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Lignocellulosic biomass

Lignocellulosic biomass mainly consists of three polymeric components:
hemicellulose,

cellulose

and lignin.

[ J

Hemicellulose is a complex, branched and heterogeneous polymeric network,
based on pentoses such as xylose and arabinose, hexoses such as glucose,
mannose and galactose, and sugar acids. It has a lower molecular weight than

cellulose and its role is to connect lignin and cellulose fibers.
OH
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Lignocellulosic biomass

Cellulose is a long chain polysaccharide

formed by D-—glucose units, linked CHZO; o e 5
by pB-1,4 glycosidic bonds: its N ‘@ SN e O A
structure has crystalline parts and OH CH,0H o CH,0H

H
amorphous ones. L J
CELLOBIOSE UNIT

Lignin is an amorphous polymer made by different phenolic compounds and is the main
component of cell walls: H
Sonifns st (gosiang, 03 () syl st (gt 3y [:Sfﬂ g
Lignin holds together cellulose and hemicellulose I CH, He L Oo,
() (b)

fibers and gives support, resistance and

impermeability to the plant €
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Composition of common lignocellulosic raw materials and wastes (wt % on dry biomass

Cellulose (%) Hemicellulose (%) Lignin (%)
Hardwood stems 40-55 20-40 18-25
Softwood stems 45-50 25-35 25-35
Rice straw 35-45 18-25 10-25
Wheat straw 38-45 20-32 7-10
Tobacco chops 22-30 15-20 15-25
Arundo donax 30-38 18-22 8-20
Miscanthus 35-40 16-20 20-25
Newspaper 40-55 25-40 15-30
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Fractionation

Biomass fractionation involves many different approaches:

An effective pretreatment should meet the following requirements:

1) overcome lignocellulosic biomass recalcitrance,deconstructing the three-dimensional
structure of lignocellulose, and breaking down the semi-crystallinecellulose and hemicellulose

2) afford high yields to sugars or chemicals and/or give highly digestible pretreated solid,;
3) avoid carbohydrates degradation and in particular preserve the utility of pentosan
(hemicellulose) fraction;

4) avoid the formation of inhibitory toxic byproducts;

5) allow lignin recovery and exploitation to give valuable co-products;

6) be cost-effective, involving reasonable size reactors,low wastes amount and low energetic

requirements Alvira, P., et al. (2010) Bioresour. Technol. 101, 4851-4861.
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Schematic of the role of pretreatment in the conversion of biomass to fuel

P. Kumar et al., Ind. Eng. Chem. Res. 48 (2009) 3713-3729.
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Biofuels by hydrolysis/fermentation

The separation of the three main components of lignocellulosic biomass is severely
limited by many factors, such as lignin content, cellulose crystallinity, water content
and available surface area which also influence the future exploitation of the
pretreated materials, for conversion to ethanol or for fine chemicals synthesis.
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Physical pretreatments of biomass

The purpose of physical pretreatments is the increase of the accessible surface

area and the size of pores of cellulose and the decrease of its crystallinity and

its polymerization degree.

Several types of physical processes have been developed, such as milling, grinding,
extrusion, and irradiation (gamma rays, electron beam, ultrasounds, microwaves).

These methods are not very often satisfactory if used individually, and many times

are employed in combination with chemical ones in order to improve the process
efficiency.

The power requirement of these mechanical pretreatments is relatively high and depends
on the type of biomass and on the final particle size: beyond a certain particle size, these

pretreatments become economically unfeasible (Hendriks A.T.W.M., 2009)
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Torrefaction

Biomass torrefaction is a thermal treatment consisting of biomass heating to a
moderate temperature, generally between 200 and 300 °C, working under inert or
nitrogen atmosphere (Prins M.J., 2006).

This thermal process mainly removes moisture and low weight organic components
finally depolymerizing the long polysaccharides.

Three temperatures, around 220 °C, 250 °C and 290 °C, are applied for light, mild
and severe torrefaction respectively.

Advantages

» the hygroscopic raw biomass is converted to hydrophobic material
ecasier storage and delivery (herbaceous biomass...)

ecasier grindability (energy saving)

* no inhibition in successive enzymatic hydrolysis
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Torrefaction scheme

Argon
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Torrefaction products

Gas composition : T: 250 °C; 30 min
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Dehydration and decarboxylation reactions
cause a mass loss of the wood and its
friability is increased.

M.J. Prins et al., J. Anal. Appl. Pyrolysis 77 (2006) 35—-40
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summary of torrefaction sensitivity of the tested materials,

230°C 260°C

o
3

Hemicellulose A
Cellulose A
Lignin fut
Xylan 7
Dexran A
Ayluse fa
Glucosc Fa

>C>0
el =S il R SR
=

A weakly active reaction (weight loss < 10 wti).
O: moderately active reaction (10 wts < weight lass < 35 wtis ).
. strongly active reaction (weizht loss > 35 wti).

W.-H Chen, P-C. Kuo /Energy 36 (2011) 803811

Hemicellulose content was mainly influenced adopting light torrefaction, whereas in
severe torrefaction there was a drastic depletion of lignocellulosic materials.
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Steam Explosion (SE)

Steam Explosion (SE) is the most commonly used pretreatment of
biomass and uses both physical and chemical methods to break the
structure of the lignocellulosic material through an hydrothermal
treatment. The biomass is treated with high pressure steam at high
temperature for a short time, then it is rapidly depressurized and
the fibrils structure is destroyed by this explosive decompression.
This defibration and the remarkable autohydrolysis significantly improve
the substrate digestibility and bioconversion as well as its reactivity
toward other catalytic reactions. The successive sudden decompression
reduces temperature, quenching the process.

Temperatures :160 °C - 260 °C

Pressures 0.7-5 Mpa

Residence times 1-10 min.

High solids concentrations (about 50%)
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SE drawbacks

SE generates some toxic derivatives which can inhibit the successive
hydrolysis and fermentation steps.

Furan derivatives, such as furaldehyde and 5-hydroxymethyl—-2—
furaldehyde, and phenolic compounds (deriving from lignin
depolymerization) act as inhibitors.

To remove these inhibitors it is compulsive to wash the pretreated
biomass with water, although this wash reduces the saccharification
yields, removing soluble sugars, such as those deriving from
hemicellulose hydrolysis .

Confidential



Vent to

1 :inlet valve; 2: steam inlet valve
3: release valve

atmosphere P and T are controlled from boiler,
depending on required severity
t
— F, = jexp[['[r—T;,]fld.Tjjdt
0
Cyclone
R, - severity
) - T, - reaction temperature, “C
team
| from boiler T. - base temperature (100 °C)
= @ 1 - retention time, minute

Container

Schematic batch steam explosion unit

The severity index is an expression that combines the
independent variables of temperature and time into a
single independent variable.
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SE parameters

SE main parameters are:

e temperature,

residence time,

particle size

moisture content

eventual addition of an acid (acid impregnation)

The optional addition of an acid in SE decreases contact times and
temperatures.

Dilute acids (H,SO,, but also SO,, oxalic acid and CO,), generally 0.5-3.0 wt %,
improve the hydrolysis step, leading to the complete removal of the
hemicellulosic fraction, and decrease the formation of inhibitory compounds.

The addition of the acid catalyst results determinant for softwoods and to lower
acetylated materials.

On the other hand, the addition of the acid causes many drawbacks related to
equipment _corrosion, higher amounts of degradation products and the
necessary step of acid neutralization with consegquent formation of wastes.
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Effect of different SE pretreatments on olive tree pruning

In the production of fuel ethanol from olive tree

pruning different SE pretreatments were tested : __
(T: 190-240 °C; with or without impregnation by T
water or H,SO, solutions): 5 T
§ 4040
Cellulose solubilization always occurs and is— — |
higher when acid and T > 210 °C were employed D
Increase of steam temperature and acid presence b
give higher hemicellulose solubilization: it is \ __________________________________
complete at 230 °C for acid impregnated solids. >
Fig. 1. Cellulose recovery (a) and hemicellulose recovery (b) in the solid CHPTR O, NS S
pretreated residues at different pre-treatment conditions, expressed as a E
percentage of the imtml content in the raw maternial. Impregnation RN TR D
conditions: none (E]), water (), 1% H.50,4 (00), and 2% H.50y4 (ED.
C. Cara et a. Fuel 87 (2008) 692. Tempersture.C
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Effect of a water extraction stage previous to SE

Olive tree pruning contains about 25 wt % of extractives (resins and
phenolics). It can be subjected to water extraction in autoclave (120 °C,
1h): significant improvement of sugars recovery can be reached if this
water extraction stage previous to SE is adopted.

This extractives removal is determinant because their presence hinders
the accessibility of cellulose lowering the successive enzymatic
hydrolysis vyield.

The SE products do not exert inhibitory effect on ethanol production.

Ballesteros I. et al., Bioresource Tech. 102 (2011) 6611.
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Effect of SE on hemp

1400 -
1200 4.

1000 -

DPv

600 -

400

200

200

800

Hemp samples were soaked with 0.1 % H,SO, solutions for 2 h at
R.T.

In the course of steam treatment of hemp, lignin is partially
depolymerized and modified, and becomes soluble in various
organic solvents such as alcohols, acetone, dioxan-water
mixtures and in alkaline solutions

At 240 °C degradation and fibre damage were
noted!

CooD

.

230 240

Tamparatura {°C)

Figure 8 Variation of the DP, values of exploded samples as a function

of the STEX temperature

Stearn explosion vl woody hemp cheénevotte; M. R. Vignon et al.  (1995)
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Liquid hot water (LHW) pre-treatment

LHW (aqueous fractionation, aquasolv or hydrothermolysis) is carried out
at high temperatures (180-230 °C) and high pressures with contact
times from few minutes to one hour and solids concentration < 20 wt %.
In this process biomass is immersed in liquid water.

This chemical—free process dissolves about 50 % of the total biomass:

almost complete removal of hemicellulose,
5-20 % removal of cellulose —— cellulose digestibility increases

30-60 % removal of lignin.

Acetic acid and other released acid components catalyze the autohydrolysis, but
LHW generates lower concentrations of inhibitory derivatives, due to higher water

imput! Itis asimple and environmental friendly approach.
Hendriks A.T.W.M. et al., Bioresour. Technol. 100 (2009) 10.
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LHW pre-treatment of sugar cane bagasse for successive
simultaneous saccharification and fermentation (SSF)

Solids concentration influenced many variables:

» Xylan recovery decreased and its dissolution increased
* Furfural concentration increased

eInhibition of fermentation increased

*Hydrolyzate pH decreased

» SSF conversion increased

Xylaw mecovery, xylan dissolution, S5F conversien, hydi lyeste Dol o] concentration, and hydiolyzate pH & a lunction of selids concentiation o
LHW pretieatment at 20 °C and 2 min

Sobds cone. Xylam recovery Kylan dusolution ESF comverdon Hy o lyeate Pualieral coan. Hydrolyzate
(> ) (el () (el pH
1* 91 L' 5 1 In
2 &3 RS R4 0.2 a7
kL e a5 a4 5 i
B® 41 a8 b (La° B

* Average of thiee protieatment mns.
= Average of two pretrestment funs.

R.L. Lynd et al., Bioresour. Technol. 81 (2002) 33.
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Comparison of performances for LHW and SE of sugar cane bagasse SSF

For LHW pretreatment SSF conversion is favored by high temperature/short time
conditions. Dissolved xylan is higher at high temperature/short time conditions.

For SE no significant differences existed between constant severity runs.

Comparison of pretreatment performance at constant severity with varying temperature and time for LHW and SE

Methad  log Bo® Temp.  Tme Solds pH DEsslwed Xylan S5F
(™C) {mmn} cone. (%) ylan (%%  recovery Conversion®

) ()

LHW 18 170 4 1 4.1 85 91 3l

LHW iE 220 2 1 iE 70 4] 75

LHW i9 200 1i} 3 ia 24 75 &l

LHW i9 220 2 3 i3 - 61 93

Sleam ig 200 1} = 50 iz By 12 79

Steam % 220 2 = 50 4.2 88 45 &5

il = ot defermaned.

TR =dexpll T — L0 1475): § = time (famn 17 = temperatiune (O0, (Oveend amd Chornet, 1987)

fﬂF‘ convergion values based on maidual sellukse.

R.L. Lynd et al., Bioresour. Technol. 81 (2002) 33.
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LHW pretreatment of rye straw 10 wt %

At T>200 °C almost all hemicellulose can be
recovered in the liquid fraction whereas
almost no glucose is detected.

At T>250 °C the cellulose is depolymerized but
glucose recovery is limited due to degradation.

LHW is a selective approach to separate
hemicellulose from rye straw.

1.0 Total Pentoses

O
& Xylose, Arabinose
o Total Hexoses
084 m Glucose
gn.s-
[
£ ]
%EIA— 2
E o2l M""ﬁli-i
| o
0.0 R Tt - O i.‘ii"i" I
100 120 140 160 180 200 220 240 260 280

Temperature [*C]

Fig. 2. Hydrolysis profile of rye straw in LHW, amount of dissolved mass related 1o
the initial biomass with increasing temperatures (Ingram et al., 20049).
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Ammonia fiber explosion (AFEX)

AFEX approach is similar to steam explosion: biomass is exposed to liquid ammonia
(anhydrous or concentrated, > 70 %) under high temperature and pressure and then
the pressure is quickly released, thus vaporizing the ammonia which is recovered and

recycled
Chilled water Water
A 4
AmmaniaWater ~ Ammonia’Nater
Ammaonia
Chilled Water Condenser Water
Cooling Water Condenser
AmmaniafVater Water Quench

<) ]
-
MNH3 Pump
n Sleam

Ammonia Biomass : Blomass - -
Day Tank ﬂ:‘\rﬂﬁ'ﬂ
r
AFEX Reactor L Biomass slurry =EE E To Hydrolysis
Ammonia Stripper
Water Hydrolysis Feed Gooler

—)

Makeup Water Pump
Fig. 1. Simplified process flow diagram of AFEX pretreatment and ammonia recovery system.
B. Bals, Bioresource Tech. 102 (2011) 1277-1283.
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Ammonia fiber explosion (AFEX)

The main processing parameters are:

e Ammonia loading

e Water loading

e Residence time

e Temperature

Mild conditions (early maturity grasses, corn stover...): 1 kg of
ammonia/Kg dry biomass; about 100 °C; 5-10 min residence time.

Severe conditions ( mature grasses, woody materials...): up to 2 kg of
ammonia/Kg dry biomass; about 200 °C; up to 30 min residence time.

AFEX effects:

almost complete solids recovery (no liquid dissolved fractions)

iIncreased digestibility (cellulose decrystallization, cleavage of lignin-

carbohydrate linkages, enhanced surface area and wettability)
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AFEX severity

Leve s used within the general Tul factorial model of AFEX preteatment.

Units Low Medium High
Ammaonia gfe diy DM 0.5 125 2.0
Water gjg dry BM 05 125 (20P
Temperature *C B0 140 (200)*
Residence time® min 10 20 30

* Levels diopped from factorial design due w lack of convegence by the SAspen

maodsl.

¥ Factor dropped from eguipment. enegy. and materal cost analysis due to only

affeding one piece of equ pment.
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Operating costs

Ammonia loading and also residence time have the highest impact on the economics of the process.
Ammonia must be recovered and recycled after the pretreatment and the cost of the recovery
represents a severe limit for large scale applications. The electricity costs are the primary

effect on the total variable operating costs of the biorefinery.

lmpact af amivonia loading, water leading, and temperature on eledricity usage wilhin the bisrelinery. & residence lime of 10 min was used lor this analysis Only individual

streams with a coefficient of variation >5% are shown

forerage ® LHv* cyvh Impact of factors

kwhiMg (%] (%) A w T
Taotal electricity 20882 437 177 - = -
Coaling Lowder syslem 009 286 + e Py
Chilled water system 3340 1.15 642 o s 2
Makeup water pump 0.00 7949 = +H =
Recycle NHz pump 003 419 +4+ ++ +
Hydrolysate feed pump 11.76 025 9.1 + ++ —
Cooling water pump 0.18 286 + Fers 4

Process water circulation pump

003

7

£

++

* Electricity usage as a peroentage af the entering biomass’ lower heating waloe.

B foefficient of variation.

© Qualitative assessment of the importange of ammenia leading (A), water loading (W), and temperature (7] on the costs of individual pieces of equipment or area. A=
represents anincrease inprice with an increase in level. A— represents a decrease ol price with increase in lev el, and Che number of + or — representing its relative importande,

B. Bals, Bioresource Tech. 102 (2011) 1277-1283

Confidential



Makeup Ammonia

The amount of ammonia reacting with the biomass is dependent upon the composition and
the structure of the biomass itself. Generally reacted ammonia is in form of acetamide
(about 10 g of makeup ammonia/Kg dry biomass are necessary).

5210 - : 5210 :

Ammonia Loading Residence Time
§2.05 5205
$2.00 $2.004
§1.851 $1.851
$1.801 $1.80
§1.85 - : §1.85 :

Low Med High Loy Med High
5210 3210

Water Loading Temperature

§2.054 5205
§2.00 £2.00-
$1.95{ —" $195{ —"
£1.90 &1 80
§1.85 - : 5185 : -

Lo Med High L Med High

Fig. 2. Factor means for minimum ethanaol selling preice (MESP) at different levels of
the four pretreatment factors studied. These fadtor means assume the amount of
makeup ammonia required is constant at 10 g makeup ammaonia per kg dry
biomass,
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LHW (sol/lig:1/6 wt/wt) vs mild AFEX for coastal Bermuda

A

grass and subsequent enzymatic hydrolysis

Compiosition (mass ) of untreated (BG and pretreated (BE.

Raw AFEX Anrin el il s

80 a0 1000 20 @ 100 ¢ 150C 160 =C 1700

5 min % min 5 min 30 min 30 min W min 0 mmin 30 min &0 min
Holocelulase 557207  S58:02 561203 559205 562207 558201 2 566204 510209 429300 2 I68212
Chicam 5205 100  294s01  293£03 295204 2 200 294203 2 TE208 2098203 I18210
Hemicelllose 261 #02 267202 247202 266202 268203 246201 272s0l 174203 1311203 45202
Nykan 198203 198202  199s01 198402 198202 197200 1201 156202 122202 45202
Arahinan 45200 52200 50201 51200 52200 52200 54200 16200 a8 201 00200
Calactan 18200 18200 17201 18200 17200 17200 18200 02e0.1 01200 a0 200
Total lignin ?7a0d4 2901 213205 220204 214200 2 910  NM9s02 192200 192406 231200
Addimsoluble 176202 155201 153205 158203 148200 147203 151203 176200 178206 219201
Acid-saluble 50202 64200 60200 82201 6.682 00 72207 G820 16200 14200 12201
Ash 49204 56201 62200 522086 70204 a8209 TH204 162 0.0 11201 10200
Extractives a8:03 HID HD MDD HID HID HID N HiD HID
Cithers 7.0 16.8 16.4 164 153 155 138 2.2 168 1491

MiD, mat determansd.

AFEX does not change the chemical composition of CBG and working at 100 °C for 30

min gives the highest sugar yield (94.8 % of theoretical possible).
LHW gives max 55 % sugar yield due to increased byproducts generation.

J.M. Lee et al., Bioresource Tech. 101 (2010) 5449-5458.
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supercritical fluid (SC-CO,) (Zheng Y., 1995). This technique was developed

In order to adopt lower temperatures than those usually used in steam
explosion and reduce the cost in comparison with AFEX (ammonia fiber

explosion).

increase substrate .
digestibility the addition of co—solvents

can further improve the
\ T / delignification process

CO, Explosion
can

effectively remove
lignin

Pasquini D., Pimenta M.T.B., Ferreira, L.H., Curvelo A.A.D.S. J. Supercrit. Fluids (2005) 36, 31-39.
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Advantages of Supercritical Carbon Dioxide

availability at relatively low cost,

non—toxicity,

non—flammability,

easy recovery after extraction,

e environmental acceptability (Schacht C., 2008).

In aqueous solution CO, forms carbonic acid which favours the biomass
hydrolysis. CO, molecules are comparable in size to those of water and
ammonia and thus they can penetrate in the same way the small pores of
lignocellulose. This mechanism is facilitated by high pressures.

CO, +H,0 & H,CO;& H* +HCO; & 2H* +CO42%-

After the explosive release of CO, pressure, disruption of cellulose and
hemicellulose structure is observed and consequently the accessible
surface area for enzymatic attack increases.
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Advantages of Supercritical Carbon Dioxide
Explosion

the employment of lower temperatures compared to those used in other
pretreatments,

the significant reduction of monosaccharides degradation,

S-CO, is more cost effective than ammonia explosion,

the formation of inhibitors is lower compared to that of steam explosion,
the explosion affects the cellulose crystallinity and the glucose or
ethanol yield from the subsequent enzymatic hydrolysis or simultaneous
saccharification and fermentation,

the possibility of using high solid concentrations in pretreated materials,
the ability of increasing the accessible surface area,

not—toxicity, non—flammability, easy recovery and low cost.

Srinivasan N., Ju L.K. Bioresour. Technol. (2010) 101, 9785-9791.
Kim T.H., Leev Y.Y. Bioresour. Technol. (2005) 96, 2007-2013.
Luterbacher J.S., Tester J.W., Walker L.P. Biotechnol. Bioeng. (2010) 107, 3, 451-460.
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Unfortunately, this method does not guarantee economic viability yet

In particular, the high capital cost for high—pressure
equipment may represent an obstacle to the
commercialization of this lignocellulosic
pretreatment.

An example: Luterbacker and coworkers developed a high pressure (200 bar)
CO,—H,0O process for pretreating several lignocellulosic biomass (hardwood,
switchgrass, corn stover, big bluestem, and mixed perennial grasses (a co-

culture of big bluestem and switchgrass)) at high-solid contents.
Temperatures: from 150 °C to 250°C,;

Residence Times: from 20 seconds to 60 minutes.

Samples were then enzymatically hydrolyzed.

Luterbacher J.S., Tester J.W., Walker L.P. Biotechnol. Bioeng. (2010) 107, 3, 451-460.
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Obtained Yields

Total yields, defined as the fraction of the theoretical maximum, were determined for
glucose, hemicellulose sugars, and two degradation products: furfural and 5-
hydroxymethylfurfural. Response surfaces of yield as a function of temperature and

residence time were compared for different moisture contents and biomass species.
Table 1. Biomas yields for different species and pretreatment conditions.

Mo pretreatment Pretreatment at 160°C far 1h Pretreatment at 170°C for 1h
Glucan yield Hemicellulose Glucan yield Hemicellulose 5-HMF yield Furfural vield Glucan vield Hemicellulose 5-HMF Furfural
(%] sugars yield [%] (%] sugars yield [%] (%] (%] [9%] sugars yield 9] yield [%]  yield [%]
Mixed hardwood (20wt %) 51=x0.3 3908 57=x2 = 0.6=0.1 1le=0.2 Tr=4 173 L1 =01 21703
Mixed hardwood (40wt %) 67=2 18=3 L3=0.1 les=03 @:5 14=+12 19=03 16=+1
Switchgrass 10.4=10.4 66 =0.4 1 13=1 0.8=0.2 118=05 Ta=1 12=1 08=0.1 131 =086
Big bluestem 17=1 5004 562 9903 0.9=03 =1 6652 13=1 1002 15=1
Corn stover ELEN 17=1 @2 =1 L3i=xdl 112205 672 =2 1201 9.1=x02
Mixed perennial grasses 12204 3503 652 8.7 =04 0.6=0.1 55=x0.2 681 6203 1=l 12=0ul

MDF, neutral detergent fiber; ADF, acid detergent fiber.
All measurements are provided with a range representing their 90°%% confidence interval.

Biphasic CO,—H,O pretreatment can produce glucan yields of 73% for wood, 81% for switchgrass,
and 85% for corn stover using very similar experimental conditions 160-170 °C and a 60 min
residence time, high-solid contents (40 wt.%) and no additional chemicals.

However, further improvements are needed to increase hemicellulose sugar yields and reduce
furfural formation.
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Alkaline hydrolysis

This treatment employes alkaline solutions, such as sodium hydroxide, calcium
hydroxide or ammonia for the treatment of biomass, in order to remove lignin
and part of hemicellulose and to efficiently increase the accessibility of
cellulose: it is basically a delignification process, where a significant
amount of hemicellulose is also _solubilized.

In particular, the use of an alkali causes

- the degradation of ester and glycosidic side chains, resulting in
structural alteration of lignin, cellulose swelling, partial

decrystallization of cellulose and partial solvatation of
hemicellulose.

Ibrahim M.M., El-Zawawy W.K., Abdel-Fattah Y.R., Soliman N.A., Agblevor, FA. Carbohydr. Polym.
(2011) 83, 2, 720-726.

Sills D.L., Gossett J.M. Bioresour. Technol. (2011) 102, 2, 1389-1398.
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Alkaline pretreatment of lignocellulosic materials causes

cellulose swelling,

decrease of polymerization degree and crystallinity,

increase of internal surface area,

disruption of the lignin structure,

separation of structural linkages between lignin and carbohydrates.

Advantages of Alkaline pretreatment:

- the employment of lower temperatures and pressures than other
pretreatment technologies,

-in comparison with acid processes, alkaline ones cause less sugar
degradation,

- many of the caustic salts can be recovered and/or regenerated.
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Disavanteges of alkaline pretreatment:

- if performed at room temperature, long times and high concentrations of

base are required,
- alkaline reagents can also remove acetyl and various acid substitutions on

hemicellulose, thus reducing the accessibility of hemicellulose and cellulose
to enzymes.

Gsually more effective on)

he T . hardwood, herbaceous crops he reat :
ebyfeto and agricultural residues with € rde_a;_men
Substrate low lignin content than on conditons

softwood with high lignin

Qontent. )

The effectiveness
of the alkaline
pretreatments
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Sodium hydroxide pretreatment

This pretreatment is able to improve the enzymatic digestibility of solid
digestate fibers, enhancing glucose and ethanol yields from enzymatic
hydrolysis and fermentation steps (Teater C., 2011).

The authors studied the most effective alkaline pretreatment for solid digestable (AD
fiber) from a completely stirred tank reactor (CSTR) anaerobic digester, for switchgrass
and agricultural residue of corn stover, employed for ethanol production, showing the
first one as a suitable biorefining feedstock.

In particular for AD fiber:

Overall glucose conversion
The overall glucose conversion
(the ratio of glucose produced
to the total cellulose in the
original fiber samples)

>

Overall Glucose
Conversion{ % )

100.00

20,00

&0.00

40.00 -

20,00 -

.00 -

l 71.4%

u 2 hr@ 130°C
=3 hr @ 120°C
E3hr@ 130°C

1.0 2.0 3.0
Alkaline Concentration (% )

The pretreatment
conditions of 120 °C
and 3% NaOH

m2h@120C £or 3 h had the highest

overall glucose
conversion (71.4%) of
AD fiber.

Teater C., Yue Z., MacLellan J., Liu Y., Liao W. Bioresource Technology (2011) 102, 1856-1862.
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Glucose Concentation

Glucose concentrations from enzymatic hydrolysis of all pretreated samples were

investigated: the results for AD fiber are shown.

Glucose Concentration

concentration was 29.8 g/L

reaction conditions of
and 3% NaOH for 3 h.

29.8 g/L
35.00 The highest glucose
_ for the
i} m2hr@ 120°C o
E |2 hr@ 130°C 130 C
m3hr@ 120°C
H3hr @ 130°C

0.5 1.0 20 in
Alkali Concentration (% )

Glucose concentration and overall glucose conversion of enzymatic hydrolysis (5% solids) with the mast effective pretre atment condit ions.

Feedstock Glucase concentration Glucoss oomversion Eylose comcen tration Hemicellulase-sugar comersion
(gl) (%) gL %)

CSTH AD fiber” 297113 GEI+52 101 05 491 4.0

Switchgrass® 25100 EEE+09 BE+01 2T4x1

Com stover” 289149 BiEL 141 BIt16 285155

* The most effective pretreatment conditions for C5TR AD Aber were 130°C and 2% MaOH for 3 h
® The most effective pretreatment conditions for switchgrass were 130°C and 1% MaOH for 2h
© The most effective pretreatment conditions for com stever were 130°C and 1% NaOH for 2o

E——

Ethanol Production
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Ethanol concentration and conversion of samples

Feadstork Ethanol concentratisn Ethamo] conversion
(g/L) (%)

C5TR AD Fiber” 147 £07 B03 +32

Swibe hgrass® 156+1.7 B31427

Com stover® 181105 TEO+21

Pure glucose 189001 5895+1.1

* The maost effective pretreatment cond itions for CSTR AD fiber were 130°C and
2 NaOH for 3 b

E The most effective pretreatment conditions for switchgrass were 130 C and 1%
MaoH for 2

© The mast eflective pretreatment cond itions for com stover were 130°C and 1%
MalH far 2h.

An 80.3% ethanol yield was obtained from CSTR AD
fiber, which was consistent with switchgrass
(78.0%) and corn stover (83.0%) hydrolysates, and
significantly greater than pure glucose (59.5%).
Ethanol concentrations of 14.7, 16.6, 18.1, and 18.9
g/L were produced from CSTR AD fiber, corn
stover, switchgrass, and pure glucose, with initial
fermentation glucose concentrations of 36.6, 38.8,
45.8, and 59.4 g/L respectively.

The AD fiber is a suitable biorefining feedstock and the integrated process of
anaerobic digestion and bioethanol production is able to utilize the main components

of the biomass in arobust manner.

Confidential 40



Calcium hydroxide (lime pre-treatment)

The process of lime pretreatment requires slurrying the lime with water,
spraying it onto the biomass material and accumulating the material in a pile
for a period from hours to weeks. After the treatment, the particle sizes of the
biomass are typically 10 mm or less. Elevated temperatures can reduce
contact times. Also in this case lignin removal improves enzyme
effectiveness by eliminating non productive adsorption sites and by
increasing access to cellulose and hemicellulose (Fu Z., 2011; Nachiappan B.,
2011).

Nachiappan B., Fu Z., Holtzapple M.T. Bioresource Technology (2011) 102, 4210-4217.
Fu Z., Holtzapple M.T. Appl. Microbiol. Biotechnol. (2011) 90, 1669-1679.
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Ammonia pretreatment

This method has also been used as a pretreatment reagent to remove lignin.
The main effect of ammonia treatment of biomass is delignification without
significant effect on carbohydrate contents. It is a very promising
pretreatment reagent, in particular for substrates with low lignin contents,
such as agricultural residues and herbaceous feedstock. The ammonia
method is suitable for simultaneous saccharification and cofermentation
because the treated biomass does not lose cellulose and hemicellulose.
Ammonia is a proven delignification reagent and the lignin content of the
biomass can decrease to a very low level (Kim T.H., 2009).

Ammonia treatment does not cause substantial loss of carbohydrates and its
use leads to the fractionation of biomass, by separation of lignin from biomass.
It is also important to underline that this lignin is sulphur— and sodium-free,
unlike that obtained from other pretreatment processes. It is generally of high
qguality and thus it is considered as a higher value byproduct.
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Some disadvantages:

e the consumption of ammonia due to the interaction with lignin,
e the ammonia neutralization by acetates and other buffering agents present
in the biomass.

Most of the ammonia is recovered and reused in the process: in general, only
ammonia equivalent to 2-5 % of dry biomass is irreversibly consumed during
the pretreatment.

The most widely used ammonia pretreatments are

1) the ammonia recycle percolation, (ARP), which is a high severity,
low contact time process ;

2) the soaking in aqueous ammonia, (SAA), which is a low severity,
high contact time process.
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Combined approaches

Sometimes, the alkaline pretreatment is carried out in combination with
irradiation, such as microwaves and radio—frequency.

In particular, the microwave—based alkali pretreatment of switchgrass and
coastal bermudagrass was investigated in order to improve the production
of fermentable sugars from enzymatic hydrolysis.

Pretreatments were carried out by immersing the biomass in dilute alkali
reagents and exposing the slurry to microwave radiation at 250 watt for
residence times ranging from 5 minutes to 20 minutes. Sodium hydroxide
resulted the most effective base for MW pretreatment of switchgrass and
coastal bermudagrass (Keshwani D.R., 2010).

Keshwani D.R., Cheng J.J. Biotechnol. Progr. (2010) 26, 3, 644—652.
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Conclusions about Alkaline pretreatment:

0 sum up, it is possible to conclude that, in comparisom

-
/with other pretreatment technologies, alkali pretreatment
usually involves lower temperatures and pressures, even
up to room conditions. Pretreatment time, however, is
recorded in terms of hours or days, a duration much longer
than those of other pretreatment processes. Another
considerable drawback of alkaline pretreatment is the
conversion of alkali into irrecoverable salts and/or the
incorporation of salts into the biomass during the
pretreatment reactions, making the treatment of a large

Qmount of salts a challenging issue for alkaline approach./
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Acid hydrolysis

e Acid pretreatment can be performed with diluted or concentrated
acids, but these last are more hazardous, highly corrosive for reactors
and equipments and must be recovered after the pretreatment.

e If the pretreatment is preceding to enzymatic hydrolysis, drastic acid
conditions favour the formation of degradation and inhibiting compounds.

H,SO, (generally < 4 wt %) is the most commonly employed acid: an efficient mild
acid pretreatment completely solubilizes the hemicellulosic component of the biomass
and only a little part of cellulose (at low acid concentration), thus making undissolved
cellulose more accessible to enzymes.

Other types of acids have also been applied, such as HCI, HNO, and H,PO, and

also organic acids ( as maleic and oxalic acid) have been tested
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Acid pretreatment of olive tree pruning for EtOH production

The main issue is to solubilize hemicellulose keeping cellulose in the pretreated solid

100 2
G R Bl e
2 e - R B
: S T
Z 2
- L st ememmnasana
o I T T l_l T n T
e o T s 170 150 190 200 210
Temperature, °C Temperature, "C
Fig. 1. Cellulose mecovery in the water-insoluble solid (WES) at diffenent Efi:nmﬂﬂh?&“;%&::hﬂiﬁlﬁ ::J‘flf:h:}
pocizastnend goadiiinn, cxprosod a¢ 5 pecpentagy ol i nkibyl oot ety 18 The; S meanEnl BUIAE 2l concamiion. (O S
the raw material, Sulphunc acid comeentrati on (% wiwh 0.2 (C4, e (E)L (Fh, 06 (M), 1.0{CT) and 1.4 .
L0 C) and 1.4 (@
Cellulose solubilization reaches near 60 % Hemicellulose is completely dissolved
at 210 °C and 1.4 % acid concentration. at any T with 1.4 % acid concentration

Cellulose recovery decreases with T and

and above 210 °C at any acid conc.
Acid concentration.

180 °C and 1 wt % of acid conc. were adopted for the best saccharification yield
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Dicarboxylic organic acids vs. Sulfuric

"

The effect of different acid catalysts on the hydrolysis and degradation of corncob
when each was used at the same combined severity factor (CSF) values during
pretreatment.

Then ethanol production with pretreated biomass by SSF was evaluated.

pH and acid concentrations used ir each calculated severity factor (CSFY. 0.23 g EtOH/I/h

= o eid (g1) —
sulfurie oxalic Ak

18 15 157 367 533
13 a 147 9~ sn 027 g EIOHIIN
2 13 457 6.57 1157
1 1.2 RE7 857 1533

* Al reaction condifions used 170 ¢ 18 min
* Acid sdded to sdjust pH = theoret then confirmed the pH value during

raking sad solin WL PEREENCG 51 g EtOH/I

Maleic and oxalic acid can release more sugars in the hydrolysate and more ethanol can be produced
from the residual solids than can be achieved with sulfuric acid when each is used at the same CSF

J.-W. Lee et al., Bioresource Tech. 102 (2011) 5884-5890.

Confidential



/L'J‘ iDIOfo

Heteropolyacids (HPAS) for biomass saccharification

HPAs are emerging strong homogeneous acid catalysts. H;BW,,0,, in solution gives higly
negatively charged anions. These heteropolyanions have strong hydrogen-bond accepting
abilities due to external oxygen atoms which have an important role in cellulose dissolution
atlow T (60 °C).

Saccharification of natural biomass resulted very efficient even in the presence of lignin,
extractives and ash (yield based on holocellulose):

0’

Glucose 51 %

rice plant  HsBW,,0,, Galactose 5 %
straw | > Xylose 23 %
Holocellulose: 55% Arabinose 6 %

60 °C, 48 h Cellobiose 3 %

On the other hand too long reaction times are involved and HPAs are expensive !!!

Y. Ogasawara et al. ChemSusChem 4 (2011) 519-525.
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Dilute acid/MW assisted heating for sugarcane bagasse

Microwaves are able to penetrate into the solutions and can provide a rapid and

energy-efficient heating on biomass pretreatment. The treatment time with dilute sulfuric
ber asabyss of raww baggase snd pretreated matenals aswell a5 pH values af the

acid is reduced to 5-10 min. ,,q..d .
The content of hemicellulose in bagasse Raw bagaise Hﬂﬂdhﬁ&ﬂ!ﬁﬂ?:ﬂeﬁ:&: 32 45,
. . [N 1272 Ash: 1.0, (! THS
drops markedly when the dilute acid B :x
. Reaction temper atire (°C) 130 164 150
pretreatment is performed. = o)
When the reaction temperature is Fibear snabyaieh (W) Wamicalhiose 986  TE4 03
increased to 160 and 190 C, some lignin hﬂ;ﬂ‘fﬂ sl ot SE
in the bagasse is also solubilized by Ach 17 37Tt e
the acid. The crystalline structure of ) e oo
cellulose is destroied. o i
. . o . .. Fi bt mllhlm‘thﬂ] Hemidcel il ose 554 517 05
Microwave heating at 190 °C with 5 min is Cellubse 5337 65 643
1 1 141 I..g'lln 210 Gl 16547 IESE
an appropriate operating condition f_or the_ =B e e
pretreatment of bagasse, from the viewpoint ather 306 10 1318
of lignocellulosic structural disruption!!! P e S L el
= H et g ol imie

B The relative differences among the mexuremnent: were beow 53

W.-H. Chen et al., Applied Energy 88 (2011) 2726-2734
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Ozonolysis

Pretreatment of lignocellulosic materials can be carried out using ozone,
which can effectively degrade lignin and part of hemicellulose. In fact,
ozone is a powerful oxidant, soluble in water and readily available. In
addition, it is also highly reactive toward conjugated double bonds and
functional groups with high electron density. Therefore, the moiety most
likely to be oxidized in ozonization of lignocellulosic materials is lignin,
because of its high content of C=C bonds. Ozone attacks lignin releasing
soluble compounds of low molecular weight, such as organic acids, formic
and acetic ones, which can cause a decrease in pH from 6.5 to 2 (Garcia—
Cubero M.T., 2009).

-the moisture content of

The main factors which the sample,
affect the ozonolysis - the particle size,
pretreatment -the ozone concentration in the
gas flow.
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The most significant parameter: the percentage of water in the feed

This aspect is important because it has a significant effect on the
solubilization. The optimum water content was found to be around 30 9%,
corresponding to the saturation point of the fibers.

In particular, Garcia—Cubero et al. studied the pretreatment with ozone of wheat and rye
straw in order to enhance the enzymatic hydrolysis extent of potentially fermentable
sugars. More specifically, they studied the the influence of five operating parameters:

- moisture content,

- particle size,

- 0zone concentration,
- type of biomass

- air/lozone flow rate

on ozonization pretreatment of straw in a fixed bed reactor under room conditions.

Garcia—Cubero M.T., Gonzélez—Benito G., Indacoechea I., Coca M., Bolado S. Bioresour. Technol. (2009)

100, 1608-1613.
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In this case

The acid insoluble lignin content of the biomass was reduced in all experiments
involving hemicellulose degradation. Operating in a fixed bed reactor, moisture
content and type of biomass showed the most significant effects on ozonolysis.
Moisture is a reaction controlling parameter for values below 30%. Wheat straw proved
to be easier hydrolyzed than rye, although a similar content of residual lignin after
ozone pretreatment was obtained for both samples.

wheat 29 % Enzymatic — 88.6 %

hydrolysis
yields

non-ozonated samples ozonated samples

Ozonolysis is an efficient pretreatment for cereal straw. Ozone degrades and/or
solubilizes lignin and slightly solubilizes the hemicellulose fraction, improving
subsequent enzymatic hydrolysis. Negligible losses of cellulose were detected.
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The main advantages of ozonolysis are

e thelack of any degradation product which might obstruct the subsequent
hydrolysis or fermentation,

the efficient removal of lignin,

the absence of toxic residues for the downstream processes,

the possibility of carrying out the reaction at room temperature and pressure,
the fact that ozone can be easily decomposed by using a catalytic bed or
increasing the temperature, minimizing in this way the environmental pollution
(Sun Y., 2002).

The main drawback consists

- in the demand of large amount of ozone, making, at the moment, the
process expensive and not so suitable for application on an industrial scale.
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Organosolvation (organosolv) treatment

Organosolv is a very promising approach for solubilizing lignin in an
organic medium, thus providing a residual cellulose suitable for
enzymatic hydrolysis.

After precipitation, the recovered lignin (organosolv lignin) is a is a sulfur-
free lignin, with high purity and low molecular weight, to be used for
many purposes.

The solvents more frequently used in organosolv processes are acetone,
methanol, ethanol, phenols, ethylene glycol and tetrahydrofurfuryl
alcohol.

For economic reasons agueous ethanol is generally the preferred
solvent, having low boiling point, toxicity and cost, but the pretreatment
process is always conducted under high pressure with increase of the
equipment cost.
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Organosolv

Flow-sheet of methanol
Lignocellulosic biomass
or ethanol treatment 55 7

i
Cataly=t

The advantage of employing cheap low boiIinqJ s =
WS pulp *+—m———— retreatmient

= Solvent (methanal or sthancl)

point alcohol (mainly methanol and ethanol) l
is of their low boiling point, ease of recovery = Concentrated black liquer
by simple distillation with concomitant low e '
energy requirement for their recovery - Thhatiom wilh wiex
— 4
Precipitation
Warm =olvent it it v
washing | J’
Filtration
Biomass is treated with addition of acid e — [
catalyst at low temperature (below 180°C) washing Pm.iﬂm i
or without catalyst (auto-catalysis) at v ¥ Watcrwashes |
higher temperatures (185-210°C). Salitl Fractice Witet whalainy ,
-!v + Water-zaluble fraction
Enzymatic hydrolysis or Dirying ) fpﬁﬂ flm:'f:m elc)
- YT Ee i)
i - furfural and HMF
- orpanic acids
- eRiEK Hyes

Zhao, X. et al., Appl. Microbiol.

Biotechnol. 82 (2009), 815-827.
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Organosolv

The main products from pretreatment are the following:

1. Cellulosic fibers, which contain the original cellulose component and
varying amounts of hemicellulose and residual lignin.

2. Solid lignin, obtained after removal of the volatile solvent from the black
liquor by distillation. It may contain lipophilic extractives from the original
lignocellulosic feedstock.

3. An aqueous solution of the hemicellulose sugars, which consists mainly
of xylose in the case of hardwoods or agricultural residues. This solution
IS the filtrate of the previous solvent-evaporated liquor in which the lignin
fraction was precipitated.
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Organosolv treatment of pine sawdust

Temperatures less than 150 °C were not
sufficient to obtain a reasonable degree

of delignification. The delignification operation
at 180 °C resulted in a “lignin” yield of ca. 26
wt.%, almost the total lignin content in the
feedstock (28.4 wt.%).

Above 200 °C, the “lignin” yield continuously
increased up to 40 wt.% at 250 °C, owing to the
formation of the degraded products from
cellulose: the temperature of 180 °C appeared
to be optimal for the lignin extraction.

(biomass-to-solvent ratio of 1/10 wt/wt)

80 '

] "lignin" "f"_f
§ 2
/

20 1

Wield (wids)

—r 17—
120 140 160 180 200 220 240 260 280
Reaction temperature (°C)

Fig. 1. Effects of reaction temperature on the lignin extraction with the
ethanol-water { 1:1 wtfwt) co-solvent for 4 h,

M. Wang et al., European Polymer Journal 45 (2009) 3380-3388
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Organosolv treatment of pine sawdust

50 wt.% ethgnol water solution appears 'gg;_ _ o

to be the optimal co-solvent for biomass iz “lignin® residue
Delignification. i 7

Water and ethanol played synergistic ] | ] - -

roles in the delignification process. = ggg / . E 5 %
Water could act as a nucleophile to attack £ 51 | / :

and promote the cleavage of lignin, and 2 i

ethanol could act as impregnating - ggj '

reagent and carry the degraded lignin 254 |- 1 =

fragments away from the wood texture i
into the ethanol solution. b i E N

ethanol ethanol-water ethanolwater ethanal-watar oter
(3:1) (1:1) {1:3)
Type/composition of solvent

Effects of type and composition of solvent on the lignin extraction

at 180 Cfor4h
M. Wang et al., European Polymer Journal 45 (2009) 3380-3388
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Organosolv treatment

Liquid-to-solid ratio (LSR) used in the pretreatment also should be
optimized.

e Low LSR reduces the amounts of water and solvent in the system, with
reduction of capital costs (smaller tanks and pumps are required for the
same quantities of feedstock).

e Operating costs (especially energy for pumping and solvent recovery)
are also reduced when low LSR is selected.

BUT...

e separation equipment, specially filters and centrifuges, must work more
efficiently since inlet and outlet solid concentrations are much higher.

e ataverylow LSR (below 4:1) reprecipitation of dissolved lignin onto the
cellulose fiber can take place, thus limiting its successive enzymatic
hydrolysis
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Organosolv: integrated utilization of the biomass components

Further development of organosolv
pretreatment should be focused on the
integrated utilization of all the biomass
components !

Lignoceliulosic
biomass
¥
_ | Cmgnnosoly -
" | pretreatment
[
' Li
Pretreated )
1
salid Black liguor vinl
&
¥ ¥
. :,.I-pmd]mm Furfumsl
hydrolysis and i urfum
fermenintion TECOVETY Acetic ncid
* l l and other products
Residual v _
ﬂﬂlidﬂlgnin] Lignin Hemiccllulose
Eilanal = |
I—- Kylitol
Py B .
zmu'l:ﬂﬂ Purification — High-quality Lignin
Lignin derivatives

Zhao, X. et al., Appl. Microbiol. Biotechnol. 82 (2009), 815-827.
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lonic liquids (ILs) pretreatments

ILs are salts generally formed by large organic cations and small inorganic
anions, which are liquid at low temperature and can be used as non—-aqueous
alternatives to traditional organic solvents.

Advantages
Tunable properties (e.g., viscosity, melting point, polarity, and hydrogen bond
basicity) depending on the selection of the anion and cation.
high chemical and thermal stability
non—flammability
low vapour pressures (they remain liquid in a wide range of T)
good (selective) solvation properties due to the swelling of the plant cell wall,
with disruption of inter— and intra—molecular hydrogen bonding between lignin
and cellulose, and also to the possible electronic interaction of the organic
cations and the aromatic rings of lignin (Zavrel M., 2009).

Drawbacks
high viscosity (a serious limit to mass and phase transfer)
toxicity and corrosivity to be better considered (?)
Expensive and only Kg scale production
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lonic liquids (ILs)

Tunable behaviour

Complete dissolution of biomass. Then cellulose and hemicellulose are

N / selectively recovered by precipitation with water.
S

\ Selective extraction of only one component

v

Acetate-based ionic liquids selectively extract lignin from recalcitrant
maple wood flour.Increased accessibility of both the residual cellulose
and hemicellulose fractions (ponerty T.V., 2010)

After the extraction removal of lignin and other extractives is critical, requiring a
potentially complex set of steps including precipitation by antisolvents such as
deionized water or alcohols.

Mora—Pale, M. et al., Bioresour. Bioeng. 108 (2011) 1229-1245.

Confidential



ILs for biomass extraction

RTIL

Structure

Uses

1-Ethyl-3-methyli midazolium
acetate [EMIM JOAc

1-Ethyl-3-methyli midazolium
chloride [EMIM|CI
1-Allyl-3 -methylimidazolium

chloride [AMIM|CL

1-Butjl-3-methylimidazolium
chloride [BMIM|CI

1-Butyl-3-methylim idazolium
bromide [BMIM]Br

1-Butyl-3-methylim idazol inm
acetate [BMIM|OAc

Disgolution of cellulose (Kosan et al., 2008; Vitz et al., 2009;
Zavrel et al., 2009)

Extraction oflignin from maple wood flour (Lee et al., 2009)

Dissolution of a variety of carbohydrates such as sugars,
starch, and cellulose (Zhao et al., 2008)

Dissolution of cellulose (Kosan et al., 2008, Vitz et al., 2009,
Zavrel et al., 2009)

Dissolution of cellulose (Fukaya et al., 2008; Zavrel et al.,
200r9; Zhang et al., 2005)

Dissolution of hard wood and softwoods (Kilpelainen et al.,
2007)

Extraction oflignin from maple wood flour (Lee et al., 2000)

Dissolution of cellulose (Erdmenger et al, 2007; Heinze
etal, 2005 Kosan et al., 2008; Swatloski et al., 2002; Vitz
et al, 2009; Zavrel et al,, 2009)

Pretreatment of cellulose for enhancing enzymatic hydro-
lysis (Dadi et al., 2006)

Dissolution of hard wood and softwoods (Fort et al., 2007;
Kilpelainen et al., 2007)

Extraction oflignin from maple wood flowr (Lee et al., 2000)

Dissolution of cellulese (Swatloski et al., 2002; Vitz et al.,
2009; Zavrel et al,, 2009)
Dissolution of lignin (Pu et al,, 2007)

Extraction of lignin from maple wood flour (Daherty et al.,
2010)

Mora—Pale, M. et al., Bioresour. Bioeng. 108 (2011) 1229-1245.
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ILs future perspectives

e The high cost of RTILs necessitates efficient recycling and
regeneration, particularly for the extremely large volumes required for
biomass pretreatment.

e After selective precipitation of the different biomass components the
following steps are applied:

- filtration,

- adsorption of impurities by activated carbon,

- organic solvent washing and evaporation,

- eventual purification with neutral-activated alumina

e To0o0 steps represent a critical problem (options: use of anion exchange
resins for isolation of the ionic liquid as a salt, use of supercritical fluids
to extract ILs-soluble polymers...)
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Overview

Influence of the main pretreatment processes on lignocellulose structure

Torrefact. S.E. LHW | AFEX | CO,expl | Alkaline | Acid | O; | Organo | ILs
Milling —solv
Increase of accessible H H H H H H H H H H H/—
surface area
Cellulose H n.d - n.d H L H - n.d n.d H/—-
decrystallization
Hemicellulose - L H H L L L Ho| w H HIL
solubilization
Lignin solubilization - - L L L L/— H L H H H/—
Generation of inhibitors - - H L L — L H — - -
Alteration lignin B L H L H L/— H H H H H/—
structure

H: high effect; L: minor effect; n.d.: not determined.
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Main advantages

Main disadvantages

Milling

Reduces cellulose crystallinity; increase surface area

Need of combination with other treatments; high energy consumptions

Torrefaction

Easier biomass storage; no formation of inhibitors; moderate
energy consumption; easier grindability

Need of combination with other treatments; still incomplete investigation

Steam explosion

Increase of accessible surface area; higher substrate
digestibility; depolymerization of lignin; solubilization of
hemicellulose

Need of combination with other treatments; formation of inhibitors;

Enhanced substrate digestibility; low formation of inhibitors;

of biomass components

LHW low—cost plant High energetic requirements; high water input
AFEX I;r%\;v formation of inhibitors; increase of accessible surface High cost of plantand ammonia
CO?. No _tOX'.C '.ty; easy TECOVery, Increase of accessible surface High cost of plant; high pressure involved lignin remains
explosion area; efficient hydrolysis of hemicellulose
Alkaline Hemlcellulose and_ "9'.“'.‘. hydrolysis; - mild - conditions; Long reaction times; salts formation and incorporation; base consumption
increased substrate digestibility
Acid Increased substrate digestibility; hemicellulose solubilization Form_atlon of degradation products; formation of inhibitors; corrosion; need
of acid recovery
Ozonolysis No toxicity; no formation of inhibitors; lignin solubilization High cost of ozone
Organosolv Hemicellulose and lignin solubilization High cost for plant and solvents
ILs Low toxicity and flammability; high selective solubilization High cost for plantand ILs; high viscosity
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In conclusion...

The optimum conditions of pre-treatment strictly
depend on the characteristics of each raw
material (composition, harvesting time, water
content...) as well as on the final purpose of the
process itself (biofuels, chemicals
production...).

Techno-economic studies which compare the
different technologies have been reported only
for bioethanol production from different
lignocellulosic materials.
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