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1. Introduction t-BIOIND

(1 Abundant  agricultural > Valorization
by-product
[ Lignocellulosic biomass L

I
| Greentechnologies :
L __

|
42,1 % cellulose |
| 34,5 % hemicellulose |
| 25,7 % lignin |

Integral approach

Furfural Ethanol
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1. Introduction t-BIOIND

Break interaction between the three lignocellulosic
components

Biomass hydrolysis

Hydrothermal treatment: Subcritical water (subW)
Mild conditions (160- 210 °C)
o Hemicelluloses are solubilized in liquid fraction

o Insoluble solid presents a high concentration of
cellulose

Dehydration ——  Pentoses - Furfural :

[ subW treatment
L I Consecutive
| saccharification
l—— .
!_ _C_e!u_IOEe_—_)ETinBI_ | and fermentation
rocess
| Enzymatic hydrolysis proce

Fermentation
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Furfural

Recovery by PERVAPORATION

o Membrane separation method
o Permeation + evaporation
Ethanol




2. SUbW treatment

1. Gas inlet with pressure regulator
2. Gas outlet with a purge valve

3. Sample valve

4. Ceramic heating resistance

5. Magnetic stirrer

180°C 50 bar(CO,)
3h V=200ml

Corn stover(5 % w/w)
CrCl5(2 % w/w xylose)

Components | Corn stover

C

Lignin 25,7
Soluble lignin 8,3

Insoluble ligni 17,4
/&Jmnm\

Glucans 42,1
Hemicelluloses 34,5

"—25,8/

Arabinans 45

Acetyl 4,2

subW treatment

Corn CrCl:.6H:0

e
|

Hydrothermal
hydrolysis
50 bar
180°C

Enzymatic
hydrolysis

—

50°C Celluclast
48h /‘ 1.5L

o .
0
OH
CH H
IH
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CrCl; as catalyst for 1
furfural production

Alcoholic
fermentation

28C
24h

3h
Pervaporation l
[ pn.' i
£ ol
oo L }
OH {
R i HH W
| /
o Silicone H_(I;_¢_Q
b
L membrane , 4oL
56:2°C



—8— Furfural —@— Xylose —@&— Xylulose —®— Arabinose

4,0
35
3,0
25

320
15
1,0
05
0,0
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2. SUbW treatment

180°C 50 bar(CO,)
3h V=200 ml

Corn stover(5 % w/w)
CrCl3(2 % w/w xylose)

Glucose

0,5

1,5
Time, h

2

2,5

3,5

Xylose = Furfural
Maximum furfural concentration =3,2 g/L

|

Small amounts of
other sugars were
solubilized




2. SUbW treatment

Lewis acid catalyst contributes to faster xylulose
formation from xylose

i ° H o CH.OH
'y "
o N\ 0 i — H\M e/ on
oH
H on Ho H

-Xylose p-Xylulose

k?,i

k. I
DPyiose - Xylose Formic acid — 93, DPrormicacia

I D Ik

k
Dvalulose o3 XY|U|OSE @ k3'3

- Furfural =2, pp

Table. Kinetic rate constants (h) in
subW/CO, system + CrCl, at 180 °C

Kia DR Ratio ks,3/k1,3 >Faster
Ky 1,4298 formation from
Ks 3 2,8933 xylulose as

Ks o/Ky 5 478 intermediate

Concentration, MM
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180°C  50bar(C0,) 4h

Xylose study

Xylose (o), furfural (o), xylulose (), formic acid ()




Concentration, mM

2. SUbW treatment

Arabinose study 180°C 50 bar
Xylose-like mechanism (CO,) 4h

OH
X OH H 0. OH OH 0 H
Fastest pathway is oH H O — Kcm Hoj
. q H H H CHZOH
forming ribulose o ) 4

L-arabinose L-ribulose

Arabinose (o), furfural (o), ribulose (A) and formic acid (<)
80

D
o
1

IS
o

20

Furfural yield, %

40

w
o

N
o

=
o
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Corn stover 180°C 50 bar
study (COy) 3h

Yield=29.1% From pentoses

3,5

Time, h
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180°C  50bar(C0,) | Cornstover(5% w/w) Cof]'\fecrct’:j . DiegEeafiien
3h V=200ml CrCl5(2 % w/w xylose)
HMF
—0— Formic acid Acetic acid  =—o—HMF
4,0 Formic acid Acetic acid
3,5 1
<| 3,0
(=2}
£ 25 1 Hydrolysate g/L
g 20 Xylose 0,7 I__A__t_l_____l
< ce roups
§ 1,5 4 Xylulose 0,2 : :rogm P I
S, Arabinose 01 : hemicellulose :
Glucose 05 | T T T ———
Furfural 3,2
3,5 HMF 0,5
‘ Acetic acid 2,3
Time, h Formic acid 1,0
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3. Furfural recovery IND

Silicone hydrofobic membrane

Enzymatic Alcoholic
SubW treatment hydrolysis fermentation
Corn . 6H- 50°C Celluclast
CrCl:.6H:0 150

—
|

Hydrothermal
hydrolysis
50 bar

Ethanol

/‘ Red
|

28T
24h

Silicone
membrane

5622°C

10

One side of membrane: Feed
Other side of membrane: Vacuum - Vapor stream

Retentate

. Permeats
Feeding pump

N, to condense permeate vapor stream
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Effectof T and C

_ [Furfural]Permeate
- [Furfural]peeq
a ifT1,1 Q ifcndr
I T % B 1 and 4q/L Fu.rfural X O ifc 1. B l(Excessive
remains constant solution T=56°C membrane swelling)
|
|
Jfurfural ~— Enrichment factor : Jfurfural ~ —@— Enrichment factor
|
3 3,0 — 25 | 3,0 1 30
) | | g
‘f'E 2,5 20 | EE 2,5 25
=20 I = 2,0 1 20
x 1,5 1 S=8 % 15 4 15 @
= 10 ' =
51,0 1 : z 1,0 - 5 10
205 5 | 20,5 - 5
0,0 . . . + 0 I 0,0 . . . + 0
20 30 40 50 60 : 0 2 4 6 8
T,°C | C,g/L
|
|
1

1
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Selectivity

3 g/L Furfural
3 g/L Acetic acid (AA)
1,7 g/L Formic acid (FA)

Furfural FA —m—AA
35
30 A _ [Furfural]lpermeate
[Furfural]Feed
25 A
20

D IfT T, BFurfuraI T
15 (1 Baaand pras<1
D BFurfuraI >>>> BAA and BFA

10 A
5 4
0 - . —m— — Working at higher T, the
285 35,8 46,0 565 selectivity towards furfural
Toc increases over other
' compounds




Furfrual recovery, %

3. Furfural recovery.

Hydrolysate

W Recovery mFurfural in the permeate

1 [ I |
100 - g m B RN
- L
80 - . I
60 = .
1< - L
[ | - |
1 =
40 u . —
0 g L
[ |
20 |
———————————— [Furfuralliyisa <
0 T T T
0 200 400 600 800

20

15

10

[Furfural] in permeate, g/L
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100 % furfural
recovery

9 g/L furfuralin the
permeate

Establishing criteria to

pervaporation:

- At 245 min to recover 86 % furfural
with [19,08] g/L furfural in the
permeate

- At 480 min to recover 99 % furfural
with [12,39] qg/L furfural in the

permeate

stop



4. Enzymatic
hydrolysis (HE)

[Hydrolysate Jfinat 46 g/L glucose 50°C  48h
E fi Alcoholic
Uil h%rycr)?;ilz fermentation
Com CrCl:.6H:0 50°C

Celluclast
48h 1.5L

/—b

Ethanol

e
! 4

€04

0
COH g
CH H

H

-
a
}

|

Hydrothermal
hydrolysis 28C
50 bar 24h
180°C
/ 3h
Pervaporation l
{ A\ 0 LA
o Suhc;me H_(I;_ —0
membr:
H\ &1 ane / HoH

5622°C

14
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Corn PLE solid | HE solid
Components . .
stover residue residue
Lignin 25,7 36,54 57,5
Soluble ligninf 8,3 0,84 11
Insoluble ligninl —17.4 35,70 56,4
lucans 42,1 64,88 29,2
34,5 2,31 54
75,8 7,13 4,9
4,5 0,18 0,5
4,2
50 ——
Elm
| ]
40 um
3 -
%30 -
]
— 20 4
© m
10 A
0O T T T T
0 10 20 30 40 50

time, h




4. Enzymatic
hydrolysis (HE)

Alcoholic

Enzymatic
subW treatment fermentation

hydrolysis
Corn CrCls.6H:0 s0°C Celluclast

stover —\ /- 48h 1.5L
e

Ethanol
R

Hydrothermal
hydrolysis
50 bar

a
= | @

oh

L0 wopLg~

e 0"“"// o
o {

i,
i Y. o
Silicone
membrane

$622°C
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Fermentation by Ethanol Red (Saccharomyces
cerevisiae strain)

Glucose, g/L

B Glucose ® Ethanol

40 20
0 My 16
oy
n
. 12
20
8
10 - .
onm m® 0 W L e EEEE O
0 5 10 15 20 25
Time, h
28°C 24 h [EthanolJfinal = 14 g/L

Ethanol, g/L
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6. Ethanol recovery  “BIOIND

Silicone hydrofobic

membrane
Enzymatic Alcoholic
subW treatment hydrolysis e
Corn CrCl:.6H.0 50°C Celluclast
stover T 48h 4 1.5L Ethanol
\ T/- > /‘ Red
Hydrothermal
hydrolysis 28C
50 bar
180°C
/ 3h
OH
o= .<- QO
-~ PAS
OH
{ Y\ o -
Silicone
(0] membrane
H

56:2°C
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6. Ethanol recovery.

Effectof T and C

6 g/L Ethanol B :I U 1_' d?;a”"'gl and
solution X o
remains constant

JEthanol =@ Enrichment factor
3,5 14
3,0 1 12
2,5 1 10
2,0 1 8
15 1 6
1,0 1 4
0,5 1 2
0,0 T T T 0

20 30 40 50 60
T, °C

17

Fmin-l¥%m-2
J Ethanol> & 1011771

10,0
8,0
6,0
4,0
2,0

0,0
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D IfCT'dEthanolT
T=56C d If c > 25 B and
remains constant
JEthanol = Enrichment factor
14
] 12
10
1 8
] 6
4
1 2
+ T T T T 0
0 10 20 30 40 50
C, gL
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Fermentation broth

60 % ethanol
recovery
—— Recovery =~ —— Ethanol in the permeate
100 105 57,77 g/L ethanol in
—>
m the permeate
| 90 4
80 A =
= 75 g
= . g
%60 1m m i = 60 § Establishing criteria to stop
8 [ E) pervaporation:
S 40 455 = At 90 min to recover 54,70 % ethanol
£ < n 03 [74,13]g/L ethanol in the permeate
Luzo | g - At 150 min to recover 60,03 %
-------------- [Ethanol]ym = 15 & ethanol [57,77] g/L ethanol in the
[ ] permeate
0 T T T T T 0
0 30 60 90 120 150
Time, min
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7. Conclusions Z-BIOIND

subW treatment :— o I:i;t:i:i ;)r_la_s; o 'i
assisted by — ”' 32g/LFurfural |
CrCl;6H,0 12 giburtural - !
l 100 % Furfural
. .
' Insoluble residue 1 recovery(9g/L)
! 65 % Cellulose '
hooo _37 j/o_l__lg_n_ln_ I _: Pervaporation
with silicone
l hydrophobic
membrane
Enzymatic A
hydrolysis catalyzed
by Celluclast 1.5L 60 % Ethanol
recovery (58 g/L)

Insoluble residue | | Liguid phase | ) Fermentation by > | Fermentationbroth
29 % Cellulose | | 46g/LGlucose Ethanol Red® ' 14 g/L Ethanol
58 % Lignin !
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