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ABSTRACT

Traditional ICP-MS has evolved into more sophisticated instrumental methods of analysis particularly with the fusion of
modern facilities to the host instrument such as laser ablation (LA-ICP-MS) and liquid chromatography (HPLC-1CP-
MS).These advanced methods of analysis have led to the development of a collective trio of powerful analytical tools for
deployment in diverse challenging applications. Many of these applications are associated with the detection of trace
elements and chemical species in a variety of matrices such as: reservoir cores, metal coatings, asphaltenes, crude oil,
pharmaceuticals, gels and waxes. Lower limits of detection at levels in the ng/L (parts per trillion) range are attainable;
and miniscule sample volumes (~50 pL) can be used for aqueous analysis. These allied techniques have been widely
applied in the petrochemical sector and in other areas such as forensic science, biomedicine, environmental science,
corrosion studies, geology, food science and agriculture. The main advantages of these methods are: multi-elemental;
high sample throughput; isotopic detection; sample speciation; depth-profiling; and surface analysis. This paper is a
review of the breadth and depth of selected applications in these areas and some of the strengths and limitations

encountered.

Keywords: ICP-MS, LA-ICP-MS, HPLC/ICP-MS, Cr¥*/Cr®*, As®* /As®™*, crude oil, creams, polymers.

TRADITIONAL ICP-MS

The advent of ICP-MS (Inductively Coupled Plasma
Mass Spectrometry) in the early 1980s revolutionized
trace elemental analysis (Houk, 1986; Greenfield, 1994).
ICP-MS is perhaps one of the most competitive
contemporary analytical techniques available for trace
elemental analysis (Elhameed et al., 2016). It has the
potential to reach lower limits of detection in the realm of
ug/L and ng/L (ppb and ppt) for most elements in the
periodic table (Pillay et al., 2014). The technique operates
by aspirating a liquid sample into a nebulizer and
transferring the nebulized droplets to a hot plasma
(~6000K) where they are vaporized, ionized and
transported to a mass detector via a magnetic selector
system (Fig. 1) (Stephen et al., 2014). A finely tuned
quadrupole system makes it possible for detection of
isotopes.

Our laboratory houses a Perkin Elmer SCIEX DRC-e
ICP-MS fitted with a dynamic reaction cell (DRC). It
possesses the capacity to detect toxic and heavy metals (in
aqueous samples) such as: V, Cr, Ni, Se, Cd, Sh, Bi, Th,
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and U in the 1-10 ppt range. It tends not to be as suitable
for determination of H, C, N, O, the halogens and the
inert gases. Few other techniques have this capability. For
example neutron activation is still used by many
researchers but this particular analytical tool is limited by
several drawbacks (Pillay, 2002) such as: half-life of the
product nuclide (if this is too short it escapes detection);
moderate detection limits with liquid samples; and above
all the need for suitable nuclear facilities. Electrothermal
atomic absorption (ETAA) or graphite furnace analysis is
another technique (Govender et al., 2001) that can
compete with ICP-MS, but here again certain
disadvantages accompany the method including low
sample throughput and lack of multi-elemental data.
Other nuclear and atomic methods of analysis such as
PIGE (particle induced gamma-ray emission) (Peisach
and Pillay, 1993; Pillay and Peisach, 1992), PIXE
(particle induced X-ray emission) (Renan et al., 1995),
XRF (X-ray fluorescence) (Punyadeera et al., 1997) and
ICP-OES (Pillay et al., 2005) tend to be deficient in
providing detection limits as low as ICP-MS. One notable
feature of ICP-MS is its ability to provide information on
isotopes. This is an asset, which gives it an added
dimension that X-ray and atomic techniques lack.



4246

Canadian Journal of Pure and Applied Sciences

Liguid sampling

=)

Laser ablation chamber
(solid sampling)

HPLC system

plasma torch interface quadrupole
mass selector
)

. - = = =
Soivert Ao
Maraper Sampe Jsed e
LC Pumgp [ . RF coil lon lens Detector

| on

( ) -

Fig. 1. Schematic of the ICP-MS showing the LA-ICP-MS and HPLC-ICP-MS units.

It is common knowledge that traditional ICP-MS has been
applied to a wide range of samples prepared in aqueous
media, including biofuels, beverages, asphaltenes, crude
oil, toothpaste, pharmaceuticals, gels and waxes (Elkadi et
al., 2014; Williams et al., 2010). The technique is also
useful in areas such as nuclear science and
nanotechnology (Lee et al., 2014; Grain, 1996; Kim et al.,
1991). Future work could include toxic speciation in
honey, rice and other foodstuffs such as oats and cereals.
Dissolution of samples in aqueous acid media is
facilitated by microwave digestion. The turnover times
from the point of sample digestion to acquisition of the
results could be less than an hour in some cases. Current
high-performance software that controls the system plays
a crucial role in producing rapid, accurate results.
Instrumental  drift, linear calibration, background
correction and matrix interferences are resolved by
application of suitable software programs. Excellent
reproducibility can be attained if these parameters are
finely tuned and carefully controlled. In addition, the
software controls the lens voltage, anode voltage, gas
flow rate, and laser energy (in laser ablation studies).
Mass flow controllers regulate several gas flows — plasma
gas flow, nebulizer gas flow, cooling gas flow, and
collision/ reaction cell gas flow. In many countries, and in
a wide number of food, forensic, biomedical and
environmental laboratories, ICP-MS has become a routine
technique and has proved to be a valuable asset (Stephen
et al., 2015). More enhanced and more modern ICP-MS
facilities are being developed; and application of the
technique in a vast number of research projects is also
growing (Elkadi et al., 2014).

LASER ABLATION (LA-ICP-MS)

Depth-profiling/ homogeneity/ reservoir cores: Depth-
profiling is a practical analytical technique for obtaining

useful information across the surface of a sample and at
different depths within a matrix (Elkadi et al., 2010). The
technique is especially capable of producing information
of geological significance (Ghosh et al., 2010). However,
several other authors have applied the technique to a wide
range of samples including environmental and biomedical
samples (Durrant, 1992; Durrant and Ward, 2005; Hu et
al., 2007). This particular application employs a micro-
beam laser (213 nm) to irradiate samples, ablating
material by delving to specified depths in the sample
under controlled conditions. Suitable software makes it
possible to monitor and modulate the irradiation
parameters. Standardization of the ablation technique
tends to be problematic largely because of the difficulty in
obtaining suitable homogeneous standards. However, the
procedure is favored for acquiring information on the
levels of homogeneity for a variety of materials by
observing the consistency or fluctuation of elemental
signals from the sample matrix (Fok et al., 2011). A
typical homogeneity study is represented in Figure 2,
where a polypropylene sample doped with zinc was
irradiated to determine the distribution of the zinc in the
matrix. The spectrum displays  ‘hot-spots’ or
accumulation of zinc at different depths in the sample.
The spectrum also tapers off at certain depths suggesting
that there is an uneven distribution of zinc at some points
in the sample. For a more uniform distribution of the
analyte factors such as mobility of the dopant in the
molten phase or fusion effects within the sample during
cooling could be considered (Pillay et al., 2010).

The technique of depth-profiling has also been successful
in extracting diagenetic data from sedimentary rock and
reservoir cores (Ghosh et al., 2010). Physical and
chemical changes in geochemical rock species over vast
periods of time reflect depositional and post-depositional
transformations  (diagenesis). Depth-profiling as an
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Fig. 2. Depth profiling of zinc in polymer matrix showing hot-spots (Pillay et al., 2010).

analytical tool has the ability to estimate the magnitude of
pores and pore-throats in core fragments (Ghosh et al.,
2010). Measurement of such parameters has a distinct
impact on the field of geosciences.

Soft samples/ asphaltenes / toothpaste: Of considerable
novelty was the development of a unique sample
introduction technique relating to the ablation of soft
samples (Williams et al., 2012). Laser ablation is
generally confined to irradiation of hard samples. Soft
samples such as gels, creams and waxes tend to cause
“splashing” during irradiation (Fig. 3). As a result it was
not possible to submit soft targets to laser irradiation.
However, treatment of soft samples by submerging in
liquid nitrogen to harden them facilitated such analysis.
Figure 4 represents a typical laser spectrum of Na from a
“hardened” toothpaste sample (Pillay et al., 2013). The
distribution is not entirely even suggesting that even in
creams and pastes agglomeration of embedded chemicals
is not uncommon, and the mixing process could be
enhanced for uniform distribution. Soft asphaltene
samples underwent similar treatment and Figure 5
displays the ratio of nickel/vanadium data recorded from a
set of asphaltene samples at different depths beneath the
sample surface (Pillay et al., 2016). It is clear from this
distribution that the Ni /V ratio varies considerably and
there is a need for a correction parameter to adjust this
ratio to account for factors that could affect it, such as the
influence of sulphur on the vanadium concentration
(Pillay et al., 2016).

Metal coatings/ thin films: Of emerging interest is the
application of the laser technique using time-spectra to

evaluate corrosion or degradation of thin-film coatings on
metal surfaces (Fok et al., 2011). The laser is deployed to
scan the coated metal surface and penetrate selected spots
on the sample surface. The time taken to reach the metal
substrate is recorded as soon as peaks characteristic of the
substrate (Fe) are observed. However, if the coating is
broken or degraded the substrate is reached almost
immediately after irradiation demonstrating that the
coating has corroded or weakened at these spots (Fok et
al.,, 2011). Detection of weakening or gradual
degeneration in thin-films in this way is quite original and
has wide reaching applications in material science.

Liquid chromatography (HPLC-ICP-MS)

Produced water/biofuels: The coupling of an ICP-MS
facility with an HPLC unit is designed largely to de-
convolute interferences that occur in standard HPLC
procedures (Dolan, 2003). Our work was confined to
resolving toxic species, Cr¥*/Cr®" and As*/As™, in a
variety of samples. However, studies in agriculture, food
science and environmental science demonstrate the
versatility of the technique (Zheng et al., 2001; Stadlobera
et al., 2001; Vonderheide et al., 2002; Chang and Jiang,
2001). Ordinary HPLC techniques fail to resolve these
species, which are essential to certain environmental
studies. Figure 6 displays typical interferences between
Cr¥and As>*peaks under regular HPLC determination
(Pillay et al., 2014). By coupling the HPLC unit to the
ICP-MS system each component is transported and
detected individually thus producing a discrete method of
analysis. The combined system employs a dynamic
reaction cell (DRC) that facilitates the measurement of the
species of interest. Passage of oxygen through the DRC
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Fig. 3. Screen shot displaying “splashing” effects in soft sample (Pillay et al., 2013).
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Fig. 4. Laser spectrum of toothpaste sample after liquid nitrogen treatment (Pillay et al., 2013).

enables detection of arsenic as AsO*, m/z 91, to bypass
specific unwanted interferences. Produced water from oil
yielded up to 2000 ppm Cr®"; 10 ppm Cr®*; 20 ppm As*";
and 5 ppm As®*. The Cr** results were particularly
elevated, and a cause for concern, prompting the need for
remedial measures (Pillay et al., 2014).

Characterizing neem biodiesel in terms of trace toxic
species Cr¥*/Cr® and As**/As™ is relatively unexplored
territory and is considered seminal research in the field of
biofuels. Clearly the use of impure biodiesel in machinery
and vehicles could severely impact the environment and
the release of toxic chemical species into the atmosphere
would be detrimental to sustainable living. Preparation of
biodiesel using crown ethers revealed selective reduction
of Cr®" and As®" in the biodiesel phase when the process
is combined with standard catalysts NaOH and KOH (Li
et al., 2015). The application of HPLC-ICP-MS thus
demonstrated clearly that toxic species can be selectively
removed from the biodiesel fraction by deploying specific

agents, such as crown ethers, in the transesterification
process.

Crude oil/asphaltenes: The occurrence of these toxic
species in crude oil and its asphaltene derivative is
equally significant in terms of the environment and
sustainability. Asphaltenes are known to be used in
building roads and in roofing material and therefore,
information on its toxicity is necessary for sustainable
development. In addition, crude oil sludge is deployed as
conditioning agent on land farms, and excess sludge is
returned to the environment as waste product (Taha et al.,
2001). Knowledge of the toxicity of crude oil is thus
equally important for environmental purposes. Digested
samples of crudes and asphaltenes were subjected to
analysis by HPLC-ICP-MS and essential data on
cr¥*/Cr®* and As**/As® were recorded. We found that
Ccr®* occurred in the range 1-20 mg/L, and
Cr®*/As*/As**fell in the 1-5 pg/L range. These results
were deployed successfully in fingerprinting studies,
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Fig. 5. Ni/V ratios from laser ablation of asphaltene samples (Pillay et al., 2016).).

which heralds a new area for future research in toxic
speciation (Pillay et al., 2016).

Adsorption/ desorption phenomena: Groundbreaking
research was achieved by using the HPLC-ICP-MS
facility to evaluate adsorption/desorption effects in
polypropylene immersed in a biofuel medium by using
Cr¥*/Cr® and As*/As® as natural “markers” to track this
phenomenon (Stephen et al., 2015). The results indicated
that these effects tend to be governed by polarity of the
medium and the strength of the ionic charge on the
chromium/arsenic species that were utilized as “markers.”
It was found that higher water content in the biofuel
increased the rate of adhesion. The Kinetics of these
adsorption and desorption effects is reflected in Figure 7.
The study is significant from the perspective of the
corrosive impact that biofuels can have in polymeric
materials such as hoses and pipes in automobiles and
machinery.

OVERALL STRENGTHS AND LIMITATIONS

None of the foregoing techniques is suitable for macro-
analysis i.e. analysis at levels exceeding 1 ppm of analyte.
Clearly highly concentrated liquid samples can be diluted
down, prior to analysis, provided that the excessive

dilution does not affect the composition of the material to
be analyzed. As mentioned above, standardization in laser
ablation tends to be a problem largely because the
samples subjected to irradiation are highly heterogeneous,
making the preparation of standards difficult (Pillay et al.,
2013). In such cases the best that can be achieved is semi-
quantitative analysis where elemental peak heights at
different depths in a sample matrix are compared to gauge
relative concentration levels. Nevertheless, despite lack of
standards, laser depth profiling is successful and rapid in
supplying and verifying qualitative information on trace
elements spatially and with depth in a sample.

Speciation studies with HPLC-ICP-MS rely on the
integrity and condition of the chromatographic column
(Stephen et al., 2015). Fluctuations in the conditions of
the column could lead to minor aberrations in the
recorded results, which could affect reproducibility.
However, most columns are adequately robust and
durable to withstand continued use. Other factors that
could affect standard HPLC columns such as temperature,
solvent composition, composition of the stationary phase,
and elution rate also play a role here, and could lead to
slight perturbations in performance. However, the overall
advantages of this particular application far surpass any
minor operational drawbacks that could be encountered.
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Fig. 6. Standard HPLC chromatogram showing overlapping peaks of toxic species (Pillay et al., 2014).

Table 1. Summary of strengths and limitations of ICP-MS, LA-ICP-MS, HPLC-ICP-MS.

Technique Strengths Limitations General Comments
ICP-MS Ultra-sensitive, ppb, ppt range; Cannot determine C,N,O; Multi-elemental;
High accuracy, reproducibility; Digestion of certain solid Highly quantitative;
Produces isotopic information; samples can be tedious; Facile standardization;
Diverse applications. Mainly aqueous samples. Toxic metal analysis.
LA-ICP-MS Depth profiling, surface Standardization is difficult due | Hard and soft samples;
analysis; to heterogeneity and density of | Rapid qualitative
Miscellaneous applications; samples; information;
Analysis of gels and soft Penetration depth limited by Multi-elemental;
samples; laser energy. Thin film studies.
Crystal, rock analysis;
No sample preparation.
HPLC-ICP-MS Speciation studies; Conditioning columns can be | Useful for monitoring
Ultra-sensitive, ppb, ppt range; tedious; variety of toxic species;
High accuracy, reproducibility; Special mobile phases for Can be used in leaching
Complements standard HPLC; different species; studies;
Diverse applications. Collision cell needed to reduce | Applied to wide range of
interferences. aqueous samples.

Not many laboratories in the world possess LA-ICP-MS
and HPLC-ICP-MS facilities. This is largely due to the
high cost of these systems, which could be considered a
major limitation, especially for research groups in
developing countries where research funding is deficient.
However, the combined value and benefit that all three
hyphenated techniques can provide surpasses any of the
limitations mentioned here and the main attraction is the

versatility and scope that these techniques can offer.
Table 1 summarizes the main points.

CONCLUSION
The three techniques discussed in this paper have proved

to be greatly beneficial as instrumental tools in a wide
variety of applications. There is no doubt that each



Pillay and Stephen

4251

10 -
7 range: 0.9215 - 0.9563
= &7
o
a
S
on 6 -
—
o
£
4 -
8 =
7 range: 0,8921 - 0.9415
6 -
= _’,—-—-8’”’3?——
) .d___.._— o SIS
:_3 2 - o b
£
o -
7 =

7 range: 0.8823 - 0,9322

o) o—O0—0—0—o0—0

—¢—¢—o0—0o—3g

O Biodiesel from neem oil
® Biodiesel from neem seeds

o — 9% o o o o

a
= 61 - F————0=——0—0
2
Q: =
s o /of,ﬁf’/
2 1 80
< =]
3 ®
4 -
3- ~
rrange: 0.8812 - 0.8418
2+
= 1
a
= 93 =1 1
- e T A
Q -1 - ° e
= -
= 24 Q
T T L] Ll 1 1 L] 1] 1] 1 1] L)
0 2 4 6 8 10 12 14 16 18 20 22 24

Time (weeks)

Fig. 7. Kinetics of adsorption/desorption effects using HPLC-ICP-MS (Stephen et al., 2015).

technique comes with its own specific drawbacks and
advantages, however, their strengths outweigh any
accompanying limitations. Many disciplines, including
biomedicine,  petro-chemistry,  forensic  science,
environmental studies and food science, have enhanced
their own analytical capabilities by deploying these
instrumental techniques both in research and in routine
applications. With the advent of advanced hardware and

more elaborate software each one of these methods has
the potential to extend its individual capacity to reach
lower limits of detection.

ACKNOWLEDGEMENTS

The authors wish to thank the Petroleum Institute, KUST
for financial support.



Canadian Journal of Pure and Applied Sciences

4252

REFERENCES

Chang, Y. and Jiang, S. 2001. Determination of
chromium species in water samples by liquid
chromatography-inductively coupled plasma-dynamic
reaction cell-mass  spectrometry. J. Anal. At
Spectrom.16:858-862.

Dolan, JW. 2003. Why Do Peaks tail? LC

troubleshooting. LC.GC Europe, September. 1-4.Durrant,
SF. 1992. Multi-elemental analysis of environmental
matrices by laser ablation inductively coupled plasma
mass spectrometry. Analyst.117;1585-1592.

Durrant, SF. and Ward, NI. 2005. Recent biological and
environmental applications of laser ablation inductively
coupled plasma mass spectrometry (LA-ICP-MS). J.
Anal. At.Spectrom. 20:821-829.

Elhameed, A., Pillay, A., Nunn, R. andStephen, S. 2016.
Characterization of crude oil, asphaltenes based on
bismuth (Bi), thorium (Th) and uranium (U) Levels:
Potential environmental impact. Journal of Environmental
Protection.7:190-197.

Elkadi, M., Pillay, A., Manuel, J., Khan, MZ., Stephen, S.
and Molki, A. 2014. Sustainability study on heavy metal
uptake in neem biodiesel using selective catalytic
preparation and hyphenated mass spectrometry.
Sustainability. 8:2413-2423.

Elkadi, M., Pillay, AE., Fok, S., Feghali, F., Bassioni, G.
and Stephen, S. 2010. Depth-profiling study (ICP-MS)
study of toxic metal build up in concrete matrices:
Potential environmental impact. Sustainability.2:3258-
3269.

Fok, SC., Pillay, AE., Stephen, S. and Elhameed, A. 2011.
Rapid evaluation of the extent in micro-degradation of
protective coatings using laser ablation inductively
coupled plasma mass spectrometry (LA-ICP-MS). Int. J.
Instrumentation Technology. 1:34-42.

Ghosh, B., Pillay, AE., Senthilmurugan, B., Kundu, S.
and Stephen, S. 2010. Application of ablative laser depth-
profiling (ICP-MS) to probe diagenetic information linked
to secondary mineral deposition in carbonate reservoir
rock, (Part 2). Canadian Journal of Pure & Applied
Sciences.4:1267-1274.

Govender, S., Bisnath, B. and Pillay, AE. 2001.The effect
of graphite tube condition on measured trace Pb
concentrations in ETAA studies. J. Trace and Microprobe
Tehcniques.19:217-223.

Grain, JS. 1996. Applications of inductively coupled
plasma-mass spectrometry in environmental
radiochemistry; Spectroscopy. 11:1996; 30-39.

Greenfield, S. 1994. Inductively coupled plasmas in
atomic fluorescence spectrometry. A review. Journal of
Analytical Atomic Spectrometry. 9:565-592.

Houk, RS. 1986. Mass spectrometry of inductively
coupled plasmas. Anal. Chem. 58:97A-105A.

Hu, S., Zhang, S., Hu, Z., Xing, Z. and Zhang, X. 2007.
Detection of Multiple Proteins on One Spot by Laser
Ablation Inductively Coupled Plasma Mass Spectrometry
and Application to Immuno- Microarray with Element-
Tagged Antibodies Anal. Chem. 79:923-929.

Kim, C., Seki, R., Morita, S., Yamasaki, S., Tsumura, A.,
Takaku, Y., lgarashi, Y. and Yamamoto, Masayoshi.
1991. J. Application of a high resolution inductively
coupled plasma mass spectrometer to the measurement of
long-lived radionuclides. Anal. At. Spectrom. 6:205-209.

Lee, S, Bi, X., Reed, RB., Ranville, JF., Herckes, P. and
Westerhoff, P. 2014. Nanoparticle Size Detection Limits
by Single Particle ICP-MS for 40 Elements. Environ. Sci.
Technol. 48:10291-10300.

Li, N., Pillay, AE., Elkadi, M. and Stephen, S. 2015.
Characterization of trace toxic chemical species:
[Cr**/Cr®*] and [As**/As>"] in alternative fuel and isolated
by-products using HPLC-ICP-MS. International Journal
of Advanced Research in Chemical Science. 2:44-50.

Pillay, AE. and Peisach, M.1992. Some studies on nuclear
methods for boron determination. Nucl. Inst. Meth.
B66:226-229.

Peisach, M. and Pillay, AE. 1993. Some studies on light
element analysis with particle accelerators in South
Africa. S. Afr. J. Sci. 89:181-186.

Pillay, AE. 2002. 252Cf: the potential for activation
analysis of selected medium-weight and heavy elements
in the limited neutron flux of a partially depleted 50 pg
source. Appl. Radiation and Isotopes. 56:577-580.

Pillay, AE., Williams, JR., El Mardi, MO., Hassan, SM.,
and Al-Hamdi, A. 2005.Boron and the alternate-bearing
phenomenon in the Fard cultivar of the Gulf. J. Arid
Environments.62:199-207.

Pillay, AE., Vukusic, S., Stephen, S. and Abd-Elhameed,
A. 2010. Rapid ablative laser technique (ICP-MS) for
monitoring material homogeneity in polypropylene.
Chemical Sciences Journal.1:1-9.

Pillay, AE., Stephen, S., Elhameed, A. and Williams, JR.
2013. Rapid liquid nitrogen pre-treatment of gels, waxes
and pastes for deep-UV depth profiling studies (ICP-MS).
Canadian Journal of Pure and Applied Sciences. 7:2549-
2555.

Pillay, AE., Elkadi, M. and Stephen, S.2014. Application
of a hyphenated facility for simultaneous speciation
studies of toxic oxidation states [Cr**/ Cr®"] and [As®'/
As®*] in produced water from crude oil. Canadian Journal
of Pure and Applied Sciences. 8:2807-2812.



Pillay and Stephen

4253

Pillay, AE., Elhameed A., Nunn, R. and Stephen, S. 2016.
Deep-UV Laser Ablation Technology (213 nm) Coupled
with Plasma Quadrupole Mass Spectrometry for Rapid
Determination of Nickel/ Vanadium Ratios in
Asphaltenes. Mass  Spectrometry &  Purification
Techniques. 2:1-5.

Punyadeera, C., Pillay, AE., Jacobson, L. and Whitelaw,
G. 1997. Application of XRF and correspondence
analysis to provenance studies of coastal and inland
archaeological pottery from the Mngeni river area, South
Africa. X-Ray Spectrometry. 26:249-256.

Renan, M., Pillay, AE., Peisach, M., Fullard, L., Kowolik,
H. and Oppell, U. 1995. A PIXE study of elemental
concretions in aortic wall tissue. J. Radional. Nucl.
Chem.199:277-287.

Stadlobera, M., Sagerb, M. and Irgolic, KJ. 2001. Effects
of selenate supplemented fertilisation on the selenium
level of cereals — identification and quantification of
selenium compounds by HPLC-ICP-MS. Food
Chemistry. 73:357-366.

Stephen, S., Shah, T., Pillay, AE. and Siores, E. 2014.A
study of kinetics of metal leaching from polypropylene
matrix using a hyphenated mass spectrometric technique.
Canadian Journal of Pure and Applied Sciences. 8:2925-
2931.

Stephen, S., Pillay, AE., Shah, T. and Siores, E. 2015.
Tracking interfacial adsorption/desorption phenomena in
polypropylene/biofuel media using trace Cr**/ Cr**and
As®/ As*- A study by liquid chromatography-plasma
mass  spectrometry. Journal of Petroleum &
Environmental Biotechnology. 6:1-5.

Taha, R. Ba-Omar, M., Pillay AE. and Roos, G. 2001.
Recycling of Petroleum- contaminated sand. Journal of
Environmental Monitoring. 3:417-420.

Vonderheide, AP., Wrobel, K., Kannamkumarath, SS.,
B'Hymer, C., Montes-Bayén, M., de Leon, CP. and
Caruso, JA. 2002. Characterization of Selenium Species
in Brazil Nuts by HPLC-ICP-MS and ES-MS. Agric.
Food Chem. 50:5722-5728.

Williams, JR., Pillay, AE. and Stephen, S. 2012. ICP-MS
study of trace elemental build-up in solid
pharmaceuticals: Potential environmental and biomedical
impact. Canadian Journal of Pure and Applied Science.
6:2135-2141.

Williams, JR., Pillay, AE. and Al-Asmi, SK. 2010.
Abnormal levels of lanthanides in common beverages: A
study by ICP-MS. Res. J. Chem. Environ. 14:72-77.

Zheng, J., lijima, A. and Furuta, N. 2001.Complexation
effect of antimony compounds with citric acid and its
application to the speciation of antimony(lll) and

antimony(V) using HPLC-ICP-MS. Anal. At. Spectrom.
16:812-818.

Received: March 8, 2017; Revised: April 15, 2017;
Accepted: April 21, 2017

Copyright©2017, This is an open access article distributed under the Creative Commons
Attribution Non Commercial License, which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.

The full text of all published articles published in Canadian Journal of Pure and Applied
Sciences is also deposited in Library and Archives Canada which means all articles are preserved
in the repository and accessible around the world that ensures long term digital preservation.



