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Abstract 

 

A sample preparation method was developed to accurately and precisely analyze up to 57 elements in crude oils and fuel oils by ICP-OES, used 

in tandem with QQQ-ICP-MS. To eliminate spectral and polyatomic interferences caused by the complex organic matrix of crude oils, we 

decomposed oil samples to form aqueous solutions using strong-acid digestions. Our test of many strong acid preparation techniques included 

combustion followed by digestion, Parr Bomb acid digestions, and single reaction chamber (SRC) microwave assisted acid digestions. A 

synthetic multi-element metallo-organic standard from Conostan Oil Analysis Standards (USA) was tested thoroughly for recovery of analytes 

by each digestion method. No element showed recovery above 75% in our best combustion test, whereas based on 5 replicate digestions, Parr 

Bomb average recoveries ranged from 94% to 106% for 19 elements in the standard and SRC microwave test average recoveries ranged from 

93% to 113% for 19 elements in the standard as well. A drawback of the Parr method was a rather small sample sizes (0.1g), which placed 

limits on method detection limit (MDL) and method quantitation limit (MQL). Because of rapid sample throughput and the larger sample sizes 

(1.2g), SRC microwave digestion method was chosen to achieve better MDL and MQL on a range of elements. We then successfully tested 

SRC recovery (90-110%) for 57 elements in standards added to a Conostan base oil. The SRC technique was used to digest a NIST RM 8505 

natural crude oil in an attempt to quantify up to 57 elements, based on 5 replicate digestions and analyses. We were able to precisely and 

accurately match the only recommended value referenced by NIST RM 8505 for vanadium, which is reported as 390±10 μg/g. Our result is 

390±0.4 μg/g. We were able to precisely quantify 52 elements, with %RSDs of < 5% for 38 elements, 5-10% for 10 elements, and 10-15.6% 

for 4 elements, all meeting our acceptability limits of < 20% RSD. Successful quantification was achieved by ICP-OES for higher abundance 

elements and by QQQ-ICP-MS for low abundance elements using the SRC microwave-assisted preparation. B, Nb, and W, although above 

MQL, were judged unacceptable because their RSDs were > 31.4%, whereas Ag and Tl were below MQL, and their RSDs were > 44.2% and 

judged unacceptable as well; although these elements have been quantified in other natural crude oils. 
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Introduction
� Concentrations and ratios of trace metal elements have been used to

understand oil formation, e.g., for oil-oil correlations and oil source rock
correlations, oil migration, maturation of organic matter, and the
depositional environment of source rocks, and for allowing corrective
performance during crude oils processing and environmental risk
evaluation.

� Crude oil samples need pretreatment preparation prior to being
introduced into many analytical instruments (including ICP-OES and ICP-
MS) because of their complex composition that have deleterious
instrumental effects and severity of, for example, carbon-based analyte
interferences.

� Four sample preparation methods have been mainly used for crude oil
samples: (1) mineralization by strong acid digestion; (2) mineralization by
combustion; (3) direct crude oil introduction after dilution with organic
solvent; (4) direct emulsion/micro-emulsion introduction.

� This study was to develop a sample preparation method to accurately
and precisely analyze multiple elements (up to 57) in crude oils.

� We chose to test and judge the best digestion method from
mineralization by combustion, Parr bomb strong acid digestion, and SRC
(Single Reaction Chamber) microwave strong acid digestion, because the
higher MQL (Method Quantitation Limit) and MDL (Method Detection
Limit) as a consequence of large dilution (e.g., ×100, ×1,000) keep direct
introduction methods from analyzing a wide range of trace and ultra-
trace elements for complete chemical fingerprints.

Experimental & Analytical 
Techniques

� 1.) A 350 ml general-purpose oxygen combustion vessel (Model 1108)
from Parr Instrument Company (USA) was used for the closed vessel
and high pressure combustion test.

Figure 1. The oil sample inside
the oil combustion vessel was
ignited by an ignition unit
(Model 2901 EB) that was
connected to the vessel. The
unit ignited the vessel by
electrifying it. The combustion
procedure is conducted inside
a Covered Quartz Liner to
prevent sample loss. vessel
safely burns sample using
oxygen charging pressures up
to 40 atm. Generally, the
maximum combustible
material size is 1,100 mg of oil.

Oxygen combustion 
vessel

Ignition unit

Quartz liner

Quartz crucible 
with oilVessel cap

� 2.) Fifteen 23 ml general purpose acid digestion vessels (Model 4749)
from Parr Instrument Company were used for the closed vessel and high
pressure acid digestion test.

Figure 2. Operating temperatures and pressures up to a maximum of 250 °C and
1,800 psig are permitted in this vessel using a thick-walled PTFE liner. The
maximum acceptable organic sample size is 100 mg to prevent venting based on
our tests.

� 3.)The Single Reaction Chamber (SRC) Microwave Digestion System
(UltraWAVE) from Milestone, Inc. (USA), operating at a maximum power
supply of 1,500 W, was used for the closed reaction chamber, high
temperature, and high pressure acid digestion test.

Figure 3. Summary of an SRC
microwave digestion system. A:
SRC microwave digestion system
(Model UltraWAVE from
Milestone, Inc); B: PTFE liner
used to contain base load of 130
ml of Milli-Q water and 5 ml of
16N HNO₃; C: 40 ml quartz tubes
held by a rack used to contain oil
samples and mixes of digestion
reagents; D: initial oil samples
floating on the surface of mixes
of digestion reagents because oil
is less dense than mixes of
digestion reagents (Casey et al.,
2016); E: digested oil samples in
aqueous form with NOx
dissolved because 16N HNO₃ is a
digestion reagent (Casey et al.,
2016); F: digested oil samples in
aqueous form after degassing of
NOx, which will occur after the
digested oil samples stand for a
few hours.

A B

C D

E F

Figure 6. The acids (HNO₃ and HCl)
used in this study were purified by
Milestone subCLEAN, which is an easy-
to-use sub-boiling system. The
distillation rate is about 2 times faster
than traditional two bottle distillation
setup while can produce a superb
clean acid due to its fully enclosed
design.

� A QQQ-ICP-MS (Model 8800) and an ICP-OES (Model 725) from Agilent
Technologies (USA) were used to analyze the concentration of trace
elements.

Figure 4. ICP-OES (Model 725) from
Agilent Technologies (US).
Instrumental detection limit (IDL) is
about 2 ng/g commonly. Therefore, it
was used for high abundance trace
elements determination.

Figure 5. QQQ-ICP-MS (Model 8800)
from Agilent Technologies (US). IDL can
be as low as 0.02 pg/g, commonly
around 1 pg/g. Therefore, it was used
for low abundance trace elements
determination.

Method Development
� For combustion method, no element showed recovery above 75%, thus

this method was deemed unacceptable for accurate and precise analysis
of crude oil.

� Average recoveries ranging from 94% to 106% for 19 analytes were
achieved with high pressure and high temperature acid digestion within
Parr bombs, with a drawback of small sample size of only 0.1 g.

Figure 7. Plot
of data file of
power,
temperature,
and pressure
against time
using a SRC
microwave
digestion
system.

� The mineralization efficiency was successfully tested to be
approximately 100%. RCCs (residual carbon contents) of 9 crude oil
samples range from 14.9% to 18.9%, with less than 0.1% in analyzed
solutions.

Figure 8. CS 230 Carbon Sulfur Analizer.

� RCC (%) = (Cf (%) × Mf (g)) / (Cs (%) × Ms
(g)) (Sant’Ana et al., 2007). Cf: carbon
content in digested solution, Mf: mass of
solution, Cs: carbon content in crude oil
sample, Ms: mass of crude oil sample.

Figure 9. Summary of the best test recoveries of 19 out of 24 analytes of the three
sample preparation methods, i.e., Parr combustion, Parr high pressure bombs, and
SRC microwave.

Figure 11. Analytical results of all the 57 tested elements in the natural crude oil
reference material NIST RM 8505 using SRC microwave assisted high pressure and
high temperature acid digestion.

V: Recommended: 390 ± 10 μg/g;
our results: 390 ± 0.4 μg/g (1σ, n = 5)

� A method to accurately and precisely determine a broad range of
elements in crude oil using ICP instruments was developed.

� The combustion method tests has considerable loss of all the analytes,
thus were judged unacceptable.

� Test of high pressure and high temperature acid digestion with Parr
bomb achieved recoveries of close to 100% for 19 out of 24 elements,
with a sample size limit of only 0.1 g.

� The SRC microwave assisted acid digestion also obtained recoveries of
around 100% for 19 elements. Rapid sample throughput and larger
sample sizes (up to 0.4 g) make SRC microwave digestion the optimum
method.

� The test of NIST RM 8505 using the developed optimum method
yielded RSDs better than 15.6% for 52 tested elements, with 38 of
them better than 5%. Our results for vanadium: 390 ± 0.4 μg/g,
recommended value: 390 ± 10 μg/g.

� LREE of NIST RM 8505 is depleted based on the PAAS “Shale”
normalized REY pattern.

Conclusions

Test of NIST RM 8505
� The developed microwave assisted experimental protocol was used to

test a natural crude oil reference material NIST 8505 for up to 57
elements.

� The best of the SRC microwave assisted acid digestion tests was also
shown to be acceptable for 19 analytes with average recoveries ranging
from 93% to 113%.

Average recoveries of S and Ti 
are not in 90%-110%, and the 
other 45 elements are in.

Casey et al., 2016

N=4
By QQQ-ICP-MS
47 elements

Figure 10. Doping Recovery Test – 500 ng of each analyte was added into 400 mg of
blank oil (Conostan).

� The developed SRC microwave assisted experimental protocol was first
tested by a doping experiment for up to 57 elements.

Figure 12. PAAS “Shale” [Taylor and Mclennan (1985)] normalized REY pattern
indicating depletion of LREE of NIST RM 8505. European and Japan shale [Minami
(1935)], North American shale [Haskin et al. (1965b)], and Russian Platform shale
[Balashov et al. (1964)] also shown for comparison.

La n / Yb n:
8505: 0.28
Euro & Japa Shale: 0.49
North American Shale: 0.85
Russian Platform Shale: 0.89

� The analytical results of rare earth elements + Yttrium (REY) were
normalized to Post-Archean Australian Shale (PAAS) to see their
relationship.
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