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Abstract
Characterization of Polymeric Materials and Studies on Catalytic Reactions by
High-Performance Thermal Desorption/Pyrolysis Gas Chromatography-Mass Spectrometry

Pyrolysis gas chromatography/mass spectrometry (Py-GC/MS) is one of the most promising and
practical analytical techniques for the qualification and quantification of polymeric materials, since it
only requires a trace amount of sample with no sample pretreatment while providing invaluably
unique information that is unobtainable by the other techniques. The Py-GC/MS system using a
vertical-type micro furnace pyrolyzer has been widely used in a variety of research fields due to its
high potential of applicability to various analytical techniques such as pyrolysis and thermal
desorption. This dissertation has explored the applicability of the versatile Py-GC/MS system for the
characterization of polymeric materials, especially additives. Furthermore, the Py-GC/MS system
was progressed to a new tandem-type Py-GC/MS system which allows the rapid screening of
catalytic reaction conditions such as optimum reaction temperatures and kinds of catalysts.

In Chapter 1, the research background and objectives were briefly described.

In Chapter 2, analysis of fatty acids in rubber materials by reactive thermal desorption
(RTD-)GC/MS was described. The concentration of stearic acid in vulcanized rubber is known to
affect the physical properties of the rubber products. In this chapter, quantitative analysis of stearic
acid in styrene butadiene rubber (SBR) was investigated using RTD-GC/MS in the presence of
tetramethylammonium hydroxide. Fatty acids such as stearic acid are likely to be adsorbed to a small
active site existing in the sample injection port of a GC instrument and a GC separation column due
to the highly polar nature of fatty acids, which causes considerable peak tailing on the chromatogram.
As a result, the accuracy of the quantitative value of stearic acid by thermal desorption (TD-)GC/MS
decreases. On the other hand, when RTD-GC/MS measurement is applied, the polarity decreases due
to the methyl esterification of the stearic acid contained in the SBR sample, which leads to no peak
tailing on the chromatogram. The stearic acid content in the vulcanized rubber sample was quantified
by this method and the quantification result showed a good agreement with the initially formulated
value.

In Chapter 3, examination of basic characteristics of a new solid phase extraction element using
TD-GC/MS was described. Determination of trace amount of substances is very important from the
viewpoint of quality control of materials, forensics, and environmental analysis. The solid phase
extraction method has been widely used as one of the effective preconcentration techniques of
substances contained in liquid and gaseous samples. Here, a new extraction element was developed
by using epoxy polymer monolith as a solid phase in order to collect and concentrate polar
substances, and the basic characteristics of the element in the extraction efficiency were examined

using standard and practical samples. The developed extraction element was immersed into a



standard aqueous solution containing different polar substances (hexanol, isoamyl acetate, linalool,
furfural and decanoic acid). After a certain period, it was taken out from the solution and analyzed
by TD-GC/MS using a Py-GC/MS system. Compared with a standard extraction element made of
nonpolar polydimethylsiloxane, the developed extraction element showed higher adsorption
properties for polar substances.

In Chapter 4, a useful technique for quantitative analysis of low boiling point phthalates in
polymer materials by TD-GC/MS was described. Phthalates are added in various consumer products
as a plasticizer; however, the use of certain phthalates are regulated by many organizations in a
global scale due to the health risks, and thus the quantification of the phthalates has attracted much
attention. When quantification of semi-volatile phthalates such as dimethyl phthalates and diethyl
phthalates is carried out by TD-GC/MS, it is difficult to accurately quantify them because of
evaporation of such phthalates from a sample cup during the sample preparation procedures. Here,
inner surface of the sample cup was coated with polymers, and the coated polymer was expected to
act as a sorbent for the semi-volatile phthalates to reduce the evaporation of phthalates during the
TD-GC/MS measurements. With the polymer-coated sample cup, evaporation of the phthalates was
remarkably suppressed, and it was found that this method is effective for the quantitative analysis of
semi-volatile phthalates.

In Chapter 5, effect of hydrogen carrier gas on polymer analysis by Py-GC/MS was described.
Due to the global shortage and price increase of helium in recent years, hydrogen (H) is being
considered as a viable alternative of a carrier gas for GC/MS. In the pyrolysis of polymers under Hy
atmosphere, hydrogenation to the double bonds of pyrolyzates may occur during pyrolysis reaction
and ionization process in the ion source of a mass spectrometer. Therefore, the effect of
hydrogenation on pyrogram and mass spectrum was examined in Py-GC/MS measurements under
H> atmosphere using representative polymers such as high density polyethylene (HDPE) as samples.
When the HDPE sample was pyrolyzed in H,, hydrogenation to the unsaturated bonds was
concluded to occur slightly. In addition, hydrogenation was also found to occur in the ion source.

In Chapter 6, fundamental study of tandem-type pyrolyzer and its application to catalytic reaction
research was described. There has been an increased demand for new catalysts which efficiently
convert pyrolysis products of various biomasses to value-added chemicals, due to concerns of the
depletion of energy resources in recent years. Various catalysts have been developed and their
catalytic activities have been examined to obtain high selectivity with high yield. However, the
evaluation of new catalysts is time-consuming and cumbersome tasks. The evaluation often takes a
few weeks to complete and, even when procedures are carefully followed, test data are often
incomplete or inconclusive. In order to solve these challenges, a tandem microreactor in which two
vertical pyrolyzers are connected in series was developed and the system allows the analysis of

reaction products online by GC/MS. This system is able to search the catalytic reaction conditions to
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upgrade the biomass pyrolyzates within a very short time.

In Chapter 7, development of a high pressure tandem microreactor-GC/MS system and its
applicability to research for catalytic reactions were described. In the development of catalysts to
obtain valuable chemicals from biomass by catalytic fast pyrolysis, it is necessary to consider the
optimum reaction conditions such as temperature and pressure. When a GC/MS system is coupled
with a pressurized reactor, the reactor pressure directly affects the separation efficiency and the
retention time, which often makes it difficult to apply qualitative analysis of reaction products based
on retention time. Therefore, a tandem type pyrolyzer system was upgraded to control independently
the reactor pressure without affecting the GC conditions with the use of a pressure control device
which is composed of mass flow controllers and back-pressure regulators.

Chapter 8 summarizes the entire study of this work and describes the perspectives on
characterization of polymeric materials and analysis of catalytic reactions based on the Py-GC/MS

system.
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Table 1.1 &0 DoFFetk & £ ORIEVE [1].
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Simon (1966) Py "5 GEMS [ ¥ (Tx) 2= 1 crms1966) Ge/ms(1965-~1970)
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Table 1.3 &4 A BEOUWINFI D435 [34].
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¥ HEy - £l AN RN
T B [ (A% V2k, 7 /=%
AL 175 Tz ) —VHR, AL THR
(VST
&R ATEVEALA E K7V R%R, 72 K%
LETEFA| . . .
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MR e B
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B b B LA EEER, YLVE F—1%
RS IR = WG IEA T HNR, WF AT, WA T TR
Btk ra E sl S
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TIMEO @B ERICIE. TN OSTIMAIOTFENRRAIR THDH Z END
M5, LEICHHA S TWD ESFHMEHE, IINFORERSLEATIZ X Y |
IEEEMERBR THDHENE L, EBBER GBS T ER Y EETe 2
EbD Ry, BT, REHIEA LRV TIZ E A EDOBRINANTRIRE T
5T D[37]. wEEH L O ONTHEERE, ARRMITOHR RS a5
OWMANOE Tl e TEEZ WD Z 8, EFICEETHDL Z ERbnDd,

AN H W D IVTW D HHERIINF O AL, Wi A b 0 iRk e
EORTLEL ATV, By M/~ Y v 7 A0S 0Bk L7ctkic, FFD
DICTATERE EONTIER E OB ITELZEGRICFIH L TEMB L OEE
ST DFENHNSLNTE 7, REBORMLHEIZIL, Wk, AR, . B -



Mo B - B, HERME E3B D[, 38, 39], KRR O EESHTICE
WTIE, i CRENIEFICEE L 0D, REWRMIEEE LT, Yy 7 AL —
T, VEMEERYE, A ER S B[40, 41], HHEICHW BT,
Hrd H30BRHT L 0 IBIRT 2 MED B H[37],

ATALERZ 10 3B S Uil BE R O BInAI S 1R WA 7 v~ 275 7 ¢ —(GC)
K|k v~ v 777 04— (HPLC), #RIMokiE (IR) THofransd Z &
N TH DL, 37, 41], LoxLen s, iR~ bV v 7 A& FOm 5 T
BrOSAITIE, 29 LEERTLBERN VT L ORI EIND EIFRL R, Bz
. AF LT H VU HEARE WS 2%, 3 R TG E AR D
M FE SR PEIZ AL, L STV 52 < OB U CERAFMERIEF IR T2 6,
WREEFFIERE 2 & OFEIMLEL 21T 9 Z LR TE v, £ 2T, GC I L 5 RmAl
NIRRT EBERE 2 INET 5 = L2 X 0 IInE sy 2 2% L ¢ GC (2
AT HEMLE (thermal desorption: TD-) GC/MS 2 H W B 31T 5[42],

1.4 WERIMBURE R4 1 T A Y —%Z 7z Py-GCIMS ¥ 2T AT & 5 HINAISHT
HERUMEIF XA 1 T A P — %A 272 Py-GCIMS ¥ AT AL, @HFHZMD
Py-GC/MS (2 X 5538 D I 72 553 TD-GCIMS |2 X B ERINFN 38 72 S0 b4 3
HZENTE D, TD-GCIMS 1E, ~V U7 LR T Tkl 2 |0 B 0 8y
R LRV EE OIR S £ THAIRMEA L . S50 P RHIZ S 0 2 BN Sy 2 5
L& THEED T L~EEA L7212 GCIMS HlE$ 5 F:Th H[1, 41]. Figure
1.1 (ZHERDIMENF S A 1 F A P —%1 2. 7= Py-GCIMS A7 LD #iAf| 27~ 5,
ZDYVATALTIL GCIMS DAY v MATY » FUAFEADICRA a7 AW
— & EfE L. Figure 1.1 (a) @ X 912 Py-5 K O TD-GC/MS HIE & 47T 9 BRI IEiE
AL MS 2% v BT U—08ED 7 A TR 5, A 074 P —HNTHEE
KL LTcAb o OB AR X, 2+ mL/ min 2> 5305 mL/ min D% ¢
VY —HAELHIZIFEAODNEAIN, T LADOTHEISHTZRPIFTATY
v FR_RU I DRAAPEH S0, 72D OFemL [ min BRE RN SEED T A NSEA S
LT GCIMS st &8s, BIOEWLE - B ifimfRll H 5 E DR A 4 5
GalE., B 7 Ao ANOfHED—EHEZBAT A28 LT, Btz M e T4
P—NTHEL TWD ], FEREOEWEWLAE - 200 & AR T 2 40
N H[43], ZOWEHFHEIC LD . GCIMS M A EE DR, BB AR
U 7oA D B 7 LNA~BEIT 5 Z L 2BhIET 5 —F T, RS
HYE—T DR ET Y —IZTHZENTE S, AL, FEHAMICHNBR T
DB DL X, S FEPRE S, ERERZZERE L WD,
GTBET T AOPRREIRE T T AADMHTICHEI NS Z Enb, 2D XD
REHEDOBEE VLB L T 5 LiFb e, 22 THELNETD 7~ 7T



LAEDOKEE—T D AARY NETROZA 77 ) =52 TRET L L
XY, RSN — 7 OEMENTX 5,

(a) (b)

Carrier Gas ﬂ‘ Vertical furnace pyrolyzer Carrier Gas ﬂ Vertical furnace pyrolyzer
(He) (He)

L L

I I

GC oven: 300°C

P ©
(r:e%e% H_}E_ (Fﬁ B < <
—[ Separation column EGAtube

MS GC MS GC

Figure 1.1 Py-GC/MS system configurations using vertical furnace pyrolyzer:
(@) TD and Py-GC/MS, (b) EGA-MS.

i, BT T ANBERE A R 2 T M e T A V=DM SN T\ 5
A1, Figure 1.l (a) OV AT AIZHOLNTWAD S Y BT U —738E D 7 201
VI Figure 1.1 (b)) @ X S ITANEHALLEEF DA v —T = —AF a2 —7 % [
W5 Z LT, REH AR A FIEINEL L CRALSCR iR D W A EEE MS T
WEST DI ENTE D, ZORAETZEEHNT (EGA-MS) 1L, 2R OK1L -
By gBRLs - B TIRE R EICHT 8B RMANGOND FIETH D
[44-46], EGA-MS IZ & V) 308D e Bl A& 1 B IR EE S s 2 155 2 & T,
1B ISENFR U 7 OFRE O EE R C TD-GCIMS JIE 21TV, iy 3%
B DS SR\ BN 9 2 TRLEE GRS © Py-GCIMS HIIIE 24T 9 = L I3 T & 5[37, 44, 45],

£7-. #HE D Py-GC/IMS 5Hr Ti. Figure 1.1 (a) IR TU AT A& HANT,
600 °C FREICERE LT/ A v T A F—~@ o AR 2 BEESE A L, BRERY
\ZE RS D720 IRINA & &5 1388 Ol 5 OGRS 13~ A v 7 F L b
e —27 L L TR SN, T REICR 258005, 29 LESGAIC,
TD-GC/IMS HITE %17 » THRMFI D B G E Lot L, @ rARY <
— RSy DI & Tp o T2 2T C PYy-GCIMS 835, X7y a v M3k
MWAENIFIH S D41, 44, 45, 47), ¥ 7N ay MoWriEEZ WS Z LT IR
INA & &5y 1M OB R LR O PRI FTRBIZ 72 0 | SR OIRNT RS 127
HZERHEIN TV,

FIZ, KUBIREE 2N 57 2 BNAIN BRI A STV D56 1L. EGA-MS I
EDRERZILIZ, TN OUSHIIFN feitd 72 I8 0 43 12 % LT TD-GC/MS JI7E



ZITH Z LT, X0 EMRRINAIOF v Z 7 2V E— 3 VINAREToh 545, 48,
49], B ZIE, EFEOWMAINELA S - RHKEEE 2 o ktg & LT-5E
£ 9 EGA-MS # WV TEEH T OEAlR L OUSInAl, B4 5%k - #4
IR A5 2 & T, A & BINAI O U BomE BV A - @“%F
FEFPHD B E S AL D, IRITIEEH & BRINFZ FL2E 1L oD 1E 20 5 1R 6
TD-GC/MS HIEEZ#1TH Z & T, HFMODEENTE D, Fiz, @%%&®%W
ﬁﬂ IR LT, PYy-GCIMS IiEZATH Z &L T, ZDOBHENT 7 UV VR EHE & K5
TEMETE 5H[45],

ZDO X, ZERBEEOHMA D AIRERHAINZF S A 1 T A W — %1 2
72 Py-GCIMS v A7 L& MWD Z & T, ENENOMHTG<° H IR U T
WEN 72 W SR OB EIE 28I L, B o ERERE L, iz EDd s Z &
MNTEDH, b, @FWGUMS/%7JA L SEE RS D AR BE R AR A
& T aiitisa=o @ﬁﬁﬁ%&%ULTmé Z 2T, RV AT b E il
ISR DOX v F 72 VP —2 g VICHHATEALS AT ACRESE S Z
EEERLI,

1.5 MRISAERM O T 7 X2V B—Ta v
1.5.1 LM EAfEOMSE

TR FIH S b 7= D il%Mﬂﬁ&#m%mmEﬁ@ﬁT%é
Z OBARTIR. EISHIEE, MR T VT = T ORISR AV & 472 [50],
V=T OA RO BR%E & TEAEEDOMANLIC i0\7/%%7éﬁﬂkb
BRI O KRBEAFENARRICZR Y, S HETCoMRMe ANnEmEZ2 572
FOREMOHIICE S BRL TWAD, 2O X 51T, Hil-/efiiliz%E+25 2
X, HE~OFEBENIEFITRENZ LR 5,

fBEE IR R, BREE, T RAF—RERRA RICHSBETHWOLR TS, f#ilx
X, R zFLooRf) e iR NHGR VALV T7 0 0%, 77— 7
— o RSO A A a e oS B2 X0 [51). ERAMEHIRIAE LS5 Wt
AR ~v—L LTEKTAIENTE S X D172 0][52]. AL E K
B TREEEDRBIZLE L TW5, BREREOSEIZIBVTIX, 1970 FLIK
IZBR%E S ﬂéaif%mahfw % BRBEARIEE IS R KIH G D EAL~H kL T\ 5
Bz I1E, 1970 4E, 7 A U AEWNICBWTHBI BT 2O EWE % 1/10 123
5LV ) v AX—{EOHIE., itaﬁfiwwﬁmﬁ@ﬁ/)/mwwﬁﬁ
RV, BENESHAMBLIC X D2 bR 2 b T=, Tz, —IbR
mm%&hmx%ﬁﬁh%%?é:ﬁ%ﬁﬂ%%éﬂé&kﬁx&6q\Q%E
B PR AR I AR S D REME DAL, HFEFICEETH D, &
BT, fEABRED DR SN DIREN R AT A (CRILIRFCA X T A)
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K O MIERIEBEAL ~DEBEOREN H Y | Aba BRI T ISR iTRE 72 & TR
ThHNA T~ AR LT, ALABREHIHL S 22y = 3 L F — R b7 o B
BICEFEENEE S TWD, FIZIX, N A~ R EEEMEZHNT, 727 UL
R A ME DR CH DT 7 U AVEE[SS]R0, T 4 — B /VRELE LTS 4T«
—EANE SN TWD[56], T T, B2 RIZRERD AL T~ AT T AF
v 7 &R E LTIEM L. X0 AR O & W E oS A A REF~ 2 ZRA I A
9™ 2 A O FF TR £ > TV H[57-65],

1.5.2 fiffk L Pl R IS A A

FRELI2 L 91T, ZHESERZ A 0k % 72 E OF AW E ~EWT 5 BUS %
ET2DIZHN LI TSN, RUSWE & AN &0 X9 22 TGS 5 5
T 2 FEICKANITE D, AR BN TRISHE DS KA T 5 & & O filiit
T AR R, F T B L M D Dl L, R iR At LT
W2 HHEG R TIEARME & SOSE S ISR L TV D A TROS DS ETT L,
Z DX 5 Il A Yy — Rt & S 5[50, 66], ARG BB EHE T 2 DF{b 7R
EEZLOTEMERTHHAIN TV OIRERMEETH Y | BSO8R %
TN TRV Y B EOLAMMEICHES N LOMFHEL TS, B—
R & B2 0 B W2 WO THEA @ W RISRE 2RI T& . JOSwE
& AR E O Sy BEORRBE DU A E 5 72 Z & v D TEEMAFEIZIEE LTV A [53,
66, 67].

RY)—Z DB AL, 77 A a0k ) RBEHEARERISERLETH 1y
FHATKIEEITH T ENEZVD, TEHGR CIINYE 28 e n 28 A FTHE
7Rl R OE RSN S D Z E 3%\, Figure 1.2 12—/ BY 7228 )7
RIZE DT AF L L THO OGN D SR OB 2 79, it 7 20 C il
L ROSWVE & oI L0 | EER (moving bed gasifier) | it EhR (fluidized
bed gasifier) . M OVW&EE (entrained flow gasifier) (& KB & 5[68], [EHEHFK 7
X (Figure 1.2 (a) ) Tix, —EDORIRE b o TORLIR ORI DS BOS#R O HUZ[E E
L7cfg e LTRE SN, RERBICKOE 2 iitil S & T X2 WE A%
HITSHE 5, WER (Figure 1.2 (b) ) Tl. KISEEET D A v ¥ = ® EIZfil
BEMIRAZFIE L, T PO RISWE & & iz i LiA A ThREKZ RE1E
WREBIC I < LM RAE RO X 5 ICRBN C& | KISWE & OFEE 2Bl
T& 5, MK (Figure 1.2 (¢) ) T2+ 7 v URRE £ T L.
FOSHE % STl & — RIS LN S S 21T 9 b O T, i Zefilitic
KW FREL 72 D,
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Figure 1.2 Three main technologies in gasification [68].

IO DRIERMOHFR T, BERKICHE a3k~ 2R S 282, #Bl21X, X
JEAE H AR DOREE DS BRI TH D = &0, fEDOBRE L ATIIE T SN TV 5
7o, BUSHERR) D> O Al 2 BN 3 5 LR 2 L0, BERAREE O FAE TR
MNIEFICRG THD Z EMFETHNAH[69], TD-w, [EHEKKSEEL, HFFE
FIREO T S AFE TR E TR b TV 5D, BFEEBEIZBW T,
AR DB IR CAE TR OB ER KSR L b OREFL L& METO
FEBREITZ D Z LMD, Py-GCIMS ¥ AT L& Witz X 2 W E 2B # DM 7E
HATR b TV 5[70],

1.5.3 EAfEREOF YT 7 XV EB—Ta v

fREEBH IR W TCTEE AR Z Lid, MBS WIEEERIREEZF L, LD AR
BRI ER M & & U, IEMERES AR BIC K<L, e dH 50
ATALER 72 O CREHICITEE R T, EEMDR RN LT 55 ([66], filli<
S RMENCAFTE L TV DIEMERE & SRy & OBl LRI 2728, E AR
BT OREIREIC L VIEHERBINGIN B DBURNH 5, TOT-dfEA 25y
PR 03 [E R RIS 2 i O AT I W S 20TV 5 [53, 66], Table 1.4 (2 [E (A fiift
FDOX¥Y T 7 Z P —2 3 I ONWTE LD SR L 06 DRIEEE R
T, ZTOX DT, FEIRAREERE OMATIX. B2 RO ETEH L TE Lz
FER AW T2 2 & T, IEHEAECHKCHEEZ BT 5 Z LN T
% [53, 66],
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Table 1.4 [S{Aflfi DR E x5 & HITETE [66].

PO P EIE

2NV DFAAY ICP, XRF

PNV DG S XRD

Fm (F70072) fhfmtE  TEM, EXAFS, XANES

BFDORE I LB TEM, SEM, AFM, STM

K DR XPS, AES, 7~

KM DILFR AT EPMA, XPS, AES

GRS TEM, XRD, 7L Ak

J 7RI ERRE - RS RRE EXAFS, UPS

JFF- DBLALIRE NMR, ESR, EXAFS, UV/VIS
e XPS, AES, ESR, UV/VIS, UPS, Moss,

JF - DB IRHE TPR(TPO)

KA - AMFLIAR BET, ALyl E

FRMERE - MR RE TPR, TPD

Z< AW A5 TR O AR AR IR, 7~ >, AFM, STM

1.5.4 s D B EE

I E R DX ¥ 527 2 U P —2 g 00 L 0BG RU-H & filiHE o BEE
(X, ARBEC X DMBEEMOFEIEERFT DO XA T TEETH D, LT
I3, FRBENFERERICER L QW A iR CO S ZZ D8 (in-situ) THOAT - 2
Hrd 2 FIENEE STV, BHREITIXBS AR O FRHT D> 5 fil 5%
FHlA TN TN D, kN D, BRMBEE AW TN ERY DX X 727 21
B— 3 UZiE. GC X° GCIMS 72 E Do ikas & [ R SR 2k & Ml A6 b
THWBILTWD[71-74], Figure 1.3 1289 &L 91T IGHF & 2 (BB FIZEAS L,
A D B 2 3B O G LSBT . RO B 2 RS I VN S 2
B C D SEBR FH O IS S AR AR S H e S AU TE 0 [75-77]. 2 B D SO R O
RIS PR SRR A AH BN I C & DR & D,
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Figure 1.3 Schematic diagram of the two-stage fixed-bed high temperature reactor
[76].

F7-. Figure 14 1ZR- T X 5 iR OBGRIEE Z SOSK# & LTHIHL, £
DI)EER % T A 2T GCIMS JlE U TREBEIC S AR & ftlr L7 8
HDH[718-81], ZDIVAT LML GEIL, A L2 T DIRET 2570, K
BE & BRI DI 58 T — L A BN TE R AE R O Zr S b Z i3 5 SRE D
WMo TWn5,

Pyrolyzer (a) Non-isothermal heart cut EGA-GC/MS mode

Heatingfrom 150 °Cto 600 °Cat a heatingrate 20 °C/min
Extracting pyrolyzates fromeach thermal zone

He al ) (b) Isothermal Py-GC/FID mode
Sample S md Fast pyrolysisat500 °C and 600 °C
v
Vent FID @

Liq. N,
-193 °C

Separation
column

GC Qven MSD

Figure 1.4 Schematic diagram of analytical pyrolysis reaction system:
(@) non-isothermal heart-cut EGA-GC/MS mode, (b) isothermal Py-GC/FID mode [79].
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L2 L, WTFRDT AT AZBWTH, RODOFED® D, Figure 1.3 D
AT NTIE, OSERY 2 RESKD LRI RT 5. RTE vk
RANET RT— Ry 7 CHtET 5. & W o T EED%IZ GCIMS M 54T 9 72
FOSERM (BUSF OIRFERCES)) OIRR R EICZ KRR ZE L T\W5, £/,
b SOS AR O TR EZ Z D L I A T T4 T 1254, TXTOK
IR e RESRIIT T CE W2 3D D, Figure 1.4 O A7 A TIE, 3k
&M ARG L Te BRSBTS D 76D BB O BN AR 3 il 5% T A 9 78 L
fBETEPE DM T Lo T WRIER R H D, £, B—ORISIF D20, Brfig &
fl S OIRSE X R — & 72 0 | BB it B3 fRiR & Ml oD fi i SR T 73
A58 3 ME 2RI IS5 Z X TERN[69], £ 2T, MHEDE
BRORICHISTE 5, EERMIGAMEZBRA Uil S S o X v 7 7 2 1
=g VIEOBRFBEBEEINL TN D,

1.6 FEOBEL BEWY
INETHRTELOIT, BT A~ N7 o7 4 —EE&HHE
(Py-GCIMS) 1X. & b D IERED @ 3T BHZ DWW ThA CRILEL 2 LB & 37,

BRI T B - EMEDHT T2 5 70 EDBNT- R & FF o bk

T D, HERINEF XA 1 T A P —%& 72 Py-GCIMS v AT A%, Bl (TD-)

GC/IMS IZbHIATE A2INHMEEZ AT 5, AWIETIL, @moFHEI O, (b5

IR & < BT HKBIRMAI OS2t & THEN DX ¥ T 7 2

Y- a e olhiEr#EH Lz, S 512 Py-GCIMS o+ AT I % filt sl 7

A ATRE/R # T 2 RA 0 T A P —GCIMS ¥ AT LT E TREIE T, K

LIE o —HEOMIERREZE DO EDO T, TOMELZ LI TITRT,
#F1ETIE, AMEOE R L OERZRRT,

# 2 mTIE. KBET T AFAT U= T LAIETITHIT A RS E S
GC/IMS ZH\WT, AFL o7 E YT Fh (SBR) TDOATFTT U RO EES
Wramet Uz, BOSEWLE GCIMS i3 % & SBR eI ICEENH AT T
UUBNATFNVEZAT SN D Z E TRENMETL, 7~ N7 74 RICT
— U 7B E e o te, RFERIZE DT LR BT O AT T U R
HEZRDOTAER, BAHEE BV —E2 R fRASE o,

%3 ETIX, MUEWEOME - BiEEFHNE LToARFT R ~v—EFE /U R
ZEMEE T OMHFEFEZEE L, MHERFES L OZOICHZRE L, &
WEDORY PAFLvaxh R LESA, =RV R ~—F /U
AT IINED IR L TR0 mWE SR A2 R LTz,

% 4 B TIL, TD-GCIMS (T X 2 mor FM B T O R 7 Z Vg 2 7 Ak
WD EBIHNZONWTIRAR T, K7 X VBB AT W LEME ST 7 X ViR
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T AT WAFVERENA IR 2 5UE 1 »~ 7128 4E L T TD-GCIMS 4341 F D F Efip % 1
BT A5 EICIE. ORI E O —HA T 5 Z L& b, £ T #
TR TELE LT, TORELD v 7ONBEIZAR Y < —HIESA L%, sUEHATR
R L., WIEFREZIC TD-GCIMS 3 ofiig 7'V v 7z LT,
AUk =1, RURAFLUEORRY AZ 7 YLABATFIVEZNENEE 1
um LA BB 352 L2 LD |BRICBWTRIEETO 7 X VEET 27 L) 3 I
ML ERFF S, 2RO OFBE LIl sihvd 2 &EDNEFES LT,

FESETIH, Hoax v VY —H A LT 5E55FD Py-GCIMS (28T % /31 1
TT e AANLT RO KBIRIMOEB IO NTRHRHN LT, BBERY =
F L (HDPE) #Bt% Ho Xt TEME LT-56 . ARIRIRE AT 5 KIR
DENTHER SN, 72 MS A AU JRNICBWTYH, 08D 7 LBt L
TeAREFIAE S 2B T DDA DO~ A AT MVBENTELT D2 &
EHER LI, LEOZ b, Ho X ¥ U v —H A& LIEGE, @ Flko
BV RIFE LY MS A A RN T OREEFIFE B ~DKIRPEN RN AT H Z
EERBH LM LT,

6 BCIX, ¥ T LB ISE B U, & O SRR & A SR
SOISHIZONWTIRAR T, — RIS, RISZHE L7 filifEo 2 7 ) — =2 7RO
S DBRFINNIIZ RO ZE L T2, ZOMBEEMRT 5720, i A
BIAY—% TBREINCEE X T A A 7 a0 T 7 X —%B% L TR
AT A TGCIMS AT CE DV AT DS L, il s S R 5%
Z D THERFM D 5 HIZITH 2 L &2 ATREIC LT,

7 ETIE, ®ERY T ABRIEUSHE O BR%E & RS SR~ DI FHIZ O
TRz, @ESRMFICRE LTV 77 X —L GCIMS % ERE L, KSERY % 4
YIA T DA, GC AT A EIIISIE I OB HEZ T D20, R
BRI R 2R Uiz Et oo AN LIELIEREEE 225, 22T MEFTH
I T A M RE IR IE A R T D AT R E & VA T DT AIA A Thr B
T ELDNAEZEFIET S Z LI ST AEINARA T T AR S A2 pk
Me— 27 ORFRE-ID —EIZ72 0, FEES &LV, &iE - E TSR 5t
BESOSA R DRFE IR A T A NI ATREIC 72> T2,

H 8 HEILRIETH Y . mMEREEWE - BRI A u~ N7 T T 4 —IEE
WEIC X D EDFHMEIOX Y 527 2B —3 g0 & i ROSERIT~D B D 2|
L, A%OBEIZ OV TR,
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22 E RSEWLE GC/IMS & A= I Lk D REREER D 454t

2.1 ¥E

TATLEMZHLHFNICHOALSFEHESNTVWARY~—D—>Thd, £
7o, BRIt ERE 2 OBAIEINZ DWAEMERIC LD . FOL5E) - L
B NTRBEAIC S ES N D[], TN b0BFIOHR T, B(Lig (ZnO) 1A
T TV URTFAE T Tl bR RIEEA E LT B TR W [2-4] . ZnO M3 Ff
OEVEMEE L, AR LRERTO AT 7V VERESh DAL EMIC LD b D L &N
TWAB[B), £, A7 7 U VEEEERIX, AIBSRAEHREOBERAl & LT o)X
LB TWD]R, 6, 7). Z O AT T ) UERHESYO@ & 1T T AP OPEEEIZK
XLKGT A1), T2HORTT Y UEBEOE RS E A8 O M E B
DBLEN O R CIEFICEETH 5,

— B I LR OUIANL, Y v 7 AL —fiHER EE O TGREINS B
Wz, #A7u~ 777 40— (GC) ®H A/~ M7 T77 4 —/EE
SHTE (GCIMS) | ik 7 v~ w757 4 —IC X559 ThiTng, V7
oA S ALK DA E T, EEMICHOWE E AT D 72D 1T 24 B
WO A MBI R D HEN DD L ORELH D[S, 9, — 7. ITFE, R
~ — R ORI T OEE R RINA O 08 Tld, REHORTLE 2 M3 L w3,
EAR Y ~—5lk 2 BB DI E T A58 (EGA) REIiAE (TD-) GC <X°
TD-GC/IMS 73T H HW B TWA[L0], LavL, AT 7 U Vg7 & ORRMED E
HENGERIE. GC DRREHEA DB D 7 DRI DIENIRIEME SIS S
NnNGHWicw, 7a~v 777 B3 7=V 7 Le—27 L LTHET S
ZEMEL, EESPTORER I OEMRS DR TORKE 258N D 5,

KERLT T AFAT =75 (TMAH) H1EFICBT 5 ROGEWLE GC
X, RY ~—mICE LD @mMmHERINAIOSHTIZA 2 ThH 5[10, 11), Bl 21X,
Ry 7aevlrr (PP) FIZEENLI D TFEETOLY I~—Moe ¥ — KT
L USRHEER] (HALS) Tlik, ZOHEZRAWT-MEEESITAHE ST
%[12-14], TMAH 347 7 C 300 °C F2E OZBLAEIRE CRIGEIT 9 &, PP B
X0 fR3 25 Z &7 <. HALS WD 2T LA 2 @ IRBYIC U T & . GC oI
L7 A F OB ERN AR SN D, £ 2 TAIFFE T, KSEA GCIMS %
AT AF L -7 H P Th (SBR) HOATT U UBOEESHTT 5
ZEEERELT, (1) REHIHRINT S TMAH 0%, (2) FEFRER, X O (3)
FBOGIRFE S O fciifb & fat Uiz, BRARRYZR)S Tk, SBR Bt IcE N5
2T TV RS (BIOVOLI F UL ONRIERR Y F L ONEREA T T
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Vulg (BLOUSVITFURE) NEEMIZATF LI AT IULEN, TH0OE
—rmra< NI AETBHIENZ LD EEZLND,

2.2 EB
2.2.1 FBIFAR & EERBE

AW CIL IRIREAIE TER LI LA 2 & £/RWSBRICH —R T T v 7

(31.9 wt%) | FfbHfign (1.91 wt%) | i sk (1.12 wt%) . A7 7 U > (0.64 wt%) |
BLOMMBEES] (T FeT T 8, (DHA) B X Otert-7 F/L-2-~
FT7TV =N ANVT =7 IR (TBBS) (064 wit%) ) ZELA L7z — MR
MSBR&EE JEX 2mm) ZHWe, BAa SN TWD LERATT Y U BIT4AE
ZREEFE L TEBY, WA TFUBP—EESFENTWDLED, AT 7V UkE
PNVITFUROMEBEEZRAEATT ) VIREL LIz, ~(7urFy— (Tnm
YT AT s TRR) ZHWTSBRY— BT 4 A7 IR (WA 0.5 mm)
LR E, FIZHA 7 EHOTHN S UIB Lz, £0%, ML= 7
#9200 pgZ g L7- % RIEMEALILERE A 7 o L A BUEEL T » 77 (UM 4.2 mm,
EE 8mm. BEE 01mm. Y0l T 47 - TR [CERR L,

2.2.2 STHTEEE

Figure 2.11Z, EGA-MS, TD-GC/MS[15]35 & O\SUiE i a5 GC/MS[16, 17]HIE 1Z
i U723 @ O X 2R3, GCIEADIZ T B 7 T AR AT RE 72 R e 7Y
NA 1T 4P — (EGAPY-3030D, 71T 17 « TR ZER L., B&EY
Wratzmiias & Lot A7 D2 JEIT Nz, el 70 208 1R EE 5t 2 15
5120 NEMALE B D& 8T = —7 (EGATF = — 7, E & 25m, WL 0.15
mm, [FfE) 2GCHEA N & B &St OMIcHE L TEGA-MSHIE Z1T > 7=,
TDEE, RN TU—GCIMST X7 — (Atll) #HTHZ LT, B
IMTRFOBEZEE Z BT 5 Z L 72K, GCA—T v NOF ¥ 7 U —38Eh 7 L
EEGAT = — T DAHINE S & 72V [18]. EGA-MSHIE R E B 12 TD-GC/MSHIE
ZBIG T& 5, EGA-MSHIE CTiX, H-E# 20 °C / min C100 °C7> 5700 °C F Tak
BE 2 ML 7=, GCA— 7 R BEIL300 °CITff4F L. A% v L3 EE1X0.2 scan / sec,
A EPHIIM/Z 297> Hmiz 5501258 E LT-, By fRdEE L GCEE DA X —
7 = — ARER L UOGCHEA HRE X2 £1320°C L300 °CIZfE Lz, v U
Y =T ANEIANY UL EHEH L SBREEEIZMNEANT 2 Z L IC Lo TRAET DT A
[Z A7V v FE1100 CTEGAT = — 7 E 72130 8D 7 2 E1.0 mL / minTiE
A L7z, TD-B X OKIGEWLAEGCIMSIZ X 5 BESHTICIE. 5% 7 ==L
B % PAFARYexh U OEEMHEREOGERTYET U —I T A

(UA5-30M-0.25F, £ & 30 m, PN£ 0.25 mm, FEE 0.25 um, [EEHRD) A4 H
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L7, GCH— 7 REIZHHNEE 70°C (3 min {#FF) . H1EE 20°C / min,
BRI EE280 °CDOSAEIZRE LT,

(a) Evolved gas analysis (EGA-)MS (b) Thermal desorption (TD-)GC/MS
Reactive TD-GC/MS
Deactivated capillary tube Capillary separation column
He (25m, 0.15mm i.d.) He (30m, 0.25 mm i.d.)
/ \ent-free / \ent-free
/ GC/MS adaptor / GC/MS adaptor
/ A / A—
D c—m M —
GC MS GC MS
GC Oven : 300 °C (isothermal) GC Oven: programmed heating

Figure 2.1 Schematic diagrams of (a) EGA-MS system, and (b) TD-GC/MS and
reactive TD-GC/MS system using a temperature programmable pyrolyzer.

EGA-MS} L ONTD-GC/MSHIE Tl skt 2 A=kt v 7 &2 4 a7 4 %
—DOIMBIFNIZE T SETEZIT 72, RISEWLEGC/MSHIE Tk, k4
ANNTZiRE D~ 7 ~25 Wi% TMAH A % ) —WEIR (7~ TV KU » F4Hi)
R~ )y MVIEAL, —EREFHE L72% ., TD-GC/IMSHIE & [RERIZH
B > 7 2 INBF NI T S THE AT 2 7,

23 HRLEZ
2.3.1 AT A DI X DBAERE M DL

EGA-MS HIEIZ L > TH B 7= SBR EIORAEN A7 w7 7 A /L% Figure
2.2 1279, INEVE OIEE & FH-IE3#HE 20 °C / min T 100 °C />5 700 °C % THIEL
LCTHELNZTIC a7 7 AL (Figure 2.2 (a)) TlX, 200°C »>% 320°C (Zone
A) 35 X1V 350 °C 75 600 °C (Zone B) DIREFIF T oD v — 7 MR S 7=,
277U U (MW =284.48) BLXOVOULIF Ui (MW =256.42) DO4FA 4
NIFEE T D miz 284 36 LN miz 256 DA A7 a7 7 A L% Figure 2.2 (b)
& (c) 127, Figure2.3 (a) IR T L IICZTNHDA A2 Zone A DF-H1L,
VAR MVICHBRICBIl S, BB OREN T 7 7 A M A S
% miz129 ([CeH12COOH]") B LU m/z73 ([C2H4COOH]Y) & &L = #17-[19],
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Zone B

Zone A
(@) TIC {_*_‘
0 5 10 15 20 25 30 min
100 200 300 400 500 600 700 °C
(b) m/z 284
0 5 10 15 20 25 30 min
(c) m/z 256
0 5 10 15 20 25 30 min
T T T T T T ll
100 200 300 400 500 600 700 °C

Figure 2.2 EGA profiles of the SBR sample measured by EGA-MS: (a) TIC profiles.
Profiles measured at specific mass numbers for (b) stearic acid (m/z 284), and (c)
palmitic acid (m/z 256).

(a) Average mass spectrum of Zone A
73

129
256

28
| ) \ l ' I, ' s bl ;\\,M, } I LL\ "

4 80 120 160 200 240 280
(mz)

(b) Average mass spectrum of Zone B

TN l.

40 80 120 160 200 240 280
(m2)

Figure 2.3 Average mass spectra of (a) Zone A and (b) Zone B in the TIC (Figure 2.2
(a)) of the SBR sample.
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—J5. MR D4y A A T D miz 284 & 256 D DDA 41X Zone B T
IXPAREIIZBLI S e o7 (Figure 2.3 (b)), ZOfEETBHISND A 4o D
KER71L SBR REL DN L2 D TH D, - T, SBRAEHFDATT
VL VR F U RO EBIC A 72 TD-GC/MS IR 454k & L C Zone A T34 DL
JEE A SRR L Bt B S LR SR LIRS 100 °C (5 min fR¥F) | F-ilLE 20 °C
[ min, FHREEE 350°C & L7,

2.3.2 TD-GC/MS 4347

TD-GC/MSHIEIZ L » THELNZSBRIAEIOTIC 7 v~ k7 F A% Figure 2.4
(@) 1T, IFDOEE—7 33T 5~ AART ML EDREIZ K > TRE
L72,SBR#EIZ 100°C 725 350°C £ TIMELT 5 Z LI L »T. 7=V > (AN),
R FT =) (BZT), XA IXY—)v (BZI), "IV F U, AT T
V. 7 Re7eExF U (DHA) . BLWN2,2 o~_v V' F7 vV —)L (DBT,
BZT ®_&fK) 7 FoOEBMEARILAMPBHNsNT, ZhbD5b, ATT
VUL SV F RO 21T > 72, Figure 24 (b) & (¢) ICAT TV
VERE SNV FUBED A A TS T D miz 284 35 LU miz 256 Ol A A
VAR maw N7 ABIOE— 7S ORI %<7, Figure 2.4 (b) & (c)
T BALNNENREY—7 07— VRS-, 27—V 7ITHE
Big & 3B 7 DB L ONGCIEADD T A F— (T AF 2—7) ONEEIZAE
THOWBEMEEE R EDOHAEERICERT L D EEZ X LD, T ORER,
TD-GC/MS JIE CTix &’ — 7 mfE O FBMEIT+5 T < . 5 RO Y i LHIE TO
FAXE#ERZE (RSDMH) (X 78% TH-7-, ZDOFERL Y, SBRIAEFDRTT
U RO AR E 2R EBEAHTICIZ, TD-GC/IMS [X5#E Ul 72 o ik Tldan e # 2
H5iLb,
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Figure 2.4 Gas chromatograms of the SBR sample measured by TD-GC/MS. (a) TIC
chromatogram. Chromatograms measured at specific mass numbers for (b) stearic (m/z
284), and (c) palmitic acid (m/z 256). An expanded chromatographic peak is also given
for each fatty acid.

2.3.3 RUGBE GCIMS DR ELE AT T U VRO ERIT

TD-GC/IMS DS Z R+ 5= 012, Bl A2 4 T4 L TED A F L
R & T B RIS GCIMS JEEZ1T - 72, 7 v FICFER L 7230k
200 pg 2%k L, TMAH 2 pL Z¥RA0 L., 350 °C [ZF% & L 7 nEE HhuLf i oo 77
NIy T AEE TS TEZIT- 72, KSEWLAE GCIMS JIEIZ L > THD
N7=TIC 7 v~ 7' L% Figure 2.5 127797, Figure 2.4 (a) & i35 & Figure
25 (a) TlIZ e~ b7 720 f#F b T, Bllllsnsd v —7 OFRIEX
Y AANRY MVEB X ORFRR A EERE LT 5 2 LI 0T, 20D
rva~ N5 ATIE, BHBRO A F LT AT FEER OV FUBAT LB
KTORTT Y VAT V) IXENENRERER- 9 43 & 10 70 IS BRI =
I ATF N AT WALKG D0 T LT D Z & 03B T 7=, £ 7=, Figure
25 (b) BEO (o) -T2, JBIBBOAF N AT )V A F 2 Tl
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WLEBAED 7 u~ 7T ATEIE—BRIIABETHY, 77—V 718
DO, TMAH & ORISR TIX, WEEEORENE & [FIRRIC AT 7 U o liRiigh &
PN FUTBH S E A TF LT AT IVFHERICEBINDT-0 ., KISEE
GC/MS |2 & » TH b7z SBREIEHH D RENIE O & EAF I 1 3B O R IGE & % D
S LA DORRINEENTND Z LD,

@ TIC E g g
g z S
z £ )
2 V& s
2
v g
8.0 85 9.0 95 10.0 105 11.0min 1.5 min
(b) m/z 298
10.6 10.9 11.2 min
8.0 85 9.0 95 10.0 10.5 1.0mn 115 min
(c) m/z 270
9.06 9.16 9.26 min
A
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Figure 2.5 Chromatograms of the SBR sample measured by reactive TD-GC/MS. (a)
TIC chromatogram. Chromatograms measured at a specific mass number for (b) methyl
stearate (m/z 298), and (c) methyl palmitate (m/z 270). An expanded chromatographic
peak is also given for each fatty acid methyl ester.

2.3.4 TMAHRINE & FE R O Kb

F9. RSB AE GCIMSIZ B 1T 2 TMAHDFINE 69 2 SOSRhERIZ OV T
SBR# K200 pgz A L CTMAHDOESINE AL uL» 55 pLE T & Tt
Lize 70~ N5 A EOEBAF LT AT AFEEL (RFT Y U BAF L
EVVIFUBRATIV) D2ODE— 7 OEEDOAF ETMAHOESINEDOBMR %
Figure 2.6 (tv'— 27 mfHIESBRAE & CHIMK(L) 12T, ©— 2 HEf&lL. TMAH
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Z1 UL H2 pLE THRINT D296 > TN 523, 2 UL H5 uLOBINTIL, £
DIIZIEIE—E & 725, TMAHTINEL pLTiE, SBRIAEINTMAHIZ +43 122 1%
STV W, FOSHEEMIITEITL T iRWnWEE X 55, Figure 2.6
DOFEER LY . UBEOFERTIITMAHOBEERMEZ2uL L Lz,
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Figure 2.6 Relationship between the amount of TMAH solution and the sum of the
peak intensities of methyl stearate and methyl palmitate. The peak intensity was
normalized by the sample weight (ca. 200 ug).

A2, SBREAEHZITMAHZ FRIN L THs B NEVE 128 A L € UGB AE GCIMS
HEEBIMET 2 £ TORMZ 2 S TSI BN ER R 2 e Lz, &
FAFigure 2.712757, SBRIVEHITMAH & FRINE 14 12 St BB 5 GCIMS I E %
Bt L2 a . ATF VT AT O —7 @mREOGFIIRT2,0000 7 s Tho7-
2. FERR AR T L LI L, Figure 271279 K ) ICFERERT 205
FHETRK & 725 72, TMAHDSEROSBREEHIZIRE L TRUnT A 123 dH 5
FERF A MBI/ 5 2 E IR GICHEERTE S, — ., FERM 200 2B 25
&V — 7 HBEITREICED T 5, BEEOTMAHIZ KGR O bR #E & )G
T 5720, ZOIEMEEIME T 5[19], LU, TMAHRKIET 5721 Thivix,
207 LD B — 7 HREIL — B2 /2 5133 TH Y . TMAHDSEWE M IZ L 57
ERAL LIS D2 ) 72 3 SRS EIT L CE— 7 JENE T LTV 5 Z &4
BIND, (E-T, LBEOERIIFERMZ200 & L TiTo7,
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Figure 2.7 Relationship between the reaction time and the sum of the peak intensities
of methyl stearate and methyl palmitate. The peak intensity was normalized by the
sample weight (ca. 200 pg).

2.3.5 R E DAL

%W, TMAHE OS2 T 5 KSEEIZOW TR L7z, B — 7 mE%x
B RAEE O MBYFIREE I LT > b L7ofE R & Figure 2.8127~7, Kb
B &2 kR I B — 7 JREE X300 °C Tl K & 72 D, OB & LT, MEVAIRE N
300 °CLL FOHAITIE, SBREVEID & DRy OBE N A +372 2 & &
WilE & TMAH & DGR AR +45370 2 ENEB 2 D, —J7, INEVFIEEE 23300 °C
VI EDOSEET, $FICHE DAL T TH A VR VERRG 72 & OFIRGIZ & 0 &R
TORRBE OGN AE L D720 LB 2 HILH[21], Z ORI | RUSEWLE
GC/IMSIZ & % SBREEH D AE L D 7 & Tl d@ MNEVFIREE & L C300 °C#% i
RLT=,

32



100,000

90,000

80,000

70,000

60,000

Total peak intensity of FAME

50,000

40,000 ' ' ' ' '
200 250 300 350 400

Pyrolysis temp. (°C)

Figure 2.8 Relationship between the reaction temperature and the sum of the peak
intensities of methyl stearate and methyl palmitate. The peal intensity was normalized
by the sample weight (ca. 200 pg).

2.4 RISEWLAE GCIMSIZL B AT TV VRO ERSHT

AT LAV i 5 (SBR #UEHEAY 200 pg. TMAH 2 pL, FRE R 20
Sy MNEVAIREE 300°C) FCSBREEEIEF D AT T U UERD E R/ & S EL
i GCIMS # W TiTo 7o, AT 7 U VEEOMERHRERIIAT T U VA TV
NNV TFUBRA T NOEREYE (bR LA 2 HWTER L7z, SBR
kL% 5 [AlEEHIE L, FHRHERER 2= (RSD) Z R 7= fkH % Table 2.1 127”7,
SBR LD 5 [BIE CONHEITBIEIBE AR L L T062 wt%ThHh Y | BldE
2D 0.64Wt%E EWV—EN R oiz, £7-HmEME (RSDE) & LTI 3.2%0 1
5L, TD-GC/IMS T/ 5 7- RSDfE (7.8%) L0 K&x<kFEL -,

33



Table 2.1 Concentration of stearic acid and palmitic acid in the SBR sample
determined by reactive TD-GC/MS

Amount of SBR sample (l.g) Stearic acid (wt %) Palmitic acid (wt%)  Total acid (wt %)
197 0.456 0.160 0.616
194 0.441 0.155 0.596
203 0.449 0.152 0.601
202 0.479 0.156 0.635
204 0.479 0.159 0.639
Average 0.461 0.156 0.617
RSD (%)* 3.84 2.12 3.16

*For 5 repeated measurements.
25 &8

VLEORER LY . AET T LFICiRm S 5o E &0 & LT, 6
il 7o a2 LB & L7 W E D SEBME DS WFIETH D Z e 3mro Tz,
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% 3FE BWiE GC/MS & AU 7= 3 BEFE R 7 D F A% D RREt

3.1 =

s o ATIE A FIH Lo BREE T O R i 0T 70 £ o 3B Tz unw T, JlE
(O 2 50 O G RSP HTL B E S I — A SEMECH | BB TRIFGRH O
EMME LR D120, DIRENELDZRERERO—2L> TS, Ih
23 Ly SRS IRTUR R O B BBy % B R DO W5 56112 Hli4E - IRAH 9 2 G4
fhiHE  (solid phase extraction: SPE) [0 A2 UBIRTALERE & L CITERE 722
HEHZEDTWD[L-13], ZDOSPEIEOFIHIZ LY . BERFLRE MBS, EIR
b% 78 EDIRHIZR BTN T, BT EET 2 o R O G & 2=
HICHEE - I T &, DORE~OBITHEHRICTE D L 51T oT,

SPEIZ., &% & & 72psiii % & LodlBl s BT G2 & e+ 2 Hiffr <. it
Bt L, MHEBRBAZA ESED 2N TE D20, I E TICHFHMORR D
i 2 OSPEZEFBHFE S ., HIIRESNTWBH[1-21], F4 v F a2—7 B bk
BLIEEBEORY VA Funxt (PDMS) EiHZHFTHSPERF (v >
I == TarT 4T - TR 1, ZOEmWIHE & KX 2
HEIZED2EMENH S TWA[14, 15], £/, H T ABDO AL —F —FKHIZ
Fh B 2 [E B L L7 A # — S—HliiE (SBSE) X, 7KAHFS K OVAR A o
MEAICEMIZR T D@ EEZ A L, Fx O0Ha% TRIH ST
5[16-19], S BT, 77 A N— FITHIHBEME S S 2B~ 1 7 = s
(solid phase microextraction: SPME) (X, ZO#/ELOESIZL Y| HikE X
OSKUR DI > & Al 72 AT b S pic oy A i 9~ 2 DIZJR < & T 5120,
21, WITHNOFEIZBW TS, filifk - RIS 2FE & BT O X 1 =X
LIFRERTH B,

L, ZNHDIEEA EOSPERE T OEEMITEMIETH LD, EL LT
JERVEME DR - EREICHH SN TW 5, M baw 2t - BT 5120
SPEFZ Tt Frl- o 2 &, DF V., SPERETFDORMITHIEDE 2 H\ % D>
FOFRME LITREEREEAEM L, MM eEm e OMAERZ D5 Z L0
WL 2D, T T, ARG, BENOWERELN ESE57-DICHE
IRRE R AT HSPERFHOMEAEFEM & LT, mEAERY) ~—F /U
AIWZHEB Lz, £/ U RIS OB IERE LT-2ER a2 A3 25 koo BIko
WEZROMWETHY | ZEREWMRE E LN 7 58 LTHWSZ & T
PERKIFAFEL CWolED T L L CaEikk s n~ s 757 —
(HPLC) DorBfRe &2 B E LA b0 & L THIFF SN TS, ZIET
2, AHER Y ~—[22-26] L N U H[27, 28] % ekt LT AHPLCHDE / U A Hh T
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LEEFA[25, 26]1 03B SN TCWD, ZOZAMEDE 7 U AEiEIX, HPLCRES
TRENEIC K D 5B O PG E & L CORMAMREMENHRE S Tnd Z L
26, SPEFET-& L TCOISHAIREMEDNRIZE I NS,

ZI T, AFRTITAEHRY) ~—F /) VAL L TZARFIR—ADRY v—
/U A[22-24)% FAWTSPEFR -2 1Efk L, £ OEANRAEIEEZ R LTZ, =
REVRRY~v—F /U R X, ZROCICHEFE L ZHL 2B T 52 LEERKTH
V. HEHIRE I (LRG0 m¥gh 560 milg) ZHiO7EIT TR, K
il O 2/ e EAIBEIC 2 TP E 2 A LT b, KT SR
RT3 — VR E OIS 2R IR E RN T 256 2 B8 T 5 &
TRFVHRRY v —F ) U APAFET HKBESLT I/ K FOEREREIC K
LA AHEAER ., H25VIEE AT = ) — /VAD B FEER R DA B AAE
A7 ED5FRINIC X amHbA S s L CamWEmEN B cE 5, =R
XFURAY ~w—F U AL, ZARFUBR, 7 I =206, TIZT
RN MR O BIEME - BRIEZREG LioAn ¥ o = v 7 IRHKI[22-241 % VT3
I DDA RIH L7zt 2 U AREEOVER N ATHETH 5,

o T, BEHRICHES TAR LT REFTVHRRY ~—F /U R ZHO0T, (1) %
T ASHT-E BHTE (EGA-MS) % H VN T100 °C7)» 5 700 °C D i EE #i[FH TEVY
i 2 R, BWiAE- T A7 v~ 7T 7 4 —EE&S5H (TD-GCIMS) HIE D
72 D B B AE S & P E LT-[14, 15, 29-31], Wiz, (i) (i) THRE S =8
AT TE /U AR FIT L DMEARS O BEFEf 3 L OWAE R 2 Mt L
2o SHIGHBIE LT, Gil) RUAVBIORZEDO~NYy RARX=2)15HF /Y
AT ~OEARFH 2170 EAREPDMSHEH 35 1 (Magic Chemisorber) % H
WTHELNTRERE IR L, 2R F U RARY v—F /) U RAOEHMEEZREE LT,

3.2 RE L DPTIE
321 TARFVERY =—F /U AP L OELERERAL OFREL

AT =/ =V ADTVT ) PN —T 0, T IERAIBLORE V==
v JEIEOIREMEA TR RAY ~—TF /U R 2 d{il L7-[22], HEUER
WREREHZ X, TIRERE DO~ Y ) — L AT INNTE'ET—F, TNV T T/,
VIa— VBT UrBEZOEERA W, ZNLME LAY E S te ik %
FREKTHIRL, BHICHOWTImg/ L5 10 mg/ L E TOHEE#PH TR 4
DIRE DIEMERA TR 2R L7z,
322 MBRARY ~w—F 7 U AR TFORE & H#R/E

TARFVRAY v—F /U ATHERINZABRE T (ES 1 mm, B3 mm)
AL )= NREEZAWT Y v 7 A L—HHEIC X 0 —BREEE L. 30 43 RERIE;
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L7z, I, ZOHFEFZE 10 mL OFEMERSERICRIE L, =R CREERE
HRE 2 O TSRS T, —EReihtIc it Lz, RFod 4 ALBITER
TLOT7 =2 DELOEEPRT D0, —HOERITIFE —DE /Y AZHNT
Tofee JHPEMOVMEL, V2 b7 ) —DfizEHW TR KRS H K EHo 72
. M T% 50 mL O KICEMMRIES -, FERFEZRO L, U
YR 7 U= RN TRS AR ERER 7%, EIRICTEKT T 5 4fH
W ST,

3.2.3 HHrEEREAR & ottt

TD-GC/MS HIEZ V= Py-GC/IMS AT A [X] % Figure 3.1 127~ #iEAL N2
J/SA 17 A ¥ — (EGAPY-3030D, 7 11 7 4 7 « 7R 4E#L) % GC/MS (Agilent
5973 GC/MS, 7 ¥ L v Mkl F7-1% Shimadzu QP2010 GC/MS, &/t
) ICHEEER LIV AT A HWe, DB T LI2iE, DAFARY ek
Yo EREFERYVF L) a— D= haT L7 X VT AT )L & [EEM &
Li=AEM SRS vy 7 U —F 7 4 (UAL-30M-0.25F, =30 m, NEE 0.25
mm, [EE 025 ym, 7o 7 4 7 - TR 35 KUV UAFFAP-30M-0.25F, &
I 30m, WNfZ 0.25 mm, BEE 0.25 pm, [FfHR) Z2HWe, A m T4 —ix
GCOARAT Uy MAZYU vy hVARFEALD NV DU LAFY UY—HA A7 Y v K
kb 1:50, # 7 A& L mL/min) (2% L CHW=, USRS IE, RIREFRIE
o mAEREE  (MIT-1030EX, [RIFEH) (2 X0 U T A% TmEIE L7
%, ¥¥YETV =BT LTHEEL CHESTFICTHRIELZ, £/ U ZXAFEFOD
EGA-MS HIE Tix, WEED 7 L& RiE4EE (EGAF=2—7, £X25m, N
£ 015 mm, [t (@ &L, X M7 Y —GCIMS 7 X7 % —%4Jr LT GC
HEARE MS 24568 L=, Z OFs. Figure 3.1 O HIHAELLE 13 HE12, GC
F—7" % 300°C | L CHlE L7z,
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Figure 3.1 Schematic diagram of thermal desorption (TD-)GC/MS.

3.2.4 TD-GC/MS Jl7E & v*— 7 TREEDORD FH

F /U AFRFIT L LM BER, B2 L, RRAE% . BT 2 NENE
UBRE AT o L AMEEL Y » 7 (S 8 mm, N 3.8 mm, BEE 0.1mm, 7
YT AT - TR ICANTEGFE~SEA LT, BRAEIX, ~Y U AKX
¢ 100°C 725 250°C & THE5) 20°C THAIE L. 5 ofilRFF9 562 & TiTHo 72,
B AE STy &, mEHEEE (MIT-1030E., [RIfEHR) (280 0BED 7 40
FemEl oy C— BAHE L, FRITHIGEN R WER Y | HiER D O BEIILATIZ LD
1To7-, BUMAERKR T, GC A —7 % 40°C /% 200 °C F TH:4y 20 °C CTHIE
L T 5 orffPrET Lz, BUAE Ry DEERE 2 5 T2 INBYFE D GC A » F—7 =
— A7 BHTNT GC IEA N OIREIX, 250°C IZPREFLT-, IEH¥LEMDOERIT, 7
NTT—=N AT INTET—F ~FH /)= VIFr—LBIORT I
FRIZ DWW T ENZN R TR 72, miz 96, 70, 56, 93 BLUN60 DA AT
HB LIzfhiHA 427 v~ s 27 2 (extracted ion chromatogram: EIC) D& — 7
B A2 W T T o 72,

33 MERLBE
3.3.1 BRI DRRET

TRFVRARY v—F ) U ARFOBGREEORFNEL, £/ U AR A LB
SN TC 100 °C 2> 5 700 °C % T4y 20 °C THIE L, BETDHH A% MS
e CEEE =Y 795 EGA-MS 2L V1T-72[29], 472 EGA 7'r 7
7 A V% Figure 3.2 127”73, EGA7 v 7 7 AL ~U U LFMK T TIL, £
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J U ZADOFERIE 250 °C £ TEWIIZZETH Y . 300 °C LA & F DBy RN IR
FHZENRbholz, ZORERICED, mERFURARY ~—F /7 U AL, 300°C
R E COEMAMRBMERERIICIZ ) DHE AL THDHZ ENGholz,

) L 213
Bis-A derivatives

119

L
6 | | I ' 16 ' ' | ' 2'0 mi'n
100 200 300 400 500 600 °C

Figure 3.2 EGA profile of epoxy-based monolith. Sample weight: 0.23 mg,
Deactivated metal capillary tube: UADTM-2.5N (length 2.5 m, i.d. 0.15 mm), Column
flow rate: 1.0 mL / min He, Split ratio: 1/50, Total flow rate: 50 mL / min, Mass range:
m/z 29-400, GC oven: 300 °C isothermal, Pyrolyzer furnace temp.: 100-600 °C (20 °C /
min).

3.3.2 BERAWIKR D TEER

Table 3.1 12, IEHWEEAWKICE ENDILEW L EZN 6 DILFHIEEZ R LT,
2 < ODIEHEMIZHW LD 26 OLEWIE, Wikl b NCA 7 & 7 —)vK
et E (log Pow) 72 & DRI A2 B R L TR L=,
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Table 3.1 Compounds used to prepare aqueous standard mixture solutions.

Compounds Structure log Pow

0
Isoamyl acetate )\/\O)J\ 2.13

Hexanol NN N0 2.03
o 0
Furfural | 0.46
HQ
Linalool \XA)\ 2.97

Decanoic acid /\/\/\/\)LOH 4.09

E /U AFZT-F 7215 PDMS 2O AN SPE 321 (Magic Chemisorber) %, 4%
{EEPIRE 10 mg / L OFEMERAEIR ISR L CHEMER Y 2T 5 Z iz kb
BoNTENETNOBWET AV a~< N 7T AOH % | fEHERATRIK % B GC
ICHEA L23E OfEI: & g L C Figure 3.3 (12R"9, &/ U AZFE AN TH
Nicrza~ N7 5ETIE, V77— ~"FXH /) —LEBIRSA VYT INLT
7 — b, BARMERE T EHWESAE L b RE Y —2 L U THIREICHER S
iz, ZhUE, =X TRE ) U RABRFN, D FEEIKBEEZ AT D701,
MR 7 L0 b —KBEESCT N EAEFT ML EWE X5 00208l L
RTWIEZHAEITRLTWD, 77, MARIEMETH LAY 7 ILT '
T—hEVFr— i, BEEETEIZERSEONE THoTm, S HITHHER
s 4.09 & RER2T 0 CBITBIMMER M O(LEY) & L TEWeDIZ, S
A A A THIHH AR ME T LTz,
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Figure 3.3 Thermal desorption gas chromatograms of extracted compounds in the
epoxy-based monolith and non-polar extraction elements which were immersed in 10
mL of standard solutions (10 mg / L each) under ultrasonication for 30 min at 25 °C.
Thermal desorption: 100-250 °C (20 °C / min, 5 min hold), GC oven: 40-200 °C (20 °C /
min, 5 min hold), Separation column: UAFFAP-30M-0.25F, Split ratio: 1/20, Injector

temp.: 250 °C, Column flow rate: 1.5 mL / min He, MS: TIC mode.

3.3.3 BMEAE

GC #r Tld GC ~EAINDIRIKEIL, 1 L 2 lH CToh 5, Figure 3.3 (TR
T LT, EEERLUL ZEA LR EE ) U AR LI L D TR B
DE—7REZHETLE, £/ VRABFELMEHTLHZLITLD, FEFITHEND
BEHEENE N2 Db A YT INTET—h, "XV —, 7
N7 T U a =B LT I CBRORMEREIT. FE i 321, 140, 64,
181 B LN 210 L HEH &,
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3.3.4 HBEEMAEIRE DG

HhH#ERE% ., £/ U 2FE+F% TD-GCIMS St ~itd 2 1cH7- - T, HiEEi
B (GEEE L) Z2Retd 208355, £, KA 100 mg / L
DOFERERIANR 10 mL (2, €/ U AFE 1% /KR 25°C (2T 5 iR1E L CHEE R
(100 kHz) (2 L0 i EdEE X > 7=, 10 mg/L OFERR TIEA IR MK
ET.EGA 7 7 7 A )V EIZIIE Ry D — 7 NATRICHER TE o 72720,
TR A P77 100 mg / L OFEHEKIATR 2 W 7o B ERR THRE ) Y 2% 1%
B L, EGA-MS 73#7[29]1 %47 > 7=,

Figure 3.4 (ZINEVFIRE % 50 °C 725 700 °C % TfE%y 20 °C THIEL T HH
72EGA 7'u 7 7 A V&R Uiz, IEERAEKTICE EN LT L2 DILEMITER
WA A ET=F— L HontiA A TerrA vl 7Tz
TAND TR LT, KIZRTHED, ~FH = A VYT IVTE'T—h,
VI E—ABLORT AT F—F, 170 °C K TIEE AL LR, Fh v
BROYRHITIL 230 °C AT E TOMBME LB L Lz, - T, FHERAEIERICE
ENDTRTOMEYE EEBMICBMAET A2 OS5 E LT, BUE &R
JE% 250 °C, B ICRIT A RGBS 2 5 7y L BT, Z OB T
X, ORISR Z EEICBNE TE 5 LRERFC, £/ U AR HENE S
LOEPSTENTED, 339 HiTHET DL HIC, ZOBMAREITFE %
BT Lx0FAa T4 am FRIICBL NS Z ENTE 5D,
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Figure 3.4 EGA TIC profile and extracted ion profiles of extractants from the
monolith element (2.62 mg) which was immersed in 10 mL of standard mixture solution
(100 mg / L) under ultrasonication (100 kHz) for 5 min. Pyrolyzer furnace temp.:
50-700 °C (20 °C / min), Deactivated metal capillary tube: UADTM-2.5N (length 2.5 m,
i.d. 0.15 mm), He flow rate: 1 mL / min, Split ratio: 1/50, GC oven temp.: 300 °C (32.5
min hold).
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Figure 3.5 Relationships between extraction time and peak intensity. Epoxy-based
monolith extraction element was immersed in 10 mL of the standard mixture solution (1
mg / L each) under ultrasonication at 25 °C for 0, 5, 10, 30, 60, 120 min. Thermal
desorption temp.: 100-250 °C (20 °C / min, 5 min hold), GC oven: 40-200 °C (started
after cryotrapping during thermal desorption, 20 °C / min, 5 min hold), Separation
column: UAFFAP-30M-0.25F, Split ratio: 1/20, Injector temp.: 250 °C, Column flow
rate: 1.5 mL / min He, MS: SIM mode.
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Figure 3.6 Calibration curves obtained using standard mixture solutions
(concentration range 10-1000 ppb). Monolith element was immersed in 10 mL of
standard solutions (10-1000 pg / L) under ultrasonication (100 kHz) for 30 min. TD:
100-250 °C (5 min hold, 20 °C / min), GC oven temp.: 40-250 °C (started after
cryotrapping during thermal desorption, 20 °C / min, 10 min hold), MS: SIM mode, EM
offset: 1400 V, Separation column: UAFFAP-30M-0.25F, Split ratio: 1/20, Injector port
temp.: 250 °C, Column flow rate: 1.5 mL / min He.

Ly L, RAFZEICHWZZARF VRE /U AR 1L, 1ppm £ TORE DT
oK~ Y v 7 ANGHIET A Z LICHWAZ ENTEX D LM TE 5,
IKHNZ BT DR OVIRIEORBEIZ LY | EAES KIEICHEZ2 DD 7
FE 1 ppm LLETITHIE Lgoo 7=,

48



3.3.7 BRHRRR

Figure 3.7 12, 10 ppb (£55%43 10 pg / L) DI FEDFEAEKREAHRK 10 mL 7> & £ 1%
DEMEHLEZRX AR ~v—F ) VURAZTEBRAERNE LA v~ b
T LERT, ZOrav N7 T AL, MS OA A VRIRE=41U 7 (SIM)
T— RZHW, EECEMITEE A A v 2RI L TR DA 4
B N T ATHD, TRXVAR)—HEKOKRERAN I T KA X
BLOTHE—7 NS N=N, ZOBRETIAMEEMD Y — 7 OfF 54
Bt (SIN) 1E7e v BAFC, WiER<PfEICBll s, flziX, 7vo 7—
VD SIN VL, 113 %1 THDH EFEH STz, MHER%EZ SIN=3 L EETIUX,
10 mL FUEHANR R O BRI & LT 0.27 ppb 2353 5405,

4000 2 \ m/z 56 :’\‘\
! |
2000 A :
Jh\ A WSS YSSVS _/uLA f\JJJL/\ M. \AJN' S ‘“L'\ AN 'v P MM n S \exczei) e
0 . .
4 5 6 8 9 10 "o 12
" ‘ m/z 60 fl
2000 } | ” I\
. . J\ | /\¥ _ﬁ_ JL_JL,_Ju B R N -
oe————— . : :
4 5 9 10 11 12
4000
l m/z 70 A
2000 } e It | \ - |W»LJL¥_MJ»-A.-A—/ LA_A/\\/\-W.,;
AJUA_NA A L S A J»_ v adae
0 . ; ; ;
9 10 1 12
4000
J’ L m/z 93
2000
0 E ’ | J|\_ﬁJ AN ” A\ AR J'J\;)vl./lk;Mw)vuu‘.v“-'uj“-"»,hﬁ<\/\1 aJw;JJ L~-J“»_~—N‘M4»\—7I-,—/‘\1-T «..A\JL/\
4 5 6 7 8 9 10 1 12
3
‘ ( m J m/z 96
200 U ' M X 10
4000 |
2000 [ | | \
0 = s anpye: cave I M_J_WAW_F ”M,MLA_AJ,\,\J"J\A[AJ\,‘WILJ N e s %“,\_//\_/\A\ A 2 _/ \
4 5 6 7 8 9 10 1 12

Figure 3.7 Thermal desorption gas chromatograms of epoxy-based monolith
extraction element (extracted from 10 ppb standard solution). Monolith element was
immersed in 10 mL of standard solutions (10 pg / L) under ultrasonication (100 kHz)
for 30 min. Thermal desorption temp.: 10-250 °C (20 °C / min, 5 min hold), GC oven
temp.: 40-200 °C (started after cryotrapping during thermal desorption, 20 °C / min, 5
min hold), Separation column: UAFFAP-30M-0.25F, Split ratio: 1/20, Column flow
rate: 1.5 mL / min He, MS: SIM mode (m/z monitored at 56, 60, 70, 93 and 96 for
hexanol (2), decanoic acid (5), isoamyl acetate (1), linalool (4) and furfural (3),
respectively).
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Figure 3.8 Solid phase extraction of compounds from red wine by epoxy-based
monolith element and by non-polar element (Magic Chemisorber). Elements were
immersed in 10 mL of red wine for 30 min at 25 °C with stirring. Thermal desorption
temp.: 100-250 °C (20 °C/min, 5 min hold), Separation column: UA1-30M-0.25F
(length 30 m, id. 0.25 mm), Column flow rate: 1 mL/min He, Split ratio: 1/50, GC oven:
40-320 °C (started after cryotrapping during thermal desorption, 14 °C / min).
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Figure 3.9 Headspace solid phase extraction of compounds from red wine by
epoxy-based monolith element and by nonpolar element (Magic Chemisorber).
Headspace extraction for 30 min at 25 °C, Thermal desorption temp.: 100-250 °C (20 °C
/ min, 5 min hold), Separation column: UA1-30M-0.25F (length 30 m, id. 0.25 mm),
Column flow rate: 1 mL / min He, Split ratio: 1/50, GC oven: 40-280 °C (started after
cryotrapping during thermal desorption, 14 °C / min).
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7 F v (DIBP) DX 9 eBRiiiG e 6 L OV OREFEYEE 2 5| Xkt Z 3 mI gk
W2 7 2 NEET AT VIEITR BT E E TR,

DMP X DEP @ X 9 27K KED Y, BT Z VT 2T L O 4TI
TD-GC/IMS & W o456, o7 Afiffich oIl vy v Zhb 7 # v
Mo AT VBT D70, EMRTEELZSGDS 2 EIIEFICRETH D, Hilz
X, &R 25°C. 0.26 Pa (2815 DMP M7A&RKJEIL 4.7%x10° Pa T, DBP @ 50 fi%
< [34-36]. ZD XD REKIEDENNT ZIVEET AT VD EEZHT TIEEMED
EWVMEZ1E5 Z L1, O THREETH S, £ 2 TARIIETIL, DMP ¥ LU DEP
BEL T AN AT NVIEOWERE LU THERTA2RY ~—#EiHe o 7 h
TR L, ZOEBRICL D 7 X ViR AT VORI T DR %
TD-GCIMS Z W o EBAOATIZ L W Et L7z, PVC, R U AF L (PS), ARV
AFNART Y L—bk (PMMA) %RV ~—@EEEEIE L CTHY, 7 X VT
AT VO EBUKIRA~ DO E, EFEF BB I TRHT 2R Y ~—H
KOG LD I a~ N T T A EDN Y 7 T T 7 RO ZHOWT bR
L7z,

42 EBR
4.2.1 #¥

AL THW 7 Z e 27 VBN, RAUbR L3R, S 7 L— R
i Ty EILH OREFR, Wi, 25°C TOZAKIE[34-36]% Table 4.1 12”9, &7 4
NWEETZ AT/ 200Ug > 7 v A% (DCM) 10 mL ICEfiESE 7=, Zihvzesy
WrEBHADA Ny 7 IBAWEREREIE LCTHEH L=, 100 ng D& 7 X L— K%
Glevr/man AR URRS UL B~ A 7y ) T TV FITERRLL T
TD-GC/MS JI7E L 7=,
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Table 4.1 Phthalate compounds and their physical properties

Peak No. Compound name Abbreviation MW  BP™ (°C) VP2 (Pa)
1 Dimethyl phthalate DMP 194 282 2.63x 10%
2 Diethyl phthalate DEP 222 298 6.48 x 107
3 Di-n-propyl phthalate DPRP 250 317 1.75x 1072
4 Diisobutyl phthalate DIBP 278 327 4.73x 107
5 Di-n-butyl phthalate DBP 278 340 4.73x 10
6 Di-n-pentyl phthalate DPP 306 342 1.28x 103
7 Di-n-hexyl phthalate DHP 334 - 3.45x 10*
8 Butyl benzyl phthalate BBP 312 370 2.49x 1073
9 Di (2-ethylhexyl) phthalate DEHP 390 386 2.52x 10
10 Di (n-octyl) phthalate DNOP 390 380 2.52x 10

*1: Boiling point, *2: Vapor pressure at 25 °C

422 RY~v—a— Rt v 7

RV~ —EENBAA SN vy T ORI % Figure 4.1 12583, Y2
TNy T ANV I ATT A (TarT 47 - ZRHR) T &S 8§mm,
SMEAmm, N 3mm, BRE 50 uL O b D& T,

4mm

0.5mm

polymer film

8 mm

(4 mm)

\_//

Figure 4.1 Cross-sectional view of a sample cup coated with a sorbent polymer film.
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PVC (ZIZ7 h 7 ka7 Z Y (THF) ZfMA L, PS 8L PMMA ([ZiZ¥ 7 1
n A%y (DCM) ZzHWe, =47 U2 HANT20 uyL R Y ~—wiK
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B v T AR, 50°C DFESNT T 5 0 BINEN L 2208 HIREE 2 S b S8 TR
BF 7w T ONBEIZ AR Y ~—#EEZ R L, Otk 200°C T 10 4 i Lz, &
U~ —EEIIS 3R I T, Tl TOEMT TR, OREL
7Role, RV ~—#IEOFELERE L AR Y ~—FIKIEE 05 ug / pL 7 5 12 pg
[uL OFPHT, 0.2um 2>5 48um LHE SN S,

4.2.3 Wiz GC/IMS JlIE

Figure 4.2 |2, il L 7= TD-GC/IMS ¥ AT L DM X 2R Lz, 7127 T L
JE FTREZR BV AL S & Z A ' — (EGA/PY-3030D, 717 47 « 7 RtHH)
% U EE MR GC/MS  (Shimadzu QP-2010Plus £ 7213 Agilent 5975) @ GC {E A HIZ
HEL, FAOEMSZE&BX Y7 U —F7 A (UAS-30M-0.25F, [EEFE 5%
U7 x=) 5% VATFINRY vaxYr EX30m, N 0.25 mm, fEE 0.25
um, 7o 7 47 - TR THEgE Lo, EloBEOMTEEE (AS-1020E, [A
HH) ZHWTE BRI B8O 21T o7, Yo7y ZIT BB
& O I O EIZFRE L. TD-GC/MS HIERTIZ IR (K 25°C) THEF L 7=,
I, IREERIE S B RF O OLEICY Il Tl TEA LT,
JNENE DIEEE 1 20 °C / min ¢33 T 100 °C 7> 5 320 °C (2 EH- &4, 320°C T5
SERFE LT, LLRINZAT 2 72 PVC D 7 X V= 2T VARD AT A 558 Dk
R EV[32, 37]. LELOMESRMEITREND 7 X VBT 2T VAL S5
DI+ ThDZ EaMB LT D, B OIEE L 7= R &, iR 24
mL/ min O~U 7 AF v U —H ALY GCHEAO~NED, Zivgr 1:20 DA
7Yy MNETE&BEXYET U —20BEh 7 JMIEAN LTz, 77 NRE, FE#E
J& 40 °C / min {Z2°CT 50°C 7% 200°C £ THIE L, & T280°C &£ T5°C/ min (2
THIBLZ, DT Ks TSNk %z, BTA A MLREZETH2HE
IHTEHC Lo TR L, £ b ORFIREEEB X O~ 22T MVIF#E Tz,
VAR MVT AT T Y —REBEIZE - TRE LT,
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Figure 4.2 Schematic diagram of the measurement system for TD-GC/MS analysis.
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Figure 4.3 Chromatograms of the phthalate mixture measured by TD-GC/MS at up to
320 °C using a temperature programmable pyrolyzer obtained with different waiting
times after putting the phthalate mixture into a sample cup without polymer coating (a)
0 min, (b) 200 min. Sample amount was 100 ng for each phthalate. For peak
assignments, see Table 4.1.
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Figure 4.4 Effect of the waiting time at 25 °C on the peak area of each phthalate
obtained by TD-GC/MS using a sample cup without polymer coating. (e) DMP, (0)
DEP, (m) DPRP, (x) DIBP, (o) DEHP
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%, PVC 1Z, WHAILE LTEEBEDO 7 X NRT AT VEETE b —RT7RRY) <
—TdH b, PS & PMMA [FZ&EIR TG 2 & | BEOBRGEMI S, 7%
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Figure 4.5 Chromatograms of a phthalate mixture measured by TD-GC/MS, heated
up to 320 °C, using a sample cup coated with PVC (averaged film thickness: 2.4 pum)
obtained with different waiting times: (a) O min, (b) 200 min. A: naphthalene, B:
biphenyl. For the other peak assignments, see Table 4.1.
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Figure 4.6 Chromatograms of a phthalate mixture measured by TD-GC/MS, heated
up to 320 °C, using a sample cup coated with PS (averaged film thickness: 2.4 um),
obtained with different waiting times: (a) O min, (b) 200 min. C: styrene dimer,
D:styrene trimer. For the other peak assignments, see Table 4.1.
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Figure 4.7 Chromatograms of a phthalate mixture measured by TD-GC/MS, heated
up to 320 °C, using a sample cup coated with PMMA (averaged film thickness: 2.4 um),
obtained with different waiting times: (a) 0 min, (b) 200 min. E: MMA dimers, F: MMA
trimers. For the other peak assignments, see Table 4.1.
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Figure 4.8 Relationship between the film thickness of PVC and the peak area of
phthalates obtained by TD-GC/MS after 200 min waiting time. (o) DMP, (o) DEP, (m)
DPRP, (x) DIBP, (o) DEHP.
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HBNTEL[E7], Fv VY —HAOREINTIL, mBERNRCOMTRER], Fitas &
O, etk BRRERBEIND, 7a~  NTT77 4 —Th T L0408
REA /R T EHER/NNT A—4& L L CHGREE X (height equivalent to a theoretical
plate: HETP) 3% V. 70 FHLHCCERENI 4 2 850, itz BE L7
van Deermter®=UZ K W HETP & % v U ¥ —H A DO & RS 5 b,
ZORUTE D L HETPIZF v U v —H ZAORFHEIZ R U T/ Ml &2 H> T iz iy
DOHIRR E 725, He, Noy HoD3 2D F ¥ U v —T ADHF T, Noldh b IR EHTR
# (N2: 0.170 cm?/s, He: 1.620 cm?/s, Ha: 1.280 cm?/s) [5]%&+iH. GCHIE
IZBW TR /NS WHETPZ /RT, T D728, feil S TIENIL & WV BERE &
O, HETPA/N & 2R FE D #aPH SRV RE 3 % 5 [6, 7], HalZHe & & iCvan
Deermter® HFRIZ 3T, SR EE DIk 2 WEBENC X 2 Lo 2k
IEL, Y VY —HAOBEEREIMLCH, 77 LAO0RRICITIEEAL
WAEITI N, DBEENRABIEICT o 2 e, OB E THEMTE 5,
NFE0.25 mmD Gy BT 7 L& AWV DB SRR 0BG D D FEE X, 2
ZiHen320em / s/ 530cecm /s, H22335cm/s/hrH60cem /s, = L TN22310cecm /s
M5H20em/sTHDH[6,7], ZNHDHTAFEDOH T, Haldde/NO¥EET Ao B K
OBEHEEZFDL, T2 BRI N8 % b BV N R 25 2 &
NTEBH[5], LL., HATR[RETH B 72, Z O HRFCIIEY RWICHEE
MULEETH D, HoD ATPRVEGEPHILZE K T4 VW% H74 VW% TH D | IBFEER SR
13:18.3 VIV%7> 559 VW% T 5[8], s & M A BT 5 & N2 & H2
EMFFOENZENDORBOZ R % 5 2 DHeDOFIHNIHESG TH Y . Helk, GC
BLOGCIEES T (MS) HIE TR S —IIZHEH LT Y ) v —H R LA
S TW5,

BN RIETE L GCIMS A8 L 72Py-GCIMSIE. T LV &2 AR B s 0l i,
DOSEEBIZA 2ok L L TAL DIV TV 5[9-14], Py-GC/IMSIL, 3T
EREAE LIZARARY) ~—, V7=, Bruo—, FF 7 ERRETRE
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HKUESTFOXF YT 72V E— a B HWNLILTW S, UBFO B R A A
MuEGCIZL VL . HEOE CHRINT 222KV BN AART |
JROPR R U & > THEBERR 7 2 R E T X 5, B RO S D Ho,
He, NoOEMBE 2T 400 KD & % | Z31£741230.4 mW / [m K], 190.6 mW / [m K],
323mW/[mK]T& 5[15], @MW EMnER 2 KO OF v Vv —HAEEHT 52 &
T, KOBFBMEOH L34 07T ABELNLHMED H DHH[16]. HoD A%
EE LT, @ PY-GC/MSHIE TRV HeA ¥ ¥ U ¥ —H 2 & L TEDIL T
%, F12, Py-GCIMSIZE T HHeORAXMAKR L LTI, ZamiChilE L7729 2T
Ho35f—IZIBIRS L 5,

SUEPPEIC H S < GCT DA HFRE ~D R B LISMT  Py-GCIMSHIEIZ 31T 5 % v
Y —HAEL L THZHEHAT HBRCHEE T X 0K, REaFnE 7 A k2%t
T HKRBWMBISNZ E OV RET —Z DB T HREERSH L ZETHD, Lh
L. Z< O%E . HRK T TOBGRITHeON /2 & ORIEMEFRFAST & Rk
DEENZ /25 EOMENH H[17], T AL, HAFE TIZBT D0 T DU EN —
AR Z Bz T 5[17], LA L, @O e il A7 CIIH DAFEIZ L D )
JE~DEBNRKEL 2D | Hob v U Y —HAHFTRY L7 ¢ v OB B iR
BAT o T2 BB R B KT 2 (R S5 & KFIRINC L0 8Ll =
NWADERM O —7 OB L, A vl T AREMESID &) HENR
b 5[18], iz, KA W2 WS TIZB W TS, Py-GCIMSHIEIZ %9
HH W ADEBEERFT 52 EIXEETH D, FFIT, Hoxr v UV vr—F 2% Hn
T HE T, @IRICB T 2SS T I L OWE &SI COEFA 4 1k

(electron ionization: EI) {EIC K DA A IR TOA A ALERZ, KFBERIIEH
L, XA T T ALY AARY MUBHex v U Y — T AFIHEF S 138 055
— X 52 RN AART SRR T A 7T U —% W TR0
DR ~—RB 2 RETHEICHELE 25 2 NG aSN 5,

AWFFETCIE, BB LTETEEERY =F L (HDPE) V), Ho¥ v U
Y — A A H1 T DPy-GCIMS Il iE IRf D 7K 56 U N S Iis D 5 BZ DWW TRRET L 72,
HDPED XA 1 7T M, o, - F VL7 40, a-A L7 4 BLXUNn-T 01z
RIETD—HO R 7Ly hE—IBENOERIND72D[19, 20]. Afafizsy
AR D KBTI L 5 BEFHRD OICHERA Th D, F1-. HDPED T3
MERECHIAHSIN A 2EAMEO NV 2 F AT AI =T ABIN N ZJ e T X
VNCHRTHDMEOT VI =T AB LT X U HDPEHFIZEE L CEB Y, £
OOVKINAREL S UCTERT 2 RS & 2 bivd, IRWT, HDPE &R AR Y
TF L (LDPE) DOH¥ v U ¥ — 4 2t TOPy-GC/IMSHIEIZ I 1T D AKFE TN
ZEENZOWT H L L7z, LDPEDRLE TR Tl —fRIC & B2 FHV 72076,
HDPE & iz U T BRI L DA FITM D T/hEnWe Pl b, &Y
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AZF L (PS) IZOWTHARROER ATV, Ho¥ ¥ U Y — T A DL it
L7z &5IC, HeB X OH¥ v U ¥ — A4 A Z H\\W T, HDPE, LDPEK UPSE &
Te24fE DR Y ~—F B DO ARA 0 7T LAEWE LZ, FREHZ W Tilid v U Y
— HATE LN RBNSRERY D~ AARYT NVE, SAa T A< RAR
X7 MURERBEY 7 b =T H#HWTHREL, ¥ v U v —T ADEWDRER
fE R DOEBERIC KT THEIZ OV THRF LT,

5.2 EBR
5.2.1 3k & AL

F v U —UATEME (99.9999 %) DU w L LIKFEE Vo, AHFSE
AW TORY ~—ikl % Table 5.1 (2773, HDPE, LDPE & PS %, # 7 -
I N TER 7 L— RihZ AW, AFRICHWEZE2TORY < —iR
Ft% Table 5.1 (27”7, iBIOEEIL & BRAYLRBEG MG 572012, ETOR
U ~—iBHE. SRS (Model 6770 Freezer/Mill®, SPEX) (2 XV . WkikzE
FP TR RIL LT,

Table 5.1 Standard polymers used in this research.

No. Polymer name

High density polyethylene (HDPE)

Low density polyethylene (LDPE)

Polystyrene (PS)

Styrene butadiene rubber (SBR)

Polycarbonate (PC)

Polypropylene (isotactic) (iso-PP)
Ethylene-propylene-diene rubber (EPDM)
Ethylene-vinyl acetate copolymer (EVA)
Styrene-methyl acrylate copolymer (P(S-MA))
Acrylonitrile-butadiene-styrene copolymer (ABS)
Polydivinylbenzene (PDVB)

Poly(methyl methacrylate) (PMMA)
Polyacrylonitrile (PAN)

Poly(vinyl alcohol) (PVA)
Acrylonitrile-butadiene rubber (NBR)
Poly(hexamethylene adipamide) (Nylon-6,6)
Poly(phenylene sulfide) (PPS)
Polydimethylsiloxane (PDMS)
Methylcellulose (MC)

Poly(vinyl chloride) (PVC)

Epoxy resin

Polychlorotrifluoroethylene (PCTFE)
Polytetrafluoro-hexafluoroethylene (PTFE)
Tetrafluoroethylene-hexafluoropropylene copolymer (FPE)

O ~NO O WN P

Il O O e e el e o )
EWONPOQOWOMNOOUOMWNEREO
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5.2.2 B\ GCIMS JE

PUEEAR MS frigs 2 2 7= W A7 v~ s 277 7 (6890 GC/5973 MS, 7 L v
M8 F 7213 GCMS QP-2010 Plus, St #fEpTttid) o X7 Y »v k « 27U »
N U AEA DISHERDMEYFE XA 7 Z A ¥ — (EGAIPY-3030D, 71> 7 47 « 7
AR 2O H e AT AW, BRAE L72aE 25 15 ug 2> 5 250 pg
BEL, MNEMLUHEZEL-AT L 280 h ~ 7 (N 4.0 mm, S 4.2
mm, &S 8.0 mm, [FIFEE) [ZHREL, ZORED v T E A 1T A TR E
LTz, EENIEGT DHERE /X—T LT2t4, 600 °C 1ZF%E L7 InEVE N~
Bt > 72 Bl TS, B2 BB LT, BUOMAeRDIZx v ) v —
A (FEE 100mL/ min) (2K Y. A7V » b 17100, 3 A DR 300 °C (5%
E LT GCIEADZN L THBED 7 A~NEA L, T T L5ERICH D mEAEELE

(MJT-1030Ex, [Al#Hd) 12 kv 1 5rMif%E L7z, GC /r#lciE 2 F¥aD /3Bt Z
2 (UA5-30M-0.25F, EEAHE % 7 x=)L 95 % Y AFIRY i
& 30m. £ 0.25 mm, 5/ 0.25 um 38 L OV UAL-30M-2.0F, [EEFH Y A F v
RUTmXgr £E 30m, NEL0.25mm, EE 2.0 um, [FEHED) % vy,
GC A4 —7 EET., FIHATEEE 40°C T 1 4y MIfRE: L 7% 320 °C % T 10 °C / min
THIEMELL T, 10 offRFF L7z, ~ A AT hvid, 70 eV T EINELZ HWT
AF AL, B 5 A%y OB T, 29 225 600 OE E#HIFH THIE LT, 47
Bl 7 oL MS B ZR OBEGEERICIZ, XV b7 UV —GCIMS 7 & 7% —Z% 7=
[21]. M a7 T A EOE—7 OEWEER) ~—RKEOREIL, R ~—TF4 7
Z Y —& F-Search Y7 b =7 (AR 12X vit-72[22],

BB ORI HOW T, M2 L7 LHEL 3 BTV, O FBIM L
P L7z, —fl& LT Figure 5.1 &, KFEFHKTIZEITSH HDPE @ 3 [HD
Py-GC/MS JIZE CEII S D, /XA T 7T LD Cia OB FRA R DYER K S X
RCuD a-A V7 4 (Cw’) D AANRY MLZRd, £7-, Table 5.2 [Z(A) Cis
Da,o->FL 742 (Cu”)., a-A L7 42 (C’) BELOAEn-7 vl (Cua) @
FEH B — 7 SR EE O AREME, EEE & OFERHEMER 22 (RSD) . 72 5 NI (B) C14°
D~ AAXRY MVICERI S D01 A A M) (mz196), (M+1)" (m/z197)
L O(M+2)* (m/z 198) I DFEXS A A L 58 DK HEME, FHIE K Y RSD % 7~7,
4 CulbFRICKT Da-F L7 4 O —2miE, BL, CudDA L7 ¢
NS D50 FA A mlz 196 DAEXEA A iR EED RSD X E 4 0.99 %I
K047 %L R4FCThH -T2,
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Figure 5.1 Pyrograms and mass spectra of HDPE for Ci4 species formed under H>
carrier gas observed by three independently repeated measurements.

Table 5.2 Reproducibility of peak intensities in pyrograms and mass spectra examined
for Cu14 species formed from HDPE under H> carrier gas.

(A) Relative peak area in Ci4region on pyrogram.

Peak arearatio o, o-diolefin a-olefin n-alkane
Run 1 13.74 % 67.02 % 19.24 %
Run 2 14.82 % 65.84 % 19.33 %
Run 3 13.58 % 66.96 % 19.47 %

Average 14.04 % 66.61 % 19.35%
RSD 4.84 % 0.99 % 0.59 %
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(B) Relative peak intensity of molecular ions in mass spectra for Caa.

Peak area ratio m/z 196 m/z 197 m/z 198
Run 1 83.43 % 13.97 % 2.60 %
Run 2 84.21 % 13.16 % 2.63 %
Run 3 83.91 % 13.43 % 2.66 %

Average 83.85% 13.52 % 2.63 %
RSD 0.47 % 3.05% 1.07 %

5.2.3 WIEXMEIE (XRF)

RN~ =l DI AR O HOEXHR AT (XRF) 1, Pd X#rE ¥ £ 1M0.2 kW
FE A A 2 T WA B INVELBOEXER AT (Supermini 200, U 7)) & A
WTITo T2, TRTOILEICOWNT, PAFIXEEIES0 KV, EEIS MADSIET
HE L7, Table 5.312, AMFFETH\/ZHDPE, LDPEX UPSIZ W THIE LT-
fER A2~ T,

Table 5.3 Determination of metallic elements possibly originated from residual
polymerization catalyst in HDPE, LDPE, and PS by X-ray fluorescence (ppm).

Polymer Mg Ti Cr Zr Al
HDPE 10 11 3 2 38
LDPE 0 0 0 0 0

PS 0 3 1 2 55

5.3 fER & B
5.3.1 RY =F L v OBRGERICIT 5 KBEINBIS

X+ U ¥ —H A2 He & Hp Z VT HDPE % 600 °C TRV iR L. MS # %8
D =N A F L EH(TIC) IZLVFLEk LT/ A v 27T A% Figure 5.2 |27~ 7,
WTNDOF ¥ VY —TAZHNTGESH . Ce b CoDFHTRY 7Ly MEE
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AT HREMRRIEKRFO = FERMR SNz, 26D M) 7Ly Mg
ZRFOE—Z7 /T, o F L7 02 (C). a-F L7 42 (Cy). n-T VT
Ch)DIETEHEH SN D[12,17,18], Zib E—27 DAL, AU ~—DOEHITH
% IRFE-IRFBE OB & AEHEFONIZER T2 £ Z 2 5TV 5H[13,18,20], v—
JRREIX, - VT 4 I —FRLS RBED NS WG EITIRIZ n-T VT
oA LT 4 UDIRE TR D, K — 7 ORFFRFEIZ . He ¥ ¥ U v — T A LD |
He % VY —T R HWIE ) DBEL 25, [UROREITIREN A+ 25 &1
327, He lZkb Hy OXEITREEICIETH E VIKGF LRV [8], L= -> T,
FxY VY —HALLTHILHe IV, ROBEELZHERFFCEZ 5720, Hxbi
72717 MBESMICEB W TIOWRMZ BT 5 2 &N TE 5,

(a) He carrier gas Cuo
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Figure 5.2 Pyrograms of HDPE at 600 °C and expanded pyrograms from Cio to Cis
region (inset) under (a) He and (b) H> carrier gas flows. HDPE: 0.15 mg, Separation
column: UA5-30M-0.25F, GC oven: 40 °C (1 min hold)-10 °C / min-320 °C (10 min),
Injection port temperature: 320 °C, He (Inlet pressure: 78 kPa, 1.1 mL / min, Split ratio:
1/100), H2 (Inlet pressure: 18 kPa, 1.0 mL / min, Split ratio: 1/100).

Figure 5.2 121, MUY 7Ly hE—ZHTHV GO E—7 ONEEN 1 L0V K
XU Cio 5 Coug DEIFHTOD HDPE DR/ NA 0 7 7 AL TR LT, 2,
Figure 5.3 {2 Ce 225 Coo DA IRFBEFEIIC DWW TBHI SN A VAL T 0, AL
T4r. KOT VA OE—7 HELEOZELEZ R LTz, He ¥+ U Y —H A FIZ
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BWT, Co FTORPFHATIEIT VI OE—TFRENT AL T 4 X DGRV,
Ciz 725 Cis OFPATILME O B — 7 MEEITIEIEREHI L. Coy LA ETITHERL T
Wh, =, Ho ¥ ¥ U ¥ —HAFTICBWTIL, T _XTORELICBNTCT AL
YOE—IRENTA LT 0 X DALICKREN, —FH, AL T 4 U OEE
iX, Ce 226 Coo DT X TOFPIZIBNT, liF ¥ U ¥ — T AIZHONTIIEFR U
BERLIZ, ZRHDOFRERNG, Ho XX U P —HAFTIOA LT 40417
4 NCHKET D KRBIRIMESOGSNE Z 5 Z Sk > TT B 4 RnEhn L Tn
HZENEZBND, Table 531 Z/kL7= & 912, XRFIZ XV Rked7- HDPE 3k
HO~ 72U A (Mg), %2 (M) BLEOTALI=v A (A) OREEZZEN
Z# 10 ppm, 11 ppm B L V38 ppm TH Y | WEICHRESNTWLF—7 T — -
T ZfpEE AN TRES TR = F L o O R ERIRE Th - 72[23],
L7235 T, HDPE IZ W TAEIE S V2 KRS, 2D O&RIRE
IZE DR RIC LV G EEZ I TWD AR B 5,
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T T T T \ ulqw-dliOIeflin T T T T
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Figure 5.3 Peak area percentage for a-olefin, o, o-diolefin, and n-alkane in the carbon
number range from Ce to Cx for HDPE observed under (a) He and (b) H> carrier gas
flows.
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HDPE [Z TEMNCIZT— 7 T — T v X EiT A X ut Az L - CTHEES
L5705, LDPE (3B it 2 e WEiRB L OEE7 UV —F U EIZ L 5T
X TV 5[24], EEE. Table 5.3 (277 L7 & 912 LDPE &£ XRF 754D
fE ., RBHHICIIARR EAMEICE R T @R ITEDFE LR N &R S
e, £ ZTIIZ, LDPE @ Hy F % U ¥ —H A TOEGIRIZISIT 2 KFEEIN
DB %A~ 7=, Figure 5.4 Z(a) He & ONb) Hy ¥+ V¥ —H A CHIE L7z
LDPE O/3A 2 7T LR ZENS D Cio 5 Cie TIKOHL K[ %, Figure 5.5 (2
Ce 220 Coo DERFESEIBUZ OWTBIHI S NA A LT 0 AT 020 KDY
TIH DY — T EEEOELE R LT, HDPE ®/3A 12 Z . (Figure 5.2 &
'5.3) &I13#E7e Y LDPE /3o v /7 . (Figure 5.4 T85.5) Tik, ¥x U
—H A% He B HplZHIV B AT, ALV 700, L7400, KT VA
O =7 HEBHITIZEE A EBILN WD E NS, Tk HT, AN
fEE L 72\ LDPE Tid Ho F Th o TH BRI IR FEIRIIEE & A il &
RV, ZHHDOFRER I Y B O RAELIE) HDPE OEGMRKHIZI T 5
KRFWMOFRKRTH D Z & NI,
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Figure 5.4 Pyrograms of LDPE at 600 °C and expanded pyrograms from Cio to Cis
region (inset) under (a) He and (b) H carrier gas flows. LDPE: 0.15 mg, Separation
column: UA5-30M-0.25F, GC oven: 40 °C (1 min hold)-10 °C / min-320 °C (10 min),
Injection port temperature: 320 °C, He (Inlet).
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Figure 5.5 Peak area percentage for a-olefin, a, o-diolefin, and n-alkane in the carbon
number range from Ce to C16 for LDPE observed under (a) He and (b) H carrier gas
flows.

5.3.2 El £ Z IRENIZE T B KBRS

MS FRHZRD El A AU PROWNETIlE, KES T, KEAF L ERIELT 3
JRTKFEA A (H") BT D 2 & NHE STV 5[25-28], £ 7. Figure 5.6
WCARTEIZC  HoFxy Vv —HTAD~AZT ML EIZIZ, FRFNHIBXI W
H lICAHHYS T2 miz2 BEX O M3 DA AU B ENTnWs, Lizi->T, Zh
B DOKFEHAL AR, El A A IR CREFIE - k3 2 K FEIRIE K
JGEBlE R IT AR LB 6N D, GC I T LNLIEHT AL 7 4 v DkFHE
BIMEEOEDS El A A RN TER Z 256, GC sz A L7 4 » O—HR
TNI o~ ENDZ e 7D, 5T, El A F VP TOF LT 4 DK
RIS DRREIL, TOYAARY MUZBTDE/TAY MY 750574
T MYE LTRED . MAICHTT B [M2 OB 2 VTR 5 Z L N TE 5,
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Figure 5.6 Mass spectrum of hydrogen gas and the peaks at m/z 2 and m/z 3
respectively corresponding to H," and Hs".

Figure 5.7 (IZ—#il& LC, (@) He XT'b) Ho F ¥ U ¥ — A AHTHIE L7311
7T LD Crg DEGRRERD DYERKIB LR Cua D a-4 L7 42 (Ci’) D<A
AT MVERT  HeBL P H v VY —T AT TS ND Cia’ D~ AAN
7 ik, =325 LIZERCTHS, Lo, Figure 5.7 IZffE TR L7z, i
XX VY —HRZBITEDFAA MY :miz196) (DK~ A AT [ L
FHEST D L bTMNCBHIENDS [MH2]"OE— 7 BEN He LV b Hy DA
BN REWZ LD, He B LU H ¥ ¥ U —HTAFTOYARANRY
R ILZOWT, MY, [M+1]"8 L O [M+2]* D & — 7 58 b 4 b L7255 5. He T©
X M*/[M+1]*/ [M+2]* =100/ 16.4/0.95 T ¥ .H, TIX 100/16.2/3.5 TH - 7=,
— 5 FNEAR D RIRIFEL ZEEB LT Cud L7 4 DL DA A v OFHx#R
FEIX, KREREMESANARZEAT (NIST) 94 77V —Y 7 v =T LD MS f#EHTH
DORNAFE T 0 75 22k 0, MY/ [M+1]7/ [M+2]* =100/ 16.0/1.19 & FE &
N5, FEHEN MY M+ O — 7 BRI, He BEX O H ¥ v Vv —H &
EBICHBEME L IZIERI U TH D, ZDORERIL, EIRIZBWT MH 2 EAT 5 Cua
TV T 4 DIEFEA T AITEATCE L 2R LTS, ZHICK LT
[M+2]* DX R E X, He v U v — T A CIEFHBEMEITEVVETSH 5 DIt L,
Ho ¥ v U v —H RAZBWTIEFEME L VR 35 i S, MH 2 E/T 5
TeDDH VT 4 DRFBINIEIED EHENIZEB N TRV EITLTWDH Z &%
R L TW5,
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Figure 5.7 Expanded pyrograms and mass spectra of the Cis region of HDPE at
600 °C under (a) He and (b) H2 carrier gas flows. (Inset: Expanded mass spectra around
the molecular ion region).

Figure 5.8 |2, He ¥ VY —F A& Hy ¥+ U-¥—FH A% H\T HDPE %
Py-GC/MS #lliE L T S 7z, IKFEE 6 7°H 20 OF% a-A L7 4 /BT D
[M+2]*/M* D v — 7 88 L D2 k&, NIST 94 7TV —Y 7 h =TIk » T
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Figure 5.8 Peak area ratio of [M+2]"/[M]* for each a-olefin under He and H carrier
gas together with the theoretical curve obtained from the MS Interpreter’s isotope
calculator of the NIST library software.
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Figure 5.9 Pyrograms of PS at 600 °C under (a) He and (b) H> carrier gas flows. PS:
15 ng, He (Inlet pressure: 80 kPa, 1.1 mL / min, Split ratio: 1/100), H2 (Inlet pressure:
15 kPa, 0.79 mL / min, Split ratio: 1/100) (D1: 1,2-Diphenylethane, D2:
Propane-1,2-diyldibenzene, D3: Hexa-1,5-diene-2,5-diyldibenzene).
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TR, TOEITEERIET S Z L=, Bk L7=X 9, AR Y
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Table 5.4 Match quality in library search by F-Search software for considering all
pyrolyzates in pyrogram obtained under He or H> carrier gas.

Match quality (%
No. Polymer name quality (%)

He H,
1 High density polyethylene (HDPE) 99 98
2 Low density polyethylene (LDPE) 98 97
3 Polystyrene (PS) 99 97
4 Styrene butadiene rubber (SBR) 97 96
5 Polycarbonate (PC) 95 90
6 Polypropylene (isotactic) (iso-PP) 99 97
7  Ethylene-propylene-diene rubber (EPDM) 97 9%
8 Ethylene-vinyl acetate copolymer (EVA) 99 95
9 Styrene-methyl acrylate copolymer (P(S-MA)) 99 96
10 Acrylonitrile-butadiene-styrene copolymer (ABS) 99 98
11 Polydivinylbenzene (PDVB) 99 99
12 Poly(methyl methacrylate) (PMMA) 99 99
13 Polyacrylonitrile (PAN) 99 97
14 Poly(vinyl alcohol) (PVA) 98 96
15 Acrylonitrile-butadiene rubber (NBR) 99 90
16 Poly(hexamethylene adipamide) (Nylon-6,6) 94 90
17 Poly(phenylene sulfide) (PPS) 99 85
18 Polydimethylsiloxane (PDMS) 99 98
19 Methylcellulose (MC) 97 87
20 Poly(vinyl chloride) (PVC) 98 90
21 Epoxy resin 98 82
22 Polychlorotrifluoroethylene (PCTFE) 97 9
23 Polytetrafluoro-hexafluoroethylene (PTFE) 96 27
24 Tetrafluoroethylene-hexafluoropropylene copolymer (FPE) 95 22

Figure 5.10 38 L OF Figure 5.11 (27”3 K 912, PTFE I&, 1% O [ EFHIEIE 0.25
um O 7 2 (UA5-30M-0.25F) ZfEH L7=HE, He BL U H ¥+ U v — A &
WTNOGGEE TIC "M 17 T AMIHE—OELTRERE =7 PBIHIENS .,
Ho ¥ ¥ U Y — T A TELNDUEE—T D~ AAXT hUE He v U v —H4
ATDANRY MV EITH LN R > T D, ZORERIZ. Ho ¥ U v —H A
HCOKRBIRINE L DT EBM DO Z "B L TEY , ZhURNAaEEEEY
FLIEKTI®DLERK E b s,
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| Polymer / Additive | EntryD || oualpel |
1 Tetrafluoroethylene-hexafluoropropylene copolymer (22.5-25 min} FLT-081 99
2 Polytetrafluorosthylene ; PTFE FLT-050 898
3 Tetrafluoroethylene-hexafluoropropylene copobymer ; (17-25 min} FLT-051 895
4 Polytetrafluoroethylene (PTFE) tube (External diameter: 2mm, internal di...  FLE-0904 94
5 Polytetrafluorcethylene ; FTFE FLG-302 93
8  Polytetrafluorcethylene-perflucroalkylvinylether (PFA) tube (external dia... FLE-0505 892
7 Tetrafluoroethylene-hexafluoropropylene copolymer ; (18-21.5 min} FLT-081 75
N & Tetraflueroethylene-perflucropropyivinyl ether copotymer FLY-304 45

Figure 5.10 Pyrogram of PTFE and library search result under He carrier gas.
Pyrolysis at 600 °C, Separation column: UA5-30M-0.25F, GC oven: 30 °C (10 min
hold)-20 °C / min-320 °C.
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Figure 5.11 Pyrogram of PTFE and library search result under H> carrier gas.
Pyrolysis at 600 °C, Separation column: UA5-30M-0.25F, GC oven: 30 °C (10 min
hold)-20 °C / min-320 °C.
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Figure 5.12 Pyrograms of PTFE at 600 °C under (a) He and (b) H: carrier gas flows.
PTFE: 0.15 mg, Separation column: UA1-30M-2.0F, GC oven: 40 °C (1 min hold) -
10 °C / min - 320 °C (10 min), Injection port temperature: 320 °C, He (Inlet pressure:
80 kPa, 1.0 mL / min, Split ratio: 1/100), H2 (Inlet pressure: 18 kPa, 1.0 mL / min, Split
ratio: 1/100). Peaks were identified with a help of NIST MS library.

1: Tetrafluoroethylene, 2: Hexafluoropropylene, 3: 1,1,1,2-Tetrafluoroethane,
4:1,1,2,2-Tetrafluoroethane, 5: 1,1,1,2,3,3-Hexafluoropropane,

6: 1,1,2,2,3,3-Hexafluoropropane, 7: Difluorodimethylsilane (Reaction by-product of
hydrogen fluoride and stationary phase), 8: 1,1,1,2,2,3,4,4- Octafluorobutane,
9:1,1,2,2,3,3,4,4-Octafluorobutane.
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62 ¥ T ARIBRIEE O RS & MR ST ZE~ D i

6.1 F&5

BET T AT w7 R0NA T ADEGRIZE Y EIRE LRI ARERILAE Y
MG D e MR A < AT TV B[1-6], /N1 A~ A% 500 °C fif % T, 20°C
Imin F2EDWPp - < Y & LI FIREE CHIET 5 & (slow pyrolysis) . R/ NA A
BREF, Fry—a— (W), BLORILRFBSC—MILIRFE, A X 7P
R 3, ZNEIZIERREDOWERTHOLIND Z EDRHMLINTWAH[T], —H.
INA T A B ZUERIZINEL L 400 °C 725 650 °C 131 TR ZA ) fi# (fast pyrolysis:
FP) 9% & A FRELOIEEN &< 722 (59 50 wt%»H 75 wt%) [7]. L L,
ZOEITLTHELNL AN, AREHIITMBE L ETILEWRE < G FEh, ZD
FETIIRELE LTORHIZREECH D, T, il SakE ) # (catalytic
fast pyrolysis: CFP) & IFEN %, iz X 25 31 AREL O S E \Z B9 2 AFZEAY A
<ATHILTWAH[7-15],

Bex RIEREDNA A< AR T AT v 7 2 &RE L TEH L, L0 M
ED @I E RS A A RE A~ BANTE T DA OFE TR E > TEHY
EEMESC, BASRIRME, B ANEZ Ot DB N RO LTS, L
L. BREEBEFE IR, RWHIMZE L, BHERIEER Y LHanEZn., £, £
OFHBRE B2 E T2 2 B3 H D 9 2. MEBENHWE W THEEM
TRWZ ERD D, D7D, K0 R TEBIED @O AN KO &
IWTWD, 29 LIBRHC, BT A a~ N7 T 7 40— EESHE
(Py-GCIMS) (ZHW BB IR RIZE OIIEFRL S A 1 T A —F, SEEREEDN
FIEEOSHEAT I WD LD BUSESR E LI L TWD 2 Enh . AONCHIHTE
Do

WA T ARBET T AF v 7 OB IRARM) 2 B3 % OSSR, ek
& il 2 YA CHE— OB\ R EUGH C CFP Z24T 9 in-situ i & OB ZudER
R & DB R R O BRI SUE 2 Rl 2 O RSIF TIT 9 exssitu UG 8 5
[16-21], In-situ S DA By RT3 1 2 W78 L. AlyEtE MK T L
RTWHERR S D, ZORMBEEZRT 5720, JFE & ORIz AE DY — L
BN TRV R ) O B DM AR 5 KO REEE IO TV DN, B
—DSFE DT B R & RS OIREE IR — & 72 %, BV RO B iR E
EFIE RS DRGEIREN R A5 0H 0 . ZUSHIGT 572D, KSF%E 2
BEINCERE L, &PORISE (5 1 BOSF) 2B 0B R IROBUG
S (5 2 BOGF)  ZfEROS I AW 2 BefE T ex-situ F2BR A O filiE KOG 2%
PHERR NS SN TEY . 2 BOSFORESLFEHLAKAEZMEBNICHIE X 5
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FFs & % [22-25],
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Figure 6.1 Schematic illustration of a tandem p-reactor.
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Figure 6.2 Three profiles of temperature control modes: isothermal (broken line),
linear increment (half tone broken line), step increment (solid line).
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_L | — f—
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Va

GC oven: isothermal GC oven: temp. programmed.

Figure 6.3 Measurement configurations in the tandem p-reactor system with a gas
chromatograph / mass spectrometer: (a) TR-EGA-MS sytem with an EGA tube (length
2.5 m, i.d. 0.15 mm), (b) TR-GC/MS system with a selective sampler.
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He Vent

(50 mL / min) Split ratio
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MS

Oven: 200 °C (isothermal)

Figure 6.4 TR-EGA-MS system for ethanol conversion over H-ZSM-5. Reaction
temperature: 100-400 °C at 20 °C / min, 1% reactor temperature: 100 °C, Ethanol
concentration: 2.7 v/v%, He carrier gas flow rate: 50 mL / min in reactor.
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Figure 6.5 Catalytic conversion of ethanol over H-ZSM-5 measured by TR-EGA-MS.
1%t reactor temperature: 100 °C, 2" reactor temperature: 100-550 °C at 20 °C / min,
Ethanol concentration: 2.7 v/v%, He carrier gas flow rate: 50 mL / min in reactor.
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Figure 6.6 Catalytic conversion of ethanol to ethylene over H-ZSM-5 measured by
TR-GC/MS. 1% reactor temperature: 100 °C, 2" reactor temperature: 100-400 °C with
50 °C intervals, Ethanol concentration: 2.7 v/v%, He carrier gas flow rate: 50 mL / min
in reactor.
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Figure 6.7 Catalytic conversion of methanol to propylene over H-ZSM-5 measured
by TR-GC/MS. Reaction temperature: 100-600 °C at 100 °C increment, 1% reactor
temperature: 100 °C, 2" reactor temperature: 100-600 °C with 100 °C intervals, He
carrier gas flow rate: 50 mL / min in reactor.
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Figure 6.8 Total ion current (TIC) profile and extracted ion current (EIC) profiles (m/z
18 and m/z 44) as the “used” catalyst (ZSM-5 on Al>Oz (20/30 mesh), 3, 10 mm) heated
from 100 to 700 °C (10 °C / min) in air (50 mL / min).
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Figure 6.9 Photos of the catalyst (a) before and (b) after regeneration, respectivesly.
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Figure 6.10 TR-GC/MS chromatogram for ethanol conversion over regenerated
HZSM-5. GC: 40 °C (2 min hold) at 40 °C / min-300 °C (5 min hold), Column:
UA1-30M-1.0F, He carrier gas flow rate in column: 1 mL / min, Split rato: 1/50,
Ethanol amount: 1 pL.
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Figure 7.1 Schematic diagram of a tandem micro-reactor and a pressure regulation
system for on-line GC/MS analysis. MFC1 and MFC2: mass-flow controller, BP1 and
BP2: back-pressure regulator, R1, R2, and R3: restrictor, 3WV: 3-way valve, SV: on-off
valve.
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73 FERLEELE

71315BED T ADAQEZHETE-D0F ¥ 7 ) —EREOREL

£ ) FIZBWT CRP B 21T 9 BE. pUS#sDOENIZX, GC 7 LD ANAEIC
EEEEST L, ROSSRENN ERT212oMTH T AT U, (R
(XD T 5, 15378 GC B R 2 157008 B ARFFRF I ZE S W TG E A % [
ETHOITIE, GC AT LOAAT, ¥+ Vv —TAJEEZ—EDOmIE(EIZ R
F+onE b5, Figure 7.0 123380 . BP2 DffiH & & HIZGC 17 DA
OicF v BTV —HE LA —T L ATV AV H—T =2—AZBWO 1T 5
LI, XX VYT AORMEEZ —EIRFET 22N TE S, KUK

119



WIRREERGFERNH Y, v U P —HTRAMEIL, GC A —7 U OIREICHIKFT
%[25], kR%x 7RENFEMETIZBNT, F¥ 7 U —HFUEZHWT, BP1 & BP2
BT DATY v U ML GC A — 7 REDRRICHOW TR, £7-.
Iy T —EHEORELRESEZRVWHT D, ESOREBIZOWTHEL
7o F¥ BT U —EHE 21T, £ X 40cm, 60cm. 80 cm. 100 cm DO ARTEMALAL
BEDAT LV AAF—LE (id. 0.05 mm) ZHWz, v U Y —TADEN
BT AHEIT. FNFEN100mL/ min L1 mL/min & L7z, HFESOX
¥ EZ U —\PHUEICONT, 1 MPa °5 3.5 MPa ~ULRANDIE 1 2% % 7%
W, NV LAEKFEEFY VY —HRAIHWTHELNZAT Y v b2 i
mEA—T7 REDORERE Figure 7.2 & 7.3 12T,
(a) (b)

100.0 - . —a 100.0
80.0 - 80.0 -
= e
2 600 S 600
e £
2 P
= it
S 400 S 400
3 g
= (™
20.0 20.0
ChhClETT - P B .
0.0 0.0 $g——--g-----r----- - SEPErTT—— i
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Temperature / oC Temperature / °C
100.0 100.0
80.0 - 80.0 -
£ £
£ £
- 600 o 600
£ £
o P
£ 400+ & 400
=z =
o o
[T w
20.0 - 20.0 [
ey T T
0.0 == e e 00
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Temperature / °C Temperature / °C

Figure 7.2 Relationship between the vent flow rates at BP1 (upper curve) and BP2
(lower curve) and the GC oven temperature for the He carrier gas. Length of the
restrictor capillary tube: (a) 100 cm, (b) 80 cm, (c) 60 cm, (d) 40 cm. Pressure: (o) 1
MPa, (o) 2 MPa, (m) 3 MPa, (o0) 3.5 MPa. Column pressure: 80 kPa, Column flow
rate : 1 mL / min, Total flow rate : 100 mL / min, Split ratio: 1/100, Column:
UA5-30M-0.25F.
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Figure 7.3 Relationship between the vent flow rates at BP1 (upper curve) and BP2
(lower curve) and GC oven temperature for the H» carrier gas. Length of a restrictor
capillary tube: (a) 100 cm, (b) 80 cm, (¢) 60 cm, (d) 40 cm. Pressure: (o) 1 MPa, (o) 2
MPa, (w) 3 MPa, (o) 3.5 MPa. Column pressure: 34 kPa, Column flow rate: 1 mL /
min, Total flow rate: 100 mL / min, Split ratio: 1/100, Column: UA5-30M-0.25F.
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Figure 7.4 Effect of temperature on the reaction products with the Pt/HY catalyst
under 1 MPa of Ho/He mixed gas. A: 250 °C without any catalysts, B: 200 °C, C: 250
°C, D: 300 °C. Peak a, b, c, d, e, and f are respectively assigned as methanol and water,
methyl cyclopentane, cyclohexane, methyl cyclohexane, phenol, and guaiacol,
respectively. Column: UA5-30M-0.25F.

RIZ1 MPa7)» 53 MPaE TS &b &8, RE250 °«C T/ 7 A 7 2 —/b
DI e M T UGS S DR Z ST I 5 B 2 Figure 7.5127+7, fik
MAFET (B/DHD) T, 7 ua~dH oo —7 L, st Liz@ENOK
JSEINZBR R IRE—ETH D, KISENZ LK DREN /NS LT, =
o 7 _— 2 D 2 N2 77 A 7 32— )L OHDORSIZ B4 2 i 25 0 3 w544
DT, H710.17 MPa7»51.5 MPadFHIZIHBW T, T 72k LR S
7RI T [29]4E R & xS LT D,

123



%107 ’

20 ‘
g 16r | e
3 al b | ’
E 12 | I \_(_l i | -,_;‘1__2._1) S
e | | |
o
= 8 Jo | ’ . ¢

. [ L.‘ B

] | ’_ l'\_._ A
2 4 6 8 10 12

Retention time (min)

Figure 7.5 Effect of pressure of Ho/He mixed gas on the reaction products with Pt/HY
catalyst at 250 °C. A: 1 MPa without catalysts, B: 1 MPa, C: 2 MPa, D: 3 MPa. Peak a,
b, c, d, e, and f are the same as those given in Figure 7.4. Column: UA5-30M-0.25F.
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