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Fig.1 System of sampling particulate matter emitted from diesel engine
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Note: D1 peak is made up of disordered graphene edge and basal Alg symmetry
vibration of carbon atoms. G peak is an ideal graphene lattice vibration caused
by E2g symmetry.
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Fig.2 Raman spectrum of particulate matter with different size
emitted from diesel engine
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Note: D4 peak is caused by sp2-sp3 or C-C and C=C stretching of polyene structure vibration. D3 peak represents amorphous carbon, including organic composition,
debris and functional groups. D2 peak is due to disordered carbon atoms in surface of graphene E2g symmetry vibration.
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Fig.3 First-order Raman spectrum fitting curves of particulate matter emitted from diesel engine
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Table 1 Raman parameters of particulate matter emitted with
different size emitted from diesel engine
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m cak and D2 alt maximum peak and G Relative intensity
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peak peak
0.18~0.32 3.34 145.7 1.84 0.51
>0.32~0.56 3.65 148.5 1.57 0.44
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Note: D1 peak is made up of disordered graphene edge and basal Alg symmetry
vibration of carbon atoms. D2 peak is due to disordered carbon atoms in surface
of graphene E2g symmetry vibration. D3 peak represents amorphous carbon,
including organic composition, debris and functional groups. G peak is an ideal
graphene lattice vibration caused by E2g symmetry.
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Note: L, means crystallite size, nm. Rc.c means length of C-C bond in graphene
lattice, nm. dp, means Neighboring graphite spacing, nm.
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Fig.4 Microstructure of graphene in particulate matter emitted
from diesel engine
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Table 2 Length of C-C bond in graphene lattice, crystallite size of

graphene and neighboring graphene spacing of particulate matter
with different size emitted from diesel engine
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Fig.5 Near edge X ray absorption spectrum of carbon in
particulate matter with different size emitted from diesel engine
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Analysis of graphene structurein particulate matter
emitted from diesal engine

Zhang Jian, Wang Zhong, He Li'na, Wang Yanpeng
(School of Automobile and Traffic Engineering, Jiangsu University, Zhenjiang 212013, China)

Abstract: Particulate matter emitted from diesel engine is a factor that makes PM2.5 (particulate matter with a diameter of
lower than 2.5 um) increase, which is related to several adverse health effects including respiratory tract inflammation and
cancer. Particulate matter is classified to 3 size modes, i.e. the nucleation mode (<50 nm), the accumulation mode
(100-1 000 nm) and the coarse mode (>1 000 nm). As is known to all, particulate matter with smaller size does more harm to
human than particulate matter with larger size. It is very necessary to carry out research on reducing particulate matter emitted
from diesel engine, especially particulate matter with smaller size. It has been demonstrated that there is graphene structure in
particulate matter emitted from diesel engine and graphene structure is related to particulate matter removal. Micro-orifice
uniform deposition impactor which was produced in MSP company in America was used to collect diesel particulate matter
with 3 size ranges, which were 0.18-0.32 um, >0.32-0.56 um and >0.56-1 um respectively. Raman spectroscopy, a fast and
nondestructive method, was used to test crystal structure of carbon material. Near edge X-ray absorption spectra, a
nondestructive method, was adopted to characterize molecular structure and valence state of carbon atom by using synchrotron
radiation technique. DXR Raman spectrometer and soft X-ray microscopy beamline station were used to analyze the defect
type of graphene structure, degree of graphitization, crystallite size of graphene, neighboring graphene spacing, molecular
structure and valence state of carbon atom. The results showed that the ratio of D1 peak to D2 peak ranged from 3.34 to 4.01,
which indicated that the defect type of graphene structure in diesel particulate matter mainly was graphene edge defect. With
the size of particulate matter decreasing, the proportion of graphene edge defect increased. When the size of particulate matter
increased, width at half maximum of D1 peak increased by 2.8 and 6.7 cm™, indicating that the material type in particulate
matter increased and the chemical heterogeneity of particulate matter was higher. The ratio of D1 peak to G peak decreased by
14.67% and 27.17% respectively with particulate matter changing from small size to the other 2 bigger sizes, which indicated
that the proportion of order graphene in diesel particulate matter increased and led to higher graphitic-like structure and degree
of graphitization. When the size of particulate matter increased, the relative intensity of D3 peak decreased by 13.73% and
39.22%, respectively. That was to say the proportion of amorphous carbon especially organic ingredients reduced. The length
of C-C bond in graphene lattice had no relationship with the size of diesel particulate matter. The length of C-C bond in
graphene lattice of diesel particulate matter with 3 size ranges was about 0.142 nm. When the size of particulate matter
increased, the crystallite size of graphene increased and the neighboring graphene spacing decreased, which indicated the
oxidative reactivity of particulate matter reduced and the energy in the process of oxidizing diesel particulate matter increased.
The types of surface functional groups in particulate matter had no relationship with the size of diesel particulate matter. There
were many types of surface functional groups which were “graphene” C=C, C=C, aliphatic C=C, phenolic C-OH, ketones C=0,
aliphatic C-H and carboxy C=O respectively. With the size of particulate matter increasing, aliphatic C=C, aliphatic C-H,
carboxy C=0 in diesel particulate matter decreased and “graphite” C=C, phenolic C-OH, ketones C=0 in diesel particulate
matter increased. This study can provide reference for the perfection of the formation mechanism of diesel particulate matter
with different size range and for the optimization of particulate matter removal device.

Key words: diesel engines; exhaust gas; particulate matter; graphene structure




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /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 false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Impact
    /LucidaConsole
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 450
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 450
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /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 true
  /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

  /Description <<
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. 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 suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


