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Water

&+

https://upload.wikimedia.org/wikipedia/com

mons/d/d8/Autoionizacion-agua.gif

Permanent dipole moment

Hydrogen bonding ability

Self-dissociation: 2 H,0 - H,O0* + OH-

by proton jumping (Grotthus
mechanism)

Physical properties of water
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Phase

diagram of water
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Ambient water

Extensive H-bonding

High dielectric constant
Miscible with polar solvents
Dissolves salts

Does not dissolve cellulose

. T v -

'

Low'density superéritical water v
250 barat400°. G~ © .

Less H-bonds, dompressible
Low dielectric constant
Miscible with non-polar solvents

Cellulose solubility starts near the critical
point; more favorable at higher pressure
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Prehydrolysis

Deligniﬁcationr

WA

Autohydrolysis effectively increases
the cellulose surface area by
hemicellulose dissolution

The removal of lignin leads to a
more accessible pore structure.

Delignification increases the
hydrophilicity of the remaining
lignin, which also increases
hydrolyzability

Pihlajaniemi, V. et al. Green Chem (2016)
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Module 2

-H*

Edward, J.I. Chem.nd (London), 1102 (1955)
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Chemistry of xylose degradation in water

; D-Xylose :
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Prehydrolysis of Wood

« Comparative evaluation of birch and pine

« Selectivity of xylan removal

* Bound and free acetic acid in the hydrolysate
« Effect of liquor-to-wood-ratio

* Effect of wood particle size

» Batch- vs. percolation reactor

» Acid-catalyzed hydrolysis




1/12/2019

Intensity of Prehydrolysis

P-factor used in PHK'

toky t 15106
P =f dt=f Exp|40.48 — dt
to k100°C to T

b oky t 21649
Pmod = f % dt = f Exp 58.02 — T dt
to '*100°C to

N
o
o

E O 140°c @ 155°C /\ 170°C

13
M

. T — 100 04 . . , :
exp| T —e 0 1000 2000 3000 4000
log(Ry") = log(Ry) + [pH — 7| P-Factor modified

wn
(@]

[62]
o

Severity Factor??® ~

Res-Xylan,g/kg odw
o
o

log(Ry) = log

! Sixta, H. (2006) and (2011)

2Abatzoglou, N.J. Chornet, E.; Belkacemi, K., Overend, R.P. (1992), Chem. Eng Sci, 47, 1109-1122.
3Chum, H.L., D.K. Black,S.K.; Overend, R.P. (1990). Appl. Biochemistry and Biotechnology, 24/25, 1-14

Birch vs Pine Prehydrolysis - Experimental

* Wood ground to particles < Tmm
* Liquor-to-wood ratio = 40:1 (m:m)
* Heating-up time converted to time at reaction temperature (t.,,)

1 220G @200 C
100001
= 200°C
| 8
O
..?1000 1000 29 180°C
o 350
100+
3

4 5 6
Severity, Log (S)

, M. orego, M.; Testova, L.; Guetsch, J. Sixta, H.




1/12/2019

Wood composition

Constituent % od birch
Acetone-Exiractives 2,0
Klason Lignin 21,4
Acid soluble lignin 4,4
Total Lignin g 25,8
Xylose 26,1
Arabinose 0.3
Glucose 38,3
Galactose 0.7
Mannose 1.8
40MeGIcA 3,1
Acetyl 4,8
Total carbohydrates 751
Total 102,9

Testova, L. et al.: Holzforschung, Vol. 65, pp. 535-542, 2011

Constituent % od pine
Acetone-Exiractives 3,0
Klason Lignin 27,1
Acid soluble lignin 0.6
Total Lignin 27,6
Arabinoxylan (AX) 9.1
Galactoglucomannan (GGM) 15,8
Other carbohydrates 2,4
Uronic acids 2,1
Cellulose 40,9
Total carbohydrates 70,3
Total 100,9
Markus Paananen et al. : Holzforschung 2015; 69(9): 1049-1058
Stéhl, M. et al. Biomass and Bioenergy 109 (2018) 100-113

—_

Yield (% od wood)

Severity vs Yield

grinded in a Wiley mill, size < Tmm

001 @ Birch_180
Birch_200
% 9 * B::zh:zzo
* Birch_240 . .
80- -  Log(S) £ 3.5: pine ~ birch
) .
% * Log(§) > 3.5 Ypine > Ypirch
%
604 ngh 0§<>
*e O
Pine_200 ol
401 o P::Z:ZZO e &
% Pine_240 K
2 3 4 5 6

Severity, Log($)

Leschinsky, M.; St&hl, M.; Borrega, M.; Testova, L.; Guetsch, J. Sixta, H.
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Severity vs Cellulose

yield in residue

40 grinded in a Wiley mill, size < Tmm . .
=) BRI A A ﬁﬂo Fe * Log(S) < 3.5: pine ~ birch
3 ?o ;
2 RO A® .
z % .« 3.5<Log(S) <5.1:
o * Y . < Y
N pine birch
= 20+ *
8 * *o.1< Log(S) Ypine - Ybirch
2 9] @ sicnigo
E Birch_200 Pine_200
@) ¢ Birch_220 & Pine_220
% Birch_240 % Pine_240
0d— ’ ’ ’
2 3 4 5 6
Severity, Log($
Leschinsky, M.; Stahl, M.; Borrega, M.; Testova, L.; Guetsch, J. Sixta, H.
Severity vs Hemi in residue
05 | Despite the fact that pine and
3 o8 P o200 IFCh consist of different types
gzo # oich 220 ¢ pine 220 f hemicelluloses, the removal
* birch_240 % pine_240 . .
b ) kinetics of the sum of the
K 151 hemicelluloses seems to be
= 10 % quite comparable.
€' °
() * O = o 9 birch_180 200
T ° : e s IDEommm
L o) 1 ) 4 °° * birch 240 ¥ PINe-240
.g :og;q .83 ° .
1S
o o-fjm - - ‘)ﬁsm_ﬂz_ e ? ;
Severity, Log(S 2 ;
arinded in a Wiley mill, size < 1mmy' g( ) g, = 8’;‘;&"00* &

Leschinsky, M.; St&hl, M.; Borrega, M.; Testova, L.; Guetsch, J. Sixta, H.

Se@eriiy, fog(S) ’

arinded in a Wiley mill, size < 1mi

10
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Diss. carbohydr.(% od wood)

N
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Severity vs Hemi in hydrolysate

- @ birch_180

birch_200
birch_220
birch_240

* &

pine_200
O pine_220
* pine_240

2

)
Severity, Log(S)

Lt M
._grmded ina W|Iey mill, siz€

6

Log(S)~ 4.0:

highest amount of intact
carbohydrates dissolved (pine
and birch)

3.2 <Log(S) <4.5:
More carbohydrates dissolved
from pine wood

* Side chains: 40MeGclA and Acetyl groups not
included

Leschinsky, M.; Stahl, M.; Borrega, M.; Testova, L.; Guetsch, J. Sixta, H.

Furfural (% od wood)

N

o

oo

o~

N

N

o

Severity vs Furfural in hydrolysate

pine_200 .
O pine_220 42 < I_Og (S) .
% pine_240 ~
Pine- @ birch_180 .’* pIne birch
birch_200 x %
@ birch_220
* birch_240 Q;: 4.2=Log(S) :
3 birch >> pine
%
p o ® %
& O QK HO
e /Y
Ok Q@ O.*O*b
2 3 4 5 6

Severity, Log(S)

Leschinsky, M.; Stahl, M.; Borrega, M.; Testova, L.; Guetsch, J. Sixta, H.

11
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HMF (% od wood)
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Severity vs HMF in hydrolysate
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o BIID o Gnen 42 <Logld) :
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oo
0, *
s 42 2>1og(S) :
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o
o 5.7 < Log(S):
5
o &
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Leschinsky, M.; Stahl, M.; Borrega, M.; Testova, L.; Guetsch, J. Sixta, H.

Lignin (% od wood)

w
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Severity vs Lignin in residue

- grinded in a Wiley mill, size < Tmm pine_200

& pine 220 * lignin removal goes through a
Ot * pine 240 maximum, specific for each

temperature, after which it
decreased mainly triggered by
progressive lignin condensation
and re-precipitation
- . As N « Lignin removal:

a Eircg:;gg ‘*Q;:g.** Birch Lignin >> Pine Lignin

@ birch_220

% birch_240

2 3 4 5 6

Severity, Log($)

Leschinsky, M.; Stahl, M.; Borrega, M.; Testova, L.; Guetsch, J. Sixta, H.

12
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Severity vs Lignin in hydrolysate
» Mirror image results in hydrolysate
25+ ,
= 2 pren % « Lignin removal:
S 20 @ bich 220 X Birch Lignin >> Pine Lignin
3 *  birch_240 el AW ) . . .
o ¢V e Lx  Pine: higher fraction of insoluble
Lg 154 % *».-"" lignin in hydrolysate
~ QOQOOOO T 31 (& e
£ 10/ o E *  birch_240 *
. £ A pine_
.E) ° S w &y R © g, * gine_gjg
= 5 ) *,0 = 2 A
a 9 Lok pine_200 3 “
E O*“ o el <> pine_220 § * A A 4 +*
0- % pine_240 £ A A %
T T T T T o * %
2 3 4 5 6 3 |2 A Xk
Severity, Log(S) 2 88 00 T2 ¥R
? ol : :
2 3 4 5 6
Leschinsky, M.; Stahl, M.; Borrega, M.; Testova, L.; Guetsch, J. Sixta, H. seve"ty, lOg(S)
Prehydrolysis of Wood

« Comparative evaluation of birch and pine

« Selectivity of xylan removal

« Bound and free acetic acid in the hydrolysate
« Effect on residual lignin

 Effect of liquor-to-wood-ratio

 Effect of wood particle size

» Batch- vs. percolation reactor

« Acid-catalyzed hydrolysis

13
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Prehydrolysis of birch wood

Selectivity of Xylan Removal
Batch-L:W=40:1. Percolation-100 mL/min

wn
o
N

Autohydrolysis of birch wood Xyl > 3% moderate cellulose loss
454
%535, 9% Xyl < 0.5% severe cellulose loss
o >
o 100 mL/min M.Borrega, K.Nieminen, H.Sixta. Bioresource Technology (2011) 102 (2011) 1072410732

w
&
(0%

@ Batch-180°C
Batch-200°C

@ Batch-240°C

O Percolation-240°C

Cellulose in wood (%)
8 IS
© CQ,

N
w
1

N
o

0 1 2 3 4 5 10 15 20 25
Xylan in wood (%)

Prehydrolysis of Wood

« Comparative evaluation of birch and pine

« Selectivity of xylan removal

* Bound and free acetic acid in the hydrolysate
« Effect on residual lignin

* Effect of liquor-to-wood-ratio

« Effect of wood particle size

» Batch- vs. percolation reactor

« Acid-catalyzed hydrolysis

14
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Bound and free acetic acid in Birch Hydrolysate

8-

Autohydrolysis of birch wood

Acetic acid in H, % odw
N > >

o
]

; 5 :
Severity, Log(S)

2 3
O 130°C A 150°C < 180°C
* 200°C O 220°C @ 240°C

Testova, L. et al. Holzforschung, 2011, 65, pp. 535-542,
M.Borrega, K.Nieminen, H.Sixta. Bioresource Technology (2011) 102 (2011) 10724-10732
Guetsch, J.G.; Nousiainen, T.; Sixta, H: Bioresource Technology 109 (2012) 77-85 * batch autoclave, V=0.3 L, L:S =40:1

Prehydrolysis of Wood

« Comparative evaluation of birch and pine

« Selectivity of xylan removal

* Bound and free acetic acid in the hydrolysate
- Effect on residual lignin

* Effect of liquor-to-wood-ratio

« Effect of wood particle size

» Batch- vs. percolation reactor

« Acid-catalyzed hydrolysis

15
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Abundance per Ar

0,84

0,61

0,41

0.24

Effect on Residual Lignin of E. globulus

—k— p-O-4
—A— primary aliph. OH
—l— secundary aliph OH

—@— phenolic OH Residual Lignin (MWL)

P-factor S/G PhenOH COOH

3C & Q-DEPT NMR ¥P NMR
mol/mol mmol/g
0 1,98 0,22 0,18
200 1,68 0,33 0,18
750 1,57 0,37 0,23

0.0

0 400 800 1200 1600
P-factor

Leschinsky, M., et al., Holzforschung, 2008. 62(6) 645-652
Leschinsky, M., et al., Holzforschung, 2008. 62(6) 653-658

Effect on Residual Lignin of E. globulus

754 —- =MWL E. nativ
== MWL wood residue Eucalyptus globulus

= = = I-fraction (Uruguay)
= Et-O-Ac extract

wn
(@]

UV-signal

12 14 16 18
Retention time [min]

Leschinsky, Moritz: Doctoral Dissertation, Faculty of Mathematics, Informatics and Natural Sciences, University of Hamburg, 2009

16



1/12/2019

Effect on residual lignin of birch

Fractionation of

Lignin-Carbohydrate Complexes As the intensity of the prehydrolysis
LCCs increases, the proportion of the
Milled Wood| .41 LCC froc’rion in the residual lignin of
0.29:0.49:0.22 moimotmo the birch decreases.
( Ureainsoluble | (~ Urea soluble )
P0O: 0.22:0.57:0.21 P0O: 0.54:0.13:0.33
P200: 0.05:0.73:0.22 P200: 0.59:0.10:0.31 i °
~£750: 0.00:0.82:0.18 J \__P750: 0.64:0.09:0.27 Conclusions:
r Prehydrolysis leads to a cleavage
( pH12precip. | | (  pH3 precip. ) of the LCC bonds
P0: 0.07:0.77:0.16 PO: 0.48:0.06:0.46
P200: 0.04:0.82:0.14 P200: 0.04:0.04:0.92
\__P750: 0.02:0.90:0.09 ) \__P750:0.02:0.06:0.92 )

Rauhala, T. et al. NPPRJ, 2011, 26(4), 386-391
Guetsch, J., H. Sixta. Holzforschung, 2011, 65, 511-518

Prehydrolysis of Wood

« Comparative evaluation of birch and pine

« Selectivity of xylan removal

* Bound and free acetic acid in the hydrolysate
« Effect on residual lignin

- Effect of liquor-to-wood-ratio

« Effect of wood particle size

» Batch- vs. percolation reactor

« Acid-catalyzed hydrolysis

17
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Effect of Liquor-to-wood ratio

Decrease of L:S leads to

)5 a significantly
'§ . reduced delignification
2 0.
T Q\
§ 0\\ Z 80+ Birch 240°C
5. Q 8 40:1“}"5&
= N BR 60+
g-, agmaq-g 5 Q chip Y
=102 @ birch: particles, L:S = 40:1 5 4f mMed 180°C 40:1
birch: chips, L:S = 4:1 GE) ¢
0 T Za T T 1 o 20 / 40: ]
0 3 4 5 £” o-
Severity, Log(S) 2,
3 4 5 6
log (P-X;)
quregu, M.et q\. BioResourc‘es, 6(82’)(,:| (2%;} 112g?2]l?g’é’] 1
Prehydrolysis of Wood

« Comparative evaluation of birch and pine

« Selectivity of xylan removal

* Bound and free acetic acid in the hydrolysate
« Effect on residual lignin

« Effect of liquor-to-wood-ratio

- Effect of wood particle size

» Batch- vs. percolation reactor

« Acid-catalyzed hydrolysis

18
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Diss. carbohydr (% od wood)

N
o

(€,
L

o

(€)]
L

o

Particle size, L:S on carbohydrate yield

CJe Effect of combined L:S and
e 9% particle size on carbohydrate
9 removal low
9 Q
(® ] @ Dbirch: particles, L:S = 40:1

birch: chips, L:S = 4:1

3 4 5
Severity, Log(S)

Prehydrolysis of Wood

« Comparative evaluation of birch and pine

« Selectivity of xylan removal

* Bound and free acetic acid in the hydrolysate
« Effect on residual lignin

« Effect of liquor-to-wood-ratio

 Effect of wood particle size

» Batch- vs. percolation reactor

« Acid-catalyzed hydrolysis

19
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Percolation-type of reactor

Wiater tank

vV, Reactor
Preheater

t

Pump Back-pressure !

regulator

Sampling == Heat 4
container . @ exchanger

Vreoc’ror =190 mL

4

Marc Borrega, PhD

Batch vs Percolation-type of reactors

T {Autohydrolysis of birch wood 240 °C

T 25 Percolation _Qpeomt/min

o 400 mL/min

R

o 201

o

[’

> 151

o

So;

T

£

o °]

(2]

o

Q O- T T T T 1

0 10 _, 20, 30 40
Time, min

Batch: Maximum xylose yield 15 - 17% odw
Percolation: Theoretical xylose yield of 25% odw ;

20
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Prehydrolysis of Wood

« Comparative evaluation of birch and pine

* Selectivity of xylan removal

* Bound and free acetic acid in the hydrolysate
« Effect on residual lignin

« Effect of liquor-to-wood-ratio

 Effect of wood particle size

« Batch- vs. percolation reactor

» Acid-catalyzed hydrolysis

Acid catalyzed hydrothermal freatment

Acidity can be compensated by temperature, and vice versal

. Eucalyptus globulus Eucalyptus globulus
] 100
— ° — Q@ 0.10MH,S0
2 9 B O 0.05M H:SO;
121 0@ - P ~ a0 Q@ 0.10 M oxalic acid
o o) *) o 80 . :
o 0 n O 0.05 M oxalic acid
5 Ke) 0o Q@ Autohydrolysis
x ¢ o 9 2 40+ Ko g
E o ° 3 // o o oo
(] o) = g
6 ) ]
3 °o0 ° Q@ 0.10 M H,S0, £ 017 4 °
Q o O 0.05MH,S0, )
31 9 @ 0.10 M oxalic acid S 201
° |%0 ® O 0.05 M oxalic acid s
[ .
o 0' 0' Aufohydrol\/sws| o *) odP o
2 5 2

3 4 3, 4
Severity, Log (S) Severity, Log (S)
Maximum xylose vield: 12-13 wt% odw

Realistic xylose yield: 8 — 9 wt% odw

. . . . . 1 1
because the xylose remaining in the void fraction of the chips, V, = e T T53 cannot be recovered. "
dw .

21
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Module 2

1. Introduction
2. Chemistry
3. Kinetics

4. Technology

Aalto University
School of Chemical

B Engineering

43

Kinetic Modeling of Prehydrolysis

dX
g = kpx Xp+ (U= 2x) sy Xs (1)
X —Xs) Xy .
XTTx X

X: fraction of original xylan remaining in the solid

Xy fraction of the fast — reacting xylan remaining in the solid
Xs: fraction of the slowly — reacting xylan remaining in the solid
zy: fraction of the readily reacting xylan

ks x, ks x: Tate constants

Non-linear regression (least squares) analysis is applied to
determine the best values for the coefficients in the integrated
form of equ 1.

X=1zx: Exp(—kf‘x . t) +(1—2zy)- Exp(—ks’x . t) (3)

Sixta, H. Handbook of Pulp (2006)

22
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- - -
Heating-up time correction
t
To E, [1 1
O AV [
tTt t
T;: temperature during heating — up

Ea, kJ/mol 120,0 Ty:target temperature
[Eo/R 14433 E4: factivation temperature
T[°C] 150
TIK] 423,15
time [min] | t corr [min] |T[°C]| T [K] | exp(-Ea/R*(1/Te-1/Tf)) | delta

0 00| 25| 2982 0,000 0,000

1 00|  29|3017 0,000 0,000

4 00 393122 0,000 0,000

7 00[ 50| 3227 0,000 0,000

10 00[ 0] 3332 0,000 0,000

13 00 71| 3437 0,000 0,000

16 00| 81| 3542 0,001 0,002

19 00 92| 3647 0,004 0,005

22 00 102] 3752 0013 0015

25 01| 113[ 3857 0036 0,044

28 03[ 123] 3962 0,098 0116

31 08| 134] 4067 0251 0,295

34 20]  144] 4172 0612 0714

37 46| 150] 4232 1,000 1,000

38 56] 150] 4232 1,000 1,000

39 66| 150 4232 1,000 1,000
tCOTT = (tt - tt—l) * tt,Tn + tt+1,Tn)/2 + tCOTT'—l Sixta, H. Handbook of Pulp (2006)

Heating-up time correction
—T[C]
1504 ---.---T_corr
! i
! i
O 100 ! |
o | |
- | I
50 - : |
. I
0 T T i T T T T 1
0 50. 100 . 150 200
time [min]

23
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P-factor concept

t
P = krel . dt

to

Eax

1
LTl(kX(T)) = Ln(A) — T . 7

Eqx 1
R 373.15

k E E
Ln( X,(T) >_ AX AX

Ln(kx,wooc) =Ln(4) -

kxio00c) R-37315 R-T
k 15106
Kpop = — = Exp - (4048 — ———
kX,lOO"C T

¢ kyer t 15106
PZJ‘%'dtZJ‘Exp' 40.48 — -dt
to Kx,1000¢ to T

Sixta, H. Handbook of Pulp (2006)

()

(6)

(7)

(8)

(9)

(10)

Eo- | 125,8][kJ/mol]
k=EXP((1000*Eo/373*8,31)-( 1000*Ea/(8,31*(273+T)))) [T=°C]
Input Data Only in the yellow shaded area
Result green shaded area
Zeit 1143 K (kitka1)/2 dt dt | P-F1 | Pfactor
min °C min h beit,
0 80,0 0,1 0 0 0
4 85,0 0.2 0,1 4 1007] © 0
6 90,0 03 0.3 2 |003|] 0 0
8 95,0 0,6 0.5 2 1003] 0 0
10 100,0 1,0 0.8 2 |003| 0 0
18 120,0 7.9 6.3 2 1003] 0 0
26 140,0 50,6 41,5 2 o003 1 4
28 145,0 78.4 64,5 2 0,03 2 [
30 150,0 1203 99,4 2 |003| 3 9
34 1600 2745 228,5 2 |003| 8 22
38 1700]  603,6 506,2 2 003 17 50
40|  1700]  603.6 603,6 2 |003] 20 70
50 1700] 6036 603,6 2 1003| 20 171
60 1700|6036 603,6 2 1003| 20 271
70 1700 6036 603,6 2 1003| 20 372
72 1700 603,6 603,6 2 1003| 20 392
74| 1700 6036 603.,6 2 |o003] 20 412
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General kinetics of hydrolysis reactions

k=ky+ky,H"]+ k,[OH]
The minimum reaction rate constant

(by differentiation of k according to [H+])

= g'; ko = kuw + 2/koky[H*][0H"]
kel 3 Cases
(2) . pH<I:  Kkq[H*]T
|<pH<II: Kk, T
| Il pH>Il:  ky[OH"]1

e.g. Saponification of lactic acid ester

2. Ky < 2\/ksk,[H*][0OH]

e.g. Hydrolysis of acid amides

pH

3. Ky > 2\/kok,[HT][OH"]
e.g. Carbon dioxide cleavage of carboxylic acids

Skrabal, A. Ueber ein sehr aligemeines Zeitgesetz der chem. Kinetic und seine Deutung. Die Hydrolyse Geschwindigkeit der 49
Organooxyde. 1. Elektrochem. 1927, 33, 322. i

Simplified kinetics of cellulose hydrolysis

60
kq ky 9 240°C ———— 1% ACID CONCENTRATION
[Cell] - [Glu] - [D Glu] § 0.2% ACID CONCENTRATION
(o]
d[C E
% = Gy + kalH*] + ki [OH]) - [C] S
c
%=(kW+ka[H+]+kb[0H_D‘[C]=k1[C] é
k =
[Glu] = [C]Oﬁ(e—klt _ e—kzt) f‘g’
2o S - ~“.:'--2-2-T-C- ......
High glucose formationcanonlybe ¢ | = Tt T
reached when k;>>k,. ] N
Acid hydrolysis at 1 wi% [H*] leads to 5 1 ; ; i
50% Glu at 230-240°C

Time (minutes)

Bobleter, O. Polysaccharides (2nd edition) 2005, 893-936 50
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Kinetics of xylan degradation in wood

Birch Wood

k
XN‘I k] k4 F —6>D2
ks /
XOs ——> x\
k
XN2 k2 5 D‘l
d
$= —ky[XN;]
d[XN.
%: —k;[XN,]
d[};?S] = k1 [XNy] + ko [XN,] — k3[XO0S]
%= k3 [X0S] = (ks — ks)[X]
d[F
cgt] = ky[X] — ke [F]

M.Borrega, K.Nieminen,H.Sixta. Bioresource Technology (2011) 102 (2011) 10724-10732

250+

@ Xyl

g o xos 180°C
8 2004 * Xylose
g QO Furfural
>
5 1504
©
o 1004
N
—
O 501
o
(®)] N o

0 5 _ 100 150 200

250 Time (min)
Q@ Xylan O

g o | 0 X 240°C
O 2004 * Xylose
2 O Furfural
=
©
©
[®)]
V3
—
0]
o
O) T

0 10 20 30 40

Time (min)

5 g extractive-free wood meal, L:$=40:1, Vqicn =0.3 L

Hydrothermolysis kinetics of xylose

Parameter, g/kg od w Treatments [P .
P-factor 766 8166 CH,OH !
Temperature, °C 180 220 H Qo :
Time, min 30 25 : :
LW 3 3 :Ho‘l_H i
Sugars 98 8 VI LN
Furans (F+HMF) 12 59 : E
Acetic/formic acid 19 71 i HTOH
C2-C4 dliphat acids2 2 9 R :
TOTAL 131 147 Reversed aldol
YIELD LOSS 191 407 reaction

Borrega, M.; Niemela K.; Sixta, H. Holzforschung 2013; 67(8): 871-879

Xf ‘ ) Xp H+
\k\x\ Z//{'Sk‘,k?\\&b kq k3
X === ly===lp —=>F D,
N, % .
C-C4 aldehydes —2> Dy
/ k'|3 k'|4lOH-
Lyxose

C,-C4 acids

Monatshefte fuer Chemie 123, 547- 556 (1992)

200 14 .
_ 00 B pure xylose in water 180° C
= \
(@] X-hydrothermal
I 1504 F-hydrothermal
& X-0.05 M HCI
c F-0.05 M HCI
.0 1004
=
O
=
C
O 501
O
c
(e}
O o4 Sos 3
0 100 200 300
Time at 180°C, min
k, (min’")

1 T T T
0 2 Dj‘ pH 6

\ J

Ershova, O.; Nieminen, K.; Sixta, H. ChemCatChem 2017, 9, 3031 - 3040
Sixta, H. unpublished results (2009)
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Kinetics of cellulose degradation in wood

Birch Wood

> 450+
T1 220°C
ks -% 400+
GNi_ Ky o
k.
608 LG XMoo 1uF D 3501
: ' = @ GN+GN
oN, Tk ik ;"9 l"s o 0 Gos
lk7 Ds D4 O g 401 g |<—|3MF
N O
2 2 0l
d[GN
[GM] _ —(ky + kg)GN, O
dt O @)
d[GN,] 0 . —O ~
gt = a1 +k;)GN, 0 20 40 60
d[GOS i i
L - L 6N, + KyGN, — (ky + g)GOS Time (min)
d[G
% = k3GOS — (ky + ko)G
AHMF] _ G — koM
dt = Rqu — A5

M.Borrega, K.Nieminen,H.Sixta. Bioresource Technology (2011) 102 (2011) 10724-10732

53

Cellulose Depolymerization Model

"weakly" linked glycosidic bonds (W)
-y Cellulose |l
a _ M’__—?ﬂ”“f— (viscose fiber)
d ! B ——
dH1 ‘regular” glycosidic links (M) 300 -
— =k c
 dt M = Mgeat o
w o ew Sy () 2004
T 2 Hy = My(1 — e~ Fat)
dH, . W = Wye ka2t
a7 Hy = Wo(1 — e7*2) 1004
pp =2
T H +Hy+1 0, . . . . . .
B 0 50 100 150 200 250 300
0

2P0 1= €5 = Mo(1 - e~h16) 4 Wo(1 - eh) + 1

DP

Time (h)

M —number of amorphous segments with hormal degradation rate
W — number of amorphous segments containing weakly linked glycosidic bonds
H; — number of chain breaks in normal amorphous segments
H, — number of chain breaks in weakly linked subcategories

k; —normal rate constant

k, — fast rate constant (cleavage of weakly linked elements)

Cellulose (2016) 23:213-229
K. Nieminen, Sixta, H. (2015)
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Delignification mechanisms

More strongly acidic conditions

B-oryl ether bond cleavage via benzylic carbo cation (A)

Mildly acidic conditions

Homolytic cleavage of the B-aryl ether (C)

e
R ] R
CH,O0H | CH,OH R OCH3)
17 | 7|
HC—O ] HC OH
¥ | il
HC—OH ] HC—OH .
HycO | Radical ©CH3 i
coupling ———> ¢H
PliNg ~e0
R OCHs3 R OCH,
OH OH R OCHy
R oH
“goH Shibene
R CEh + Syringaresinol...
CH,0H (|:H20H CH,OH
v
HC—O -(I:H «OHAr JGH
C—OH CH EH + HOAr
| Hyed Radical-ex- *
change
0'@ reactions
R ocH; OCHd g OCHj . oCH;

Li, S.; Lundquist, K. NPPRJ, 2000, 15, 292

CH on( 1 CH: ©\
? OCH3 OCH;

@c H
@OCH; i OCH; ¢,

OH

OCHg

i o i
ﬁj*ocn3 OCH, OCH,
o

CH;3 CH;
c=0

CH,

CH,OH
|[s [ ¢c=o

|
c=0

Ii

OCH,3
A /
"Hibbert's ketones"

Org. Biomol. Chem., 2016,14, 10023

Acidolytic B-aryl ether bond cleavage (B)

(Meshgini, M., Sarkanen, K.V. (1989))

55

Delignification kinetics

L \ki]
ke

/ Ls — L.
L, K2
dL
d_tl ks,lLl
dL,
a —ks2L,
dLg
d_ = ks 1L1 + ks ZLZ kcLs
dL. kL,
dr

Portions, % Reaction rates, min™'

w
o
1

N
o
1

Residual lignin, % o.d.w.
=

Pine wood, 40:1

0200 °C

Species Temp,°C  Fast Slow Ik ko ke 0
Birch 200 58 42 0,294 0,004 0,003
Pine 200 22 78 0,786 0,003
Birch 220 61 39 0,858 0,036 0,010
Pine 220 29 71 10,060 0,240 0,007
Birch 240 63 37 2,538 0,128 0,019
Pine 240 38 63 27,740 0,370 0,010

Borrega, M. et o\ BioResources, 6(2), (2011) 1890-1903
and Bioenergy, 109 (2018), 100-113

Stahl M

25 0 25 50 75

100 125 150 175 200
Effective time, min
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