
Journal of Chromatography A, 1047 (2004) 117–128

Evaluation of the analyses oftert-butyldimethylsilyl derivatives
of naphthenic acids by gas chromatography–electron
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Abstract

Naphthenic acids are a complex mixture of carboxylic acids with the general formula CnH2n+ZO2 and they are natural, toxic components
of crude oils. GC–MS analyses oftert-butyldimethylsilyl esters of naphthenic acids are used to estimate component distribution within
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aphthenic acids mixtures. Our evaluations of the GC–MS method showed that ions from column bleed erroneously appear as CZ = −4
cids and that correcting for heavy isotopes of C and Si do not significantly affect ion distribution plots. Overall, the GC–MS metho

o overestimate the relative proportion of low-molecular-mass acids.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Naphthenic acids are carboxylic acids with the general
ormula CnH2n+ZO2 that are found in petroleum.Z is zero
r a negative, even integer that specifies the hydrogen defi-
iency resulting from ring formation. An acylic compound
asZ = 0, a single-ring compound hasZ = −2, a two-ring
ompound hasZ = −4, and so on. The acyclic components
re highly branched[1]. High carboxylic acid concentrations

n petroleum are the result of the deposit being immature, or
ecause of incomplete bacterial degradation of the petroleum

2]. Naphthenic acids in crude oil cause processing equip-
ent corrosion. This occurs in areas of high liquid flow

elocity, in combination with temperatures between 220 and
00◦C [3,4].

Naphthenic acids in the Athabasca oil sands are released
uring the caustic, hot water extraction process used to re-
over bitumen from the oil sands[5]. The resulting extrac-
ion process wastewaters are stored in artificial ponds, such as

∗ Corresponding author. Tel.: +1 780 492 3670; fax: +1 780 492 9234.
E-mail address:phil.fedorak@ualberta.ca (P.M. Fedorak).

the Mildred Lake Settling Basin (at Syncrude Canada L
These acids were determined to be the most toxic com
nents of tailings water[6], and they have also been found
be toxic components in petroleum refinery effluents[7].

The structures of the components in naphthenic acid
related to their corrosivity[3], and their toxicity[8,9]. A
wide variety of mass spectrometry (MS) methods have b
used as a means of determining structural information a
naphthenic acids. Ionization methods include electron im
[10–15], fast atom bombardment[16], chemical ionization
[17,18], and electrospray ionization[1,19–22].

Of all the MS methods developed for naphthenic a
analysis, gas chromatography (GC)–electron impact
analysis is likely the most accessible[14].N-Methyl-N-(tert-
butyldimethylsilyl)trifluoracetamide (MTBSTFA) has be
used as a derivatizing agent to facilitate the analyses of n
thenic acids in commercial preparations[8,14,23]and in oil
sands tailings ponds[8,23]. This method provides the sam
information as fluoride ion chemical ionization[14].

The observed masses can be organized into a
dimensional matrix, where each cell corresponds to a
bon number,Znumber combination[8,14]. Holowenko et al
021-9673/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2004.06.065
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[8] plotted the relative intensities of these ions onto three-
dimensional graphs as a means of better illustrating the dif-
ferences in ion distributions by carbon andZ numbers. Vari-
ations of three-dimensional graphs representing naphthenic
acids component distributions were also used by Rudzinski
et al.[1], and Tomczyk et al.[15].

Our research group has a considerable amount of ex-
perience analyzingtert-butyldimethylsilyl derivatives of
naphthenic acids by GC–MS in commercial preparations
[8,23,24], in oil sands ores[23,25], in oil sands tailings wa-
ters[8] and in laboratory biodegradation studies[9]. In this
paper, we present results from our evaluations of the method.
Specifically, we assessed the order of elution of various com-
ponents of a naphthenic acids sample and elucidated the char-
acteristic appearance of contaminating GC column bleed. Six
surrogate naphthenic acids were analyzed individually to de-
termine the effects of stable isotopes and other fragmentation
events on the parent ions. A mixture of these six compounds
was then used to determine the efficiency of the derivatiza-
tion reaction, ionization and detection. Finally, we corrected
data for the stable heavy isotopes (13C, 29Si, and30Si) in the
derivatized naphthenic acids samples, and determined the in-
fluence of these corrections on the distribution of ions in
three-dimensional plots.
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1,4-pentylcyclohexanecarboxylic acid, 2-hexyldecanoic acid
(Aldrich, Milwaukee, WI, USA), eicosanoic acid (Applied
Sciences Labs., State College, PA, USA), dicyclohexylacetic
acid (Aldrich), and 5�-cholanic acid (Sigma, St. Louis, MO,
USA). These were derivatized, and analyzed by GC–MS in-
dividually and in mixtures of all six surrogates. The resulting
average mass spectra were studied to determine the influence
of the other naturally occurring heavy isotopes of carbon
(13C), and silicon (29Si and30Si) on the three-dimensional
plots generated to summarize the distribution of naphthenic
acids in a mixture.

High resolution MS analysis oftert-butyldimethylsilyl
derivative of 5�-cholanic acid was performed using a Kratos
MS50 mass spectrometer (Manchester, UK).

2.2. Assigning ions to be naphthenic acid

Any MS analysis of naphthenic acids yields a myriad
of ions. To make sense of these data, the ions were as-
signed as naphthenic acids if they fit the empirical formula
CnH2n+ZO2 and the assumptions outlined[8]: (1) if Z= −2,
one ring of at least five carbon atoms must be present in the
molecule; (2) there must be one carbon atom available for the
carboxyl group; (3) there must be at least one carbon atom
available for an alkyl R group and, (4) structures with greater
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. Materials and methods

.1. Evaluation of the GC–MS method using model
aphthenic acids

Six pure compounds (Fig. 1) were derivatized wit
TBSTFA: 1-methyl-1-cyclohexanecarboxylic acid,trans-

ig. 1. Structures of surrogate naphthenic acid compounds used to det
he need for isotope correction.
han three rings (i.e.Z< −6) may be fused on more than t
ides.

Table 1is an example of a matrix of the possible na
henic acids within the carbon number range of 5–33,
–6 rings (Z = 0 to −12). The most abundant ion from t
ert-butyldimethylsilyl derivative of naphthenic acid resu
rom the loss of thetert-butyl group producing a base pe
f RCOOSi(CH3)2+, the [naphthenate + dimethylsilyl]+ ion

14]. The masses shown inTable 1are those [naphthena
dimethylsilyl]+ ions, and the empirical formulae sho

re those of the naphthenic acids that would yield t
ons after derivatization. We also refer to the [naphthe

dimethylsilyl]+ ions as the [M + 57]+ ions, whereM is the
olecular mass of the corresponding naphthenic acid. F

even entries in the top right side ofTable 1are boxed with
heavy border. Holowenko et al.[8] provide examples o
hy the 47 entries were excluded from being considere
aphthenic acids.

.3. Correction for stable isotopes

The theoretical total ion intensity (IT) of the [naphthenat
dimethylsilyl]+ ion used to assign a compound to the

esponding carbon andZnumbers, is the sum of the observ
on intensity (IM), the intensity of theA+ 1 ion (IA+1), and the
ntensity of theA+ 2 ion (IA+2). Ion distributions determine
sing the magnetic sector instrument, under low resolu
S were corrected for stable isotopes using the follow
quation:

T = IM + IA+1 + IA+2 (1)
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Table 1
Expected carbon number (n) andZ number, based on nominal mass observed by MS oftert-butyldimethylsilyl derivatives, given the formula CnH2n+ZO2

Cells enclosed by heavy border represent theoretical compounds not considered naphthenic acids.
a Chemical formula corresponding to the expected mass.
b Expected formula mass for a compound with the corresponding carbon andZ numbers for the [M + 57]+ ion, whereM is the molecular mass of the

underivatized acid.

whereIM is the observed ion intensity,IA+1 the intensity of
theA+ 1 ion, andIA+2 is the intensity of theA+ 2 ion. TheA
+ 1 ion occurs when there is one13C atom (1.07%) or one29Si
atom (4.71%). TheA + 2 ion occurs when there are two13C
atoms, a combination of one13C and one29Si atom, or one
30Si atom in the [naphthenate + dimethylsilyl]+ ion. Using
isotopic abundance from De Laeter[26], the probabilities can
therefore be expressed as:

PA+1 = (0.0107× Cm) + (0.0471) (2)

PA+2 = (0.0107× Cm)2 + (0.031)

+ (0.047× 0.0107× Cm) (3)

wherePA+1 is the likelihood of getting theA+ 1 ion,PA+2 is
the likelihood of getting theA+ 2 ion, and Cm is the number
of carbon atoms in the [naphthenate + dimethylsilyl]+ ion.

Substituting these expressions intoEq. (1)gives:

IT = IM + [(0.0107× Cm) + (0.0471)]IT

+ [(0.0107× Cm)2 + (0.031)

+ (0.047× 0.0107× Cm)]IT (4)

Eq. (4)shows that the intensity of theA + 1 andA + 2 ions
are equivalent to the likelihood of those ions occurring, mul-
tiplied by the theoretical total intensity. The observed ion
intensity (IM), however, is the sum of the intensity ofA, and
A + 2 of an ion, with the same carbon number, but one less
ring (i.e.A − 2). This term, must therefore be corrected as
follows:

IM = IA − [(0.0107× Cm)2 + (0.031)

+ (0.047× 0.0107× Cm)]IA−2 (5)

whereIA is the intensity of theA ion (observed from MS),
andIA−2 the intensity of theA− 2 ion (calculated).

Simplifying and rearrangingEq. (1), after substituting in
Eqs. (2)–(5)results inEq. (6):

IT =

IA − [(0.0107× Cm)2 + (0.031)

+ (0.047× 0.0107× Cm)]IA−2

0.922− (0.0107× Cm)2 − (0.0112× Cm)
(6)

Eq. (6) was used to correct the ions observed in the three-
dimensional graphs. Corrections were done only on samples
discussed inSection 3.5.
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2.4. Statistical analysis

A t-test method[23] was used to compare the results from
GC–MS. For this analysis, the data in each matrix were di-
vided into three groups: Group 1, carbon numbers 5–13,
inclusive; Group 2, carbon numbers 14–21, inclusive; and
Group 3, carbon numbers 22–33, inclusive.

2.5. GC–atomic emission detection (AED) analysis

A GC (HP 6890) system coupled to an atomic emission
detector was used determine if thetert-butyldimethylsilyl
derivatization efficiencies differed among the six surrogates.
Two mixtures of the six acids were prepared and deriva-
tized. These were analyzed by GC–MS and by GC–AED.
The later analysis was performed using a temperature gradi-
ent of 10◦C min−1, with an initial temperature of 40◦C and a
final temperature of 300◦C. A 25 m methyl siloxane capillary
column was used. The transfer line was held at 250◦C, and
1.5�L of the sample was injected using the split injection
mode. Helium was used as the carrier gas. Atomic emission
of silicon was detected at 251.6 nm as in Kala et al.[27].

2.6. Naphthenic acids used for GC–MS studies
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[14]. A modification of the method was that the reac-
tion solution was dried under N2 and dissolved to the
original volume (100�L) with dichloromethane. Samples
(4�L) were injected into a Varian Vista 6000 gas chro-
matograph fitted with a 30 m× 0.25 mm (film thickness:
0.25�m) ZB5 column (Phenomenex, Torrance, CA, USA).
The carrier gas was He and was set to maintain a capil-
lary pressure of 10 psi. The initial temperature of 100◦C
was held for 3 min, followed by an increase of 8◦C/min
to a final temperature of 300◦C. The GC–MS transfer
line was set at 290◦C and the VG 7070E magnetic sector
mass spectrometer was operated in electron impact ioniza-
tion mode to obtain mass spectra. A delay of 330 s was
set so that the MS would remain off while the solvent
eluted.

Spectral data were acquired using the Mass Spec Data
System for Windows version 14.0c (Mass Spec Services,
UK). Scan rate was 1.2 scan s−1 and the mass scan range
wasm/z50–550. The MS collected mass values to 1 decimal
place to prevent round-off errors due to drifts in the magnetic
field. With the exception of the analysis of the Beaver Creek
sample, them/z values from the MS were truncated or
rounded up, using the 0.7 amu cut-off point, to give nominal
masses. Peak ion intensity values were averaged over
the elution of the naphthenic acids hump, generally from
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Five naphthenic acids extracts were used for these
es. These included an extract from the water in the
red Lake Settling Basin at Syncrude, designated ML

8], and naphthenic acids from three oil sands ores that
xtracted as described by Holowenko et al.[8]. Two of the
re samples came from different locations at the Sync
ines. These were designated Syncrude B (Basal ore
yncrude F (Syncrude North mine upper bench). The
re sample came from the TrueNorth Energy LP lease. T
ample were chosen because they contained C22 +
henic acids[8] (also designated Group 3 naphthenic a
y Clemente et al.[23]). The fifth naphthenic acids extra
as obtained from three water samples taken from d
nt locations along Beaver Creek on the Syncrude L
ach sample (500 mL) was acidified to pH 2.0–2.5 w
M H2SO4, and then extracted twice using two 20 mL p

ions of dichloromethane (Optima grade, Fisher Chemic
he extracts were combined and then taken to drynes
er a flow of compressed air because of the low conce

ions of naphthenic acids in these samples. These we
issolved in a small volume of dichloromethane, comb
nd then taken to dryness before derivatizing for GC–
nalysis.

Refined Merichem naphthenic acids (a gift fr
erichem Chemicals and Refinery Services, Houston,
SA) were also used for some studies.

.7. Naphthenic acids derivatization and GC–MS

Naphthenic acids were derivatized using MTBST
hich contained 1%tert-butyldimethylsilylchloride (Sigma
-

etention time 10–35 or 40 min. The minimum occurre
ariable for the averaged data was set at 1%, which m
n ion had to occur in at least 1% of the total scans aver

o be included in the final average data outputted from
omputer. This was performed on all the data, except w
t was indicated that 0% minimum occurrence was cho
n the case where 0% was chosen, all of the scanned
ere included in the average. The averaged peak inte
alues were inputted into a spreadsheet, which selected
hose masses that corresponded to derivatized naph
cids with carbon numbers 5–33 andZ values from 0 to−12
seeTable 1).

. Results and discussion

The analyses of naphthenic acids present three m
hallenges. First is characterizing the structures of
ompounds in these complex, poorly defined mixtu
econd is determining the total concentration of naphth
cids in a sample (such as oil or water), and third is ultima
etermining the concentration of each individual acid

he mixture. Progress has been made toward meetin
econd challenge through the development of GC[29] and
PLC[31] analytical methods. However, there is much w

equired to conquer the other two challenges. From litera
ost effort has been directed toward the characterizati

he compounds in naphthenic acids preparations. The
escribed in this report further assesses the use of a GC
ethod to characterize compounds in naphthenic a
ased on the carbon andZ numbers.
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Fig. 2. GC–MS analysis of the derivatized naphthenic acids extracted from
the Beaver Creek samples showing: (A) the total ion current, (B) the selected
ion scanm/z207 and (C) the selected ion scanm/z281.

3.1. Elution of naphthenic acids and detection of GC
column bleed

The derivatized naphthenic acids from the Beaver Creek
sample were analyzed by GC–MS and the total ion current
is shown inFig. 2A. As observed by others[28,29], deriva-
tized naphthenic acids eluted as an unresolved hump. The
ion intensities were averaged over the retention time inter-
val of 10–40 min, and the distribution of naphthenic acids
is shown as a three-dimensional plot (Fig. 3A). These data
were then re-analyzed averaging the peak ion intensities over
5 min intervals, and the distributions of naphthenic acids are
summarized inFig. 3B–F. In general, the abundance of higher
molecular mass compounds increased as the retention time
increased. For example, between 10 and 15 min (Fig. 3B),
82% of the ions corresponded to naphthenic acids with car-
bon numbers 9–12; between 15 and 20 min (Fig. 3C), 66% of
the ions corresponded to naphthenic acids with carbon num-
bers 13–16; between 20 and 25 min (Fig. 3D) 52% of the
ions corresponded to naphthenic acids with carbon numbers
15–18. After 30 min, the ionm/z281 (corresponding to C14
Z = −4) became dominant (Fig. 3F), and between 35 and
40 min this ion accounted for 53% of the ions in the three-
dimensional plot (data not shown).

This ion was traced to bleed from the GC column. Mass
spectra collected after 35 min of GC analysis time showed
major ions atm/z207 (100% intensity),m/z208 (21%),m/z
209 (13%), andm/z 281 (20%).Fig. 2B is the selective ion
chromatogram form/z 207, showing the increased column
bleed after about 15 min, which reached a plateau at 30 min.
Thus, the column bleed could also account for the appearance
of the “naphthenic acids” that correspond tom/z281 (e.g. the
dominant peak at C14Z = −4 in Fig. 3F). However, column
bleed does not account for all of the C14Z= −4 ions.Fig. 2C
is the selective ion chromatogram form/z281, and it shows
that a hump of these ions that eluted between 15 and 22 min,
before the column bleed becomes very significant (Fig. 2B).

Fortuitously, the other three major ions from the column
bleed do not affect the three-dimensional plots. Two of these
ions, m/z 207 and 209, correspond to “naphthenic acids”
with C9 Z = −6 and C9Z = −8, respectively. As shown
in Table 1, these fall into the boxed cells because they do
not meet the criteria given by Holowenko et al.[8]. The third
ion, m/z 208, has an even value, and all of the values con-
sidered to be [naphthenate + dimethylsilyl]+ ions are odd
(Table 1).

Experience has shown that heating the GC column at
360◦C for several hours before analyzing derivatized naph-
thenic acids virtually eliminates column bleed. As an added
p ◦
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t er,
u
T f sta-
recaution, the column was also heated to 360C for 0.5 h
ach day before analyses started. However, when usin
ethod, one must be wary of the appearance of a domina

orresponding to C14Z = −4 (m/z281) as shown inFig. 3F.
lthough not previously reported, we have observed the
= −4 (m/z281) ion as one of the most abundant ions f

he analysis of heavily biodegraded naphthenic acids
aboratory cultures[9].

Surprisingly,Fig. 3E, corresponding to the derivatiz
aphthenic acids that had retention times of 25–30
howed the presence of low-molecular-mass “naphth
cids” in the range of C5–C12. It seems unlikely that de

ized naphthenic acids in the range of C5–C12 would elu
bout the same time as the high-molecular-mass compo
he appearance of these low-molecular-mass “napht
cids” is likely due to misassigned fragments of [naphthe
dimethylsilyl]+ ions, as described inSection 3.3.

.2. Ions originating from stable isotopes and loss of a
ethyl group

St. John et al.[14] studied thetert-butyldimethylsilyl
erivatives of 1-methyl-1-cyclohexanecarboxylic acid
ecanoic acid. They reported that the major advantage o
ucing thetert-butyldimethylsilyl derivatives of naphthen
cids for GC–MS analysis is that electron impact predo
antly yields the [naphthenate + dimethylsilyl]+ ions, with

ittle other fragmentation to complicate assigning the a
o specific carbon andZ numbers. We explored this furth
sing the six surrogate naphthenic acids (Fig. 1andTable 2).
hese acids were also used to determine the effects o
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Fig. 3. Three-dimensional plots of data from GC–MS analysis of the derivatized naphthenic acids extracted from the Beaver Creek sample. Plots from peak
ion intensity values averaged over the (min): (A) 10–40, (B) 10–15, (C) 15–20, (D) 20–25, (E) 25–30, and (F) 30–35.

ble isotopes on the intensities of ions observed in the three-
dimensional plots produced after GC–MS analysis.

Fig. 4A shows the three-dimensional plot of 5�-cholanic
acid after GC–MS analysis. Four ions were considered to be
naphthenic acids by the spreadsheet used to assign ions to
carbon numbers andZ values, and plot a three-dimensional
graph. These hadm/z values of 281, 417, 419, and 459
(Table 1). Three ions were from 5�-cholanic acid but the
m/z281 (C14Z = −14) was from the GC column bleed (see
Section 3.1). As shown inFig. 4B, two of the ions (m/z= 417,
and 459) were from different fragmentations of the deriva-
tive. Loss of thetert-butyl group, to give the [naphthenate +
dimethylsilyl]+ ion, was the major fragmentation givingm/z
417. This appears as the C24Z = −8 peak inFig. 4A. The
loss of a methyl yields an ion ofm/z459, shown as the C27
Z = −8 peak inFig. 4A. Fig. 4B shows the loss of a methyl
group from thetert-methyl group, but the loss of any of the

eight methyl groups could yield this ion. We use the term
[M + 99]+ ion to represent the ion formed when a methyl
group is lost from thetert-butyldimethylsilyl derivative of
a naphthenic acid.M represents the molecular mass of the
naphthenic acid.

TheA + 2 ion (A, a major ion, plus 2 Da[30]) was also
detected because of the contributions of13C, 29Si and30Si
isotopes in the fragment ions of thetert-butyldimethylsilyl
derivative of 5�-cholanic acid. The identity of theA + 2 ion
was verified using high resolution MS, showing that them/z
419 (nominal mass) ion inFig. 4A (appearing as C24Z =
−6) was theA + 2 ion of the major ionm/z417.

Ideally, the three-dimensional plot of atert-
butyldimethylsilyl derivative of a naphthenic acid would
yield one column. However, there are three columns from
the derivative of 5�-cholanic acid (Fig. 4A). The most
abundant corresponds to the [naphthenate + dimethylsilyl]+
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Fig. 4. Three-dimensional plot produced from the GC–MS analysis of the
tert-butyldimethylsilyl derivative of: (A) 5�-cholanic acid and (B) the frag-
mentation of the derivative, where them/zvalues are given for the naturally
most abundant isotopes of C, H, and Si.

ion (m/z 417). One of the other ions (m/z 459) results from
the loss of a methyl group, and the third ion (m/z 419) is
the [naphthenate + dimethylsilyl]+ ion that contains heavy
isotopes of C and/or Si.

To further investigate the appearance these extra ions in
the analysis of naphthenic acids, each of the six surrogates
was derivatized and analyzed individually by GC–MS to de-
termine the relative abundances of the [M + 57]+, A + 1,
A + 2, and the [M + 99]+ ions.Table 2summarizes the re-
sults of the relative abundances of the [M + 57]+, A + 2, and

Table 2
Summary of GC–MS analyses of the individual six pure acids with molecula

Acid (C no.,Z no.) A ion
[M + 57]+ (m/z)

A ion
[M + 57]+ (%)a

1-Methyl-1-cyclo-hexanecarboxylic
acid (8,−2)

199 86

trans-1,4-Pentyl-
cyclohexanecarboxylic acid
(12,−2)

255 84

Dicyclohexylacetic acid (14,−4) 281 89
2-Hexyldecanoic acid (16, 0) 313 72
Eicosanoic acid (20, 0) 369 59
5�-Cholanic acid (24,−8) 417 75

M is the molecular mass of the underivatized acid.
a Abundance of ion (%).
b

phthen

[M + 99]+ ions. In all but one case, the abundances were
taken from the output of the spreadsheet that plots the three-
dimensional graphs. The exception was theA + 2 ion from
2-hexyldecanoic acid, which hasm/z 315 and falls into the
boxed area ofTable 1(C17Z = −12). Thus, the spreadsheet
ignored this ion because it did not follow established defi-
nitions which distinguish naphthenic acids[8]. The relative
abundances of this ion from 2-hexyldecanoic acid was cal-
culated manually.

Consistent with a previous report[14], the [naphthenate +
dimethylsilyl]+ ion (the [M + 57]+) ion was always the most
abundant ion and can be used to assign the acid to appropriate
carbon andZ numbers (Table 1). The relative abundances of
these ions ranged from 59 to 89% (Table 2). The surrogates
with the larger number of carbons (16, 20, and 24) yielded
[M + 57]+ ions with lower relative abundances (Table 2) than
surrogates with lower carbon numbers (8, 12, and 14). In
part, this could be predicted because the larger the number of
carbon atoms, the greater the likelihood of13C being present,
thereby yielding a more abundantA + 1 ion, diminishing the
relative abundance of the [M + 57]+ ion.

As shown inTable 2, these extra ions would make up a
small percentage of the ions in the three-dimensional graph,
with a minimum of 0% for the [M + 99]+ ion of dicyclohexyl
acetic acid and a maximum of 10% for theA + 2 ion of 2-
h +
i ed in
T

3 x
s

om
a the
s . It
s ance
( the
c the
[

C no. andZ no. assigned fromTable 1based onm/zvalue.
c Thism/zvalue does not conform to the chemical definition of a na
r formula CnH2n+ZO2

A + 2 ion (m/z)
(C no.,Z no.)b

A + 2 ion
(%)a

[M + 99]+ (m/z)
(C no.,Z no.)b

[M + 99]+
(%)a

201 (8, 0) 9 241 (11,−2) 3

257 (12, 0) 8 297 (15,−2) 2

283 (14,−2) 2 323 (17,−14) 0
315 (17,−12)c 10c 355 (19, 0) 3
371 (21,−12) 8 411 (23, 0) 2

419 (24,−6) 8 459 (27,−8) 7

ic acid in[8].

exyldecanoic acid. The sum ofA, A + 2 and [M + 99]
ons was <100% because other minor ions, not consider
able 2were present.

.3. Evaluating the GC–MS method with a mixture of si
urrogate naphthenic acids

Fig. 5A shows the ideal three-dimensional plot fr
hypothetical GC–MS analysis of the mixture of

ix surrogates in solution at equimolar concentration
hows that all the ions would have the same abund
about 17%) if the yield of the derivatization reaction,
hromatography, and extent of fragmentation to give
naphthenate + dimethylsilyl]+ ions were the same.
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Fig. 5. Three-dimensional plots from the GC–MS analyses oftert-
butyldimethylsilyl derivatives of the mixture of six surrogates contain-
ing equimolar concentrations: (A) ideal results; (B) actual results with
the minimum occurrence variable for the averaged data was set at 0%;
(C) actual results with the minimum occurrence variable for the averaged
data was set at 1%. The mixture contained 400�M each: (a) 1-methyl-
1-cyclohexanecarboxylic acid; (b)trans-1,4-pentylcyclohexanecarboxylic
acid; (c) dicyclohexaneacetic acid; (d) 2-hexyldecanoic acid; (e) eicosanoic
acid; and (f) 5�-cholanic acid.

A mixture of the six surrogates, that contained nearly
400�M of each acid, was derivatized and analyzed by
GC–MS. Two three-dimensional plots of this mixture
were produced.Fig. 5B shows the results when the mass
spectrometry data were averaged specifying 0% minimum
occurrence, andFig. 5C shows the results when the mass
spectrometry data were averaged specifying 1% minimum
occurrence. These plot are markedly different from the ideal
plot shown inFig. 5A.

To determine whether the observed differences in ion in-
tensities inFig. 5B and C were due to the GC–MS analysis
or the derivatization procedure, two near-equimolar mixtures
of the six derivatized surrogates were analyzed by GC–AED,
monitoring the emission from Si. If the derivatization effi-
ciency was the same for each of the six surrogates, then an
equal molar amount of Si would be detected for each deriva-
tized compound. For each of the two mixtures, the GC–AED
area count for each compound was divided by its micromo-
lar concentration, and these six values were normalized by
dividing them by the corresponding quotient obtained for 5�-
cholanic acid. The mean normalized value was 1.09 and the
standard deviation was 0.17. The highest normalized values
were obtained for the most volatile compound (derivatized 1-
methyl-1-cyclohexanecarboxylic acid). The normalized val-
ues for the derivatized 1-methyl-1-cyclohexanecarboxylic
a Ex-
c ean
g hese
n ing
t as
e d the
d

d as
s tion
t l of
7 were
u were
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t en
s How-
e sharp
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w ded
i ional
p cid
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c esent
i . For
e ate
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a s of
d (e),
a
1 ber
o oc-
cid were 1.62 and 1.25 in each of the two mixtures.
luding these two values from the calculation of the m
ave a value of 1.03 and a standard deviation of 0.05. T
ormalized results indicated that the efficiency of form

hetert-butyldimethylsilyl derivatives of each compound w
ssentially the same. Thus, the GC–MS analysis yielde
ifferent ion abundance observed inFig. 5B and C.

All six surrogates were well-separated and detecte
harp peaks in the total ion chromatogram, with reten
imes ranging from 10 to 35 min (data not shown). A tota
39 scans were taken between 10 and 35 min, and these
sed to collect the average spectrum. When the data
veraged specifying 1% minimum occurrence each [n
henate + dimethylsilyl]+ ion had to occur in at least sev
cans to be included in the average mass spectrum.
ver, because each compound eluted from the GC as a
eak, the corresponding [naphthenate + dimethylsilyl]+ ion
as observed in only a few scans so it was not inclu

n the average mass spectrum or resulting three-dimens
lot (Fig. 5C). Only 1-methyl-1-cyclohexanecarboxylic a
a) andtrans-1,4-pentylcyclohexanecarboxylic acid (b)
eared inFig. 5C. Selected ion monitoring showed that
haracteristic ions for each of these compounds were pr
n the mass spectra of other compounds in the mixture
xample, them/z199 ion, corresponding to the [naphthen
dimethylsilyl]+ ion for 1-methyl-1-cyclohexanecarboxy
cid (a) was found as a fragment ion of the derivative
icyclohexylacetic (c), 2-hexyldecanoic (d), eicosanoic
nd 5�-cholanic (f) acids. With the occurrence of them/z
99 ion at various times in the chromatogram, the num
f scans containing this ion exceeded the 1% minimum



J.S. Clemente, P.M. Fedorak / J. Chromatogr. A 1047 (2004) 117–128 125

currence andm/z 199 was a dominant ion in the average
spectrum.

When fragmentation of the [naphthenate + dime-
thylsilyl]+ ions occurs, the fragments may be misassigned as
a low-molecular-mass naphthenic acid if the new fragment
masses fall into a cell inTable 1(as is the case of them/z
199 ions in the preceding paragraph). This leads to falsely
high proportions of low-molecular-mass naphthenic acids
in the three-dimensional plots, with corresponding falsely
low proportions of high-molecular-mass naphthenic acids
in these plots (because the sum of all the columns in a
three-dimensional plot equals 100%).

Fig. 5B shows the three-dimensional plot of the same
GC–MS analysis asFig. 5C when the data were averaged
specifying 0% minimum occurrence. In this case, ions in
all of the scans were used for the average spectrum, and
all six acids were detected. However, relative abundances
ranged from only 2% for 5�-cholanic acid (f) to 28% for 2-
hexyldecanoic acid (d). The reason for this wide range and the
marked deviation from the ideal results (Fig. 5A) is not clear.

Several low-abundance columns are also observed in
Fig. 5B. These would arise from other ions from the acids
in the mixture. For example, ions (at about 1% abun-
dance) were observed at C8Z = 0, C12 Z = 0, and
C21 Z = −12 in Fig. 5B. These correspond to theA
+
p pec-
t al-
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yl]
i
i d
b
2 f this
e f
c

3
m

i zing
a urro-
g spec
i e +
d s a
s ns. In
c very
l and
Z
a te
a
i ld be
f hen

the data were averaged specifying 1% minimum occurrence.
Fig. 2C is an example of how the [M + 57]+ ions withm/z
281 were distributed in a hump that eluted between 15 and
22 min, increasing the probability of this mass occurring in
>1% of the scans.

Four naphthenic acids preparations were analyzed by
GC–MS and the average spectra obtained with 1 and 0%
minimum occurrence were used to prepare three-dimensional
plots.Fig. 6B and C show the comparisons of the results ob-
tained from the TrueNorth sample. When compared by the
statistical method of Clemente et al.[23], no differences were
found between the data in these two plots. Similarly, no sta-
tistical differences were found after comparing the data from
the 0 and 1% minimum occurrence averages for the follow-
ing naphthenic acids preparations: Merichem, MLSB7, and
Syncrude B ore sample.

We routinely use the 1% minimum occurrence variable
because no background correction was done while analyzing
the samples. It was assumed that the sample ions were
eluting over an extended time period and that ions, which
do not occur in at least 1% of the total ions scanned, are due
to background noise.

3.5. Correction for stable isotopes

ities
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2 ions of 1-methyl-1-cyclohexanecarboxylic,trans-1,4-
entylcyclohexanecarboxylic and eicosanoic acids, res

ively, as shown inTable 2. Thus, as predicted from the an
sis of 5�-cholanic acid (Fig. 4A), columns with carbon an
numbers different from those expected for the surrogat

he mixture appeared in the three-dimensional plot (Fig. 5B).
The nominal mass of the [naphthenate + dimethylsil+

on from derivatized dicyclohexylacetic is 281 (Table 2). This
s the same mass as the C14Z = −4 ion in Fig. 3F, cause
y column bleed. This background ion typically gavem/z
80.7, which was truncated to 280, and the presence o
ven mass ion was ignored (Table 1). Thus, the influence o
olumn bleed was not seen inFig. 5B and C.

.4. Naphthenic acids analyses setting 0 or 1%
inimum occurrence

The inability to detect four of the surrogates inFig. 5C
s disturbing, but it may not be an issue when analy
n authentic naphthenic acids preparation. The four s
ates were not detected, when the data were averaged

fying 1% minimum occurrence for each [naphthenat
imethylsilyl]+ ion, because each compound eluted a
harp peak and the ions occurred in <1% of the total sca
ontrast, an actual naphthenic acids preparation would
ikely contain a large number of isomers of any given C

combination. These would all yield the samem/zvalue for
given [M + 57]+ ion. The different isomers would elu

t different retention times, and therefore, the [M + 57]+
ons would appear in many different scans. These wou
ound in >1% of the total scans, thereby being detected w
-

Table 3summarizes the absolute and relative intens
f theA andA + 1 ions of the six pure acids used in t
tudy. The last column ofTable 3shows that a significa
roportion of the [M+ 57]+ ions from each compound appe
sA + 1 ions because of the presence of isotopes su
3C or 29Si. The occurrence of theA + 1 andA + 2 ions
educes the abundance of the [M + 57]+ ion used to assign
ompound to the corresponding carbon andZ numbers. Thi
ffect becomes more serious as molecular mass incre
ecause of this,Eq. (6)was used to correct for the occurren
f the stable isotopes (13C, 29Si, and30Si).

The spreadsheet used by Holowenko et al.[8] considered
nly the most abundant isotopes (12C and28Si). Other iso

opes of these elements and their natural abundances a13C
1.07%),29Si (4.6832%) and30Si (3.0872%)[26].

The effects of the stable heavy isotopes are i
rated using thetert-butyldimethylsilyl derivative of 5�-
holanic acid (Fig. 4B) with carbon number 24 andZ
−8. The most abundant fragment of this compo

s the [naphthenate + dimethylsilyl]+ ion, arising from
2C24

1H39
16O2

28Si(12C1H3)2
+ givingm/z417. Them/z417

on in the average mass spectrum is considered to orig
rom a naphthenic acid with the formula C24H40O2 (Table 1).
his ion is designated theA ion in which the main element

ormula is composed of only the most abundant isotopes[30].
our situations can occur that will reduce the abundan

heA ion in a three-dimensional plot.
First, if the tert-butyldimethylsilyl group contained29Si

which would occur in 4.6832% of the derivatized molecu
he resulting major fragment of the derivative would
2C24

1H39
16O2

29Si(12C1H3)2
+, which would givem/z418.
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Table 3
Summary of absolute and relative intensities of the selected ions from the GC–MS analyses of the individual six pure acids with molecular formula CnH2n+ZO2

Acid (C no.,Z no.) A ion [M + 57]+
(m/z)a

Intensity of
theA ion

A + 1 ion
(m/z)

Intensity of
A + 1 ion

Relative intensity of
A + 1 ion (%)b

1-Methyl-1-cyclo-hexanecarboxylic acid (8,−2) 199 182,000 200 35,000 19
trans-1,4-Pentyl-cyclohexanecarboxylic acid (12,−2) 255 405,000 256 70,000 17
Dicyclohexylacetic acid (14,−4) 281 1,048,000 282 91,000 9
2-Hexyldecanoic acid (16, 0) 313 471,040 314 119,000 25
Eicosanoic acid (20, 0) 369 232,000 370 68,000 29
5�-Cholanic acid (24,−8) 417 4000 418 1700 41

M is the molecular mass of the underivatized acid.
a These are the [M + 57]+ ions entered inTable 1used to assign carbon andZ numbers.
b 100× (Intensity ofA + 1 ion)/(intensity ofA ion).

This is theA+ 1 ion. There is no entry inTable 1with a value
of 418, so this ion is ignored by the spreadsheet. Thus, about
5% of the derivatized12C24

1H40
16O2 will not appear in the

three-dimensional plot of the naphthenic acids distribution.
Second, if the organic acid contained one atom of13C

(which would occur at a frequency of 1.07% per carbon atom
in the molecule) the resulting major fragment of the derivative
would be13C1

12C23
1H39

16O22
8Si(12C1H3)2

+, which would
givem/z418. Again, there is no entry inTable 1with a value
of 418, and this ion is ignored. In this example, there are 24
carbon atoms, so the predicted abundance of thisA+ 1 ion is
24× 1.07 or 26%. Thus, an additional 26% of the derivatized
organic acids with the nominal formula C24H40O2 would not
appear in the three-dimensional plot depicting naphthenic
acids distribution. The amount of error introduced by ignor-
ing theA+ 1 ion from13C increases with the number of carbon
atoms in the naphthenic acid. Hence, the relative abundance
of the high-molecular-mass naphthenic acids will be under-
estimated by the GC–MS method.

Third, if the tert-butyldimethylsilyl group contained30Si
(which would occur in 3.0872% of the derivatized molecules)
the resulting major fragment of the derivative would be
12C24

1H39
16O2

30Si(12C1H3)2
+, which would givem/z 419

(theA+ 2 peak ion). There is an entry inTable 1with a value

T
C numbe

N

T

M

S

S

of 419, which is assigned as carbon number 24Z= −6 (rather
than−8). Thus, about 3% of the derivatized12C24

1H40
16O2

appears in the incorrectZ number in the three-dimensional
plot of the naphthenic acids distribution.

Fourth, there is also a small probability that the organic
acid may contain two heavy isotopes, such as two13C atoms.
The magnitude of this effect increases as the number of car-
bon atoms in the organic acid increase. This would produce
a molecular ion that is two mass units higher than expected
(i.e. anA + 2 ion) if only 12C atoms are considered. There
could also be one13C atom and one29Si atom, again yield-
ing anA + 2 ion. These different combinations of isotopes
would be expected to occur for each of the [naphthenate +
dimethylsilyl]+ entries inTable 1.

The spreadsheet[8] was modified to calculate the
abundance of each [naphthenate + dimethylsilyl]+ ion using
Eq. (6). Fig. 6A and B compare the three-dimensional plots
from the GC–MS analysis of the derivatized naphthenic acids
from the TrueNorth ore sample, with and without correction
for the heavy isotopes.Table 4shows the uncorrected, and
corrected ion abundance for TrueNorth sample, and for the
naphthenic acids from three other sources. The ions in each
sample are grouped by carbon number[23], and the relative
abundance of the ions (%) in each group was summed.
able 4
omparison of naphthenic acid ion distributions according to carbon

aphthenic acids from Group based on C no.

rueNorth C5–C13
C14–C21
C22+

LSB7 C5–C13
C14–C21
C22+

yncrude B C5–C13
C14–C21
C22+

yncrude E C5–C13
C14–C21
C22+

a Sum of all ions in the specified group.
b P-value fromt-test[23].
rs, without (uncorrected), and with (corrected) correction for stable isotopes

Sumsa (%) Pb

Uncorrected Corrected

16.9 15.1 0.388
66.4 65.8 0.950
16.8 19.0 0.448

20.7 18.8 0.639
60.2 58.6 0.928
19.0 22.6 0.525

15.9 14.7 0.601
78.5 78.8 0.988
5.6 6.5 0.454

22.0 20.4 0.710
71.2 71.7 0.976
6.9 7.9 0.541
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Fig. 6. Three-dimensional plots of data from GC–MS analysis of the deriva-
tized naphthenic acids from the TrueNorth showing the distribution of ions:
(B and C) without correction for heavy isotopes and (A) with correction for
heavy isotopes by applyingEq. (6)to each combination of carbon andZnum-
bers shown inTable 1. The minimum occurrence variable for the averaged
data was set at 1% (A and B) or 0% (C).

In the corrected data, the most noticeable differences in
these sums were a decrease in the relative abundance o
the low-molecular-mass acids (C5–C13) (Table 4). This
is because the isotope correction increases the relative

abundance of the higher molecular mass acids. This is best
seen in the increase in the abundance of the acids in the C22+
group (Table 4). Of course, for each sample, the total of the
three group sums is 100% (except for some round-off error).

The uncorrected values were compared to the corrected
values using at-test [23] to determine if the distributions
changed as a result of correcting for heavy isotopes. The
results inTable 4showed that there was no statistically sig-
nificant difference in the distribution of ions (P< 0.05) in any
of the groups of any of the four naphthenic acids samples.

St. John et al.[14] and Lo et al.[32] briefly discussed
the effects of heavy isotopes, but they did not correct their
data for these isotopes. ApplyingEq. (6)to correct for heavy
isotopes made only small, statistically insignificant changes
to the distributions of ions in four naphthenic acids samples
(Table 4).

4. Conclusions

The GC–MS method has been used to characterize naph-
thenic acids from various sources[8,14,23]and to follow the
changes in naphthenic acids composition during biodegra-
dation [9]. This investigation has provided new insights
into the results obtained from the GC–MS analyses oftert-
b all
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y ple,
s avage
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m enic
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u chers
u ust
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f
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utyldimethylsilyl derivatives of naphthenic acids. Like
ther currently available methods for naphthenic acids a
ses, the GC–MS method has its limitations. For exam
ome ions are misassigned because of unexpected cle
r the presence of heavy isotopes, and this leads to ove
ation of the abundance of low-molecular-mass naphth
cids. Despite its limitations, the GC–MS method is v
seful for the analyses of naphthenic acids, but resear
sing this method must be aware of its limitations, and m
e careful not to over-interpret data collected from th
nalyses.

The GC–MS method does not provide quantitative res
nd the three-dimensional graphs must not be mistaken
uantitative. These provide convenient, qualitative “fin
rints” of naphthenic acids, based on the relative abund
f the ions detected by MS that can be used to compar

erent naphthenic acids preparations.
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