INVESTIGATION OF PHYSICAL MECHANISMS |
DURING DECONSTRUCTION OF PRETREATED *
LIGNOCELLULOSIC MATRIXES: FROM PURE £CPO.

ENZYMATIC ACTIVITY TO COCKTAIL WATEELoo
A
&
TUAN LE T

PHD STUDENT

-T' T‘“:'-.|z’wg|";r
UNIVE RSITE
TOULOUSE |||

- #

R
INSP B

Université




Network & funding

LISBP

- Enzymatic hydrolysis.

- Physical analysis in-
situ/offline (rheo-
morphology-granulo, kinetic
of decantation,...)
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-Physical approach:
rheology of suspension

. a
—=

J

- Analysis of surface’s
properties.

-Chemical analysis
(intermediaries of
degradation, composition,
cristallinity..._
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- Thermo-chemical
pretreatment of biomass.
- Biochemical analysis.
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Cellulase

Endo-glucanase (G1)
Exo-glucanase (G2)
B-glucosidase (G3)

Properties of Destructuration
‘suspensmn of fibers ,
|
Physical
limitations

High solid loading
[C6] & [C5] max
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S "fi'f‘*“f-:f\§| BLIOGRARHIC review
I-I S B P Physical approach on enzymatic hydrolysis
Physical approach Knowledge

-Lignocellulosic suspension possess shear

thinning properties (non-Newtonian fluids which

- Properties of lignocellulosic fiber L , ,
have decreased viscosity when subjected to shear strain)

suspension (yield stress, rheological

behavior, particle size and morphology) u, P = f (solid loading) : 4% increase in

solid content lead to 5 folds rise in power
- Evolution of fiber properties during consumption (Fan et al., 2003; Dunaway et al. 2010;
enzymatic hydrolysis Knutsen et al. 2012)

K = f (particle size) : at 10% w/w, 50 folds
rise in viscosity from particle size 33-75 um
up to 150-180 pum (Dasari and Berson 2007)

Role of single activities in the liquefaction

: endo-glucanase =dominant (szjart6 et al.,
2011)
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I—I S B P ‘ sical approach on enzymatic hydrolysis

Physical approach Knowledge

-Lignocellulosic suspension possess shear

thinning properties (non-Newtonian fluids which

- Properties of lignocellulosic fiber L , ,
have decreased viscosity when subjected to shear strain)

suspension (yield stress, rheological
behavior, particle Size and

morphology) u, P = f (solid loading) : 4% increase in

solid content lead to 5 folds rise in power

consumption (Fan et al., 2003)

Lack in knowledge

Investigation of pure up to cocktail activities by physical approach: in-
Situ viscosity, mechanisms of degradation.
= My PhD
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e Materials & Method

LSBp —

Substrate

Sugarcane bagasse: from sugar factory Nong
Cong and Lam Son, VietNam. Organosolv
pretreated + extruded.

Filter paper : Whatman n°1, milled
Hard wood paper pulp: from French industrial.
Enzyme

Cellic Ctec2, Novozymes, activity 103FPU/mL at
40°C, pH 4.8

Endo-glucanase: E-CELAN, Megazymes (high
purity) — G1

Exo-glucanase: E6412, Sigma — G2
B-glucosidase: 49290, Sigma — G3
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Experiment setup
@ﬁ Torque @ﬁ
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Substrate A 1 :,— &
e

Feed strategy

|
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.
: | P-3 '
o :
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|| Biostat-B :
Base Acid b :
| : :
L R T Tray T | L TN P T 4. R— . :
Sy : DC30
Legend : :
Water circulation Data transmission Flow E
.......... » G- _’ ""'"""""'"""""»""""""‘"""'
Software P: Pumps T: Temperature VT550: Online viscosimeter
M-B: Mass balance FBRM: Focused beam reflectance measurement

C: Computer for data acquisition and process controlling
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LE 58S

From raw data to interpreted data

Measurement

Raw data

Interpreted data

In-situ Torque

In-situ Chord Length

Ex-situ rheology

DLS

Morphologi

Decantation kinetic

HPLC

M=f(t)
En(cl), N(cl)=f(t)

G, G”
Ev(dSE),
d[4,3]

Particle sharpe &
size

Settling velocity

Mono to di-
saccharides

Viscosity, rheological behavior

Ev, Fv, En, Fn, dSE

Viscosity, yield stress

Ev(dSE), Fv(dSE), d[4,3]

Ev(dCE), Particle sharpe &
size

Hydrolysis yield
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— Research STRATEGY

Working diagram

Hydrolyse

Rheological ptopeﬁ Experiments

5 of biomass suspension

Identification hydrodynamic
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Research STRATEGY

Working diagram
o High solid lnading . Semi-continuous
Hydrolyse
. Low zolid loading. Batch
PP up to 3.5% wilw Expen’ments

Rheological properties
of biomass suspension

SCEB up to B.0% wilw
FP up to 2.0% wihw 7

o MNewtonians fluids

Identification hydrodynamic

. Mon-Mewtonian fluids Vs
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LI ;B I 23 5gdmvh, 3FPU/GC

A46.6 g, 20FPLgC -\ PP

Working diagram

23.5 gdmh, 25FPU/GC / \
233 gdmh , 25FPUfC
23 3gdrih, 3FPUGC | SCE j

E0gdméh, IFPU/GC j

High =olid lnading . Semi-continuous

FP

SCE

Hydrolyse

G1+HE24+53

FP
Sl
sce )

Low zolid loading. Batch

Experiments

FP

PP\

scB J r
FP

PP

PP up to 3.9% wiw
SCE up to B.0% wilwy
FP up to 2 0% wivi 7

Rheological propetties
of biomass suspension

H20

Glycerol | Mewtonians fluids
Marcol ail / \ Identification hydrodynamic

Xanthane in glucose

= Mot oria -l [
PO =P EATO - THAS
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. Research §TRATEGY
LI S B P 23.5gdm/h, 3IFPLIAGC

G2+53

Message 2 & 3: (

Investigation of
individual to mix activities.

& ﬂk
il

466 gdmdh, 25FPL/GC \ PP Worklng dlagram
23.5 gdrmh, 26FPU/GC _ _ _ , _
— _l High solid loading . Semi-continuous
urgcf \
scg /) |
1
Message 4.
Mechanism of ilx .
enzymatic liquefaction I
drolyse
- ! Hydroly
PP G HE2+G3 |
L:EIW solid loading. Batch
| Experiments
|
|
|
|

FP up to 3.5% v { . .
Message 1 SCB up to Rheological properties
of biomass suspension

FP up to 2 0% witvi \/

H20

Glycerol | Mewtonians fluids
Marcol ail / \ Identification hydrodynamic

Xanthane in glucose

= o=t oorda -t [
PO =P EATO - THAS
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~ == RESULTS &:DISCUSSION

I-I S B P . “ Substrate properties - FP

& EP 5gdm/L A FP 7.5gdm/L o EP 10gdm/L Su.s[oenswn viscosity at different
mixing rate
m FP 15gdm/L ——Laminar/Transitory  ---Transitory/Turbulent Substrate: filter paper
1.E+01
1.E+00
— . _..-’//’—
P e “m g
> — . @ " m
= 1.E-01 *
Q A I o
2 L 4
> A PN A -
* -
1.E-02 . e
1.E-03 |
10 100 1000
Rotation speed (RPM)
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== RESULTS &-DISCUSSION
I-I S B P Substrate properties - FP
& EP 5gdm/L A FP 7.5gdm/L o EP 10gdm/L Su.s[oenswn viscosity at different
mixing rate
m FP 15gdm/L ——Laminar/Transitory  ---Transitory/Turbulent Substrate: filter paper
1.E+01
Suspension viscosity decreased as
the mixing rate increased
1.E+00 -> shear-thinning properties
—_ [
e @ T~
> A @
& 1.E-01 —
.
> . -
1.E-02 SUR. LA
1.E-03 -==T0
10 100 1000
Rotation speed (RPM)
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LISBP

~ == RESULTS &-DISCUSSION

Substrate properties — SCB and PP

Viscosity (Pa.s)

A SCB 10gdm/L
e SCB 49.8gdm/L

1.E+01

1.E+00

1.E-01

1.E-02

1.E-03

+ SCB 23.64gdm/L

—Laminar/Transitory

SCB 39.4gdm/L
- --Transitory/Turbulent

Sugarcane bagasse

\

10

Rotation speed (RPM)

1000

Suspension viscosity at different
mixing rate
Substrate: filter paper

Suspension viscosity decreased as
the mixing rate increased
-> shear-thinning properties

Similar behavior on sugarcane
bagasse ...

HTMS BioAsiee
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LISBP

e ———
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~— RESULTS &4DISCUSSION
Substrate properties — SCB and PP

Suspension viscosity at different
mixing rate
Substrate: filter paper

Suspension viscosity decreased as

A PP 5gdm/L
e PP 30gdm/L

¢ PP 15gdm/L

—— Laminar/Transitory - --Transitory/Turbulent

PP 25gdm/L

the mixing rate increased
-> shear-thinning properties

1.E+01

aper pulp

Similar behavior on sugarcane
bagasse ...
and on paper pulp

1.E+00 =

1.E-01

Viscosity (Pa.s)

1.E-02

1.E-03
10

Rotation speed (RPM)

1000
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\.. B, = ~ ;\RkLTS &+DISCUSSION
LISBP

Substrate properties

a Filter Paper o Sugarcane bagasse ¢ Paper Pulp Viscosity at 100 rpm of SCB, FP
and PP suspensions in relation
0.30 o L L .
with biomass concentration
0.25 4
o
<
0 0.20
£ o
Z0.15
[7]
9
0 <
= 0.10 A
° o
0.05 A
< o}
o)

0 10 20 30 40 50 60
Concentration (gdm/L)
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\.- A \;»\_RLTS &~DISCUSSION
LISBP

Substrate properties

a Filter Paper o Sugarcane bagasse ¢ Paper Pulp Viscosity at 100 rpm of SCB, FP
and PP suspensions in relation
0.30 L L .
; with biomass concentration
!
0.25 ’7/ : 2

@
Lo '
-" l.'I.i'

Viscosity rise as biomass
concentration increased

Viscosity (Pa.s)
o o

I = o
)] o
\\
‘o

o o
o =
u o
]
e}
A
AY
o
- \
e
-
A}
A\

Concentration (gdm/L)
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\.- NS k\ JRI‘ELTS &+DISCUSSION
LISBP

Substrate properties

a Filter Paper o Sugarcane bagasse ¢ Paper Pulp Viscosity at 100 rpm of SCB, FP
0.30 _ and PP suspensions in relation
' - with biomass concentration
0.25 4/ — .
, @
/ . ,..
‘g 0.20 ’ /! Viscosity rise as biomass
e ! é' concentration increased
> _
£0.15 7 y
(7] ! ’
o] ; '
@ / o K
> 0.10 3
! &=
/A o .57 42.33
0.05 = - 7 Identification of substrate’s critical
V/ﬁﬁﬁ-sﬁ ?‘ PR concentration
0.00 ==gi=2 % = ."..'.%-‘ _—‘ 19.00 | | | |
0 10 20 30 40 50 60
Concentration (gdm/L)
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\.. ™ \ -~ RESULTS &-DISCUSSION
LISBP

Substrate properties

a Filter Paper o Sugarcane bagasse ¢ Paper Pulp Viscosity at 100 rpm of SCB, FP
0.30 _ and PP suspensions in relation
' i with biomass concentration
!
0.25 ’7/ X
a" 0
/ 9 J;’
‘g 0.20 ’ /! Viscosity rise as biomass
e ! é' concentration increased
= '
£ 0.15
2 /
Message 1

« All studied suspension behaved as shear-thinning fluid.
« Suspension viscosity = f(solid loading).
* Identification of critical concentration points.

HTMS BioAsiee Page 20
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search STRATEGY

LI ; B I 23 5gdmvh, 3FPU/GC

G2+53

Message 2 & 3: - (

Investigation of
individual to mix activities.

46.6 gdmdh, Z5FPUGC -\ PP Worklng dlagram
23.5 gdméh, 25FPU/QC j . . . . .
High =olid lnading . Semi-continuous
23.3 gdmM, 25FPURC
23.3gdm/h, IFPU/GC \ SCE j
S0gdmdh, 3FPUAC j
FP
A Y
|
| drolyse
- | Hydroly
PP G1+GE2+G3 |
|
F Lowy solid loading. Batch
| Experiments
|
|
|
|

PP up to 3.9% wiw
SCE up to B.0% wilwy
FP up to 2 0% wivi 7

Rheological propetties
of biomass suspension

H20

Glycerol | Mewtonians fluids
Marcol ail / \ Identification hydrodynamic

Xanthane in glucose

= o=t oorda -t [
PO =P EATO - THAS
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Experiment setup — batch process

140 - 18000 Hydrolysis parameters
T et 16000
_ E E . E - 14000 -Mixing speed:
= — ey 100 rpm for 28 min
= A T e - 12000 & , f
— . - : : 125 rpm for 1 min
ks . Stabilization of suspension 10000 &
g R > speed-down to 100 rpm
o0 i —> Sub feedi - 8000 3 t until the end
& : ubstrate teeding o repeat until the en
Z§ - 6000 © | pH.48
- 4000 -Temperature: 40°C
AL ALY | 2000 “Substrate: 1,5-3% w/v

1 2 3 4 5 . 6 7 22 23 24 Enzyme dosage
o Time [h]
Initial torque on water CTec2-03 Gl G2+G3 | GI+G2+G3
FPU 0.30 / /
CMCU 2.42 2.42 / 2.42
Sampling at 0-1-2-3-6-12-18-24h AvVCU 0.30 / 3.00 3.00
CBU 10.95 / 0.50 0.50
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e S xq RSULTS &-DISCUSSION

Pure activities contribution for liquefaction

Viscosity (Pa.s)
o o o
= i N
o O o

O
H
o

0.05

0.00

—ref —G2+G3

I T T T T 1
S 12 15 18 21 24
Hydrolysis time(h)

Filter paper 15gdm/L

Mixing rate 100rpm

Ref: no enzyme

G2+G3 (exo-glucanase & B-
glucosidase) = no contribution

HTMS BioAsiee
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) N == RESULTS &-DISCUSSION

B P Pure activities contribution for liquefaction

Viscosity (Pa.s)
O O
= N
wn o

O
H
o

0.05

0.00

——ref ——G2+G3 —G1+G2+G3

G1+G2+G3=56.5% viscosity reduction

0 3 6 S 12 15 18 21 24
Hydrolysis time(h)

Filter paper 15gdm/L

Mixing rate 100rpm

Ref: no enzyme

G2+G3 (exo-glucanase & B-
glucosidase) = no contribution
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- RESULTS &-DISCUSSION

L

Pure activities contribution for liquefaction

Filter paper 15gdm/L

0.30

Viscosity (Pa.s)
o o o
= i N
o O o

O
H
o

0.05

0.00

—ref —G1 —G2+G3 —G1+G2+G3

Mixing rate 100rpm
Ref: no enzyme

G2+G3 (exo-glucanase & B-
glucosidase) = no contribution.

G1 (endo-glucanase) =

[ —

«

G1+G2+G3 = G1 alone

predominant role.

T T I T T
3 6 S 12 15
Hydrolysis time(h)

18

21

24
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Page 25



A \;»\_RLTS &~DISCUSSION
LISBP

Pure activities contribution for liquefaction

Filter paper 15gdm/L
—ref —Ctec2 (0.3FPU/gC) —G1l —G2+G3 —G1+G2+G3 Mixing rate 100rpm
030 Ref: no enzyme

G2+G3 (exo-glucanase & B-
glucosidase) = no contribution.

O
[~J
&

O
N
o

G1 (endo-glucanase) =
predominant role.

Viscosity (Pa.s)
o
H
on

O
H
o

Y

0.05 CTec2 = better performance !
' CTec2=75% viscosity reduction Enzyme synergist ?.

0.00 |

T I T T
0 3 6 S 12 15 18 21 24
Hydrolysis time(h)
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-~ RESULTS &-DISCUSSION

LSRp

Pure activities contribution for liquefaction

0.30

—ref —Ctec2(0.3FPU/gC) —G1 —G2+G3 —G1+G24G3

Filter paper 15gdm/L

Mixing rate 100rpm

Ref: no enzyme

G2+G3 (exo-glucanase & B-
glucosidase) = no contribution.

G1 [endo-cliicanace) —

Conclusions on filter paper:

» Liquefaction: G2+G3=almost no effect, G1=predominant role.
« G1+G2+G3 no synergy observed
« Ctec2 showed better performance. Hypothesis on enzyme synergist ?7??

Question: how enzymes act on complex lignocellulosic suspension ?

HTMS BioAsiee
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\" N S ‘-;\;;\RS~LTS &~DISCUSSION

Results on hard wood paper pulp

+ Ref - G2+G3 Paper pulp 30gdm/L

Mixing rate 100rpm

Ref: no enzyme

G2+G3 (exo-glucanase & B-
glucosidase) = no contribution.

Viscosity [Pa.s]

I I I 1
0 4 8 12 16 20 24
Hydrolysis time [h]
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~ == RESULTS &-DISCUSSION

Results on hard wood paper pulp

Viscosity [Pa.s]

+ Ref ¢ G1 ~ G2+G3

4 8 12 16 20 24
Hydrolysis time [h]

Paper pulp 30gdm/L

Mixing rate 100rpm

Ref: no enzyme

G2+G3 (exo-glucanase & B-
glucosidase) = no contribution.

Vs

G1 (endo-glucanase) = 34.1%
reduction in p.

HTMS BioAsiee
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LISBP o

Results on hard wood paper pulp

+Ref oGl - G2+G3 + G1+G2+G3 Paper pulp 30gdm/L

Mixing rate 100rpm

Ref: no enzyme

G2+G3 (exo-glucanase & B-
glucosidase) = no contribution.

34.1% | @

T . .
S e . ® e ° G1 (endo-glucanase) = 34.1%
= A — reduction in .
2
= 0.15
0.1 Enzyme synergyof G1+G2+G3
' 51.2% reduction in pu = 1.5fold
0.05 increase vs G1 alone.
0 I I I I I I I

0 2 4 6 8 10 12 14 16 18 20 22 24
Hydrolysis time [h]
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LISBP B —

Results on hard wood paper pulp

+Ref 4 03FPU-CTec2 oGl - G2+G3 + G1+G2+G3 Paper pulp 30gdm/L

Mixing rate 100rpm

Ref: no enzyme

G2+G3 (exo-glucanase & B-
glucosidase) = no contribution.

Vs

G1 (endo-glucanase) = 34.1%
reduction in p.

Viscosity [Pa.s]

<3

Enzyme synergy of G1+G2+G3
51.2% reduction in pu = 1.5fold
increase vs G1 alone.

0 I I I I I 1 @
0 4 8 12 16 20 24

Hydrolysis time [h] Ctec2 >> G1+G2+G3

73.2% reduction in .
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Results on hard wood paper pulp

+Ref 4 03FPU-CTec2 oGl - G2+G3 + G1+G2+G3 Paper pulp 30gdm/L

Mixing rate 100rpm

Ref: no enzyme

G2+G3 (exo-glucanase & B-
glucosidase) = no contribution.

Vs

G1 (endo-glucanase) = 20.6%
reduction in p.

4L

scosity [Pa.s]

N

Conclusions paper pulp

G2+G3 = no effect, G1 = predominant
Synergy observed on G1+G2+G3.

Ctec2 = stronger liguefaction efficiency. It is likely explained by higher
activities content of exo-glucanase and f-glucosidase.
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\.. B, = ~ ;\RkLTS &+DISCUSSION
LISBP

Results on sugarcane bagasse

—Ref —G2+G3
Sugarcane bagasse 30gdm/L
0.014 Mixing rate 100rpm
Ref: no enzyme
0.012 G2+G3 (exo-glucanase & B-
glucosidase) = gradual rise in
viscosity.
= 0.010
£
£ 0.008
172
0
2
> 0.006
0.004
0-002 T T T I T T T I T T T 1
0 2 4 6 8 10 12 14 16 18 20 22 24
Hydrolysis time (h)
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Results on sugarcane bagasse

Viscosity (Pa.s)

—Ref —G1 —G2+G3
Sugarcane bagasse 30gdm/L

0.014 Mixing rate 100rpm
Ref: no enzyme

0.012 G2+G3 (exo-glucanase & B-
glucosidase) = small
contribution.

0.010 - D

0.008 G1 (endo-glucanase) = rise of
suspension viscosity in the first
3h.

0.006

0.004

0002 I I I I I I I I I I I ]

0 2 4 6 8 10 12 14 16 18 20 22 24
Hydrolysis time (h)
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\.- A \;»\_RLTS &~DISCUSSION
LISBP

Results on sugarcane bagasse

Viscosity (Pa.s)

—Ref —G1 —G24G3 —G1+G2+G3
Sugarcane bagasse 30gdm/L
0.014 Mixing rate 100rpm
Ref: no enzyme
G2+G3 (exo-glucanase & B-
glucosidase) = small
contribution.

<

G1 (endo-glucanase) = rise of
suspension viscosity in the first

3h. @

G1+G2+G3 similar viscosity
pattern with either G1 alone or
Ctec2.

0 2 4 6 38 10 12 14 16 18 20 22 24
Hydrolysis time (h)
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RESU LTS &-DISCUSSION

Results on sugarcane bagasse

LISBP

—Ref —G1 —G2+G3 —G1+G2+G3 —Ctec2 (0.3FPU/gC)

Sugarcane bagasse 30gdm/L
0.014 J J g

Mixing rate 100rpm

Ref: no enzyme

rdd x G2+G3 (exo-glucanase & B-
'1*‘“ glucosidase) = small
contribution.

<

')t'
; G1 (endo-glucanase) = rise of

m"; it - suspension viscosity in the first

3h. @

0.004 G1+G2+G3 similar viscosity
pattern with either G1 alone or
Ctec2.

i Hﬁ walbdh il 1h~:|u n“"ﬁ‘

Viscosity (Pa.s)

0002 I I I I I I I I I I I ]
0 2 4 6 8 10 12 14 16 18 20 22 24
Hydrolysis time (h)
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LISBP

Results on sugarcane bagasse

—Ref —G1 —G2+G3 —G1+G2+G3 —Ctec2 (0.3FPU/gC)
Sugarcane bagasse 30gdm/L
0.014 Mixing rate 100rpm
Ref: no enzyme
G2+G3 (exo-glucanase & B-
glucosidase) = small
contribution.

Message 2:
Expected results :

 Gl=predominant role, G2+G3=minor contribution.
* Synergy between G1, G2 and G3 = liquefaction efficiency.

Original insight:
« Swelling step of sugarcane bagass

HTMS BioAsiee Page 37




“ == RESULTS &:DISCUSSION

LISBP : N

Swelling of SCB suspension

A Ctec2 (0.3FPU/gC) o Ctec2 (3FPU/gC) ¢ Ctec2 {25FPU/gC)

SCB 30gdm/L
0.014 ]
Mixing rate 100rpm
0.012 - S _
ol No rise in viscosity
0.01 < T At observed at high enzyme
@ loading (25FPU/gC)
o 0.008
=
§ 0.006 Same level of increase in
£ viscosity with 0.3 & 3
0.004 Turbulent flow, Re>10000 FPU/gC
<€ >
0.002
0 I I I I I I I I I I I 1

0 2 4 6 3 10 12 14 16 18 20 22 24
Hydrolysis time (h)
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Swelling of SCB suspension

Swelling step [€c2(3FPU/gC) o Ctec2 (25FPU/gC)

SCB 30gdm/L
Mixing rate 100rpm

No rise in viscosity
observed at high enzyme
loading (25FPU/gC)

Same level of increase in
viscosity with 0.3 & 3
FPU/gC

Viscosity (Pa.s)

From literature:
H1: 1[s] lead to fviscosity (Fan et al., 2003; T.C. Nguyen et al. 2013, this work) x

H2: tparticle size lead to {viscosSity (Dasari and Berson 2007) ‘ Need to be verified
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Swelling of SCB suspension

Viscosity (Pa.s)

o Ctec2 (3FPU/gC)

0.014
0.012 9%,

5 @

> Q
0.01
0.00 X
0.006

Hydrolysis time (h)

Data from Morphology

At Oh:

- Considerable number of
agglomerates.

- Mean dCE=12.98+1.34um

0.3cm x 0.3cm

Observation mode: top light, dilution 20, area 1x1cm?2.



Swelling of SCB suspension

o Ctec2 (3FP Data from Morphology

At Oh:

- Considerable number of
agglomerates.

- Mean dCE=12.98+1.34um

At 1h:

- Few agglomerates, several
individuals particles.

- Mean dCE=18.76 ym

Viscosity (Pa.s)

Increase in mean dCE
Disappear of
agglomerates

12
Hydrolysis time (h)
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-
2

Swelling of SCB suspension

«=Qh =1h Data from DLS
6

5

4 4

Percentage (%)
w

-
—
—

le] =
1\
1\
L\
/
. P

0.1 1 10 100 1000 10000
dSE (um)

dSE = diameter of sphere equivalent.
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I—I S B P Swelling of SCB suspension
—0h —1h Data from DLS
6
5
g /
p [ )
£3

/ \ \ WD [4, 3] - Volume weighted mean
140

]

NmIE
=1

. / \ £ 120
"__-::4’ £
0 | | j:

0.1 1 10 100 1000 % 100
dSE {um) 2
E
©

. ) % 80
dSE = diameter of sphere equivalent. =

L
60 |
0 1
Hydrolysis time (h)
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LI S B P Swelling of SCB suspension

—0h =1h Data from DLS
6
Frcljw fine |populytion JCD Solubilization of fine
> | coarse populati population.
4 /[
AN
g3

\ \ WD [4, 3] - Volume weighted mean
140

Increasing trend in D[4,3]

N
I

120

0 T T
0.1 1 10 100 1000
dSE (um)

100

80

dSE = diameter of sphere equivalent.

D[4,3] - Volume weighted mean (um)

e

0 1
Hydrolysis time (h)

)]
o
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W

Percentage (%)

L]

9]

IS

w

o

==0h =1h

From fine population ~

to coarse populayg% \

8]

=

//743\\\
/I

/
=

\
il

o
.

1 10
dSE (pm)

100 1000

10000

D[4,3] - Volume weighted mean (pum)

140

=
]
o

100

00
o
|

(o)
o
I

WD [4, 3] - Volume weighted mean

Increasing trend in D[4,3]

Hydrolysis time (h)

Asie

Swelling of SCB suspension

Phenomenon observed: rise in viscosity

Hypothesis 2

Analysis results °

Cellulose to glucose conversion 3.4510.45%
=> Negligible variation of [S]

DLS + Morpho: increase in particle size

R 4

th
dCE=19 Wm.

¥
i

L= =
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D[4,3] - Volu

Percentage (%)
w

8]

L]

9]

IS

==0h =1h

From fine population ~

to coarse popula?_g% \

=

//74\\\
) AIIIRNY

Swelling of SCB suspension

* Solubilization of fine population.

* Increase in particle mean diameter

e Particles were separated from
agglomerates

Message 3

Swelling step on SCB suspension = evolution of population from fine to coarse
Obtained results are not enough to reveal its mechanism.

80

60 -

| 7

Hydrolysis time (h)

Asie




LI ; B I 23 5gdmvh, 3FPU/GC

AT

search STRATEGY

466 gdmdh, 25FPL/GC \ PP Worklng dlagram
23.5 gdrmh, 26FPU/GC _ _ . . .
— _l High solid loading . Semi-continuous
urgcf \
scg /) |
1
Message 4.
Mechanism of ilx
enzymatic liquefaction
drolyse
- Hydroly
PP\ G1+G2+G3
SCE _ .
- Low zolid loading. Batch
m 59453 | Experiments
SCE

FP

PP up to 3.9% wiw
SCE up to B.0% wilwy

Rheological propetties
of biomass suspension

FP up to 2 0% wivi 7

H20

Glycerol | Mewtonians fluids
Marcal oil

\ Identification hydrodynamic

Xanthane in glucose

= o=t oorda -t [
PO =P EATO - THAS

HTMS B%ﬂi@ge in sucrose kr -
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LI S B P Experiment overview: from raw to interpreted data
160 * Substrate was feed at
0 <-Sub-DW-t [g/L] constant rate Qs (g/h)

10 * Enzyme was feed

"'g 100 with substrate at

%n a0 fixed ratio

e Qe/Qs=const

2 60

@

40
20
0 & I T I | I |
0.0 3.0 6.0 9.0

Hydrolysis time (h)
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I—I S B P Experiment overview: from raw to interpreted data
160 5000 * Substrate was feed at
| SUDDW-t /U] constant rate Qs (g/h)

4 Torque - 20000

10 - * Enzyme was feed

— — .

£ 100 E with substrate at

'En 15000 = _ i

> 0 %t fixed ratio

£ 60 10000 & Qe/Qs=const

! 2

w

40 5000 * Torque values were
20 recorded every 1min

Hydrolysis time (h)
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Experiment overview: from raw to interpreted data

e—
N
OO
Y

160 25000 * Substrate was feed at
(g | TSUODWAL [g/L] constant rate Qs (g/h)
Eﬁ -£-Sub-measured [gDM/L] - 20000
g 120 - * Enzyme was feed
Sqgg | A Torque 15000 E with substrate at
o =z . .
= g0 e fixed ratio
£ S —
% o I Qe/Qs=const
— o}
2 -
[u]
S 40
3 5000 * Torque values were.
@ 20 recorded every 1min
0 0 . .
: * Periodically, samples
Hydrolysis time (h) were taken for
analysis of dry matter
content
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B P Experiment overview: from raw to interpreted data

L
2

Torque [UN.m]

e Substrate was feed at

160 25000
g | TSUPDW-E [g/L] constant rate Qs (g/h)
=-Sub-measured [gDM/L] 20000 -?..
120 § > * Enzyme was feed
O Glc r-supernatant b )
100 . 8 with substrate at
go | Torque | 1 15000 @ fixed ratio
,,,,,,, S e/Qs=const
- 5 s Qe/Q
- 10000 G,
p ,
40 ° 2 * Torque values were
20 - s000 B recorded every 1min
w
(O +
. %0 * Periodically, samples
Hydrolysis time (h) were taken for

analysis of dry matter
content and glucose
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Ll S B P A Filter Paper o Sugarcane bagasse ¢ Paper Pulp
160
(-Sub-DW-t [g/L] ]
140
=Sub-measured [gDI\J/L]
120 >
O Glc r-supernatant]
—. 100
g A Torqug\
§_ 80 —
]
o 60
(=}
F 40

Courbe Np vs Re

Theoretical viscosity

& Water 20840°C Marcol 20840°C

< Glycerol 20&40°C = & =Np-lami

—Np = = = Np-turbulent

Hydrolysis yield, kinetic

= o

. Z N 1 H H
OO &1 1 | I e e st In-situ viscosity
LE02 LEO1  LE+00  LE+01  LE:02  LE+03  LE+04  LE#0S  LEH06
Re[/]
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Mecha

nism of liquefaction

e
N O

Viscosity [Pa.s]

i
o o ok

-A-U-substrate content —=p measured -=-p-substrate feed theorical

Hydrolysis time [h]

Final [SCB] 140 gdm/L

Qs =23.3 gdm/h

Enzyme: 25FPU/g cellulose
Phase feeding

Substrate solubilization

Fiber modification

HTMS BioAsiee
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“ == RESULTS &-DISCUSSION

Mechanism of liquefaction

Viscosity [Pa.s]

O o o o

1.8

D o 00 K

-A-U-substrate content

-~ measured

-=-u-substrate feed theorical

Solubilization of fine population

VA
VAN

[/ A\

)/

1 10 100 1000
Diameter of sphere equivalent - dSE (um)

Final [SCB] 140 gdm/L

Qs =23.3 gdm/h

Enzyme: 25FPU/g cellulose
Phase feeding

Substrate solubilization

Fiber modification

HTMS BioAsiee
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Mechanism of liquefaction

=
R

Viscosity [Pa.s]

1.8

--MU-substrate content  -=p measured

-=-u-substrate feed theorical

From coarse to fine population

a\
74\

J N\
/ N\

T
1 10 100 1000
Diameter of sphere equivalent - dSE {um)

Final [SCB] = 140 gdm/L
Qs =23.3 gdm/h

Enzyme: 25FPU/g cellulose
Phase feeding

Substrate solubilization

Fiber modification

HTMS BioAsiee
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Mechanism of liquefaction

Viscosity [Pa.s]

o pwmeasured  -=-Sub-measured [gDM/L]  -#-Glc r-supernatant
04 120

- 100

- 80

60

Substrate, Glucose [g/L]

0 e “'T"'*‘E¥E>q

T T T T T
18 2 6 30 34 38 42 46 50 54 58 62 66 70
Hydrolysis time [h]

End of feeding
Final [SCB] = 140 gdm/L
Enzyme: 25FPU/g cellulose

Drastic fall in viscosity

From A to B: big particles were broken
down into smaller particles.

From B to C: solubilization of small
particles

—19:28:09 (25) —31:53:21 (25) — 70:40:56 (25)
14
12 A

= 10 [\

e fe

=

S, VAN

e, / c \\ 1\
0 e M

1 10 100 1000
Chord Length [um]
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I_I S B P | - \ Mechanism of liquefaction

o pwmeasured  -=-Sub-measured [gDM/L]  -#-Glc r-supernatant

04 120 End of feeding

035 F " 100 Final [SCB] = 140 gdm/L
g g B Enzyme: 25FPU/g cellulose
!5,_:025 ll %
% 02 4 ._ 6 o
8 o
2015 1§ 1 B
> l | \E—E\E- 40 2

0.1 I 3

005 M\ B - - 20 —19:28:09 (25) —31:53:21 (25) —70:40:56 (25)

o T —— e\ C .

Conclusion 4

Enzyme reduces suspension viscosity by two mechanisms: modification of
fiber and solubilization of substrate.

Suspension viscosity was strongly depend on big particles = key to efficient
liquefaction.

Chord Length [pum]
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Relationship between physical and biochemical results

Paper pulp 30gdm/L

©
~
x

+ Ref 4 03FPU-CTec2 e Gl < G2+G3 =+ G1+G2+G3

o
w 9
g »
|

e e ._-:,.,.;.-__u'_.:.-.i\"'

Q
W

o
A
wu

o
(]

Viscosity [Pa.s]

o
[N
ol

4 8 12 16
Hydrolysis time [h]

20

24

2
T 1 \

Glc 0g/L

Glc 0g/L

Glc 0.47g/L

Glc 2.29 g/L
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Pure activities contribution for liquefaction

Viscosity [Pa.s]

+ Ref 4 03FPU-CTec2 e Gl < G2+G3 =+ G1+G2+G3

Paper pulp 30gdm/L
Glc 0g/L
Glc 0g/L

Glc 0.47g/L

Glc 2.29 g/L

Substrate solubilization

\_/

I I I I I
4 8 12 16 20
Hydrolysis time [h]

24

T Y\

HTMS BioAsiee
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CONCLUSIONS

Conclusions
1. Endo-glucanase = main enzymes in the liquefaction of lignocellulosic suspension.

2. Exo-glucanase and B-glucosidase can improve liquefaction efficiency by synergist
with Endo-glucanase.

3. The reduction of suspension viscosity is related to two phenomena:
i. Fiber modification,
ii. Solubilization of substrate.

4. The viscosity rising step on pretreated sugarcane bagasse is occurred with an
evolution of population from fine to coarse. Its mechanism need to be investigated
through alternatives experiments and analysis.
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