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DIBANET

SEVENTH FRAMEWORK PROGRAMME THEME: FP7-
ENERGY.2008.3.2.1

“Enhancing international cooperation between
the EU and Latin America in the field of
biofuels”

DIBANET = Development of Integrated Biomass Approaches
NETwork

"The production of Sustainable Diesel Miscible Biofuels from
Europe and Latin America”

N
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DIBANET Partners

DIBANET

EU LA
Uni. Of Limerick[j l CTC
Aston Uni. == UFRJ
Certh :E UBA
T
FOSS - ,
Geonardo ===\ Embrapa
Fundacion Chile [
UNICAMP
Petrobras

There are 13 partners in the group, 5 from the EU & 8
from Latin America. The total budget for the 42 month
project is €3.72m. DIBANET is co-ordinated by UL



5 Key Scientific Objectives
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1.

2.

Optimise the yields of levulinic acid gand
co-products), from the conversion o
biomass, while minimising chemical/
energy requirements.

Improve the energy balance of the
nroduction of levulinic acid and the total
niofuel yields possible from a feedstock
oy sustainably utilising the residues in
pyrolysis/gasification processes.
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Key Scientific Objectives Cont'd ]

DIBANET

3. Reduce the energy and chemical costs involved
in producing ethyl-levulinate from levulinic acid
and ethanol.

4. Select key biomass feedstocks for conversion to
levulinic acid, analyse these, and develop rapid
analytical methods that can be used in an
online process.

5. Analyse the DMBs produced for their compliance
to EN590 requirements and, if non-compliant,
suggest means to achieve compliance.



DIBANET

Levulinic Solid
acid ':‘;g"lzal residues
250 Kg 9 500 Kg

(==

ustainable
Ethanol

Diesel Miscible Biofuels

DIBANET processes & products & their linkages
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Carbolea’s Roles in DIBANET 4 ]

1. Analysis of biomass and development of
NIRS as a rapid primary analytical tool.

2. Development of pretreatment
technologies for biomass.

3. Production of levulinic acid, formic acid,

furfural and ethyl levulinate from
biomass.



1. Biomass Analysis

DIBANET

= Carbolea developed standardised
analytical methodologies for all DIBANET
partners for important constituents:

a

C6 Sugars: Glucose, Galactose, Mannose
C5 Sugars: Arabinose, Xylose

Lignin content (acid soluble and insoluble)
Extractives

Ash.

Elemental analysis.

a

a

o

a

a

o Carbolea researchers have analysed over
1,000 samples via wet-chemical or NIRS.



@ Time for Conventional
SIS

DIBANET

Chop sample |
~ 10 mins

200

Extractives-free Milling +
150

sample sieving
o - l
50

~ 1 hour
Hydrolysis and I
‘ ; Y Y Extractives

r

0 . . 1o s hYd rolys_ate Removal
Completed analysis ~ 3 days
Lignocellulosic Analysis ~ 3 days Dry Sample of>

~ 10 days !!!! Appropriate Particle Size



NIRS - Concept

DIBANET

= NIR radiation can be
absorbed by molecular
bonds, resulting in
vibrational movements.

= The radiation must be
of the correct
frequency/wavelength
to allow absorption
(quantum levels).

Energy

Dissociation Energy

Internuclear Separation (r)



7
Construction of NIRS Models

= A calibration set of samples with known
compositions (determined via conventional
methods) are used to develop the models.

= These models relate spectral variations to
chemical variations using chemometric methods
(e.g. PLS).

= The performance of the models is determined by

testing them on the validation set; samples
outside the calibration set.

» Important regression statistics:

= RZ2 for validation set (model predicted value vs. real value).
= RMSEP/SEP - standard error of prediction (error of estimate).




Application of NIRS in (';;.; ]

Carbolea

= We target the development of robust and
accurate calibration equations for material that is
wet and of a heterogeneous particle size.

= The vast majority of existing publications
regarding the use of NIRS for the
characterisation of lignocellulosic materials have
focused on dry samples that have been ground
down to a homogeneous particle size (< 1mm).

= They have preferred this method because the
presence of water can mask the absorbance
signal of some of the analytes of interest.



DIBANET

Sample Prep

Wet Sample of

aration

2mple Scanned in NIR

Heterogensous Particle Size
[sample 25 received)

A
@Drkd, Moisture Content Analysis

A

Dry Sample of
Heterogeneous Particle

(3 times) = WU Scan

ple Scanned in NIR

Size

Qarﬁcle Size Reduction>
[

Dry Sample of 2 Particle
Size less than 850 um

(3 times) = DU Scan

|e Scanned in NIR

[
I
A

(2 times) = DG Scan

Fraction with 2 Particle Size | |[Fraction witha Particle Size Between 850 um
| essthan 180Um (DF Fraction) and 180 um (DS Fraction)

Scanned in NIR
(2 times) = DS Scan







ASTM Guidelines for NIRS Calibration

= The quality of the calibration is determined relative to the
natural variation that exists for the components of that
feedstock.

= A ratio is determined by dividing the range in concentration
by the SEP.

= A ratio of 15+ is considered to be good for quantitative
calibration.

= A ratio of 10-15 is considered good for screening control.

= E.qg. if the cellulose content of Miscanthus varies between
40 and 50%. The maximum SEP permitted to allow a ratio
of 15is 0.67%. This shows the importance of highly
accurate and reproducible lab methods.



Chemometric “ ]
Models Developed at Carbolea

= Straws.

= Waste Papers.

= Peat.

» Pretreated Miscanthus.

= Residues and Hydrolysates from the
DIBANET hydrolysis process.

= Hydrolysates from analytical hydrolysis.
= Miscanthus.
= A global dataset containing all samples.







DIBANET

Miscanthus Samples 3 '

“I" = Internodes

"N” = Nodes (each plant also sampled by the
metre).

“K” = Live leaves (>60% green by visual
inspection)

“"M” = Live Sheaths

"F” = Dead leaves (<60% green by visual
inspection)

“"H” = Dead sheaths
“FL” = Flowers

“"WP” = Whole plant (sometimes separate metre
sections are collected)

Over 700 such samples collected.










DIBANET
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“a Miscanthus Glucose f
Models v

. | Dbs | DG | DU | WU _
Calib:Valid 159:42 125:45 128:44 147:42
PLS Factors 16 16 14 14

CV - RIT2 0.9663 0.9435 0.9248 0.9545
RMSECV 0.9142 1.1394 1.3778 1.0823
RER (CV) 22.9086 18.0032 15.1918 19.3456
Prediction -

RIT2 0.9680 0.9483 0.8922 0.9305
RMSEP 0.8617 0.9680 1.2374 1.2663
RER 23.8086 21.2891 13.3996 16.2032



Miscanthus Xylose Models

DIBANET

A

S 5

¥

Calib:Valid 149:42
PLS Factors 14
CV - RIT2 0.9571
RMSECV 0.4262
RER (CV) 27.9720
Prediction - R/72 0.9475
RMSEP 0.4571
RER 20.0524

125:45
14
0.9565
0.4547
26.1357
0.9392
0.4664
20.6527

128:44
14
0.9178
0.6059
16.1676
0.9249
0.6245
19.5001

147:42
14
0.8605
0.7757
15.3696
0.9292
0.5317
17.0500
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Klason Lignin Models (Gig) 3

DIBANET

Calib:Valid 126:31 104:31 105:29 138:31
PLS Factors 8 8 8 10
CV - RIT2 0.9568  0.9541 0.9448 0.9173
RMSECV 0.5775  0.5596 0.5910 0.8055
RER (CV) 19.9707  20.5908  18.3601  14.3213
;zfzdi“h“ - 0.9747  0.9532  0.9666 0.9576
RMSEP 0.4812 0.6121  0.5198 0.5980
RER 18.4932 15.9996 20.9808  15.7505
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Glucose
Xylose
Rhamnose
Mannose
Arabinose
Galactose
Total Sugars
KL
ASL
Ash
EXTR_PD
Nitrogen

Moisture

> @ » » » » O ® O @ > »
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A
A
C
C
B
C
A
A
B
B
C
C
A

&) Miscanthus Models - summary

1.26%
0.53%
0.06%
0.07%
0.27%
0.12%
1.21%
0.60%
0.42%
0.93%
1.38%

0.28%
2.52%

N
’ ."'~
.

16.20
17.05
8.38
5.52
11.04
7.97
18.59
15.75
10.62
10.66
7.83

6.84
23.80




Changes in Stem to Leaf Ratio

DIBANET
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Dry Stem Weight (%)
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Early vs. Late Harvest -
Whole Plant

W Early ®lLate

laoll

Glucose Xylose Leaves He:Cel




Early vs. Late Harvest -
Whole Plant (2)

W Early m Late

Concentration (%)

Extractives Ash Arabinose Galactose Rhamnose Mannose Nitrogen



Changes Over Window

DIBANET

W Total Hexoses (%) A Total Pentoses (%)  #Yield (t/ha)
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Potential DIBANET Yields y ﬁ]

DIBANET
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DIBANET

‘ DIBANET Biomass Report 3

DIBANET
DIBANET

Review of Biomass Feedstocks and
Review of Biomass Feedstocks and Guidelines of Best Practice
Guidelines of Best Practice (Short Version)

(Full Version)

Document Idantifier: Deliveradie Number: D.2.2

Document Idantifier: Deliverable Number: D.2.
Version: 1.0

Version: 1.0
Contractual Deadline: Month 18

Contractual Daadiine: Month 18 X
Date: 227° Oct 2012

Date: 15" Oct 2012
Author: CTC

Author: CTC
Dissamination Status: PU

Dizsamination Status: PU
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DIBANET

Spin-Out Analysis Company «’,;

= (1) Wet Chemical Analysis:
e Sugars
e Lignin (Klason and acid soluble)
e Ash
e Extractives (ethanol and water)
e Elemental
e More planned in mid-term.

— Accuracy of DIBANET methods
has been identified as superior
to other competing companies
and the literature.

— Company will offer guarantees
on precision of analysis.

= (2) NIR Analysis - Predictions of
the above based on models
developed.




4.

Current Work 3

DIBANET

= Daniel Hayes working at CTC (Brazil) as part of
DIBANET for the development of NIR models for

sugarcane bagasse.

= Includes the deployment of an online NIR system
at a sugar-mill.
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The Context - ]

= [s there a process to :

— Reduce Mechanical energy inputs (Grinding,
Chopping)

— Reduce Energy inputs (heat)
— Increase biorefining yields
- Environmentally sustainable

— Cost effective
e Capital, energy, rendering of output streams

— Encompasses the best attributes of
different approaches



) %
Organosolv pulping 4 ]
v'Suitable solvents for lignin such as formic and acetic
acid, ethanol.

v'Selective dissolution and degradation of lignin.

v'Organic acids work as solvent and catalytic agent to
break down lignocellulose: hemicellulose hydrolysis.

v'Swelling and interaction by hydrogen bonding.

Formosolv "=/ Organocell Milox
4 ) 4 Y4

: : It uses aqueous
Formic acid It uses aqueous
: ethanol at
reduces residual 180-200°C with methanol at
lignin to 4% in " 175-200°C with
additives such as .
beech wood at H.SO. and additional NaOH
130°C = (~12%).

g P naphthol. L L

It uses solutions
of peroxide
(up to 2.5%) in
aqueous formic
acid in a three
stage process.

J




= H202:

— An oxidiser at ambient temperature in
combination with an organic acid yields
per-acid: effective lignin remover

— Can be catalytically triggered to
decompose rapidly (Fe, Transition
metals, pH)

— Decomposes Exothermically (pressure)
- Environmental

— Cost effective: available as a bulk
chemical



FA/H-0, 3 ]

DIBANET

= Higher peroxide concentrations not used
— Excessive oxidation of the lignin

— Excessive degradation of holo-cellulose to
undesired reaction products

= Typical milox process

— Multi step at least 2 usually 3 at atmospheric
pressure
e Organosolv
e Performic (1-2% Peroxide on biomass)
e Alkaline oxidation

— Residence times 1-3 hrs @ 70-130 °C
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Fast Oxidative Fractionation of /.
Biomass in Formic Acid ¥

Oxidative

Biofuels
Platform chemicals
Furan derivatives
Materials: Pulp

Catalyst

H,0,

HCOOH

AN

A

o : Grinding/ S
£ Milling Pretreatment

EL/qU/d \

Fuels
Materials
Polymers

l Furfural

Precipitation

Polymers: FDCA
Transformation/ Bioprocessing:
Purification _)[M] 1,3-propanediol, ABE,
xylonic acid

Animal feeding

Oxidative properties of H,O, (bulk chemical) for the
fast lignin fractionation: High recovery lignin yields.
Exothermic reaction provides the energy for

hemicellulose hyca
High cellulosic pu

Cost effective and

rolysis in the acidic medium.
p to facilitate further conversion.
sustainable.



DIBANET

Z Biomass ;

3009

Experimental Procedure

l NaOH 4 M ;

t=0 |125mL

REACTOR

e p REACTOR Filtration Liquid stream/

(T =20°C) (final T & P) & Washing (L+HC)
2700¢g
Water, FA, 200 - Pretreated
HZOZ (2.5%, 5.0%, 7.5%) biomass (C)
1K -
TO HIGH ——— HIGH TOHIGH /‘A
s - A o |
MAGNETIC STIRRE! QuIcK 6 v v —O—25wt% Hzoz
DISCONNECT 1
FITTING o v ~ /A 5.0wt% H,0,
o ’ \@l —v—7.5wWt% H,0,
CATALYST SAMPLE 5 100 A
INJECTOR FLASH "§ A\A
o)
E /@'O\O\
() JAN /O/O \XKO
= o504 R - —o0,
e 00O
SAMPLING %Aooooo
DIP TUBE 1
STIRRER SHAFT
0 T T T T T T T T T 1
THERMOWELL—" 0 40 80 120 160 200

Time (min)




@) Temporal Evolution of the
Liquor i

7.5% Peroxide 5.0% Peroxide
70.000 160 70.000 120
(2] 4
2 60.000 - 140 60.000 - 1
E’ - —e— Xylose @ 100 o
S 50.000 1 7120 0 | -a—Glucose S 50.000 - o | TTYese
g 1100 o Arabinose S - T 80 o |—=—Glucose
8 % 40.000 - ER g 40.000 - 2 | —a—Arabanose
2 . T 80 g Galactose g E T 60 g Galactose
g < 30.000 A g_ Mannose P 30.000 A g_ 2o
o b . o) 140 § |—e—lignin
7 20.000 - + |—#—Lignin 3 20.000 -
4 40 o —s— Temperature
—e— Temperature n 120
10.000 § 120 10.000
0.000 - S 0 0.000 teeeeds, Lo
0 25 50 75 100 125 150 0 50 100 150 200 250
Time (min) Time (min)

e Once the secondary structure of the material collapses
lignin and sugar release is triggered

® Time to max liquor level dependent on concentration

e At higher peroxide some degradation of the cellulose is
beginning



DIBANET

Glucose
Galactose
Mannose
Total C6
Xylose
Arabinose
Rahmnose
Total C5
K-Lignin
Extractives

Miscanthus

40.31
0.64
0.25

41.20

19.38
2.15
0.21

21.74

21.79
1.81

2.50%

52.40
0.53
0.17

53.10

22.72
2.11
0.13

24.96
5.95
2.00

Solids Analysis

5.00%
7212
0.14
0.13
72.39
11.95
0.43
0.08
12.46
4.47
3.29

»
(i

7.50%
79.16
0.04
0.07
79.27
4.92
0.12
0.06
5.10
6.02
5.58



DIBANET

Mass Balance (1) ;;". ]

100.00%

80.00%

60.00%

Wt%

40.00%

20.00%

0.00%

Lignin distribution and mass balance

O Balance

m Liquor
@ Pulp

2.50%

5.00% 7.50%
Initial [Peroxide] Wt%

Unlike conventional milox: increased peroxide increases
recoverability of lignin and hemi-cellulose from the liquor



DIBANET

Mass Balance (2) ;;" ]

100.00%

80.00%

60.00%

Wt%

40.00%

20.00%

0.00%

Hemicellulose distribution and mass balance

——

O Balance
m Liquor

@ Pulp

2.50%

5.00% 7.50%
Initial [Peroxide] Wt%

Unlike conventional milox: increased peroxide increases
recoverability of lignin and hemi-cellulose from the liquor



DIBANET

& Mass Balance (3) :

]
L
»

Cellulose distribution and mass balance

100.00% [

80.00%

60.00%

Wt %

40.00%

20.00%

0.00% T T
2.50% 5.00% 7.50%

Initial [Peroxide] wt%

O Balance
m Liquor
@ Pulp

Unlike conventional milox: increased peroxide increases

recoverability of lignin and hemi-cellulose from the liquor




Release of glucose (mg)

Importance of Physical Alteration
- Of Cellulose: Enzymatic hydrolysis

Time of digestion: 24 hrs
60 -
Whatman paper FNH202
50 - :

10 A

Avicel 101

Type of lignocellulotic Material

] Avicel 101
& Whatman Paper
M Non-Treated Biomass
FA/H202-2.5%
B FA/H202-2.5%
W FA/H202-7.5%
Time of digestion:48 hrs
80 -

Whatman paper
70 -

Avicel 101

Release of glucose (mg)

Type of lignocellulotic Material
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2. Pretreatment: Summary;,

DIBANET

v Oxidative pretreatment of biomass

« Hydrogen Peroxide in Formic Acid treatment fractionates
in @ rapid process all components in lignocellulosic
biomass into products for further transformation.

« Potential for reducing energy consumption (heat
generated/no extensive biomass grinding) is attractive.

« Extensive separation of lignin is reached: Up to 90% of
the lignin can be removed from the biomass.

« Process may be optimised through H,O, concentration
and residence time: appropriate temperature and
residence time for pentoses conversion and lignin
fractionation.



3. Acid Hydrolysis of Biomas,?‘*&

DIBANET

H* H+
Hydrolysis Dehydration

OH
HO 0 HO \/@\
HO N
OH
of 5-Hydroxymethyl-
° furfura

UUUUU

HOHO 0o /\
stomass | )" 2 (L~
Xylose Furfural




DIBANET

Levulinic acid (LA) : %

= Levulinic acid (LA):
- is @ major product of the hydrolysis of lignocellulosic
biomass using an acid catalyst.

— has two functional groups (carboxylic and ketone).

- has been identified as one of the top-twelve platform
chemicals derived from biomass.

Werpy, et al. (2004) Top Value Added Chemicals from Biomass. National Renewable Energy Laboratory
55



Derivatives of Levulinic Acid 3

Herbicide

O

Hy

5. 5-nonanone
- amino

OH  Alkyl levulinate levulinic acid |

R
O Pentanoic acid
Polymer // /v
o) o Py
CHj

R

Y-valerolactone

Diphenolic acid LeVUllnl ¢ acid
OH

)\/\/OH

D
1,4-pentanediol

2-methyl

Succinic acid tetrahdyro
furan

56



Conversions of LA
to alternative fuels

—>+ 2 H3CM
OH

HaC
Pd/Nb,O5

Sl Ru/C

(0]
Levulinic acid

HO CH
~ '3
H+
K H,O
0]
i 1,4-pentanediol

"

5-nonanone Diesel blender

H3C
Hy

USY zeolite
T
N
(@]

Ethyl Levulinate

~
é
i

2-Methyltetra-
hydrofuran
(MTHF)

/

A
\__owan 3




DIBANET

Solvent

cHy BN

-~

o) CHj

2-Methyltetrahydrofuran

BN

@ CH=CH-CO-R

2-Methylfuran

Furylidene ketones

no— H
O
O
5-Hydroxymethylfurfural
Solvent ©O
Tetrahydrofuran

Corma et al. (2007) Chem. Rev., 107(6), 2411-2502.

Furfural and its Derivatives?

P

S 0
O

*
.- %
‘\ Y

Resin f
N
O CH,OH O CH,OH
Tetrahydro

Furfuryl alcohol furfuryl alcohol

Pharmaceutical

0" “CH,NH,

Furfuryl amine

BN

(@) COOH
Furoic acid
[\ Pharmaceutical
9)
Furan



&) Experimental Procedurg

DIBANET

H,50, [ 1509

REACTOR
(T = 150°C)

—)/ Hydrolysate /

Water

TO HIGH

——— HIGH TO HIGH cee
PRESSURE PRESSURE \ // PRESSURE t t t; te
NITROGEN VALVES NITROGEN Sampling Acid hydrolysis
MAGNETIC STIRREY QuICK residue
DISCONNECT
/ FITTING 127.94 g
CATALYST
INJECTOR
SAMPLE
FLASH

SAMPLING DIP TUBE

STIRRER SHAFT

THERMOWELL—"




Effects of Temperature and

. . &
- Acid Concentration
e 45%
e e Furfural
o 40%
100 - a—— — - . 0. 1
Ie) 35%
£ m0.2
\O 80 - 30% -
. m0.6 5
g % 6o é 25%
2 = m0.11
g = s
2 2 > 20% %023
x 'G E .
2 40 g ®0.58
= £ 1%
c =
c
= 10%
S 20 - 0.6
(7]
5% -
- 0 0.2 Acid
Concentration, M 0% -
0.1 150 175 200

175

Temperature (°C)

200

Temperature, °C

v' High acid concentration and mild to lower
temperatures favour LA formation and reduce
humin formation.

v Hemicellulose (Xylan) reacts rapidly at the these
conditions: shorter residence times are required.



DIBANET

Levulinic Acid Yield, % mol

100
90;
80;
70
60;
50 -
40
30;
20 -

10 A

Effects of Temperature and
Acid Concentration

—&— Cellulose, 130° C, 5%-Acid
—O— Cellulose, 150° C, 5%-Acid

—/Ax— MISC, 150° C, 5%-Acid

—s/— Cellulose, 175° C, 5%-Acid

A}k.

/]

Hexoses in biomass follow the
same reaction rate as in cellulose

r
yl

[/

/]
[/]

Also, lower
I temperature can lead
to higher yields, but
residence time
increases significantly

Time, min

T
1000



DIBANET

Levulinic Acid from Brazilian
Feedstocks

40 -

o] T=155°
C

25
20
15 H

10

Levulinic Acid Yield (kg/100kg)

40 -

. T=175°

30
25 C
20—-
1]

10

Levulinic Acid Yield (kg/100kg)

B % H.SO,
5% H,SO,
[110% H,S0,

Acai Bamboo Banana Banana Coconut Coffee Rice Eucalyptus Sugarcane Sugarcane

seeds Stalk Pseudostem  fibers Husk Husk Sawdust Bagasse Trash

Agai Bamboo Banana Banana Coconut Coffee Rice Eucalyptus Sugarcane Sugarcane

seeds Stalk Pseudostem  fibers Husk Husk Sawdust Bagasse Trash




Levulinic Acid from
Irish Feedstocks
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T=155° e
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Levulinic Acid Yield (kg/100kg)

Spring Barley Straw Miscanthus x giganteus Newspaper Waste Pretreated Miscanthus Willow Coppice
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3. Hydrolysis: Summary ;,'$]

v' Acid catalysed Hydrolysis of Biomass:

« Due to the complex nature of biomass, multiple reactions are
occurring simultaneously during aqueous acid catalysed process at
high temperature.

* Process can be optimised by controlling temperature, acid
concentration and residence time towards Levulinic Acid and
Furfural: Yields up to 75% mol for LevAc at 150° C and 0.5 M H,SO,
in 8 hours. Lower temperatures/longer residence time can improve
LevAc yields.

« Solid loading is another important parameter during the process:
lower initial glucan availability leads to higher levulinic acid yields.

« Solid loading should be considered in balanced insight: bulk
material density of biomass, recovery and separation of products
after process.
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