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Theoretical Study on Thermodynamic Properties of Pyrolysis of Cellulose
Dimer Model Compound

Jiang, Yuanye“ Yu, Haizhu” Fu, Yao**
(“ Department of Chemistry, University of Science and Technology of China, Hefei 230026)
¢ Department of Polymer Science and Engineering, University of Science and Technology Beijing, Beijing 100083)

Abstract Cellulose is an important material for production of biofuel and refined chemicals. Pyrolysis is one of the most
promising approaches for cellulose de-polymerization. Understanding the mechanism of cellulose pyrolysis is essential for
development of efficient biomass conversion technologies. In this study, the thermodynamic energy change of cellulose
pyrolysis through homolytic bond cleavage was studied with the aid of density functional theory method by using cellulose
dimer as a model compound. The free energy changes of various homolytic bond dissociation of cellulose dimer were studied
by the method of M06-2x at the temperature of 800 ‘C. To compare with experiment results of cellulose pyrolysis reported
recently by Huber ef al., the free energy changes of reaction pathways studied by Auerbach group via Car-Parrinello molecu-
lar dynamics calculations were also studied. Calculated results show that the free energy changes of homolytic dissociation of
glucosidic bond varies in the range of 45~51 kcal/mol. The free energy changes of homolytic bond dissociation of C—OH
bond vary in the range of 62~70 kcal/mol. The free energy changes of homolytic bond dissociation of O—H bond vary in
the range of 82~95 kcal/mol. The free energy changes of homolytic bond dissociation of C—C bond vary around 46
kcal/mol. Furthermore, thermodynamic stabilities of products were found to be irrelevant to the ratios of them in Huber e?
al.’s fast pyrolysis experiments no matter at a high temperature (800 K) or a mild temperature (298 K). Finally, we found that
temperature have a significant influence on whether a reaction can occur spontaneously or not. At relatively high temperature,
the reactions having significant increase of entropy are favored, e.g. dehydration. The free energy of reactions with small
entropy changes are less sensitive to the change of temperature. This foundation provides an inspiration for controlling
chemical selectivity of different types of reactions by temperature regulation.
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STl LR EDW R 2 /KT IR SE, Ik 2 3
THHEENIE, I8 H B4k S D3 fi AL AT
qq [8].

IlE Zhang Z60VF F % EVZ bR B IS(DFT) J7 156 41
Yk Z IR A 27 T SRR (LG AR I (LR R4 T T T
5T. Auerbach 25UV [ 53750 ) 24 T B T 41 4k 20y
FIAE 327 F1600 CA4AF T I BEMIERE, AL T =k
FHPRFN 5-F4 1 ELRERS (HMF) A2 e S8 (LGA) R4 11
RRMIRE 22, AT NAE 2 474k 25 SN i R I R B L #
SEATREI BN 45 A 22 0 DA LRI K F Mk, 205 i BUAR R
SRS, (RS T WA ) 2 R v S e R A
M5 2% ALt B, R PUR G 7 0 7 g
SOV ISR CAL . BeAbh, %07V Rk T B O,
R A AR, A 2 I B R SR T &, A
REBl B2 Mtk 2% TAE TR

21 off F IR S AR SR A R AT, i WA
U N AAELE 200 °C LA NEEAT. BT LA WA HL S N
JE) EAE 24 25 AR B R T AR A X R oL T,
BRI oy 2 (M I FAAES) J1 2 FE PN, &S A 0
() LR R BT 25 21 43 1 B 28 e PERT I
NIEATRERE. FsL E AR B U T RS
S NG PEE A P LA DG, AR TR, BRATT LT 4
BRI A, WL R v REVS K
(AR = ) (B 2R v, 7E b aEat b, JRATT0) LRy
NP S0 45 3, K56 A0 2488 T A 75 B8 HH LAl
PR HAg.

2 HEEBSAE

2% Huber 250 T AE, TATEIET4E % 1k A
(B DR SR 4 Z IRy, Fo LR FE i3 2%
PET. BT TSR] Gaussian 09 #/FaE T, 45 Hy
AR 35 153 R )51 MO6-2x1IE BLA S % b kAT,
A 5 7R 6-31G(d)FELL. 78 [R5 5K 3ET
P12, ORI ET 13 S5 M B AT, N fig A
ME AL, IR0 35 A 07 E BRI ) 225 IERE AGeor.
AR AK BT 75 45 4 SR BT e KT 5 i M06-2x/
6-311++GQdf2p) it S i fie B N SCHTiHE )
P YIR ) A B G5 T E N E AGe, RN E HifiE
B AG T B AR VY B bE. ek
kAR 2 A, BATEHELY Huber 11
27 o 25 PR TR A S0 &5 RIEAT XS B S e Nk R
A 323 K FFUR AR BT E 150 K iR N e
1073 K, ZRJG1E 1073 K [IEAT N FF4ERF 6 min. 518 2]
HEA [N ] BEAE TR R R P R A, BRATTEE T R
T¥i) (e L2 (800 KO AT 101 kPa 4F Ry B BRIA S 1.

3 HRSI]R
AT AAERT LR SEBLILRY, 5 T B P AL
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T e — SRR R Y T R A W ST, AR AR
BATCALAF 4 25 RO B, 1 e R FIL R A C—
0, O—H Al C—C # 4 2LT FEI0 ) W Re A% DL A I 21T
PRI AR SRR M, LSS A 43 2R A
PRI IA R,
3.1 C—O

BATE S IB LY 2= AR MEE B C—O kR
W, TR E SRR IE ) IR LK 2). Rk
A HRED FRERE, nTU SR B (n=1~8)iX 8
Fhes Bt F a4k, XN RR R AR A E 62~70
kcal/mol. H# &, (EiX 8 BTy, 774 — ik
H i3t B7 (357 20 b e = AR g A 3L
¥154 7 s B BT SR AR, XA REE AT BT Wi
MIFFAERR LI C—O B, K> TR O 7S TOH i B4
PR M A S g /D

B 3L T4k B nf DUl i &R PR TR B
FHIE, TERKRTER Bla M B1b, SN IR H HREAR
23 —97.6 F1—90.1 kecal/mol, &l Bla 55N F.
B2 "JLLE ISR FE AT LU S Al B2a 5¢ B2b. 7E
B2a 11 B2b ALk, B2a A7AE C(4)F1 C(6) IREE M S B/ E
FH, 10 B2b WA CQ2)F C(3) FIRHEMESEVEH. H B2
JERC B2a Hl B2b [ H AR5 54 —93.3 F1—87.7
kcal/mol, Hi=5 5L, B3 v LA C(5) ERIER I
1% B3a, XNV H HAEARN —83.1 keal/mol. /5 FoAl]
8T B4 JEALN Bda (WISFE, 1% FE O HEERHK—91.6
keal/mol. 5 _FIRBIFEZRAUN, Bn (n=5~8)tA] LIy 5
TE R 5 I 1555531 Bna 55 Bnb (n=5~8). #£_LI0#Fh
15 1 EH 1) () =0 A R L RE v, T B LU T 1 42
M A R . S5 AR K H L Ba
(n=1~8)itFEM B thfEAB A, P15 E/Rh A K Beb
BAR, RN H HEEE WA —34.0 keal/mol (% 1). 1
i A JERUE#E Blb, B3a A1 B7a [#) [ AL LLIE R B6b
1 H HHEEAR L 5 Y 10 keal/mol DL L.
R WEFIEAHE RE A L)) C—OH BEMTEE R+ F =i
H H g1k (keal/mol)

Table 1 Calculated free energy change for transformations of cellulose
dimer model A into intermediate products

Product AG Product AG Product AG
Bla —27.8 B3a —19.7 Bé6a —29.0
B1b —20.3 B4a —243 B6b —34.0
B2a —25.6 B5a —24.4 B7a —19.6
B2b —20.0 B5b —21.4 B8a —20.0

© 2013 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences
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Figure 2 Free energy (kcal/mol) change of side chain C—O bond cleavage of cellulose dimer model
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78~86 kcal/mol. JERII% [ HHIERT LU 2 1 IS «
W AU T TE R B I, R BT — 2D T RO 2
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95 kcal/mol. ZRA XMW NI H HREAR, h A #id
O—H BSA 2L (V1@ A2 FE Al sl 18 (1) 11 el BEAN PRI 1~6

kcal/mol.

Acta Chim. Sinica 2013, 71,1611—1619



W F F R

HO ~ CH,oH HOHC
HO 6] ;j?ﬁ
HO
B9a B10a
HOH2
Q o
HO OH
B12c
T -4.7
CH20H HOH,C

wol

B11b

B3 s %

Q

B12b

CH,OH HOH2C o)
_73.9 -70 7
OH =—HO
B10
+51.4
CHOH OH

faaty,

-71 0

aodE

B11

SRKETY R R ) 1 i A (keal/mol)AZ A

CH2OH

CH20H

A

+44.6

HOH2C

H

B12

Figure 3 Free energy (kcal/mol) change of glucosidic bond cleavage of cellulose dimer model
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Figure 5 Free energy (kcal/mol) change of C—C bond cleavage of cellulose dimer model
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Table 2 Comparison of free energy change and fast pyrolysis experi-
ment

Compd. Letil/%  AGspox  AGask
LGA 27.9 —19.5 +1.9
HMF 2.4 —82.4 —17.0
AGF 33 —134 +8.6
LGO 5.5 —67.6 —17.5
DGP 33 —39.5 —1.8
Aldehyde (B9k+B34a) — —535  —38
HCOOH — —41.6 +7.9
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