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Sulfur Analysis in Crude Oil and 
High-Sulfur Fuels by WDXRF 
According to ASTM D2622-10 

Introduction 
Crude oil is raw material for petroleum products and 
contains sulfur in concentration from 0.5 mass% to 5.0 
mass% typically. Residual fuel oil and high-sulfur die-
sel fuel are mainly used for boilers and burners, agri-
cultural machines, and long-distance mass transporta-
tion means, such as vessels and diesel locomotives of 
rail road, equipped with large engines. 
Sulfur compounds in petroleum cause various harmful 
influences such as air pollution, metal corrosion and 
catalyst degradation. Therefore, sulfur concentration of 
crude oil and high-sulfur fuels is monitored or con-
trolled in refinery and production processes in the pe-
troleum industry. 
X-ray fluorescence (XRF) spectrometry has been used
for quantitative analysis of sulfur in crude oil and
high-sulfur fuels including bunker fuel, owing to simple
sample preparation. In XRF analysis of oils, samples
are simply poured into liquid cells and any complicated
treatment such as chemical decomposition or dilution
is not required. In addition, concentration of total sulfur
is obtained in XRF analysis.
This application note demonstrates quantitative analy-
sis of high concentration sulfur in crude oil, high-sulfur
diesel fuel and residual fuel oil according to ASTM
D2622-10 on Rigaku ZSX Primus, a wavelength dis-
persive X-ray fluorescence (WDXRF) spectrometer.

Instrument 
The ZSX Primus, a tube-below sequential wavelength 
dispersive X-ray fluorescence (WDXRF) spectrometer, 
is optimized for routine analysis that today’s petroleum 
laboratories need to perform. The programmable, 
switchable vacuum seal between the sample and op-
tical chambers can keep the optical chamber under 
vacuum with the sample chamber under helium, and, 
therefore, minimizes helium gas consumption and time 
of atmosphere change in the sample chamber. The 
spectrometer is equipped with a 3 kW X-ray tube and 
the analyzing crystals covering F to U in the standard 
configuration. If higher sensitivity or precision is re-
quired, a 4 kW X-ray tube can be mounted. 
The system software is designed for ease of use in 
routine analyses. The Flowbar in quantitative analysis 
guides users in establishing calibration. The Sample ID 
Table and the Program Operation help operators carry 
out daily analysis. 
Measurements were performed on the ZSX Primus 
with a 3 kW X-ray tube operating at 30 kV and 80 mA 
using a Ge analyzing crystal and the S4 slit, included in 
the standard configuration. The beryllium primary 
beam filter, inserted between the sample and the X-ray 
tube, protects the X-ray tube window against damage 
from sample falling during measurement. The counting 
time was 20 seconds for peak and 10 seconds for 
background. 
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Standard and sample preparation 
Crude oil standards, “Number 2 diesel fuel” standards 
and residual oil standards provided by VHG Labs were 
used for calibration of crude oil, high-sulfur diesel fuel 
and residual fuel oil respectively. The calibration 
curves are shown in Figure 1 and the calibration re-
sults are tabulated in Table 1. 
Four milliliter of each sample was poured into a liquid 
cell (Chemplex® 1095) with analysis film of 3.6 μm 
Mylar® (Chemplex® 150). 
 

Table 1 Calibration result for each material (in mass%) 
Material Calibration range Accuracy 

Crude oil 0 – 5.0 0.005 

Diesel fuel 0 – 5.0 0.005 

Residual fuel oil 0 – 5.0 0.012 
 
The accuracy of calibration is calculated by the fol-
lowing formula, 
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 Ci : calculated value of standard sample 
 iĈ  : certified value of standard sample 
 n : number of standard samples 
 m : degree of freedom (2: linear, 3: quadratic). 

 
 
Analysis results 
Repeatability tests were carried out using a repre-
sentative sample for each material. For each sample, 
two aliquots were prepared and quantified with the 
calibration (Figure 1); this process was repeated 
twenty times. The test results are tabulated in Table 2 
(a) for crude oil, Table 2 (b) for high-sulfur diesel fuel 
and Table 2 (c) for residual fuel oil, in which the aver-
age and the difference of two aliquots each are shown. 
“r” represents “repeatability” defined by 

Repeatability (r) = 0.1462·X0.8015 mg/kg (1) 
 X: total sulfur concentration (mg/kg) 

in ASTM D2622-10, which states that the difference 
between successive test results obtained by the same 
operator with the same apparatus under constant op-
eration conditions on identical test material would, in 
the long run, in the normal and correct operation of the 
test method, exceed the values calculated by Equation 
(1) only in one case in twenty. 
For high power instruments having >1000 watt X-ray 
sources, a non-mandatory repeatability is provided in 
Appendix of ASTM D2622-10. 

High power: r = 0.08681·X0.8383 mg/kg  
 X: total sulfur concentration (mg/kg) 

This value for each material is also shown in Table 2 
for reference. 

The test results shown in Table 2, where the difference 
of two aliquots does not exceed the repeatability (r) for 
each analyte, prove that the performance of the ZSX 
Primus meets the requirement of ASTM D2622-10 for 
crude oil, high-sulfur diesel fuel and residual fuel oil. 
 

Figure 1 Calibration curve for each material 
(a) Crude oil 
(b) Diesel fuel (high sulfur) 
(c) Residual fuel oil 

(a) Sulfur in  
 crude oil 

(b) Sulfur in  
 diesel fuel 

(c) Sulfur in  
 residual fuel oil 
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Conclusion 
High concentration sulfur in crude oil and petroleum- 
based fuels, including bunker fuel, can be routinely 
analyzed with high accuracy and precision on the ZSX 
Primus, a sequential WDXRF spectrometer, with a 3 
kW X-ray tube. This application note demonstrates that 
the performance of the ZSX Primus meets the 
requirement of ASTM D2622-10, which has become 
stricter in the recent versions of ASTM D2622. 
 

Reference 
ASTM D2622-10 Standard Test Method for Sulfur in 
Petroleum Products by Wavelength Dispersive X-ray 
Fluorescence Spectrometry 
 

Table 2 Repeatability test result (qualification test for ASTM D2622-10) 
(a) Crude oil  (b) Diesel fuel (c) Residual fuel oil 

Run # Average 
(mass%) 

Difference 
(mass%)  Run # Average 

(mass%) 
Difference 
(mass%) Run # Average 

(mass%) 
Difference 
(mass%) 

1 0.990 0.003  1 3.98 0.02 1 3.93 0.01 
2 0.993 0.007  2 3.98 0.02 2 3.94 0.01 
3 0.997 0.002  3 3.98 0.01 3 3.95 0.01 
4 0.994 0.008  4 3.99 0.01 4 3.96 0.02 
5 0.991 0.002  5 3.99 0.01 5 3.96 0.02 
6 0.996 0.008  6 3.97 0.03 6 3.95 0.01 
7 0.997 0.006  7 3.97 0.01 7 3.95 0.01 
8 0.994 0.001  8 3.98 0.01 8 3.93 0.04 
9 0.998 0.009  9 3.98 0.01 9 3.92 0.01 
10 1.001 0.002  10 3.97 0.01 10 3.92 0.00 
11 0.998 0.003  11 3.96 0.01 11 3.94 0.03 
12 0.995 0.003  12 3.96 0.02 12 3.92 0.00 
13 0.994 0.001  13 3.96 0.02 13 3.89 0.00 
14 0.997 0.004  14 3.95 0.00 14 3.89 0.03 
15 1.000 0.003  15 3.98 0.04 15 3.90 0.01 
16 1.001 0.001  16 3.97 0.06 16 3.91 0.00 
17 0.997 0.006  17 3.93 0.02 17 3.91 0.03 
18 0.996 0.003  18 3.94 0.03 18 3.93 0.02 
19 0.997 0.000  19 3.95 0.02 19 3.93 0.03 
20 0.998 0.002  20 3.95 0.01 20 3.91 0.04 

Avg. 0.996   Avg. 3.97  Avg. 3.93  
Maximum 0.009  Maximum 0.06 Maximum 0.04 

r (repeatability)* 0.023  r (repeatability)* 0.07 r (repeatability)* 0.07 
r (high power)** 0.020  r (high power)** 0.06 r (high power)** 0.06 

* This “r” is defined in the text of ASTM D2622-10 and mandatory for qualification. 
** This “r” is defined in Appendix of ASTM D2622-10 and is not mandatory for qualification.
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info@rigaku.com 
 
 
Rigaku Beijing Corporation 
2601A, Tengda Plaza, No.168, Xizhimenwai Avenue,  
Haidian District, Beijing 100044, P.R.China 
Phone +86-010-8857-5768  Fax +86-010-8857-5748 
info@rigaku.com.cn 

(K1118en)

 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /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 true
  /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 true
  /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 -1
  >>
  /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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /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 <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /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 [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


