creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86t AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Metok ELIChH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aeles 212 LWS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

AR A TFS AP o
ZYogdde F43}



AR A TFS AP o
yRE ZEERe 543

Hydrogenation of High Density Polyethylene by
High Pressure Hydrogen Gas Treatment

20243 2¢¥ 23



ALY F4a TS AP g

TUE Eedday st

A= o] & ¥
o] =S &8t AAEAY = o AlET



2023 12¢¥



= 3

LiSt Of TaDlES «wrrereeerererersrerssessesssenssessnsssessnsssnsssnnssesenas I11
LiSt Of FIGUrES «weeeeeressesersensnisnessinsintinsiistsienisieseseaisd IV
ABSTRAQGT ereeerreesserseessunssesstessunsesssesisssesssesiessesssessasssess V1
AL AT ceeeeerrrmrenite 1
xﬂngr )\]_‘1‘—;_94 _7151:1] g_l /ésé Hol-lﬂ .................................... 4
A 172 High Density Polyethylene -« emmmcnuenes 4
A2A 22 QFE A @] e s 5
AZA AT S AR] e s 6
1. 23] 3% T Fh FF L FAE FF 6

R R RS IS L R B B O 5

3. Fourier transform infrared spectroscopy e 6
A3A A3 B O] e 9
A1A BT SAH e 9
A2 T BALE 93 HO|T e 11
A3 ATR-FTIR -reeereessersersseesssessesseessersssssessessesseessesssssssesscs 15



References



List of Tables

Table 3. 1. Functional groups assigned to wavenumbers of ATR-FTIR - 18



List of Figures

Figure 1. 1. Cross-section illustrating high-density polymer liner and carbon

fiber composite in a typical type-4 hydrogen storage pressure vessel -« 2
Figure 1. 2. Liner molecular structure of HDPE :woeoeeeeeeeesiins 3

Figure 1. 3. Spherulite structure of HDPE featuring both crystalline and

al’nOI‘phous regionS .................................................................................................. 3
Figure 2 1 HDPE beads ...................................................................................... 4
Figure 2. 2. The device used for hydrogen pressure treatment ---:::---:---eeeeee 5

Figure 2. 3. Illustration of the apparatus for measuring hydrogen diffusivity

using the Volumetric method ................................................................................. 7
Figure 2. 4. Microscopy equipment employed in the experiment -:«----weooeeeeeee 8

Figure 3. 1. Hydrogen emission graph generated using a diffusion analysis
program with data acquired through volumetric measurement of HDPE

eXpOSQd to hydrogen pressure at 90 MPa ......................................................... 10
Figure 3. 2. SEM image of HDPE before and after hydrogen treatment ---- 12
Figure 3. 3. OM images of acquired at room temperature ----:«::----oeeseeeeeeeeees 13

Figure 3. 4. The representative POM image revealing chain scission

following the rapid hydrogen gas decompression in Hy-HDPE --oooeeeeveeeeeeeene 14

Figure 3. 5. In-situ ATR-FTIR spectra Of Ho-HDPE -+eveeeeeeeseesvesenienieniniine 15

_iv_



Figure 3 6 ATR_FTIR Spectra Of neat HDPE ............................................... 16

Figure 3. 7. Enlarged plot of the in-situ ATR-FTIR of H,-HDPE in the

range of 3030~2750 cm™ corresponding to the -CHjy- group «--seeeeeseseees 20

Figure 3. 8. Time dependence of the normalized area of the -CH,- group in

HZ-HDPE Compared to HDPE after deCOI’an‘GSSiOI’I ......................................... 21

Figure 3. 9. (a) Deconvolution of peaks in the range of 3030 to 2730 cm’
for H-HDPE using four different Lorentz functions; (b) Time dependence of
each peak intensity obtained from to the four different types of Lorentz

ﬁlnCtiOl'lS in (a) ..................................................................................................... 22

Figure 3. 10. Time dependence of peak intensity newly observed in

HQ-HDPE after decompreSSion ............................................................................ 23

Figure 3. 11. Schematic representation of four different types of

hydrogenation mechanisms following chain scission in Hy-HDPE --eoooeeeeeeeeee 25



ABSTRACT

Hydrogenation of High Density Polyethylene by
High Pressure Hydrogen Gas Treatment

Kim Mina
Advisor : Prof. Lee Chang Hoon, Ph.D.
Department of Chemical Engineering,

Graduate School of Chosun University

To investigate the alterations in the chemical and physical properties of high-density
polyethylene (HDPE) following the rapid release of hydrogen gas at a pressure of 90
MPa, a variety of characterization techniques were employed. These included scanning
electron microscopy, optical microscopy, polarized optical microscopy, volume
measurement for hydrogen content and diffusivity, and in-situ attenuated total reflectance
Fourier transform infrared spectroscopy. Microscopic observations confirmed the
occurrence of chain scission and channel formation during hydrogen release. Volumetric
measurements yielded a hydrogen diffusivity of 2.41x10° m?s and a total hydrogen
content of 714 wt ¢ ppm in hydrogen-treated HDPE.

Chemically, hydrogenation occurred post-chain scission, involving the addition of
hydrogen atoms to the polymer chains. An increase in -CH; end termination and
elevated double and triple bonds between carbon atoms, along with crosslinking, were
also observed. These findings suggest that chemical modifications and structural

transformations took place in HDPE upon the rapid release of hydrogen gas.
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High-density polymer liner

Carbon fiber composite

Figure 1. 1. Cross-section illustrating high-density polymer liner (pale green) and carbon

fiber composite (black) in a typical type-4 hydrogen storage pressure vessel
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Figure 1. 3. Spherulite structure of HDPE featuring both crystalline and amorphous

regions
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Figure 2. 1. HDPE beads

_4_



AYE 22 ¢ A

gt §4%9 H, BOOSTER UNITC 2 44 UL Alwsigch Fu|® Algs
217 130mm, W73 54mmo] A|Jwo] Zo] o]zo=z A Yhst $ H, gas vent: 7
7F &0 24 B2 B Air pumps BO{FH AlO|X|7F Z2t7H7] AJAFSHTY. Pressure
control- 2 highZ =240 Out-let pressure’} Ysh= Yof| tihs T7HA] 245 7}
siEth A9 dosiE o a4 &2 A & Air pumpE A7F £ 90 MPaollA| 90
T 7AIEE & Hy gas ventE: AAAS] Folpol 245 TWAAXIG. Y Al oF 15
MPa/sQ] &&= 2 XI5t TE Out-let pressure’t 0 MPao] ¥ £7HHE A|7HS &45H
ch

p.o I
/ AIRPRESSURE IN-LET PRESSURE MAIN PRESSURE OUT-LET PRESSURE o o
n
¥ XN s .
n - H
—
H2GAS W HO-
ver  m n* [
DRAIN VALVE = : S
. DI
wow i N -
NG oren e W
1]
.
¥ N R
H teansty
- - —O — 1 H H
H2GAS = aEa, "
PUMP OUT-LET ™ - -
. . .
™ PUMP ON/OFF VALVE GAS IN-LET STOP VALVE PRESSURE CONTROL STOP VALVE u L P4
. . “aus
0 0 SN—”
. .
= - CHAMBER
. .
U S S NN N NN NN AN NN EEEEE NN NN EENEEEEEEEEEEEEEEEEEE Y
.
Py
- COMPRESSOR
.
.
.

Figure 2. 2. The device used for hydrogen pressure treatment; from left to right,
represents hydrogen pressure vessel, hydrogen pressure booster, and hydrogen pressure

chamber
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Figure 2.3. Illustration of the apparatus for measuring hydrogen diffusivity using the
volumetric method. (a) The graded cylinder apparatus quantifies the released hydrogen
gas from HDPE after depressurizing at 90 MPa. The upper-left digital timer records the
elapsed time post-hydrogen gas decompression, while the upper-right digital gauge
monitors temperature and pressure; (b) Schematic representation of the upper volumetric

apparatus [27]



Figure 2. 4. Microscopy equipment employed in the experiment: (a) Optical Microscopy
(OM); (b) Scanning Electron Microscopy (SEM); (¢) Polarized Optical Microscopy
(POM)
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Figure 3. 1. Hydrogen emission graph generated using a diffusion analysis program with
data acquired through volumetric measurement of HDPE exposed to a hydrogen pressure

of 90 MPa (x-axis: actual date, black line: fitted graph, yellow line: adjusted graph)
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Figure 3. 2. SEM images of HDPE before and after hydrogen treatment: (a) Surface of
HDPE prior to hydrogen treatment; (b) Tone-burst structures observed on the surface of
H,-HDPE; (c¢) Enlarged view of the red circle, depicting one representative tone-burst

structure from (b)
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Figure 3. 3. OM images of acquired at room temperature (a) Neat-HDPE; (b) H,-HDPE




Figure 3. 4. The representative POM image revealing chain scission following the rapid

hydrogen gas decompression in H,-HDPE
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Figure 3. 5. In-situ ATR-FTIR spectra of H,-HDPE (numerical values indicate the
wavenumber of the respective signal; inset data provides an enlarged view of the

corresponding signal)
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Figure 3. 6. ATR-FTIR spectra of neat HDPE (numerical values indicate the

wavenumber of the respective signals)
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~CH,- 180U} Uek —CHy T& 7h -CCH- 189] Z7tstAl gag oujsita
2 2 9t 1Y &4 Al2] o]F HHDPEOINE Az& 715 189 =Yt sta
9 9tk .CH, 1 40 £7H2 matet oje) stebAl wiso] WALS Table 3. 19]
ofwlo} 9lrt.

Table 3. 1. Functional groups assigned to wavenumbers of ATR-FTIR

Assigned Functional Group and
1 New/Existing  Reference
Wavenumber (cm™) Vibration Mode

3391 C=C-H (C-H stretching) New [35]
3187 C=C-H (C-H stretching) New [34]

-CH,-
2915 Existing [31]

(Asymmetric C-H stretching)

-CH,-

2848 Existing [31]
(Symmetric C-H stretching)

1645 C=C (stretching) New [34]
1472, 1462 -CH»- (bending) Existing [33]

-CH;
1387 New [38]

(Symmetric C-H bending)

1367 -CH; (wagging) Existing [31]
1302 -CH; (twisting and wagging) Existing [31]
1261 Asymmetric CCH bending Existing [32]
1175 Symmetric CCH bending Existing [32]
1112 -COH(CHa;)- (C-O stretching) New [36]
1051 -CHOH- (C-O stretching) Existing [36]
875 -CH=CH, (C-H bending) New [38]
804 -CH; (bending) New [31]
730,718 Split -CH»- (rocking) Existing [31]
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Figure 3. 7. Enlarged plot of the in-situ ATR-FTIR spectrum of H,-HDPE in the range
of 3000~2750 cm™ corresponding to the -CH,- group.
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Figure 3. 8. Time dependence of the normalized area of the -CH,- group in H,-HDPE
compared to HDPE after decompression (Iy: H,-HDPE, Ip: HDPE before hydrogen

treatment)
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Figure 3. 9. (a) Deconvolution of peaks in the range of 3030 to 2730 cm™ for
H,-HDPE using four different Lorentz functions; (b) Time dependence of each peak

intensity obtained from fitting to the four different types of Lorentz functions in (a).
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Figure 3. 10. Time dependence of peak intensity newly observed in H,-HDPE after

decompression.
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Figure 3. 11. Schematic representation of four different types of hydrogenation
mechanisms following chain scission in H,-HDPE: (a) Formation of terminal -CHj; (b)
Carbon-carbon double bonds; (¢) Carbon-carbon triple bonds; (d) Interchain crosslinking

formation.
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