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Abstract A quadrupole inductively coupled plasma
mass spectrometer was evaluated for use in the detection
of phosphorus. The influences of nitric acid and meth-
anol (simulating the composition of a sample solution
after nitric acid digestion) on phosphorus determination
were studied using two different measuring methods at
different plasma conditions: detection of phosphorus
ions at m/z 31 and detection of phosphorus oxide ions at
m/z 47. The existence of polyatomic interferences at m/z
31 and 47 was explored. Nitric acid and methanol are
shown to be the sources of polyatomic ions and there-
fore cause poorer detection limits. Better detection limits
were achieved in such matrices when phosphorus was
detected as 31P+. The presence of methanol improves
the system sensitivity towards phosphorus sevenfold;
however, this positive effect is hindered by the high
background signal due to carbon-based polyatomic ions.
For samples with an organic matrix an appropriate
mineralization procedure should be applied (high excess
of nitric acid and high temperature) to quantitatively
oxidize organic compounds to carbon dioxide, which is
easily removed from the sample, in order to achieve
correct results.

Keywords Quadrupole inductively coupled plasma mass
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interferences Æ Signal enhancement

Introduction

Determination of phosphorus by quadrupole inductively
coupled plasma mass spectrometry (ICPMS) at trace
levels is difficult as a result of its high ionization po-
tential and due to nitrogen-based, oxygen-based, and
carbon-based polyatomic interferences at m/z 31. De-
spite this, many authors have reported the application of
this technique for the determination of phosphorus and
its compounds [1–5]. However, due to the abundance of
polyatomic interferences, high-resolution [6–9] and
reaction/collision cell ICPMS [10–12] instruments are
more and more frequently used for the determination of
this element. The reaction/collision cell technique, which
is more economically viable, requires thorough knowl-
edge about the composition and origin of polyatomic
ions to be efficiently used. In addition, the influence of
matrix compounds on phosphorus ionization also re-
quires attention, since this effect is important regardless
of the type of ICPMS. The influence of organic com-
pounds on the sensitivity of quadrupole ICPMS has not
yet been studied with the exception of work by Jiang and
Houk [2] who reported a decrease in the sensitivity with
increasing concentration of organic solvent. More has
been done with high-resolution ICPMS instrumentation:
Siethoff et al. [7] reported a decrease in the phosphorus
signal with increasing methanol content, and Wind et al.
reported [8] an increase in the phosphorus signal of up to
threefold due to an increase in the acetonitrile concen-
tration.

Due to the lack of data in this field for a quadrupole
ICPMS, we performed a systematic study on the influ-
ences of nitric acid and methanol on phosphorus
determination. Matrix effects were studied under two
measuring conditions: through detection of phosphorus

M. Kovačevič (&)
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ions at m/z 31 and detection of phosphorus oxide ions at
m/z 47. Nitric acid and methanol aqueous solutions were
chosen to simulate the chemical composition of sample
solutions, since nitric acid is commonly used for sample
preparation and methanol is often employed in ion
chromatography.

Experimental

Materials, sample preparation, and procedures

Water (18 MX cm) was prepared using a Milli-Q system
(Millipore, Bedford, MA, USA). Ultrapure nitric acid
(69%, Ultrex II, J.T. Baker, Philipsburg, NJ, USA),
trace metal analysis grade methanol (>99.9%, Fisher
Scientific, Loughborough, UK), acetone, formic acid
(both p.a., Kemika, Zagreb, Croatia), 30% hydrogen
peroxide, acetic acid, arsenic standard solution,
KH2PO4 (all p.a., Merck, Darmstadt, Germany), boron
standard solution (CPI International, Santa Rosa, CA,
USA), and Rb2CO3 (p.a., Fluka, Buchs, Switzerland)
were used.

For the evaluation of matrix effects, solutions con-
taining different concentrations of nitric acid and dif-
ferent concentrations of methanol in 0.05 mol L�1 nitric
acid were prepared in duplicate. Phosphorus and inter-
nal standards were added to the first solution in the pair,
to yield a final concentration of 200 lg L�1 of phos-
phorus, 100 lg L�1 of boron, 20 lg L�1 of arsenic, and
20 lg L�1 of rubidium. The signal obtained from the
solution without phosphorus was used to determine the
background. The difference between the signal of
the solution containing phosphorus and the signal of
the solution without phosphorus was considered as the
phosphorus signal. The purity of all chemicals involved
in this study was checked by sector-field ICPMS and no
significant levels of impurities were found.

Reference materials ‘‘pine needles’’ (1575, NIST,
Gaithersburg, MD, USA) and ‘‘engine oil’’ (MO-2, No.
362, 1999/2000, PetroLab, Speyer, Germany) were
mineralized in a microwave oven (MLS Mega 1200,
Milestone, Bergamo, Italy) in a mixture of 5 mL of nitric
acid and 1 mL of hydrogen peroxide. The following
program was used: 2 min at 250 W, 2 min at 0 W, 6 min
at 250 W, 5 min at 400 W, and 5 min at 600 W (the
temperature during the last step was 180�C). Finally,
samples were diluted with water up to 50 mL.

Instrumentation

The quadrupole ICPMS HP4500 plus (Agilent, Wald-
bronn, Germany) was equipped with a Babington type
nebulizer and a double-pass spray chamber. The sample
intake rate was 0.30 mL min�1 for all tested solutions.
The plasma gas and the auxiliary gas flow rates were
15.0 and 0.90 L min�1, the spray chamber temperature
was 2�C, and the integration time was 0.1 s with five

repetitions per mass. Although aqueous methanol solu-
tions were analyzed, addition of oxygen to plasma was
not necessary.

Conditions for 31P+ detection: The initial instrument
tuning was performed with solution A (10 lg L�1 of Li,
Y, Ce and Tl in 2% nitric acid). It was optimized for
high sensitivity towards these elements and a minimum
cerium oxide ratio. The following conditions were cho-
sen: RF power 1,600 W, carrier gas flow rate
1.05 L min�1, and torch–interface distance 7 mm. Un-
der these conditions the cerium oxide ratio
(140Ce16O+/140Ce+) was 0.004. The mass resolution was
optimized using solution B (100 lg L�1 of B, 20 lg L�1

of As and Rb, 2.5 mol L�1 of methanol, and
0.05 mol L�1 of nitric acid) and it was less than 3%
(height of valley compared to peak height) for the mass
peaks at m/z 10, 31, 75, and 85. Finally, high sensitivity
for all measured elements was achieved by tuning the ion
optics while nebulizing solution C (200 lg L�1 of P,
100 lg L�1 of B, 20 lg L�1 of As and Rb, and
2.5 mol L�1 of nitric acid).

Conditions for 47[PO]+ detection: The initial instru-
ment tuning was performed with solution A. It was
optimized for high sensitivity and high cerium oxide
ratio. The following conditions were selected: RF power
1,350 W, carrier gas flow rate 1.20 L min�1, and torch–
interface distance 5 mm. Under these conditions the
cerium oxide ratio (140Ce16O+/140Ce+) was 9. Further
optimization procedures, using solutions B and C, were
the same as for optimization of 31P+ detection with the
exception that m/z 31 was replaced with m/z 47.

Sample transport efficiencies were determined using
solutions containing arsenic (20 lg L�1), boron
(100 lg L�1), rubidium (500 lg L�1), and phosphorus
(200 lg L�1). The following matrices were tested at
carrier gas flow rates of 1.05 and 1.20 L min�1: water,
0.5 and 2.5 mol L�1 nitric acid, and 0.5 and 2.5 mol L�1

methanol. The generated aerosols were collected by
passing the carrier gas through a frit immersed in 1%
nitric acid and the content of rubidium was determined
by ICPMS.

The influence of volatile carbon compounds was
investigated using a double-pass spray chamber with a
modified end-cap. A 0.5-mm-ID capillary was placed in
a hole in the end-cap, which was drilled �5 mm under
the Babington nebulizer. The capillary reached 1 cm
into the interior of the outer region of the spray cham-
ber. Aqueous solutions of methanol were introduced
through this capillary at a flow rate of 0.12 mL min�1. It
was assumed that no aerosol was produced from this
solution and only methanol vapors were swept towards
the plasma together with sample aerosol. A solution
containing 200 lg L�1 of phosphorus in 0.05 mol L�1

nitric acid was introduced through the nebulizer and was
used for phosphorus signal evaluation. A solution con-
taining 0.05 mol L�1 nitric acid was used for evaluation
of the background signal.

Polyatomic interferences were identified using a sec-
tor-field ICPMS (Element 2, Thermo, Bremen, Ger-
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many) in high-resolution mode (10,000). The instrument
was equipped with a concentric nebulizer, cyclonic spray
chamber, and shield torch. Ionic species in the proximity
of m/z 31 (±0.05 m/z) were detected under the following
conditions: plasma gas 15.5 L min�1, auxiliary gas
1.4 L min�1, carrier gas 0.97 L min�1, RF power
1,200 W, and torch–interface distance 4.8 mm. Ionic
species in the proximity of m/z 47 (±0.05 m/z) were
detected under the same conditions except the carrier gas
flow rate was increased to 1.09 L min�1 to obtain a
maximal phosphorus oxide ratio of 0.27 (PO+/P+).

Determination of residual carbon content in miner-
alized samples was carried out with a TOC analyzer
(Rosemount/Dohrman DC-190, Mason, OH, USA)
following the ISO 8245 analytical procedure.

Results and discussion

Matrix effects during 31P+ determination

The influence of nitric acid on measurements of 31P+ is
presented in Fig. 1. The phosphorus signal decreased
from 170,000 CPS in water to 130,000 CPS in
2.5 mol L�1 nitric acid, which could be ascribed to the
decreased ionization rate due to cooling of the plasma by
additional nitric acid. Similarly, intensities of the inter-
nal standards decreased by a factor of 0.9 for 10B, 0.5 for
75As, and 0.6 for 85Rb, which is in agreement with lit-
erature data [13]. The background signal increased
threefold due to nitrogen-containing polyatomic ions,
which were derived from nitric acid. This was confirmed
by identification of the following species during intro-
duction of 2.5 mol L�1 nitric acid into the high-resolu-
tion ICPMS: 14N16O1H+ (�65% abundance), 15N16O+

(�32% abundance), and 14N17O+ (�3% abundance).
High-resolution and quadrupole instruments do not use
the same sample introduction and plasma systems.
Therefore although these results cannot be directly

extrapolated to the quadrupole instrument, they provide
at least some information about the composition of the
increased background signal. The background signal of
�1,600 CPS in the solution without nitric acid is caused
by polyatomic ions derived from nitrogen and carbon
dioxide in the air surrounding the plasma and/or from
the plasma gas. To confirm this, the following species
were identified during high-resolution ICPMS measure-
ments of water: 14N16O1H+ together with 12C18O1H+

(�70% abundance), 15N16O+ (�20% abundance),
12C16O1H3

+ (�8% abundance), and 14N17O+ (�2%
abundance).

In methanol solutions, both the 31P+ and the back-
ground signals increased significantly with increasing
methanol concentration (Fig. 1). A sevenfold increase in
the phosphorus signal was observed when water and
2.5 mol L�1 methanol were compared. It is known from
the literature that elements with an ionization potential
of 9–11 eV enhance signals in the presence of carbon [14,
15]. However, the sevenfold increase cannot be attrib-
uted to this effect alone, since it is also the consequence
of improved sample transport efficiencies in the presence
of methanol. This was confirmed by measuring sample
transport efficiencies, which increased for a factor of
1.05 when water and 0.5 mol L�1 methanol were com-
pared and for a factor of 1.40 when water and
2.5 mol L�1 methanol were compared. An increase in
the signals was also observed for the internal standards.
The 75As signal increased sixfold, 10B signal 2.3-fold,
and 85Rb signal 1.5-fold, which is in accordance with the
literature data [14, 16]. The reported enhancement of the
phosphorous signal in the presence of methanol is only
partially in agreement with the published data, since
some authors have reported an increase and others a
decrease in sensitivity [2, 7, 8]. However, a direct
comparison is difficult as different sample introduction
systems and different plasma sources were used. The
28-fold increase in the background signal can be
attributed to the carbon-based polyatomic ions. This

Fig. 1 Influence of nitric acid
(full lines) and methanol (dotted
lines) concentration on the 31P+

signal (left y-axis, squares) and
on the background signal at m/z
31 (right y-axis, triangles);
200 lg L�1 of phosphorus;
error bars are for ± 1 SD
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was confirmed by identification of the following species
during introduction of 2.5 mol L�1 methanol into the
high-resolution ICPMS: 12C18O1H+ (�92% abun-
dance), 12C16O1H3

+ (�6% abundance), and 13C18O+

(�2% abundance).
To further investigate the role of carbon in the

enhancement of the phosphorus signal, different meth-
anol solutions were introduced directly into the spray
chamber and the phosphorus and background signals
were monitored (Fig. 2). In general, the established
relationships are similar to the relationships obtained
when methanol was present in the sample solution
(Fig. 1), confirming the hypothesis that carbon com-
pounds cause the enhancement of the phosphorus signal
as well as the background signal, since volatile phos-
phorus contaminants are not likely to be present in
methanol. The highest enhancement factor for phos-
phorus (12-fold) was obtained at a concentration of

approximately 5 mol L�1 of methanol. The decrease in
the phosphorus signal at higher concentrations can be
explained by the presence of a too high concentration of
carbon compounds in the plasma, which disables effi-
cient sample decomposition.

Matrix effects during 47[PO]+ determination

An alternative approach for phosphorus determination
is the use of instrumental conditions, which enable
detection of phosphorus oxide ions at m/z 47 [17]. Under
these plasma conditions, both the phosphorus and
background signals increased with increasing nitric acid
concentration (Fig. 3). The intensity of the 47[PO]+

signal increased by a factor of 2.7. This effect could be
ascribed to more favorable formation of 47[PO]+ ions in
the presence of nitric acid owing to additional cooling of

Fig. 2 Influence of methanol
concentration in solution
directly introduced into a spray
chamber on the 31P+ (full lines)
and 47[PO]+ (dotted lines)
signals (left y-axis, squares) and
on the background signal at m/z
31 and 47 (right y-axis,
triangles); 200 lg L�1 of
phosphorus

Fig. 3 Influence of nitric acid
(full lines) and methanol (dotted
lines) concentration on the
47[PO]+ signal (left y-axis,
squares) and on the background
signal at m/z 47 (right y-axis,
triangles); 200 lg L�1 of
phosphorus; error bars are for
± 1SD
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the plasma. It could be also the consequence of addi-
tional oxygen from nitric acid, since addition of oxygen
through a blend gas line (0.04 L min�1) increased the
47[PO]+ signal by a factor of �1.5 when the matrix was
0.5 mol L�1 nitric acid. The signal for arsenic (during
the experiment described in Fig. 3) was reduced by a
factor of 0.67 owing to additional cooling of the plasma
by nitric acid [13]. At the same time, the signal intensities
of boron and rubidium increased by a factor of 1.3 and
1.5, respectively. The background signal increased by a
factor of 4.3 from an initial 2,400 CPS to 10,000 CPS,
due to the formation of polyatomic ions. The following
species were determined with high-resolution ICPMS
measurements during introduction of 2.5 mol L�1 nitric
acid: 15N16O16O+ (�51% abundance), 14N16O17O+

(�12% abundance), and 14N16O16O1H+ (�37%
abundance).

In the concentration range from 0 to 1.5 mol L�1 of
methanol, an increase in the 47[PO]+ and background
signals was observed (Fig. 3). The 47[PO]+ signal in-
creased by a factor of 3.7 and the background signal by
a factor of approximately 330. The increase of the
47[PO]+ signal may be due to the influence of carbon in
the plasma, but thus far no information concerning en-
hanced ionization of phosphorus oxide has been pub-
lished. A similar increase (3.5-fold) was also noticed for
arsenic, which was as expected, since enhancement of the
arsenic signal in the presence of organic solvent is well
documented [15]. The signals of the other two internal
standards also increased: boron by a factor of 2 and
rubidium by a factor of 2.3. This increase could be
partially attributed to increased sample transport effi-
ciencies, since they increased by a factor of 1.3 and 1.8
for 0.5 and 2.5 mol L�1 methanol solutions, respec-
tively. The extreme increase in the background signal by
a factor of 330 can only be explained by the carbon-
based polyatomic ions. Using the high-resolution IC-
PMS measurements, the following species were detected
during introduction of 2.5 mol L�1 methanol:
13C18O16O+ (�5% abundance) and 12C18O16O1H+

(�95% abundance). In the range from 1.5 to
2.5 mol L�1 a decrease in the 47[PO]+ and background
signals, and also in the signals of the internal standards,
was observed. It is likely that such a high concentration
of methanol additionally cooled the plasma, which was

then unable to sufficiently decompose the matrix and
ionize the sample.

To verify the role of carbon compounds in the plas-
ma, an experiment with direct introduction of methanol
into the spray chamber was also performed at conditions
for 47[PO]+ detection (Fig. 2). An increase in the
47[PO]+ signal by a factor of 1.3 was observed, indi-
cating that the enhancement factor of 3.7, which was
determined during the experiment with methanol present
in sample solution (Fig. 3), is a combination of increased
sample transport efficiency and enhanced formation of
PO+ ions. In addition, a large increase in the back-
ground signal by a factor of 130 was observed, con-
firming that carbon compounds are a source of
polyatomic ions at m/z 47. The decrease of the PO+ and
background signals at higher concentrations (more than
3 mol L�1) is most likely due to a too high concentra-
tion of carbon compounds in the plasma, which disables
efficient sample decomposition.

Limits of detection

The instrumental limits of detection (LODs) were
determined in different concentrations of nitric acid and
methanol under both measuring conditions as the
background signal plus three times the standard devia-
tion of the background noise (Table 1). The determined
LODs were higher at higher concentrations of nitric acid
and methanol under both measuring conditions, which
is as expected, since in all cases the signal-to-background
ratio decreases with increasing matrix concentration.
Comparing both measuring methods, lower LODs were
achieved with detection of 31P+ ions, especially in the
case of methanol. The exception is aqueous solutions for
which a better LOD was achieved when phosphorus was
detected as 47[PO]+.

Determination of phosphorus in organic samples

In ICPMS measurements, nitric acid is frequently used
for mineralization of samples. Since the amount of
residual nitric acid after digestion depends on the sample
type and its amount [18], systematic errors can occur if

Table 1 Limits of detection for phosphorus in nitric acid and in methanol aqueous solutions determined under conditions for 31P+ and
47[PO]+ detection

Nitric acid or methanol
concentration (mol L�1)

LOD for phosphorus (lg L�1)

Nitric acid Methanol

31P+ 47[PO]+ 31P+ 47[PO]+

0 3 2 3 2
0.5 6 6 4 150
1.5 11 15 8 400
2.5 18 25 14 460
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the concentration of nitric acid in the samples does not
match the nitric acid concentration in the calibration
solutions. Furthermore, if the digestion procedure is
incomplete and some carbon compounds remain in the
measuring solution, these compounds will contribute to
the measured signal. When the amount of the remaining
carbon is not known, inaccurate results might be ob-
tained even when a standard addition calibration is
performed.

Different amounts of the two reference materials were
mineralized and phosphorous was determined as 31P+

and 47[PO]+ using calibration solutions with different
concentrations of nitric acid (Table 2). In addition, the
residual carbon content after mineralization was deter-
mined (Table 2). The first set of calibration solutions
contained the same concentration of nitric acid as was
added to the sample prior to mineralization (10% v/v)
and the second one five-times less nitric acid (2% v/v).

The results obtained with detection of 31P+ depend
on the mass of sample used in the mineralization pro-
cess. Higher amounts of sample gave higher results,
which is a consequence of the incomplete digestion of
organic matter as can be seen from data on the total
concentration of carbon. For the same reason, differ-
ences between obtained and certified values also increase
with the amount of digested sample. Only the results
obtained with the lowest amount of sample (100 mg of
NIST 1575, 40 mg of engine oil) are in satisfactory
agreement with the certified concentrations, since the
excess of nitric acid was sufficient to remove enough
carbon to prevent interference with measurements. The
absence of carbon-based polyatomic ions in the miner-
alized sample (100 mg of NIST 1575) was also con-
firmed by high-resolution ICPMS measurements, since
only nitrogen-based polyatomic ions originating from
nitric acid were detected.

The results for both reference materials, calculated
using different concentrations of nitric acid in the cali-
bration solutions, were always lower if calibration with
2% nitric acid was applied (compared to 10% nitric

acid), since a higher concentration of nitric acid reduces
phosphorus sensitivity (Fig. 1). In the case of the lowest
amount of mineralized sample (100 mg of NIST 1575
and 40 mg of engine oil), an approximately original
amount of nitric acid should be present in the sample
solution (10%); therefore, results calculated using cali-
brations in 10% nitric acid should be in best agreement
with certified values. However, due to the uncertainty in
the certified values it is not possible to confirm this
hypothesis.

In all experiments determinations of phosphorus as
47[PO]+ gave incorrect (mostly too high) results. This is
due to the more pronounced influence of carbon-based
polyatomic ions (Fig. 3) and also partially due to the
presence of titanium in the reference samples (NIST
1575 �7 lg g�1, engine oil �0.7 lg g�1). From these
findings we can conclude that detection of phosphorus
as 47[PO]+ is not suitable for determination of phos-
phorus in organic samples.

Conclusions

An increase in the concentration of nitric acid and
methanol causes a decrease in signal-to-background ra-
tios and a consequent increase in the instrumental
detection limits. The main reason for this effect is an
increased abundance of polyatomic ions, which are
formed in the plasma in the presence of nitric acid and
methanol. It was proved that the 31P+ signal is enhanced
in the presence of methanol and it behaves like other
elements with similar ionization potentials. Comparing
measurements of 31P+ and 47[PO]+ ions, the first type of
detection is preferable owing to less pronounced poly-
atomic interferences. As was shown by analyzing two
organic certified reference materials containing relatively
high concentrations of phosphorus, as high as possible
excess of nitric acid should be used for sample miner-
alization to achieve complete removal of carbon from
the digested sample and to maintain approximately the

Table 2 Comparison of determined phosphorus concentrations using 31P+ and 47[PO]+ detection techniques and residual carbon content
in two reference materials using different sample amounts and calibration curves in 10 and 2% (v/v) nitric acid (N = 5)

Sample mass
(mg)

Residual carbon
(mmol L�1)

Calibration in
HNO3 (%, v/v)

Found, measured
as 31P+ (mg g�1)

Found/measured
as 47[PO]+ (mg g�1)

Pine needles (NIST 1575), certified value: 1.2 (±0.2) mg g�1

100 14 10 1.21 (±0.02) 1.65 (±0.03)
2 1.18 (±0.02) 1.67 (+0.04)

250 31 10 1.37 (±0.05) 1.71 (±0.04)
2 1.23 (±0.04) 1.15 (±0.02)

500 54 10 1.44 (±0.04) 2.07 (±0.06)
2 1.27 (±0.02) 1.25 (±0.04)

Engine oil, certified value: 0.96 (±0.09) mg g�1

40 27 10 0.99 (±0.02) 1.29 (±0.06)
2 0.94 (±0.02) 1.20 (±0.05)

160 102 10 1.21 (±0.04) 1.29 (±0.06)
2 1.05 (±0.04) 0.86 (±0.04)

310 126 10 1.35 (±0.02) 1.74 (±0.04)
2 1.29 (±0.02) 1.05 (±0.03)
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original amount of nitric acid in the sample solution.
The described effects have practical consequences in
both chromatographic and direct determinations of
phosphorus and/or its compounds. If a quadrupole IC-
PMS is used as a chromatographic detector, nitric acid
and methanol containing mobile phases will cause
higher baseline and poorer detection limits.
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