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. EXECUTI VE SUWVARY
CONCLUSI ONS

1) The accuracy and repeatability of commonly used gas

chromat ographic (GC/FID) determ nations of nethyl ester content
of biodiesel is [imted by a host of variables which need to be
controlled to ensure reliable results.

Accuracy is limted by the conplexity of the calibration process,
the purity of substances used as standards, the changes in
standards caused by handling and storage, the inability to
identify and quantify all esters in the sanple, the conplexity of
t he sanpl es thensel ves, for exanple as caused by m xtures of

al kyl esters formed by conpounded starting materials, and various
potential interferences causing peak overlaps or msidentifi-

cati on.

2) Only nethods capable of the highest precision and accuracy are
suited for this determ nation

The precision and accuracy requirenents for total nmethyl ester
analysis are high, determned by the need to distinguish 95-98%
specified purity from 100% purity reliably.

3) Anodified GC standard nethod is offered for inmediate

i npl erentation as a short term stop gap. This is for

determ nation of total nethyl esters in biodiesel nmade from pure
met hanol

A nodified version of an ACCS standard nethod with cool on-colum
injection, a noderately polar negabore capillary colum,
autoinjection, and conputer data analysis with gas

chromat ography/ flanme ionization (GC/FID) detection is presented
as the nmethod of immediate choice to address the short term need
for high precision and accurate determ nations of total nethyl
esters by gas chromat ography.

4) Hi gh performance |iquid chromatography (HPLC) with mass
sensitive detectors, such as evaporative light scattering (ELSD)
affords a highly precise estimation of the ester content with the
potential for greatly reduced calibration needs, and direct
application to diesel blends and ethyl esters. However, this

technology is relatively new and not yet established for
bi odi esel work.

Research is needed to i nprove the soundness of data from the

5)
| aboratory, and reduce the effort needed to generate such data.
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RECOMMENDATIONS

1. The attached procedure for determination of total methyl
esters by gas chromatography (GC) should be implemented
immediately. Because of idiosyncrasies associated with the GC
approach this should be viewed as a short term stop gap, while
research continues to find more reliable and easier to implement
methods.

2. Research is needed immediately to improve the quality of total
methyl ester determinations, and to find ways to reduce the
effort required to obtain the desired result.

High performance liquid chromatography (HPLC) in conjunction with
various mass detectors, such as the density detector, offers the
potential to satisfy this need. These detectors have potential
for reliable and reproducible determinations and a reduction in
effort associated with calibration and interpretation, and,
therefore, should be investigated thoroughly.

See also Section VII on research recommendations.

SUMMARY

The work presented here entails a review of literature concerning
the analytical characterization of methyl esters of fats and oils
of biological origin, followed by a laboratory study of selected
methods. The purpose is to lay the foundation for a
standardized procedure for routinely determining the total ester
purity, and consistent with this purpose to find suitable
analytical methods.

A gas chromatographic procedure is offered here for immediate
implementation, which meets short term laboratory needs. This
method represents a substantial improvement over earlier commonly
used methods. The gas chromatographic approach is limited,
however, by various idiosyncrasies, and these limitations yield a
call for immediate research on promising technologies, such as
HPLC with mass sensitive detectors, and ways to reduce laboratory
effort to produce reliable results.

The underlying theme of the work is perhaps best summarized by
the question: “What is the most economical way to obtain the
accuracy and repeatability demanded by biodiesel

specifications?“. The question of whether established analytical
methodologies and method standards are readily adaptable to this
theme is addressed here. Prospective analytical methods are
first screened during the literature review using a series of
preselected criteria. Among those criteria are statistical
methods which help define the demands on the analytical method
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for repeatability. Sound choices from the screening are further
evaluated using laboratory tests to determine the repeatability
(precision) and identify factors which influence accuracy.

The literature on methyl ester determinations is reviewed with a
focus on chromatographic determinations of weight percent.
Chromatographic methods were investigated because of limitations
in the application of spectroscopic and chemical tests and the
widespread use of chromatographic instrumentation in the
biodiesel industry. Fatty acid methyl ester (FAME) analysis is
the focus of much research over several decades, but the
application of the results of this research to the analysis of
biodiesel is relatively recent. Pioneered ain the U.S., most of
the specific application development of chromatographic technique
to biodiesel is now best documented in the European literature.
This is clearly the result of an on-going push to commercialize
biodiesel there. The recent objective of establishing suitable
methods for enforcing strict specifications for the weight
percent total methyl ester content of biodiesel fuels differs
appreciably from that of most earlier work, where the efforts are
concentrated on determining the numerous specific impurities
thought to pose potential or real problems.

A series of criteria are presented which were used to make
preliminary evaluations of prospective methods for total methyl
ester determinations. Four main criteria were used to choose
methods for experimental evaluation: 1) potential for the highest
attainable precision and accuracy; 2) comparable costs of
instrumentation; 3) flexibility of instrumentation, i.e.
potential application to other biodiesel applications, and other
laboratory needs; 4) established technologies. Other factors,
such as analysis time, operating costs, ease of method execution,
calibration and standardization demands, toxicity and health
hazards of handled chemicals, and the availability of
instrumentation were also considered. One good possibility for
HPLC detection, the density detector, was ignored because of the
unavailability of instrumentation at the time of the study.

The results of the criteria evaluation indicate that gas
chromatographic methods with flame ionization detection (GC/FID)
offer the most immediate promise, because of the potential for
high precision and accuracy, and the widespread use and
popularity of GC instrumentation. HPLC with evaporative light
scattering detection, a more recent technological advance, also
offers the potential for highly repeatable determinations of
total methyl esters, extension to biodiesel impurities, and is
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used as a comparison to the GC approach in the experimental
evaluation. The requirements for instrumentation are presented
and the costs for purchase of either HPLC or suitably equipped GC
instrumentation are comparable.

Variability in the measurement process dictates a scientific
understanding of the demands on analytical performance to
reliably determine the purity of biodiesel, and a statistical
basis is developed and presented to make appropriate method
distinctions. The statistical requirements for methods capable
of distinguishing between 95 or 98 and 100 % purity are
presented, and these requirements dictate the need for methods
with the highest precision and accuracy. Statistical measures of
variability are used in the experimental evaluation of the
methods.

Two GC approaches and one HPLC approach were evaluated
experimentally in detail using the statistical estimates of
variability (repeatability), tests of possible interferences, and
the prospects for applications to blends of biodiesel with
petroleum, and to ethyl esters. In each case, the methods were
modified from published methods and optimized for biodiesel
determinations of total methyl esters. The GC modifications of
an AOCS standard focus on injection conditions optimized for
biodiesel determinations, and two variations of the best possible
injection conditions were evaluated.

The results show that the cool on column injection GC technique
provides the best repeatability. The cool, on-column method
gives a precision of plus or minus 0.34 % relative, compared to a
precision of plus or minus 0.73% for the HPLC, and plus or minus
2.87% for hot on column GC. Analysis time for the HPLC approach
is less than 8 minutes, whereas the total time for a GC run of
the methyl esters is 40 minutes, thereby making possible more
replications (which can be used to improve the statistics) for
enhanced statistical reliability with the HPLC method. The HPLC
method is also readily adapted to ethyl or mixed esters and
esters blended with petroleum diesel. The evaluation of
potential interferences such as free fatty acids, and possible
application to ethyl esters or biodiesel blends shows that the
HPLC appears to offer considerable advantage and flexibility.

Various factors which limit accuracy are discussed. Among those
factors the availability of suitably certified reference
materials, and errors in the preparation and handling of
standards loom as important considerations. For the GC method,
each individual methyl ester must be quantitated with a standard
and this poses a serious challenge to the analyst as the
complexity of the ester increases, for example, the result of
mixtures of alcohols in the starting materials.
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The HPLC nmethod with mass selective detection offers potenti al
advantages in this regard, also, with the possibility for m ninmal
substance calibration. But the application of this technology to
nmet hyl ester purity determinations is less well established, and
requires further validation and research.

Continued research is necessary to achieve reliable, cost

ef fective approaches to the chromatographic determ nation of the
total weight percent of the methyl ester content, and the
residual glyceride inpurities. Research needs (Section VII) are
presented to anplify and further inprove the nethods and
encourage the devel opment of newer technol ogy which pron ses

i mproved method performance, reliability, and a reduction in the
effort required to obtain precise and accurate results.

A draft procedure utilizing the cool on-colum gas chromatography
technol ogy investigated in this study is attached.

1. | NTRODUCTI ON

The transesterification of triglyceryl esters with sinple

al cohols affords an elegant pathway to nmaterials potentially
suited for diesel fuels. The starting materials for the
conversion are, however, often of conplex origin and lead to
potential diesel products with varying extents of ester
conversion, and fuel properties.

This biodiesel is conprised of nunerous esters plus inpurities,
such as byproducts, residual reactants, free acids, and various
gl yceri des. Such a concoction poses a challenge to anal ysts who
need to address on one hand inpurities at the 0.1% | evel which

i mpact engi ne performance, and on the other, purity at the

95% 100% | evel . Both are necessary for conplete fuel
characteri zation.

The commercialization of biodiesel fuels dictates the need for
enf orceabl e specifications. The purity of the fatty acid nethyl
esters used in these fuels nust be well defined to ensure

consi stent product quality and engi ne performance. Clearly,
reliable analytical nethodol ogies for determning biodiese
guality are needed to forma solid basis for enforcenment of
strict specifications of 95 % or better purity.

The following work entails a review of existing literature
concerning the analytical characterization of nmethyl esters of
oils and fats of biological origin, followed by a |aboratory
study of sel ected methods. A procedure which addresses short
term needs is offered here for | mediate inplenentation.

Research needs are presented to anplify and further inprove the
net hod and encourage the devel opnent of newer technol ogy which
prom ses inproved nethod performance and reliability.
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I11. LI TERATURE REVI EW
METHYL ESTER PURI TY DETERM NATI ONS

The need for nethyl ester purity evaluations is a two headed
dragon. On one head the tot al nethyl ester content by weight
percent is needed to predict inportant fuel properties, and to
clearly establish the identi ty and purity of sanples which are
unknown. On the other head, the level of many inportant
impurities such as glycerol, nono and diglycerides at |evels of
around 0.1% (a factor of 1/1000 or less of the main ester
conponents) or |ower appears necessary for optinmum engine
performance (1). The two differing needs pose a serious

chall enge to the analyst, and while a conplete scan of the
impurities by one practical analytical protocol remains a |ofty,
yet unattai ned goal, separate anal ysis schenes for optimzed
preci sion and accuracy appear necessary.

The followi ng sunmarizes the work on indirect and direct nethods
for determning nmethyl ester purity. The indirect nethods are
defined as those nethods which attenpt quantification of
impurities, and the direct nmethods are those that determ ne the
total nethyl ester content by weight.

Chr omat ogr aphi ¢ nmethods are the focus of nuch of this review,
since these nmethods are widely used in the biodiesel industry,

and gas chromatography is already specified (2,3) or proposed for
ASTM

I NDI RECT METHODS FOR DETERM NI NG PURI TY

The overall objective of indirect nethods, then, is to detern ne
all the inpurities, sumthemto arrive at a total inpurity
figure, and subtract that ampunt from 100 to arrive at percent

purity. Al of the inpurities nmust be determined to arrive at a
satisfactory determ nation

Chem cal, spectroscopic, and chromatographic nmethods are al
applied to the determnation of specific inpurities, such as
free fatty acids, soaps, water, glycerol, sterols and other
unsaponi fiable matter, nono and digl ycerides, and residua
reactants-the triglycerides and al cohol, in biodiesel. A recent
nonograph (4) summarizes nuch of the analytical nmethodol ogy
currently used for biodiesel in Europe, and should be consulted
as a background prinmer on biodiesel analysis. A recent synposium
addressed the need for standardi zed approaches to biodi ese
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anal ysis, and updated the status of several of the European
Community nethods (1,2). These nethods or variations of them are
used throughout the biodiesel industry, and chromatographic

nmet hods which allow for direct estimates of weight percent are
the focus of industry.

Chem cal and spectroscopic techniques are generally acceptable
for biodiesel when other suitable alternatives for determning
wei ght percent are inappropriate. These nethods are based on
functional group popul ation estimates, however, and additiona
anal ytical information from conplenentary techniques is usually
necessary to arrive at a weight percent figure. Sone routine
spectroscopi ¢ techniques such as md range infrared and NVR are
insufficiently sensitive or specific for determnations of many
specific inpurities of biodiesel at the 0.1 % range in a nethyl

ester nmatriXx. Gt hers, such as various forns of direct nmass
spectronmetry are usually too conplex and expensive for routine
application in a QC environnent. On the other hand, the cost of

chromat ographic instrunmentation is well within the grasp of nost
QC labs and can provide direct weight percent data.

Gas Chr onmt ogr aphy

Most of the current focus of the biodiesel conmunity is on gas
chromat ogr aphi ¢ net hods, possibly due to the historical

devel opnment of gas chromat ographi c technol ogies, such as the
capillary colum, the availability and flexibility of
instrumentation, and the lure of the relatively |ow cost of flane
ioni zation detectors (FID). Usual |y the object of gas

chromat ography is to separate the various nolecular entities of a
sanple, and this is often acconplished readily wth capillary CC

Derivatization, a separate sanple treatnent which makes
substances essentially non volatile nore volatile, makes possible
the determnation of many of the inpurities by gas

chr omat ogr aphy. G ycerol, sterols, free fatty acids, residua

al cohols, nono and diglycerides are all readily derivatized wth

the silylating agent BSTFA (5}, and this forns the basis of
current GC nmethods for inpurity determnations.

Freedman et al.(6) published the classical basis for determ ning
BSTFA derivatized nono and diglycerides and residual
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triglycerides as a means for rapid monitoring of biodiesel
transesterification process mixtures by GC. Several
modifications of this method for biodiesel analysis have
appeared, differing in column stationary phase, length and
diameter, injection parameters, internal and external
standardization procedures (7-11).

An AOCS standard,Cd 11b-91 (Il), describes the determination of
mono and diglycerides, based on BSTFA derivatization. Bandiol i
et al. {8) investigated the use of cool on column injection
techniques, and this is incorporated into the method presented
by Plank (10) for biodiesel. Plank makes a critical assessment
of methods used for determining the acylglycerol (mono, di, and
triglycerides) content of biodiesel fuels at the 0.1% level by
gas chromatography. BSTFA derivatization methods are also
reported for determinations of glycerol (12) and residual
methanol (13) in biodiesel FAME.

High Performance Ligquid Chromatography {HPLC)

The HPLC approach to analysis of lipids has blossomed in the last
ten years. Advances in HPLC detection have resulted in renewed
interest in this technique for determination of lipid impurities
such as the mono, di and triglycerides (14). Specific
applications to biodiesel, however, are few.

Rather than separate the lipid impurities into individual
compounds and determine each entity, the emphasis of much work is
directed at separation of lipids into classes of compounds, such
as proposed by Christie (15) using evaporative light scattering
detection. This HPLC approach differs from that of GC where
each compound is separated and determined individually. The
esters as a group of substances are separated from the various
glyceride compounds. The lure is the potential simplification of
the analytical calibration process to but a few compounds, with
the possibility of universal calibration.

Examples of applications of HPLC to biodiesel are published.
Bruns (16) studied the application of early evaporative light
scatter detection (ELSD) technology to the determination of mono,
di and triglycerides in methyl esters. The ELSD offers high
sensitivity for low vapor pressure substances, such as those
found in biodiesel. Trathnigg and Mittlebach used density
detection (17) to monitor transesterification reactions for
biodiesel production.
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Thin Layer Chromatography (TLC/FID)

Thin | ayer chromatography (TLC) with flanme ionization detection
is used for classical class type separations in lipid anal-

ysis (18), and can formthe basis of quantitative estimates.
Manual sanple application to the sanple plates is exacting for
the best quantitative work, and a robot nay be needed to do this
on a routine basis. Limts of detectability are reported in the
range of tenths of a percent, which is considerably higher than
that required for routine nonitoring of glyceride inpurities at
the 0.1% |l evel in the European Community nations.

TOTAL METHYL ESTER DETERM NATI ONS

I nt roducti on

The analysis of methyl esters of fatty acids is the subject of
extensi ve research over several decades. The focus of that
research is on detailed investigations of the conposition of
triglycerides, and other lipid (fat) components in |iving
systems, food and industrial oils. The objective of the

anal ytical research is mainly to define the type of fatty acid

groups attached to the glycerol backbone of fats and biogenically
derived oils.

Avai lability of Standard Procedures

Many standard anal ytical procedures are published for the
characterization of fats and oils by the ACCS (Anerican Q|
Chem sts Society) AQCAC (Association of Oficial Analytica
Chemists) and ASTM and these are applied to nunerous different
anal ytical challenges with varying degrees of success. Gas
chromat ography forns the basis of much of the current analytica
nmet hodol ogy for biodiesel, and nethods used for determ ning the
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total nethyl ester content are based on these standards,
particularly those published by the AGCCS.

Wei ght Percent and Functional G oup Methodol ogi es
A whol e spectrum of organic analytical techniques is applied to

fatty acid nmethyl ester characterization. Whil e many different
met hodol ogi es are avail able, these can be roughly categorized

into two groups. In the first, the total nethyl esters are
determned, and weight percent is derived directly from weight
standards, as is done in various chromatographic techniques. In

the second, the weight percent is indirectly derived from an
estimation of the population of functional groups (functiona
groups are the specific chem cal building blocks of a nolecule
whi ch determ ne nol ecul ar properties) on a substance's nol ecul ar
f ramewor k

The application of functional group nethodol ogies is conplicated
by the fact that biodiesel represents nunerous substances
sonewhat simlar rather than a distinct single substance.

Wthout additional detailed analytical information about
inmpurities and chain length distribution, the accuracy of the
wei ght percent estimates in the functional group tests is
generally limted. \Wile acceptable in many other instances the
hi gh degree of precision and accuracy required for biodiesel
determnations limts the utility of functional group nethods.
Chr omat ogr aphi ¢ separation which defines the specific chem ca

conposition can greatly enhance the value of spectroscopic
t echni ques.

Md range infrared (IR} and nuclear magnetic resonance (NMR)are
exanples of w dely used spectronetric techniques which focus in
on the functional groups of a substance. Various chem cal tests
such as saponification nunber or acid nunber are ained at
functional group popul ations, also.

Chr omat ogr aphy

Chr omat ogr aphi ¢ net hods, such as gas chromat ography (GC), high
performance |iquid chromatography (HPLC) and thin |ayer

chromat ography (TLC) separate the many individual conpounds of
fam|lies of substances such as those found in biodiesel. These
separation tools are applied wdely to the characterization of
fatty acid nethyl esters, oils and fats, and are the nost useful
in obtaining quantitative determ nations of weight percent
directly.
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Only relatively recently is there a concerted effort to refine
analytical methods for the purpose of defining the purity of the
methyl esters of fatty acids used in diesel fuel substitutes
(biodiesel). The starting point of many of these methods is the
gas chromatographic separation work used to define the fatty
acids attached to triglycerides, or of free fatty acids, or the
makeup of various mono and diglyceride substances, by conversion
of the fatty acid residues to fatty acid methyl esters.

Methods which specifically address the analytical rigors required
to meet the tight proposed specifications for the total purity of
biodiesel fuels by gas chromatography, the most widely used

technology to date, are unavailable. Newer technologies offer
the possibility for reduced tedium to achieve appropriate
standardization and calibration. Given the complexity of these

analyses, that possibility, if realized satisfactorily, would
offer a considerable advantage.

Gas Chromatographic (GC) Methods

The application of gas chromatography to the analysis of methyl
esters is extensive. Already mentioned is the early application
of this technique to the characterization of oils and fats.

Samples of oil or fat are typically completely saponified
(converted to a fatty acid soap) and then converted to the methyl
ester by a derivatization reaction with a substance such as boron
trifluoride in methanol. The methyl esters are then analyzed
using a capillary column and flame ionization detection. This is
a standard approach to deriving the fatty acid distribution and
is the basis for methods published by ASTM, AOAC and AOCS.
Typically, this approach is used to amplify the meaning of simple
tests which determine the total fat content by extractions.

These GC methods form the basis of current efforts to determine
the total methyl ester content of biodiesel (19-22).

Several approaches to the gas chromatographic determination of
the total methyl esters are reported. These differ primarily on
the basis of resolution, accuracy and precision, the types of
columns and detectors available.

COLUMNS AND INJECTOR TYPES

Both non polar and polar columns are used depending on the
particular advantages required for a specific determination. A
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chal l enge with non polar types such as the 5% phenyl/dimethyl
silicone phases is the separation of the main types of 8 fatty
acid methyl esters in many vegetable oils, i.e. the stearate,

ol eate, linoleate, and linolenate. Such non-pol ar col ums, which
are widely used for determ nations of ester inpurities by BSTFA
derivatization, make quantification difficult, and are

i nappropriate where the highest precision and accuracy are
required.

Short colums for low resolution requirenments are evaluated. A

| ow resolution GO FID nmethod was devel oped by Freednan et al. (6)
for the purpose of nonitoring transesterifications of soybean
oils for the conversion to biodiesel. The colum has a non pol ar
stationary phase with split injection.

The ACCS standard nethods Ce 1-62 {(20), and ASTM nethod D 1983-90
(19) are nethods for determning fatty acid conposition by GC of
net hyl esters with packed col um technol ogy. Ackman (23) has
commented on the advantages of capillary colums conpared to
packed col ums. Ce le-91 (22) and Ce 1c-89 (21) determ ne the
fatty acid conposition by capillary GC techni ques. Bot h

capil lary nmethods enploy split injection. Met hod Ce |e-91
utilizes a polar cross bonded polyethylene glycol stationary
phase with split or heated on-colum injection. The Ce | c-89
standard nethod for determning the cis/trans unsaturation ratios
and unsaturation positional isomers of fatty acids (as their

nmet hyl esters) utilizes a highly polar cyanopropyl colum, with a
split injection technique.

Non polar, so-called "boiling point" colums are also used by
sonme investigators for nmethyl ester separations, a possible
advant age when chain branching of the hydrocarbon backbone

requi res investigation. These columms have difficulty in
separating the inportant unsaturated nmethyl esters such as ol eic,
l'inoleic. and Ilinolenic.

QUANTITATION
Slover and Lanza (24} have published a detailed study on factors

whi ch affect the accuracy and precision associated with the
guantitative analysis of food fatty acids by capillary gas
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chromat ography of nethyl esters using the split injection
t echni que. Their study includes the results of calibration work

with correction factors. The data indicate that the correction
factors vary in a conplex way on concentration of analyte and the
chem cal structure of the anal yte. The correction factors nust

be cal culated for each analysis system as a significant portion
of the correction is the result of analyte deconposition and
irreversible adsorption to the active sites in the sanple flow
pat h.

HPLC

Several nethods are reported for determning the total nethyl
ester content of biodiesel. A precision and accuracy of plus or
mnus 1% are reported (17,25). Trathnigg and Mttlebach (17)

i nvestigated separating the biodiesel into its esters and
impurities using a conbination of a cyanopropyl bonded phase
colum and a styrene divinyi benzene colum wth a density
detector and chl orof orm nobil e phase.

ANALYTI CAL PRACTICES IN THE US

In a study hanpered by confidentiality concerns, the current
practices of industrial firms manufacturing biodiesel in the US.
were surveyed. The results of this study indicate that the

met hods currently in use for inpurities are based on BSTFA
derivatization, and AOCS standards for iodine value, acid nunber,
and glycerol, and ACCS standards Ce le-91 for nethyl ester
distribution, and total nethyl ester determ nations.
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IV. STATISTICAL REQUIREMENTS
ACCURACY AND PRECISION

Summary

The accuracy and precision requirements for the various methods
are examined here. This is not a comprehensive review, but
rather an attempt to determine approximate boundary parameters,
so that methods are more easily evaluated. Because
chromatographic methods are the subject of the evaluations in the
coming sections they are the focus of this discussion.

While the accuracy of a determination is related to various
sample related considerations and is difficult to predict, a
useful question to pose for the total methyl ester analysis is
“what 1s the maximum allowable precision{standard deviation)
which makes possible a viable distinction between 100% pure total
methyl ester and the minimum allowable purity (e.g. a proposed
specification of 98% purity)?“. This information allows for an
informed decision of the minimum requirements for precision and
accuracy for the methodology, and also the sample analysis
replication requirements.

The estimated standard deviation associated with a particular
methodology is a statistical statement of the performance of a
method and its precision. Significance testing utilizing t
statistics and confidence limits was used here to estimate the
maximum standard deviations allowed to distinguish the difference
between 100% purity and other levels of purity at different
probabilities ($/10, 95/100, and 99/100) and replications. The
ability to distinguish between pure 100% methyl ester and two
different levels of purity, 98 and 95%, was calculated.

Method Precision Requirements

Tables 1 and 2 list the estimated maximum allowable method errors
in terms of the standard deviation. The number of determinations
for each of both pure, 100 % standard, and sample required to
achieve a particular standard deviation is n, while the p is a
probabalistic confidence level. If the actual standard deviation
for a single determination is greater than or equal to that
appearing in the table then the difference between the true means

of sample and standard might be zero at a particular confidence
interval.
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TABLE 1

MAXI MUM ALLOMBLE STANDARD DEVI ATI ON FOR DI STI NGUI SHI NG
DI FFERENCES BETWEEN 98% AND 100% PURI TY

NUVBER OF REPLI CATES EACH FOR SAMPLE AND STANDARD

N= 2 3 4
CONFI DENCE LEVEL
PROBABI LI TY STANDARD DEVI ATI ON

P PLUS OR M NUS PERCENT
$/10 (909 0.68 1.15 1.46 1.70
19/20 (95% 0. 46 0. 88 1.16 1.37
99/100 (99% 0.20 0.53 0.76 0.9%4
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TABLE 2

MAXI MUM ALLOMBLE STANDARD DEVI ATI ON FOR DI STI NGUI SHI NG
DI FFERENCES BETWEEN 95% AND 100% PURI TY

NUVBER OF REPLI CATES EACH FOR SAMPLE AND STANDARD

N= 2 3 4 5
CONFI DENCE LEVEL MAXI MUM ALLOMBLE
PROBABI LI TY STANDARD DEVI ATl ON

P PLUS OR M NUS PERCENT
9/10 (90% 1.71 2. 87 3.64 4.25
19/20 (95% 1.16 2.21 2.84 3.43
99/100 (99% 0.50 1.33 1.91 2.36
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A quick review of the tables reveals that the requirenents for

di stingui shing between 95 and 100 percent are considerably Iess
demandi ng than those for distinguishing between 98 and 100%

For exanple, a precision of less than plus or mnus 1.16%is
needed for a 19/20 confidence (95% Ilevel to distinguish between
95 and 100% by anal ysis of duplicated sanples and standards. In
contrast, a precision of less than plus or mnus 0.46%is
necessary to distinguish 98 and 100 percent with duplicate

anal yses of sanples and standards.

Stated in another way a nethod with a precision of plus or mnus
1.15 % woul d require quadruplicate determ nations of both
standards and sanples to achieve 95% confidence of a difference
between 98 and 100%, and just duplicate sanples for the 95%
confidence of a true difference between 95% and 100% This is
hypothetical, 1in that it assunmes that in the analysis of actua
sanples there are no biases (these are sone), and that the

preci sion of the determ nation of the sanples and standards is
identical (which should be true,but there are no guarantees).
That is, the real situation is worse taking into account biases,
and sanple related neasurenent variability.

ACCURACY

Factors affecting the accuracy of nethods for the determ nation
of total nmethyl esters include the follow ng:

1) The precision of the nethod.
2) The ability to quantitate overl appi ng peaks.

3) Interferences from unknown substances

4) Accurate assignnent of peaks including mnor peaks, and
peaks | ess than 1%

5) The inertness of the sanple flowpath during
chr omat ogr aphi ¢ separati on.

6) The accuracy of certifications of standards.

Because of the small differences between 100% and 95% pure
substances the need to control these factors is acute.

1) Precision- in absence of analytical biases which alter the
anal ytical result, precision determ nes accuracy. Hi gh

preci sion, as discussed above, is key for determ ning the success
of a nmethod, and becomes critical on a practical level, when the
replication needed to have a certain degree of confidence is
consi der ed. Put in another way, the rate of sanple throughrurt,

eventually limts the degree of replication possible for 4 given
met hod.
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2) The ability to quantitate overlapping peaks is especially
important if the response factors of the two overlapping ester
peaks differ. The variation of response factors as a conplicated
function of chem cal structure and concentration is discussed in
a previous section. To distinguish between 98% pure and 100%
pure sanples dictates special care for the main and m nor
conmponents. Resolution, or the ability to separate the main
conponents chromatographically is critical

Elimnated from further consideration here are nethods which fail
to resolve the main A8 fatty acid nmethyl esters, such as gas

chr omat ogr aphi ¢ nmet hods based on pol ydi methyl silicone stationary
phases used in BSTFA derivatization methods.

Accurate quantification of overlapping peaks is becom ng nore of
a concern to fatty methyl ester analysts and to achieve the best
possi bl e quantification of often conplex chronmatograns conputers
with data processing techniques are required. Possi bly, nore
advanced techni ques of detection, such as GC/MS are necessary to
anal yze bi odi esel made from m xtures of al cohols.

3) Interferences defined here are substances which are not fatty
acid esters. Peak overlap with nmethyl esters is a potenti al
concern, as is spurious high or Iow | evel peaks, which in the
|atter case mght lead to several peaks at levels of less than 1%
-easy to ignore, or to mstakenly consider as nethyl esters.

In GC, any peak which is unidentified is a potential interference
because the whole chromatogram i s scanned. Sonme possi bl e
interferences include fatty acids and some hydrocarbons.

4) The identity of peaks is normally acconplished through

a conparison of retention tinmes of the conponents of standards to
t hose of the unknown sanpl e. Uni dentified esters go uncounted,
and the presence of mnor anobunts of alcohols in addition to

nmet hyl could cause | ow estimtes of ester content.

As an exanple. two or three snmall unidentified peaks just |ess
than 1% coul d determ ne whether a fuel passes or fails
specifications for 98% purity. Peaks down to 0. 1% need to be
identified and quantified to nmeet such a specification.

5) The inertness of the sanple flowpath is particularly inportant
i n chromat ography because m croscopi c anounts of
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substances are introduced to the analysis system and to ensure
that every conponent passes through to the detector is extrenely
i nportant.

Probl ens associated with adsorption, destruction of substances
are particularly acute with gas chromatography. The inlet of the
gas chromatograph is susceptible to such problens because of the
hi gh tenperatures of injection, and residues left behind from

previ ous sanpl es. Unsaturated nethyl esters are particularly
suscepti bl e because they are readily oxidized at higher
t enper at ur es. The anal ysis system nust be inert.

6) The availability of certified reference standards of
sufficient quality is a key requirenment for accurate results.
Vendors often provide certificates of analysis. Once such
standards are in hand adequate procedures to nmaintain the purity
of the standards is necessary.

Many warnings are issued regarding the susceptibility of the
nmet hyl esters to light, heat and oxygen. The degree to which

this inpacts ester analysis is unclear. Some conpounds, such as
the highly unsaturated conpounds, are relatively unstable and
reactive towards oxygen. However, relating this information to

routine practice in the |laboratory to avoid | osses of even 1 or
2%, which is likely to be acceptable in nmany other applications,
is difficult.

As yet, N ST has no certified reference materials for nmethyl

ester determ nations. Mixtures of esters are available from NI H
and ACCS through private standards conpanies. Private conpanies
are the biggest source of standard materials. The conpani es
sonetines provide a certificate of analysis to acconpany the sold
mat eri al . There are, however, no independent checks on the
guality of these materials, and provisions are lacking in
standard nmethods to check the purity in the |aboratory, where
changes in the purity by esposure to air, heat or light are
l'ikely.

One such conpany was contacted to deternmine the |evel of
variation in purity of pure substances and m xtures used for

st andar ds. The pure materials are sold as >99 % purity, and are
checked by gas chromatography and thin layer chromatography prior
to customer delivery. These tests nmay be insufficient to define
purity adequately.
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VETHODS EVALUATI ONS
I NTRODUCTI ON

To routinely distinguish with confidence pure 100% met hyl esters
from 95-98% purity requires the highest attainable accuracy and
preci si on. Based on this need, two nodified nethodol ogi es
capabl e of the highest precision and accuracy were chosen to
determ ne which is best suited for routine determnations of

bi odi esel purity. These nethodol ogi es were based on gas
chromat ography (GC) and high performance |iquid chromatography
(HPLC), and were optimzed for biodiesel needs. Two variations
of injection conditions of the GC approach were tested. The
results show that GC with direct, cool, on columm injection
provi des the best precision.

CRI TERIA FOR METHOD SELECTI ON
The following criteria were considered in selection of methods:

*Potential for the highest attainable precision and accuracy
*Technol ogy status-state of technol ogy devel opnent
*Anal ysis tine/sanple throughput
*Flexibility of required instrumentation/potential adaptability
to other biodiesel analyses
*Operating costs
Mai nt enance of equi prent
Chenmi cal s/ gases
Degree of training
Man tine
"“Met hod perfornmance- precision/accuracy
*Capital costs of instrunentation
*Instrunentation availability
*Toxicity and health hazards of handled chemcals
"-'Ease of nethod execution/degree of tedium
*Calibration and standardi zati on denands

RATI ONALE

Four main criteria were used to choose nethods for experinental
eval uati on:

1) Potential for the highest attainable precision and accuracy as
described in the statistical requirements previously discussed.
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2) The conparable costs for a new GO FID and isocratic HPLC/ELSD
are simlar and within the range of 35-%40,000 sourced from high
profile vendors. These instrunents are equipped in a way which
makes them suitable for the high precision work required here.
These costs only reflect those associated with the instrunents,
and do not reflect any facilities nodifications necessary to
acconmodat e the instruments. More sophisticated and expensive
detection instruments such as FTIR or M5 which presumably offer
nore specificity were not considered because of substanti al

i ncreases in costs and nmanpower skills.

3) The flexibility of instrunmentation, i.e. potential

applications to other biodiesel analyses, and other |aboratory
needs.

4) Established nethodol ogi es- gas chromat ography/flame ionization
(GC/FID) is already used widely for biodiesel analysis, is
al ready specified as the technique of choice for inpurity

analysis, and is the heart of proposed ASTM specifications for
bi odi esel anal ysi s.

The potential for the highest attainable precision and accuracy
and the w despread use and popularity of GC/FID instrunentation
in biodiesel analytical |aboratories are the nbst heavily

wei ghted criteria above. The GO/ FID approach is, therefore, the
focus of this evaluation. HPLC with recent ELSD detection
technol ogy offers the potential for highly precise determnations
of methyl esters, extension to biodiesel inpurities, and is used
as a conparison to the GC approach

GC METHODS

The highest precision and accuracy attainable by GC is afforded
by direct on-columm injection techniques (27). In particular,
cool on-colum technol ogies avoid common GC pitfalls associ ated
with hot injection, such as needle discrimnation, degradation of
easily oxidized or thermally degraded conponents, and sanple
conponent discrimnation, all of which inpact accuracy and

preci sion negatively. The sanple is placed directly 1nto the
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colum, rather than onto insert liners with inertness which is
quest i onabl e. Questions regarding the accuracy of splitting, a
common GC injection technique for nethyl esters, are avoided wth
t he on-col unmm appr oach. The potential for sanple discrimnation
effects is greatly reduced by the on-colum approach, and that
gives this technique the best chance for high |aboratory
repeatability and interlaboratory reproducibility.

Cool, direct on-colum and heated-on colum injection techniques
were evaluated by repetitive analyses of a nethyl ester mxture
simlar to that derived from soy transesterification to determ ne
preci si on. Al t hough cool, on-colum injection is intuitively
preferable, sone advantage nay be realized for certain ol der
instrunents with packed colum inlets which are readily converted
to direct, heated, on-columm injection. Because the sinplest,

| east possible interactive sanple flow path in the injection zone
was sought, split injection was not included in the evaluation
Modificaticons of AOCS nmethod Ce-le-91, a capillary GC nethod for
determining the fatty acids in edible oils and fats (by analysis
of their nmethyl esters), were used for the evaluation. since no
suitable alternative procedure could be found in the public
domain for determ ning nethyl esters which would neet the

preci sion and accuracy requirenments of biodiesel analysis.

The nodifications of this nethod are as foll ows:

1) The injector is direct on-colum (this is an option of AQCCS
nmet hod Ce-l1e-91, but only the split injection nmethod is provided
t herein).

2) The colum is a 30 M 0.53mm nmegabore with 1.0 urn film (we are
sacrificing sone resolution to : a) gain capacity for higher
wor ki ng concentrations, which allows for better quantification of
m nor and trace peaks, and higher peak areas for nmjor peaks); b)
to sinplify the sanple flow path, and allow for direct needle
insertion into the col um. Thi s avoi ds usage of retention gaps
whi ch can conplicate the injection process.

3) Heliumis the carrier gas (caution: Heliumis an asphyxiant).
Heliumis an option of Ce-le-91.

4) The colum tenperature programis nodified to acconmobdate 2)
and 3) above.
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HPLC METHCD

A precision of plus or mnus 1% is reported for anal yses of

bi odi esel by HPLC (17,25), and, therefore, HPLC is potentially
suited for routine biodiesel analyses of total nethyl esters.

The HPLC approach offers better control of injection conditions,
where many of the problens of GC are encountered. Loop
injectors, for exanple, allow for manual, highly controlled, and
repeatable injection volunes, and thermal or oxidative
degradation of the sanple during injection is far less of a
concern than in GC

Among net hods consi dered were those enploying refractive index,
density, flane ionization and evaporative |ight scatter

det ecti on. Refractive index detection of the separated
conmponents is highly dependent on the response factors of the

i ndi vidual nethyl esters (17), and FID detection, at best, offers
l[imtations in response factors, as in GO FID

Density detectors used in a previous study (17) were not marketed
comercially for HPLC in the U S. during the tine of this study,
and therefore, were renoved from consideration. The toxicity of
nobi | e phase sol vent conponents was al so considered and

hal ogenat ed sol vents, such as chloroform were deened |ess
preferable than hydrocarbon solvents in this regard, and nethods
usi ng such solvents were given low priority.

A nodification of the nethods by W W Christie (15) and
Bruns(16) were used to evaluate the use of evaporative |ight
scattering detection (ELSD). In these nmethods, classes of
conmpounds, such as nono, di and triglycerides, simlar to those
found as inpurities in biodiesel, are separated by normal phase
chromat ography w th hydrocarbon sol vents. The fam lies of
conmpound cl asses energe as single or but a few peaks when

conpared to the many peaks which energe froma high resolution GC
col um.

This approach offers promse in extensions to biodiesel
applications, and the potential advantage of reduced calibration,
since the highly sensitive detector responds directly to changes
in mass, a universal indicator. Initial studies of biodiesel
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showed that the nmethyl esters enmerge fromthe colum as one peak,
rather than five or nore, which is clearly a positive sign for a
significant advantage over high resolution, and individual peak
identification and quantitation.

The nodifications are as foll ows:

1) The nmethod is applied to nmethyl esters of fatty acids, as
first reported by Bruns (16).

2) The solvent nobile phase is isocratic, i.e. is constant,

rather than a nore conplicated gradient form Conditions for the
separation of hydrocarbons, nethyl esters and triglycerides were
devel oped using hydrocarbon solvents such as hexane or pentane.

3) The detector is recent technol ogy.
COVPARI SON OF | NSTRUVENTATI ON REQUI REMENTS FOR GC AND HPLC

The cost of instrunmentation requirenments for an isocratic HPLC
with ELSD to do these nethods are conparable to those for the
GO/ FID with accessories, and in the range of $ 35-40, 000.

Table 3 lists various requirenents for each instrunent.

A difference in requirenments between the instrunents is in the
sophistication of the injection equipnent and the conputerized
data anal ysis sophistication. To achi eve adequate precision, a
manual injection loop is possible for HPLC, and the autoinjector
is optional (though desirable). For GC, however, the

autoi njector is necessary for optinmm precision. Because of the
sinplified chromatogram of the HPLC conpared to the high
resolution GC, only a good recording integrator is absolutely
necessary. In GC, the conplicated tracings of the chromatogram
dictate the highest flexibility for data anal ysis.

EXPERI MENTAL
St andard Sol uti ons

Pure standards, standard m xes and sanples of the nethyl esters
were prepared for analysis by weighing approxinmtely 100.0 ng of
the pure standards in a 10 m volunetric flask, and dilution with
hexane.  Approximately 1 mg/ml dilutions were prepared for
routine injections by 1:10 dilution.

Eval uation of nethyl undecanoate internal standards was perforned
on stock solutions prepared as above wth an additional 40.0 ng
of internal standard nmaterial
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I NJECTI ON

DETECTI ON

DATA HANDLI NG

OVEN

PUMP

M SCELLANEQUS

TABLE 3

GC
Aut oi nj ect or
H gh Precision Syringe

Cool ,

di rect on-colum

Fl ane ionization

Comput er w chr omat og-
raphy software/ data
handl i ng

St andard, high precision
oven, T maxi mum at | east
280 degrees C

None

carrier gas purifiers
to less than 2 ppm oxygen
and noi sture.

I NSTRUVENTATI ON REQUI REMENT DESCRI PTI ON

HPLC
Manual val ve

Loop

Evaporative |ight
scatter

Recordi ng integrator

None

H gh Precision,
pul sel ess HPLC
capable of 3.0
ml/Min.

detector gas filters
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I nstrunentation and Operating Conditions

Gas Chr omat ogr aph

Anal yses were performed with a Varian 3400 equi pped with flame
ionization, a packed injector nodified for direct capillary
on-colum injection, and a conputer data station. The col um was
a noderately polar, 0.53mm megabore colum with 1.0 um film as
described in the attached draft procedure. The injector
tenperature was either 250 degrees C for the experinments wth
heated, on-columm or 50 degrees for experinents with cool
on-col um i nj ection. The design of the cool on colum variation
described here is inadequate in a high throughput |ab, because of
the excessive tine required to achieve the set injector

t enper at ures bet ween runs. A nore conventional cool, on-colum
design is necessary for routine work. Det ector tenperature was
250 degrees C. Helium was used as carrier gas at a flow rate of
5.0 mM per mnute. Det ector gases were set according to
manuf act urer recomendati ons.

Samples (2 ul) were injected manually into the colum using a
syringe with a 4 inch needle to place the sanple at an adequate
di stance away from the cool inlet to prevent recondensation of
sanple in the inlet. Heated injector sanples were introduced
with a collar fitted with the 4 inch syringe to allow for
injection into the heated area of the injection port with the
same syringe. A snmooth, rapid depression of the plunger was used
for all injections. The columm was started at 40 degrees and
then heated at 15 degrees/minute to 120 degrees, 4 degrees per
mnute to 250 degrees, then held for 2 minutes. Total run tinme
was about 40 m nutes.

Li qui d Chr omat ogr aph

Anal ysis was perforned using a Waters 510 punp with a Rheodyne
7125 loop injector and a 5 ul injection |oop. The detector was a
Sedex 55 evaporative light scattering unit, and the output was
sent to a conputer data station. The detector was nodified to
allow for room tenperature cooling and routine operating
tenperatures just above 22 degrees.. The nitrogen flow rate was
adjusted with a pneumatic pressure gauge set at 2.1. The col umm
was a 5um cyanopropyl bonded phase 25 cm x 4 mm I D. Fl ow rate of

hexane or pentane was 0.8 ml./minute. Total run tinme was 6-8
m nut es.
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GC RESULTS

Exanpl e GC Chr onat ogr ans

Figure 1 shows the separation of nethyl esters typical of those
found in a transesterified soy sanple (Mxture G). The main
peaks are those of the three main 8 nethyl esters of stearic.
oleic, and linoleic acids. Al so present are the O 6 nethyl

esters of palmtic and palmtoleic acids and a small anmount of
a4 nmethyl ester of mvristic acid. Figure 2 shows the separation
of a standard material containing higher C2 and C24 nethyl
esters. as well.

I NJECTI ON TECHNIQUE

Conuari son of Hot and Cold On-Columm GC |njection Techni gues

The precision of determining the total methyl ester content of
the mxture depicted in Figure 1 was calculated from the standard
devi ati ons associated with neasurenents of individual esters.

This figure of merit is the square root of the sum of the

variances for each ester. Table 4 lists the different conmpounds
in the sanples and their respective standard deviation for both
hot and cold on-colum injection. Ester 16-0O was used as an

internal standard to correct for variations in injection volune,
and consequently was not |isted.

The results show that the precision of the cool injection is nore
favorable to repeatable determ nations than the hot variation
This result was not a surprise because of the many known vagaries
associated with hot injection, as already discussed. These
results clearly suggest that cool on columm techniques afford an
advant age over hot injection.

Hot injection is, consequently. not recommended for
determ nations of total methyl esters in biodiesel
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FI GURE 1

GC CHROVATOGRAM TRACE OF M XTURE G METHYL ESTERS
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| nt ernal St andar ds

A review of possible internal standards was undertaken. The nost
wi dely used internal standards for nethyl ester analysis are odd
carbon nethyl esters. Apparently, such esters are sonetines

present at mneasurable levels in manufactured nethyl esters for

bi odi esel, and, therefore, only one ester, nethyl undecanoate, is
potentially a suitable internal standard (26). The preci sion of
the cold on colum techni que was conpared using the 11 nethyl
ester and a C 6 ester inherent to the sanple. The results of
that test indicate that the precision of the nmethod is adversely
affected 'by the A1 ester, and, therefore, the use of an interna
standard is, at this time, not recomended.

HPLC RESULTS

Exampl e of HPLC Chr onmat ogr ans

The HPLC/ELSD trace of a mixture of nethyl esters is shown in
Figure 3. A key feature of these chromatograns is the single
peak containing the fatty acid nmethyl esters. This peak is
clearly resolved from any hydrocarbon or glyceride contam nants
in the sanple. Hydrocarbons intentionally added in the form of
m neral oil energe fromthe colum well ahead of the ester peak,
and the neutral glyceride series begins to energe well after the
net hyl ester peak. Continuous runs of 7 to 8 mnutes were
adequate to fuily quantitate the methyl ester peak.

Eval uati on of Precision

The precision of the nmethod was estinmated by manual replicate
i nj ections. The sanple injected was the sanme as that used for
eval uation of GC precision consisting of methyl esters simlar to

those of a preparation from soy oil. The estimated relative
standard deviation with seven replicates {N=7) is plus or mnus
0. 73% This shows that the nethod is capable of good precision

and with an analysis tine of just 7 mnutes, capable of the rapid
replication required for inproving precision of the mnean.

GC | NTERFERENCES
Possible interferences in the determ nation of the total nethyl

ester content were evaluated. Anong those potential
interferences are free fatty acids, commonly found as inpurities,
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FI GURE 3
HPLC/ELSD CHROVATOGRAM OF METHYL ESTER M XTURE G
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FI GURE 4
GC CHROVATOGRAM OF HYDROCARBONS S| MULATI NG DI ESEL
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and hydrocarbons, such as those associated with diesel fuel.

This evaluation is not all inclusive, and any substance which
elutes during the enmergence of the fatty acid nethyl esters is a
potential confounding factor, if unidentified, or unresolved from
t he nethyl ester peaks.

Figure 4 shows a GC chromatogram trace of a m xture of C10-C25
hydrocarbons simlar to those found in diesel fuel. A regqul ar
pattern of peaks appears over a considerable range of the nethyl
ester series. These peaks are broader than those of the esters,
and occur near or directly on top of several ester peaks. The
breadth of conpounds found in diesel is actually nuch |larger than
those represented in the chromatogram and clusters of peaks so
close in characteristics are usually found in diesel. Cearly,
di esel or simlar hydrocarbon contam nants woul d pose a
quantification interference.

Free fatty acids are frequent inpurities in biodiesel, and can be
chr omat ogr aphed. Figure 5 shows a GC chromatogram trace of the
three free fatty acids, nyristic, stearic and oleic. Free fatty
acids are nuch less volatile than the correspondi ng nethyl

esters, but nonetheless can energe in a region of nethyl

esters. The oleic and stearic acids energe from the colum
after the C24 nethyl esters, but the nyristic (Ct4) acid energes
in a region near to the C20-2 ester. By mat hematical inference

(which is legitimte because of the predictability of fatty acid
elution) the A6 acid cluster energes near the €22-2 nethyl
ester, and the 2 acids, near the C18-2 ester. The acid peaks
have much |ess than perfect shapes with considerable tailing on
t he downside, and, therefore, can pose a mathematical challenge
to automatically correct peak overlaps accurately.

POTENTIAL APPLI CATION TO DI ESEL FUEL BLENDS
GC FID

The potential application of the GC nethod to diesel fuel blends
is conplicated by the conplexity of hydrocarbons found in diesel,
many of which could elute in the range of nethyl esters as is
shown in Figure 4. Bi odi esel blends of 20-30 Z would probably
reauire reliable sample pretreatnent neasures to separate the
esters from the hydrocarbon conponents.
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FI GURE 5
GC CHROMATOGRAM OF FREE FATTY ACI DS
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HPLC/ ELSD

The nmethyl esters are well separated from hydrocarbons which are
likely in diesel fuels. As an exanple, a trace of mneral oi

added to nethyl ester mxture G emerges almost a minute before
the nmethyl ester peak.

POTENTI AL APPLI CATI ON TO ETHYL ESTERS
GC/ FI D

Wien ethanol is the starting material (or one of the starting
materials) ethyl esters are formed with properties which differ
substantially from those of the nethyl esters. To determ ne the
degree of success the nmethod proposed here applies to ethyl
esters the retention characteristics of two ethyl esters, the
stearate and ol eate were anal yzed and conpared to the results of

net hyl esters. The results show that the nethod would require
nodi fication to address ethyl esters.

Figure 6 shows a GC chromatogram of the ethyl stearate and

ol eat e. The peaks at retention tinmes, 35.75 and 36. 62,
respectively show that these esters are clearly separated from
one anot her. These tines are very close to those of the €22-1
and C22-2 nethyl esters. Al so, conpared to the retention tines
of the methyl esters (27.3 and 27.7 mnutes) these are
considerably longer, and, in fact, close to the end of the

standard run. In a normal run of 40 mnutes the |ikelihood of

| oss of C22 and higher ethyl ester data is high. Clearly the GC

nmethod will require nodification to accommbdate the ethyl esters.
HPLC/ELSD

The analysis of ethyl stearate/oleate mixtures leads to a single
peak in the area of the nethyl ester m xture peaks, and possibly
a slight shift to lower retention tines.
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FI GURE 6
GC CHROMATOGRAM OF ETHYL STEARATE AND ETHYL CLEATE
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VI . RESEARCH NEEDS

1) PROBLEM

GC of methyl esters is designed to separate and quanti tate the

i ndi vi dual conpounds of nethyl esters. The result is a

chr omat ogram whi ch can contain ten or nore substances. To obtain
accurate quantitative data each conpound nust be clearly
separated from one another and also individually calibrated.

Wien the starting alcohol is a mxture rather than a pure form of
nmet hanol or ethanol a mxture of esters is formed during
transesterification. Multiply the nunber of different types of
esters in the original starting material by the nunber of

di fferent al cohols and now you get the total nunber of ester

peaks in the chromatogram If 10 esters make up the first sanple
of biodi esel made from pure nethanol, then 20 nmake up the total
wth a mxture of nethanol and ethanol. The greater conplexity

of the alcohol starting materials conpounds the |aboratory effort
to quantify, and magnifies the likelihood of errors in

cal i bration. Also, non esters are nore likely to be
interferences, with so many potentially quantifiable peaks.

NEED:

Research is needed to find ways to sinplify the calibration in GC
work while retaining the precision and accuracy and flexibility
needed to do this work on a practical basis. The evaluation of

met hods for determning the total nethyl esters using techniques
which allow for a sinplified approach to calibration, and greater
selectivity for biodiesel esters. The new net hods should strive
to equal or exceed the total precision and accuracy available in
exi sting nethods, and, if requiring different instrunentation
show promi se for determning glyceride inpurities in biodiesel
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2) PROBLEM:

Reference standards for the calibration of total methyl ester
determinations introduce biases which are easily overlooked. For
example, pure chemicals are often stated to be better than 99%
pure, but the exact purity is not always stated, and the
certification process can differ from company to company.
Standard substances also have a shelf life, as do the prepared
solutions, and the shelf life of the mixtures is unknown.

NEED

a) A rapid method for checking the purity of reference standards
wouid greatly lessen the uncertainty associated with use of
“pure” chemical standards. Develope specific, practical
laboratory procedures for identifying the purity of and
maintaining the integrity of standards used in the laboratory.

b} An evaluation of the conditions for storage and use of
standard solutions and pure methyl ester standards is needed,
with a recommended practice. Evaluate the stability of
individual compounds, and identify prospective avenues for
maintaining the standards at their certified initial purities.
The shelf life of various standards needs to be established and
the appropriate procedures for maintaining and recognizing
standards and standard solutions at their certified values need
to be identified.

c) The practices required to establish the exact purity of
reference standards need to be evaluated and compared to what is

practiced currently by organizations manufacturing and vendoring
standards.

3 ) PROBLEM:

Internal standards are used in chromatographic analysis to adjust
for variable injection volumes, wandering compound retention
times, and quantitation. In GC especially, the internal
standard can play a major role, and a suitable internal standard
offers the potential for enhanced certainty associated with peak
identification, and manual injection, thereby reducing instrument
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costs consi derably. The application of odd nunber carbon fatty
acid nethyl esters is limted by the preval ence of naturally
occurring low | evel odd nunber acid nethyl esters, which can

distort the quantification process. Internal standards can al so
pose a problem if their chromatographic properties differs
substantially from those of the conpounds of interest. There are

currently no suitable internal standards.

NEED:

The concept of internal standardization as applied to the high
preci sion and accuracv requirenents of biodiesel needs study to
evaluate its applicability to total nethyl ester determ nations.
Eval uate and recommend candi date internal standards, and test

experinentally in gas chromatographic determ nations of tota
nmet hyl esters.

&) PROBLEM

Ext ension of GC nethods to petroleum/biocdiesel blends is

conplicated by interferences in ester determ nations by petrol eum
hydr ocar bons.

NEED:

Investigate ways to estend GC nethodol ogy to biodi esel bl ends,
test and recommend the "best" possible adaptation.

5) PROBLEM

The devel opnent of |aboratory analytical technology for analyzing
conponents in biodiesel has undergone consi derable advances in
the last ten years, particularly in HPLC detection technol ogy.
The inplenentation of gas chromatography capillary techniques to
this application is well over ten years old, and still poses
nunerous chall enges in quantitation.

NEED:

I nvestigate technol ogies associated with HPLC detection and its
potential application to biodiesel glyceride determ nations and

total methyl ester determnations. Test and recommend the "best"
possi bl e technol ogy.
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DRAFT
VEI GHT PERCENT TOTAL METHYL ESTER CONTENT BY GG 1/29/96
INTRODUCTION/SCOPE

This method is applicable to the determ nation of total nmethyl
ester content of pure biodiesel fuels conprised of the methyl
esters of fatty acids (FAVE) having 8-24 carbon atons. Thi s

i ncludes methyl esters derived from animal fats, vegetable and
marine oils. As such, the nethod permts quantitative separation
of methyl esters containing saturated and unsaturated residues of
fatty acids. This nmethod fails to nmeasure the ester content of

pol ymeri zed substances or esterified osidation products of fatty
aci ds.

This nethod does not purport to address all of the safety
problens, if any, associated with its use. It is the
responsibility of the user of this nethod to establish
appropriate safety and health practices and determ ne the
applicability of regulatory limtations prior to use.

ADDITIONAL APPLI CATI OYS

This nethod nay also be used to determ ne the unsaturation
content of FAME by an estimation of the iodine nunber through
met hod A0CS Cd | c-85. The density (specific gravity), vapor
pressure as a function of tenperature, boiling point
distribution, are anong the possible properties which nay be
calculated for pure materials having the conposition determ ned
by this nethod.

SUMMARY

The biodiesel fuels are first pretreated by passage through a
m crocol um di ssolved in hexane, then analyzed by gas

chromat ography with flame ionization detection, using cool,
on-colum injection techniques. Aut oi nj ection of externa
standards is used for calibration. The solutions are anal yzed
using a noderately polar megabore (0.53mm) capillary colum.

Each individual ester is determned by conparison to standard
solutions of pure ester conmpounds. Response factors are

est abli shed for each conpound and used to convert raw data into
wei ght percent figures. The wei ght sum of the individual esters
is the total nmethyl ester content.

REFERENCE

This nmethod is a nodification of AOCS standard nethod Ce-le-91
(22), to accommodate the requirenents for determ nation of tota
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met hyl esters in biodiesel. Specifically, the follow ng
nodi fi cations are introduced for optimzed precision and
accuracy:

1} Only cool on colum injectors with stable inlet tenperatures
on injection at less than 50 degrees C are specified (this is an
option in the AOCS method).

2) A megabore (0.53 M) colum with 1.0 um film thickness is
speci fi ed. Here, some resolution capability is sacrificed with a
gain in sanple capacity, decreased analysis tines, and sinplicity
in sanple and gas flow path. The tenperature program and carrier
flows are also nodified to acconmobdate the negabore col um.

3) Sanples are pretreated to renove polar substances insoluble
in hexane.

4} An autoinjector systemis required to attain the necessary
preci si on.

5) A conputer/data system is necessary.

6) Heliumais specified as carrier gas for safety reasons.

EQUIPMENT AND APPARATUS

1) A gas chromatograph capable of nultiple tenperature
progranmng with direct, cool, on-colum capillary injection and
a flame ionization detector (FID). An autosanpler is necessary.

2)  Chronmat ography software/conputer interface/with integrator
capability, data automation capability preferred.

3) Polyethylene glycol bonded phase capillary col um, 30 M x
0.53mm ID, 1.00 um film thickness or equivalent (better
resolution, but |ower sanple capacity with thinner filns),
capabl e of baseline resolution of ¢18-0, C18-1, and C18-2 net hyl
esters @ 10:50 weight percent, and a resolution equal to or
better than for the separation of C22:0, and C22:1.

4) A high precision 10 ul autoinjector syringe.

5 Analytical mcro balance capable of 5 decimal (0.01mg)
readi ngs.

6) Cap sealed borosilicate volunetric flasks,, 10 and 100 m .

7) Carrier gas purification systemto renove oxygen and noisture
traces to below 2 ppm
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CHEM CALS AND REACENTS

Sol vent s:

Al solvents used in this nethod are HPLC or GC high purity, |ow
resi due grade.

St andar ds

High purity >99% substances for standards, certified by the
vendor with plus or mnus tol erances. M xtures of esters from
t he vendor should be certified for conposition and wei ght content
of nmethyl esters within acceptable tolerances. To minimze
handl i ng of the standards, the exact weight of esters in a given
ampul e, and the total weight should be specified.

Gases

1) Carrier and nakeup gas- helium 99.995% m ni nrum wi th noi sture
and oxygen renoval capability to less than 2 ppm

2) Hydrogen and air for FID, zero grade, or hydrogen, 99.9%
m ninum free of organic inpurities and oxygen.

SAVMPLE PREPARATI OV CLEANUP

Approxi mately 100.00 ng of transesterified product is transferred
directly to the inside of an RP CN di sposable m cro colum
(Waters CN Seppak was found to work). Wt the upper half of the
m crocol um wi th pentane. Allow to stand 2 m nutes. Then pass
10 M of hexane through the colum at a rate of about 10
m/mnute follow ng the manufacturers reconmendations, and into a
100 m volunetric flask. Dilute to volume wth hexane.

REPLI CATI ON

At m ni num sanpl es and standards should be prepared in duplicate
and each duplicate analyzed in duplicate.

GC COLUWN CONDI TI ONS

Carrier: He, 5.0 ml/min
I njector T: 50 ¢
Detector T: 250 C
Col um Pr ogram
40 C jO mn 15 C/min to 120/0C min 4 C/min to

250C/hold 2 min.
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I NJECTI ONS

A 2 ul aliquot is injected rapidly, with full depression of the
needl e into the septum

STANDARDS AND CALI BRATI OX

Standards are prepared fromeither certified standard m stures
with a stated conposition within 10 percent relative of each
conmponent in the unknown sanple, or by manual preparation of

m xtures frompure, certified standard materials. The sanple is
first run with results conpared to a prechosen standard m xture

t hought to resenble the sanple. If the area of each conponent
greater than 1% (of the total nethyl ester area) is within %10 of
the calibrated standard conponent, then the results cal cul ated
fromthe standard stand. If not, then each conponent outside of
the 10 % range nust be calibrated separately. Response factors
fcr conmponents less than 1.0% down to C12 are arbitrarily
assigned a value of 1.00, conpared to a (8 nethyl ester standard
and additional calibration of such conmponents is unnecessary.

The pure standard material in mlligrans should be weighed to the
nearest 0.01 mlligram and quantitatively transferred to a 100

m volunetric flask for analysis. The weight of commercially
avai |l abl e standard m xtures should be certified for weight
content, in addition to conposition. For these m xtures conplete

direct transfer of the content with careful washings of solvent
are recommended to avoid unnecessary handling and subsequent
| osses of slightly volatile materials.

CALCULATI ONS
The mass of all individual conponents is sumed to obtain the
total nethyl ester content. This is then divided by the tota

sanple weight and nultiplied by 100 to obtain a percentage total.

ohtain the area for each peak and espress it as percent of the
total fatty acid nethyl ester.

The individual conponents are calculated fromthe data in the
follow ng way.

Area {SAMPLE COMPONENT)/Area {(SID)=
Mass{SAMPLE COMPONENT)/mass{STANDARD)
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or
Mass{SAMPLE COMPONENT )=Area (SAVPLE COMPONENT) X mass ( STANDARD)
Area ( STANDARD)

Total nethyl ester percent (TEP)=

TEP = 100 X Sum of nmsses/ Total sanple weight

ACCURACY AND PRECI SI ON

The precision of the method is evaluated by a series of replicate
i njections. The precision is calculated as the square root of
the sum of the variances associated with each conponent. A total
precision of plus or mnus 0.5% relative is attainable for tota
nmet hyl ester determ nations using this nethod.

The accuracy of the nmethod is unknown and depends on at | east
three factors. The first is the accuracy of certified reference
standards, and the biases introduced by |aboratory m xture
preparation and handling. The second is errors in integration,

e.g. those introduced by unresol ved peaks, shoulders, etc. The
third is interferences.

Standards certified on the basis of purity and weight are
avai l able from severai comercial sources. Certification

tol erances for the standards are unspecified at the nonment, but
consideration of the total bias introduced by these tol erances
nmust be given, and clearly should be at a mninmm w thin
acceptable limts with consideration of the limts of total ester
content of biodiesel specifications.

QUALI TY CONTROL/QUALITY ASSURANCE

At mninmum sanples and associ ated standards should be anal yzed
in duplicate. A quality program should be established which
reflects an on-going nonitoring cf the precision of the nethod
and subtle changes in the analysis system and which assists in

identifying the degree of replication required to validate
bi odi esel specifications.
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