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Abstract

Naphthenic acids are a complex mixture of carboxylic acids with the general formtlg G, O, and they are natural, toxic components
of crude oils. GC-MS analyses tdrt-butyldimethylsilyl esters of naphthenic acids are used to estimate component distribution within
naphthenic acids mixtures. Our evaluations of the GC—-MS method showed that ions from column bleed erroneously app&ar asiC14
acids and that correcting for heavy isotopes of C and Si do not significantly affect ion distribution plots. Overall, the GC—-MS method appears
to overestimate the relative proportion of low-molecular-mass acids.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction the Mildred Lake Settling Basin (at Syncrude Canada Ltd.).
These acids were determined to be the most toxic compo-
Naphthenic acids are carboxylic acids with the general nents of tailings wat€fi6], and they have also been found to
formula G,Hz, ;+ zO> that are found in petroleunz is zero be toxic components in petroleum refinery effludiis
or a negative, even integer that specifies the hydrogen defi- The structures of the components in naphthenic acids are
ciency resulting from ring formation. An acylic compound related to their corrosivity3], and their toxicity[8,9]. A
hasZ = 0, a single-ring compound h&= —2, a two-ring wide variety of mass spectrometry (MS) methods have been
compound haZ = —4, and so on. The acyclic components used as a means of determining structural information about
are highly branchefl]. High carboxylic acid concentrations  naphthenic acids. lonization methods include electron impact
in petroleum are the result of the deposit being immature, or [L0-15] fast atom bombardmeift6], chemical ionization
because of incomplete bacterial degradation of the petroleum[17,18], and electrospray ionizatidt,19-22]
[2]. Naphthenic acids in crude oil cause processing equip- Of all the MS methods developed for naphthenic acids
ment corrosion. This occurs in areas of high liquid flow analysis, gas chromatography (GC)—electron impact MS
velocity, in combination with temperatures between 220 and analysis is likely the most accessilplel]. N-Methyl-N-(tert-
400°C [3,4]. butyldimethylsilyltrifluoracetamide (MTBSTFA) has been
Naphthenic acids in the Athabasca oil sands are releasedised as a derivatizing agent to facilitate the analyses of naph-
during the caustic, hot water extraction process used to re-thenic acids in commercial preparatid8sl4,23]and in oil
cover bitumen from the oil sandS]. The resulting extrac-  sands tailings ponds$,23]. This method provides the same
tion process wastewaters are stored in artificial ponds, such asnformation as fluoride ion chemical ionizatigiv].
The observed masses can be organized into a two-
* Corresponding author. Tel.: +1 780 492 3670; fax: +1 780 492 9234. dimensional matrix, where each cell corresponds to a car-
E-mail addressphil.fedorak@ualberta.ca (P.M. Fedorak). bon numberZ number combinatiof8,14]. Holowenko et al.
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[8] plotted the relative intensities of these ions onto three- 1,4-pentylcyclohexanecarboxylic acid, 2-hexyldecanoic acid
dimensional graphs as a means of better illustrating the dif- (Aldrich, Milwaukee, WI, USA), eicosanoic acid (Applied
ferences in ion distributions by carbon andumbers. Vari- Sciences Labs., State College, PA, USA), dicyclohexylacetic
ations of three-dimensional graphs representing naphthenicacid (Aldrich), and B-cholanic acid (Sigma, St. Louis, MO,
acids component distributions were also used by Rudzinski USA). These were derivatized, and analyzed by GC-MS in-
et al.[1], and Tomczyk et a[15]. dividually and in mixtures of all six surrogates. The resulting
Our research group has a considerable amount of ex-average mass spectra were studied to determine the influence
perience analyzingert-butyldimethylsilyl derivatives of of the other naturally occurring heavy isotopes of carbon
naphthenic acids by GC-MS in commercial preparations (13C), and silicon #°Si and39Si) on the three-dimensional
[8,23,24] in oil sands oref23,25], in oil sands tailings wa-  plots generated to summarize the distribution of naphthenic
ters[8] and in laboratory biodegradation stud[8}. In this acids in a mixture.
paper, we present results from our evaluations of the method. High resolution MS analysis ofert-butyldimethylsilyl
Specifically, we assessed the order of elution of various com- derivative of B-cholanic acid was performed using a Kratos
ponents of a naphthenic acids sample and elucidated the chatMS50 mass spectrometer (Manchester, UK).
acteristic appearance of contaminating GC column bleed. Six
surrogate naphthenic acids were analyzed individually to de- 2 2. Assigning ions to be naphthenic acid
termine the effects of stable isotopes and other fragmentation
events on the parent ions. A mixture of these six compounds  Any MS analysis of naphthenic acids yields a myriad
was then used to determine the efficiency of the derivatiza- of jons. To make sense of these data, the ions were as-
tion reaction, ionization and detection. Finally, we corrected signed as naphthenic acids if they fit the empirical formula
data for the stable heavy isotopé3Q, 2°Si, and®°Si) in the CuHa2n 702 and the assumptions outlingg]: (1) if Z= —2,
derivatized naphthenic acids samples, and determined the inone ring of at least five carbon atoms must be present in the
fluence of these corrections on the distribution of ions in molecule; (2) there must be one carbon atom available for the

three-dimensional plots.

2. Materials and methods

2.1. Evaluation of the GC-MS method using model
naphthenic acids

Six pure compoundsHg. 1) were derivatized with
MTBSTFA: 1-methyl-1-cyclohexanecarboxylic acidans

COOH
HyC

ﬁ/
1-Methyl-1-cyclohexane
carboxylic acid

COOH

CH,CH,CH,CH,CHg

trans-1,4-Pentylcyclo-
hexane carboxylic acid

CHz(CH),CH, CHa(CH,);3COOH

CHz(CH,);CHCOOH Eicosanoic acid

2-Hexyldecanoic acid
i
H,C CHCH,CH,COOH

HCCOOH

Dicyclohexylacetic acid 5B-Cholanic acid

carboxyl group; (3) there must be at least one carbon atom
available for an alkyl R group and, (4) structures with greater
than three rings (i.&Z < —6) may be fused on more than two
sides.

Table 1lis an example of a matrix of the possible naph-
thenic acids within the carbon number range of 5-33, with
0-6 rings Z = 0 to —12). The most abundant ion from the
tert-butyldimethylsilyl derivative of naphthenic acid results
from the loss of theert-butyl group producing a base peak
of RCOOSI(CH), T, the [naphthenate + dimethylsilyijion
[14]. The masses shown ifable 1are those [naphthenate
+ dimethylsilyl]* ions, and the empirical formulae shown
are those of the naphthenic acids that would yield these
ions after derivatization. We also refer to the [naphthenate
+ dimethylsilyl]* ions as the§l + 57]" ions, whereM is the
molecular mass of the corresponding naphthenic acid. Forty-
seven entries in the top right side Tdible 1are boxed with
a heavy border. Holowenko et 48] provide examples of
why the 47 entries were excluded from being considered as
naphthenic acids.

2.3. Correction for stable isotopes

The theoretical total ion intensity+() of the [naphthenate
+ dimethylsilyl]™ ion used to assign a compound to the cor-
responding carbon antinumbers, is the sum of the observed
ionintensity (v), the intensity ofthé\+ 1ion (1 4 +1), and the
intensity of theA + 2 ion (| 4 +2). lon distributions determined
using the magnetic sector instrument, under low resolution
MS were corrected for stable isotopes using the following
equation:

Fig. 1. Structures of surrogate naphthenic acid compounds used to determine

the need for isotope correction.

1)

It=1Iv+1Tap1+ 1ayg0
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Table 1
Expected carbon numbem)(andZ number, based on nominal mass observed by M8rbbutyldimethylsilyl derivatives, given the formulg, 85, + 702
Carbon  Z number
number () -2 —4 —6 -8 -10 -12

5 CsH905? 159 CsHgO» 157 CsHgO» 155 CsH40, 153 CsH»>0O, 151 C50, 149 -

6 CegH120, 173 CeH1002 171 CgHgO, 170 CeHgO, 168 CgH40, 166 CeHo0, 164 Cs0, 162

7 C7H 140, 187 C7H 1207 185 C7H;p0; 183 C7HgO, 181 C7HgO2 179 C7H40, 177 C7H0, 175

8 CgH 602201  CgH 405 199 CgH 205 197 CgH 005 195 CsHgO5 193 CgHgO1 191 CgH40; 189

9 CyHy30, 215 CyHi60, 213 CyoH140, 211 CyH 120, 209 CyHy07 207 CyHgO, 205 CyHgO, 203
10 CioH2002 229 CyoH; 307 227 C1oH1602 225 C1oH1402 223 C1oH1207 221 C1oH1002 219 C1oHgO; 217
11 C11H20, 243 C11H2007 241 C11H;80, 239 C11H607 237 C11H140; 235 C11H20, 233 C11H00, 231
12 C2H240, 257 Ci2H2,07 255 C12H00; 253 C2H307 251 Ci2H160; 249 C12H 140, 247 C12H120; 245
13 Ci3H2602 271 C3H2405 269 C13H20, 267 C13H2005 265 C13H50; 263 C13H160; 261 Ci13H140; 259
14 C14H280, 285 C14H2607 283 C14H240, 281 C14H2207 279 Ci4H200; 277 C14H180, 275 C14H1607 273
15 C15Hzp07 299 CisHp07 297 C15H607 295 Ci5H240, 293 Ci5sH2,0; 291 C15Hp007 289 Ci5H30, 287
16 Ci16H3202 313 Cy6H3902 311 C16H2802 309 Ci16H2602 307 Ci16H2402 305 C16H2202 303 C16H2002 301
17 C17H340, 327 C17H3,07 325 C17H300, 323 Cy17H»50, 321 C17H2607 319 Cy17H240, 317 Cy17H205 315
18 C1gH360, 341 CgH3407 339 C1gH3,0, 337 C1gH3907 335 C1gHp507 333 C18Hp60, 331 C18H240, 329
19 C19H3g0, 355 Ci9H3607 353 Ci9H340, 351 Ci9H3,07 349 Ci9H300; 347 C19Hpg0, 345 C19Hp607 343
20 C20Hg002 369  CyH3302 367 C20H3602 365 C20H3402 363 CyH3202 361 CooH3002 359 CooHog02 357
21 C1Hy420, 383 C21Hyg007 381 C,1H3g07 379 Cz1H3607 377 C1H340, 375 Cr1H370, 373 Cr1H30p0, 371
22 C2Hys0, 397 CxHyg07 395 CHy007 393 CH3g0; 391 C22H3607 389 CyH340, 387 CyH3,0, 385
23 Cr3Hy60, 411 C23Hyg407 409 Cr3Hyp 0, 407 C23H400, 405 Cy3H330, 403 Cr3H360, 401 Cr3H340, 399
24 CpqHyg 04 425 C4Hy0, 423 Cp4HygO5 421 CpqHy207 419 CaqHy007 417 Co4H350, 415 Co4H3607 413
25 Cys5Hs500, 439 CpsHyg0, 437 Cos5Hy0O 435 CpsHy40, 433 CysHy20; 431 CorsHy007 429 CrsH350, 427
26 Cy6Hs207 453 CosHs007 451 CreHygO7 449 Co6HyO7 447 CoHysO; 445 CrsHy2 07 443 CoeHy0O7 441
27 Cy7H540, 467 C27Hs520; 465 Cy7H500, 463 Cy7H450, 461 Cy7Hy607 459 Co7Hy40, 457 Co7H420, 455
28 CagHs60, 481 CygHs540, 479 CogHs,0, 477 CagHs0O2 475 CygHyg0, 473 CorgHyOr 471 CrgHys 05 469
29 Cy9Hs30, 495 Cy9Hs607 493 Cr9Hs540, 491 Cy9Hs5,07 489 Cr9Hs500; 487 Cr9Hyg05 485 Cr9Hy0O5 483
30 C30He0O2 509 C30HsgO2 507 C30Hs602 505 C30Hs402 503 C30Hs202 501 C30Hs002 499 C30Hyg0 497
31 C31Hg207 523 C31HgpO7 521 C31Hs30, 519 C31Hs607 517 C31Hs40; 515 C31H5,0, 513 C31H5007 511
32 C32Hg405 537 C33Hgp 07 535 C3HgnO2 533 C3yHs30;, 531 C32Hs607, 529 C3Hs40, 527 C3Hs5,0, 525
33 C33HgeO2 551 C33Hes 07 549 Cs3Hg 0, 547 C33HgnO7 545 C33Hs30; 543 C33Hs560, 541 C33Hs5407 539

Cells enclosed by heavy border represent theoretical compounds not considered naphthenic acids.
@ Chemical formula corresponding to the expected mass.

b Expected formula mass for a compound with the corresponding carbo# anthbers for the§ + 57+ ion, whereM is the molecular mass of the

underivatized acid.

wherely is the observed ion intensitly 41 the intensity of
theA+ 1ion, and 4 ;2 is the intensity of thé + 2 ion. TheA
+ 1ion occurs when there is oh#C atom (1.07%) or on&Si
atom (4.71%). The\ + 2 ion occurs when there are tWéC
atoms, a combination of orléC and oneé®Si atom, or one
30si atom in the [naphthenate + dimethylsilylJon. Using
isotopic abundance from De Laef26], the probabilities can
therefore be expressed as:

Pa+1 = (0.0107x C,,) + (0.0471) 2

Pay2 = (0.0107x C,)? + (0.031)
+(0.047 x 0.0107x C,,) (3)

whereP 4 ;1 is the likelihood of getting th& + 1ion,P 42 is

the likelihood of getting thé + 2 ion, and G, is the number

of carbon atoms in the [naphthenate + dimethylsiiyin.
Substituting these expressions iitq. (1)gives:

It = Im +[(0.0107x C,,) + (0.0471)It
+[(0.0107 x C,,)? + (0.031)
+(0.047 x 0.0107 x C,,))] It (4)

Eq. (4)shows that the intensity of thi+ 1 andA + 2 ions

are equivalent to the likelihood of those ions occurring, mul-

tiplied by the theoretical total intensity. The observed ion

intensity (v), however, is the sum of the intensity &f 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 —[(0.0107x C,,)? + (0.031)

+(0.047 x 0.0107x C,,)[Ia—2 (5)
wherel 4 is the intensity of theA ion (observed from MS),
andl 4 _> the intensity of theA — 2 ion (calculated).

Simplifying and rearrangin&q. (1) after substituting in
Egs. (2)—(5yesults inEq. (6}

Ia —[(0.0107 x C,,)? + (0.031)
+(0.047 x 0.0107x C,)]Ia_2
T 0.922— (0.0107x Cy)? — (0.0112x Cy,)

(6)

Eqg. (6)was used to correct the ions observed in the three-
dimensional graphs. Corrections were done only on samples
discussed irSection 3.5
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2.4. Statistical analysis [14]. A modification of the method was that the reac-
tion solution was dried under Nand dissolved to the

A t-test method23] was used to compare the results from original volume (10GwL) with dichloromethane. Samples

GC-MS. For this analysis, the data in each matrix were di- (4L) were injected into a Varian Vista 6000 gas chro-
vided into three groups: Group 1, carbon numbers 5-13, matograph fitted with a 30 nx 0.25mm (film thickness:

inclusive; Group 2, carbon numbers 14-21, inclusive; and 0.25u.m) ZB5 column (Phenomenex, Torrance, CA, USA).

Group 3, carbon numbers 22-33, inclusive. The carrier gas was He and was set to maintain a capil-
lary pressure of 10psi. The initial temperature of 1G0
2.5. GC-atomic emission detection (AED) analysis was held for 3min, followed by an increase of &min

to a final temperature of 30@€. The GC-MS transfer

A GC (HP 6890) system coupled to an atomic emission line was set at 290C and the VG 7070E magnetic sector
detector was used determine if thert-butyldimethylsilyl mass spectrometer was operated in electron impact ioniza-
derivatization efficiencies differed among the six surrogates. tion mode to obtain mass spectra. A delay of 330s was
Two mixtures of the six acids were prepared and deriva- set so that the MS would remain off while the solvent
tized. These were analyzed by GC-MS and by GC-AED. eluted.
The later analysis was performed using a temperature gradi- Spectral data were acquired using the Mass Spec Data
ent of 10°C min~1, with an initial temperature of 40C and a System for Windows version 14.0c (Mass Spec Services,
final temperature of 300C. A 25 m methyl siloxane capillary ~ UK). Scan rate was 1.2 scan'sand the mass scan range
column was used. The transfer line was held atZ50and wasm/z50-550. The MS collected mass values to 1 decimal
1.5uL of the sample was injected using the split injection place to prevent round-off errors due to drifts in the magnetic
mode. Helium was used as the carrier gas. Atomic emissionfield. With the exception of the analysis of the Beaver Creek

of silicon was detected at 251.6 nm as in Kala ef2f]. sample, thenvz values from the MS were truncated or
rounded up, using the 0.7 amu cut-off point, to give nominal
2.6. Naphthenic acids used for GC-MS studies masses. Peak ion intensity values were averaged over

the elution of the naphthenic acids hump, generally from

Five naphthenic acids extracts were used for these stud-retention time 10-35 or 40 min. The minimum occurrence
ies. These included an extract from the water in the Mil- variable for the averaged data was set at 1%, which meant
dred Lake Settling Basin at Syncrude, designated MLSB7 an ion had to occur in at least 1% of the total scans averaged
[8], and naphthenic acids from three oil sands ores that wereto be included in the final average data outputted from the
extracted as described by Holowenko et[8]. Two of the computer. This was performed on all the data, except where
ore samples came from different locations at the Syncrudeit was indicated that 0% minimum occurrence was chosen.
mines. These were designated Syncrude B (Basal ore) andn the case where 0% was chosen, all of the scanned ions
Syncrude F (Syncrude North mine upper bench). The third were included in the average. The averaged peak intensity
ore sample came from the TrueNorth Energy LP lease. Thesevalues were inputted into a spreadsheet, which selected only
sample were chosen because they contained C22 + naphthose masses that corresponded to derivatized naphthenic
thenic acid48] (also designated Group 3 naphthenic acids acids with carbon numbers 5-33 afsgalues from 0 to-12
by Clemente et al[23]). The fifth naphthenic acids extract (seeTable ).
was obtained from three water samples taken from differ-
ent locations along Beaver Creek on the Syncrude Lease.
Each sample (500 mL) was acidified to pH 2.0-2.5 with 3. Results and discussion
9 M H2SQ4, and then extracted twice using two 20 mL por-
tions of dichloromethane (Optima grade, Fisher Chemicals). The analyses of naphthenic acids present three major
The extracts were combined and then taken to dryness unchallenges. First is characterizing the structures of the
der a flow of compressed air because of the low concentra-compounds in these complex, poorly defined mixtures.
tions of naphthenic acids in these samples. These were reSecond is determining the total concentration of naphthenic
dissolved in a small volume of dichloromethane, combined acids in a sample (such as oil or water), and third is ultimately
and then taken to dryness before derivatizing for GC-MS determining the concentration of each individual acid in
analysis. the mixture. Progress has been made toward meeting the

Refined Merichem naphthenic acids (a gift from second challenge through the development of [@€} and
Merichem Chemicals and Refinery Services, Houston, TX, HPLC[31] analytical methods. However, there is much work

USA) were also used for some studies. required to conquer the other two challenges. From literature,
most effort has been directed toward the characterization of
2.7. Naphthenic acids derivatization and GC-MS the compounds in naphthenic acids preparations. The work

described in this report further assesses the use of a GC-MS
Naphthenic acids were derivatized using MTBSTFA method to characterize compounds in naphthenic acids,
which contained 1%ert-butyldimethylsilylchloride (Sigma) based on the carbon a@chumbers.
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“oage; This ion was traced to bleed from the GC column. Mass
gg:g: (A) spectra collected after 35 min of GC analysis time showed
70.04 major ions atm/z 207 (100% intensity)m/z 208 (21%),m/z
800 209 (13%), andn'z 281 (20%).Fig. 2B is the selective ion
40.04 chromatogram form/z 207, showing the increased column
30.0 bleed after about 15 min, which reached a plateau at 30 min.
20.04
10.01 A - Thus, the column bleed could also account for the appearance

0-8 5 r's'n(')d 'A‘1lb‘0'0”1'5'do' 000 2500 3000 3500 of the “naphthenic acids” that correspondwz 281 (e.g. the
' ’ ' ) ' : : ' dominant peak at C14 = —4 in Fig. 3F). However, column

100.0- bleed does not account for all of the CA4 —4 ions.Fig. 2C
90.0{ (B) is the selective ion chromatogram fiorz 281, and it shows
38:8: that a hump of these ions that eluted between 15 and 22 min,
60.04 before the column bleed becomes very signific&id.(2B).

0 Fortuitously, the other three major ions from the column
30.0 bleed do not affect the three-dimensional plots. Two of these
58'8, ions, m'z 207 and 209, correspond to “naphthenic acids”
020514!1?—.,.H‘l.‘wr‘,,.,,[.,,,,,.,.“,,._.H, with C9 Z = —6 and C9Z = —8, respectively. As shown

200,00 5.00 10.00 15.00 20.00 25.00 30.00 35.00 in Table 1 these fall into the boxed cells because they do

100.0- not meet the criteria given by Holowenko et[8&]}. The third
90.04 () ion, m/z 208, has an even value, and all of the values con-
38;8; sidered to be [naphthenate + dimethylsilyllons are odd
60.0 (Table 1.

00 Experience has shown that heating the GC column at
30.04 360°C for several hours before analyzing derivatized naph-
?8'8’ thenic acids virtually eliminates column bleed. As an added
. Y precaution, the column was also heated to 36@or 0.5h
“200.00 5.00 10.00 15.00 20.00 25.00 30.00 35.00 each day before analyses started. However, when using this

tg (min)

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/z 207 and (C) the selected ion soarz 281.

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

method, one must be wary of the appearance of adominantion
corresponding to C14 = —4 (m/z281) as shown iffrig. 3F.
Although not previously reported, we have observed the C14
Z=—4(m/z281) ion as one of the most abundant ions from
the analysis of heavily biodegraded naphthenic acids from
laboratory culture§9].

Surprisingly, Fig. 3, corresponding to the derivatized
naphthenic acids that had retention times of 25-30min,

The derivatized naphthenic acids from the Beaver Creek showed the presence of low-molecular-mass “naphthenic

sample were analyzed by GC-MS and the total ion current acids” in the range of C5-C12. It seems unlikely that deriva-
is shown inFig. 2A. As observed by otheli28,29], deriva- tized naphthenic acids in the range of C5—-C12 would elute at
tized naphthenic acids eluted as an unresolved hump. Theabout the same time as the high-molecular-mass compounds.
ion intensities were averaged over the retention time inter- The appearance of these low-molecular-mass “naphthenic
val of 10—-40 min, and the distribution of naphthenic acids acids”is likely due to misassigned fragments of [naphthenate
is shown as a three-dimensional pl&ig. 3A). These data  + dimethylsilyl]" ions, as described iBection 3.3
were then re-analyzed averaging the peak ion intensities over
5 min intervals, and the distributions of naphthenic acids are 3.2. lons originating from stable isotopes and loss of a
summarized ifrig. 3B—F. In general, the abundance of higher methyl group
molecular mass compounds increased as the retention time
increased. For example, between 10 and 15 rRig.(3B), St. John et al[14] studied thetert-butyldimethylsilyl
82% of the ions corresponded to naphthenic acids with car-derivatives of 1-methyl-1-cyclohexanecarboxylic acid and
bon numbers 9-12; between 15 and 20 riig(3C), 66% of decanoic acid. They reported that the major advantage of pro-
the ions corresponded to naphthenic acids with carbon num-ducing thetert-butyldimethylsilyl derivatives of naphthenic
bers 13-16; between 20 and 25 mkig. 3D) 52% of the acids for GC-MS analysis is that electron impact predomi-
ions corresponded to naphthenic acids with carbon numbersnantly yields the [naphthenate + dimethylsifyljons, with
15-18. After 30 min, the iomVz 281 (corresponding to C14 little other fragmentation to complicate assigning the acids
= —4) became dominanf{g. 3F), and between 35 and to specific carbon and numbers. We explored this further,
40 min this ion accounted for 53% of the ions in the three- using the six surrogate naphthenic aciéig( LandTable 2.
dimensional plot (data not shown). These acids were also used to determine the effects of sta-
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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. Ri@ts from pe
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-eight methyl groups could yield this ion. We use the term
dimensional plots produced after GC-MS analysis. [M + 99]*" ion to represent the ion formed when a methyl
Fig. 4A shows the three-dimensional plot gsfholanic group is lost from thdert-butyldimethylsilyl derivative of
acid after GC—-MS analysis. Four ions were considered to bea naphthenic acidv represents the molecular mass of the
naphthenic acids by the spreadsheet used to assign ions toaaphthenic acid.
carbon numbers and values, and plot a three-dimensional The A + 2 ion (A, a major ion, plus 2 D§30]) was also
graph. These hadvz values of 281, 417, 419, and 459 detected because of the contributions'#E, 2°Si and3°S;j
(Table 3. Three ions were from Bcholanic acid but the  isotopes in the fragment ions of thert-butyldimethylsilyl
m/z 281 (C14Z = —14) was from the GC column bleed (see derivative of B-cholanic acid. The identity of th& + 2 ion
Section 3.} As shown irFig. 4B, two of the ionsiivz= 417, was verified using high resolution MS, showing that iz
and 459) were from different fragmentations of the deriva- 419 (nominal mass) ion ifig. 4A (appearing as C24 =
tive. Loss of theert-butyl group, to give the [naphthenate + —6) was theA + 2 ion of the major iorm/z417.
dimethylsilyl]™ ion, was the major fragmentation givingz Ideally, the three-dimensional plot of atert-
417. This appears as the CZ4 —8 peak inFig. 4A. The butyldimethylsilyl derivative of a naphthenic acid would
loss of a methyl yields an ion @fVz 459, shown as the C27  yield one column. However, there are three columns from
Z = —8 peak inFig. 4A. Fig. 4B shows the loss of a methyl the derivative of B-cholanic acid Fig. 4A). The most
group from thetert-methyl group, but the loss of any of the abundant corresponds to the [naphthenate + dimethyiSilyl]
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Fig. 4. Three-dimensional plot produced from the GC-MS analysis of the
tert-butyldimethylsilyl derivative of: (A) B-cholanic acid and (B) the frag-
mentation of the derivative, where th#z values are given for the naturally

most abundant isotopes of C, H, and Si.

ion (M/z 417). One of the other ionsn(z 459) results from
the loss of a methyl group, and the third iom/£ 419) is

the [naphthenate + dimethylsilyl]ion that contains heavy

isotopes of C and/or Si.

[M + 991F 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 #e 2 ion from
2-hexyldecanoic acid, which hay'z 315 and falls into the
boxed area oTable 1(C17Z = —12). Thus, the spreadsheet
ignored this ion because it did not follow established defi-
nitions which distinguish naphthenic acif®. The relative
abundances of this ion from 2-hexyldecanoic acid was cal-
culated manually.

Consistent with a previous repgti], the [naphthenate +
dimethylsilyl]*™ ion (the M + 57]7) ion was always the most
abundantion and can be used to assign the acid to appropriate
carbon and numbers Table J). The relative abundances of
these ions ranged from 59 to 89%aple 3. The surrogates
with the larger number of carbons (16, 20, and 24) yielded
[M + 57T+ ions with lower relative abundancéaple 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#€ being present,
thereby yielding a more abundaht+ 1 ion, diminishing the
relative abundance of thé/[+ 57T 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 thej! + 99]" ion of dicyclohexyl
acetic acid and a maximum of 10% for thet 2 ion of 2-
hexyldecanoic acid. The sum & A + 2 and M + 99T"
ions was <100% because other minor ions, not considered in
Table 2were present.

3.3. Evaluating the GC-MS method with a mixture of six
surrogate naphthenic acids

Fig. 5A shows the ideal three-dimensional plot from

To further investigate the appearance these extra ions ina hypothetical GC-MS analysis of the mixture of the
the analysis of naphthenic acids, each of the six surrogatessix surrogates in solution at equimolar concentration. It
was derivatized and analyzed individually by GC-MS to de- shows that all the ions would have the same abundance

termine the relative abundances of ti § 57]7, A + 1,

A+ 2, and the ! + 99]" ions. Table 2summarizes the re-

sults of the relative abundances of théf 571+, A+ 2, and

(about 17%) if the yield of the derivatization reaction, the
chromatography, and extent of fragmentation to give the
[naphthenate + dimethylsilyt]ions were the same.

Table 2
Summary of GC-MS analyses of the individual six pure acids with molecular formuta,G 7 O»
Acid (C no.,Zno.) Aion Aion A+ 2ion (W2 A+2ion [M + 99T+ (m/2) [M + 991+
[M +57]F (m/2) [M + 57]" (%)2 (Cno.,Zno.p (%)? (Cno.,Zno.p (%)2
1-Methyl-1-cyclo-hexanecarboxylic 199 86 201 (8, 0) 9 241 (1%2) 3
acid (8,—2)
trans-1,4-Pentyl- 255 84 257 (12, 0) 8 297 (15;2) 2
cyclohexanecarboxylic acid
(12,-2)
Dicyclohexylacetic acid (14+4) 281 89 283 (14+-2) 2 323 (17-14) 0
2-Hexyldecanoic acid (16, 0) 313 72 315 (712fF 10° 355 (19, 0) 3
Eicosanoic acid (20, 0) 369 59 371 (2412) 8 411 (23,0) 2
5B-Cholanic acid (24-8) 417 75 419 (24+-6) 8 459 (27-8) 7

M is the molecular mass of the underivatized acid.
a Abundance of ion (%).
b C no. andz no. assigned frorilable 1based onn/z value.

¢ This m/z value does not conform to the chemical definition of a naphthenic a¢gj.in
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Fig. 5. Three-dimensional plots from the GC-MS analysestent-
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 g80each: (a) 1-methyl-
1-cyclohexanecarboxylic acid; (Wjans1,4-pentylcyclohexanecarboxylic
acid; (c) dicyclohexaneacetic acid; (d) 2-hexyldecanoic acid; (e) eicosanoic
acid; and (f) B-cholanic acid.
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A mixture of the six surrogates, that contained nearly
400pnM of each acid, was derivatized and analyzed by
GC-MS. Two three-dimensional plots of this mixture
were producedFig. 5B shows the results when the mass
spectrometry data were averaged specifying 0% minimum
occurrence, andrig. 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. BA.

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
acid were 1.62 and 1.25 in each of the two mixtures. Ex-
cluding these two values from the calculation of the mean
gave a value of 1.03 and a standard deviation of 0.05. These
normalized results indicated that the efficiency of forming
thetert-butyldimethylsilyl derivatives of each compound was
essentially the same. Thus, the GC-MS analysis yielded the
different ion abundance observedHig. 5B and C.

All six surrogates were well-separated and detected as
sharp peaks in the total ion chromatogram, with retention
times ranging from 10 to 35 min (data not shown). A total of
739 scans were taken between 10 and 35 min, and these were
used to collect the average spectrum. When the data were
averaged specifying 1% minimum occurrence each [naph-
thenate + dimethylsilyif ion had to occur in at least seven
scans to be included in the average mass spectrum. How-
ever, because each compound eluted from the GC as a sharp
peak, the corresponding [naphthenate + dimethylSilidh
was observed in only a few scans so it was not included
in the average mass spectrum or resulting three-dimensional
plot (Fig. 5C). Only 1-methyl-1-cyclohexanecarboxylic acid
(a) andtrans-1,4-pentylcyclohexanecarboxylic acid (b) ap-
peared inFig. 5C. Selected ion monitoring showed that the
characteristic ions for each of these compounds were present
in the mass spectra of other compounds in the mixture. For
example, then/'z 199 ion, corresponding to the [naphthenate
+ dimethylsilyl]* ion for 1-methyl-1-cyclohexanecarboxylic
acid (a) was found as a fragment ion of the derivatives of
dicyclohexylacetic (c), 2-hexyldecanoic (d), eicosanoic (e),
and PB-cholanic (f) acids. With the occurrence of thez
199 ion at various times in the chromatogram, the number
of scans containing this ion exceeded the 1% minimum oc-
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currence andn/z 199 was a dominant ion in the average the data were averaged specifying 1% minimum occurrence.
spectrum. Fig. 2C is an example of how théV[ + 57] ions withnvz
When fragmentation of the [naphthenate + dime- 281 were distributed in a hump that eluted between 15 and
thylsilyl] * ions occurs, the fragments may be misassigned as22 min, increasing the probability of this mass occurring in
a low-molecular-mass naphthenic acid if the new fragment >1% of the scans.
masses fall into a cell ifable 1(as is the case of thevz Four naphthenic acids preparations were analyzed by
199 ions in the preceding paragraph). This leads to falsely GC-MS and the average spectra obtained with 1 and 0%
high proportions of low-molecular-mass naphthenic acids minimum occurrence were used to prepare three-dimensional
in the three-dimensional plots, with corresponding falsely plots.Fig. 68 and C show the comparisons of the results ob-
low proportions of high-molecular-mass naphthenic acids tained from the TrueNorth sample. When compared by the
in these plots (because the sum of all the columns in a statistical method of Clemente et@3], no differences were
three-dimensional plot equals 100%). found between the data in these two plots. Similarly, no sta-
Fig. 5B shows the three-dimensional plot of the same tistical differences were found after comparing the data from
GC-MS analysis afig. 5C when the data were averaged the 0 and 1% minimum occurrence averages for the follow-
specifying 0% minimum occurrence. In this case, ions in ing naphthenic acids preparations: Merichem, MLSB7, and
all of the scans were used for the average spectrum, andSyncrude B ore sample.
all six acids were detected. However, relative abundances We routinely use the 1% minimum occurrence variable
ranged from only 2% for B-cholanic acid (f) to 28% for 2-  because no background correction was done while analyzing
hexyldecanoic acid (d). The reason for this wide range and thethe samples. It was assumed that the sample ions were
marked deviation from the ideal resuli§d. 5A) is not clear. eluting over an extended time period and that ions, which
Several low-abundance columns are also observed indo not occur in at least 1% of the total ions scanned, are due
Fig. 5B. These would arise from other ions from the acids to background noise.
in the mixture. For example, ions (at about 1% abun-
dance) were observed at GB = 0, C12Z = 0, and 3.5, Correction for stable isotopes
C21 Z = —12 in Fig. 5B. These correspond to tha
+ 2 ions of 1-methyl-1-cyclohexanecarboxylicans1,4- Table 3summarizes the absolute and relative intensities
pentylcyclohexanecarboxylic and eicosanoic acids, respec-of the A andA + 1 ions of the six pure acids used in this
tively, as shown imable 2 Thus, as predicted from the anal- study. The last column ofable 3shows that a significant
ysis of PB-cholanic acid Fig. 4A), columns with carbon and  proportion of theM + 57]" ions from each compound appear
Znumbers different from those expected for the surrogatesinas A + 1 ions because of the presence of isotopes such as

the mixture appeared in the three-dimensional pta.(5B). 13C or 29Si. The occurrence of thA + 1 andA + 2 ions
The nominal mass of the [naphthenate + dimethylsilyl] reduces the abundance of tihé § 57]" ion used to assign a

ion from derivatized dicyclohexylacetic is 28lable 2. This compound to the corresponding carbon Zmimbers. This

is the same mass as the CZ4 —4 ion in Fig. 3F, caused effect becomes more serious as molecular mass increases.

by column bleed. This background ion typically gavé Because of thigq. (6)was used to correct for the occurrence

280.7, which was truncated to 280, and the presence of thisof the stable isotoped3C, 2°Si, and®°Si).

even mass ion was ignoretaple J). Thus, the influence of The spreadsheet used by Holowenko ef&jlconsidered

column bleed was not seenhiig. 5B and C. only the most abundant isotope$C and?8Si). Other iso-

topes of these elements and their natural abundancésGre
3.4. Naphthenic acids analyses setting 0 or 1% (1.07%),2°Si (4.6832%) and®Si (3.0872%)26].
minimum occurrence The effects of the stable heavy isotopes are illus-

trated using thetert-butyldimethylsilyl derivative of B-

The inability to detect four of the surrogateshig. 5C cholanic acid Fig. 4B) with carbon number 24 and
is disturbing, but it may not be an issue when analyzing = —8. The most abundant fragment of this compound
an authentic naphthenic acids preparation. The four surro-is the [naphthenate + dimethylsilyi] ion, arising from
gates were not detected, when the data were averaged spe¢?C,4tH391%0,28Si(*2C H3),* givingmVz417. Thewz417
ifying 1% minimum occurrence for each [naphthenate + ion in the average mass spectrum is considered to originate
dimethylsilyl]™ ion, because each compound eluted as a from a naphthenic acid with the formula 400, (Table 1.
sharp peak and the ions occurred in <1% of the total scans. InThis ion is designated th&ion in which the main elemental
contrast, an actual naphthenic acids preparation would veryformulais composed of only the most abundant isot¢p@ls
likely contain a large number of isomers of any given C and Four situations can occur that will reduce the abundance of
Z combination. These would all yield the samé& value for theAion in a three-dimensional plot.
a given M + 57]" ion. The different isomers would elute First, if the tert-butyldimethylsilyl group contained®Si
at different retention times, and therefore, thé § 57]" (which would occurin 4.6832% of the derivatized molecules)
ions would appear in many different scans. These would bethe resulting major fragment of the derivative would be
found in >1% of the total scans, thereby being detected when12Cp4 H39160,2°Si(*2C1H3),*, which would giver/z 418.
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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 moleculaffymul@L
Acid (C no.,Zno.) Aion [M +57]F Intensity of A+1lion Intensity of Relative intensity of

(m/2)2 theAion (m/2) A+1lion A+ 1ion (%y

1-Methyl-1-cyclo-hexanecarboxylic acid (82) 199 182,000 200 35,000 19
trans-1,4-Pentyl-cyclohexanecarboxylic acid (12) 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
5B-Cholanic acid (24+8) 417 4000 418 1700 41

M is the molecular mass of the underivatized acid.
a These are the\] + 571+ ions entered iMable lused to assign carbon a@cdumbers.
b 100 x (Intensity ofA + 1 ion)/(intensity ofA ion).

ThisistheA+ 1ion. There is no entry ifable 1with a value of 419, which is assigned as carbon number 24-6 (rather
of 418, so this ion is ignored by the spreadsheet. Thus, aboutthan—8). Thus, about 3% of the derivatizé8C4 H40°0,
5% of the derivatized?Cp4 H40'%0, will not appear inthe  appears in the incorre@ number in the three-dimensional
three-dimensional plot of the naphthenic acids distribution. plot of the naphthenic acids distribution.
Second, if the organic acid contained one atont3a Fourth, there is also a small probability that the organic
(which would occur at a frequency of 1.07% per carbon atom acid may contain two heavy isotopes, such as#@atoms.
in the molecule) the resulting major fragment of the derivative The magnitude of this effect increases as the number of car-
would bel3C;12Cy3H39100,,8Si(*2CtH3), T, which would bon atoms in the organic acid increase. This would produce
givem/z418. Again, there is no entry ifable 1with a value a molecular ion that is two mass units higher than expected
of 418, and this ion is ignored. In this example, there are 24 (i.e. anA + 2 ion) if only 12C atoms are considered. There
carbon atoms, so the predicted abundance oftkid ion is could also be oné&C atom and oné®Si atom, again yield-
24 x 1.07 or 26%. Thus, an additional 26% of the derivatized ing anA + 2 ion. These different combinations of isotopes
organic acids with the nominal formulg&H4002 would not would be expected to occur for each of the [naphthenate +
appear in the three-dimensional plot depicting naphthenic dimethylsilyl]* entries inTable 1
acids distribution. The amount of error introduced by ignor- The spreadsheef8] was modified to calculate the
ingtheA+ Lion from3Cincreases with the number of carbon  abundance of each [naphthenate + dimethylsilydin using
atoms in the naphthenic acid. Hence, the relative abundanceEq. (6) Fig. 6A and B compare the three-dimensional plots
of the high-molecular-mass naphthenic acids will be under- from the GC-MS analysis of the derivatized naphthenic acids
estimated by the GC-MS method. from the TrueNorth ore sample, with and without correction
Third, if the tert-butyldimethylsilyl group containeg’Si for the heavy isotopedable 4shows the uncorrected, and
(whichwould occur in 3.0872% of the derivatized molecules) corrected ion abundance for TrueNorth sample, and for the
the resulting major fragment of the derivative would be naphthenic acids from three other sources. The ions in each
12C,41H34160,39Si(12C1H3), ™, which would given/z 419 sample are grouped by carbon num8], and the relative
(theA + 2 peak ion). There is an entry Tfable 1with a value abundance of the ions (%) in each group was summed.

Table 4

Comparison of naphthenic acid ion distributions according to carbon numbers, without (uncorrected), and with (corrected) correction fatogtable is

Naphthenic acids from Group based on C no. Stfs pb

Uncorrected Corrected

TrueNorth C5-C13 18 151 0.388
Ci14-C21 664 658 0.950
C22+ 168 190 0.448

MLSB7 C5-C13 207 188 0.639
Cl4-C21 6@ 586 0.928
C22+ 190 226 0.525

Syncrude B C5-C13 19 147 0.601
Cl4-C21 7% 788 0.988
C22+ 56 6.5 0.454

Syncrude E C5-C13 22 204 0.710
Ci14-C21 72 717 0.976
C22+ 69 79 0.541

2 Sum of all ions in the specified group.
b P.value fromt-test[23].
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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 applyirigg. (6)to each combination of carbon aBdum-
bers shown infable 1 The minimum occurrence variable for the averaged
data was set at 1% (A and B) or 0% (C).

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 d-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 ionB & 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. Applyifg. (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 sourcgs14,23]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 analysetedf
butyldimethylsilyl derivatives of naphthenic acids. Like all
other currently available methods for naphthenic acids anal-
yses, the GC-MS method has its limitations. For example,
some ions are misassigned because of unexpected cleavage
or the presence of heavy isotopes, and this leads to overesti-
mation of the abundance of low-molecular-mass naphthenic
acids. Despite its limitations, the GC-MS method is very
useful for the analyses of naphthenic acids, but researchers
using this method must be aware of its limitations, and must
be careful not to over-interpret data collected from these
analyses.

The GC-MS method does not provide quantitative results,
and the three-dimensional graphs must not be mistaken to be
quantitative. These provide convenient, qualitative “finger-
prints” of naphthenic acids, based on the relative abundance
of the ions detected by MS that can be used to compare dif-
ferent naphthenic acids preparations.
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