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Abstract

Keywords : Waste plastic, Polyolefin, Catalytic cracking, Beta zeolite,
Acid site, Crystal size
Student Number : 2021—-28229

Plastic waste is one of the most serious problems in modern society,
and interest in achieving a circular economy and carbon neutral is
leading to the need for research on chemical recycling. Commercially
available pyrolysis process 1is simple, capital—intensive, and
technically mature, but typically requires high operating temperature
above 500 C and enormous energy consumption accordingly.
Meanwhile, various studies have been conducted on hydrogenolysis
process, but there is still a disadvantage that high—pressure
hydrogen which can be used as another energy source, must be
supplied. In order to overcome these challenges, our research aimed

to directly convert polyolefin into liquid fuel oil without hydrogen

supply at a low temperature under 350 C through catalytic pyrolysis.

First, the shape selectivity of commercial zeolites (ZSM-5, Y
zeolite, beta zeolite) was investigated to select appropriate zeolite
type for catalytic cracking. As a result of LDPE decomposition at
400 T, thermal pyrolysis showed a low conversion of 23 %, whereas
zeolite catalytic cracking could obtain almost 100 % conversion and
different product selectivity depending on zeolite type. Coke yield of
ZSM—5 was the lowest at 3 %, but the liquid selectivity was also the
lowest at 36 % due to its relatively small pore size. Beta zeolite and
Y zeolite showed high liquid selectivity, but for Y zeolite, coke
production was the highest. In conclusion, beta zeolite has been

selected as a catalyst since it has high liquid selectivity, low coke



yield, and suitable for changing the intrinsic properties of zeolite.

Next, beta zeolites with different intrinsic properties such as crystal
size and acid sites were synthesized, and LDPE catalytic cracking
was conducted at low temperature below 350 C. As a result, the
more zeolite acid sites and the smaller crystal size, the higher
conversion and the higher liquid product selectivity. For the best
performing sample, 84 % conversion and 63 % liquid selectivity could
be achieved while actual liquid selectivity is expected to be higher if
liquid components lost through gas stream are included. In addition,
the carbon number distribution of each liquid product was similar
compared to the large difference in conversion, which confirmed the
contribution of zeolite micropores.

Finally, nitrogen flow gas was increased to reduce deactivation by
coke deposition, and HPA was introduced to further increase the acid
site. When increasing the nitrogen gas, conversion could be increased
to 87 %, and actual liquid selectivity is expected to be similar or
higher than that of reference sample if the liquid loss by flowing gas
i1s corrected. It was also confirmed that the liquid product distribution
could be controlled by adjusting the contact time with catalyst. On
the other hand, HPA impregnated catalyst had less conversion due to
deterioration of the zeolite physical properties by HPA.

From the results of this research, it was able to achieve high
conversion of 87 % and liquid selectivity of more than 60 % by
controlling the intrinsic properties of beta zeolite in low temperature
LDPE catalytic cracking without hydrogen supply. Furthermore, the
optimal catalyst design could be proposed, and additional
performance improvement was explored through operation variable
adjustment.
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1.3.2.1 &3l (Pyrolysis)
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1.3.2.3 A=E&)9F-8- (Catalytic cracking)
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Hol 97 %] AEE HolE HiW BFE HE ASZO)EE 54 %,

MCM—-412 5 % mREe] M gh&o] &l% ity ¢kA Serrano®] =3
Hl e jkg 2% 9 Suf F9] vl&o] doldsE wtaA Sl
v A&l EL] At Aol £ Aes HoFlon A geto]Eq
HEATS EYstd =2 A8ES HoE 5 ok o, dld A3
M Ao (el Al&TolE Si/Al14-16)5 =7/ H3HAI71A] 99t
ol et 1 2 FAHA k. wEbA, o AgeA = S

sty sl EHl = &2k (o] sk
< Fu AEY A7ZE w9 F7] sl MCM—-41 @Aldl 50 wt% o
HPAE %4%3te] HDPE wsldgdS Adgspglen 1 dys %+
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1.4 A&l E
1.4.1 AlZeelE 2

Aleetol Ex dFvlmy Agdo] AbdEAl TO.9 TAkg el $Al8kaL
Aha A7 QIS TR AFAEA AA}F Atolol FfEE AAA wlAlA
T TZ2 Aluminosilicateth.”® @AA7A] 40707142 Aol E T2
= Adeld A E e, 17071 o] At AlZTolE Fx7F AF
Ao A FEFHUY. The Structure Commission of the International
Zeolite Association(®]3} 1ZA)& 7 A&THelE =7 Fx9 7t
whek A 229 ZE(MFL, MWW, FAU 5) & #osta #3 Ho]ey
olng AFsta Atk Zb Al gEelE ZAL MEAQ wAAE T
2 A3 Qo AFS FASE T 942 75l wat 8 Membered
Ring(¢]3} MR) zeolite (2} 7]¥), 10MR zeolite (3t 71%), 12MR
zeolite ( 71¥), >12MR zeolite (ZHE 7]¥) o= EFEvh =3, 2z
AsetolE Ale2 1 A4 el webA 1Ak, 23k, 33k 9] vheFdt

ZE 7HAA A

AgetolEx vAATY BE5F Txo] wE WA A4, Ay

2
N
O
off w2
]
i—";
>,
HU
L
m&‘l

theFst At wokol A AR a1 31t} Grand view researchel]
A zke 20229 ARPo] wEd A&TolE WA gAarske] Huk 7}
Fe AR W Afgsabgea FulEA AREE AL
ey, BTX Alxad, des—Sd¥d d83H MTO) SolA
ot AlgetolE] W MA 2+ 20219 715 12.6 billon USD
of &3l 2030714 6.2 %2 A AFES BY FOFE JFHrh.

e Al&elo]E F MFI, "BEA, FER, MOR 18]1 FAU %9 A&
gl EV AdatEglon ol Aol HAdS sl 10 MR

ek
oo ¥

HEAQ g AlEQL ZSM—-59 12MR A9 Y Al&ete]E 4 wle
A=etolES LDPE HFwslo] A Sel A Lojsiolnt. = Jef whe

2t AlgEel B Tal et Al AYEE #ls3ivh (Figure 7)

5 oA kA el wet S, H2A),
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1.4.2 1A A Fof A &2tolE

SiOy APAAZRE o] FoX 4 A I} A|STolE Fx= TS =
U APPo] Sit*E 288 AQol= Addd Atk 93 29 At ¥

Ao, QIAe oFol&(Na', Ca®', NH.', H" 5) ol o3l m s ofo}
ol o] wl RA} 9Fo]2o] H'olghd Brensted AHdo] A E I 1 A7
z & 32X 5 @A wet A9y =9, F
W OHO #AFeRe] mbg-of we} Al Eefo]EE FolA Ao r: Ao
4= 9o o] wa Eaf wkgol FojeA ©uh* (Figure 8)
Aol E HEES Rb WAYUSTS A7 vhekst =E=0lA &7
Rom o] & LA Figure 98 o] Auld & JQup7% WA, 1%
A4 WES-Ql protolysist A|=<29]E Brensted AHE oA carbonium
o2 @AstaL o] & C-C Agte] HoJA carbenium ]2 F2 =3
3} g3l E FASHA "ok (Figure 9. a) 3 carbenium ]2 A
2219l E Brgnsted AFHe|A B —scission WHgS F3] AEA EE3}
EF3} 49} carbenium ionl ® #3¥ = #AHLS A} (Figure 9. b)
3 23 BgollA hydrogen transfer &S T3] therdt sEs
o] AH/FHHE + Ao EHIE3I} ©I}FAT carbenium  transition
stateol| A b3} Zfolof whet o] WA 2 WEe 5 vk (Figure 9. ¢)
=gl E I A AP FujE Abgsle] W 2

A EYedRl ASEsE sk Aol HiE Alewio]l B9 A4

ot

_

==

s
i)

W RAE S40] s Y AYE e nAE 9FS 9
QAsTh. obA AR ke o] mEA FelgdWe 1-10 A 2719
|l = A FOR ARAQ Hzo] o] W] AYANE %
gaglon 19 BAG] AgeolE 22 v v A9 55 WsAZ
th SR, AgThlE Aol Holdes AMY AVE dwHow
elAEe EeDa Bl 1 £ JTAL FAnTA
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Brensted acid site
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Lewis acid site

Figure 8. A|&&o|E F7 TR HIAAHE U Fo|A ALH

(a) o
carbonium ion alkene
/\/\(CHs CHy(alkane) N X
e : N2 N
! 1
(I>e o o 2 o o XS]
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Zeolite acid site
(b) carbenium ion alkene
/\/@\)\ e
! @
O e
% o _o 8 o o
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SHVENID B - scission SHVENSD
(c) alkene
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Isomerization
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A2 Ad B
2.1 A& ASTYolE L HE ASTH)E FA
o edd HJ5EeA s A0S AAsta AlggolE S ¥
e Qs s ot A8 AlsThelEE FREIT wA,
MFI +%9] ZSM-5 (Powder, S.A 425 m?%/g, 23:1 Si/Al mol ratio),
FAU 22 Y Al&#]E (Powder, S.A 780 m*/g, 30:1 Si/Al mol
ratio), ‘BEA T-%9 #e} Al&go]E (Powder, S.A 680 m?%/g, 25:1
Si/Al mol ratio) & Alfa AesarollA F-ufatit. 3, 72 Srll= 2%

.I_4

o{o
ofr

% 1 C/min, 150 T 2A13F ##], 580 T 6A1ZF Fx] 2130 we}
calcinations & 7 54 4 2 ZFSHA HAESEE wEsel AL
L3ttt

theo®, WAA SAo] the uekst wiet AsgolEE FA ] 9
3l 71& Al Hud AnEs ot 27 BAoE FaddA8 S
YR = wE AgeolE 9 @42 40 mL stainless steel
autoclave (Pluskolab) ol A =83} glom ofg] TAZ AA&qth &+
nH ¥ 9SE sodium aluminate (40.0—44.0% Nax0O, 46.0—53.0%

o2

Al;O3, DAEJUNG) ¢} aluminium isopropoxide (=98%, Sigma Aldrich)
2 7HAE ARgslom WA deionized waterel # F{oFunt o] £
7] Z2 A (o] 5f OSDA) &= Abg-H T84 &
tetraethylammonium hydroxide (SACHEM, 35 wt%, ©|3} TEAOH)=
A7rel Few ZF dRlel wel NaOH &9 (65.2 wt%h) =
NHF(=98%, Sigma Aldrich) & F7t2 Y3 & *ojFit} npxuto
=2 fumed silica(Cab—0-=Sil®, ACROS) & H33] YoAFHA FL3HA
Aol=E # AoFlu A" FA Aol ©xl PTFE oy E
stainless steel autoclaveel o} 140 T static oven =< 150 T
rotating oven(60 rpm) oA AAstE Ayedet. 9 YHer xyPd
A Ao & A 9 WS Table 1o #AA3] 715tk Z47te]

25 ) _'-.'.'2_ .I_.ll :



A Azro]l A#e F oautoclave: A7 ER AE FUa UE AL
23 o} EOo T 2WMA Kol 80 T % oA AZx3h Batch 5
o} 6] A9 el AHSE Na® o]2& A|As] fldll 1 g Al&TolE
% 100 ml 1 M NHNO3 & v &= 80 CollAl 64134 2% o] w3

ANFATH v o7 A SeolE FZ U OSDAE A|Asty Atdo=
2b g5k HY formo 2 wH5o] F7] f& dA FE Al&eto]Eef 3

5 Ay} A3 WA 07 calcinationg AAsle] BEEE == Fd]s)

HPAZ} 288 Mgt Al&eto]Ex oA A Batch 55 o]t
9 calcination Z1 &3k o] 3 o] incipient wetness impregnation (5
A wgAoR weo] Feu T|Eel rud ugd HPA F
phosphotungstic acid hydrate (H3[P (W3010) 4] .xH20, Sigma Aldrich) &
ARgER om ol HAto] uhel AT GA A A SetolE FA
v 50 wt% 9] HPAE wl¥h& 300 mle] 1083 Foi 7 Al&eho|E
=9 ¥a 107 § ik sigivk o] § g5 80 C= rpdsid
A rotary evaporatoro]A 60 RPMO. & 3] dsty 308 7+ Al #A F
A L AT U FHES 80 T Iy EfA Axs ST vt
0% $&% 1 C/min, 450 T 2AI%F A ZEI3el| uhe}

calcinationg Z3)3sle] WS-8 Zu]|ES Fn|sit}.

A]

2
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Table 1. H[e} A|&EtolE A Ao & =4 U U
Si Al SDA Mineral.
# H20 Method
Cab—0-Sili Al(CsH70)3 i TEAOH NHJF
0.060
Batch 1 1 0.45 0.4 6.97
(Si/Al 16.7)
Batch 2 1 0054 0.45 0.4 6.91
atc . . . o
(Si/Al 29.4) LS
Rotating
0.03 144d
Batch 3 1 0.45 0.4 6.90 ays
(Si/Al 33.3)
0.02
Batch 4 1 0.45 0.4 6.88
(Si/Al 50)
Si Al SDA Mineral.
# H20 Method
Cab—0-Sili NaAlO2 TEAOH NaOH
0.08 140 C
Batch 5 1 0.53 0.13 21.67
(Si/Al 12.5) Static, 11d
0.01 140 C
Batch 6 1 0.53 0.13 21.67
(Si/Al 100) Static, 6d
27



2.2 AEolE Fu EA &4

e AEetolE 9 A wlEr AlsdtelES] FxE gRlsty] 93
powder XRD #2415 &3ttt 80 C A& 2
o]E &Zu|5S& XRD £ glass holderol] €2 %1 slide glassE o] &
o] HAl WA o] & ExEESE FHFldnh £42 SMARTLAB X—
ray diffractometer FH|E AFE3H 9™ Cu K @ radiation(A =
1.5406 A), 260 715 5° o4 40" 714 sdHEdS F58H3H

geez e A4 A7lE w9skl flsl JSM-7800F Prime

rie
2
>,
A
FX
i,
L
Y
o
i)

microscope JEOL Ltd, Japan) W& ©]£3}4] scanning electron
microscope (°]8F SEM) ARI-& &Gt 16 kV Aol ZF Fv)
Ato]ze] whel X 10,000 ~ 50,000 wWi&= A aFon ojojA A&t

S 93 energy dispersive spectroscope (©]3}
Al FeAth 4 AE F 12709 EQIE|A EDS

s om Hug/AAw ALt 107) 2JAES] Fdik= A

Ao g &3z 5248 BELSORP MINI X (MicrotracBEL, Japan)

% BELPREP VAC II (MicrotracBEL, Japan) #&H|o]A 150 C, 3A17F
ot AAYE WysiA. 24 A > 100 me7hEe] AES e ¢
o} 5 on BELMaster 7 X 2135 ©]€3lo] BET (Brunauer, Emmett
and Teller) plot, BJH (Barrett, Joyner and Halenda) plot, t plot S =%
Bzt SA4%s AAreaith

AEFEel wbg o]F Fujel HAW za9 e FAEH] fsiA

Thermogravimetric Analysis(©]3d TGA)ES 33+t Discovery
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100 C

LDPE (Low

density, melt index 25 g/10 min (190 C/2.16 kg), Sigma Aldrich)

75 mL stainless steel #to]

7}+= semi—batch reactive distillation

300 C= 73l 3l
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=
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Table 2. Z2¥9¥ HEZE 98 =4

Commercial zeolite

Synthesized beta zeolite
Reactant LDPE 5 g LDPE 10 g
Catalyst 25¢g lg
Heater T 450 C 370 C

Reactor T Max. 410 C Max. 350 C
Line heater T 300 C 300 C

Agitator 200 rpm 200 rpm
Inert sweeping = 10 ml/min (after 30 min)

gas (Np)

10 ml/min (after 1h)
20 ml/min (Full open)

Reaction time

3 hours

3 hours
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M AR A BAS o) AAw dasalth WA, o 4
=& gas chromatography (ChroZen GC, QelaZmjX)E E3 &4
A

KR
=
skl om A BA A4S Table 33 ) WA, A=2vE 130

calibratione ¢al Fo AAHNE Fxol E3E= 10—100 mg/ml G
o] nCs—nCi5s i TF S9S =0 T 374 sEA4 4

¥ GC-FID ®+$ A=

il

o] g-3}o] calibration curves® THEo] F3lo
& Mg gl E nCiss 8412 AFESEAT nCsE nCis7hA 2}
7+9] calibration curve: R*(correlation factor) 0.98 °]4¢] & H
of Fa, AFAEE fa sk A o e F Fwgks ARgskalh U
WA nCistH nCa7HA& EFES] o s3] @7]el nCr—nCso
2 (1 mg/ml in nCs, Sigma Aldrich) = T v3}o] calibration data
B33tk (Table 4) AAl Zgolgddll "8 vhs A4 B4=

ARPtEIRS vy Fue B4 ol gAML EAste] A A

4]
N
it

N fo to
Jot

1o
-
o

+=249 retention time A% FH gk AloloA vElY= 33 (Co
Cs—Cs B3t Co—Cr F ok Ao & dld &4a4=2 718k
ow 9 W 359 AR k3 calibration curveZE o]g3dto] =3

NN BaE R FEE AN

1

32

[e) = @ 3z
e FE T ba 4B

= Mol B JA AAAERE gas

L
chromatography (ChroZen GC, QIAZWA)E T3 FAs3low
C1—Cs EF AR retention times 7|Fo%E &4 WS AAbst
Aok &, 7k~ EFAIRQ calibration curvets @Al 75 dAIY ] uf
2} e dF o nZnk vlw 2 h
Eoh AE AlETelE Suie FAAAG S AAs E4sH7] 2@l
TSQ 8000 Evo FH|E ARg-ato] 44 A4 E2] gas chromatography —

Mass Spectrometry (©]3} GC—-MS) #2495 AA]3FA ).
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Table 3. Gas Chromatography +3d 4

#

Liquid GC

Overhead GC

Detector

FID Detector

FID / TCD Detector

Injection volume

2 1l

1 ml

Column

HP-5

GS—GasPro

Oven Temp

Holding 2 min at 50 C
Heating up to 320 C at a
rate of 10 C/min and

holding 5 min

Holding 1 min at 50 C
Heating up to 225 C at a
rate of 45 C/min and

holding 7.6 min

Carrier gas

Nz 300 C, 1 ml/min

Nz 240 C, 3 ml/min

Split ratio 1:10 1:10
Ignition Temp. 300 TC 220 C (TCD:230 )
Detector Temp. 320 C 240 C

Gas flowrate

Air 300 ml/min
Hs 35 ml/min

Air 300 ml/min
Hs 30 ml/min
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Table 4. 94 Calibration (A7t [min], Y% [pA.s/ (Img/ml)])
# Retention time | Response 1(R?) | Response 2 (R?) Average

nCs 3.16 1682 (1.00) 1553 (1.00) 1617
nCe 3.60 1850 (0.99) 1686 (0.99) 1768
nCr 4.41 1455 (0.99) 1383 (1.00) 1419
nCs 5.67 1421 (0.99) 1361 (1.00) 1391
nCg 7.23 1423 (0.99) 1363 (1.00) 1393
nCio 8.85 1436 (0.99) 1366 (1.00) 1401
nCu1 10.40 1454 (0.99) 1395 (0.99) 1424
nCiz 11.86 1458 (0.99) 1400 (0.99) 1429
nCis 13.22 1483 (0.98) 1382 (0.99) 1432
nCis 14.50 1473 (0.98) 1402 (0.99) 1438
nCis 15.71 1492 (0.98) 1386 (0.99) 1439
nCie 16.86 1469

nCi7 17.95 1467

nCis 18.99 1505

nCig 19.99 1551

nCszo 20.94 1607

nCza1 21.84 1636

nCazz 22.71 1639

nCzs 23.55 1623

nCas 24.35 1583

nCzs 25.12 1443

nCsze 25.86 1417

nCar 26.57 1296

nCas 27.27 1233

nCag 27.93 1160

nCso 28.58 1077
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A3 A E &Y
31 4% AgolE 2u) 54 24 A3}

3.1.1 Powder XRD

g HAFE wksolA Aol E BE x4 dFAdo] A
Aa Y vAlE Y st At sk om WA 7z g Ale
gtolE 9] 54 A& sttt Powder XRD 4] A¥fe] w2 4
& ZSM-5 9 Y Al&2e|E: IZA databaseold ¥ EF MFI
FAU +%9 34 geda} 2 Ax &9}, (Figure 13, Figure 14) H €}
Aee}olEQ A-¢ % polymorph A} B7}F &2 AAEE 720
et 7bzhe] X-ray 3|dddo]l FHEol yEdH 260 V= 7.7,
22.2° A AFAHA wet AgolE] IHdde] A FH Yt
(Figure 15)

M.J ZSM-5

MFI_IZA
S PO —
T T T T T T 1 T T "
5 10 15 20 25 30 35 40

2 Theta (degree)

Figure 13. 48 ZSM-59 X-ray 3& 9|¥l ¥ [ZA database® MFI
Tz 332 A+
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FAU_IZA

2 Theta (degree)

Figure 14. A€ Y A|LF0)EQ X-ray 32 8l 2 IZA database?)
FAU 7% 313 9€¢

Beta zeolite

|ZA_BEA Polymorph B

IZA_BEA Polymorph A

2 Theta (degree)
Figure 15. 3& #lel A|&eo]EY X-ray 34d & W IZA
database® *BEA polymorph A & B 3|2 9¥
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3.1.2 SEM, EDS % A& &¢F3 524

tggor 7t Fujo A4 7|5 Zolr7y] 9Jdl SEM A4S
Atk 48 ZSM-5 4 Y AEeo]lEL H-¢ 100—1000 nm W12 ot
gt A% AVIE A Ao 53] wEr AlgEtelES A4 10—
100 nm W YeAAY Ato]=E HolFglt}. (Figure 16) ©o]o] |
SOl E S BT Si/Al S #157] 98] EDS #4& 18
o, 10—17 Wl #e 2 & AU o, dld ghEel 72 i

&

o HlolEIAEe] 7] ghell wlsl 2u)7}

& o)k Yok whebA], Ev WA 24e % 4 9 ICP #HE
te Ao AzAeld WA 24 fAkd AaE Ag 5 9
Atk wpRjeto g 7k ZHujo] A FZ2 g2 524 (Figure 17)& &X.3)
Fom o]lF ol vlEHA, F ZTHA, vAAlY F3, wHEzAy T3
5 Zv 5472 7T 0% Table 59 Felakck.
Table 5. A4 ALPo|E §4 4 A7 (A4 A7), Si/Al H],
HEHF, 2 2d3F, vAAF 79, AT §9)
ZSM-5 Y zeolite Beta zeolite
Crystal size (nm) 100—1000 100—1000 10—100
Si/Al ratio (SEM—-EDS) 10.3 17 11.4
Si/Al ratio (ICP) 29.1 32.6 17.6
BET surface area (m?%/g) 351 758 594
External S.A (m?/g) 43 91 192
Micropore volume (cm®/g) 0.151 0.323 0.193
Mesopore volume (cm®/g) 0.076 0.288 0.898
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100 nm

Figure 16. 4 A &go]EL SEM o]n]|A|
(A) ZSM-5, (B) Y AlI&EolE, (O HIg AZgolE
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3.2 4 v AZEolE SA 4 2
3.2.1 Powder XRD
UM 21004 AT 27k e EdE A dFvE FYFS

sty AlEetelE ARA S ok A A77F v & 67449 batch
£ AT 8, HPA Z=5vl AFE Al vk WstE &<lshr] 9
3 batch 5 HPAE F&T3 skalnh. wig Aol E
7] 93l powder XRD 2415 2183l om ohal 2Agk A8 wlEr A
gefolE9] 34 dAey nlwskit. 1 Ay 34 Ful BF dgF
HEel AlSgolES 34 HelS HolFtt. (Figure 18, Figure 19)
Batch 1—49] 34 dQd& B 94 Ao &dFrjg FYPol ZoA=F
=20 7% 777 ,13.4° ,14.4° ,21.2° ,22.2° 9o A3 -
BEA 7x9 937t g% A9stA vebdS 1% = QS o= &
AHE F2S Xie 57 =oM% Hud @402 Foix Ml
A dF2ujFe] FlFge] A5 HE AlSHolE AAol FrlEe

S % HRIY. batch 58 69 34 i oA Hlet AlEete|EF 2 &
AEPSS HolZzE1 9o}t u39 A|7]= batch 1—4 tjH] th4 oksh

2 HQlth HPAE ©A% batch 5+HPAY A% 20 7]+ 10.4°
25.4° , 33.5° oA YEl}E Keggin 739 HPA hexahydrate 273
TQ s ddrlo] Holx ¢gton o] HPAZE YicAto| == - FAky
A7) WFEo g FkEn} L3I batch 5+HPAS H$ ©A A batch 5 X
o 93 A7 28y Hdad ZoR deuvsd FE =EddAx
HPAZ} # #absld HPA 2% 37 XRD 3148 djdeoA] 1=~
okgkom XRD T A @A A HEl AlSefo]ERT} okl = FoR
LFERk P 9
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Figure 18. 4§ Hlg A|SolE 2 A4 Hg A|SZolE
batch 1—49] X—-ray 32 ¥
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Commercial beta zeolite
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3.2.2 SEM +4
w02 olfl Ao Fagt S HWE ASTolE A AVE
837] 8l SEM 45 33ttt (Figure 20) Batch 1—42] =7]
= HlwslRd A dFvlE FYHo] ZolEFF AlaTiolE A4 A
71 AR ZF Ao A4 ey AgeiAs oz Helth yhd tf
2 ¥AMer X3t batch 5—6°] ¢ batch 1—4 thv] Ato]=7}

o,

100—200 nm F#o® Zon AA =79 Az} e & Ao=w Il
Ao}, o] powder XRD9| A¥ole A&

TEME HE AgetolE Aol AFET wf B4 o]o] AAES M
A7)0 AR S S7HANA A7E AH R

ekt o302 batch 5+HPAQ 3% A2l batch 59 4% =
717 A& 2 \AE HRE AE geketd fenlst A4 A7) wiste
| oAgich A4 A7)l gt A3 gk Table 6 sttt

Oll
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Figure 20. &4 Hle} A&8to]E 2] SEM ©]u]A]: (A) batch 1, (B)
batch 2, (C) batch 3, (D) batch 4, (E) batch 5, (F) batch 6, (Q)
batch 5+HPA
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T Si/AL W9} EDSOlA EA¥ Fujo] Si/Al W& Wad By RBE
T Sl A FAF el § 2E SYAL HlE Bt 5

48E W Ak giu] EFvjEo]l AEHolE Fxe] ¥ w2 HER

A Al batch 58 vl a4 Si/Al B]&E WsEA] ko Si/We v]&

= 11.08.2 AR o5X1 7.7 (FA A AleetolE FA4 ] 50 wt%

9] HPA &3 9} vlw3ald 70 %2 &8 = impregnation®] ZdE 7O
7 FlE it

beos 7h e da E9 5 oA Figure 2)& dflom =
o] ekt =94 SA4%E =E83lth Table 60 ©=™ Batch 19
M4 ZeE A AV7F Frhekel wek vlmw A o] fhaste o] F
294 9 wz2AFe] F3 A9 Faste s ®ojerh vbde] 4
g A71E AA FAS batch 59 69 49 B]EHZA ZA|= batch 1—
49 2 Aol gloy oF FWA 9 WAl Fyrt Frheksith
Batch 5+HPAS] -9 @A A batch 5 iv] 2= =24 SA ko] 44
stglom o] Al&eto]Ee] HPAE ©A S wl vicAto]= A7t
EES dojA dehhs ddo® Rl
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Table 6. &4 HE ATl EL YA A £4 25

(&7 27, Si/AL H], SUW ¥], W EEA, 9% @4, [A4T 5,
LEVERE)

Batch 5
Batch 1 | Batch 2 | Batch 3 | Batch 4 | Batch 5 | Batch 6
+HPA
Gel Si/Al 16.7 29.4 33.3 50 12.5 100 N/A
Crystal size
650 950 1510 1710 170 130 160
(nm)
Si/Al ratio 9.0
9.6 16.8 21.0 26.1 8.7 19.7
(SEM—EDS) *Si/W 11
Si/Al ratio
28.7 23.5 26.9 38.2 19.8 25.8 N/A
(ICP)
Surface area
) 575 495 472 424 589 569 361
(m*/g)
External
Surface Area 88 48 24 43 138 48 72
(m?/g)
Micropore
volume 0.239 0.216 0.218 0.186 0.220 0.253 0.142
(cm®/g)
Mesopore
volume 0.206 0.122 0.047 0.053 0.728 0.601 0.381
(cm®/g)
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3.2.4 A HlE AleolE BEE AA

AA 5o thE et AlgetolEEL] v AT vl Al AHA O
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LDPER F7F& #Astgiomn %o wE A W3l 182 Figure
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Reactor T Heater T Agitator, RPM Reactor Pressure
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Figure 23. 48 ALTYolE FZFE3 L &3 ¥ &3 dolg
(ZSM—-5 ZFd] AZE&] 982 HA &4 ulo]g <A,

HE7 X/ 3E 2% / 2h SE / %37 UF 4E)

Table 7. 4§ AETIE HFE3 whs I &8 w5 234 (&)

ZSM-5 Y zeolite Beta zeolite Pyrolysis
Conversion based on 100 104 96 93
liner weight difference

Coke % by TGA 5.7 15.7 13.6 N/A
Solid yield (%) 2.9 7.8 6.8 76.6
Liquid yield (%) 34.5 53.5 49.4 N/A
Gas yield (%) 62.7 38.7 43.8 N/A
Conversion by TGA 97.1 92.2 93.2 N/A
Liquid selectivity 35.5 58.0 53.0 N/A
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AgetolE Fu] o= Brensted AHdel &3t Carbenium ©]2 9]
F4 2 FOA AER sy BEea eolAe A9 gy 4
e el 729 Ad wWAYS] FoeA 243 Aot
Aial] M A= 1 AN AY x5t & AE A EHY sl
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itk webA, 4 30 mLe o8l FolA 5T Fabel A
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Figure 269 AZwlE 1302 guj ik 139 A7|E 7ekste] 30H|
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o
GC-MS 4 Ay (d38% 49 1071, P: 23}, 0: EX3}D
# ZSM—5 Y zeolite Beta zeolite Pyrolysis
/\/\/
lsl P
p (Solvent)
gnd /\/\)\ Linear alkane
p nCis, P
, \/Y\/ Linear alkane
g \(V\/\
OO P P nCi7, P
4 W Linear alkane
P nCe1, P
- \/Y\ /W/\)\ Linear alkane
P P nCie P
gt Linear alkane
OO nCis, P
i Linear alkane
0 nCzo, P
Linear alkane
8111 W F
I 0 nCis, P
0 Y\/\/\ Linear alkane
9 p
P nCo, P
- /W/\)\ Linear alkane
P nCas, P
30% (Aromatic)
Sum 55% 20% N/A
/30% (Aliphatic)
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40

Bl zsMm-5

| Y zeolite
Bl Beta zeolite
20 B Pyrolysis

Liguid selectivity (wt%)

C5 C6 C7r C8 C9 Ci10 Cl11 Ci12 Ci13 Cl1l4 C15 Cile+

Figure 27. 48 AL E HFE3 2 Q& iks 4 4=

ol
gog B (&3 BAHE F nCh, nC62 A3t BAIFH

Table 9. 48 ALYo|E FEE 2 &8 i+-&

A BEE daF EXE (AF3D

ZSM-5 Y zeolite Beta zeolite Pyrolysis

Liquid selectivity 35.5 58.0 53.0 N/A

4.8
Cs—Cr 20.1 40.7 36.1

(C5, C6 A2
Cs—Cio 46.0 33.4 33.9 24.0
C11—Cis 29.2 19.3 23.2 31.3
C16—Cso 4.7 6.6 6.8 39.9
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El& Figure 307 o™ Hbgo] FxE o]l 1A {HE, I A=
o] ®AE F43to] Table 10, Figure 31 Agsitt. WA BZ-
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Reactor T Heater T Agitator, RPM Reactor Pressure
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Figure 30. &4 g} A &TolE AFES & 3 HolH
(BZ—-A1S2 v #3)] ¥H-&-2o HA

Hhe7] 2% / 3|E &% / wul &% / ¥k

Table 10. &4 H|E} A|STo|E

SEEL T - ENES

BZ—-A1S2 | BZ—A2S3 | BZ—A3S4 | BZ—A4S5 | BZ—-A1S1 BZ—-A3S1

Conversion

75.9 56.6 39.1 33.5 83.9 63.5
(Wt%)
Solid yield

24.1 43.4 60.9 66.5 16.1 36.5
(Wt%)
Liquid yield

47.1 29.7 17.9 17.0 52.8 34.6
(Wt%)
Gas yield

28.8 26.9 21.2 16.6 31.1 28.9
(Wt%)
Liquid

62.0 52.5 45.8 50.6 63.0 54.5
selectivity
Reactor P

4.4 4.3 3.9 3.1 4.6 4.4
(bar)
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Table 11. &4 HlE} ASolE HFEF A BHE
g425 2548 FEXIE@) € AA SHE FAY vz
BZ—-A1S2 | BZ—A2S3 | BZ—-A3S4 | BZ—A4S5 | BZ—A1S1 | BZ—-A3S1
Liquid
62.0 52.5 45.8 50.6 63.0 54.5
selectivity
Cs—Cr 32.5 30.1 26.4 21.5 35.3 30.1
Cs—Cio 32.6 33.5 32.3 36.8 31.0 31.3
C11—Cis 22.9 25.1 27.6 29.8 21.4 24.0
C16—Cso0 12.1 11.3 13.7 11.9 12.4 14.6
Accuracy
100% 101% 87% 92% 96% 88%
(Calc./Act.)
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Table 12. &3 H A5 4 2Fd] &8

quts A3 (B)

e

BZ—-A1S1 BZ—-A1S1-N2 20 | BZ—A1S1-HPA
Conversion (wt%) 83.9 87.3 52.1
Solid yield (wt%) 16.1 12.7 47.9
Liquid yield (wt%) 52.8 53.8 31.4
Gas yield (wt%) 31.1 33.6 20.7
Liquid selectivity 63.0 61.6 60.3
Reactor P (bar) 4.6 - 4.1

Yield (ut%)

I BE'N N

BZ-A131-N2 10 BZ-A131-M2 20

Figure 37. W4 HA3 &8s 23
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Table 13. BZ-A1S1 A&, BZ-A1S1 ®k3 9 &4 ¥, BZ—-A1S1-
N2 20 W8 % 24 F 2 A4 BAER FLH B4 49

=~

BZ—A1S1 BZ—-A1S1-N; 20
BZ-A1S1
after Rx./Calci. after Rx./Calci.
Surface area (m?%/g) 589 595 603
External S.A (m?%/g) 138 133 133
Micropore vol. cm®/g) 0.220 0.225 0.230
Mesopore vol. (cm®/g) 0.728 0.610 0.555
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