whi ch have known val ues for the property or properties
selsect ed in step (a); (c) producing a training set by the steps of:
(1) -injecting each risferseneeisq@npheriedtd® aogastdFouEAL O3 8PRe windows;
which is interfaced to a nmass spectroneter thereby causing at

| east a partial separation of the hydrocarbon m xture into

constd tuent chem cal {EbnmFEARTAIAT within eaghp¥eteppiqnotiims wipdolea Genias pfient’”

chemi cal conponents of eaglecular and/ox!. BfRHENCEoSANRAR k&;sobéh'% PErEsenta-

spectroneter, under dynaréiiceo nar fl ow condi tions; (3) obtaining
for each reference sanpl 6-4° &rPREAGETH5HE compounds or compound ‘classes

expacted within the retention time window;

{7) recording the total amount of each characteristic compound

or compound group selected in step c(6);

(8} forming the data from steps ©(6) and ¢(7) into a X-block

matrix;

(9) forming the data selected in (a) for reference samples

selected in (b) into a Y-block matrix;

(10) analyzing the data from steps c(8) and ¢(9) by multivariate
correlation techniques including Partial Least Squares,
Principal Component Regression or Ridge Regession to produce

a series of coefficients;

{d} subjecting an unknown hydrocarbon mixture to steps c{l) and cl3)
in the same manner as the reference sample to produce a series of

time resolved mass chromatograms;

(e} repeating steps c¢{4) to c{8) for each mass chromatogram from step

{d};

(f) multiplying the matrix from step (e} by the coefficients from
step c(10) to produce a predicted value of the property or
properties,

The gas chromatography/mass spectrometry [GC/MS) method
* described above can be used to rapidly predict a wide range of
chemical, perceptual, performance and/or physical properties of
complex hydrocarbon mixtures such as chemical composition and concen—

tration data on specific components, distillation properties,



resol ved mass chromat ogr ans; (4) calibrating the mass chronmat ograns

to correct retention tines;
- 3- (5) selecting a series of corrected retention tinme W ndows;

(6) selectlng Wi thin each retention tine w ndow a series of

nmol ecul ar and/ nt ions, said ions being representa- tive
of Characteris??gg%gﬁggunds or conpound cl asses exBSE@E%mMF?hln
the retention time w ndow, (7) recordéng the total anobunt of each
characteristic conpound or conpound group selected in step c(6);
(8) form ng the data fromsteps c(6) and c(7) into a X- bl ock

mat ri x; ( I EPRRTH nFOLR EOMRi aC RN EY | flaph Pole, PETBE OB o Rl

number, viscosity index, color, odor and the like in a short time

peried.

DETAILED DESCRIPTION OF THE INVENTION

The present method for predicting chemical, perceptual,
performance and physical properties for complex hydrocarbon mixtures
involves quantitative identification of components using a combination
of retention times from a GC analysis coupled with target fragment
and/or molecular ions produced by the MS. The M5 information is
compared to a set of known properties from reference samples which
form a training set. By mathematically comparing the experimental
data with that of the training set, one may predict the desired

propertiaes of the unknown mixture.

GC/MS utilizes a gas chromatograph interfaced with a mass
spectrometer. While a chromatographic method such as supercritical
fluid chromatography, liquid chromatography or size exclusion
chromatography may be used to separate the mixture intoc components or
mixtures of components, gas chromatography, especially capillary gas
chromatography is preferred for interfacing with a mass spectrometier.
Both GC and MS utilize computer software for instrument control, data
acquigition and data reduction. The computer platform should be

capable of acquiring at least 2000 mass spectra in about 7 minutes.

The sample mixture to be analyzed is first injected into a
GC where the mixture components are separated as a function of reten-
tion time, typically on the basis of boiling point. Only partial
chromatographic resolution of mixture components is necessary. The GC
oven temperature control is usually programﬁed for samples with a wide
boiling range. Separated components may also be identified by a
detector such as a flame ionization detector, thermal conductivity

detector, atomic emission detector or electron capture detector.

The separated or partially separated components are then

transferred to the mass spectrometer under dynamic flow conditions.



selected in (b) into a Y-block matri x; (10) analyzing the data from

steps C(8) and c(9) by nultivariate correl ation techni ques

i ncluding Partial Least squares, Princi.pal Conponent Regression
or Ridge Regession to produce a series of coefficients; (d)
subj ecting an uglefyraydrocarbon m xture to steps C(1) and c

t he ‘'sane manner as th‘(‘aﬁreference sanple to produce a series oﬁ’é}msysmf“f’f‘re
resol ved mass chromat ogr ans; (e) repeatinggsteps c(4) to c(8) for each
mass chromat ogram from step (d); (f) multiplying the matrix from
step (e) by the coefficients from step c(10) to produce a predicted

val ue of the propéinree ®GC operaggsopmieli @uospheric pressure @ HYMS under vacuum

chr ot oqr aphy| I SewaBesir ATELS Yok Hral Bl L0085 Gz AaNE: 431, Do used

to rapidly predict _a w de range of chem cal, perceptua mance and/ or
physi cal properti 8%“%?“%8%“8%%90?%8&‘?%%%#xﬁ??@§°§u@hga»s Jehememane:
conposi ti on and cehson-open aipl o cdaplRrodr SHEALEC d LD OBt facetis biEticaAbiap

propesties © a2 TLON LA« L. :
PCT/ US96/ 06592 ran 4’% ile minimizing carrier gas effects.

Depending on the nature of the sample, the mixture may be
introduced directly into a MS using a direct insertion probe without a
prior GC separation step. Other thermal separation techniques not
involving a GC may be used to introduce the sample into the mass
spectrometer.

In the M8, sample molecules are bombarded with high energy
electrons thereby creating molecular ions which fragment in a pattern
characteristic of the molecular species involved. A continuous series
of mass gpectra are obtained over a scan range of at least 10 to at
1east_450 daltons. The mass spectral data may alsc be acquired deer
selected ion monitoring (SIM) mode. In the selected ion mode, care
must be taken to select ions representative of the components of
interest and to operate under repeatable conditions. A variety of MS
instrumgnts may be used including low resolution, high resclution
NS/M8 (hybrid or triple quadrupole, etc.) ion cyclotron resonance and
time of flight. Any ionization technique méy be used, such as
electron ionization, chemical ionization, multiphoton ionization,
field desorption, field ionization, etc., provided that the technique
provides either molecular or fragment ions which are suitable for use

in the analysis procedure.

The results of sample analysis are a series of £ mass
spectra. The mass spectra are divided into n time intervals where n
is an integer from 1 to £. At least one diagnostic ion is chosen from
each of m time intervals where m is an integer from 1 to n. The term
"diagnostic lon" refers to an ion which is representative a compound,
a chemical class, or a perceptual, performance or physical property
correlated thereto. Regardless of whether mass spectral data are

obtained in the scan or selected ion monitoring mode, it is important



-4 - viscosity, pour point, cloud point, flash point, octane nunber,
cet ane nunber, viscosity index, color, odor and the like in a short tine
peri od. DETAI LED DESCRI PTI ON OF THE | NVENTI ON The present
met hod for predicting chem cal, perceptual, per formance and physi cal
properties for @owhay hydrocarbon m xtures I nvol ves quant '%ﬁf/{’v?{ggs

I denhtification of coiponents using a conbination of retenti YHS% r om
a GC anal ysis coupled with target fragnent _ g@pd/or nol ecular ions produced
by the M5. The M5 information is conpared to a set of known properties
fromreference sanples which forma training set. By nmathenmatically
conpari ng the expthatneidyabe obtiined whddy témitizinstdidch eIl Bgaghebticoftmsnas/
predi ct the desir I f n ) re. :

GC/Ms utilizes a g‘gsta?: rgl?rcgtr% efag% gn%&% %'Wna Hg’% mass spectroneter-.
Wil e a chromat ographi c met hod such as supercritical fluid

chromat ography, |iquid chtornéegsaRpyctes) FaéL aQéCalchﬁix@B in SHY Qb®! weapme

may be used to se raethem ture into co ensor res of
conponents, gas chronatdgr aphy e)& é‘*srﬁ'e' |E§ a)‘fq"(’:asﬁ? TLFPA e s‘Eﬁ#‘é’r?ﬁfogr aphy

is preferred for PW@M aet‘ngiﬁompfaakﬂass thpeloing orldek rcpuld Betdsed®@sand MS

utilize conputer sQlhyaie fdk duRSld ume&atqeﬁ rtQLathﬂ 3 ealfr HkS shbFadnd
data reduction. The co uter | at form_shoul d ga bl e of acquiring at

a
| east 2000 mass sHECtr &% HheaByif *Prekiatuiare. e acquized in the e lechtl ¥%m xt ur e
to be anal yzed i smcfnii.t&tinbnioaex @tler b2 austChe WaRére thile the Xbby @eDRPpdfent S

are separated as fuUakl YleOh e or Ll blBursh RhG Aokbon@cd B Dasi s of

boiling point. only parti romat ogr aphi ¢ resolution of  mxture
conponents is nec%ﬁ?? The CC oven tenperature control is usually
programmed for sanples with a wide boiling range. Separated conponents may
al so be identified by a The sample mass spectral data are then compared to mass
spectral data from a series of reference samples with known physical,
performance, perceptual or chemical properties. In order to compare
reference mass spectral data with sample mass spectral data, it may be
desirable to time align the sample data to help ensure the integrity
of the comparison. There are commercially available computer programs
for such data alignment, for example, Hewlett-Packard GC/MS software

G 1034C version €.01.05.

The reference mass spectral data, and associatéed properiies
data, are arranged in matrix form for mathematical treatment as
described below. In the case of chemical composition information, one

" matrix is formed of reference sample ion intensitiea at given masses
and the other matrix contains known ion intensities for molecular
fragment ions of known components. The training set for chemical
composition data is thus made up of mass spectral data for different
compenents characteristic of components expected to be found in the
sample mixtures. Similar training sets can be formed for other
chemical or perceptual or performance or physical properties of
interest. These training sets form one block or matrix of data
{Y~block or properties matrix}. The actual sample mass spectral data
{(which may have been time aligned) form the other block {X~block) or
matrix of data. These two matrices are subjected to mathematical
treatments known as Partial Least Sguares (PLS), or Principal
Component Regression (PCR), or Ridge Regression (RR) to obtain a



detector such as a flane ionization detector, thermal conductivity
detector, atom c em ssion detector or electron capture detector.

The separated or partially separated conponents are then transferred to
t he mass spectroneter under dynami c flow conditions.

- 5 - Since ay&orpNigy at es under atnospheric pressure and a er
vacuum condi ti ons (about 10[err]kPa), the instrunent interfacgEWégnggz a

coupling device such as a nol ecul ar separator,(e.g., jet, nenbrane, etc.),
open split coupler or capillary direct |nterface to efficiently transfer
sanple while mnimzing carrier gas effects. Dependi ng on the

nature of the samptmmatmmirﬁaa&ﬁmye lre1dtibiddp etiweid €Bé [pyopeitfesaddda
using a direct '%%Srata!sgnsp%wpﬁ Widah kﬁﬁwﬁ 42 L9l Sﬁg%éfaie%g 5&:‘39: her

thernpl separation techni‘ques not I'nvol ving a use uce
the sanple into s Medel &g mathematépally: combined W-thl ¥het HEL*WBIY é'raﬁ}ﬂeé mass

nol ecul es are bombaswtad aith hrdain0dan@ied GYtieheRikA MRl hGT ghpect Rt £410
nmol ecul ar’ i ons ‘which fragment in a pattern characteristic of the nolecul ar

speci es involved. A continuous series of mass spectra are obtai ned over a
scan range of at |eas 10(redicktdésiasd p4bferddés:ons. The mass spectral data
may al so be acquired under

b) assess the suitability of the model for such predictions,

and

c) diagnose the stability and general correctness of the

process that yielded the mass spectral data.

PLS/PCR/RR are described in the literature, e.g., Wold S.,
A. Ruhe, H. Wold, and W. J. Dunn, "The Collinearity Problem in Linear
Reg}ession. The Partial Least Squares {(PLS) Approach to Generalized
Inverses”, SIAM J. Sci. Stat., Comput., 1984 5(3), 735-743, or Geladi
P., and B. R. Kowalki, “Partial Least Squares Regression: A Tutorial®,
Anél. Chim. Acta, 1986, 185, 1-17, or HSkuldsson A., "PLS Regression
Methods™, J. Chemometrics, 1988, 2, 211-228, or in many other articles
in journals such as the Journal of Chemometrics or Intelligent Labora-—
tory Systems; Frank, I. and J. Friedman, "A Statistical View Of Some
Chemometrics Regression Tools*, Technometrics, 1993, Vel. 35, No. 2;
Jackson, J. E., "A User‘’s Guide To Principal Components", Wiley-
Intersclence, New York, 1991; Montgomery, D. C., "Introduction To
Linear Regression analysis”, Wiley-Interscience, New York, 1990; and
Martens, H., and T. Naes, "Multivariable Calibration", Wiley-

Interscience, New York, 1989.

When dealing with a complex mixture, it is necessary to
select appropriate masses or groups of masses at specific retention
times for a particular compound or c¢lasses of compounds. The selec—
tion of such masses are the basis for a set of rules which then forms
the data for the training set. There are no set procedures for such a
selection process. The researcher must select appropriate masses for
compounds of interest. For example, paraffinic hydrocarbons yield

fragment ions at masses 43, 57, 71, 8%, ... daltons, and these masses



selected ion nonitoring (SIX) node. In the selected ion node, care nust be
taken to select ions representative of the conponents of interest and to
oper at e under repeatable conditions. A variety of M instrunments may be
used including | ow resalution, high resolution MS/MS (hybrid or triple

quadrupol e, etc yclotron resonance and time of flight.
I oni zati on techwlquug?ln%y be used, such as electron ionization, Q‘ﬁ@ﬁ‘f’@a?z

i oni zation, multiphoton ionization, field desgrption, field ionization,
etc., provi ded that the technique provides el ther nol ecular or fragnent
I ons which are suitable for use in the analysis procedure. The

results of sanple na@aiey Shéu 3k RiAgrS8EIL S Uhil @ikde BRSSndRRAL] A HodEtRelPSBen
spectra are divided I.ntervals where n is an integer , from1l to

[err]. At |east on"e'@'u e&g‘ﬁ%é’t’fecte’i‘ “l%““&h%é"éh ‘Fr’o’rr?%%?d‘ﬁ 1‘°n1"%”ﬁbf¥ PRal-s
where mis an int egekidngorfi spdedfiv. cdipeutdy withdh aguiesiiags Mn&ompeﬁm:rss tx: an

i on which is represgifathiGed QPJIBQWQet@fSP%@h&aL:h&JL 25, pl ce%t@&r Cgﬁ%ﬂler

performance or physi cal pro?erty correl ated theret egar ess of

mass spectral dat F8F% *BHXPHEY BAPEITE S @K R?rd%"é’ll&ﬁdew CBFFdh A% i ng

node, it is iInportempositional data with other properties of xntereat, €.Ges bc;l#ig

that t hey be obt aiﬁg UOJC.L%[DSJ. gng‘ldt Lx?é“i;%@' C'H\ey l:eeslth ag Qn%%ﬁémat Qﬁs tgiatment

sui tabl e and repeata I nt en and accura
such aa PLS/PCR/RR of the traanng set ig a set of coefficients for

the properties ¢f interest.

These coefficients are then multiplied by the data matrix
for the sample. The result is a prediction of the desired property or
properties. The method of the invention is further illustrated by the

following examples.
EXAMPLE 1

The method for predicting the performance properties of a
complex hydrocarbon mixture is demonstrated in this example using
cetane number as the specific property for purposes of illustration.
The method is generaily applicable to a range of other performance
properties as well as physical, perceptual or chemical propertieg of

auch mixtures.

The initial consideration is to establish a set of standard
GC/MS operating parameters so that the GC/MS analytical data used for
predicting properties are cbtained under the same operating condi-
tions. The GC/MS instrument used in this example is a Hewlett-Packard
5972 Mass Selective Detector interfaced to a Hewlett-Packard 5890

Series II Gas Chromatograph fitted for use with microbore columns.

The 6C/MS operating conditions are summarized in Table 1.



If the mass spectral data are acquired in the scan node, the mass range
covered during the acquisition should be sufficient to provide acquisition
of all of the ions which could be used as diagnostic ions during

mat hemat i cal %&g&ﬁﬁﬂé .of each mass spectral scan. If the mass spectra
data are acquire he sel ected ion nonitoring node, then cEEHURGHESDe
taken that the ions selected for nonitoring are-suitable for use in
measuri ng the conponents of interest. The sanpl e mass spectral
dat'a are then conpared to nmass spectral data froma series of reference
sanpl es with known physical, perfornmance, pEsBt&8pntual or chem cal
properties. In order to conpare reference nmass spectral data with sanple
mass spectral datg—iﬂﬁgﬁ§$££e desirable to tinme align the sanple data to.
hel p ensure the |Q£ggglty of the conparison._There are commer ci a

avai |l abl e conputer pr ogr ans for such data ali)ggh}?qﬁg HP-S)
Hewl et t - Packar d GgLNg %E“ﬁ%@:a% 1034C versi 5§7 “’"“ﬁﬁfﬁm thiglgess
ref erence mass speci,ﬁa erddife gqgm atedygproperties data, are arranged

in matrix formfor na&hgnaﬁhgahuﬁggﬁtnent aSZdescrlbed below. In the case
of chem cal conposizdogen R&Y B¢ m@RutednNe Matdg X is fornmed of reference
sanpl e i on intensitiiasl abmgpractrea@ssies and tdve ot her matri x contains known
ion intensities forFimel gdue amidutagnent i ons Hf known conponents. The
training set for Emeee#sconposition data iEelidmus nade up of nass spectra
data for differentit3RpEARTY characteristi ®%f§ conmponents expected to be
found in the sarrpIIé’eﬁH&“uY%lé’meSflm lar trainith sets can be forned for other
chem cal or percef th ® ead%rforma e or ph ? q %ﬂes of interest.
These training setS beill P&%aﬁi OCk Qh, matri >§P§f°’&5 ‘Ef? ock or properties

matrix). The actual sanple SS sp Pecttal data (whi ch may have been tine

al i gned) form t hengishesechkahrs )éom.ﬁqlsa,s or matrix of data. These two
matrices are subjected to mathematical treatnents known as Partial Least

Squares (PLS), or X¢nizaciopaiod€onponent Regr esskerrotPdnkzatibn Rigev Regrassi on
(RR) to obtai n a Mass Range Scanned (daltons) 15-450
c¥cle Time (minutes) 0.003

In order to predict properties of an unknown hydrocarbon
mixture, it is first necessary to select reference samples having
known values of the property or properties of interest. These refer-—
ence samples are used to form a training set as described below.
Fourteen different diesel fuel blends ware prepared from five typical
refinery streams used for blending diesel fuels. These refinery
streams are designed as HAGO/KGO (Heavy Atmospheric Gas 0il/Coker Gas
0il), HCISDIST {Hydrocracker Distillate), LOPOUR (Low Pour Point
Distillate), CLHO (Cat Light Heating Oil)} and SRLGO (Straight Run
Light Gas 0il), and the liquid volume percent of the blends as well as
the cetane numbers as determined by ASTM 613-86 are shown in Table 2.



-7- mat hemati cal |y describable rel ati onship between the properties data
and nmass spectral data, known as a nodel. Coefficients provided by this
nodel are mathematically, conbined with the suitably treated nmass spectral
data from sanpl -unknown desired properties to: redi ct
desired propertﬁ%s ol b) assess the suitability of thel’%TfH\%'{‘)"offt?F
such predictions, and c) -digggnose the stability and
general correctness of the process that yielded the nmass spectral
data. - PLS/ PCR/ RR are described in the.lditerature, e.g., Wld
S., A Ruhe, H Wld, and W J. Dunn, "The CEABLEpZarity Problemin Linear
Regression. The Parti al Least Squar es gPLS roach to Generalized

| nverses", SIAM J. §§'E St9 i ““%onﬁ‘a?wx 9984*‘8 5T 735? . or “E8Y adi P?‘L“
and B. R Kowal ki, tlaq- st tov 2L A oo
Chim Acta, 1986, 1@5 1- 17’ or son A PLS Réé'r ssi o2 M8t hod$%° 3.
Chenonetriccs, 1988, B2, 2113328, or 2612ﬁrany ot'ihéﬁ arti e¢be i n peUBnal sﬂsm:h

as the Journal of Cbem)mat HisCs or |3 gkligentg babora- 4055y Syst &s; Foask..
. and J. Friedman, "A Stati st | cal Vi ew of sorrEZChermrzrgtsrol cs RE%I‘OESSI Moo

Tool s", Technonetri®s, 1993%-%0l. 3%¥-2Ro. 2; 10:25

E 36.3 30.75 10.75 30.00 28.50 0.00
F 37.4 32.00 11.25 31.50 25,25 0.00
G 38.5 33.50 11.75 33.00 21.75 0.00
H 39.2 35.00 12.25 34.25 18.50 0.00
I 40.0 36.50 12.75 35.75 15.00 0.00
J a1.0 38.00 13.25 37.25 11.50 0.00
K 42.0 39.25 13.75 38.75 8.25 0.00
L 43.2 40.75 14.50 40.00 4.75 0.00
M 43.9 42.25 15.00 41,50 1.25 0.00
N 45.3 40.25 14.25 39.50 0.00 6.00

HAGO 44.9

HCISDIST 43.8

LOPOUR 44.1

CLHO 15.0

SRLGO 54.7

* as measured by ASTH D 613-86

A data treatment method should be selected prior to cbtaining
raw GC/MS data. Two types of data treatments which may be used are
Chemist’s Rules and Hydrocarbon Compound Type Analysis as described,

for example, in ASTM D2425-86.

Chemist’s Rules involve two separate sections: (1} a cali-
bration section to correct retention times, i.e., the time between
zero and the time when a given peak occurs; and {2) the actual Rules
vhich are based on a selected series of masses corresponding to
prominent compounds or compound types expected in the type of hydro-

carbon mixture under investigation. These compounds or compound types
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sel ect appropriate masses or groups of masseg at specific retention tines
for a particular conpound or classes of conpounds. The selec- tion of such
masses are the basis for a set of rules which then forns the data for the
training set. Thewe mslectmi seither bisddnhes they hewelprambehhectdlesklpr Godsy. The

researcher MUSt b A0 BEIRL &I BARC b 0lnd OFRRHREN 201 sdsBU S SPpoedith

exanpl e, paraffinic hydrocarbons yreld fragnent ions at nmasses 43, 57, 71,
85, .:. daltons, %nthe FREEsHiERules are shown in Tablegd, khe &t 58F B agnostic
of this class of meapauadtlebbicRoyRstillabed is iRk thakldablet felldvany Exawple
data, it ‘s pos_siqbl e to identify concen- trations of specific conpounds
within this class of conpounds. In a sinilar manner, training sets for

ot her chem cal, perceptual, perfor- nmance or physical properties my be
devel oped by correlating conpositional data with other properties of
interest, e.g., boiling range, viscosity and the like. The result of a

mat hemati cal treatnent such as PLS/PCR/'RR of the training set is a set of
coefficients for the properties of interest.



These coefficients are then nultiplied by the data matrix for the sanple.
The result is a prediction of the desired property or properties. The

nmet hod of the invention is further illustrated by the foll ow ng exanples.
EXAVPLE 1 097 The nethod for predicting the performance properties
of a conpl ex hya‘f ST BN mixture is denonstrated in this ex anRE/USHNeF2
cetane nunber as the specific property for puyposes of illustration. The
met hod is generally applicable to a range of other perfornmance properties
as well as physical, perceptual or chem cal properties of such m xtures.
The initial considerati off iiS & 8% abkicsl 8 58 8fc st@ndar d E/Mg gper ati ng
paraneters so that the f{i/ﬁ wab i Bclls ¥R & B8 I B8 predi &38R SpBoperties
are obtained under the s oper dted Rgm CORGH < &i0dss < e BT Mbeidist 4 ument
used in this exanple is g Hew ett-Packard 5972 Mass Sel ecti Ve~ Def'eCt or
interfaced to a Hewl ett-8ackard 5890 Series Il Gas Chromatograph fitted for

use with microbore colu 999 m = 1RGN QPETAtIiNg gopdl Lipns are
H : & COoOOoOMmUu WLV WYOO ~t 0
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-O- TABLE 1 GC CONDI TIONS Col um

Phenyl Silicone (such as HP-5) 10m x
0.1mm 17 mcron filmthickness Tenperature Program Initial Tenperature
([err] O 35 I.nitial Time (mnutes) . 2 Program Rat e
([err] C mi nute) WOSM1142 30 Finpal Tenperature ([err] Q) PCT/USBE/6592
Final Tinme (m nutes) S Carrier G&s, _ Hel i um
Li near Velocity 25.6 Injection Volunme [err]L

0.5“Split Ratio 500: 1 Col utmm Head Pressure, kPa
Approxi mately 260 Interface Tenperature ([err]C 295 MASS
SPECTROMETER CONDI TI ONS 3I®@ zati on Mdde El ectron

| oni zation, 70 eV nom nalk &ss Range Scanned (daltons) 15-450 Cycle
Ti me (m nutes) =~ = 20.003 In order to predict '

properties of an unknown hydrocarbon mxture, it is first necessary to

sel ect reference sanples having known values of the property or properties
of interest. These referg $gce sanples are usgd to forma training set as
descri bed bel ow. Fourtee® ®fif ferent diesel fuglg bl ends were prepared from
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refinery streanms used for blending diesel fuels. These refinery streans
are designed as HAGD K& (Heavy Atnospheric Gas G|/ Coker Gas G ),

KCl SDI ST (Hydrocracker Distillate), LOPOUR (Low Pour Point Distillate),
CLHO (Cat Light Heating Q1) and SRLGO (Straight Run Light Gas GI), and
the.liquid voIdW99ﬁEPngt of the blends as well as the cet arRCIMISINEESR as
determ ned by ASTM 613-86 are shown in Table_2

- 10 - TABLE 2 CETANE
HAGO' KGO HCl SDI ST LOPOUR CLHO SRLGO SAMPLE NUVBER*
(VOLY (VOLY X YeEdfence rdt¥Whdi%h time(MOfBn deteddmined for ewehOmass
24. 75 8. 7589ectra124'n25 oun; 4%. 25:! p 0. 00 B ., 33.5

26. 25 9. 25 2‘@ 7%7: upmggﬁl ﬁe crO'.“ﬁO in thecf:hemst 8 Rgﬁe.sl for eac'h
27. 25 9. 75°f the s€lpcpi compo@is, fpes or Bpdific mblecules iddified in

:23(9) %g . 1-8 2Bable 3. 2%1:59 correctl%gs QQe neca@sgg-g due r& slight sé\}g% §n
3200 11 2§etentior3fxw whichzgy zzgsult fgoxggolumnedegradanorggc@.umn head
33.50 11. 75pressure I3nbfhations2bhatlges in Bol¥dn carrbbr gas 1inedP.wdlocity,
35.00 12. 25: minor ‘?f&ugéxations %Bth5eocc coltg)mnogven temperatures or other

causes. The calibration step generates a series of correction factors
for the entire GC/MS data file. The results of applying such correc-

tions are shown in Table 4.

_ TABLE 4

MASS RETENTION TYPE LIMIT CALIBRATION CORRECTION
{a) TIME (b} 1c) (d} TIME (e} {£y
32 2.812 p 0.200 2.807 -0.005
106 3.840 P 0.200 3.866 0.026
128 4,800 P 0.200 4.800 0.000
156 5.554 P 0.200 5.536 -0.018
184 6.667 P 0.200 6.675 0.008
226 8.088 P 0.200 8.068 0.010
178 9.000 P 0.300 9,006 0.006
282 9.555 P 0.200 . 9.559 0.004

{a) Mass or compound selected for the calibration .

{b) Expected occurrence time, typically based on average of several
analyses

{c} P=peak or maximum occurrence, F=first occurrence of the material

{d} Range (+ minutes) for reference compound

{e) Observed retention time for reference material

{f) Correction to be applied between reference materials (column a).
Correction for first material is from initial time to calibration
time; correction for second material is between first and second
reference materials; and last correction is applied to end of
data acquisition.

Once the correction coefficients are determined, the actual
Rules are then determined. In the case of cetane number prediction, a
total of 144 Rules are used based on compound or compound series
identification. ¥Por each Rule, a set of characteristic mass numbers
is determined. These characteristic mass numbers can range from one
to .n, where n is an integer representing the entire mass range scanned
or the number of selected ions monitored. 1In this case, six charac~

teristic mass numbers are illustrated. The ion intensities of the



I 40.0 36. 50 12.75 35.75 15. 00 0. 00 J

41.0 38. 00 13. 25 37.25 11.50 0. 00 K

42.0 39. 25 13. 75 38.75 8.25 0. 00 L

43. 2 40. - 14.50 40. 00 4.75 0. 00

43.9 42. ;vgo”’o"“ 15. 00 41. 50 1. 25 0. 00 PCFJUW’“‘S”

45. 3 40.25 14. 25 39.50 . ;0.00 6. 00 HAGO

44.9 HC SDI ST  43.8 LOPOUR 44.1 CLHO 15. 0 SRLGO 54.7

* as measured by ASTM D 613- 86 A data treatnent nethod should

be sel ected pri ormisgeslfoai eﬁcmgmrnmémémedatmhm The upp@e anoflotiad aetention
treatments which st ro 0 nd
Type Anal ysis as g%?cﬁggﬁ%Fgéﬁé:)%ﬁ@ rm? g%}é%%l %45?%‘698@ QJLPQ,_,{EPQP
Cheni st' s Rul es i MPoftheRelRs 4B Fabae §%=&tthfﬁw§?m°nega=a°mnﬁlvsxﬁr affplde 5 in
section to correcitsr eiwdreipistgives, ad acraplé FO11dwARg RRAMWCN4. zero and the
ti me when a given peak occurs; and (2) the actual Rules which are based on
a selected series of masses corresponding to prom nent compounds or
conpound types expected in the type of hydro- carbon m xture under

i nvestigation. These conpounds or conpound types
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[err]
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may result from col um degradation
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The calibration step
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TABLE 4 MASS RETENTI ON TYPE LIMT CALI BRATI ON

CORRECTI ON (a) TIME (b) (c) (d) TIMVE (e)

(f) 92 2.812 P 0. 200 2. 807 -0. 005
106 3. : P 0. 200 3. 866 0.026 128
4. 800 Hoomong 4.800 - 0.000 156 PCTUSIGHESE oc )
P 0. 200 5.536 -0.018_184_ 6. 667 P

0. 200 6. 675 0. 008 226 8. 058 P 0. 200
8. 068 0.010 178 9. 000 P- 0. 300 9. 006
0. 006 282 Tofal5B8w AbundanceP Total(Qax2@(cbserved in @h&$Q/MS analysis. 0. 004
(a) Mass or conp@&®d sel ected for the calibration (b) Expected occurrence
time, typically based on average of several anal yses (c) P=peak or

maxi mum occur r enEEeMiEEiRYler occur r efirt@lofrephfound et pnithe Phemdt e Rplefiinut es)
for reference compound (e) Observed®?S8ett PYREFEPNAS: f BPu b PR EREETNERAS $OH
(f) Correction to be applied betweeff F8F¥y 53t &PTRAREFG-al s (col umm a).

Correction for fi,st erial is fr Lnjtial .ti to calibratjo
time; correcti onhf‘?)rneg%%goﬁd mat er i afcmlaé ﬁéﬁ?ﬁég;ﬁi’s‘? :aé’hfqégfz téh‘ ?2' 40,

: 4}
reference materials; and | ast correg;‘)gbqgmg_s appl'ited to end o dat a

acqui sition. Once the correction coefficients are determ ned,

t he actual Rul es asssmagéhenndeiter m neghowvkNEHeN@inGASE GVerGoé ANA dAbIAAr scan
prediction, a tott¥in/skxjl:44 Rul es ar eaugsedthribisete /L0 APOYSHs Gnd Cenpmsathl
series identification. For each Rul éiagpostdt wf iddwgificiostirgre¢ntahmpssblesmber s

I's determ ned. These characteristic nass nunbers can range fromone to n,

where n is an inf'BTREF e rEREIti ng Théheurres RAESSST FRBE-TEL AFARY 36TIFRR
number of selected ions nonitored. F4FiPHitRe BRaLYSiSix charac- teristic nass
nunbers are illustrated. The ion intensities of the

The analysis summarized in Table 5 is done for each reference
sample. The results from thaese respective analyses form a training
set which is subjected to mathematical treatment. The goal is to
develop a model that can be used to predict the unknown properties-of
future samples using their mass spectral data only. The mathematical
treatments are described by multivariate correlation technigues such
as Projection to Latent Structures (PLS) or otherwise known as Partial
Leagt Squares (PLS), Principal Component Regression (PCR), and Ridge
Regreasion {(RR). These techniques are su?erior to ordinary multiple
linear regression in their ability to treat collinearity amongst
variables in the X-block or GC/MS data matrix {(and Y-block or
properties matrix for PLS}, and in their ability to handle the
guantity of data generated by the Chemist‘’s Rules. Ordinary Multiple

Lingar Regression cannot be used to treat collinear variables.

PLS/PCR/RR are numerical analysis techniques for detecting
and formulating a mathematical structure (medel) within a data set
comprising observations associated with multiple objects. Each object
has associated with it observations for multiple variables, the latter
being common to all cbjects. These multiple variables are assigned
into two categories, known as X-block and Y-block. Observations
asgsociated with all variables in the X-block are realized from a
common process (GC/MS data in this case)., Observations associated

with variables in the Y-block (known properties in this case) are



- 15 - masses for each Rule are sumed within the upper and | ower
retention tine limts for that Rule. The results are shown for a sanpling
of the 144 Rules in Table 5 for this denonstration analysis. Table 5 in its

[eg'ﬁlr‘]rel y is gi \@hopsss-table followi ng Exanple 4. PCI‘]US§6/0]6'§92_

- 19 -

realized from processés that may be different for each variable. The
data set used to construct this mathematical model is referred to as

. the model calibration data set.

The common use of PLS/PCR/RR is to apply the model developed
from the calibration data set to X-block observations realized for new
objects (not in the calibration data set) to predict values for the
corresponding variables in the Y-block for these new objects, without
having to execute the Y-~block processes used in the calibration data
set. Using diagnostics that are simultaneously generated by the
PLS/PCR/RR model, assessment of whether the new objects can be
adequately described by the model, and whether the modal is used in an

extrapolation mode versus interpolation mode can be performed.

PLS/PCR addresses the collinearity features in the X-block
and Y-block, by suitably reducing the dimensionally in both X~ and
Y-blocks (for PLS}, and X~block only {for PCR) to form the model.
Collinearity is a term referring to the existence of relationships
between variables within the block itself. In the PLS modeling
algorithm a number of independent dimensions in the X~ and Y-blocks
are identified by forming pseudo-variables known as principal
components or latent vectors through different sets of linear combina-
tiona of original variables in each block. Each set of such combina~-
tions constitutes an independent dimension. It comprises a set-of
coefficients that each value associated with each variable in the
block is to be weighted by to arrive at the new value for this dimen-
sion. The values for the new, reduced dimensions in the Y-block are
regressed onto their counterparts in the new, reduced dimensions of
the X-block to arrive at the most parsimonious dimension size (number
of latent vectors) and their associated weights, with the final goal
of one linear equation generated to permit prediction of Y-block
variables using X-block variables. The number of dimensions ugsed to
construct the model is determined through optimization of a criterion
known as PRESS (Prediction Error Sum of Squares), cumulated by a Crosg
validation (CV) technique using the training data set, and, following

the general model parsimony principle.



-17- [err] - 18 -
Tot al Raw Abundance Total area observed in the GO M analysis. (TIO):
Chem st Rul e: Total area found using the Chenist's Rul es;

based on experi @ffmapoul d be greater than 30% of
total raw abundance. _ PCT/US96/06592

- 20 -

For PCR, the numser of independent dimensions in tha X-block
are first selected and identified in a similar fashion as.in PLS by
forming principal components. Then, for each variable in the Y—black,
a model is obtained by performing ordinary multiple linear reg&ession

using the Principal Components as "Prediction Variables*“.

For Ridge Regression, the collinearity problem is dealt with
in a different manner than PLS/PCR. Here a diagonal matrix known as
the Lambda Matrix is added to the Covariance Matrix of the X-block
with the net effect of stabilizing the numerical computation needed to
obtain the model coefficients. The selection of Lambda values is
through optimization of PRESS criterion using cross validation of the

training set.

Thus, the Chemist‘s Rule data for the various reference
sahpies and derived from GC/MS analysis form the X-block variables.
PLS/PCR/RR treatment may require preliminary reorganization of the
X-block data, such as transpositieon and removal of redundant data and
constants or mathematical transformations. The Y-block variables are
the property (or properties} to be predicted, and may also require
mathematical transformations such as logarithmic or geometric, as well

-

as reorganization. The data blocks may be represanted by:

X-Block Matrix
{ Chemist’s Rules (n samples x 144 columns) ]

X1,1 Xy,2 X1,3 »es X1,142 X1,143 X1,144
X2,1 X2,2 X2,3 X2,142 X2,143 X2,144
X3,1 X3,2 X3,3 X3,142 X3,143 X3,144

Xn,1 Xn,2 Xn,3 ces Xn,142 Xn,143 Xn,144



Al r Leakage: Total ionization due to air (mz 28, 32, 40,

44) useful diagnostic for instrunental pr obl ens.

Average scan rate Shows the m ni num average and naxi num scan

(M n/ Max) : rates during the GO Ms analysis and is a useful

di agnostic to iMORMIN2i nstrumental problens. Nunber of recopggmsosnesdzS
t he nunber of nass spectral scans acquired during
t he anal ysi s. The anal ysis summardtzed in Table 5 is done for

each reference sanple. The results fromthese respective analyses forma
training set which is subjected to mathematical treatment. The goal is to
devel op a nodel that can be use oacsg Wﬁkno&n mﬂoperti es of
future sanples using their mass s% FRT “G2R" I“y”m? &) rht hermat i cal
treatments are described by nultivariate CP ¥4 ation techniques such as
Projection to Latent Structures (PLS) or o qé se known as Partial Least
Squares (PLS), Principal Conponent Regress|aj PCR), and Ri dge Regression
(RR)._These techniques are superior to ord{nary nultiple linear regression
in their abili ty to treat collinearity anohgstjvariables in the X-block or
GC/ M5 data matrix (and Y-bl ock or propertigs nmpatrix for PLS), and in their
ability to handle the quantity of data geneated by the Chem st's Rul es.
Ordinary Multiple Linear Regression cannot be used to treat collinear

vari abl es. PLS/ PCR/ RR are nunerical anal ysi s techni ques for
detecting and fornul atig a _pathematical ‘%]glgctl%se deI L ot i ﬁemi%
set conprising observations assocl dt 8d Wt fects. | ect

has associ at ed WR44¢sias §hewr ¢eveo s fst—)rmamet Bpb & varraitahq es, °th’E"aFa‘tftser

bei ng conmon 10 wereOfjeRblfre n Hi@E& MY frbpd:R 1WAtk gedibEeiSSi gned into
two categories, known as X-block and Y-bl ock. Cbservations associated with

all variables in the X-block are realized froma comon process (GC/ M5
data in this case). GCbhSbevabrizssoSouicalid tygathenapi ¢be asrainingheetydftack

(known propertiege B 4d¥isSs GSEJetBlBents. Raw GC/MS data from an unknown sample

(or samples) are then treated by the Chemist’s Rules first to correct
the retention times and then to form the ion summations. Each value
for the Chemist’s Rule ion summation is then multiplied by the train-
ing set coefficients and summed to generate the prediction of the
desired property or properties. Table & illustrates the quality of
the predicted cetane values for both the training set and the unknown

test set.



- 19 - realized from processes that may be different for each variable.
The data set used to construct this mathematical nodel is referred to as

t he nodel calibration data set. The conmon use of PLS/PCR/'RR is
to apply the nodel devel oped fromthe calibration data set to X-block
observati ons re®O9%7@ti42 or new objects (not in the calibration rdatise@ety t o
predi ct values for the corresponding variables in the Y-block for these new
obj ects, w thout having to execute the Y-bleck processes used in the
caljbration data set. Using diagnostics that are sinultaneously generated
by the PLS/ PCR/ RR nodel , assessrrent of V\/net her the new ob ects can be
adequat el y descri bed by thé& |, UE ' BSin an
extrapol ati on node versus |nterpol atl on m)de can be perforned

PLS/ PCR addresses the colline feature e X-blo - bl ock, by
suitably reducing the di rrensra'%&n%%%y- in bot E—&rﬁ%}d Y- bl o@%sigrj%‘*r PLS), and
X-block only (for PCR) to formthe nodel .Trgg{llnhrg%@rlty is atermreferring
to the existence of relationghips between vagal gbl €s w t hi st ke bl ock
itself. ‘In the PLS nodeling a gorithma nunbgriof i ndependans di nensions in
the X- and Y-bl ocks are identified by form mg.pseudo-vari &@sl.es known as

princi pal conponents or |ate®t vectors throwyhédifferent &8 of |inear
conbi na- tions of original v&iables in each®®Pock. Each sZegt-iof such

conbi na- 1 40.0
J 41.0 41.2
L 43.2 43.3
HCISDIST 43.8 43.7
CLHO [15.0 15.0
HAGO 44.9 44.9
LOPOUR 44.1 44.1
SRLGO 54.7 54.7
Test Set
B 33.5 33.4
E 36.3 36.3
H 39.2 3.1
X 42.0 42.2
M 43.9 44.3
N 45.3 45.2

* measured by ASTM D &13~86

EXAMPLE 2

The procedure of Example 1 was repeated for predicting
aniline point for diesel fuel blends. Samples A, C, D, ?, G, I, J, L,
and N were used to form the training set and samples B, E, H, K, and ¥
formed the test set. The results for the aniline point prediction are

summarized in Table 7.



tions constitutes an independent dinension. It conprises a set of
coefficients that each val ue associated with each variable in the block is
to be weighted by to arrive at the new value for this dinmen- sion. The

val ues for the new, reduced dinensions in the Y-block are regressed onto
their count er paW0974m42 he new, reduced di nensions of the X-bpSfisishish’ i Ve
at the nost parsinonious di nension size (nunber of |atent vectors) an

their associated weights, with the final geaksaf one linear equation
generated to permt prediction of Y-block variables using X-block
variables. The nunber of dinensions used to construct t he nDdeI |s

det erm ned t hrough opti nmE2EE $n ~of PREDIQTED SEASPREDN AN 28 di

Error Sum of Squares), cunul ated by a Cross Vhlrdatron gcxo technrque usrng
the training data set, and, folloﬂéﬁémﬁﬁhe gener a¥R§ par si mony

pri ncrrﬂ e. ora - 20 - ) For
PCR, the nunber of independent d & Ein the X- | pck are first selected
and identified in a simlar fashron4§§ in PLS by fqrngng princi pa
conponents. Then, for each variablesn the Y-block43a3nndel i's obtained by
perform ng ordinary mul tiple |inear $89ression using.ghe Principal
Conponents as "Prediction Variabl es3s.2 Fae.&i dge Regression, the
collinearity problemis dealt with eansa different mamner than PLS/ PCR Here
a diagonal matrix known as the Lanbd&évatrix is addedsto the Covari ance
Matrix of the X-block with the net &%f7ect of stabrgﬁzﬁng t he nureri cal

conput ati on needed to 61.8
Test Set
38.2 39.6
45.8 45,1
51.6 50.8
56.7 25.6
60.3 80.4

* measured by ASTM D 611-82 (1987)

XAMPLE 3

The procedure of Example 1 was repeated for predicting
density for diesel fuel blends. Samples A, ¢, D, F, 6, I, J, L, a?d N
were used to form the training set and samples B, E, H, K, and M
formed the test set. The results for density prediction are sum-

marized in Table 8.



obtain the nodel coefficients. The selection of Lanbda values is through
optim zation of PRESS criterion using cross validation of the training set.
Thus, the Chem st's Rule data for the various reference sanples and derived
from GO/ M5 anal ysis formthe X-block variables. PLS/ PCR/IRR treatnent may
requi re preli mwabypfgPr gani zati on of the X-bl ock data, such ms
transposition and renoval of redundant data and constants or gﬁ%sts?zcal
transformati ons. The Y-block variables are Epe_ property (or properties to
be predicted, and may al so require mathematical transformations such as

| ogarithm c or geonetric, as well as reorgani zation. The data bl ocks may be

represent ed by: TABLE 8 ~ PREDICTED VS. MEASURRO By Mt 189¢ (oq/mly
[ Chemist's Rules (n sanples x 144 columms) ] X err] X err]
X err] X err] YYESFYRED* X[ er rBRERICTED X[ er r | X err]
X err] X err] X err] X err] X err] X err]
X err] X err] pes Set X err] . .
. . ‘ 0.8820 0.8829
' : ' '0.8797 ' 0.8793
X err] Xerr] Xerr] ... X[gégijg X err] g::zg[ err|
0.8644 0.8641
0.8567 0.8566
0.8531 0.8530
0.8482 0.8445
0.840S 0.8416
Test Set
0.8836 0.8824
0.8720 0.8718
0.8606 0.8605
0.8490 0.8486
0.8417 0.8408

* measured by ASTM D 5002-89
EXAMPLE 4
The procedure of Example 1 was repeated for predicting
distillation 750 valuss, the temperature at which 50% of the sample

has distilled. The training and test sets were as described in

Examples 2 and 3. Results are shown in Table 9.

TABLE 9 - ©PREDICTED VS. MEASURED DISTILLATION TS50 (*C)

MEASURED* ED ED
Iraining Set

262 262
261 281
259 - 289
258 258
256 256
257 257
255 25%
252 252
254 254

Test Set
261 262
258 259
255 257
252 254
251 252

* measured by ASTM D 86-90



- 21 - Y- Bl ock Vect or

Measured Property (n sanples) | _ yl
Y2 . Y3
Yn The Y-bl-ock may be a single observation per set of Chemist's

Rul es as shown wbeygi149r it may be a n x mmatrix of observati »ﬂ?
there are mdifferent properties to be predicted. he results of

PLS/ PCR'RR treatnment of the training set dat;g are a series of coefficients.
Raw GC/ M5 data from an unknown sanple (or sanples) are then treated by the
Chem st's Rules first to correct the retention tines and then to formthe

i on sunmati ons. Each valPgker propehtie€hefridiesel Ruglebleands siwghoas chouds pedngn

mul tiplied by thelynai,am; ms&ﬁatp 8bid Ghem, shmdcé&m@dammmﬁe the
prediction of the desir properties. Table il lustrates the

e fo o Phe pinteetarisaieanare ) rae REP- 1 PHd R FPSioRPhoiey A Peheb

unknown test set aeccording to the invention. The subject method can also be used to
- " predict properties of other types of complex hydrocarbon mixtures
boiling below 350°C. '



PREDI CTED VS. MEASURED CETANE VALUES

TABLE 6

MVEASURED*
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SAMPLE

PREDI CTED

3

32.

6

32.

A

Trai ni ng Set

C

34.3 D

34. 1
WO 9301142

PCT/US96/06592

37. 4

35.0

38.2
J

38.5
40.1_ 3¢ -

G
+40. 0

41. 2

37.2

43. 2

41.0

43.3 .

43. 7

43. 8
15.0
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44. 1

CLHO

44.9
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TABLE 7 - PREDCCTED®S. MEASURED ANILINE PO NT ([err]C)

VEASURED*

Table 7.
36.8
43. 3
49, 2
54.6
61.8




8
60. 4

50.
The procedure of

6

39.
51.6
60.

2

39.

56. 6

45.
* measured by ASTM D 611-82 (1987)

Test Set

45. 8
56.7

bl ends.
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The results for density
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EXAMPLE 3 _
for predicting density for diesel
were used to formthe
g Set.
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L1
PREDI CTED VS. MEASURED DENSI TY AT 15[err]C (g/n)

PREDI CTED

J, and
and Mforned the tes

S CroFhE)
E, H K
predi ction are sum narized in Table 8.
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PCT/USY6/06592
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0. 8829
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* measured by ASTM D 86- 90

ot her properties of diesel
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distillation
coul d be predicted using the method

The subject nmethod can al so be used to predict

heat content

poi nt,
etc

pour
FFFT,

LTFT,

Vi scosity,
properties of other types of conplex hydrocarbon m xtures

according to the invention.
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(a)
(b)

in the conpl ex hydr ocar BEFUS96/66592

m xture and whi ch have known val ues of the property or properties

selected in step (a);

CLAI MV5:

38 -
performance or chem cal

per cept ual
produci ng a trszi ning set by the steps of:

sai d reference sanpl es containing

l%nples,
d types present
(c)

predi cting physical,
| east one property of the hydrocarbon m xture;
I
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A net hod for
properties of a conplex hydrocarbon m xture which conpri ses:

sel ecting at
selecting refe

characteristic
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(1) injecting each reference banpie rmto-a gas chromat ograph

which is interfaced to a mass_spectroneter thereby causing at
| east a partial separation ou-; =. H"Iﬂx“ﬂl(ﬂiﬂ»" m xture into
constituent chem cal conpone g i ntroduci ng the constituent
chem cal conpo é each teference sanpl e into the NBRSS
spectroneter, ﬁ(g 7?0 %nam’ C fl ow conditions; Pcrlus9fl%592
obt ai ni ng for each reference sanple a serles3 f tinme resol ved
mass chronmat ogr ans; (4) calibrating the mass chromat ograms to
correct retention times; (5) selecting a series of
corrected retent CoMMSE e W ndows; (6) selecti ng W t hin each
retention time wi ndow a se{ies Phatnod for predictiBl Loy é (14__94 {Alagment
ions, said ions being reopr esent at) ve g‘f%}c gra terrs

corrpounds or nol @8ffexpance or chemical @Fa%eé'ééese%éc?wlﬁ fpfrpcprhony wixEREd on
time w ndOVV which comprises:

{a) selecting at least one property of the hydrocarbon mixture;

{b) selecting reference samples, said reference samples containing
characteristic compound types preéent in the complex hydrocarbon
mixture and which have known values of the property or properties

selected in step (a):

{c) producing a training set by the steps of:

{1) injecting each reference sample into a gas chromatograph
which is intexfaced to a mass spectrometer thereby causing
at least a partial separation of the hydrocarbon mixture

into constituent chemical components;

{(2) introducing the constituent chemical components of each
reference sample into the mass spectrometer, under dynamic

flow conditions;

{3) cobtaining for each reference sample a series of time

resolved mass chromatograms;

(4} calibrating the mass chromatograms to correct retention

times;

{5) selecting a series of corrected retention time windows;

{6) selecting within each retention time window a series of
molecnlar and/or fragment ions, said icons being
representative of characteristic compounds or melecular

classes expected within the retention time window;



- 39 - (7) recording t%(é,tfotji,auouweach characteristic
conpound - or conpound group selected in step c(6); (8)
formng the data fromsteps c( aX—bIock mat ri x;
(9) formng the data sel ect edﬂ‘ “m"mn “llmf ence sanpl es

selected in (b) '3,9 Y-bl ock matsix * (10) analyzing the data from
steps c¢(8) and ‘8’? ng mul tivariate correl ati on tecRETYSREG6592

i ncluding Partial Least Squares, Princi pal Conponent Regression,
or Ridge Regression to produce a Yelies of coefficients; (d)
subj ecti ng an unknown hydrocarbon m xture to steps c(1) to c(3) . in the

same manner as the r@fer@BeingMieCedr@: PnBEHC B aeaéﬁrdhﬁl?axﬁgnstxc dohBBand
resol ved mass chromat ogr ans; (e) repeating steps c(4) to c(8) for each

mass chromat ogram from SEefPPPound BERUP Selersedin (SEEP\AlRYF t he mattix from.
step ¢e) by the coefficients from step C(10) to produce a predicted

val ue of :[he PrOper iy Olgorming the data from steps c{6) and ¢(7) into a X-block

" ) matrix;

(9) forming the data selected in {a) for reference samples

selected in (b) into a Y-block matrix;

{10) analyzing the data from steps c(8) and ¢(9} by multivariate
correlation technigues including Partial Least Squares,
Principal Component Regression, or Ridge Regression to

produce a series of coefficients;

(d} subjecting an unknown hydrocarbon mixture to steps c(l) to c(3)
"in the same manner as the reference sample to produce a series of

time resolved mass chromatograms;

{e} repeating steps c(4) to c{8)} for each mass chromatogram from step

{d);

{f) multiplying the matrix from step (e) by the coefficients from
step ¢(10) to produce a predicted value of the property or

propexrties.

2. The method of claim 1 wherein the gaé chromatograph is a
capillary gas chromatograph and the mass spectrometer is a quadrupole

mass spectrometer.

3. The method of claim 1 wherein the gas chromatograph and

mass spectrometer are operated under repeatable conditions.

4. The method of claim 1 wherein the selection of a series
of molecular and/or fragment ions characteristic of compounds or

compound classes is accomplished using Chemist’s Rules.



properties. 2. The ne rein the gas
chromat ograph is a capillary gas chronmatograph and the nass spectronmeter is

a quadrupol e mass spectroneter. r“ulnuulu“mﬂ ﬂlmat hod of claiml
wherein the gas chromatograph and melBAl are operated under
repeat abl e conditi ons. 4 Ffhe'nethod of claim 1 wherein the
sel ection of a sodmet1eX nol ecul ar and/ or fragnent ions char acper/usdsiossosf

conpounds or conpound cl asses is acconplished using Chem st's Rul es.
- 40 - 5. The method of claim1lwaer<ein the selection of a

series of nolecular and/or fragment ions characteristic of conpounds or

conpound cl asses is acconpl i shed usi ng drocar bon g%ﬁ)e Anal ysi s. )
6. The nmethod of claim 1 whetr e R® FRERPY Phfttife lgderedy sShmtslicaper afich sasies

spectroneter are stdr solacnlar GOAPIH Efagmant ions characteristic of compounds ox

compound classes is accomplished using Hydrocarbon Type Analysis.

€. The method of claim 1 wherein data from the gas

chromatograph and mass spectrometer are stored in a computer.

7. The method of claim 1 wherein data from steps (c)} to (f£)

are treated in a computer.

8. The method of claim 1 wherein other chemical,
performance, perceptual or physical properties of the hydrocarbon
mixture are selecred.

9. The method of claim 1 wherein the data are collinear.

10. The method of claim 1 wherein the multivariate correla-

tion technique is Partial Least Squares.



»

7. The nmethod of claim'l wherein data fromsteps (c) to %a I n
a ‘conput er. . 8. The nethod of claim 1l wherein f
per f ormance, perceptdal or physical properties of the hyd ocaépggg%mxture

are sel ected. 9. The nethod of claim 1l wherein th a are
col |l i near. 10. The nmethod of claim 1l wherein the nulti var| ate
correla- tion technique is Partial Least Squares. g
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