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Abstract:Bituminous,anthraciteandnaturalcokefromHuainancoalfieldwereinvestigatedbya
vacuumpyrolysisfurnacecoupledwithmassspectrometer(MS)directlyunderdifferentelectron
ionization(EI)energies.Throughtotalintensityofions(TII),totalnumberofionspecies
(TNI),numberaveragemolecularweight(Mn),andweightaveragemolecularweight(Mw)of

thethreecoalspyrolysisproducts,itcanbeobtainedthatTNI,Mnand Mwofbituminous
pyrolysisproductsaresimilartothoseofanthracitepyrolysisproducts,whichindicatesthatthe
moleculardistributionofthebituminouspyrolysisproductsissimilartoanthracitepyrolysis
products,butismuchdifferenttonaturalcokepyrolysisproducts.Throughtheratiosofspecific
massfragmentionsofC7H7+/C6H6·+andC4H9+/C6H6·+inthethreecoalspyrolysisproducts,
itcanbeobtainedthattheratiosofC7H7+/C6H6·+inthethreecoalspyrolysisproductsare
similar,butthatofC4H9+/C6H6·+innaturalcokepyrolysisproductsismorethantheratioof
C4H9+/C6H6·+inthepyrolysisproductsofbituminousandanthracite,whichindicatesthatthe
relativecontentofalkylbenzenetobenzeneinthethreecoalspyrolysisproductsissimilar,and
thattherelativecontentofaliphaticcompoundstobenzeneinnaturalcokepyrolysisproductsis
morethanthatinbituminousandinanthracite.AndthroughallMSdata,theproperrangeofEI
energyforcoalpyrolysisisfrom65eVto75eV.Thevacuumpyrolysisfurnacecoupledwithmass
spectrometerfleetly can be usefultothe quickinvestigation of molecular distribution
characteristicsofcoalpyrolysisproductsforcoalnon-fuelutilization.
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利用真空热解炉—质谱联用仪研究不同电子电离能量下
淮南烟煤和无烟煤热解产物的分子组成分布特征
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摘要:采用真空热解炉—质谱联用仪研究了不同电子轰击能量下,来自淮南煤田的烟煤、无烟煤和天然焦的

热解产物的分子组成分布特征.结果表明,烟煤热解产物的离子种类数量(TNI)、数均分子量(Mn)和重均分

子量(Mw)与无烟煤热解产物相似,与天然焦热解产物有很大不同,但是烟煤热解产物的总离子量(TII)多于

无烟煤热解产物,这表明烟煤热解产物的分子组成分布与无烟煤热解产物是相似的,与天然焦热解产物有很

大不同;在三种煤热解产物中,通过对代表烷基苯的特征碎片离子C7H7+的量与代表苯的分子离子C6H6·+

的量的比值C7H7+/C6H6·+,以及代表脂肪烃的特征碎片离子C4H9+的量与C6H6·+的量的比值C4H9+/
C6H6·+进行分析,得到三种煤热解产物中的C7H7+/C6H6·+ 的值比较接近,但是天然焦的C4H9+/
C6H6·+值却大于无烟煤和天然焦,这表明三种煤热解产物中的烷基苯相对于苯的含量相似,但是天然焦热

解产物中脂肪烃相对于苯的含量却比烟煤和无烟煤的相应含量高.通过对不同电子电离能量下获得的三种

煤热解产物质谱数据进行分析,得到适宜的电子电离能量范围是65~75eV.研究显示,利用真空热解炉—
质谱联用仪可以快速获得煤热解产物的分子组成分布信息,为煤的非燃料用途提供指导.
关键词:在线真空热解;分子特征;煤热解

0 Introduction
Pyrolysisisan attractivecoalconversion

technologytoefficientlyandeconomicallyproduce
cleancoal[1-3].Coaltar,acomplexmixtureanda
productofcoalpyrolysis,isabundantinolefins,
polycyclic aromatic hydrocarbons (PAHs),
phenolsandheterocycliccompounds[4-7].Thus,
thecharacteristicsofmoleculardistributionofcoal
pyrolysis products would be helpful with
understandingthemoleculardistributionofcoalfor
the further non-fuel utilization of coal[8-10].
Especially,itisimportantfor moreefficient
utilizationofChineselignite,becauseligniteis
estimatedtoaccountforthe mostamountof
Chinesecoalreserves[11-15].

Gelpermeationchromatography(GPC)and
massspectrometry(MS)havebeenknownasthe
maintechnologiesintheanalysisofthemolecular
weight distribution. However, due to the
incapabilityofGPCinbothanalyzingcoalpyrolysis
productsonlineandcapturingsignalsofsmall
molecules,itisnotappropriatetobeappliedin

coalpyrolysisproductswhicharemainlycomposed
ofsmall molecules[16-18].Gaschromatography-
massspectrometry(GC-MS)hasbeenusedwidely
toanalyzecoaltar,butitishardtodetectthe
fractionsofhigh-boilingpointsincoalpyrolysis
products, due to the limit of inlet
temperature[19-22].AndGC-MSisalsounsuitedfor
monitoring the molecular distribution of the
processofcoalpyrolysisinrealtime,becauseGC
requiresalongseparatingtimetoidentifythe
chemicalsofcoalpyrolysisproducts.

However,althoughelectronionization(EI)is
ahardionizationmethodtoproducefragmentions
for MS,thehydrocarbons,suchasparaffin,
olefins,aromaticsandetc.,areeasiertobeionized
byEIthanother“soft”ionizationmethods,such
as filed ionization (FI)[23-24], electrospray
ionization (ESI)[25-26],andatmosphericpressure
chemicalionization (APCI)[27-28].Thus,EIcan
inducealmosteveryionofcoalpyrolysisproducts
andprovidethewholeinformationofmolecular
composition of coal pyrolysis products.
Furthermore, to interpret the molecular
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distributionofcoalpyrolysisproducts,aproperEI
energyshouldbeinvestigated,becauseallionsof
coalpyrolysisproductsinducedbyEI,including
themolecularions,fragmentionsandisotopic
ions,wouldinfluencetheanalysisresults of
moleculardistributioncharacteristicsofcoal.

Here,weutilizedavacuumpyrolysisfurnace
coupledwithmassspectrometer(VPF-MS)andEI
sourcetoinvestigatethemoleculardistributionof
coalpyrolysisproductsunderdifferentEIenergies
inrealtime.Allcoalsamplesarefrom Huainan
coalfieldaswellasbituminous,anthraciteand
naturalcoke.Theaimsofthisstudyareto
qualitativelyinterpretthemoleculardistributionof
coal pyrolysis products,and to anchor the

appropriateEIenergytoinvestigatethemolecular
distributionforthefurthernon-fuelutilizationof
coal.

1 Experimentanddata
1.1 Coalanalysis

Bituminous,anthraciteandnaturalcokewith
gradualrankadvance,from the Huainancoal
field,Anhuiprovince,China,wereused.Raw
coalsamplesweredriedandcrushedtotheparticle
sizemorethan100mesh.Theproximateanalysis
andultimateanalysisofthesecoalsampleswere
carriedoutaccordingtoGB/T212-2008[29]and
GB/T476-2008[30]andwereshowninTab.1.

Tab.1 Proximateandultimateanalysisofstudiedcoals

Ultimateanalysis(massfraction)/%

Cdaf Hdaf Ndaf Sdaf Odaf

Proximateanalysis(massfraction)/%

Mad Vad Aad F-Cad

Bituminous 82.21 6.19 1.21 0.48 9.91 1.26 24.64 14.51 59.59

Anthracite 88.11 4.01 1.33 0.56 5.99 2.31 11.78 13.14 72.77

NaturalCoke 92.86 1.31 1.07 0.23 4.53 5.73 4.75 6.94 82.58

 [Note]daf:dryashfree;ad:airdry.
1.2 Apparatusandprocedures

Coalvacuum pyrolysis wasperformed by
usingatimeofflight-massspectrometer(TOF-
MS)coupled withavacuum pyrolysisfurnace
(VPF)(Fig.1)underapressureon5.7×10-3Pa.
The whole system of VPF-TOF-MS was
manufacturedbyMicromassCompany,U.K.A
heatingcavityandthermocoupleassemblywere
locatedintheendofthefurnaceandaquartz
sampletubewaslocatedintotheheatingcavity
withathinstripoftungstenfoilholdingthe
sampletubefirmlyinposition.Theheatingcavity
closingtotheionizationsourceofMSensuredthe
volatilesfrom thesamplesdirectlyandfleetly
enteringtheionizationsourceinrealtimeandin
vacuum.Andthetemperaturecontrolprecisionof
VPFforheatingsampleswith±1℃wasadefault
byMicromasscompany[31].

Eachofthe0.5mgcoalsamplescoveredwith
quartzfiberwasheldinVPF.Coalswerepyrolyzed
atthesameheatingrateunderdifferentEIenergies
from5eVto100eVatanintervalof5eV.The

Fig.1 ThevacuumpyrolysisfurnacecoupledwithTOF-MS

initialtemperatureofheatingratewassetat30℃
andheldfor2 min,andthenaraterampof
150℃/minwasuseduntilthetemperaturereached
600 ℃ (holdingfor5 min).Theionsource
temperaturewassetat250 ℃ topreventthe
condensationofcoaltarvolatilefractions.Thetrap
currentwassetat100μA,whichwasnecessaryto
maintainaconstantionizingcurrent[32].
1.3 Masscalibrationanddataconversion

TheTOF-MS(GCT,MicromassCompany,
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U.K.) was tuned and calibrated by using
heptacosafluorotributylamine (Sigma-Aldrich,
USA),formassresolutionof8000(FWHM)and
amassaccuracybelow3×10-6[33].Asinglepoint
lockmassatm/z128.0626u(napthalineC10H8,
acoalpyrolysisproductcompound)wasappliedas
internalreferencetocompensatetheinstrument
drift.Themassrangewassetbetweenm/z50u
andm/z800u,toavoiddetectorsaturationby
highabundancechemicalspeciesbelowm/z50u.
Masspeakswereselectedabove20:1(S/N).

OpenLynxsoftwarewithinMassLynx(Micromass
Company,U.K.)wasusedfordataacquisition
andanalysis.Themassspectrometricdatawere
generatedandrecordedeverysecond.

Althoughtheprofileoftotalionchromatogram
(TIC)(Fig.2)presentsabimodaldistribution
representingtheconsecutiveevolutionofthermally
extractable “bitumen”componentsand “bulk
pyrolysis”components[23],respectively, both
humpsasthemoleculardistributionofoneanalyte
areinterpretedinthewholevacuumpyrolysis.

Fig.2 Thebituminousdiagramofthetotalionchromatogram(TIC)withtheprofileofsettingtemperature
program(left)andmassspectrogram(right)at70eVEIenergy

Fig.3 TIIofthreecoalspyrolysisproductsunderdifferentEIenergies

3 Resultsanddiscussion
2.1 Moleculardistribution
2.1.1 Totalintensityofions(TII)atdifferent

EIenergies
Thebinomialfittingcurvesofbituminousand

anthracite(Fig.3)showthatthestrongesttotal
intensityofions(TII)ofthethreecoalsappearat

about70eVEIenergy,whileTIIofnaturalcoke
pyrolysisproductsincreasecontinuouslywiththe
EIenergywithintherangeof10~100eV.Andthe
empiricalequationsofthebinomialfittingcurves
ofTIIalsoarefittedandshowninFig.3.TheTIIs
objectifythequantityofallionsofcoalpyrolysis
productsinducedbyEIenergy,whichinclude
molecularions,fragmentionsandisotopicions.In
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Fig.3,the TIIsofthepyrolysisproductsof
bituminousandanthracitehavearelativelystable
intensityundertheEIenergyfrom 45eVto
100eV.
2.1.2 Totalnumberofionspecies(TNI)atdifferent

EIenergies
Thetotalnumberofionspecies(TNI)isthe

summationofthenumberofallionspecies,which
dependontheresolving powerof MS.The
empiricalequationsofthebinomialfittingcurves
ofTNIforthethreecoalspyrolysisproductsare
alsofittedinFig.4.Thebinomialfittingcurvesof
thebituminousandanthracite(Fig.4)showthat
boththepyrolysisproductsofbituminousand

anthracitehaveasimilarTINunderEIenergies
from 25 eV to95 eV,whichindicatesthat
bituminousandanthracitehavesimilarionspecies
ofpyrolysisproductsaswellassimilarmolecular
distributionofpyrolysisproducts,forthereason
thatTNIhasastrongrelationshipwithmolecular
composition.Furthermore,TNIofnaturalcoke
pyrolysisproductsisquitedifferentfrom both
TNIsofbituminousandanthracitejustasthe
moleculardistributionofnaturalcokepyrolysis
productsisquitedifferentfrom the molecular
distribution of the pyrolysis products of
bituminousandanthracite.

Fig.4 TNIofthreecoalspyrolysisproductsunderdifferentEIenergies

2.1.3 Numberaveragemolecularweight(Mn)at
differentEIenergies

Thenumberaveragemolecularweight(Mn)
has already been discussed by Lansing and
Kraemer[34-35].Furthermore,Mncaninterpretthe
averageofthemolecularmassesoftheindividual
moleculesformixtureandcanbedefinedby

Mn=
∑iNiMi

∑iNi

,

whereNiisthenumberofmoleculesofmolecular
massMi.
InFig.5,thenumberaverage molecular

weight(Mn)ofpyrolysisproductsofbituminous
andanthracitearegreaterthanm/z200uunder
lowEIenergiesfrom10eVto20eV,andthen
maintainaboutm/z170uunderEIenergiesfrom

65eVto75eV.Boththe Mnofthepyrolysis
productsofbituminousandanthracitehavesimilar
valueunderthesameEIenergies,whichindicates
thatthepyrolysisproductsofbituminousand
anthracitehaveasimilarmoleculardistribution.
TheMnofnaturalcokepyrolysisproductsiskept
atm/z95uunderEIenergiesfrom15eVto
100eV.
2.1.4 Weightaveragemolecularweight(Mw)at

differentEIenergies
LansingandKraemer[34-35]alsohavediscussed

weightaveragemolecularweight(Mw)whichwas
amenable to physical measurement. Some
propertiesofmixturearedependentonmolecular
size,thereforealargermoleculemighthavea
largercontributionthanasmallermolecule,which
wouldneed Mw to differfrom Mn.Mw is
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Fig.5 MnunderdifferentEIenergies

definedby

Mw=
∑iNiM2

i

∑iNiMi

,

whereNiisthenumberofmoleculesofmolecular
massMi.
InFig.6,boththeaveragemolecularweight

(Mw)ofthepyrolysisproductsofbituminousand
anthracitealsohavesimilarvaluesunderthesame
EIenergies,andmaintainaboutm/z235uunder
EIenergiesfrom65eVto75eV.The Mw of
naturalcokepyrolysisproductsiskeptatm/z115
uunderEIenergiesfrom15eVto100eVandis
lowerthanboththeMwofthepyrolysisproducts
ofbothbituminousandanthracite.
  Accordingtotheaboveresults,thebituminous
andanthracitefrom Huainancoalfield havea
similar molecular distribution of pyrolysis
products,asobservedbyTNI,MnandMwunder
differentEIenergies.However,thequantityof
bituminouspyrolysisproductsisgreaterthanthat
ofanthracitepyrolysisproductsobservedfromTII
underdifferentEIenergies.Andthe molecular
distributionofnaturalcokepyrolysisproductsis
much differentfrom that of bituminous and
anthracite.ThroughTII,TNI,MnandMw,the
properEIenergyformoleculardistributionofcoal
pyrolysisproductsarefrom 65eVto75eV,
including70eVasatraditionalandfrequently-used
EIenergy.

The fact is that the EI energy of

approximately10eVcouldbeenoughtoionize
mostorganicmolecules,andtheexcessenergy
over10eVcanleadtoextensivefragmentation,
andhigherEIenergywouldinducemorefragment
ionsandsmallerfragmentions[36],thusresulting
inMnandMwunder10eVEIenergybeinghigher
thanthoseunderEIenergiesfrom65eVto75eV,
andTIIandTNIunder10eVbeinglowerthan
thoseunderEIenergiesfrom65eVto75eV.
2.2 Groupanalysisofaliphaticandaromaticcompounds

Aliphatic and aromatic compounds are
important components from coal pyrolysis.
Furthermore,accordingtoStevenson’srule,the
mostaliphaticcompoundscaneasilyinducea
specificfragmentionofC4H9+ withm/z57.0704
uunderEIenergy,accompaniedbycorresponding
lowerionizationenergyneutralradicalcomparedto
otherpartsoflongcarbonchainsinEI[36]:

The aromatic compounds with branched
chain,suchasalkylbenzene,caneasilyinducea
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Fig.6 MwunderdifferentEIenergies

specific fragment ion of C7H7+ with m/z
91.0548u[36]:

Benzeneisastablearomaticcompoundand
alwaysinducesacharacteristicmolecularionof
C6H6·+withm/z78.0470u[36].
InFig.7,thespecificfragmentionsofC4H9+

andC7H7+ arenotobservedbelow10eV EI
energy,thus,theintensityofC4H9+,C7H7+and
C6H6·+arerecordedunder15eVinFig.7.

Vacuum pyrolysis can provide an ideal
condition,inwhichorganicmaterialcandecrease
itsboilingpointandfleetlybreakawayfromthe
macromoleculetoavoidadversesecondarychemical
reactions[23].Althoughthecontentofbenzeneis
differentinthepyrolysisproductsofthethree
coals,asastablearomaticcompoundincoal
pyrolysisproductsunderEI,benzenecanbean
internalreferencetointerprettherelativecontent
offragmentionsofC4H9+andC7H7+.
InFig.8,allratiosofC7H7+/C6H6·+ in

threecoalspyrolysisproductshaveasimilarvalue
maintainingarelativestablevalueof3from35eV
to70eVEIenergy.However,theratioofC4H9+/
C6H6·+in naturalcoke pyrolysisproductsis
greaterthan those of C4H9+/C6H6·+ in the
pyrolysisproductsofbituminousandanthracite
underdifferentEIenergies.Thefactisthatthe

pyrolysisproductsofnaturalcokearecomposedof
smallmolecularcompoundswhichareadsorbedin
coalmacromolecularnetworks,notdecomposed
fromcoalmacromolecularnetworks,asisthecase
ofthe pyrolysis products of bituminous and
anthracite.Therefore,althoughthecontentof
aliphaticcompoundsin naturalcoke pyrolysis
productsislowerthanthatinbituminousandin
anthracite(Fig.7),theratioofC4H9+/C6H6·+in
naturalcokepyrolysisproductsishigherthanthat
in pyrolysis products of bituminous and in
anthracite (Fig.8),whichindicatesthatthe
relativecontentofaliphaticcompoundstobenzene
innaturalcokepyrolysisproductsishigherthan
thatin bituminous pyrolysis productsandin
anthracitepyrolysisproducts.Therelativecontents
ofalkylbenzenestobenzeneintheproductsfrom
thepyrolysisofthethreecoalsaresimilartoeach
other.

3 Conclusion
Thenon-fuelutilizationofcoaldependsonthe

investigation of molecular distribution
characteristicsofcoal.Avacuumpyrolysisfurnace
coupledwithmassspectrometerdirectlywasused
toinvestigatethemoleculardistributionofcoal
pyrolysisproductsofbituminous,anthraciteand
naturalcokefrom Huainancoalfield,andthe
conclusionsare:

(Ⅰ)ThroughTNI,Mnand Mw ofcoal
pyrolysisproductsofbituminous,anthraciteand
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Fig.7 TheintensityofC4H9
+,C7H7

+andC6H6
·+ofthepyrolysisproductsofbituminous(a),

anthracite(b)andnaturalcoke(c)underdifferentEIenergies

naturalcokefrom Huainancoalfield,itcanbe
concludedthatbothbituminousandanthracite
haveasimilarmoleculardistributionofpyrolysis
productsandaremuchdifferentfromnaturalcoke.
ThroughTIIofthethreecoalpyrolysisproducts,
itcanbeconfirmedthatthequantityofbituminous
pyrolysisproductsisgreaterthanthequantityof

pyrolysisproductsofanthraciteandnaturalcoke.
(Ⅱ)ThroughtheratiosofC7H7+/C6H6·+

andC4H9+/C6H6·+inthethreecoalpyrolysis
products,itisindicatedthattherelativecontentof
alkylbenzenetobenzeneinthethreecoalpyrolysis
productsaresimilar,andtherelativecontentof
aliphaticcompoundstobenzeneinnaturalcoke
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Fig.8 TheratioofC7H7
+/C6H6

·+(a)andC4H9
+/C6H6

·+(b)ofthethreecoalsunderthedifferentEIenergies

pyrolysisproductsismorethanthatinpyrolysis
productsofbituminousandanthracite.

(Ⅲ)Toinvestigatemoleculardistributionof
coalpyrolysisproducts,theproperrangeofEI
energyisfrom65eVto75eV,including70eVas
atraditionalandfrequently-usedEIenergy.

Furthermore,thevacuum pyrolysisfurnace
coupled with massspectrometercould realize
onlinecoalpyrolysisundertheidealconditionto
observethecoalpyrolysisprocessinrealtimefor
theinvestigationofmolecularcharacteristicsof
coalpyrolysisproducts.
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