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Abstract

A procedure for the direct determination of Cu, Fe and V in petroleum samples by electrothermal atomic absorption spectrometry using a solid
sampling accessory, without any sample pre-treatment or dilution, is proposed. A Pd +Triton X-100 solution was used as chemical modifier. The
pyrolysis and atomization temperatures, as well as the Pd mass were defined by multivariate optimization. The other parameters of the temperature
programs were defined by univariate optimization. The limits of detection at the optimized conditions were 10, 200 and 800 pg for Cu, Fe and V,
respectively, for typical sample masses ranging from 0.10 to 3.00 mg. Method accuracy was confirmed by the analysis of o1l certified reference
materials as well as by comparison with independent methods. Aqueous calibration solutions were used and no statistically significant difference
(analysis of variance) was observed between obtained and expected values.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Petroleum is a complex mixture of hydrocarbons (between 50
and 95% by weight) and non-hydrocarbons (mainly sulphur,
nitrogen, oxygen and heavy metal compounds). Vanadium, nickel,
iron and copper are normally found in petroleum as naturally
occurring elements associated to the formation process [1-4], and
although present only in small amounts (ng g~ "orng g ' levels),
they are very important to the petroleum industry [5]. Their
determination is of considerable importance, since they have
deleterious effects on refinery operation and performance: They
may corrode refinery equipment, poison and foul catalysts and/or
cause undesirable side reactions in refinery operations [4.,6-10].
Also, metallic traces in petroleum are of interest due to their
potential of contaminating the environment [8,11]. Altogether, the
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availability of rapid, accurate, and precise methods for metal
determination in petroleum and their products, both at trace levels
and at minor concentration, is essential [12].

Several analytical methods for Fe, Cu and V determination in
petroleum and its viscous heavy products have been proposed:
Inductively coupled plasma optical emission spectrometry (ICP
OES) [6,13,14], inductively coupled plasma mass spectrometry
(ICP-MS) [9.15-19], flame atomic absorption spectrometry (F
AAS) [6.20-22], electrothermal atomic absorption spectrometry
(ET AAS) [10,23-27], high performance liquid chromatographic
(HPLC) for speciation studies [8,28] and X-ray fluorescence
spectroscopy [29]. ICP techniques are well suited for this
determination. However, when dealing with highly organic loaded
liquids the usual sample introduction nebulization systems lead to
problems such as plasma extinction and carbon deposition on the
sampler and skimmer cones. To minimize these problems,
strategies such as desolvatation under cryogenic cooling using a
direct injection nebulizer (DIN) and the removal of carbon by
feeding oxygen into the plasma have been proposed [18], as well
as sequential injection [17] and ultrasonic nebulization [9]. In
contrast, F AAS makes possible the direct analysis of the
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hydrocarbon matrix after just a dilution with an adequate organic
solvent. However, the solvent and the compounds used for
calibration may have a strong influence on the sensitivity causing
accuracy problems [3031]. Also, this technique presents low
sensitivity for many applications. ET AAS is a valuable alternative:
It presents adequate sensitivity and allows the elimination of the
majority of the matrix during the heating program, minimizing the
interference problems relative to the matrix characteristics.

In general, all these techniques require a sample pre-treatment
previous to the instrumental determination of metals in petroleum
and their products. Sample pre-treatment may involve mineral-
ization [8,13,19,20,28,31], extraction [3,8,19], chromatographic
separation [8,9], dilution [6,9,10,18,25,26,32], emulsion
[13,17.23,24,27] or microemulsion [14—16] formation. Mineral-
ization, extraction and chromatographic separation are time-
consuming and suffer from increased risks of contamination and
losses, although the final aqueous solution obtained is simpler to
deal with and calibration offers no problems. Dilution procedures
are simple and proved to be efficient. However, they deteriorate
the overall limit of detection of the method due to the usually high
dilution factor needed, and the use of organic solvents is harmful
to the health of the lab personnel and to the environment.
Emulsion formation is also attractive, but the short term physical
stability usually associated to emulsions impairs the full use of the
autosampler devices. On the other hand, microemulsions are
spontaneously formed and stable over extended periods of time.

Direct sampling is an attractive strategy for trace determina-
tion: It requires no sample pre-treatment, avoiding the risks of
contamination and losses associated to this step, and the full
instrumental detection capability can be reached. The main
disadvantages related to direct sampling are associated to the
sample homogeneity, due to the low sample mass usually
introduced, calibration difficultics and matrix effects, since the
bulk matrix is presented to the equipment. However, the
elimination of a substantial part of the matrix during the pyrolysis
stage, the strict obedience to the STPF rules, as well as the use of
modem instrumentation have made ET AAS especially well fitted
for direct sampling. Nevertheless, in the analysis of complex
organic samples the removal of most matrix during the pyrolysis
stage generally requires temperatures above 600 °C and metal
losses in petroleum and its derivates have been observed at
temperatures as low as 400 °C if no chemical modifier is used
[12,23,24,27,33]. Therefore the study of chemical modification is
mandatory for this application. Aqueous calibration has proved
possible, signifying the absence of spectral or non-spectral
interferences. Also, the use of alternate lines or field intensities (in
Zeeman-effect background corrected equipment with this possi-
bility) extends the dynamic range of the analysis in a situation
where sample dilution is not an alternative. The advantages of
direct sampling ET AAS, usually associated with solid samples,
has been proved to be extensive to viscous liquid samples, such as
petroleum [12] and vegetable oils [34]. In these cases, since the
samples are easier to homogenize, limitations associated to the
sample homogeneity are also minimized. Thus, the present work
proposes a procedure for the direct determination of Cu, Feand V
in petroleum samples by direct sampling ET AAS, using a solid
sampling accessory, avoiding any sample pre-treatment.

2. Experimental
2.1, Instrumentation

The Cu, Fe and V ET AAS measurements were performed
with a model ZEEnit 60 atomic absomtion spectrometer
(Analytik Jena, Jena, Germany), equipped with a transversally
heated graphite atomizer and a transverse Zeeman-effect
background correction system. The samples were weighed onto
graphite platforms (Analytik Jena Part No. 407-152.023)
especially designed for solid sampling, and inserted into solid
sampling tubes without dosing hole (Analytik Jena Part No. 07-
8130325). The sample platform was inserted using a SSA 67
solid sampling accessory (Analytik Jena, Germany). Hollow
cathode lamps (Analytik Jena) for Cu, Fe and V, operated at 2, 6
and 12 mA, respectively, were used as line sources. The spectral
band pass was fixed at 0.2 nm and the lines used were 324.8 nm
for Cu, 248.3 and 302.1 nm for Fe, and 318.4 and 306.1 nm for V.
The magnetic field was operated using the 2-field mode at 0.8, 0.8
and 0.4 Tesla for Cu, Fe and V, respectively. A model AD-4
(Perkin Elmer, Norwalk, CT, USA) analytical micro-balance was
used for sample weighing. All measurements were made in
integrated absorbance, with a 10s integration time. For the Cuand
Fe comparative procedures, the GF AAS measurements were
performed with a model AAS 5 EA atomic absorption
spectrometer (Carl Zeiss, Germany) with a continuum source
(deuterium lamp) background corrector and an AS-42 auto-
sampler; graphite tubes with platform were used (Analytik Jena
Part No. 407.A81.026); hollow cathode lamps (Analytik Jena)
operated at 3 and 5 mA for Cu and Fe, respectively were used as
line sources; the spectral band pass was fixed at 0.8 and 0.2 nm
and the measurements were performed at 324.8 and 344.1 nm for
Cu and Fe, respectively, in the integrated absorbance mode. For
the V comparative procedure, the measurements were performed
by F AAS, using a model 1100B atomic absorption spectrometer
(Perkin Elmer, Norwalk, CT, USA) with a continuum source
(deuterium lamp) background corrector; an Analytik Jena V
hollow cathode lamp, operated at 15 mA was used as line source
(A=318.4 nm); the spectral band pass was 0.7 nm and all
measurements were made in peak height withina 15 s observation
window.

2.2. Materials, reagents, solutions and samples

Argon (99.99%, AGA, Rio de Janeiro, Brazil) was used as
protective and carrier gas. Ultrapure water, obtained from a
Gehaka Master System apparatus (Gehaka, Sio Paulo, Brazil)
was used throughout. Analytical grade HNO; (Vetee, Rio de
Janeiro, Brazil) was purified by distillation using an of Teflon®
subboiling still (Kiimer Analysentechnik, Rosenheim, Germany).
The 1000 pg mL ™" stock solutions of Cu, Fe and V were prepared
by adequate dilution of Titrisol concentrates (Merck, Darmstadt,
Germany) with 0.2% v/v HNO;. Aqueous calibration solutions
were prepared by further dilution of the stock solutions with 0.2%
v/v HNO4. Organometallic stock solutions (Cu, 5000 pg g~ '; Fe,
5000pug g 'and V, 100 ug g~ ") in oil (Conostan, Houston, USA)
were also used. The organometallic calibration solutions were
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Table 1

Preliminary experiments for the determination of Cu, Fe and V in a petroleum
sample by ET AAS (mean and standard deviation; n=3) without a modifier and
using different chemical modifiers; “expected concentrations” were obtained by
ICP OES after mineralization

Element Modifier Expected
None Ir permanent Pd value
Added before Added after
the sample the sample
Cungg ' 8213 518 90=10 102+9 110+9
Fe,pgg™'  85+1.5 3.2x09 T1x1.2 8204 9409
Vopugg ' 21707 17.6=1.9 24825 276+1.6 32+4

prepared by adequate dilution of these stock solutions with base-
oil 75 (Spex, Metuchen, USA). The conventional modifier
solution was prepared from a 10,000 pg mL~ " PA(NO;), stock
solution (Merck, Darmstadt, Germany). It consisted of a 1500 pg
mL~' Pd solution in 0.1% v/v HNO; and 0.025% v/v Triton X-
100 (Vetec, Rio de Janeiro, Brazil). The permanent modifier was
prepared from a 5000 pg mL™! IrCl; stock solution in 10% v/v
HNO; (Fluka, Buchs, Switzerland). For the comparative
procedures xylene (Vetec, Rio de Janeiro, Brazil) and a
1000 pg g~ ' organic aluminum stock solution in oil (Conostan,
Houston, USA) were used. All plastic and glassware was washed
with tap water, immersed in Extran (48 h), rinsed with tap and
deionized water, and immersed in 20% v/v HNO; for at least 24 h.
Before use these materials were thoroughly rinsed with ultrapure
water and oven dried at 40 °C, avoiding any contact with metallic
surfaces and dust contamination. Contamination was always
checked by a strict blank control. The petroleum samples were
obtained from Petrobras. NIST 1634¢ (Trace Elements in Fuel
Qil) and NIST 1085a (Wear-Metals in Oil) certified reference
materials were used in the accuracy tests. According to their
certificates minimum sample masses of | and 0.5 g, respectively,
should be used to assure that the results are representative, and the
fuel oil material must be warmed before sampling. ASTM CO
0403, 0311 and 0504 crude oil reference materials were also used
for the accuracy tests. All results are the average of, at least, 3
replicates.

2.3. Procedures
2.3.1. Proposed procedure

The petroleum samples were manually shaken for homogeni-
zation. No sample warming was necessary, since the samples were

fluidic enough for a good homogenization at room temperature. A
sample aliquot (0.10 to 3.00 mg for Cu and Fe or 0.10 to 1.50 mg
for V) was transferred to the sample platform and weighed at the
micro-balance. The sample transfer to the sample platform was
performed with the help of a disposable pipette tip which was first
inserted into the sample, and in sequence, gently touched the
sample platform surface. Twenty microliters of the Pd modifier
solution were then manually deposited onto the sample platform,
over the sample. The sample platform was inserted into the
graphite fumace using the solid sampling accessory. Calibration
was performed in a similar way by weighing increasing masses
of the aqueous calibration solutions (Cu, 200 ng mL '
Fe, 10 pg mL™'; V, 50 pg mL™ ! all in 0.2% v/v HNO;).

2.3.2. Copper and iron comparative procedure [10]

A petroleum sample aliquot (1.0 g weighed to the nearest
0.0001 g) was diluted to 5.00 (Cu) or 10.00 mL (Fe) with xylene.
Twenty microliters of this solution were analyzed by ET AAS, at
324.8 nm and 344.1 nm for Cu and Fe, respectively, using
continuum source (deuterium lamp) background correction.

2.3.3. Vanadium comparative procedure [22]

To 1.0 g of the petroleum sample (weighed to the nearest
0.0001 g), about 0.075 g of a 1000 pg g ' organic Al stock
solution in oil was added. This mixture was diluted to 5.0 mL
with xylene and analyzed by F AAS at 318.4 nm, using a nitrous
oxide/acetylene flame and continuum source (deuterium lamp)
background correction.

3. Results and discussion
3.1. Preliminary tests

3.1.1. Chemical modifiers

The need for, and the performance of conventional (Pd) and
permanent (Ir) modifiers were investigated using both aqueous
calibration solutions and a petroleum sample. In this experiment,
the resonance lines and the 2-field mode at 0.80 Tesla were used.
The fumace temperature program and the Pd modifier mass
(30 pg) were similar to those used in a previous work for the
determination of Ni in petroleum [12]. The Pd modifier was added
by dispensing 20 uL ofthe Pd+Triton X-100 solution either onto
the sample platform before the sample (or calibration solution) or
after the sample had been deposited. If dispensed before the
sample, the modifier solution was dried at 100 °C before the
sample/calibration solution was added. The presence of Triton X-
100 in the Pd modifier solution came from a previous study [12]

Tuble 2
Studied factors and their respective levels for Cu, Fe and V by central composite design
Level

Cu Fe v
Factor —1.68 -1 0 +1 +1.68 —1.68 -1 0 +1 +1.68 —1.68 -1 0 +1 +1.68
Pyrolysis temperature, °C 625 720 860 1000 1095 748 850 1000 1150 1252 764 900 1100 1300 1436
Atomization temperature, °C 2250 2270 2300 2430 2518 2432 2500 2600 2700 2768 2432 2500 2600 2700 2768
Pd mass, pg 3 10 20 30 37 10 20 30 37 3 10 20 30 37
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where erratic results were avoided this way. In the investigation of
the Ir permanent modifier, 20 uL ofthe 5000 ug mL ™" Ir solution
was dispensed onto the sample platform, and the coating
temperature program described by Grinberg et al. [35] was
followed. This procedure was repeated 6 times, resulting in a total
of 600 pg of Ir on the sample platform. Aqueous calibration
solutions (in 0.2% v/v HNOs) were used throughout. The results of
this preliminary study are shown in Table 1. For comparison,
results obtained by ICP OES after microwave-assisted acid
mineralization are also displayed, and taken as expected values.
The results in Table | indicate that the permanent modifier, at least
under the present conditions, is not efficient and further
investigation is necessary if it is to be used for the direct ET
AAS analysis of petroleum. The best results with the conventional
modifier were observed by dispensing the modifier over the
sample: In this way, no significant difference was observed
between found and expected results; In the case of Fe this was also
true when no modifier was used. However, an F-test showed that
the repeatability is significantly better when the modifier
(dispensed over the sample) is used. The need for a chemical
modifier in this kind of analysis is in concordance with other
findings in the literature that report Ni and V losses from petroleum
samples at low pyrolysis temperatures if no modifier is used
[12,24,27]. Thus, the conventional Pd+Triton X-100 modifier,
deposited over the sample, was used in further investigations.

3.1.2. Analvtical line and magnetic field

The aim of the present work was the direct determination of
the studied elements in petroleum, avoiding any sample pre-
treatment, including dilution. However, Fe and V are normally
present in petroleum at high concentration (g g !level). Thus,
the two instrumental ways available for lowering the sensitivity
were investigated: The use of alternate lines and varying the
magnetic field strength used for Zeeman-effect background
correction (maximum sensitivity with the 2-field mode and 0.80
Tesla). The influence of the magnetic field strength on the AAS
measurement sensitivity is discussed elsewhere [36,37]. The
study was carried out with a petroleum sample and took into
account both the sensitivity and the signal-to-background ratio.
For Fe determination, the 302.1-nm secondary line was chosen
and it was not necessary to reduce the magnetic field strength,
which was kept at 0.80 Tesla. Under these conditions, all the
investigated petroleum samples fell within the linear range of
the analytical curve. However, if petroleum samples with higher
Fe concentrations are to be analyzed, the sensitivity can be
reduced by 30% using a magnetic field strength of 0.40 Tesla.
For V, the 306.1-nm secondary line was chosen and a field
strength of 0.40 Tesla, which resulted in a 30% sensitivity drop.
At 0.60 Tesla the observed sensitivity drop was only about 5%
while at 0.20 Tesla this drop was 70%. These values equally
hold for Fe and V, however, the 0.20 Tesla field could not be
used, since accurate background correction was not possible in
such a low field. For the determination of Cu, due to the low
concentration generally found in petroleum (ng g ! level),
decreasing the sensitivity was not necessary and the instrumen-
tal conditions were those of highest sensitivity, that is
A=324.8 nm and 2-field mode at 0.80Tesla.

(a)

PomassiQ) 5/
aom.emp(l) U
wom.templQ) 77 )

Pyr. temp(Q) /777
0 e

-13,01%3

179254
-8, 53451
-2,81438

Pyr. temp(L)

Effects

p=0.05
Effect Estimate (Absolute Value)

Effects

(c)

Effects

Effect Estimate (Absolute Value)

Fig. 1. Pareto charts of standardized effects for (a) Cu, (b) Fe and (¢) V from the
central composite design. (L) = linear and (Q) = quadratic behavior.

3.2. Optimization of the proposed procedure

The drying temperature and ramp, atomization ramp,
cleanout temperature and Pd solution volume, were defined
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Table 3

Regression coefficients and critical (optimum}) values of the studied factors for Cu, Fe and V derived from the central composite design

Regression coefficients

Critical (optimum) values "

Intercept  Tp* Ta® m’ Tp Ta m TpTa Tpm Ta.m Tp (°C) Ta (°C) m (pg)
Real Cod Real Cod Real Cod
Cu 2250180 —0.28549 -0.87187 —1.32007 ns 1.20504 ns ns ns ns 901 020 239% 075 205 0.05
Fe 1463297 -—0.0228 -0.068521 -—0.046160 0027122 0090802 ns ns ns ns 1114 076 2665 072 205 005
Vo 1395739 ns —1.28074  —1.10998  ns 567188 ns ns —0.62532 057572 1312 106 2839 239 22 0.20

* Intercept, Tp, Ta, m and ns refer to intercept, pyrolysis temperature, atomization temperature, modifier mass, and “non significant”, respectively.

® Cod refers to codified.

by univariate optimization. A slow drying ramp (2 °C min™!)
was necessary as well as a high drying temperature (350 °C) in
order to avoid sample projection in the pyrolysis stage. The
lowest cleanout temperatures that avoided memory effects were
chosen (2600, 2700 and 2750 °C for Cu, Fe and V,
respectively). The Pd modifier solution volume (20 pL) was
that necessary to fully cover the petroleum sample in the sample
platform, without overflow.

Multivariate optimization was used for determining the best
pyrolysis and atomization temperatures as well as the Pd mass
[38]. A petroleum sample was used. In principle, a complete
factorial design (2*) was followed, with 3 factors and 2 levels. The
2% (8) experiments were made at a random order. The data were
analyzed by using the Statistica 6.0 Statsoft software and the 2P
standard design [39]. In this optimization step, all the factors and
some interactions have shown statistic significance (p<0.05) for
all elements studied. However, the F-test showed lack of fit for all
elements indicating that the proposed linear model was not
adequate. Thus, the factors were optimized by a central composite
design. This design makes use of central points that are expanded
with a group of ‘star points’ allowing the estimation of the
curvature. The distances from the central to the closest points are
taken as+1, and the distance from the central to a ‘star’ point is + o,
with o=+ (2Metors numberys ' for keeping rotatability (all ‘star” points
with the same distance to the central point). In our case, there were
8 (2*) experiments related to the factorial design, 6 (2% 3) star
experiments (o==8") and 2 central experiments. The central
points were chosen taking into account the previous factorial

design results and otherwork [12,24,25]. The 16 experiments were
randomly performed with a petroleum sample, and the different
levels for each element are shown in Table 2. The 16 data (n=3)
were analyzed using the Statistica 6.0 software (central composite,
non-factorial, surface designs) [39]. The Pareto diagrams in Fig. 1
show the significant effects (p=<0.05) for cach clement The R’
adjusted value for Cu was 0.925, or, 92.5% of the variation around
the average could be explained by the model. For Fe and V the R
adjusted values were 0.866 and 0.969, respectively. Other
statistical techniques, such as the analysis of normal probability
plots as well as the desirability functions have shown similar
results, confirming the correctness of the model. The critical
points, as well the regression coefficients are shown in Table 3. For
V, the critical atomization temperature was above the studied range
and also above of the maximum temperature recommended for the
instrument. Therefore, a 2700 °C atomization temperature was
chosen, the highest to be used in routine work. All other critical
points were within the studied ranges, confirming their adequacy.
Table 4 summarizes the optimized furnace temperature programs.
Under these conditions well resolved peak shapes were observed
and the background attenuation was always within the correction
capacity of the equipment.

3.3. Calibration
Calibration curves established with aqueous standards (0.2%

HNO; v/v) were compared with those established with
organometallic solutions (Conostan standards diluted in base oil

Table 4
Optimized temperature program for the determination of Cu, Fe and V in petroleum samples by direct sampling ET AAS (a)
Step Operation Cu Fe A
Temp. Ramp Hold  Gas Flowib) Temp. Ramp Hold (ras Flow(b) Temp. Ramp Hold  Gas flow(b)
o oC 5! s °C oC 51 R oc oC 5! s
1 Drying 90 10 5 Max. 90 10 5 Max. 90 10 5 Max.
2 Drying 150 10 5 Max. 150 10 5 Max. 150 10 5 Max.
3 Drying 350 2 10 Max. 350 2 10 Max. 350 2 10 Max.
4 Pyrolysis 900 50 20 Max. 1100 50 10 Max. 1300 50 20 Max.
5 Auto-zero 900 0 6 Stop 1100 0 6 Stop 1300 0 6 Stop
6 Atomize 2400 2400 9 Stop 2650 2500 10 Stop 2700 1800 10 Stop
7 Cleanout 2600 1000 3 Max. 2700 500 2 M. 2750 100 2 Max.

a) 20 pL of 1000 pg mL™" Pd (in 0.025% Triton X-100) as chemical modi fier.
b} Max=2 Lh™".
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Table 5
Determination of Cu, Fe and V by the proposed and comparative procedures in certified reference materials and petroleum samples (A to N)
Sample Cu, ng g '* Fe, pg g '* Vg g '*
Reference Proposed Comparative Reference Proposed Comparative Reference Proposed Comparative
value procedure procedure [10] value procedure procedure [10] value procedure procedure [22
ASTM CO 0311 - 14918 1507 7+2 9+1 1242 32+5 3242 344
ASTM CO 0403 - 85+8 1106 1.8+0.3 1.7+0.4 1.9+0.1 24+4 24 8+0.8 26+2
ASTM CO 0504 - 44+4 45+2 1.5+0.7 0.6=0.2 0.4x0.1 257+35 252+12 230=14
NIST 1634¢ 690604 68535 74653 - 92+1 73+£23 28204 2843 2444
NIST 1085a - - - 100+2 107+6 100+2 - - -
A - <4 <9 - 1.04+0.04 1.0£0.2 - 18+2 19+2
B - 9.1x0.7 <9 - 2.520.1 2.1£0.1 - 313 29+3
C - 8+2 <9 - 1603 1.0£0.1 - 235204 23+3
D - 6+2 <9 - 3.2+03 2.7£0.1 - 40=+3 34x6
E - <4 <9 - 1.1+0.1 1.1£0.1 - 27+1 23+3
F - <4 <9 - 0.8+0.1 0.9x0.1 - 223209 20+2
G - <4 <9 - 0.90+0.04 0.9£0.1 - 233202 19.4£33
H - 215 22+1 - 5.9+03 6.2+0.4 - 5.4=02 3.9+£0.9
I - <4 <9 - 3+1 1.5+0.1 - 2.3=0.1 1.8+04
J - 20.520.6 17+2 - 12+1 8.9+0.3 - 38203 1.8+0.5
K - 2672 368+27 - 19.1x0.1 19+3 - 5.0=035 36+0.9
L - 9.3x0.1 10+3 - 9.4+0.5 6.4+0.1 - 22.1+0.8 17.74.0
M - <4 <0 - 12.1+0.9 8.5+0.1 - 25«1 19+4
N - 24+6 2242 - 3.1=x0.1 2.7+0.1 - 5.9=0.1 51

*= standard deviation, n=3; — not determined; A determined by ICP OES afier microwave-assisted acid mineralization.

75), using the optimized furnace temperature programs and Pd as
modifier. The solutions were dispensed onto the sample platform
and submitted to the same procedure as described for the samples
(Section 2.3.1). For all elements, good linearity was observed
with both types of calibration solutions and no significant
difference (Student rtest, p<0.05) between their respective
slopes was observed (Cu: y=0.949 (£0.002)x and R>=0.9988
(aqueous) versus y=0.952 (£0.002)x and R*=0.9974 (organic);
Fe: y=0.231 (=0.002)x and R*=0.9978 (aqueous) versus
y=0.229 (£0.002)x and R?*=0.9840 (organic); V: y=0.064
(£0.001 x and R2—0,9917(aqueous) versus v=0.063 (£0.001)x
R%*=0.9962 (organic). In these equations, y refers to the integrated
absorbance and x to the analyte mass. Based on these results the
use of aqueous calibration solutions in further studies was
Justified.

3.4. Analytical figures of merit

The limits of detection (LOD) under optimized conditions
were 10, 200 and 800 pg for Cu, Fe and V, respectively, calculated
according to the IUPAC definition (LOD=3 s/m, where m is the
slope of the respective calibration curve and s the standard
deviation of ten blank replicates). Since there is no sample blank
in the present case, the calibration curve blanks were taken for the
calculation. The characteristic masses were 6, 19 and 72 pg for
Cu, Fe and V, respectively. It worth mentioning that for Fe and V
the instrumental settings were not those of maximum sensitivity
but those that permitted the samples to fall within the linear range
ofthe calibration curves. Linearity up to at least 1.5 ng Cu, 15 ng
Fe and 60 ng V were observed. The typical sample masses used
were (.10 to 3.00 mg for Cu and Fe and 0.10 to 1.50 mg for V,
defining linear ranges varying from 0.003 to 15 pug g~ ! for Cu,
0.0710 150 pg g~ ' forFe and 0.53 t0 600 pg g~ for V. The total

determination cycle lasted 4 min, equivalent to a sample
throughput of 7 h™ ! for duplicate determinations.

3.5, Accuracy

Certified reference materials (fuel oil NIST 1634c, oil NIST
1085a) and crude oil reference materials (ASTM CO 0403,
0311 and 0504) were used to investigate the accuracy of the
method. Moreover, the proposed procedure was compared with
independent methods [10,22] in the analysis of real samples.
The results are shown in Table 5. No statistically significant
difference (ANOVA) was observed between the certified values
and the results obtained by the proposed procedure in the
analysis of the reference materials, and also between the results
obtained in the analysis of the petroleum samples using the
proposed and comparative procedures.

4. Conclusion

The direct determination of Cu, Fe and V in petroleum samples
by ET AAS using a solid sampling accessory, proved to be
possible. A Pd+Triton X-100 solution dispensed over the sample
was necessary as a modifier, and calibration with aqueous
solutions was feasible for all studied elements Although small
sample masses were used, good repeatability was observed
showing that sufficient sample homogeneity was obtained after
just a manual shaking. Weighing petroleum samples at the mg
range needed no more skill than weighing the 1 g masses
necessary for the alternative procedures. The proposed ET AAS
procedure required no sample pre-treatment, avoiding even
dilution, and consequently the use organic solvents that are
harmful to the human health and environment. The proposed
method has the potential to be extended to the determination of
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other metal traces in petroleum samples, making use of the full
detection capability of ET AAS.
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Abstract

A literature review on the determination of trace elements in crude oil and heavy molecular mass fractions (saturates, aromatics, resins and
asphaltenes) by ICP-MS. ICP OES and AAS is presented. Metal occurrences, forms and distributions are examined as well as their implications in
terms of reservoir geochemistry, oil refining and environment. The particular analytical challenges for the determination of metals in these
complex matrices by spectrochemical techniques are discussed. Sample preparation based on ashing, microwave-assisted digestion and
combustion decomposition procedures is noted as robust and long used. However, the introduction of non-aqueous solvents and micro-emulsions
into inductively coupled plasmas is cited as a new trend for achieving rapid and accurate analysis. Separation procedures for operationally defined
fractions in crude oil are more systematically applied for the observation of metal distributions and their implications. Chemical speciation is of
growing interest, achieved by the coupling of high efficiency separation techniques (e.g., HPLC and GC) to ICP-MS instrumentation, which
allows the simultaneous determination of multiple organometallic species of geochemical and environmental importance.
© 2007 Elsevier B.V. All rights reserved.
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heteronuclear compounds, emulsified water and minerals [1].
Consequently, metals occur in different organic and inorganic
forms. The first organic forms identified, the porphyrins, were
described in the beginning of the 20th century as tetrapyrrolic
complexes of vanadyl, iron (II) [2] and nickel(Il) [3] with
structures similar to chlorophyll and heme. These compounds
were easily identified by simple spectrographic methods
because of their relatively high concentration, specifically in
heavy crude oils (e.g., Venezuela Boscan oil) [4]. It was soon
observed that the V/Ni ratio was constant in crude oils of
common source rocks and dependent on the geological age of
the rocks (oils from Triassic or older age showing a value higher
than unity) [5], and this ratio was used for tracing source effects
[6,7]. Presumably, the metalloporphyrins were derived from
chlorophyll-a, after the loss of Mg>" at the sediment-water
interface and the uptake of NiZ* and VO** under the prevailing
Eh and pH conditions [8]. The high chelating constant resulted
in high stability of these compounds, distributed between
kerogen and bitumen during oil formation [9]. Studies on the
thermal evolution of the major vanadyl complex of deoxo-
phylloerythroetioporphyrin (DPEP) to etioporphyrin indicated a
maturity dependence [10,11], thus suggesting the use of these
compounds as biomarkers [12]. In contrast to V and Ni, the
identification of organic forms of other metals in crude oils was
achieved only later, with the advent of hyphenated techniques,
e.g., HPLC or GC coupled to AAS or ICP-MS for elemental
detection. Porphyrins of Co, Cr, Ti and Zn were identified in oil
shales [13] by HPLC—-ICP-MS and volatile compounds of alkyl
and dialkylmercury were identified by GC-CV-AAS [14] and
GC-ICP-MS [15].

Total metal content in crude oils has an extended
concentration range, and statistical analysis was the first tool
applied to investigate general elemental distribution patterns
[16-19].

The analysis of oils worldwide having different viscosities
and asphaltene concentrations showed that the more residual the
oil, the higher the metal content, being those metal species
possibly clustered by heavy molecular mass compounds
[18,19]. Alkaline and alkaline earth elements are predominantly
associated as carbonates and halides with the emulsified water
incorporated into the oil during migration and accumulation in
the reservoir [20,21], but their presence can also be the result of
contamination from injected water during secondary oil
recovery [22]. In sulfate-rich waters, metals are associated
with H, S production through bacterial and thermal reduction of
sulfates, which can alter their distributions in crude oils [23].

Crude oil complexity is simplified by separation steps into
operationally defined solubility-class fractions. The [P 143
method for asphaltene separation [24] and also a modified
ASTM D 2007 method [25] (originally intended for heavy oils
above 260 °C) for maltene fractionation into saturates,
aromatics and resin (SARA), were applied for the detection of
metal partitioning and its implications in crude oil refining and
petroleum geochemistry [26-31]. Metals and organometallic
compounds distribute roughly in accordance to their volatility.
The more volatile species (Hg”, MeHg, DMeHg) are found in
the more volatile saturated fraction [32] and vanadyl and nickel

porphyrins are observed in intermediate polarity molecular
mass fractions of aromatic and N, S, O compounds [4,26]. Most
of the non-volatile elements and low volatility species are found
in the resin and asphaltene fractions, but mostly in the
asphaltenes [31,33,34]. Molecular mass distribution studies
using gel permeation chromatography revealed that metals
concentrate predominantly in the asphaltene fraction of highest
molecular mass and play a major role in asphaltene polarity
[35]. The number of trace elements recognized in the asphaltene
fraction could be greatly expanded using ICP-MS detection and
improved sample introduction methods. It could be shown that
this fraction concentrates trace elements up to ten-fold higher
than the corresponding crude oil, but still preserving its original
elemental fingerprint, allowing new applications in petroleum
geochemistry and in environmental studies [18,30].

While advances in refinery processes enable the treatment of
high sulfur crude oils, the increasing need for ultra-low sulfur
fuels requires the use of low sulfur crudes to reduce the costs of
desulfurisation [36]. Metal accumulation in the heaviest polar
fractions of crude oils plays a significant role in establishing the
refining procedure, since V, Fe, Ni and Mo have both negative
and positive effects on product recoveries [37]. High metal
content has a general negative effect due to catalyst deactivation
by pore clogging, metal deposition, deformation and fissuration
of reactors [38]. However, Ni, Co and Mo have a catalytic effect
on hydroprocesses and a careful adjustment of the demetalliza-
tion bed should be made [27]. Most of the metals are separated
during deasphaltenation when processes include carbon remov-
al. When hydrotreatment is used, the hydrodemetallization bed
and catalyst pore diameter are optimized for a higher recovery
and reactor lifetime [39]. Crude oils with high metalloporphyrin
content (e.g., Venezuela Boscan oil type) [4,26] are more
complicated to treat, since part of it is associated with fractions
of intermediate polarity. The process involves hydrogenation
prior to demetallization [40], which raises the overall refining
costs. Metals and organometallic species are also incorporated
during petroleum refining. Nickel, Co, Mo and Ti are
constituents of catalysts [41,42]; vanadate and other metal
oxides are used during fluid catalytic cracking and SO,
oxidation/removal [43].

Contamination of soils, water and sediments by crude oil and
its derivatives is conventionally evaluated by quantification of
toxic hydrocarbons (BTX, poliaromatics). More recently, Ni, V
and other metals (Cd, Cu, Pb and others) have been included in
the analysis of contaminated soils and organisms by crude oil
exudates and results show that they can be an important source
of contamination for these elements [44.,45]. The final refinery
products seem to show a higher toxicity compared to crude oil,
since metal speciation is altered and new metals are added to the
matrix. Experimental studies on enriched fuel combustion show
that Se and Hg tend to form volatile species, whereas other
elements are associated with the particulate matter (e.g., V, Ni,
Co, Zn, Cd, Pb) [46].

Effects on human health are of growing concern [47].
Tetraethyl lead, which was used as an automotive gasoline
additive, 1s a highly toxic compound now forbidden by
legislation [48,49]. Additionally, potentially toxic species like
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selenocyanate (SeCN) are present in wastewater from oil plants,
requiring monitoring and water treatment to prevent pollution
[50,51].

2. Elemental determinations by atomic spectrometry
2.1. General aspects

As has been mentioned, crude oil is a complex matrix of
varying viscosity and mixed phases (organic, water and
particulate matter) and therefore not an ideal matrix for analysis.
Determination of metals in crude oils by atomic spectrometric
methods requires careful adjustment of experimental parameters
[52] as well as sample manipulation before sample presentation
to the instrument. Decomposition methodologies can suffer
from losses or contamination during sample solubilization
procedures [18,53,54], and if aerosol generation is needed, it
may be affected by high amounts of salt that cause erosion of the
nebulizer orifice and of the sampler and skimmer cones, in the
case of ICP-MS. Incomplete desolvation and high concentration
of acids result in low mass transport rates of the analyte(s) to the
plasma and reduced ion production [55]. Crude oil viscosity and
heavy molecular mass fractions are critical in sample introduc-
tion methodologies by solubilization in solvents [31] or by
micro-emulsions [56], causing nebulizer clogging during
aerosol formation and differences in transport efficiencies
between standards and samples. Degradation of the torch (ICP
OES and ICP-MS) and the sampler and skimmer cones (ICP-
MS) is also observed when argon—oxygen plasmas are used to
minimize carbon build-up [57-59]. These problems are avoided
or minimized in certain direct sample introduction methods,
such as ETV-ICP-MS [60].

Together with a proper sample introduction technique,
multiple calibration curves are often employed in multielemental
techniques (ICP OES and ICP-MS) to cover the wide range of
metal concentrations in crude oils, from below ng g~ ' to hun-
dreds of pg g ' [4.18,30]. Internal standardization is not only
used for instrumental drift correction, but also to account for
differences between blanks, calibration standards, and samples.
For the most complex matrices, the analyte addition calibration
is the only method that will yield reliable results [31].

Spectral interferences inherent to the analysis of highly
organic loaded samples by ICP techniques may occur, requiring
the use of alternative wavelengths or isotopes of lower
abundance [57,61,62], e.g. **Mg (11.01%) instead of **Mg
(78.99%), the latter interfered by '*C3 (see further below).
Spectral interferences of argon and carbon species are less
critical in ICP OES since they can be minimized or avoided by
proper line selection and/or observation height [61]. Nonethe-
less, they contribute to the overall background elevation. ICP
OES is, however, limited by its reduced detection power (ug
¢~ ! range) for most elements, which restricts its applications in
geochemical and environmental studies [28,63].

Due to its nature, good selectivity is associated with AAS
methods. Flame AAS (FAAS) is a well established and
accessible technique, less prone to spectral interferences in
comparison to other spectrometric techniques. However, AAS

essentially remains a monoelemental method, although the
recent appearance of a continuum source FAAS instrument [64]
makes sequential analysis possible, similar to those performed
with sequential ICP OES instrumentation. Nevertheless,
detection limits for a series of elements is still poor for many
applications in crude oil analysis. In addition, although the great
thermal capacity of the flames used in FAAS with high enough
temperatures for the complete atomization of many clements,
different responses for different species for the same element
may be observed in the analysis of samples such as oil dissolved
in organic solvents. Thus, a careful control of the atomization
(flame) conditions and of sample introduction parameters must
be performed if oil dilution in organic solvents is the sample
pre-treatment of choice. Electrothermal atomization in a
graphite furnace (ET AAS) and chemical vapor generation
(CVG) techniques overcomes the sensitivity limitations of
FAAS. Nevertheless, while for CVG techniques samples must
be reduced in aqueous medium after mineralization or
extraction (with few exceptions) [65,66] ET AAS techniques
have the potential to accept samples as they are, minimizing or
even dispensing with sample pre-treatment. However, carefully
optimized furnace operation conditions must be used for either
atomization from platforms or directly from tube wall. The use
of improved atomizers, such as the transversally heated graphite
atomizer (THGA), is recommended in order to improve
pyrolysis and atomization efficiency, minimizing build-up of
sample residues in the atomizer.

All of these facts make the analysis of crude oil and fractions
by AAS and ICP techniques a challenge. In the following
sections, different approaches to overcome these difficulties
will be reviewed and critically discussed.

2.2. Analysis after sample decomposition by ashing

Matrix decomposition results in aqueous solutions that can
be, in principle, analyzed by any spectrometric technique.
Ashing of the crude oil followed by dissolution of the ash in
mineral acids was the first decomposition method used, prior to
the determination of metal content by FAAS or ICP OES [19].
About 5 to 10 g of crude oil is usually placed in a quartz beaker
or a platinum crucible and heated over a Bunsen gas burner to
achieve total ashing of the material. Although this procedure is
still largely employed in industry, it is time-consuming (about a
day-long), and dangerous due to the evolution of toxic vapors
and the usually low flash point of petroleum. The simultaneous
use of mineral acids (e.g., H,SO,, HNO;, HCl) may be an
advantageous altemative, but the main drawback of this method
is the loss of elements by volatilization (Hg, halides of As, Se, V
and Pb), the contamination by the larger amount of reagents
used and the open environment, and the precipitation of sparely
soluble salts during the final dissolution step (e.g., sulfates of
Pb, Ba and Sr) [18]. Since acid decomposition of the matrix in
open vessels avoids the safety risks characteristic of the dry
ashing procedure and allows the simultaneous processing of a
high number of samples, it is still largely used [28]. Such a
procedure is generally performed with larger volumes of
oxidizing acids (e.g., 10 mL of acid per 0.5 g of sample) and
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the time for complete decomposition is long (up to several
days).

Contamination and losses are overcome by the use of acid
decomposition in closed vessels, performed in conventional
heating systems (such as the Parr reactor [67], or its improved
version, the High Pressure Asher [68]) and microwave-assisted
heating [69]. All of these procedures provide final light-colored
and transparent solutions in contrast to the open vessel
procedures, indicating that carbon has been more efficiently
removed. Focused microwave-assisted heating decomposition
has been developed for on-line decomposition and low
contamination of geological samples [70]. This is a promising
technique for the decomposition of crude oil, and more
specifically its heavy fractions (asphaltenes and resin),
permitting automation of the processing; however, matrix
effects and spectral interferences due to residual carbon content
should be evaluated [71]. Additional oxidative reagents, such as
H,0, used after acid decomposition, are necessary for better
carbon removal [72]. All of these methods have a poorer
reproducibility of the results when compared to simple dilution
in organic solvents or to micro-emulsion based methods,

Unfortunately, only a very limited number of appropriate
certified reference materials (e.g., NIST 1634b and 1634c) are
available for the validation of decomposition methods for heavy
crude oil and its fractions. A more recently available
decomposition system, which uses pressurized quartz vessels,
the High Pressure Asher (HPA), considerably reduces the
residual carbon content; however, the higher amounts of
reagents used (e.g., 10 mL of HNOs;) require an additional
vaporization step to get rid of excess HNO;, especially when
[CP-MS is employed for elemental detection [73].

External calibration procedures in atomic spectrometric
techniques for the analysis of crude oil after decomposition
are similar to those employed for solutions of varying acidity (1
to 10%): they may use analytical solutions prepared in the same
medium as the blank solution (AAS) and/or by the corrections
of an internal standard(s). The need for the “analyte addition
calibration” depends on several factors, including the carbon
content and viscosity of the matrix and, obviously, on the
required accuracy and repeatability of the results. For a given
[CP instrument, detection limits are generally improved when
desolvation devices are used, such as ultrasonic nebulizers and/
or membrane separators [74].

In ICP-MS, spectral interferences may occur as crude oil
contains a high number of elements in the low concentrations
range (ng ¢~ ). Doubly charged ions (Ba®" at m/z 69, Ga) are
also potential interferents encountered during the analysis of
decomposed solutions of high salinity. Polyatomic interferences
generally arise from the reaction products of argon with major
matrix components (e.g., Na, Ca, Sr) or residual carbon [75].
Ar-species of Na, Cl and Ca interfere respectively at m/z=63
(Cu), mz=75 (As) and m/z=78, 82 (Se); carbon species (Cs,
ArC) interfere at m'z=24 (Mg) and m/z= 352, 53 (Cr). In oils of
high sulfur concentrations, additional interferences from S
species may superpose (e.g., ~-$°°S and **S*?S species on Zn at
m/z 64 and 66). Frequently, polyatomic interferences are
minimized or avoided by the choice of altemative isotopes

and/or the application of desolvation systems for reducing the
solvent load [74]. Advances in ICP-MS instrumentation are
likely to provide additional solutions to the problem of
polyatomic interferences, with progress in dynamic reaction/
collision cell technologies and high resolution spectrometers
[76]. In the case of DRC-ICP-MS, the species are destroyed by
collision with a reactive gas (CH,, NH3) and improvements on
major interferences are achieved at a relatively low-cost [77].
HR-ICP-MS has, however, the advantage of resolving most
spectral interferences [55], but instruments seem to be less
robust and are more expensive.

Flame, eclectrothermal fumace as well as chemical vapor
generation AAS are well suited for trace-metal determinations
in oil after ashing. Indeed, ashing of a sufficiently large sample
mass may compensate for the comparatively lower FAAS
sensitivity, although a longer analysis time is needed. However,
losses of Ni and V, present as volatile compounds (metallopor-
phyrins), may occur if adequate care is not taken. For instance,
Udoh et al. [78] and Platteau and Carrillo [79] suggest the use of
linear alkylbenzene sulfonic acids for stabilizing these com-
pounds. The former authors remember that the addition of sulfur
containing compounds has long been the strategy of choice for
avoiding losses of Ni and V by volatilization during ashing.
According to Platteau and Carrillo [79], the simultaneous
ignition of the oil—acid mixture, while it is still boiling, prevents
volatilization losses for Fe, Na and Ni, eliminates the coke
residue and reduces the ashing time, thus allowing the
achievement of results similar to those obtained by standard
methods for the same samples. Ashing procedures based on the
use of sulfuric acid for the trace-metal determination in oil are
also suggested in the literature and they were recently re-
approved as standard methods for the determination of Ni, V,
and Fe in crude oils and residual fuels [80]. Infrared heating
using a “mini-ash” device is also proposed [81]. An overview of
ashing procedures using sulfur compounds can be found in
Sychra et al. [82]. Ashing followed by fusion, and post-
determination by ICP OES and AAS is also proposed as
standard methodology for the determination of silicon and
aluminum in fuel oils [83]. In general, hydrochloric acid is the
acid of choice for the final dissolution of the mineral residue.

In the case of mineral acid decomposition, the acid, salt and
carbon content of the final solution to be presented to the
instrument is not as critical in AAS techniques as for [CP-MS.
This may lead to simpler sample dissolution procedures and
lower dilution factors. EPA method 3031 [84] proposes the
use of an initial oxidization with an excess of KMnQ, in the
presence of sulfuric acid, followed by heating and further
mineralization with HNO; and an excess of HCIO4. FAAS, ET
AAS and ICP OES are indicated for the instrumental
determination of a number of trace elements. If ET AAS is
the technique of choice, the elimination of the excess HCIO, is
recommended. In the case of As, the crude oil samples were
digested with sulfuric acid and H,0, under reflux, followed
by measurement of As in the diluted digest by hydride
generation AAS [85]. An acid digestion procedure with a
HNO;—H->S0,; mixture under reflux is proposed by Turunen
et al. [R6]. The whole procedure takes 2-3 h and special care
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must be taken in the first digestion steps, due to risk ofexplosion.
The determination of As, Cd, Cr, Cu, Mn, Ni, Pb and V was
performed by ET AAS, a technique that can deal well with
residual carbonif STPF conditions are followed, with the special
attention to the background correction system. Acid digestion
efficiency may be enhanced by microwave heating. In this way,
EPA method 3051 [87] uses the digestion of oils and other
samples with 10 mL of nitric acid; for 0.5 g-samples, only
10 min of heating is, in principle, necessary. FAAS, ET AAS,
ICP OES and ICP-MS are indicated for the instrumental
measurements. Alvarado et al. [88] optimized a method for the
microwave digestion of various crude oil samples, investigat-
ing various proportions of nitric and sulfuric acids. The
solutions obtained were analyzed by ET AAS for Cr, Cu, Fe,
Mn, Ni and V and for Na and Zn using FAAS. Analyte
addition had to be used for accurate results. As pointed out by
Bettinelli et al. [89] and Krachler et al. [90], the use of
microwave digestion in a high-pressure closed vessel reduces
sample decomposition time because higher temperatures can
be achieved, leading to faster reaction times and the
decomposition of difficult samples, besides other advantages
already pointed out in this review. In an attempt to determine
As, Sb and Se in oily wastes by hydride generation AAS,
Campbell and Kamet [91] stated that any residual organic
matter may cause difficulties, especially if the analytes are
present as organometallic species. They overcame these
difficulties by complete oxidation of the organic matrix after
solvent extraction using microwave-assisted digestion in a
closed system. The use of focused microwave-assisted heating

for oil digestion was critically investigated by Costa et al.
[71]. The authors conclude that a focused-microwave oven
designed with one magnetron and six reaction flasks led to
different degrees of decomposition, depending on operating
conditions, such as sample cavity position and applied power.
The consequent variation in the residual carbon content could
affect the quantification of elements susceptible to carbon
argide isobaric interferences when using [CP-MS.

Extraction appears to be an alternative to mineralization for
the determination of As in crude oil [92]. Extraction was
performed with boiling water or boiling aqueous nitric acid
(concentration 0.25 to 2.5 M), followed by the mineralization of
the extracts with concentrated nitric/sulfuric acid, and reduction
of the arsenate to arsine in a hydride generator. Viscous
hydrocarbons, such as fuel oil, must be dissolved in xylene for
the extraction to be successful. In the case of ICP-MS detection,
the direct determination of As in 1-10% HNO; matrices was
possible using 4% (v/v) ethanol to reduce the ArCl interference
[93]. In hydride generation techniques, the separation of the
analyte from the matrix and its interference-free measurement is
intrinsically associated with the method. However, attention
must be paid to some potential interfering species, such as Ni*™,
in order to avoid their interference in the hydride generation
process in the liquid phase [94]. An extraction method is also
proposed for the determination of V in petroleum crudes, based
on the synergistic extraction of the WV(V)-5,"-methylene-
disalicylohydroxamic acid (MEDSHA) complex with a 0.5 M
tributyl phosphate (TBP) solution in isobutyl methyl ketone
(IBMK), followed by FAAS [95]. Table 1 summarizes matrices

Table 1
Elemental determination in crude oil and heavy fractions by ICP-MS and ICP OES
Matrix Element(s) determined Solubilization procedure Technique Reference
Crude oil V, Ni, Co, Cu, Mo, Fe, Mn, Zn, Ti Ashing decomposition ICP OES [19]
Crude oil S, Al, V, Ni, Co, Fe, Cu, Zn, Ba, Mo Micro-emulsion ICP QES [17]
Crude oil, saturates, aromatics, resin, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Mo, Ga No ETV-ICP-MS [113]
asphaltenes
SEM residual fuel oil 1634¢, crude oil, Ag, Al, Ba, Cd, Co, Cu, Fe, La, Mg, Mo, Microwave acid decomposition ICP-MS [18,30]
saturates, aromatics, resin, asphaltenes  Mn, Na, Ni, Pb, Sn, St, Ti, Pb, U, V, Zn, Y, in closed vessels
La-Lu, Au, Pd, P, U, Th
Saturates, aromatics, resin, asphaltenes Co, Cr, Cu, Fe, Mo, Mn, Ni, Sr, V, Zn Acid decomposition in ICP QES [28]
open vessels
Crude oil Hg Combustion in Carius tubes ICP-MS [53]
SRM residual fuel oil 1634b Ag, Al, As, Ba, Bi, Ca, Cd, Co, Cr, Cu, Fe, Hg, Microwave acid decomposition ICP-MS [72]
Mg, Mo, Na, Ni, Pb, Sb, Sn, S, Ti, TI, U, V, Zn  in closed vessels
SEM residual fuel oil 1634b Na, Mg, Al, Ti, Cr, Fe, Ni, Co, Cu, Ag, Pb No LA-ICP-TOF-MS [114]
Crude oil Li, Al, Ti, V, Mn, Fe, Co, Ni, Cu, Zn, Sr, Mo, Micro-emulsion ICP-MS [56]
Ag, Cd, Sn, Sb, Ba, Pb
Crude oil Mo, Zn, Cd, Ti, Ni, V, Fe, Mn, Cr, Co Micro-emulsion ICP QES [112]
Crude oil cut (naphta) Na, P, Ti, V, Mn, Fe, Co, Ni, Cu, Zn, As, Dilution in xylene ICP-MS [98]
Y, Mo, Cd, Sn, Sb, Hg, Pb, Bi
Synthetic crude oil As, Cd, Hg, Ni, Pb, V Dilution in xylene DIHEN-ICP-MS [105]
SEM residual fuel oil 1634c, crude oil, Ag, Al Ba, Cd, Co, Cu, Fe, La, Mg, Mo, Mn, Solubilization in toluene and ICP-MS [31]
saturates, aromatics, resin, asphaltenes  Na, Ni, Pb, Sn, Sr, Ti, Pb, U, V, Zn, Y ultrasonic nebulization
Crude oil, gasoline, distillation cuts Cu Ashing, microwave-assisted and  ICP-MS [54]
and residue combustion decompositions
Crude oil {oil spill) Cd, Cr, Cu, Pb, Mn, Ni, V, Zn Microwave-assisted acid ICP OES [63]

decomposition
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analyzed by ICP OES and ICP-MS using different sample
preparation procedures.

2.3. Direct sample introduction strategies

Direct introduction of crude oil and derivatives into ICP
instruments has been performed by two techniques. The first
uses sample solubilization in an organic solvent (e.g., toluene,
xylene, kerosene) and the second is an emulsification procedure
in aqueous solutions in the presence of emulsifiers.

Solubilization of crude oil and derivatives in solvents is by
far the most studied and used direct introduction technique for
ICP instruments and is widespread in the industry [58,96-98],
essentially, because it is a fast and accurate technique. Its
advances follow closely the improvements in sample introduc-
tion systems and [CP instrumentation. Crude oil and derivatives
dissolve in solvents like toluene, xylene chloroform and
kerosene. In early studies, the Meinhard nebulizer was used in
combination with a Scott spray chamber to introduce these
solvents into ICP OES instruments. The solvent plasma load
(SPL) was identified as a critical problem, which causes
instability and sometimes extinction of the plasma and raises the
background level due to the strong C, green and other emissions
(e.g., CN, OH) [57,61]. Desolvation of the acrosol was achieved
through a —10 °C refrigerated chamber, which was the
temperature calculated for a minimum SPL for low wvapor
pressure solvents like chloroform, and background level was
reduced by use of higher observation heights (15 mm) and
higher plasma temperatures (1.5-2 kW of forward power) [57].
When the technique is applied to ICP-MS, another critical effect
observed is the deposition of carbon on the sampler and
skimmer cones, and a higher level of carbon interferences [99].
The problem was overcome by O, addition to the argon [100]
but new interferences appeared due to the presence of oxygen:
e.g., ArO at m'z 56 (Fe), CO, at m/z 48 (Ti). Chloroform could
not be used due to Cl interferences (C1O and ArCl) atm/z 51 (V)
and 75 (As), respectively, Determination of several elements in
SRM NIST 1634b was performed with acceptable accuracy
[62]. The use of a heated tube instead of refrigeration for acrosol
desolvation was more efficient in reducing the SPL and pointed
to the limitation of the Meinhard/Scott refrigerated system
[101].

The advent of ultrasonic nebulization devices, which
combined temperature and refrigeration along with a membrane
desolvator, finally retired the Meinhard nebulizer for this
purpose [58,96]. A universal calibration for solvents was
proposed based on m-hexane with good recoveries [97].
Calibration was achieved using organometallic standards in
oil (Conostan, Conoco, USA). However, memory effects and
higher dispersion of the droplet diameter were observed
[102,103], as well as the loss of volatile species of Pb and Hg
during analysis of condensates and naphta [104]. For the
analysis of crude oil and fractions, the USN device was used
without heating, and good accuracy was obtained for determi-
nation of metals in fuel SRM by ICP-MS [31]. Direct injection
nebulizers (DIN) and micronebulizers appear as the next path
for multielemental analysis of crude oil and derivatives diluted

in solvents. The analysis of naphta was successfully achieved
with a DIN [98] and a high efficiency DIN (DIHEN) [105]
using oxygen in the nebulizer gas flow, with solution uptake
rates as low as 60 and 10 puL min ', which reduced
considerably the carbon and oxygen levels in the plasma. The
DIN methodology [98] allowed the determination of volatile
elements like As with limits of detection lower than 0.1 ng g~ '.
The solutions were weekly stable for As. The DIHEN was used
for the determination of Hg and its organic species in hexane,
with similar detection limits and without significant memory
effects [106]. SPL can also be lowered using micronebulizers
from which the new Teflon ones showed improvements for the
liquid/gas interaction and are promising tools for solvent
introduction [107,108].

The availability of DRC- and CC—ICP-MS instruments and
the proper choice of reactive gases are also promising means for
the removal of major spectral interferences caused by solvent
introduction into the plasma in the case of quadrupole mass
spectrometers [77,108].

Solubilization of crude oil by water-in-oil (w/0) or inverse (o/
w) emulsion formation has gained interest because it allows the
determination of elements in the organic phase using inorganic
aqueous standards. The first study of o/w micro-emulsion used a
non-ionic surfactant to assist dispersion of oil as organic
micelles in water. Sample introduction into ICP-MS was
performed with a Meinhard nebulizer/Scott spray chamber
system refrigerated at 8 “C [56]. The solutions were monthly
stable, and carbon interferences on m/z 24 (Mg) and 56 (Fe)
were considerably reduced, allowing the determination of these
clements even in the presence of the organic phase (1,2,3,4-
tretrahydronaphtalene: Triton X-100). Good results were
obtained for SRM NIST 1634c¢c; however, limitations were
observed with heavy crude oil emulsions, which showed a
signal drop of the intemal standard of up to 50% [56]. Triton X-
100 emulsions were also successfully applied to the determi-
nation of V, Co, Ni, As, Hg and Pb in naphta [109]. Another
non-ionic emulsifier, polyoxyethylene nonylphenyl ether (Ige-
pal), was preferred for heavy crude oils because of his slightly
higher hydrophile—lipophile balance number (Igepal CO-
720=14.2, instead of 13.5 for the Triton X-100), which enabled
higher solubility in water through hydrogen bonding [110]. In
order to reduce solution viscosity, the same authors added
xylene, without using a refrigerated spray chamber during
sample introduction, which compromised the limits of detection
because of incomplete combustion of the organic matter [111].
Detergentless emulsions were reported for the determination of
elements in crude oils by ICP OES using acidified water for
clement stabilization and propan-1-ol as a co-solvent, with
addition of oxygen to the nebulizer gas flow [112].

Direct introduction of crude oil and fractions in ICP-MS has
also been investigated using special introduction devices, such
as electrothermal vaporization (ETV) and laser ablation (LA).
Ten elements in crude oils and fractions were determined by
ETV-ICP-MS for the study of oil migration [113], using 10—
15 puL of sample and a vaporization temperature of 2550 °C.
Recovery values for the crude oil fractions were not satisfactory
for six elements, which raise serious doubts about the overall
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methodology. However, ETV-ICP-MS is an interesting
technique for heavy crude oils and fractions like resin and
asphaltenes, because of the total removal of the matrix, but
possible interferences from the volatilized carbon of the furnace
should be further investigated.

Laser ablation was also investigated for the direct introduc-
tion of SRM NIST 1634b into ICP-TOE-MS [114]. The laser
was a nanosecond Nd-YAG working at 266 nm wavelength,
The ablation cell was modified for higher efficiency of analyte
transport to the plasma and narrower transient signal profile.
Calibration was achieved in wet plasma conditions introducing
simultaneously the aqueous calibration solutions through a
Meinhard nebulizer/Wu-Hieftje vertical-rotary spray chamber
system, or in dry plasma conditions using organometallic
standards. The technique showed high sensitivity for multiel-
ement determination and good accuracy, however, chemical
fractionation was not investigated.

Qil dilution in an appropriate solvent followed by direct
analysis by FAAS appears as a natural and simpler alternative to
sample mineralization and has been long applied. The solvent
must offer a stable and non-luminous flame, low toxicity and, of
course, be able to completely dissolve the sample. The final
solution must be homogeneous and stable in time. For instance,
use of FAAS after dilution of the oil with an organic solvent is
proposed in an ASTM standard test method for the determina-
tion of Ni, V, Fe, and Na in crude oils and residual fuels [80].
Dilution in xylene was used in the comparative determination of
Ni and V in crudes and heavy crude fractions by [CP OES and
FAAS [115]. Solubilization with MIBK was used in the analysis
of crudes and its buming residues for the determination of V
[116] as well as Cd, Pb and Ni [117], also by FAAS. The authors
note, however, that analyte addition calibration with organo-
metallic standards is necessary for accurate results. A toluene—
acetic acid mixture was used as solvent for the dilution of
petroleum crudes and further determination of Ni, Cu, Zn, Na,
Pb, Cd, and Fe by FAAS. Calibration was performed with
inorganic salts and by analyte addition. Systematic errors
between the proposed procedure and a comparative one
consisting of sample dilution in xylene and organometallic
calibration ranged from 2 to 25% [118]. As ecarly as 1981,
Sychra et al. [82] presented a detailed discussion on the flame
analysis of crude oils, heavy petroleum oils and residues using
dilution methods. The authors reviewed the application of this
procedure up to that date, and pointed out problems that must be
addressed: Hardly a single solvent or a solvent mixture is able to
completely dissolve all the different kinds of oil samples. Thus,
dissolution efficiency varies for each class of oil sample, with
highly paraffinic oils presenting the major difficulties. Also,
different organic compounds of the same element present
different responses in the flame, no matter if an air or a nitrous
oxide acetylene flame is used. This leads to calibration
difficulties as well as different responses depending on the
organometallic composition of the sample [119]. Matching the
analytical solutions’ and sample’s physical properties is also a
challenge. In short, the authors state that external calibration
should only be used for a rapid and rough estimation of the
metal content; analyte addition calibration being more accurate

due to the leveling effect of the matrix on some of the physical -
chemical properties involved in the atomization process. The
authors recommended the accuracy being checked with the
dilution method for each set of samples by comparing the results
with those achieved using a wet-ashing procedure. Neverthe-
less, Bettinelli and Tittarelli [120] validated a procedure for the
determination of Ni and V in fuel oil based on the 1+9 dilution
with xylene and calibration with Conostan organometallic
standards, using base oil for matching the viscosity or fuel oil
with known metal content. Nickel was determined in air—
acetylene flame and a nitrous oxide—acetylene flame was used
for V. The procedure was compared with a series of independent
methods in the analysis of six samples with different metal
contents. Results very close to the consensus values were
observed. The authors state that the better repeatability and
reproducibility observed in comparison to other similar methods
came from the more detailed specification of experimental
parameters, such as checking the instrumental performance,
alignment of the bumer head and radiation beam, and selection
of the aspiration rate. A limited aspiration rate of the organic
solution (<2ml min~") was recommended.

The association of sample dilution with ET AAS would, in
principle, overcome problems encountered with determinations
by FAAS. Its higher sensitivity would permit the determination
of less concentrated elements and the high temperatures during
the pyrolysis step would eliminate most of the matrix and bring
the analyte to the same chemical form, avoiding differences in
sensitivity due to different compounds. Moreover, the larger
dilution factor permitted due to the higher sensitivity would
reduce the chances of matrix interferences. In this way, Bruhn
and Cabalin [121] proposed the determination of Ni in gas oil
after dilution with xylene. However, analyte addition had to be
used and analyte solutions prepared from different Ni organo-
compounds led to different sensitivities. The choice of the
adequate Ni compound for calibration had to be decided after
comparison with the reference wet-ashing results obtained with
the FAAS methodology. The author also pointed out problems
related to analyte solution stability at the ug L™' range. A
discussion on possible losses of volatile Ni species during
pyrolysis is also presented, as well as the promising use of
chemical modifiers to overcome such losses. Taking all findings
into consideration, good concordance between proposed and
reference methods was obtained. The problems reported by
Bruhn and Cabalin [121] summarize all factors that must be
considered in solvent dilution—ET AAS approaches and agree
with the critical observations, presented by Sychra etal. [82], on
carly ET AAS work. Vanadium, Ni, Fe and Pb were determined
in crude and fuel oil following dilution with xylene and MIBK
[122]. The authors report good agreement with certified values
for the analysis of SRMs and analyte addition calibration curves
showed the same slope as those obtained with organic analytical
solutions. No modifier was used, even for the determination of a
volatile element such as Pb. Bermejo-Barrera et al. [123]
observed that xylene dissolution and dry calcination were
equivalent for the determination of V in petroleum samples by
ET AAS. The authors propose that the crude oil must be so
strongly diluted that matrix interference is eliminated. The
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behavior of a series of chemical modifiers for the determination
of Vin a water and oil matrix was studied by Thomainidis and
Piperaki [124]. Since a longitudinally heated fumace was
employed, no platform was used, but all other STPF conditions
were followed. In the determination of V in a multielement
standard diluted with MIBK, Pt as modifier enhanced the
pyrolysis temperature from 1000 °C to 1400 °C, with
improvements in sensitivity, No difficulties on mixing the
aqueous modifier with the organic sample is reported, as well as
no application to real samples. The determination of Cd, Cr and
Cu in crude oils was also performed by Stigter et al. [85].
Atomization from a platform, Zeeman-effect background
correction as well as oxygen ashing during the pyrolysis step
was used. For Cd, the authors diluted the samples with carbon
tetrachloride. Due to the toxicity of this solvent, xylene was
used for the other metals. The authors pointed out the instability
of samples and organometallic standards in these media, and
finally changed to a4:1 v/v mixture of toluene and acetic acid as
solvent. Cadmium, Cu, and Cr were determined by ET AAS and
Zn by FAAS. The authors noted that the analytical solutions
(Conostan standards diluted in the solvent mixture) as well as
the diluted sample should be freshly prepared, due to potential
lack of stability after 48 h. The efficiency of the sample
homogeneity procedure was also addressed and relative
standard deviations (n=10) up to 26% for Cd and 7% for Cr
were observed. Validation was performed by comparison with
wet-ashing methods, and in contrast to the agreement observed
for other elements, significantly lower results for Cd were
presented. It is worth noting that no modifier was used. A
tungsten-coated graphite furnace was used for the determination
of V in heavy fuel oils [125]. Sulfur interference was studied in
detail. These studies showed that the solution presented to the
instrument should contain less than 1% sulfur. Good concor-
dance between the results obtained from the proposed (sample
dilution with tetrahydrofurane+ light oil, 1+1) and comparative
procedures was reported.

The use of emulsions for the dilution of organic liquid
samples is an alternative to the dilution with organic solvents,
with some potential advantages. In the case of FAAS, less
organic solvent is presented to the flame, while for ET AAS the
use of modifiers is facilitated and the sample and analytical
solutions are more stable at the ug L™' level. Emulsification
retains the simplicity of the dilution process and permits the use
of inorganic standards for calibration. The determination of Ni
in fuel oil by FAAS using 4% v/v oil-in-water emulsion is
described [126]. The oil sample is diluted in water in white spirit
emulsion. An Ni aqueous working solution dispersed in the
same medium is used for calibration. For matching the viscosity
between samples and analytical emulsions, water and lubricat-
ing oil are respectively added to these dispersions. Comparison
of the slopes of analyte addition curves and analytical curves
prepared in the same way as the sample confirmed the
possibility of external calibration. The comparison with a
reference method led to concordant results. Nickel and V were
determined in naphtha and fuel oils after emulsion formation by
ET AAS using W-Ir as permanent modifier [127]. The oil
samples were diluted in toluene, and this solution was

emulsified by stirring with 3% Triton X-100 in water.
Calibration was performed with organometallic standards
prepared in the same way. The emulsions were stable from 20
to 50 min. Different permanent modifiers were studied under
STPF conditions. The W-Ir permanent modifier proved its
utility for the determination of Ni, while for V the untreated tube
appeared to be more suitable. Excellent agreement between
found and certified results was observed in the analysis of two
SRM. Burguera and co-workers [128] determined Cr in heavy
crude oil and in a bitumen-in-water emulsion by ET AAS after
sample emulsification. The optimum sample emulsion compo-
sition was 7:3 v/iv (w/0)+0.2% w/w of a non-ionic surfactant,
which was 1+8 diluted with a 0.2% w/w solution of the
surfactant. STPF conditions permitted the calibration with
aqueous analytical solutions, and good concordance with a
comparative procedure was obtained. Emulsification was used
in a detailed study on the optimization of the Ni determination
in petroleum using both line source and high resolution
continuum source ET AAS [129]. After verifying that samples
and analytical solutions diluted with xylene and MIBK were not
useful due to their poor stability, the authors stabilized samples
and analyte solutions as an o/w emulsion consisting of xylene,
Triton X-100 and water. An ultrasonic bath was used in the
emulsification process and the mixture was further homoge-
nized just before the measurement by manually flushing them
with a micropipette. The authors observed that significant Ni
losses occur at pyrolysis temperatures as low as 500 °C, most
probably due to the presence of volatile Ni species. Thus, good
concordance between found and expected results could be
achieved only if a pyrolysis temperature of 400 °C was used.
The BG-correction ability of the continuum source AAS was
able to deal with the high BG values observed with such a low
pyrolysis temperature. Similar stabilization difficulties were
experienced by Aucélio and co-workers [130] in the determi-
nation of V in the asphaltene petroleum fraction. A solution of
asphaltene in dichlorethane was obtained as the result of the
fractionation procedure, and this solution showed clear loss of V
as a function of the sample solution storage time (formation of
insoluble V species or/and their adsorption of on the wall of the
storage vial) as well as during ET AAS analysis due to the
formation of volatile compounds. The solution was stabilized
by simply mixing with propan-1-ol and 6 mol L™ HNO;,
forming a detergentless micro-emulsion. The micro-emulsion is
spontaneously and immediately formed, and its stability was
confirmed up to 80 h. Calibration was performed by spiking
inorganic V in the same micro-emulsion medium. The analysis
of the asphaltenic fraction of a fuel oil SRM showed a coherent
result taking into consideration the certified value for V in the
whole fuel oil. Damin and co-workers [131] investigated the use
of Pd as a chemical modifier for the stabilization of the volatile
Niand V compounds in oil samples, since the BG ability of line
source ET AAS was not able to correct the high BG values
imposed by the necessary low pyrolysis temperatures if no
modifier was used. The oil sample was stabilized as an o/
w emulsion, whose composition was optimized by a multivar-
iate method. The use of Pd (20 pg) as chemical modifier
permitted pyrolysis temperatures high enough to lead to low BG
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without any analyte loss. Good agreement was observed
between found and expected values, using analytical solutions
prepared in the same way as the samples spiked with inorganic
standard solution.

Another approach is direct sample introduction for ET AAS,
in which the sample is used without any further treatment other
than homogenization [132]. This technique can also be used for
highly viscous liquids, and has applied to the determination of
Ni [133], Niand V [134] as well as Cu, Fe and V [135] in oil
samples. This approach brings the advantage of no chemical
sample pre-treatment, eliminating contamination and losses
related to this step. The adequate use of modifiers avoids
analyte losses during the pyrolysis step. The addition of Triton
X-100 to the modifier solution improved its efficiency, probably
due to a more effective interaction between the aqueous
modifier solution and the oily sample. Calibration curves with
aqueous analytical solutions were used, and the results for oil
samples and SRM were concordant with those derived from
conventional procedures.

2.4. Speciation of elements in crude oil and its fractions

The hyphenation of HPLC and GC with elemental detectors,
such as ICP-MS, ICP OES, AAS and AFS, pemmits the
determination of elements in their organometallic form. The
chromatographic techniques are used to separate and also
identify the different forms, while the atomic spectrometric
detectors are used for quantification, using adequate standards.
In a few early studies [136,137], HPLC was interfaced with ET
AAS in order to investigate the presence of different Ni and V
compounds in heavy crudes and asphaltenes as a possible fin-
gerprint of the oil. However, ET AAS is not well suited as a
specific detector in hyphenated techniques, due to its stepwise
characteristic. FAAS [138] was used in the comparison of three
analytical methods to isolate and characterize V and Ni
porphyrins from heavy crude oil. However, the use of FAAS
as a detector in hyphenated speciation analysis fails, in general,
due to its low sensitivity. Recently, Lepri et al. [139] proposed a
speciation (fractionation) analysis between volatile and non-
volatile Ni and V compounds in crude oil based on their
different characteristics during the ET AAS pyrolysis step.
Partial information on the nature of these compounds could be
obtained. However, speciation analysis with a much higher
level of information can be performed by hyphenating HPLC to
an ICP-MS, since it does not require a heated interface and
delivers sample in a liquid state at flow rates of around 1 mL
min~ ', compatible with most nebulizers. The identification and
quantification of metalloporphyrins was performed by HPLC—
ICP-MS using a reversed phase C;g column [13,140].
Introduction of the mobile phase into the [CP does not
necessarily need the presence of oxygen in the nebulizer gas,
depending on: (i) if an oxygenated solvent like methanol is
used, instead of aromatic or chlorinated solvents, and (ii) the
percentage of solvent in the mobile phase. Capillary electro-
phoresis has also been employed for the separation step [141];
however, the technique is limited to ionizable metalloporphyrin
(with a COOH function), otherwise the separation does not

occur, and also by a loss of sensitivity due to the reduced
electroosmotic flow (nL min '), inherent to this separation
technique. If HPLC is the method of choice for high boiling
point organometallic compounds, GC is the one for volatile
species. Mercury species were successfully determined by GC—
CV-AAS [14] and GC-ICP-MS [15] in natural gas conden-
sates and require a cryogenic trap for retention of MeHg and
DMeHg prior to GC separation.

3. Conclusions

From a general point of view, there is not a unique meth-
odology for determination of elements of interest in crude oil
and its derivatives. The choice of the methodology should be
based on the matrix, on the element (or series of elements) to be
determined, and on the objectives of the analysis. Decompo-
sition methodologies are time-consuming; however, they are
generally more robust and accurate than direct sample intro-
duction after sample dilution in organic solvents. This results in
more complex matrices. Decomposition by wet-ashing is the
most frequently applied technique, even in standard methods.
Losses may be avoided by adding a sulfur containing com-
pound, but strict control of the ashing temperature must be
observed, otherwise volatile species may be lost. Naturally, care
is necessary to avoid contamination. The use of microwave-
assisted heating is the better way to perform acid mineralization.
Sample dilution is evidently very attractive, due to its simplicity.
However, this simplicity must not lead the analyst to forget that
oil is a very complex mixture, and its composition changes
according to its origin. Complete solubilization may be difficult,
due to the presence of water clusters that may contain inorganic
salts. Furthermore, not all organic compounds are soluble in
the more common organic solvents that are appropriate to
the subsequent atomic spectrometric measurement. In some
cases, an appropriate solvent mixture, with solvents of different
polarities, may be the best choice. In the case of ICP techniques,
more frequent replacement of spectrometer consumables
(sampler, skimmer, torches, injectors) due to the higher
corrosion caused by an oxygen-argon plasma is necessary.
ICP-MS requires periodic lens cleaning due to carbon build-up.
The direct solvent introduction technique is limited by the
availability of organometallic standards and calibration pro-
blems as well as the stability of the sample (after dilution)
and analytical solutions at the pg L™" level, which must be
addressed. However, it is a fast methodology, less prone to
contamination and losses, and gives better precision than
decomposition procedures. In fact, for comparative results, the
instrumental conditions must be strictly known, for ICP as well
as for flame techniques. In the case of ET AAS, the presence of
volatile compounds that are lost during the pyrolysis step is well
demonstrated. Their stabilization must be considered, and the
use of an appropriate modifier, even for elements known as non-
volatile, 1s necessary. Proper emulsion formation techniques
produce systems stable enough for a practical atomic spectro-
metric determination and are promising for elements difficult to
stabilize and to determine by decomposition or solvent dilution
procedures. However, they are more time-consuming and less
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reproducible than solvent solubilization procedures. Results
derived from emulsion methods correspond to total element
content, whereas those based on the solubilization by aro-
matic or aliphatic solvents allow the determination of elements
associated only with the organic phase. The applicability of
direct “solid” sampling of oil samples has been demonstrated
for few elements using ET AAS. In this case, as well as in the
previous ones, STPF conditions must be closely followed,
together with the use of an efficient background correction
system. In this sense, CS—ET AAS will certainly open new
possibilities. Direct sampling procedures may also be easily
adapted to ETV-1CP-MS. Polyatomic interferences in quadru-
pole ICP-MS must also be considered. For instance, the ma-
trix interference on Cr does not seem to be resolved by any
methodology, since residual carbon is always present, and
only the use of DRC/CC- or HR-ICP-MS can overcome this
problem. These limitations lead, once again, to the necessity of
improvements in sample preparation steps. The early method of
extraction of water-soluble salts from the crude oils, often
neglected in the past, is recommended for generating reliable
results on trace element concentrations in the organic phase.
The determination of trace elements in operationally defined
fractions of crude oil is another step forward for its better
characterization, allowing new geochemical applications.
Following the general trend in analytical chemistry, metal
speciation will also have its important place in oil analysis,
specifically for less explored fractions, such as resin and
asphaltenes.

4, List of acronyms

AFS Atomic fluorescence spectrometry

ASTM  American Society for Testing Materials

BTX  Benzene, toluene and xylene

cc Collision cell

CV Cold vapor

CVG  Chemical vapor generator

DIN Direct injection nebulizers

DIHEN Direct injection high efficiency nebulizer

DRC  Dynamic reaction cell

ET AAS FElectrothermal atomic absorption spectrometry

ETV  Electrothermal vaporization

FAAS Flame atomic spectrometry

GC Gas chromatography

HG AAS Hydride generation atomic absorption spectrometry

HPLC High performance liquid chromatography

HR-ICP-MS High resolution inductively coupled plasma mass
spectrometry

[CP-MS Inductively coupled plasma mass spectrometry

ICP OES Inductively coupled plasma optical emission
spectrometry

[CP-TOF-MS Inductively coupled plasma time-of-flight mass
spectrometry

NdYAG Neodymium-doped yttrium aluminum garnet

o/'w oil-in-water emulsion

SARA  Saturated, aromatic, resin and asphaltene fractions

SPL Solvent plasma load

SRM  Standard reference material

STPF  Stabilized temperature platform furnace
THGF Transversely heated graphite furnace
w/o water-in-oil emulsion
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Abstract A procedure for the direct GFAAS determination
of Ni in petroleum samples using a solid sampling strategy
is proposed. Palladium was used as conventional modifier.
Central composite design multivariate optimization defined
the optimum temperature program and the Pd mass,
allowing calibration using aqueous analytical solution.
The limit of detection (LOD) at the optimized conditions
was 0.23 ng of Ni, for typical sample masses between of
0.10 and 0.60 mg. Linearity at leastup to 11 ng of Ni and a
characteristic mass of 45 pg were observed, defining a
dynamic range between 0.52 and 110 pg g '. Typical
coefficients of wvariation (n=10) in the analysis of oil
reference materials were 7%. Method validation was
performed both by the analysis of oil certified reference
materials and by comparison with an independent method
(ASTM 5863-B). No statistically significant difference was
observed between obtained and expected values. The total
determination cycle lasted 5 min, equivalent to a sample
throughput of 6 h™" for duplicate determinations.
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[ntroduction

The determination of metallic trace elements in petroleum
is of importance to the oil industry, since it provides
information about crude oil origins, migration, and types.
Nickel naturally occurs in petroleum at the pug g~ range
associated to the formation process, mostly as metal-
loporphyrins and metallonon-porphyrins [1-3]. Ni inter-
feres with the refining of crude oils: it may cause corrosion
of refinery equipment and affects catalyst activity, leading
to undesirable side reactions and decreasing cracking yields
|3, 4]. Hazardous Ni compounds might also be generated
during combustion of petroleum and its derivatives, leading
to environmental and health concems. Consequently, Ni
emissions control under national and international regula-
tions have been established. The evaluation of the Ni
concentration may also be utilized to identify sources of
unregulated releases of petroleum [4, 5. A number of
analytical methods for the determination of Ni in petroleum
and their viscous heavy products have been proposed
including X-ray fluorescence spectroscopy [6-8], high-
performance liquid chromatographic (HPLC) with UV [9]
or atomic absorption spectrometry (AAS) [1] detection,
inductively coupled plasma optical emission (ICPOES) [4,
10-12] and mass spectrometry (ICPMS) [13-16], flame
atomic absorption spectrometry (FAAS) [2, 5, 17-19], and
graphite fumace atomic absorption spectrometry (GFAAS)
[20-23]. In ICP techniques desolvatation under cryogenic
cooling and the removal of carbon by feeding oxygen into
the plasma [16] have been proposed in order to avoid
plasma extinction or carbon deposition on the sampler and
skimmer cones. FAAS allows the direct analysis of
hydrocarbon matrices after just a dilution with an adequate
organic solvent. However, aside from its low sensitivity,
both the solvent and the compounds used for calibration
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may have a strong influence on the method sensitivity,
thereby causing calibration problems [17, 24]. GFAAS isa
valuable alternative, since sensitivity variation due to the
analyte form and matrix characteristics is much less
pronounced if the stabilized temperature platform fumace
(STPF) conditions are observed. However, in any case, a
sample pre-treatment is always required for the determination
of Niin petroleum and their viscous products. Mineralization
[9, 12, 18], extraction [2, 9], chromatographic separation [1,
2, 15], dilution [4, 16, 19], or emulsion formation [12-14,
21-23] have been proposed. Chromatography, mineraliza-
tion, and extraction separations are time-consuming and
increase the risks of contamination and losses, although
calibration may be made simpler if an aqueous final solution
is obtained. Dilution procedures are simple and proved to be
efficient but the use of organic solvents is dangerous to
health and the environment. Emulsion formation is also
attractive, but the emulsion’s short-term physical stability
requires permanent analyst attendance. In the GFAAS
determination of Ni in petroleum and its derivatives,
expressive losses may be experienced in pyrolysis temper-
atures as low as 400 °C if no modifier is used; thus, the use
of chemical modification is mandatory for this application
[21-23]. Solid sampling (SS) avoids sample pre-treatment,
as well as the risks of contamination and losses related to
this step. SS-GFAAS was successfully applied to direct
determination of trace elements in various matrices, such as
coal [25, 26], polvamide [27], foods [28], vitamin complex
and agricultural soil [29], ash, sludge, marine and river
sediments [30], as well as biological tissue [31]. Limitations
related to the sample homogeneity must be considered, due
to the low sample mass. However, in the case of petroleum
and other viscous samples this limitation is reduced. Thus, in
the present work, a procedure for the direct determination of
Ni in petroleum samples by SS-GFAAS is proposed.

Experimental
Instrumentation

The Ni GFAAS measurements were performed with a model
Zeenit 60 (Analytik Jena, Germany) atomic absorption
spectrometer, equipped with a transversally heated graphite
atomizer and a Zeeman effect background corrector. Sampling
was performed with a SSA6Z (Analytik Jena, Germany) solid
sampling accessory. An Analytik Jena Ni hollow cathode
lamp, operated at 5 mA was used as line source. The slit was
fixed at 0.2 nm, and the 232.0 and 234.6-nm lines were used.
The magnetic field was operated in the 2-field mode at 0.8,
0.4, and 0.2 T. A model AD-4 (Perkin Elmer, Norwalk, CT,
USA) analytical micro-balance was used for sample weigh-
ing. All measurements were made in peak area mode. In the

@ Springer

comparative procedure the Ni measurements were performed
by FAAS using a model 1100B atomic absorption spectrom-
eter (Perkin Elmer, Norwalk, CT, USA) with a continuum
source (deuterium lamp) background corrector; an Analytik
Jena Ni hollow cathode lamp, operated at 6 mA was used as
ling source (A=232.0 nm); the slit was 0.2 nm and all
measurements were made in the peak height mode within a
15-s observation window.

Materials, reagents, solutions, and samples

Argon (99.99%, AGA, Rio de Janeiro, Brazil) was used as
protective and carrier gas. Ultrapure water, obtained from a
Master System apparatus (Gehaka, S. Paulo, Brazil) was
used throughout. Analytical grade HNO; (Vetec, Rio de
Janeiro, Brazil) was purified by sub-boiling distillation
using an of Teflon sub-boiler apparatus (Hans Kuerner,
Rosenheim, Germany). A 1,000 pg mL ™' nickel stock
solution was prepared by dilution of a Titrisol ampoule
(Merck, Darmstadt, Germany) with 0.2% v/v HNOs;.
Aqueous analytical solutions were prepared by dilution of
the stock solution with 0.2% wv/v  HNOs; solution. A
1,000 ug ¢! organic nickel stock solution in oil (Conostan,
Houston, USA) was also used. Organic analytical solutions
were prepared by dilution of the stock solution with base-
oil 75 (Spex, Metuchen, USA). The conventional
1,500 pg mL™" Pd modifier was prepared from a
10,000 pg mL™! palladium stock solution (Pd(NOs3)a,
Merck, Darmstadt, Germany). It contained 0.025% wviv
Triton X 100 (Vetec, Rio de Janeiro, Brazil). The permanent
modifier was prepared from a 5,000 pg mL ! IrCly (Fluka,
Buchs, Switzerland) stock solution in 10% w/v HNOs. In
the comparative procedure, xylene (Vetec, Rio de Janeiro,
Brazil) was used as diluent. All plastic and glassware was
washed with tap water, immersed in Extran (48 h), rinsed
with tap and deionized water, and immersed in 20% wv/v
HNO; for at least 24 h. Before use, these materials were
thoroughly rinsed with ultrapure water and oven-dried at
40° C, avoiding any contact with metallic surfaces and dust
contamination. Contamination was always checked up by a
strict blank control. The petroleum samples were obtained
from Petrobras. NIST 1634c (Trace Elements in Fuel Qil)
as well as ASTM CO 0403, 0311 and 0504 crude oils were
used for validation.

Procedures

Proposed procedure

The petroleum sample was manually shaken for homoge-
nization and an aliquot (0.10-0.60 mg) was weighed onto

the graphite cup of the solid sampling device using the
micro-balance. Twenty microliters of the palladium modi-
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fier solution was then manually deposited over the sample.
The graphite cup was inserted in the graphite furnace with
the solid sampling accessory, and the Ni measurement was
then performed. Calibration was carried out in a similar
way, by weighing increasing masses (0.10 to 1.0 mg) of the
same Ni aqueous standard (10 pug mL™' in 0.2% viv
HNO;). The Zeeman AAS measurements were performed
at 234.6 nm, at 0.40 T in the 2-field mode.

Comparative procedure (ASTM 5863-B[32])

The petroleum sample was manually shaken for homoge-
nization and an aliquot (1.0 g to the nearest 0.0001 g) was
weighed in a 15-mL conical-ended screwed-cap plastic
tube. The sample was diluted to 5.0 mL with xylene and
homogenized. This solution was analyzed by FAAS using
an air‘acetylene flame. Analytical solutions were prepared
by convenient dilution of the organic Ni stock solution with
xylene, and the measurements were performed at 232.0 nm
using D, background correction.

Results and discussion

Preliminary tests: matrix modifiers, spectral line,
and magnetic field

The performance of conventional and permanent modifiers
(Pd and Ir, respectively) were preliminarily investigated (A=
232.0 nm and 2-field mode with 0.80 T). The fumace
temperature program was similar to that used for the
determination of Ni in vegetables oils [33]. A total of
600 pg of Ir was deposited onto the graphite cup using the
coating procedure described by Grinberg et al. [34]. Low
recoveries (<30% in the analysis of a petroleum sample of
known concentration) indicated that this permanent modi-
fier is not efficient and further investigation is necessary if
it is to be used. In relation to the conventional modifier the
tests were performed by dispensing 20 pL of a
1,000 pg mL " Pd solution onto the graphite cup before
or after the sample. If dispensed before the sample, the
modifier solution was dried at 100 °C. Recoveries close to
100% were only observed by dispensing the modifier over
the sample. However, erratic results still occurred, even
using larger modifier solution volumes. This behavior was
attributed to an eventual poor contact between the modifier
and the sample. Thus, Triton X 100 was added to the Pd
modifier solution, at a final concentration of 0.025% v/v,
and the modifier solution volume dispensed kept at 20 pL.
In this way, good repetitiveness was attained. Due to the
high Ni concentration normally present in petroleum and in
order to keep the objective of the procedure, that is, the
avoidance of any sample pre-treatment, instrumental ways

of lowering the sensitivity were investigated. This was
attained by using the 234.6-nm secondary line and the
2-field mode with an intensity of 0.40 T. In this magnetic
field a 30% sensitivity drop was observed. For the 0.20-T
field the sensitivity drop was even larger (75%). However,
accurate background correction was not possible in such a
low field.

Optimization of the proposed procedure

The multivariate optimized factors were the pyrolysis ramp
and temperature, atomization temperature, and the Pd
modifier mass. A petroleum sample was used. Initially, a
complete factorial design (2*) was followed, and the factor
pyrolysis ramp has not shown statistic significance (p=
0.05), in contrast to the other factors. However, the F test
showed lack of fit as well as low R* values indicating that
the proposed linear model was not adequate. Thus, the
previous significantly important factors were optimized by
a central composite design. The different levels are shown
in Table 1. The Pareto diagrams (Fig. 1) show the
significant effects (p<0.05). The R* adjusted value was
0.7264. The critical points were 1,097 °C for the pyrolysis
temperature, 2,552 °C for the atomization temperature, and
29 g for the Pd mass. The drying ramp and temperature
were further univariate optimized. A slow drying ramp was
necessary as well as a high drying temperature in order to
avoid sample projection in the pyrolysis step. The opti-
mized furnace temperature program is shown in Table 2.

The petroleum sample masses ranged from (.10 to 0.60 mg.

Calibration

Inorganic Ni aqueous analytical curves were compared with
organic Ni analytical curves. Both curves showed good
linearity and no significant difference (Student t-test, p<
0.05) between their slopes was observed. Thus, aqueous
analytical calibration could be chosen.

Analytical figures of merit
The limit of detection at the elected conditions (A=
234.6 nm, 0.4 T, and temperature program as in Table 2)

caleulated according the IUPAC (3 s; n=10) was 0.23 ng.

Table 1 Swdied factor and their respective levels for the central
composite design

Level
Factor -1.68 -1 ] +1 +1.68
Pyrolysis temperature (°C) 548 950 1,100 1,250 17352
Atomization temperature (°C) 2,416 2450 2,500 2,550 2,584
Pd mass (ug) 3 10 20 40 47
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Effects

p=0.05

Effect Estimate (Absolute Value)
Fig. 1 Pareto chart of standardized effects for the central composite
design. L and @ mean linear and quadratic behavior, respectively

The characteristic mass was 45 pg. Linearity was observed
at least up to 11 ng of Ni. Coefficients of variation of 8 and
7% were observed in the analysis of the NIST 1634¢ (n=5)
and ASTM CO0504 (n=10) reference materials. respec-
tively. The total determination cycle lasted 5 min, equiva-
lent to a sample throughput of 6 h' for duplicate
determinations.

Validation

The validation of the proposed procedure was performed by
the determination of Ni in certified reference materials and
by comparison with a validated independent method
(ASTM 35863-B [32]). The results are displayed in Table 3.
No statistically significant difference was observed between
the reference values and those obtained by the proposed
method, in the analysis of the reference materials (Student
t-test, p<0.05). Also, good agreement was found between
the results arising from the proposed and comparative
procedures in the analysis of the petroleum samples.

Table 2 Opumized furnace temperature program for the determina-
tion of Ni in petroleum samples by SS-GFAAS using Pd* as modifier

Step  Operation Temperature Rate Hold (s)  Gas
°Cy (°Cs™) Mlow
I Drying a0 10 ] Max.
2 Drying 150 10 3 Max.
3 Drying 350 2 10 Max.
4 Pymolysis 1100 10 a0 Max.
5 AZ 1,100 0 6 Stop
6 Atomize 2,550 2200 5 Stop
7 Cleanout 2,650 1000 5 Max.

*20 ul of 1500 ue mL Y Pd in 0.025% Triton X 100
" Auto-zero

@ Springer

Table 3 Determination of Ni (r=3) by the proposed and comparative
procedures in certified reference materials and petroleum samples (A
o N)

Ni (uggh
Sample Reference Proposed Compamtive
valug® procedure® procedure”
NIST 1634c 175402 17.7+1.5% nd
ASTM CO 104213 12.4+1.6 133204
0403
ASTM CO 10,2426 114+18 11.9+0.4
0311
AST™M CO 52.4+7.1 57.0£4.0° 542403
0504
A - 112000 125406
B - 19.7+1.5 194206
o - 15.5+¢1.5 143206
D - 23,2424 21.3+1.1
E - 14.7+0.5 143206
F - 119+19 11.2£0.6
G - 11.6+02 11.4=0.6
H - 19.2+2.4 21414
I - 8407 7.9+06
1 - 20.8+3.3 19.6+0.6
K - 248403 22.5£0.6
L - 9.4:0.4 59206
M - 117406 104+0.6
N - 34.7+2.4 3155£1.6
* Lgtandard deviation
by=5
=10

4Not determined

Conclusions

The conventional Pd modifier dispensed over the sample
proved to be more efficient than pre-treating the graphite
cup surface with Pd or Ir. This apparent contrast with
previous work [21-23] may be due to the fact that these
authors diluted or emulsified the samples before analysis,
whereas no sample pre-treatment was performed in the
present work. The addition of Triton X 100 to the modifier
solution was indispensable for good repetitiveness. Cali-
bration with aqueous analytical solutions was feasible afier
multivariate optimization. In this way, no statistical differ-
ence was observed between the proposed and comparative
procedures in the analysis of petroleum samples. Similar
concordance was observed in relation to the centified and
reference materials investigated. The dynamic range was
0.521t0 110 pg g ', considering sample masses from 0.10 to
0.60 mg. This range was attained by using a secondary line
and altemative field intensity. All investigated samples
were within this range. Good repetitiveness was observed
even with such small sample masses, proving sufficient
sample homogeneity after just a manual shake. No sample
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pre-treatment was required, not even dilution, avoiding the
use organic solvents that are harmful to human health and
the environment. The proposed method has the potential to
be extended to other analytes and highly viscous samples.
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Abstract A procedure for the determination of As in
diesel, gasoline and naphtha at pg L' levels by GFAAS is
proposed. Sample stabilization was achieved by the
formation of three component solutions prepared by
mixing appropriate volumes of the samples propan-1-o0l
and nitric acid aqueous solution. This mixture resulted in a
one-phase medium, which was indefinitely stable. No
changes in the analyte signals were observed over several
days in spiked samples, proving long-term stabilization
ability. The use of conventional (Pd) and permanent (Ir)
modification was investigated and the former was
prefemred. Central composite design multivariate optimiza-
tion defined the optimum microemulsion composition as
well as the temperature program. In this way, calibration
using aqueous analytical solutions was possible, since the
same sensitivity was observed in the investigated micro-
emulsion media and in 0.2% v/v HNO;. Coefficients of
correlation larger than 0.999 and an As characteristic mass
of 22 pg were observed. Recoveries (n=4) obtained from
spiked samples were 98+4, 9943 and 103+£5%, and the
limits of detection in the original samples were 1.8, 1.2 and
1.5 ug L' for diesel, gasoline and naphtha, respectively.
Validation was performed by the analysis of a set of
commercial samples by independent comparative proce-
dures. No significant difference (Student’s t-test, p<0.05)
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was observed between comparative and proposed proce-
dure results. The total determination cycle lasted 4 min for
diesel and 3 min for gasoline and naphtha, equivalent to a
sample throughput of 7 h™! for diesel and 10 h™' for
gasoline and naphtha.

Keywords Arsenic - Petroleum derivates - Stabilization as
microemulsion - Graphite furnace atomic absorption
spectrometry (GFAAS)

Introduction

The determination of trace elements in petroleum derivates
is of key importance. Their presence in products such as
gasoline, diesel and naphtha is related to poor performance
and reduced stability of these products. Certain metallic
and metalloid species in these derivates can catalyze
oxidative reactions, decreasing their thermal stability to an
undesirable extent [1]. In addition, their content of
potentially toxic elements must be evaluated since these
clements are released to the atmosphere due to the use of
petroleum derivate fuels as energy source in oil-fired power
plants and automobiles [2]. Concerning As, even traces of
this element can cause severe and irreversible catalyst
poisoning [3]. Thus, its accurate quantification in naphtha
samples is important for the refining process and petro-
chemical industries. It is also of environmental importance,
due to the toxicological properties of its compounds.

Trace clements in petroleum derivates have been
determined by various analytical techniques. The instru-
mental advance of inductively coupled plasma-mass spec-
trometry (ICP-MS) and inductively coupled plasma-optical
emission spectrometry (ICP-OES) permutted the direct
handling of hydrocarbon blends [4-7]. Problems such as
the formation of carbonaceous residues and the different
behavior of organic in relation to aqueous solutions were
reduced by the addition of oxygen in the carrier gas [4, 5] or
the use of water-in-oil emulsions [6-8]. However ICP-MS,
although a multiclementar and highly sensitive technique, is
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still relatively expensive, while ICP-OES does not show the
necessary sensitivity in many situations. Hydride generation
followed by a convenient atomic spectrometric technique
can also be used for hydride forming elements [9, 10], but in
general only after sample mineralization.

An advantageous alternative for the determination of
trace elements in petroleum fractions and distillates is the
graphite  furnace atomic absorption  spectrometry
(GFAAS). Although still not multiclementar, its sensitivity
1s adequate for most cases and a minimum sample pre-
treatment 1s necessary [1, 11, 12]. GFAAS has also been
proposed for determuination of As in such samples.
Accurate determination depends on many factors such as
the analyte form, type of matrix and solvent, as well as the
sample preparation procedure. Arsenic high volatility must
also be considered. Diverse sample pretreatments such as
extraction to aqueous phase [9, 13], combustion in an
oxygen bomb [10] and chemical mineralization [9, 13, 14],
lead to a final aqueous medium. This is advantageous for
calibration, but problems related to contamination and
losses may occur. Moreover, these procedures are, in
general, time consuming. An easier procedure, is the direct
analysis in organic medium by direct sample introduction
[15, 16] or by the formation of emulsions [17, 18].
However, if no previous sample mineralization is
performed, sufficiently high pyrolysis temperatures must
be used to guarantee efficient matrix removal. Expressive
losses of As in organic matrices are observed in
temperatures as low as 200400 °C if no modifier is used
and, therefore, the use of chemical modification is
mandatory for this application [15-17, 19-21]. Compara-
tive studies have recommended the use of palladium nitrate
as a modifier for As, either alone or mixed with magnesium
nitrate. In this way, pyrolysis temperatures from 1,000 to
1,400 °C are reported [16, 17, 20]. Other modifiers such as
nickel nitrate [21], lantanium [15], ruthenium [17, 20] and
iridium [18], have also been recommended. Both conven-
tional —Pd/MgNO;, Pd(NO3},. Ni(NO3), and La,O5—as
well as permanent modification (Ru and Ir) were proposed.
Sample stability must also be considered, since metals
dissolved in organic liquids at the pg L™ level are readily
lost [1, 18]. Thus, analyte stabilization is mandatory for
guarantecing sample representativeness as well as repeti-
tiveness throughout the analysis, although few studies in
the related literature have considered this point. Previous
works [1, 22-24] have shown that different trace elements
were successfully stabilized in these samples by the
formation of three component solutions (microemulsions).
Microemulsions are spontaneously and immediately
formed after mixing their components, resulting in a one-
phase, homogeneous, transparent and indefinitely stable
medium, in contrast to emulsions [17, 18]. Such stability
dispenses any further shaking during analysis [17, 18],
permitting the full exploitation of the autosampler capabil-
ities. Moreover, dilution factors are small, avoiding
prohibitive impoverishment of the overall limit of detection.

Thus, the present work investigates the determination of
As in gasoline, diesel and naphtha samples by GFAAS,
also taking the samples stability into account. Procedures
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for the determination of this element in these samples after
the formation of microemulsions are proposed.

Experimental
Instrumentation

The As GFAAS measurements were performed with a model
Zeenit 60 (Analytik Jena, Germany) atomic absorption
spectrometer, equipped with a transversally heated graphite
atomizer, Zeeman background correction as well as an AS-
52 autosampler. An Analytik Jena As hollow cathode lamp
operated at a current of 9 mA was used as line source. The
measurements were performed at 193.7 nm, with the slit
fixed at 0.5 nm. Additionally, the 2-ficld mode at 0.8 Tesla
was used. All measurements were made in peak area, with a
4s integration time. For the naphtha comparative procedure,
the As measurements were performed with a model
AA12/1475 Varian atomic absorption spectrometer coupled
to a VGA-T6 vapor generation accessory (both Varan
Techtron, Melboume, Australia), an Analytik Jena As
hollow cathode lamp, operated at 11 mA and 193.7 nm
was used as line source; a windowless quartz T cell (5 mm
internal diameter, 13 cm long) heated at approximately
900 °C by an air-acetylene flame was used as absorption cell;
the slitwas 0.5 nm and all measurements were made in peak
height with a 15 s observation time window.

Materials, reagents, solutions and samples

Argon 99.99 (AGA, Rio de Janeiro, Brazil) was used as a
protective and carrier gas. Ultra pure water, obtained from a
Gehaka Master System apparatus (Gehaka, S. Paulo, Brazil)
was used throughout. Analytical grade HNO; (Vetec, Rio de
Janeiro, Brazil) was purified by subboiling distillation using
a Teflon® subboiler apparatus (Hans Kuemer, Rosenheim,
Germany). A 1,000 mg L™ As stock solution was prepared
by adequate dilution of a Titrisol ampoule (Merck,
Dammstadt, Gemmany) with 0.2% w/v HNO;. Aqueous
analytical solutions were prepared by further convenient
dilutions of this solution also with 0.2% v/v HNO;. Organic
analytical solutions were prepared by adequate dilution of a
100 mg Kg ' As stock solution in oil (Spex, Metuchen, NJ,
USA) with n-hexane (Vetec, Rio de Janeiro, Brazil). Propan-
1-0l (Vetec, Rio de Janeiro, Brazil) was used for [llrcparing
the microemulsions while PA(NO3), (10,000 mg L °, Merck,
Darmstadt, Germany), IrCl; (5,000 mg L "in 10% HNO; v/v,
Fluka, Buchs, Switzerland), and Ni{NO3), (1% wi/v, Merck,
Darmstadt, Germany) were used for preparing the modifiers.
Ammonium hydroxide (Vetec, Rio de Janeiro, Brazil), HCI
(Vetec, Rio de Janeiro, Brazil), H,S0; (Merck, Rio de
Janeiro, Brazil), (NH4);PO, (Vetec, Rio de Janeiro, Brazil)
and KMnO, (Vetec, Rio de Janeiro, Brazil), all analytical
reagent grade were used for the comparative procedures. The
following solutions were also used (all prepared with
analytical reagent grade): 5% w/v NaOCI (Vetec, Rio de
Janeiro, Brazil); 70% v/v H.80, (Merck, Rio de Janeiro,
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Brazil), 30% wv/v H-0, (Vetec, Rio de Janciro, Brazil);
saturated (NH4)-C,0, (Vetee, Rio de Janeiro, Brazil); 10%
m/v KI (Vetec, Rio de Janeiro, Brazil); 0.6% m/v NaBH,
(Vetec, Rio de Janeiro, Brazil) in 0.5% m/v NaOH (Vetec,
Rio de Janeiro, Brazil); 80% v/v HCI (Vetec, Rio de Janeiro,
Brazil); 5% m/v I, (Isofar, Rio de Janeiro, Brazil) in toluene
(Vetec, Rio de Janeiro, Brazil). In the naphtha analysis by the
comparative procedure, N, (AGA, Rio de Janciro, Brazil)
was used as carrier gas.

All plastic and glassware was washed with tap water,
immersed in Extran (48 h), rinsed with tap and deionized
water, and immersed in 20% v/v HNO; for, at least, 24 h.
Before use, these materials were thoroughly rinsed with
ultrapure water and oven dried at 40 °C, avoiding any
contact with metallic surfaces and dust contamination.
Contamination was always checked by a strict blank
control. Commercial gasoline and diesel samples were
collected in polyethylene bottles in the gas stations of the
cities of Rio de Janeiro and Vitoria (Brazil), and brought
immediately to the laboratory for the experiments. Naphtha
samples were supplied by local industries.

Procedures
Proposed procedure

The samples (diesel, gasoline and naphtha) were immedi-
ately stabilized after collection. The stabilization was
achieved by mixing the sample with propan-1-ol and a
50% v/v HNO; solution at 3.6:6.3:0.1, 6.0:3.9:0.1 and
5.5:4.4:0.1 volume ratios for diesel, gasoline and naphtha,
respectively. A total of 15 pl of the stabilized sample as well
as 5 pl of the PA(NO;); modifier solution were then injected
in the graphite atomizer. Calibration was performed with
aqueous (0.2% viv HNO;3) analytical solutions.

Comparative procedures

UOP Method 946-96, As determination in naphtha In
short, the naphtha samples (100 g to the nearest 0.01 g) were
sequentially extracted with 5% w/v NaOCI, 70% v/v H,80,4
and water. All aqueous layers were transferred to the same
Kjeldahl flask, followed by the addition of concentrated
HNO;, HoSOy, and H,05. After heating, saturated (NHy),
C,0y4 solution was added, the mixture was heated again,
cooled, and transferred to a volumetric flask. After pre-
reduction with 10% w/v KI and using 0.6% m/v NaBH, in
0.5% m/v NaOH as reductant, arsenic was determined in this
solution by HG-AAS in HCl medium [9].

EPA Method 3031, As determination in diesel In short, the
KMnQy, solution was added to a 2 g (£0.01) sample.
The mixture was warmed while stiring, followed by the
sequential addition of concentrated H.SOy4, HNO;, and
HCI as well as water. The digestate was then filtered and
the filtrate collected in a beaker. After washing the
digestion beaker and filter paper with hot HCI, the volume

was reduced by heating, followed by the addition of
concentrated NH4OH, (NH,);PO,4 and water. This mixture
was then filtered, and the filtrate collected in another
beaker. This new filtrate was heated and the volume was
reduced almost to dryness. The residual solution was then
cooled and sufficient volume of concentrated HNO; was
added. This solution was then transferred to a volumetric
flask. Arsenic determination was performed in  this
solution by GFAAS using PA(NO3), as modifier [14].

As determination in gasoline A 5% m/v I, in toluene
solution was added to a 20.0-ml gasoline sample contained
in a funnel. The funnel was shaken and left for 60 s. The
extraction was then performed with 1% v/v HNO;. The
aqueous phase was collected in a beaker, and two further
identical extractions were carried out. The pooled aqueous
extract was evaporated almost to dryness, cooled, and
transferred to a volumetric flask. One volume of the
solution was made and analyzed by GFAAS, using Ni
(NO3), as modifier [13].

Results and discussion
As stabilization in the samples

Preliminarily, the stability of As in diesel, gasoline, and
naphtha samples was investigated using spiked samples. For
inorganic As, the samples were spiked using 10 pg ml™’
working solutions prepared by dilution of the 1,000 pg ml™
standard inorganic solution with propan-1-ol. For organic
As, the dilution of the 100 pg g ' standard in oil was
performed in #-hexane. The spiked samples were transferred
to autosampler cups of different matenials and periodically
measured using the temperature program shown in Table 1.
This is not the final optimized program, but since in this part
of the experiment relative signals are enough for the
investigation, this was not a problem. In order to avoid
evaporation, the autosampler cups were closed tightly
between each measurement. Any residual evaporation was
compensated for by weighing the samples before each
measurement. Palladium (10 pg) was used as a modifier. A
significant signal drop was observed over time for both As
species in these samples (Fig. 1). In general, the drop is
larger for inorganic (Fig. 1a) than for organic (Fig. 1b) As
and in gasoline and naphtha in comparison to diesel

Table 1 Temperature program for As measurements in diesel,
gasoline, and naphtha samples in the stability studies

Steps Temp (°C) Rate (°C/s) Hold (s)
Drying 100 5 10
Drying 200 2 5
Pymlysis 1,200 50 20

AL 1,200 0 5
Atomize 2,500 FP 3
Cleanout 2,650 1,000 2

AZ Auto-zero; FP full power
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Fig. 1 Stability of As a spiked with inorganic and b organic As in:
diesel-microemulsion  (filled squares); gasoline-microemulsion
(filled mriangles); naphtha-microemulsion (filled circles); diesel
(empty squares); gasoline (empty triangles) and naphtha samples
(empty circles) stored in polyethylene cups

samples. Fig. 1 shows the results relatively to polyethylene
cups, although these drops were even stronger if the samples
were stored in Teflon®™ or glass containers (not shown). The
same experiment was performed but using a comparative
method [13], and similar results were found, excluding any
artifact possibility related to the direct GFAAS determina-
tion. Similar losses were also observed in non spiked
gasoline samples, although similar experiments with non
spiked naphtha and diesel could not be performed due to the
low As level of the samples available. Thus, further
experiments must be performed to make this point clear.
Sample stabilization was achieved by the formation of three
component solutions, prepared by mixing appropriate
volumes of the sample, propan-1-ol and HNO; aqueous
solution, forming a microemulsion. No change in the As
signal was observed over several days for samples contained
in polyethylene cups, proving long-term stabilization.
Similar results were found using cups of Teflon® and
glass. The wolume proportion of the microemulsion
components are those described in section Proposed proce-
dure. For scale reasons, Fig. 1 shows the results relatively to
the first two days only, although the experiments lasted for
one week or more.
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Multivariate optimization of the proposed method

The optimization of the microemulsion composition (pro-
portion) as well as the furnace temperature program for
cach kind of sample was performed by multivarate
optimization. Palladium nitrate was used as the modifier,
and its deposited mass (10 pg) was kept constant
throughout the optimization experiment. The wvariables
related to the microemulsion composition were the nitric
acid final concentration and the sample/propan-1-ol vol-
ume ratio. The HNO; solution volume and microemulsion
total volume were kept constant at 100 pl and 10 ml,
respectively. The pyrolysis and atomization temperatures
as well as the pyrolysis ramp were the variables related to
the furnace temperature program. In principle, a complete
factorial design (2°) was performed, with five factors and
two levels. The 2° (32) experiments were made at a random
order. The data were analyzed by using the Statistica 6.0
Statsoft software and the 2P standard design [25].
Table 2 shows the studied variables and their respective
levels. For all samples, the variable A (pyrolysis ramp) did
not shown statistic significance (p=0.05), in contrast to
variables B (pyrolysis temperature), C (atomization tem-
perature), D (HNO; concentration), and E (sample/ propan-
1-0l volume ratio). The R* values were less than 0.50 for all
samples. Since the F-test showed lack of fit and lower R,
the proposed linear model was not adequate. Thus, a central
composite design was used. The variable A, not significant
in the linear model, was kept constant at 100 °C/s. For the
others variables, 16 (2*) experiments related to the factorial
design, 8 (2x4) star experiments (a=+16"% and 5 central
experiments were performed. The different levels are shown
in Table 3. The 29 experiments were randomly performed.
The 29 data (n=3) were analyzed using the Statistica 6.0
software (central composite, non-factorial, surface designs).
The Parcto diagrams (Fig. 2) show the significant effects
(p=0.05). For the diesel sample, the significant effects
(Fig. 2a) were B and E (linear behavior) and C and E

Table 2 Studied variables and their respective symbols and levels
for the 27 factorial design

Variable Description Levels
symbols Diesel Gasoline Naphtha
1 +1 1 +1 1 +1

A Pyrolysis ramp 50 1on 50 100 50 100
(“C/s)

B Pyrolysis 900 1,300 900 1300 900 1,300
temperature (°C)

C Atomization 2,400 2,600 2,400 2,600 2,400 2,600
temperature (°C)

D HNOs concentra- 0.4 08 04 08 04 08

tion (% v/v) in the
microemulsion

E Sample/propan-1- 0.40 067 050 145 050 1.72
ol volume ratio

160
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Table 3 Studied variables and their respective levels for the central composite design. Variable symbols as in Table 2

Variables Levels

Diesel Gasoline Naphtha
2 1 0 +1 +2 2 1 0 +1 +2 2 1 0 +1 +2
B00 900 LOoo 1100 1200 500 700 00 LoD L3on 725 850 975 1,100 1,225

2450 2500 2550 2600 2,650 2450 2,500
015 030 045 060 075 015 030
0.31 040 049 0358 067 070 1.04

mgon«

2,550 2,600 2650 2350 2425 2500 2575 2,650
045 060 075 015 030 045 060 075
1.38 .72 206  0.70 1.04 1.38 1L.72  2.06

(quadratic behavior), as well as the interactions of B and D
as well as B and E. The R* value was 0.73 1. For the gasoline
sample, the significant effects (Fig. 2b) were D and E (hnear
behavior) and B, C, D and E (quadratic behavior). The R?
value was 0.720. For naphtha the significant effects (Fig. 2¢)
were B, C, D and E (linear behavier) and B (quadratic
behavior). as well as the mteractions of B and C; C and D
and B and E. The R* value was 0.747. Other statistical
techniques such as the analysis of nommal probability plots
and the desirability functions have shown similar results.
The optimized final HNO; concentrations in the micro-
emulsions were 0.47, 0.39 and 0.49% (v/v) and the sample/
propan-1-ol veolume ratio were 0.57, 1.51 and 1.25 for
diesel, gasoline and naphtha, respectively. The optima
atomization and pyrolysis temperatures are shown in
Table 4. Note that these values must not be taken so exactly
as they may be due to the unusual values found. Since the
fitted surfaces (not shown) along the temperature axis just
show a smooth curvature in the proximity of the maximum
values, a £50 °C variation can be accepted without any
significant change in the sensitivity.

The drying ramp and drying temperature were further
univariately optimized. For the diesel samples, a slower
drying ramp was neccessary as well as a higher drying
temperature in order to avoid sample projection in the
pyrolysis step. The final optimized furnace programs for
the GFAAS determination of As in diesel, gasoline and
naphtha stabilized as microemulsions are shown in Table 4.

Conventional and permanent modifiers

The performance of conventional and permanent modifiers
(Pd and Ir, respectively) was investigated. In relation to the
conventional modifier, 15 wl of the stabilized sample was
dispensed into the furnace, followed by the addition of 5 pl
of 2,000 mg L' Pd solution. In the investigation of the
permanent modifier, Ir was deposited onto the platform
using the coating procedure described by Grinberg et al.
[26]. A total of 600 pg of Ir was deposited, by pipetting
20 pl of the 5,000 mg L' Ir solution and subjecting the
tube to the temperature program given by Grinberg et al.
[26], repeating this procedure six times. The modifier
efficiency was investigated by pyrolysis temperature
curves made with spiked samples. Inorganic as well as
organic As were spiked and the samples stabilized as
microemulsion, as already described. As losses in tem-
peratures as low as 300-400 °C occurred using Ir as

permanent modifier. However, stabilization was achieved
from 400 °C on (Fig. 3). This behavior may be attributed to
the partial formation of an As volatile species that is not
thermally stabilized by the permanent modifier. This
proposal is supported by the fact that these thermal losses
were even larger for spiked samples stored for a longer
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Tatom(Q) ! |3.180
Diefprop(Q) 1 |-2 788
i 1
1LbyaL 1 |eese
ILbydL | i |2se2 1
: -+
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Fig. 2 Pareto charts of standardized effects for the central composite
design for a diesel, b gasoline, and ¢ naphtha samples smbilized as
microemulsions. (L) and ((?) mean linear and quadratic behavior,
respectively
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Figure 2 (continued)
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time, as Fig. 3 also shows. The same tests were made by
depositing 900 and 1.200 pg of Ir onto the platform.
Similar losses were observed as well as no sensitivity
improvement. The conventional modifier (Fig. 4) led to
lower absorbance values at temperatures of 300 °C.
However, the absorbance signal recovered for higher
temperatures and tumed constant from 600 °C on. In face
of these results, conventional modification usmg Pd was
preferred as the modification strategy in the present work.
It is worth to observe that along the whole experiment
background attenuation was always within the range of the
background corrector The masses of Pd were then
optimized (univanate), using the optimized furnace tem-
perature program and microemulsion composition. They
were 10, 12,5, and 12.5 pg for diesel, gasoline and naphtha
samples, respectively.
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Calibration

Aqueous analytical curve (0.2% HNO; v/v; y=0.0028x
(£0.0001), R=0.9994) was compared with analytical
curves derived from spiking low As level samples
stabilized as microemulsion with inorganic As dissolved
in propan-1-ol. Individual analyte addition on different
microemulsion stabilized samples, was also investigated.
Microemulsions using identical volume ratio of n-hexane
instead of the samples were mvestigated. No significant
difference (Student’s r-test, p<0.05) was Ghscwcd for the
curves’ slopes: Diesel, y=0,0029x [*0 0001y, R*=0.9916;
gasoline, y=0. OOEGX{}_D 0001). R*=0. 9995: naphtha,
y=0.0031>(£0.0001), R*=0.9990; n-hexane, y=0.0030x
(=0.0001), R~ 2=0.9993. That is, the same scmmvlt} was
observed in all cases, permitting calibration using aqueous
analytical solution.

Analytical figures of merit

The limits of detection (LOD) at the optimized conditions
were 1.8, 1.2 and 1.5 pg L' in the original diesel, gasoline
and naphtha samples, respectively. The As characteristic
mass was 22 pg. Linearity was observed at least up to

100 ug L', The total determination cycle lasted 4 min for

diesel and 3 min for Easolmc and naphtha, equivalent to a
sample thrcm:_hput of 7h" for duplicate determinations in
diesel and 10 h ' for duplicate determinations in gasoline
and naphtha.

Validation

No adequate certified reference material was available for

the present work. Thus validation was performed by
recovery studies and comparison with independent meth-
ods. Recoveries results for splkcd As In diesel, gasoline
and naphtha samples (60 pug L' #=4) were 98+4, 9943,
and 103+£5%. respectively. Conceming the comparative
methods, naphtha samples were analyzed by the UOP 946
96 method [9]; gasoline and diesel samples were analyzed

Table 4 Optimized furnace temperature programs for the determination of As in diesel, gasoline and naphtha samples stabilized as

microemulsion

Diesel Gasoline Naphtha

Steps Temp (°C) Rate (“C/s) Hold (s) Temp (°C) Rate ("C/s) Hold (5) Temp ("C) Rate (“C/s) Hold (s)
Drying 100 1 5 75 1 5 75 1 5
Drying 200 1 5 150 2 3 150 2 3
Pyrolysis 1,008 100 15 947 100 25 1,064 100 10

AZ 1,008 0 5 947 0 5 1,064 0 5
Atomize 2,534 FP 3 2,572 Fp 3 2,461 FP 3
Cleanout 2,650 1,000 2 2,650 1,000 2 2,600 1,000 2

AZ Auto-zero; FP full power

162
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Fig. 3 Pyrolysis temperature curves using Ir as permanent modifier
and samples stabilized as microemulsions: norganic As spiked in
(empty squares) diesel (filled triangles) gasoline and (filled squares)
naphtha; organic As spiked in (asterisks) diesel, (filled diamonds)
gasoline and (empty diamonds) naphtha; the same experiment with
13 days incubated spiked samples: inorganic As in (empty circles)
diesel, (+) gasoline and (empiy triangles) naphtha; organic As in ()
diesel, (x) gasoline and (filled circles) naphtha

by the procedure proposed by Z. Aneva etal. [13] and EPA
3031 method [14], respectively. The results, displayed in
Table 5 show an excellent agreement between developed
and comparative procedures.

Conclusions

It has been already demonstrated that sample stabilization
is mandatory in the determination of some metal traces in
petroleum derivates at the ug L™ level [1, 22, 24]. In the
case of As, the present study showed that losses are
observed in spiked gasoline, diesel, and naphtha samples, a
point that was not addressed in most previous studies
dealing with the same issue [4, 5, 15, 16]. Losses were also
observed in a non-spiked gasoline sample. The perfor-
mance of similar experiments with non-spiked diesel and
naphtha samples led to inconclusive results due to their low
As content. Excellent sample stabilization was obtained by
simply mixing appropriate volumes of sample, propan-1-
ol, and nitric acid aqueous solution. Prepared in the way
proposed, the resulting microemulsions were sponta-
neously and immediately formed, leading to one-phase,
transparent, and long-term stable media. This is in contrast
to other emulsifying strategies that need homogenization
before each measurement [17, 18], thereby limiting the use
of the autosampler. Also, since no other sample pre-
treatment is necessary and the dilution factor is less then 2
for gasoline and naphtha and 3 for diesel, the full detection
capability of the GFAAS technique could practically be
exploited. The use of matrix modification proved to be
necessary and the conventional Pd modifier was preferred
in comparison to Ir as a permanent modifier. After
multivariate optimization, As exhibited the same sensitiv-
ity in all investigated microemulsion media and in 0.2% v/v

&0 1

40

Relative absorbance, &

20 4

0 T T T T T
0 200 400 G600 800 1000 1200 1400
Pyrolysis temperature, °C

Fig. 4 Pyrolysis temperature curves using conventional Pd modifier

and samples stabilized as microemulsions: inorganic As spiked in

(empty squares) diesel, (filled triangles) gasoline, (filled sguares)

naphtha and organic As spiked in (asterisks) diesel, (filled diamonds)
gasoline, and (empiy circles) naphtha

HNO; as well, making calibration with aqueous analytical
solutions possible. No significant difference (Student’s ¢-
test, p<0.05) was observed between the results obtained by
the proposed and independent comparative procedures.
Since the contribution of the flicker noise was the main
component of the total noise, the use of a more intense
primary source, e.g., an EDL lamp would improve the limit
of detection even further. The use of multiple injections
[15,16], or devices such as the filter furnace [11], may also
improve this figure of ment.

Table 5 Determination of As (n=3, ug L™") in diesel (D), gasoline
() and naphtha (N) samples by the developed and comparative
methods; SO standard deviation

Proposed procedure Comparative

Aqueous analvtical Analyte procedures®

calibration® addition®
Samples As 5D As SD As 5D
D1 4.7 0.5 4.8 0.5 5.0 0.9
D2 <2.8 0.1 - - <335 1.1
D3 4.8 0.3 - - 4.5 0.7
D4 <28 02 - - <35 1.2
D5 6.6 02 6.1 0.8 6.2 1.2
D6 31 02 - - <335 1.2
Gl 5.5 1.3 - - 5.0 2.6
G2 10.3 09 - - 9.4 1.4
G3 3.9 0.7 - - 7.1 2.3
G4 7.8 1.4 2.6 L8 7.6 2.5
G5 8.7 0.3 - - 8.2 24
N1 14.3 24 147 20 134 1.4
N2 19.0 1.8 21.1 1.5 192 1.5

*Inorganic As in 0.2% v/iv HNO,
"Microemulsion stabilized samples spiked with inorganic As
“As described in section Experimental
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Abstract

The determination of Mn in diesel, gasoline and naphtha samples at ug L™ level
by GFAAS, after sample stabilization in a three component medium
(microemulsion) was investigated. Microemulsions were prepared by mixing
appropriate volumes of sample, propan-1-ol and nitric acid aqueous solution,
and a long-term homogeneous system was immediately spontaneously formed.
After multivariate optimization by central composite design the optimum
microemulsion composition as well as the temperature program was defined. In
this way, calibration using aqueous analytical solution was possible, since the
same sensitivity was observed in the optimized microemulsion medium and
0.2% v/v HNOs3. Recoveries at the 3 pg L1 level using both inorganic and
organic Mn standards spiked solutions ranged from 98 to 107% and the limits of
detection were 0.6, 0.5 and 0.3 ug L™ in the original diesel, gasoline and
naphtha samples, respectively. The Mn characteristic concentration was 0.17
ug L™ for an injection volume of 20 uL. Typical coefficients of variation of 4, 5
and 8% were found for ten consecutive measurements at concentration levels
of 0.3, 0.8, and 1.5ug L, respectively. The total determination cycle lasted 4
min for diesel and 3 min for gasoline and naphtha, equivalent to a sample
throughput of 7 h™ for duplicate determinations in diesel and 10 h™" for duplicate
determinations in gasoline and naphtha. Accuracy was assessed by
comparative analysis and no statistically significant difference was found
between the results obtained with the proposed and chosen reference methods

in the analysis of real samples.

Keywords: Manganese, diesel, gasoline, naphtha, microemulsion, GFAAS
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1. Introduction

Information on trace element concentrations in petroleum derivatives is getting
increasingly importance because of environmental and economic issues. Their
presence in products such as gasoline and diesel reduces the efficiency of catalytic
reactors in vehicle exhaust systems, increasing the emission of exhaust gases, and
can impair the performance of the motor by the decomposition of the fuel, formation
of precipitates or by promoting the corrosion of motor parts [1,2]. For naphtha, the
determination of trace metals is important since they can poison the catalyst during
the cracking process [3,4]. Some elements are already present in petroleum,
appearing in the lighter fractions due to the co-distillation of their more volatile
compounds; other trace metals can be introduced as contaminants during refining,
storage and transport. Moreover, some elements can be added, normally in organic
form, to improve some characteristics of the fuel. For example, manganese has been
reported to occur over a wide range of concentrations as a natural trace element in
crude oils [5] but it can be added as methylcyclopentadienyl manganese tricarbonyl
(MMT) to gasoline as antiknock agent until at a level equivalent to 8.3 mg Mn L™ [6-
8]. In addition, the content of potentially toxic elements must be evaluated since
these elements are released to the atmosphere due to the use of petroleum derivate
fuels as energy source in oil-fired power plants and automobiles [7]. MMT is used as
fuel additive since the 70’s of last century in substitution of the more toxic
tetraethyllead. MMT is also used to reduce emissions [9]. Even though manganese is
known to be an essential trace element for humans, high levels of this metal are
associated to Parkinson’s like diseases and attention deficiency [9,10,11]. The
combustion of MMT produces manganese oxides, mainly Mn3O4 in the atmosphere
[12] and it has been reported that Mn atmospherics levels about 5 ug L™ can cause
chronic poisoning and induced pneumonia [13]. Thus, accurate quantification of Mn
and other metals in fuel samples is important for production, technical use and
environmental reasons.

Several analytical techniques for the determination of Mn in petroleum
derivatives have been proposed: Gas chromatography (GC) associated to alternate
current plasma (ACP) detection [13] or inductively coupled plasma optical emission

spectrometry (ICP OES) [12]; high performance liquid chromatographic (HPLC) with
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diode laser atomic absorption spectrometry (DLAAS) detection [14]; solid phase
microextraction (SPME) with atomic absorption spectrometry detection [15]; flame
atomic absorption spectrometry (FAAS) [16,17], and inductively coupled plasma
mass spectrometry (ICP-MS) using both electrothermal vaporization [18] and direct
injection nebulization (DIN) [19].

Chromatographic methods are time-consuming, what impairs their use in
routine analysis. Sample pre-treatments, such as SPME (as well as extraction to
aqueous phase, combustion in an oxygen bomb and wet or dry ashing) are also time
consuming and risks of contamination and losses due to sample manipulation are
increased, although calibration may be made simpler since an aqueous final solution
is obtained. FAAS makes it possible the direct analysis of hydrocarbon matrices after
just a dilution with an adequate organic solvent or emulsion formation. However,
aside its low sensitivity the nature of the organic medium as well as the physical
chemical form (speciation) of the analyte may have a strong influence on the
sensitivity causing calibration problems [16,17]. ICP techniques are sensitive and
multielemental, but the introduction of organic solvents into the plasma requires
special cares in order to avoid plasma extinction or carbon deposition on the sampler
and skimmer cones (ICP-MS). ETV-ICP-MS shows improved transport efficiency
compared with direct solution nebulization [18] and avoids matrix interference due
the previous volatilization of the matrix. However, ICP-MS instrumentation due to its
high acquisition and running cost is still inaccessible for many laboratories. An
advantageous alternative for the determination of trace elements in petroleum
fractions and distillates is the graphite furnace atomic absorption spectrometry (GF
AAS). Although still a monoelemental technique, its sensitivity is adequate for most
cases and a minimum sample pre-treatment is necessary [1,20,21,22]. The removal
of the matrix during the pyrolysis step associated to a strict observation of the STPF
rules makes it possible the accurate determination of trace metals in high organic
loaded samples (such as petroleum derivatives) using aqueous calibration solutions
prepared with inorganic standards [22].

However, no matter the analysis procedure chosen, sample stability must be
considered, since metals dissolved in organic liquids at the ug L™ level are readily
lost [1,4]. Thus, sample stabilization is mandatory for guaranteeing sample
representativeness as well as repeatability along the analysis. Previous works

[1,22,23,24,25] have shown that different trace elements were successfully stabilized
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in hydrocarbon liquid samples by the formation of three component solutions
(microemulsions). Microemulsions are spontaneously and immediately formed after
mixing their components, resulting in a one-phase, homogeneous, transparent and
indefinitively stable medium, in contrast to emulsions [2,4]. Such stability dispenses
any further shaking during analysis [2,4], permitting the full exploitation of the
autosampler capabilities. Moreover, dilution factors are small, avoiding prohibitive
impoverishment of the overall limit of detection.

Thus, the present work develops an alternative strategy for the determination of
manganese in diesel, gasoline and naphtha by GFAAS, taking advantage of sample

stabilization by formation of microemulsions.

2. Experimental

2.1. Instrumentation

The Mn GFAAS measurements were performed with a model AAS 5 EA atomic
absorption spectrometer (Carl Zeiss, Germany) equipped with a transversally heated
graphite atomizer, a continuum source (deuterium lamp) background corrector and
an AS-42 autosampler. Pin-platform graphite tubes (Analytik Jena, Jena, Germany;
part number 407.A81.026) were used as atomization cell. A Mn hollow cathode lamp
(Analytik Jena) operated at 6 mA and 279.5nm was used as line source. The slit was

fixed at 0.2nm. All measurements were made in peak area, with a 4s integration time.

2.1.2. Materials, reagents, solutions and samples

Argon 99.99 (AGA, Rio de Janeiro, Brazil) was used as protective and carrier
gas. Ultra pure water, obtained from a Gehaka Master System apparatus (Gehaka,
S. Paulo, Brazil) was used throughout. Analytical grade HNO; (Vetec, Rio de Janeiro,
Brazil) was purified by subboiling distillation using an of PTFE subboiler apparatus
(Hans Kuerner, Rosenheim, Germany). A 1000 mg L' Mn stock solution was
prepared by adequate dilution of a Titrisol ampoule (Merck, Darmstadt, Germany)

with 0.2% v/iv  HNOs;. Aqueous calibration solutions were prepared by further
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convenient dilutions of this solution also with 0.2% v/v HNO3;. Organic calibration
solutions were prepared by adequate dilution of a 100 mg Kg"' Mn sulfonate stock
solution in oil (Spex 21 Oil standard —multi element solution, Metuchen, NJ, USA)
with n-hexane (Vetec, Rio de Janeiro, Brazil). Propan-1-ol (Vetec, Rio de Janeiro,
Brazil) was used for preparing the microemulsions while Pd(NO3), (10000 mg L™ Pd,
Merck, Darmstadt, Germany), IrCls (5000 mg L™ Ir in 10% HNOs3 v/v, Fluka, Buchs,
Switzerland) and Mg(NOs), (2000 mg L™ Mg, Merck, Darmstadt, Germany) were
used for preparing the modifiers. Carbon tetrachloride (Vetec, Rio de Janeiro, Brazil),
bromine (Vetec, Rio de Janeiro, Brazil) and methyl isobutyl ketone - MIBK (Merck,
Darmstadt, Germany) were used in the comparative procedure.

All the samples and solutions were handled in chapel and using gloves and
masks with appropriate filter.

All plastic and glassware were washed with tap water, immersed in Extran
(48h), rinsed with tap and deionized water, and immersed in 20% v/v HNO3 for, at
least, 24h. Before use, these materials were thoroughly rinsed with ultrapure water
and oven dried at 40 °C, avoiding any contact with metallic surfaces and dust
contamination. Contamination was always checked up by a strict blank control.
Commercial gasoline and diesel samples were collected in gas stations of the Vitéria
city (Brazil) in polyethylene bottles, and immediately brought to the laboratory. In the
stability investigations (Fig 1), the experiments began as soon as the samples arrived
in the laboratory. In the comparative analysis for accuracy assessment, the samples
were analyzed in parallel by the proposed procedure and by the comparative
procedure (ASTM D 3837-90) [105]. Similar cares were taken with the naphtha

samples, which were supplied by local industries.

2.2. Procedures

2.2.1. Proposed procedure

The samples (diesel, gasoline and naphtha) were immediately stabilized after
collection. The stabilization was achieved by mixing the sample with propan-1-ol and

HNO3; solutions at 5.9:4.0:0.1, 6.7:3.2:0.1, 6.6:3.3:0.1 volume ratios for diesel,

gasoline and naphtha, respectively, and shaking manually. The HNO3; concentrations
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were 45, 40 and 75% v/v for the three studied kind of samples, respectively. Twenty
microliters of the stabilized three components sample were then injected into the
graphite atomizer. Calibration was performed with aqueous (0.2% v/v HNO3)

calibration solutions.

2.2.2. Comparative procedure- ASTM D 3831-90 [105] -modified

To 1.0mL of the sample, 100 uL of 50% v/v bromine solution (in CCls) were
added, and mixed. This solution was diluted with 2.0 mL of MIBK and 20uL were then
injected in the graphite atomizer. Calibration was performed with organic calibration
solutions submitted to the same treatment. The modifications in relation to the ASTM
procedures were the use of GF AAS instead of F AAS and the dilution ratio (1+2
instead of 1+9 of the original procedure). These modifications were necessary for

limit of detection amelioration.

3. Results and discussion

3.1. Mn stabilization in the samples

The stability of Mn in diesel and gasoline samples in natura was investigated.
For naphtha, the sample was spiked with both inorganic and organic Mn standards,
since original levels could not be detected. The samples were transferred to
autosampler cups of different materials (polyethylene, teflon and glass) and
periodically analyzed, using no modifier. Although it is still not the optimized
temperature program, it served for the present purpose, since only relative results
are necessary. In order to avoid evaporation, the autosampler cups were closed
tightly between each measurement. Manganese signal drop over time was observed
in all cases (Fig 1a). In general, the drop is larger for Mn in naphtha, followed by
diesel and gasoline. These drops were attributed to the adsorption of analyte traces
on the containers’ wall. The same test was performed with the samples stabilized by
the formation of three component solutions, prepared by mixing appropriate volumes

of the sample, propan-1-ol and HNO3; aqueous solution, forming a microemulsion: No
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Mn signal drop was observed over several days in any situation, proving the long-
term stabilization of the three types of samples (Fig 1b). The volume proportions of
the microemulsions are as described in section 2.2.1, and their respective

optimization is shown in section 3.3.

3.2. Matrix modifiers

The necessity and performance of conventional (Pd, Mg or Pd/Mg) and
permanent (Ir) modifiers were evaluated by pyrolysis temperature curves, using
samples stabilized as microemulsion. Non-spiked gasoline and diesel samples were
used. The naphtha sample was spiked (2 pg L") with organic Mn before stabilization,
since its original Mn content was too low for the present study. An aqueous analytical
solution (3 ug L") was also investigated. For gasoline, naphtha and the aqueous
solution the conventional modifier solution volume was 10uL. Their concentrations
were 1000, 1000 and 500+500 mg L™ for the Pd, Mg and Pd+Mg modifiers solutions,
respectively. Since the modifier solution is aqueous and the sample is stabilized as
microemulsion, if both are mixed, the microemulsion breaks, and interaction fails.
Thus, the modifier solutions were dried before the sample addition onto the platform
aiming at permitting a better interaction between the modifier and the sample. In the
investigation of the permanent modifier, a total of 600ug of Ir was deposited onto the
graphite platform using the coating procedure described by Grinberg et al [27]. For
aqueous solution using the studied conventional modifiers, higher pyrolysis
temperatures can be used in comparison to the solution without a modifier; however,
the modifiers resulted in a significant loss of sensitivity, which might be due to an
over-stabilization effect. The Ir permanent modifier has not improved the pyrolysis
temperatures as well as resulted in the worst sensitivity. In general, the same trend
was observed for diesel, gasoline and naphtha samples stabilized as microemulsion.
Since only low background attenuation was observed at the maximum allowed
pyrolysis temperature without modifier, and no evident advantage was foreseen by

their use by the present study, further experiments were carried out without modifier.
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3.3. Multivariate optimization of the microemulsion composition and

temperature program

The optimization of the microemulsion composition (proportion) as well as the
graphite furnace temperature program for each kind of sample was performed by
multivariate optimization. The variables related to the microemulsion composition
were the nitric acid final concentration and the sample/propan-1-ol volume ratio. The
HNO3 solution volume and microemulsion total volume were kept constant at 100uL
and 10mL, respectively. The pyrolysis and atomization temperatures were the
variables related to the furnace temperature program. In principle, a complete
factorial design (2*) was performed, with 4 factors and 2 levels. The 16 (2%
experiments were made at a random order. The data were analyzed by using the
Statistica 6.0 Statsoft software and the 2%P standard design [28]. This design
delivers a linear model, for which the F test showed lack of fit, and the low R? values
for all samples indicated that the linear model obtained was not adequate. Thus, the
factors were optimized by a central composite design, performing 16 (2%
experiments related to the factorial design, 8 (2x4) star experiments (o= +16”) and 5
central experiments. The different levels are shown in Table 1. The central values
were taken from the previous experiments concerning the pyrolysis temperature
curves without modifier. The Table 2 show the regression coefficients of the
significant effects (p<0.05) for each kind of sample. The R? adjusted values were
0.824, 0.803 and 0.730 for Mn in diesel, gasoline and naphtha, respectively. The
critical points are shown in Table 3. The optimized furnace temperature programs are
shown in Table 4. The other steps of the temperature program were set in
accordance to previous experience with similar samples [1,22,25]. Drying
temperatures and rates were visually optimized, so to permit a complete evaporation
of the solvent, without sample ejection, at a minimum time. Pyrolysis ramp rate were
optimized considering the elimination of small explosions that occur if a too fast ramp
is used. Atomization ramp was optimized considering the signal shape, that is, a
signal resolution within an integration time of 4s. Note that for the diesel samples a

slower drying ramp was necessary as well as a higher drying temperature [22,25].
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3.4. Calibration

Aqueous calibration curve (0.2% HNOs3 v/v) was compared with calibration
curves derived from spiking low Mn level samples (stabilized as microemulsion) with
both inorganic and organic Mn. Inorganic Mn was dissolved in propan-1-ol and
organic Mn in n-hexane. The curves’ slopes and the correlation coefficients (R?)
obtained were: spiked inorganic Mn in 0.2% v/v HNO3; aqueous solution [y=0.033x
(£0.001); R®=0.9987] and in microemulsion media of diesel [y=0.031x (+0.001);
R?=0.9969], of gasoline [y=0.031x (+0.001); R*=0.9981] and of naphtha [y=0.032x
(+0.001); R?=0.9977]; spiked organic Mn in microemulsion media of diesel [y=0.031x
(£0.001); R?=0.9939], of gasoline [y=0.030x (+0.001); R?>=0.9979] and of naphtha
[y=0.033x (+0.001); R®=0.9986]. Thus, no significant difference (Student-t test,
p<0.05) was observed for the curves’ slopes. That is, the same sensitivity was
observed in all cases, supporting the adequacy of calibration with aqueous

calibration solutions.

3.5. Analytical figures of merit

The limits of detection (LOD) at the optimized conditions were 0.6, 0.5 and 0.3
ug L™ in the original diesel, gasoline and naphtha samples, respectively, calculated
according the IUPAC: Three times the standard deviation for 10 measurements of
the microemulsion blank, divided by the slope of the calibration curve, multiplied by
the sample dilution factor. In this case, the microemulsion blanks were obtained
using real samples with Mn levels below the LOD. The differences of LOD are due to
different accuracies for each kind of matrix. The Mn characteristic concentration was
0.17 pg L™ for an injection volume of 20 uL. The total determination cycle lasted 3
min for gasoline and naphtha and 4 min for diesel, equivalent to sample throughputs
of 10 h™! for duplicate determinations in gasoline and naphtha and 7 h™* for duplicate

determinations in diesel.
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3.6. Accuracy

Since there is no adequate certified reference material for the present
investigation, accuracy was first assessed by recovery tests. Samples (stabilized as
microemulsions) were spiked with both inorganic Mn (3 ug L™, n = 4) as well as with
organic Mn (~3 pg L™, n = 4). In the tests with inorganic Mn, the recoveries were 98 +
4,98 £ 1 and 98 + 4 %, for diesel, gasoline and naphtha samples, respectively. In
relation to the organic Mn spiked samples these figures were 107 + 3, 96 £ 1 and 105
+ 5 %. Accuracy was further assured by the Mn determination in diesel, gasoline and
naphtha samples using the proposed and a comparative procedure (ASTM D 3831-
90) [105], modified as described is section 2.2.2.. It was used an ASTM method,
even modified, since it is a known and well established method, though the LOD
limitation. The use of another method with a lower LOD would imply in the validation
of this method, and would fall in a recurrent problem, out of the scope of the present
work. The gasoline and diesel samples were collected in gas stations of the Vitoria
city (Brazil) and the naphtha samples were supplied by local industries. The results
are shown in Table 5, where no significant difference between the results arisen from
both procedures is observed (ANOVA, univariate). It is worth mentioning that
Brazilian gasoline does not contain manganese as MMT, using ethanol (20-24% v/v)

as antiknock agent.

4. Conclusions

Sample stabilization showed to be mandatory for the determination of Mn at the
low pg L™ level in the studied samples. This is of concern not only during analysis but
specially for defining sampling and storage strategies, no matter the analytical
method employed. Otherwise, sample representativeness will be lost and the
analysis turns senseless. Excellent sample stabilization was obtained by simply
mixing appropriate volumes of the samples, propan-1-ol and nitric acid aqueous
solution, resulting in one-phase, transparent and long term stable media. This is in
contrast to other emulsifying strategies that need mechanical homogenization before

each measurement, limiting the use of the autosampler. Also, no sonication
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assistance is necessary, turning the procedure adequate for field use. Since no other
sample pre-treatment is necessary and the dilution factor is less then 2, practically
the full detection capability of the GF AAS could be exploited. The use of matrix
modification (Pd, Mg, Pd/Mg and Ir) was unnecessary and background attenuation
was always within the range of the background correction system. After multivariate
optimization Mn exhibited the same sensitivity in all investigated media (including
aqueous). In consequence, calibration with aqueous calibration solutions was
possible. Thus, the main advantages of the proposed procedure are: the lower
dilution factor, resulting in better LOD; the microemulsion is formed easily and
stabilizes the sample. Besides, the use of organic standards for calibration is not
necessary: The calibration can be performed with aqueous calibration solutions,
using less expensive and more available aqueous standard solutions. Furthermore,
the use aggressive reagents and organic solvents are avoided. The use of multiple
injections [29,30] or devices such as the filter furnace [20] may improve the limit of

detection even further.
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Fig 1. Stability of Mn in the samples (a) in natura or (b) stabilized as
microemulsion, stored in: polyethylene cups: (m) diesel, (¢) gasoline; (o) naphtha
spiked with inorganic Mn and (+) naphtha spiked with organic Mn; teflon cups: (o)
diesel, (A) gasoline; (x) naphtha spiked with inorganic Mn and (-) naphtha spiked
with organic Mn; glass cups: (e) diesel; (*) gasoline and (¢) naphtha spiked with

inorganic Mn and (A) naphtha spiked with organic Mn.
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Tables

Table 1: Studied variables and their respective levels for the central composite

design.

Levels

Variable Diesel Gasoline Naphtha

-2 -1 0 +1 +2 -2 -1 0 +1 +2 -2 -1 0 +1 +2

Pyrolysis temperature
(°C)

500 700 900 1100 1300 | 800 900 1000 1100 1200 800 900 1000 1100 1200

Atomization
2225 2300 2375 2450 2525|2225 2300 2375 2450 2525|2225 2300 2375 2450 2525
temperature (°C)

HNO3 conc (% v/v) in

the microemulsion

0.15 030 045 060 0.750.15 030 045 060 0.75 015 030 045 060 0.75

Sample/ propan-1-ol
030 070 1.11 151 191,072 106 141 175 210072 1.06 141 175 210
volume ratio

Table 2: Regression coefficients of the studied factors derived from the central

composite design.

Regression coefficients'"
Sample

Interc.  Tp? Ta®  HNOg?  (s/p)? Tp Ta HNOs sip  Tp.Ta Tp.HNO; Tp.s/p Ta.HNO;

Diesel 14.645 -0.167 -0.489 -0.332 -0.358 0.287 0.904 ns 0.410 ns ns ns ns

Gasoline 3.854 -0.059 -0.084 -0.041 ns -0.061 -0.130 ns -0.243  0.063 ns -0.051 0.049

Naphtha 15.578 ns ns ns 0.099 Ns -0.425 -0.212 -0.317 ns ns ns 0.166

M Interc., Tp, Ta, HNOs, s/p and ns refer to intercept, pyrolysis temperature, atomization temperature, HNO; solution

concentration, sample/propan-1-ol volume ratios, and “non significant”, respectively.
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Table 3: Critical (optimum) points for the studied variables after the central

composite design optimization.

Variable

Critical values

Gasoline Naphtha

Pyrolysis temperature (°C) 800 950
Atomization temperature (°C) 2300 2430
HNO3 conc. in the microemulsion (% v/v) 0.40 0.75
Sample / propan-1-ol volume ratio 2.10 2.00

Table 4: Optimized temperature programs for the determination of Mn in diesel,

gasoline and naphtha samples stabilized as microemulsion.

Diesel Naphtha
Step Temp Rate Hold Temp Rate Hold Temp Rate Hold
(°C) (°Cls)  (s) (°C) (°Cls)  (s)

Drying 100 5 5 100

Drying 180 2 10 200 3 10

Drying 250 1 5 - - -
Pyrolysis 1100 100 20 950 100 20

Az 1100 0 5 950 0 5
Atomize 2450 2000 3 2300 2000 2430 2000 3
Cleanout 2600 500 2 2550 500
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Table 5: Determination of Mn (n=3, pg L") in gasoline (G), diesel (D), and

naphtha" (N) samples by the proposed and comparative procedures.

Proposed procedure

ASTM D 3831-90

Sample

Mn sd @ Mn sd @
G1 1.3 0.1 1.5 0.3
G2 1.2 0.2 0.8 04
G3 1.6 0.4 24 0.5
G4 2.9 0.4 2.1 0.5
G5 1.1 0.2 1.7 04
G6 0.9 0.3 1.6 0.5
D1 1.5 0.2 1.4 0.2
D2 0.6 0.2 0.4 0.3
D3 1.4 0.3 0.9 04
D4 1.2 0.2 1.7 0.2
N1+1.0 1.2 0.2 1.5 0.3
N1+ 2.0 2.1 0.1 2.2 0.3
N1+ 3.0 3.1 0.2 24 0.3
N2 +1.5 1.6 0.1 1.4 0.2

M Mn in naphta samples was below the LOD; the samples were then spiked with organic Mn, attaining

the concentration values (in pug L'1) displayed in the respective cell.

()

sd = standard deviation.
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