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Abstract

A new method is described for the accurate determination of silicon (Si),
phosphorus (P), and sulfur (S) in lubricating oil samples using an Agilent
8800 Triple Quadrupole ICP-MS (ICP-QQQ). An optimized oxygen (0,) mass-
shift method provided limits of detection for 2Si, *'P, 32S and *S of 0.25, 0.01,
0.18 and 0.75 ppb, respectively. The method was successfully applied to the
determination of Si, P and S in a lubricating oil standard reference material
NIST 1848. Recoveries in the sample digests ranged from 96.4—103%.

Introduction

Due to its high sensitivity and fast multi-element capabilities, inductively
coupled plasma mass spectrometry (ICP-MS) is used increasingly in
chemical analysis. However, spectral overlaps from isobaric concomitant
species and polyatomic ions formed in the plasma can compromise ICP-MS
sensitivity and accuracy in the determination of some elements [1].
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For example, Si, P and S are difficult elements to
determine at low levels by quadrupole based ICP-MS
due to intense polyatomic interferences: %Si*, 3'P*,
%28+ and *S* suffer spectral overlaps from "N,* and
12C*0*, N'*0H", '*0," and '*0'®0", respectively [2].
Since the enthalpies of reaction for P* (-3.17 eV) and
S* (-0.34 eV) with O, are negative and low for Si (0.11
eV) [3], some authors have studied the feasibility of
using Collision/Reaction Cell (CRC-)ICP-MS with O, cell
gas to determine these elements as oxide ions [4,5,6].
The method of using a reaction product ion for the
detection of an element is known as mass-shift mode.
Conventional CRC-ICP-MS has no control of the ions

that enter the cell or the reactions that occur in the cell.

In contrast, the Agilent 8800 ICP-QQQ has a tandem
mass spectrometer (MS/MS) configuration with two
quadrupole mass filters, Q1 and Q2, positioned either
side of the Octopole Reaction System (ORS?) cell. This
configuration is designed to control the reactions in the
cell for more effective removal of spectral interferences
(Figure 1). In mass-shift mode using O, cell gas, Q1 is
set to the mass of the target analyte ion so only the
analyte and any on-mass interfering ions can enter the
ORS? and react with the 0, cell gas, ensuring a well
controlled and more efficient reaction in the cell. The
second quadrupole, Q2, is then set to the mass of the
oxide ion of the element of interest, so rejecting any

Spray chamber ICP torch

and nebulizer

Figure 1. Schematic of the Agilent 8800 Triple Quadrupole ICP-MS

interfering ions that have not reacted with the cell

gas and therefore remain at the original analyte mass.
Balcaen et al. evaluated the MS/MS mass-shift mode
of the 8800 ICP-QQQ for the low level determination of
sulfur in ethanol-diluted biodiesel samples using isotope
dilution [7].

In this study, mass-shift mode was evaluated for

the low level analysis of Si, P and S in lubricating

oil samples. We demonstrate that the 8800 Triple
Quadrupole ICP-MS operating in MS/MS mode with
0, as the reaction gas provides low Limits of Detection
(LOD) for these difficult elements and enables their
accurate determination in a complex matrix such as
lubricating olil.

Experimental

Instrumentation

All measurements were carried using a standard
Agilent 8800 Triple Quadrupole ICP-MS (option #100).
The standard configuration is composed of an x-lens, a
Peltier-cooled double-pass Scott-type spray chamber, a
glass concentric nebulizer, and a one-piece quartz torch
with 2.5 mm internal diameter (ID) injector. Instrument
operating parameters are summarized in Table 1.
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Reagents and standard solutions

Deionized water (> 18.2 MQ cm) obtained from a Milli-Q
water purification system (Millipore, Bedford, MA, USA)
was used to prepare all solutions. Nitric acid (Merck,
Darmstadt, Germany) previously purified by a sub-boiling
distillation system (Milestone, Sorisole, Italy) and 30%
H,0, (Labsynth, Diadema, SP, Brazil) were used to digest
the samples. Stock single element solutions containing
1000 mg/L of Si, P and S (Tec-Lab, Hexis, Séo Paulo, SP,
Brazil) were used to prepare the calibration standard
solutions by diluting in 1 % v/v HNO,,.

Samples and sample preparation

A lubricating oil standard reference material (SRM
1848, National Institute of Standard and Technology,
Gaithershurg, MD, USA) was used to check the
accuracy of the method. The SRM sample was
microwave-assisted acid-digested (Milestone) using the
following procedure. Aliquots of 0.25 g of the SRM 1848
were weighed directly in PTFE-PFA digestion vessels
and 2.5 mL of concentrated HNO, was added to each
flask. After standing for 30 min at room temperature,
2.5 mL of distilled—deionized water was added to the
mixture. An additional pre-digestion period of 30 min
without any external heating was allowed before 3.0 mL
of 30% H,0, was added to each digestion vessel. The

Table 1. Agilent 8800 ICP-QQQ operating conditions

Parameter Value

RF power 1550 W
Sampling depth 8.0 mm
Carrier gas flow rate 1.08 L/min
Spray chamber temperature 2°C

Cell gas 0,

Cell gas flow rate 0.5 mL/min

Mass pair (01, Q2) (28, 44), (31, 47), (32, 48), (34, 50)

microwave-assisted digestion of the samples was then
carried out according to the heating program presented
in Table 2. The digestion flasks were allowed to cool to
room temperature and then the volume of each solution
was made up to 13.0 mL with distilled—deionized water.
The procedure was performed in triplicate and each
sample digest was diluted 200x for Si and P and 2000x
for S with distilled-deionized water..

Results and discussion

Figures of merit

The analytical performance of MS/MS mass-shift mode
with O, reaction gas was evaluated for Si, P and S.

0, gas flow rate was optimized at 0.50 mL/min gas.
Calibration curves were prepared using calibration
standard solutions ranging from 0.5 to 500 ppb

(Figure 2). LODs of 0.25, 0.01, 0.18 and 0.75 ppb were
obtained for %Si, *'P, 32§ and *S respectively (Table 3)
based on 10 consecutive blank measurements using the
optimized acquisition conditions given in Table 1 and an
integration time of 3 s.

Table 2. Heating program used in the microwave-assisted acid-digestion
sample preparation procedure

Step Applied power (W)  Time (min) Temperature (°C)
1 250 2 80

2 0 3 80

3 550 4 120

4 650 5 180

5 750 5 200

Table 3. Limits of detection for Si, P and S obtained using the 8800 ICP-MS
operating in 0, mass-shift mode

Element Mass pair (@1, Q2)  Product ion LOD (ppb)
Silicon (28, 44) #8i0* 0.25
Phosphorus ' (31, 47) POt 0.01
Sulfur (32, 48) 280" 0.18
Sulfur (34, 50) 80+ 0.75
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Figure 2. Calibration curves for %Si'60*, 3'P'6Q*, 32§'Q* and *S'60*
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Analytical application

The accuracy of the method for the determination of P,
S, and Si in lubricating oil was evaluated by analyzing

a digest of NIST 1848. The results are given in Table 4.
The recoveries for all 3 analytes ranged from 96.4—103%
indicating the effectiveness of the method to separate
the analytes from the interferences. In MS/MS mode,
non-target ions such as *Ca*, ®Ca*, “'Ti*, ®Ti* or 6Ar'2C*
(that would potentially overlap with the target product
ions Si0*, PO* or SO*) are prevented from entering the
ORS?® by Q1, thus allowing the accurate and sensitive
determination of these difficult elements in a complex
matrix.

Table 4. Results of NIST 1848 analysis

Conclusions

The Agilent 8800 ICP-QQQ operating in MS/MS mode
with oxygen cell gas effectively removes spectral
interferences allowing the determination of the
challenging elements Si, P and S with sub-ppb (ug/kg)
LODs. By mass-shifting each of the 3 analytes by
reaction with 0,, and detecting the oxide product ions,
all potential interferences from polyatomic ions based
on nitrogen and oxygen are removed. Also, any ions that
might overlap the analyte product ions created in the
cell are rejected by Q1, greatly improving the accuracy,
reliability and ease of use of reaction gas mode. Si,

P and S were accurately determined in a digested
lubricating oil SRM, validating the applicability of the
method to the most challenging sample types.

Certified (mg/kg) Isotope :V(Ile;ssogi)nir
Silicon 50% + 2 5Si (28, 44)
Phosphorus | 7880 + 280° sp (31,47)
28 (32, 48)
Sulfur 23270 + 43°
s (34, 50)

2Reference value

bCertified value

Product ion 2:;:"(1::;"(9) Recovery (%)
%Si'%0* 48.2 £2.1 96.4
S1p16Q* 7650 + 120 97.0
828160 24010 + 820 103
#5160 23985 + 830 103



Acknowledgments

The authors would like to acknowledge grants
2010/17387-7, Sao Paulo Research Foundation
(FAPESP) for scholarship and fellowship provided to
R.S.A.. J.A.N. is thankful to Conselho Nacional de
Desenvolvimento Cientifico e Tecnolagico (CNPq). We
also acknowledge the technical support provided by
Agilent Technologies.

References

1. J. S. Becker, Inorganic Mass Spectrometry:

Principles and Applications; Wiley: Chichester, 2008.

2. H. E. Taylor, Inductively Coupled Plasma — Mass
Spectrometry, Practices and Techniques, Academic
Press: San Diego, USA. 2001.

3. Agilent 8800 Triple Quadrupole ICP-MS:
Understanding oxygen reaction mode in
ICP-MS/MS. Application note: 5991-1708EN, 2012.

: Agilent Technologies

4. G. L. Donati, R. S. Amais, J. A. Nébrega, Interference
standard and oxide ion detection as strategies to
determine phosphorus and sulfur in fuel samples
by inductively coupled plasma quadrupole mass
spectrometry. J. Anal. At. Spectrom., 27, 1274-1279,
2012.

5. C.-H. Yang, S.-J. Jiang, Determination of B, Si,
P and S in steels by inductively coupled plasma
quadrupole mass spectrometry with dynamic
reaction cell. Spectrochim. Acta Part B, 59,
1389-1394, 2004.

6. S.D.Tanner, V. |. Baranov, D. R. Bandura. Reaction
cells and collision cells for ICP-MS: a tutorial
review. Spectrochim. Acta Part B, 57, 1361-1452,
2002.

7. L. Balcaen, G. Woods, M. Resano, F. Vanhaecke,
Accurate determination of S in organic matrices
using isotope dilution ICP-MS/MS. J. Anal. At.
Spectrom., 28, 33-39, 2013.

www.agilent.com

Agilent shall not be liable for errors contained herein or for incidental or consequential
damages in connection with the furnishing, performance or use of this material.

Information, descriptions, and specifications in this publication are subject to change
without notice.

© Agilent Technologies, Inc. 2014

Published May 14, 2014
Publication number: 5991-4513EN




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket true
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K 0
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [612.000 792.000]
>> setpagedevice


