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Abstract

The autohydrolysis of wood, as a first step of dissolving pulp production leads to the
extraction of hemicelluloses that need to be removed for dissolving pulp applications
and thus yields a hydrolyzate rich in oligomeric sugars that can be converted to
valuable products. During the autohydrolysis step also lignin dissolves which partly
precipitates upon cooling and tends to form sticky incrustations which hinder the

hemicellulose recovery.

It was the scope of this thesis to reduce lignin dissolution itself, or to find possibilities
to remove the lignin from the hydrolysis liquor directly after autohydrolysis to prevent
scaling. Acid catalysis of the autohydrolysis reaction with sulfuric and oxalic acid and
the resulting low temperatures reduced the amount of lignin precipitates, but did not
alter the soluble lignin content. Furthermore the hydrolysis of oligomeric
carbohydrates to monomeric sugars was significantly enhanced, which leads to a
distinctly different product spectrum. Because of the low efficiency of lignin reduction
during acid catalysis, a series of adsorbents was evaluated. At room temperature
activated charcoal showed high efficiency and selectivity towards the removal of
lignin derived products. These good results were even exceeded at a prehydrolysis
temperature of 170 °C, which goes against the common physical understanding of
the thermodynamics of adsorption. The highly efficient adsorption of lignin at high
temperatures was attributed to polymerization reactions enhanced by the charcoal
surface and to the chemisorptive binding of the lignin, which was justified by the low
solubility of adsorbed lignin in solvents that normally show a high capacity for lignin

dissolution.

For the application of high temperature adsorption of lignin on charcoal (HiITAC-
process) in industry, it was necessary to find appropriate recycling strategies for the
charcoal. Thermal reactivation of spent charcoals at 950 °C in CO, atmosphere
yielded a charcoal that had properties similar to the fresh charcoal in respect of the
pore size distribution and the selective adsorption behaviour. Generally, it was
shown that charcoals with high volumes of small micropores and low volumes of
mesopores showed the best efficiency towards lignin adsorption, and maintained

high concentrations of carbohydrates in the hydrolyzates.
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Zusammenfassung

Die Autohydrolyse von Holz als erster Schritt eines Holzaufschlussverfahrens
ermdglicht die Extraktion von Hemizellulosen, deren Entfernung zum Einen
notwendig ist um Chemiezellstoff herzustellen, zum Anderen kdnnen aus den
geldsten Xylooligosacchariden wertvolle Produkte gewonnen werden. Beim Prozess
der Autohydrolyse werden allerdings auch Ligninkomponenten aus dem Holz geldst,
die zu einer starken Verkrustungsbildung neigen. Ein Teil dieses Lignins fallt beim
Abkihlen der Hydrolysate aus. Ziel der vorliegenden Dissertation war es,
Mdoglichkeiten zu finden, die Losung des Lignins auf ein Minimum zu beschranken
beziehungsweise das Lignin mdglichst direkt nach erfolgter Autohydrolyse aus den
Hydrolysaten zu entfernen. Durch saure Katalyse der Autohydrolyse mittels Oxal-
und Schwefelsaure gelang es den bei Raumtemperatur unléslichen Teil des Lignins
zu reduzieren, der I6sliche Teil hingegen wurde durch die geringeren Temperaturen,
die durch die Katalyse moglich sind, kaum beeinflusst. Durch die Zugabe von Séaure
wurden die Geschwindigkeiten der Hydrolysereaktionen stark erhoht, sodass die
Oligosaccharide in Lésung sofort weiter zu monomeren Zuckern gespalten wurden.
Da die Saurekatalyse der Vorhydrolyse in Summe nur zu einer unwesentlichen
Ligninreduktion  fUhrte, wurden  unterschiedliche  Adsorptionsmittel  zur
Ligninentfernung evaluiert. Bei Raumtemperatur konnte eine hohe Effizienz und
Selektivitdt der Ligninadsorption an Aktivkohle erreicht werden, die bei der
Ligninadsorption bei 170 °C sogar noch uUbertroffen wurde. Die gute Effizienz der
Ligninadsorption bei hohen Temperaturen, die so nicht erwartet wurde, da sie im
Gegensatz zur Thermodynamik steht, kann mit der Polymerisation des Lignins auf
der groRen Oberflache der Aktivkohlen begriindet werden. Zusétzlich chemosorbiert
Lignin auf der Aktivkohle, was zu einer schlechten Desorbtion des Lignins mittels
Ligninldsungsmitteln fuhrt. Um den Adsorptionsprozess zur Ligninentfernung auch
industriell anwenden zu kdnnen, wurde nach Méglichkeiten gesucht, die Aktivkohlen
nach der Adsorption wieder zu regenerieren. Thermische Reaktivierung bei
Temperaturen von 950 °C unter CO,-Atmosphare fihrte zu einer Aktivkohle, die
sowohl in ihrer Porenverteilung als auch in ihrem Adsorptionsverhalten frischer
Aktivkohle gleich kam. Grundsatzlich konnte gezeigt werden, dass Aktivkohlen mit
grol3en Volumina an kleinen Mikroporen und einer geringen Anzahl an Mesoporen

Lignin am selektivsten adsorbieren, wéhrend die Kohlenhydrate in Lésung bleiben.
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1 Objectives

The prehydrolysis-kraft process is a well established process for the production of
dissolving pulps. During the first step, the prehydrolysis or autohydrolysis,
hemicelluloses are dissolved that are hardly degraded in the following alkaline
kraft cooking step. To date, the resulting hemicellulosic fraction is not used as a
product due to lignin dissolution and precipitation that causes severe plugging of
the equipment. Instead, the autohydrolyzates are neutralized with cooking liquor
and burnt in the evaporation plant. This approach, however, leads to the
destruction of valuable hemicellulosic components and raises the load of the

recovery boiler.

In the present work, strategies for lignin reduction and removal from the
hydrolyzates are presented in order to efficiently utilize the hemicellulosic

fraction.

An objective of the following work was to evaluate the possibility to reduce the
amount of lignin in the hydrolyzates by acid catalysis of the prehydrolysis
reaction. Due to the higher acidity, the proportion of monosugars and thus the
released amount of acetic acid were higher as compared to autohydrolysis
conditions. Moreover, the amount of insoluble lignin particles in the hydrolyzate
was reduced by acid catalysis, but still major amounts of soluble and insoluble

lignin in the hydrolyzate would hinder the recovery of valuable hemicelluloses.

Therefore various purification methods were tested in order to remove the lignin,
preferably at autohydrolysis temperature. The adsorption of lignin components on
activated charcoals turned out to be selective and efficient, especially directly

after the hydrolysis reaction at temperatures of 170 °C.

A cost effective regeneration process for the spent activated charcoals will be
necessary for a commercial realization of the adsorption process. Therefore,
desorption of lignin from the charcoal as well as thermal regeneration of the
charcoals was examined in order to develop an appropriate recycling strategy for

the exhausted charcoals.



2 Background

2.1 Prehydrolysis reactions

The term prehydrolysis describes an acid induced hydrolysis of oligomeric and
monomeric sugars in plant biomass prior to a pulping step (Kraft, Sulfite) in order
to dissolve hemicelluloses and render the lignin more reactive and the cellulose
more susceptible to further chemical pulping. Thus, all three main wood
components (lignin, hemicellulose and cellulose) undergo complex reactions in

the course of prehydrolysis, which will be discussed in more detail in this chapter.

Reactions of Cellulose

Cellulose is the most abundant biopolymer on earth. Biologically, it is the
structural component of the primary cell wall of green plants. Chemically cellulose
is a linear polysaccharide consisting of 8(1—4) linked D-glucose units. Hydrolysis
is one of the major degradation mechanisms of polysaccharides, where the
glucosidic bond between the sugar molecules is cleaved. Hydrolysis of cellulose

can follow three possible pathways (Figure 1):

oH

Figure 1: Hydrolysis of cellobiose. Acid (H" and index a), alkaline (OH™ and index
b), and water catalyzed (H,O and index c) hydrolysis (Bobleter 2005).
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During acid hydrolysis a conjugated acid is formed which induces the glycosidic
bond cleavage. Alkaline hydrolysis proceeds via the attack of the hydroxyl ion at
the anomeric carbon atom. During hydrothermal cleavage H,O adsorbs and

water and glycosidic bond split simultaneously (Bobleter 2005).

Hydrolysis of cellulose leads to cellooligomers and subsequently to glucose
monomers. Dehydration leads to the formation of hydroxymethylfurfural (HMF).
Further complex side reactions of all intermediate products occur during the acid
catalyzed hydrolysis. Minor amounts of glucose react to levoglucosan,
isomaltose, or gentiobiose. HMF further reacts to levulinic and acetic acid.
Insoluble humins are formed due to degradation reactions of both glucose and
HMF (Girisuta et al. 2007). The occurrence of this multitude of side reactions
demands a rather complicated approach for kinetic modeling of cellulose

degradation during prehydrolysis, which is shown in Figure 2.

DP1
Tks
GN1 ki
\ ka ka
GOS > G > HMF
1 1
GN:2 4 : ks : ko lks
v v
l k DPs DPa DP3
DP2

Figure 2: Kinetic model of glucan degradation during autohydrolysis. GN; rapid
reacting glucan, GN, slow reacting glucan, GOS glucooligomers, G glucose,
DP,.s degradation products (Borrega et al. 2011).

Reaction kinetics of glucan hydrolysis are accurately modeled as a series of
consecutive first order reactions, where all intermediate molecules react to
secondary degradation products (Borrega et al. 2011). Within this model, it is
assumed that two cellulose fractions, fast (GN;) and slow (GN,) reacting cellulose
(5 and 95 9%, respectively), both degrade to glucooligosaccharides and
subsequently to monomeric glucose and hydroxymethylfurfural. The rate
constants of cellulose degradation reactions are rather small as compared to
xylan degradation during autohydrolysis owing to two effects: the high crystallinity
and the inaccessibility of cellulose (Deguchi et al. 2008) and the higher stability of
glucosidic bonds of hexoses as compared to pentoses (Harris 1975). The
degradation rates increase considerably with increasing temperature and

hydrogen ions concentration (Qi et al. 2008). At high temperatures the

-3-



transformation of crystalline cellulose to amorphous cellulose is reported, which
leads to immediate hydrolysis and dissolution of the polysaccharide (Deguchi et
al. 2008).

Reactions of Hemicellulose

HOOC

MeQ Q a-D-Me-GlupU |
HO
OH
o
ooy o HO o % g oy o 6!
OAc

4-p-D Xylp-1 4-B-D-Xyip-1 4-p-D-Xylp-1 4-p-D-Xylp-1 4-B-Xylp-1-

Figure 3: Stereochemical structure of an O-acetyl-4-O-methylglucurono-xylan.

Hemicelluloses are heteropolysaccharides. In hardwoods, the most abundant
hemicelluloses are O-acetyl-4-O-methylglucurono-xylans, simply referred to as
xylan (Figure 3). Depending on the hardwood species, the xylan content of wood
ranges between 15 and 30 %. Xylan consists of a backbone of 3(1—4) linked D-
xylose units, where acetyl and 4-O-methyl-glucuronic acid groups are attached.
Native xylan in beech and birch wood has an average degree of polymerization
(DP) of 80 xylose units. The amount of acetyl- and 4-O-methyl-glucuronic acid
groups per xylose unit varies upon origin and constitutes mean values of 7 and 1
per 10 xylose units in native wood, respectively (Sjostrom 1981). In contrast to
glucosidic bonds in cellulose, xylosidic bonds in xylan are easily hydrolyzed in
acidic media and oligomeric and monomeric xylose units are formed. At
prehydrolysis conditions, the acetyl groups are cleaved from the xylan backbone,
yielding free acetic acid that acts as acid catalyst during prehydrolysis directly at

the place of its release.

Acetyl groups in wood decrease drastically in the course of prehydrolysis, as
hemicelluloses with attached acetyl groups are solubilized. Due to hydrolytic
cleavage of acetyl groups, free acetic acid in the hydrolyzates then increases

steadily with increasing hydrolysis intensity (Figure 4) (Leschinsky et al. 2009).



N w
o o
1 1

Acetyl groups per
S
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0
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[ JAcOinwood / WR XYY AcO in XOS [ free AcO

Figure 4: Mass balances of the acetyl groups (Leschinsky et al. 2009)

Methylglucuronic acid was found to stabilize xylan and thus to protect xylan from
hydrolytic degradation (Conner 1984; Springer and Zoch 1968). Methylglucuronic
acid itself is degraded during hydrolysis (Korte et al. 1991; Tunc and van
Heiningen 2008) most probably due to decarboxylation reactions (Leschinsky et
al. 2009; Nanji et al. 1925). These reactions are enhanced in an acid

environment (Anderson et al. 1961).

In the secondary cell wall of hardwoods, a non-branched xylan that is associated
with the cellulose and a branched xylan associated with lignin exist
(Dammstréomm et al. 2009). Depending on its association, xylan hydrolyses at
different reaction rates. Xylan hydrolysis can be modeled according to the
following reaction scheme assuming a sequence of first-order reactions (Borrega
et al. 2011):

ks
XN1 k1 ks F ===->»DP2

\ ks /

X05 —— X

XN2 //k:, b‘ DP1

Figure 5: Reaction scheme of xylan hydrolysis. XN; and XN, are the rapid and
slow degrading xylan fractions in wood, XOS, X, F, DP,., are xylooligomers,
xylose, furfural and degradation products in the hydrolyzates.

Based on the two xylan types, Chen et al. (2010) proposed following mechanism
for the xylan removal from the wood matrix during prehydrolysis: hydronium ions
catalyze the hydrolysis of glucosidic bonds in xylan and lead to
xylooligosaccharides (XOS) and xylopolysaccharides of a lower degree of
polymerization (DP). When the DP of the xylans falls below 25, they become

soluble and dissolve in the aqueous phase. Because hydrolysis is a random
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process, it takes some time until significant amounts of XOS are found in the
hydrolyzates. This gives an increase in xylan dissolution rate with time. When the
fraction of easily dissolved xylan is dissolved, hydrolysis rate decreases again
due to the slower hydrolysis of xylan that is attached to lignin. During water
prehydrolysis the subsequent reaction to XOS is rather slow. Thus,
hemicelluloses are liberated as oligomers which are degraded to less substituted
oligosaccharides of lower molar mass, further degradation to monomeric sugars
is only observed with increasing treatment intensity (Testova et al. 2011). This
consecutive reaction is considerably accelerated during sulfuric acid catalyzed
hydrolysis (Parajé et al. 1994). The subsequent reaction to furfural (Figure 6) only

gets pronounced at temperatures exceeding 170 °C (Zeitsch 2000).

HO OH

H+
CHO
0 (0]
Pentose Furfural

Figure 6: Dehydration of a pentose to furfural.



Reactions of Lignin

Depending on the acidity of the reaction media lignin undergoes a series of
cleavage and condensation reactions. At neutral and weakly acidic conditions,
homolytic cleavage of S-ethers in lignin occurs (reaction route C, Figure 7). With
increasing acidity, acidolytic cleavage of p-ethers via benzylic carbocations
(reaction routes A and B, Figure 7) can be expected (Li and Lundquist 2000). The
parallel occurrence of lignin cleavage and condensation reactions at different rate
constants during hydrolysis leads to a maximum of lignin solubility at a distinct

treatment intensity (Lora and Wayman 1978b).

i (‘{{zon C“10“
p H‘f Or HC OAr
o HC—I—OH Heo
: . R=HorC A + HOAr
-~ OCH3 - OCH;
OR
1
C|R=H B
H1bbc|.1 ketones"
¥ CH,0H
B HC—0Ar

o HC + HOAr + CH,0
i ~OCH;

CH;OH

HC
CH,0H ‘lle
| Radical-exchange + HOAr

Radical coupling

B-B, B-1, p-5 ete.

Ar= C—C—C

OCH;

Figure 7: Reactions of lignin structures of the arylglycerol g-aryl ether type under
acid and neutral conditions (Li and Lundquist 2000)

Cleavage of aryl-ether bonds results in the dissolution of lignin during
prehydrolysis, and therefore in an increased phenolic hydroxyl group content and
in a reduced amount of -O-4 bonds in both the wood residue lignin and the lignin
in the prehydrolyzate (Figure 8) (Leschinsky et al. 2008a). With increasing
autohydrolysis intensity, the molecular weight of lignin decreases in all fractions.
Thus, the amount of low molecular weight lignin which is soluble in the

hydrolyzate increases with reaction time. Parallel the reactivity of lignin to acid-
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catalyzed re-condensation increases. Soluble lignin in the hydrolyzate tends to
undergo acid catalyzed condensation reactions that lead to sticky precipitates of

high molecular weight especially after cooling (Leschinsky et al. 2008b).

—*— degree of condensation*
—*— phenolic OH

sec. aliph. OH
—A— prim. aliph. OH

o i

)
o
=]

g
\Q
N

A
A3

Abundance per 100 aromatic units

______________————‘
o
. )
—mee
*‘_H\"“*—*
-—
0 T T T T
400 800 1200 1600

P-factor

Figure 8: Development of lignin bonds and hydroxyl-groups with increasing
hydrolysis intensity (Leschinsky et al. 2008a)

The formation of these precipitates can be hardly avoided. However, shorter
prehydrolysis times and lower temperatures reduce the amount of lignin in the
hydrolyzate. A high lignin content in the hydrolyzate causes major difficulties in
the recovery of carbohydrate components because of precipitation and the
formation of incrustations. A drastic decrease of precipitated lignin was only
observed when SO, was added as acid catalyst, owing to the sulfonation of the
lignin. Due to sulfonation the solubility of lignin increased significantly, yielding
high amounts of lignosulfonates in the prehydrolyzates, thus counteracting to the

intended selectivity of prehydrolysis (Leschinsky 2009).

Intensity of prehydrolysis

The intensity of autohydrolysis of Eucalyptus globulus wood chips is conveniently

expressed as P-factor using an Arrhenius-type expression. An activation energy

of 125.6 kJ mol™ for the fast-reacting xylan ( Xg) has been suggested for the P-

factor (PXF) calculation in a prehydrolysis kraft pulp mill, based on extensive

investigations of xylan hydrolysis from Eucalyptus salignha (Sixta 2006):

t
P, = j exp(4o.48—15Tﬂjdt 1)
to

F



where t is the residence time in minutes and T the reaction temperature
measured in °C. Overend and Chornet (1987) introduced the severity factor R, to
quantify the intensity of hydrothermal biomass treatment using the following

expression:

T-100
R _t'EXp( 14.75 J @)

where t is the residence time in minutes and T the reaction temperature

measured in °C. The logarithmic plot of R, allows the illustration of the data in a
more condensed form. To account for the addition of catalysts such as sulfuric
acid and oxalic acid in equation (2) the initial proton concentration in the pre-

treatment was considered according to equation (3) (Abatzoglou et al. 1992):

R,=R,:[H"]=log(R,) - pH (3)

Until now, no approach has been found to describe autohydrolysis and acid
catalyzed hydrolysis in one equation due to the two types of reaction taking place
during both treatments to different extends: the hydrolytic and the acid catalyzed

hydrolysis reaction.
2.2 Autohydrolyzate utilization

Prehydrolyzate composition

The composition of wood hydrolyzates depends on the wood source and the
process conditions applied. The main components of the autohydrolyzates are
oligomeric and monomeric xylose and lignin. Glucose, Cs-sugars other than
xylan, furfural, HMF and acetic acid are present in minor amounts. At low
prehydrolysis intensities only small quantities of carbohydrate derived products
(<1.5 % at a P-factor of 70) are dissolved, but a substantial amount of lignin
(Figure 9). With increasing intensity xylan dissolution reaches 15 % odw (oven
dry wood), further hydrolysis of Cs-sugars leads to increasing amounts of
monosugars and furfural. Decarboxylation reactions increase the amount of CO,
in the gas phase and decrease the amount of carbohydrates in solution
(Leschinsky et al. 2009). As described in chapter 2.1 acid catalyzed hydrolysis
shifts the reaction equilibrium towards the monomeric sugars. Thus the product

spectrum of acid catalyzed hydrolysis is significantly different (see also chapter 1
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and chapter 4) and the range of application is confined to small molecules

(monosugars, furfural, ethanol).

20 1
HMF

% Furfural
c\(8 157 -] Other sugars
= Total glucose
g Oligomeric xylose
5 Monomeric xylose
o
c
o
O 57 % IIIIIIIIIIII
S-fraction lignin
N N L
0 —— NN\ m | \\\\\\ I—f‘ractlon lignin
70 200 600 1000
P-factor / h

Figure 9: Composition of hydrolyzates at increasing prehydrolysis intensities
(Paper 11I)

Prehydrolyzate Utilization

Efforts towards the utilization of the hemicellulosic fraction dissolved during
prehydrolysis date back to the nineteen-thirties (Aronovsky and Gortner 1930).
The UdSSR extensively used prehydrolysis technology of wood for the
production of fodder yeast, ethanol and furfural (Aronovsky and Gortner 1930;
Cronert 1987). However, after subsidies provided by the state ceased, most
plants went into bankruptcy as they could not compete with plants using potatoes
or grain as feedstock (Rabinovich 2009). Nevertheless, products derived from
monomeric xylose add substantial profit when hydrolysis is not conducted as a
sole reaction but as an additional pretreatment step in pulping industry (van
Heiningen 2006). Products derived from monomeric xylose include sweeteners
like xylitol (Liu et al. 2009), bioethanol (Ma et al. 2012), biodiesel (Corma et al.
2012) and platform chemicals (Gallezot 2012; Liu et al. 2012) like butanol (Fond
et al. 1986) and furfural (Chheda et al. 2007; Weingarten et al. 2010). Furfural as
a platform chemical substitutes fossil petroleum based products for example in
furan resins or polyamides (Figure 10) and is therefore highly interesting for a

society in search of renewable bio-based materials.
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Figure 10: Furfural product tree (Kamm et al. 2008)

Starting in the year 2005 over 800 patents have been launched covering the topic

of xylooligosaccharides. Depending on the molecular weight of the xylans and

XOS and the distribution and type of side chains, xylans have found various

areas of applications. High molecular mass xylan is used for improved

mechanical properties of paper pulps and improved printability (Schroeder 2006).

Furthermore, it was shown that the yield of paper pulps can be increased by the
addition of xylan (Liu et al. 2011; Schild et al. 2010). Food industry uses the
prebiotic properties of xylans in dietary supplements (Delcour et al. 2006).

Prebiotic substances are generally indigestible by humans but favor the growth of

enterobacteria and therefore promote the balance of the intestinal flora. Viscosity

and structure properties of food products can be adjusted by using xylans, which
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leads to a better mouthfeel (Vaslin et al. 2002; Zhou 2004). Xylan films are
utilized for biodegradable food packaging (Li et al. 2009; Mikkonen et al. 2009)
and encapsulation of active ingredients (Serizawa 2009). In cosmetics xylan finds
application in hair care and anti-aging products (Baik et al. 2007; Tanaka and
Azumi 2005). A highly interesting and highly profitable field is the application of
xylan, xylooligosaccharides and xylobiose in pharmaceutical products (Moure et
al. 2006). The application range includes xylan as a matrix for drug delivery
(Peng et al. 2011) for example in nasal sprays, drugs against gastro-intestinal
diseases and high value preparations for cancer therapy (Melo-Silveira et al.
2012).

2.3 Prehydrolysis-kraft pulping

Prehydrolysis is applied prior to kraft cooking as it dissolves hemicelluloses that
are hardly degraded in the following alkaline kraft cooking step. Thus the
prehydrolysis kraft process yields high purity dissolving pulps for example for the

manufacture of viscose fibers (Sixta 2006).

The alkaline kraft process is the world’'s most abundant chemical pulping process
and contributes to 90 % of the world’s chemical pulp production (Sixta 2006).
Other alkaline pulping processes, like the soda-process and the soda-AQ
process, only play a minor role. However, the selective soda-AQ process has
high potential as a future sulfur-free eco-friendly pulping alternative (Schild et al.
2010).

The main active chemicals in alkaline kraft cooking are hydroxide and
hydrosulfide anions. The hydrosulfide ion accelerates delignification and renders
the nonselective soda cooking into a selective delignification process. Alkaline
pulping processes, however, are not capable of selectively removing
hemicelluloses for the production of high-purity dissolving pulps (Sixta 2006),
because of the high resistance of hemicelluloses to alkaline degradation.
Multistage kraft pulping processes comprise modifications before and after
cooking to solubilize the hemicelluloses of the wood efficiently (Korteldinen and
Backlund 1985; Sixta 2009). Typical modifications prior cooking are extraction
steps with hot water (= prehydrolysis, autohydrolysis, hydrothermolysis) or dilute

acids that were discussed in chapter 2.1.

Due to the lignin scaling problems (chapter 2.1) the state-of-the-art technologies
for dissolving pulp production, VisBatch® and VisCBC®, use vapor phase
prehydrolysis (Wizani et al. 1994). The prehydrolysis products are immediately

neutralized and displaced with cooking liquor, which is also energetically
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favorable, as only one heating phase of the chips is necessary. Prehydrolysis by-

products can, however, not be utilized using this technology.

Compared to kraft paper pulps, prehydrolysis kraft paper pulps show lower
intrinsic fiber strength and fiber bonding quality, due to the lack of hemicelluloses
(Santos et al. 2008; Schild et al. 2010). The low hemicellulose content, however,
is a target value for dissolving pulp production. In comparison to acid sulfite
cooking for dissolving pulp production the prehydrolysis kraft process leads to
higher pulp purities at similar yield levels and to drastically reduced cooking cycle
times (Sixta and Borgards 1999). A certain yield disadvantage of prehydrolysis
kraft pulps is reported as compared to kraft pulps that are subjected to a cold
caustic extraction step for hemicellulose removal, because prehydrolysis cleaves
glycosidic bonds and thus cellulose is further degraded during the kraft cooking
step (Schild and Sixta 2011). Prehydrolysis kraft pulps show a narrower
molecular weight distribution than sulfite pulps which is also favorable for

dissolving pulp applications (Sixta and Borgards 1999).

2.4 Lignin removal from autohydrolyzates

A high content of reactive lignin in soluble wood prehydrolyzates causes major
difficulties in the recovery of xylooligosaccharides and xylose because of
precipitation and the formation of incrustations. A large variety of purification
methods has already been studied in order to eliminate lignin in the hydrolyzates,
including mechanical, physical and chemical separation technologies. A list of
processes described in literature is given in Table 1 and Table 2 (page 17 and
18). Most of these process steps are applied at room temperature, where part of
the lignin already precipitated and the formation of incrustations is already
expected in industrial scale processes. In most literature citations multiple
process steps are applied in order to remove inhibitors or purify the product.
Centrifugation, filtration, neutralization, overliming and even adsorption on
charcoal are widely used as pretreatments prior to the “real” purification step, but

the effect of such pretreatments is seldom monitored and quantified.

Physical separation

In recent years, nano- and ultrafiltration processes have found increasing interest
for the purification of xylooligosaccharides. Monomeric sugars are rather easily
separated from the oligomeric sugars (Al Manasrah et al. 2011; Gullon et al.
2008). Lignin, however, shows low retention and thus cannot be fully removed.

Ultra- and nanofiltration processes suffer serious fouling of the membranes, due

-13 -



to pore blocking (Gullon et al. 2008). The fouling layer is composed of lignin,
wood extractives (mainly fatty and resin acids) and hemicelluloses (Kallioinen et
al. 2011). Thus, before entering membrane separation, an additional
pretreatment for the removal of lignin is essential (Schwartz and Lawoko 2010).
Gullon et al. (2008) therefore used centrifugation and dead-end filtration.
Centrifugation of autohydrolyzates removed a large lignin fraction, but lignin was
still found in all hemicellulosic fractions recovered (Tunc and van Heiningen

2011). Some of the lignin could be attributed to lignin-carbohydrate linkages.

Organic solvent extraction

Organic solvent extraction fulfills two purposes: First the purification of the
carbohydrate solution for further fermentative use, second the extraction of lignin
compounds for the production of lignin related products, e.g. dietary supplements
with antioxidant activity (Cruz et al. 1999). Solvent extraction mostly aims at the
extraction of phenolic components. Depending on the polarity of the solvent and
the pH of the solution, furfural, HMF and acetic acid are removed in addition to
lignin. The inverse process, where the carbohydrates are extracted from
hydrolysis liquors using boronic acid carriers, is also reported (Griffin and Shu
2004).

Flocculation

For the flocculation of lignin from hydrolysis liquors, the addition of chitosan and
PEO was tested, which showed minor flocculation efficiency (Saeed et al. 2011,
Shi et al. 2011). The addition of cationic polymers, however, led to substantial
lignin flocculation by charge neutralization and bridging effects (Kholkin et al.
1999).

Clarification using protein-rich sources

Polyphenols, like tannins, in wine and fruit juices cause high turbidity and
sometimes even precipitation. Therefore, different technologies for the
purification of these liquors are known. Due to the similarities between lignin and
other polyphenols, the purification strategies in juice industry might also be
applicable for prehydrolyzate treatments. Beside classical adsorption processes
(e.g. with bentonite or silica sol) fruit juice industry uses protein rich sources for
clarification (Oszmianski and Wojdyto 2007). Proteins build complexes with
tannins and can be separated by sedimentation or the like. The ability of tannins
to form insoluble complexes with proteins thereby increases with the molecular

weight of the tannins and with an increasing number of o-dihydroxy phenolic
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groups (Wakayama and Lee 1987). The formation of protein-tannin complexes is
also known from animal digestion where it inhibits feeding (Giner-Chavez et al.
1997; Marks et al. 1987). At the acid pH of the wood hydrolyzate most proteins

denature, which might lead to an incorporated flocculation of lignins and proteins.

Adsorption

Adsorbent materials, such as non-ionic polymeric resins and activated charcoals,
have proven to be applicable for the removal of lignin and sugar degradation
products from carbohydrate containing liquors (Parajé et al. 1996b). Polymeric
resins showed good efficiency in lignin removal, although they were not utterly
selective as large amounts of carbohydrates (48 %) were adsorbed, too. 90 % of
the xylose could, however, be recovered from the resin by water washing
(Schwartz and Lawoko 2010).

An interesting utilization of hydrolysis lignin — the residue from total sulfuric acid
hydrolysis of lignocellulosic biomass — is its application as lignin adsorbent. 53 %
of lignin could be removed from the hydrolyzate which led to a fermentation yield
increase of 500 % as compared to an untreated hydrolyzate (Bjérklund et al.
2002). Activated charcoals are widely used for the removal of furfural, HMF,
acetic acid and lignin from hydrolysis liquors. The efficiency and selectivity of the
process, however, varies greatly in literature, with maximum values for lignin
removal of 95 % (Carvalho et al. 2006). The absolute capacity of an activated
charcoal is generally characterized by its specific surface area and the
distribution of pores on the charcoal surface. The role of micro- and mesopores
of the activated charcoal on lignin adsorption is still under discussion. Montané et
al. (2006) observed that the best selectivity toward lignin adsorption was provided
by microporous charcoals with small mesopore diameters, a low number of
mesopores, and a low concentration of basic surface groups, while Marton et al.

(2006) found no significant difference between the charcoals investigated.

In general, adsorption of lignin on activated charcoals is highest at low pH values,
a condition typically met in untreated autohydrolyzates (Venkata Mohan and
Karthikeyan 1997). Nevertheless, a neutralization step is often applied prior to
adsorption, as neutral pH is required for subsequent fermentative treatments. In
addition to neutralization, filtration and evaporation stages are often proposed to
remove volatile compounds and to purify the hydrolyzates before an adsorption
step (Canilha et al. 2004; Paraj6é et al. 1996a; Sepulveda-Huerta et al. 2006;
Villarreal et al. 2006).
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However, it is strongly recommended to remove the sticky and reactive lignin
prior to the application of additional treatment steps, because lignin inevitably

hampers the treatment by continuous precipitation.
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Table 1: Methods for the purification of lignocellulosic hydrolyzates part |

Purification
principle

Purification Agent

Purpose

Substrate

Max
lignin removal*

Reference

Removal of solid condensation

(Leschinsky et al. 2008a; Tunc and van

. . _ 0,
Centrifugation products Hardwood autohydrolyzate 27 % Heiningen 2008)
(Frazer and McCaskey 1989; Griffin and Shu
I : ; Neutralization, improved fermentation, o 2004; Han et al. 2006; Kholkin et al. 1999;
Overliming Calcium hydroxide xylose crystallization H.SO, hydrolyzate 26 % Khristov et al. 1989; Marton et al. 2006; Parajé
et al. 1996a)
Calcium hydroxide Neutralization, improved fermentation ~ Hardwood autohydrolyzate n.d. (Khandelwal et al. 1980; Mendes et al. 2009)
Cal(_:lum hydroxide, Sodium Neutralization, improved fermentation Hardwood H>SO. hydrolyzate 60 % (Converti et al. 2000)
Sulfite and autohydrolyzate
Oraanic solvent Trichloroethylene, benzene,
e xt%action chloroform, hexane, diethyl Improved fermentation Hardwood H,SO, hydrolyzate 84 % (Cruz et al. 1999; Frazer and McCaskey 1989)
ether, ethyl acetate
Diethyl ether, methylpropyl
ether, di-isopropyl ether,
methylene chloride, e . . .
chloroform, methylethyl Detoxification Lignocellulosic acid hydrolyzate n.a. (Hess et al. 1965)
ketone, methyl isobutyl
ketone
Ethyl acetate, Ethanol, XOS purification Hardwood autohydrolyzate n.a. (Vazquez et al. 2005; Vazquez et al. 2007)
acetone, 2-propanol
'Il'grzillggl;]agmne, n-octanol, Improved fermentation Corn straw H,SO, hydrolyzate n.a. (Yu et al. 2009)
Selective extraction ~ Boronic acid carriers in Purification and concentration of Bagasse H,SO, hydrolyzate >90% (Griffin and Shu 2004)

of sugars

organic solution

sugars

lon exchange

Cation exchange resins

Improved fermentation

Hardwood H,SO, hydrolyzate

15 % (Frazer)

(Carvalho et al. 2006; Frazer and McCaskey
1989)

Anion exchange resins Improved fermentation Hardwood H,SO, hydrolyzate 53 % (Frazer and McCaskey 1989)
Anion exchange resins XOS purification Hardwood autohydrolyzate n.d. (Vazquez et al. 2007)
ﬁrgrc:]nbre;(rfgange resin + Acetic acid removal Corn-Stover H,SO, hydrolyzate n.a. (Han et al. 2006)
Combination of cation and xvlose crystallization Hardwood Prehydrolyzate before Canilha n.d. (Canilha et al. 2004; Khristov et al. 1989;
anion exchange resins Y Y and after posthydrolysis 95 % (Kristov) Mozolova et al. 1977)
Co_mbmatlon of catl(_)n and Improved fermentation Hardwood H,SO, hydrolyzate 93 % (Villarreal et al. 2006)
anion exchange resins
Chromatographic Dowex99, PVP Purification of sugars Corn-Stover H,SO, hydrolyzate n.d. (Xie et al. 2005)

separation

* maximum values of all literature cited are given, spreading of values is high.



Table 2: Methods for the purification of lignocellulosic hydrolyzates, part Il

- — Max
Purification Purification Agent Purpose Substrate . Reference
principle lignin removal
Adsorption Non ionic polymeric adsorbent Improved fermentation Hardwood H,SO, hydrolyzate 72 % (Frazer) g(;ggl)alho etal. 2006; Frazer and McCaskey
0, 0, i
Non ionic polymeric adsorbent Removal of lignin Hardwood H,SO. hydrolyzed 91 % (48 %reduction (Schwartz and Lawoko 2010)
autohydrolyzates of xylose)
Diatomaceous earths Improved fermentation Hardwood H,SO, hydrolyzate <50 % (Carvalho et al. 2006)
95 % (drastic xylose (Carvalho et al. 2006; Converti et al. 2000;
Activated charcoals Improved fermentation Hardwood H,SO, hydrolyzate 0 Y Frazer and McCaskey 1989; Parajé et al.
losses observed)
1998)
Activated charcoals Acetic acid removal Sugar cane bagasse H,S0, n.d. (Marton et al. 2006)
hydrolyzate
Activated charcoals Improved fermentation Rice straw H,SO, hydrolyzate (Mussatto and Roberto 2004)
. - 88 % (45 % reduction  (Montané et al. 2006; Paraj6 et al. 1996a;
Activated charcoals Soluble lignin removal Hardwood H,SO, hydrolyzate of XOS) Paraj6 et al. 1996b)
. Removal of F, HMF, acetic acid,
Activated charcoals Improved fermentation Hardwood autohydrolyzate n.d. (Lee et al. 2011)
Activated charcoals Soluble lignin removal Autohydrolyzate of Almond shells n.d. (Mozolova et al. 1977)
Activated charcoals Improved fermentation Straw H,SO, hydrolyzate n.d. (Sepulveda-Huerta et al. 2006)
Lignin hydrolysis residue Improved fermentation Softwood H,SO, hydrolyzate 52 % (Bjorklund et al. 2002)
Flocculation Cationic polymers Removal of lignin-humic substances Softwood H,SO, hydrolyzate >90 % (Kholkin et al. 1999)
Anionic and cationic polymer Improved fermentation Wood H,SO, hydrolyzate n.d. (Hughes and Symes 2006)
Chitosan Removal of organics Autohydrolyzate 38 % (Saeed et al. 2011)
PEO Lignin removal Acidified neutralized hardwood 25 % (Shi et al. 2011)
autohydrolyzate

Vacuum evaporation

Improved fermentation

Hardwood H,SO, hydrolyzate

No lignin removal

(Carvalho et al. 2006)

Filtration

Nanofiltration

Ultrafiltration

Ultrafiltration

Ceramic ultra- and
nanomembranes

Ceramic microfilters

Concentration and purification of XOS
Concentration and purification of XOS
Purification of XOS

Concentration and purification of XOS

Removal of inhibitors

Hardwood autohydrolyzate

Softwood autohydrolyzate
Almond shell autohydrolyzate
Hardwood autohydrolyzate

Hardwood autohydrolyzate

<59 %

21 % lignin retention at
53 % xylan retention

n.a.
n.a.

53 %

(Amidon et al. 2008; Liu et al. 2008; Moure et
al. 2006; Vegas et al. 2006)

(Al Manasrah et al. 2011; Kallioinen et al.
2011)

(Nabarlatz et al. 2007)
(Gullon et al. 2008)
(Hasan et al. 2011)




Theory of adsorption isotherms

The adsorption equilibrium is a dynamic equilibrium that is dependent on the rate
constants of adsorption and desorption, and thus on the temperature and the
concentration of adsorbent and adsorbate. Depending on the strength of the
interaction of adsorbent and adsorbate we can differentiate between
physisorption, where only van der Waals forces contribute to the binding
strength, and chemisorption, where the adsorbate is covalently linked to the
adsorbent surface (Atkins 2002).

Type | Typell

xX/m

Type lll

c

Figure 11: Types of adsorption isotherms. x/m concentration of adsorbate on
surface, ¢ equilibrium concentration in solution (Schlodder 2009)

A number of (mostly empirical) models have been developed for the description
of adsorption isotherms. A Langmuir isotherm (Figure 11, Type IlI) describes
adsorption in a monomolecular layer, where adsorption of a particle is
independent of the degree of surface coverage according to the following

equation (Langmuir 1932):

C.

1 & @)
qe Qo'ﬂ Qo

where g. is the amount of adsorbate adsorbed per unit mass of adsorbent
(mg g™), Ce is the equilibrium concentration of adsorbate in solution (mg L™), Qo
is the maximum adsorbate uptake per unit mass of adsorbent (mg g?), and 8 is

the Langmuir constant (L mg™).

The Freundlich adsorption isotherm (Figure 11, Type |) additionally relates the
concentration of the solute on the surface of the adsorbent, to the concentration

of the solute in the liquid phase in a logarithmical relationship (Freundlich 1907).
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The Freundlich equation can be written as:

qe:kf C 1/n (5)

e

where g and C. are defined similar to the Langmuir terms, k; is the Freundlich
constant related to the adsorption capacity (mgg™*(mgL™h"), and n is a

dimensionless empirical parameter representing the heterogeneity of the surface.

Type lll isotherms describe the formation of multilayers on the adsorbent surface.
The most commonly used expression of this kind is the BET-isotherm developed
by Brunauer, Emmet and Teller (Brunauer et al. 1938). Some simplifying
assumptions were introduced in order to extend the Langmuir equation to
multilayer adsorption: 1) physisorption is the only adsorption mechanism, 2) no
interaction between the layers occurs and 3) the Langmuir theory can be applied

to each single layer. The resulting BET-isotherm can be written as:

KQ, . C.

q =
€ (K-1C,
(Cyu —Co) -1+ .

sat

(6)

where g. and C, are defined similar to the Langmuir terms, Qnax iS the maximum
adsorbate uptake in one layer, Cgy is the saturation concentration of the
adsorbate, and K is the BET coefficient. The BET model is also widely-used for
the calculation of the specific surface area of adsorbents by physical adsorption

of gas molecules of a known size.

Modeling of hydrolyzate adsorption data with common adsorption isotherms

Lignin adsorption on activated charcoals at room temperature was moderately
fitted by Freundlich isotherms (Montané et al. 2006; Paraj6 et al. 1996a) and also
by Langmuir isotherms (Venkata Mohan and Karthikeyan 1997). The underlying
reason to use the one or the other model, however, was not seriously discussed.
Results of the Freundlich fit showed that the adsorption capacity and binding
strength (expressed as Freundlich coefficient k;) of lignin increased significantly
with an increasing amount of acidic surface groups. Xylooligosaccharide
adsorption capacity was solely enhanced with increasing mesopore volume
(Montané et al. 2006). The temperature in the range of 20-60 °C had only

minimal influence on the shape of lignin adsorption isotherms. Still, the binding
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strength was lower at higher temperatures (Parajo et al. 1996a). The influence of
pH on the adsorption of lignin is rather contradictorily discussed in literature:
while Paraj6 et al. (1996a) reported only minimal influence of the pH in the range
from 3-7, Venkata Mohan and Karthikeyan (1997) observed 40 % less lignin

adsorption when increasing the pH from 2 to 10.

2.5 Regeneration of spent activated charcoals

An idea of this thesis was to perform the adsorption of lignin directly after
hydrolysis at hydrolysis temperature in order to prevent the lignin scaling
problems. In industrial scale, it will be necessary to find a regeneration process
for the spent activated charcoals in order to guarantee optimal economic

efficiency.

Based on the fact that lignin is built of phenolic subunits - although highly
macromolecular and therefore distinctly different in behavior - it was assumed
that some processes for phenol desorption are applicable for prehydrolysis-lignin
desorption from charcoal. In their review on the adsorption of phenolic
compounds on activated charcoal Dabrowski et al. (2005) depict the influence of
various process parameters on the adsorption behavior. These parameters
include the type of activated charcoal, surface functionalities, pH, the oxygen
availability and potential electrolyte addition. The inductive effect of methoxyl-
and ethoxyl substituents leads to a strong binding of phenols to the charcoal
matrix and to a high degree of irreversible adsorption (Dabrowski et al. 2005).
Increasing temperature and adsorption time further enhances chemisorption of
phenols and leads to polymerization reactions on the charcoal (Dabrowski et al.
2005). These effects are likely to occur when autohydrolysis lignin is adsorbed at
high temperatures, because autohydrolysis lignin shows a high degree of
methoxyl-groups (20 %) (Leschinsky et al. 2008a). Further interaction
mechanisms described are donor-acceptor interactions between the aromatic
ring and alkaline surface groups such as carbonyls, dispersion effects and

electrostatic attraction (Busca et al. 2008).

Processes for phenol desorption include thermal desorption and solvent
extraction (Soto et al. 2008; Taylor and Lester 1996), as well as microwave
regeneration (Chang et al. 2010). Microwave regeneration utilizes the fact that
charcoals have dielectric surface functionalities that absorb microwave energy
and convert it to thermal energy. Anionic and cationic surfactants find application
for the desorption of benzodiamine dyes in a process called surfactant enhanced

carbon regeneration (SECR). The anionic tensides SDS (Sodium dodecyl sulfate)

-21-



and AOT (Sodium 1,4-bis(2-ethylhexoxy)-1,4-dioxobutane-2-sulfonate) showed a
considerably better performance than their cationic counterparts and led to a
desorption of 40 — 65 % benzodiamine (Purkait et al. 2007). Solvent extraction
with dichloromethane/methanol (93:7 v/v) at 140 °C was effective for the recovery
of chlorinated phenols up to an efficiency of 75 %, although short desorption
times (5 min) where applied due to the degradation of the products (Taylor and
Lester 1996). Ethanol found application in the desorption of pomace from

charcoal. Desorption efficiency, however, was only about 20 % (Soto et al. 2008).

If the desorption of matter is not efficient any more spent charcoals are either
submitted to landfilling, burnt for energy generation or thermally regenerated.
Thermal regeneration is performed in furnaces at tempera °C is more commonly
used (Komori et al. 1975). Conventional oxygen free regeneration processes
consist of a drying step at 105 °C, a pyrolysis step under inert atmosphere at
temperatures of 650-850 °C, and an oxidation step with CO,, steam, or a
combination of both at 650-850 °C (Tarbert 2009). Steam is applied for the
removal of volatile organic compounds and enhances regeneration in a way that
treatment temperatures — and therefore costs — can be reduced significantly
(Chestnutt et al. 2007). Regeneration of charcoal saturated with benzene and
toluene is even possible at temperatures of only 250-350 °C in oxygen containing
atmosphere. Generally, adjusting the oxygen content during the carbonization
step is a plausible means to tailor the regenerated activated carbon.
Regeneration efficiency is highly dependent from the type of charcoal, the
adsorbed substances and the process chosen and can add up to 100 %
(Carratala-Abril et al. 2010).

The thermal regeneration step is similar to activated charcoal production.
Traditional precursors for activated charcoal production are coal, coconut shells,
lignite, wood and peat (Suhas et al. 2007). In recent years various other
materials, including cellulose (Huang et al. 2001), hydrolysis lignin (Zou and Han
2001) and kraft lignin (Montané et al. 2005; Rodriguez-Mirasol et al. 1993) have
been successfully tested for charcoal production. Thus a thermal regeneration
step of a lignin loaded charcoal might yield an additional amount of charcoal due

to the conversion of lignin to activated charcoal.
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3 Materials and methods

3.1 Wood chips

Eucalyptus globulus wood was chosen for the experimental work in this thesis. It
represents a fast growing wood species that shows good characteristics for
pulping. Due to its homogenous morphological structure and its chemical
composition which is characterized by high cellulose and low hemicellulose
contents Eucalyptus globulus wood is particularly suited for the manufacture of
dissolving pulps (Kordsachia et al. 1999). Eucalyptus globulus wood chips were
kindly supplied by ENCE (Huelva, Spain). The trees grown in Uruguayan
plantations were harvested at an age of 8-9 years. Before chipping, the logs were
stored for 2-3 months. The chips were shipped to Huelva (Spain) where a sample
was taken and sent to the Wood Kplus laboratories in Lenzing (Austria). In total,
3-4 months passed between harvesting the trees and freezing the chips in the
laboratory. The chips were ground with a Retsch-type grinding mill and
fractionated. The fraction with particle sizes between 2.5 and 3.5 mm was
collected and used for the prehydrolysis experiments. The dry content of the
wood chips (82.9 %) was measured after drying at 104 °C until constant weight
(48 h). Analytical methods for wood composition evaluation are given in chapter

3.7. The native wood composition is given in Table 3.

Table 3: Composition of native wood

Wood component % odw
Glucan 39.90
Xylan 14.90
Rhamnan 0.10
Arabinan 0.30
Mannan 0.40
Galactan 1.30
Klason lignin 23.60
Acid soluble lignin 4.80
Ash 0.32
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3.2 Autohydrolysis and acid hydrolysis

Autohydrolysis was carried out in a lab-scale Parr reactor station with a reactor
volume of 450 mL, mechanical stirring and temperature control. 50 g of wood
were placed inside the reactor. Deionized water was added to achieve a liquor-
to-wood ratio of 5:1. Catalysis with acids was performed in order to evaluate the
effect of low temperatures and treatment times on lignin dissolution during
prehydrolysis. Therefore, the acid catalysts sulfuric acid (0.01 — 0.1 M), oxalic
acid (0.01 — 0.1 M) and acetic acid (0.02 — 0.15 M) were added, respectively.
Sulfuric acid was used because it is classical hydrolysis catalyst which is widely
described in literature and also used in industry mostly for total hydrolysis of
biomass. Oxalic acid was chosen because it is an organic dicarboxylic acid which
does not contain the environmentally unfavorable heteroatom sulfur and which is
indicated in literature as suitable for biomass prehydrolysis. Acetic acid was
chosen for comparison with autohydrolysis, as it is the actual catalyst during
autohydrolysis. The reactor was heated up to reaction temperature (120-200 °C)
within minimum heating time (ca. 30 min). The temperature was held until the
desired prehydrolysis-factor (P-factor) or prehydrolysis time was reached. For
autohydrolysis experiments the P-factor represents the intensity of the treatment.
For acid hydrolysis experiments, models that also consider the acid strength of
the reaction media were chosen (R, and Ry’). P-factor, R, and Ry were
calculated from the recorded temperature/time data according to Sixta (2006),
Overend and Chornet (1987) and Abatzoglou (1992), respectively, based on an
activation energy for xylan hydrolysis of 125.6 kJ mol™. The prehydrolyzate was
subsequently separated from the wood residue by displacement with nitrogen to
a preheated second reactor saturated with steam at prehydrolysis temperature
following the protocol of Leschinsky (2009). The isothermal phase separation
recovered all components that were dissolved in the prehydrolyzate at
prehydrolysis temperature, particularly the components that are insoluble at lower
temperatures. During this separation step, no temperature and pressure drop
occurred. In the case of prehydrolysis at 200 °C the second reactor was held at
170 °C in order to avoid extensive carbohydrate degradation. If not mentioned

otherwise following prehydrolysis standard conditions were used:

Maximum reaction temperature: 170 °C

Reaction time: 60 min (£ P-factor 600 h at 170 °C)
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3.3 Hydrolyzate purification

Autohydrolysis lignin tends to form sticky precipitates with increasing processing
time of the hydrolyzate at high temperatures. A certain processing duration,
however, is inevitable in industry in order to recover the thermal energy of the
hydrolyzates. Especially large heat exchanger surfaces are prone to
incrustations. Therefore, we went for a purification method that is also applicable
at high temperatures. Separation by centrifugation was excluded after preliminary
tests showed insufficient efficiency. Filtration and membrane separation were not
closely investigated due to the stickiness of the lignin and the fouling reported in
literature. Possible high temperature separation methods were deduced from

room temperature experiments.

Lignin removal at room temperature

A series of flocculants and adsorbents was screened for the removal of lignin
from prehydrolyzates at room temperature (20 °C). The additives were chosen in
order to cover a wide range of purification mechanisms, including classical
adsorption on aluminium oxides, montmorillonites and activated charcoals;
flocculation by charge neutralization and by bridging effects; and coflocculation

with protein-rich sources as it is known from juice clarification.

Therefore prehydrolyzate was produced following the standard prehydrolysis
protocol (170 °C, P-factor 600 h), isothermal liquid transfer and ice cooling. The
additives were added in a series of concentrations to 5 mL autohydrolyzate,
shaken on a Vortex shaker and stored at room temperature for 24 hours. Liquors
where protein rich sources were added were filtered over a Whatman folded filter.
Other additives were separated from the prehydrolyzate via vacuum filtration

using a 0.45 um membrane.

Information on the charcoals employed is listed in Table 4. Standard supermarket
products were used for unskimmed milk, UHT-milk, soy milk, Maresi and egg
white. Whey protein Fondolac 80 S, supplied by Meggle, was used after
dissolution of 10 g in 250 mL deionized water, yielding in a turbid emulsion. Non-
ionogenic surfactant Poro TS 5108 was purchased from Pointner & Rothschadl,
Hansanyl OS A from Hansa GmbH. Aluminium oxides (WN®6, neutral, activation
grade super | and activated, neutral Brockmann I), montmorillonites (KSF and K-

10), Ca(OH), and molecular sieves were purchased from Sigma-Aldrich.
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HITAC-processing

The adsorption of lignin on activated charcoals proved to be an efficient and
selective method for lignin removal at room temperature. Furthermore, charcoals
show enough thermal stability for the adsorption of lignin also at prehydrolysis
temperature. The adsorbtion characteristics on activated charcoals vary with their
specific surface area, the surface functionalities and their pore size distribution.
Therefore, a range of charcoals was tested for high temperature lignin
adsorption.

For high temperature adsorption on activated charcoal (HITAC) the setup
described in chapter 3.2 was used. The activated charcoal (AC) was placed in
the second reactor additionally to the water necessary for steam production for
isothermal displacement. After displacement, the temperature in the second
reactor was maintained until the required adsorption time was accomplished.
After the adsorption, the reactor was immediately cooled down to below 40 °C
with ice water. Adsorption time of O min represents the minimal adsorption time
possible to record. The minimum adsorption time at 170 °C is estimated to be
less than 2 min, followed by a cooling time to below 40° C of 10 - 15 min. The
charcoal was separated from the prehydrolyzate via vacuum filtration using a

0.45 uym membrane. Information on the charcoals employed is listed in Table 4.

Table 4: BET surface area, pH and ash content of the activated charcoals.

Type of activated charcoal Producer BET pH* Ash
/m?g* | %

Carbopal Gn-AZ Donaucarbon, Germany 1270 59 nd.
Sigma decolorizing Sigma-Aldrich, US 880 6.7 11
Norit® Norit, Netherlands 560 6.0 12

Rheinbauer Brennstoff

HOC Super GmbH, Germany 280 11.2 8.7

* pH in water at a concentration of 50 g L™

If not mentioned differently, standard adsorption parameters were used as

follows:
Adsorption temperature: 170 °C
Adsorption time: 20 min
Charcoal: Sigma decolorizing
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3.4 Regeneration of spent activated charcoals

High temperature adsorption of lignin on activated charcoals was very efficient in
terms of lignin adsorption and selective towards carbohydrates. A reiterate
utilization of the charcoals, however, was not possible due to a severe decrease
in the specific surface area during adsorption, which necessitates ongoing
regeneration of the charcoals for economic reasons. Two strategies were
pursued for this purpose: solvent desorption of lignin and thermal regeneration of
the spent charcoals. Solvent desorption would enable the utilization of the
autohydrolysis lignin, a lignin free of sulfur, and would consume less energy than

is needed for thermal regeneration.

Solvent desorption

Solvents, which are known for the dissolution of lignin, were used for the
experiments. 1 g of spent activated carbon was subjected to 5 mL of solvent
(0.5 N NaOH, acetone/ water 5:1 (v/v), ethanol, acetic acid, DMSO) and shook at
room temperature overnight. AC was separated via a 0.45 um filter and washed

with 100 mL deionized water.

Thermal regeneration of charcoals

5 g of spent activated charcoal were weighed in a sagger and placed in a tube
furnace. The furnace was heated under nitrogen (24 L h™) at a slope of 3 °C min™
to the regeneration temperature (850 and 950 °C). Carbonization was performed
at regeneration temperature for 30 and 45 min using carbon dioxide (24 L h™).
Subsequently the charcoal was cooled under nitrogen (24 L h™) overnight. One
regeneration experiment was performed using air as oxidizing agent. Therefore
activated charcoal was heated in the furnace at a slope of 3 °C min™ under air
atmosphere to 300 °C. Temperature was held for 30 min, subsequently the

charcoal was cooled under air overnight.

3.5 Xylan recovery

The hydrolyzate used for xylan isolation was produced according to chapter 3.2
and 3.3 (HiTAC-processing) using 5 g of activated charcoal for lignin adsorption.
Adsorption time was set to 10 min. Xylan was precipitated from the filtrate by the
addition of ethanol in a volumetric ratio of 8:1. After 48 h in the refrigerator the
generated light grey precipitate was centrifuged and dissolved in water. Surplus

ethanol was removed by rotary evaporation and xylan was finally freeze-dried.
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3.6 Lignin isolation from pulp

Pulp

Eucalyptus globulus wood chips were subjected to soda-AQ continuous batch
cooking (CBC) (Sixta 2006) in a 10 liter digester (H-factor 700, 94 min at T,a Of
160 °C) with synthetic cooking liquor (30.9 g L™ effective alkali, 0.2 % AQ on

oven dry wood, alkali consumption 21 %).

Lignin isolation and purification

Soda-AQ pulp (kappa14) was subjected to acetone extraction with a
liquid-to-solid ratio (L/S) of 10. An optional alkaline extraction was performed
(0.3 % NaOH, L/S 50, 1 h reflux, nitrogen atmosphere) and lignin was isolated via

multi-step acidolysis (Evtuguin et al. 2001).
3.7 Analytical methods

Wood and wood residue

Klason lignin and acid soluble lignin of the wood chips and wood residues were

measured according to Tappi T222om 98 (Tappi 1998).

The carbohydrate composition of all solid samples was investigated using high
performance anion exchange chromatography (HPAEC) with pulsed
amperometric detection (PAD) after a two-stage sulfuric acid total hydrolysis
(Sixta et al. 2001). Furfural and hydroxymethylfurfural (HMF) which are formed
during total hydrolysis (TH) from pentoses and hexoses were quantified and
added to the results for xylose and glucose, respectively. Determinations by
TH/HPAEC-PAD were performed at least twice.

Hydrolyzate

Lignin content was analyzed via UV/VIS-spectrometry (absorption coefficient of
110 L g* em™ at 205 nm according to Tappi um-250, (Tappi 1991). Furfural and
HMF were quantified via HPLC on a Hypersil ODS column with UV detection at
277 nm with 14% (v/v) acetonitrile as eluent at a temperature of 65 °C. Acetic
acid was determined via HPLC on a Rezex ROA column with refractive index (RI)
and UV detection and 0.005 M H,SO, as eluent at a temperature of 65 °C. Sugar
monomers were determined by direct application of a HPAEC- PAD (Sixta et al.
2001). The total carbohydrate composition was analyzed via two-stage sulfuric
acid TH with HPAEC-PAD. Furfural and HMF which are formed during TH from

pentoses and hexoses, were quantified and added to the results for xylose and

-28 -



glucose, respectively. Determinations by TH/HPAEC-PAD were performed at
least twice. The amount of sugar oligomers was calculated by subtracting the
monomer content from the results determined after TH. Neutral
xylooligosaccharides (XOS) were quantified by HPAEC-PAD up to a degree of
polymerization (DP) of 6 (Griebl et al. 2006). XOS with a DP higher than 6 and
acidic XOS could not be quantified due to a lack of commercially available
standards, but where calculated as the difference between the sum of
carbohydrates with a DP of 1-6 and the total amount of sugars determined after
total hydrolysis. Size-exclusion chromatography (SEC) of the hydrolyzate was
performed as described by Sixta et al. (2001) on two PSS MCX columns (1000 A,
300*8 mm) with 0.5 M NaOH as mobile phase at a flow rate of 1 mL min™, Rl and
viscosimetric detection, allowing universal calibration. Calibration was carried out
with a set of cello-oligomers and pullulan standards. Turbidity was measured on
a Hach 2100P turbidimeter.

Xylan characterization

Degradation of hemicelluloses to products other than furfural as well as an
incomplete cleavage of the methylglucuronic acid (MeGlIcA) from the xylan
backbone can result in imprecise results of carbohydrate analysis using TH. In
addition, MeGIcA is degraded during conventional carbohydrate analysis using
TH and cannot be determined. Acid methanolysis with GC-FID detection
according to Sundberg et al. (1996) was therefore used in addition to TH/HPAEC
for xylan characterization. This allowed the reliable quantification of neutral
sugars and uronic acids. Carbohydrate determination using methanolysis with
GC-FID were performed at least thrice. Acetyl groups of the xylans were
determined as acetic acid measured by HPLC on a Rezex ROA column with RI
and UV detection and 0.005 M H,SO, as eluent at a temperature of 65°C
subsequent to two stage sulfuric acid total hydrolysis. SEC was performed as
described by Sixta et al. (2001)

Lignin Characterization

Elemental analyses were performed by the Fraunhofer IAP. Methoxy group
content was measured according to the standard protocol of Viebtck and
Schwappach (1930). FT-IR spectra were recorded on a Bruker Tensor 27
spectrometer using golden gate attenuated total reflection (ATR). NMR spectra of
the acetylated lignins (Lundquist 1992) were measured in CDCl;
(c=100mgmL* for M and 'H/™C HSQC NMR experiments and

c =200 mg mL* for quantitative *C NMR experiments) on a Bruker Avance
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DPX300 spectrometer (*H 300 MHz, **C 75 MHz) using a 5 mm 'H/BB inverse
probe with z-gradient support, at 300 K. Chemical shifts were referenced to the
residual solvent signals at &(*H)=7.26ppm and &(*°C) =77 ppm.
Chromium(lll)acetylacetonate (0.01 M) was added as relaxation agent for
quantitative *C NMR experiments (Capanema et al. 2004). *C T, relaxation
times were monitored with the inversion recovery technique for each sample. To
ensure quantitative conditions, inverse-gated *H decoupled **C NMR spectra
were recorded with 5 s relaxation delay, 0.4 s acquisition time and 245 ppm
spectral width. For each spectrum, 65536 transients were accumulated.
Quantitative *H NMR experiments were recorded with 7 s relaxation delay, 4.2 s
acquisition time and 26 ppm spectral width. 128 scans were acquired from a
sample with no added relaxation reagent. Processing of quantitative 1D spectra
involved exponential window multiplication (LB = 0.3 Hz for *H and LB = 5 Hz for
3C, respectively) of the free induction decay prior to Fourier transform. 2D
'H /*C HSQC NMR experiments were recorded with 2048 data points in the *H
dimension, 512 time domain increments in the *C dimension, 256 scans, 0.5 s
relaxation delay, 0.21s acquisition time, and 16 ppm (*H)/ 165 ppm (**C)
spectral width. 2D time domain data were multiplied with exponential (LB = 3 Hz;
'H dimension) and shifted square sine bell (SSB = 2; *C dimension) functions
and zero-filled to 2048 times 1024 real data points prior to Fourier transform. All
1D and 2D NMR data were processed and analyzed by the Bruker software
TopSpin 2.1.

Charcoal

BET surface area was measured on a BELsorp mini Il from BEL Inc., Japan
according to Brunauer et al. (1938) and IUPAC recommendations (Rouquerol et
al. 1994). Pore distributions were plotted in terms of the BHJ- and the MP- plot
for meso- and micropores, respectively. The ash content of the ACs was
measured according to DIN 38 409 H1-3 (Deutsche-Norm 1987) at a temperature

of 850 °C, pH in water was measured at a concentration of 50 g L™.

Pulp analyses
Standard protocols were used for pulp analysis: Kappa number (Tappi 1993),
Ox-Dem kappa number (Li and Gellerstedt 2002), HexA content (Gellerstedt and
Li 1996), brightness (1ISO-2470-1 2009), intrinsic viscosity (SCAN 1988). The
degree of polymerization was calculated from the intrinsic viscosity according to
Marx-Figini (1978).
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4 Autohydrolysis and acid catalyzed
hydrolysis

In this chapter, the results published in paper Il are briefly summarized.

Additional results, which have not yet been published, are also discussed.

Acid prehydrolysis of woody biomass was intensely studied in the last century for
a number of purposes - mainly for monosugar and ethanol production. Although
the solution and precipitation behavior of lignin caused serious problems in
industrial scale and led to the close-down of several plants for environmental
reasons (Rabinovich 2009), no thorough investigation on the influence of acid
addition on lignin dissolution was performed. Shorter prehydrolysis times and
lower temperatures, for example accomplished via acid catalysis, reduce the
amount of lignin in the hydrolyzate (Leschinsky et al. 2009). As a consequence
also heating costs are reduced, on the other side the utilization of acids causes

additional costs. Therefore recirculation possibilities must be kept in mind.

It was therefore the aim of paper Il to comparatively evaluate the influence of
water autohydrolysis and acid-catalyzed hydrolysis on the dissolution and
precipitation behavior of lignin in the hydrolyzates with reference to their potential
of providing a substrate for xylan-derived products. Acetic acid, oxalic acid, and
the mineral acid sulfuric acid were used as acid catalysts. Acetic acid was chosen
for direct comparison to autohydrolysis, because it is the actual catalyst within the
autohydrolytic treatment. Current pulping developments aim to avoid the addition
of environmentally unfavorable heteroatoms like sulfur or chloride in the pulping
system, therefore organic acids offer the possibility of a sulfur free pretreatment
that is less corrosive. Therefore the strong dicarboxylic acid oxalic acid was

chosen in comparison to sulfuric acid, a conventional hydrolysis catalyst.

4.1 Lignin distribution during acid catalyzed hydrolysis

In order to obtain full information of the lignin mass balance during acid catalyzed
hydrolysis, all lignin fractions (Klason lignin and acid soluble lignin of the residual
wood, soluble and insoluble lignin in the hydrolyzate) were quantified. Klason

lignin (KL) in wood does not decrease with increasing treatment intensity (Figure
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12). Acid strength and type of acid do not alter KL content of the hydrolyzed
wood at a comparable wood yield level. However, during autohydrolysis a slightly
reduced Klason lignin content was observed. It was therefore assumed that KL is
not the source of dissolved lignin in the acid hydrolyzates, but might be of some

importance during autohydrolysis.
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Figure 12: Klason lignin (KL) and acid soluble lignin (ASL) of the wood residues

of sulfuric, oxalic and acetic acid pretreatment and autohydrolysis.

With increasing wood loss the amount of acid soluble lignin (ASL) was reduced
from 4.8 % odw to below 1 % odw in all experiments to a similar extent. Thus,
ASL is the main lignin moiety dissolved in the slightly acidic aqueous

hydrolyzates.

In the hydrolyzates two lignin fractions were collected: soluble (S) lignin (Figure
13b) and insoluble (1) precipitated lignin (Figure 13a) that was separated from the
soluble fraction via centrifugation. S-lignin in the hydrolyzate increased with
decreasing wood vyield to the same extent than ASL in the wood residue
decreased. The amount of I-lignin did not follow a distinct trend in respect to
wood vyield, but especially at increased wood vyield losses, autohydrolysis and
acetic acid hydrolysis showed a considerably higher amount of I-fraction as
compared to sulfuric and oxalic acid pretreatments. Thus, ASL was responsible
for both I- and S- lignin in sulfuric and oxalic acid hydrolysis, during

autohydrolysis the loss in KL adds up to an increased value of I-fraction lignin.
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Figure 13: a) Insoluble (I) and b) soluble (S) lignin in the hydrolyzates as a
function of wood yield.

The formation of an I-fraction during autohydrolysis is extremely temperature
dependent. Experiments performed at 150 °C lead to significantly less I-lignin
than experiments performed at 170 °C at similar wood yield levels (Figure 13a).
The same trend was visible for acetic acid experiments. The drastic decrease of
I-lignin in autohydrolyzates at a process temperature of 200 °C (wood yields of 63
to 68 %) is a consequence of two effects: First, isothermal displacement of the
hydrolyzate was not possible at the high water vapor pressure at 200 °C with the
existing equipment. Therefore reprecipitation of lignin on the wood chips is
assumed, which is supported by an increase in the KL content in the wood
residue of two samples (Figure 12). Second, a large fraction of incrustations was

formed on the equipment at 200 °C, which was not possible to quantify, but is
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reported to consist of lignin mainly (Leschinsky, 2009). The immediate formation

of incrustations was only monitored for the 200 °C autohydrolysis experiments.

Summarizing the lignin behavior during prehydrolysis, it can be stated that the
amount of soluble lignin in the hydrolyzate does not drastically change with the
addition of acid. The amount of insoluble lignin however can be decreased by
65 % using oxalic and sulfuric acid catalysts, which should at least facilitate

down-stream processing.

4.2 Carbohydrate reactions

The product spectrum apart from lignin is also drastically changed using acid
catalysts (see also introduction chapter 2.1). Autohydrolysis liberates
xylooligomers, which are only slowly converted to monomers. The subsequent
dehydration to furfural occurs to a great extent due to the high temperatures
applied. Using acetic acid as catalyst the composition of the hydrolyzates
remained basically unchanged in comparison to those resulting from
autohydrolysis. Thus, it was concluded that the acidity created by the addition of
acetic acid, even in high amounts, is too low to accelerate the hydrolytic cleavage
of carbohydrates relative to the pure autohydrolysis process. During oxalic and
sulfuric acid catalysis, however, xylooligomers are only liberated at low wood
yield levels and are immediately degraded to monomers. Due to the low
temperatures applied the formation of furfural is not pronounced. The xylan

distribution is exemplified for oxalic acid and autohydrolysis in Figure 14.
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Figure 14: Distribution of xylan during a) oxalic acid and b) autohydrolysis
treatment
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The oligomeric xylose fraction in autohydrolyzates contains XOS of different
degrees of polymerization and charge. Neutral XOS with a DP of 2-6 are
monitored in Figure 15. The xylose content decreases from a DP of 1 to a DP of
6, further a high amount of xylose with a DP > 6 and acidic XOS were monitored.
Tunc and van Heiningen (2011) reported DPs of 36-71 for xylans precipitated
from hardwood autohydrolyzates. It can therefore be concluded that xylose
hydrolysis in the hydrolyzate proceeds mostly endwise, as was also reported for
XOS derived from hydrothermolysis of xylan isolated from steeping lye, a filtrate

from alkalization of pulp for viscose manufacture (Griebl et al. 2006).
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Figure 15: Distribution of monomeric (X;) and neutral di- to hexameric (X5.5)
xylose in autohydrolyzates and other xylose components (other X) including
acidic xylooligomers and neutral xylooligomers > X, (determined as the difference
of total carbohydrates after total hydrolysis and sum of X to Xg)

The amount of glucose in the hydrolyzates is almost negligible up to a wood yield
of 80 %. During sulfuric and oxalic acid treatment glucose dissolves more readily
with a steeper slope than during autohydrolysis. It is therefore expected, that
chain scission within the wood residue also takes place to a higher extent. Thus,
pulp yield and viscosity after cooking are expected to be lower using acid

catalyzed hydrolysis as compared to autohydrolysis as a pretreatment step.
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4.3 Economical considerations

Looking at the economics of the acid catalyzed hydrolysis three mayor points
need to be considered: 1) reduced heating energy due to the lower temperatures
applied and the shorter treatment times, 2) higher plant capacity due to shorter
process cycle times, 3) additional costs of the acid and its recovery. Oxalic acid
for example is increasingly consumed during hydrolysis. Oxalic acid losses of up

to 80 % were monitored (Figure 16).
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Figure 16: Oxalic acid loss during prehydrolysis.
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5 Lignin removal from autohydrolyzates

In chapter 4 it was clearly demonstrated that the dissolution and subsequent
precipitation of lignin cannot be avoided. Thus, suitable technologies for the
removal of lignin from the process liquors must be developed in order to utilize

the carbohydrate fraction.

Within the following chapters two main operational strategies were investigated in
order to remove lignin from the hydrolyzates: The influence of adsorbents,
primarily activated charcoal, on Eucalyptus globulus prehydrolyzates and its
colloidally dissolved lignin fraction and the interaction of protein rich sources
acting as flocculants with prehydrolyzates. Further on the focus was set on
purification methods that are also applicable at high temperatures. Thus, a
purification step can be implemented directly after the hydrolysis stage and the
formation of lignin incrustations in heat exchanger equipment and the like can be

minimized.
5.1 Removal of lignin at room temperature

Physical separation

Centrifugation separates the hydrolyzates into two fractions (Leschinsky 2009):
the liquor fraction containing soluble (S) lignin and a solid fraction that consists of
insoluble (I) precipitated lignin almost exclusively (Leschinsky et al. 2008a). The
S-fraction contained carbohydrates, furfural and still rather high amounts of lignin
which accounted for 74 % of the lignin in crude autohydrolyzate. Turbidity of the
system could be significantly reduced after centrifugation, but after some hours
clouding of the system was observed, indicating ongoing aggregation and

precipitation of colloidal lignin fragments.

Filtration of crude autohydrolyzates over a folded filter led to clogging of the filter
and filtrates that were still very turbid. Vacuum filtration of the autohydrolyzate
over a 0.45 pm filter showed long filtration times and the resulting filtrate had an

unaltered high turbidity and lignin content.

Flocculation with protein rich sources

In search of a co-flocculation agent for lignin in hydrolyzates, proteins with good

availability like soy, milk or whey proteins where considered as rather suitable.
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Polyphenolic compounds like lignin and tannin form complexes with proteins.
This effect is also used in fruit juice clarification (Oszmianski and Wojdyto 2007).
Proteins show flocculation upon acidic pH values. The specific pH needed for
denaturation thereby depends on their isoelectric point. As protein rich sources
soy milk, egg white, whey powder, and various cow milk products (unskimmed,
UHT, condensed) were tested. Proteins and lignin formed large flocs that were
easily and fast separated from the hydrolyzates by filtration over a Whatman
folded filter, unlike crude hydrolyzates that blocked the filter immediately. After
filtration the turbidity of the system was significantly reduced by 92 % after
addition of 2% whey powder as compared to autohydrolyzates after
centrifugation, equal to 98 % as compared to crude autohydrolyzate. Lignin was
reduced by up to 41 % after the addition of protein rich sources and subsequent
filtration (Table 5).

Table 5: Maximum lignin removal using protein rich sources.

Protein rich source Maximum lignin removal / %
Soy milk 39.7
Unskimmed milk 40.7
UHT milk 39.9
Condensed milk 40.2
Egg white 35.5
Whey powder 35.1

Soy milk showed a maximum of lignin removal of roughly 40 % at a concentration
of 100 mL L™. This indicates flocculation due to charge neutralization (Figure 17),
additional amounts of protein introduce a charge excess that leads to stabilization

of the system that is further promoted by dilution of the system.

41-
40-
39
384 .

37{ * .

364 .

lignin removal / %

35+

200 400 600 800 1000

34

o

soy milk / mL L™

Figure 17: Lignin removal as a function of soy milk addition
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Carbohydrates, furfural and HMF were not removed during flocculation and
filtration. Furfural would be able to form Schiff bases with the lysine groups of the
proteins at the conditions given (Swain et al. 2004), but as denaturation occurs
within a short time, phase separation hindered this reaction. Differences between

vegetable (soy) and animal (milk, whey) proteins were not noticeable.

Other flocculation agents

Zeta-potential measurements of the autohydrolyzate showed slightly positive
zeta-potentials near zero. Therefore it was concluded that ionic additives would
not lead to satisfying particle formation. To emphasize this assumption a C14-Cye
alpha sulfonic acid sodium salt was added as anionic surfactant. As anticipated
the addition of this anionic surfactant had no positive effect on the
prehydrolyzate. A non-ionogenic surfactant a C,, alcohol poly(ethylene oxide)
was able to stabilize some part of the lignin, as lignin content after filtration was
higher than after centrifugation and filtration times were clearly reduced
compared to crude hydrolyzates. Molecular sieves showed no effect at all.
Neutralization with Ca(OH),, as described in literature (Frazer and McCaskey
1989; Griffin and Shu 2004; Han et al. 2006; Kholkin et al. 1999; Khristov et al.
1989; Marton et al. 2006; Parajo et al. 1996a), yielded in faster filtration times,
nevertheless lignin concentration in the filtrate was equal to lignin concentration

after centrifugation.

Adsorption

Various aluminum oxides, montmorillonites and activated charcoals were tested
for lignin removal. The addition of aluminum oxides and subsequent filtration for
the separation of aluminum oxide from the hydrolyzates led to a lignin removal
similar to that of pure filtration. Montmorillonites increased lignin removal to 35 %

which is still far below an acceptable level for efficient hydrolyzate purification.

The utilization of activated charcoals at room temperature, however, allowed a
lignin adsorption of up to 95 % depending on the surface area of the charcoal.
Concomitant carbohydrate adsorption became pronounced at activated charcoal

additions exceeding 10 % odw.
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5.2 Removal of lignin at prehydrolysis temperature - The
HITAC-process

In this chapter, the results published in the patent application VI and the papers |

and Il are briefly summarized and discussed.

The objective of the following chapters was to develop a process for the removal
of lignin and lignin degradation products from the autohydrolysis liquor
immediately after its discharge from the hot pressurized reactor in order to
prevent excessive precipitation. Activated charcoal proved to be efficient and
selective for lignin removal at room temperature. Furthermore, charcoals show a
sufficient thermal stability to be tested for high temperature applications. The
efficiency and selectivity of this HITAC process (high temperature adsorption on
activated charcoal) should be investigated in detail. Within a temperature range
of 20 °C to 170 °C, the effects of adsorption temperature, adsorption time and the

type and amount of activated charcoal were examined.

5.2.1 Adsorption of hydrolyzate components

The adsorption of lignin on activated charcoal at room temperatures gave
promising results in respect of lignin adsorption capacity and selectivity towards
lignin. In order to evaluate the potential of lignin adsorption directly after its
discharge from the prehydrolysis reactor at high temperatures a second heated
reactor containing activated charcoal mixed with water was connected to the

prehydrolysis reactor (Figure 18).
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Figure 18: HITAC reactor system.
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The addition of activated charcoal (AC) at prehydrolysis temperature, even in
amounts far lower than those recommended in the literature (Parajo et al.
1996b), could prevent the formation of incrustations in the second reactor
efficiently. Adsorption time had only a minor effect on lignin adsorption at 170 °C
and almost complete adsorption was accomplished within less than 10 min. As
sugar decomposition at 170 °C started to be significant when exceeding 20 min
of treatment time and handling was easier and more reproducible using longer

times, the adsorption time was set to 20 min for further experiments.

With increasing charcoal concentration lignin was continuously removed from the
hydrolyzate up to a lignin removal of 96 % at the highest charcoal concentration
applied (Table 6). At charcoal concentrations below 24 g L™, corresponding to a
lignin removal of 85 %, carbohydrate adsorption is negligible. At higher charcoal
concentrations oligomeric xylan is increasingly adsorbed, monomeric sugars
remain unaffected. Parallel to lignin adsorption, furfural and HMF are removed
from the hydrolyzate. Lignin, furfural, and HMF are inhibitors for most enzymes
used for carbohydrate conversion to valuable products. The amounts of lignin,
furfural and HMF in Eucalyptus globulus water prehydrolyzates, subjected to the
HITAC process, are at a sufficiently low level for fermentation processes (Cruz et
al. 1999; Keller and Nguyen 2001; Mendes et al. 2009; Parajé et al. 1998;
Villarreal et al. 2006).

Table 6: Composition of prehydrolyzates after 20 min adsorption onto AC
(BET 880 m? g™) at 170°C

Concentration of the compounds (mg L™) after treatment with AC
concentrations (g L™)

Compounds 0 8 12 20 24 32 48
Lignin 9680 5634 4391 2972 1559 921 376
Sugar total* 23368 23711 23631 23398 22184 20732 18983
Sugar oligo® 13119 12680 13108 13661 11574 10481 6941
Xylose oligo® 11212 10810 11218 11609 9678 8965 5236
Xylose mono® 7664 8231 7796 7190 7918 7595 9348
Glucose oligo® 515 588 579 585 572 436 406
Glucose mono® 293 326 324 274 335 293 434
Galactose oligo2 525 544 581 614 512 467 437
Galactose mono® 1191 1283 1275 1205 1252 1242 1342
Furfural 1555 1477 1167 1068 720 333 237
HMF 172 153 127 137 118 71 49
Acetic acid 3083 3341 3531 3557 3496 3182 4175
Incrustation® 430 - - - - - -

"after total hydrolysis, “oligomeric fraction: difference in sugar content before and after
total hydrolysis, ® before total hydrolysis, * incrustations from the reactor equipment
dissolved in NaOH

-41 -



5.2.2 Adsorption isotherms

The adsorption of lignin can be conveniently fitted by the Freundlich adsorption
model (Figure 19). The Freundlich adsorption isotherm describes adsorption in a
monomolecular layer and additionally relates the concentration of the solute on
the surface of the adsorbent, to the concentration of the solute in the liquid phase

in a logarithmical relationship. Freundlich equation can be written as:
1/
Qe = kf ’ Ce ) (2)
where g, is the amount of lignin adsorbed per unit mass of activated carbon
(mg g™), Ce is the equilibrium concentration of lignin in solution (mg L™), k; is the

Freundlich constant related to the adsorption capacity (mg g™ (mg L™)"), and n is

a dimensionless empirical parameter representing the heterogeneity of the

surface.
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Figure 19: Freundlich isotherms (curves) and experimental adsorption data
(individual points) of lignin on activated charcoal (BET surface area 880 m? g™) at
different temperatures (20, 150 and 170 °C). g amount of lignin adsorbed per
unit mass of AC, C. equilibrium concentration of lignin in solution).

At elevated temperatures the amount of lignin adsorbed per unit mass of
adsorbent (ge) significantly increased, indicating more efficient adsorption.
Therefore it was suggested that the lignin in solution at 170 °C exhibits a different
structure than at room temperature or even is in liquid state. The arrangement of
hydrophilic and hydrophobic groups in this state might favor the adsorption onto
activated charcoal. Furthermore, it was proposed that the adsorption of lignin on
AC at high temperatures follows a chemisorption process as indicated in the
literature (Venkata Mohan and Karthikeyan 1997) and in the desorption

experiments with limited success (see chapter 7.1). Elevated temperatures might

-42 -



provide the activation energy required for a chemisorptive process. We further
suspect a change in the adsorption mechanism at temperatures beyond 100 °C,
as Parajo6 found that in the range between 20 and 60 °C the adsorption efficiency

decreased significantly with increasing temperature (Parajo et al. 1996a)

Lignin adsorption capacity of the charcoals increased with increasing BET
surface area (Figure 20), but not linearly. The total surface area (calculated as
the product of BET-area and amount of charcoal) needed for a similar lignin
removal was 70 % higher for the charcoal of BET 880 than of BET 1270 m* g™.
This discrepancy can be explained by different pore size distributions. All
charcoals investigated showed small micropore and mesopore diameters. The
volume of mesopores and the micropore diameter was significantly higher for the
charcoal with the best performance (BET 1270 m”g™). The charcoal with the
worst performance (BET 280 m* g™) had in total very low volumes of both meso-
and micropores. Potential effects of the ash content and the alkalinity of the ACs
on the lignin adsorption are possibly superimposed by the high differences in
BET surface area and pore distribution. The alkalinity of the AC might affect the

stability of carbohydrates during the adsorption process.

12001 —BET1270
m --- BET 880
1000 BET 560
- 800 V — - -BET280
ko)
(@]
£ 600 .
\m o e -
T 400- P
2001 £~ . %
o) AV4bn T T T T T Vadmb
0 2000 4000 6000

Figure 20: Freundlich isotherms (curves) and experimental adsorption data
(individual points) of lignin on activated charcoals of BET surface areas of 1270,
880, 560, 260 m? g™ for 20 min at 170°C. g. amount of lignin adsorbed per unit
mass of AC, C, equilibrium concentration of lignin in solution.

During HIiTAC-processing the surface area of the charcoals is drastically
decreased, e.g. from 880 to 70 m* g™’ (at a charcoal dosage of 20 g L™ and
20 min adsorption time.), which is considerably lower than known for other

applications (Chestnutt et al. 2007). Electron microscopy images show the
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structured surface of the activated charcoal. After the adsorption process a
smooth surface covered with lignin is imaged (Figure 21). The low surface area of
spent charcoals from the HITAC-process probably originates from polymerization
of the lignin on the surface at the high temperatures applied during the adsorption
step (Dabrowski et al. 2005; Leschinsky et al. 2008a). The low surface area of

the spent charcoal will be disadvantageous for charcoal recycling (see chapter
7).

— A4 pm—— —d4pym——~

Figure 21: SEM images of activated charcoal a) before and b) after lignin
adsorption.
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6 Characterization of xylans from

HiTAC-treated hydrolyzates

The HIiTAC-process described in Chapter 5.2 provides purified autohydrolyzates
containing monomeric and oligomeric xylose mainly. In the following
xylooligomers were precipitated and analyzed to provide a data basis for
potential applications. Core results of this chapter were also presented in
publication number 5.

6.1 Yield of the precipitated xylan fraction

Ethanol addition to aqueous autohydrolyzates is expected to precipitate the
higher molecular weight XOS fraction. The lower the prehydrolysis intensity, the
less degradation of XOS takes place and the more XOS can be precipitated via
ethanol precipitation (Figure 22). It needs, however, to be noted that the overall
xylan solubilization at short prehydrolysis times is low. Thus, the highest yield of
precipitated XOS (2.4 % odw) was observed for P-factor 250 experiments at
150 °C where also the total xylan solubilization is considerably high (8 % odw),
but xylan degradation is still low. Ethanol precipitation of autohydrolyzates
produced at 200 °C yielded low amounts of precipitate, which was a calcium salt
mainly.
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Figure 22: Recovery of xylans via ethanol precipitation
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6.2 Chemical composition of precipitated xylan fraction

The main component of the ethanol precipitated fraction of autohydrolyzates
produced at 150 and 170 °C was highly substituted xylan (Table 7). Additionally,
substantial amounts of glucose were precipitated at a xylose to glucose ratio that
approximately correlates to the oligomeric xylose to oligomeric glucose ratio in
the hydrolyzates. The degree of substitution of the xylan precipitated from
hydrolyzates produced at 170 °C is well in agreement with the data reported by
Leschinsky (2009) for the total soluble hydrolyzate. Thus, it is assumed that the
substitution pattern of the precipitated xylan fraction is representative for the total
carbohydrates in the hydrolyzate. Xylan precipitated from hydrolyzates produced
at 150 °C showed a substantially higher degree of acetylation than from 170 °C
hydrolyzates. It seems that, although similar P-factors were performed,
deacetylation is slower at 150 °C than at higher temperatures. With increasing
reaction time a decrease in acetyl groups was observed at 150 °C which is in
agreement with the results obtained by Testova et. al. (2011) for birch

autohydrolyzates.

Table 7: Chemical composition of the ethanol precipitated hydrolyzate fraction

P-temp / °C 170 150 150
P-time / min 20 68 129
P-factor / h 193 136 258
Xylan yield recovered / % odw 0.6 1.0 2.4
Xylan yield recovered / % oligo. xylan 12.2 30.9 31.9

Composition anhydrosugars / %ods

Xylose 36.3 39.8 55.8
Glucose 8.4 7.9 5.6
Rhamnose 1.3 2.3 1.9
Arabinose 0.1 0.3 0.1
Galactose 6.1 7.2 6.7
Mannose 4.7 3.9 3.3
Composition substituents / %ods
Galacturonic acid 1.7 5.5 3.2
DS Galacturonic acid 0.04 0.10 0.04
4-O-Methyl-glucuronic acid 5.6 8.7 115
DS 4-O-Methyl-glucuronic acid 0.11 0.15 0.14
Glucuronic acid 0.5 0.7 0.7
DS Glucuronic acid 0.01 0.01 0.01
Acetyl 2.3 9.1 10.7
DS Acetyl 0.15 0.51 0.47
Sum / %ods 67.0 85.4 99.5

DS degree of substitution; % ods oven dry substance
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In contrast, Leschinsky et al. (2009) reported a rather constant degree of
acetylation with proceeding hydrolysis of Eucalyptus globulus at 170 °C, the
same was observed by Tunc and Van Heiningen (2008) for southern hardwoods
at 150 °C. Garrote et al. (2001), however, found a decreasing degree of
acetylation of XOS in Eucalyptus globulus autohydrolyzates with increasing
reaction time. The degree of 4-O-methyl-glucuronic acid substitution of the
precipitated xylan was again higher at 150 °C than at 170 °C. The high degree of
total substitution and the possibility to tailor the substitution pattern by
temperature variations might be interesting in regard to product characteristics

and application areas of the XOS fraction.

6.3 Molecular weight distribution of the precipitated xylan

Weight fraction

fraction

Although a washing step was applied after xylan precipitation, all xylans show a
bimodal molar mass distribution where the low molar mass peak is in the area of
monomeric xylose. Xylan precipitated from 150 °C autohydrolyzates consists
mainly of high molecular mass components, with increasing treatment time the
high molecular mass peak is, however, shifted to lower molar masses due to the

degradation of the xylan (Figure 23a).
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Figure 23: Molecular weight distribution of xylan precipitated from
autohydrolyzates produced at a) 150 °C and b) 170 °C at three different P-
factors.

At 170 °C the same shift of the high molar mass peak towards lower molar
masses was observed with increasing treatment time, parallel the ratio of low

molar masses to high molar masses changed in favor of the monomeric
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components (Figure 23b) which is in agreement with the results obtained from
the total hydrolyzates where ongoing degradation of XOS to monomeric xylose
and furfural was observed (paper Ill). Although xylans that were prepared from
autohydrolysis experiments at different temperatures but at similar P-factors
showed a different substitution pattern, the molecular weight distributions of
these xylans are rather similar (Figure 24). Thus, the hydrolysis of the xylan
backbone is sufficiently described by the P-factor model, while the hydrolysis of

side groups depends on the applied temperature.
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Figure 24: Molecular weight distribution of xylans precipitated from
autohydrolyzates produced at 150 and 170 °C at a similar P-factor level

-48 -



/ Regeneration of spent charcoals

The last two chapters showed the high potential of HITAC-processing for the
production of xylan derived products from autohydrolyzates. The implementation
of this technology in industry, however, is indispensably linked to the solution of
one major economical and/or technological challenge: an appropriate technology
for the regeneration of the spent charcoal and its reutilization in the process is
needed, as activated charcoal is a high cost factor in the amounts needed for a
pulp mill.

The following section is based on paper IV and aims at the development of
adequate recycling and regeneration strategies for spent activated charcoals
from the HIiTAC-processing of Eucalyptus globulus autohydrolyzates. Solvent
extraction and thermal regeneration of spent charcoals were applied in order to
regain a charcoal of high surface area and microporosity that can be recycled in
the HITAC-process.

7.1 Solvent desorption

It is indicated in literature, that the inductive effect of methoxyl- and ethoxyl
substituents of phenols leads to a strong binding to the charcoal matrix and to a
high degree of irreversible adsorption. High temperatures are said to further
enhance chemisorption and to lead to polymerization reactions on the charcoal
(Dabrowski et al. 2005). These effects are likely to occur when autohydrolysis
lignin is adsorbed at high temperatures, because autohydrolysis lignin shows a
high degree of methoxyl-groups (20 %) (Leschinsky et al. 2008a). To validate this
assumption desorption tests using various lignin solvents were performed. Up to
21 % of the lignin on the charcoal could be removed using DMSO as solvent
(Table 8). Still, the BET surface area was far below an appropriate range for

efficient further lignin adsorption.

It can be assumed that lignin solvents other than the ones tested, e.g.
ethylacetate and ionic liquids, are not capable to fully dissolve the lignin in the
charcoal pores either. Repeated utilization of the solvent extracted charcoals
showed adsorption of lignin that could not only be attributed to adsorption on the
available surface area. It was therefore assumed that polymerization reactions of
lignin on the lignin covered surface occur. Thus, chemisorptive mechanisms

explain the low solubility of lignin from the coal after the HITAC-process, which in
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turn means that solvent extraction is not a viable recycling technology to restore
the adsorption capacity of activated carbons following a HITAC-treatment of

autohydrolyzates.

Table 8: BET surface after solvent desorption of lignin.

Solvent Dissolved lignin BET
(% ligninon AC)  (m*g™)

Water - 70

NaOH (0.5 N) 10 109
Acetone/water (5/1) 21 122
Ethanol 10 95

Acetic acid 18 106
DMSO n.d. 134

7.2 Thermal reactivation
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Thermal reactivation (TR) of spent activated charcoals is performed when other
recycling strategies fail. This process will contribute to the profitability of the
adsorption process and to the eco-friendliness, as the carbon is reactivated in
lieu of landfilling and incineration, provided that the original surface area and pore
size distribution is recreated. A thermal reactivation process at 950 °C for 30 min
under CO, atmosphere met these requirements (Figure 25) and maintained a
yield of 96 %.
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Figure 25: Micropore distribution of a) virgin and spent AC and b) thermally
regenerated charcoals c) mesopore distribution of all charcoals.

The original charcoal showed a high fraction of small sized micropores (d, < 1
nm) and small mesopores (r, 1-10 nm), while the spent activated charcoal after
the HITAC-process was lacking small micropores and contained less and smaller

mesopores. Obviously, those sites were preferably occupied by firmly attached
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lignin moieties as indicated by the high resistance towards solvent desorption

(see chapter 7.1). Thermal treatment at 850 °C for 30 min increased the specific

surface area of the activated carbon to 605 m? g™ and further to 641 m? g™ when

prolonging the reaction time to 45 minutes. Pore size distributions of these

charcoals was similar to the original charcoal, but exhibited a lower volume of

small micropores. The yield of the recycled activated carbons was 106 and

108 %, respectively, obviously owing to the partial conversion of the adsorbed

lignin into activated carbon. A higher reactivation temperature of 950 °C led to a

surface area close to that of the fresh carbon (830 m?g™ vs. 880 m? g™) and to

an almost identical pore size distribution. Subjecting a fresh sample of activated

carbon to the same treatment conditions (950 °C, 30 min) resulted in a yield of

only 83 %. However, this mass loss was clearly compensated by a drastic

increase of the BET surface area to 1075 m? g™ (+ 22%), resulting from an

increase in both micropore and mesopore volumes (Figure 26).
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Figure 26: a) Micropore distribution and b) mesopore distribution of original
charcoal and after thermal regeneration of original charcoal

These results allow two possible explanations: 1) the lignin on the spent AC is

not simply removed from the coal, but transformed to charcoal of a considerably

high surface area; 2) the lignin attached to the spent AC protects the AC from

thermal degradation, but is itself totally removed within the thermal reactivation

step. Due to the fact that lignin is used as a raw material for charcoal production

(Zou and Han 2001), it is, however, assumed that the former explanation

represents reality more closely.

Application tests of the thermally reactivated charcoals showed that the specific

lignin adsorption capacity can be described sufficiently well by the specific

surface area of the charcoals (Figure 27). An effect of pore size distribution on

lignin adsorption, however,

was not observed. Generally,
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regenerated at 850 and 950 °C showed a high selectivity towards lignin,
nevertheless up to 10 % xylooligomers and up to 8 % monomeric xylose were

adsorbed using both fresh and thermally regenerated charcoals.
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Figure 27: Lignin and carbohydrates in the HiTAC-treated hydrolyzates using
thermally reactivated charcoals at a concentration of 20 g L™.

In order to reduce energy costs during recycling the regeneration in oxygen
containing atmosphere at 300 °C was tested as an alternative to high
temperature reactivation. The resulting charcoal exhibited a rather low total
surface area (568 m? g*). The charcoal showed a completely different pore size
distribution as compared to the charcoals regenerated in CO,-atmosphere: the
amount of small mesopores (r, 1-10 nm) and large micropores (d, 1-1.7 nm) was
distinctly increased, but the high number of small micropores (d, < 1 nm) was not
restored. Thus the micropore structure resembled that of spent AC. Obviously,
the combination of oxygen-containing atmosphere and low temperatures was not
able to convert the polymerized lignin moieties to a microporous charcoal.
Instead it widened the mesoporous structure, which is known to favor
hemicellulose adsorption (Montané et al. 2006). When reutilized in the HITAC-
process, this charcoal showed a lignin adsorption proportional to its BET surface
area, but also severe adsorption of oligomeric xylose (72 %). Further, the
treatment in oxygen-containing atmosphere possibly initiated the formation of
carboxylic surface groups that might favor the adsorption of carbohydrates
(Duran-Valle et al. 2005).
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8 Residual lignin in pulp

The following discussion is based on paper V.

During prehydrolysis-kraft and soda-anthraguinone cooking macromolecular
lignin undergoes a series of degradation and condensation reactions. The
unfavorable acid catalyzed reactions during prehydrolysis lead to the dissolution
of lignin and further on to the formation of incrustations (Chapter 2.1 and 4)
(Leschinsky 2009). During the cooking step lignin decomposition and dissolution
are the target reactions and the bulk of lignin is removed from the wood matrix.
For a comprehensive understanding of the reactions occurring during pulping it is
important to isolate and characterize a representative lignin fraction from the
pulp. Various isolation methods are suited for this purpose: milled wood lignin
(MWL) (Bjorkman 1956) dissolved wood lignin (DWL) (Fasching et al. 2008),
acidolysis (Evtuguin et al. 2001; Gellerstedt et al. 1994), enzymatic hydrolysis
(EH) (Chang 1992; Yamasaki et al. 1981) and the combined method of
enzymatic mild acidolysis (EMAL) (Argyropoulos et al. 2000). In this thesis
acidolysis was chosen for lignin isolation as it is a simple and rapid method and
the resulting acidolysis lignin (AL) is of high purity.

AL contains less etherified units and more free phenolic functions in comparison
to native lignin and to enzymatically isolated lignin from Eucalyptus globulus kraft
pulps (Duarte et al. 2000; Pinto et al. 2002). 8-O-4 bonds split, thus molar mass
of the lignins is reduced (Al-Dajani and Gellerstedt 2002; Jaaskeldinen et al.
2003). AL contains unsaturated structures and non-lignin materials of
polysaccharide origin and condensed tannins of catechin and gallocatechin
types, which are said to be removed by an alkaline extraction (AE) prior to
acidolysis of wood (Evtuguin et al. 2001). This approach was also applied for
kraft pulps (Rutkowska et al. 2009) as at the end of pulp washing, lignin
reprecipitates on the pulp due to the reduced alkalinity at the end of the cook.
The positive effect of an alkaline extraction stage on the purity and

representativeness of isolated lignin from pulp, however, was not yet clarified.
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8.1 Influence of pretreatments for lignin isolation on the
residual lignin in pulp

Acidolysis according to the protocol of Evtuguin et al. (2001) includes extraction
stages with acetone and alkali before the acidolysis step itself is applied. Acetone
extraction (AcE) led to a slight decrease of the kappa number from 14 to 13.5.
Subsequent AE yielded in a clear kappa number reduction of 2 units (Table 9).
Regardless of whether AE was applied or not, kappa numbers of the pulps after
acidolysis dropped to an average value of 2.5. Not only lignin contributes to the
Kappa number, but also aliphatic double bonds, free aldehyde groups as well as
a-keto-carboxylic acids (Li and Gellerstedt 2002). The Ox-Dem kappa number
represents the kappa number attributed to lignin only (Li and Gellerstedt 1997).

Table 9: Kappa, Ox-Dem kappa, and HexA contents at different extraction
stages. AcE: acetone extraction. AE: alkaline extraction.

Pulp preparation

Soda-AQ Acidolysis
pulp ACE AE with AE  without AE
Total kappa 14.0 13.5 11.5 2.6 2.4
Ox-Dem kappa* 7.4 6.5 6.0 0.8 14
HexA** (= kappa)*** 27.2 (2.3) 27.9 (2.4) 29.3 (2.5) --- ---

* kappa attributed to lignin (Fasching et al. 2008; Ralph et al. 2004; Robert 1992)
** HexA given in umol g™ o.d. pulp
*** kappa attributed to HexA (Sixta 2006)

Ox-Dem kappa dropped one unit during AcE and 0.5 points during AE, indicating
a higher selectivity of AE. Within acidolysis of the pulps, similar amounts of lignin
were removed from pulps with and without AE as revealed by equivalent Ox-Dem
kappa reductions (A Ox-Dem kappa 5.2 with AE and 5.1 without AE). During
acidolysis, the drop in kappa number was higher than the drop in Ox-Dem kappa.
Thus, substantial amounts of substances, which did not contribute to Ox-Dem

kappa, were removed in addition to lignin within the step of acidolysis.

8.2 Characterization of residual lignin

Although similar amounts of lignin were removed from both pulps within
acidolysis, the lignins showed different precipitation behavior in water in the
recovery procedure. Lignin from alkaline extracted pulp precipitated only in minor

amounts.
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Table 10: Characterization of the isolated lignins with AE and without AE.

Sugar Elemental analysis (%) OMe Lignin yield
Lignin (%) C H N 0 S (%) Cooo formula* (mg g_l)
with AE <1 604 59 0.2 333 0.2 17.3 CgyypHgs520306(0OCH3)112 4.62
without AE 1.2 584 57 02 297 0.2 17.6 CgpHgzs0270(OCH3)118 6.68

* values are corrected for sugar impurities

Structural analyses of both lignins with prior AE and without prior AE showed
high similarities in lignin structure (Table 10 and Table 11). Both isolation
procedures yielded rather pure lignins with very low sugar content (about 1%).
The Cgp formula, calculated from methoxy group content and elemental analysis,
showed slightly higher oxygen and hydrogen contents for lignin with AE than for
lignin without AE (Table 10). Structural analysis via HSQC and quantitative **C
NMR experiments did not reveal any further differences between the isolated
lignin fractions (Table 11). Thus, AE resulted in significant lignin yield losses of
31 % (Table 10), but despite the extraction of non lignin components it does not

lead to a lignin of higher purity.

Table 11: Chemical shifts of resonances for integration of peaks in quantitative
3C NMR spectra.

Functional group Chemical shift (ppm) Lignin
from to with AE without AE

prim. aliph. OH 171.0 169.8 0.67 0.64
sec. aliph. OH 169.8 168.8 0.29 0.29
phenol. OH 168.8 167.5 0.42 0.49
O-subst. arom. C** 162.0 142.0 2.26 2.25
C-subst. arom. C*** 142.0 125.0 1.82 1.84
H-subst. arom. C 125.0 101.5 1.91 191
B-B /a 86.0 85.2 0.04 0.02
B-O-4/B 81.0 79.8 0.13 0.13
methoxy group 57.0 54.5 1.22 1.35

* 13C integral area of the acetylated sample per aromatic unit normalized to the
integral area corresponding to methoxy groups
** non-etherified phenolic C-O-Ac added to integral area

*** non-etherified phenolic C-O-Ac deduced from integral area

-55-



O Conclusions and outlook

This thesis provides a purification strategy for prehydrolysis liquors from

prehydrolysis-kraft pulp mills, enabling the recovery of valuable hemicelluloses.

It was found that the acid catalysis of the autohydrolysis reaction does not
prevent lignin dissolution to an extent necessary for uninhibited hemicellulose
recovery. Instead, the product spectrum is shifted from xylooligomers to
monomers (in the case of hardwoods and annual plants). In case the formation of
monomers is the target reaction (for example for further bioethanol or furfural
production), still, the accelerated hydrolysis of cellulose and its effect on

subsequent kraft pulping must be kept in mind.

High temperature adsorption of lignin on activated charcoals, a process we
named HIiTAC-process, led to lignin removal rates of up to 75 % without
concomitant adsorption of carbohydrates. At the expense of oligomeric
carbohydrate losses, lignin adsorption capacities of 100 % were possible.
Generally, the utilization of activated carbons with a high overall surface area, a
high number of small micropores and only few mesopores is recommended for

ensuring both, high adsorption selectivity and capacity.

The thermal reactivation of the spent charcoals at temperatures exceeding
850 °C under CO,-atmosphere presumably led to the transformation of the
adsorbed lignin to activated charcoal. Thermal reactivation at 950 °C for 30 min
showed the best results and a pore size distribution and adsorption characteristic
similar to fresh charcoal. Still, there is space for operational optimization. The
thermally reactivated charcoal was successfully recycled in the HiTAC-process.
Yet, it needs to be checked how many recycling cycles are possible without

capacity and selectivity losses.

Future work needs to concentrate on the scale-up of the laboratory results to pilot
plant size and on the implementation of these unit operation steps in an industrial
integrated process cycle. The use of adsorber beds for lignin adsorption might
introduce further problems, because the inlet of the adsorber bed is rather likely
to plug due to the high tendency of hydrolyzates to form incrustations. After
prehydrolysis in the digesters, the prehydrolyzates can be introduced into a

stirred adsorption tank with a short retention time (e.g. 10 min) as only very short
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adsorption times are necessary for complete adsorption. A thorough distribution
of the activated charcoal will be necessary in order to prevent scaling at dead
zones of the vessel. A core step will be the separation of the activated charcoal
from the hydrolysis liquor, which was conducted in form of dead end filtration
using a 0.45 um membrane in laboratory. This is also a plausible option in
industrial scale. Therefore the adsorption step can be followed by parallel filter
units (for example press filters or cartridge filters) which can be deloaded
alternately. Further options for the separation of the charcoal from the
carbohydrate containing hydrolyzate include sedimentation of the charcoal or
centrifugation. Weather this separation step should be conducted before or after
cooling deserves further optimization. All these unit operation steps are highly
dependent on weather a powdered or granular charcoal is used. Granular
charcoal is more easily separated, but the adsorption efficiency of granular types

was not yet tested.

The wet spent charcoal can be further processed with screw pumps to a
regeneration hearth. After thermal reactivation and the addition of make-up coal

the reactivated charcoal can be reused in the adsorption step.

Furthermore the subsequent processing of the hydrolyzates for the separation of
oligomeric and monomeric carbohydrates needs to be clarified in order to get a

well-defined basis for marketable products.
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11 Appendix

List of abbreviations

%odw
%odp
%ods
AC

AH

ASL
CBC
DP

DS

F

FTIR
GOS
HAc
HPAEC
HMF
I-fraction
KL
MeGIcA
NMR
OA
PAD
P-factor
PHK

RI

RT
S-fraction
TH
TOC
TR

WR

X

XO0S

Per cent oven dry wood

Per cent oven dry pulp

Per cent oven dry substance

Activated charcoal

Autohydrolyzate, autohydrolysis

Acid soluble lignin in wood and wood residues
Continuous batch cooking

Degree of polymerization

Degree of substitution

Furfural

Fourier-transform infrared spectroscopy
Glucooligosaccharides

Acetic Acid

High performance anion exchange chromatography
Hydroxymethylfurfural

Insoluble lignin in the hydrolyzate separated by centrifugation
Klason lignin in wood and wood residues
4-0O-Methylglucuronic acid

Nuclear magnetic resonance spectroscopy
Oxalic acid

Pulsed amperometric detection

Prehydrolysis factor

Prehydrolysis kraft

Refractive index

Room temperature

Soluble lignin in the hydrolyzate remaining after centrifugation
Total hydrolysis

Total organic carbon

Thermal reactivation

Wood residue

Xylose

Xylooligosaccharides
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Abstract

The implementation of biorefinery concepts into existing
pulp and paper mills is a key step for a sustainable utilization
of the natural resource wood. Water prehydrolysis of wood
is an interesting process for the recovery of xylo-oligosac-
charides and derivatives thereof, while at the same time cel-
lulose is preserved to a large extent for subsequent dissolving
pulp production. The recovery of value-added products out
of autohydrolyzates is frequently hindered by extensive lig-
nin precipitation, especially at high temperatures. In this
study, a new high-temperature adsorption process (HiTAC
process) was developed, where lignin is removed directly
after the autohydrolysis, which enables further processing of
the autohydrolyzates. The suitability of activated charcoals
as a selective adsorbent for lignin under process-relevant
conditions (150 and 170°C) has not been considered up to
now, because former experiments showed decreasing effi-
ciency of charcoal adsorption of lignin with increasing tem-
perature in the range 20—80°C. In contrast to these results,
we demonstrated that the adsorption of lignin at 170°C
directly after autohydrolysis is even more efficient than after
cooling the hydrolyzate to room temperature. The formation
of lignin precipitation and incrustations can thus be efficient-
ly prevented by the HiTAC process. The carbohydrates in
the autohydrolysis liquor remain unaffected over a wide
charcoal concentration range and can be further processed to
yield valuable products.

Keywords: activated charcoal (AC); adsorption; autohydro-
lysis; Eucalyptus globulus; HITAC process (high-temperature
adsorption on activated charcoal); lignin; precipitate; prehy-
drolysis; xylo-oligosaccharides.

Introduction

Globally, the alkaline kraft process constitutes the principal
pulping process. It accounts for 89% of chemical pulp pro-

duction. Alkaline pulping processes, however, are not capa-
ble of selectively removing short-chain hemicelluloses as a
prerequisite for the production of high-purity dissolving
pulps (Sixta 2006). Autohydrolysis in water is the process of
choice for the extraction of high-molecular-mass hemicellu-
loses from wood biomass for the production of a dissolving
pulp, on the one hand, and of value-added products — such
as food additives and pharmaceuticals from the hemicellu-
losic fraction — on the other hand. Thus, autohydrolysis may
also contribute to the profitability of the pulping process
(Garrote et al. 1999; Vazquez et al. 2000; Huang and Rama-
swamy 2008).

One major challenge during autohydrolysis of wood is the
partial dissolution of highly reactive lignin components.
These components cause high turbidity of the autohydroly-
zate and form resinous precipitates during heating and stor-
age at high temperatures. The precipitates were specified as
a highly condensed form of the colloidal dissolved lignin
fraction (Leschinsky et al. 2007). Further processing of the
autohydrolyzate such as heat recovery, isolation or hydrolysis
of oligosaccharides as well as the separation of acetic acid
and furanic compounds is impaired by extensive lignin pre-
cipitation. However, the formation of these insoluble precip-
itates cannot be avoided completely (Leschinsky 2009). In
order to circumvent the precipitation problems and to simul-
taneously benefit from autohydrolysis, steam prehydrolysis
is conducted in industrial practice. A disadvantage of this
technique is the immediate neutralization of the hydrolyzates
with cooking liquor, which renders impossible the isolation
of hydrolyzed sugar components because of severe carbo-
hydrate degradation and the small quantity of hydrolysis lig-
uor (Wizani et al. 1994; Sixta 20006).

Thus, finding suitable technologies for the quantitative
removal of the insoluble components and their precursors
(soluble lignin) from autohydrolyzates is one of the prereq-
uisites for the commercialization of water autohydrolysis for
the parallel production of high-purity dissolving pulps and
sugar-based by-products. The lignin separation step needs to
be performed immediately after the drainage of the hydro-
lyzates from the reactor in order to completely avoid incrus-
tation problems. The separation of lignin at temperatures
exceeding 100°C has not been a research topic so far, how-
ever, lignin separation from hydrolyzates at ambient tempera-
ture has found some interest, especially in respect of the
removal of inhibitors for fermentative purposes. Inhibitors in
this context are lignin, lignin degradation products, and fura-
nic compounds that are toxic to microorganisms in higher
concentrations and therefore need to be removed prior to
fermentation of the carbohydrate-containing liquors (Parajé
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et al. 1998; Cruz et al. 1999; Keller and Nguyen 2001; Vil-
larreal et al. 2006; Mendes et al. 2009).

A large variety of purification methods has already been
studied in this respect. Some adsorbent materials, such as ion
exchange resins and activated charcoals, have proven to be
applicable for the removal of lignin and sugar degradation
products from carbohydrate-containing liquors (Moure et al.
2006). Even polymeric resins showed good efficiency in lig-
nin removal, although they were not utterly selective as large
amounts of carbohydrates were adsorbed, too (Schwartz and
Lawoko 2010). Among the adsorbent materials, activated
charcoals showed a rather good selectivity towards lignin and
lignin degradation products. Parajé et al. (1996b) treated a
neutralized acid hydrolyzate of Eucalyptus globulus wood with
activated charcoal (hydrolyzate-to-charcoal ratio of 10 g g™,
24°C, 24 h) and could hence remove 75% of the lignin.
Along with lignin removal, substantial co-adsorption of sug-
ars was observed. Therefore, an optimal charcoal concentra-
tion was proposed, where sugar adsorption was still low. This
concentration corresponds to a lignin removal of up to 65%,
which agrees with results reported by Montané et al. (2006).
The authors suggested that the selectivity of lignin retention
is impaired with increasing lignin adsorption owing to the
presence of lignin-carbohydrate linkages. The absolute
capacity of an activated charcoal is generally characterized
by its specific surface area and the distribution of pores on
the charcoal surface. The role of micro- and mesopores of
the activated charcoal on lignin adsorption is still under dis-
cussion. Montané et al. (2006) suggested that the best selec-
tivity toward lignin adsorption was provided by microporous
charcoals with small mesopore diameters, a low number of
mesopores, and a low concentration of basic surface groups,
while Marton et al. (2006) found no significant difference
between the charcoals investigated.

In general, adsorption of lignin on activated charcoals is
highest at low pH values, a condition typically met in untrea-
ted autohydrolyzates (Venkata Mohan and Karthikeyan
1997). Nevertheless, a neutralization step is often applied
prior to adsorption, as neutral pH is required for subsequent
fermentative treatments. In addition to neutralization, filtra-
tion and evaporation stages are often proposed to remove
volatile compounds and to purify the hydrolyzates before an
adsorption step (Parajé et al. 1996a; Canilha et al. 2004;
Sepulveda-Huerta et al. 2006; Villarreal et al. 2006). How-
ever, it is strongly recommended to remove the sticky and
reactive lignin prior to the application of additional treatment
steps, because lignin inevitably hampers the treatment by
continuous precipitation.

The objective of this study was to develop a process for
the removal of lignin and lignin degradation products from
the autohydrolysis liquor immediately after its discharge
from the pressurized reactor. In order to prevent excessive
precipitation, the critical substances should be removed by
adsorption on activated charcoal. The efficiency and selec-
tivity of this HITAC process (high-temperature adsorption on
activated charcoal) should be investigated in detail. Within
a temperature range of 20°C to 170°C, the effects of adsorp-

tion temperature, adsorption time and the type and amount
of activated charcoal will be examined.

Materials and methods

Wood chips

Eucalyptus globulus wood chips from plantations in Uruguay were
supplied by ENCE (Huelva, Spain). The chips were ground with a
Retsch-type grinding cutting mill SM100 (Retsch GmbH, Haan,
Germany) and fractionated. The fraction with particle sizes between
2.5 and 3.5 mm was collected and used for the prehydrolysis exper-
iments. The dry content of the wood chips (82.9%) was measured
after drying at 104°C until constant weight (48 h). The carbohydrate
content and composition were analyzed after a two-stage total
hydrolysis by high-performance anion exchange chromatography
with pulsed amperometric detection (Sixta et al. 2001). Klason lig-
nin and acid-soluble lignin were measured according to Tappi
T2220m 98 (Tappi 1998). The native wood composition is shown
in Table 1.

Autohydrolysis

Autohydrolysis was carried out in a laboratory-scale Parr reactor
4560 series (Parr Instrument GmbH, Frankfurt am Main, Germany)
station with a reactor volume of 450 ml, mechanical stirring and
temperature control. Fifty grams of wood were placed inside the
reactor. Deionized water was added to achieve a liquor-to-wood
ratio of 5:1. The reactor was heated to 170°C within 30 min (min-
imum heating time), and the temperature was maintained until a
prehydrolysis-factor (P-Factor) of 600 h (corresponding to approx-
imately 60 min). The P-factor was calculated from the recorded
temperature/time data according to Sixta (2006) based on an acti-
vation energy of 125.6 kJ mol'. The prehydrolyzate was subse-
quently separated from the wood residue by displacement with
nitrogen to a preheated second reactor containing saturated steam
with a temperature of 170°C following the protocol of Leschinsky
(2009). The isothermal phase separation recovered all components
that were dissolved in the prehydrolyzate at 170°C, particularly the
components that were insoluble at lower temperatures. During this
separation step, no temperature and pressure drop occurred. The
experiments were split into reference and adsorption experiments.
For reference measurements, the second reactor was filled with
steam only, while for the adsorption experiments, activated charcoal
was added.

Table 1 Composition of native Eucalyptus globulus.

Amount

Compounds (% o.d.w.)
Carbohydrates

Glucan 39.9

Xylan 14.9

Rhamnan 0.1

Arabinan 0.3

Mannan 0.4

Galactan 1.3
Lignin

Klason 23.6

Acid soluble 4.8
Ash 0.32

o.d.w., oven dried wood.
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Reference experiments

In the reference experiments the hydrolyzates were subjected to a
temperature treatment at 170°C for 0, 20, 40 and 80 min after iso-
thermal phase separation. Then, the reactors were cooled to room
temperature with ice-water. Precipitates that had built up during this
treatment on the equipment were solubilized in 0.1 M NaOH with
short heating to over 100°C and were quantified via standard total
organic carbon (TOC) measurements.

Adsorption experiments

Sources of charcoal: Sigma decolorizing charcoal, Norit® granular
charcoal (purchased from Sigma-Aldrich, St. Louis, MO, USA) and
activated coke HOC Super (kindly supplied by Rheinbauer Brenns-
toff GmbH, Frechen, Germany). Norit® granular charcoal was
ground, while the other charcoal samples were used as supplied.
The activated charcoal concentration is given as the ratio to the
liquid phase during prehydrolysis in (g I'"). For adsorption experi-
ments at 170°C the second reactor was held at 170°C; for adsorption
experiments at 150°C, the batch was cooled with the reactor’s inter-
nal cooling system immediately after liquid transfer from the first
reactor. The temperature was maintained until the required adsorp-
tion time was accomplished. After the adsorption, the reactor was
immediately cooled down to below 40°C with ice-water. Adsorption
time of 0 min represents the minimal adsorption time possible to
record. The minimum adsorption time at 170°C is estimated to be
<2 min, followed by a cooling time to below 40°C of 10—15 min.
Adsorption at 20°C was conducted after isothermal liquid transfer
and ice cooling. The adsorbent was separated from the prehydro-
lyzate via vacuum filtration using a 0.45-pwm membrane.

Analytical methods

Lignin and turbidity analysis were conducted immediately after the
prehydrolysis experiments. The samples were then stored at 4°C.
Lignin content was analyzed via [ultraviolet/visible light spectro-
scopy (UV/VIS-spectrometry)] (absorption coefficient of 110 1 g
cm! at 205 nm according to Tappi um-250, Tappi 1991). Turbidity
was measured on a Hach 2100P turbidimeter (Hach Lange GmbH,
Diisseldorf, Germany). Furfural and hydroxymethylfurfural (HMF)
were quantified via high-performance liquid chromatography
(HPLC) on a Hypersil ODS column (Thermo Scientific, Waltham,
MA, USA) with UV detection at 277 nm with 14% (v/v) acetonitrile
as eluent at a temperature of 65°C. Acetic acid was determined via
HPLC on a Rezex ROA column (Phenomenex, Torrance, CA, USA)
with refractive index (RI) and UV detection and 0.005 M H,SO, as
eluent at a temperature of 65°C. The carbohydrate content and the
composition of the samples were analyzed before and after a two-
stage total hydrolysis with sulfuric acid by high-performance anion
exchange chromatography with pulsed amperometric detection (Six-
ta et al. 2001). Size exclusion chromatograms (SEC) were obtained
on a PSS MCX 1000 [Polymer Standards Service GmbH (PSS),
Mainz, Germany] (8 X300) column coupled with RI detection and
0.1 M NaOH as eluent. Brunauer Emmett Teller adsorption isotherm
(BET) was measured on a BELsorp mini II (BEL Inc., Osaka,
Japan) according to Brunauer et al. (1938) and International Union
for pure and applied chemistry (IUPAC) recommendations (Rou-
querol et al. 1994). Pore distributions were plotted in terms of the
BHJ- and the MP-plot for meso- and micropores, respectively. Non-
linear regression was analyzed by means of the Statgraphics Cen-
turion XV software. The ash content of the activated charcoals was
measured according to DIN 38 409 H1-3 (Deutsche-Norm 1987) at
a temperature of 850°C. The ash content of the activated charcoals

Table 2 BET surface area, pH, and ash content of the activated
charcoals investigated.

Type of activated BET Ash
charcoal (m? g pH (%)
Sigma decolorizing 880 6.7 1.1
Norit® (Sigma) 560 6.0 12
HOC Super 280 11.2 8.7

and the pH in water at a concentration of 50 g I'' are shown in
Table 2.

Results and discussion

Reference experiments

During autohydrolysis, mainly the xylan in the wood is
degraded and solubilized in the aqueous phase, whereas the
cellulose is depolymerized — depending on prehydrolysis
intensity — but practically no water-soluble fractions are
formed. The main components of the crude autohydrolyzate
are oligomeric and monomeric sugars (25.2 g 1''), mainly
xylose (20.5 g I'! xylose corresponding to 11.3% o.d.w.) and
<1 g I'" of glucose (0.5% o.d.w.). 68% of the xylose in
solution was still in oligomeric form due to the rather mild
conditions of autohydrolysis. Additionally, the carbohydrate
degradation products furfural and hydroxymethylfurfural
(HMF) as well as acetic acid derived from the hydrolysis of
the acetyl groups attached to the xylan backbone were detect-
ed in the autohydrolyzate (1166, 113 and 2814 mg 17,
respectively). Parallel to sugar dissolution from wood, some
lignin also solubilizes in the hot hydrolyzate. A part of it
precipitates upon cooling. The total lignin in the hydrolyzate
accounts for 5.6% o.d.w. (10.1 g I'" in hydrolyzate), 30%
thereof can be separated by centrifugation. If the crude
hydrolyzate is further exposed to the reaction temperature of
170°C, the oligomeric sugars are hydrolyzed to monosugars
and subsequently dehydrated to furanic compounds in an
extent depending on the treatment intensity. Additionally, a
drop in lignin concentration was observed with increasing
treatment time (Table 3), which can be attributed to the for-
mation of incrustations due to polycondensation reactions
(Leschinsky et al. 2008). These sticky incrustations lead to
serious problems in the processability of autohydrolyzates
because they contribute to scaling in all the downstream
equipment, especially in the heat-exchanging devices.

Influence of activated charcoal

The addition of activated charcoal (AC), even in amounts far
lower than those recommended in the literature (minimum
8 g AC per litre hydrolyzate versus 100 g AC per kg hydro-
lyzate according to Parajé et al. 1996b), could prevent the
formation of incrustations efficiently. Adsorption time had
only a minor effect on lignin adsorption at 170°C (Table 4).
As sugar decomposition at 170°C started to be significant
when exceeding 20 min of treatment time, the adsorption
time was set to 20 min for further experiments.
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Table 3 Reference experiments: composition of autohydrolyzates
after temperature treatment at 170°C.

Concentration of the compounds (mg 1)
at different reaction times (min)

Compounds 0 20 40 80
Lignin 10114 9680 7546 6870
Sugar total* 25225 23 368 20949 17742
Sugar oligo® 16 090 13119 9685 4616
Xylose oligo® 13945 11212 8121 3489
Xylose mono® 6557 7664 8678 10 207
Glucose oligo® 630 515 450 358
Glucose mono® 274 293 338 497
Galactose oligo® 638 525 433 246
Galactose mono© 1196 1191 1180 1287
Furfural 1166 1555 2304 4257
HMF 113 172 237 426
Acetic acid 2814 3083 3743 4743
Incrustation? — 430 2570 3240

“After total hydrolysis.

*Oligomeric fraction: difference in sugar content before and after
total hydrolysis.

“Before total hydrolysis.

YIncrustations from the reactor dissolved in NaOH.

The turbidity of an aqueous system correlates with the
amount of colloidal matter in solution, indicating an increase
in insolubles with rising turbidity. This measuring principle
can be adopted for the autohydrolysis liquor to track the
concentration of colloidal lignin compounds causing the for-
mation of sticky precipitates. Crude autohydrolyzates exhib-
ited a turbidity of more than 10 000 NTU. Vacuum filtration,
using a 0.45 m membrane, still resulted in a turbidity high-
er than 1000 NTU indicating an insufficient removal of the
colloidal lignin compounds, while the treatment with the
minimal amount of AC resulted in a turbidity of 25 NTU
only. An increase in AC concentration lowers turbidity to
about 10 NTU. This turbidity value remained constant during
a period of more than 3 weeks, stored at room temperature
or 4°C, indicating no further lignin precipitation over time
as confirmed by lignin content measurements. With the high-
est AC concentration in the hydrolyzate tested, 48 g 1"', the
lignin content in the hydrolyzate decreased by 96% (Table
5, Figure 1). Carbohydrates were not affected up to AC con-

Table 4 Composition of the hydrolyzates after treatment with acti-
vated charcoal (AC) with BET 880 m? g at 170°C.

Concentration and Concentration of

adsorption time of AC Lignin Sugar
(g1 (min) (mg I (mg I'")
8 0? 5674 23685
8 20 5634 23712
8 40 5099 20722
8 80 5326 17 170
12 20 4391 23 631
12 40 4215 21421
12 80 4847 14 021

*Minimum adsorption time.

centrations of 24 g 1" corresponding to a lignin removal of
85%. However, at an AC concentration of 48 g 1!, a con-
comitant adsorption of 19% of the carbohydrates, mainly
present in their polymeric form, occurred (Table 5). The
same tendencies were found by size exclusion chromato-
graphy (SEC). SECs of the crude hydrolyzates showed a
bimodal molecular weight distribution (Figure 2). The low-
molecular-weight peak is considered as monomeric sugars
mainly, the higher-molecular-weight peak is composed of lig-
nin and oligomeric sugars. With increasing charcoal concen-
tration, the UV-active lignin is constantly removed and
accounts for the reduction of the high-molecular-weight peak
for the most part. UV detection showed a bimodal molecular
weight distribution of lignin compounds, where lignin with
a higher molecular mass is removed prior to low-molecular-
mass lignin.

The Cs- and Cg-sugar dehydration products furfural and
HMEF were increasingly removed from autohydrolysis liquor
with rising charcoal concentrations. At the maximum char-
coal concentration investigated (48 g 1), 85% of furfural
and 72% of HMF were removed from the autohydrolysis
liquor. Acetic acid concentration was not reduced by AC,
but was rather significantly increased at high AC concen-
trations.

A theoretically possible catalysis of the cleavage of acetyl
groups from the xylan backbone by activated charcoal and
the concomitant release of free acetic acid into the hydro-
lyzate needs further investigation. Anyway, a release of free
acetic acid would promote further hydrolysis of the oligo-
saccharides to monomeric sugars and would therefore
explain the increase in monomeric sugars which is presented
in Figure 3.

An interesting field of application for water prehydro-
lyzates is the fermentative and enzymatic conversion of the
carbohydrates (xylan, xylooligosaccharides and xylose) to
xylitol, bioethanol, and other fermentation products. Lignin,
furfural, and HMF are inhibitors for most of the enzymes in
question. The amounts of lignin, furfural, and HMF in
E. globulus water prehydrolyzates, subjected to the HITAC
process, are at a sufficiently low level for fermentation proc-
esses (Parajé et al. 1998; Cruz et al. 1999; Keller and
Nguyen 2001; Villarreal et al. 2006; Mendes et al. 2009).

Adsorption isotherms

Lignin adsorption on activated charcoal is fairly efficient at
170°C (Figure 1); adsorption at 170°C is even better than at
room temperature. The measurement of the exact equilibrium
adsorption time of lignin in autohydrolyzate at high temper-
atures is not possible due to the high amount of side reactions
of carbohydrates and furfural. Nevertheless, it was shown
that the lignin concentration in the hydrolyzate did not
decrease steadily with adsorption times exceeding 20 min.
Therefore, an adsorption time of 20 min was chosen for the
adsorption experiments. Adsorption equilibrium at room
temperature is known to be attained only after several hours
of adsorption time (Venkata Mohan and Karthikeyan 1997).

The adsorption behavior of the hydrolysis lignin can be
approximated by isotherms of type I, although there is a
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Table 5 Composition of prehydrolyzates after 20 min adsorption onto AC (BET 880 m? g') at 170°C.

concentrations (mg 1)

Concentration of the compounds (mg 1) after treatment with AC

Compounds 0 8 12 20 24 32 48
Lignin 9680 5634 4391 2972 1559 921 376
Sugar total® 23368 23711 23631 23398 22 184 20732 18983
Sugar oligo® 13119 12 680 13 108 13 661 11574 10 481 6941
Xylose oligo® 11212 10 810 11218 11 609 9678 8965 5236
Xylose mono® 7664 8231 7796 7190 7918 7595 9348
Glucose oligo® 515 588 579 585 572 436 406
Glucose mono® 293 326 324 274 335 293 434
Galactose oligo® 525 544 581 614 512 467 437
Galactose mono*® 1191 1283 1275 1205 1252 1242 1342
Furfural 1555 1477 1167 1068 720 333 237
HMF 172 153 127 137 118 71 49
Acetic acid 3083 3341 3531 3557 3496 3182 4175
Incrustation? 430 - - - - - -
“After total hydrolysis.
*Oligomeric fraction: difference in sugar content before and after total hydrolysis.
“Before total hydrolysis.
Incrustations from the reactor dissolved in NaOH.
slight tendency of increasing coverage at higher lignin con- 6000 T
centrations (Figure 4). High surface coverage at high con- 5000
centrations indicates the formation of multilayers at the 1 = m 170°C
adsorbent surface. However, within the concentration range = 4000'_ L A 20°C
investigated this could not be unambiguously confirmed. The TE:n 3000
study of higher lignin concentrations or lower activated char- "o ] L] A
. . . X O 20004
coal concentrations was not possible owing to the formation |
of lignin incrustations at lower AC concentrations at high 1000 *
temperatures. Type I isotherms can be modelled according to ] =
the theories of Freundlich and Langmuir. The Langmuir iso- . ] T T T T T
0 10 20 30 40 50

therm describes adsorption in a monomolecular layer, where
adsorption of a particle is independent of the degree of sur-
face coverage according to equation 1:

C__1 .,cC 0
g.  Qo'B Qo

where ¢, is the amount of lignin adsorbed per unit mass of
activated carbon (mg g'), C, is the equilibrium concentration
of lignin in solution (mg I''), Q, is the maximum lignin
uptake per unit mass of carbon (mg g'), and B is the Lang-
muir constant (I mg™).

The Freundlich adsorption isotherm additionally relates
the concentration of the solute on the surface of the adsor-
bent, to the concentration of the solute in the liquid phase in
a logarithmical relationship. The Freundlich equation can be
written as:
q.=ks C" 2)
where ¢, and C, correspond to the Langmuir terms, k,is the
Freundlich constant related to the adsorption capacity
[mg g (mg I'")"], and n is a dimensionless empirical param-
eter representing the heterogeneity of the surface.

Both, Freundlich and Langmuir isotherm models, gave
good correlation with the measured lignin adsorption data.

Activated charcoal dosage (g I'")

Figure 1 Lignin adsorption at 20°C and 170°C: lignin concentra-
tion as a function of AC dosage. C,, equilibrium concentration of
lignin in solution.
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Figure 2 Size exclusion chromatograms of the autohydrolyzates
after adsorption on (a) 12 g 1!, (b) 24 g I'" and (c) 48 g I"! activated
charcoal (BET 880 m? g!) for 20 min at 150°C.
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Figure 3 Oligomeric and monomeric sugars as a function of AC
dosage (adsorption parameters: 20 min, 170°C).
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Figure 4 Freundlich isotherms (curves) and experimental adsorp-
tion data (individual points) of lignin on activated charcoal. g,
amount of lignin adsorbed per unit mass of AC, C, equilibrium
concentration of lignin in solution. (a) BET 880 m? g! at 20, 150
and 170°C. (b) BET surface area of 880, 560 and 260 m? g™ for
20 min at 170°C.

Non-linear regression was performed in order to attain the
Freundlich and Langmuir coefficients (Table 6). The Freund-
lich model showed a slightly better fit (mean R? 0.96) com-
pared to the Langmuir model (mean R? 0.92). Figure 4a
shows the Freundlich isotherms for three different adsorption
temperatures (20, 150, 170°C). Notably, the amount of lignin
adsorbed per unit mass of adsorbent (g, significantly

increased at elevated temperatures, indicating more efficient
adsorption. We therefore suggest that the lignin in solution
at 170°C exhibits a different structure than at room temper-
ature or even is in liquid state. The arrangement of hydro-
philic and hydrophobic groups in this state might favour the
adsorption onto activated charcoal. Validation of these
assumptions will require further research in this area. Fur-
thermore, we propose that the adsorption of lignin on AC at
high temperatures follows a chemisorption process as indi-
cated in the literature (Venkata Mohan and Karthikeyan
1997) and in our own preliminary desorption experiments
with limited success. Elevated temperatures might provide
the activation energy required for a chemisorptive process.
We further suspect a change in the adsorption mechanism at
temperatures beyond 100°C, as Parajo found that in the range
between 20 and 60°C the adsorption efficiency decreased
significantly with increasing temperature (Parajé et al.
1996a)

Due to the long adsorption times at 20°C, it can be
assumed that no significant lignin adsorption occurred during
the cooling phase. Furthermore, after 80 min of adsorption
at 170°C and a charcoal amount exceeding 12 g I'! no incrus-
tations were formed (Table 4). Thus, lignin was not available
for condensation reactions. This also indicates that the lignin
was already adsorbed before cooling. Reference measure-
ments without activated charcoal at the same conditions,
however, yielded an amount of incrustations higher than
32 gl

Effect of activated charcoal type

Three activated charcoals with BET surface areas of 280,
560 and 880 m? g were tested for lignin adsorption. The
adsorption behavior of the different charcoals was modelled
in terms of Freundlich and Langmuir isotherms (Figure 4b,
Table 6), whereby the fit of the former was significantly
better (mean R? of 0.92 compared to 0.88). The charcoals
showed small meso- and micropore diameters (Figure 5).
The volume of mesopores was almost equal for the charcoals
with a BET surface area of 560 and 880 m? g*'. The micro-
pore volume, however, was much higher for the AC of BET
880 m? g''. The AC of BET 280 m? g"' exhibited only small
volumes of meso- and micropores. In terms of lignin adsorp-
tion, a decrease of the BET surface from 880 to 560 m? g’
resulted in a 50% higher demand of AC to yield a compa-
rable lignin reduction (Table 7). A further decrease of the
BET surface area to 280 m? g™! required six times the amount

Table 6 Freundlich and Langmuir coefficients calculated by non-
linear regression.

Temp. BET Freundlich Langmuir

(°C) (m? g) k I'n R? Q B R?
170 880 2283 037 097 617.70 1052.5 0.89
150 880 28.00 033 099 51255 7678 0.99
20 880 6.36 047 093 53043 2456.1 0.88
170 560 1.02 0.69 0.81 884.41 7498.0 0.79
170 280 0.72 0.57 0.99 17425 4700.1 0.97
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Figure 5 (a) Mesopore and (b) micropore distribution of the three
activated charcoals with BET surface areas of 880, 560 and 280 m?
g (r,, pore radius; d,, pore diameter; V,, pore volume.)

of AC to achieve the equivalent adsorption efficiency. Taking
into account the total surface area of the adsorption system
as the surface area (m? g') of the AC times the amount of
AC (g 1), it can be seen that similar total surface areas are
needed for the two charcoals of high microporosity (AC with
BET 560 and 880 m? g™'). For the charcoal of minor micro-
porosity (AC with BET 280 m? g') almost twice the total
surface area is needed for similar lignin removal. Thus, not
only the total surface area is a criterion for lignin adsorption,
but also microporosity and assumingly surface functionali-

Table 7 Influence of BET surface area on lignin adsorption
(170°C, 20 min).

BET surface AC Lignin

(m* g (g1 (mg 1)
880 8 5634
880 20 2972
880 48 376
555 24 4094
555 36 2063
555 48 1842
280 48 5525
280 96 3424
280 144 2068

ties. This is in agreement with the findings of Montané et
al. (2006), who found increased lignin adsorption for highly
microporous charcoals with small mesopore diameters. A
potential effect of the ash content and the alkalinity of the
ACs on the lignin adsorption is possibly superimposed by
the high differences in BET surface area. The alkalinity of
the AC might affect the stability of carbohydrates during the
adsorption process.

Conclusions

Adsorption of lignin and lignin degradation products from
autohydrolyzates on activated charcoals at prehydrolysis
temperature is a suitable method for the prevention of scal-
ing. The so-called HiTAC process exhibits a fairly good
selectivity towards lignin adsorption without concomitant
adsorption of carbohydrates up to a lignin removal of 85%
at 170°C. At higher charcoal concentrations oligomeric sug-
ars are increasingly adsorbed, while monomeric sugars
remain unaffected. The carbohydrate dehydration products,
furfural and HME are removed during the AC treatment to
a concentration sufficiently low which allows an uninhibited
fermentation of the hydrolyzate. The equilibrium adsorption
time is reached within a rather short period of time. Surpri-
singly, it could be shown that adsorption is significantly more
efficient at autohydrolysis temperature (150 and 170°C) than
at room temperature, which is advantageous for purifying the
hydrolyzate during its discharge from the digester. The
choice of an activated charcoal of high microporosity and
surface area is indispensable for a successful implementation
in commercial practice. It was demonstrated that the addition
of activated charcoal to the hydrolyzate at reaction temper-
ature is very effective and selective in the removal of reactive
lignin preventing the formation of precipitates. Clearly, a
cost-effective regeneration process for the charcoal is needed
for a commercial realization. Thus, it is our goal to develop
an appropriate recycling strategy for the exhausted charcoal.
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Water prehydrolysis of wood is an
interesting process for the recovery of
xylooligosaccharides and derivatives
thereof, while at the same time cellulose
is preserved to a large extent for
subsequent dissolving pulp production.
The recovery of value-added products
out of autohydrolysates is frequently
hindered by extensive lignin
precipitation, especially at  high
temperatures. In this study, a new high
temperature adsorption process (HiTAC
process) was developed, where lignin is
removed directly after the
autohydrolysis, which enables further
processing of the autohydrolysates. The
suitability of activated charcoals as a
selective adsorbent for lignin under
process relevant conditions (150 and
170 °C) has not been considered up to
now, because former experiments
showed decreasing efficiency of the
adsorption of lignin onto activated

charcoals with increasing temperature
in the range of 20 — 80 °C. In contrast to
these results, we demonstrated that the
adsorption of lignin at 170 °C directly
after autohydrolysis is even more
efficient than after cooling the
hydrolysate to room temperature. The
formation of lignin precipitation and
incrustations can thus be efficiently
prevented by the HiTAC process. The
carbohydrates in the autohydrolysis
liquor remain unaffected over a wide
charcoal concentration range and can be
further processed to yield valuable
products.

Keywords: activated charcoal (AC),
adsorption, autohydrolysis, desorption,
Eucalyptus globulus, HITAC process (high
temperature  adsorption on activated
charcoal), lignin, precipitation,
prehydrolysis, xylooligosaccharides

Introduction

Globally, the alkaline kraft process
constitutes the principal pulping process. It
accounts for 89 % of the chemical pulp
production. Alkaline pulping processes,
however, are not capable of selectively
removing hemicelluloses as a prerequisite
for the production of high-purity
dissolving pulps [1]. Autohydrolysis in
water is the process of choice for the
extraction of the hemicelluloses from
wood biomass for the subsequent
production of a dissolving pulp. The
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extracted hemicelluloses are an interesting
feedstock for food additives and
pharmaceuticals. Thus, autohydrolysis may
contribute to the profitability of the
pulping process [2-4]. One major
challenge during autohydrolysis of wood is
the partial dissolution of highly reactive
lignin components. These components
cause high turbidity of the autohydrolysate
and form resinous precipitates during
heating and storage at high temperatures.
The precipitates were specified as a highly
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condensed form of the colloidal dissolved
lignin fraction [5]. Further processing of
the autohydrolysate such as heat recovery,
isolation or hydrolysis of oligosaccharides
as well as the separation of acetic acid and
furanic compounds is impaired by
extensive lignin precipitation. However,
the formation of these insoluble
precipitates cannot be avoided completely
[6]. In order to circumvent the
precipitation problems and to
simultaneously benefit from
autohydrolysis, steam prehydrolysis is
conducted in industrial practice. A
disadvantage of this technique is the
immediate neutralisation of  the
hydrolysates with cooking liquor, which
renders impossible the isolation of
hydrolysed sugar components because of
severe carbohydrate degradation and the
small quantity of hydrolysis liquor [1, 7].
Thus, finding suitable technologies for the
quantitative removal of the insoluble
components and their precursors (soluble
lignin) from autohydrolysates is one of the
prerequisites for the commercialization of
water autohydrolysis for the parallel
production of high purity dissolving pulps
and sugar-based by-products. The lignin
separation step needs to be performed
immediately after the drainage of the
hydrolysates from the reactor in order to
completely avoid incrustation problems.
The separation of lignin at temperatures
exceeding 100 °C has not been a research
topic so far, however, lignin separation
from hydrolysates at ambient temperature
has found some interest, especially in
respect of the removal of inhibitors for
fermentative purposes. Inhibitors in this
context are lignin, lignin degradation
products, and furanic compounds that are
toxic to microorganisms in higher
concentrations and therefore need to be
removed prior to fermentation of the
carbohydrate containing liquors [8-12].

A large variety of purification methods has
already been studied in this respect. Some
adsorbent materials, such as ion exchange
resins and activated charcoals, have proven
to be applicable for the removal of lignin
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and sugar degradation products from
carbohydrate containing liquors [13]. Even
polymeric resins showed good efficiency
in lignin removal, although they were not
utterly selective as large amounts of
carbohydrates were adsorbed, too [14].
Among the adsorbent materials, activated
charcoals showed a rather good selectivity
towards lignin and lignin degradation
products [15, 16]. However, along with
lignin removal, substantial co-adsorption
of sugars can be observed. Therefore, an
optimal  charcoal concentration was
proposed, where sugar adsorption was still
low.

In general, adsorption of lignin on
activated charcoals is highest at low pH
values, a condition typically met in
untreated autohydrolysates [17]. Neverthe-
less, a neutralisation step is often applied
prior to adsorption, as neutral pH is
required for subsequent fermentative
treatments. In addition to neutralization,
filtration and evaporation stages are often
proposed to remove volatile compounds
and to purify the hydrolysates before an
adsorption step [8, 18-20]. However, it is
strongly recommended to remove the
sticky and reactive lignin prior to the
application of additional treatment steps,
because lignin inevitably hampers the
treatment by continuous precipitation.

The objective of this study was to develop
a process for the removal of lignin and
lignin degradation products from the
autohydrolysis liquor immediately after its
discharge from the pressurized reactor. In
order to prevent excessive precipitation,
the critical substances should be removed
by adsorption on activated charcoal. The
efficiency and selectivity of this HiTAC
process (high temperature adsorption on
activated charcoal) should be investigated
in detail. Within a temperature range of
20 °C to 170 °C, the effects of adsorption
temperature, adsorption time and the type
and amount of activated charcoal will be
examined. Furthermore desorption of the
lignin components from the charcoal will
be investigated, in order to reuse the
charcoal.
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Material and Methods

Wood chips

Eucalyptus globulus wood chips from
plantations in Uruguay were supplied by
ENCE (Huelva, Spain). The chips were
ground with a Retsch-type grinding mill
and fractionated. The fraction with particle
sizes between 2.5 and 3.5mm was
collected and used for the prehydrolysis
experiments. The dry content of the wood
chips (82.9 %) was measured after drying
at 104 °C until constant weight (48 h). The
carbohydrate content and composition
were analyzed after a two-stage total
hydrolysis by high performance anion
exchange chromatography with pulsed
amperometric detection [21]. Klason lignin
and acid soluble lignin were measured
according to Tappi T222om 98 [22].

Autohydrolysis

Autohydrolysis was carried out in a lab-
scale Parr reactor station with a reactor
volume of 450 ml, mechanical stirring and
temperature control. 50 g of wood were
placed inside the reactor. Deionised water
was added to achieve a liquor-to-wood
ratio of 5:1. The reactor was heated up to
170 °C within 30 min (minimum heating
time), the temperature was maintained
until a prehydrolysis-factor (P-Factor) of
600 h (corresponding to approximately 60
min). The P-factor was calculated from the
recorded temperature/time data according
to Sixta [1] based on an activation energy
of 125.6 kJ mol™. The prehydrolysate was
subsequently separated from the wood
residue by displacement with nitrogen to a
preheated second reactor containing
saturated steam with a temperature of
170 °C  following the protocol of
Leschinsky [6]. The isothermal phase
separation recovered all components that
are dissolved in the prehydrolysate at
170 °C, particularly the components that
are insoluble at lower temperatures.
During this separation step, no temperature
and pressure drop occurred. The
experiments were split into reference and
adsorption experiments. For reference
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measurements, the second reactor was
filled with steam only, while for the
adsorption experiments, activated charcoal
was added. The corresponding reactor
scheme is shown in Figure 1.

Auto-
hydrolysis
lfw =51
170 °C,

60 min

Adsorption
. 170°C
Activated

. charcoal:
0-48¢glLt
- 0-380min

:Displacement:
My, Isothermal

Figure 1. Autohydrolysis’ reactor system.

Reference experiments

In the reference experiments the
hydrolysates were subjected to a
temperature treatment at 170 °C for 0, 20,
40 and 80 min after isothermal phase
separation. Then, the reactors were cooled
to room temperature with ice water.
Precipitates that had built up during this
treatment on the equipment were
solubilised in 0.1 M NaOH with short
heating to over 100 °C and were quantified
via standard TOC measurements.

Adsorption experiments

Sources of charcoal: Sigma decolorizing
charcoal, Norit® granular charcoal
purchased from Sigma-Aldrich, Carbopal
Gn-AZ from Donau Carbon and activated
coke HOC Super, kindly supplied by
Rheinbauer Brennstoff GmbH. Norit®
granular charcoal was ground, while the
other charcoal samples were used as
supplied. The  activated  charcoal
concentration is given as the ratio to the
liquid phase during prehydrolysis in
(gL"). For adsorption experiments at
170 °C the second reactor was held at
170 °C, for adsorption experiments at
150 °C, the batch was cooled with the
reactor’s  internal  cooling  system
immediately after liquid transfer from the

first reactor. The temperature was
maintained until the required adsorption
time was accomplished. After the

adsorption, the reactor was immediately
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cooled down to below 40°C with ice
water. Adsorption time of 0 min represents
the minimal adsorption time possible to
record. The minimum adsorption time at
170 °C is estimated to be less than 2 min,
followed by a cooling time to below 40 °C
of 10 - 15 min. Adsorption at 20 °C was
conducted after isothermal liquid transfer
and ice cooling. The adsorbent was
separated from the prehydrolysate via
vacuum filtration wusing a 0.45 um
membrane.

Table 1. BET surface area, pH and ash content of the
activated charcoals.

Type of activated BET pH Ash
charcoal /m* g’ /%
Carbopal Gn-AZ 1270 5.9 n.d.
Sigma decolorizing 880 6.7 1.1
Norit® (Sigma) 560 6.0 12
HOC Super 280 11.2 8.7

Desorption Experiments

1 g of spent activated carbon (adsorption
paramenters: 20 g L' AC, adsorption at
170 °C, 20 min adsorption time, 410 mg
lignin per g AC) was subjected to 5 mL of
solvent [0.5 N NaOH, acetone/ water 5:1
(v/v), ethanol, acetic acid, DMSO] and
shook overnight. AC was separated via a
0.45 pum filter and washed with 100 mL
deionised water.

Analytical methods
Lignin and turbidity analysis were
conducted  immediately  after  the

prehydrolysis experiments. The samples
were then stored at 4 °C. Lignin content
was analysed via UV/VIS-spectrometry
(absorption coefficient of 110 L g cm™ at
205 nm according to Tappi um-250, [23]).
Turbidity was measured on a Hach 2100P
turbidimeter. Furfural and
hydroxylmethyl-furfural (HMF) were
quantified via HPLC on a Hypersil ODS
column with UV detection at 277 nm with
14 % (v/v) acetonitrile as eluent at a
temperature of 65 °C. Acetic acid was
determined via HPLC on a Rezex ROA
column with RI and UV detection and
0.005 M H,SOy4 as eluent at a temperature
of 65 °C. The carbohydrate content and the
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composition of the samples were analyzed
before and after a two-stage total
hydrolysis with sulphuric acid by high
performance anion exchange
chromatography with pulsed amperometric
detection [21]. Size exclusion
chromatograms (SEC) were obtained on a
PSS MCX 1000 (8x300) column coupled
with RI detection and 0.1 M NaOH as
eluent. BET was measured on a BELsorp
mini Il from BEL Inc., Japan according to
Brunauer et al [24] and IUPAC
recommendations [25]. Nonlinear
regression was analysed by means of the
Statgraphics Centurion XV software. The
ash content of the ACs was measured
according to DIN 38 409 HI-3 [26] at a
temperature of 850 °C. The ash content of
the activated charcoals and the pH in water
at a concentration of 50 g L are given in
Table 1. Charcoal samples have been
examined by high-resolution scanning
electron microscopy after coating with a
thin layer of Au/Pd at a 7000x
magnification with a Hitachi S4000 SEM
(FE-SEM) applying an acceleration
voltage of 6 kV.

Results and discussion

Reference experiments

During autohydrolysis, mainly the xylan in
the wood 1s degraded and solubilised in the
aqueous phase, whereas the cellulose is
depolymerised - depending on prehydro-
lysis intensity - but practically no water
soluble fractions are formed. The main
components of the crude autohydrolysate
are oligomeric and monomeric sugars
(252 ¢gL"), mainly xylose (20.5gL"
xylose corresponding to 11.3 % odw) and
less than 1 gL of glucose (0.5 % odw).
68 % of the xylose in solution was still in
oligomeric form due to the rather mild
conditions of autohydrolysis. Additionally,
the carbohydrate degradation products
furfural and hydroxymethylfurfural (HMF)
as well as acetic acid derived from the
hydrolysis of the acetyl groups attached to
the xylan backbone were detected in the
autohydrolysate (1166, 113 and
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2814 mg L', respectively). Parallel to
sugar dissolution from wood, some lignin
also solubilises in the hot hydrolysate. A
part of it precipitates upon cooling. The
total lignin in the hydrolysate accounts for
5.6% odw (10.1 g L™ in hydrolysate),
30% thereof can be separated by
centrifugation. If the crude hydrolysate is
further exposed to the reaction temperature
of 170°C, the oligomeric sugars are
hydrolysed to monosugars and
subsequently  dehydrated to furanic
compounds in an extent depending on the
treatment intensity.

Table 2. Composition of the hydrolysates after activated
charcoal (AC, BET 880 m® g'') treatment at 170 °C.

AC  Adsorp. time Lignin Total sugars

/gL’ / min /mg L’ /mgL”!
0* 5674 23685

8 20 5634 23712
40 5099 20722

80 5326 17170

20 4391 23631

12 40 4215 21421
80 4847 14021

*minimum adsorption time

Additionally, a drop in  lignin
concentration  was  observed  with
increasing treatment time (Table 2) which
can be attributed to the formation of
incrustations due to polycondensation
reactions [27]. These sticky incrustations
lead to serious problems in the
processability of autohydrolysates because
they contribute to scaling in all
downstream equipment, especially in the
heat exchanging devices.

Influence of activated charcoal
The addition of activated charcoal (AC),

even in amounts far lower than those
recommended in the literature (minimum
8 g AC per litre hydrolysate versus 100 g
AC per kg hydrolysate [15]), could prevent
the formation of incrustations efficiently.
Adsorption time had only a minor effect on
lignin adsorption at 170 °C (Table 3). As
sugar decomposition at 170 °C started to
be significant when exceeding 20 min of
treatment time, the adsorption time was set
to 20 min for further experiments.

The turbidity of an aqueous system
correlates with the amount of colloidal
matter in solution indicating an increase in
insolubles with rising turbidity. This
measuring principle can be adopted for the
autohydrolysis  liquor to track the
concentration  of  colloidal lignin
compounds causing the formation of sticky
precipitates.  Crude  autohydrolysates
exhibited a turbidity of more than
10 000 NTU. Vacuum filtration, using a
0.45 pm membrane, still resulted in a
turbidity higher than 1000 NTU indicating
an insufficient removal of the colloidal
lignin compounds, while the treatment
with the minimal amount of AC (8 g L
resulted in a turbidity of 23 NTU only. An
increase in AC concentration lowers
turbidity to below 10 NTU. This turbidity
value remained constant during a period of
more than three weeks, stored at room
temperature or 4 °C, indicating no further
lignin precipitation over time as confirmed
by lignin content measurements. With the
highest AC concentration in the
hydrolysate tested, 48 gL, the lignin
content in the hydrolysate decreased by
96 % (Table 4). Carbohydrates were not
affected up to AC concentrations of
24 g L' corresponding to a lignin removal
of 85 %. However, at an AC concentration

Table 3. Reference experiments: Composition of autohydrolysates after temperature treatment at 170 °C.

Adsorp. time  Lignin )iﬂl;sle Xylose mono® Furfural HMF  Acetic acid Incrust.’
/ min /mg L™ /mg L™ /mg L /mgL' /mgL’ /mg L /mg L
0 10114 13945 6557 1166 113 2814 -
20 9680 11212 7664 1555 172 3083 430
40 7546 8121 8678 2304 237 3743 2570
80 6870 3489 10207 4257 426 4743 3240

! oligomeric fraction: difference in sugar content before and after total hydrolysis, * before total hydrolysis,

3

incrustations from the reactor equipment dissolved in NaOH
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of 48 gL', a concomitant adsorption of
19 % of the carbohydrates, mainly present
in their polymeric form, occurred.

The same tendencies were found by size
exclusion chromatography (SEC). SECs of
the crude hydrolysates showed a bimodal
molecular weight distribution (Figure 2).
The low molecular weight peak is
considered as monomeric sugars mainly,
the higher molecular weight peak is
composed of lignin and oligomeric sugars.

With increasing charcoal concentration,
the UV active lignin is constantly removed
and accounts for the reduction of the high
molecular weight peak for the most part.
UV detection showed a bimodal molecular
weight distribution of lignin compounds,
where lignin with a higher molecular mass
is removed prior to low molecular mass
lignin. The Cs- and Cg-sugar dehydration
products furfural and HMF were
increasingly removed from autohydrolysis
liquor with rising charcoal concentrations.
At the maximum charcoal concentration
investigated (48 gL™), 85 % of furfural
and 72 % of HMF were removed from the
autohydrolysis  liquor.  Acetic  acid
concentration was not reduced by AC, but
was rather significantly increased at high
AC concentrations.

A theoretically possible catalysis of the
cleavage of acetyl groups from the xylan
backbone by activated charcoal and the
concomitant release of free acetic acid into
the hydrolysate needs further investigation.
Anyway, a release of free acetic acid
would promote further hydrolysis of the
oligosaccharides to monomeric sugars and
would therefore explain the increase in
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Figure 2. Size exclusion chromatograms of the
autohydrolysates after adsorption on a) 12 gL, b)
24gL") and c¢) 48gL’' activated charcoal
(BET 880 m* g") for 20 min at 150 °C.

monomeric sugars (Table 4).

An interesting field of application for
water prehydrolysates is the fermentative
and enzymatic conversion of the
carbohydrates (xylan, xylooligosaccharides
and xylose) to xylitol, bioethanol, and
other fermentation products. Lignin,
furfural and HMF are inhibitors for most
of the enzymes in question. The amounts
of lignin, furfural and HMF in E. globulus
water prehydrolysates, subjected to the
HiTAC process, are at a sufficiently low
level for fermentation processes [8-12].

Adsorption isotherms

Lignin adsorption on activated charcoal is
fairly efficient at 170 °C, adsorption at
170 °C is even better than at room
temperature. The measurement of the exact
equilibrium adsorption time of lignin in
autohydrolysate at high temperatures is not
possible due to the high amount of side
reactions of carbohydrates and furfural.
Nevertheless, it was shown that the lignin
concentration in the hydrolysate did not

Table 4. Composition of prehydrolysates after 20 min adsorption onto activated charcoal (BET 880 m” g™") at 170 °C.

AC! Lignin Suga{ S“.ga§ Xy.10s3e Xyloss Gl‘f“’ie Gluc0s4e Furfural HMF Aceftlc Incrust.’
total ollgo ollgo mono ollgo mono acid

/gt /mgl' /mgl'  /mgl'  /mgl’  /mgl’ /mg 1! /mg 1" /mg 1" fmg 1" /mgl’ /mg 1!

0 9680 23368 13119 11212 7664 515 293 1555 172 3083 430

8 5634 23711 12680 10810 8231 588 326 1477 153 3341 -

12 4391 23631 13108 11218 7796 579 324 1167 127 3531 -

20 2972 23398 13661 11609 7190 585 274 1068 137 3557 -

24 1559 22184 11574 9678 7918 572 335 720 118 3496 -

32 921 20732 10481 8965 7595 436 293 333 71 3182 -

"Activated charcoal, “after total hydrolysis, * oligomeric fraction: difference in sugar content before and after total hydrolysis
* before total hydrolysis, > incrustations from the reactor equipment dissolved in NaOH
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decrease steadily with adsorption times
exceeding 20 min. Therefore, an
adsorption time of 20 min was chosen for
the adsorption experiments. Adsorption
equilibrium at room temperature is known
to be attained only after several hours of
adsorption time [17].

The adsorption behaviour of the hydrolysis
lignin can be approximated by isotherms
of type I, although there is a slight
tendency of increasing coverage at higher
lignin concentrations (Figure 3). High
surface coverage at high concentrations
indicates the formation of multilayers at
the adsorbens’ surface. However, within
the concentration range investigated, this
couldn’t be unambiguously confirmed. The
study of higher lignin concentrations or
lower activated charcoal concentrations
was not possible, owing to the formation
of lignin incrustations at lower AC
concentrations at high temperatures.
Typel isotherms can be modelled
according to the theories of Freundlich and
Langmuir. The Langmuir isotherm
describes adsorption in a monomolecular
layer, where adsorption of a particle is
independent of the degree of surface
coverage according to equation 1:

C 1 C, (1)

= +

9. QB O

where ¢, 1s the amount of lignin adsorbed
per unit mass of activated carbon (mg g),
C. 1s the equilibrium concentration of
lignin in solution (mg L), Q) is the
maximum lignin uptake per unit mass of
carbon (mg g'), and f is the Langmuir
constant (L mg™).

The Freundlich adsorption isotherm
additionally relates the concentration of the
solute on the surface of the adsorbent to
the concentration of the solute in the liquid
phase in a logarithmical relationship. The
Freundlich equation can be written as:

q,=k,-C" (2)

where ¢. and C, correspond to the
Langmuir terms, Ak is the Freundlich
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constant related to the adsorption capacity
mgg' (mgL")"], and »n is a

dimensionless empirical parameter
representing the heterogeneity of the
surface.

Both, Freundlich and Langmuir isotherm
models, gave good correlation with the
measured lignin adsorption data. Nonlinear
regression was performed in order to attain
the Freundlich and Langmuir coefficients
(Table 5).

Figure 3 shows the Freundlich isotherms
for three different adsorption temperatures
(20, 150, 170 °C). Notably, the amount of
lignin adsorbed per unit mass of adsorbent
(g.) significantly increased at elevated
temperatures, indicating more efficient
adsorption. We therefore suggest that the
lignin in solution at 170 °C exhibits a
different  structure than at room
temperature or even is in liquid state. The
arrangement of  hydrophilic and
hydrophobic groups in this state might
favour the adsorption onto activated
charcoal. Validation of these assumptions
will require further research in this area.
Furthermore, we propose that the
adsorption of lignin on AC at high
temperatures follows a chemisorption
process as indicated in the literature [17]
and in our own preliminary desorption
experiments with limited success. Elevated
temperatures might provide the activation
energy required for a chemisorptive
process. We further suspect a change in the
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Figure 3. Freundlich isotherms (curves) and
experimental adsorption data (individual points) of
lignin on activated charcoal (BET surface area
880 m?g') at different temperatures (20, 150 and
170 °C). g, amount of lignin adsorbed per unit mass of
AC, C, equilibrium concentration of lignin in solution.
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adsorption mechanism at temperatures
beyond 100 °C, as Parajo found that in the
range between 20 and 60 °C the adsorption
efficiency decreased significantly with
increasing temperature [19].

Due to the long adsorption times at 20 °C,
it can be assumed that no significant lignin
adsorption occurred during the cooling
phase. Furthermore, after 80 min of
adsorption at 170°C and a charcoal
amount exceeding 12 g L' no incrustations
were formed (Table 4). Thus, lignin was
not available for condensation reactions.
This also indicates that the lignin was
already  adsorbed  before  cooling.
Reference measurements without activated
charcoal at the same conditions, however,
yielded an amount of incrustations higher
than 3.2 g L.

Effect of activated charcoal type

Four activated charcoals with BET surface
areas of 280, 560, 880 and 1270 m’ g
were tested for lignin adsorption. The
adsorption behaviour of the different
charcoals was modelled in terms of
Freundlich and Langmuir isotherms,
whereby the fit of the former was slightly
better (mean R? of 0.94 compared to 0.92).
The best adsorption results were obtained
using the charcoal with the highest BET
surface area (1270 m’ g, Figure 4). All
charcoals investigated showed small
mesopore diameters (data not shown). The
volume of mesopores was almost equal for
the charcoals with a BET surface area of
560 and 880m’g’, but significantly
higher for the charcoal of BET
1270 m* g™

The micropore volume was higher for the
AC of BET 880 m” g”' than for 560 m” g™
The micropore diameters of the AC of

BET 1270 m* g were larger than for the
other charcoals. The AC of BET
280 m* g exhibited only small volumes of
meso- and micropores.

In terms of lignin adsorption, a decrease of
the BET surface from 1270 to 880 m” g™
resulted in a 150 % higher demand of AC
to yield a comparable lignin reduction. A
further decrease of the BET surface area to
280 m? g'1 required twelve times the
amount of AC to achieve the equivalent
adsorption efficiency. Taking into account
the total surface area of the adsorption
system as the surface area (m? g'l) of the
AC times the amount of AC (gL™), it can

1
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Figure 4. Freundlich isotherms (curves) and

experimental adsorption data (individual points) of
lignin on activated charcoals of BET surface areas of
1270, 880, 560, 260 m”> g for 20 min at 170°C. g,
amount of lignin adsorbed per unit mass of AC, C,
equilibrium concentration of lignin in solution.
be seen that the smallest surface is needed,
for the charcoal with the high volume of
mesopores and larger micropores (BET
1270 m* g'l). A 70 % higher total surface
area is needed for the charcoals with BET
560 and 880 m?g™'. For the charcoal of
minor microporosity (AC with BET
280 m? g') almost three times the total
surface area is needed for similar lignin
removal. Thus, not only the total surface
area is a criterion for lignin adsorption, but

also the distribution and
Table 5 Freundlich and Langmuir coefficients calculated by nonlinear volume of meso- and

regression. . . .
- - microporosity and assumingly

Temp. BET Freundlich Langmuir . ..

j°C mlg - — ) : = surface  functionalities. A
170 1270 832 057 1,00 1849.59 3503.8 0.98 potential foe}ft (ii lthe aslllc
170 880 2283 037 097 61770 10525 ogo  content and the alkalmity o
150 880 2800 033 099 51255 7678 o099  the ACs on the lignin
20 880 636 047 0.93 53043  2456.1 0.88 adSOYPtIOH 18 possﬂﬂy
170 560 1.2 0.69 081 884.41  7498.0 0.79 superimposed by the high
170 280 072 057 0.99 17425 4700.1 097  differences in BET surface
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area. The alkalinity of the AC might affect
the stability of carbohydrates during the
adsorption process.

Spent activated charcoal

After adsorption of lignin on an activated
carbon of BET surface area 880 m”> g at
170 °C  the surface area decreases
drastically to 70 m®g'. SEM images
(Figure 5) show the structured surface of
the activated carbon. After the adsorption
process a smooth surface covered with
lignin is imaged.

Table 6. BET surface after solvent desorption of lignin.

Solvent dissolved lignin  BET
/ % ligninon AC  /m?* g
Reference before
. 70
desorption

NaOH (0.5 N) 10 109
Acetone/water (5/1) 21 122

Ethanol 10 95
Acetic acid 18 106
DMSO n.d. 134

Desorption of this lignin (Table 6) using
solvents yields up to 18 % of the lignin on
the charcoal. However, the active surface
area is not positively affected, probably
due to the high binding strength of
remaining lignin to the charcoal and due to
the inaccessibility of lignin in the pores.
This is also in agreement with the literature
[28].

Conclusions
Adsorption  of lignin and  lignin
degradation products from

autohydrolysates on activated charcoals at
prehydrolysis temperature is a suitable
method for the prevention of scaling. The
so-called HiTAC process exhibits a fairly
good selectivity towards lignin adsorption
without  concomitant adsorption  of
carbohydrates up to a lignin removal of
85% at 170°C. At higher charcoal
concentrations oligomeric sugars are
increasingly adsorbed, while monomeric
sugars remain unaffected. The
carbohydrate dehydration products,
furfural and HMF, are removed during the
AC treatment to a concentration

150

sufficiently low which allows an
uninhibited fermentation of  the
hydrolysate. The equilibrium adsorption
time is reached within a rather short period
of time. Surprisingly, it could be shown
that adsorption 1is significantly more
efficient at autohydrolysis temperature
(150 and 170°C) than at room

temperature, which is advantageous for
hydrolysate

purifying the during its

——dum—
Figure 5. SEM images of activated charcoal a) before,
b) after lignin adsorption.

discharge from the digester. The choice of

an  activated  charcoal of  high
microporosity and surface area is
indispensable for a successful

implementation in commercial practice. It
was demonstrated that the addition of
activated charcoal to the hydrolysate
prevents the formation of  sticky
precipitates efficiently. Clearly, a cost
effective regeneration process for the
charcoal is needed for a commercial
realisation. Solvent desorption of lignin is
yet not possible. Thus, it is our goal to
develop an appropriate recycling strategy
for the exhausted charcoal.
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Three different acids (acetic, oxalic and sulfuric acid) were tested for their catalytic activity during the
pretreatment of Eucalyptus globulus wood comparatively to autohydrolysis in order to extract valuable
products prior to kraft pulping and to reduce lignin precipitation in the pretreatment step. The utilization
of oxalic and sulfuric acid reduces treatment temperatures at a given wood yield as compared to autohy-
drolysis and acetic acid addition and thus decreases the insoluble lignin content in the hydrolyzates. Due
to the high temperatures of autohydrolysis xylose dehydration to furfural occurs at high wood yield
losses, while during acid catalyzed hydrolysis degradation of cellulose to glucose is more pronounced.
The main difference between the acid catalyzed and non-catalyzed reaction constitutes the ratio of
monomeric xylose and xylooligosaccharides in solution.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Various process streams in pulp manufacture containing carbo-
hydrates as a main component are currently spent as low-calorific
heating material. Biorefinery concepts target the chemical utiliza-
tion of those product streams and therefore provide additional eco-
nomic and environmental benefit. Prehydrolyzates from the
prehydrolysis kraft process are a good example for an idle process
stream with high potential for the utilization as feedstock (Moure
et al., 2006).

1.1. Autohydrolysis

The prehydrolysis kraft process is a well established process for
dissolving pulp production (Sixta, 2006). In a first step - the auto-
hydrolysis or hydrothermolysis - wood is treated with pure water
in order to dissolve hemicelluloses that are hardly degraded in an
alkaline cooking stage. During autohydrolysis the chips are
impregnated easily and hydrolysis evolves uniformly, because
the hydrolysis catalyst acetic acid is formed directly in the wood
cells due to the cleavage of acetyl groups from the xylan backbone.
The subsequent kraft cooking step removes the lignin and yields a
pulp with a residual xylan content of about 3% in the case of

* Corresponding author. Tel.: +43 7672 701 2930.
E-mail addresses: j.guetsch@lenzing.com (J.S. Giitsch), herbert.sixta@aalto.fi
(H. Sixta).

0960-8524/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
doi:10.1016/j.biortech.2012.01.018

hardwood. Sulfur-free alternatives to prehydrolysis-kraft cooking
are prehydrolysis-soda-anthraquinone cooking (Schild et al.,
2010) or prehydrolysis-organosolv (Romani et al., 2011) pulping.
Currently, water prehydrolysis is not implemented in industry
due to the formation of highly reactive lignin precipitates that
cause severe plugging problems (Leschinsky et al., 2008). To cir-
cumvent the clogging of pipes and pumps, prehydrolysis is cur-
rently carried out as steam prehydrolysis, where the hydrolyzate
is neutralized and displaced to the evaporation plant prior to cook-
ing (Wizani et al., 1994).

1.2. Acid catalyzed prehydrolysis

Acid prehydrolysis is applied to remove hemicelluloses for (dis-
solving) pulp production (Liu et al., 2009). It is seen as a novel
source of chemicals, either via total hydrolysis of lignocellulosic
biomass to sugar monomers or as a pretreatment of biomass for
enzymatic conversion (Grethlein and Converse, 1991). In mechan-
ical pulping acid prehydrolysis is applied in order to soften the
wood structure and therefore save refining energy (Kenealy et al.,
2007). In the biorefinery approach these different strategies and
aims are combined to yield the most efficient utilization of all
wood components (Yoon et al., 2008). The pretreatment of biomass
with sulfuric acid is rather traditional and therefore most intensely
studied on a wide range of substrates including wood and annual
plants (Jeong et al., 2010; Parajé et al., 1994; Springer, 1985). Nev-
ertheless other inorganic acids like hydrochloric acid (Conner,
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1985) and recently organic acids like acetic acid (Conner and
Lorenz, 1986), maleic acid and oxalic acid (Kenealy et al., 2007;
Lee and Jeffries, 2011; Rudie et al., 2007) were investigated regard-
ing their ability to liberate monomeric sugars. As a consequence of
acid addition, prehydrolysis intensities and therefore treatment
costs are reduced. Current pulping developments aim to avoid
the addition of environmentally unfavorable heteroatoms like sul-
fur or chloride in the pulping system, therefore organic acids offer
the possibility of a sulfur free pretreatment that is less corrosive. In
any case, the utilization of acids causes additional costs, therefore
recirculation possibilities must be kept in mind.

1.3. Chemical composition of the hydrolyzates

1.3.1. Lignin

Wood lignin partly dissolves at prehydrolysis conditions and
precipitates upon cooling, which can be hardly avoided (Leschinsky
et al., 2008). However, shorter prehydrolysis times and lower tem-
peratures, accomplished via acid catalysis, reduce the amount of lig-
nin in the hydrolyzate. A high lignin content in the hydrolyzate
causes major difficulties in the recovery of carbohydrate compo-
nents because of precipitation and formation of incrustations.

Up to now a drastic decrease of precipitated lignin was only ob-
served when SO, was added. Due to sulfonation the overall solubil-
ity of lignin, however, increased significantly, yielding high
amounts of soluble lignosulfonates in the prehydrolyzates, thus
counteracting to the intended selectivity (Leschinsky, 2009). Tunc
and van Heiningen (2011) used centrifugation for the removal of lig-
nin precipitates, but still found lignin in all hemicellulosic fractions
recovered. In the course of membrane filtration lignin causes seri-
ous fouling of the membranes and renders this process impossible
without additional pretreatment (Gullon et al., 2008; Kallioinen
et al., 2011). Thus, the removal of lignin from the prehydrolyzates
immediately after hydrolysis is necessary. This is realized within
the HiTAC-process (high temperature adsorption on activated char-
coal), where lignin is selectively adsorbed on activated charcoal at
prehydrolysis temperature (Giitsch and Sixta, 2011).

1.3.2. Carbohydrates

The main component dissolved during acid prehydrolysis of
hardwoods is xylan, either dissolved as monomeric xylose or as
xylooligomers (XOS). Autohydrolysis liberates hemicelluloses in
oligomeric form which are degraded to less substituted oligosac-
charides of lower molar mass and further to monomeric sugars
with increasing treatment intensity (Testova et al., 2011). This con-
secutive reaction is considerably accelerated during sulfuric acid
catalyzed hydrolysis. With increasing hydrolysis intensity parts
of the amorphous cellulose start to hydrolyze, increasing the con-
centration of cello-oligosaccharides and glucose in the hydrolyzate
(Borrega et al., 2011). Before Cg-sugars are enriched in the hydroly-
zates, cellulose depolymerization occurs, which in turn leads to
significant yield losses in subsequent alkaline pulping operations
owing to peeling reactions (BeMiller, 1967).

Maleic, oxalic and sulfuric acid showed considerable differences
in the carbohydrates released to the hydrolyzates. Maleic acid
yielded higher amounts of xylose, but was less selective towards
glucose at the same severity factor. Contrary to maleic acid, oxalic
and sulfuric acid hydrolysis at low severities led to a small fraction
of oligomers (Lee and Jeffries, 2011).

The aim of this study was to comparatively evaluate the influ-
ence of water autohydrolysis and acid-catalyzed hydrolysis of
Eucalyptus globulus wood chips with reference to their potential
of providing a substrate for xylan-derived products. Acetic acid,
oxalic acid and the mineral acid sulfuric acid were used as acid cat-
alysts. Acetic acid was chosen for direct comparison to autohydro-
lysis, because it is the actual catalyst within the autohydrolytic

treatment. Sulfuric acid is a classical hydrolysis catalyst. In order
to avoid sulfur in the system - for ecological reasons - the strong
dicarboxylic acid oxalic acid was chosen in comparison to sulfuric
acid. Special attention was paid to the influence of acid catalysts
towards the dissolution and precipitation behavior of lignin in
the hydrolyzates.

2. Methods
2.1. Wood chips

E. globulus wood chips from plantations in Uruguay were
supplied by ENCE (Huelva, Spain). The chips were ground with a
Retsch-type grinding mill and fractionated. The fraction with par-
ticle sizes between 2.5 and 3.5 mm was collected and used for
the prehydrolysis experiments. The dry content of the wood chips
(82.9%) was measured after drying at 104 °C until constant weight
(48 h). The carbohydrate content of wood chips (39.9% glucan,
14.9% xylan, 0.1% rhamnan, 0.3% arabinan, 0.4% mannan and 1.3%
galactan) was analyzed after a two-stage total hydrolysis by high
performance anion exchange chromatography with pulsed amper-
ometric detection (Sixta et al., 2001). Klason lignin (23.6%) and acid
soluble lignin (4.8%) were measured according to Tappi T222om
98, ash content (0.32%) according to DIN 54370 at 850 °C.

2.2. Prehydrolysis

Prehydrolysis was carried out in a lab-scale Parr reactor station
with a reactor volume of 450 ml, mechanical stirring and temper-
ature control. Fifty grams of wood were placed inside the reactor.
Deionized water was added to achieve a liquor-to-wood ratio of
5:1. For acid catalysis sulfuric acid (0.01-0.1 M), oxalic acid
(0.01-0.1 M) and acetic acid (0.02-0.15 M) were added, respec-
tively. The reactor was heated up to prehydrolysis temperature
(120-200°C) within minimum heating time (approximately
30 min), the temperature was maintained for the prehydrolysis
time (10-120 min). The prehydrolyzate was subsequently sepa-
rated from the wood residue by displacement with nitrogen to a
preheated second reactor containing saturated steam with a tem-
perature of 170 °C following the protocol of Leschinsky (2009).

Both reactors were immediately cooled to below 30 °C with ice
water after the phase separation step. Contained within the cold
crude autohydrolyzate was an insoluble fraction, causing turbidity.
This insoluble fraction (I) was separated from the soluble part of
the hydrolyzate (S) by centrifugation for 15 min at 4500 rpm. The
wood residue was then washed with 21 of 70 °C deionized water.
S-fraction, I-fraction and the washed wood residue (WR) were
quantitatively collected and analyzed.

2.3. Intensity of prehydrolysis

The intensity of autohydrolysis of E. globulus wood chips is con-
veniently expressed as p-factor using an Arrhenius-type expres-
sion. A value of 125.6 kj mol~! for the fast-reacting xylan (X),
based on extensive investigations of xylan hydrolysis from E. salig-
na, has been suggested for the p-factor (P, ) calculation in a prehy-
drolysis kraft pulp mill (Sixta, 2006):

t
Py, — / exp (40.48 - 715;06) dt (1)
to

where t is the residence time in minutes and T the reaction temper-
ature measured in °C. Overend and Chornet introduced the severity
factor Ry to quantify the intensity of hydrothermal biomass treat-
ment using the following expression (Overend and Chornet, 1987):
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T-100
RO:teXp( 1475 )

where t is the residence time in minutes and T the reaction temper-
ature measured in °C. The logarithmic plot of Ry allows the illustra-
tion of the data in a more condensed form. To account for the
addition of catalysts such as sulfuric acid and oxalic acid in Eq. (2)
the initial proton concentration in the pre-treatment was consid-
ered according to Eq. (3) (Abatzoglou et al., 1992):

Ry = Ro - [H'] = log(Ro) — pH (3)

(2)

2.4. Analytical methods

The total carbohydrate composition of S, WR, and the original
wood were investigated using high performance anion exchange
chromatography (HPAEC) with pulsed amperometric detection
(PAD) after two-stage sulfuric acid total hydrolysis (TH) (Sixta
et al., 2001). Carbohydrate monomers in the S-fraction were ana-
lyzed without TH. Furfural and hydroxymethylfurfural (HMF),
which are formed during TH from pentoses and hexoses, were
quantified and added to the results for xylose and glucose, respec-
tively. Determinations by TH/HPAEC-PAD were performed at least
thrice and twice, respectively. The amount of sugar oligomers con-
tained in S was calculated by subtracting the monomer content
from the results determined after TH.

Furfural and hydroxymethylfurfural (HMF) in S and in the acid
hydrolyzates were measured by HPLC on a Hypersil ODS column
with UV detection (277 nm) using 14% (v/v) acetonitrile as eluent
at a temperature of 65 °C.

Acetic acid in S was determined by HPLC on a Rezex ROA col-
umn with RI detection using 0.005 M H,SO, as eluent at a temper-
ature of 65 °C. The acetyl groups in S, WR and in the native wood
were determined as acetic acid measured by HPLC subsequent to
TH.

Klason lignin (KL) and acid soluble lignin (ASL) were deter-
mined according to TAPPI T222om 98 and TAPPI UM 250, respec-
tively, in the original wood and in the WR. The WR was not
extracted prior to the Klason determination due to the increased
solubility of lignin in organic solvents after prehydrolysis. The lig-
nin concentration in S was estimated similar to that of ASL from
the UV/Vis spectra, which was recorded using an absorption coef-
ficient of 110 1(gcm)~! at 205 nm according to Tappi 1991 um
250.

3. Results and discussion
3.1. Intensity of prehydrolysis

Wood yield in autohydrolysis treatment decreases sharply with
increasing treatment intensity. Autohydrolysis of p-factors higher
than 1500 yield a constant wood yield of 65% (Fig. 1a). Acetic acid
prehydrolysis generally follows the trends of autohydrolysis.
Although a dependency from acid concentration is clearly visible
in acetic acid pretreatment, the additional amount of acetic acid
does not promote autohydrolysis sufficiently to fit the model of
Abatzoglou et al. (1992), who considered the initial proton concen-
tration to account for the addition of catalysts. The wood yields of
the inorganic sulfuric acid and the organic oxalic acid pretreat-
ments of E. globulus at different temperature-time-acid strength
combinations are both properly described by the model of Abat-
zoglou using the initial proton concentration.

Fig. 1b shows the slightly sigmoidal curve of wood yield of
sulfuric and oxalic acid logarithmically plotted versus R;. Thus,
the wood yield can be adequately predicted by the R; value. In
the following, the wood yield will be used as the main parameter

to allow a better comparability of all treatments (autohydrolytic
and acid catalyzed).

3.2. Lignin mass balance

Autohydrolysis is known as a rather selective method for the re-
moval of hemicelluloses from the wood matrix. Nevertheless a
significant amount of lignin is colloidally dissolved during autohy-
drolysis leading to precipitations after cooling and serious scaling
problems during further processing of the hydrolyzates. In a previ-
ous paper (Giitsch and Sixta, 2011) we already described a method
for the removal of lignin from the hydrolyzates using activated char-
coal adsorption at high temperatures - the so called HiITAC-process
(high temperature adsorption on activated charcoal). Still, it would
be favorable to possess a pretreatment process where the overall
lignin dissolution and precipitation is small, in order to save costs
during downstream-processing of the hydrolyzates. The utilization
of acid catalysts was thought to decrease the temperature and
therefore lignin condensation and precipitation. In order to obtain
full information of the process all lignin fractions (Klason lignin
and acid soluble lignin of the residual wood, soluble and insoluble
lignin in the hydrolyzate) were quantified (Tables 1-3). Klason lig-
nin (KL) in wood does not decrease with increasing treatment inten-
sity. KL content of the catalytically hydrolyzed wood samples is in
the range of the original wood (24%) and is independent from pro-
cess conditions (Fig. 2). Acid strength and type of acid do not alter
KL content of the hydrolyzed wood at a comparable wood yield le-
vel. However, during autohydrolysis a slightly reduced Klason lignin
content was observed, although scattering of the results leaves
some insecurity. It is therefore assumed that KL is not the source
of dissolved lignin in the acid hydrolyzates, but might be of some
importance during autohydrolysis. In either case KL after prehydro-
lysis is known to be structurally changed, as it is more easily ex-
tracted with organic solvents (Leschinsky, 2009; Lora and
Wayman, 1980) and with alkali (Lora and Wayman, 1978). Thus
no extraction step was applied prior to KL determination.

With increasing wood loss the amount of acid soluble lignin
(ASL) is reduced from 4.8% odw to below 1% odw in both autohy-
drolysis and acid catalyzed hydrolysis experiments to a similar ex-
tent. Thus, ASL is the main lignin moiety dissolved in the slightly
acidic aqueous hydrolyzates. The values of ASL after oxalic acid cat-
alyzed hydrolysis show a higher deviation from a linear relation,
but are in general in the range of those of the other pretreatment
methods.

In the hydrolyzates two lignin fractions were collected accord-
ing to Leschinsky et al. (2009): soluble (S) lignin (Fig. 3b) and insol-
uble (I) precipitated lignin (Fig. 3a) that was separated from the
soluble fraction via centrifugation. S-lignin in the hydrolyzate in-
creases with decreasing wood yield to the same extent than ASL
in the wood residue decreases. The amount of I-lignin does not fol-
low a distinct trend in respect to wood yield, but especially at in-
creased wood yield losses, autohydrolysis and acetic acid
hydrolysis show a considerably higher amount of I-fraction as
compared to sulfuric and oxalic acid pretreatments. Thus, ASL is
responsible for both I- and S-lignin in sulfuric and oxalic acid
hydrolysis, during autohydrolysis the loss in KL adds up to an in-
creased value of I-fraction lignin. The formation of an I-fraction
during autohydrolysis is extremely temperature dependent. Exper-
iments performed at 150 °C lead to significantly less I-lignin than
experiments performed at 170°C at similar wood yield levels
(Fig. 3a). The same trend was visible for acetic acid experiments.
The drastic decrease of I-lignin in autohydrolyzates at a process
temperature of 200 °C (wood yields of 63-68%) is a consequence
of two effects: First, isothermal displacement of the hydrolyzate
was not possible at the high water vapor pressure at 200 °C.
Therefore reprecipitation of lignin on the wood chips is assumed,
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Fig. 1. Wood yields of (a) autohydrolysis and acetic acid pretreatment as a function of p-factor and (b) sulfuric acid and oxalic acid prehydrolysis as a function of R;.

Table 1

Composition of the hydrolyzates and the residual wood after oxalic acid catalyzed hydrolysis.
Acid Oxalic acid
Process conditions
Acid concentration (mol 171) 0.01 0.02 0.05 0.10
Temperature (°C) 120 120 140 120 140 120 120 120 140 140 140 140 160
Time (min) 51 97 57 61 56 55 97 72 30 45 71 100 69
Wood yield (%) 98.2 96.0 90.5 95.7 86.4 93.4 87.9 85.2 78.2 73.5 70.7 69.8 66.5
Composition of hydrolyzates (% odw)
Monomeric glucose 0.0 0.0 0.0 0.0 0.1 0.1 0.2 0.2 0.4 0.7 0.8 11 2.4
Monomeric xylose 0.0 0.0 03 0.1 2.1 0.6 2.1 4.3 8.5 11.9 133 135 11.9
Other sugar monomers 0.2 0.4 0.6 0.5 1.1 0.8 1.1 13 1.7 2.1 24 23 2.3
Oligomeric glucose 0.2 0.2 0.2 0.2 0.2 0.2 0.1 0.1 0.1 0.1 0.2 0.1 0.3
Oligomeric xylose 0.1 0.2 1.8 0.4 3.0 1.0 1.8 1.5 0.3 0.0 0.0 0.0 1.2
Other sugar oligomers 0.3 0.3 0.4 0.3 0.5 0.3 0.3 0.2 0.1 0.0 0.1 0.0 0.1
Furfural 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.2 04 0.6 1.5
HMF 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1
Free acetic acid 0.0 0.1 03 0.2 0.8 0.5 1.1 0.1 3.5 0.3 3.7
I-fraction lignin 0.2 0.2 0.4 0.2 0.6 0.3 0.2 1.7 3.1 1.1 0.9 03
S-fraction lignin 14 1.5 2.0 1.5 2.5 1.7 2.0 2.5 2.9 32 3.2 34 5.4
Sum of compounds in hydrolyzate 2.4 3.0 6.2 3.5 11.0 5.3 9.0 11.6 171 184 249 22.2 29.1
Composition of residual wood (% odw)
Glucan 393 39.7 393 39.8 40.0 40.0 395 41.7 40.5 421 37.8 413 36.7
Xylan 135 13.2 10.4 12.7 7.8 11.6 9.8 8.6 54 3.0 2.6 1.8 0.9
Other carbohydrates in wood 23 2.0 1.5 20 1.2 1.7 1.2 1.0 0.7 0.4 0.5 0.3 0.2
KL 24.6 24.2 24.2 24.5 24.5 241 23.6 23.01 22.59 234 21.2 233 23.6
ASL 4.5 4.1 3.1 4.8 2.6 4.9 4.0 3.28 2.55 1.6 14 13 1.2
Sum of compounds in wood residue 84.1 83.2 78.6 83.7 76.2 824 78.1 77.6 71.7 70.6 63.5 68.0 62.6

which is supported by an increase in the KL content in the wood
residue of two samples (Fig. 2). Second, a large fraction of incrusta-
tions was formed on the equipment at 200 °C, which was not pos-
sible to quantify, but is reported to consist of lignin mainly
(Leschinsky, 2009). The immediate formation of incrustations
was only monitored for the 200 °C autohydrolysis experiments.

3.3. Distribution of xylan

The main goal of an acidic pretreatment prior to kraft cooking is
the solubilization of xylan in order to yield a pulp of high cellulose
purity and to obtain a hydrolyzate for the production of valuable
xylan based products. The xylan content of the wood residue de-
creases linearly with decreasing wood yield for all treatments
investigated (Fig. 4a). Xylan can be almost completely removed
from the wood matrix even by using pure water autohydrolysis
at high prehydrolysis intensities. The high intensities applied for
complete xylan removal (200 °C, 70 min isothermal time), how-
ever, lead to extensive xylan hydrolysis and decarboxylation
(Leschinsky et al., 2009) and increasing amounts of furfural are
formed from xylose through dehydration reactions (Fig. 5a). The

utilization of inorganic and organic acids allows running prehydro-
lysis at lower temperatures and reaction times which in turn con-
tributes to lower energy consumption. The addition of 0.1 M
sulfuric acid reduces temperature and treatment time needed for
a residual xylan content of 2% odw from 170 °C and 100 min to
140 °C and 35 min as compared to autohydrolysis (Tables 2 and 3).

Oxalic acid, a strong dicarboxylic organic acid, is considered to
have a high potential for biomass pretreatment since xylan is
selectively dissolved and no evidence of cellulose degradation
was found in literature (Kenealy et al., 2007). Prehydrolysis using
oxalic acid as catalyst results in a lower amount of residual xylan
at a given wood yield than was observed for the other treatments
investigated (Fig. 4a). This is indicative for a better selectivity of
the oxalic acid pretreatment. However, this surplus of dissolved
xylan was not recovered in the hydrolyzate, where the total xylose
content equals those of sulfuric acid catalysis. Oxalic acid is
increasingly consumed with progressing prehydrolysis. At a wood
yield of 66% an oxalic acid loss of 78% was observed in the hydroly-
zates (data not shown).

The complete compositional analyses of both the liquid and
solid phases are shown for oxalic acid, sulfuric acid catalyzed
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Table 2

Composition of the hydrolyzates and the residual wood after sulfuric acid catalyzed hydrolysis.
Acid H,S04
Process conditions
Acid concentration (mol 1-1) 0.01 0.05 0.10
Temperature (°C) 120 120 140 140 120 120 140 140 120 120 140 140
Time (min) 68 104 69 44 36 67 40 70 36 65 35 50
Wood yield (%) 97.2 95.6 90.6 92.4 91.4 86.2 74.2 71.5 85.1 78.5 70.4 69.8
Composition of hydrolyzates (% odw)
Monomeric glucose 0.0 0.0 0.0 0.0 0.1 0.2 0.5 0.8 0.2 0.4 0.9 1.0
Monomeric xylose 0.0 0.2 0.3 0.0 1.0 33 103 12.2 4.6 8.6 13.1 12.6
Other sugar monomers 0.0 0.6 0.6 0.4 0.8 1.2 21 24 14 1.8 24 23
Oligomeric glucose 0.2 0.3 0.2 0.2 0.2 0.2 0.1 0.1 0.2 0.1 0.1 0.1
Oligomeric xylose 0.1 1.6 13 0.4 1.3 2.0 0.4 0.0 1.2 0.3 0.0 0.0
Other sugar oligomers 0.5 0.6 0.5 0.5 0.3 0.3 0.1 0.1 0.2 0.1 0.0 0.1
Furfural 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.4 0.0 0.1 0.4 0.7
HMF 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1
Free acetic acid 0.1 0.2 0.3 0.2 0.8 1.2 21 n.d. 1.9 2.6 3.5 3.5
I-fraction lignin 0.1 0.2 0.5 0.6 0.3 0.3 0.6 0.6 0.1 0.2 0.7 0.7
S-fraction lignin 1.2 1.9 2.1 1.4 1.9 2.3 3.1 42 2.1 2.9 3.8 34
Sum of compounds in hydrolyzate 2.2 5.6 6.0 3.8 6.7 11.1 19.5 20.7 119 17.0 25.0 244
Composition of residual wood (% odw)
Glucan 39.1 394 40.0 39.9 39.0 39.8 393 40.6 474 39.3 383 38.7
Xylan 13.8 13.6 114 12.6 115 9.0 35 2.4 2.1 53 2.0 1.7
Sum of other carbohydrates in wood 2.0 21 14 1.7 14 1.2 0.5 0.4 0.3 0.9 0.3 0.2
KL 24.7 24.2 24.6 244 24.2 243 23.6 243 254 23.7 20.1 23.7
ASL 3.9 3.6 3.0 34 4.0 32 1.7 1.5 4.0 4.0 13 3.0
Sum of compounds in wood residue 83.5 83.0 80.3 82.0 80.0 77.5 68.6 69.1 79.2 73.1 62.1 67.2

Table 3

Composition of the hydrolyzates and the residual wood after autohydrolysis.
Process conditions
Temperature (°C) 150 170 200
Time (min) 29 50 69 113 7 18 60 20 37 70
Wood yield (%) 94.58 91.85 86.76 79.01 91.95 83.19 72.80 66.76 64.49 65.73
Composition of hydrolyzates (% odw)
Monomeric glucose 0.0 0.0 0.0 0.1 0.0 0.1 0.2 0.3 0.6 0.8
Monomeric xylose 0.0 0.1 0.1 0.6 0.0 0.3 3.8 4.8 2.1 0.2
Other sugar monomers 0.2 0.3 04 0.8 0.2 0.7 13 1.1 0.8 0.2
Oligomeric glucose 0.2 0.3 0.3 0.3 0.2 0.3 0.4 0.5 0.5 0.4
Oligomeric xylose 0.5 1.5 3.2 7.4 0.6 5.5 7.7 7.0 6.5 5.1
Other sugar oligomers 0.5 0.7 0.9 0.9 0.4 0.7 0.9 0.6 0.1 0.1
Furfural 0.1 0.0 0.0 0.1 0.0 0.1 0.7 2.0 3.9 43
HMF 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.1 0.4 0.7
Free acetic acid 0.1 0.2 0.3 0.7 0.22 1.44 n.d. 3.7 4.8 4.6
I-fraction lignin 0.8 0.8 0.4 1.1 14 1.6 1.7 1.3 0.2 0.2
S-fraction lignin 1.8 2.3 2.8 33 2.0 3.0 33 4.2 43 43
Sum of compounds in hydrolyzate 43 6.2 8.5 15.3 4.8 12.2 20.1 25.5 24.2 20.9
Composition of residual wood (% odw)
Glucan 40.3 40.0 389 38.8 423 424 37.3 39.0 36.1 37.8
Xylan 13.9 12.6 10.7 6.8 13.7 8.4 3.9 1.6 0.8 0.5
Other carbohydrates in wood 21 1.8 1.6 1.0 1.5 1.0 0.7 0.1 0.0 0.0
KL 23.1 23.0 23.0 234 22.3 22.5 23.0 21.5 22.5 24.5
ASL 3.8 34 2.9 1.9 3.8 2.8 1.5 0.9 0.7 0.8
Sum of compounds in wood residue 83.0 80.8 77.2 71.9 83.6 771 66.4 63.1 60.2 63.5

hydrolysis and autohydrolysis of E. globulus in Tables 1-3, respec-
tively. During sulfuric acid and oxalic acid catalyzed hydrolysis al-
most all sugars dissolve as monomeric sugars immediately (Fig. 4b
and c), only at rather mild process conditions up to 2% odw oligo-
meric xylan is detected in the hydrolyzate. At more severe process
conditions (wood yield < 85%, logR, > 1), however, no oligomers
are found in sulfuric and oxalic acid catalyzed hydrolyzates. The
amount of monomeric xylose in the sulfuric and oxalic acid
hydrolyzates increases linearly with a proceeding hydrolysis depth
until almost all xylan of wood is dissolved as monomers. Thus, the
isolation of XOS using dilute sulfuric and oxalic acid hydrolysis is
not possible. However, the utilization of monosugars for biofuel
production has been a great research focus in the last years

(Marinova et al., 2010). After neutralization of the acids and the re-
moval of inhibitors sulfuric and oxalic acid prehydrolyzates are a
possible feedstock for the production bioethanol and other mono-
sugar derived products.

Autohydrolysis and acetic acid-catalyzed hydrolysis of E. globu-
lus reveal a similar reaction pattern reflected in the comparable
composition of both the wood residues and the hydrolyzates (Ta-
bles 3 and 4). During autohydrolysis and acetic acid hydrolysis xy-
lan is solubilized in oligomeric or low polymeric form. Oligomeric
xylan concentration in autohydrolyzates exhibits a maximum at
wood yields of 70-75%. As shown in Fig. 4c, monomeric xylose in
the hydrolyzate appears only at intensities representing a wood
yield lower than 80%. Maximum concentrations of monomeric
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xylose (6% odw) are present at intensities corresponding to a wood
yield of 70%. Higher intensities favor consecutive reactions, such as
the dehydration of xylose to furfural (Fig. 5a). Due to the high
amounts of oligomeric xylose autohydrolyzate is a promising
feedstock for the production of xylooligosaccharides (XOS) based
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Fig. 4. Xylan distribution: (a) residual xylan in wood residue, (b) total xylose in
hydrolyzate (H) and (c) the fraction of monomeric xylose thereof.

products, provided that suitable separation technologies are avail-
able. The polymeric xylan fraction may be separated by means of
solvent precipitation. However, the economic feasibility is doubtful
since only very low amounts of polymeric xylan with reasonable
molar mass can be recovered from autohydrolyzates (Tunc and
van Heiningen, 2011).

3.4. Xylan dehydration and deacetylation

Dehydration of xylose to furfural is negligible in all pretreat-
ments investigated at a wood yield of 75-100% (Fig. 5a). At higher
wood yield losses the formation of furfural increases steadily. This
effect is most pronounced during autohydrolysis and acetic acid
hydrolysis due to the higher temperatures of 170 and 200 °C ap-
plied that favor the formation of furfural up to a concentration of
4% odw. The low temperature and short treatment time of sulfuric
acid catalyzed hydrolysis suppresses the formation of furfural to
maximum amounts of 0.7% odw. Acid catalyzed hydrolysis does
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not immediately result in reasonably high furfural yields under the
conditions appropriate for dissolving pulp manufacture, the re-
leased monomeric xylose in the hydrolyzate could, however, be
efficiently converted to furfural in a subsequent acid catalyzed
dehydration step.
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During autohydrolysis acetyl groups are hydrolytically cleaved
from the xylan backbone and the acetic acid released acts as a cat-
alyst for hydrolysis (Garrote et al., 2002). The amount of free acetic
acid increases drastically at high autohydrolysis intensities, but is
generally lower for autohydrolysis than for acid catalyzed hydroly-
sis at a higher wood yield. The cleavage of acetyl groups in sulfuric
and oxalic acid hydrolysis follows a linear trend with regard to the
wood yield (Fig. 5b). Beside its function as a catalyst during auto-
hydrolysis, acetic acid might be interesting as a side product of pre-
hydrolysis. Further, it could be used to promote hydrolysis of
carbohydrates from wood. Thus, experiments were carried out
using acetic acid as an additional catalyst. The amounts of acetic
acid (3.6% and 0.6% odw) were chosen in order to be comparable
to the amounts of acetic acid in autohydrolysis of a high and a
low intensity level, respectively. Despite the additional amount
of acetic acid in the process, the composition of the hydrolyzates
and the wood residues remained basically unchanged in compari-
son to those resulting from autohydrolysis. Thus, it can be con-
cluded that the acidity created by the addition of acetic acid,
even in high amounts, is too low to accelerate the hydrolytic cleav-
age of carbohydrates relative to the pure autohydrolysis process
(see Section 3.2.).

3.5. Cellulose hydrolysis

Wood cellulose is rather stable towards acidic degradation
(Sjostrom, 1981). Nevertheless, cellulose depolymerizes with pro-
gressive prehydrolysis which in turn promotes increasing yield
losses in subsequent alkaline cooking owing to the formation of
new reducing end groups (Sixta, 2006). Maximum glucan losses
in the E. globulus wood residue at the highest intensities applied
(wood yield < 67%) correspond to less than 2% odw. The amount
of glucose in the hydrolyzates is almost negligible up to a wood
yield of 80% (Fig. 6a). Exceeding this intensity mainly monomeric
glucose dissolves in the hydrolyzate, during autohydrolysis as well
as during acid catalyzed hydrolysis. During sulfuric and oxalic acid
treatment, however, glucose dissolves more readily with a steeper
slope than during acetic acid treatment and autohydrolysis. It is
therefore expected, that chain scission within the WR also takes

Table 4

Composition of the hydrolyzates and the residual wood after acetic acid catalyzed prehydrolysis.
Acid Acetic acid
Process conditions
Acid concentration (mol 1) 0.020 0.150
Temperature (°C) 140 140 170 170 140 140 170 170
Time (min) 55 103 56 103 55 105 55 100
Wood yield (%) 96.18 92.37 75.74 73.75 95.56 87.04 70.79 69.41
Composition of hydrolyzates (% odw)
Monomeric glucose 0.0 0.0 0.1 0.2 0.0 0.0 0.2 0.3
Monomeric xylose 0.0 0.1 21 4.3 0.0 0.2 3.8 5.9
Other sugar monomers 0.1 0.3 1.1 1.2 0.3 0.5 13 14
Oligomeric glucose 0.2 0.2 0.3 0.2 0.2 0.3 0.3 0.3
Oligomeric xylose 0.1 0.6 4.0 1.6 0.3 24 7.7 5.0
Other sugar oligomers 0.4 0.6 0.5 0.3 0.4 0.7 0.8 0.5
Furfural 0.0 0.0 0.4 1.2 0.0 0.0 0.7 1.7
HMF 0.0 0.0 0.0 0.1 0.0 0.0 0.1 0.2
Free acetic acid 0.6 0.8 1.7 2.6 3.6 4.5 5.4 3.7
I-fraction lignin 0.5 0.5 2.2 1.8 0.6 0.5 2.2 0.5
S-fraction lignin 1.6 1.3 33 3.1 1.8 2.3 21 3.1
Sum of compounds in hydrolyzate 3.6 43 15.8 16.7 7.3 11.5 24.4 22.6
Composition of residual wood (% odw)
Glucan 40.4 39.5 39.2 39.3 39.0 383 38.6 37.6
Xylan 139 12.6 43 34 133 11.2 34 2.6
Other carbohydrates in wood 2.0 1.8 0.7 0.6 2.0 1.6 0.6 0.5
KL 24.0 234 244 244 23.8 23.1 22.7 23.2
ASL 3.8 32 1.6 13 3.5 2.8 13 1.0
Sum of compounds in wood residue 84.0 80.6 70.2 68.9 81.7 76.9 66.6 64.9




84 J.S. Giitsch et al./Bioresource Technology 109 (2012) 77-85

a
< 281 Autohydrolysis
3 - Oxalic acid
E’\i ' B Sulfuric acid
o 207 % Acetic acid
©
D 16
°
'g 1.2 n
£ "=
c 0.8 1
= ]
= Ryo W g
© 04 * % L . %
0.0 T T T T T T T T
65 70 75 80 85 90 95 100
25
[
T 1D *
2 20 %
o
5 au
> 15 A
) > | ..
p [
S 10 A « -
2 * -
2 59
'
0- ~m

65 70 75 80 8 90 95 100
Wood yield (%)

Fig. 6. (a) Losses due to solubilized glucose in the hydrolyzates and (b) selectivity of
the hydrolysis reactions given as the ratio of xylose to glucose in hydrolyzate.

place to a higher extent. Thus, pulp yield and viscosity after cook-
ing are expected to be lower using acid catalyzed hydrolysis as
compared to autohydrolysis as a pretreatment step.

The increasing degradation of glucose leads to an operational
optimum, where the ratio of xylose to glucose in solution is max-
imal (Fig. 6b). For sulfuric and oxalic acid hydrolysis of E. globulus
this optimum is maintained at a wood yield of about 80%. For ace-
tic acid hydrolysis and autohydrolysis a higher xylose-to-glucose
ratio is attained at wood yields of 70% which is explained mainly
by the slower glucose solubilization.

4. Conclusions

Autohydrolysis of E. globulus dissolves xylooligomers and
monomers, while the addition of sulfuric and oxalic acid favors
the immediate dissolution of monomeric xylose. At a given wood
yield similar amounts of xylan are extracted. Oxalic and sulfuric
acid react similarly on the dissolution of wood and the hydrolyzate
composition. At wood yields below 80% glucose dissolution is en-
hanced using acid catalysts, thus reduced yields are expected dur-
ing subsequent kraft cooking. Lignin in the hydrolyzate originates
from acid-soluble lignin in wood. The amount of insoluble lignin
is drastically reduced using strong acid catalysts, simplifying
downstream processing. The surplus of insoluble lignin in autohy-
drolyzates derives from Klason lignin in wood.
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ABSTRACT: Lignin in prehydrolysis-kraft prehydrolyzates leads to incrustations and impedes the utilization of the
hemicellulosic fraction as a product. The adsorption of the lignin on activated charcoal directly after prehydrolysis at
prehydrolysis temperatures prevents the formation of these incrustations efficiently. However, reutilization of the charcoal is
necessary to ensure an economic process. To develop adequate recycling strategies for the spent activated charcoal, solvent
extraction and thermal regeneration were investigated with respect to the recycling performance of the regenerated charcoals.
Solvent extraction of the spent charcoals showed only limited efliciency, while the adsorption capacity of the activated charcoal
was quantitatively restored by a thermal treatment at 950 °C. This was demonstrated by a pore size distribution and a lignin
adsorption behavior of the recycled activated charcoal comparable to that of a fresh one which allows the reutilization of the
charcoal in the adsorption process.

B INTRODUCTION sufficiently low concentration level which allows an uninhibited
fermentation of the hydrolyzate. The equilibrium adsorption
time is reached within a rather short period of time. It was
shown that adsorption is significantly more efficient at
autohydrolysis temperature (150 and 170 °C) than at room
temperature, which is advantageous for purifying the hydro-
lyzate during its discharge from the digester. Lignin adsorption
is highly dependent on the charcoal used. The choice of an
activated charcoal of high microporosity and surface area is
indispensable for a successful implementation in industrial
practice.® A cost-effective regeneration process for the charcoal
is needed for a commercial realization. Thus, it is the scope of

The prehydrolysis kraft process is a well-established process for
the production of high purity dissolving pulps. In a first step,
denoted as autohydrolysis or prehydrolysis, wood is treated
with water in order to dissolve hemicelluloses that are hardly
solubilized in an alkaline kraft cooking step. In subsequent kraft
cooking the hemicellulose content is further reduced to about
3% xylan for hardwood pulps. The hemicellulosic fraction
dissolved during autohydrolysis of hardwoods is of particular
interest as a source of xylooligosaccharides and platform
chemicals derived thereof. Efforts toward the utilization of this

fraction date back to the 1930s."> However, at present water

prehydrolysis is not commonly implemented in industrial this work to develop an appropriate rercling strategy for the
practice due to the formation of highly reactive lignin exhausted charcoal derived from the HiTAC process.

precipitates that cause severe plugging problems.* Various studies of adsorption and desorption of substituted

Several procedures for the lignin removal from autohy- phenolic compounds on charcoal are known due to their
drolyzates are described in literature. These processes demand gbiquit.ous occurrence in ‘waste waters. Based on‘the fact that
cooling of the hydrolyzates to temperatures of at least below lignin is built of phenolic subunits—although highly macro-
100 °C where lignin precipitation already causes incrustation of molecular and therefore distinctly different in behaviqr —it is
the equipment. The adsorption of lignin from autohydrolyzates assumed that some processes for phenol desorption are
on activated charcoals at temperatures ranging from 20 to applicable for prehydrolysis-lignin desorption from charcoal.
60 °C proved to be a suitable method for lignin removal’ In their review on the adsorption of8 phenolic compounds on
However, the prevention of lignin scaling only became possible activated charcoal, Dabrowski et al.” depict the influence of
when lignin adsorption was implemented at prehydrolysis various process parameters on adsorption behavior. These
temperature.’ During the so-called HiTAC process (high parameters include the type of activated charcoal, surface

temperature adsorption on activated charcoal) the lignin is functionalities,_ .PH; th? oxygen availability, a_nd potential
adsorbed directly after prehydrolysis at hydrolysis temperature. electrolyte addition. An important aspect of substituted phenol
It exhibits a fairly good selectivity toward lignin adsorption removal is the irreversible adsorption onto the charcoals. The

without concomitant adsorption of carbohydrates up to a lignin inductive effect of methoxyl- and ethoxyl substituents leads to a

removal of 85% at 170 °C. At charcoal concentrations

exceeding a concentration of 20 g L™" oligomeric carbohydrates Received: March 7, 2012
are increasingly adsorbed, while monomeric sugars remain Revised:  May 15, 2012
unaffected. The carbohydrate dehydration products, furfural, Accepted: June 7, 2012
and HMF, are removed during the AC treatment to a Published: June 7, 2012
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strong binding of phenols to the charcoal matrix and to a high
degree of irreversible adsorption.® Increasing temperature and
adsorption time further enhances chemisorption of phenols and
leads to polymerization reactions on the charcoal® These
effects are likely to occur in the HITAC-process as well, because
autohgrdrolysis lignin shows a high degree of methoxyl-groups
(20%”) and adsorption temperature is high (170 °C). Further
interaction mechanisms described are donor—acceptor inter-
actions between the aromatic ring and alkaline surface groups
such as carbonyls, dispersion effects, and electrostatic
attraction.”

Processes for phenol desorption include thermal desorption
and solvent extraction,'”'" as well as microwave regeneration.12
Microwave regeneration utilizes the fact that charcoals have
dielectric properties that absorb microwave energy and convert
it to thermal energy. Chang et al.'> successfully implemented
microwave irradiation for the removal of an azo dye from
charcoals. Thus six adsorption/desorption cycles could be
performed without capacity losses. Anionic and cationic
surfactants find application for the desorption of benzodiamine
dyes in a process called surfactant enhanced carbon
regeneration (SECR). Anionic surfactants SDS (sodium
dodecyl sulfate) and AOT (sodium 1,4-bis(2-ethylhexoxy)-
1,4-dioxobutane-2-sulfonate) showed a considerably better
performance than their cationic counterparts and led to a
desorption of 40—65% benzodiamine." Solvent extraction with
dichloromethane/methanol (93:7) at 140 °C was effective for
the recovery of chlorinated phenols up to an efficiency of 75%,
although short desorption times (S min) where applied, due to
degradation of the products.'® Ethanol found application in the
desorption of pomace from charcoal. Although desorption
efficiency was only about 20%, five successful adsorption/
desorption cycles were performed."'

If the desorption of matter is not efficient any more, spent
charcoals are either burnt for energy generation or thermally
regenerated. Thermal regeneration is performed in furnaces at
temperatures of up to 1500 °C, but the rather moderate
temperature range of 800—1000 °C is more commonly used."*
Conventional oxygen-free regeneration processes consist of a
drying step at 105 °C, a pyrolysis step under inert atmosphere
at temperatures of 650—850 °C, and a carbonization step with
CO,, steam, or a combination of both at 650—850 °C.'® Steam
is applied for the removal of volatile organic compounds and
enhances regeneration in a way that treatment temperatures,
and therefore costs, can be reduced significantly.'® Regener-
ation of charcoal saturated with benzene and toluene is even
possible at temperatures of only 250—350 °C in oxygen-
containing atmosphere. Generally, adjusting the oxygen content
during the carbonization step is a plausible means to tailor the
regenerated activated carbon. Regeneration efficiency is highly
dependent on the type of charcoal, the adsorbed substances,
and the process chosen and can yield up to 100%."

The thermal regeneration step is similar to activated charcoal
production. Traditional precursors for activated charcoal
production are coal, coconut shells, lignite, wood, and peat.18
In recent years various other materials, including cellulose,*’
hydrolysis lignin,*® and kraft lignin*"** have been successfully
tested for charcoal production. Thus, a thermal regeneration
step of the charcoal derived from the HiTAC-process (a lignin
loaded charcoal) might yield an additional amount of charcoal
due to lignin conversion to activated charcoal.

This paper aims at the development of adequate recycling
and regeneration strategies for spent activated charcoals from
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the HiTAC-processing of Eucalyptus globulus autohydrolyzates.
Solvent extraction and thermal regeneration of spent charcoals
were applied in order to regenerate a charcoal of high surface
area and microporosity that can be recycled efficiently in the
HiTAC-process. Solvent extraction was chosen as a rather
simple regeneration method that does not require extensive
process equipment. Since solvent extraction did not show the
desired effects, thermal regeneration of the charcoals was
performed according to the literature'* using CO, as active
agent. Thermal regeneration using O, as active agent at low
temperatures, like it was successfully tested for phenol
desorption,'” was tested as a cost-effective alternative.

This study includes performance tests of the regenerated
carbons and a detailed characterization of the resulting
hydrolyzates.

B MATERIALS AND EXPERIMENTAL METHODS

Autohydrolysis and HiTAC-Processing. Autohydrolysis
and subsequent HiTAC-processing of the hydrolyzates was
carried out according to Giitsch and Sixta.® The experiments
were carried out in a lab-scale Parr reactor station with a reactor
volume of 450 mL, mechanical stirring, and temperature
control. A 50 g sampling of Eucalyptus globulus wood chips
was placed inside one reactor. Deionized water was added to
achieve a liquor-to-wood ratio of 5:1. The reactor was heated
up to 170 °C within 30 min (minimum heating time), the
temperature was maintained until a prehydrolysis-factor (P-
Factor) of 600 h was reached (corresponding to approximately
60 min). The P-factor was calculated from the recorded
temperature/time data according to Sixta®> on the basis of an
activation energy of 125.6 k] mol™". The autohydrolyzate was
subsequently separated from the wood residue by displacement
with nitrogen to a preheated second reactor containing
saturated steam with a temperature of 170 °C and S g of
powdered activated charcoal (Sigma decolorizing purchased
from Sigma-Aldrich). The isothermal phase separation
recovered all components that are dissolved in the autohy-
drolyzate at 170 °C, particularly the components that are
insoluble at lower temperatures. During this separation step no
temperature and pressure drop occurred. The reactor
containing charcoal was held at autohydrolysis temperature
for 10 min adsorption time. Subsequently, the reactor was
cooled down to below 30 °C with ice water. The spent charcoal
was separated via vacuum filtration using a 0.45 ym polyamide
membrane. The experiment was performed five times. For the
regeneration experiments the spent activated charcoal of these
five experiments was mixed and oven-dried at S5 °C before
regeneration to allow an even substrate. The process was
repeated with the charcoal after thermal regeneration.

Solvent Desorption. A 1 g sample of spent activated
carbon was suspended in S mL of the solvent (0.5 N NaOH,
acetone/water S:1 (v/v), ethanol, acetic acid, DMSO) and
shaken at room temperature overnight. AC was separated via a
0.45 pm filter and washed with 100 mL of deionized water.

Thermal Regeneration of Spent Activated Charcoal. A
5 g sample of spent activated charcoal was weighed in a sagger
and placed in a tube furnace. The furnace was heated under
nitrogen (24 L h™") at a rate of 3 °C min™" to the regeneration
temperature (850 and 950 °C). Carbonization was performed
at the regeneration temperature for 30 and 45 min, respectively
using carbon dioxide (24 L h™"). Subsequently the charcoal was
cooled under nitrogen (24 L h™') overnight.

dx.doi.org/10.1021/ie3006116 | Ind. Eng. Chem. Res. 2012, 51, 8624—8630
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One regeneration experiment was performed with air as
oxidizing agent. Therefore activated charcoal was heated in the
furnace at a rate of 3 °C min~" under air atmosphere to 300 °C.
Temperature is held for 30 min. Subsequently, the charcoal was
cooled under air overnight.

Analytical Methods. Lignin content was analyzed via UV/
vis-spectrometry (absorption coefficient of 110 L g™ ecm™ at
205 nm according to Tappi um-250.* Furfural and
hydroxymethylfurfural (HMF) were quantified via HPLC on
a Hypersil ODS column with UV detection at 277 nm with
14% (v/v) acetonitrile as eluent at a temperature of 65 °C.

The carbohydrate content and the composition of the
samples were analyzed before and after a two-stage total
hydrolysis with sulfuric acid by high performance anion
exchange chromatography with pulsed amperometric detec-
tion.*®

All concentrations are calculated in relation to the wood
inserted in the autohydrolysis stage and are given in % oven dry
wood (%odw).

Size exclusion chromatograms (SEC) were obtained on a
PSS MCX 1000 (8 X 300) column coupled with RI detection
and 0.1 M NaOH as eluent.

BET was measured on a BELsorp mini II from BEL Inc,
Japan, according to Brunauer et al*® and IUPAC recom-
mendations.”” Pore distributions were plotted in terms of the
BHJ- and the MP-plot for meso- and micropores, respectively.

B RESULTS AND DISCUSSION

Activated charcoals with a highly microporous structure, small
mesopore diameters and a low number of mesopores show the
best selectivity toward lignin adsorption.”®® Therefore an
activated charcoal that fulfils these prerequisites was chosen for
the adsorption and desorption experiments. The removal
efficiency and selectivity of lignin-derived compounds from
170 °C hot autohydroloyzates proved to be optimal at a charcoal
dosage of 20 g L™".° Under these conditions 75% of the
released lignin was removed from the autohydrolyzate, whereas
the concentration of carbohydrates remained substantially
unchanged. Along with lignin removal major amounts of the
carbohydrate degradation products furfural and HMF were
adsorbed, which is advantageous for a subsequent biotechno-
logical treatment.”® Thus, a fresh charcoal concentration of 20
g L™" was used for the production of spent charcoals from the
HiTAC process for the regeneration experiments. The lignin-
loaded activated carbon was separated from the hydrolyzate by
vacuum filtration using a 0.45 pm polyamide membrane,
resulting in the total separation of the charcoal and a clear
hydrolyzate. On average, 75% of the released lignin was
adsorbed by fresh activated charcoal representing a lignin
reduction from 5.3% odw to 1.3% odw. The same procedure
without activated charcoal resulted in a slight reduction of the
lignin content of about 0.5%, for example, from 5.3 to 4.8%
odw.

The fresh activated charcoal exhibited a specific surface area
of 880 m” g~' and a high proportion of small micropores with a
pore diameter d, < 0.1 nm. After HiTAC-processing (high
temperature adsorption on activated charcoal) of the hydro-
lyzates and water washing of the activated charcoal, its specific
surface area was reduced to 70 m> g' (Table 1) which is
considerably lower as compared to that being used in
wastewater treatment. Fresh carbons from wastewater treat-
ment have a BET surface area of about 900 m” g™ and are
regenerated when the BET surface area falls below 600
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Table 1. BET Surface after Solvent Desorption of Lignin

solvent dissolved lignin (% lignin on AC) BET (m” g™')
water 70
NaOH (0.5 N) 10 109
acetone/water (5/1) 21 122
ethanol 10 95
acetic acid 18 106
DMSO nd.“? 134

“n.d. = not detected.

m? gL' The low surface area of spent activated charcoals
derived from the HiTAC-process was probably due to lignin
polymerization catalyzed by the activated carbon under the
conditions occurring during the adsorption step.®’

Solvent Desorption. A rather simple way to reutilize the
charcoal would be a washing step using water or a lignin
solvent. Simple washing of the activated charcoal with water
removed only 2.5% of the adsorbed lignin and did not restore
the adsorption capacity of a fresh activated carbon (Figure 1a).

a)

concentration / %o0dw

0 1 2 3
Recycling /times
[ iignin I monomeric sugars [ | oligomeric sugars
Figure 1. Composition of autohydrolyzates using recycled charcoals:
(a) after pure water washing of the charcoals, (b) after washing the
charcoals with acetone/water (5/1).

The lignin content in the autohydrolyzate was 4% odw after the
first reutilization of the water washed activated charcoal and
thus substantially higher as compared to the lignin content
obtained after the treatment with fresh activated carbon. The
lignin adsorption capacity of the recycled water-washed
activated carbon (simply referred to as spent AC) was
proportional to its low BET surface area (69 m* g™*). On the
basis of the results it can be concluded that simple reutilization
of charcoal after water washing is not applicable in industrial
practice due to the low washing efficiency.

The desorption of lignin by dissolution using various lignin
solvents led to a lignin removal of 21% at most (Table 1).
Although the active surface area was thereby enhanced to some
extent, it is still far below an appropriate range for efficient
further lignin adsorption, probably due to the high binding
strength of the remaining lignin to the charcoal and due to the
inaccessibility of lignin in the pores, which was also reported by

dx.doi.org/10.1021/ie3006116 | Ind. Eng. Chem. Res. 2012, 51, 8624—8630
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Table 2. Regeneration of Spent Activated Charcoals

regenerated AC
fresh AC spent AC 1 2 3 4 fresh AC regenerated
regeneration time (min) 30 45 30 30 30
regeneration temperature (°C) 850 850 950 300 950
atmosphere CcO, CO, CcoO, air Cco,
yield (% spent AC) 773 76.0 68.4 83.3
yield (% fresh AC) 1083 106.4 95.7 116.7 833
BET (m’ g™") 880 69 605 641 830 568 1075
Dabrowski et al.® The highest surface areas were achieved by production,20 it is, however, assumed that the former
the extraction of the loaded activated charcoal with DMSO explanation is more reliable.
(134 m* g') and an acetone/water (S/1) mixture (122 Distinct differences between the charcoals exist in their
m? g_l). However, when reused in the HiTAC-process, only micropore (Figure 2) and mesopore (Figure 3) distributions.
minimal lignin adsorption was observed, which was rather
comparable to lignin adsorption after pure water washing 3200 ]
(Figure 1b). The tendency of decreasing lignin content after 2600{ WA o0 1 o oe0C s
repeated recycling that was observed after water washing was 24001 | ] TR:850°C 45 min
not observed using acetone/water mixtures. Sodium hydroxide 20 [ 1 ARG somn
is a classical solvent for lignin and easily removes prehydrolysis 3 oo 1
lignin from reactor equipment, even after a prolonged }12227 1
. . . T ) \ 1
temperature treatment and the formation of highly polymerized a0l | . .
lignin.*® Nevertheless, subjected to spent AC, only minor o w ,p,’\-!-: . @ 1T LI
amounts of surface lignin are solubilized. Although literature 400 ® r» ' . . : ‘
reports beneficial effects of ethanol extraction for phenolics 05 10 18 z0 08 10 18 20
removal,'’ no such effect was observed for HiTAC-treated Gp/ nm
charcoals. It can be assumed that lignin solvents other than the Figure 2. Micropore distribution of (a) fresh and spent AC and (b)
ones tested, for example, ethylacetate and ionic liquids, are not thermally regenerated charcoals.
capable to fully dissolve the highly polymeric lignin in the
charcoal pores either. In summary, solvent extraction is not a
viable recycling technology to restore the adsorption capacity of 1607 o m fresh AC, BET 880
activated carbon following a HiTAC treatment of autohy- 140 > spentAC, BET 69
drolyzates. 120_. [ ] TRi 850 oC. 30 min
Thermal Regeneration. Hence spent charcoals were 15 > TR: 850 OC’ 45 min
thermally reactivated at 850 and 950 °C and carbonization Q.100— " ? TRi 9.50 C, %0 mn-
. . i | = = TR: Air, 300 °C, 30 min
times of 30—45 min under CO,-atmosphere. In an effort to 35 so| mg
reduce energy input a regeneration procedure using air as ;Q. _ e
oxidizing agent at a carbonization temperature of 300 °C was T 60 'EE
also conducted. The conditions and results of the thermal 40 E
regeneration trials are summarized in Table 2. Thermal 1 Bﬂﬂ
treatment at 850 °C for 30 min increased the specific surface 204 >’»’»>'> B,
area of the activated carbon to 605 m” g_1 and further to 641 0_ TP PPAQQF!".MW-. pro—
m?® ¢! when prolonging the reaction time to 45 min. The yield 1 10 100
of the recycled activated carbons was 106 and 108%, Y /nm
respectively, obviously owing to the partial conversion of the p
adsmjb,ed hgmn 11.1to activated carbon.. Thefefore more dl.‘astlc Figure 3. Mesopore distribution of thermally regenerated charcoals.
conditions including longer regeneration times and/or higher
temperatures were applied hoping to attain the full adsorption
capacity of the recycled activated carbon. A higher regeneration
temperature of 950 °C led to a surface area close to that of the The original charcoal showed a high fraction of small sized
fresh carbon (830 m* g™' vs 880 m” g™'), while the yield of the micropores (d, < 1 nm) and small mesopores (r, = 1—10 nm),
recycled activated carbon was still 96%. Subjecting a fresh while the spent activated charcoal was lacking small micropores
sample of activated carbon to the same treatment conditions and contained less and smaller mesopores. Obviously, those
(950 °C, 30 min) resulted in a yield of only 83%. However, this sites were preferably occupied by firmly attached lignin
mass loss was clearly compensated by a drastic increase of the moieties as indicated by the high resistance toward solvent
BET surface area to 1075 m* g™ (+ 22%). These results allow extraction. Thermally reactivated charcoal at 850 °C showed a
two possible explanations: (1) the lignin on the spent AC is not pore distribution similar to the original charcoal, but exhibited a
simply removed from the coal, but transformed to charcoal of a lower volume of small micropores. A meso- and micropore
considerably high surface area; (2) the lignin attached to the distribution almost identical to that of fresh carbon was
spent AC protects the AC from thermal degradation, but is achieved by regeneration at 950 °C for 30 min. Interestingly,
itself totally removed within the thermal regeneration step. when fresh charcoal was subjected to these thermal
Because the lignin is used as a raw material for charcoal regeneration conditions, the amount of small micropores was
8627 dx.doi.org/10.1021/ie3006116 | Ind. Eng. Chem. Res. 2012, 51, 8624—8630
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Figure 4. (a) Micropore distribution and (b) mesopore distribution of fresh charcoal and after thermal regeneration of fresh charcoal.

drastically increased which in turn resulted in a significant rise
in the BET surface area (Figure 4).

Reutilization of the thermally reactivated charcoals showed
that the specific lignin adsorption capacity can be described
sufficiently well by the specific surface area of the charcoals
(Figure S). An effect of pore size distribution on lignin
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Figure S. Lignin and carbohydrates in the HITAC-treated hydrolyzates
using thermally regenerated charcoals.

adsorption however was not observed. The charcoal that was
regenerated at 950 °C for 30 min revealed a specific lignin
adsorption capacity comparable to that of a fresh sample.
There, both the BET surface area as well as the pore size
distribution profile could be fully restored. All other charcoals
had a decreased capacity for lignin adsorption, in agreement
with their reduced overall surface area.

Generally the charcoals regenerated at 850 and 950 °C
showed a high selectivity toward lignin, nevertheless up to 10%
xylooligomers and up to 8% monomeric xylose were adsorbed
using both fresh and thermally regenerated charcoals (Table 3).
All other carbohydrate components (Y. < 3% odw) were not
adsorbed. The xylan degradation products furfural and acetic
acid were removed from the liquor to a similar extent using
fresh and regenerated charcoals, respectively. In summary, the
charcoal regenerated at 950 °C for 30 min behaved completely

8628

similar to fresh AC in all aspects investigated and can therefore
easily be recycled in the HiTAC process.

The regeneration experiment performed at 300 °C in
oxygen-containing atmosphere exhibited a rather low total
surface area of the resulting charcoal (568 m* g™'), but the yield
of the charcoal was high and exceeded 100% of the original AC.
Therefore it was expected, that more severe treatment
conditions and an optimized gas flow in an oxygen containing
environment could still increase the surface area while
maintaining an acceptable yield level. However, the charcoal
showed a completely different pore size distribution as
compared to the charcoals regenerated in CO,-atmosphere:
the amount of small mesopores (r,, 1—10 nm) and large
micropores (d,, 1-1.7 nm) was distinctly increased, but the
high number of small micropores (dp < 1 nm) was not restored.
Thus the micropore structure resembled that of spent AC.
Obviously, the combination of oxygen-containing atmosphere
and low temperatures was not able to convert the polymerized
lignin moieties to a microporous charcoal. Instead, it widened
the mesoporous structure. When reutilized in the HiTAC-
process, this charcoal showed a lignin adsorption proportional
to its BET surface area, but also severe adsorption of oligomeric
xylose (72%). The formation of mesopores instead of
micropores may thus be a reason for the loss in selectivity
during the HiTAC-process. Further, the treatment in oxygen-
containing atmosphere possibly initiates the formation of
carboxylic surface groups that might favor the adsorption of
carbohydrates.”" Thus, although the yield of thermal regener-
ation under oxygen atmosphere is high, modification of the
process in terms of higher regeneration temperatures and
longer regeneration times will not lead to satisfying results due
to the formation of high amounts of mesopores without the
formation of micropores.

B CONCLUSIONS

Adsorption of lignin and furanic compounds from prehydroly-
sis-kraft prehydrolyzates on activated charcoals at high
temperatures may be considered as a selective process for the
prevention of incrustations and allows the unrestricted
utilization of the prehydrolyzate carbohydrate fraction. To
promote an economically viable process, regeneration possibil-
ities of the spent charcoals were evaluated and an efficient
regeneration process was developed. While solvent treatment of
the spent charcoals was not sufficient for removing the lignin,
thermal treatments efficiently regenerated the spent activated
charcoals at temperatures exceeding 800 °C. Thermal

dx.doi.org/10.1021/ie3006116 | Ind. Eng. Chem. Res. 2012, 51, 8624—8630
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Table 3. Reutilization of Thermally Regenerated Charcoals: Composition of Hydrolyzates

regenerated charcoal

without charcoal® fresh charcoal 1 2 3 4 spent charcoal
BET (m?g™") 880 605 641 830 568 69
Composition of Hydrolyzates (% odw)
lignin 5.04 1.31 2258 2.19 1.38 241 3.20
Monomeric Carbohydrates (% odw)
glucose 0.2 0.1 0.1 0.1 0.1 0.2 0.1
xylose 3.8 35 3.4 35 3.6 4.0 2.9
mannose 0.1 0.1 0.1 0.1 0.1 0.1 0.1
arabinose 0.3 0.3 0.3 0.3 0.3 0.3 0.2
rhamnose 0.2 0.2 0.2 0.2 0.2 0.2 0.1
galactose 0.7 0.7 0.6 0.6 0.7 0.7 0.5
Oligomeric Carbohydrates (% odw)
glucose 0.4 0.4 0.4 0.4 0.4 0.4 0.3
xylose 7.7 7.0 7.6 7.1 6.9 2.1 54
mannose 0.4 0.3 0.4 0.4 0.3 0.4 0.3
arabinose 0.0 0.0 0.0 0.0 0.0 0.0 0.0
rhamnose 0.1 0.1 0.1 0.1 0.1 0.1 0.1
galactose 0.4 0.3 0.3 0.3 0.3 0.3 0.2
Carbohydrate Degradation Products (% odw)

furfural 0.7 0.3 0.2 0.2 0.2 0.4 0.6
HMF 0.1 0.0 0.0 0.0 0.0 0.1 0.1
free acetic acid n.d. 2.3 2.4 2.5 2.4 2.6 2.0
bound acetic acid n.d. 1.3 1.3 12 1.3 1.3 1.0

“n.d. = not detected.

regeneration at 900 °C for 30 min under CO, atmosphere
showed the best performance: An active surface area, selectivity,
and adsorption capacity during reutilization comparable to that
of fresh charcoal were achieved. The yield of the thermal
regeneration of the spent charcoal was even higher (on average
100%) as compared to thermal regeneration of the fresh
carbon. This allows two conclusions: the protection of the coal
by lignin that is totally removed during regeneration, and the
(partial) transformation of lignin to charcoal during the
regeneration process.
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Introduction

Isolation of lignin from its polysaccharide matrix in wood or
pulp is an inevitable prerequisite for its complete structural
characterization. A commonly applied method of lignin iso-
lation from wood feedstock is the extraction of milled wood
lignin (Bjorkman 1956). The isolation of dissolved wood lig-
nin is a rather new method (Fasching et al. 2008). Isolation
of lignin from wood and pulp by acidolysis is simple and
rapid (Gellerstedt et al. 1994; Evtuguin et al. 2001) and the
resulting acidolysis lignin (AL) is of high purity. Enzymatic
hydrolysis (Yamasaki et al. 1981; Chang 1992) and the com-
bined method of enzymatic mild acidolysis (Argyropoulos et
al. 2000) are suited for lignin isolation from pulp.

The structure of AL from Eucalyptus globulus kraft pulp
was intensely investigated by Duarte et al. (2000) and Pinto
et al. (2002). AL contained less etherified units and more
free phenolic functions as compared to native lignin and to
enzymatically isolated lignin from E. globulus kraft pulps.
Accordingly, acidolysis could have split some 3-O-4 bonds
(Duarte et al. 2000). Changes in lignin structure during iso-
lation were further manifested in decreased molar mass of
residual lignins isolated by acidolysis of softwood pulps (Al-
Dajani and Gellerstedt 2002; Jadskeldinen et al. 2003). Addi-
tionally, AL from wood as well as kraft pulp contained some
unsaturated structures and non-lignin materials of polysac-
charide origin and condensed tannins of catechin and gal-
locatechin types (Gellerstedt et al. 1994; Evtuguin et al.
2001). Thus, applying an alkaline extraction (AE) prior to
acidolysis of wood was suggested by Evtuguin et al. (2001)
for removing these undesirable compounds. Rutkowska et al.
(2009) applied this approach also for kraft pulp. Tannins are

effectively removed during kraft pulping. At the end of
washing, however, some lignin is reprecipitated on the pulp
as a result of reduced alkalinity. Therefore, an alkaline
extraction prior to lignin isolation might remove this precip-
itated lignin and render the isolated lignin more uniformly.

Within this study, the influence of AE prior to acidolysis
as a means of increasing the comparability of lignins from
differently pretreated sources was investigated. Residual lig-
nin from a soda-anthraquinone (soda-AQ) pulp was isolated
applying an acetone extraction (AcE) step to ensure complete
removal of tannins and lipophilic extractives. Then an
optional AE step followed before acidolysis. To investigate
the degradation of lignin during the isolation in detail, lignin
removal was followed in terms of kappa number, Ox-Dem
kappa number, and hexenuronic acid (HexA) content. The
high purities of the extracted lignins enabled reliable com-
parison of their structural compositions, which were evalu-
ated by means of qualitative and quantitative NMR
experiments, FT-IR spectroscopy, determination of sugar
content, and wet chemical methoxy group determination, as
well as elemental analysis. The results were recalculated in
the Coo formula and discussed.

Experimental

Cooking experiments

Eucalyptus globulus wood chips from plantations in Uruguay were
supplied by ENCE for soda-AQ continuous batch cooking (CBC)
(Sixta et al. 2006) in a 10-1 digester (H-factor 700, 94 min at 7).,

of 160°C) with synthetic cooking liquor (30.9 g 1" effective alkali,
0.2% AQ on oven dry (o.d.) wood, alkali consumption 21%).

Lignin isolation and purification

Soda-AQ pulp (kappa 14) was subjected to AcE with a liquid-to-
solid ratio (L/S) of 10 (SCAN-CM 2003). An optional AE was
performed (0.3% NaOH, L/S 50, 1 h reflux, nitrogen atmosphere)
and lignin was isolated via multistep acidolysis (Evtuguin et al.
2001).

Standard characterization

Carbohydrate content was evaluated after two-stage total hydrolysis
by high performance anion exchange chromatography with pulsed
amperometric detection (Sixta et al. 2001). Elemental analyses were
performed by the Fraunhofer IAP. Standard protocols were used for
determination of methoxy group content (Viebock and Schwappach
1930), kappa number (Tappi 1993), Ox-Dem kappa number (Li and
Gellerstedt 2002), and HexA content (Gellerstedt and Li 1996).
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Table 1 Kappa, Ox-Dem kappa, and HexA contents at different
extraction stages.

Pulp preparation

Acidolysis
Soda-AQ With  Without
Pulp AcE AE AE AE
Total kappa 14.0 13.5 11.5 2.6 2.4
Ox-Dem kappa® 74 6.5 6.0 0.8 1.4
HexAP" 27.2 279 293 - -
(=kappa)* (2.3) 24) (2.5)

aKappa attributed to lignin (Li and Gellerstedt 2002). "HexA given
in pmol g! o.d. pulp. “Kappa attributed to HexA (Li and Gellerstedt
1997). AcE, acetone extraction; AE, alkaline extraction.

Advanced lignin characterization

FT-IR spectra were recorded on a Bruker Tensor 27 spectrometer
using golden gate ATR. NMR spectra of the acetylated lignins
(Lundquist 1992) were measured in CDCl; (c =100 mg ml™ for 'H
and 'H/"*C HSQC NMR experiments and ¢ =200 mg ml"' for quan-
titative '*C NMR experiments) on a Bruker Avance DPX300 spec-
trometer (‘H 300 MHz, '*C 75 MHz) using a 5-mm 'H/BB inverse
probe with z-gradient support, at 300 K. Chemical shifts were refe-
renced to the residual solvent signals at 3('H)=7.26 ppm and
8('*C) =77 ppm. Chromium(IIl)acetylacetonate (0.01 M) was added
as relaxation agent for quantitative '*C NMR experiments (Capa-
nema et al. 2004). '*C T, relaxation times were monitored with the
inversion recovery technique for each sample. To ensure quantitative
conditions, inverse-gated 'H decoupled '*C NMR spectra were
recorded with 5 s relaxation delay, 0.4 s acquisition time, and
245 ppm spectral width. For each spectrum, 65 536 transients were
accumulated. Quantitative 'H NMR experiments were recorded with
7 s relaxation delay, 4.2 s acquisition time, and 26 ppm spectral
width. In total, 128 scans were acquired from a sample with no
added relaxation reagent. Processing of quantitative 1D spectra
involved exponential window multiplication (LB=0.3 Hz for 'H
and LB=5 Hz for '’C, respectively) of the free induction decay
prior to Fourier transform. 2D 'H/"*C HSQC NMR experiments
were recorded with 2048 data points in the 'H dimension, 512 time
domain increments in the '*C dimension, 256 scans, 0.5 s relaxation
delay, 0.21 s acquisition time, and 16 ppm ('H)/165 ppm ('*C) spec-
tral width. 2D time domain data were multiplied with exponential
(LB=3 Hz; 'H dimension) and shifted square sine bell (SSB=2;
13C dimension) functions and zero-filled to 2048 times 1024 real
data points prior to Fourier transform. All 1D and 2D NMR data
were processed and analyzed by Bruker software TopSpin 2.1.

Results and discussion

AcE led to a slight decrease of the soda-AQ pulp kappa
number from 14 to 13.5. Subsequent AE yielded in a clear

kappa number reduction of 2 units (Table 1). Regardless of
whether AE was applied or not, kappa numbers of the pulps
after acidolysis dropped to an average value of 2.5. As kappa
number is not only affected by lignin, but by aliphatic double
bonds, free aldehyde groups as well as by a-keto-carboxylic
acids (Li and Gellerstedt 1998), the Ox-Dem kappa number
has been introduced and represents the kappa number attrib-
uted to lignin only (Li and Gellerstedt 2002). Ox-Dem kappa
dropped only slightly during AcE. AE reduced Ox-Dem
kappa of the pulp by 0.5 units.

Within acidolysis of the pulps, similar amounts of lignin
were removed as shown by equivalent Ox-Dem kappa reduc-
tions (A Ox-Dem kappa 5.2 with AE and 5.1 without AE).
The pulp with AE finally showed a slightly lower Ox-Dem
kappa number after acidolysis (Ox-Dem kappa 0.8) than the
pulp without AE (Ox-Dem kappa 1.4). During acidolysis, the
reduction in kappa number (A kappa 8.9 with AE, A kappa
11.1 without AE) was higher than the total Ox-Dem kappa
value before acidolysis (Ox-Dem kappa 6.0 with AE and 6.5
without AE) (Table 1). Thus, substantial amounts of sub-
stances, which did not contribute to Ox-Dem kappa, were
removed in addition to lignin within the step of acidolysis.
Although similar amounts of lignin were removed from both
pulps within acidolysis, the lignins showed different precip-
itation behavior in water during the recovery procedure. Lig-
nin from alkaline extracted pulp precipitated only in minor
amounts.

Thus, the step of AE mostly influenced the yield of lignin
isolation and resulted in significant yield losses of 31%
(Table 2). HexA contributed to approximately 2.5 kappa
number units of each pulp, but generally do not contribute
to Ox-Dem kappa value (Gellerstedt and Li 1996; Li and
Gellerstedt 1997). The content of HexA remained unaltered
during AcE and AE (Table 1), whereas it can be assumed
that HexA was completely removed within acidolysis as
the hexenuronic acid group is already liberated at slightly
acidic conditions (Vuorinen and Alén 1998). Therefore,
determination of HexA content after acidolysis was not
accomplished.

Structural analyses of both lignin fractions with prior AE
and without prior AE showed high similarities in lignin
structure as can be seen from NMR (Table 3) and FT-IR
spectra (Figure 1). Both isolation procedures yielded rather
pure lignins with very low sugar content of approximately
1%, mainly glucose and xylose. Wet chemical methoxy
group determination showed 1.12 (with AE) and 1.18 (with-
out AE) methoxy groups per C, lignin unit. Similar tenden-
cies were found in NMR determination of methoxy groups,
but higher absolute values (1.22 with AE and 1.35 without

Table 2 Characterization of the isolated lignins with AE and without AE.

Elemental analysis (%)

Sugar OMe Cono Lignin yield
Lignin (%) C H N O S (%) formula® (mg g)
With AE <1 60.4 5.9 0.2 333 0.2 17.3 Co0oHgs520306(OCH3) 1, 4.62
Without AE 1.2 58.4 5.7 0.2 29.7 0.2 17.6 CooHg330570(0OCH3) 15 6.68

“Values are corrected for sugar impurities.
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Table 3 Chemical shifts of resonances for integration of peaks in
quantitative '*C NMR spectra (Robert 1992; Ralph et al. 2004;
Fasching et al. 2008).

Chemical shift

(ppm) Lignin®
Functional group From To With AE ~ Without AE
Prim. aliph. OH 171.0  169.8 0.67 0.64
Sek. aliph. OH 169.8  168.8 0.29 0.29
Phenol. OH 168.8  167.5 0.42 0.49
O-subst. arom. C°  162.0  142.0 2.26 225
C-subst. arom. C° 1420 1250 1.82 1.84
H-subst. arom. C 125.0 1015 1.91 1.91
B-B/a 86.0 85.2 0.04 0.02
3-0-4/8 81.0 79.8 0.13 0.13
Methoxy group 57.0 54.5 1.22 1.35

2 13C integral area of the acetylated sample per aromatic unit nor-
malized to the integral area corresponding to methoxy groups. "Non-
etherified phenolic C-O-Ac added to integral area. “Non-etherified
phenolic C-O-Ac deduced from integral area.

4'5'_ rrrrrrrrr Without AE
4.0 —— With AE

3.5
3.0
2.5

2.0

ATR units

1.5
1.0
0.5

0.0 . : . . ;
2000 1500 1000 500

Wave number {(cm™)

Figure 1 Attenuated total reflectance (ATR) FT-IR spectra of
the isolated lignins with AE and without AE scaled on the
1503-1515 cm™ band representing aromatic skeletal vibrations.

AE) were obtained. These values were in good agreement
with those found by Duarte et al. (2000) for E. globulus kraft
AL (1.2 methoxy groups per aromatic unit). The Cyy, for-
mula was calculated from methoxy group content and ele-
mental analysis and showed slightly higher oxygen and
hydrogen contents for lignin with AE [CooHgs:030(OCH3); 5]
than the Coo formula CooHg330,70(OCH3), 5 of lignin with-
out AE (Table 2).

Structural analysis via HSQC and quantitative '*C NMR
experiments did not reveal any further differences between
the isolated lignin fractions (Table 3). In addition to the
common structural elements of lignins, NMR resonances at
7.24/105.6 ppm showed a-oxidized syringyl units, as were
also found for lignins in soda-AQ pulping liquors (Venica et
al. 2008). High intensities of carbonylic FT-IR bands at
1710 cm™ (Figure 1) supported these findings. The presence
of stilbene structures was indicated by NMR resonances in
the C range of 115-131 ppm and the 'H range of
6.5-8 ppm (Ralph et al. 2004), as described by Rutkowska

et al. (2009) for AL of E. globulus kraft pulp and Venica
et al. (2008) for lignins in soda-AQ pulping liquors.

Conclusion

The effect of different treatments (acetone extraction and
optional alkaline extraction) was studied in the context of
residual lignin isolation from a E. globulus soda-AQ pulp by
acidolysis. The results were monitored by determination of
kappa number, Ox-Dem kappa number, and HexA content.
During acetone extraction and alkaline extraction, lignin
components were removed from the pulp. The residual lig-
nins were of high purity and similar in chemical structure
and composition with and without previous alkaline extrac-
tion. Alkaline extraction reduced the yield of isolated lignin
significantly. Therefore, acetone extraction is a better and
more efficient pretreatment step for acidolysis of E. globulus

pulp.
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(57) Abstract: The present invention relates to a process for obtaining high-value products from lignocellulosic material, especial-
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(57) Zusammenfassung: Die vorliegende Erfindung betriftt ein Vertahren zur Gewinnung hochwertiger Produkte aus lignozellu-
losischem Material, insbesondere Holz, umfassend die Schritte: a) Vorhydrolyse des lignozellulosischen Materials, b) Abtrennung
zumindest eines Teils des Hydrolysates vom lignozellulosischen Material, ¢) direkte Adsorption der Verkrustungsbildner aus dem
Hydrolysat an einem geeigneten Adsorbens und nachfolgend d) Weiterverarbeitung des Hydrolysates zur Gewinnung vieltéltiger
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Verfahren zur verbesserten Verarbeitbarkeit von Hydrothermolysaten

von lignozellulosischem Material

Die vorliegende Erfindung bezieht sich auf ein Verfahren zur Gewinnung
hochwertiger Produkte aus lignozellulosischem Material, insbesondere Holz,
umfassend die Schritte: | |
a. Vorhydrolyse des lignozellulosischen Materials,
b. Abtrennung zumindest eines Teils des Hydrolysates vom -
| IlgnozeIIuIOS|schen Material,
c. direkte Adsorption der Verkrustungsbildner aus dem Hydrolysat
an einem geeigneten Adsorbens und nachfolgend _
d. Weiterverarbeitung des Hydrolysates zur Gewinnung einer
Vielzahl an Produkten, zum Beispiel aus den Oligosacchariden |
. und Monozuckern sowie Essigséufe. ,
Es ermdglicht die Weiterverarbeitung der mittels Hydfothermolyse aus der_ri
lignozellulosischen Material gelés’tén Oligosaccharide und Monosaccharide zu
hochwertigen Nebenprodukten und stellt somit einen weiteren Schritt zur
vollstandigen Verarbeitung aller Biokomponenten im Sinne einer Bioraffinerie
dar. Nebén der verbess‘erten’Verarbeitbarkeit des Hydrolysates bietet der
erfindungsgemafe Prozess die Mogllchkelt der Entfernung furanosider

Komponenten, die als Fermentationshemmer gelten

Stand der Technik:

Hydrothermolytische Prozesse (Bobleter 2005) sind Prozesse,'in denen
reines Wasser in flissiger Form oder als Dampf oder verdiinnté oder
konzentrierte Sauren eingesetZt werden, um lignozellulosisches Material unter
érhéhter Temperatur aufzuschlieRen. Ohne die Anwendung von .. ‘
Vorbehandlungen oder den Einsatz weiterer Chemikalien ist es méglich, einen
Teil der Biomasse als niedermolekulare Komponenten in Lééung zu bringen.
Hydrotherfnolytische Prozesse finden als Vorbehandlung zur
Zellstofferzeugung oder als Hauptprozessbestandteile bei der Fraktionierung
von Biomasse Anwendung. Werden hydrothermolytische Verfahren als

‘VorbehandIUngss_chritt genutzt, so spricht man von Vorhydrolyse. Dient
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Wasser als Agens, so spricht man auch von Autohydrolyse oder in flissigem

-Aggregatszustand von Wasser-Vorhydrolyse.

Der Vorhydrolyse—Kraft Prozess ist ein weit verbreiteter Prozess zur
Erzeugung von Chemiezellstoffen aus einer breiten Palette von Rohstoffen.
Beim Kraft-Prozess handelt es sich um ein alkalisches
Holzaufschlussverfahren. Weitere alkalische Prozesse der
Chemiezellstoffefzeugung stellen unter anderem der Vorhydrolyse-Soda- und
der Vorhyd rolyse-Soda-Anthra‘quinon-Prozes‘é dar. Auch Vorhydrolyse-

Organosolv-Prozesse sind in der Literatur bekannt.

- Durch ein alkalisches Aufschlussverfahren allein ist es nicht moglich,

Hemizellulosen in ausreichendem MaRe aus dem Zellstoffverband zu l6sen.
Die Entfernung der Hemizellulosen ist allerdings eine wichtige Voraussetzung
zur Herstellung von hochwertigen Chemiezellstoffen. Ein hochwertiger
Chemie‘zéllstoff zeichnet sich durch einen hohen Gehalt an a-Zellulose und
einen geringen Gehalt an Hemizellulosen, d.h. von etwa 1 -10 %, aus. Durch
eine vor das Aufschlussverfahren geschaltete Hydrolyse ist es moglich,
Hemizellulosen selektiv aus der Biomasse zu entfernen und so hochwerfige
Chemiezellstoffe herzustellen. Anwendung finden Chemiezellstoffe z.B. zur
Herstellung von Celluloseacetat, Celluloseacetat-Filtertow fiir Zigarettenfilter =
und Ahnliches sowie von Viskose-, Modal- und Lyocellfasern. |

Die Vorhydrolyse kann e_ntweder in Form einer Autohydrolyse mit Wasser bei’
160 - 180 °C oder in Form einer Hydrolyse mit verdunnter Saure (0,3 — 0,5 %
H3S0,) bei 120 - 140 °C oder mit konzeintri\e'rter Saure (20 -30% HCI) bei

etwa 40 °C durchgefiihrt werden (Sixta 2006).

Im Prozess der Vorhydrolyse werden die Hemizellulosen zu oligomeren und
monomeren Zuckern abgebaut. Ein Grofteil der Hemizellulosen ist hierbei
Xylan und Glucomannan. Diese sind im Vorhydroiysat I6slich und kénnen zu
hochwertigen Produkten der Nahrungsmittel- und Pharmaindustrie

weiterverarbeitet werden. (Vazquez 2000; Huahg 2008)
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Aufgrund der Hochwertigkeit der Produkte und auf der Suche nach biogenen

Ethanolquellen als Alternativtreibstoff sind viele Prozesse der Totalhydrolyse

~von Biomasse entwickelt worden, die auf denselben Prinzipien wie die

Vorhydrolyse beruhen. In diesen Prozessen wird auch die Zellulose
weitestmadglich abgebaut und ist somit nicht mehr zur Zellstoffgewinnung
verwendbar. US Patent 5,503,996 (Torget 1996) beschreibt ein ‘
Vorhydrolseverfahren, indem sowohl Vorhydrolysat als auch zellulosischer

Ruckstand fermentativ aufgearbeitet werden.

Es ist-bekannt, dass mit fortschreitender Hydrolyseiritensitét hochreaktive
Substanzen gebildet werden. Diese Produkte zeigen eine hohe Tendenz, sich
von der wassrigen Phase zu trennen und Verklebungen und Verkrustungen
zu bilden, welche nur schwer zu kontrollieren sind und eine Nutzung des .k
Vorhydrolysatés erheblich erschweren. (Sixta 2006).

Es ist weiters bekannf, dass diese Verkrustungen aus Lignin und
'Ligninabbauprodukte_n gebildet wer_dén. Lignin wird zu einem_kleinen Teil
wahrend der Hydrothermolyse aus der Biomasse herausgelbst. Das Lignin
liegt dann sowohl geldst als auch kolloidal‘ vor. Ablagerungen kénnen sich
sowohi aus dem kolloidalen als auch aus dem‘geléste_n Lignin bilden.

~(Leschinsky 2008a; Leschinsky 2008b; Leschinsky 2009a; Leschinsky 2009b).

Die Vermeidung der Bildung dieser Ligninverbindungen wurde eingehend
untersucht. Es wurde gezeigt, dass durch die Wahl der Wasservcﬁhydrolyse—
Bedingungen (Temperafur und Hydrolysedauer) die Ablagerungen nicht.
verhindert werden kénnen. Niedrigelje Temperatukeh fuhren allerdings bei -
gleicher Hydrolyse-lntensitét zu geringeren Mengen an gelbstem Lignin und
daher auch zu einem geringeren Maf an Ablagerungen ‘(Leschinsky 2008b).

Das Pate,nt CS 248106 (Hojnos 1988) beschreibt die Verminderung der
Ablagerungen durch die Verwendung einer sauren Vorhydrolyse bei
geringeren Temperaturen (140 °C) als bei der konventionellen
Wasservorhydrolyse (160 - 180 °C). AIIerdin'gs wird unter diesen '
Bedingungen grundsatzlich mehr Lignin gel6st als unter Wasservorhydrolyse-

3
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Bedingungen Dieses Lignin im Hydrolysat muss wiederum aufwendig entfernt
werden, um die Hydrolysate zur Gewinnung von Stoffen aus den ollgomeren
und monomeren Zuckern nutzen zu kénnen. Welters werden unter den
gewahlten B.edlngungen die Xylooligosaccharide zu Mongzuckern abgebaut.
Dies ist nicht immer erwtnscht, da Xylooligosaccharide h{ochwertige Produkte. :

darstellen.

Das Patent CS 228366 (Blazej 1982) beschreibt die Reduktlon von
Ablagerungen wahrend der Vorhydrolyse von hgnozellulosschem Matenal
durch die Verwendung von Sulfit-Laugen welche mit Acrylamiden versetzt und

“mit SO, gesattigt sind, bei der Vorhydrolyse. Dies 'fu_hrt zu einer Reduktion der.

Ablagerungen um 12 %. SO, futhrt aber wiederum zur Lésung erheblicher

Mengen an Lignin, wie bereits fiir den Zusatz von H,SO,4 beschrieben.

IT 525470 (Rovesti 1955) beschreibt einen ahnlichen Prozess, in dem SO,
wahrend der Vorhydrolyse eingesetzt wird, um Ablagerungen zu vermindern.
SuU 1567700 (Kosheleva 1988) beschreibt elnen 2-stufigen Hydronse-Prozess

unter Elnsatz von SOs.

| RO 93722 (Popescu 1985) beschreibt die Zugabe \kon

Ammoniumlignosulfonat zu Holz-Vorhydrolysat nach erfolgtér» |
Furfuralentfernung, um ein Verstopfen der Anlagenteile bei den weiteren -
Verfahrensschritten zu vermeiden; Die weiteren Verfahrensschritte, die hier |
vor einer Verhefung des Vorhydrolysa_tés notig sind, bestehen aus der
Neutralisation des VorhydronSates lmi,'t Kalziumhydroxid, Sedimentation_ s.owie

Nahrstoff- und Hefezugabe.

Eine Vielzahl an ReinigungSmethdden zur Reinigung voh Hydrolysaten wurde -
bereits untersucht. Diese Methoden zielen darauf ab, Inhibitoren aus den
Hydrolysaten zu entfernen, um die zuckerreichen Hydrolysat-Lésungén\ein’er |
anschlieBenden Fermentation oder enzymatischen Umsetzung zuzufithren.
Als Inhibitoren werden in weiterer Folge Substanzen bezéichnet, die eine

Fermentation oder enzymatische Umsetzung der Vorhydrolysate behindern.
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Dazu zahlen Lignin und dessen Abbauprodukte, insbesondere Furfural,

Hydroxymethylfurfural sowie Essigsaure (Huang 2008).

Die mgisten Prozesse zur Reinigung von Vorhydrolysaten, darunter auch der
in CS 168207 (Hojnos 1972) beschriebene, verwenden mehrstufige Verfahren
zur Reinigung der Vorhydrolysate Zu den Verfahrensschritten zéhlen oft -
Filtrationen, Neutralisation (zumelst mit Kalkmllch) Emdampfung zur
Entfernung fliichtiger Verbindungen (vor allem des Furfurals), Flockung und

eine Vielzahl weiterer Verfahren zur fest-flissig- und flissig-flussig-Trennung.

CN 101691587 (Yu 2009) beschreibt eine Extraktionsmethode, die eine
Mischung aus Trialkylamin, n-Oktanol und Kerosin verwendet, um Inhibitoren |
aus sauren ’Vorhydr'olysaten mittels ﬂUSsig-fIl'Jssig-Extraktioh zu extrahieren.
Ligninabbauprodukte werden dabei nur unvollsténdig aus dem Vorhydrolysat
entfernt. Dartber hinaus sind die Nachteile des Einsatzes fossiler

Chemikalien und deren Giﬁigkeit zu bedenken.

Es sind weiterhin Prozesse bekannt, in denen schwefelsaure Totalhydrolysate
von einer Mischung aus Weichholz und pflanzlichen Abfallstoffen mit
kationischén Polyeléktrolyten behandelt werden, um Lignin-Bestandteile zu
suspendieren und anschlieBend zu fallen. Die Ligniﬁ-Bestandteile dieser’
sauren Hydrolysate besitzen eine negative Oberflachenladung und kénnen
daher mit den kationischen Polyelektrolyten tiber elektrostatische Krafte
wechselwirken (Kholkin 1999). Autohydrolysate des Vorhydrolyse-Kraft-

-Prozesses hingegen zeigen anndhernd keine Oberflachenladung und kénnen

~daher mittels dieses Prozesses nicht aufgereinigt werden.

Zur Reinigung von Hydrolysaten wurde bereits eine Reihe von Adsorbentlen
untersucht. Die Adsorptlon erfolgt dabei zumeist bei Raumtemperatur oder
knapp dariiber. lonenaustauscherharze und Aktivkohlen erbringen die besten
Ergebnisse bezuglich der Entfernung von Inhibitoren (Moure 2008). Zur
Entfernung von 60 - 70 % des Lignins werdén 50 - 70 g Aktivkohle pro Liter
Vorhydrolysat bendtigt. Bei hohen Aktivkoh_Iekonzentrétionen tritt aulRerdem
ér_hebliche Adéorption der Zucker etc. auf. (Parajo 1996; Xie‘2005)

5
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(Pérajo 1996) untersuchte auBerdem den Temperatureinfluss auf die

‘Adsorption von phenolischen Bestandteilen (Lignin) aus Vorhydrolysat an

Aktivkohle. Es konnte dabei gezeigt werden, dass mit steigender Temperatur
die Adsorptioh von Lighin deutlich abnimmt. Dies steht in Einklang mit den
ganglgen physikalischen Grundsatzen dass Adsorptionen exotherme |
Prozesse sind. Die Adsorption von Substanzen erfolgt daher bevorzugt bei
geringen Temperaturen, zur Desorption muss dem System Energie zugefiihrt
werden. Bei chemisorptiven Prozessen kann eine AktiVierungSenergie zur
Adsorption nétig sein. Venkata Mohan (1997) postuliert anhand von .

Desorptionsexperimenten einen chemiesorptiven Prozess fiir die Adsorption

von Lignin an Aktivkohlen. Die Notwendigkeit des Aufbringens von

Aktlwerungsenergle erscheint nach den Beobachtungen von (Parajo 1996)

v kontraproduktw

US 2009/0218055 A1 (Uusitalo 2009) beschreibt ein Verfahren zur

| Gewinnung von Hydrolyseprodukten. Eine Hydrolysat-Fraktion wird im Laufe

dieses Prozesses in einem Tank bei hohen Temperaturen fiir die Dauer einer
Kraft-Kochung aufbewahrt, um sie fir weitere Hydrolysen zu nutzen. Eine
mégliche ‘und auch wahrscheinliche Bildung von Ablagerungen in diesem

Aufbewahrungstank wird aIIerdmgs nicht bericksichtigt.

DE 10158120 A1 (Karstens 2003) beschfeibt ein Verfahren zur Abtrennung
von Xylose von xylanrelchen Lignozellulosen und deren Welterverarbeltung

zu Chemlezellstoffen basierend auf einer mechanischen Zerstérung der

Holzhackschnitzel und anschlieBender Saure-Impragnierung und Dampf-.
Vorhydrolyse Xylose wird anschhef&end durch Waschung oder Zentrlfugatlon
des Holzes gewonnen. Durch die Saure-Impragnierung werden die Xylane zu
Xylose abgeb:':\ut. Es ist daher keine Gewinnung von Xylooligosachhariden
mc‘jglich. Es wird berichtet, dass Lignin nicht in der Xylanlésung anfallt,
dementsprechend befindet sich hochaktiviertes Lignin am Holz. Dies kann zu

einem erhdhten Chemikalienverbrauch in Kochung und Bleiche fuhren.
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Um die Vorteile eines Vorhydrolyse-Verfahrens nutzen zu kénnen, ohne dabei
die Nachteile von Verkrustungen und energieintensiver Eindampfung in Kéuf
nehmen zu mussen, beschreibt WO 94112719 (Wi'zahni‘ 1994) das Visbatch®
Verfahren, das auf einer Dampfvorhydrolyse mit anschliéRender
Neutralisation des kondensierte.n Hydrolysats im Kocher durch Kochlauge
beruht. Die stoffliche Nutzung der durch die Vorhydrolyse gelésten
Xylooligosaccharide ist bei diesem Pfoiess nicht mﬁglich.'

Angesichts des bekannten Standes der Technik bestand daher die Aufgabe,
ein Verfahren zur Gewinnung vanrodukten aus lignozellulosischem Material
zur Verfugung zu stelleh, das eine wirtschaftliche Gewinnung dieser Produkte

~ in méglichst hoher Ausbeute und unter méglichst geringer Bildung von .
‘Verkrustungen, die durch das Hydrolysat hervorgerufen werden, erméglicht.

Zusammenfassung der Erﬁnd.ung

Diese Aufgabe konnté geldst werden durch ein Verfahren zur Gewinnuhg
hochwertiger Produkte aus_'lignozellulosischem Material, insbesondere Holz,
umfassend die Schritte: o |
a. Vorhydrolyse des lignozellulosischen Materials,
b. Abtrennung zumindest eines Teils des Hydrolysates vom
lignozellulosischen Material, _ |
c direkte Adsorption der Verkrustungsbildner aus dem Hydrolysat
an einem geeigneten Adsorbené und nachfolgend |
d. Weiterverarbeitung des Hydrolysates zur Gewinnung vielfaltiger
| Produkte, zum Beispiel aus den Oligosacchariden und
- Monozuckern sowie Essigsaure,
wbbei Schritt c. bei einer Temperatur des Hydrolysates von mehr'als 60°C

durchgefihrt wird..

Es erméglicht die Weiterverarbeitung der mittels Hydrothermolyse aus dem
lignozellulosischen Material gelésten Xylooligosaccharide und »
Monosaccharide zu hochwertigen Nebenprodukten und stellt somit einen
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- weiteren Schritt zur vollsféndigen integrierten Verarbeitung aller

~ lignozellulosischen Komponenten im Sinne einer Bioraffinerie dar.

Unter Hydrothermolyse versteht man die Behandlung von lignozellulosischem
Material in einem Druckreaktor mit Wasser oder verdinnten Sauren bei
Temperaturen tGber 100 °C oder mit konzentrierten Sauren bei etwa 40 °C.
Hydrolysat bezeichnet in diesem Zusémmenhan_g die ﬂuSsigé Phase, die dem

heilen Reaktor nach erfblgter Hydrothermolyse entnommen wird.

Diese Abtrennung des Hydrolysates kann durch Ablassen des Hydrolysats
oder durch Verdrangung des Hydrolysats durch ein Gas oder durch
Verdréngung durch eine Flussigkeit in einen zweiten Reaktor, Tank oder

Adsorber erfol_gen.

In dem zweiten Reaktor, Tank oder Adsorber befindet sich entweder schon
vorher ein Adsorbens, oder dieses Adsorbens wird gleichzeitig mit oder sofort

anschliefend an die Hydrolysatuberfahrung zugegeben.

In einer bevorzugten Ausfiihrungsform des erfindungsgeméfen Verfahrens
erfolgt die Adsorption direkt nach der Abtrennung des Hydrélysates. '
Insbesondere ist es bevoriugt, dass zwischen Abtrennung der flissigen
Phase und Adsorption das Hydrolysat eine Temperatur von 100 °C nicht

unterschreitet.

Gunstig ist es insbesondere, wenn die Adsorption bei Temperaturen zwischen
100 und 190 °C stattfindet, bevorzugt sogar etwa bei der'Temper‘atur der
Vorhydrolyse. |

Das Adsorbens wird ausgewahlt aus der Gruppe von Substanzen, die selektiv
Krustenbildner adsorbieren, d. h. die die Fahigkeit haben, selektiv Lignin,
Ligninabbauprodukte und Dehydra'tisierungsprodukte der Kohlenhydrate (zum
Beispiel F‘urf"ural und Hydroxymethylfurfural) bei Temperaturen zwischen 100
und 190 °C zu adsorbieren. Das Adsorbens ist vorzugsweise Aktivkohle.
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Besonders bevorzugt wird eine Aktivkohie mit einer BET-Oberflache

> 600 m2 g eingesetzt.

Entgegen den physikalischen Grundéétzen,'wo'hach Adsorptionen exotherme
Prozesse sind und'defnnach bevorzugt bei niedrigen Temperaturen
vonstatten gehen, und entgegen den Beobachtungen von (Parajo 1996),

~wurde Uberraschenderweise géfUnden, dass die Adsorption der ligninartigen

Bestandteile bei hoheren Temperaturen in deutlich groBerem Ausmal erfolgt
als dies bei Raumtemperatur und auch dariiber hinaus unterhalb 60 °C der
Fall ist. Zur Entfernung von 70 % - 90 % des Lignins werden mittels des
erfindungsgemafen Verfahrens lediglich 20 - 40 g Aktivkohle pro Liter
benétigt. Dieser Wert liegt deutlich unter den oben genannten bisherigen

Beobachtungen.

Durch das erﬁndungsgeméBe Verfahren ist es méglich, alle Zl‘J Verkrustungen
nei'genden Komp.on'enten zu binden und das Hydrolysat Uber langere Zeit bei
hohen Temperaturen zu Iage_rh, um z.B. eine Energieriickgewinnung, z.B.
Uber Warmetauscher, zu ermdéglichen. Dies war bisher nicht ohne das -

Inkaufnehmen hartnéackiger Ablagerungen méglich.

D|e besonderen Vorteile des erfi ndungsgemal&en Verfahrens bestehen
msbesondere darin, dass das Hydrolysat Uber dem Adsorbens ohne B|Idung
von Ablagerungen bei hohen Temperaturen fur 0 — 72 Stunden gelagert
werden kann und dass die Adsorption der Zucker < 20 % betragt

Das erfindungsgemalfe Verfahren ist unter anderem d'adurbh gekennzeichnet,
dass die Vorhydrolyse bei einem Verhaltms von IlgnozelluIOSISChem Material
zu Hydrolysat i in einem Bereich von 1:1 b|s 1:10, bevorzugt von 1:2 bis 1:4,

durchgefiihrt wird.

Zur Vorhydrolyse wird ein Verfahren ausgewahlt aus der Gruppe bestehend
aus Autohydrolyse: mittels Wasser als fliissige Phase, saure Hydrolyse unter
Zusatz von Mineralsauren und saure Hydrolyse unter Zusatz von organischen

i

Séauren.
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Wenn Aktivkohle als Adsorbens verwendet wird, liegt bei ngnlnadsorptlonen
bis 80 % die Adsorption von Zuckern unter 5 % und stellt damit eine .
wesentliche Verbesserung zu bekannten Verfahren dar. Der gesamte
Zuckergehalt des Hydrolysates setzt sich aus monomeren und oligomeren
Zuckern zusammen, wobei jedoch im erfindungsgemaBen Verfahren nur die
oligomeren Zucker adsorbiert wérden. Die monomeren Zucker bleiben in -

Losung. Es ist daher bei Verwendung des erfindungsgeméRen Verfahrens in

" besonderem MaRe mdglich, eine sofortige Hydrolyse der'oligomeren Zucker
“zu Monomeren direkt in Gegenwart von Aktivkohle durchzufiihren, ohne wie

bisher mit starken Verkrustungen rechnen zu mussen.

Um monomere Zucker als Produkt zu erhalten, kann zwischen Schritt ¢. und
Schritt d. des erfindungsgemafen Verfahrens zunéchst eine Saure zum
Gemisch aus Adsorbens und Hydrolysat zugegeben werden, um d|e
oligomeren Zucker in monomere Zucker zu hydrolysieren, ohne mlt-starken
Verkrustungen rechnen zu missen. AnschlieRend wird das Adsorbens vom
Hydrolysat abgetrennt. ‘

, { |
Die erflndungsgemarse Adsorptlon fahrt zu klaren stabilen Losungen d|e nach
der Adsorption und Abtrennung des Adsorbens eine Trubung von unter 10
NTU aufweisen. Hydrolysate, die nicht mit diesem Verfahren behandelt

wurden, weisen Trilbungen von weit Gber 10.000 NTU auf.

Das somit bereits gereinigte Hydrolysat kann anschhef&end
Membranprozessen und enzymatischen oder fermentativen Prozessen
zugefihrt werden, um hochwertige Xylose- und Xylooligosaccharid-basierte

Produkte zu erhalten.

In einer grofitechnisch interessanten Anwendung des erﬁndungsg’émé(&en '
Verfahrens wird das vorhydrolysierte lignozellulosische Material zu

Chemiezellstoff weiterverarbeitet. .

10
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Die Erfindung soll nun anhand von Beispielén erlautert werden. Diese sind als.

maégliche Ausfihrungsformen der Erfindung zu verstehen. Keineswegs ist die

- Erfindung auf der] Umfang dieser Beispiele eingeschrankt. -

Beispiele:

1. Aligemeiner experimenteller Teil .

| Eucalyptus globulus Hackschnitzel werden mit einer Schneidemihle

gemahlen und fraktioniert. Die Fraktion zwischen 2,50 und 3,565 mm wird fur -

die Vbrhydrolyse verwendet. Die Vorhydrolyse und die
“Nachbehandlung/Adsorption (s.u.) wird in einer Laborreaktorstation unter

standigem Rihren (100 — 200 rpm) durchgefuhrt. Das Verhéltnis von
deionisiertem Wasser zu Holz betragt 5:1. Um die Vorhydrolyse zu starten,
wird der Reaktor schnellstméglich auf eine Vorhydrblysétemperatqr von
170°C aufgeheizt Die Ter(n.peratur wird bis zum Erreichén eines Vérhydrquse-
Faktors (P-Faktof) von 600 h auf dieser Temperatur gehalten. Wie in der
Literatur beschrieben (Sixta 2006) wird der P-Faktor anhand der

~aufgezeichneten Temperatur- und Zeitdaten nach folgender Gleichung

berechnet.
15106

t k !

(40.48-2)

-dt=j ) -dl;Ie T odt
1, '7100°C Iy

rel.

rx
f

Die relative Reaktions-Rate K, ist das Verhaltnis einer Reaktionsrate bei
einer bestimmten Temperatur und der Referenz-Reaktionsrate bei 100 °C und

ist gegeben durch: -

N k \ ) .
InkK, =In—2= By _.E,
ke R37315 RT

E, ... Aktivierungsenergie : ' .
R ... Gaskonstante _
T... Temperaturin Kelvin
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Der P-Faktor ist die Flache unter der Kurve von K, aufgezeichnet gegen die -
Hydrolysezeit.Fur die Berechnung wird eine Aktivierungsenergie von

125,6 kJ mol™ verwendet.

AnschlieRend wird das Vorhydrolysat unter Stickstoffdruck in einen zwéit'én,
vorgeheizten Reaktor verdrangt. Dieser Reaktor ist mit gesattigtem Dampf bei
170 °C gefilit, um eine isotherme Phasentrennung des Hydrolysates vom
Holzriickstand zu erméglichen. Optional ist der Reaktor mit 2 bis 36 g
Aktivkohle gefilit. Die Aktivkohlekonzentration wird im Folgenden durch das
Verhaltnis der Aktivkohlemasse zum Volumeh der flussigen Phase in der
Vorhydrolyse in [g '] angegeben. Die isotherme PhasentrennUng fuhrt dazu,

- . dass keine unl6slichen Bestandteile am Holz verblelben und damit

beispielsweisé in einer anschlieBenden Kochung wemger Kochchemikalien

bendtigt wirden.

Nach der Phasentrennung wird im Reaktor fiir 0 - 80 Minuten eine definierte
Temperatuf von 120 - 170 °C gehalten. Dieser Schritt wird im Folgenden als
Nachbehandlung bzw. bei Anwesenheit \)on Aktivkohle als Adsorption
bezeichnet. Anschliefend Wird der Reaktor mit Eiswasser auf unfer 40 °C
gekuhlt. Ist Aktivk_ohle im Reaktor enthalten, so wird diese sofort Ubef einen
0,45 ym Filter im Vakuum abfiltriert. Die Lignin- und Tribungsmessungen
finden direkt anschlieBend an die Vorh);drolyse-Versuche statt. Fir alle
weiteren Analysen wird das Vorhydrolysat bis zur Analyse bei 4 °C im
Kiihlschrank gelagert. Der Ligningehalt wird bei einer Verdiinnung von 1:1000 -
mittels UVNis—Spektroskdpie bei einer Wellenldnge von 205 nm unter
Verwendung eines Absorptionskoeffizienten von 110 1g™ cm™ bestimmt

(TAPPI 1991). Da die Furfuralabsorption bei 205 nm ein Minimum aufweist,
kann der Furfuralgehalt der Lésungen bei dieser Wellenlange vernachlassigt
werden. Die Tribung W|rd mittels Hach 2100P Iso Turbidimeter bestimmt, Der
Kohlenhydratgehalt und die Z-usammen‘setzung'de'r Kohlenhydrate des
Vorhydrolysats wird vor und nach einer zweistufigen Totalhydrolyse mittels
Hochdruck-lonenaustausch- Chromatographle mit gepulster amperometnscher
Detektion analysiert (Sixta 2001). |

12
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Die GroRenausschlusschromatogramme (SEC) werden in 0,1 M NaOH als
Laufmittel mittels einer PSS MCX 1000 (8x300)-Saule und RI-Détektidn
aufgenommen. Furfural und Hydroxymethylfurfural (HMF) werden mittels
HPLC auf einer Hypersil ODS-Saule mit UV-Detektion bei 277 nm und 14 %
(v/v) Acetonitril als Laufmiﬁel bei einer Temperatur von 65 °C‘quan.tiﬂ‘ziert.
Essigsaure wird mittels HPLC auf einer Rezex ROA-Saule mit RI-Detektion
uhd 0,005 M H,SO, als Laufmittel bei einer Temperatur von 65 °C béstimmt.

Die BET-Oberflache der Aktivkohlen wird mittels BELéorp mini Il von BEL I‘nc.,
Japan nach den Vorschriften von Brunauer, Emmett, Teller (1938) und
IUPAC-Empfehlungen (Rouquerol 1994) ermittelt.

- 2. Referenzvorhydrolysen (Vergleichsbeiépiele):

Die Vorhydrolysen' werden wie unter 1. beschrieben ohne Zugabe von

Aktivkohlen bei einer Nac;hbehandlungstemperatur'von 170 °C und einer
Nachbehandlungsd_auer von 0, 20, 40 oder 80 Minuten durchgefuhft. Der
gemessene Gehalt an Lignin, oligomeren und monomeren Zuckern, .Furfural,

Hydroxymethylfurfural und Essigséure ist aus Tabelle 1 ersichtlich.

Bei allen Versuchen, aul3er bei vjenem mit sofortigem Abschrecken des _
Vorhydrolysates (d. h. Nachbehandlungsdauer von 0 Minuten), kommt es zu
deutlichen Verkrustungen im Reaktor und am Ruhrer. Die Verkrustungen
werden aus der Differenz des Ligningehalts zwischen der jeweiligen
Nachbehandlung und der Vorhydrolyse bei sofortigem Abschrecken
(Nachbehandlungszelt 0 Minuten) berechnet. Wie in Tabelle 1 aufgezelgt
steigt dle Menge an Verkrustungen mit steigender Nachbehandiungsdauer
deutlich an. Welters werden mit stelgender Nachbehandlungsdauer die

oligomeren Zucker zu Monomeren und diese anschlieRend zu Furfural und

HMF abgebaut. Daraus erklart sich auch der sinkende Zucker- und stelgende ]

Furfural- und HMF-Gehalt. Weiters kommt es im Verlauf der Nachbehandlung

zu einer Spaltung der Acetylgruppen der Xyloollgomere und zu einem Anstieg -

| der Essigsaurekonzentration.

13
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Tabelle 1: Zusammenfassung der Referenzvorhydrolysen

1

Gesamtzucker

Nachbehandlungs- | Ligningehalt Furfural | HMF Eséigséure Verkru

Zeit

. . (davon
in Lésung )
oligomere)

stungen

min

gl BC mgl"  |mgl" |mgl gl'1

10

10,1 -125,2 (16,1) 1166 113 |2814 -

20

97 23,4 (13,1) 1655|172 |3083 0,4

40

7.5 20,9 (9,7) 2304 |237 3743 2,6

80

16,9 17,7 (4,6) 4257 426 |4743 3,2

10
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3. Einfluss der Aktivkohlekonzentration v(erﬁnduhgsgeméf&e Beispiele)

Die Vorhydrolysen werden wie unter 1. beschrieben, jedoch unter Zugabe
einer Aktivkohie, die durch eine BET-Oberflache von 880 m? g'1

einer Adsorptionsdauer von 20 Minuten-durchgefihrt. Aus

- Tabelle 2 ist die Zusammensetzung der Vorhydrolysate ersichtlich. Bereits ab

einer Aktivkohlekonzentration von 8 g I sind die Vorhydrolysate nach der
Abtrennung der Aktivkohle klar und es treten keine Verkrustung‘en mehr auf.
Ab einer Aktivkohlekonzentration von 8 g I”' zeigen die Vorhydrolysate auch
nach tiber 72 Stunden keine Eintriibung. Bei diesem Aktivkohlegehalt sind

44 % des Lignihs im Vorhydrolysat adsorbiert. Ebenso wird eine HMF-
Adsorption von 11 % festgestellt. Eine erste Adsorption der Zucker wird erst
ab einem Aktivkohlegehalt von 24 g I festgestellt. Dieser Gehalt entspricht
eiher Ligninadsorption von 84 %. Die Adsorption der Zucker erfolgt dabei
hauptséchlich tber die Adsorption der Oligosaccharide. Monosaccharide
werden nicht adsorbiert. Wahrend die Adsorption der wertvollen Zucker im
gewshlten Aktivkohlekonzentrationsbereich 20 % nicht tberschreitet, werden
Furfural und HMF mit steigender Aktivkohlekonzentration in St_eigendem MaRe
adsorbiert. Bei einer Aktivkohlekonzentration von 48 g I-1 sind 96 % des.
Lignins; 85 % des Furfurals, 71 % des HMF, und 19 % der Zucker adsorbiert.
Essigséure lagert sich nicht an die Aktivkohle an. Der Vergleich mit

.

14

- gekennzeichnet ist, bei einer Nachbehandlungstemperatur von 170 °C und - ,'
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Literaturwerten (Parajo 1996; Xie 2005) zeigt eine deutliche Verringerung der
benétigteh Aktivkohlemenge fiir die Ligninadsorption bei 170 °C im Vergleich
zu Versuche'n bei Raumtemperatur.‘ Wahrend gemag Literatur eine
Aktivkohlekonzentration von 50 - 70 g I'" fur die Adsbrption von 60 - 70 % des

. Lignins benétigt wird, kénnen mithilfe des erfindungsgeméaRen Verfahrens

bereits mit einer Aktlvkohlekonzentratlon von 20 g I'' 70 % des Lignins aus

dem Vorhydrolysat entfernt werden.

Tabelle 2: Zusammensetzung der Vorhydrolysate nach Adsorption an.

Aktivkohle (BET 880 m? g-1)
' Gesamtzucker \
Aktivkohle | Ligningehalt | (davon Furfural HMF Essigséaure
in Lésung | Oligomere)

g gl’ | ’ gvl'1 mg 1" mg I mg I’

8 56 |23.7(127)  |1477 153 3341
112 4.4 123,6 (13,1) 1167 1127 3531

20 3.0 23,4 (13.7) 1068 137 3557

24 16 22.2 (11.6) 720 T118 3496

32 0,9 20,7 (10,5) 333 71 3182 -

48 0,4 119,0 (6,9) 237 49 4175

4. Einfluss der Adsorptionsdauer (erfindungsg_éméBe Beispiele)

- Die Vorhydrolysen werden wie unter 1. bes;ihrieben unter Zugabe von 8 g I’
~ einer Aktivkohle, die durch eine BET-Oberflache von 880 m2 g™

gekennzelchnet ist, bei einer Adsorptlonstemperatur von 170 °C durchgefiihrt.
In Tabelle 3 ist die Zusammensetzung der Vorhydrolysate bei konstanter

Aktlvkohlekonzentratlon fur unterschiedliche Adsorptlonszelten ,

. zusammengefasst Aus den Daten geht hervor dass bereits bei minimaler-
Adsorptionszeit eine fast vollstandige Beladung der Aktivkohie erreicht ist. Dle

Dauer bis zur Erreichung des Adsorptionsgleichgewichts liegt daher deutlich

15
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unter jener, die fiir Adsorptionen unter 100 °C géfunden wurden (90 Minuten

- bis 24 Stunden). Mit anhaltender Adsorptionsdauer bei hohen

' Adsbrptionstemperaturen werden die Zucker in zunehmendem MaBe zu.

Furfural und HMF zersetzt (siehe dazu auch Beispiel 2 und Tabelle 1).
Vergleicht man Tabelle 1 und Tabelle 3, so ist ersichtlich, dass auch die

- Zucker mit steigender Adsorptionsdauer nicht in steigendem Malde adsorbiert.
- werden, sondern sich lediglich temperaturbedingt zersetzen. Auch die
~ steigenden Furfural- und HMF-Werte sind darauf zurtickzufthren, jedoch wird

im Gegensatz zu den Zuckern ein Teil des Furfurals und HMF selbst bei der
relativ genngen Aktlvkohlekonzentratlon adsorbiert. Essngsaure wurd nicht
adsorbiert, im Gegentell liegt sogar der Verdacht nahe, dass die Aktlvkohle

die Abspaltung der Acetylgruppen von den Xylanen katalysiert.

Tabelle 3: Einfluss der Adsorptionszéit auf das Adsorptionsverhalten

Gesamtzucker
Adsorptionszeit | Ligningehalt |(davon Furfural |HMF EsSigséure
' InLésung | oligomere) _ _ o
| /min /g1 :/gl-1 o 1/mgl-1 [/ mgl-1 / mg -1
v1 g 57 23,7 (17,8) 495 81 |2153
20 5,6. 23,7 (12,7) 1477 153 3341
40 : 51 . |20,7(8,5) - |2081 204 . 13856
80 53 [172(36)  |3839 |348  |5201

" 5. Einfluss der Adsorptionstemperatur

Die Vorhydrolysen wérdén wie unter 1. beschrieben durchgefihrt. Die
Adsorption wird bei 135, 150, bzw. 175 °C unter Zugabe von 8 bzw. 20 g I’

~ einer Aktivkohle, die durch eine BET-Oberflache von 880 m2 g™

gekennzeichnef ist, bei einer Adsorptionsdéuer von 40 Minuten durchgefihrt.
FUr"die Adsorption bei 25°C wird das Vorhydrolysat nach der Phasentrennung

~ auf 25°C abgekiihit und anschlieRend die Adsorption mit 20 g I Aktivkohle

(BET 880 m2g™") fiir 40 Minuten durchgeft'lhrt.

16
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Wahrend unter den gewahlten Bedingungen (40 min Adsorptionszeit, 20 g I
Aktivkohle) bei 25°C knapp iiber 30 % des Lignins adsorbieren, kommt es bei

der Verwendung des erfindungsgemafien Verfahrens und Adsorption bei .

Temperaturen Uber 100 °C bereits zu einer Ligninadsorptiori von tber 70 %
(siehe Tabelle 4). Die gewahlte Adsorptionstemperatur, spielt dabei kaum
mehr eine Rolle, solange sie tber 100 °C liegt. Dieses Phanomen ist dadurch
zu erkléreﬁ, dass bereits nach minimaler Adsorptionszeit die maximale |

Adsorption erreicht ist und durch die isotherme Phasentrennung das

"Vorhydrons‘at—AktivkohIe-Gemisch fur minimale Zeit 170 °C.ausgesetzt ist.

-Siehe dazu Beispiel 4.

Tabelle 4: Temperatureinfluss der Ligninadsorption

Temperatur Ligningehalf

°C g

25 69 R

135 25 / o K
150 2.3 o
170 (26

6. Einfluss der BET-Oberﬂébhe der Aktivkohle

Die Vorhydrolysen werden wie unter 1. beschrieben unter Zugabe von zwei
verschiedenen Aktivkohlen bzw. einem Aktivkoks, gekennzeichnet durch BET-

Oberflachen von 880, 555 bzw. 2é0 m2g", bei einer Adsorptibnstemperatur

von 170 °C und einer Adsorptionsdauer von 20 Minuten durchgef'dhrt. Die

' Ergebnisse der Nachbehandlung sind in Tabelle 5 zusammengestellt. Es ist

deutlich zu erkennen, dass mit steigender BET-Oberflache die _
Adsorptionsfahigkeit fiir Lignin, d.h. die Beladung der Aktivkohlen signiﬁkanf '
zunimmt. Ein Ligningehalt von etwa 3 g I'' kann entweder durch 20 g I

Aktivkohle mit einer BET-Oberflache v‘bn‘ 880m2g”, etwa30g 1’ Aktivkohle

mit einer Oberflache von 555 m? g™ oder aber durch tiber 90 g I einer
Aktivkohle mit einer BET-Oberflache < 300 m? g'1 erreicht werden. Dieses

( 17
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Resultat spricht deutlich dafur, dass fur die Verwendung im

erfindungsgemafen Verfahren Aktivkohlen mit’ BET Oberflachen Uber 500 m?

g ausgewahlt werden-sollten.

Tabe.lle 5: BET-Einfluss auf die Ligninadsorption

BET-
Oberflache Aktivkohle | Ligningehalt
fmigd -~ |/gHl TgH
880 8 15,6
880 [20 3.0
880 |48 0,4
555 24 X
555 136 2,1
555 48 18

280 48 55
280 96 3.4
280 144 121
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‘-Patentansbri]che:

1. Verfahren zur Géwinnung hochwertiger Produkte aus

10

15

20

25

- 30

lignozellulosischem Material, insbesondere Holz, umfassend die
Schritte: ‘ | ' |
a. Vorhydrolyse des Iign‘ozelIUIosischen M’aterials, |
b. Abtrennung zumindest eines Teils des Hydrolysates vom
lignozellulosischen Material, |
c. direkte Adsorption der Verkrustungsbildner au's dem Hydrolysat
an einem geeigneten Adsorbens und nachfolgend |
d. WeiteNerarbeitung des Hydrolysates zur Gewinnung vielfaltiger
Produkte; zum Beispiel aus den Oligosacchariden und

Monozuckern sowie Essigséure,

- dadurch gekennzeichnet, dass Schritt c. bei einer Temperatur des

Hydrolysates von mehr als 60°C durchgefiihrt wird.

. Verfahren Qemél& Anspruch 1, dadurch gekennzeichnet, dass die

Vorhydrolyse bei einem Verhaltnis von lignozellulosischem Material zu
Hydrolysat in einem Bereich von 1:1 bis 1:10, bevorzugt von 1:2 bis
1:4, durchgefiihrt wird.

. Verfahren gema® Anspruch 1, dadurch gekennzeichnet, dass zur

Vorhydrblyse ein Verfahren ausgewahlt wird aus der Gruppe
bestehend aus Autohydrolyse mittels Wasser als flissige Phase, saure
Hydrolyse unter Zusatz von Mineralsduren und saure Hydrolyse unter

Zusatz von organischen Sauren.

. Verfahren gemaR Anspruch 1, dadurch gékenhzeich_net, dass die

Abtrennung des HydronSates durch Ablassen, durch Verdrangung
durch ein Gas oder durch Verdrangung durch eine Flissigkeit erfolgt.

. Verfahren gemaf Anspruch 1, dadurch gekennzeichnet, dass die

Adsorption direkt nach der Abtrennung des Hydrolysates erfoigt.
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6. - Verfahren gemaR Anspruch 5, dadurch gekennzeichnet, dass zwischen
Abtrennung der fliissigen Phase und Adsorption das Hydrolysat eine

Temperatur von 100 °C nicht unterschreitet. -

7. Verfahren gemaf Anspruch 1, dadurch gekennzeichnet, dass die '
Adsorption bei Temperaturen zwischen 1 00 und 190 °C stattfindet,

bevorzugt aber bei der Temperatur der Vorhydrolyse.

8. Verfahren'gemé_rs Anspruch 1, dadurch gekennzeichnet, dass das
Adsorbevns ausgewahlt wird aus der Gruppe von Substanzen, die

selektiv Krustenbildner adsorbieren.

9. Verfahren gemaR Anspruch 8, dadurch gekennzeichnet, dass dés
Adsorbens Aktivkohle ist. ’

10.'Ver_fahren gem'a‘B Anspruch 9, dadurch gekennze‘ichnet,' dass das.
~ Adsorbens Aktivkohle mit einer BET-Oberfléche > 600 m2 g™ ist.

11.Verfahren gemaR Anspruch 1, dadurch gekennzeichnet, dass zur
Weiterverarbeitung des Hydrolysates ein Verfahren aus der Gruppe
bestehend aus Fermentation, enzymatischer Umsetz'ung und

Membranprozessen ausgewéhlt wird.

12.Verfahren geman Ahspruch 1, dadurch gekennzeichnet, dass zwischien
Schritt c. und Schritt d. zunachst eine Saure zum Gemisch aus |
Adsorbens und Hydrolysat zugegeben wird, um die oligomeren Zucker

in monomere Zucker zu hydrolysieren und anschlieBend das

~ - Adsorbens vom Hydrolysat abgetrennt wird

13. Verfahren' gemaf Anspruch 1, dadurch gekennzeichnet, dass das
vorhydrolysierte lignozellulosische Material zu Chemiezellstoff

weiterverarbeitet wird.
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