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£ Aqtel A= PET (Poly Ethylene Terephthalate)2] ©HA|Q] BHET (bis (2-Hydroxyethyl) Terephthalate)?} 1,4-BD
(1,4-Butanediol)®] oll2~EH 2 w3HF-S- 283109 PBT (Poly Butylene Terephthalate)®] ©H3:191 BHBT (Bis (4-Hydroxybutyl
Terephthate)s JAd3H= RS-l thalo] ZARBIATE o] Wk Zull2 Zinc Acetate® ARE3ISITE 3142 W75 5
3lo] BHET, EG (Ethylene Glycol), THF (Tetrahydrofuran)®] & &3}0] S kinetics T9S d313th. AlA1E
RELS Zoto] WSS vEEE0 2 FEE ARG, o] REY o5 3t A3 gkee] & YAEE Bk

Abstract — Transesterification of BHET (Bis (2-Hydroxyethyl) Terephthalate), monomer of PET (Poly Ethylene Tere-
phthalate) to BHBT (Bis (4-Hydroxybutyl Terephthate), monomer of PBT (Poly Butylene Terephthalate), using 1,4-BD
(1,4-butanediol) were investigated. Zinc acetate was used as a catalyst for the reaction. Amounts of BHET, EG, and THF
(Tetrahydrofuran) in a batch reactor were measured for determining the reaction kinetics. Mathematical models of the
batch reactor for the transesterification reaction were developed and used to characterize the reaction kinetics and the
composition distribution of the reaction products. Model predictions for the transesterification were in good agreement

with experimental results.
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PET (Poly Ethylene Terephthalate)s TPA (Terephthalic Acid) F=v=
DMT (Dimethyl Terephthalate) 2} EG (Ethylene Glycol)] & el
o3l dojA= GrkaA ZetaE otk PETE 25 & 7 wol
AEEE A T SRR AT, EBE AR, FEA Sl 3
5HA F-g-Ack 200003 7E 2010137H4] AlA] PET A3 AR
2,7607F EolA 5,600 E© 2 Z7}59it}. PET AR&-ao] Z7}8lo]
ubeh 223 ¥ E A= # PET] & AA F7hskar ik 1ev
PET7} 3] A &85 HlE2 oF 20% & LA 8] oF2 &
Zolu} ol 0% Aal# 7L QITH1-4].
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52 348 AA Ao] 8= B2 A F-E-(material recycling), 3
%%+ (depolymerization)©] U WA 3} HH-S-(monomerization) 5=
Sato] ZeolaH duR W3k 3187 A D& (chemical
recycling), PET #IAH-& 4 & AX D& faL o5 5714
A8 59 2 3|73t E4 A -E-(thermal recycling) 5©I
UTHS-8]. AR $-°] PETE 3]573to] g8} dnslsh= 31 A4
ol A& A/ Fole A £33 A AES A 5= 317 v
ol AEAE A ATH9L. o] Eefel A g
£ ATE2 ¥ PETE 712318 952 H5d A&k 71l
sl Aatar ik A 34
7] AEQ @ PETE A7) 4

ARl Ao = i, k7]
7] AELE W)= Flo]

Al7]= 1] tH10]. Mansour$} Ikladious[11]:= ¥ PETS 1,4-BD(1,4-
Butanediol)= ©]-&-3t =82 Al 20 tiste] Aot A3 H
=28 FE A2 AFEL T2 Bis-(Hydroxybutyl Terephthalate T+
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Ao} oA = o] FolA] Q52 WA Kulkarini 510 7
PETE 1,4-BD, 1,4-cyclohexane dimethanol, 1,6-hexanediol 5 2]
317} diols 7} of| Al 2 w3k WES-S AlA PBTE AlZsh= 3o
thate] AEF3ATE. Cho S[121 = PETS} 1,4-BD}2] o AE| =
WE S-S B2 W71} WSt RES VI Agato] 7t Hhg
7152 A& nlastelel. 18y o] & 7|E ATtellA o} 2ol
PETS} 1,4-BD2] o AEl2 w3Mk--2 E319] PBTE LA} 3=
735l #eF2] 1,4-BD7F AR L HES-AIZFO] A7) ol 1,4-
BD2] FHEE- 2 2 QIgt BAFEQl THF (Tetrahydrofurane)”} TH&
AR 1S 9lsh] o £ Aol A= PETE WA SeiEeir]~
& F3ke] PETS @EalQl BHET (Bis (2-Hydroxyethyl)
Terephthalate) 2 3l gt - ©] & 1,4-BD2}2] o AH =2 wERES-
(Fig. )& A ©] 712 Qb= PBTS] Ao 4} prepolymer?] BHBTE
Az3laL o & FE3to] PBTE Ak WS BABIGITE o] 24
1,4-BD7} o 5h= WHS A S48 4 9o o]df uj} FAk
EQl THFS] A4S Zo]1A Wejli= PETEYEH 157171 9
PBT qlA|Uo)e E2tAEls Aikehs 2& 71013 = Qltt.
A= AF Sl BT E o]4-38te] PETS] ©HgAIQL
BHET$} 1,4-BDEY-E] PBTS] W&A|Ql BHBTE 43k ol

BHET®| EG”]+= BD7|Z tjA| = WA EG7|7} A3/3 ¥t} whetba
A% EGR clAH 2 weihkeo] P =E sld ¢ Qv &
= BHETS} A4 == EGS} THFE GC (Gas Chromatography) 2
LC (Liquid Chromatography) 215 &-3to] F 231311, o] =5
ZZFA|?l HHT (4-Hydroxybuthyl (2-Hydroxyethyl) Terephthalate) 2}
HZAEQ! BHBTS) A4 2 A8E-& FA3ES 3Gt 324
HES-710ll A WEg Y 80|, W25, HHAIZE 5] Eo] vhs

10
& 9l THF 73l v A= &= A=l =8 BHETCA
Transesterification Reaction :

] o

Il Il
HO(CH,),0 —COC—O(CHJZOH + HO(CH)0H ——
BHET 1,4 — Butanediol
0 0
I I
HO(CH,),0 —C C—0(CH),0H + HO(CH,),0H
HHT Ethylene Glycol
0 0
I I .
HO(CH,),0 —C Oc —O0(CH,),0H + HO(CH).OH T——*
HHT 1,4 — Butanediol
0 ]
I Il
HO(CH,),0 —C C—0(CH,),0H + HO(CH,),0H
BHBT Ethylene Glycol

O
Side Reaction:  Ho(cH)0H ——> ( 7 +  H0

1,4 — Butanediol THF
Fig. 1. Reaction scheme for BHBT synthesis from BHET.
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BHBTZ 2] o|2~H 2 w3k w23} 1,4-BDS] THF A/dHk-g-of 3t
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2-1. 8=

Ao AHg¥ 854S BHET (Sigma-Aldrich, <=5 99%),
1,4-Butanediol (Samchun Pure Chemical. Co., Ltd, <=5 99%)7} A&
FHR. FHulls A2 w3-s-o Fula st 2 Zine Acetate
(Sigma-Aldrich)E AFE3IATE GCo} LCEAE 317 Qs %5
£ 2= 1 4-Dioxane (Sigma-Aldrich, =% 99.8%)3} BPA (Bisphenol
A, Sigma-Aldrich, <= 99+%)E 217} ARESISITE. GCE-A] ol 4] RESE
A YFEA S £35H7] ¢35 Sl 2 DMF (Dimethylformamide,
Samchun Pure Chemical. Co., Ltd)S LC¥2]ollA W52 3} A
A5 2818t7] 93 €1 THF (Sigma-Aldrich, <515 99.9+%)=

AHga19ey.

22, 2M Fx| A 2M YUY

SN ES B43H7] 98k GC (Gas Chromatograph) 2}
HPLC (High Performance Liquid Chromatography)E AH-3F31th.
GColl AREE 0155 714 (carrier gas)ZE AH(99.999+%)S AN
39 Th. GCE DS Science Inc.2] DS 6200 #|# ©.2 Agilent A}2]
DB-1 columns 721310 Flame Ionization Detector (FID)Z 2]
&SI th. E 8k HPLC+= Agilient 1100 series #3% © 2 Zorbax C8
(4.6x250 5-Micron) 3-8 “2}8}31 31, Variable Wavelength Detector
(VWD)E AHg-3Fodth A7 21 25 °CollA] Methanol 7 57
(80:20)9] &+ZF& M-S o] 5O Z AHE-SFS L isocratic flow rate
(87l °1F)E 1.0 mi/min®. 2 FA|5k3lt}.

[  —

Silicon 0il

AHHHHE

o ooy *
|

|RRRRARA]

| |
L],

000

Fig. 2. Schematic diagram of experimental apparatus for BHBT syn-

thesis.
1. Reactor 4. Shaker
2. Temp. Controller 5. Oil Bath

3. Spring Wire Rack
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HBE 5T 5 Ak

. o — BEG)exp
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HHTZ &= A WA 887} o] HHTZF tHA] 1,4-BD9} RES-5o]
BHBT7} =& 7 WA #5002 o] Foiz] qlr}. whetA] BHETS]
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Fig. 3. Temperature effect on the (a) yield of EG; (b) conversion of
BHET; (c) amount of THF generated.
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Fig. 4. Effect of 1,4-butanediol/BHET weight ratio on the (a) yield
of EG; (b) conversion of BHET; (c) amount of THF generated
(Temp.: 220 °C).
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Table 1. Reaction rate constants and equilibrium constants for the synthesis of BHBT

Temperature (°C) k; (min™) k, (min™) Kk, T (min™) k; (min™) K,
190 0.7589 0.1934 0.5260 0.0003 0.3677
200 1.0089 0.5313 1.4698 0.0005 0.3615
210 1.4044 1.3485 3.5092 0.0007 0.3843
220 1.8970 3.6192 8.4915 0.0013 0.4262
0.8 - 0.8 - (b)
BHET
0.6 0.6 4 80
C C HHT
2 ke BHBT
® = €
\C ™ THF
@ 04 A © 04
o o
= =
084 084" (d)
BHET
0.6 4 0.6 4 80
S S HHT
B B BHBT
(o] (o EG
fr oo THE
o 04 A © 04
[} o
= =
—_————— — - — — — - — — — = —— o — — — — — — — —
S ) S S
6 8 10 12 14 4 6 8 10 12 14
Reaction Time (min) Reaction Time (min)
Fig. 6. Results of fitting (BHET:BD weight ratio 1:3): (a) 190 °C; (b) 200 °C; (c) 210 °C; (d) 220 °C.
Table 2. Activation energies (E) and frequency factors (k;) from the 3-3-2. AUk} FukS-S 1133t o e AF] vk mdl
Arrhenius plot _
frhenius po — o Barandiaran¥} Asua [13,14]7} #]F8 DMT 9} EG] ofl 2] 2
'mo. o (min _
w3 k-8 thea) 7},
K, 58.4424 29197x10° g S-S thE 2
20 ki
k21 184.5209 1.2427><1019 E, +EG <:’1Eg+ M 17
ky 175.0513 2.9829x10 I
ks 101.6470 7.5982x107

©J7]4 E, = methyl ester end group, E;i= hydroxyethyl ester end
group, EG:= ethylene glycol, M Hﬂ%%i el < DMTS}
EG2] o|AH|Z w3 HES-S methyl ester end group®] EGS} HES-

3l BHET, 1,4-BD, HHT, BHBT, EG, THF2] & &8 #3}2 1.0 _

o e _ G . OE . Sh= Ao g & Aot} vixl7FA| 2 hydroxyethyl ester end group®]
Erh Lol oS ghSe] 94 HOIHS VAT AE T e mre ws40e) SolsitlaL 7t BHETS) 148D o]
olck. wele] WAL Azbe] upEm &7k F7hsel wheh S 6 e e S -

el 8-S theat o] ekl 5 gk,

Nk o 2 F7pslelt). nhgo] xgiH el whe} 1,4-BDSF BHET

9] F= Aaskal, HHTE Wk Z7]0f w2 A & 7ast E,+BD %HBT +EG (18)
w BHBT= 7]l WHE &2 WA E A4l 105 & e o4 ke
st 3hs 7= A o2 e Z} jkgo] 12} vkgolgtar 7P s 4 (18)ys v} o] ¥4
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Table 3. Reaction rate constants and equilibrium constants for the synthesis of HBT
Temperature (°C) k, (minT) k, T (minT) k, (minT) K,
190 0.3494 0.3804 0.0001 0.9185
200 0.5661 0.6118 0.0003 0.9253
210 0.9106 0.8713 0.0007 1.0451
220 1.4940 1.4423 0.0012 1.0359
3} 2= 0] ,
ok =+ Slth R, = k,[BD] (20)
R, = k|[E,I[BD]-K| '[HBT][EG 19
HEEDI= THBTIEG] O ez ga mgn a8 ess
T3 1,4-BDO] FHES-O 2 Q13 A EQ] THFS) WH&1ma)2 d[E.]
Ukt 2t - - R Q1)
06
dBD]_ g R 22
04 (a) . TR (22)
02
d[HBT] _
=R, 2
00l m 1 (23)
027 d[EG] _ R, (24)
S 4] dt
d[THF] _
06 - =R 2
T =R ©3)
-0.8 4
10 03714 E,i= hydroxyethyl ester end group, HBT:= hydroxybutyl
s . . ' . . ' . ester end groups WERA Flo]t}, k- 2] (18)9 o] ARks &%
202 204 206 208 2.10 212 214 216 218 )?3]'—}?0]31, K{% 2] (18)91 WG Ao n] the-3) o] A4 2)=T)
1000/ T (K)
' HBT][EG
06 K, = [HBT][EG] (26)
' [E[BD]
o] ®) _
o 2P 3 9 W] S K kK L
N 2= Qi) Lo A 9] ZF w2 o] kZhS HERH 12 RE] Arrhenius
N : plort 361718715k 5 910.2 2 ¥hgl WL 17 k) 24
v MUA Egks 7 5 ATk ki, ky, K{ AE HOJHE AlAE &
4 92 2124 W el Tolo] Table 390 LHERIICh W kb
06 7FA 3L Arrhenius plot= 31 Fig. 701l YERNSI L 2 v1-5-2] 2443}
08+ A2} RI% 12} ks o] Table 40l LRSI, Fig. 8% A
10 4 Ztell w2 HBT, EG THF Ad29] & £& #sks Uepigith vk
12 : : : : : : : w57 F S7REE kS S5 SISl Wk AlRlo] ST
202 2.04 2.06 2.08 210 212 214 216 218 THFP/] Ag)\oq%]:o] %7}01_9}14_ E’_Eﬂi —,—E1 cxﬂf“% @J’}ﬂ- 3.1. x_]/l
10T AR HlnE 2 sk S ¥ 5 ok,
60

202 204 206 2.08 210 212 214 216 218
1000 T (K)

Fig. 7. Arrhenius plot for rate constants of HBT synthesis : (a) E,
to HBT; (b) HBT to E,. (c) for the production of THF.

PBTE Arbete=

4.

WA o7 AHEE 2 ¥ F PETEFE 375
sl Bl 119 PET A
A5k3Ch PET ©gAl| 9] sluiel BHETS
AHEZE w3k WS AA PBTS ©&A|Ql BHBTE
t}. E Aol A= BHETS} 1,4-BD2] | AHE w3 HH-2-of

rhu

o AFA
& ol ot
1,4-BDE ©]-&3}o |
A|zBh= Zlo]
o)t

Table 4. Activation energies (E) and frequency factors (k,) from the

Arrhenius plot

E (kJ/mol) ko (minT)
k; 91.7699 7.7426x10°
k! 82.5988 7.8563x108
k, 153.9753 2.7577x10"3
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Fig. 8. Results of fitting (E, to HBT.): (a) 190 °C; (b) 200 °C; (c) 210 °C; (d) 220 °C.

PBTS] 9552121 BHBT Al el tisl wh8-2] 54 |l kineticsE
ZAFI3IT.

HA B2 wEE-E-ellA BHETZ K-8 HHTZ} A4 == 3

WA §E-g-o] HHTE-E BHBTZF A4 ¥ = 7 WA wh-g-of )]s}

o] WEEE ST} A3, H)7E] REERl R o' UERTE. o] el H]3) =
WA -8 Wk 7 g 31 HESH E o A|ghS W= 7Feddke-
O bttt 7 R vkE-o] whE- P A2 1] BD/BHET

Hlof o&l] & P& o vl S WA o= Ao
E UERstth. B8 THF A4 W82 THEZ} A+ A== o] A
T FEAIRIO] SR L o] A|7te] tiste] AP A 0w Frlst
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L S7RRITh RSB RE A EARelE 3 A 2ske
1} THF "g*cﬂ%‘}_t 1,4-BD7} 57}t w2t Z718l3itt.
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T HAE J&shs AR £ 93 297 hydoxyethyl ester end
group®] hydroxybutyl ester end groupfii x| gte = kg0 7 H
HESHE-S A ASHATE 2F ¥HE-52] 8738} oA 2} frequency
factors= 78k 0H, Ak HP%EEi_l% | A8 A9E 2 A=
She As 18 7 Ut ARk REgEEE0] Hrp g 870
2 ¥ PETZ4 ¥ PBT prepolymers Al Z3hH= 574 7Nite] 71 %
Az 2A 71018 = Q& Z 0% Zdferh
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