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Abstract

The present PhD research investigated the possibility of catalytic detoxification of
poplar wood based and steam exploded lignocellulosic hydrolyzate with different
types of laccase enzymes, with special focus on ethanol and lactic acid products at
industrially relevant parameters: high final product concentration, high initial
substrate loading and integrated processes.

The simultaneous saccharification and fermentation (SSF) process was taken as a base
case and five types of laccases were thoroughly investigated on their utilization
potential. Phenolic removal from the liquid xylose rich fraction (XRF) was higher with
fungal laccases (65-90 %) compared to approximately 30 % removal with bacterial
laccase. Moreover, the optimal pH of fungal laccases was close to pH 4.5, the optimum
for cellulase, while the bacterial laccase worked at basic pH.

Integrating laccase treatment and hydrolysis together showed that fungal laccases
have negative impact on final sugar concentration, while bacterial laccase had a strong
positive effect. Although bacterial laccase removed less phenol and although its
optimal conditions are difficult to integrate with hydrolysis, its enhancing effect on
cellulase activity makes it a better candidate for application. The presence of the solid
fraction (SF) alters the phenolic concentration evolution significantly, thus screening
experiments with the liquid fraction alone do not provide sufficient information for the
combined process.

Magnetic Cross-Linked Enzyme Aggregates (m-CLEAs) immobilization was assessed for
bacterial laccase. m-CLEAs decreased phenolic concentration faster at every pH
compared to free bacterial laccase; however, the removal was caused by adsorption
rather than by enzyme activity. Although the size of m-CLEAs particles are in the um
range, around 90 % of the initial catalyst mass was recycled from a dense (15 %
substrate loading) mixture via magnetic separation. The high recycling rate is
promising; m-CLEAs immobilization method can have industrial utilization potential.

Minimum sugar revenue (MSR) estimations show that currently hardwood based MSR
is 70 % more expensive than corn grain based MSR. About 7-10 fold cellulase activity
increase will be needed until MSR will be competitive with corn grain MSR. However,
m-CLEAs cellulase can already be competitive if the corn prices are in the higher regime
of last year’s prices.

Vil






Samenvatting

Katalytische detoxificatie van lignocellulose hydrolysaat

Het huidige doctoraatsonderzoek onderzocht de mogelijkheid tot katalytische
detoxificatie van  populierenhout gebaseerd en stoom geéxplodeerd
lignocellulosehydrolysaat met verschillende soorten laccase-enzymen, met speciale
aandacht voor ethanol en melkzuurproducten op industrieel relevante parameters:
hoge eindproductconcentratie, hoge initi€éle substraatbelading en geintegreerde
processen.

Het simultane saccharificatie- en fermentatieproces (SSF) werd als een basisscenario
genomen en vijf types laccasen werden grondig onderzocht op hun gebruikspotentieel
in dit proces. De fenolische verwijdering uit de vloeibare xylose-rijke fractie (XRF) was
hoger voor fungale laccasen (65-90 %) dan voor bacterieel laccase (ongeveer 30 %
verwijdering). Bovendien was de optimale pH van fungale laccasen dicht bij pH 4,5, het
optimum voor cellulase activiteit, terwijl het bacteriéle laccase werkte bij een basische
pH.

Integratie van laccase-behandeling en hydrolyse samen toonden aan dat fungale
laccases een negatieve invloed hebben op de uiteindelijke suikeropbrengst, terwijl
bacterieel laccase een sterk positief effect had. Hoewel bacterieel laccase minder fenol
verwijderde en hoewel de optimale condities moeilijk te combineren zijn met die voor
hydrolyse, maakt zijn positief invloed op de cellulaseactiviteit hem een betere
kandidaat voor toepassing in simultane detoxificatie en saccharificatie. De
aanwezigheid van de vaste fractie (SF) tijdens het proces wijzigt de evolutie van de
fenolconcentratie aanzienlijk, dus screening-experimenten met de vloeibare fractie
alleen verschaffen niet voldoende informatie voor het gecombineerde proces.

Magnetic Cross-Linked Enzyme Aggregates (m-CLEAs) immobilisatie werd beoordeeld
voor bacterieel laccase. m-CLEAs verminderden de fenolconcentratie bij om het even
welke pH sneller dan bij vrij bacterieel laccase; de verwijdering werd echter
voornamelijk veroorzaakt door adsorptie in plaats van door enzymactiviteit. Hoewel
de grootte van de deeltjes van m-CLEAs in het um-gebied ligt, werd ongeveer 90% van
de oorspronkelijke katalysatormassa gerecirculeerd uit een dens (15%
substraatbelading) mengsel via magnetische scheiding. Het hoge recyclagepercentage
is veelbelovend; m-CLEAs immobilisatiemethode heeft mogelijk industrieel
toepassingspotentieel.



Samenvatting

Minimale verkoopprijzen van suikers (MSR) tonen aan dat MSR op basis van hardhout
momenteel 70 % duurder is dan de MSR op basis van maisgranen. Ongeveer 7-10-
voudige cellulase-activiteitstoename zal nodig zijn vooraleer MSR concurrerend zal zijn
met maisgraan MSR. Echter, m-CLEAs cellulase kan al concurrerend zijn als de
maisprijzen in het hogere regime van de prijzen van het afgelopen jaar liggen.
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Chapter1  INTRODUCTION AND OUTLINE

1.1 Motivation

Lignocellulosic biomass is the most abundant biomass on Earth and it is considered to
have the highest potential to become the substitute for our decreasing fossil
resources. Lignocellulosic biomass, such as agricultural waste, wood residues and
energy crops, contains cellulose, hemicellulose and lignin. The fermentative
lignocellulose-to-chemicals conversion has four mandatory steps: pretreatment,
hydrolysis, fermentation and downstream processing. Different kinds of
pretreatments (physical, chemical and physico-chemical) are required to degrade the
rigid structure and to allow efficient saccharification of the polysaccharides
(hydrolysis) afterwards. Steam explosion is considered as one of the simplest, yet most
effective pretreatment method, already commercialized.

During any kind of thermal pretreatment step, toxic compounds such as weak acids,
furan derivatives and phenolic compounds are formed which can inhibit the enzymatic
hydrolysis as well as the growth of the fermenting microorganisms. This leads to
reduced yields and volumetric productivities; therefore, detoxification is often desired
however not mandatory. Laccase enzymes from various sources are known to
remove/transform phenolics in lignocellulosic hydrolyzates, thus increasing
fermentation efficiency. However, amongst other open questions, no previous study
has addressed the cost of laccase enzyme treatment yet. Other questions also
investigated in the research are the possible use of enzyme immobilization and
recycling from the fermentation broth, process integration by overlapping process
steps and investigating their interactions.

The production of second-generation bio-ethanol is currently more expensive than
that of first-generation bio-ethanol, but techno-economic analyses point out that the
turnover is within reach. It is a widely accepted opinion that enzymes should be utilized
for the hydrolysis of the saccharide polymers in lignocellulose, including different types
of cellulases, possibly laccases. Enzyme cost is considered one of the most significant
factors defining the final product price in lignocellulose hydrolysis and fermentation,
but the exact estimated prices vary greatly in literature, thus currently enzyme price
uncertainty is responsible for the most variability in the overall process cost. Enzyme
immobilization and recycling can be a tool to decrease these costs, but techno-

(1]



Introduction and outline

economic investigations for immobilized enzyme utilization are non-existent.
Cellulases are known to suffer from inhibition from their product, glucose, as well as
from other inhibitors in the hydrolyzate. Overlapping hydrolysis and fermentation in a
so-called simultaneous saccharification and fermentation process (SSF) is a known way
to overcome end-product inhibition, thus possibly lowering needed enzyme amounts
for reaching industrially relevant final concentrations and corresponding costs.
Removing other inhibitors from the broth — detoxification — can also be beneficial for
hydrolysis. High solid substrate loading is a key factor towards high product titers in
SSF, and recovery of immobilized enzymes from this thick liquid is often overlooked
and rarely investigated. Process integration and simplification (such as SSF) is a method
to decrease CAPEX through simplified equipment design and shortened processing
times, and can lead to other beneficial properties too (e.g., overcoming product
inhibition).

1.2 Aim

The aim of this research is to use lignocellulose to produce chemicals in an efficient
way with special attention to steam-exploded poplar wood and laccase detoxification,
considering the economic viability of the process.

1.3 Chapter by chapter overview

The PhD manuscript is organized in seven chapters, among which five are
experimental. In Chapter 1, a general introduction, the research questions and the
objectives of the doctoral research are presented. Chapter 2-6 are experimental
chapters, while Chapter 7 is the general conclusion summarizing the findings of the
whole thesis, the last part is the Appendix.

All experimental chapters follow the same structure: (i) an introduction containing a
literature study about the subtopic, with detailed experimental conditions and
reported parameters (exact values), (ii) a method part describing the exact
experiments conducted, (iii) a results part where the findings are discussed and, (iv) a
conclusion part summarizing a (sub)chapter, with comparison to literature.

Each chapter is summarized below.
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1.3.1 Chapter 2: Literature overview

The objective of this chapter is to introduce basic concepts without exact numbers,
such as lignocellulose, lignocellulose-to-chemicals process and its subprocesses,
inhibitors, detoxification and laccase enzyme.

A detailed overview of fermentative lignocellulose-to-chemicals production processes
is given, with special interest on ethanol and lactic acid production. A comparison
between starch-based glucose and lignocellulosic sugar as starting substrate is given,
i.e., the production steps, the advantages and drawbacks. The four steps of
fermentative lignocellulose-based production are discussed: pretreatment (with
special interest on steam explosion), hydrolysis (with focus on the enzymatic process),
fermentation (with special interest on simultaneous saccharification and
fermentation) and the subsequent downstream process (distillation and crystallization
for ethanol and lactic acid production respectively).

The different types of formed inhibitors, their removal possibilities, and inhibition
effects on microorganisms are discussed. Laccase enzyme and its application
possibilities for phenolic removal/transformation, in general, are introduced.
Thereafter, an overview on laccase utilization specific for hydrolyzate detoxification is
given. Current enzyme immobilization methods in general as well as in case of laccases
are shown.

1.3.2 Chapter 3: Laccase detoxification

The objective of this chapter is to determine the basic aspects of the research in
general: define the analytical techniques, characterize the materials (SF, XRF) that
are used throughout the research, investigate laccase reaction on a model substrate,
and screen the laccases based on literature methods.

After an overview of the relevant measurement techniques for inhibitors (with focus
on phenolics), carbohydrates (structural and free) and fermentation products has been
given, the techniques and methods selected for application in the PhD are described.
Poplar wood was pretreated with autocatalyzed steam explosion and a partial
optimization of pretreatment parameters was performed. Starting and final
lignocellulosic substrate was characterized via structural carbohydrate measurements,
and initial enzymatic hydrolysis experiments were done to investigate the sugar yield
for different pretreatment parameters and enzyme loading. Five laccases from
different sources and with different purity were characterized. Hereto, the standard
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enzyme activity was determined with ABTS substrate, at different pH and temperature
values. The laccase reaction mechanism was investigated on vanillin as a standard
substrate and XRF as an industrially relevant substrate. A method for robust reaction
monitoring is shown.

Part of the results is published in:

Séti, V., Jacquet, N., Apers, S., Richel, A., Lenaerts, S. and Cornet, I. (2016), Monitoring the laccase reaction of vanillin
and poplar hydrolysate. J. Chem. Technol. Biotechnol., 91: 1914-1922. doi:10.1002/jctb.4789

1.3.3 Chapter 4: Magnetic Cross-Linked Enzyme Aggregates

The objective of this chapter is to investigate the properties of bacterial m-CLEAs
laccase: physical properties and handling routines, detoxification effect on liquid XRF
and adsorption capacity.

Procedures to determine organic loading and precise mass addition of m-CLEAs are
developed. Detoxification of the XRF liquid with both free and immobilized enzyme is
performed and compared, both with and without pH control during the reaction.
Phenolic adsorption on the immobilized catalyst is investigated and quantified. A
mathematical model was constructed to estimate the adsorption effect during the
recycling cycles, for different activity m-CLEAs laccases.

1.3.4 Chapter 5: Process integration

The objective of this chapter is to assess different process integration possibilities
between hydrolysis, fermentation and detoxification at industrially relevant high
substrate loading.

Experiments were performed for four specific process integration cases, i.e., SSF
(simultaneous saccharification and fermentation), SSD (simultaneous saccharification
and detoxification), SFD (simultaneous fermentation and detoxification) and SSFD
(simultaneous saccharification, fermentation and detoxification), using the
economically relevant windows (starting substrate concentration, industrial grade
enzyme activities, realistic catalyst organic loading). General conclusions are drawn
and best practices determined. A lab-scale reactor setup is shown for high viscosity
fermentations. A lab-scale inoculum adaptation setup is introduced and documented.

Part of the results of Chapter 4 and 5 are combined in a published paper:
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Séti, V., Lenaerts, S. and Cornet, I. (2018), Of enzyme use in cost-effective high solid simultaneous saccharification and
fermentation processes. J. Biotechnol., 270:70-76, https://doi.org/10.1016/j.jbiotec.2018.01.020

1.3.5 Chapter 6: Techno-economic analysis

The objective of this chapter is to give a better insight of the economics of the
process, determine the required initial substrate concentration, enzyme cost and
expected future improvements, investigate the potential of m-CLEAs immobilization,
and expected unit price of cellulase enzyme.

The minimum initial substrate concentration of SSF was determined from the required
final product titers, calculated from economic and energetic requirements.
Experiments were conducted to quantify the m-CLEAs catalyst recovery. Estimations
of the hardwood based minimum sugar revenue (MSR) were performed by using a
published model for both free and immobilized cellulase. Results were compared to
MSR values for corn grain-derived sugar. Relevance windows (parameter ranges where
the application is feasible on theoretical level) were identified in function of enzyme
unit price and enzyme activity improvement. The uncertainty and parameter
sensitivity of the model was assessed with Monte Carlo simulations. Enzyme price
estimations were investigated thoroughly and a published model was modified to
show, how decreased fermentation times and inoculum recycling would modify the
production costs.

1.3.6 Chapter 7: General discussion and conclusion

This chapter combines the findings of the whole PhD research and indicates possible
future research directions.

The global situation is discussed, the findings of the current research summarized and
the research is positioned in the state of the art. Possible future research directions
are proposed and considerations for initial SSFD parameter estimation are presented.

1.3.7 Appendix

The Appendix contains code snippets, drawings and documentation about the
utilized equipment.

The setup for inoculum adaptation (including code), for lime-based pH control and
laccase fast screening SSD/SSFD equipment are documented.
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Chapter2  DETOXIFICATION OF LIGNOCELLULOSE, A
SUBSTRATE FOR FERMENTATION

2.1 Introduction to renewable-to-chemicals process

In general, renewable materials incorporate every material from the flora and fauna
alike [1], but generally it will mean plant derived materials or algae. Plant derived
sources can be further divided into sucrose/starch type and lignocellulose type. The
latter can play the utmost role in future as a renewable resource for bioethanol
production. The actual conversion from renewables to chemicals can use different
techniques and follow different routes, i.e., (thermo)chemical or biochemical,
wherefrom the latter can be subdivided into fermentative and enzymatic methods [2].

2.2 Lignocellulose

The utilization of lignocellulosic raw materials for chemical production has several
advantages compared to the other feedstocks [3], i.e., lower cost, it cannot be used as
nourishment and it is present in significant quantities as waste from food industry,
agricultural waste, paper industry or forestry residues. More specifically, important
types of lignocellulosic materials are hardwood from trees such as birch, maple,
poplar, sycamore etc., and softwood from trees such as pine, Douglas and spruce, but
also agricultural and agro-industrial wastes such as wheat straw, corn cobs, corn
stover, sugar cane bagasse, switchgrass etc., and finally municipal solid waste (e.g.,
paper based, processed, newspaper) [4]-[6]. On the other hand, grasses or fast-
growing trees, such as poplar, can be cultivated for their conversion to bioenergy and
are commonly called as energy crops.

2.2.1 Structure and composition

Lignocellulose contains two main carbohydrate polymer components (cellulose and
hemicellulose) and a complex aromatic polymer (lignin). Lignin is the main component
of the cell wall and is an, approximately, 10-15 % w/w part of the structure (see Figure
2-1) and more than 20 % of the dry content. The ratio of the components varies
according to the biomass, species type and cultivation conditions (see Table 2-1).

Cellulose is a linear syndiotactic homopolymer. D-glucose molecules that are linked to
each other by B-(1,4)-glycosidic bonds result in a massive, compact crystalline
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structure. The cellulose chains are assembled into long microfibrils, stabilized by
hydrogen bonds that make the polymer rigid and difficult to break. The microfibrils are
embedded in a matrix of hemicelluloses, lignin and, eventually, other amorphous sugar
polymers such as pectin. The individual microfibrils in crystalline cellulose are packed
so tightly that not only enzymes but also even water molecules cannot enter the
complex framework. Therefore, the crystalline regions are resistant to biodegradation.
Non-crystalline parts of microfibrils with a less ordered structure are referred to as
amorphous regions that are easier to hydrolyze. The highly ordered tertiary structure
and high molecular weight make natural cellulose insoluble in water [5], [7].

Hemicellulose is a highly branched and amorphous variable structure, formed out of
heteropolymers consisting of pentose sugars (xylose and arabinose), hexose sugars
(galactose, glucose, and mannose) and uronic acids that may carry acetyl groups. There
are four general groups of structurally different hemicellulose types: xyloglycans
(xylans), mannoglycans (mannans), xyloglucans and mixed-linkage B-glycans. They all
occur in many structural variations with different types of side chains and distribution
of glycoside linkages in the main macromolecular chain [5], [7].

The composition of hemicellulose types varies between different lignocellulosic
feedstocks. The hemicelluloses of softwood are typically glucomannans, a subtype of
mannans. Therefore, hemicellulose of softwoods consists mostly of mannose as sugar
monomer, followed by xylose, glucose, galactose and arabinose, whereas
hemicellulose of hardwood and agricultural plants is mainly composed of xylans with
a linear backbone of B-(1 = 4) linked xylopyranose. Therefore, xylose is the most
important hemicellulose monomer in hardwood and agricultural plants. Its branched
and amorphous structure makes hemicellulose easier to hydrolyze compared to
cellulose [5], [7].
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Figure 2-1: Composition of lignocellulose [8].

Lignin connects to hemicellulose and cellulose with covalent and hydrogen bonds, i.e.
substituting a carboxymethyl group in the lignin matrix [9]; therefore it helps to form
a rigid and recalcitrant structure in plant cell walls. This explains the defying nature of
lignocellulose degradation. Lignin is an aromatic polymer derived from three different
phenolic precursors. These monomers of lignin are the monolignols; coniferyl alcohol,
sinapyl alcohol, and minor amounts of p-coumaryl alcohol, they differ in the number
of methoxyl units (see Figure 2-2A). The monolignols in lignin are linked via oxidative
coupling (5-5, B-B, 5-0-4, B-5, B-O-4 linkages) to a very complex matrix, probably
catalyzed by both peroxidases and laccases as shown in Figure 2-2B [5]-[7]. The units
resulting from the monolignols, when incorporated into the lignin polymer, are called
guaiacyl (G), syringyl (S), and p-hydroxyphenyl (H) units. This complex matrix consists
of a variety of hydroxyl, methoxyl and carbonyl groups, which results in a low polarity
of the lignin macromolecule. Lignin makes the biomass resistant to chemical and
biological degradation.
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Table 2-1: Composition of different lignocellulosic sources expressed in % dry weight [5],
[10].

Feedstock Cellulose [%] Hemicellulose [%] Lignin [%]
Agricultural waste [5] 37-50 25-50 5-15
Wheat straw [10] 35-39 22-30 12-16
Corn stover [10] 35-39 20-25 11-19
Sugarcane bagasse [10] 25-45 28 - 32 15-25
Hardwood [5] 45-47 25-40 20-25
Poplar [10] 45-51 25-28 20-23
Softwood [5] 40-45 25-29 30-60
Pine [10] 42 - 49 13-25 23-29
Grasses [5] 25-40 35-50 10-30
Switchgrass [5] 40-45 30-35 12
Newspaper [5] 40 -55 25-40 18-30

2.2.2 Poplar

Among lignocellulose feedstocks the following are considered as front-runners: hybrid
poplar, switchgrass, Miscanthus, southern pine, willow, and corn stover [11]. Each has
its specific advantages, but poplar is among the fastest growing trees, the nominal
yield (including moisture) is around the same as switchgrass and considerably higher
than corn stover. Yields may vary depending on the plantation type: full-grown trees
can be harvested or bush type in two or five years cycles (Lochristi, Belgium). Poplar
has the highest energy density from the above-mentioned examples; its dry heating
value (0 % water content) is around 19 MJ/kg, which is 5 % lower than softwoods, 5 %
higher than switchgrass, and 10 % higher than corn stover and wheat straw. Besides
that, it is able to grow on contaminated soils, and there are significant reserves in the
Northern hemisphere (America and Eurasia). Typical lignin content of poplar wood is
21-23 % (up to 25 %), 40-48 % for cellulose, 20-23 % for hemicellulose. From sugar
compounds glucan is the main component with 40-45 %, galactan around and less than
1 %, mannan 2-4 %, xylan 13-18 %, arabinan less than 1 %.
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Figure 2-2: Monolignols and an example polymer lignin structure [12].

Additionally, its genome has been sequenced, and thus opened the way to gene
modifications. Most appealing is a modification to reduce the lignin content [13],
which could also result in a higher cellulose content. The resulting decrease in
chemical/mechanical resistance can also be interesting, as it can cause easier
pretreatment and more effective hydrolysis [14]. A study showed that downregulating
the caffeoyl shikimate esterase gene expression in hybrid poplar leads to reduced
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lignin (by 19-25 % in lignin content, i.e. from 22 % to 17 % lignin in poplar) and
increased cellulose content (8-13 % increase, i.e. from 38 % to 43 %), and 62-91 %
increased glucose recovery during saccharification depending on the applied
parameters [15]. Another study found that downregulating the gene encoding
cinnamyl alcohol dehydrogenase (CAD) caused 10 % decrease in lignin, resulting in up
to 81 % and 153 % increase in glucose and xylose recovery respectively [16].

2.3 Process overview: Fermentative lignocellulose to chemicals
conversion

The conventional lignocellulosic biomass based fermentative chemical production
consists of the following four main steps [17]:

(1) Pretreatment: Making hemi(cellulose) available for subsequent
steps, conditioning/detoxifying the liquid matrix.

(2) Enzymatic hydrolysis: Depolymerizing lignocellulose to fermentable sugars,
such as glucose and xylose, by means of hydrolytic
enzymes.

(3) Fermentation: Metabolizing the sugars to products, generally by
bacteria or yeast.

(4) Purification: Separation and purification of products to meet the
standards of commercial applications.

Detoxification/conditioning step, included in pretreatment, is not a mandatory step
theoretically, but it is often needed depending on the source of lignocellulose, the
pretreatment and its conditions, and the resistance and specifications of the
fermenting microorganism.

Although the actual order of the process steps is pretreatment, hydrolysis,
fermentation and purification, intuitively one can say that the fermentation is the main
process where the substrate is converted to the product. Purification only transforms
the fermentation product to market grade product. Hydrolysis transforms the
bounded substrate to a form that is digestible for the fermenting microorganism.
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Pretreatment helps the hydrolysis by opening up the rigid lignocellulosic structure,
thus increasing hydrolysis yield.

Yield, titer and volumetric productivity are the three main parameters used to describe
a process. Yield describes the ratio of substrate converted to product compared to
theoretical, the stoichiometric maximum. Titer is the final concentration of the
product, thus the multiplication of yield and initial substrate concentration. Volumetric
productivity is the titer divided by the time necessary to reach it, thus the parameter
that incorporates time.

2.3.1 Pretreatment

The main goals of pretreatment techniques are to alter the lignocellulosic structure by
breaking the lignin matrix to increase the accessibility of the cellulose fibers and
breaking the crystalline construction of cellulose to obtain amorphous phases that are
more sensitive to enzymatic attack (Figure 2-3). Moreover, the process costs can
increase substantially if not the adequate pretreatment technique is applied. Without
pretreatment the hydrolysis percentage of the fermentable sugars reaches only <20
%, or an extremely long time is needed [4], [18], [19].
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Figure 2-3: Breakdown of the lignocellulosic matrix during pretreatment [19].

Hemicellulose

There are several points that should be considered before choosing a proper and
efficient pretreatment method, such as, obtaining highly digestible cellulose and
hemicellulose; minimizing the quantity of formed toxic compounds (carboxylic acids,
furan derivatives and phenolic matters), minimizing residue and sugar loss.
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Additionally, maximizing the recovery of other useful by-products is also important
(e.g., lignin). A minimal size reduction will be certainly needed (chipping, grinding, or
milling), except maybe grass types of lignocellulose. Furthermore the pretreatment
process needs to be available at industrial scale, and heat, power and chemical
demand should be as low as possible [4], [20], [21].

Pretreatment methods are either physical, physicochemical, chemical, biological or a
combination of these, although the categories can be overlapping in some cases [22].
Physical pretreatments of lignocellulosic materials include chipping, grinding, and
milling to cause a reduction of the cellulose crystallinity. The energy needed for
mechanical treatment varies with the original and required terminal particle sizes; the
type and the moistness of the resource. The size of the particles is fluctuating typically
between 10-30 mm after chipping and 0.2-2 mm after milling or grinding. Another
(thermo)physical method is pyrolysis which needs less energy input but part of the
carbon will be converted to less valuable char and it is difficult to control the product
formation, typically wide range of chemicals are formed. During the promising
technique of thermo-physical extrusion, a combination of shearing, heating and mixing
takes part in the size reduction. Microwaving is also a feasible, fast and selective
method that requires less energy than regular heating. Freeze pretreatment is a newly
researched but promising and more environmentally friendly pathway; it is highly
efficient with rice straw [4], [7], [19], [22].

Physicochemical methods include steam explosion, ammonia fiber explosion, carbon
dioxide explosion, wet oxidation, and liquid hot water treatment, among others.
Currently the most applied physico-chemical pretreatment is steam-explosion. In this
complex thermo-mechano-chemical procedure the lignocellulosic biomass is
maintained in a reactor with saturated high pressurized steam which is abruptly
expanded after a certain time which provokes a decompressive explosion [10], [21].
AFEX (Ammonia Fiber Explosion) and CO, explosion pretreatment are similar to the
process of steam explosion; the differences are the utilization of ammonia (recyclable)
or CO; instead of water. The latter has advantages such as the need for a lower
temperature; no waste products are forming and, no need of recovery techniques.
Furthermore, it is cheaper compared to AFEX, but its efficiency is lower.

Chemical methods include acid pre-hydrolysis, alkaline hydrolysis, organosolv
treatment and ozonolysis. Acid pretreatment is the most well spread chemical
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pretreatment method due to the effectiveness on a wide scale of lignocellulose
resources, even though it is expensive. Generally sulfuric, nitric or hydrochloric acid is
utilized in various conditions such as high temperature and low acid concentration
followed by a subsequent step at low temperature with high concentration [4], [21].
Alkaline pretreatments are generally operating on lower temperature ranges with the
use of sodium hydroxide, potassium hydroxide or calcium hydroxide (lime). These
chemicals are responsible for dissociating the cross-linking ester bonds between lignin
and xylan [21]. In the procedure of organosolv pretreatment, organic solvents are used
such as methanol, ethanol, acetone, ethylene glycol etc. lonic liquid pretreatment
technique requires a combination of organic salts, usually large cations and small
anions [21].

Biological pretreatment has several advantages, for instance, it is an environmentally
friendly (green) pathway with significantly lower capital investment required and the
demand for chemicals is negligible compared to all other pretreatment types.
Furthermore, its energy consumption is low. White-, brown- and soft-rot fungi are the
types of microbes that are mainly used for hemicellulose and lignin degradation during
a biological pretreatment. Considerable drawbacks can be listed as low efficiency, the
long processing time and, in addition, the demand for large space and constant
supervising of the microbial growth [7], [21].

2.3.1.1 Diluted Acid pretreatment

Acid pretreatment with diluted sulfuric acid is probably the most common method of
chemical pretreatment methods. The concentration of sulfuric acid is 2 to 5 %, while
the mixture of biomass and diluted sulfuric acid is constantly mixed at temperatures
between 130 and 210 °C [23]. The process will be typically performed at a low
temperature (120 °C) during 30 - 90 min [21]. In general, diluted acid pretreatment
results in a high sugar yield during the subsequent enzymatic hydrolysis. Hemicellulose
is solubilized and hydrolyzed completely to fermentable sugars. Therefore, cellulose is
more exposed and available for hydrolysis in a subsequent enzymatic hydrolysis [21].
The major drawback is the formation of toxic compounds (see Figure 2-4). High
temperatures cause dehydration of sugar monomers into furfural and 5-
hydroxymethyl furfural (HMF). Further degradation of these compounds can lead to
formation of formic acid and levulinic acid. Partial breakdown of lignin generates

phenolic compounds [23].
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Diluted acid pretreatment is effective for a wide variety of lignocellulosic feedstocks.
It has the potential to be one of the most cost-effective chemical pretreatment
methods. However, costs are usually still higher than some physicochemical
pretreatments such as steam explosion or ammonia fiber explosion (AFEX), mainly due
to relatively longer treatment times and the cost of utilization/recuperation of
chemicals [23].
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Figure 2-4: Possible reactions during cellulose acid hydrolysis [24].

2.3.1.2 Steam explosion

This physicochemical process exposes the lignocellulosic biomass to high-pressure
saturated steam. When the pressure is suddenly reduced, the material undergoes an
explosive decompression. Steam explosion is typically initiated at a temperature of 160
to 260 °C and a corresponding pressure of 0.69 to 4.83 MPa. These conditions are held
for several seconds to a few minutes — hence it is much faster than dilute acid
treatment - before the material is exposed to atmospheric pressure [22].

The high temperature, and the acids formed during the process (acetic acid from
deacetylation and formic, levulinic and uronic acids formed by sugar degradation)
cause hemicellulose hydrolysis during the process, called auto-hydrolysis. Part of the
lignin will be solubilized (acid soluble lignin) and part deformed. Removal of lignin is
limited because of its low solubility in the aqueous matrix, however it can melt and
later solidify on the surface of the lignocellulose particle, although this effect is
reduced by sudden decompression at the end, compared to heat treatments without
explosion [25]. In a recent publication, significant depolymerization/repolymerization
was reported during steam explosion, but only in the case of softwood, which explains
why softwood behaves very differently compared to other biomass types. The
depolymerization was tracked back to guaiacyl units, which are present in softwood in
much higher ratio than in other lignocellulose sources [26]. The elimination of the
hemicellulose and part of the lignin from the cellulose microfibrils exposes the
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cellulose surface and will increase enzyme accessibility later, during enzymatic
hydrolysis. Partial hydrolysis of cellulose can occur even during the pretreatment,
depending on the severity of the process. The explosive decompression causes water
in the material to expand rapidly, resulting in fragmentation of the lignocellulosic
biomass with increased accessible surface area [22].

Steam explosion is considered as one of the most cost-effective pretreatment
processes for hardwoods and agricultural residues [25]. The process results in high
sugar yields during enzymatic hydrolysis. Larger initial particle size can be used as the
explosive decompression fragments the particles further, which reduces energy
requirement for mechanical preprocessing, the process itself is energy efficient and
relatively easily scaled-up [22]. Some researchers state that avoiding sugar
degradation is more important than better digestibility, therefore lower temperatures
and longer treatment times are preferred [27]. The environmental impact is
considered lower than most other pretreatment techniques as no additional chemicals
are utilized or in catalytic concentration [21]. In the meantime, steam explosion with
relatively short treatment times and smaller volumes are closest to continuous
processes (compared to dilute acid treatment). Extrusion type modification can lead
to a fully continuous design. In this case, the material is fed at one side of the extruder
and compressed/heated up through friction as it is transported by the Archimedes
screw. The severity can be set by outer heating and the design of the screw (similar to
polymer extrusion techniques). The main drawbacks of steam explosion is the
generation of toxic compounds, including phenolic compounds from lignin
degradation, furan derivatives from sugar degradation and weak acids formation [21].

Another very interesting pretreatment technique, which could be also considered as
steam explosion, is dry dilute acid pretreatment [28]. This technique results in extreme
high solid content mixture, as the initial acid solution/solid ratio is %, thereafter the
steam is used to heat the mixture to defined temperature (185 °C, typically under 200)
for few minutes (under 10 minutes, typically 3-5 minutes), under intensive stirring via
helical stirrer. The valves were suddenly released after treatment time (this makes it
steam explosion). The substrate was corn stover at extremely high dry content (50
m/m%).

Addition of an acid catalyst improves hemicellulose hydrolysis and sugar yield during
enzymatic hydrolysis. Therefore, less severe conditions are required, resulting in
reduction of toxic compound formation when lower temperature is used, also xylose
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degradation is less. When the same process severity is used, additional acids cause the
formation of higher amounts of toxic compounds [21]. For effective pretreatment of
softwood, addition of an acid catalyst is a prerequisite due the absence of sugar acids
in its hemicellulose structure [22]. Steam explosion with addition of H,SO,4 or SO, is
considered as one of the most effective pretreatment methods for softwoods.
Autocatalyzed steam explosion seems sufficient for hardwood [21].

A two stage steam explosion was suggested for both high hemicellulose and cellulose
recovery [29]. The first step is performed under mild conditions, where hydrolysis of
hemicellulose takes place. The solid is separated by centrifugal air classifiers and a
second steam explosion with more severe conditions at high temperature follows,
resulting in 12.82 % improved sugar yield during enzymatic hydrolysis [30].

2.3.1.3 Summary of promising cost-effective pretreatment methods

The choice of pretreatment technology depends on the composition of the
lignocellulosic feedstock and has a large impact on the applied enzymes and
microorganisms in the subsequent process steps. Some methods are highly effective
for specific feedstocks while others are applied in a wide range of feedstocks but less
effective. An overview of different pretreatment methods and their advantages,
disadvantages and inhibitor formation is given in the Table 2-2 below.

Table 2-2: Overview of the advantages and disadvantages of different pretreatment
methods prior hydrolysis [4], [5].

Pretreatment | Inhibitor Advantages Disadvantages

method formation

Milling None - Reduction cellulose | - High power and energy
crystallinity consumption
- Increases accessible surface | - No chemical changes in
area composition
- Prerequisite  for each
pretreatment method - Always required

Dilute acid High - Effective hydrolysis and high | - Generation of toxic
sugar yield compounds
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- Applicable for different

feedstocks

- Easy scale up

- Hazardous, corrosive and
toxic

Lime Medium - High sugar yield - Long treatment time
(Alkaline)
- Effective against hardwood | - Sugar loss due to high pH
and agricultural residues
- Commercially difficult
- Reduces inhibitor quantity
- Lower temperature
Ozonolysis Low - Reduces lignin content | - Expensive amount of
- No toxic residues ozone required
- Not commercially viable
Organosolv High - Causes lignin and | - Solvents need to be
hemicellulose hydrolysis drained and recycled
- High cost of regeneration
- Less inhibitor
- Without value added
aromatic products it is not
feasible commercially
Wet Low - Removal of lignin, dissolves | - High cost of oxygen and
Oxidation hemicellulose  and  causes | alkaline catalyst
cellulose decrystallization
Steam High - Causes lignin transformation | - Partial hemicellulose
explosion and hemicellulose solubilization | degradation
- Cost-effective
- Generation of toxic
compounds
CO:- Low - Hemicellulose removal - No effect to lignin
explosion

- Cellulose recrystallization

- Cost-effective

- Very high-pressure

requirements
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AFEX Low - Removal of lignin and | - Not suitable for material
hemicellulose with high lignin content
- Effective for agricultural | - High-cost due ammonia

residues without the formation | and recovery
of toxic compounds

Liquid hot | High - Removal of hemicellulose - Long residence time
water
- Making enzymes accessible to | - Less lignin removal
cellulose
Biological Low - Degrades lignin and | - Slow bioconversion

hemicellulose through enzymes
released by fungi

- Low energy consumption

- Low cost

2.3.2 Hydrolysis

Hydrolysis is the cleavage of the polysaccharides, cellulose and hemicellulose, into
their monomeric sugar building blocks by binding H,O (see Figure 2-5). Depending on
the kind of pretreatment used, the more fragile hemicellulose structure is already
partially hydrolyzed, removed or degraded into furfural. For example SO, catalyzed
steam explosion of softwood chips released 80-90 % of the original hemicellulose
content [31]. Polysaccharide hydrolysis can be realized by acid catalyzed hydrolysis or
enzymatic hydrolysis. Acid catalyzed hydrolysis can be divided into diluted acid and
concentrated acid processes. Hydrolysis with diluted acid (0.7-3.0 % HCIl or sulfuric
acid) requires high operating temperatures (200-240 °C) and therefore inhibitor
compounds are formed, such as sugar degradation products and phenolics, the same
as during steam explosion. Concentrated acid hydrolysis results in higher yields of
glucose, less inhibitors, but requires high amounts of acids and becomes uneconomical
when acid recycling is taken into account [32]. Another downside is the lack of reaction
specificity and the formation of byproducts [19]. While the reagents are cheap,
corrosive conditions require investment in specific reactors.
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Figure 2-5: Reactions schemes during catalytic (hemi)cellulose hydrolysis [33].

Enzymatic hydrolysis demands less energy and milder reaction circumstances;
furthermore, there is no formation of inhibitors throughout this method. The reaction
rate is generally lower than that of acid hydrolysis, and enzymes are strongly inhibited
by free sugars. Cellulolytic enzymes are being produced most commonly by fungi (e.g.
Trichoderma reesei), but also by other microorganisms and they are performing
synergistic degradation of celluloses and hemicelluloses [4], [5]. The cellulose
hydrolyzing enzymes (cellulases) include endo-B-glucanases (endoglucanases),
cellobiohydrolases (exoglucanases) and p-glucosidases (see Figure 2-6). The
endoglucanases catalyze random cleavage of the internal glycosidic bonds, reducing
the degree of polymerization. The cellobiohydrolases only catalyze cleavage at the
reducing or non-reducing ends of the cellulose chain, releasing cellobiose (glucose
B(1->4) glucose). The B-glucosidases are specifically active on cello-oligosaccharides
and cellobiose, and catalyse hydrolysis of non-reducing chain ends with release of
glucose [34]. Hydrolysis enzymes are inhibited by inhibitors formed during
pretreatment, as also fermentation is.
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Figure 2-6: Different enzymatic reactions during cellulose hydrolysis by cellulase enzyme
mixture [34].

Effective enzymatic hydrolysis of hemicellulose requires a larger number of enzymes
because hemicellulose has a more complex composition compared to cellulose,
including endo-1,4-B-xylanase, B-xylosidase, a-glucuronidase, a-L-
arabinofuranosidase and acetylxylan esterase [35]. There are also some enzymes
capable to react with the lignin structure; these will be discussed more in detail later.
A summary of the different enzymes that can play a role in hydrolysis is given in Table
2-3.

Table 2-3: Some of the main enzymes required to degrade lignocellulose [35].

Lignin Laccase, Manganese peroxidase, Lignin peroxidase
Pectin Pectin methyl esterase, pectate lyase, polygalacturonase,
rhamnogalacturonan lyase

Hemicellulose | Endo-xylanase, acetyl xylan esterase, p-xylosidase, endo-
mannanase, B-mannosidase, a-L-arabinofuranosidase, -
glucuronidase, ferulic acid esterase, a-galactosidase, p-coumaric
acid esterase

Cellulose Cellobiohydrolase, endoglucanase, B-glucosidase

2.3.3 Fermentation

During the fermentation step, the simple sugars are converted to the desired products,
i.e., ethanol or lactic acid, by using microorganisms, mainly bacteria or yeasts. The
three most important parameters defining the fermentation economy are the final
titer, the carbon yield and the volumetric productivity. The titer, the final product
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concentration, strongly affects the purification costs of the products; this is often
considered the most important parameter of the three. The carbon yield defines the
ratio of the substrate carbon that is converted to valuable product. Both incomplete
fermentation and side product formation will decrease this number, thus increase the
substrate costs for a given mass of final product. The volumetric productivity will
define the fermenter volume needed for a certain product mass flow, thus influencing
CAPEX. In case of lignocellulosic hydrolyzate, fermentation resistance to inhibitors is
also an important microbial parameter, which will influence the productivity and/or
titer. Choosing the right pH in lignocellulosic fermentation processes is highly
determinative for the growth. The explanation is that weak acids in the non-
dissociated form, i.e., at low pH, can hinder cell growth (see Section 2.4.1.1) [4], [36].

For enhancing the product yield and improving the efficacy of the fermentation
procedure, diverse feeding patterns are employed. The methods are usually classified
into three main groups, i.e., batch, fed-batch and continuous operation, that are
presented in the following subsections. The proper adaptation of a convenient strategy
depends on several different matters, for example, the maximum specific growth rate
of microbes, the lignocellulosic feedstock type and financial aspects are important to
take into consideration when a suitable fermentation strategy is being designed.
Selecting the correspondent technique is crucial for reaching high productivity [36].

Fermentation strategies can also be divided based on the simultaneous operation of
the different process steps. Separate hydrolysis and fermentation (SHF) is the
conventional and the most widely spread way. If hydrolysis and fermentation are
accomplished in the same vessel in a combined step, it is called simultaneous
saccharification and fermentation (SSF) (See Figure 2-7). There are several advantages
of this overlap, such as the organism applied for the fermentation immediately
consumes the formed sugars, while reducing end-product enzyme inhibition and
CAPEX. The fermenting microorganism (or another microorganism next to the
fermenting microorganism) can also produce cellulolytic enzymes simultaneously; this
is perhaps the newest technology. The setup is called consolidated bioprocessing
(CBP), and furthermore it reduces enzyme costs by avoiding enzyme product
purification/concentration and transporting costs [37].
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Figure 2-7: The route from raw material to bioethanol product [38]. SHF is the abbreviation
for separate hydrolysis and fermentation, SSF for simultaneous saccharification and
fermentation, SSCF for simultaneous saccharification and co-fermentation, CBP for
consolidated bioprocessing.

2.3.3.1 Microorganisms

As the doctoral research will focus on fermentations to produce ethanol and lactic acid,
an overview will be given about the possible microorganisms for this specific purpose.

Ethanol

For the fermentation of hexose sugars from lignocellulosic derived hydrolyzates,
Saccharomyces cerevisiae (also known as baker’s yeast or brewer’s yeast) appears to
be the most preferable, applicable and widely used yeast. It seems to be the least
sensitive among other evaluated microorganisms (also compared to bacteria), due to
its great tolerance to toxic compounds, high osmotic pressure and high end-product
concentrations (which are diverse in different strains). In addition, it shows high

carbon yield (close to the theoretical maximum) and one of the highest titers applied
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for fermentation to bioethanol. Generally, S. cerevisiae is applied in industrial
fermentations including sucrose, starch and cellulose based fermentations, it converts
pyruvate yielding from the glycolysis cycle to ethanol through acetaldehyde (See
Figure 2-8, the pathway starting from glucose). The main disadvantage of S. cerevisiae
is the fact that it is incapable of converting pentose sugars (e.g. D-xylose, L-arabinose)
[36], [39], [40]. However genetically engineered species can be capable to ferment
pentoses too, more concretely S. cerevisiae TMB3400 strain was modified by
introducing xylose reductase, xylitol dehydrogenase and xylulokinase from P. stipitis
(See Figure 2-8, pathways starting from xylose) [41]. As a result it could ferment xylose,
however it is known that high glucose amounts inhibit xylose uptake due to shared
transport systems [42]. Best xylose utilization rates were achieved by fed-batch
fermentation, constantly feeding glucose rich hydrolyzate to the fermentation,
keeping glucose at low concentration [43]. Another option for xylose conversion is to
co-culture S. cerevisiae with a xylose utilizing yeast like Candida shehata [44].

Xylose Xvlose
Glucose NAD(P)H y
NAD(P)* q XR
Xylitol Xl
NAD*
Fructose-6-P NADH jXDH

/ \ Xylulose Xylulose
\Q‘ATP

ADP 7 XK
DHAP €————> G3P
PPP 5.
| 7~ NADH ™~ CNAW <€— Xylulose-5-P

(GpD2 ] [ NOX | )
J,\ NAD* 4 NADH NADUAD

Glycerol Pyruvate =——> Acetaldehyde —===» Ethanol

Figure 2-8: Glucose and xylose metabolic pathways in recombinant S. cerevisiae [45].
PPP=pentose phosphate pathway, XR=xylose reductase, XDH=xylitol dehydrogenase,
XK=xylulose kinase, XI=xylose isomerase, NOX=NADH oxidase, DHAP=dihydroxyacetone
phosphate, GPD2=glycerol-3-phosphate dehydrogenase 2, G3P=glycerol-3-phosphate.

After 2-3 days at 25 °C incubation in agar free medium containing malt extract, the
cells are generally globose (3-8 x 5-10 um), round shaped or ovoid, appearing in single
or in small clusters, sedimenting. On agar plates the surface is usually flat, cream-
colored, opaque and smooth [46].
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Scheffersomyces stipitis is an ascomycetous yeast that was isolated from wood
infesting insect larvae and their frass, from the guts of beetles and rotten wood. A
symbiotic relationship can be considered between S. stipitis and beetles at their
habitat, probably insects have benefits by metabolizing D-xylose. The yeasts’ natural
habitat is mostly located in Europe, North and Central America. In literature it is
common to use the name Pichia stipitis, although lately the genetic analysis of the
sequence showed that Scheffersomyces stipitis strain is only distantly related to the
genus Pichia [47].

Cells usually appear as ovoid or spherical form, sometimes in pairs but generally single
and they are reaching an average size around 2-6 um. The colonies form cream-
colored, round shaped humpy units. Commonly the surface of the colonies is smooth,
although it can be matt or glazing. S. stipitis is able to ferment glucose, maltose and
trehalose but primarily it is applied and known for fermenting D-xylose efficiently and
relatively rapidly to ethanol. The metabolic application consists of two oxido-reductive
steps for the utilization of xylose such as degradation with xylose reductase and xylitol
dehydrogenase enzymes [46], [47]. Scheffersomyces stipitis is capable of fermenting
both xylose and glucose to ethanol (through the pathways shown in Figure 2-8) with
high ethanol yield achievement by converting xylose. It is acknowledged that ethanol
yields can reach ~0.41 g/gsubstrate, although it varies according to reaction circumstances
[46], [48].

Other strains, investigated before for ethanol fermentation, are pentose fermenters,
like Scheffersomyces stipitis or capable to grow at higher temperatures compared to
Saccharomyces cerevisiae. Pentose fermenting microorganisms include Candida
guilliermondii, Candida shehatae, and Pachysolen tannophilus [47]. Heat tolerant
microorganisms include Trichoderma viride, Clostridium thermocellum, Bacillus sp. [47]
and Kluyveromyces marxianus [49].

Lactic acid

Bioconversion of hemicellulosic sugars to lactic acid requires a strain that is capable of
fermenting sugar mixtures of hexoses and pentoses to maximize the product yield.
Genetically engineered strains can efficiently utilize both five-carbon and six-carbon
sugars. However the recombinant cells involved have a tendency to become
genetically unstable on repeated application [50]. Out of a screening of 296 tested
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Lactobacillus and Pediococcus strains three isolates were found to be resistant to the
inhibitory compounds, and able to metabolize xylose and arabinose [51]. These strains
are L. pentosus, Pediococcus acidilactici and Pediococcus pentosaceus. Since these
strains are not genetically engineered, they are also more favorable in the public
opinion. Lactic acid bacteria (LAB) are found in various environments ranging from the
human intestinal tract to decaying plant material in the soil. Especially the latter makes
them interesting as efficient utilizers of lignocellulosic biomass. Their ability to grow
anaerobically at relatively low pH values makes them even more attractive. Within the
Lactobacillales, as the lactic acid producing bacteria are formally called, lactobacillus
is a very diverse genus with over 150 species displaying a wide range of catabolic
activities [51]. The versatility of Lactobacillus pentosus makes it a potential alternative
to genetically modified strains.

Lactic acid bacteria ferment sugars via different pathways resulting in homo-, hetero-
or mixed acid fermentation. Homofermentation results in only lactic acid as the
product of glucose metabolism and the Embden-Meyerhof-Parnas (EMP) pathway is
used (see Figure 2-9). In heterofermentation, equimolar amounts of lactic acid, carbon
dioxide and ethanol or acetate are formed from glucose via the phosphoketolase
pathway (see Figure 2-10). The ratio of ethanol and acetate formed is dependent on
the redox potential of the system. This pathway is used by facultative
heterofermenters, for the fermentation of pentoses, and for the fermentation of
hexoses and pentoses by obligate heterofermenters [52]. Lactobacillus pentosus
ferments hexoses using the Embden-Meyerhof-Parnas (EMP) pathway to lactic acid,
the so-called homolactic fermentation. Pentoses are fermented to lactic acid and
acetic acid using the phosphoketolase (PK) pathway, the so-called heterolactic
fermentation [53]. Heterolactic fermentation, which is used by most LAB, extends the
range of usable sugars, but results in the production of acetic acid alongside other by-
products such as ethanol and formate. This will result in a lower overall lactic acid yield.
With appropriate actions such as buffering or simultaneous detoxification, the yield
can be somewhat increased. Some LAB and other bacteria such as Bacillus coagulans
use the pentose phosphate pathway to convert pentoses to lactic acid
homofermentatively, resulting in over 90 % conversion of xylose to lactate with a
theoretical yield of 3 mol xylose to 5 mol of lactate without carbon loss [17], [54], [55].
The EMP pathway is therefore the better choice for increasing lactate yield [56]. In the
presence of oxygen, Lactobacilli also ferment glucose to lactate. Upon depletion of
glucose, previously produced lactate is further metabolized to acetic acid. During this
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process hydrogen peroxide, carbon dioxide and ATP are produced. This is unfavorable
and would result in a higher lactic acid purification cost [55].

GLUCOSE

__ ATP
-
> ADP

Glucose-6-phosphate
Fructose-6-phosphate

Fructose-1,6-diphosphate

2

Gl yde-3-P > Dih atone-P
2Pi -,
3

2NAD" 4—
T 2 NADH+2H' —

2 3-diphosphoglycerate

— 2ADP
T 2ATP

2 3-phosphoglycerate

2 2-phosphoglycerate
~» H:0

2 Phosphoenalpyruvate

2ADP
e

L .
TR 2ATP

2 Piruvate

5 — 2 NADH+2H" <+
—= 2NAD'

(" 2LACTATE

Figure 2-9: Bioconversion of glucose to lactic acid via Embden-Meyerhof-Parnas pathway
[57].

Most lactic acid bacteria produce only one isomeric form of lactic acid, but sometimes
there is a slight production of the other isomer. The lactate dehydrogenase (LDH)
enzyme is stereospecific, giving either D- or L- lactic acid. The product specificity of the
enzyme present in the applied lactic acid strain determines the isomerism of the
produced lactic acid [52].
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Figure 2-10: Bioconversion of pentoses to lactic acid via phosphoketolase pathway [58].
XFP=xylulose 5-phosphate phosphoketolase, GAPDH=Glyceraldehyde 3-phosphate
dehydrogenase.

The produced lactic acid acts as a product inhibitor, mainly because of the pH decrease.
In general, the optimal fermentation pH is between 4.5 and 7 [59]. Trapping the lactic
acid produced during fermentation as calcium lactate by the addition of Ca(OH), or
CaCOs to the fermentation results in higher yields. The addition of CaCOscan also be
used for passive pH control as carbonate can work as a buffer [52]. The use of Ca(OH),
can be more difficult as it is actively reducing the pH, but by constant pH monitoring
and addition, the pH can be kept precisely.

Lactic acid bacteria have complex nutrient requirements, due to their limited ability to
synthesize B-vitamins and amino acids. Addition of these nutrients to the
lighocellulose hydrolyzates provides a higher product yield. These nutrients can be
found in peptone, meat extract and yeast extract that are present in synthetic MRS
growth media. Corn steep liquor or wheat bran extract can be a cheap alternative for
these nutrients [52], [59]. Additional minerals as MgS0,-7H,0, KH,PO,, sodium citrate,
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NaCl, and sodium succinate, sodium sulfate, sodium acetate, K;HPO,4, MnSO4-4H,0 and
FeSO,4-7H,0 can also have significant effect.

2.3.3.2 Simultaneous saccharification and fermentation (SSF)

There are some good reasons to combine the above-mentioned steps into one unit
operation. From a kinetic point of view, the SSF is interesting. It has the advantage of
sugar consumption during cellulose hydrolysis that results in less product inhibition for
cellulase. Since the availability of sugars for microbial conversion is a rate determining
step [60], repressing the feedback inhibition on hydrolysis can increase the hydrolysis
rate, the reactor’s yield and the productivity. Because there is less inhibition, lower
enzyme loadings can be used as well. The equipment costs are lowered because of the
simpler process design.

Besides these positive effects, the process has some known drawbacks as well. The
major disadvantage of the SSF lies in the different optimal temperature and pH of
saccharification and fermentation [61]. In general, the optimal temperature for
hydrolyzing enzymes lies at 50 °C and below pH 5. Lactic acid fermentation however is
generally efficient around 40 (37-43) °C and at a pH range around 5-7 [52]. For
example, Novozymes Cellic CTec3 cellulase cocktail has highest activity at 53-55 °C, at
45 °Cit is only 78 % of the maximal value, 65 % at 40 °C, 57 % at 37 °C, 50 % at 35 °C,
40 % at 30 °C [62]. Temperature is crucial.

Thermotolerant LAB are currently being studied. Their utilization could potentially
increase the fermentation temperature to the enzymatic optimum. Successful
fermentations by Bacillus coagulans have already been reported [63], [64]. Inhibitory
effects of lactic acid upon cellulase have been reported. These effects are much lower
than feedback inhibition caused by glucose [65]. In case of ethanol fermentation the
temperature difference is even bigger as Saccharomyces cerevisiae goes through cell
deactivation above 35-37 °C [66]. Saccharomyces cerevisiae SSF experiments are
conducted at 35 °C for both wild types [49], [67] and genetically engineered, xylose
fermenting types [68], [69]. Kluyveromyces marxianus was successfully utilized for
lignocellulose based SSF at 42 °C [49].

SSF is typically performed in the range of 10-15 m/m% dry solid substrate loading [27],
[70] with a few examples going up to 30 m/m% [28], [71]. This high solid loading
mixture requires special mixing in most of the cases. Here it should be noted that in
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case of extreme high solid content experiments even some traditional calculations, like
ethanol/lactate content should be reconsidered [72].

2.3.3.3 Consolidated bioprocessing (CBP)

Consolidated bioprocessing (CBP), compared to SSF, also incorporates cellulase
enzyme production by the microbial culture in the fermenter (See Figure 2-7) [73]. The
CBP technology has all the benefits of on-site enzyme production, no purification,
stabilization, bottling or transportation costs, and further lowers costs by avoiding
CAPEX related to enzyme production infrastructure. Although it is very appealing in
theory, the implementation is questionable, as it would require integrating aerobic and
aerobic processes together and complex gene engineering [74]. Microorganisms
suitable for CBP are not known currently, two paths are investigated: either
introducing cellulolytic microbes with genes related to valuable product formation, or
introducing cellulolytic genes to microbes producing the desired product [73].

2.3.4 Downstream processing

Ethanol

After fermentation, a separation from water and purification of the main product is
necessary and indispensable. The implemented method is a two-step fractional
distillation. The concept of the separation is based on the volatility of azeotropic
mixtures. Boiling of the mixture makes ethanol evaporate at 78.3 °C, and it can be
converted to vapor in a rectification column and condensed to 95 % alcohol. The water
remains with the solid parts in the residue. In large industrial utilization, further
purification by continuous distillation is employed by using at least two columns, first
to separate all the ethanol from the crude broth (here the most important is to remove
all ethanol), the further columns are used to purify and separate the ethanol from the
relatively clean water-ethanol mixture (here purity and recovery are both important).
Lignin can be found in the residue and consumed as an energy source for the whole
procedure by burning it. At the end of the distillation process the expected result is
near to the azeotropic point of the water-ethanol mixture (95.5 m/m%), which can be
further purified by adsorption on zeolite or ternary distillation and used afterwards as
fuel either pure or mixed with gasoline [4], [5], [75].
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Lactic acid

As lactic acid is non-volatile (boiling point at 122 °C), distillation could not be used as
purification process. In the first step, a filtration is needed to remove all insoluble
compounds. If this is done after a short treatment at pH 10 and elevated temperature,
most of the protein content is precipitated, cells killed, while the sugar residues and
part of the inhibitors are degraded, leading to a simpler post processing [59]. Further
steps usually require evaporation of the solvent and volatile compounds. An active
carbon treatment is often needed at the end to achieve a transparent product [76].
The traditional method then converts the salt to free acid by the addition of sulfuric
acid, and parallel gypsum formation. This corresponds to a big portion of the costs, so
alternative methods are also developed, like electrodialysis, extraction [77],
adsorption, or industrial scale ion exchange chromatography. The final step is
crystallization in most of the cases [78]-[80].

2.4 Detoxification

2.4.1 Inhibitor formation

During the pretreatment of lignocellulosic materials, which is explained in Section
2.3.1, various inhibitory substances are formed (see

Figure 2-11). These by-products can be grouped, based on their structure in weak
acids, furan derivatives, phenolic compounds and heavy metal ions, and based on their
origin in sugar/lignin degradation products and fermentation products. The inhibitors
are negatively affecting the subsequent hydrolysis and fermentation step by
inactivating enzymatic and microbial bioconversion processes, thus limiting substrate
consumption and attenuating conversion kinetics.

The amount and type of formed inhibitors are dependent on the source’s cell wall
composition, on pentose, hexose and lignin degradation and on thermo-chemical
circumstances [81]-[83]. Furthermore, the toxic effect of the inhibitors can increase or
decrease depending on the fermentation conditions such as pH and oxygen concentration
of the medium, cell physiological attitude and the synergies between inhibitors [84].
Reported inhibition examples are visible in

Table 2-4. The inhibition mechanism can be very different; it mainly depends on the
type of the inhibitor (see Figure 2-12).

(32]



Detoxification of lignocellulose, a substrate for fermentation

OLIGOSACCHARIDES
AND DISACCHARIDES
Cellulose i \
-40% HEXOSE
SUGARS
Glucose
Mannose
Galactose
Rhamnose
PENTOSE
Xylose
BENZO- SUGARS v FURANS
QUINONES Arabinose

HMF
~ 2-Furolc acid

Hydrolysis of esterifted phenols Furfural

URONIC 4-0-Methyl-
ACIDS glucuronic acid

Galacturonic
acid .
G'“‘“T;’"" 4 Acetic ’::"':‘ Levulinic
a acld acid
ALIPHATIC ALIPHATIC
ALDEHYDES CARBOXYLIC ACIDS

Figure 2-11: Inhibitor formation pathways during pretreatment [85].
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Table 2-4: Influence of inhibiting compounds on the fermentation with different
microorganisms [6].

Percent of growth
Group of L Conc. . (g) or
inhibitors Inhibitor (g/1) Microorg. fermentation (f)
inhibition*
1.4 S. cerevisiae 50 (f)
. L 4.3 S. cerevisiae 50 (f)
Deacetylation Acetic acid 8.0 S, stipitis 98 (f)
8.0 S. stipitis 25 (f)
Sugar Furfural 1.0 S. stipitis 47 (g)
d;iaddjctt‘:“ HMF 3.0 S. stipitis 69 (g)
Cinnamaldehyde 1.0 S. cerevisiae 100 ()
Lignin Hydroxybenzaldehyde 0.4 K. pneumoniae 68 (g)
degradation | Hydroxybenzaldehyde 1.0 S. cerevisiae 48 (f)
products Syringaldehyde 0.5 K. pneumoniae 40 (g)
Syringaldehyde 0.22 S. stipitis 72 (f)
Acetaldehyde 5.0 S. cerevisiae 80 (g)
Fermentatio Ethanol 120 S. cerevisiae 100 (g)
n products Formic acid 2.7 S. cerevisiae 80 (g)
Lactic acid 38 S. cerevisiae 80 (g)
Chromium 0.1 P. tannophilus 95 ()
Heavy metal Copper 0.04 P. tannophilus 29 (f)
ions Iron 0.5 P. tannophilus 45 (f)
Nickel 0.05 P. tannophilus 92 (f)

*Growth inhibition means decrease in cell concentration; fermentation inhibition means
decrease in product concentration.

2.4.1.1 Weak acids

Levulinic acid, acetic acid and formic acid are weak organic acids which are forming
during the degradation of carbohydrates, while acetic acid can also be formed by
detachment of acetyl groups from hemicellulose and lignin structure. The alluded acids
are not that severely toxic compared to furan derivatives or phenolic compounds, but
can be present in high concentrations [83], [87]. Since acetic acid is mostly formed
during hemicellulose hydrolysis, its presence is unavoidable and strongly dependent
on the biomass source, while the degraded acids concentration depends on the
severity of the pretreatment. Softwoods have typically low acetyl content, while in
hardwood and agricultural residues the content is higher. This can be especially
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hindering at high solid content, because in that case, up to 10-15 g/l acetic acid can be
present [85].

Weak acids inhibit the growth of the microorganisms; this is why they are used as food
preservatives. There are two main mechanisms interfering on the metabolic level of
the microorganism (see Figure 2-12). One is the depletion of ATP by plasma membrane
proton pumps [88], [89], while another is the acidification of the medium. Both effects
are connected and will be explained here. A weak acid in a relatively acidic
environment exists in its protonated form. Since it has no charge, it can diffuse through
the microorganism’s outer membrane. The rate at which this happens is related to the
lipophilicity of the acid. The molecule deprotonates while it enters the cytosol, as the
cytosol has a higher pH. The internal pH is buffered to some extent, but acidification
of the cytosol occurs at higher proton concentrations. To restore the internal pH, trans-
membrane pumps will cause a net efflux of protons consuming ATP in the process. In
the meantime ATP supply is limited by acid inhibition of the glycolysis [90]. A third
suggested mechanism of inhibition is the intracellular accumulation of anions.
Depending on the type of anion, accumulation can result in either inhibition of ATP
generating processes or a lower proton efflux due to electrostatic effects in the cell.
The type of action depends on the combination of inhibitors and the intensity of
energy consumption, trans-membrane activity and metabolic inhibition [91]. In low
concentrations, however, it can be beneficial by increasing ATP generation at the
expense of biomass formation [85].

Model experiments performed by several research groups, demonstrated that the
toxicity varies with the concentration and the composition of inhibitors as there are
synergistic effects between them. At low concentrations, the presence of the inhibitors
can be even beneficial to the fermentation, e.g., xylose-xylitol bioconversion can be
improved in the presence of up to 1 g/l acetic acid, while, on the contrary, 3 g/l denotes
high inhibitory effect for bioethanol production. The conclusion of the project was that
at pH 5.5 the ethanol yield can be increased with low acid concentrations (<100
mmol/l), whereas higher concentrations (>200 mmol/l) clearly show an inhibitory
effect [83], [84].

2.4.1.2 Furan derivatives

Furfural (2-furaldehyde) and HMF (5-hydroxymethyl-2-furaldehyde) are the main
representatives of furan derivatives, formed by the dehydration of pentoses and
hexoses respectively. The ratio of the inhibitors varies in accordance to the
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pretreatment process type/conditions and the initial raw material type. HMF usually
appears in higher concentrations and has less inhibitory effect in comparison with
furfural. They are decreasing the ethanol production by blocking ADH (alcohol
dehydrogenase), PDH (pyruvate dehydrogenase) and ALDH (aldehyde dehydrogenase)
or by inhibiting the growth of the microorganisms, or they can cause a longer lag phase
(see Figure 2-12). Furans, in synergism with acetic acid, can strongly inhibit the growth
of Scheffersomyces stipitis [81], [86]. Although in pursuance with another experiment,
furfural and HMF were less toxic to Scheffersomyces stipitis than lignin degradation
products (aromatics) [92].

The fermentation of furfural generates high yields of furfuryl alcohol that causes
inhibition on the aerobic growth of S. stipitis, but shows only a slightly detectable
influence on the growth of S. cerevisiae. S. cerevisiae can metabolize furfural in both
aerobic and anaerobic conditions and it is reported to be adaptive to furfural in batch,
fed-batch and continuous cultures as it showed increased growth and ethanol yields
[83]. Typical concentrations of furan degradation products are under 1.5 g/l, usually
around 0.5-0.05 g/I [27]. At higher severity, temperature and treatment time, furans
degrade further towards levulinic and formic acid [85].

2.4.1.3 Phenolic compounds

A wide range of toxic chemical products is released during the degradation of lignin,
such as aromatics, polyaromatics and phenolics. These lignin derived toxic compounds
have considerable effects on biological membranes, which main function is that of a
selective diaphragm, including the increase of the fluidity, which goes hand in hand
with the loss of the membrane structure’s integrity [49]. Phenolic compounds with low
molecular weight are reckoned the most toxic compounds on the fermentation of
steam exploded lignocellulosic hydrolyzates. The total phenolic content showed to
have a high inhibitory effect on the cell growth, sugar assimilation and, as a result, the
product yield. Their inhibition effect is much higher than the inhibitors discussed in the
previous sections, but their concentration is significantly lower [85]. Table 2-5 shows
measured phenolic inhibitor concentrations in autocatalyzed steam exploded (205 °C
and 10 min) hydrolyzate at 50 % dry content [93]. Calculating to 10 % dry content,
assuming that everything else remains the same, the sum concentration would be 1.35
g/l. A connection between functional groups and toxicity is most probable, but
synergistic effects also appear [94].
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Table 2-5: Example phenolic inhibitor concentrations in autocatalyzed steam exploded
poplar wood [93].

Weight/dry poplar weight [%] Percent [%)]

p-Hydroxybenzoic acid 0.55 40.7
Syringic acid 0.37 27.4
p-Hydroxybenzaldehyde 0.29 215
Vanillin 0.05 3.7
m-Hydroxybenzoic acid 0.04 3.0
Cinnamic acid 0.03 2.2
Vanillic acid 0.02 1.5

Sum 1.35 100.0

Phenolic compounds can appear in three basic variations: acidic, ketone and aldehyde
forms (e.g. vanillic acid, syringic acid, vanillin and syringaldehyde) [87], [92]. Several
articles proclaim that hydrolyzates from softwood (e.g., spruce, red oak and pine)
contains higher amount of vanillin and vanillic acid generated from the decomposition
of guaiacylpropane units of lignin. Generally hardwood hydrolyzates consist mainly of
syringaldehyde and syringic acid, which are forming through the degradation of
syringyl propane units [83]. The biomass source specifies the type of phenolic
compounds formed, since lignin has diverse degrees of methoxylation, internal
bonding and conjunction with hemicellulose and cellulose in the cell wall of plants.
Based on the position of the substituents the degree of the compound’s inhibition can
vary. Substituents in ortho position are increasing the inhibitory effect, while methoxyl
and hydroxyl in meta- and para-position do not seem to have any effect on the toxicity
levels of the compounds. The mechanism of the inhibition on Saccharomyces
cerevisiae and other eukaryotic microorganisms has not been properly clarified
because of the heterogeneity of the compounds and the lack of adequate and
dependable analytical methods. Although, in general, ketones and aldehydes have a
higher inhibitory effect for S. cerevisiae and E. coli than acids [95].

According to the investigation of Klinke et al., the presence of phenolics, even in small
concentrations such as 0.1 g/l is lethal to microorganisms [96]. The effect of model
inhibitors on sugar consumption was measured for different types of ethanol
producing microbes. Vanillin is deemed the strongest inhibitor (1 g/l) in both xylose
and hexose fermenting yeasts, inhibiting cell growth and final ethanol titer. Villa et al.
demonstrated that 0.1 g/l phenolic inhibitors may withdraw the intake of xylose that
inflicts C. guillermondii to produce xylitol [97]. Tran and Chambers proved that the
model and inhibitory molecules for Scheffersomyces stipitis can be arrayed in a queue
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as the following: pelargonic acid (C9) > caprylic acid (C8) > caproic acid (C6) > vanillin >
syringaldehyde > vanillinic acid > syringic acid [98].

2.4.1.4 Heavy metal irons

The applied microorganisms can be slightly inhibited by heavy metal ions such as
chromium, iron, nickel and copper. These ions are originating from the corrosion of
the hydrolysis equipment vessels. Watson et al. demonstrated that 60 % reduction of
cell growth took place when 100 mg/I concentration of nickel ions were added into the
model medium for P. tannophilus [99], but these high concentrations cannot
realistically appear in the actual process [84]. Overall, it can be said that heavy metal
inhibition is negligible.

2.4.1.5 Inhibition of hydrolysis

Besides inhibition on cell growth, fermentation yield, and product concentration,
inhibitors can have a significant inhibition on hydrolysis. Unproductive binding to solid
parts (lignin, unhydrolyzed hemicellulose) is a common inhibition pathway, which
could be decreased with addition of other protein, e.g. serum albumin [85]. Soluble
compounds can also cause inhibition; best known is the product inhibition by glucose
and its dimer. Research showed that other sugars, such as xylose and mannose can
also have inhibitory effect [100].

Phenolics are also known to alter enzyme activity, as it depends strongly on their
macromolecular conformation. Since hydrophobicity is the main driving force behind
enzyme folding and function, it is logical that hydrophobic lignin derivatives (compared
to water) have a disturbing influence on their functionality [101]. Ximenes et al.
studied the decreased cellulase activity in the presence of phenols when liquid hot
water treated maple solid concentrations were higher than 10 g/L [102], [103]. They
concluded that the strength of inhibition or deactivation is dependent on the type of
enzyme, the microorganism where the enzyme comes from and the type of phenolic
compounds present. They examined the inhibition effect of vanillin, syringaldehyde,
trans-cinnamic acid and 4-hydroxybenzoic acid on cellulase (Spezyme CP) + PB-
glucosidase (Novozyme 188), B-glucosidase (Spezyme CP) and B-glucosidase
(Novozyme 188) (see Table 2-6) [103]. Cavka and Jonsson concluded that reducing the
phenolic inhibitors in spruce hydrolyzate with sodium dithionate or sodium sulfite
improved hydrolysis yield, while reduction with sodium borohydride did not, indicating
that the enzyme inhibition is mainly from hydrophobicity rather than reactivity [104].
(38]
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Table 2-6: Ranking of the inhibitory effect of phenolic compounds on the hydrolysis of
cellulose and cellobiose [103].

Phenolic compound Vanillin Syringaldehyde Trans-cinnamic 4-hydroxybenzoic
acid acid
Inhibition of
cellulase (Spezyme CP) + PB- 4 3 ) 1
glucosidase (Novozyme 188)
B-glucosidase (Spezyme CP) 3 2 1 4
B-glucosidase (Novozyme 1 3 1 4

188)
Inhibition follows the designation of 4>3>2>1, with 4 being the most severe inhibition and 1 being the
least. B-glucosidase from Novozyme 188 is not significantly inhibited and it has the ranking of "1" for two
of the phenolic compounds shown.

2.4.2 Detoxification techniques

Simplifying and commercializing the conversion of lignocellulosic biomass occurs to be
the major challenge [95], [105]. Due to the raw materials used and the conditions
employed for the hydrolyzation process, the hydrolyzate composition differs, which
plays a significant role in choosing a correspondent and efficient detoxification
method. Fermentation from non-detoxified hydrolyzates of hemicellulose can be
characterized by slow kinetics with limited carbon vyield, final titer and/or volumetric
productivity. According to Taherzadeh et al. there are four main different pathways for
detoxifying of hydrolyzates [106]. One is to try to eliminate the formation of toxic
compounds during the pretreatment. The second is seeking for a convenient strategy
to remove or convert the inhibitors to inert compounds in the hydrolyzate before the
next step, i.e., the fermentation. The third possibility is to find microorganism species
that are resistant to the typical toxic components in the applied hydrolyzate by either
adaptation or metabolic engineering. Currently several approaches are presented for
detoxification that can be classified into three general groups such as biological,
physical and chemical methods [87]. The employed detoxification processes are
required to be susceptible to remove the inhibitors selectively, to be affordable and to
be easily utilizable in the whole process [36].

2.4.2.1 Physical detoxification

Detoxification by physical routes is rather simple and easy to scale. Evaporation, rota-
evaporation, vacuum evaporation and membrane-based separations are the typical
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physical detoxification methods mentioned in literature. Evaporation techniques can
be used to decrease the amount of volatile toxic components of the hydrolyzate (e.g.,
vanillin, furfural, acetic acid). Diminishing the volume of wood hydrolyzate with 90 %
by the usage of vacuum evaporation, a complete detoxification of furfural was
presented by Larsson et al [107]. Meanwhile this method is proven to increase the
concentration of non-volatile inhibitors such as extractives and lignin derivatives which
are toxic to microorganisms and interfere with fermentation as alluded beforehand
[84], [87]. Membrane techniques (pervaporation) require additional filtration steps
and the membrane material itself is usually expensive.

2.4.2.2 Chemical detoxification

The application of chemical methods for improving the bioethanol production process
gives several advantages in yield and financial aspects. The group of chemical methods
includes alkali treatment (NaOH, Na,;SOs, NHs), over-liming with Ca(OH),, activated
charcoal treatment and ion exchangers (anionic, cationic). The alluded routes are
based on precipitation of the inhibitors and the ionization of toxic compounds by
adjusting to certain pH values. Adsorption of toxic compounds can take place by
activated charcoal (cost-effective), diatomaceous earth and ion exchange resins (the
most effective but expensive). The effect of detoxification by over-liming has already
been introduced in 1945 by Leonard and Hajny by increasing the pH with Ca(OH), to 9-
10 and resetting it to 5.5 with H,SO, [108]. The detoxification occurs due to the
instability of toxic components in the hydrolyzate at high pH level, moreover many
decomposition products precipitate, decreasing the osmotic stress. According to the
review of Palmquvist et al., applying sodium sulfite or higher amounts of cell inoculum
shows decreasing values of HMF and furfural concentrations, although acetic acid
concentration stagnates. Combining sulfite treatment with over-liming resulted the
highest yields in case of willow hydrolyzate fermentation with recombinant Escherichia
coli [36].

Charcoal treatment is a very effective method, removing a wide variety of inhibitors
from the liquid fraction (XRF) by adsorption on activated carbon (=charcoal). The
effectiveness of the charcoal treatment depends on the pH, contact time, temperature
and amount of used charcoal [84]. Compounds are strongly adsorbed to the surface
when they are in non-ionized form: weak acids and phenolics at low pH [109].
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Mussatto et al. detoxified rice straw hydrolyzate with charcoal treatment at different
pH values [110]. At low pH, lignin degradation products (=phenolics) were partly
removed without sugar degradation. When the pH is high, the sugar concentration
decreased by 30 %. A certain contact time is necessary to reach equilibrium between
the adsorbent and adsorbate. During this period, the surface of the activated
adsorbent should be completely surrounded by the hydrolyzate containing the
adsorbate. When the equilibrium is reached, charcoal cannot adsorb extra toxic
compounds anymore. Parajé et al. investigated the effect of contact time between
activated charcoal and wood hydrolyzate. At industrially relevant amounts, the
maximum amount of phenolics adsorbed was reached after only 20 minutes [111].
Higher temperatures cause a faster adsorption of compounds on activated charcoal,
because the rate of diffusion of toxic compounds in the hydrolyzate to the surface of
the charcoal is faster compared to lower temperatures. Mussatto studied the effect of
temperature on adsorption of rice straw hydrolyzate on activated charcoal. Lignin
degradation compounds were adsorbed at 25 °C and 45 °C, and removal was six times
faster at 45 °C [110].

When increasing the charcoal to hydrolyzate ratio, the inhibitor removal will reach
equilibrium, but it was reported that increasing it further can lead to sugar
adsorption/removal also: Parojo et al. [111], [112], Silva et al. [113], Lee et al. [114]
and Mussatto and Roberto [115]. Silva et al. studied charcoal amounts from 1 % to 30
% on treated sugarcane bagasse: 94 % of the phenolics were removed with only 0.47
% loss of sugar concentration by 1 % charcoal [113].

2.4.2.3 Biological detoxification

Biological routes for detoxification, i.e. biodetoxification, mean the use of
microorganisms or specific enzymes that are able to interact with toxic compounds
and change their composition (see Table 2-7 for examples) [87]. Treating
lignocellulosic hydrolyzate with laccase and peroxidase retrieved from the lignolytic
white-rot fungus Trametes versicolor indicates higher ethanol yields and increases
sugar consumption due to the enzymes impact on phenolic compounds. According to
Palmquist et al. the treatment of the hydrolyzate with laccase enzyme left no phenolic
monomers or phenolic acids in the solution, therefore it presented a complete
detoxification. The mechanism of detoxifying low molecular weight phenolic
compounds with enzymes is likely based on oxidative polymerization and the following
precipitation [36], [87].
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Table 2-7: Removal rate of inhibitors with different biotechnological methods [87].

Lignocellulosic Applied
hydrolyzate microorganisms Effect of the method Etljanol
type or enzymes yield
Laccase 80 % removal of phenolics 0,18 g/g dry
bagasse
Sugarcane duction of 5-HMF (85 %)
bagasse , Reduction of 5- 0),
/Zi(cjit;:::akl:': furfural (62 %), ferulic acid (73.33 -
%), syringaldehyde (66.67 %)
Residue lignin 0.44 g/g
. Continuous flocculating yeast
Spruce Continuous o 0.42-0.46
fermentation was grown which withstood to y
inhibitors &/8
. Removal of furans, phenols and
T. 44
reesel weak acids 0.44e/g
Willow High ethanol productivity was
High cell i
'8h ce dermty shown likewise in undetoxified 0.44 g/g
fermentation
hydrolyzate
s ; -
Lignocellulosic Peroxidase from C. 1(.)0 % remov§l of p (.:o.urnan.c Butanol:
. acid, ferulic acid, vanillinic acid
hydrolyzate cinereus L 8.9+0.43 g/I
and vanillin
Coniochaeta 80 % removal of furfural and 5-
Corn stover Lo -
ligniaria HMF

Comparing laccase detoxification with anion-exchange treatment, they result in the
same decrease in phenolics concentration, i.e., 80 %. However, since a remarkable loss
of fermentable sugar has been observed during the latter method, this is not
considered a viable route [36], [84], [87], [116].

Biotechnological methods for detoxifying lignocellulosic hydrolyzates have several
advantages, though also disadvantage, which can put these techniques in an
undesirable position for biorefineries. Comparing to the other detoxification methods,
the application of biological routes is beneficial in lower energy requirements and in
avoiding the use of chemicals (so achieving milder conditions), which also lowers the
abundance of side reactions. Although on the other hand the reaction time is usually
long, there is a noticeable sugar loss if a microorganism is used, and the used enzyme
is usually inhibitor specific [87].
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2.4.2.4 Adaptation

Although, strictly saying, inoculum adaptation is not a detoxification technique, it is
somewhat similar to biological detoxification. In general, the microorganism will be
more resistant to inhibitors or they will convert them to other, less harmful products.
This effect is the same as in case of biological detoxification, just in this case the
detoxifying and the producing microbe is the same. Adaptation has been shown to
increase S. cerevisiae tolerance towards inhibitors during SSF, especially at high solid
loadings [117].

2.4.3 Laccase

Laccase is a multi-copper protein, a dioxygen oxidoreductase type of enzyme
appearing in a benzenediol form and it can be found in eukaryotes (fungi, higher plants
and insects) and lately in prokaryotes too. Fungal laccases are the most common used
in literature. Wood-rotting fungi such as Trametes versicolor, Trametes hirsute,
Trametes ochracea, Trametes villosa, Trametes gallica, Cerrana maxima, Coriolopsis
polyzona, Lentinus tigrinus and Pleurotus eryngii are typical producers of laccase [118].

Laccases are multicopper oxidases containing four copper atoms, which are classified
into three groups: type 1 (blue copper), type 2 (normal copper) and type 3
(antiferromagnetically coupled binuclear copper pair). Type 2 and type 3 copper
centers are grouped to form a trinuclear copper cluster [119], [120]. Laccase derived
from fungi presents a complex structure formed by oligomerized isoenzymes. The
range of the monomer molecule mass is from 50-100 kDa. The stability of the enzyme
mainly originates from the covalently linked carbohydrates. The catalytic activity only
occurs if four or more copper atoms are present in one protein.

Laccase in its original state contains monovalent Cu*. The catalytic cycle of the enzyme,
starting from the depleted enzyme, can be described as follows: the four copper
atoms in the trinuclear copper cluster oxidize to Cu® in the presence of oxygen.
Thereby oxygen is first reduced to divalent oxygen and then to water. Electrons are
abstracted from the T1 copper site to the substrate by a His-Cys-His tripeptide. When
the electrons are captured by the substrate(s), laccase will return to its original state
and the substrate undergoes a one-electron oxidation forming a radical (see Figure
2-13) [121], [122]. The radicals can couple with each other by polymerization. The
catalytic capacity of the enzyme is affected by the redox potential of the T1 copper
site. The redox potentials of different laccases are situated between 0.340 and 0.790
V versus the NHE (normal hydrogen electrode). Trametes versicolor laccase has the
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highest redox potential which is beneficial because it can oxidize various substrates
[119]. Monophenols are typical substrates of laccase. The substituents of the phenolic
ring can occur on the ortho or the para position that will influence the oxidation
process. Electrophiles in ortho position have a negative effect on the substrate affinity
for laccase whereas nucleophiles have a positive effect. Substrates with larger
substituents and high redox potential causes steric overcrowding and low oxidation
rates [119], [122]. Laccase utilizes molecular oxygen as an electron acceptor, this way
it can oxidize a wide variety of aromatic amines and phenolic compounds through a
radical catalyzed reaction mechanism. The mechanism of detoxification of
lighocellulosic materials is based on oxidative polymerization of low-molecular
phenolic compounds that are formed during steam explosion pretreatment [87].

During steam explosion, the C-C bond opens between aromatic rings in the lignin
macromolecule, while the rings themselves remain unchanged. The formed small
molecules, called phenolic inhibitors, are water-soluble. Laccase decreases the soluble
phenolic content with more than 90 % in some cases [101]; meanwhile it has only a
minor effect on other components of the hydrolyzate. The actual reaction is a radical
formation followed by a repolymerization of radicals, and the resulting product will in
most cases precipitate [84], [123]. Phenolic monomers can be variously affected by
laccase: 4-hydroxybenzaldehyde is only removable by the highest redox potential
laccase, vanillin typically requires 24 hours to be removed (depends on the amounts),
but on the other hand ferulic acid, syringaldehyde and p-coumaric acid compounds
show to be removed immediately [49].
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Figure 2-13: Catalytic cycle of laccase and an example reaction [124]. Cu=copper,
02=oxygen, S=substrate.

Laccase already has a wide range of possible substrates, but to enhance the range to
oxidation of substrates with a high redox potential, a mediator can be added. A
mediator is a small molecular weight compound that first is oxidized by laccase using
oxygen, and then oxidizes other substrates (see Figure 2-14). The latter substrates are
mostly large molecules and non-phenolic units. A mediator should have a stable
oxidized and reduced form and may not inhibit the enzymatic reaction [125]. The used
mediators can be natural or synthetic. Natural mediators are lignin degradation
products such as phenolics present in biomass, e.g., 4-hydroxybenzylic alcohol, p-
cinnamic acid and sinapic acid. Natural mediator systems always have to be taken into
account when investigating the action of laccase. Synthetic mediators are 2,2'-
azinobis(3-ethylbenzthiazoline-6-sulphonate) (ABTS), hydroxybenzotriazole (HBT),
2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO) and violuric acid [120]. The redox
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potential of the mediator plays an important role in the catalytic efficiency of the
oxidation process. The effect of the mediator will depend on the chemical reactivity of
the formed radicals after the first oxidation step [120].

H,0 Laccase(ox) Mediator Substrate{ox)

0, Laccase(red) Mediator(ox Substrate

Figure 2-14: Laccase mediator system [125] and the scheme how a substrate is indirectly
oxidized by laccase through a mediator.

Laccases have a wide application potential as a green biocatalyst for various
biotechnological methods such as in demethylation reactions and as a detoxifying
agent, but current commercial utilization is limited, i.e. textile dying [126]. Regularly
utilized sources for laccase production are fungal microorganisms such as Trametes
versicolor (a white-rot fungi from the basidiomycetes group), Phlebia radia and
recently Panus conchatus. Alongside laccase Trametes versicolor produces lignin
peroxidase (LiP) and manganese dependent peroxidase (MnP), which are enzymes that
also have delignifying activity [84], [123], [127]. Comparing the enzymes to each other,
LiP acts slower than laccase, MnP and peroxidase need extra chemicals (Manganese
and/or peroxide) to function, while laccase only requires oxygen.

2.4.3.1 Immobilization of laccase

Because of their high activity, selectivity and specificity laccases are perfect
biocatalysts for biotechnological and environmental applications. But the use of these
enzymes in industrial processes is limited because of their instability and high
production costs [118]. To overcome these limitations, a stable and recoverable
enzyme should be created. Immobilization of the enzyme is a possible strategy.
Immobilization has major advantages because it can increase the enzyme activity,
increase thermostability and makes enzymes more resistant to extreme conditions and
chemicals [118], [121]. Moreover, it makes biocatalyst recycling possible, i.e., enzymes
can be separated by filtration or centrifugation. There are several immobilization
techniques (see Figure 2-15) which will be described hereafter [128], [129].
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Figure 2-15: Different enzyme immobilization techniques [129].

The enzymes can be attached to a support by adsorption: hydrophobic, van der Waals
or ionic interactions. These interactions take place on the surface of the carrier. This
adsorption process is physical and is frequently used because of the low cost and easy
procedure. The support is simply added to an enzyme solution and mixed for several
hours, and an enzyme-support complex is formed. It is a reversible process that makes
it possible to reuse the support. Most of the time hydrophobic and van der Waals
interactions are too weak and the complex bond will not stay intact under industrial
conditions. Leakage will cause loss of enzyme, which is why not all can be reused. lonic
interactions are strong, so the complex bond will not break. But the enzyme can be
deactivated by changes in conformation which makes enzyme and support unusable
[128], [129].

The enzyme can be linked to a support by covalent binding. This chemical reaction
connects the enzyme directly to the solid support or a cross linking reagent is used
which attaches to the enzyme on one side and to the support on the other sideThe
latter is favored as a spacer molecule, such as poly(ethylene glycol), will reduce steric
hindrance of the substrate. Spacer molecules can provide many different reactive
groups, such as epoxy rings and activated carbonyl groups, to enable multipoint
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covalent attachment. This is favorable because the activity, stability and reusability of
the enzyme will increase[128], [129].

By entrapment, the enzyme is introduced into a porous solid matrix such as an organic
polymer or sol-gel. First, the enzyme is solubilized in the monomer followed by
polymerization that retains the enzyme in the matrix. This hinders direct contact with
the environment but there is still a small chance of leakage. In contrast to adsorption,
entrapment ensures no changes in enzyme conformation. Drawbacks are mass
transfer limitations and lower enzyme loading than cross-linking [128], [129].

The enzyme can be encapsulated, i.e., immobilized by surrounding it with a
semipermeable membrane, polymer or inorganic material. Encapsulation has the
same characteristics as entrapment. Direct contact with the environment is avoided
and there are also mass transfer limitations, although lower [118], [128], [129].

Cross-linked enzyme aggregates (CLEAs) and cross-linked enzyme crystals (CLECs) are
methods for immobilization without the use of a support, which can cause structural
alterations of the enzyme that in turn decreases the specific and volumetric activity.
Bifunctional cross-linkers are used such as dialdehydes, diamines. diisocyanates and
diiminoesters. Two systems are distinguished, i.e., CLECs and CLEAs. The formation of
CLECs involves cross-linking crystallized enzymes. Crystallization has one major
drawback: a purification process is needed which is very expensive. CLEAs are
produced (see Figure 2-16:) by first precipitating the enzyme through addition of salts,
organic solvents or non-ionic polymers. After precipitation is completed enzyme
aggregates are formed which are kept together by non-covalent bonds. These
aggregates can redissolve in water. The second step is cross-linking the aggregates for
creating insoluble CLEAs [128], [129].

Magnetic-CLEAs (m-CLEASs) are CLEAs incorporating a specific kind of support material
(see Figure 2-16). Production of m-CLEAs is based on aggregation of enzymes in the
presence of the support material such as magnetite nanoparticles [130]. The material
can act as a core for precipitation, or attach to the precipitated enzyme later on. It has
to be noted that the support material should be ferromagnetic and not permanent
magnetic, as the particles should only aggregate in presence of a magnetic field.
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Figure 2-16: Immobilization of enzymes as CLEAs. Left: free enzymes. Middle: precipitated
enzymes. Right above: CLEAs; middle: combi-CLEAs; under: magnetic-CLEAs [131].

2.5 Cost estimation

There are numerous techno-economic cost estimations published about
lignocellulose-based bio-ethanol production, and a few about lignocellulose based
lactic acid production. Seven of them are summarized in Table 2-8.

Kazi et al. calculated, after a detailed cost estimation, including pioneer-nt" plant and
uncertainty analysis, a minimum ethanol selling price (MESP) of 0.37-0.50 S/kg [132].
When they compared the price to literature, it was visibly higher than nearly all other
cases even, after adjustment by the consumer price index (see Figure 2-17). There are
two significant factors behind this. The first one is that enzyme prices are lower in
literature, i.e. 10-30 % of the value used in the analysis by Kazi et al. [132]. The second
factor is the capital cost, as a rather conservative/old technology was studied by Kazi
et al., while, in literature, generally advanced technologies were investigated (SSF,
SSCF, CBP) that are expected to have lower CAPEX due to process integration. This
example shows the major problems in cost estimation comparison, as the concrete
process design and the price of the starting materials, especially the enzymes, vary
greatly.
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Figure 2-17: Example of calculated ethanol prices from Kazi et al. [132].

Liu et al. published a techno-economic assessment for lignocellulose based lactic acid
production [71]. Several interesting and novel steps were incorporated, most notably
SSF with high solid loading, biodetoxification [133] and extreme high solid loading
pretreatment The overall yield was 71 m/m% lactic acid from the starting carbon,
which is considered realistic. A selling price of 0.62-1.17 $/kg lactic acid was calculated.
To counter the controversies with the actual enzyme prices, the selling price was
calculated with a range of cellulase prices. Modifying the cellulase price to the one
estimated by Klein-Marcuschamer (10.14 $/kgprotein), the production cost of lactic acid
is still as low as 0.8 $/kg, with the cellulase contributing to 0.355 $/kg lactic acid (44 %)
and the feedstock 0.237 $/kg lactic acid (30 %).
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Table 2-8: Summary of seven techno-economic cost estimation articles.

Raw MPSP Enzyme Enzyme Enzyme DM Enzyme conc Cost breakdown [%]
REF | Product material Pretreatment [$/kg] unit price activity conc [prot [%] in broth
[$/Kgprotein]  [FPU/gproduct] m/m%] [m/v%] Feedstock Enzyme
[132] | Ethanol Cornstover  Dilute acid at 0.74 5.00 60 10 20 5.04 35 21
high solids
[134] | Ethanol Grainand  Steam explosion 0.69-  2.05,3.42  goassumed 10assumed 12* 2.4,
straw 0.77 S/MFPU** 1.2kFPU/I
[135] | Ethanol  Softwood ~ Twostageacid 070  1.52,2.53  g0assumed 10assumed 8.4* 2.4, 33 15
steam explosion S/MFPU** 1.2kFPU/I
[136] | Ethanol Corn stover Dilute acid 0.72 4.24 5 20 4.8 34 16
pretreatment
Corn stover,  gyifyr dioxide 0.59- 1.52,2.53 2.44,1.35
137 Eth | : e 1 * o -4 12
[137] | Ethanol  hardwood,  gteam explosion  0.71  $/MFPU** 60assumed 10assumed 9 kFPU/!I 38-46
softwood
[138] | Ethanol Sugarcane  Phosphoricacid (.80 5.00 20 15* 3 33 24
bagasse steam explosion
Lactic Steam explosion  0.62 5.07 38 29
[71] acid Corn stover at high solid 0.80 10.14 135 9 30 4.08 30 45
loading 1.17 23.30 20 62

*Qriginal values in water insoluble solid (WIS), DM usually higher, **Original prices were given in $/MFPU, thus $/kg prices were calculated assuming FPU values.
g y hig g p g gp g

MPSP=minimum product selling price, Enzyme activity is the activity of the liquid enzyme product, Enzyme conc is the protein concentration of the liquid enzyme

product, DM is the dry matter in the fermentation broth, Enzyme conc in broth is the concentration of liquid enzyme product in the fermentation broth.
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2.5.1 Substrate

The price of the substrate used in lignocellulose-based refineries is expected to be
volatile: agricultural products (stover, bagasse) are seasonal as they are “produced”
strictly during harvest, thus seasonal cycles will appear from the supply side. However,
wood bioresources are used significantly for heating during winter, thus cycles in
availability can originate from the demand side.

Raw material prices, as estimated by Kazi et al., correspond to 35 % of total production
costs of ethanol [132]. Chandel et al., estimated the biomass costs to be 34 % of overall
costs of ethanol production [139]. It can be concluded that generally estimations state
that feedstock is responsible for about one third of the production price (see Table
2-8). Ethanol FOB (free on board) selling price was 0.424 $/I+ 5 % in 2018 [140].
Calculating with a density of 0.8 kg/I and theoretical yield of 51 % kgethanol/KEglucose, this
gives 0.27 $/kggiucose revenue from selling ethanol.

As for ethanol production, estimations showed that the carbon source represents
around 34 % of the final production price of lactic acid, assuming wheat flour based
fermentation where the wheat’s own hydrolyzing enzymes (amylase,
amyloglucosidase and a protease) were necessary [59]. Other authors estimated this
number much higher, i.e. 70 % of production costs in a corn based lactic acid
production comes from substrate cost [71]. The lactic acid market price is about 1.5
S/kg [141]. Calculating with a theoretical yield of 100 % Kgiactic acia/K8giucose, this gives 1.5
S/Kggiucose revenue from selling lactic acid.

Theoretically, lignocellulose-based ethanol and lactic acid production will only be
economically viable if the production price will be lower or equal to the current selling
price of the same products based on simple sugar (starch or sucrose). Practically,
governmental interaction, such as tax reduction can also play a role, but the best
scenario would be if the process is viable on its own, without external support.

As expected, most published techno-economic analyses estimate the selling price of
the product, incorporating fermentation also. It is also fairly easy to investigate how
much an actual substrate does cost, i.e. as of September 2018 on, the current price for
white sugar in the EU is 400 $/ton (between 380 and 480 S/ton in the past year [142]).
In September 2018, the corn maize price was 213 S/ton (170-228 S/ton) [143] and
poplar wood about 80 $/dry ton (50 % glucan, 20 % xylan). However, the optimal steps
to arrive to fermentable sugars from different substrates can be very different. A
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recent study investigated the costs of sugars in case of different biological substrates
[144]. The market price of raw carbohydrates, thus calculating with the price of the
raw biomass and taking the sugar concentration in the material itself into account,
increases from sugar cane = eucalyptus < softwood = hardwood < switchgrass < pulps.
Different pretreatments are optimal for different materials. Hardwood, like poplar,
obtains best results with autocatalyzed steam explosion. Several scenarios were
investigated: different pretreatment techniques with power generation or
pelletization from the residues, collocation with craft pulp mill or green field
investment. The best outcomes are summarized in Table 2-9. The cheapest option is
sugar cane, but only in Latin America. In the northern hemisphere, corn grain is the
most cost-effective carbohydrate source, while Eucalyptus, hardwood and softwood is
currently more expensive with 13, 19 and 25 % respectively in case of co-location.

Table 2-9: Minimum sugar revenue for different sources and scenarios [144].

Minimum sugar
Feedstock Pretreatment Residue Location revenue
[$/ tcarbohydrate]
Sugar cane Hot water Power )
] ] ) ] Co-location 153
(Latin America) extraction generation
. Hot water )
Corn grain ) Pellets Co-location 229
extraction
Steam .
Eucalyptus ) Pellets Co-location 258
explosion
Steam .
Hardwood ) Pellets Co-location 272
explosion
Steam
Loblolly pine explosion with Pellets Co-location 287
acid catalysis

2.5.2 Pretreatment

As was discussed in Section 2.3.1, there are numerous possible pretreatment
techniques, but from an economic point of view, very few are interesting. Basic
physical (chopping) pretreatment is always needed until chip sizes of a few cm, but not
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further, as costs rise sharply with further size reduction and further non-physical
pretreatment often decrease the size too [145].

Almost all published techno economic analyses use aqueous, thermal pretreatment
with/without diluted mineral catalysis (see Table 2-8), because of three reasons, i.e.,
the relatively simple process configuration (stirred tank), the cheap chemical catalysts
(water, acid or base) and since there is no catalyst recovery setup as diluted chemicals
cannot be recycled efficiently. The choice of catalysts is limited by their utilized
amounts and costs; usually the most common chemicals are used in low as possible
concentrations. The acid catalyst is usually sulfuric acid (0.2-0.3 $/kg [141]), or
sometimes hydrochloric acid (0.2-0.25, 30 % [141]), but halides should be avoided to
allow simpler waste treatment. For example, using 1 m/v% sulfuric acid during steam
explosion would cost 0.25/1000= 0.025¢/I, which could fit in the process. From the
possible alkali, lime is favored for its low cost (0.15 $/kg [141]), and because it can be
precipitated with sulfuric acid. Sodium and potassium hydroxide are more expensive
(0.3 and 0.4 S/kg [141]) and they remain solubilized in the liquid phase after
neutralization increasing osmotic pressure and possibly hindering fermentation.
Ammonia can also be an interesting alkali, although it is often less efficient than lime
and more expensive (0.55 $/kg [141]), but it can be directly utilized as nitrogen source
for the fermentation in the later process, thus decreasing nutrition costs.

If the pretreatment temperature is significantly above 100 °C, the equipment has to
be pressurized, as an aqueous environment cannot be heated over the boiling point at
atmospheric pressure. Pressurized treatments are appealing in general; although the
equipment is more expensive, the treatment time decreases sharply with temperature
and part of the utilized heat energy can be recycled. Reducing the pressure suddenly
after pretreatment (e.g. explosion), instead of slow decompression, causes increase in
sugar yield during the subsequent hydrolysis step [25].

Steam explosion (SE) and its varieties are the combination of the mentioned
parameters: low-cost catalyst, high temperature/pressure and sudden
decompression. Most published cost estimations use a kind of SE (see Table 2-8),
although naming can be different, the process description resembles steam explosion.
It is already commercialized, and most authors refer to it as currently the best
pretreatment method for straw, hardwood and softwood [144]. The equipment has a
simple design in the base case: it is a pressurized tank without stirring, combined with
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a high-pressure valve for sudden decompression (see later Figure 3-2). The CAPEX
connected to it are significant because of the resistant design (high
temperature/pressure, possibly acidic pH) and the steam needed for heating.

Industrial experts say that the typical dry concentration of the lignocellulose material
after steam explosion is around 20 %, without stirring in the equipment. However,
some cost estimations start from over 30 % of solid loading for SSF [138], which means
that the steam explosion has to be performed at 30 % solid loading, or an extra
centrifugation step is needed after pretreatment. Research on steam explosion was
done at higher dry mass concentrations also (50 %) with a pretreatment technique
called dry dilute acid pretreatment (steam explosion equipped with a helical stirrer)
[28], [71], but it is not yet industrially utilized. It was found that in case of dry dilute
acid pretreatment, active mixing is necessary for efficiency; furthermore, higher (70 %)
dry content damaged the bearings around the axis due to the extreme high viscosity.

A more detailed explanation about the dry dilute acid process is necessary to
understand the influence of stirring on the practical feasibility. In an industrial setting,
steam explosion equipment is already at (or close to) the working temperature from
the previous batch. The input stream of wood is heated up until about 100 °C, and not
higher, as above this, the water will boil and it will dry the material rather than heat it
up. Further heating in the reactor is done by introducing higher temperature saturated
steam; the vapor will condense and heat up the system with its latent heat. This is the
reason why the energy demand of steam explosion is greatly affected by the dry
matter content of the input substrate [137]. The freshly cut poplar will already have a
moisture content of 50 % but can go down to 10 % if it is air dried for a year, of course
this would increase storage costs. To keep the water content low, the amount of steam
that can be introduced to the system is low, the resulting mixture will be rather a solid
than a liquid, active stirring is needed for homogenization. Active stirring means that
a rotating agitator has to be in the reactor. The motor itself can be placed outside of
the reactor; however, the point where the axis enters the reactor will be subjected to
a pressure difference (value between atmospheric pressure and the treatment
pressure) and it will be prone to extreme pressure changes during explosive
decompression. The motor can be placed also inside of the reactor, this way the
pressure difference will be approximately zero, but it will be at 100-200 °C, possibly in
an acidic environment. Both solutions could be costly, and would most probably need
intensive maintenance.
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Wingren et al. estimated the cost of the steam explosion, excluding steam generators,
to be around 15 % of the total capital cost of the softwood-to-ethanol refinery [146].
Chandel estimated the pretreatment to be responsible for 17.5 % of the overall costs
of bioethanol production [139].

2.5.3 Hydrolysis

In general it can be said that for hydrolysis the enzymatic route is preferred over acid
catalysis in the long term [135]. In this scenario, the enzyme is responsible for the
major part of the costs, as no high temperature/pressure or extra chemicals are
needed. However, enzyme price determination/estimation alone can be a very difficult
task. Typical hydrolysis final sugar concentrations (titers) are 40-50 g/| glucose when
starting from steam pretreated biomass [27] and dependent on the solid and enzyme
loading. An option to increase the fermentable sugar titers is to utilize the crops (corn,
grain) as whole, as after lignocellulose hydrolysis is inhibited, starch can be further
hydrolyzed to sugars [134]. The equipment used for hydrolysis is rather standard
except for the stirring of viscous mixtures at the high solid loadings. As recent
publications deal with solely SSF instead of SHF [71], [134], [136], [138], exact
machinery will be discussed in Section 2.5.4.1.

2.5.4 Fermentation

Fermentation itself is a relatively simple process as it is performed at ambient
conditions (temperature, pressure); however, there are a number of parameters that
increase its costs. Most of the chemicals used in the overall lignocellulose-to-chemicals
process will be used here: nutrients for the microorganism, conditioning of the broth
(pH, antifoam), carbohydrates during inoculum preparation. In case of lactic acid
fermentation there is an extra consumption of lime for the neutralization of the
formed acidic product. The reactor itself is also a simple stirred tank, however since
the fermentation is relatively long, it has to be much bigger in dimension than the
pretreatment reactor. There are also significant auxiliary systems needed for
fermentation: pH/temperature control (sensors and piping), train of seed tanks for
inoculum preparation.

2.5.4.1 SSF

As SSF is the combination of hydrolysis and fermentation, considerations about the
cost for both processes apply also for SSF. The CAPEX is decreased, as only one reactor
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is needed instead of two in the case of separate processes. The main difference
compared to separate fermentation is the required viscous stirring, as the mixture will
contain 15 % dry content or more. Possible setups are screw mixers, helical mixers, or
mixers with extended rotational arms. During hydrolysis the fibers break down, leading
to a less viscous material, hence the mixing is crucial at the start of the SSF [147].
Optionally a prehydrolysis can be applied, where the slurry will be partially hydrolyzed
which will decrease viscosity to the extent that the material can be handled as a
classical liquid [138]. The CAPEX for fermentations were estimated 30 % more than
steam explosion by Gubicza et al. [138], 10 % more by Wingren et al. [146] to 40 %
less by Hoyer et al. [148], but the exact cost will depend on the applied design, of
course. More advanced setups (SSF) are typically estimated to result in lower CAPEX
[148].

2.5.5 Downstream processing

2.5.5.1 Ethanol

Ethanol purification is done by distillation techniques in technically all industrial
applications. The process is simple, but its energy demand is a serious drawback.
Pervaporation is also a possibility, but it is not commercially in use yet [139], although
there are already techno-economic analysis proving that most probably it will be the
dominant technology in the future [148]. The utilization of ceramic membranes for
pervaporation has been reported to be successful for the filtration of cell biomass and
for the removal of ethanol during the fermentation simultaneously [44]. After
distillation a further dewatering step is needed, typically with a molecular sieve [149],
before the ethanol can be used as a fuel for combustion engines.

It has been shown that under 40 g/l ethanol concentration the distillation is not
energetically feasible because, in that case, 35 % of the heat that can be gained by
burning the purified product is needed for purification. At 120 g/l ethanol
concentration, this value is only 12.6 % (see Figure 2-18) [149]. Industrial experts
indicated that 50 g/| ethanol is to be achieved after fermentation for realistic viability
of the process [148].
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Figure 2-18: Energy demand of ethanol purification at different product concentrations
[149].

2.5.5.2 Lactic acid

Lactic acid purification is much more complex, thus more expensive, contributing for
approximately 50 % of the overall product selling price [150]. During purification
gypsum is formed in 1:1 mass ratio, thus lime and sulfuric acid alone accounts for
approximately 0.2 $/kg of the product price [141]. Purification contains two thermal-
energy demanding steps: heating up the broth after raising the pH, e.g., lime addition,
and evaporation of water (and other compounds) later. As sulfuric acid addition after
liming generates significant heat, part of the energy can be instantly used. Final
purification is done by crystallization, where according to industrial experts minimum
100 g/l product concentration is needed [71].

2.5.6 Detoxification

There is no defined maximum cost for detoxification, but it should as low as possible.

The detoxification cost is also strongly dependent on synergies between hydrolysis,

fermentation and downstream processing. For example, if during detoxification extra
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compounds are removed, this can decrease post-processing costs, but this will be
difficult to quantify. The gain in fermentation time or the decrease in the needed
inoculum amount because of less toxic broth can be easier understood, investigated
and calculated. Assuming a fixed fermentation tank, the needed fermentation time is
the reciprocal of the annual production, hence the annual income [151]. A smaller
fermenter tank will decrease CAPEX. The maximum inoculum size is around 20 v/v%,
typically 5-10 % [71]. The inoculum is usually grown on glucose or sucrose in a seed
train [136]. The amount of needed glucose or sucrose, in general, will increase linearly
with the inoculum size, and increase the material costs. Thus, smaller inoculum size
will decrease variable costs and CAPEX alike.

The synergy of detoxification with hydrolysis is the easiest to quantify (see Figure
2-19). Taking as an example an ethanol selling price of 0.74 S/kg and an enzyme
contribution of 21 % from Table 2-8 [132], then the enzyme cost is 0.1554 $/kgethanol.
Taking a theoretical 0.05 $/kgethanol detoxification cost, then the cost of cellulase and
detoxification together is 0.2054 $/Kgethano, When assuming no interaction in the
scenario that the detoxification would result in 20 % cellulase activity reduction, then
25 % more cellulase would be needed (1/0.8=125 %) to achieve the same conversion.
This means an increase of 0.039 $/kgethanoi, thus the effective cost of detoxification
would be 0.089 $/kgethanot, Which is an increase of 79 % compared to the scenario with
no interaction. On the other hand, if the detoxification would increase cellulase activity
by 20 %, calculating with the same values as in the previous example (1/1.2=83 %), the
needed cellulase amount can be decreased by 17 %, causing an additional savings of
0.026 $/Kgethanol. This would mean that the effective detoxification cost is 0.024
S/Kgethanol, i.€., 48 % lower than in the no interaction scenario. In theory, it is even
possible that the effective detoxification cost becomes negative. Thus, it is shown that
taking into account the synergies between hydrolysis and detoxification is very
important.

Cavka et al. provided an example cost estimation for detoxification with sodium-sulfite
detoxification in case of acid catalyzed steam exploded spruce based ethanol
production [70]. The calculations showed that, in case of SSF with 12.5 % solid loading,
12.5 mM added sulfite increased cellulase activity and decreased the needed inoculum
size. This concentration represents approximately 1.5 g/l, which corresponds to 0.02
S/lethanol, that is 0.0253 S/Kgethanol. INoculation volume was decreased by 80 %, e.g. 1 g/!
from 5 gyeast/lbrotn, and cellulase activity was increased by 30 %. According to their
calculation, altogether the treatment would reduce the final selling price of ethanol by
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0.13 $/lethanol OF 0.16 $/kgethanol. Here, the sustainability aspects of the process should
be mentioned. Sulfite would be used in significant quantities, calculating with 50 g/|
ethanol titer and 1.5 g/I added sulfite, 3 m/m% of sulfite would be consumed
compared to the mass of the product.

Effective cost I — Detox
l )

- detox
I = Detox Effective cosz{ .
[ - detox . } Detox

~ Cellulase

> Cellulase
~ Cellulase

—_ ] L1 _

No interaction 20 % inhibition 20 % enhancement

Figure 2-19: The evolution of effective detoxification cost in function of hydrolysis-
detoxification interactions.

2.5.7 Conclusions

The expected/estimated contributions of some sub-costs to the minimum product
selling price are summarized in Table 2-10. Downstream processing is not included as
it significantly differs between ethanol and lactic acid. Both pretreatment
(hydrothermal processes are meant here) and downstream processing are mature
technologies, where significant cost changes are only expected from new technologies,
i.e., organosolv for pretreatment or pervaporation for ethanol purification or electro
dialysis for lactic acid downstream processing. Estimations vary based on technical
parameters, i.e., the utilized material depending on pH, but besides that, lead to
similar results. Substrate costs are completely market driven, ongoing investigations
focus on estimating the future price, based on the demand growth, like the Billion-ton
report [152]. By far the cellulase enzyme cost is the most uncertain, as neither the
exact unit price, or future activity is known. Moreover, the inhibitors in the hydrolyzate
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also inhibit the cellulase, thus detoxification can and will influence the needed

cellulase amount.

Table 2-10: Summarizing the expected contribution of different sub-costs to the minimum
selling price. Downstream not included, as it is significantly different for ethanol and lactic

acid purification.

Contribution to

production costs Uncertainty Cause Research
[%]
Market .
. Better price
Substrate 30-40 Moderate price o
. prediction
fluctuation
Mature New
Pretreatment 15-20 Low i
processes technologies
Future
Cellulase . o Increase
15-45 High activity .
enzyme i activity
uncertain
Mature New
Downstream - Low )
processes technologies
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Chapter 3 LACCASE DETOXIFICATION:
CHARACTERIZATION AND METHODOLOGY

3.1 Introduction

Laccase is known to decrease the phenolic inhibitor concentration in lignocellulosic
hydrolyzates in a ‘so-called’ detoxification process (see Section 2.4.3), more specifically
its biological/enzymatic means. Laccase detoxification was extensively studied before
in literature, but its aspects concerning industrial applications are mostly missing:
robust/simple measurements for monitoring and quantification, correlation between
standard measurements and real substrates, and screening methods.

Fungal laccases tend to have a higher redox potential compared to that of bacterial
origin, which makes them capable to oxidize a wider variety of substrates [153]. Steam
exploded wheat straw was detoxified by bacterial laccase from Streptomyces
ipomoeae. Treatment was performed at pH 8 and 50 °C for 24 h. A comparable
treatment with Trametes villosa laccase was performed at pH 4 and 30 °C for 24 h.
Experiments were conducted with solid fraction suspended in buffer. The added model
inhibitors were vanillin, syringaldehyde, and p-coumaric and ferulic acids, from which
bacterial laccase only reacted with syringaldehyde and ferulic acid, while fungal laccase
removed also vanillin and p-coumaric acid. The results showed that phenols that are
easier to oxidize tend to go through polymerization, while the others are more in favor
to grafting (propagation of radicals, thus attaching to solid lignin if present). This is the
reason why in case of fungal laccase treatment a slight increase in lignin content is
reported. Similar results were reported by Kolb et al., i.e. Trametes versicolor laccase
removed syringaldehyde, p-coumaric acid and ferulic acid in an hour, while vanillin was
only removed after 24 h treatment, and 4-hydroxybenzaldehyde (HBA) did not vary its
concentration within 1-week reaction time in the presence of laccase [154]. They
achieved these results with single model phenolic substrates; however, when real
hydrolyzate was used all soluble phenolics were removed to some extent, indicating
that the formed radicals can react with HBA and vanillin, thus achieving some removal.

The results of De La Torre et al. showed that fungal laccase decreased phenolic content
by 70-75 %, while bacterial laccase only with 35-37 % [153]. Similarly high phenolic
removal rates were reported before with fungal laccases: e.g. 76 % when steam

exploded rice straw was treated with Coltricia perennis laccase [155], and 92-95 %
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when steam exploded wheat straw was treated with P. cinnabarinus laccase or
Coriolopsis rigida laccase [156]. Bacterial laccase typically yields lower phenolic
removal, 20—21 % in case of steam exploded wheat straw and MetZyme laccase [157].
It is visible in Table 3-1, that fungal laccases have much higher phenolic reduction,
typically >70 %, than those of bacterial source, with removal around 20-30 %.

Table 3-1: Overview of articles published in laccase treatment of lignocellulosic
hydrolyzates, references in original article [158].

Pretreated Laccase .
. Effects Benefits Produced
Material | Treatment
Steam- L. . . .
. Coltricia Removal of phenolic Increased saccharification yield by 48
exploded rice .
perennis compounds by 76 % %
straw
Removal of phenols .
. . P . Improved the fermentation
Pycnoporus identified (vanillin,
Steam- . . . . performance of Kluyveromyces
cinnabarinus syringaldehyde, ferulic . L
exploded . ) . marxianus CECT 10875, shortening its
wheat straw or Trametes | acid and p-coumaric acid) lag phase and enhancing the ethanol
villosa by 93-95 % with both gp . g
yields
laccases
Removal of phenolic
Higher yeast growth, glucose
SO2 steam- compounds (93-95 %), gheryeast g 8
Trametes . L consumption rate, ethanol
pretreated . revealing an oxidative .. . .
. versicolor . . productivity and ethanol yield using
willow polymerization mechanism ..
. Saccharomyces cerevisiae
by SEC analysis
. . Ethanol yield produced by S.
Dilute acid . Y P . y
. cerevisiae comparable with that
steam- . Removal of phenolic . e . .
T. versicolor obtained after detoxification with
pretreated compounds by 93-95 % -
soruce anion exchange chromatography at
p pH 10
. . Improved the fermentation
Commercial | Phenol reduction of 18 % proved the fe e. tatio
Steam- bacterial (laccase alone) and 21 % performance of K. marxianus CECT
(] .
exploded . 10875 during SSF and PSSF processes,
laccase (simultaneous laccase and ) .
wheat straw e . shortening the adaptation phases and
MetZyme® presaccharification) L
the overall fermentation times
. . Reduction of the toxic effects on S.
Water and T. versicolor Removal of phenolic . L
. ) ) cerevisiae, resulting in higher yeast
acid- or Coriolopsis | compounds by 93-95 % .
. L ; growth and improved ethanol
impregnated rigida with both laccases .
production
steam-
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exploded
wheat straw

Steam-
exploded
wheat straw

Steam-
exploded
wheat straw

Steam-
exploded
sugarcane

bagasse

Steam-
exploded
sugarcane

bagasse

Alkali-extracted
sugarcane
bagasse

Acid
hydrolyzed
from sugarcane
bagasse

Steam-
exploded
wheat straw

Steam-
exploded
wheat straw

Steam-
exploded
wheat straw

P.
cinnabarinus

P.
cinnabarinus

T. versicolor

Ganoderma
lucidum
77002

Aspergillus
oryzae

Cyathus
stercoreus

P.
cinnabarinus

P.
cinnabarinus

P.
cinnabarinus

Phenol reduction around
67 % (laccase alone) and
73 % (simultaneous
laccase and
presaccharification)

Removal of phenolic
compounds by 95 %

Approximately 80 % of the
phenolic compounds
removal

84 % of the phenolic
compounds in
prehydrolyzate

Not observed

Reduction of 77.5 % of
total phenols

Phenol reduction around
44 % (laccase alone) and
95 % (simultaneous
laccase and
presaccharification) at 12%
(w/v) of substrate loading

Reduction of total phenolic
compounds by 50-80 %

Approximately 73-81 % of
the phenolic compounds
removal
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Laccase detoxification allowed to
obtain ethanol concentrations and
yields with K. marxianus CECT 10875
comparable to those obtained with S.
Cerevisiae

Improvement of cell growth and
ethanol production of S. cerevisiae
during SSF process

Improvements in ethanol yield and
ethanol volumetric using a xylose-
utilizing S. cerevisiae

Ethanol yield was improved when S.
cerevisiae was used on detoxified
prehydrolyzate

Laccase improved the fermentation
efficiency by 6.8 % for one-pot SSF
and 5.7 % for SSF

Improvements in the performance of
Candida shehatae NCIM 3501

Laccase detoxification triggered the
fermentation by K. marxianus of
steam-exploded material at 12 %

(w/v), resulting in an ethanol
concentration of 16.7 g/l during SSF
process

Laccase detoxification allowed the
fermentation of pretreated material
at 20 % (w/v) of substrate loading
using the evolved xylose-consuming
yeast S. cerevisiae F12, producing
more than 22 g/l during SSCF process

Laccase detoxification improved cell
viability of the evolved xylose-
recombinant S. cerevisiae KE6-12, and
increased the ethanol production up
to 32 g/l when fed-batch SSCF process
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Steam-
exploded
wheat straw

P.
cinnabarinus

T. versicolor
expressed in

Phenols removal by 53 %
during simultaneous
laccase and
presaccharification at 25 %
(w/v) of substrate loading

was used at 16 % (w/v) of substrate
loading

Ethanol production of 58.6 g/l at 48 h
with detoxified material at 25 % (w/v)
of substrate loading during PSSF
process with S. Cerevisiae

Dilute-acid a Reduction of low- Laccase-producing transformant was
spruce . molecular of phenolic able to ferment at a faster rate than
recombinant
hydrolyzate .. compounds the control transformant
S. cerevisiae
strain
T. versicolor
immobilized Higher phenols removal
Organosolv on both & o P .. . Better performance of Pichia stipitis
. (82 %) efficiency with . . I
pretreated active . s during fermentation and reusability of
. laccase immobilized on . .
wheat straw epoxide and . . . immobilized laccase
: active amino carrier
amino
carriers

T. villosa or a

Phenol content reduction

Steam- bacterial . Improvement performance of S.
of 29 % and 90 % with P .. p
exploded laccase from . Cerevisiae during SSF and PSSF
bacterial and fungal
wheat straw | Streptomyces . process
. laccases, respectively
ipomoeae

SEC, Size exclusion chromatography; SSF, simultaneous saccharification and fermentation process;
PSSF, presaccharification and simultaneous saccharification and fermentation process; SSCF,
simultaneous saccharification and co-fermentation process. Generally, laccases source is fungal,
except in those cases where it is indicated.

3.2

Problem statement and goal

This chapter describes/develops the global measurement techniques applied
throughout the PhD research, namely UV monitoring of laccase detoxification (new in
the field, Section 3.3.1.2), simplified overall phenolic/inhibitor concentration HPLC
measurements (major changes compared to literature, Section 3.3.1.1), structural
carbohydrate content measurements (minor changes compared to literature, Section
3.3.2.2) and sugar/fermentation products concentration measurements (as in
literature, Section 3.3.2.1). Furthermore, a general technique is developed for laccase
screening by comparing standard laccase activity measurement (Section 3.6.1),
vanillin-laccase reaction as a model substrate (Section 3.6.2) and XRF-laccase reaction
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as a real substrate (Section 3.7). Except for vanillin-laccase reaction, the others were
reported before, but the comparison was not done yet (Section 3.8).

The other experiments were all reported before, but they are necessary to perform to
set the parameters/provide substrate for further experiments, namely autocatalyzed
steam explosion (SE) of poplar wood and its partial optimization (Section 3.4),
enzymatic hydrolysis of the substrate (Section 3.5).

3.3 Measurement techniques

In this section, the elaboration of all XRF and SF related measurement techniques is
detailed. For each compound or group of compounds, first an overview of the possible
measurements techniques is provided and it will be indicated why the specific
technique was chosen. Later on, in the following chapters, only a brief description has
been given in experiments where they were used.

3.3.1 Phenolic content measurement

In literature, several techniques to measure the phenolic content have been described.
Most often, high-performance liquid chromatography (HPLC) with UV detection [154],
[159], [160], mass spectrometry (MS) detection [161] or Folin—Ciocalteau method
[162], [163] were applied, while visible (VIS) spectroscopy is usually reported for the
phenolics that have an absorbance at visible wavelength (dyes) [164]-[166]. Each
technique has its own strengths and weaknesses. Folin’s method requires the addition
of reagent, it does not provide information about the separate phenolics and it
interferes with proteins and some other compounds, but the measurement is
relatively fast and easy. VIS measurements are only useful for colored compounds, but
it is an instantaneous measurement that does not require sample preparation (except
filtration and/or sample dilution). Here it must be noted that since UV (254 or 280 nm)
is relatively selective for condensed aromatic rings, it can be represented as the “color
of the aromatic ring”, as it is used in the same way as a VIS method. Interfering
compounds are furans, proteins, non-phenolic aromatics and in general, everything
that has a condensed ring, but it is not a phenolic inhibitor. HPLC methods are capable
to separate different compounds, however, filtration is always needed (sample
preparation), the measurement time is long, the equipment price and maintenance
cost are higher and it is not trivial to determine the total phenolic concentration. HPLC-
UV is more robust and has a lower cost than mass spectrometry (MS), however it needs
standards for qualification and in general provides less information than the use of
online libraries for MS chromatograms.
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In this work, HPLC (two methods) as well as standard absorption at 280 nm were used
for phenolic content determination, mainly because of availability and simplicity.

3.3.1.1 HPLC-UV measurements

A number of publications report HPLC-UV techniques for phenolic concentration
determination. The most often a simple C18 column is used, which is a common, robust
and low-cost column [154], [159]—[161], and a methanol/aqueous mobile phase, with
the aqueous phase containing acetic acid [159], [160] or sometimes other dissolved
compounds [154], [161]. Detection was at 254 nm [167], 280 nm [154] or at a range of
190 to 550 nm [160].

A number of compounds are reported to be found in steam exploded poplar
hydrolyzates, i.e. p-hydroxybenzoic acid (HBA) and aldehyde, syringic acid and
aldehyde, vanillin and vanillic acid [154], but it is evident that since steam explosion is,
as a high temperature/pressure cracking, a non-selective process, all derivatives of
these products are also found in the hydrolyzate [163]. Identifying them all is hard and
time consuming. Nilvebrant et al. reported an HPLC-UV method for phenolics analysis
in lignocellulosic hydrolyzates [107]. They defined the amount of phenolics as the sum
of the area of peaks eluting after the furan peaks. Without further analysis of the
products, this gives a summarized phenolic amount present in the sample.

Method

The technique of Nilvebrant et al. was modified for all inhibitor concentration HPLC
measurements [107]. Samples were filtered through a 0.45 pum syringe filter, analyzed
immediately or kept at -20 °C. HPLC-UV (Shimadzu SPD-M20A diode array detector,
Shimadzu corp., Kyoto, Japan), with methanol and 1% v/v acetic acid solution (Sigma-
Aldrich Corporation, St. Louis, MO, USA) as a mobile phase on a Luna 5 um C18(2) 100
A column (Phenomenex, Torrance, CA, USA) was used. Every analysis was performed
at 1 ml/min flowrate.

For HPLC analysis, two different mobile phase gradients were used, with methanol and
1 % v/v acetic acid solution. Gradient A (fast method) was applied to have a fast
analysis and to determine the total phenolics, as they elute as a region of unresolved
peaks after the 5-(hydroxymethyl)-2-furaldehyde (HMF) peak. The gradient profile was
0-5 min 10 % methanol, 5-9.3 min gradient to 84.5 15.5 %, 9.3-9.4 min gradient to 100
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%, 9.4-17 min 100 %. With Gradient B (detailed method, Figure 3-1), the elution was
slower and it was used for detailed analysis of the samples with adequate peak
resolution. The gradient profile was 0-15 min 10 %, 15-55 min gradient to 30 %, 55-
70.1 min gradient to 100 %, 70.1-80 min 100 %.

In all the measurements, compounds are quantified in vanillin or syringaldehyde
equivalents, which mean that it is respectively the concentration of vanillin or
syringaldehyde that has the same UV absorbance as the compound. The absorbance
at 280 nm corresponds to the m = nt* transition of the aromatic ring [168]. As phenolic
inhibitors are small molecules, most of them have one aromatic ring.

Tme 76.112° Inten 2519
4000000
3 m
. Ch2 2@om dom
Secober PDA Chg 280nm énm
2000000

1000000

550000~
S0nm.4nn}

5000¢ h2 280nménm

450000

400000 N ’

350000 ‘
300000 ‘

250000+

|
|
[ ]
2000004 { {
150000 '

100000 J KL( | ‘ i
| | {
50000} | ’( { | |l | 3
e, oS D /\‘ a 4 f\_‘\,__ . LZ\J\\J\/-MA/‘-N\_._&A}\_QS | %
T T T T "_'—'_|_I -
25 250 a5 300

T T T T T T
75 100 125 150 175 200

25 min

Figure 3-1: Detailed phenolic analysis using HPLC-UV method B.

3.3.1.2 UV Spectrophotometric measurements

A simple UV measurement can also give information about the phenolic content. It is
a fast and low-cost method, but a number of products can interfere, with most
importantly, the proteins and furans. If laccase reacts selectively with the phenolics in
a sample, leaving every other UV absorbing compound unaffected, the absorbance
change will be caused solely by the decrease of phenolic concentration [169]. If also
other compounds are removed during detoxification (for example furfural), the UV
absorbance can be used to determine the end-point of the reaction, but no
information of the quantity/quality can be drawn. It had been noticed that, due to
deprotonation of the phenolics, their spectra were usually dependent on the pH.
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Method

For laccase-XRF analysis the sample was filtered through a 0.45 um syringe filter,
diluted 125 times (200 pl in 25 ml) with a NaOH pH 10.4 solution to stabilize the pH
and measured by spectrophotometry (Genesys 10UV spectrometer, Thermo Fisher
Scientific, Waltham, MA, USA) at 280 nm.

3.3.2 Carbohydrate concentration measurement

Sugar measurements are strongly needed, as they are the substrates for both ethanol
and lactic acid fermentation; however, their chemical and physical properties make
quantification difficult. Glucose and xylose do not have significant absorbance in UV-
VIS range making detection difficult and the lack of capability for stronger interactions
make their separation challenging. The widest spread methods are the 3,5-
dinitrosalicylic acid (DNS) method to measure the reducing sugars, an enzymatic
method and HPLC analysis. A DNS measurement is based on the reduction of the added
DNS reagent, while the aldehyde function of reducing sugars is oxidized [170].
Enzymatic methods are based on the enzyme’s selective reaction with one of the
sugars resulting in colorimetric change, for example the oxidation of glucose by glucose
oxidase. The measurement is selective to glucose; however, the enzyme kit is
expensive. HPLC is the most widespread method as it gives selective and easily
qguantifiable results, however special columns are needed [68], [171]. After
derivatisation of sugars, more measurement techniques become available, such as GC
or alternative HPLC methods with common columns [172], however it requires an
extra step and rather expensive equipment will still be needed.

3.3.2.1 HPLC-RI measurements

As mentioned before, it is difficult to separate sugars due to their inert nature. Two
widespread columns are available: i.e. amine (HILIC) and a gel type H* cation exchange
column (sugar column). Amine columns are cheaper, however often gradient elution
is needed which makes Refractive Index (RI) detection difficult [173]. On the other
hand, gel type sugar columns (Biorad [174], Transgenomic [175]) work with a single
eluent in isocratic mode, measure all substrates and (side)products, both for
fermentation and hydrolysis (glucose, xylose, acetic acid, methanol, ethanol and lactic
acid) and no sample preparation is needed, only dilution and filtration. The drawback
is the cost (around 1500 €, included guard column) and sensitivity of the column (only

700 injections guarantied). The detection is either refractive-index (Rl, isocratic flow,
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robust), evaporative light scattering detector (ELSD, non-linear, nitrogen is needed) or
electrochemical detector (EC, magnitudes higher sensitivity and price, special eluent).
The separation principle is not fully understood; it is supposed to be a combination of
cation and ligand exchange together with size exclusion.

It has to be noted that gel sugar columns can measure also furans and some of the
phenolics, both with an Rl detector (lower sensitivity) or a coupled UV detector (high
sensitivity), but the retention times are high (around 90 minutes). Mixing acetonitrile
to the aqueous eluent makes it faster [175], however it is not advised by the
manufacturer.

Method

The method given by the HPLC column provider was used without modification. The
measurement setup was a HPLC (Hewlett Packard Series 1050, Palo Alto, CA, USA) with
an ICSep COREGEL 87H column (Transgenomic, Omaha, NE, USA), equipped with a RI
detector (Hewlett Packard 1047A, Palo Alto, CA, USA). The eluent was 8 mM sulfuric
acid in demineralized water, at 55 °C, 0.5 ml/min. First measurements were made with
an attached paper integrator (SHIMADZU C-R3A Chromatopac), afterwards it was
changed to Geminyx software with an AD converter, and finally in-house written
Labview software was used with the AD converter. The appendix contains a section
about the HPLC measurement, as different setups were used.

3.3.2.2 Structural carbohydrate determination in the solid

Before enzymatic hydrolysis of the steam exploded solid substrate, it is necessary to
measure its structural carbohydrate composition in order to calculate the hydrolysis
efficiency and the remaining carbohydrate in the solid. The procedure is according to
National Renewable Energy Laboratory (NREL) analytical procedure [175]. The
principle of the method is a low temperature concentrated acid hydrolysis, followed
by high temperature diluted acid hydrolysis, next to a blank sample. The measurement
itself is a sugar concentration determination with the HPLC-RI method as described
before (Section 3.3.2.1). Based on the obtained concentrations the sample’s glucan
and xylan contents are calculated.

Method

A simplified NREL method is used, where only the glucan and xylan is measured, the
lignin is assumed to be the rest in the sample (thus ashes are also incorporated in lignin
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content) [175]. The biomass sample was washed with demineralized water, and then
dried at 40 °C for at least 24 h. Three parallels were measured for all samples. 300 mg
of the sample was measured in a glass tube and 3.00 + 0.01 ml of 72 % sulfuric acid
was added. A separate glass stirring-rod was used for every tube, initially mixing the
sample until it was thoroughly mixed. The tubes were covered watertight and placed
in a water bath shaker set at 30 = 3 °C and incubated for 60 + 5 minutes. Samples were
stirred every 15 minutes.

Upon completion of the 60 minute hydrolysis, tubes were removed from the water
bath shaker. Pressure tubes were filled with 84.00 + 0.04 ml deionized water (hnumber
of samples +1 tubes were used). The water from one pressure tube was removed, and
the sample, including the material on the stirring rod, was carefully washed in this
pressure tube with water from another one. This was done so the water remaining in
the wet pressure tube is closely constant during every sample preparation. By the end
one wet sample tube remained, which was not used further. The final sulfuric acid
concentration was 4 %.

The tubes were sealed and placed in an autoclave for one hour at 121°C, together with
three sugar recovery standards (SRS) (2 g/l glucose and xylose in 4 % sulfuric acid
solution). After completion of the autoclave cycle, the hydrolyzates were slowly cooled
to near room temperature before removing the caps. Calcium carbonate was added to
the samples until they were foaming, after the foaming stops the pH will be around 7.
After settling, the liquid phase was filtered with a 0.2 um filter and measured for sugars
by HPLC. For calculation of the exact concentrations, the peak areas were normalized
by the areas measured in case of the current SRS standards and multiplied by 2 g/l (the
concentration of the standards). For calculation of structural carbohydrates (glucan
instead of glucose and xylan instead of xylose), the concentrations were corrected by
0.90 and 0.88 respectively (water molecule leaving when polymerized). The lignin
content was assumed the rest of the mass after subtracting glucan and xylan content
by neglecting the ash content, as it is less than a percent in the starting material [5].

3.4  Substrate preparation and characterization

Steam explosion (both autocatalyzed and catalyzed) is considered to be one of the

most promising techniques to actual industrialization, because of easy upscaling, short

treatment time, relative low chemical and energy demand and it is known to be

effective for a wide range of substrates [176]. As the composition of the wood after
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pretreatment varies depending on the treatment type, and several other parameters,
it is important to characterize it prior to experiments [21].

3.4.1 Preparation

Poplar sawdust was donated by the sawmill Caluwaerts in Holsbeek, Belgium. The steam
explosion was performed at Agro-BioTech in Gembloux, University of Liege (Figure 3-2). For
every kg of sawdust, a liter of water was added, because otherwise the product would have
been hard to remove from the reactor. This also decreased the concentration of products in
the liquid phase to some extent (sugars, but also inhibitors). In the initial experiment (SEO0),
treatment was done at 25 bar (224 °C) for 3 minutes before explosion. Later, a wider range
of treatment parameters were applied (

Table 3-2). As it was reported that longer pretreatment times (5-9 min) and lower
temperatures (200-210 °C) are better for hemicellulose recovery [27], the temperature
was decreased in the second session. Three batches (654, 655, 656) were later united
as the ”SE united batch” and used for the bulk of the experiments. It must be noted
that the temperature was steadily rising during the treatment, as the release valve was
not sealing perfectly, except for run 653 (Figure 3-3) where the pressure was kept
constant manually. The integrated severity factor was calculated for every batch [177],
where T is the temperature in Celsius and t is the time in seconds.

t T(©)-100
S=l°91of e 1476 dt
0

Right after the treatment the slurry was centrifuged and stored at -20 °C as separate
liquid (XRF) and solid fractions (GRF or SF). The solid fraction had 49.36+2.79 % dry
content (Figure 3-4). It has to be noted that the XRF composition changed over time
when it was left unfrozen, so the main volume was kept in three-liter batches,
defrosted once, partitioned to 50-500 ml samples and refrosted again. It was defrosted
a second time short before the experiments.
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Figure 3-2: Scheme of steam explosion pilot plant in Gembloux [21].

Table 3-2: Steam explosion runs summarization. Including batch name, treatment time,
temperature and calculated severity factor [21].

Batch | Time [min] Temp [°C] Severity [-] Remarks
649 6.5 200 3.65 Reactor warmup
650 8 200 4.16 Higher treatment time
651 9 215 4.52 Higher time and temperature
652 7 200 4.07 Standard
653 9 200 3.89 Controlled pressure
654 7 200 3.92 SE united batch
655 7 200 3.93 SE united batch
656 7 200 3.99 SE united batch
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Figure 3-3: Temperature profile during steam explosion - runs 649, 650, 651, 652, 653 and
three runs (654, 655, 656) that were later united as the ”SE united batch”.

Figure 3-4: The pretreatment in pictures. Poplar sawdust (A), steam explosion (B),
centrifugation (C) and the storage (D).
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3.4.2 Composition of the solid fraction

Measuring the composition of the solid phase is essential for industrial application, as
the hydrolysis efficiency (ghydrolyzed/initial) is one of the most important cost-defining
parameters next to carbon yield (gproduct/8substrate), volumetric productivity (gproduct/(I-h))
and titer (gproauct/1). Samples were analyzed for their structural carbohydrates by acid
hydrolysis, followed by HPLC-RI for sugars and HPLC-UV for inhibitors, as defined in
Section 3.3.

Table 3-3: First steam explosion session (SE0) (25 bar or 225 °C, 3 min) — structural carbon
composition of the solid fraction before and after steam explosion.

SEO run | Starting material Treated material
Glucan [%] 48.6 59.5
Xylan [%] 18.5 6.8

Arabinan [%] 1.2 0.0
Lignin [%] 31.7 33.7

M SE united batch
650 (8 min, 200 °C)
I M 651 (9 min, 215 °C)
H 652 (7 min, 200 °C)
M 653 (9 min, 200 °C)

Mass percent [%]

Starting material
Glucan Xylan Lignin

Figure 3-5: Structural carbohydrate measurements of the solid fraction from different steam
explosion batches. Error bars are tstandard deviation from three measurements.

The parameters and conditions of the steam explosion runs were summarized before in

Table 3-2. Compared to the starting material, the xylan content of the solid fraction
decreased significantly in every batch because of the hemicellulose hydrolysis (Table
3-3, Figure 3-5). The relative glucan content increased, mostly because of the overall
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mass decrease due to hemicellulose hydrolysis, while the cellulose mainly remained
intact, as was reported before [178]. The lignin content also increased in theory [178],
but the measured differences are in the range of measurement errors. Lignin was
hydrolyzed/degraded to a lesser extent, as will be observed from the XRF analysis later
(see Section 3.7), and reported before [178]. In short, the amount of phenolics in the
liquid phase does not confirm significant lignin solubilization. With standard deviations
of the structural components varying between 0.1 and 2 absolute percent, considering
that the sample injection of the HPLC itself has a standard deviation around 1 % and
taking the complex nature of sample preparation into account, the results of the
structural component measurement can be considered as precise. However, since the
differences in percentages between different SE runs are typically also a few percent
(with a maximum of 6 % absolute, see Figure 3-5), thus in the range of measurement
errors, it is difficult to conclude statistically reliable facts, as in analytics 3xstd
difference is considered to be the lower limit for reliable detection. Some general
conclusions can be drawn however, Batch 651 has the lowest xylan content (Figure
3-5), which is expected, since it underwent the longest and highest temperature
pretreatment (9 min at 215 °C). This consequently results in the highest lignin and
cellulose percentages.

3.5 Enzymatic hydrolysis of steam exploded poplar substrate

3.5.1 Method

Hydrolysis of the five different SE batches (runs 650, 651, 652, 653 and SE united batch)
was performed at 15 % solids loading, 2 m/v% cellulase loading (60 FPU/mlproduct Of
Optimase CX15L, DuPont, Wilmington, DE, USA), in a shaking water bath at 50 °C, 150
rpm and without external stirring for 48 h. The mixture’s total mass of 20 g consisted
of 3 g dry SF by using the equivalent wet SF, the added corresponding enzyme amount
and was filled up with XRF until 20 g. The solid hydrolysis experiments from the SE
united batch were also performed at 15 % solids loading (this is around 30 % SF in wet
weight, see SF dry weight in Section 3.4.2), but at cellulase loadings of 2, 5, 10 and 20
m/v%. Again, the final mixture brought to 20 g by XRF. To determine the actual dry
weight of SF added, the corresponding dry weight ratios of every stream explosion
batch were used for correction. In one experiment, water was added instead of XRF to
investigate the effect of inhibitors on the hydrolysis. During the hydrolysis
experiments, liquid phase was sampled and analyzed with HPLC-RI for sugars and
HPLC-UV for phenolics. First sample was taken after the mixture was homogenized;
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thus, the reaction was already running for few minutes. Remaining solids after 48 h of
hydrolysis were washed with three times solid volume demineralized water before
structural carbohydrate measurements. Experiments were conducted in duplicate.

3.5.2 Results and conclusion

The initial carbohydrate concentrations were low in all cases, 0.6 g/I glucose and 0.2-
0.3 g/l xylose (see Figure 3-7A and Figure 3-7B at 0 h), and no significant difference was
visible between the different steam explosion batches. The inhibitor concentrations
showed bigger variability both between batches and the standard deviation of the
measurements was higher. In general higher severity (longer time and higher
temperature) caused higher initial inhibitor concentrations [177]; the values of Batch
651 (9 min and 215 °C) are clearly the highest. Figure 3-6 shows the detailed phenolics
analysis during two different steam explosion batches (one of the mildest and the most
severe). Itis visible that the formed compounds are the same, but their concentrations
are different. It is expected that the phenolic profile (qualitative composition) is
determined by the starting material and pretreatment technique rather than
pretreatment parameters (time, pressure) (see Figure 3-6).

651

652

Figure 3-6: A detailed phenolic measurement of the XRF from batches 651 (longer
treatment time, higher temperature) and 652 (shorter treatment time, lower temperature)
shows how the amount of phenolics is depending on the treatment conditions but the exact

compounds formed are the same.

During the hydrolysis experiment of four different steam explosion batches (Figure
3-7A), the glucose concentrations reached a final value around 9-12 g/|, this low value
can be explained with the low cellulase loading (2 m/v%), glucan conversion was only
11 %. After hydrolysis, Batch 651 (steam explosion with highest pretreatment time and
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temperature, 9 min and 215 °C) showed a higher glucose recovery compared to any
other batch, i.e., around 25 % more, but also around 50 % less xylose concentration
and almost a doubled furfural, HMF and phenolics concentration.
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Figure 3-7: Hydrolysis experiments performed at high solid loading for four different steam
explosion runs. The concentration evolution of five compounds was followed up: (A)
glucose, (B) xylose, (C) furfural, (D) HMF and (E) phenolics. Standard deviation calculated
from three samples.

In general, Batch 653 (manual pressure control at vapor pressure corresponding to 200
°C) produced comparable glucose recovery to the other batches (except for 651 which
was 30 % higher), i.e., 50 % higher xylose recovery, 30 % lower furfural formation,
significantly lower HMF and phenolic concentration. This batch is the relatively best if
xylose is to be used, while if only glucose is utilized, a more severe pretreatment can
be beneficial. This gives a hint that keeping the temperature low (around 200 °C)
during steam explosion will be more important for efficient pretreatment than the
treatment time [27].
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Comparing xylose and furfural concentration of batches 651 and 653 (see Figure 3-7B
and Figure 3-7C), it can be seen that the loss of 4 g/I xylose generated around 0.2 g/I
furfural. This is partially explained by the difference in molar mass (150 to 81 g/mol),
but there is still a 10-fold decrease remaining which is suspected to be caused by the
evaporation of furfural during flash expansion. The phenolic inhibitor concentrations
were usually slightly increasing during hydrolysis compared to initial concentrations
(0-20 %) (Figure 3-7E), expectedly because of the release of inhibitors entrapped in the
solid fraction matrix or because of desorption from the surface.

Analyzing the hydrolysis of the solids of the SE united batch (see Figure 3-8A) shows
that increasing the enzyme amount clearly helped to increase the final glucose
concentration. The relation between enzyme concentration and final glucose
concentration is almost linear (see Figure 3-9), with at a 20 m/v% cellulase loading the
curve is starting to bend due to substrate limitation and/or enzyme inhibition. At
Figure 3-9 it seems like xylose hydrolysis yield saturates from 2 % added cellulase;
however, this is just because the increase is not visible because of the relative higher
glucose concentration. At Figure 3-8B it is visible that the final xylose concentration
increases until 10 % added cellulase and saturates only after. It is not yet clear if it is
because all accessible xylan was hydrolyzed by enzyme amounts equal to 10 % or that
the hemicellulase enzyme was inhibited. Later it will be shown that the second case is
valid in this section when discussing Figure 3-10, as significant amount of xylan was
remaining in the solid phase. At Figure 3-8B, it can be seen that xylose concentrations
stabilize before 20 h as hemicellulose is more sensitive to hydrolysis and a big portion
of the xylose is dissolved in oligomer form that hydrolyzes in a few hours [31].
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Figure 3-8: SE united batch hydrolysis experiments at 15 m/m% solid loading and different
cellulase loadings of 2; 5; 10; 20 m/v%. One experiment was performed with water added
instead of XRF to investigate adsorbed inhibitor amount and effect. The concentration
evolution of five compounds were followed up: (A) glucose, (B) xylose, (C) furfural, (D) HMF
and (E) phenolics. Different experiments are marked with different symbols. Error bars are

tstandard deviation from three measurements.

[81]



Laccase detoxification: characterization and methodology

60 -

40 -

30 -
& Glucose

H Xylose

Concentration [g/I]

O . T T T T 1

0 5 10 15 20 25
Cellulase concentration [m/v%]

Figure 3-9: Final sugar concentration after 48 h of hydrolysis in function to added enzyme
amount with XRF united batch.

A lot of variability can be observed, but generally, it seems that furfural increases until
the first measurement point and then decreases (see Figure 3-8C), probably because
of evaporation. The HMF concentration remained quite stable (see Figure 3-8D), while
measured phenolics were decreasing slowly by time (see Figure 3-8E), expectedly
because of evaporation and partially because of absorption coefficient difference
caused by composition change as phenolic compounds can oxidize on air.

The experiment with added water instead of XRF produced slightly higher glucose
yields compared to the XRF added experiment (12 versus 8.9 g/I, a 35 % increase). As
a negligible amount of glucose is present in the XRF (0.6 g/I, initial value in Figure 3-8A),
it is visible that the XRF composition hinders hydrolysis considerably (comparing
experiment with/without added XRF inhibition is around 35 %). It has to be noted that
from 20 g sample 6 g was the added solid, which contained around 3 g XRF liquid (50
% of solids DW). Calculating with approximately 14 g added XRF on top of these 3 g in
other experiments, it can be seen that 3/17=17.5 % of XRF is also present in this case.

In Figure 3-8C-E, the inhibitors are always in a low concentration when water is added
instead of XRF to the reaction mixture. However, when their ratio changes are
compared in these experiments (furfural 0.09/0.20=0.45, HMF 0.04/0.12=0.33,
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phenolics 1.03/2.07=0.55), it seems that they are present the XRF added experiment
in much higher concentration than was expected from the XRF volume ratio in the
initial reaction mixtures (0.175). From the evolution of the concentrations, it can be
also concluded that, except maybe for furfural, the rest of the inhibitors are not
trapped inside of the matrix, as their amounts do not significantly change and do not
increase proportional to the rate of hydrolysis. The only logical solution is that after
steam explosion, when both SF and XRF are in contact with each other, inhibitors are
adsorbed on the solids in high concentration. Extensive washing would be needed to
remove them. This is also the reason why the inhibitor concentration difference
between the different experiments is lower than it would be expected from the XRF
ratio, as if the concentration in the liquid phase decreases, compounds will desorb
from the surface.

From the structural carbohydrate, measurements of the remaining solids after 48 h of
hydrolysis (see Figure 3-10), it is visible that even the runs with 20 % added cellulase
still contained 38 % glucan and 4 % xylan in the solid phase. This indicates that the
saturation of the xylose concentration during hydrolysis after 10 % cellulase added (see
final concentrations in Figure 3-8B), was not because of complete hydrolysis of
hemicellulose but inhibition of enzyme, also glucan hydrolysis stopped because of
enzyme related hindrance (deactivation, product inhibition, etc). The rest of the values
are as expected, glucan and xylan percentage decreases with increasing enzyme
amount (the difference is 0.8 % xylan between 2 % and 20 % enzyme experiment),
while lignin percentage increases in the overall mass, as lignin is technically inert in the
given conditions. It has to be emphasized that even with an economically unrealistic
20 % added enzyme around 2/3 of the glucan remained unhydrolyzed because of
enzyme hindrance. As the enzyme is expensive, and 66 % of the valuable carbon source
is still in the complex bounded form, it is deemed that this specific system (parameters,
materials) is uneconomical in a separate hydrolysis and fermentation (SHF) process, as
in this case the remaining unhydrolyzed sugars will not be utilized during fermentation
and filtered out/thrown away later. As it was shown, inhibitors can significantly hinder
hydrolysis, thus detoxification (e.g., laccase detoxification) techniques have a potential
to enhance also hydrolysis, not only fermentation.
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Figure 3-10: Structural carbon measurements of the remaining solid phase after hydrolysis
with different cellulase ratios and with SE united batch. Error bars are tstandard deviation

from three measurements.

3.6 Laccase characterization according to literature

This section introduces laccases, their standard activity measurement techniques
according to literature, followed by an investigation of laccase reaction with vanillin, a
model phenolic substrate. Thereafter the reaction with XRF, an industrially relevant
substrate was investigated, followed by a benchmarking of laccases available on the
market.

3.6.1 Laccase activity determination

It is important to have a fast activity determination method to map the best working
conditions. The standard tests, however, strictly measure laccase activity on a specific
substrate, thus extrapolating to another substrate (such as phenolics in XRF) is less
certain and synergistic effects with the cellulase activity (very important if SSF is
applied as the two enzymes have to work in parallel) are not quantified at all. Fast
mapping is beneficial to gain fundamental information about pH and temperature
dependencies, as these are important parameters in SSF. The typical temperatures are
between the optimal cellulase working range (50 °C) and the optimal growth
temperature for the microorganism (30-37 °C). The higher the temperature, the faster
the reactions, and technically, it can be as high as 100 °C without significant extra
energy requirement, as it is the temperature of the material right after the steam
explosion. When looking at all of the subprocess, the lowest pH value is 3-4 (pH of the
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material after autocatalyzed steam explosion), through pH 4.8 (during hydrolysis) until
a maximum value of pH 6.5-7 (the case of bacterial fermentation). Any laccase
detoxification performed at a pH value outside this range will require additional
chemicals.

3.6.1.1 Method

The enzyme activity was measured, either with syringaldazine as a substrate [169] or
by using ABTS as a substrate [179]. The concentrations were taken from standard
methods; thus, it is expected that concentrations over Vmax value, but this was not
measured. ABTS is better soluble in water than syringaldazine, and the methanol that
is used in the standard syringaldazine method inhibits the laccase enzyme [180]. The
measurements were always done using 200 ul substrate, 100 pl enzyme solution and
1700 ul buffer. The absorbance change, monitored at the mentioned wavelength in
the description, was followed with a Genesys 10 spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA) at every six seconds for four minutes and the initial
linear phase was used for activity calculation. For activity determination, 0.1 M
phosphate buffers between pH 5 and 8 and 0.1 M citrate buffers between pH 2 and 5
were used. All chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA).

Tests at a specific temperature were done as follows: the buffer and reagent were
brought into a plastic cuvette, covered with a cap, and placed in an oven at the
corresponding temperature. After several hours of equilibration, cuvettes were
removed, the enzyme was added and mixed and the kinetics was measured instantly.
The spectrophotometer was not temperature controlled.

Initially, the syringaldazine (4-hydroxy-3,5-dimethoxybenzaldehyde) test was used.
(e= 65 1/(mM-cm)). The absorbance was measured at 530 nm at 30 °C default (Soti et
al., 2016). The syringaldazine solution had a concentration of 0.1 g/l in methanol. The
ABTS (2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (e= 36.1/(mM-cm)) test
is widely used, as the substrate has a high solubility in water, unlike syringaldazine. If
not mentioned otherwise, it was performed with 5 g/I ABTS solution and monitored at
420 nm.

[85]



Laccase detoxification: characterization and methodology

Through the course of the research, altogether five different laccases were tested:

1. Trametes versicolor, Sigma-Aldrich, 13.6 U/mg, powder form, 50 €/g price (50
000 €/kg). This is a high activity purified laccase, taken as a standard and used
for most of the experiments. Because of its price, it is not relevant industrially.
Referred to as Sigma laccase or S.

2. Trametes species, kindly offered by Company A, powder form, no further
information available. Referred to as Trametes or T.

3. Cerrena unicolor, offered by Company A, granulate form, no further
information available. Referred to as U or Unicolor.

4. Commercial fungal laccase from Hangzhou Cyclic Chemical Co., Ltd.
(Hangzhou, CH) 26 €/kg. This was the only laccase that had an exact high
guantity price for it (in the range of tons). Referred to as Ch.

5. Bacterial laccase, offered by Company B, liquid crude extract and freeze-dried
form, no purification. Referred to as bacterial or B.

3.6.1.2 Results and conclusions

Laccase activities were measured with the ABTS activity test in the relevant range of
conditions for SSF, i.e. pH 3-5 and 30-50 °C (see Figure 3-11). Concentrations of the
different enzyme solutions were adjusted to a similar activity range, which was
successful in case of U, T and Ch. S, as a purified enzyme had a very high activity, even
after applying high dilutions. In general, all fungal laccases had a better performance
at a lower pH and higher temperature, except for the Unicolor laccase that showed a
lower sensitivity towards the pH, producing similar activities over the applied pH
range, while Ch was extremely sensitive to temperature as well as pH. Specific activity
measurements (activity normalized by mass) at pH 5 and 50 °C showed that S had 3.7
times higher activity than T, which on his turn has 5.2 times higher activity than U,
which has 237 times higher activity than Ch (see Figure 3-12). The above mentioned
values are always used in comparison with each other, as pH changes the absorption
characteristics of ABTS, thus comparing values at two different pH values is misleading,
as well as it is known that the test underestimates the activity, thus the calculated
value is not explicitly the reaction/time value defined in theory [179].
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Figure 3-12: Specific activity of fungal laccases at pH 5 and 50 °C measured by ABTS
substrate.

Bacterial laccase activity was measured with syringaldazine, in a 0.2 M phosphate
buffer at pH 8, as it showed no activity over a pH range of 3-7, and a maximum activity
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at pH 8. The enzyme was also temperature dependent, performing best at 50 °C.
Higher pH values were not investigated, as it is known that saccharide monomers start
to degrade from pH 9 and higher, hence it has no industrial relevance trying it.
Measurements showed 121 mAU/min activity at a 4.29 m/V% crude enzyme dilution.
The difference in molar extinction coefficients between ABTS and syringaldazine will
cause a 1.8 times steeper slope for syringaldazine (65/36 mM-cm/mM-cm), which
means that the measured ABTS change would be approximately 67.2 mAU/min.
Strictly saying, this calculation is not correct as the absorbance characteristics depend
on the pH, and the affinity/specificity of laccase towards the two substrates can differ.
Taking the enzyme product concentration of the reaction solution (42.9 g/l) and the
dry content of the enzyme product (38 m/m%) the specific activity would be around
0.0041 AU/(min-gqr), which is almost half of that calculated for Ch. The similarities
between the activities of the two industrial laccases confirm the results, and hints that
the specific activity between industrial and purified enzymes can be easily in the range
of tens if not hundreds. It must be emphasized that this is only a calculation, as the
two measurements and parameters are not strictly comparable.

3.6.2 Laccase activity on vanillin as standard substrate

Vanillin, a phenolic aldehyde, was investigated as a model compound prior to XRF
detoxification. It was chosen as it appears frequently as one of the phenolic inhibitors
present in the hydrolyzate [181], [182]. The goal of this part of the measurement was
to get familiar with laccase reactions and elaborate measurement techniques. Vanillin
oligomerization appeared before in a number of articles. Constant et al. described the
formation of two types of dimers by connecting two vanillin monomers through ether
and carbon-carbon bounds or only one ether bound during thermocatalytic oxidation
on noble metal catalysts [183]. Lahtinen et al. showed that in a vanillyl alcohol laccase
system (and not the vanillin aldehyde) two main dimer products were formed, i.e. by
an ether bound and a carbon-carbon covalent bound, and less vanillin was formed by
oxidation of the hydroxyl group on the substrate [184]. They concluded that pH and
temperature affect the profile of the reaction products (ratio of different products),
but they did not investigate the product time evolution.

Our goal was to monitor the reaction, mainly the substrate evolution in time by
spectrophotometry and compare it to HPLC-UV. UV-chromatography enabled
additionally to measure the products and their evolution in time.
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3.6.2.1 Method

For the reaction, 1.8 mg of vanillin substrate (>97 %, Sigma-Aldrich Corporation, St.
Louis, MO, USA) was dissolved in 50 ml 0.1 M phosphate buffer of pH 6.9 in an
Erlenmeyer, and placed in a water bath shaker at 30 °C and 150 rpm to equilibrate.
The reaction was initiated by adding 5 ml of the enzyme solution to the mixture. For
the vanillin reaction 0.6 U/ml (1 g/l) laccase solution was prepared from S with 0.1 M
pH 6.9 potassium phosphate buffer, at least twelve hours before the measurement
and stored at 4 °C. Follow-up was done by sampling regularly.

UV spectrometry and HPLC-UV measurement. Samples of the vanillin-laccase reaction
were measured without filtration with UV spectrometry (Genesys 10UV spectrometer,
Thermo Fisher Scientific, Waltham, MA, USA) or were filtered through a 0.45 um
syringe filter, either analyzed immediately by spectrometry or by HPLC-UV after adding
50 pul 1 mg/ml azide (Sigma-Aldrich Corporation, St. Louis, MO, USA) to a 3 ml aliquot
to stop the reaction. HPLC-UV (Shimadzu SPD-M20A diode array detector, Shimadzu
corp., Kyoto, Japan), with methanol and 1% v/v acetic acid solution (Sigma-Aldrich
Corporation, St. Louis, MO, USA) as a mobile phase on a Luna 5 um C18(2) 100 A
column (Phenomenex, Torrance, CA, USA). Every analysis was performed at 1 ml/min
flowrate. The mobile phase gradient was: 0-5 min 10 % methanol, 5-35 min gradient
to 50 %, 35-35.1 min gradient to 100 %, 35.1-40 min 100 %. The concentrations of the
phenolics are expressed in vanillin equivalent, which is the concentration of vanillin
that has the same peak area as the measured compound. The time required for
filtration before azide addition and HPLC measurement was negligible compared to
the time of the reaction. Azide was not added to the UV measurement due to its strong
absorption in the UV range that would interfere with the spectrometric measurements
of the phenolics. A blank sample was measured in the same way by mixing 3 ml of
buffer with 50 pl of azide solution for HPLC and without azide for spectrometry.

Vanillin-laccase products identification with Preparative HPLC-MS. The fractionation
of the sample was done with semi-preparative HPLC (Waters corp., Milford, MA, USA)
with a binary pump, automatic injection sampler, diode array detector and triple quad
detector mass spectrometer (TQD-MS, Waters corp., Milford, MA, USA) and an
automatic fraction collector to isolate the HPLC fractions. The parameters of the MS
detector were: 100 °C temperature, desolvation at 200 °C at 250 I/h gas flow and 50
I/h cone gas flow, the applied capillary/cone/extractor/RF lens voltages were
3k/60/3/0 V. The detector was working in positive mode. A Luna 5 pm C18(2) column
with large internal diameter (250 x 10 mm) was used. The injection volume was 3 ml
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and the elution rate was 3 ml/min, with methanol and 0.1 % acetic acid solution used
in a gradient elution as follows: 0-15 min 50 % methanol, 15-20 min gradient to 100 %,
20-25 min 100 %. The fractions collected were dried in a vacuum centrifuge (RVC 2-18
Rotational Vacuum Concentrator, Martin Christ, Osterode am Harz, Germany) at 50 °C
and 1200 rpm until the liquid was completely evaporated. 1 mg solids were brought
into 1 ml water or methanol.

3.6.2.2 Results and conclusions

Preliminary experiments

Visual inspection of the vanillin-laccase reaction mixture revealed that it was
transparent at the beginning of the experiment and turned to a slight opal yellow color
after about one hour reaction time. The appearing yellow color of the laccase-vanillin
reaction mixture is caused by the formed dissolved products, while the opal effect was
expected to be caused by the formed particles, as the color remains and the opacity
disappears after 0.45 um filtration.

The vanillin concentrations, measured after filtration by UV and HPLC, decrease over
time (see Figure 3-13), which was expected as the substrate was converted to
oligomers. These products precipitate and the formed particles cause scattering. The
unfiltered UV measurements first slightly increased and then faintly decreased,
probably due to sedimentation afterwards. Since reaction monitoring by UV
absorbance without filtering is not appropriate, no further experiments were done
with unfiltered samples. The results of the filtered samples were promising so further
experiments were conducted, and the UV-measurements and the HPLC concentrations
followed a similar decreasing trend during the reaction.
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Figure 3-13: Vanillin concentration during reaction with laccase followed up by () UV
measurement without filtration, (m) UV measurement after filtration and (e) HPLC
measurement.

UV-spectrophotometric measurements. Vanillin has absorption peaks at 280 and 315
nm and both could be used for reaction monitoring as they are declining with time
(Figure 3-14). In these experiments 315 nm was used. After 360 minutes, the vanillin
concentration measured by HPLC is under 10 % of the starting value, while the final
absorbance is still about 40 % of the initial value. Part of this absorbance must be
derived from the formed products as they have aromatic rings, but a scattering effect
of particles with a size of 0.45 um or smaller, can also play a role, as they are not
filtered out.

HPLC measurements. A typical HPLC-UV chromatogram from a sample of the laccase-
vanillin reaction taken after 180 min can be seen on Figure 3-15. The azide peak elutes
at 4.5 min, the vanillin peak after 22.5 min. During the reaction two peaks appear at
35 and 35.5 min. The other peaks are the background derived from the buffer solution.

As soon as the reaction starts, the product peaks are appearing and increasing while
the vanillin concentration as well as the summated HPLC peak area (see Figure 3-16),
according to method detailed in Section 3.3.1.1, are decreasing. The total HPLC peak
area is visualized to enable a better comparison with the measured UV spectrum and
includes substrate, products and background, and excludes the azide peak. Product B
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is formed faster than A during the course of the reaction, but later on its concentration
decreases while A is still increasing until at least 300 minutes (Figure 3-16).
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Figure 3-14: Absorbance spectrum decrease during Vanillin-laccase reaction.
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Figure 3-15: A typical HPLC chromatogram at 280 nm of the vanillin-laccase reaction from
sample taken after 180 minutes with azide peak, vanillin peak and two product peaks B and
A. Other peaks are background.
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Figure 3-16: Concentration measurements during laccase vanillin reaction. The HPLC
analysis of the reaction with (@) the vanillin concentration, (x) product A, (A ) product B,
(+) area of A and B products together, (m) is the total area of all peaks obtained from the

sample. The concentration calculated from the UV spectrometric absorbance at 280 nm are

marked with (e). Figure A covers the whole range, while Figure B is a detailed view in the 0-
10 mg/| concentration range.

The number of products measured correlates well with the results of Lahtinen et al.
[184], who investigated the vanillin alcohol-laccase reaction and found that the two
main products were different dimers, one with an aromatic ring-aromatic ring bound
and the other with an ether bound between the two aromatic rings, however the
product concentration change in time was not investigated, as it is done in this work.
From the evolution of both products in Figure 3-16, it seems that only product B is
reacting further, while product A seems not to or at a much lower rate. The fate of the
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reaction product from B is most probably polymerization and precipitation, as no
additional product peaks appear.

Additionally, it is important to note that the absorption spectrum of vanillin is
dependent on the pH of the solution, as often happens with phenolics [185]. The
vanillin-laccase reaction was performed in buffer, so the pH remained stable during
the UV measurements.

Product identification

HPLC-MS fractionation was performed in an attempt to separate the products and
identify them. Chromatograms recorded during the fractionation of the vanillin-
laccase reaction mixture are shown on Figure 3-17. The overall UV chromatogram,
measured after 120 min of reaction time (Figure 3-17A), is closely related to Figure
3-15 that was obtained after 180 min at 280 nm. The first peak is vanillin at 11 min,
whereas the second and third peaks are two product peaks at 18.5 min and 19.5 min,
respectively. The absorption spectrum taken at a retention time of 19 min from the
second product shows three main maxima at 206; 236 and 305 nm (Figure 3-17F).
Figure 3-17B represents the mass spectrum monitored at 301 m/z, which is the
deprotonated dimer mass.

From the fragmentation chromatogram (Figure 3-17E) filtered on 301 m/z, it was
confirmed that the two products were dimers. This is the same as in the work of
Lahtinen et al. [184]. The product peaks only differed in terms of intensity of
fragments, but they had the same fragmentation pattern. The two main m/z-peaks,
285 and 286, found in the fragmentation chromatogram are expected to be the results
of radical cleavages. Radical cleavage was suggested before by Cuyckens and Claeys in
case of flavonoids [186]. They assumed that the negative charge on the neighboring
phenolic ring enhances the stability of the remaining radical, thus a methyl radical will
leave the molecule and a 286 mass unit negatively charged fragment is formed. The
285 fragment can be a result of a ring opening and a loss of extra H radical. As shown
by Navarra, the free electron of radicals can delocalize to the oxygen of the phenol as
well as in ortho-direction on the ring, though depending on the exact structure, other
possibilities are described [187].

The mass spectrum at 151 m/z is visible on Figure 3-17C. This value is only appearing

at the time the vanillin elutes, but it seems that no molecules of this size are obtained
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after ionization of dimers. Figure 3-17D shows the overall mass spectrum during
fractionation. The majority of the total mass present in the analytical sample is leaving
the column after 4-10 minutes. No peak was found at 451 m/z, which would
correspond to protonated trimers, although it is not clear if they are not produced, or
if the low solubility makes them precipitate faster.

These findings are different to the results obtained for the phenol-peroxidase system
by Yu et al. [188]. In their work all dimers were subjected to further polymerization by
the peroxidase enzyme and the highest polymerization degree reached was that of a
trimer. This was not true in our experiment (Figure 3-16) since only product B reacted
further with laccase. Product B’s concentration reached a maximum in 50 minutes and
then started to decline.

According to the WATERNT™ software from the US Environmental Protection Agency,
which estimates water solubility directly using a "fragment constant" method from the
chemical structure, the dimer solubility decreases by 99 % compared to monomer, and
trimer solubility decreased again with 98 % compared to dimers. Although the method
is an approximation, the rates are an indication for the solubility decrease, and can
explain why trimers were undetected in the solution.

After HPLC fractionation, the collected product samples were dried by vacuum
centrifugation. The remaining solid was technically insoluble in both water and
methanol. This suggests that the solid fraction underwent further reaction, possibly
polymerization [189], or that the solubility of products is very low even in methanol.
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Figure 3-17: Preparative HPLC—-MS chromatograms recorded during the purification of 3 ml
sample. Graph A the general UV chromatogram, B the mass chromatogram at 301 m/z, C at
151 m/z, D the general mass chromatogram. Graph E is the mass spectrum taken from the
product peak during fractionation and graph F is the UV spectrum of the product peak.
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3.7 Laccase activity on the xylose rich fraction, detoxification

3.7.1 General investigation

Vanillin-laccase reaction is an XRF model system, which is good for understanding the
process, whereas XRF is a real biological sample with a wide spectrum of compounds.
XRF is obtained by lignocellulose pretreatment and contains sugars, but also lignin-
derived phenolics that are toxic for the subsequent application of the sugars by
microorganisms in fermentation. Spectrophotometric follow-up of the laccase
detoxification reaction would be beneficial for industrial use, as it is simple, fast and
robust.

3.7.1.1 Method

For XRF detoxification measurements, 29.5 and 3.3 U/ml (corresponding to 10 and 1.1
mg/ml respectively) Sigma laccase stock solutions were prepared in 0.1 M phosphate
buffer of pH 6.9. The pH of XRF from the SEO explosion run was brought to 7 with
NaOH. Three different enzyme concentrations were used, i.e., 2.95, 0.3 and 0.03 U/ml.
For an enzyme concentration of 2.95 U/ml (1.0 mg/ml), 5 ml of 29.5 U/ml (10 mg/ml)
laccase solution was diluted to 50 ml with the XRF liquid. For 0.3 U/ml (0.1 mg/ml)
enzyme concentration, 4.5 ml of 3.3 U/ml (1.1 mg/ml) laccase solution and 0.5 ml of
buffer were diluted to 50 ml with XRF. For 0.03 U/ml (0.01 mg/ml) concentration, 0.5
ml of the 3.3 U/ml (1.1 mg/ml) and 4.5 ml buffer were diluted to 50 ml with XRF. The
mixture was stirred at 150 rpm in a beaker at room temperature (22+2°C). Samples
were collected and measured by HPLC-UV and spectrophotometry (methods in Section
3.1), after diluting 100 times with NaOH pH 10.4 solution to stabilize the pH.

Particle size measurements (Zetasizer Nano, Malvern Instruments Ltd.,
Worcestershire, UK) were performed with 2.95 U/ml laccase-XRF reaction solutions.
Both enzyme and XRF solution were filtered (0.45 um) separately before the reaction,
and the two compounds were merged in an Erlenmeyer. Three samples were taken, at
0, 3 and 6 hours. The first sample was measured immediately; the other two samples
were prepared in three different ways, i.e., without filtration, and with filtrations
through a 0.45 um and 0.2 um syringe filter. Sampling was done in triplicate; each
sample was subjected to 15 consecutive measurements; therefore, each data point is
an average of 45 measurements.
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3.7.1.2 Results

The hydrolyzate obtained after steam explosion had a pH value of 4 and was
neutralized before the laccase reaction. During this, the color of the liquid turned to
deeper brown. The reaction mixture was transparent at the start and turned milky over
time. The speed of this change was faster at higher enzyme concentrations. During the
reaction, slight acidification of the reaction mixture was observed by a decrease of pH
by approximately 0.4 units.

UV-spectrophotometric measurements. The XRF had a single UV absorption peak at
280 nm corresponding to excitation of the aromatic i electron, which was decreasing
fairly linearly over time at different rates depending on the enzyme dosage (Figure
3-18). It is important to note that the spectrum is strongly dependent on the pH, e.g.,
at pH 4 the peak is 32 % lower than at pH 10.4 for the sample taken at 0 min reaction
time. Since the pH changes slightly during the reaction and the original samples
absorbance is around 100, it was diluted 100 times in triplicate with NaOH solution to
stabilize the pH and to achieve absorbance values under 2 units. Standard deviations
from the triplicates were under 2.0 %. While filtering of the samples of the vanillin-
laccase reaction caused a big difference in the spectrophotometric measurements (see
Figure 3-13), the absorption difference between not filtering and filtering with 0.2 and
0.45 pum pore size was much lower for the XRF-laccase reaction. Compared to 0.2 um
filtered samples, filtering with 0.45 um resulted in around 5 % higher absorbance and
unfiltered samples gave 10 % higher values. This difference was stable during the
course of the reaction. Probably this is due to the 100 times dilution of the XRF that
reduces the particles concentration and hence the scattering effect.

Quantifying the different compounds from the UV spectrum of the spectrophotometer
is impossible. It is known that furan-2-carbaldehyde (furfural) and HMF peaks have a
significant absorbance at 280 nm, together with the targeted phenolics, so their
presence is decreasing the sensitivity of the measurements (data not shown). In an
industrial process, their concentration is minimized during pretreatment as they are
formed by degradation of the processes’ most valuable products, i.e., the monomer
sugars.
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Figure 3-18: UV-spectrum change during Trametes versicolor laccase (Sigma)-liquid XRF
reaction (1 g/l). Absorbance is decreasing over time at 280 nm.

HPLC measurements. The fast technique (Gradient A) identifies the following
compounds, i.e., furfural, HMF and phenolics. Their initial concentration in the XRF
gave rise to 12, 18 and 60 % of the UV absorbance respectively, but ratios measured
may change with the pH due to the pH dependency of the extinction coefficient (data
not shown). For 2.95 U/ml enzyme concentration, Figure 3-19 shows four
chromatograms with Gradient B elution taken at different times (0, 3, 6, 24 h). Gradient
B separates the phenolics to ten bigger peaks. From these, six peaks and afterwards,
eight peaks disappeared after, respectively, 180 and 360 min reaction time. The two
remaining peaks, i.e., the second and the fourth peak at 16 and 19 minutes, finally had
88 % and 83 % of their starting concentration respectively, and 47 % and 5 % of the
starting total phenolics peak area (see Figure 3-20). From all the phenolic peaks, four
were identified (see Table 3-4).

As discussed above, the decrease in phenolic peaks is clearly visible on Figure 3-19, but
also formation of a broad flat peak can be distinguished at higher methanol
concentrations in the mobile phase (more hydrophobic properties). Most probably,
these are the product peaks of the reaction, i.e., dimers and potentially trimers. Their
number can be estimated in the following way: if there are 10 different monomers and
two bounding types (carbon-carbon and ether bound) are assumed, the number of
possible dimer products is at a magnitude of hundreds, and the amount of different
possible trimers are several thousands. It will be impossible to determine them
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separately. As the polymerization degree rises, the aromatic ring will have a bigger
impact on the properties and the side-chain functional groups that are bounded will
have less, which explains the elution at higher hydrophobicity. In monitoring
detoxification, these compounds will be measured as phenolics with both the ‘fast’
HPLC and the spectrophotometric measurements. However, research has proven that
the polymerization products, obtained by enzyme treatment of phenolics, have
reduced toxicity [190].
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Figure 3-19: Measured HPLC chromatograms with Gradient B after 0 (—),3 (- ), 6 (—) and
24 h (—). The phenolics appear after the HMF peak at 12 minutes. Then main peaks were
identified, numbered 1-9. The applied enzyme concentration was 2.95 U/ml.

The concentrations obtained by HPLC from the laccase-XRF reactions for the three
different enzyme concentrations are presented in Figure 3-21. The HMF peaks
increased slightly with the enzyme concentration, while furfural was slightly
decreasing with a rate independent from the enzyme concentration (data not shown).
The latter is caused by evaporation, as not the laccase enzyme caused the furfural
decrease, but stirring and temperature did. Furfural decrease through vacuum
evaporation was reported before in literature [191]. The grouped phenolics peaks
were decreasing during the whole measurement at different rate and faster with
higher enzyme dosage.
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Figure 3-20: The concentration change of different phenolic compounds during T. versicolor

laccase (Sigma)-XRF reaction.

Table 3-4: Phenolic compounds in the XRF from SE united Batch.

Retention | Area [-] Area Model compound Retention
time [min] percent [%] time [min]
8.57 3.8 0.54 - -
9.42 10.3 1.47 - -
10.30 215 3.07 3,4-DihydroxyBenzAldehyde 10.39
12.40 377.1 53.85 HydroxyBenzoicAcid 12.59
14.59 50.5 7.21 - -
14.92 18.7 2.67 - -
16.96 19.1 2.73 - -
21.40 6.6 0.94 - -
21.75 38.5 5.50 - -
22.13 14.9 2.13 Vanillin 22.04
25.02 84.4 12.05 SyringAldehyde 24.96
26.76 11.5 1.64 - -
28.08 4.5 0.64 - -
28.26 4.9 0.70 - -
30.20 10.9 1.56 - -
31.13 3.5 0.50 - -
32.26 15.7 2.24 - -
34.42 3.9 0.56 - -
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Figure 3-21: HPLC based concentration measurements of T. versicolor laccase (Sigma)-XRF
reaction. Phenolic concentrations are marked with (e) 0.03, (m) 0.3 and (4) 2.95 U/ml
enzyme Concentration and are expressed in vanillin equivalent, (x) furfural and (+) HMF are
the averages for the three measurements.

Comparing HPLC and spectrophotometric measurements. For both measurement
techniques, the same samples were used to enable reliable comparison. Figure 3-22
shows the decrease of phenolics after three different reaction times for both HPLC and
UV measurements for all three enzyme concentrations. Values are calculated from the
vanillin calibration curve, and thus expressed in vanillin equivalents. After 6 hours of
reaction with enzyme concentrations of 2.95, 0.3 and 0.03 U/ml, the total phenolics
content, measured by HPLC, dropped with 1.9, 0.4 and 0.0 g/| respectively, which
corresponds with 55 %, 89 % and 99 % of the initial concentration and reaction
velocities of 0.30, 0.07 and 0.00 g/(l-h). For spectrophotometry, the velocity of the
reaction calculated from the decrease of absorbance was 0.39, 0.23 and 0.06 g/(l-h)
respectively with a remaining absorbance of 86 %, 91 % and 97 %. The absorbance
decreases obtained by UV spectrophotometry are close to linear, as they are for the
HPLC measurements, and as could be expected from the Michaelis-Menten equation
for high substrate concentrations.
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Figure 3-22: The rate of phenolic concentration decrease at three different enzyme
concentrations and two different techniques: HPLC (o) and UV absorbance (m). Error bars
are *standard deviation from three measurements.

It can be seen that the enzyme activity measured as phenolics removed by time is not
the same for HPLC and UV measurements. Although Figure 3-22 shows that for both
measurement techniques, the enzyme activity increases with increasing enzyme
concentration. A difference between the researched measurement techniques is that
at the lowest enzyme dosage, where the HPLC measurement does not show any
decrease in phenolics, the UV measurement (see Figure 3-22) shows a slight decrease.
This error is expected to be caused by furfural evaporation, since it is the only
compound that is decreasing significantly (see Figure 3-21). This will be the same for
all three enzyme concentrations and can be considered to be in the range of the
measurement error. It is known that different phenol measurement methods may
result in different values. This was reported before when HPLC and Folin method were
compared (around 20 % difference) [107], although both methods are still considered
valid. The results show that UV absorbency can be used to compare detoxification
results and optimize processes.
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Particle size distribution. Results measured with the Zetasizer Nano instrument have
to be discussed with caution because the software is configured for monodisperse
solutions, and after the reaction, most probably polydisperse solution was formed.

During the reaction, the first measurement point at zero hours showed that some
particles were present. This was considered as the background. The samples obtained
by different pore size filtrations after three- and six-hours reaction showed a significant
number of particles at every size range, i.e., above 0.45 um, under 0.45 um as well as
below 0.2 um (see Table 3-5).

Table 3-5: Particle size measurements during the XRF-laccase reaction with 2.95 U/ml enzyme
concentration. Samples were taken at 0, 3 and 6 h, with three different sample preparation:
without filtration, with 0.45 um and 0.2 um pore size filtration. Each point is the average of
45 measurements. ‘Derived count rate’ is a measure for both particle concentration and size.

Time Filtration Mean particle Std Derived count rate

[h] [um] size [nm] [nm] [-] Details [-1

0 0.2 2.0 0.98 702 polydisperse
0.2 1.8 0.95 708 polydisperse
0.2 14 0.75 749 polydisperse

3 non 661 269 139961 sedimenting
non 550 100 135559 sedimenting
non 837 336 132876 sedimenting
0.45 188 71 6051 good quality
0.45 195 85 6253 good quality
0.45 201 93 6145 good quality
0.2 2.1 1.1 1645 polydisperse
0.2 2.8 1.2 1537 polydisperse
0.2 2.5 1.1 1566 polydisperse

6 non 1244 320 305390 sedimenting
non 1231 358 284748 sedimenting
non 1493 381 278445 sedimenting
0.45 4.4 1.4 11228 polydisperse
0.45 8.6 2.6 11260 polydisperse
0.45 7.2 2.7 11392 polydisperse
0.2 10.2 9.5 5429 polydisperse
0.2 14.4 12.8 5366 good quality
0.2 9.2 9.5 5354 polydisperse
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The ‘derived count rate’, that is a type of intensity parameter returned by the software
for every measurement is correlated to both the size and concentration of the particles
and can be used to compare concentrations in the same particle size-range. For the
unfiltered samples, sedimentation appears which is also indicated by the software and
can be seen from the increasing derived count rate by time, and thus the increasing
concentration of particles (see Table 3-5). The filtered samples either produced good
quality measurements or they were marked as polydisperse by the software. The mean
particle diameter sometimes differs significantly between the three replicates. This is
caused by the polydispersity. It can be concluded, that during the reaction the particle
concentration is increasing in all three size ranges, as can be seen from the two to
three folds bigger derived count rates. The mean particle size is growing in the
unfiltered samples (approximately from 600 to 1200 nm) and in the 0.2 um filtered
samples (approximately from 2 to 11 nm). However, for the size range under 0.45 um,
the mean diameter is decreasing from around 200 to a rather low value, i.e., around
10 nm. A possible explanation is that the particles grew over the 0.45 um limit from 3
h until 6 h reaction time and are filtered out, but this conclusion is very uncertain.

3.7.1.3 Conclusion

The results obtained in this work suggest that UV absorbance measurements can be
used for end-point as well as enzyme activity determination (time evolution) of the
laccase catalyzed reaction with phenolics as substrates. Direct calculation of precise,
separate concentrations is often impossible even with HPLC, due to the number of
substrates and formed products. Several difficulties appear, such as, changing ratios of
the formed oligomer products during the course of the reaction, the remaining
absorbance of the reaction products and the absorbency change caused by pH shift.
Dilution with strong base before measurement solves the pH shift problem and is often
required because of the high starting concentrations. Compared to HPLC
measurements, spectrophotometric follow-up of the laccase-reaction is a possible
substitute because HPLC measurement is slower, more expensive and harder to
automate. Moreover, efficient optimization of the laccase-phenolics reaction for
industrial application is allowed by this technique.

It was proven that during laccase-XRF reaction hydrophilic compounds are converted
to more and more hydrophobic products as time goes on. The products are mostly in
lower concentrations and are similar in terms of hydrophobicity, which can be
explained with the higher aromatic content, compared to functional groups as the
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polymerization degree rises. Generally, UV spectroscopy can be considered a valuable
alternative for follow-up of phenolic removal during detoxification reactions.

3.7.2 Comparison of different laccase enzymes

As it was shown before, laccases are originating from different sources, either bacterial
or fungal [192]. The differences appear in structure, substrate specificity, stability,
working pH and temperature range, activity and their fermentative production time.
The latter is the most important influencing factor in the enzyme price. As fungal
fermentations are generally taking several days, the fungal enzyme price is significantly
higher than bacterial, which is typically one day fermentation.

In this research, the following laccases were screened for their efficiency in hydrolyzate
detoxification: Trametes sp. from Company A, Unicolor sp. from Company A, Trametes
versicolor from Sigma, Trametes sp. from China and one from a bacterial source from
Company B.

3.7.2.1 Method

Bacterial laccase

The bacterial laccase was supplied in liquid form; it had 38.1 + 0.8 m% dry content,
with 89.8 + 0.3 % organic content, causing a final 34.1 £ 0.5 m/v% organic content. In
the first experiment, 50 ml of XRF after enzyme addition was treated with 2.5 m/v%
crude laccase (0.95 m/v% dry content) at room temperature and at pH 5. In the
upcoming four experiments the laccase amount was doubled to 5.0 m/v% crude
laccase (1.82 m/v% dry content) and one experiment was done by combining two
temperatures (room temperature or 55 °C) and two pH values (pH 5 or pH 8 initial
values). No pH control was applied during the experiments.

The setup was a three necked flask applied with a reflux condensator, an oil bath,
temperature control, and a magnetic bulb. The enzyme was added through one of the
openings when the XRF reached the desired temperature. Approximately 2 ml of
sample was taken in desired intervals and analyzed by HPLC-UV. The final pH value was
also measured at the end of each reaction.

In the last three experiments, a pH control was used as pH change was proven to be a
significant parameter. The setup was modified in the following way (Figure 3-23): the
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pH electrode was inserted in one of the free necks of the lombic; the base dosing tube
was inserted in the other. The parameters of the controller (P=20 and I=3 originally)
were decreased 100 times to match the much smaller liquid volume compared to
fermenter volume. The added base was 2.5 M KOH. Laccase volume was decreased to
half, 2.5 m/v% (0.95 m/v% dry).

pH electrode

Figure 3-23: Picture (left) and scheme (right) of the detoxification setup with pH control.
Fungal laccases

As fungal laccases require an acidic pH to function, and it was proven that the reaction
itself causes a pH drop (Section 3.7.1), no pH control is needed. To measure the laccase
activity in conditions that are relevant for later SSF (Section 5.7), 2 m/v% of CaCOs; was
added to set the pH. The reaction was kept at a constant temperature by a
temperature-controlled heating plate. As higher temperature is usually beneficial for
detoxification, the reaction was tested at the temperature of lactic acid bacterial
fermentation, which was found to be 40 °C (Section 5.7.1). As air input was proven to
be useful to remove furfural and it is one of the substrates for the laccase reaction
[193], the stirring was done by bubbling air through the reaction mixture with an
aquarium pump. Experiments were performed in triplicate and 3 to 4 parallel runs
could be started. A three-necked lombic was submerged in an oil bath, equipped with
a reflux cooler (see Figure 3-24). Samples were taken regularly. In all experiments, one
g laccase per liter reaction mixture was used, independent on the laccase source. The
laccase comparison was done in triplicates for three different types (Trametes sp. from
Company A, Trametes versicolor from Sigma and Cerena unicolor from Company A).
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Figure 3-24: Picture (left) and scheme (right) of the setup used for fungal laccase
detoxification of XRF.

3.7.2.2 Results and conclusion

Bacterial laccase

The HPLC results of the runs without pH control are detailed in Figure 3-25. On Figure
3-25A, only a slight removal of phenolics is shown at pH 5 and room temperature,
meaning around 5 % decrease in 20 h in both cases. From the HPLC chromatogram, it
was visible that the crude laccase extract contains compounds that are measured
together with the phenolic compounds (Figure 3-26); this is the reason why on Figure
3-25A, the 5 m/v% laccase concentration experiment has around a 0.2 g/l
syringaldehyde (SYR) equivalent higher initial phenolic concentration than the one
with 2.5 m/v%. The phenolics removal happens relatively fast, i.e., in the first few
hours; however, the removed amount is very low. The enzyme performed much better
at pH 8 and room temperature (21 % removal), but a higher temperature of 55 °C also
helped, i.e., 16 % removal in case of pH 5 and 32 % in case of pH 8. It is visible that the
pH has a stronger effect on removal efficiency than temperature.

Furan values (see Figure 3-25C) are not changing significantly. It was seen that the pH
decreased during the reaction (See Section 3.7.1.2). This can be explained by the
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formation of acidic groups from alcohol and aldehyde groups. It could be noticed that
the ending pH (see Figure 3-25B) was always around 5, except for the experiment at
room temperature and pH 8, which ended around 6.30. This was expected to happen
as laccase catalyzes a one electron oxidation, which can lead to the formation of acids
from both alcohols and aldehydes [184]. These products will acidify the reaction
mixture for experiments without active pH control. In case of fungal laccases this pH
change is not a problem as their performance is better at acidic pH, but it can be
problematic with bacterial laccase. The higher final pH in case of the reaction at room
temperature and pH 8 is linked to the relatively lower removal; the reaction was in an
earlier stage in terms of conversion, when fewer acids are formed yet. The change in
the phenolic concentration composition was quite similar to that recorded with T.
versicolor from Sigma (Figure 3-19), only the final concentrations were higher, i.e. less
removal (see Figure 3-27D). It was also visible that lower hydrophobicity compounds
were disappearing and more hydrophobic compounds were formed.
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Figure 3-25: Summarization of XRF detoxification with bacterial laccase and without pH
control. (A) Phenolic concentration evolution, (C) furan concentration evolution in time.
Markers identify different experiments, lines different compounds: (—) represents
phenolics, (--) HMF, (..) furfural concentrations. (B) Start and end pH of experiments. (D)
Removed phenolic fraction in the experiment.
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Figure 3-26: Difference in long HPLC method chromatogram between untreated XRF (blue)

and XRF after bacterial enzyme addition (brown).
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Figure 3-27: Difference between untreated XRF, T. versicolor (Sigma) and bacterial laccase
treated XRF.

Results recorded with pH-controlled detoxification look significantly more appealing
(Figure 3-28) as even the blank experiment without laccase caused approximately the
same phenolic concentration than the best experiment in the non-pH-controlled
detoxification with 30 % and 32 % decrease (Figure 3-25A and Figure 3-28A). At room
temperature, the removal with pH control was 47 %, while at 50 °C, it was 58 %. It is
also visible that the reference removal was significant with 30 % (Figure 3-28B REF),
suggesting significant autodegradation of phenolics and/or dilution by pH control. If
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the HMF concentration is checked (Figure 3-28C) it can be seen that it slightly drops
caused by dilution instead of slightly increasing, which would be caused by
evaporation. Calculating dilution from the HMF concentration decrease, in case of
room temperature the dilution was less than 10 %, in case of reference detoxification,
with 50 °C no laccase just pH control, it was slightly more than 10 %, while in case of
50 °C and laccase it was almost 20 %. This indicates that the pH drop happens also
during autodegradation, not just laccase reaction; it is faster in case laccase is added
(Figure 3-28B REF and other two curves). It is seen that in most cases the concentration
of phenolics is stable after 24 h (Figure 3-28A), which indicates that if treatment could
be overlapped with saccharification (allowing longer reaction times than 24 h), laccase
concentration could be reduced to lower enzyme costs.
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Figure 3-28: Overview of data from pH controlled bacterial laccase-XRF detoxification runs.
(A) Phenolic concentration evolution, (C) furan concentration evolution in time. Markers
identify different experiments, lines different compounds: (—) represents phenolics, (--)

HMF, (..) furfural concentrations. (C) Removed phenolic fraction in the experiment.

Fungal laccases
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In most of the experiments, a brown to reddish color shift was visible, because of the
change in phenolic composition as was reported before [194]. This was the most
pronounced in case of C. unicolor laccase, but it was visible in all cases. Foaming was
also appearing regularly in the first 7 h, however not in every case, mostly with C.
unicolor laccase (Figure 3-29). The cause is unknown; however, it could be connected
to the fact that proteins can act as surfactants. The foaming was especially disturbing
as it changes the system, part of the liquid will be in foam form, with less contact
intensity, the top will be enriched in water as evaporating fumes will be condensed in
the top layer, changing also the composition in the remaining liquid in the bottom
where samples are taken. It is not easy to deal with it, as it is known that addition of
antifoam changes the activity of laccase [195]. In an industrial process it is easier to
deal with the problem by mechanical foam reducers, however, in this case it was not
a possibility. In case of foaming, a new experiment was started.

Figure 3-29: The occurred foaming during some of the detoxification reactions.

As it is visible from the HPLC-UV chromatograms (long method) taken after 25 h for

different laccases (Figure 3-30A), de main difference is the enzyme action on the

hydroxybenzoic acid peak (at 20.5 minutes), which is present in the highest amount in

the initial XRF. Trametes laccase removes hydroxybenzoic acid (HBA) with good
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efficiency (but most probably through radical propagation via other compounds rather
than direct action), while C. unicolor decreases it to a lesser extent. Furfural is
completely removed in all cases (Figure 3-30A at 12.5 minutes), while HMF
concentration is unchanged (at 9.5 minutes). Comparing the Trametes chromatogram
after 24 h to the starting XRF chromatogram at 0 h (Figure 3-30B), it is visible that
technically all phenolics and furfural are removed, but not HMF.
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Figure 3-30: Difference between phenolic composition for different laccase types. (A)
Composition after 25 h of blank XRF (black) and Trametes from Sigma (purple) and
Company A Trametes (blue) laccase. (B) Composition after 24 h of blank XRF (purple) and
Company A Trametes (black) laccase.

As it was mentioned, foaming was a problem appearing multiple times. One run was
made without aeration (see Figure 3-31). No concentration change was visible (furans
or phenolics), however it must be noted that in absence of air input no mixing was
present. In the future, the experiment could be repeated with magnetic stirring.
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Figure 3-31: The change in concentrations of (A) furans and (B) phenolics in case of C.
unicolor laccase detoxification, with (red) or without (green) supplied air.

All results of different fungal laccases, together with standard deviations, are
summarized in Figure 3-32. Furfural concentrations were decreasing at exactly the
same rate for all experiments (Figure 3-32A), including for the XRF blank with no added
laccase, indicating that it is purely caused by its evaporation that is promoted by the
aeration. After 7 h over 90 % furfural was removed and 100 % removal was achieved
at 24 h. The HMF concentration increased slightly because of water evaporation
(Figure 3-32B), as a few drops of water always remained in the condenser, decreasing
slightly the solvent in the mixture, and thus increasing the concentrations. Phenolics
concentration was decreasing for all laccases applied, however at slightly different
rates (Figure 3-32C). The initial phenolics removal was rapid in all the cases, i.e., 57 %
decrease was measured after 1 h in case of both Trametes laccases, and 3 h in case of
C. unicolor. In the latter case, phenolics concentration stabilized at that time, achieving
65 % final removal. In contrast, Trametes detoxification went through a further linear
removal in the first 3 h, and the phenolics concentration stabilized at 16 % of the initial
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one. The two Trametes laccases were decreasing the phenolic concentration almost
identically. The removal is also stabilizing at almost the same phenolic level, which
indicates that the remaining phenolics were not substrates for further reaction. As
both belonged to the same species it can be assumed that their behavior is close to
each other, which means that approximately the same group of phenolics will remain
in the mixture after the reaction is over (see Figure 3-30A).
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Figure 3-32: Summarization of concentrations ((A) furfural, (B) HMF and (C) phenolics) and
(D) absorbance change during different fungal laccase detoxification reactions. Error bars
are tstandard deviation from three measurements. Markers represent different
experiments.

As was suspected before, absorbance decrease follows the detoxification reaction,
stabilizing as soon as laccase reaction and furfural removal is over (Figure 3-32D). The
overall process suggests that aeration is important for furfural removal, and HBA
removal cannot be dealt with laccase reaction as even high activity Sigma Trametes
laccase removes it rather slowly. If only laccase is meant to detoxify it, it can turn out
expensive. Possible laccase should be used to remove the other phenolics, removing
part of the HBA through radical propagation, and the rest with adsorption.
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Comparison of fungal and bacterial laccases

The laccase detoxification experiments are summarized in Table 3-6. Fungal laccases
were similar in terms of their optimal working parameters (acidic pH and higher
temperature). Trametes species/versicolor laccase performed best in the
detoxification, removing most of the phenolics (85 %), while C. unicolor and the
bacterial laccase both were inferior, removing 58-65 %. This is caused by the difference
in redox potential and substrate specificity of the laccases, some phenolics are left in
the solution. It should be however noted, that in the economical point of view it is not
expected to find a commercial laccase with comparable activity as purified Trametes
laccase (Sigma). A smaller added activity can lead to the same detoxification in the end
with longer treatment time, which will be important to decrease costs.

Table 3-6: Summarizing phenolic removals of laccase-XRF reactions.

Fungal pH T Phenolics Pros Cons
laccases [[1 [°C] removal[-]
Blank 5.5 40 0.16
£ 2’;;::)/ ° |ss5 40 0.84 |
C. unicolor “High removal o
(Company A) 55 40 0.65 . -Purified products
T. species -pH in SSF range
(Company A) 5.5 40 0.85
Bacterial
laccase
No pHcontrol | 5 55 0.14
55 0.32 -Industrial enzyme -Low removal
8 22 0.21
pH control -Relatively good  -pH outside SSF range
Blank 8 50 0.30 removal
8 50 0.58 -Part of the removal is
8 22 0.47 -Industrial enzyme from autodegradation

The performance of the bacterial laccase was lower than fungal laccases, the working
pH was outside of the economically preferred range and the pH has to be actively
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controlled. The stability of the enzyme is not that crucial in this specific case as the
enzymes could not be recycled from the reaction mixture, the main parameter is to
decrease the needed amount. If laccase immobilization is considered however,
enzyme stability will be an important parameter.

3.8 General conclusions

Based on a literature overview about measurement techniques, suitable techniques
for enzyme activity measurement (ABTS assay), phenolic and furan concentration
measurement (HPLC-UV), free- and structural-carbohydrate and fermentation product
determination (HPLC-RI) were chosen and introduced for the whole scope of the PhD
research. Poplar wood was pretreated by autocatalyzed steam explosion at different
treatment times and applied pressures. A test enzymatic hydrolysis was performed to
investigate possible sugar titers and expected inhibitor levels. Results show that
temperatures lower than 200 °C are needed to minimize xylose degradation and
inhibitor formation, however glucose hydrolysis efficiency will be lower than at higher
temperatures, as was reported before [27]. Suitable parameters were chosen and
several steam explosion runs were performed to ensure standard substrate for the
upcoming experiments (named as SE united batch). Methods to handle time-instable
XRF were developed and presented.

Enzymatic hydrolysis was evaluated with the aforementioned SE united batch, which
showed that industrially relevant sugar titers could not be reached in a single
hydrolysis step, as well as that with exceptionally high cellulase concentration (20
m/v%) 2/3rd of the initial carbohydrates remained bounded. It was shown that
inhibitor concentrations increase slightly during hydrolysis, which suggests that
inhibitors are not entrapped in the matrix. Parallel hydrolysis experiments with added
water instead of XRF showed that the inhibitors significantly hinder hydrolysis, while
the concentration of phenolics present in the liquid suggested that the surface of the
solid material physically adsorbs large amount of inhibitors, which are desorbed when
washed.

A standard ABTS enzyme activity assay was used to map the activity of different laccase
enzymes in the expected working temperature/pH range. In general, higher
temperature is beneficial for activity; fungal laccases have an optimum at acidic pH,
while the applied bacterial laccase performed best at a basic pH. Literature showed
that comparison between the activities measured at different pH values is not
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comparable even at theoretical level, as the molar extension coefficient of the
substrate is changing with pH.

The laccase reaction was investigated on vanillin as a model phenolic compound.
Results have shown that the substrate goes through an oligomerization, and
precipitation caused by lower solubility of oligomers, which was later confirmed also
in the case of XRF-laccase reaction, as both precipitate and more hydrophobic products
were forming. UV spectrometry was shown to be useful for reaction monitoring, which
was later confirmed with the XRF substrate.

The application of investigated laccases was evaluated for detoxification of the liquid
phase from the SE united batch at pH values and temperatures close to the expected
fermentation parameters. It was found that significant phenolics autodegradation is
appearing at pH 8 and 50 °C, which could be utilized in a final industrial process. Results
show that different types of laccases have a different affinity for phenolic compounds
present in XRF, rendering the standard ABTS test useless for screening in this specific
case, as it does not provide any information about the substrate specificity. Model
compound-based laccase activity determination is an option, but preparing a good
model substrate is tedious (exact composition of the XRF has to be determined and
prepared which can be very difficult). Using the XRF directly was chosen, as it is readily
given, composition is exactly that of the real substrate (a=a), provides instant
information about laccase redox potential (how much and what kind of phenolics are
left in the liquid), laccase activity (slope of decrease) and phenolic autodegradation.

The setup was accepted as a method for (relatively) fast screening. Aeration was found
to be very effective in removing furfural from the broth. Its use should be considered
in general applications (even if no laccase is used), and it is a must in laccase reactions
as oxygen is one of the substrates of the enzyme [196].
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Chapter4  MAGNETIC CROSS-LINKED ENZYME
AGGREGATES

4.1 Introduction

A possible way to decrease enzyme cost is immobilization, which allows catalyst
recycling by filtration or centrifugation [197], but it also can increase the overall
performance of the enzyme by improving the resistance to inhibitors and general
stability, widening the pH or temperature working range, or even achieving enzyme
purification during the process [198]. However, also the immobilization step has its
costs and while improved stability is experienced with enzymes that are used in organic
solvents, such as immobilized lipase [199], for laccase, enzyme deactivation is noticed
due to the immobilization process [200]-[203]. Moreover, during the application of
immobilized enzymes, mass transport phenomena can cause a lower overall activity.

Garcia-Galan et al. published a good overview of immobilization possibilities [198].
Techniques can be divided in methods using support materials (porous or
nanoparticles) or without a support, as in case of CLEAs (Cross-linked Enzyme
Aggregates) or CLECs (Cross-Linked Enzyme Crystals), and these two types can even be
combined. Immobilized enzymes are typically recycled by filtration or centrifugation
from the reaction medium. Therefore, applying the considerations published in the
article [198] to the specific case of simultaneous saccharification, detoxification and
fermentation, the following facts can be deduced about utilization of any enzyme
during the process. (1) Even after maximum theoretical conversion of the solid
substrate, solid parts would remain in the broth (lignin particles [169]) which will
hinder catalyst filtration. Therefore, catalyst separation from the SSFD broth has to be
done based on a different principle. (2) During the SSFD process, the formed particles
can physically block the porous structure of the carrier material. (3) The enzymes used
are always mixtures and rarely purified to decrease the costs. As CLECs are formed
after crystallization of pure enzymes, this technology is not applicable. (4) Production
of CLEAs is based on aggregation of enzymes and can be used for our application.
Based on these considerations, magnetic Cross-linked Enzyme Aggregates (m-CLEAs)
are investigated further in the concrete example of laccase enzyme, but the principles
concluded are valid for enzymes in general. The carrier is non-porous, the enzymes are
close to the surface and the separation can be done based on magnetic properties. It
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has to be noted that the core should be ferromagnetic and not permanent magnetic,
as the particles should not aggregate, only in presence of a magnetic field.

CLEAs are technically precipitated enzymes (by salting out or pH shift for example),
which are thereafter cross-linked (see Figure 2-16), this way they will remain insoluble
even after the reason of precipitation ceased to exist further (pH shifted back to initial
value or the salt washed out from the solution) [130], [131], [197], [204]. CLEAs have
almost 100 % protein loading as the only other component is the cross-linker used, and
since the cross-linker is always an organic molecule, the organic loading of the catalyst
is 100 %. Typically, glutaraldehyde is used in a few percent compared to the enzyme
[205]. It is safe to assume that the cross-linker will not be in high amounts in the final
catalyst. Additionally, external materials can be added to the solution before
insolubilization, which will end up captured in the precipitate. This way the material
can grant CLEAs special abilities (magnetic, static etc.). Laccase CLEAs were reported
before in literature, in fact some authors achieved higher activity after immobilization
(lower K. and/or higher Vmax values), for example for laccase used in decolorizing
waste streams [206], [207].

A significant amount of literature is available about magnetic CLEAs, with different
preparation methods, however with varying success. Since CLEAs are precipitated
enzymes, their protein loading is almost 100 %, with the cross-linker contributing only
for a minor part. Using magnetic cores, however, reduces protein loading significantly.
Laccase was immobilized before on magnetically active mesoporous carbon with high
enzyme loading (50 m/m%) and relative high remaining activity (80-90 %) [200].
Horseradish peroxidase (anther phenol-oxidase) was immobilized on magnetic beads
(~100 um diameter) with a consecutive glutaraldehyde activation and immobilization.
This led to low enzyme loading (~0.3 m/m%) but high retained activity (69 %) compared
to free enzyme. However, immobilization improved working pH range, and thermal
stability [201]. Laccase was immobilized on chitosan magnetic particles with increased
Vmax, but also increased K, [208]. Kumar at al. immobilized laccase on magnetite
nanoparticles and witnessed improved stability and pH working range. The catalyst
reached 18 m/m% protein loading (measured from the difference between start and
ending solution of immobilization), but a solution with a low enzyme concentration
was used, 7 g/l which is 0.7 m/m%, compared to the industrial standard ~5-10 m/m%
[209].
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4.2 Problem statement and goal

The benefits of enzyme immobilization are clear, however, there are strict limitations
in the investigated case of laccase detoxification of lignocellulose biomass. As will be
shown in Section 6.1.3, enzyme load is a very important parameter [210], therefore
only CLEAs have the potential for utilization in this specific case as their enzyme load
is exceptionally high (over 50 m/m%). This enzyme load will be expressed as organic
loading if the enzyme amount is determined by measurement of the organic content.
Important improvements on the use of magnetic carriers in laccase immobilization
were reported in literature, but they were not used for hydrolysis and detoxification
of lignocellulose biomass substrates, let alone for simultaneous saccharification and
detoxification and high solids conditions. Up to our knowledge, laccase CLEAs were
never applied on lignocellulosic substrates for detoxification. Methods, to precisely
measure CLEAs amounts are also missing from literature and, as will be shown in this
chapter, it is not trivial.

In this chapter, it is aimed to fill the gap in literature concerning the m-CLEAs laccase
utilization in XRF detoxification. It contains a method development for reliable m-
CLEAs handling as well as detoxification experiments by bacterial laccase m-CLEAs.

4.3 Properties

The m-CLEAs used in this research were a kind gift from CLEA technologies (Delft,
Netherlands), and were prepared from the free bacterial laccase of Company A that
was applied in Section 6.4.1). As the m-CLEAs came in aqueous suspended form, it was
not trivial how to reliably add exact amounts to the reaction mixture. If dried, they
could lose their structure and activity. Therefore, firstly methods had to be developed
to enable reproducible measurements of the enzyme amounts. Additionally, to
compare the efficiency of free and immobilized enzyme, it was important to know the
enzyme loading of the catalyst. The enzyme load, which can be measured during the
immobilization process, was not known. Because of its immobilized state, the exact
protein content would be difficult to determine, as the applied cross-linker was not
known. Therefore, the organic loading was estimated by thermo-analysis. During this
analysis, the treatment time and temperature are important as the iron can be
oxidized (Fe = Fe,0s), leading to a higher observed mass. The organic loading and the
protein loading should fairly be the same, as mentioned in Section 4.1, i.e. the
difference is the amount of cross-linker, which is present in much lower amounts than

[121]



Magnetic Cross-Linked Enzyme Aggregates

the protein, typically a few percent [205]. The enzyme load will only differ from the
protein load in case of enzyme inactivation.

4.3.1 Method

4.3.1.1 Precise measurement of m-CLEAs amount

The catalyst suspension, as delivered by CLEA Technologies, was mixed and
approximately 8 g was poured in a porcelain crucible. The sedimentation of m-CLEAs
was visible after few seconds (see Figure 4-1A); therefore the dry mass concentration
of the m-CLEAs mixture can depend on the time and the place where the sample was
taken. The sample was left for sedimentation for one minute and this was facilitated
by placing a magnet right under the crucible. After decantation, the wet weight was
measured and the catalyst was resuspended in demineralized water (after water
addition the overall mass was the same as the mass before decantation). This
sedimentation cycle and determination of the wet weight were repeated three times
(see Figure 4-1) to calculate recycling efficiency from water. Thereafter the catalyst
was dried for 24 h at 40 °C in an oven until constant weight to determine the dry
content of the sediment. This dried material was used in the organic analysis later. All
experiments were conducted in triplicate. The dry content of the initial solution was
determined by subtracting the mass measured after drying from the initial mass.
Recycling efficiency was calculated by dividing the mass of the current decanted wet
catalyst by the mass of the catalyst after previous decantation (three points, as
triplicate was measured).

Figure 4-1: (left) m-CLEAs sedimentation with a magnet. (right) Decantation of the liquid
from the catalyst.
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4.3.1.2 Organic loading

Iron powder obtained from Sigma (10 um, >99.9 %) was used to determine at which
temperature iron oxidizes, as this temperature is changing when the particle size
decreases. 2 g iron powder was placed in a muffle furnace (Thermolyne, Thermo
Scientific, Waltham, MA, USA) at 400 and 600 °C for 60 and 45 minutes respectively.
Mass was measured before and after the treatment.

To determine the necessary treatment time for total oxidation of the organic matter
in m-CLEAs the following steps were executed. Seven m-CLEAs samples, each
representing around 2 g of original solution before decanting, were dried in an oven at
40°C for 24 h. Afterwards, they were treated at 400 °C in the muffle furnace for
different time intervals. The mass decrease was calculated in function of the treatment
time.

Based on the results, determination of the total organic content was performed by
heat treatment at 400 °C for two hours. The samples, washed as described in the
previous paragraph (Section 4.3.1.1), were measured for their organic content.

4.3.2 Results

4.3.2.1 Precise measurement of m-CLEAs amount

Figure 4-2A shows the wet weight of the catalyst after decantation relative to the mass
of the original solution for the different cycles. The decanted fraction of the original
m-CLEAs solution varied significantly around 40 m/m%, with a standard deviation of 2-
4 absolute percent. This means an uncertainty of 5-10 relative percent, which can be
considered significant. However, the recycling efficiency of the decanted fraction
between washing rounds was remarkable, with averages ranging from 0.992 to 1.012
(a deviation between 0.6 and 2 %) in all three parallel experiments (see Figure 4-2B).
This means that washing can be done several times without catalyst loss. The dry
content of the original catalyst suspension and the dry content of the decanted wet
catalyst was 6.4 = 0.4 and 16.4 + 0.5 m/m% respectively, which corresponds to a
deviation of 6.25 and 3 % (see Figure 4-2C-D). As lower uncertainties are observed for
measurements of the decanted fraction, it can be concluded that this fraction is easier
to handle and offers significantly higher precision for dosing.
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Figure 4-2: m-CLEAs dosing and composition details. (A) Mass recovery from original
solution, (B) recycling efficiency after washing, (C) dry and (D) organic content off the
original solution and the decanted fraction. Error bars are tstandard deviation from three
measurements.

4.3.2.2 Organic loading

Table 4-1 presents the final mass of the iron powder compared to initial mass after a
certain time on 400 and 600 °C. The sample mass increased by 13 % when treated at
600 °C in the muffle furnace, and only 0.6 % when it was heated at 400 °C, so the latter
was chosen for further experiments as at this temperature the iron oxidation is
considered negligible. The necessary treatment time for organic content
determination of the m-CLEAs was determined by subjecting seven samples to 400 °C
for different time intervals (see Figure 4-3). The mass stabilized after around 80
minutes; hence the treatment time was chosen to be 2 hours in which time all organic
content will be considered as burnt completely.
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Table 4-1: The mass change of heated iron powder on different temperatures.

Temp [°C] 400 600
Time [min] 60 45
Mass compared to start [%] 100.55 113.52

The samples used to determine the method for precise m-CLEAs mass addition
(Section 4.3.1.1) were also analyzed on their organic loading. The original suspension
and the decanted catalyst proved to have 2.8 and 7.0 m/m% organic loading
respectively (Figure 4-2D), with the dry content itself having an organic loading of
42.7+0.7 m/m%. This value is high compared to the commercial polymer based
immobilization techniques that usually result around 10 % organic loading [211], but it
is in good correspondence with literature where 35-70 m/m% protein loadings were
reported before [205]. It must be noted that most of protein loading measurements in
researches are performed by measuring how much protein was removed during
immobilization, which was not possible in this specific case (this method usually
overestimates it). Taking the density difference between iron and enzymes aggregates
into account, it is obvious that the vast majority of the volume of the catalyst particle

is the precipitated enzyme.
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Figure 4-3: Decrease in decanted m-CLEAs catalyst mass during heat treatment at 400 °C.
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4.4 Detoxification

Just as in the case of free laccase (Section 3.7), the real evaluation of laccase’s
detoxification capacity is the removal of phenolics from the actual XRF. m-CLEAs were
tested at different temperatures and pH values to map the optimal and possible
working range. Up to our knowledge no laccase CLEAs were applied to XRF before.

4.4.1 Method

The experimental set-up is shown in Figure 4-4. The reaction took place in three-
necked flasks (100 or 250 ml), which were immersed in an oil bath. The system was
supplied with a reflux condenser, a pH electrode and a tube to supply KOH alkali for
pH control. m-CLEAs were washed three times with XRF prior to addition to XRF in
order to minimize the dilution effect of the liquid present in the decanted catalyst.
Experiments were performed with equal organic contents of laccase enzyme, which
was the as-closest-as-possible solution to determine immobilization deactivation. The
real common unit would have been an equal laccase protein content, but that was
impossible to measure. As the organic content of the decanted m-CLEAs was 7 m/m%,
and 38 m/m% in case of free bacterial laccase solution (Section 3.7.2.2), the mass of
m-CLEAs with an equal organic content to the usually applied amount of free crude
laccase, i.e. 2.5 m/v %, is 6.78 g of decanted m-CLEA to 50 ml XRF. The required
decanted catalyst mass can be calculated as shown on Equation 4-1 and 4-2.

V * Copyge * Organic contentqpyde 41
m = - -
CLEA organic contentcipa

0.051%25g/1%0.38
McLEa = 0.07 = 6.78g 4-2

Experiments were conducted at pH values of 5, 6, 7 and 8. The pH was kept at the
desired value with the control system of a fermenter (BioFlow 115, New Brunswick)
and by adding a concentrated KOH solution of 2.5 M to minimize the dilution effect.
Dilution of the reaction mixture was quantified by measuring the mass of the
remaining KOH solution. Samples were taken at regular time intervals and phenolic
contents were measured with the short HPLC method (Section 3.3.1.1).

The effect of temperature is examined by performing three experiments at pH 6 i.e.,
at room temperature, 50 °C and 80 °C respectively. The temperature of the oil bath
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was maintained at the given temperature £ 2 °C. Blank samples were measured in
parallel with the same setup but without added m-CLEAs (pH regulation and stirring
were active).

The suspension was stirred with a magnetic bulb at high speed. This caused part of the
catalyst to bind to the bulb, as m-CLEAs are ferromagnetic, decreasing the contact
efficiency of the catalyst. No air was supplied to the system.

@ pH controller

Figure 4-4: Picture (left) and scheme (right) of the setup used for detoxification with m-
CLEAs.

4.4.2 Result

m-CLEAs immobilized bacterial laccase removed phenolics faster than free bacterial
laccase (Figure 3-28 and Figure 4-5). Points at -1 h represent the XRF composition
before adding m-CLEAs and after pH setting. Figure 4-5A presents the evolution of the
total phenolics content of all the experiments. Curves show immediate removal in the
first half hour. In most cases, equilibrium was reached after 5 to 7 hours of reaction,
but in some cases, the decrease lasted for around 24 hours after the start. Phenolic
removal values were about 70 % against a removal of 34 % measured for the reference
experiment without catalyst (see Figure 4-5A and Table 4-2). All measured phenolic
concentrations decreased due to a significant dilution that was obtained by adding the
alkali used for pH control, i.e., around 10 %. The significant phenolics removal of the
reference can only partially been explained by this dilution. Therefore, most probably
an auto-degradation of phenolics at pH 8 can be expected. Phenolics are known to be
instable at high pH; this is the base of overliming as a detoxification technology [212].
From Figure 4-5B and Table 4-2, it can be concluded that the pH of the reaction is of
low importance within the pH range of 6-8 (std 3 %), as very similar results were
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acquired. At pH 5, m-CLEAs performed worse with 64 % removal (Figure 4-5E).
According to the results presented in Figure 4-5C and F for experiments at pH 6, the
temperature was visibly more important for phenolics removal performance.
However, it can be noted that different XRF, with higher initial phenolic content was
used at pH 6, 20 °C and 80 °C. The removal was 67-72 %, although the remaining
phenolic concentration was still relatively high compared to experiments performed
with the previous batch. As the experiments required significant preparation, and only
two instruments were capable to control the pH by addition of alkali, performing
parallel experiments was difficult. Two replicate experiments at pH 8 and 50 °C were
performed (Figure 4-5D and G), however, they showed relatively close results, with

only 2 % difference in phenolics removal.
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Table 4-2: Summarizing phenolic removal of experiments.

Temperature (°C) pH control Phenolic removal [%]

2.5% m-CLEAs 50 pH5 64%
2.5% m-CLEAs 50 pH 6 70%
2.5% m-CLEAs 50 pH 7 69%
2.5% m-CLEAs 50 pH 8 67%
2.5% m-CLEAs 50 pH 8 69%
2.5% m-CLEAs 20 pH 6 72%
2.5% m-CLEAs 80 pH 6 67%

REFERENCE 50 pH 8 34%

However, the experimental results are based on phenolic removal and not on the
formed product (radical, or dimer as the radical recoupling is very fast compared to
enzymatic reaction) during enzymatic reaction. Therefore, in Section 4.5, it will be
investigated if adsorption of phenolics on the carrier occurs. The rapid decrease in
concentration, together with the low pH sensitivity can indicate that the measured
decrease can be strongly influenced by adsorption, although stability increase during
immobilization was reported before [201].

4.5 Adsorption

Based on the results in Section 4.4.2 adsorption of phenolics to m-CLEAs occurred
when the catalyst was brought in contact with the XRF. The rate difference between
the phenolic concentration decrease of free and immobilized catalyst suggests that
removal in the latter case is caused by adsorption as it goes much faster (a few hours
to reach stable value with immobilized enzyme and 48 h with free enzyme). Hence,
adsorption measurements were conducted with deactivated catalyst to investigate the

adsorption further.

4.5.1 Method

4.5.1.1 Adsorption experiments

Active and inactivated m-CLEAs were compared for their adsorption properties.
Inactivation was done by autoclaving the catalyst at 20 bars for 30 minutes. 7 g of wet
catalyst (0.49 g organic loading) was added to 10 ml of XRF and left for 30 min at room
temperature, mixed in every 10 minutes. After that, a sample for HPLC analysis was
taken and both the active and deactivated catalysts were recycled by decanting and
applied for detoxification of XRF in four more rounds. Additionally, 1 g of the remaining
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active catalysts (0.07 g organic loading) was subjected to 25 ml XRF for 15 minutes
three times.

4.5.1.2 Desorption experiments

In the next experiment, the desorption phenomena were investigated on the
inactivated catalyst at room temperature by first causing adsorption of the phenolics
performing cycles of adding 0.53 g decanted inactive catalyst subsequently to five
times 5 ml XRF, and thereafter to seven times 25 ml. Samples were taken and catalyst
was recovered by decantation between each cycle. Finally, desorption was researched
by washing the inactive recovered catalyst four times with 5 ml and once with 25 ml
demineralized water. Samples taken after each cycle were analyzed by HPLC for
phenolic inhibitors with both the short and long analysis method (Section 3.3.1.1).

4.5.1.3 Adsorption isotherm and working line

In the last set of experiments, 0.53 g of decanted active catalyst was brought in contact
with, subsequently, five times 5 ml and seven times 25 ml XRF volumes at room
temperature. In the first experiment, the catalyst was not separated from the mixture.
Only fresh XRF was added to the batch in each round (final volume was 200 ml). In the
second experiment, the catalyst was separated and recovered from the liquid by
decantation between each addition of XRF. Finally, this last experiment was repeated
at 45 °C instead of room temperature.

4.5.2 Result

Inhibitor removal, calculated from the HPLC phenolics concentrations of the
experiments investigating adsorption on active and deactivated m-CLEAs (Section
4.5.1.1) are shown on Figure 4-6. The phenolic removal of active and deactivated
catalyst performed nearly the same until a summed amount of 122 mlxre/gorganic added
in the different cycles, hereafter the active catalyst was not measured further.
Deactivated catalyst had significant adsorption until 500 mlxge/gorganic Was added, while
after 1000 mlxgre/gorganic little further removal can be observed (3 %, see Figure 4-6A and
Table 4-3). The latter value (1000 mlxge/gorganic), cOrresponding to the concentration of1
g/l Sigma T. versicolor laccase, was used in Section 3.7.1 [169]. Furan removal was
technically zero even after 60 mlxge/gorganic (See Figure 4-6B-C).

Assuming (1) that the physical behavior, such as the adsorption capacity, of m-CLEAs
will not change significantly if they are made in the same way by cross-linking, but
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using other laccase enzymes, and (2) that the deactivation during immobilization
would be the same for Trametes sp. laccase (Sigma) and C. unicolor laccase, Figure 4-6
can be used to estimate the adsorption effect of the m-CLEAs in general at a chosen
enzyme concentration. Via a standard, i.e., T. versicolor laccase (Sigma), the same
calculation can be made starting from a chosen enzyme activity instead of enzyme
concentration.

Vertical lines on Figure 4-6 indicate the laccase amount with equal activity compared
to 1 g/ T. versicolor (Sigma) laccase, Zorganic per mlxze based on their activities expressed
as the reciprocal mlxre/gorganic ratios. For example, 1 g/I T. versicolor laccase (Sigma) is a
purified protein with an organic loading of 1 gprotein/Epowder, it is applied in a
concentration of 1 g/l (Section 3.7.1), which is 1 gprotein/1000 ml. The XRF amount per
catalyst will be the reciprocal, thus 1000 mlxre/gorganic @s indicated on Figure 4-6. Free
T. versicolor laccase (Sigma) had an activity of 33.85 ABTS AU/(Zorganic X min), C. unicolor
laccase had 19 times less activity, 1.78 ABTS AU/( organic X min) , which means that to
add the same activity to the solution 19 times less XRF volume has to be used (1000/19
= 52.6 ml/gprotein), at which value the corresponding adsorption of 43 % phenolics
removal is expected (see Figure 4-6A and Table 4-3). The activity values are in Section
3.6.1. The value of mlxre/gorganic at Which bacterial laccase m-CLEAs were used can be
calculated as follows: 0.49 g organic loading equivalent of decanted m-CLEAs were
added to 50 ml XRF, which gives 102 mlxge/gorganic and 57% removal by adsorption (see
Figure 4-6A and Table 4-3). In general, the less active the enzyme is, thus lower
catalytic activity per mass organics, the higher the phenolic removal via adsorption
gets, as higher catalyst mass will be needed for the same volume of XRF — thus the
MIxre/Gorganic Will decrease.

Table 4-3: Phenolic removal relative to untreated hydrolysate (0 %) due to adsorption of
different laccases if used as m-CLEAs. The value of mlxre/gprotein is calculated from enzyme
activities on ABTS substrate for different free laccases.

m-CLEASs ratio [mlxre/gprotein] Phenolic removal [%]

Sigma laccase m-CLEAs 1000 3
Bacterial laccase m-CLEAs 102 43
C. unicolor laccase m-CLEAs 52.6 57

It is visible on Figure 4-6A that the phenolic removal by bacterial m-CLEAs was mainly
because of adsorption and dilution (43-55 %) and only 10-15 % was accounted for the
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enzyme activity. At high activities (T. versicolor laccase from Sigma) the adsorption
causes only 3 % of removal (Table 4-3). However, it has to be taken into account that
industrial enzymes are usually not purified and have a lower activity per gprotein. Both
HMF and furfural adsorption is technically zero even at the concentration where C.
unicolor would be used (Figure 4-6B-C).
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Figure 4-6: Adsorption phenomena of (A) phenolics, (B) HMF and (C) furfural at different
XRF/ m-CLEAs ratios. The curves represent the measured data for (x) active and (o)
deactivated catalyst, vertical lines the theoretical applied amount of different m-CLEAs
enzymes based on their activity on ABTS substrate.

It can be concluded that adsorption to the immobilized catalyst is significant and is
something that has to be investigated and taken into account. Chromatograms show
significant adsorption on inactivated m-CLEAs (20-35 min), some phenolics are more
affected (at RT 22, 29.5 min), some phenolics less (at RT 27, 29 min) (see Figure 4-7).
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Compared to active carbon treatment (20 g/l C303 type, Desotec, Belgium) the
removal is much lower.
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Figure 4-7: Comparison between long HPLC measurements of (—) untreated XRF, (—) active
carbon and (—) m-CLEAs treated XRF.
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Desorption experiments (see Section 4.5.1.2) showed minimal desorption, after two
cycles of washing the measured phenolics concentration was in measurement error
range. This indicated that the adsorption is irreversible, chemical rather than physical
sorption (see Figure 4-8), as in case of physisorption the bounding is purely equilibrium
based and washing would decrease the concentration of the compound in the bulk
phase caused by desorption from the surface. Chemical sorption however is
irreversible, as no desorption will occur during washing.
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Figure 4-9: Adsorption at two different temperatures with m-CLEAs catalyst. (—) Represents
experiments without separation, (--) represents experiments with catalyst separation and
recycling.

When investigating the adsorption on m-CLEAs, first an adsorption isotherm was
measured, a straightforward equilibrium curve (Langmuir, Freundlich etc.). It is
obtained by using a fixed amount of adsorbent and shows the remaining concentration
in the liquid at equilibrium [g/l] with respect to the amount of compound that is
adsorbed per mass adsorbent [g/g]. In our case, measurement of the phenolic
concentration was done by starting from a low XRF/m-CLEAs ratio and XRF was added
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stepwise in 30 minutes intervals, without separating the catalyst from the liquid (see
Section 4.5.1.3). In Figure 4-9, the remaining concentration in the liquid with respect
to the different XRF volumes applied per amount of m-CLEAs is presented. The
adsorbed mass of phenolics will be the difference between the equilibrium
concentration and the original concentration (shown by the horizontal line at the top
of the graph) multiplied with the volume of XRF. At high XRF volumes, the remaining
concentration of phenolics will asymptotically approach the concentration of the blank
XRF sample, because saturation of the catalyst will be reached, but never reach it as
some phenolics will always be adsorbed on the surface, thus missing from the bulk
liquid.

Next, the adsorption on m-CLEAs was investigated in the following way. When m-
CLEAs were recycled, the liquid was separated from the catalyst and fresh XRF was
added to start the next detoxification step. This represents the actual application of
the catalyst, as it will be recycled from batch-to-batch. This is represented in the
working line, which shows the phenolic concentration at equilibrium with respect to
the added XRF volume (Figure 4-9). The phenolic concentration was obtained after
addition of the recuperated m-CLEAs to an XRF volume/ m-CLEAs ratio of 129 (5 ml to
0.0378 gorganic) five times and seven times to a ratio of 646 (25 ml for the same mass).
The x-axis shows the cumulated added XRF volumes in the different cycles. Physically,
it means the m-CLEAs are always in contact with the same volume. It is straightforward
that each batch volume, thus XRF/ m-CLEAs ratio, will have its own curve (25 ml/g and
200 ml/g can be significantly different) as theoretically different amounts of phenolics
will be removed when different volumes XRF are added to the catalyst. Additionally,
the starting point of the working line will be the same point as on the equilibrium
curve, since the first batch is fresh catalyst with the corresponding amount of liquid
added. In Figure 4-9 the starting points of the curves are different as the applied m-
CLEAs masses are slightly different and the slope of the curve is big, thus small mass
differences will result in relatively big remaining phenolic concentration differences.
As in each subsequent step, fresh XRF is added and desorption is minimal, the
measured remaining phenolic concentrations in the liquid phase will be higher than
the equilibrium concentrations (the working line is “above” the equilibrium line). This
can be understood by considering the following: as adsorption is a reversible process
and the driving force of adsorption is the difference between the concentration at the
surface of the adsorbent and the concentration in the liquid, the fresh XRF will always
be the same higher initial concentration that will force more phenolics on the
adsorbent material than if the fresh XRF is added to the already present XRF with a
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decreased phenolic concentration. In the latter, the driving force will be smaller. For
the same reason, the working line reaches the blank XRF concentration as soon as the
m-CLEAs surface is saturated. Figure 4-9 shows the two curves, i.e., equilibrium
(without separation of the m-CLEAs) and working line (with separation). It is
furthermore visible that higher temperature enhances adsorption, a phenomenon
appearing in case of chemisorption as higher temperature means higher reaction rates
according to the Arrhenius equation. In case of physisorption, the opposite would
occur, i.e. physical bounding forces will get weaker in case of higher temperatures,
due to the higher kinetic energy of the molecules in the solution.

Therefore, it is clear that adsorption is even a more important phenomenon at the
expected working temperature of SSF (40-50 °C) than on room temperature.
Furthermore, due to the fact that for industrial enzymes the activity per g protein is
usually lower than purified commercial research enzymes, more enzyme will be
applied and, consequently, the applied XRF/ m-CLEAs ratio will be smaller. This makes
adsorption a parameter that has to be quantified and calculated if the process will
reach the application stage. On one of the datasets, Matlab modeling was performed
to obtain a mathematical model, which can describe this reliably (Section 4.6).

4.6 Modeling

4.6.1 Goal and methodology

As it was shown in Section 4.5, adsorption is a significant phenomenon during laccase
m-CLEAs and XRF reaction, so it is worthwhile to investigate it further. The goal of the
model is to estimate the remaining phenolic concentration in function of XRF-catalyst
ratios and recycling rounds, because their remaining concentration can decide
whether extra detoxification steps will be needed. In a concrete process HPLC
measurements are a possibility, but for theoretical designing/optimization this is not
a possibility.

Two different datasets have been recorded (Figure 4-9), both presenting phenol
concentration in function of XRF/m-CLEAs [ml/g] ratios or XRF volume [ml]. The so
called ‘equilibrium line’ represents the situation when CLEAs are not separated from
the liquid, i.e., fresh liquid is added to the mixture each time after reaching equilibrium.
The other curve, called ‘working line’, contains the equilibrium concentrations of
phenolics when the liquid was separated each time before addition of fresh XRF to the
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m-CLEAs, i.e., exactly as what would happen if the m-CLEAs are recycled in an industrial
application.

Methodologically the equilibrium curve is easier to measure and is expected to be the
same for a given batch of catalyst, XRF and temperature. The working line is more
difficult to measure and, additionally, it depends on the step-size of volume addition
(V/m), which means potentially an infinite number of curves can be obtained for a
given m-CLEAs /XRF/temperature system (see detailed explanation later). However, in
an industrial setting, it is the working line curve that has importance and not the
equilibrium curve. Therefore, it would be beneficial to investigate how to model the
working line, and how the working line depends on the equilibrium line.

The dataset was recorded as described in Section 4.5.1 at 45 °C and an organic loading
of 0.0319 g (equilibrium line) and 0.0387 g (working line). Therefore, the modeling was
divided in two stages. Firstly, a fit for the equilibrium line (found to be the Freundlich
isotherm) was determined, and, secondly, an empirical fit for the working line was
constructed. All data processing was performed off-line using a commercial software
package (MATLAB 2017.1, The MathWorks Inc., Natick, MA, 2017), and standard
packages for optimization (minimum search).

4.6.2 Method

For modelling of the equilibrium and working line an experimental set was measured
similar to the method described in Section 4.5.1. Wet m-CLEAs (1.11 g) were mixed
with 10 ml XRF. After 30 mins at 45 °C, the solution was mixed and 5 ml of the whole
mixture (catalyst and XRF) was pipetted to another Erlenmeyer lombic. This ensured
that the starting point would be identical, however because of the fast sedimentation
the mass of the two separated catalysts can be different. The actual catalyst mass was
measured after decantation of the first 5 ml of the original solution, afterwards the
corresponding Vxre/Mm-cieas Was calculated based on the measured mass for both
mixtures. For the equilibrium line measurements, the original content was 0.0319
Sorotein, While for the working line measurements, this was 0.0387 gprotein. Each reaction
cycle lasted for 30 min with mixing at 10 and 20 mins.

4.6.3 Modelling the adsorption isotherm

The well-known Freundlich isotherm takes the following form for solid liquid
adsorption (Equation 4-3).
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X Kceo™ 4-3
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where x is the adsorbed mass, m is the mass of the solid, K and n are constants, ceq is the
equilibrium concentration.

Using the fact that the adsorbed amount can be described with the volume and the
concentration change in the liquid (Equation 4-4):

X (co — Ceq) = KCeqn 4-4
m
where co is the starting concentration.

After reorganizing the equation (Equation 4-5):

= 4-5

\% Kceq™
m  (co— Ceq)

Alternatively, the mass, as it is constant in the experiment, can be included in K
(Equation 4-6):
K'ceq"

V=—— 4-6
Co — Ceq

where K’ is a constant.

The equations give the relationship between the volume of XRF and the mass of m-
CLEAs ratio (Equation 4-3) or the XRF volume (Equation 4-5) and the equilibrium
concentration (Figure 4-9). Since in our case the V/m ratio is used, Equation 4-5 will be
used further. Until this point, the equation derivation is mathematically correct,
however it must be noted that the phenolics concentration used in this research is
measured by UV absorbance as a mass equivalent calculated against a syringaldehyde
standard, therefore not explicitly the exact phenolics concentration.

In this concrete adsorption isotherm, the volume is the independent and the
concentration the dependent variable; therefore, it would be better to derive an
equation that expresses the concentration explicitly. The difference in the power of ceq
(in Equation 4-5) makes this difficult. Instead, the graph presented as an inverted curve
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(V-c instead of ¢-V) would allow that, from a given equilibrium concentration ceq, a
concrete volume V could be calculated easily.

Similarly to the transformations done with the Freundlich isotherm (Equation 4-3), the
same steps can be done with the Langmuir isotherm (Equation 4-7). The original model
was defined for monolayer adsorption in case of gases, thus it defines a relation
between partial pressure and surface saturation. The model can be also used for liquid-
solid adsorption in the form of Equation 4-8.

chrrent — Kp
V, 1+Kp

Where Veurrent is the volume of the monolayer, Vm is the volume of the saturated monolayer, K
is a constant and p is the partial pressure of the compound.

kV K'cCeq

—(Cp—Ceq) =T———— 4-8
m(° eq) 1+ K'ceq

Where V is the volume of liquid, m the mass of the solid, k is a constant defining the relationship
between the saturated monolayer and the adsorbed mass, co is the starting concentration, ceq
the equilibrium concentration and K is a constant.

Equation 4-8 can be expressed with V/m as dependent variable by dividing both sides
by co-Ceq (Equation 4-9), and then dividing by k (Equation 4-10). Alternatively, V can
also be expressed explicitly (Equation 4-11).

kv K'ceq 4o
m (1+ K’ceq)(co — Ceq)
v Keeq 4-10
m (1+ K’ceq)(co — ceq)
K
v M Ceq 4-11

B (1 + K’ceq)(co - ceq)

Where V is the volume of liquid, m the mass of the solid, k is a constant defining the relationship
between the saturated monolayer and the adsorbed mass, co is the starting concentration, ceq
the equilibrium concentration and K, K’ are constants.

A fit of the adsorption isotherm in Figure 4-10, i.e., the dataset recorded with no XRF
separation, was performed with the Freundlich model derived equation (Equation 4-5)
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and the Langmuir model derived equation (Equation 4-10). The results are summarized
in Table 4-4 and the resulting graphs are visualized (Figure 4-10). The Freundlich model
gave a better fit compared to Langmuir (R?=0.9711 instead of 0.9706). Therefore,
Freundlich was used further, although the difference was really small, i.e. both seem

to describe the measured data well.
Table 4-4: Results of equilibrium line fit. SSE is the sum of squared errors.
| ssE K’ orn K R?

Freundlich | 9.8194e+05 1.5652 206.64 0.9711
Langmuir | 9.9834e+05 -0.2062  180.85 0.9706
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Figure 4-10: Measurement points and fitted (—) Freundlich/Langmuir model on the

adsorption equilibrium line (0) measurement points with m-CLEAs and XRF.

After the parameters are calculated, the equation can be handled easier. Simulating

the adsorption curve is straightforward, i.e., a vector of ceq values is defined and the

corresponding V values are calculated. However, it should be kept in mind that

originally V is the independent variable and ceq is the dependent as a concrete volume

of XRF will be added to the m-CLEAs. Secondly, in our case, the volume can be
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determined more precisely than the equilibrium concentration (volume measurement
is more precise than syringaldehyde measured by the short HPLC method), therefore
V values are more certain than ceq. This means that Equation 4-5 has to be used in the
way that V values will be given and ceq calculated. Since the difficulties to express the
phenolics concentration explicitly still exist, Equation 4-5 was converted to a minimum
search problem, which is executed relatively fast by Matlab. The expression can be
rewritten to:

Kceg" \%
% _“_9 4-12

(co— Ceq) m

Kceg" \
(—2 __—H2=p 4-13

(CO - Ceq) m

Technically the equilibrium curve is calculated by solving the minimum value problem
(Equation 4-13) at every value of V. This was the way the ceq value was calculated for
the corresponding V values in case of the equilibrium line further on (Section 4.6.4 and
4.6.5).

4.6.4 Modeling of the working line

The main difference between the equilibrium line and the working line is that the
previous is measured by increasing the added XRF volume compared to a given amount
of m-CLEAs, therefore all equilibrium lines for a given XRF (source, pretreatment
parameters etc.) and m-CLEAs (enzyme, immobilization parameters etc.) will be the
same, or they will be “overlapping”. The working line represents the actual application
situation, when given amounts of m-CLEAs are mixed with a given amount of XRF, the
catalyst is filtered out and remixed with another batch of fresh XRF, and so on. It can
be seen, that compared to the previous situation (equilibrium line), a new operation
parameter is introduced, i.e., XRF volume/m-CLEAs mass, which means that for a given
equilibrium line (varying XRF volume, constant m-CLEAs mass) infinite different
working lines can be rendered in function of the Vif/mm.ceas ratio. The following
properties are known for every different working line (constant Vy/Mm.cLeas; constant
XRF volume; constant m-CLEAs mass):

I. Each working line starts from the equilibrium line, or with other words, the
first point of the working line will be always on the equilibrium line.

II. The concentrations on the working line will be always higher (or equal in case
of the first point) than the equilibrium line.
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lll. The equilibrium line is continuous, while the working lines are discrete.
IV. The working line will reach the concentration of the blank sample and not
approach it like the equilibrium line.

The first property (I.) can be understood by following a thought experiment. A working
line experiment is performed at a given Vii/Mm.cieas = Kk ratio. This means that the
mixture will be first separated exactly at the k volume/mass, determined by that value,
the first point of the working line starts from the equilibrium line.

The second property (ll.) can be understood considering the following. The rate
determining factor of adsorption is not the amount of liquid added, but the
concentration difference between the actual bulk concentration of the liquid and the
equilibrium concentration corresponding to the saturation level of the solid/catalyst.
Keeping the same symbols and conclusions from the previous paragraph, the following
applies: at every Vy¢/Mm-cieas lower than k, the corresponding concentration is the
same for the equilibrium line and working line. Let us call the corresponding bulk liquid
equilibrium concentration ¢k at the point where the ratio is k. At the k ratio, the mixture
will be separated in case of the working line, and another batch of fresh XRF
corresponding to the k ratio will be added (case 1). Let us assume that in case of the
equilibrium line at k ratio, another k amount of XRF was added to the mixture without
separation (case 2). The adsorbed amount on the surface of the solid/catalyst at the
starting point (k point) will be the same in both case 1 and case 2, which means that
the corresponding bulk liquid equilibrium concentration (ck) will be exactly the same.
At the moment when the XRF is added however, the bulk concentrations will differ
significantly, i.e., in case of working line (case 1), the new starting concentration will
be ¢ as fresh XRF is added, while in case of the equilibrium line (case 2,) the starting
concentration will be (co+ck)/2, as the fresh XRF is added to the already present XRF.
This will continue at every corresponding step: while the catalyst recycled according to
the working line will always contact fresh XRF with ¢y concentration, the catalyst
measured according to the equilibrium line will contact the mixture of the previously
“depleted” XRF and the fresh XRF. Therefore, the driving force, Couik-Csaturation, Will
always be higher in case of the working line (case 1) than in case of the equilibrium line
(case 2). Since the driving force is higher, more phenolics will adsorb and the solid
saturation level will be higher. Since a higher saturation level is connected to a higher
equilibrium bulk concentration, described by the adsorption isotherm, and the latter
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is exactly what is being measured, the working line will always be above the
equilibrium line.

The third property (lIl.) is easy to understand, however it is only partially true. If the
catalyst is used for a working line in a given k ratio (volume/mass), the first point will
be recorded at the k value. After recycling the catalyst and adding new XRF, the next
point will be at 2k value, the third point at 3k value, etc. 1.5k, for example, is not
defined, in the same way as for example protein consumption by 1.5 man is not
defined (although mathematically it can be calculated). This is true for the experiments
described in Section 4.5.1.3. However, if the process is done in a fed batch mode and
k is the ratio when the catalyst is separated from the mixture, there will be a starting
m ratio (catalyst mass to added XRF), where m<k. Thereafter, new XRF is added to the
mixture continuously until the ratio reaches the k value, then separated and recycled
to a k+m ratio and separated again at 2k, recycled at 2k+m and separated at 3k etc. In
this case the working line is not discrete anymore, but it will be defined in every
[n*k+m,(n+1)*K] interval, where n is an integer.

The fourth property (IV.) comes from the third. If the thought experiment is continued,
after many cycles in case of the working line experiment, there will be a point where
only one molecule is adsorbed to the almost completely saturated surface. In the next
round, none will adsorb and an equilibrium concentration equal to that of the initial co
will be reached, thus the working line actually reaches co value. In case of an
equilibrium experiment, the added XRF is mixed with the previous one, so if even a
single molecule was adsorbed from it, the molecule will be still missing from the liquid,
thus co equilibrium concentration cannot be reached, just approached. Keeping the
previously defined symbols, it can be said that the working line concentration (cw(k,V))
will always be between ceq(V) and cq, or ceq(V)<cw(k,V)< co.

As no model has been defined for this kind of working line yet, an initial fit of the
dataset with all measurement points was performed using the Freundlich and
Langmuir type models, as defined in (Equation 4-5 and Equation 4-10) . The first
problem with the fit comes from property IV., the working line concentration will reach
the co concentration. Measurement errors will be also present, which means that
potentially equal or higher concentrations than ce will occur in the measurements (as
in case of the last point of the given dataset). Both equations have a division by ce-c,
which in this case will yield a small negative number or zero, which will result in a big
negative number for V, which will cause an oscillation between big +V values at ceq
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values close to ¢, or a division by zero will cause a crash. Therefore, aninitial correction
was made before the fitting by leaving out values equal or greater than co. After the
last point is left out the fit is still performing bad (see Figure 4-11), with R of 0.050 and
0.102 for the Langmuir and the Freundlich model respectively. The bad performance
of the models can be understood taking into account that both were developed for
equilibrium measurements, not recycling as in case of the working line experiments.
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Figure 4-11: (--) Langmuir and (—) Freundlich model fit on working line (x) measurement
points.

As an unlimited number of working lines for an equilibrium curve exists, it might be
interesting to generalize them. An option to generalize the relation between cy-V is to
show how much portion of the co-ceq(V) difference does cw(k,V) actually covers (see
Figure 4-12), and this factor will be called the ctactor (Equation 4-14). The conversion
from the cractor to the working line concentration (cw) is described by Equation 4-15. For
example, a Cractor Of 0.5 means that the cy value is half way between ceq at that point
and co.
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Cw(k V) —coq(V)
Cractor (K, V) = WCO s (;q) 4-14
eq

cw (K V) = Cactor (K, V) * (co — Ceq(v) )+ Ceq(v) 4-15

where cw represents the concentration points at equilibrium during measurement of the
working line.

Investigating Equation 4-14 and Equation 4-15, it is visible that the cactor Starts from 0,
when cy equals ceq, and will reach 1 when the adsorbent is saturated (cw = co). This
expression could be used for every working line (i.e., every k value) as it fulfills the
criteria that cw starts from the equilibrium line (ceq) and it goes to the initial blank
concentration (co). Technically, it is a transformation of the c, variable to another Ctactor
variable. After the transformation, the V values were shifted to the origin by
subtracting the minimum V value from all V values (V-Vmin). This was to ensure that all
working line curves are shifted to the same region, no matter which k value they have
started from.

The transformation according to Equation 4-14 also has its cost. As V increases, both
Cw-Ceq aNd Co-Ceq Will get smaller and smaller (Figure 4-12A), which means that random
measurement errors, not significant if investigating the initial concentration values,
can mean significant deviations when divided by small numbers (Ac=>0 when V> o).
In case of co-Ceq, it is less a problem as the values are calculated from the already
performed equilibrium fit, ensuring smooth evolution, but in case of cy values, which
are raw measurement data, including standard error, it can be a problem as visible in
Figure 4-12B at the two points before the last. However, when the Cacdor Will be
converted back to c, the errors will decrease.
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Figure 4-12: Visualizing ctactor calculation. (A) The measurement (o) points will be linearly

transformed between the (--) equilibrium model and the (—) blank concentration. Points on

the equilibrium line will be 0, points on the blank concentration 1. (B) (o) Points after
transformation, (x) discarded points.

After Crcor transformation, shifting to the origin and excluding the two outliers two

different models were fitted. Both were purely empirical. Empirical working line (WL)

model 1 (see Equation 4-16) has an exponential part, which hard-codes the upper limit

of 1 in the model, while Empirical WL-model 2 (see Equation 4-17) is an empirical

equation with two parameters.
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Figure 4-13: Cractor (0) points with two fitted empirical (—) (--) models.

The results of the fit are summarized in Table 4-5 and the curves visualized on Figure
4-13. WL model 2 performed significantly better with R?=0.94, compared to 0.87 in
case of Empirical model 1. It should be kept in mind that Empirical model 1 only had
one fitted parameter while Empirical model 2 had two, thus the better fit is not
surprising. The data set is too small to choose between the two, but in the current
case, Empirical model 2 was used further.

Table 4-5: Results of cractor fit. SSE is the sum square errors.

| ssE R? K K
Empiric 1 0.0921  0.8669  515.37 -
Empiric 2 0.0424 09388 1.0460  334.73
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4.6.5 Constructing the summarized graph

For the next step, mainly because of the lack of data, it was assumed that the constants
from the fitted empirical model (Equation 4-17) would remain the same at every
recycling step size (k). The chances for this are very low, as most probably all constants
will depend on k, i.e., const(k), and additional models will be needed to describe this
relation. However, to show how the fitted models can be used, the constants were
assumed the same for every working line. Reproducing the equilibrium line is
straightforward: a vector of V values was taken, and the corresponding ceq values
calculated according to Equation 4-13. In this specific case it would also be possible to
take a vector of ceq values and calculate V values according to Equation 4-5, as no exact
V values are needed, only enough points to reproduce the full curve.

To simulate the working lines, a vector of different k values was chosen. For each k
value and for n recycling steps, a vector of V values was generated, thus resulting in a
k-V matrix, in such way that it will contain all k*n values in ascending order, where n
is an integer. These are the points where that specific working line is defined, i.e. the
volumes corresponding for the n, recycling round. Theoretically, the vector contains
infinite elements, but values greater than 6000 were discarded, as the last measured
data point is at 5300. For each V value, the corresponding ceq Was calculated according
to Equation 4-13, which will result in a ceq vector equal to the dimension of V vector.
Here, the use of Equation 4-5 is not an option as V values are defined, not ceq values.
A matrix of cactor Values are calculated according to Equation 4-17, at every point of the
k-V matrix. Thereafter, a cy value is calculated for each crcor Value according to
Equation 4-15, and using the obtained Cractor and ceq Values. For visualization purposes
full lines were plotted, not just the points corresponding to V vector, however this does
not have a physical meaning, only the discrete points do exist. The schema of the
calculations is shown in Figure 4-15. In the final step all data are plotted in Figure 4-14:
the measured data, the simulated equilibrium curve, the simulated working lines both
with a continuous line and visualizing only the points where the curve is defined. With
the help of the figure, the adsorption phenomenon can be estimated: after the initial
Vxre/Mm-cLeas ratio is known for a reaction, the first point will be on the equilibrium
graph. This shows which phenolic concentration can be expected in the broth after the
adsorption equilibrium. The next point on the working line, starting from this point,
will show which phenolic concentration is expected in the broth after the first recycling
round etc.
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Figure 4-14: The complete model for adsorption estimation. Measured equilibrium line
points (o) and working line points (e), modeled equilibrium line (—) and working lines (--)
and the points where the working line is defined (*).
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Figure 4-15: The schematic structure of the adsorption calculations of in case of XRF and m-CLEAs.
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4.6.6 Conclusion

The phenolic adsorption on m-CLEAs follows the well-known Freundlich adsorption
isotherm. When the catalyst adsorbs inhibitors, less laccase should be added for
detoxification. Therefore, it is essential to approximate the needed catalyst amounts
(calculated from free enzyme activity) and to know/quantify the catalyst’s adsorption
behavior. It has to be noted that the standard equilibrium measurements for an
adsorption isotherm can produce significantly different concentrations compared to
the possible industrial system with m-CLEA recycling (called the working line). Mixing
1 g catalyst with 100 ml XRF does not necessarily give the same results as mixing and
recycling the catalyst 10 times with 10 ml XRF.

4.7 General conclusions

It was proven that m-CLEAs adsorb significant amounts of phenolics at volume/catalyst
ratios that are relevant in case of industrial utilization (relatively high catalyst load from
unpurified enzymes with relatively low activity) via irreversible chemisorption. In the
first few recycling rounds, the enzymatic detoxification will be insignificant compared
to adsorption. Technically speaking, this is not a problem as the inhibitors are still
removed from the solution; in fact, it opens up new possibilities for applications.
However, enzyme catalyst is too expensive to use it as an adsorbent, thus bacterial m-
CLEAs laccase only for detoxification is not recommended. For adsorption of phenaolics,
active carbon would be more suitable (if of course laccase detoxification does not have
additional positive effect). It can be investigated if cellulase m-CLEAs behave the same
way, as cellulase is needed anyway in the process, and detoxification will be a
welcomed “side effect”.

It is important to measure the inhibitor concentration in the broth prior to
fermentation to estimate the inhibition effect, and decide if actions should be taken
to lower the concentration. This can be easily done by an HPLC measurement prior to
fermentation, but if any m-CLEAs enzyme is used in the process, their addition alone
will influence the concentrations depending on the amount and the generation of the
catalyst (i.e. how many times was the catalyst recycled). As adsorption happens fast,
i.e. in about an hour, and in the SSF process, inoculation will be shifted to a few hours
(approximately 12 h) after enzyme addition, either cellulase or laccase, it is still
possible to measure toxic compounds prior to inoculation. However, for designing the
SSF process in more detail, a model is needed to calculate adsorption caused by m-
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CLEAs as they influence detoxification costs. A model was constructed for that
purpose. With a relatively few and simple measurement, an approximation can be
made about the expected adsorption effect. Required measurements are an
adsorption isotherm with the exact m-CLEAs and steam exploded substrate, and
minimum two measurement points with the recycled m-CLEAs at the catalyst/volume
ratio of the planned application. More points will increase the precision. Possible
generalization of the model for other catalyst/volume ratios was mentioned in the
text, but will require additional measurements to implement.

[153]






Chapter5  PROCESS INTEGRATION

5.1 Introduction

Process integration in lignocellulose-to-chemicals conversion is a tool to decrease
costs of production through simplification of equipment/control systems, overlapping
processes, thus shortening production time and increasing productivity. An ideal
process would mean that all the necessary materials, i.e., substrate, catalyst,
microorganism, and conditioners, are placed in a single reactor at the desired
conditions and that after a certain time the product could be removed. In reality, it is
rarely possible; however, avoiding separation steps and slightly overlapping processes
can still have significant benefits. As there are three main process steps, the possible
overlapping combinations are simultaneous saccharification and detoxification (SSD),
simultaneous fermentation and detoxification (SFD), and simultaneous
saccharification and fermentation (SSF). The combination of all three processes at the
same time is called simultaneous saccharification, fermentation and detoxification
(SSFD). Microbial adaptation of the inoculum to the inhibitors in XRF can decrease lag
phase thus cause higher volumetric productivity, and is a kind of overlapping/process
integration of inoculum preparation and adaptation. The abbreviations might be
different in literature. For example De La Torre et al. used presaccharification and
simultaneous saccharification and fermentation (PSSF) instead of SSF when the two
processes are not completely overlapped [153], but the principles are always the same.

The first benefits of process integration techniques appear in shortened process time,
thus higher volumetric productivity, simplified reactor design (fewer reactor vessels,
reduced separation steps) and auxiliary systems (e.g., piping, heat exchangers),
simplified process control, thus lower capital investment costs (CAPEX). From
previous results, own results and literature alike, we know that the steps of hydrolysis,
detoxification and fermentation typically take days. Saccharification needs minimum
24 h, typically 48 or 72 h (see Section 3.5), laccase treatment takes usually 24 h (see
Section 3.7.2.2), while bacterial fermentation is around 24 h and fungal fermentation
takes 24-72 h (see later in this chapter). If the technological solution for the
fermentative biomass-to-chemicals production would strictly contain consecutive
steps, the overall production time will be several days, possibly even a week, thus
lowering volumetric productivity. Furthermore, overlapping processes have the

additional advantage that they will result in longer reaction times for the subprocesses
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in general: in case of separate 24 h hydrolysis and fermentation the overall reaction
time is, e.g., 48 h, but if the processes are completely overlapped, keeping the
processing time constant, both hydrolysis and fermentation have 48 h of reaction time.
Longer reaction time means that for the same conversion lower starting
concentrations of catalyst (e.g., enzyme or inoculum) can be used, not considering
possible counteractions. This is important since enzymes contribute to the process
costs significantly.

The factors determining the success of the simultaneous process are the possible
interactions between the discussed process steps and the tolerance to the altered
consensus environmental conditions. Processes will have different optimal parameters
(temperature and pH in case of hydrolysis and fermentation, aeration in case of laccase
detoxification and fermentation), while in a simultaneous process, there can be only
one single value for every environmental parameter at a given moment, which means
that at least one process does not have optimal parameters.

In the upcoming sections the current state of art on simultaneous processes, both for
ethanol and lactic acid fermentations will be discussed. In both of these two processes,
saccharification and detoxification are in common as both use the same carbohydrates
as substrate for subsequent fermentation. This means SSD is technically the same in
both cases, not taking the different strain’s inhibitor resistance in to account. As we
will see in Section 0, the required economical substrate loading is also identical, which
means the reactor setup (stirring, viscosity details) will also be the same. SSF, SFD and
SSFD will differ; however, there is also a significant difference when different
microorganisms producing the same product are applied as both fungi and bacteria
strains are known for both ethanol and lactic acid fermentations. The general remarks
apply for both possible fermentations.

5.1.1 Simultaneous saccharification and detoxification

Reported SSD results with laccase detoxification are somewhat controversial.
Generally low redox potential (mainly bacterial) laccases are beneficial or neutral to
hydrolysis, while high redox potential laccases (mainly fungal) are neutral or negative
to hydrolysis [158]. This was explained by the fact that only those phenolics that are
oxidized by high redox laccases are prone to undergo radical propagation, which will
lead to some of the phenolics attaching to the solid lignin matrix, increasing lignin
content of the solid phase, thus hindering hydrolysis. It has to be noted that
[156]
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publications about SSD with bacterial laccases are very recent, typically from the last
three years.

Steam exploded wheat straw was detoxified by bacterial laccase from Streptomyces
ipomoeae [153]. Treatment was performed at pH 8 and 50 °C for 24 h. In comparison,
a treatment with Trametes villosa laccase was performed at pH 4 and 30 °C for 24 h.
Experiments were conducted with the solid fraction after steam explosion separated
from XRF, suspended in buffer. Saccharification experiments showed that bacterial
laccase treatment did not interfere with subsequent hydrolysis of pretreated wheat
straw, while fungal laccase treatment decreased both glucose and xylose recovery by
6-7 %.

Recently a laccase-like enzyme was isolated from the bacterium Thermobifida fusca,
named Tfull14. It is capable to oxidize phenolics; however, it has no activity on ABTS,
a standard substrate for laccases. The structure is rather unusual, as it contains only
one copper ion instead of the standard four. It was also shown that it enhances
hydrolysis two folds when it was added to a designer cellulosome, i.e., resulting in a
multienzyme complex containing cellulases, hemicellulases as well as laccase. These
kinds of complexes increase efficiency due to the proximity of synergistically acting
enzymes [213].

5.1.2 Simultaneous saccharification and fermentation

SSF was first mentioned in a patent from 1976 [147]. From all discussed overlapping
processes, it is considered to be the best method to overcome cellulase end product
inhibition [147], [158]. According to some calculations it can also decrease the CAPEX
value by 20 % [147]. The fermentation will be less prone to contaminations compared
to separate processes as glucose, the main substrate for most microbial strains, is
almost immediately consumed and the product is formed [145]. Of course, to
contaminations consuming the fermentation product, ethanol or lactic acid, the
system will still be sensitive.

Around 40 g/l of ethanol titer was reported on steam exploded woody type of biomass
(spruce, poplar) at high solid loading (around 10 % dry content) with S. cerevisiae [147].
Ohgren et al. compared separate saccharification and fermentation (Separate
hydrolysis and fermentation, SHF) with SSF on steam pretreated corn stover at 8 %
solid loading with adapted S. cerevisiae microorganism, and found that even SSF with
undetoxified hydrolyzate gave higher titers than SHF with detoxified hydrolyzate [214].
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Lactic acid production via the SSF method is also studied, but to a much lesser extent
than bioethanol production. Alfalfa (grass type), rice bran, cassava bagasse were used
as substrates, reaching 28-83 g/l final lactic acid titer [59]. Industrially relevant titers
in case of lactic acid are above 100 g/l [71]. Lactic acid SSF fermentations performed
on steam exploded corn stover at extremely high solid loading (30 %) were reported
with 101 g/l titer and 77 % yield, which values reach the industrially relevant regime
[215].

Although the beneficial effects of laccase treatment prior to fermentation are
thoroughly researched [158], up to our knowledge simultaneous fermentation and
detoxification (SFD) is not reported in literature. Strictly saying, this is the process
where hydrolysis is done separately, thereafter the solid is removed and the liquid is
inoculated at the same time as laccase is added to the solution. SSFD, where all three
processes are overlapped is much more frequently studied (see later Section 5.1.3).
The reason is most probably that the benefits of SFD are minor, i.e., it does not help to
overcome cellulase product inhibition and solid separation will still be necessary,
although it can give insights on laccase reaction and microorganism interactions when
compared to SSFD.

5.1.3 Simultaneous saccharification, fermentation and detoxification

Moreno et al. published several articles about laccase application in SSF experiments,
however all of them on wheat straw substrate. S. cerevisiae bioethanol production in
SSF experiments with steam exploded wheat straw (7 % dry content) subjected prior
to P. cinnabarinus laccase treatment showed slower glucose formation in the first 6
hours compared to the control without laccase pretreatment. However, glucose
concentration started decreasing right after inoculation, compared to control where
glucose concentration only started decreasing after 48 h. After 72 h, all free glucose
was consumed and the experiments with laccase treatment showed 30 % higher
ethanol titer [156]. The same experiments, i.e. S. cerevisiae SSF with steam exploded
wheat straw subjected prior to P. cinnabarinus laccase treatment, but at high substrate
loading (17, 20, 25 % dry content), showed that the positive effect of laccase treatment
was more significant with increasing solid loading [175]. SSFD experiments performed
with S. cerevisiae on steam exploded wheat straw at 16 % solid loading showed three
times higher ethanol titer (30 g/l) after 168 h compared to the control SSF without
laccase treatment. P. cinnabarinus laccase was added 21 h after inoculation. The
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fermentation time was long (7 days) [216]. SSFD experiments performed with
Kluyveromyces marxianus CECT 10875 on steam exploded wheat straw at 10 % solid
loading were performed with bacterial laccase (Company B). After a laccase treatment
of 16-24 h the cellulase was added, and inoculated at the same time or after 8 h. All
experiments with laccase showed a reduced lag phase and equal or higher sugar
recovery compared to control samples without added laccase [157]. SSFD experiments
conducted with added bacterial laccase from Streptomyces ipomoeae or added fungal
laccase from Trametes villosa on steam exploded wheat straw showed that the final
ethanol yields were comparable for both laccases. Laccase treatment caused a slightly
faster glucose consumption compared to the control experiment. However, the used
dry content (6 %) is far from that of the optimum for industrialization (15 %) [153].

5.1.4 Adaptation of the inoculum

Adaptation is not a classic overlapping process, as the prior mentioned examples are,
however it can be treated as one if the process is investigated more detailed than the
simplified  pretreatment/hydrolysis/fermentation/downstream  scheme. The
fermenting microorganism inoculation culture is usually prepared in synthetic growth
medium prior to fermentation and added to the hydrolyzate when fermentation starts.
Thereafter the microorganisms go through an adaptation phase (lag phase), during
which time minor growth and product formation are visible; this lag phase is expected
to be the reason for lower overall volumetric productivities during hydrolyzate
fermentation [86]. If adaptation occurs during inoculum preparation, i.e., inoculum
preparation and adaptation overlapped, it will lead to a shorter fermentation time and
higher volumetric productivities during fermentation. Even if the overall time of
inoculum preparation and fermentation would not be shortened, there would still be
a benefit, as the inoculum preparation is usually done in around 5-10 times lower
volume and often simpler reactor design than the final fermentation vessel, a less
expensive equipment would be occupied for the adaptation time.

The technique for adaptation is the addition of toxic hydrolyzate or toxic compounds
present in the hydrolyzate to the inoculation medium, in one-step, multistep or
continuous addition. Adaptation of S. cerevisiae was shown to be important in SSF
experiments by Nielsen et al. [217]. The adapted inoculum resulted in higher
fermentation rates in hydrolyzate than the unadopted parent. This was partly due to
the faster conversion of HMF by the adapted yeast. Keller et al. [218] also
demonstrated that S. cerevisiae D5A and K-1 strains could adapt and grow in Douglas
fir acid hydrolyzate (15 % solids) with a reduced lag phase.
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5.2 Problem statement and goal

This chapter describes the possibility of overlapping different process steps. Methods
and setups to handle viscous liquids at lab scale, which are rarely reported in literature,
are introduced. In addition, a low-cost, lab-scale inoculum adaptation method is
described. As the ultimate goal of detoxification is to increase efficiency of consecutive
fermentations (titer, volumetric productivity, and carbon yield), test fermentations
were performed with untreated, detoxified and synthetic medium with different
microorganisms, i.e., Saccharomyces cerevisiae, Scheffersomyces stipitis and different
Lactobacillus species. Based on the initial experiments general conclusions are drawn
and possible directions for future research discussed.

5.3 Initial test fermentations

A few experiments were performed to have an approximate idea about the effect of
the inhibitors in the XRF on the growth of S. cerevisiae and S. stipitis, as well as the
effect of laccase detoxification on the subsequent fermentation.

5.3.1 Methods

Effect of inhibitors

Water bath fermentation experiments were performed with Scheffersomyces stipitis
CBS 5773. The inoculum medium was yeast extract-peptone-dextrose (YPD) (20 g/I
dextrose, 20 g/l peptone, 10 g/l yeast extract, Sigma-Aldrich Corporation, St. Louis,
MO, USA). A 100 ml Erlenmeyer flask, containing 25 ml YPD medium was inoculated
with two loopful amounts of the defrosted stock culture. The Erlenmeyer flasks were
incubated in a shaking water bath (150 rpm, Julabo SW22, Seelbach, Germany) at 33
°C for 48 h.

Synthetic fermentation medium was YPD with 20 g/l added xylose. XRF from the SEO
batch was supplemented with the nutrients yeast extract and peptone, in the same
concentration as in YPD media, and supplemented with an additional 20 g/I xylose.
Inoculation concentration was 10 v/v%. After homogenization, one ml inoculated
fermentation medium was added in each sterilized tube and was placed in the water
bath at 30 °C, pH 5. After sampling, the tube was discarded. Because of the high
surface/volume ratio, this method is not meant to measure volatile compounds
(ethanol), but sugars and cell count can be measured with low standard deviations, as
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they are not volatile. Samples were drawn at regular time intervals and analyzed by
plating.

Plating was done as follows: sample preparation was performed in a sterile manner.
Eppendorf tubes were prepared in advance, containing 900 ul of YPD, and stored in
the fridge at 4 °C. Dilution cycles were performed by adding 100 ul of the sample into
the Eppendorfs. The liquid was homogenized, and 100 ul from this broth was used
further for the next dilution. Each dilution cycle meant ten times reduction in the cell
count in the sample. 50 ul of properly diluted sample was spread on a Petri dish and
put in an incubator at 30 °C for two days, and then colonies were counted.

Bioreactor experiments were carried out in a 2 | BioFlo 110 Fermenter and a 7.5 |
BioFlo/Celligen 115 Fermenter (New Brunswick, New Jersey, USA), see Figure 5-1.
Bioreactor experiments are performed under more controlled conditions than water
bath experiments, but they require more material and invested time for a single run
and it is difficult to run parallel experiments, as the inoculum will be different for every
run.

The preparations of the bioreactors were done as follows: 1 M sodium hydroxide, 1 M
sulfuric acid solution and tubes used for sampling were prepared and autoclaved. The
oxygen electrode was inserted in the reactor. Every inlet, outlet and necessary tubes
of the bioreactors were sealed adequately with silicone tubes and clips, except one for
pressure release during sterilization. Filters were covered by aluminum foil before
sterilization in the autoclave. YPD medium was poured in the reactor before
sterilization. XRF was poured into the autoclaved reactor after sterile filtration.
Autoclaving was performed for 60 min at 121 °C.

After all sterile medium compounds were in the fermenter, the control unit was
switched on. The pH electrode was calibrated. Temperature, stirring (150 rpm), pH
control and aeration were left to stabilize overnight. The oxygen electrode was
calibrated shortly before the start of the experiment. Hereto, the electrode connection
was detached to set zero and attached again to set 100 %, as the liquid was saturated
with oxygen after overnight aeration. For fermentation thereafter, the aeration was
switched off at the start of the experiment. Sterilized antifoam (Antifoam 204, Sigma-
Aldrich Corporation, St. Louis, MO, USA) was added (0.9 ml/l) to each bioreactor to
avoid foam formation. After everything was set, the prepared inoculum was added in
a sterile manner at 1 v/v% inoculation concentration and the experiment was started.
Samples were withdrawn in a sterile way with an attached 50 ml syringe.
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Pump

Figure 5-1: Bioreactor picture (left) and an example schema (right) used for some of the
liquid fermentations.

Effect of laccase detoxification

The laccase treatment effect was investigated with Saccharomyces cerevisiae MUCL
49179 fermentations in a bioreactor as described in this section earlier. The medium
was the same as described in the previous paragraph (YPD), but without added xylose.
Laccase treatment was performed by adding 1 g T. versicolor laccase per liter 24 h prior
to the inoculation of the reactor with 1 v/v% inoculum. Samples were taken regularly,
analyzed for cell count and inhibitor concentration with HPLC-UV analysis, as described
in Section 3.3.

Growth data obtained from experiments with undetoxified and laccase treated
hydrolyzates were simulated with the Baranyi-Roberts equation (Equation 5-1 and 5-2
[219]) and the fitted pmax parameters were compared. Lag time (t..g) was calculated
based on the formula Equation 5-3. All data processing was performed off-line using a
commercial software package (MATLAB 2017.1, The MathWorks Inc., Natick, MA,
2017).
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where N is the cell count, pmax the maximum specific growth rate, Nmax the maximum cell
concentration and Q the physiological state of the cells at time t.

5.3.2 Results and discussion

Effect of inhibitors

Preliminary experiments with Scheffersomyces XRF fermentation showed high
inhibition compared to the control fermentation with synthetic medium (see Figure
5-2). Bioreactor experiments with 1 % inoculum showed inhibition of growth (lag
phase) for over 24 hours after a short 3 h initial growth phase, while the control
fermentation was growing after a one-hour lag phase and reached a stationary growth
phase at 15-16 In (CFU/ml) in about 10 hours. As it has often been referred to in
literature, higher inoculum concentrations usually increase the cell recalcitrance
towards toxic effects [220], so fermentations were carried out with a 10 % inoculum
in a shaking water bath. It can be seen that the control experiment reached a maximum
in about 7 hours, with about tenfold higher cell count than with a lower inoculum in
the bioreactor. On the other hand, the XRF water bath fermentations by that time
went through a 150-thousand-fold decrease in cell concentration, and the lag phase
lasted until at least 24 hours. In this case, it was visible that the XRF was highly
inhibiting to S. stipitis in both water bath and reactor experiments.
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Figure 5-2: Inhibition effect of XRF on Scheffersomyces stipitis fermentation in water bath
(—) or bioreactor fermentation (—). Full lines represent synthetic media, dashed lines XRF
media.

Effect of laccase detoxification

The comparison of Saccharomyces cerevisiae bioreactor fermentation on untreated
and laccase treated hydrolyzate (see Figure 5-3) showed that the laccase treatment
removed part of the phenolics, 30 % according to the measurements (see phenolics on
Figure 5-3A and B), and the concentration did not change significantly during the
fermentations. The measurements were done after nutrition addition, which contains
proteins that interfere with the measurements, so the removal was most probably
higher. The changes of phenolic content during the fermentation are small and can be
caused either by measurement errors or by the metabolism of the microorganisms, as
it is known that they can reduce phenolic aldehydes to alcohols but not metabolize
them further [221]. HMF and furfural were consumed faster from the laccase treated
medium than from the control untreated hydrolyzate. Furfural is always metabolized
before HMF. Furfural conversion starts at the same time as the growth, while HMF
conversion starts when furfural concentration is nearly zero.
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Figure 5-3: Inhibition effect of (A) untreated and (B) laccase detoxified XRF on
Saccharomyces cerevisiae fermentation. (x) Marks HMF, (0) furfural, (o) phenolics
concentration, (o) the measured cell concentrations, while (—) the modeled cell
concentrations.

Precise conclusions about the lag phase cannot be drawn as points are missing from
the relevant phase, but seemingly the yeast started to grow after a short lag phase of
5 h on laccase treated hydrolyzate (see Figure 5-3B), compared to a lag phase of 10 h
in case of no laccase pretreatment (see Figure 5-3A). This is in agreement with before
reported literature for a variety of microbial strains and laccase detoxification [221].
After 10 h of lag phase, the strain seems to be adapted to the untreated hydrolyzate
and shows the same performance in growth and furan removal. After modeling, the
difference in the estimated maximum specific growth rate, w4, Was, not significant
(0.300+0.038 h! and 0.348+0.023 h'* for growth curves from untreated and treated
hydrolyzate respectively). However, it has to be noted that Saccharomyces cerevisiae
is known to be one of the most robust microorganisms in fermentation technology,
thus it is expected that the difference between the untreated and treated media will
be greater in case of other strains [222].
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5.4 Inoculum adaptation

Hereby a low-cost set-up was constructed for an automated fed-batch inoculum
adaptation to the compounds in the XRF hydrolyzate. The system is discussed in detail
in Appendix. Adaptation was performed with untreated XRF and active coal treated
hydrolyzate from the XRF of SEQ batch with Lactobacillus pentosus LMG 9210 strain.

5.4.1 Methods

Figure 5-4: Setup used for inoculum adaptation from front- (left) and top-view (left). The
inoculum is incubated in a shaking incubator, while an Arduino controlled pump adds XRF
stepwise according to the time profile.

The growth medium was 50 ml of premixed standard De Man, Rogosa and Sharpe
medium (MRS) (BIOKAR diagnostics, Solabia group, Pantin, France) diluted with
demineralized water. After adding 10 g/l CaCO; the medium was sterilized at 121°C for
20 minutes. It was inoculated with 50 pl stock culture and incubated at 37°C and 150
rom in a shaking incubator for 24 h (Incubating Mini Shaker, VWR International,
Radnor, PA, USA).

Adaptation inoculum preparation

Two XRF fractions (30 ml, to make sure that 25 ml liquid will be available) were
supplemented with 30 g/l glucose but no nitrogen sources. Charcoal detoxification was
carried out on one of the fractions by adding 4 m/v% of charcoal (C303 type, Desotec,
Roeselare, Belgium) and shaking for 30 minutes. Afterwards, charcoal was filtered
from the hydrolyzate with a Buchner funnel. The composition of the two fractions is
presented in Table 5-1. 25 ml of both untreated and charcoal treated XRF were sterile
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filtered in a pre-sterilized Erlenmeyer and sealed with a cotton plug (see Figure 5-4).
The tubes of the peristaltic pump (Pharmacia LKB pump P-1, Stockholm, Sweden) were
sterilized, assembled and one side inserted in the XRF-containing lombic outside of the
shaker (see Figure 5-4), so that the end of the tube is at the lowest point of the
Erlenmeyer under the liquid, thus XRF liquid will be completely pumped out.

50 ml premixed standard MRS (BIOKAR diagnostics, Solabia group, Pantin, France)
growth medium was prepared with demineralized water. After adding 10 g/l CaCOs
the medium was sterilized at 121°C for 20 minutes. It was inoculated with 50 ul stock
culture, mixed and separated to two 25 ml portions in two sterile lombics with a sterile
pipette. The other side of the tube from the peristaltic pump was inserted in the
inoculum containing Erlenmeyer, so that the end of the tubing does not touch the wall
of the beaker or the liquid surface (the tube is used to add the XRF to the inoculation
medium). Prior to the start of the experiment, the tubes were filled completely with
XRF (by manually controlling the pump). The inoculum containing lombic was placed
in a shaking incubator (Incubating Mini Shaker, VWR INTERNATIONAL, RADNOR, PA,
USA) at 37 °C and 150 rpm and the timer started.

The XRF addition to the inoculum was started 5.25 h after inoculation and finished at
24 h, increasing the XRF content (measured in v/v%) linearly in 30 min steps so the
final XRF content of the inoculation medium will be 33 % (see Section Appendix for
details). The whole inoculum preparation was finished after 72 h.

Table 5-1: Composition of XRF from SEO batch used for adaptation.

Hydrolyzate Glucose Xylose HMF Furfural Phenolics
(g/1) (g/1) (g/1) (g/1) (8/1syr)

Untreated 29.6 4.8 0.10 0.10 0.55

Charcoal 26.3 4.2 0.00 0.00 0.05

Subsequent fermentation

For the subsequent fermentation experiments five ml of the adapted inoculum was
centrifuged and the pellet suspended in 50 ml untreated XRF with 30 g/l glucose
added. The broth was placed under the same conditions as the inoculum (37 °C and
150 rpm). Samples were taken regularly and analyzed for sugars and products.
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5.4.2 Results and discussion

As expected, the addition of XRF slowed down the glucose consumption significantly
(see Figure 5-5A). The pump started the addition after 5.25 h, at the moment when
the growth is still in log phase. Later addition at the exponential phase could have been
more favorable, as higher cell concentration usually causes faster adaptation. In
general, charcoal treated hydrolyzate showed less inhibition compared to untreated,
but neither of them depleted the glucose before the 72 h cycle ended. The standard
inoculum followed a sigmoid curve and reached full-grown state before 48 h.
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Figure 5-5: Comparison of (0) glucose and (x) lactic acid concentration evolution during (A,
B) inoculum adaptation with (--) active carbon treated, (—) untreated XRF and {(..) the
reference cell growth in MRS medium, followed by subsequent (C, D) XRF fermentation.

The subsequent fermentation also showed interesting results (see Figure 5-5B). Since
not all glucose was fermented, but 5 ml of inoculum was centrifuged for all three
experiments, it can be suspected that the cell count in the adapted inocula was
significantly lower than that of the standard inoculum, which is in good
correspondence with published results with S. cerevisiae in SSF [217]. However, both

adapted inocula performed better than the unadopted inoculum; visibly shorter lag
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and higher ending product concentration, as it was published with S. cerevisiae in SSF
co-fermentation [217]. This trial showed the viability of this simple adaptation method
for XRF fermentation by the Lactobacillus pentosus strain, thus it was further
optimized and used for experiments. The additional gain for this kind of adaptation is
that it is fully automated, thus can be left for the weekend, and when the fermentation
experiments start on Monday, the inoculum will be adapted and ready to use.

5.5 Simultaneous fermentation and detoxification

The main advantage of simultaneous fermentation and detoxification process
integration would be the treatment time reduction compared to the separate
processes. The goal of this experiment is to investigate the effect of detoxification
reaction during fermentation, as no report was found about it in literature. Possibly,
interactions that can occur are that the microorganisms can alter the phenolics, e.g.
by oxidation or reduction, leading to a modified Vmax and Ky values of the laccase
reaction [221], the formed metabolites (fermentation products, furan metabolites
etc.) can alter the enzyme functionalities, or the products formed by laccase reaction
can interfere with the microbial growth.

5.5.1 Methods

Fermentation experiments were performed with Scheffersomyces stipitis in a water
bath as described in Section 5.3.1. XRF (SEO batch) was supplemented with 20 g/I
glucose, 20 g/l xylose and nutrients, in the same concentration as in YPD medium and
1 g/l of T. versicolor Sigma laccase was added at the same time. The temperature was
set to 30 °C, the pH was 5 and 150 rpm was applied. Three different inoculum
concentrations were tested and the cell count was followed up in time. The control
fermentations were performed at the same conditions and in the same medium, but
without added laccase.

5.5.2 Results and discussion

In Figure 5-6, the curves show that without laccase treatment a lag phase/cell
deactivation occurs immediately after inoculation. The effect is more severe at the
lowest inoculum concentration, no growth was visible even after 24 h. For experiments
with laccase addition all three inoculum sizes: 15; 13 and 11 In(CFU/ml) went through
a sharper deactivation, around 100-150 fold cell concentration decrease, than in case
of untreated samples, lasting approximately 5-10 h, which agrees with the laccase
reaction reaching stable phenolic concentrations (see Section 3.7.1.2). The cell
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concentration starts to increase immediately after this initial deactivation, with higher
growth rate than in the untreated hydrolyzate, except for the highest inoculum
concentration where the growth rate is approximately the same for both laccase
treated and untreated hydrolyzate. The faster cell growth is expected, as this is a
known effect of detoxification. The initial inactivation can be explained by the fact that
laccase induces radical formation which can be lethal to the cells.
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Figure 5-6: Simultaneous fermentation and detoxification (SFD) with S. stipitis and Sigma
Trametes versicolor laccase on XRF, at three different inoculation concentration. Measured
cell concentrations (--) with laccase treatment and (—) without added laccase.

There can be a difference between low and high redox potential laccases (bacterial
versus fungal) as a recent publication explains [158], outside of the fact that higher
redox laccase will cause more reactions through the detoxification process it also
generates radicals with higher radical propagation potential, which might be more
lethal to microorganisms. As a conclusion, it can be stated that starting the
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fermentation together with laccase treatment at exactly the same time is not
encouraged; detoxification should start a few hours prior to the inoculation, using the
parameters used in this experiment about 5-7 hours earlier.

5.6 Simultaneous saccharification and detoxification

The main advantage of the simultaneous saccharification and detoxification process
integration would be the treatment time reduction compared to separate processes
and, possibly, higher yields, because, next to the fermenting microorganism, the
phenolics can inhibit the cellulase enzyme too [103]. The goal of this experiment is to
investigate the effect of detoxification reaction to simultaneous hydrolysis.

5.6.1 Methods

The solid fraction, containing lignin and (hemi)cellulose, and the liquid fraction,
containing mainly xylose and inhibitors of the steam exploded (SEQ) poplar were used
in these experiments. 42.55 g of SF (corresponding to 15 % dry content in the final
reaction mixture) was placed in a 500 ml Erlenmeyer flask. 1.5 m/m% of free bacterial
laccase, 3.75 m/m% decanted m-CLEAs from bacterial laccase and/or 1.5 m/m%
cellulases, Multifect (55 FPU/mI) or Optimase (60 FPU/ml) from Genencor (DuPont,
Wilmington, DE, USA), were added to the solids according to Table 5-2. The Erlenmeyer
was filled with XRF or distilled water until 130 g. The lombic was placed in a water
shaker bath at 50 °C and 150 rpm. Nine experiments were performed in triplicates.

Table 5-2: Summary of all the SSD experiments.

Exp no. |Liquid StartingpH[- Cellulase Laccase
Al XRF 5 Multifect CX -
A2 XRF 5 Multifect CX free
A3 XRF 8 Multifect CX free
B1 water 6.76 - free
B2 water 6.76 Optimase CX -
B3 water 6.76 Optimase CX free
C1 water 6.76 Optimase CX m-CLEAs
Cc2 water 6.76 Optimase CX free + m-CLEAs
c3 water 6.76 Optimase CX free
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5.6.2 Results and discussion

Results are presented on Figure 5-7. Bacterial laccase enhanced hydrolysis in all cases
compared to the blank hydrolysis performed with cellulase alone. Compared to blank
(A1), additional laccase produced 89 % higher glucose yield at pH 5 (A2), while starting
the reaction from pH 8 gave 120 % higher glucose yield (A3). Water, instead of XRF,
performed worse (Figure 5-7B), possibly because of the less favorable pH, i.e., 6.76
instead of 5, as the control cellulase hydrolysis (B2) also gave a 22 % lower glucose
yield than Al. Laccase supplementation during hydrolysis produced 82 % higher
glucose yield (B2), while laccase alone did not produce any free glucose (B1). This
proves that, although the laccase helps hydrolysis significantly, it does not have
cellulase activity. Experiments with m-CLEAs (Figure 5-7C) showed that adding m-
CLEAs caused approximately a 25 % increase in glucose concentration (C1) compared
to blank hydrolysis performed with cellulase alone (B2). Addition of bacterial laccase
(C3) gave 62 % higher yield compared to the control (B2) and 29 % compared to
addition of m-CLEAs (C1), while the two together (C2) gave 114 % higher yield
compared to the control (B2) and 72 % higher than m-CLEAs alone (C1). B3 and C3
were the only two completely identical experiments and their results differed by 9 %,
which suggests that the reproducibility of the experiments was good (from B3 the last
point was discarded). Investigating literature, It has to be noted that hydrolysis
increase caused by bacterial laccase was also reported shortly after our research was
conducted [157]. Usual reports prior that were about decreased hydrolysis yield with
fungal laccases [223].

Comparing results between different pH values, added water (Figure 5-7B-C) and XRF
(Figure 5-7A), the control hydrolysis with only added cellulase (A1 and B1) at pH 5 gave
28 % higher final sugar yield than at pH 6.76, which is expected as pH 5 is more
favorable to cellulase. Hydrolysis experiments with free laccase addition (A2 and B3)
resulted in a 31 % lower glucose yield at pH 6.76, which is approximately the same
difference than the 28 % between the two control hydrolysis experiments with
cellulose alone (A1 and B1). In Figure 5-7C, combined free and m-CLEA laccase (C2)
gave 114 % higher sugar concentration than the control hydrolysis (B2). When
comparing the B3 experiment with free laccase addition and C1 with only m-CLEAs
added with respect to the control (B2), respectively 68 % and 24 % increase in sugar
concentration was obtained. This shows that the effect of both laccases can be
synergistic, i.e., 68 +29 = 97 %, which is lower than the 114 % glucose concentration
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increase in case of C2 when both are added together compared to control with
cellulase only (B2). However, the addition of equal organic contents resulted in a 24 %
increase by m-CLEAs, which is 39-35 % of the glucose concentration increase of
hydrolysis with added free laccase (61 and 68 % increase). This value could be
considered the deactivation during immobilization. In literature deactivation values
are reported over a wide range, for example laccase immobilized on magnetic
mesoporous carbon was reported to maintain 20-90 % of the relative activity
depending on the parameters [200]. However, it must be emphasized that the
measured deactivation via hydrolysis enhancement is not only caused by lower
enzyme activity due to the immobilization (deactivation, wrong orientation etc.) but
also diffusion limitations and activity decrease due to contact limitations between
enzyme and substrate, etc.

Generally, it can be concluded that bacterial laccase enhances hydrolysis, which is
beneficial to costs, as technically part of the enzyme used for hydrolysis can be
substituted with another enzyme that detoxifies for the subsequent fermentation in
the meanwhile.
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Figure 5-7: (—) Glucose and (..) xylose concentration evolution during SSD experiments with
free or m-CLEAs laccase, in (A, B, C) three different triplicate combinations. Markers
represent different experiments Error bars are tstandard deviation from three
measurements.
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5.7 Simultaneous saccharification and fermentation

SSF is the standard, well-documented technique for process integration in
lighocellulose based fermentative chemical production [44], [147]. The main gain is
unqguestionably in avoiding end-product inhibition of cellulase via carbohydrate
consumption by the simultaneous conversion in the microorganism’s metabolism.
Other benefits are shortened processing time compared to separate processes,
simpler configuration (closer to one pot design) and some articles even claim that the
process is more resistant to contamination due to the low glucose concentration
throughout the process [44]. The goal of this section is to get to know the SSF system
better, as it will be further improved in Section 5.8.

5.7.1 Growth temperature

One of the big challenges about SSF is choosing a consensus temperature. The enzyme
usually has a higher optimal working temperature, than most of the microorganisms
[147]. Cellulase activity usually decreases drastically at lower temperature. That is why
attention was shifted towards fermentation by thermophilic yeasts [95] or bacteria
[64]. The goal of this section is to investigate the maximal growth temperature (the
maximum temperature when the microorganism is still growing) of Lactobacillus
pentosus LMG 9210, used later in Section 5.8.

5.7.1.1 Methods

Experiments were performed on MRS growth medium; in the same way as the
inoculation culture was prepared (described in Section 5.4.1). Three different growth
temperatures were investigated, i.e., 37 °C, 45 °C and 50 °C. Shake flasks were placed
in a shaking incubator at 150 rpm. Samples were taken at 24 h after inoculation.
Relative concentrations of glucose were calculated based on starting glucose HPLC-RI
(described in Section 3.3) area peak.

5.7.1.2 Results and discussion

As can be seen on Figure 5-8, during the fermentation at 37°C, all the glucose was
consumed and a high amount of lactic acid was produced in 24 h. This is equivalent to
almost 80 % of the starting glucose concentration area. At 45 and 50 °C however, no
measurable glucose consumption occurred, i.e., L. pentosus seems not to grow at
these temperatures. Later experiments (not shown) showed that the maximum
growth temperature of L. pentosus was 42 °C. Therefore, 40 °C was chosen in the
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experiments in order to leave a safety range for possible temperature fluctuations
caused by non-ideal thermostatisation.
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Figure 5-8: Lactobacillus pentosus maximum growth experiments at three different
temperatures. Error bars are tstandard deviation from three measurements.

5.7.2 SSF experiment

5.7.2.1 Methods

For all lignocellulosic simultaneous saccharification and fermentations performed in
this PhD research, the inoculum was adapted to the reactor conditions prior to
inoculation, as described Section 5.4. This was done by first inoculating 50 ml of CaCO;
buffered (2 m/v%) MRS medium with 50 ul of L. pentosus stock culture. The shake flask
was then placed in an incubator at 40 °C and shaken at 120 rpm. After 12 h, the gradual
addition of 50 ml of XRF was started with a peristaltic pump, controlled by an Arduino
UNO microcontroller, over 36 hours with a linearly increasing XRF ratio in the inoculum
(Vxrt/Viota%). Inoculation preparation was performed altogether for 72 h. The initial
volume of MRS medium and the added volume of XRF resulted in a final inoculation
volume of 100 ml.
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SSF experiments were performed in a two-liter double wall reactor with an overhead
stirrer (502D, LH fermentation, UK). The stirrer was modified with two metal bars to
stir viscous fluids (see Figure 5-9) and a water bath was used to keep the reactor
temperature constant. Sterilization was not applied, as the XRF was proven to be too
toxic for most contaminants (no sugar consumption visible after days in a non-sterile
environment), and heat treatment would change the composition of both XRF and
solid fraction.

Figure 5-9: Setup used for viscous medium fermentations (left) and the rotor with the

attached magnet (right).

400 g SF (200 g dry) of solid fraction and XRF were placed in the reactor. Calcium
carbonate, antifoam and the same compounds as in MRS medium were added, except
for the glucose. The mixture was then filled up with XRF until 1241.4 g (see Table 5-3).
Stirring and temperature control was turned on, and after the temperature was
constant, the cellulase added. Inoculation was done by pouring 100 ml of adapted
inoculum in the fermenter. Samples were taken regularly and analyzed by HPLC. All
together three SSF experiments were done with L. pentosus. Due to the extreme
conditions of the high solids fermentation, only one experiment provided results. The
experiment will be referred to as SSF1.

Samples were taken twice a day. Each time, approximately 20 g of slurry was spooned
out and filtered by using a Buchner filter and Wattman No. 1 filter paper. Part of the
liquid obtained was used for plating; the remaining part was filtered through a 0.45
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um syringe filter and used for HPLC analysis. The filter cake was used for structural
carbohydrate determination (see Section 3.3) after washing three times with

demineralized water and drying.

Table 5-3: Composition of starting broth in SSF1 experiment.

SSF1 General percentage [%] Mass [g]

Solid dry (SF) 15.8 200

CaCo3 1.58 26.6

MRS nutrition 3 37.6

Optimase CX15L 2 26.6
Laccase 0 0

Tween80 0.1 13

Mass after XRF addition 100 1268

5.7.2.2 Results and discussion

The mixture’s viscosity was visually decreasing as the hydrolysis proceeded (see Figure
5-10), with a slight color shift to lighter brown. The viscosity decrease was witnessed
before in Section 5.6.2 and Section 3.5. It can be concluded that the special stirring is
only necessary in the first 24-48 h. Afterwards, as the fibers break down to particles, a
simple Rushton impeller would work.

During the SSF1 experiment, the glucose concentration was steadily rising, except at
30 hours, i.e., immediately after inoculation (see Figure 5-11A). At the moment of
inoculation, the substrate concentration decreased as the inoculum was an XRF/water
(MRS) mixture and part of the substrate was already consumed by the microorganism,
thus diluting the whole broth. The rise that can be observed between 70 and 80 h is
not significant as the deviations are in the range of the standard deviation (1-2 g/I).
The lactate concentration was different from zero at the start of the experiment and
slightly increases after inoculation. The first is unexpected, most probably the added
MRS contained a compound with retention time very close to lactic acid. The second
is most probably caused by the formed lactic acid product in the inoculum.
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Figure 5-10: Mixture consistency after 2 h (left) and 48 h (right) after start of the
experiment. Viscosity was not quantified.

The phenolics concentration, as measured by HPLC, decreases slightly (see Figure
5-11B), however there are no measurement data from the first day. The decrease can
be caused by several factors: evaporation/oxidation of phenolics in contact with air,
pH shift of the fermentation or by laccase reaction. It was obvious that some reaction
was ongoing as the color of the mixture shifted from brown to red. However, the total
decrease in phenolics concentration is around 10 % or 0.5 g/l with standard deviation
of about 5 %. The absorbance increases slightly, around 20 %, but the standard
deviations of absorbance measurements are low (see error bars on Figure 5-11B). The
increasing UV measurements cannot be explained by increasing furan concentrations,
as they were decreasing (see Figure 5-11C). The furfural concentration decreases by
time, while HMF is also decreasing slightly most probably because of metabolization
by L. pentosus. No lactic acid was produced during the experiments. In general, it can
be concluded that 96 h is not enough to conduct an efficient lactic acid production by
SSF with undetoxified hydrolyzate under the given conditions.
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Figure 5-11: Time evolution of (A) substrates, product, (B) phenolics and absorbance and (C)
furan concentrations during SSF1 experiment. Different compounds are marked with
different lines and markers.

5.8 Simultaneous saccharification, fermentation and
detoxification

SSFD experiments are the real interest of the current research as they integrate most
of the necessary sub-processes, i.e., hydrolysis, fermentation and detoxification, in a
single pot reaction. The consistency of the broth remains the same as in SSF (Section
5.7.2.2), so initial high viscosity stirring is needed. Incorporating the knowledge from
previous experiments, the detoxification was started together with the hydrolysis
(Section 5.6.2) and inoculation was shifted to avoid cell death due to laccase reaction
(Section 5.5.2). The pros and cons discussed in every section all apply for this all in one-

pot process too.
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5.8.1 Methods

In total, four SSFD experiments were performed. The setup, described in Section
5.7.2.1, was used for all experiments. Inoculum adaptation was also applied for each
of the fermentations, as discussed in Section 5.4 and time values were modified as
reported in Section 5.7.1.1, namely the addition of XRF starts at 12 h after inoculation
and is added linearly for 36 h. The final inoculation volume was 100 ml, corresponding
to 7-8 v/m% of the total fermentation broth. Samples were taken regularly, analyzed
by HPLC and UV absorbance. For the last experiment, also plate counting was
performed. The general composition of the broth at the start of the experiment
consisted of 400 g wet SF (15-16 %), 30 g MRS nutrition without glucose, 20 g Optimase
CX15L, 1.14 g C. unicolor laccase (Company A), 0.8 g antifoam, for exact values see
Table 5-4. The experiments differed in their amount of calcium-carbonate added and,
in three of the experiments, 6 g active carbon was added (see Table 5-4). C. unicolor
laccase was used for every detoxification run. It is best to avoid antifoam, as it is known
to inhibit gas-liquid mass transfer [224], thus possibly decreasing the laccase
regeneration rate through lower dissolved oxygen concentration; however foaming
made the addition necessary. The broth was aerated during all experiments, but only
until inoculation.

Table 5-4: Composition of all SSFD runs at the beginning of the experiment.

SSFD1 (x) SSFD2 SSFD3 SSFD4 (xH)
LAB L. pentosus L. pentosus L. pentosus L. amylotrophycus

SF [g] 401 400 400 400

CaCo3 [g] 40 190 116 121
MRS nutrition [g] 39 32 0 28
Optimase CX15L [g] 20 20 20 20

C. unicolor laccase [g] 1.145 1.14 1.14 1.01
Active carbon [g] 0 6 5.85 6.01
Antifoam [g] 0.8 0.8 0.8 0.8

Mass after XRF addition [g] 1343 1263 1210 1215

() 8 h pre detoxification before hydrolysis

(xx) Evaporation loss was corrected with demineralized water

For three of the SSFD experiments L. pentosus was used and for the fourth one
Lactobacillus amylotrophycus DSM 20534. These experiments will be referred to as
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SSFD1, SSFD2, SSFD3 and SSFDA4. In the fourth run (SSFD4) the reactor was detached
from the water pump and placed on a balance to check the weight loss due to
evaporation before every sample taking, it was then supplemented with distilled water
and homogenized before the actual sample was taken. SSFD1 inoculation was done 8
h after the start of the hydrolysis, while the other three experiments had 14 h of pre-
SSD (simultaneous saccharification and detoxification period).

5.8.2 Results and discussion

The decrease of the viscosity, as was described in case of SSF1 (see Section 5.7.2), was
observed again with liquefaction after 18-24 h. Due to laccase addition, the mixture
went through a color shift from brown to red in the first 12 h, then back to brown
gradually by time. In the first experiment, no antifoam was used initially, but strong
foaming made it necessary to add it, and it was added in every upcoming experiment.
CaCOs was used to bring the pH close to a value of 6.5, as lactic acid production gets
inhibited at low pH values, typically under 5 [59]. The use of chalk is preferred for a
number of reasons. It is generally low cost, the remaining Ca?* ions are much less
inhibiting than Na* or K* ions [59] and it can be easily removed by addition of sulfuric
acid as the formed gypsum is technically insoluble in aqueous environment. This is why
most of the traditional purification processes are based on this [59]. Furthermore it
acts like a buffer for acidifying reactions as once the pH drops below a certain pH the
calcium-carbonate (and a water molecule) decomposes to Ca(OH); and carbon dioxide
(see Equation 5-4). The latter leaving the mixture in a gaseous form, and the remaining
Ca(OH), reacts with acidic compounds, increasing the pH [225]. In practice, the
increasing chalk addition during experiments only elevated the pH to 5.5 from the
initial 4.5-5, even at 10 m/m%. Further increase could be achieved by addition of lime;
however, this is far from trivial (Section A.3).

CaC03+2H209Ca(OH)2+H2C039 Ca(OH)2+H20+C02 /I\ 5-4

The summarized results for all four SSFD runs are presented in Figure 5-12. Glucose
concentrations (see Figure 5-12A0, with detailed graph in Figure 5-12A1) started from
close to zero and reached maximal value between 42-92 h. In the hydrolysis
experiments the glucose concentration saturated in the same range (see Figure 5-7).
Xylose concentration was close to the final value after around 14 h, as was also the
case in most of the hydrolysis experiments, saturating between 3-5 g/I (section 5.6.2
and Figure 5-7). No significant xylose consumption was measured in any of the
experiments. The furfural concentration was decreasing steadily with the same rate
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until aeration was on (see Figure 5-12B). SSFD1 had only 8 h aeration, compared to 14
h in the other three cases; it is visible that the furfural concentration only decreases
until this time. Furfural removal was caused by air stripping as discussed in Section
3.7.2.2. Evolution of HMF concentration was varying between experiments. It was
mostly stable in case of SSFD1 from 0 until 72 h, while HMF was decreasing earlier in
the process in the other three cases. The initial decrease was because of added active
carbon (at 14 h) rather than metabolism. Phenolic concentration measurements
yielded useful results in only two of the four measurements (see Figure 5-12C), i.e.
SSFD3 and SSFD4, and they showed a similar behavior in time with approximately
stable phenolic concentration. There was visible lactic acid production, which is
connected to microbial growth, only in two experiments, SSFD2 and SSFD4, with a lag
phase of 92 h and 110 h. This late microbial growth, is unusual, the longest lag phase
found in literature was 32 h with Pediococcus acidilactici DQ2 on corn stover [215], but
typically by 24 h the growth is visible like in the case of Lactobacillus plantarum MSUL
903 on corn stover [71], [226]. None of the trend lines is strictly decreasing, indicating
that phenolics were not removed from the liquid by the laccase reaction in the same
way as it was reported in Section 3.7.2.2. The reasons for this could be the presence
of the solid fraction, microorganism or antifoam. Unfortunately, no literature was
found, where the phenol concentration was followed up during SSFD. Moreno et al.
published several papers on the topic, but either laccase was used prior to SSFD [157],
[227] or the phenolic concentration was not followed in time [157], [175]. No literature
was found about the comparison between laccase detoxification in XRF alone and in
the whole slurry, however it was reported before that laccase treatment caused
quantifiably phenol reduction on the whole slurry [227]. The presence of solids can
easily alter the reaction that was investigated with laccase and liquid XRF due to
different viscosity, enzyme/substrate adsorption to the solid surface or radical reaction
with the solid particles. In case of high redox laccase, the radicals with high
propagation potential will react with the solid matrix, grafting to it, instead of
activating another soluble phenolic substrate, thus decreasing quantifiable phenolic
removal. The correlation between the UV absorbance measurements and the
phenolics concentrations as measured by HPLC was strong (see Figure 5-12C),
indicating that UV measurements can be also useful for monitoring during SSF and
SSFD.
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Figure 5-12: Time evolution of (A0, A1) substrates and product, (B) furan and (C) phenolics
concentration and absorbance during four SSFD experiments. Different compounds are
marked with different lines, different SSFD experiments with different markers.

The lactic acid production has to be improved undoubtedly (Figure 5-12A0). It was
expected that the microorganism would consume all glucose in less than 24 h, as it was
an adapted inoculum and, to obtain the maximum cell concentration, it only needed
to reach ten times higher concentrations compared to initial state (7-8 v/m%
inoculum). However, in case of SSFD1 no glucose consumption/lactate production was
observed until 100 h. The maximum glucose concentration during all four SSFD
experiments ranged between 8-10 g/| (Figure 5-12A0), significantly lower than 15 g/I
obtained during hydrolysis experiments with cellulase and with added XRF (see Figure
5-7A1). The difference can be caused by metabolism of the fermenting microorganism,
but it is unlikely as no lactic acid production was measured. SSF1 results are in good
correspondence with the results performed by cellulase at pH 5 (see Figure 5-7) as
glucose concentration reaches approximately 17 g/l concentration. The difference
between SSF1 and SSFD experiments is the presence of C. unicolor laccase, thus it can
be concluded that the lower glucose concentration is caused by laccase.
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After the first experiment, several changes to the experimental setup were applied:
aeration time increased to reduce furfural concentration, additional chalk was
supplied to increase the pH to 6 which is closer to the optimum of the Lactobacillus
strain and additional active carbon was added to reduce the HMF concentration. SSFD2
was the first experiment done with these modified parameters, but it still did not show
significant lactic acid concentration increase until 92 h, the experiment was extended
through the weekend. Although lactic acid concentration increase was definitely
visible by the next measurement point, i.e., 16 h later at 108 h, and most glucose was
consumed by 114 h, the late lactic acid production is disappointing. At 142 h glucose
was completely consumed and lactic acid yield was over 90 % of the theoretical yield.
The third experiment was a replication, but again, no lactic acid production was
observed in the first 108 h. As L. pentosus was only used for its capability to consume
pentoses, and no pentose consumption was shown during any of the three
experiments, another more robust strain was chosen, i.e., L. amylotrophycus with the
same inoculum adaptation method as with L. pentosus. This time, the cell
concentration was determined by plate counting, as this is the only method that gives
information about the viable cells in the broth. The liquid used for colony counting was
obtained by filtering the fermentation broth through a Buchner funnel with the solids
remaining in the cake above the filter paper, which can easily alter results, as part of
the colony forming units will be filtered out, thus providing lower CFU values. However,
it was expected that the filtered-out portion of the cells would be approximately
constant. The plate counting showed that the viable cell count was one CFU/50 pl even
after 24 h, which is 10 h after the inoculation (see Figure 5-13). No matter how toxic
the broth is, from a full-grown and adapted inoculum it would be expected that plenty
of cells were viable after 10 h since glucose was released and readily available, based
on the adaptation experiments (Section 5.4). Cell concentration increased only
afterwards. Further investigations led to the recognition that the shaking incubator
used for inoculum preparation was malfunctioning time-by-time, stopping the air and
temperature homogenization during adaptation. It was shown that the
microorganisms were growing at 42 °C, but 45 °C was lethal to them (Section 5.7.1.2),
and the temperature swing in the incubator occasionally exceeded 45 °C. It is not
known when the malfunction did exactly happen, somewhere during the SSF and SSFD
experiments.
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Figure 5-13: Viable cell concentration during SSFD4 with L. amylotrophycus.

Comparing hydrolysis speed between SSF1 and any of the SSFD experiments (see
Figure 5-11A and Figure 5-12A), it is visible that the cellulase activity was strongly
inhibited by the laccase reaction. In the earlier case glucose concentration went up to
17 g/l (see Figure 5-11A), while the latter reached maximum 12 but mainly 8-10 g/I
(see Figure 5-12A).

5.9 General conclusions

It was shown that the inhibitors in XRF do significantly elongate fermentation time
(Section 5.3.2) and that laccase treatment can, for some extent, compensate for this
(Section 5.3.2). It was also shown that aeration removed all furfural (Section 0) as it
happened in case of experiments with XRF and laccase (Section 3.7.2.2), and was
published before by our group [169]. HMF concentration unfortunately was not
altered by neither aeration nor laccase treatment, but only by the microorganism’s
metabolism or active carbon addition (Section 0). An example method and low-cost
setup was presented for lab-scale inoculum adaptation, which decreased the
sensitivity of the inoculum to the toxic compounds in XRF significantly (Section 5.4). It
was reported before that with increasing toxicity (i.e. increasing inhibitor
concentration, i.e. increasing solid loading) the standard deviation of the
fermentations increased [217]. Moreover it was shown that at industrially relevant
high substrate loading (starting from approximately 15 m/m%) the behavior of
microorganisms changes, cell death enhances and lag phase increases drastically [175],
[217], [227]. It was reported before that higher concentration of added inhibitors
strengthen the inoculum in case of S. cerevisiae, but also increases variability/standard
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deviation in adaptation [217]. It should be further assessed if it is more beneficial to
adapt the inoculum by addition of lower volumes of XRF and lower standard deviation
but possibly less adapted inoculum, or the use of higher XRF volume addition.

Simultaneous saccharification and detoxification (SSD) experiments showed that
bacterial laccase significantly enhanced the cellulase activity, while fungal laccase
reduces it (Section 5.6.2 and Section 0). According to a recent publication this is due to
phenolic grafting of radicals with high propagation potential to the lignin matrix only
induced by high redox potential (mostly fungal) laccase [158]. Results also indirectly
suggest that immobilization to m-CLEAs causes a significant deactivation (Section
5.6.2), as the cellulase activity enhancing effect of laccase was smaller when using m-
CLEAs in equal organic content compared to free laccase. Deactivation during
immobilization was reported before in literature several times and a detailed overview
was given in Section Chapter 1. It is not known if evaluating the ability to increase the
hydrolysis truly quantifies the laccase enzyme activity towards phenolics, as the exact
mechanism of the hydrolysis enhancing is not described yet in detail. Therefore,
deriving the inactivation by immobilization from a difference in hydrolysis increase by
free and immobilized laccase is questionable. If the effect involves surface-reactions,
the measured and calculated deactivation by the decreased hydrolysis enhancing yield
of immobilized enzyme compared to free enzyme, can be significantly higher than it
would be measured in cases when the substrate is soluble and no surface-reactions
are involved.

It was also proven that laccase treatment and fermentation should be shifted in time,
12 h seems enough, to avoid viable cell count decrease caused by radicals (Section
5.5.2). This method was reported in literature before, under the name PSSF
(presaccharification and simultaneous saccharification and fermentation), but no
reasoning was given and the laccase reaction induced cell inactivation was not
mentioned [175]. The phenolic concentration evolution was shown to be completely
different in case of SSD (Section 5.6.2) and SSFD (Section 0) compared to that recorded
during the initial laccase screening on XRF (Section 3.7.2.2). This finding induces that
screening has to be done in presence of the solid phase, which will require special
equipment. It was also shown that calcium carbonate addition was unable to elevate
the pH until 6 (Section 0), so a lime addition method has to be developed. The achieved
titers were too low for any industrial application (Section 0), but it has to be noted that
reliable results from the fermentation part could not be drawn.
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Chapter6 TECHNO-ECONOMIC ANALYSIS

6.1 Introduction

Cost estimation is a crucial, but very difficult task even for mature technologies, not to
mention if the process is not yet applied or widespread. When conducting a techno
economic analysis, the costs can be generally divided into capital investment (CAPEX)
and operating costs (OPEX). The former is a one-time investment (land, building,
machinery), whose ratio to the total costs often decreases by up-scaling (increase of
production quantity), while the latter is linearly increasing (or at least correlates) with
production quantity (typically raw materials, chemicals). In the long run, the
production price will be close to OPEX, which means that the paid-off production lines
will produce close to the variable costs, thus it is also interesting to investigate CAPEX
and OPEX separately.

In the next subchapters, the necessity of high initial substrate loading will be explained,
thereafter a literature overview about cellulase and laccase prices is given, and finally,
an overview about the CLEAs immobilization and the recuperation of laccases and
cellulases is presented.

6.1.1 Initial substrate concentration and minimal titers

The needed initial substrate concentration can be back-engineered from the
downstream processing (Section 2.5.5) as the initial substrate and final product titer
requirement are strongly linked. It was shown that the minimum concentration
needed for effective downstream processing is 50 and 100 g/| product respectively for
ethanol and lactic acid [71]. Equation 6-1 shows how to calculate the initial substrate
concentration in general. Table 6-1 contains the values for the calculations. Monomer
conversion factor indicates the mass of polymer obtained by complete polymerization
of 1 g monomer, theoretical fermentation values are for homo-fermentations, realistic
fermentation yields were 95 % for glucose and 70 % for xylose of theoretical yields and
80 % for hydrolysis yield. The result is 12.5 m/v% and 12.8 m/v% initial substrate
loading in theoretical case for ethanol and lactic acid fermentation respectively, and
17.8 m/v% and 18.2 m/v% in more realistic case. Typical cost estimations work with
15-20 % substrate loading (see Table 2-8). This means a very viscous mixture, which
can make immobilized catalyst recovery difficult.
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where csyp is the initial substrate concentration, citer the final titer after fermentation,
Ymonomer 1S the monomer to polymer conversion factor (constant 0.9 for glucose and
0.88 for xylose), cCcel/Chemcel IS the cellulose/hemicellulose concentration in the
substrate, Yhiq is the hydrolysis yield, Yserm is the fermentation yield.

The realistic initial substrate loading requirements are around the typical dry content
values of the whole slurry after steam explosion, usually around 20 m/v%. This leads
to the conclusion, that after the steam explosion, a dilution to decrease the inhibition
effect of XRF is not economically viable, thus the slurry has to be utilized directly. In
case of dry dilute acid pretreatment, which is technically a type of steam explosion,
however, significant dilution can be applied as the solid ratio of the slurry is 50 m/m%
[71].

Table 6-1: Values used for initial substrate calculation.

Theoretical Realistic
Cellulose Xylan | Cellulose Xylan
Content in poplar [-] 0.5 0.2
Monomer conversion factor [-] 0.9 0.88
Hydrolysis yield [-] 1 1 0.8 0.8
Eth fermentation yield [-] 0.51 0.51 0.4845  0.357
Lac fermentation yield [-] 1 1 0.95 0.7

6.1.2 Enzyme price

Cellulase

Enzyme prices are hard to estimate as detailed by Klein-Marcuschamer [228]. There is
so little information available, that often authors give an estimated price without
indicating sources or models. These prices range from 1.5 S/kgprot U t0 6 $/kgprot (S€E
Table 2-8) from researchers, but industrial experts say the current prices can go up to
the range of 200-2000 $/kgprot [211], with a theoretical minimum of 1.25 S/kg in case
of soy protein [228]. Enzyme prices correspond to about 15-25 % of the final selling
price of the product (see Table 2-8), but technically most estimations use
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future/expected prices and activities, thus the enzyme uncertainty has significant
effect on the overall cost estimation. The main sources of enzyme prices are models
[132], [135], [137], [228] or information from the enzyme producers, Novozymes and
Genencore, or public institutes [136]. The Department of Energy in the USA stated in
2009 that the cost of enzyme with the current technology is about 0.35 $/galethanol (0.12
S/Kgethanol) and it is expected to drop to 0.12 S/galethanol (0.04 $/kg) by 2012. Industrial
experts state that even 0.35 $/galethanol is too optimistic, and it is more likely 0.5
S/galethanol (0.17 $/Kgethanol) [136]. Considering the uncertainty of the enzyme cost the
best decision seems to use the whole range for cost estimations as Liu et al. did for
lactic acid production (see Table 2-8). Using the range of 1.25 to 23.30 $/kgprotein the
selling price of lactic acid varied from 0.48 to 1.17 S/kg, and the cellulase cost from 8
to 62 %, the latter calculated with current enzyme prices [71].

A model for price calculation of cellulase enzyme production from raw materials to
final concentrated enzyme product was published [228]. The model was based on
available data and a simple process flow incorporating seeding the inoculum,
fermentation, filtering, incinerating the cells and concentrating the enzymes to 150 g/I
(also transport, taxes, wages etc. are included). The model estimates the production
cost of cellulase from steam exploded poplar to be 10.14 S/kg in the base case, from
which 49 % is facility dependent, 27 % the cost of raw material, and the rest includes
utilities, wages, transportation, consumables and waste treatment. From raw material
cost, glucose, NH,OH and poplar are the dominant with a share of 33, 28 and 27 %,
respectively. It is shown that the relative high cost of the enzyme itself is caused by
both the expensive equipment and high OPEX (nearly 50-50 %). Excluding fixed costs,
the price is still about 5 S/kg [228], which would be the case with a fully paid back
production line. These estimations are useful as several enzymes could (and must) be
used for a lignocellulose biomass based SSF process including different cellulases
(endo-, exocellulase, hemicellulase etc.) and laccases [169].

There is a constant discussion about whether it is more cost effective to produce
enzymes on site or buy them on the market. Typically independent sources state that
it is approximately equal [37] or cheaper (30 % [229] up to 70 % [230]). By logical
thinking, we can say that this should be the case if the two technologies (on-site and
off-site) are strictly the same as on-site production will spare post processing costs, i.e.
concentration, stabilizing, bottling and transportation. In the meanwhile, the process
can be integrated in the refinery by combined waste treatment, cell incineration and
heat integration, reducing CAPEX. Companies dealing with off-site enzyme production
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have to rely on superior technology such as better microorganisms and more advanced
fermentation technology in order to be competitive, or sell licenses for on-site
production.

Laccase

No price estimation is available about laccase. From the current market enzyme prices,
the laccase from China was the only enzyme with a reasonable price in big quantities,
although still very high (34 $/kg) [141]. The other laccases were either received as
sample from companies or their price was clearly not the bulk market price (Trametes
versicolor laccase from Sigma for 57 $/g). Hence making price estimations is difficult.
The cost of the use of laccase in an SSF process is purely the price of the enzyme and
aeration, as no extra steps are needed, and aeration is low cost.

6.1.3 Immobilization

A possible way to decrease enzyme cost is immobilization, which allows catalyst
recycling by filtration or centrifugation [197]. It can also increase the overall
performance of the enzyme by improving the resistance to inhibitors and general
stability, widening the pH or temperature working range. Even enzyme purification
was reported during the process if the immobilization is achieved by bounding specific
functional groups, as other compounds not containing the specific group will be left in
the solution [198]. However, also the immobilization step has its costs and while
improved stability is experienced with enzymes that are used in organic solvents, such
as immobilized lipase [199], for laccase, enzyme deactivation is noticed due to the
immobilization process [200]—[203]. Moreover, during the application of immobilized
enzymes, mass transport phenomena can cause a lower overall activity. Garcia-Galan
et al. published a good overview of immobilization possibilities [198]. Techniques can
be divided in methods using support materials (porous or nanoparticles) or without a
support, as in case of CLEAs (Cross-linked Enzyme Aggregates) or CLECs (Cross-Linked
Enzyme Crystals), and these two types can even be combined. Immobilized enzymes
are typically recycled by filtration or centrifugation from the reaction medium.
Therefore, applying the considerations published in the article [198] to the specific
case of simultaneous saccharification, detoxification and fermentation, the following
facts can be deduced about utilization of any enzyme during the process. (1) Even after
maximum theoretical conversion of the solid substrate, solid parts would remain in the
broth (lignin particles [169]) which will hinder catalyst filtration. Therefore, catalyst
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separation from the SSFD broth has to be done based on a different principle. (2)
During the SSFD process, the formed particles can physically block the porous structure
of the carrier material. (3) The enzymes used are always mixtures and rarely purified
to decrease the costs. As CLECs are formed after crystallization of pure enzymes, this
technology is not applicable. (4) Production of CLEAs is based on aggregation of
enzymes and can be used for our application. Based on these considerations, magnetic
Cross-linked Enzyme Aggregates (m-CLEAs) are investigated further in the concrete
example of laccase enzyme, but the principles concluded are valid for enzymes in
general. The carrier is non-porous, the enzymes are close to the surface and the
separation can be done based on magnetic properties. It has to be noted that the core
should be ferromagnetic and not permanent magnetic, as the particles should not
aggregate, only in presence of a magnetic field.

Since simultaneous use of laccase and cellulase enzymes is a possibility, co-
immobilization can also be considered. In literature, some examples of co-immobilized
enzyme systems exist. For example, Chmura et al. reported about combi-CLEAs [148].
In this case several different enzymes are co-immobilized, although no cellulase or
laccase is involved in the study. A more recent example on the co-immobilization of
lipase and galactosidase was reported by Peirce et al. [231], showing that even
enzymes with different inactivation characteristics can be co-immobilized and the one
faster deactivating selectively removed from the carrier. The stable enzyme was first
immobilized on agarose support, thereafter the catalyst treated with ionic polymer
and the second enzyme weakly immobilized via ion exchange. The latter can be
removed selectively if it is deactivated. It should be noted that the applied cellulase
complex is already a mixture containing a number of different enzymes. However, co-
immobilization of the cellulase complex and laccase can be an interesting topic for
further investigation.

Techno-economic investigations on enzyme immobilization are rare, and none was
found investigating the efficiency of recycling from an often-difficult liquid such as high
solid loading (10-20 m/m%) SSF fermentation broth. A published cost estimation [232]
used a price of 900 S/kg for immobilized catalyst in a packed column process, which is
a realistic pessimistic estimation (commercial price), while a lower estimate from
Novozymes is 500 $/kg catalyst with 5 % enzyme loading [211]. Both correspond to a
specialty polymer as carrier material and relatively low enzyme loading.
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The organic loading of the catalyst is a crucial parameter. As it was shown in the
experiments with varying cellulase amount (Section 3.5) and published in cost
estimations (see Table 2-8), around 5 m/v% of 10 % protein content crude cellulase
enzyme product will need to be added to the broth, which means added 5 gprotein/lbroth.
If the organic loading is a relatively high 50 m/m% and no deactivation is taken into
account, this will be 1 m/v% added catalyst to the broth, keep in mind, next to 20 %
dry content substrate already in the broth. If the organic loading of the catalyst is 10
m/m%, de added mass has to be 5 m/v%. If the enzyme activity increases, the enzyme
load can of course be reduced.

Cellulase

A significant amount of literature is available about the application of magnetic CLEAs,
or similar immobilization methods, from laccases or cellulases, however with varying
reported remaining enzyme activity. Cellulase was immobilized on Fe,03 nanoparticles
(final catalyst size ~100 nm, 16 m/m% enzyme loading) with simultaneous cross-linking
and immobilization. Remarkably, a high remaining activity (99 %) was measured with
a soluble standard substrate, i.e., sodium carboxymethylcellulose, with a loss of only 8
% activity in 15 cycles and 33 % in 20. Also, real substrate (corncob) was applied in a
low concentration (<1 m/m%) and a high catalyst-substrate ratio (25 m/m%), where
62 % of hydrolysis yield was achieved. Recirculation was not reported [233]. Liao et al.
immobilized cellulase on polyvinyl alcohol /Fe;05 (270 nm), the enzyme retained 91 %
filter paper activity. When they applied the catalyst on microcrystalline cellulose
substrate at low concentration (2.5 m/v%) in a ball mill, it lost 60 % activity in four
cycles. In these experiments the enzyme was not separated from the mixture, but the
whole solid part was recycled [202]. By Alftrén and Hobley cellulase was covalently
immobilized on different paramagnetic particles (1 um diameter, ~1 m/m% enzyme
loading, ~50 % remaining activity). The catalyst was tested on pretreated wheat straw
at low substrate loading (2 m/v%) and after magnetic recycling the activity decreased
by 20 % [203].

Laccase

Laccase was immobilized before on magnetically active mesoporous carbon with high
enzyme loading (~50 m/m%) and relative high remaining activity (80-90 %), however
even with 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS, a soluble
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substrate) it has lost 30 % and 50 % activity respectively [200]. Horseradish peroxidase
(oxidoreductase as laccase enzyme) was immobilized on magnetic beads (~100 um
diameter) by applying a consecutive glutaraldehyde activation and immobilization.
This led to low enzyme loadings (~0.3 m/m%) but high retained activity (69 %)
compared to free enzyme. However, immobilization improved the working pH range,
and thermal stability. Immobilized enzyme recirculation was not investigated [201]. Up
to our knowledge, immobilized laccase was never tested on lignocellulose biomass
before, and definitely not on high solid loading SSF broth.

6.2 Problem statement and goal

This chapter is intended to provide a better understanding of enzyme use in
lignocellulose-to-chemicals process, and more specifically SSF(D). Although the
cellulase price has significant uncertainty, as it was shown in Section 6.1.2, cellulase is
applied as an example, because estimations/models/publications are available, unlike
for laccase. Where possible, conclusions will be drawn for laccase utilization, based on
the obtained results.

m-CLEAs as an immobilization method was investigated for its utilization potential in
the SSF process by measuring the recovery efficiency of the catalyst from the
fermentation broth at lab scale. Preparation of m-CLEAs from cellulase and laccase
enzymes was reported before in literature, but they were rarely applied for
lignocellulose biomass substrates, let alone for simultaneous saccharification and
detoxification at high solids loading (see Section 6.1.3).

Minimum sugar revenue (MSR) was estimated for hardwood based sugar production,
based on an existing model [144], and compared to corn derived MSR. The price
estimation was performed in function of the possible range of enzyme unit price and
enzyme activity increase, both in case of free and m-CLEAs immobilized cellulase. For
MSR estimation with immobilized cellulase, the deactivation parameter measured
previously (see Section 0) was used. Monte Carlo simulations were used to calculate
the uncertainty of the analysis at different enzyme unit prices; thereafter the
parameter sensitivity was estimated at four different scenarios for all utilized model
inputs.

The possible future enzyme unit price was assessed via a known published enzyme
cost estimation model from Klein-Marcuschamer [228]. First, the production cost
decrease was evaluated by using shorter fermentation times, as it would be expected
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in a bacterial fermentation instead of fungal. Then, the possible decrease of enzyme
price by inoculum recycling was investigated.

6.3 Methods

In this chapter, three topics are investigated. First, recycling experiments were done
to recuperate m-CLEAs from the SSF broth, a heterogeneous mixture with high solid
ratio. Thereafter the hardwood based minimum sugar revenue (MSR) was estimated
in function of the utilized enzyme unit price and possible future increase in enzyme
activity (see details later). Thirdly the production cost of the enzyme is estimated,
starting from the model of Klein-Marcuschamer [234] for fungal enzyme production
(detailed later), by using shorter fermentation times, caused by utilizing bacteria
instead of fungi, and by recycling inoculum.

6.3.1 Experiments on immobilized enzyme recovery

Experiments on immobilized enzyme recovery of m-CLEAs laccase from simultaneous
detoxification and saccharification reaction mixture were performed. The immobilized
enzyme, m-CLEAs was a kind gift from CLEA Technologies (Delft, NL), made from a
thermostable bacterial laccase, with an organic loading of 38 m/m% and based on
glutaraldehyde cross linking from the crude laccase product. Immobilization was
performed as described in Lopez et al. (2002) and Sheldon et al. (2016). No more
information was given from the company. The experiments were solely focused on the
recuperation possibilities of the m-CLEAs from a thick liquid. Recuperation efficiency
was based on m/m%. Recovery experiments were performed using an LH Fermenter
500 (LH Fermentation ltd., Reading, UK) and a neodymium magnet (4x2x0.4 cm). The
reaction mixture consisted of 12 m/m% steam exploded poplar (Soti et al., 2013), 0.13
m/v% organic loading equivalent m-CLEAs (19.1 g wet catalyst) and 2 m/v% cellulase
liquid product (0.24 m/m% dry load) (Optimase CX15L, DuPont, Wilmington, DE, USA).
The reactor setup (see Figure 6-1) was modified by attaching metal rods on the rotor
for high viscosity mixing. m-CLEAs were separated from the bioreactor after 24 h of
hydrolysis when the broth was liquefied, i.e., converted from wet solids into a thick
liquid.
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Figure 6-1: The setup and process used for recovery measurements. The mixture, when the
separation was started (A), the magnet in a protective foil (D) is attached to the rotor (B).
The beaker (C) contains the recovered catalyst during the washing process.

Hereto, the magnet was attached to the rotor, stirring speed linearly decreasing from
500 to 0 rpm in 30 min. In this way, it was expected that higher agitation rates caused
better mixing and thus improved the contact of the catalyst to the magnet, but also
intensify the disturbance of the attached catalyst layer, as the catalyst remaining on
the magnet is a mixture of iron, enzyme and lignocellulose particles, thus the magnetic
field is weaker layer by layer. Lower agitation rates would result in less layer
disturbance but also less contact and mixing. The optimum agitation rate was not
determined, but it was expected that by linearly decreasing the rpm over a long time
the agitation rate will go through the optimum (collect the most catalyst possible), and
on a lower value it will maintain the collected material as the breakaway effect is
decreasing. Afterwards the material containing the catalyst was released from the
magnet, washed in 200 ml demineralized water and subsequently separated from the
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washing liquid by the magnet again. The mass of the remaining material was
measured. This washing cycle was repeated 16 times, i.e., until the washing liquid was
transparent (all lignocellulose material was washed out). Two parallel experiments
were performed. The measured recycling efficiency was used in the later cost
estimations.

6.3.2 Estimation of minimum sugar revenue

MSR estimation is a convenient tool to benchmark different sugar sources, as it is
general, not dependent on fermentation, but it might miss some of the interactions,
because it is independent from fermentation. The cost estimation of hardwood based
minimum sugar revenue (MSR) was based on the publication of Reeb et al. [144]. The
values used for calculations are visible in Table 6-2. The best hardwood-based scenario,
thus the lowest MSR, was taken from the publication, 272 S/tcarbohydrate in case of
autocatalyzed steam explosion followed by enzymatic hydrolysis with 75 % vyield,
pellets produced by residues and co-location with a pulp mill instead of green field
investment. Supercritical water extraction gave better results, but the obtained values
were much more uncertain than in the case of autohydrolysis. CAPEX was directly
taken from the publication (110 $/tcarbohydrate) by subtracting the substrate (126
S/tcarbohydrate) and enzyme cost (55 $/tcarbonydrate) from the published MSR in case of
hardwood-based sugar production. Based on the criteria of Independent Projects
Analysis (IPA, www.ipaglobal. com) CAPEX meet the + 35 % precision.

Based on the calculations in the article, 11 kgprotein cellulase was used for every
tearbohydrate, @S the enzyme cost was 55 S/tcarbohyarate, and the enzyme unit price 5
S/Kgprotein [144]. This value incorporates every process parameter (sugar degradation
during pretreatment, incomplete hydrolysis etc.). The price of the enzyme (unit price,
S/Kgprotein) and the activity ratio (FPUtuture/FPUcurrent) Were the investigated variables.
The range of unit prices was taken between the current price (23 $/kgprotein [71]) and 2
S/Kgprotein, the activity between the current activity (1) and an estimated activity if the
cellulase would be used in the same concentration as amylase is used for starch (0.5
Zorotein/Kgstarch  [236]), as a mature/optimized enzyme cocktail. The hydrolysis
experiment that reached 20 g/l glucose concentration after 24 h contained 5 m/m%
cellulase (50 g) per 200 g wood. Calculating with 10 m/m% protein content in the
enzyme product, the protein/wood ratio is 25 gprotein/K8wood, aNd 35 Zprotein/ Kcarbohydrate
, Which is 70 times higher than the ratio used in case of amylases.
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Raw hardwood prices were obtained from the Billion ton report [237], they included
preprocessing and transportation to the refinery. Average price and standard
deviation were calculated form an annual quantity-price chart with Monte-Carlo
simulation, by choosing 10000 random annual quantities and the corresponding
lignocellulosic cost. Gaussian distribution was assumed and the mean and standard
deviation values calculated from the 10000 values, which gave 78.5 6.5 $/tignocelulose-
Calculating with 70 m/m% biomass sugar content [144] the estimated price of
carbohydrates is 112.1 * 9.3 $/tcarbonydrate. Corn grain derived MSR, based on the past
five years deviation, was taken as 230 + 50 $/tcarbohydrate [144].

Immobilized enzyme system

The price of m-CLEAs preparation was estimated to be 10 $/Kgprotein, as the iron powder
would cost 1-1.2 $/kg [141] and the glutaraldehyde solution 2 S/kg [141]. As the
catalyst contains approximately 40 m/m% organic loading the mass corresponding to
1 kg of protein is 2.5 kg catalyst, containing 1.5 kg iron, if the mass of glutaraldehyde
is neglected. The iron itself corresponds to 1.5-1.8 $/kg. The variable cost will be
probably around 5 $/kg, and the same value of CAPEX was estimated. Recycling
efficiencies (obtained from experiments detailed in Section 6.3.1) and enzyme
deactivation (based on Section 5.1.1), were used to estimate the immobilized enzyme
utilization costs.

The calculation of immobilized enzyme cost can be written as Equation 6-2. The
amount of enzyme needed is known from the article of Reeb et al. (11 kg/tcarbohydrate)
[144] with the difference that the catalyst price is the addition of enzyme and
immobilization price (calculated in $/kgprotein), and the enzyme amount has to be
recalculated with the deactivation caused by immobilization . Only the catalyst that
could not be recovered has to be replenished to allow the same enzyme activity for
each batch. The added amount in each round of reuse is the catalyst that could not be
recycled, i.e. (1-Recirc). This amount has to be corrected with one factor, reflecting the
enzyme loss and deactivation during the immobilization process, i.e., Deact;mmon,
which was taken to be 50 %. However in some reports this deactivation was measured
to be only 10-20 % [238]. It is very likely that the enzyme stability and the pH working
range are improved after immobilization. This will also be incorporated in the variable
Deact;mmop, €xpectedly decreasing it because inhibitors present in the hydrolysate
can also inhibit enzymes (e.g., inhibition of cellulases by phenolics), thus the
immobilization can grant the enzyme better inhibitor resistance. The pH applied during
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SSF can differ from the optimal pH of the enzyme; again, immobilization can yield in
less activity loss caused by the pH shift.

COStimmob = Massfree enzyme X (Priceenzyme + Priceimmob)
1 — Recirc 6-2
1 — Deactimmon

By investigating Equation 6-2, some general remarks can already be given, i.e., the
saving is higher if the ratio of immobilization price to enzyme price is lower, if the
recycling efficiency (Recirc) is higher or if the deactivation by immobilization (Deact) is
lower. Furthermore, if the recycling efficiency is not higher than the loss by
deactivation, the process cannot be cost effective under any circumstances.

An important remark on the application of these equations is that instead of
deactivation of the enzyme during immobilization, the enzyme can obtain an increased
activity, due to the favorable environmental conditions. In that case, the factor
Deactymmop Will be a negative number.

Monte Carlo simulation

Monte Carlo simulations were performed in function of enzyme activity increase at
three different enzyme unit prices, 5 S/kgprotein most frequently appearing in cost
estimations [144], 10 $/Kgprotein as estimated by Klein-Marcuschamer [234] and
approximate current price 20 $/kgprotein. FOr most cases, the standard distribution was
taken, except for corn grain derived MSR (not used for calculations, just for
comparison) and the CAPEX distribution. Each simulation contained 10000 iterations,
where all values were independently generated. The confidence intervals for free
enzyme based MSR was calculated by fitting Gaussian to measurement points at each
enzyme activity increase value (x-axis), and investigating + 1 6 (68.2 %). In case of
immobilized enzyme, an empirical confidence interval was used (70 %).

A variable-by-variable uncertainty analysis was performed at two scenarios: assuming
15 S/kgprotein, thus a little decrease in unit production costs and an activity factor of 1,
current activity, and 10, tenfold increase. A Monte Carlo simulation was done for each
variable in both scenarios by choosing 10000 values from the distribution and keeping
all other parameters the same. The sensitivity is calculated based on the empirical 70
% confidence interval for each simulation.
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All data processing was performed off-line using a commercial software package
(MATLAB 2017.1, The MathWorks Inc., Natick, MA, 2017). Prices applied during cost
calculations were taken from Alibaba [141].

Table 6-2: The values used for MSR estimations and Monte Carlo simulations.

Mean - . .
Deviation Distribution Unit Reference
value
MSR corn grain 230 50 Uniform S/tcarbohydrate [144]
Monte Carlo
Hardwood 112.1 9.3 Gauss S/tcarbohydrate based on
[237]
CAPEX 110 38.5 Uniform S/tcarbohydrate [144]
Immobilization Own
10 2 Gauss $/kgprotein . .
cost estimation
L Own
Deactivation 0.5 0.1 Gauss - .
experiments
. . Gauss, rejecting Own
Recirculation 09 0.05 - .
values above 1 experiments

6.3.3 Enzyme price estimation

Enzyme price estimation was based on the model of Klein-Marcuschamer [234] with
some specific modifications made by using SuperPro Designer (Intelligen, Scotch
Plains, NJ, USA). The model was based on available data and a simple process flow
incorporating seeding the inoculum, fermentation, filtering, incinerating the cells and
concentrating the enzymes to 150 g/l (also transport, taxes, wages etc. are included).
The process was kept as was published, modifications were made to investigate how
the price would change if the inoculum was recycled (thus eliminating the seeding
tanks) or the fermentation time shortened.

6.4 Results

6.4.1 Recycling efficiency of immobilized laccase

It is common that yields of only 20-30 g/I reducing sugars per 100 g wood are obtained
after hydrolysis of pretreated wood [239]. Therefore, the solid content after hydrolysis
is still significant. During the simultaneous saccharification and detoxification
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experiments in our laboratory, it was observed that the initial wet solid fermentation
mixture was changed into a smooth thick liquid after 12-24 h. m-CLEAs recycling was
performed from demineralized water as a standard and from SSF hydrolysis medium
as a possible industrial substrate. Enzyme recovery has been expressed in m/m%
because of the adsorption of phenolics on the CLEAs, which hampers the
measurement of the decrease in phenolics due to laccase activity separately from the
decrease due to adsorption phenomena. Results of the recovery showed that the
catalyst could be easily recycled from demineralized water with 99.5 m/m% efficiency,
but 88 m/m% of the immobilized catalyst could be still recovered even from the thick
liquid containing remaining lignocellulose solid particles (16 washing cycles were
required to separate the catalyst from the solid part).
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Figure 6-2: Mass recovered by magnet in first recovery step in function of washing cycles
() and line indicating the mass of initially added m-CLEAs (—).

Figure 6-2 shows the decrease in mass of the separated m-CLEAs catalyst, including
some lignocellulose material, during the washing cycles. It has to be noted that this
washing is only needed for analytical purposes. In an industrial application, the
separated unwashed catalyst will directly be reused in the next batch. The mass of
recovered catalyst before washing was almost double that of the initial mass because
of the presence of lignocellulose slurry that was removed from the reactor at the same
time (see Figure 6-2). It can be seen that the final catalyst recovery from the broth was

88 m/m% after only one separation step.
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6.4.2 Estimation of minimum sugar revenue

Minimum sugar revenue estimation is a convenient tool to compare different
carbohydrate sources universally, as it is fermentation-independent. The base of
comparison is corn grain derived carbohydrate, which is the current base of
fermentations in the Northern Hemisphere [144]. Figure 6-3 shows the estimated
hardwood based MSR in function of cellulase unit price and enzyme activity increase
in case of free (red) and immobilized (blue) enzyme in 3D (A, B) and top view (C). The
more expensive technique is visibly the free enzyme, as that surface is “on the top”.
For exact comparison, Figure 6-4 will be used. The current corn derived MSR is marked
with a black line, while the confidence interval is the area of darker red color, to
understand the shape of the interval see later Figure 6-4. It is visible that the current
MSR for poplar wood at high enzyme unit prices (Figure 6-3A in the back corner) is
higher than 400 S/tcarbonydrate, thus even more expensive than white sugar, not to
mention corn grain derived carbohydrate. Taking current enzyme activity (Enzyme
activity increase factor = 1), the unit price has to drop until 7 $/Kgprotein to reach the
highest MSR of corn derived sugar. However, relatively small activity increase, tenfold,
can render the hardwood-based sugar production competitive. Relatively small is
meant in comparison to the ratio in which amylases are used, of course.

The point (or technically the line), where the cost of free and immobilized enzyme
utilization meet is at 2.5 $/kgprotein independent from the enzyme activity, as Equation
6-2 does not contain activity. Under this unit price, free enzyme utilization is expected
to be more cost effective, above this immobilized enzyme. It will be shown later that
this unit price most probably be never reached; thus, immobilization seems promising
at first glance.
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Figure 6-3: Estimated minimum sugar revenue (MSR) in function of enzyme unit price and
activity increase compared to current cellulase in 3D (A, B) and top view (B). Red surface is
the free cellulase, blue surface is the immobilized enzyme. Dark red color is the MSR regime
of corn-derived sugar, while the black line is the current price of corn-derived sugar.

To investigate and visualize the uncertainty of the calculations, Monte Carlo
simulations were performed at three enzyme unit prices (see Figure 6-4 ): the current
price (C), approximately 20 $/kgprotein [71], 10 S/Kgprotein (B) as estimated by Klein-
Marcuschamer [234] and 5 S/kgprotein (A) frequently appearing in cost estimations
[144]. It should be noted however, that the 5 $/kgprotein is calculated based on
Novozymes, who stated that the cellulase cost will be 0.5 $/gallonethanol [144], thus
these calculations are very indirect uncertain, calculating from current enzyme activity
and needed enzyme amount.
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In all three cases as the activity increases, the MSR converges to the sum of CAPEX and
substrate costs, approximately 205 $/tcarbohydrate, @S €nzyme costs become negligible.
Immobilization is more cost effective above 2.5 $/kgprotein, hOWever, at 5 $/kgprotein the
difference is small (<8 % in MSR at current activity), it will not worth it to deal with the
complexity increase of preparation/utilization of immobilized catalyst. At 10 and 20
S/Kgprotein price, the difference is 20 and 36 % in MSR. These are significant saving
factors, but the difference in MSR% decreases as the activity increases, as the
difference, the ratio of immobilized/free enzyme cost remains constant, but the ration
of enzyme cost in MSR decreases.

Enzyme unit price =5 $Jfk§.|pmtein Enzyme unit price = 10 $;‘kgpmtein

350 350
300 300
250 250
— 200% 200 [ N, oo
= P 08 5 G B S GBS e
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o Immobilized cellulase
a0 oo . P m— 0PN grain

""""""""" 70 % confidence
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Enzyme activity increase factor [-]

Figure 6-4: Monte Carlo simulation of minimum sugar revenue (MSR) in function of enzyme
activity increase at three different enzyme unit prices: 5 (A), 10 (B) and 20 (C) $/kgprotein in
case of free cellulase (x) and in case of immobilized enzyme (0). Confidence intervals (..) are
at 70 % level, calculated from 10000 simulations. Black horizontal lines are the corn grain
derived MSR.

The activity increase ratio, when the free enzyme reaches the interval of corn derived
MSR and mean value of corn derived MSR is correspondingly: [-,2] in case of 5
S/Kgprotein, at this enzyme unit price it would be competitive at higher corn grain prices.
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[1.5,4] in case of 10 S$/Kgprotein, thus it needs a few folds improvement for economic
viability. [3,8] in case of 20 $/Kgprotein, thus it needs more improvement to economic
viability. The same values for immobilized enzyme activity increase at 5, 10 and 20
S/Kgprotein are [-, -], [-, 1.1] and [-, 1.6], thus m-CLEAs cellulase, theoretically would be
viable even with current prices assuming the highest corn grain price, and a few folds
activity increase is needed to reach current corn MSR cost — again, theoretically. It is
also worth mentioning that the lower bond of corn derived MSR and hardwood derived
MSR are almost the same, it is difficult to compete with cheap corn price even at most
optimistic process values.

The parameter sensitivity was evaluated for four scenarios: free/immobilized cellulase
utilization at current enzyme activity and in case of tenfold activity increase at 15
S/Kgprotein €NZymMe unit price (see Table 6-3). In both cases, immobilized enzyme system
had lower MSR, 30 % saving at current activity and 70 % at higher activity. The CAPEX
is @ major uncertainty causing approximately 10 % change in MSR. Recirc parameter
was also a significant parameter, with 10 % influence on MSR at current activity. At
tenfold activity increase however, all enzyme related uncertainties are disappearing as
the enzyme cost will be small compared to CAPEX and substrate costs.

Table 6-3: Parameter sensitivity investigation in case of 15 $/kgprotein @nzyme unit price and
activity factor of [1,10] for free and immobilized cellulase utilization.

‘ Activity factor [-] 1 ‘ Activity factor [-] 10
Free Immobilized Free Immobilized

MSR [$/t] 368 258 220 209
Sensitivity [%]

Lignocellulose 2.1 3.0 3.6 3.8

CAPEX 7.2 10.3 12.3 12.9

Immob cost - 1.8 - 0.2

Deact - 4.7 - 0.6

Recirc - 10.5 - 13

Although MRS estimation is a convenient and general tool to compare the potential of
broad range of substrates, it completely lacks fermentation, thus it cannot incorporate
the positive effect of detoxification on microbial growth. The positive effect of
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detoxification, the enhancement of hydrolysis, however could be incorporated, as it
appears as a reduction in necessary cellulase amount (see Equation 6-3).

COStdetox = €0Stigccase — COSteeniulase * fenhancement 6-3

The enhancement factor was measured in Section 5.6.2, but every other parameter is
uncertain: cellulase cost was just investigated and the difficulties highlighted, while
about laccase costs no estimation is available. As the process is not economical
currently, the only case that could have viability is fenhancement > 1, assuming that laccase
and cellulase unit prices are the same, because it would mean that adding laccase helps
hydrolysis more than adding the same amount of cellulase. Here it should be
mentioned that adding laccase and starting the hydrolysis from pH 8 provided 120 %
higher final glucose concentrations than the reference hydrolysis without laccase at
pH 5 (Figure 5-7A1 and A3), thus it is worth further investigation. In other cases, the
enhancement factor was between 30-90 %. If the cellulase cost would decrease
however, there would be great potential in laccase utilization.

6.4.3 Enzyme price

The previously mentioned model (section 6.3.3) [228] was used as an estimation of the
general costs for extracellular enzyme production. Parameter sensitivity was
investigated to see how the price would change in case of different enzyme
production. It has to be noted that the model is based on wood degrading
microorganisms, as poplar is one of the carbon sources.

Assuming 24 h fermentation, instead of 192 h, or 96 h in case of seed tanks (Figure
6-5B), would decrease the production cost of cellulase from 10.14 S/kg to 8.65 $/kg,
with 32 % raw material related costs and 48 % facility dependent, 1.5 $/kg decrease.
Switching to bacterial fermentation usually shortens fermentation time, however 24 h
is optimistic. It can be seen that 8 folds of decrease in fermentation time only leads to
15 % drop in production cost.
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Figure 6-5: Annual cost breakdown of enzyme production for reference case (A), shorter
fermentation time (B) and inoculum recycling (C).

It is not easy to decrease raw material costs for enzyme production. One possibility is
to increase the yield of enzyme production, since this way less carbon source would
be used per unit of enzyme produced. This would also decrease fermenter and
downstream processing costs at the same time. However, increasing enzyme yield
further will be difficult because calculations are already done based on an optimized
cellulase production process. The second possibility is to recycle the inoculum, which
would mean technically substituting the glucose carbon source that is applied for
culturing the inoculum with cheaper poplar. In the meantime, it would make seed
tanks unnecessary, which represent around 9 % of CAPEX. This way the production
price was decreased from 10.14 to 8.63 S/kg, from which 51 % is facility dependent
and 21 % raw material dependent (see Figure 6-5C). Altogether, this means 14.9 %
decrease in final price. From the raw materials part, poplar and ammonium hydroxide
together take around 40 % of the costs. In this remaining production price, the raw
materials account for 1.81 S/kg and 4.3 $/kg is assigned to all variable costs, which can
be considered as very low. Issues, such as the seeding of the fermentation tank once
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at the start of the first fermentation or genetic stability of the microorganisms were
not taken into account.

From the calculations, the expected minimum unit price of enzymes is around 10
S/Kgprotein, Which is in correspondence to an enzyme price range of 10-20 $/Kgprotein
available online for a variety of different dried products [141]. The future cost
reduction of the use of enzymes is expected from an increase in the activity of the
individual enzymes instead of a decrease in the unit price.

6.5 Conclusion

The driving force of enzyme recycling is the difference between the enzyme price and
the immobilization price. The current enzyme prices are far from the calculated
minimums reported in literature. Some estimations [228] and market prices of mature
enzymes [141] suggest that the enzyme unit price will not decrease below 10-15
S/Kgprotein. Minimum sugar revenue (MSR) estimations based on a published model
[144] show that at current enzyme price and activity the hardwood based MSR is not
competitive with corn based MSR (+70 %), but about tenfold enzyme activity increase
would render it economically viable at the current enzyme unit price.

It was shown that m-CLEAs can be successfully recovered (=90 m/m%) from high
substrate loading in a viscous SSF broth. MSR estimations for m-CLEAs immobilization
instead of free cellulase utilization showed promising results. At the expected enzyme
unit prices, it could have potential. Close to the current enzyme price of 20 $/kgprotein,
m-CLEAs cellulase can be already competitive when corn prices are high, while with
1.6-fold activity increase it can be economically feasible even with the current corn
prices. In case of a unit price of 10 S/kgprotein, ONly one-fold increase in activity is needed
to reach economic feasibility with the current corn prices.

Parameter sensitivity estimation showed that CAPEX uncertainty has the biggest effect
on final MSR, approximately 10 %. In case of immobilization, the recirculation
efficiency was the other major contributor followed by the deactivation parameter,
with respectively 10 % and 5 % effect on MSR. Upon a tenfold increase in activity, the
enzyme related uncertainties would be reduced to the range of one percent and CAPEX
will remain the most uncertain parameter.

Until the process itself is not economically viable, there is no possibility for laccase
utilization, unless laccase enhances hydrolysis more than the same amount of added
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cellulase, see the reasoning of Figure 2-19. When the relative cost of cellulase in the
process will drop however, laccase will have a great potential because of its hydrolysis
enhancing capability and detoxification effect.

For further refinement of the model, the recovery parameter should be evaluated at a
bigger scale, to see if the 90 % recovery factor could still be reached in case of higher
volumes. Furthermore, decrease in activity in function of recycling rounds should be
measured and incorporated in the model, as well as the detoxification effect of m-
CLEAs due to significant removal of inhibitors by adsorption. To estimate the positive
effect of detoxification on the microbial growth, another model system will be
necessary, as MSR calculation does not deal with the subsequent fermentation.
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Chapter7  GENERAL DISCUSSION AND CONCLUSIONS

7.1 Global conclusions

Different aspects of laccase utilization in steam-exploded poplar-based fermentation
were investigated. Laccase-vanillin, a model compound, experiments showed that
monomer molecules go through random polymerization via radical coupling, and
dimers precipitate, due to their lower solubility in agueous media. Software
simulations suggest that the sharply decreasing solubility in case of phenolic dimers
compared to monomers is general, thus this is the mechanism of detoxification.

Laccase-XRF (liquid xylose rich fraction) detoxification experiments showed that
laccases differ in terms of redox potential, that is which phenols they react with. HBA
(4-hydroxymethylbenzoic acid) was not affected with even high activity Trametes
versicolor laccase from Sigma, although its concentration decreased to some extent
during the reaction when radicals were forming, because of radical propagation. Air
bubbling is necessary during laccase utilization to help enzyme regeneration; in the
meanwhile, furfural is removed from the solution by air stripping. HMF (5-
hydroxymethylfurfural) concentrations were only affected by active carbon treatment
or cell metabolism.

Fungal laccases performed superior in terms of phenolic removal from XRF (>60 %) and
working pH (acidic, in the range of SSF parameters). The bacterial laccase caused lower
phenolic removal (max 60 %) and the working pH of 8 is not ideal for SSF. Furthermore,
the pH has to be kept with active control (thus addition of chemicals), as the reaction
acidifies the solution. Significant phenolic autodegradation (=30 %) was encountered
at pH 8.

Experiments were performed with bacterial m-CLEAs (magnetic Cross-Linked Enzyme
Aggregates) laccase. CLEAs type of immobilized enzymes have exceptional high
enzyme loading (=40 m/m%) compared to other immobilization techniques (5-10
m/m%). High enzyme loading is a necessity in application, where the enzyme will be
used in relatively high concentration (>1 m/m%). Magnetic properties are also
important, as from a heterogenic SSF broth the catalyst cannot be recovered with
filtration. XRF detoxification experiments showed that, compared to free bacterial
laccase, the phenolic removal was rapid (an hour instead of 24 h), and less pH
dependent (identical at pH 6-8). Further experiments showed that the removal was
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caused by chemisorption rather than enzymatic activity, and adsorption will be
dominant until few recycling rounds. A model was constructed to quantify adsorption
effect in function of applied m-CLEAs concentration and recycling rounds based on few
experiments. m-CLEAs recovery experiments proved that 90 m/m% of the catalyst can
be recycled from a high substrate loading (<10 %) fermentation broth on lab-scale.

Different process integration possibilities were investigated by combining the three
investigated process steps of lignocellulose-based fermentation, i.e., saccharification
(S), detoxification (D) and fermentation (F). Simultaneous fermentation and
detoxification (SFD) experiments showed that laccase reaction decreases viable cell
concentration due to the formed radicals, thus detoxification should be done prior to
fermentation. SSD experiments showed that bacterial laccase enhances hydrolysis (90-
120 % depending on the parameters), even in m-CLEAs form (approximately 50 %
lower than with free laccase). Hydrolysis enhancement is rarely reported in literature,
most laccases decrease sugar titer, as cellulase is a major factor in the production
costs, these results are promising. SSFD experiments need further optimization; the
late cell growth has to be overcome. Phenolic evolution during SSD and SSFD did
resemble the Michaelis-Menten type of evolution recorded in XRF-laccase reactions,
suggesting that the presence of the solid phase altered the reaction significantly, thus
XRF-laccase detoxification cannot be used for screening experiments.

Minimum sugar revenue (MSR) estimations showed that an approximate 8-fold
cellulase activity increase would be needed to be compatible with current corn derived
sugar at current enzyme unit price (20 S/kgprotein), While in case of m-CLEAs cellulase
1.6-fold increase could be sufficient. At 10 $/kgprotein cellulase unit price 4-fold increase
in case of free and 1.1-fold increase in case of m-CLEAS cellulase would be sufficient
for feasibility. The model of Klein-Marcuschamer and current amylase prices suggest
that the enzyme unit price will not decrease under 10-15 $/kgprotein. Currently cellulase
has to be used about 70-fold higher ratio than amylase/starch ratio. While this level
will be difficult to reach, as lignocellulose is a more complex/recalcitrant material, 10-
fold decrease in the utilized ratio seems plausible.

Although m-CLEAs utilization seems promising, the model used for m-CLEAs estimation
is rather simple, further research should be done to investigate the activity decrease
during recycling rounds, the recovery yield in bigger scale, and the cost of
immobilization. The high enzyme loading, remarkable recovery of m-CLEAs from the

[210]



General discussion and conclusions

fermentation broth, together with their adsorption capacity, makes them well suited
for industrialization. Magnetic separation of m-CLEAs’ was proven to be efficient, but
whether enzyme immobilization should be used at all will depend on further research
investigating the stability during recovery cycles.

Laccase utilization, until cellulase cost does not decrease, would only be possible if the
hydrolysis enhancement would be >100 %, thus it would decrease cellulase costs.
Cellulase-laccase interaction should be assessed already during screening of laccase.
Since cellulase and laccase are both enzymes, they can be combined in a single product
after determining their ideal ratio. It was shown that the presence of solids significantly
alters the laccase-catalyzed phenolics reaction, thus the ideal screening would be done
directly in a SSFD experiment to compare the yields, or at least an SSD.

According to the results, the best practice for SSFD would be to start with added
bacterial laccase and cellulase at pH 8, 50 °C and aeration. Until a certain time (to be
optimized later), the pH has to be kept at 8, afterwards the pH control stopped and
the reaction itself will shift the pH back to fermentation-range. The temperature
should be decreased to SSF range and the aeration stopped when the sugar
concentration increase starts to decrease, and inoculation done in such a time that the
exponential phase is reached when the sugar concentration starts to saturate.
Adapted inoculum should be used as its superior performance was proved. The SSF
temperature should be sub-lethal to the microorganism, but more in favor of
hydrolysis than fermentation. Cellulase activity is limiting (linear) compared to cell-
growth (exponential). The steps on how to determine the parameters is discussed in
Section 7.3.

7.2 Situating the research

This research was started in 2012 and the experimental part finished in 2016.
Novozymes CellicCTEC3 HS application document [240] contains the process
description of SSF with pre hydrolysis, named hybrid hydrolysis and fermentation
(HHF). This specific document is from 2017, could be that the process was included few
years prior, but it is visible that it appeared as standard during the time of this research.
Moreno’s paper [157] about SSF with bacterial laccase, and the enhancing effect on
hydrolysis was published after the end of the experimental chapter and much later
than the time these concrete experiments were performed. The exact bacterial laccase
used in the experiments is a new product of the company, not yet on the market. The
idea of the m-CLEAs immobilization method was also very new, the company and our
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research group came to the idea nearly simultaneously. The remarkably high catalyst
recovery from the SSF broth was unexpected for both of us. Immobilized enzyme cost
estimation was not published in literature before, as well as the method for adsorption
estimation model during recycling rounds.

7.3  Future steps for industrial application

The reduction in cellulase costs is not expected to happen rapidly, thus most probably
2G ethanol production will not be feasible economically in the near future without
either external parameters (tax reduction, carbon quota) or significant increase in 1G
substrate stock price. Biotechnology is expensive. Many trials are needed for
screening. These two parameters hinder development, lowering costs and used
material amounts, designing simple equipment and in general open-source attitude
would be welcomed in the field.

The proposed future directions are addressing the fields of cost reduction and enzyme
utilization. Other options are finding better laccases via screening, cost reduction of
screening and further investigating m-CLEAs for SSF process.

For immobilization further assessment of immobilization deactivation, stability during
recycling rounds and recycling efficiency is needed. An option for increasing activity is
to decrease particle size, but this decreases recycling efficiency, thus activity and
recycling should be investigated in pair. Laccase screening has to be performed as close
as the exact utilization as possible, thus at least during SSD or preferably SSFD. A single
run of SSFD in a reactor requires around one kg of material and around a week of
fermentation time, and because of the price of the fermenter, replications are difficult
to perform. Appendix contains an open source, lab-scale equipment description for
SSD or SSFD, where a reactor would cost around 50 € and 100 g of substrate is enough
for an experiment, thus several parallels can be run simultaneously. Appendix also
contains a description for lime addition; this can be used for bigger reactors to utilize
lime instead of NaOH or KOH, closer to the parameters used in industry. Finally, a
method to estimate close optimal parameters for a big reactor run from the results
measured during smaller reactor experiments is presented in Section 0.
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SSFD mathematical calculation

This section describes a method to calculate the close optimal parameters for SSFD,
based on small SSFD experiments. The following principles were taken into
consideration: reach titer (given), reach certain volumetric productivity or
fermentation time (independent) and reduce costs (enzyme) (dependent). The titer
comes from the product purification step, 100 g/l for lactic acid. The volumetric
productivity or the fermentation time (the two are equivalent as Vprog=titer/time), is a
subjective parameter, how long should a fermentation take. Shorter time will require
more enzymes (raises variable costs); longer time will require more/bigger fermenters
for a unit of product flux (raises CAPEX). After the titer and fermentation time is
chosen, the cellulase concentration can be calculated.

As significant portion of the product selling price comes from cellulase, it is wise to
decrease its (needed) amount. Two things could be done: use cellulase optimum
parameters (T, pH) if possible, avoid anything that inhibits it (laccase, end-product
inhibition). From the first term it is visible that the initial parameters for the hydrolysis
should be that of (or close to) cellulase optimum. Coming from the second term it is
visible that any laccase that inhibits cellulase activity is problematic (C. unicolor
laccase), while anything that helps it is welcomed (bacterial laccase); to quantify it fast
screening SSD can be done. Coming from the second term it is also visible that for
optimum performance glucose should be consumed once end-product inhibition is
becoming significant, or with other words, the microorganism growth should reach
exponential growth phase when end-product inhibition would start.

Fermentation can (and will) require different temperature and pH compared to
hydrolysis. As the microorganism growth is exponential, except for a short period at
the time during lag phase, but the hydrolysis rate is (close) linear to cellulase amount,
itis evident that the fermentation time will be dependent on the cellulase action rather
than the microorganism. With other words, the microorganism in general can consume
the sugars much faster than cellulase can produce them. Therefore, the fermentation
parameters (Psrm= [temperature, pH]) should be chosen as closer to hydrolysis
optimum (Phyaro) as possible, but still durable for the microorganism, optimal growth is
not determining.

Pterm can be determined, but it is not as good as if it would be determined via SSF/SSFD.
The time (tgowth) When the microorganism should be in exponential phase can be
calculated based on the following principles: hydrolysis rate will be lower (equal in best
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case) at Prerm, SO ideally tgrowtn is the moment when the end product inhibition will
decrease the hydrolysis rate at Phyaro to the maximum hydrolysis rate at Prerm, before
that it does not make any sense to change. Alternatively, a threshold can be used, for
example, when the hydrolysis yield goes under 0.8 of the maximum hydrolysis rate at
Pterm. TO determine tinocuiation, the lag phase should be deduced, for which example SSFD
fermentation is needed. This will alter the hydrolysis also as from tinocuiation time the
parameters are changed from Phyaro to Prerm, but the difference caused by this will alter
tgrowth minimally.

There are three important parameters in combination with inoculation: tinocuiation,
Vinoculation and tgrowth. tgrowth cOmes out of the previous calculation, while there can be
potentially infinite numbers of tinoculation- Vinoculation Pairs belonging to a single tgrowth
value. Industrially Vinocuum should be between 1-10 v/v%, and the corresponding
tinoculation Should be determined by measuring few SSFD runs at different values
(example 0.01, 0.05, 0.10). The curve should be monotone increasing, but linearity
cannot be assumed. With this method, most of the parameters are determined in the
close to optimal range.

Experimental wise it is better to choose tfermentation @s initial input parameter, as it
should fit in five working days, but investigation wise it would be interesting to see a
map with different enzyme concentrations, as they are the most cost determining
components.
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APPENDIX

Al Arduino
Arduinos are an open-source electronics platform or board and the software used to
program it. Itis designed to make electronics more accessible to artists, designers,
hobbyists and anyone interested in creating interactive objects or environments. The
way they work and their capabilities are similar for that of Texas Instruments or other
microcontrollers (40 € Mega with complete pack, 10 € for Uno with cable and adapter
for standalone units).

The language is a simplified C++, but is completely capable to function with Labview
(as an external add-on) and with Matlab (Simulink) as an external add-on and it is even
possible to transfer the code the board and it will act as a standalone unit without
connection to the PC (autosampler, PH control).

A2 Setup for inoculum adaptation

Previous research shoved adaptation increases the viability of the inoculums greatly.
Although the process is much slower (24 h to 72 h), the fact that the inoculum volume
is at least 10 times lower than the fermentation broth, makes the process economical.
The addition of XRF hydrolyzate (XRF + solid, hydrolyzed together to about 20 g/l
glucose content) or glucose supplemented XRF (30 g/l) starts when the culture has
grown already for a certain time (5.25 or 12 h). The addition is done so the percentage
XRF is linearly rising up to 50 % in 24 or 36 h, equilibrated in every half hour, then it is
left to grow for 24 h. The fluid transport speed of the pump is fixed to 7.74 ml/min (this
is a stable setting at one of the end-point of the control potentiometer, anytime the
button is moved it can be reset precisely and easily, it will remain unchanged until the
pumping tube is not changed). Figure XX shows the evolution of XRF percentage in the
inoculum, sum XRF volume added to the inoculum and the added XRF volume in the
current half hour, in function of the number of half hour cycles. Figure YY shows the
number of seconds that the pump is active to add the defined XRF volume to the
inoculum in that half hour (Derivative added volume on Figure A-1), in the rest of the
cycle the pump is not working. The curve is described with a third order polynomial
with a good fit (R?=9998).
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This equation will be used to code the pumps control algorithm. The code is written in
Arduino language, a simplified version of C. Important parts highlighted. The first line
defines pin 10 as the control of the pump; high value will start, low value will stop the
pump. The second line defines this pin as output. Third line waits for 12 h (43.2M ms)
for the inoculum to grow. Next line starts a cycle from 1 to 80 (in theory 72 would be
enough, but to make sure all 50 ml XRF is added a higher value was set). In each cycle,
the pump is started (next line) for the time defined by the third order polynomial
(Figure A-2), then switched off for the remaining time in the half hour (next line). The
next line waits for a day, so the pump does not work until the inoculums will be used,
and leaves enough time to dismantle and switch off the setup.

The program was started when the growth medium was inoculated and stopped after
72 h. The setup is shown on Figure A-3.

Adaptation during inoculation

60+
T 50
G il
—_ 40*
£
£ 30- # Percent
g Added volume
_g 204 cumulative
ks - o Added volume
2 10- ) derivative

0 = T T T T T T T \

0 10 20 30 40 50 60 70 80

Half hours [-]

Figure A-1: The increase of XRF percent, added cumulative/derivative volume during the 72
half hour cycles during inoculum adaptation.
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Pump working cycle in half hours

700 +
600 -
500 -
400 -
300 -

+ Flowrate 7.74 ml/min

Pumping time in half hour cycle [s]

Number of half hours cycles[-]

200 - y=0.0011x3- 0.0307x2+ 3.2504x + 159.01
100 - R?=0.9998
0 T T T 1
0 20 40 60 80

Figure A-2: The change of pumping time in the 72 cycles during adaptation.

Figure A-3: Inoculation preparation with adaptation from front- (left) and top-view (right).

Inoculum in the incubator, the pump controlled by the Arduino board and the XRF waiting

for addition.
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Arduino code
//pumpA define controlling pin

#define PUMP1 10

void setup() { pinMode(PUMP1, OUTPUT); }

//pump 50 ml after 12 h in 36 h, stops for days
//pumpA has 7.74246 mi/h
void loop(){

//wait 12h before start

delay(43200000);

for (int i=0; i <= 80; i++){

//start pump

digitalWrite(PUMP1, HIGH);
delay((0.0011*i*i*i+0.0307*i*i+3.2504*i+159.01)*10
00);

//stop

digitalWrite(PUMP1, LOW);

delay(1800000-
((0.0011%i*i*i+0.0307*i*i+3.2504*i+159.01)*1000));

//stops for days

delay(90200000)
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A3. pH control with lime

As it was shown in Section 0, calcium carbonate can only elevate the pH of SSF medium
until 5.5 under the specific parameters, further increase has to be achieved by addition
of a base. Lime is used almost exclusively in industrial processes, but its addition is more
difficult than that of NaOH or KOH as it is not soluble in water but forms a sedimenting
emulsion. A possible setup was made and documented, but was not thoroughly tested
or applied. In the specific application (lactate fermentation), base addition is sufficient
for pH control as the process itself produces acid, so the pH goes towards acidification
constantly.

There are four things that need to be solved for an application: sedimentation in the
base container, sedimentation in the tubes of the pump, pH measurement in the reactor
and the addition settings (see later). Sedimentation problems are somewhat easy to
solve, as if the container is stirred all the time and the mixture spends minimal time in
the tubing, sedimentation will be minimal. The first is achieved by constant magnetic
stirring, while the second is done by purging the tubes after base addition. The pH
measurement is only difficult because of the stirring rods that span from one side of the
glass container to the other; therefore, the probe has to be above them. This means
sufficient broth has to be in the reactor to have enough material above the upper rotor,
or alternatively the upper rod has to be removed and only the lower used for stirring.
Simple pH probes could be bought for 10-40 €, with probe, cable and a sensor module
(£ 0.1 pH, 0-60 °C) that can be directly connected to the Arduino board. The active part
of the probe is a few mm diameter glass bulb, which means a few cm of liquid is enough
to keep the sensitive part stabile under liquid. The sides of the bulb are protected with
plastic protective extensions, so a possible contact will not ruin the probe immediately.

The Arduino connection is visible on Figure A-4, the pH meter needs a GND and 5 V
output, the values are read through the analog input pin. The pump control is done via
DB15 plug, one output for start/stop, one to set direction, one to switch max speed
(prime) on, one output in PWM (pulse width modulation) to set the speed of the pump
(details available in the user’s manual freely available on the internet). Both stirrer plate
and pump is connected to a 5/220 V relay, so they are only powered on if they need to
function, each socket needs one Arduino pin to control it.

The settings for the lime addition are somewhat more complex, so it will be discussed
here. The first is the problem of the transformation of the measured potential to pH
value, as the correlation is known to be non-linear and temperature dependent.
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Therefore, the calibration curve has to be recorded at the given temperature (50 °C for
SSD and 40 °C for SSFD) and coded in the control circuit. Strictly saying if feedback
control is used a single value (V corresponding to pH 6) is sufficient for control, however
it is better to know the close range better (4-7 pH for example). The second challenge
in the pH control comes from non-ideal mixing. In real life applications mixing is never
ideal (after addition the concentration should become homogeneous immediately),
however high viscosity heterogeneous mixtures are much further from ideality than
aqueous media. If the control point is set to pH 6 exactly at the time when the base
addition is stopped (measurement reached pH 6), there is significant amount of non-
homogenized base in the system, which will elevate the pH further in the upcoming
minutes. Therefore, the set-point should be lower than pH 6. In addition, a lower limit
should be set under the set-point, when the addition will start, because the control
circuit can be rigid (switching on/off constantly). These two values (set-point,
threshold), together with addition speed and the purge time has to be set empirically.
The purge time depends on the tube properties (length and diameter) and the viscosity
of the mixture (lime concentration), therefore for a fixed setup it has to be set once. The
set-point and threshold depend on more parameters: added base concentration and
volume (or addition speed), buffer capacity of the broth (constant if fixed composition
is used: solid ratio, XRF or water), volume of the broth (linear), homogenization speed
(non-linear). Once set it should be acceptable for the interesting range: 0.5-1.5 |, set-
point can be lowered a bit if lower volume is used.

The steps taken should contain the following: mapping the potential-pH calibration
curve: between 4-7 generally 0.5 steps, 0.1 between 5.5, and 6.5 at the corresponding
temperature. Choosing lime concentration (10 % for example), measuring purging time:
time needed to fill and empty the tube (the two are not strictly the same). For choice of
these time values for emptying 10 % more and for filling 10 % less should be used. Next
an addition speed should be chosen, two experiments with 0.5 and 1.5 | of exact mixture
made to investigate how much does the pH elevate after the addition is stopped when
the sensor reaches 6 pH. This value is not strictly linear, but the mistake is small if you
deduce 50 % of this pH value from the set-point and convert it to volts. If the value at
0.5 and 1.5 lis significant the center should choose, and most probably, it could be used
generally. The lower threshold should be between 5 and 5.5, and a “cool down time”
set after the addition, to enable thorough homogenization. The final setup looks like the
following: container mixed constantly, probe submerged in the top of the liquid, after

[238]



Appendix

threshold reached, tubes filled, base added until set-point, tubes emptied, cool down

time waited and system set to active again.

Figure A-4: The setup used for pH control with lime (top), the relay box (left) and the Arduino
connections (right).
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Arduino code

// lower pH higher value
// pump starts on low values

// the setup routine runs once when you press reset:

void setup() {
// couple instruments to pins
int stirrer=2;
int pumpstart=3;
int pumpdirection=4;
int pumpspeed=5;

int setpoint=659; //659 pH 6; 678 ph 5.5; lower pH
higher value

int tolerance=20;

int pHvalue=0;

pinMode(A1, INPUT); //pH meter
pinMode(stirrer, OUTPUT);
pinMode(pumpstart, OUTPUT);
pinMode(pumpdirection, OUTPUT);
pinMode(pumpspeed, OUTPUT);

digitalWrite(stirrer,LOW); //stir constantly

void loop(}{

digitalWrite(pumpstart,HIGH); //return flow

[240]

pHvalue=analogRead(A1);

if (pHvalue>setpoint+tolerance) // if it is lower than
setpoint+tolerance

digitalWrite(pumpdirection,HIGH);
analogWrite(pumpspeed,133);
digitalWrite(pumpstart,LOW);
delay(6000); //until tubing is full
digitalWrite(pumpstart,HIGH);
delay(6000);

while (pHvalue>setpoint) // until ph is lower than
setpoint

{digitalWrite(pumpstart,LOW);

delay(6000); //until pump adds
digitalWrite(pumpstart,HIGH);

delay(60000); //wait for mixing in the reactor

pHvalue=analogRead(A1);

digitalWrite(pumpdirection,LOW); //return flow
digitalWrite(pumpstart,LOW); //return flow
delay(6000); //empty tube

digitalWrite(pumpstart,HIGH); //return flow
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A4 Equipment for laccase screening

It was discussed in Section 3.8 that a fast-screening method is needed to select the
right laccase. The setup proposed in Section 3.7.2.1 has proven to be unsuccessful in
doing so, as SSFD experiments (Section 0) showed phenolic concentration evolution
completely different from results recorded during screening (Section 3.7.2.2). Running
a SSFD according to the method written in Section 5.7.2.1is not an option, as it requires
a lot of material (laccase, SF and XRF), it is tedious and, in addition, a lot of reactors in
parallel would be needed to obtain results in a reasonable time frame.

While comparing the before mentioned screening and the SSFD process and keeping
in mind that the phenolic decrease should have happened during the initial time when
the inoculum was not yet added, the main difference is the presence of the solid phase
in SSFD. It is indeed logical that the solid matrix can also take part in the radical
reaction, hence altering the results. However, once the solid phase is present, the
stirring becomes more difficult and the magnetic stirrer could not be used, simply
because it does not have enough power to move in the mixture. Two possibilities
present themselves: the mixture is placed in a shaking water bath, accepting that the
stirring will be limited in the initial phase, until the mixture is not liquefied via
hydrolysis, so it is expected that the measured changes will be slower that those
measured with active stirring, or an overhead stirrer, which is perfectly suited for the

purpose.

An overhead stirrer can be built (see Figure A-5) using a stepper motor, which is the
best suited for mixing, as it is typically a low speed (rpm) high torque process.
Commercial small size stepper motors are available from around 10 €, the
corresponding driver is a few €, and a single Arduino Uno board can drive multiple of
them. The rotor can be attached to the stepper axis with a flexible connection. The
stepper has to be fastened to the glassware so it will not rotate away. A rubber plug
would be enough to seal the glassware, with a hole screwed in the center, and a
bearing inserted to stabilize the rotor against movement perpendicular to the axis, or
alternatively a metal cylinder with an inner thread with a diameter close to that of the
rotor metal. The stirring rod has to fit through the mouth of the glassware, so either
that specific size has to be used, or there is a method (see Figure A-5) to elongate it up
to 3 times this size. In this case, the rotor will consist of three parts, each the size of
the inlet of the glassware, attached with two wrists. The central rod has two L shaped
small metal plates wielded to it, in a center point symmetric way. The side rods have
also a plate wielded to them at the side, three corners rounded, so they can rotate
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freely. The center rod’s and the side rod’s metal plate are fastened together with a
screw through a hole in the plates. During operation, the fluid resistance will keep
them open, and the L shaped plate assures that they are all parallel. Once the
experiment is over, they are rotated in counter direction to fold, and kept rotated
during removal, so they unfold completely when they arrive to the mouth of the
glassware. The complete bill of materials can be seen in Table A-1.

Table A-1: List of equipment and materials needed for the test setup for SSD/SSFD.

Equipment Material Electronics

Wielding equipment Erlenmeyer lombic Arduino board
3D printer Rubber plug Stepper motor

Drill 3D printer polymer Stepper driver
Fastener
Screws
Elastic joint
Metal cylinder
Metal rods
Metal plates

Aeration is difficult to solve, so it will be left out, the remaining furfural will alter the
results. Lime addition is also very difficult in this specific setup. This does not count
during hydrolysis, as the initial pH of the XRF is ideal for it. During fermentation, it
might cause problem as calcium carbonate can only elevate pH until 5.5.

Both SSD and SSFD can be measured with this setup, although SSD easier. SSD
measurement are also very describing, they provide information about the laccase
cellulase interactions that were proven to be strong (Section 5.6.2) and cost
determining towards utilization (Section 2.5.6). However, SSFD is also needed, as the
effect of laccase treatment is the inhibition decrease, rather than just the phenolic
concentration decrease. In terms of SSFD, the presents of furfural and the non-ideal
pH can be problematic. In addition, only non-volatile product fermenting
microorganisms can be reliably measured (lactic acid), as volatile compounds might
evaporate, as it is the case of water bath fermentations with ethanol.
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Figure A-5: Equipment sketches for low-cost, small volume, high solid SSD and SSFD.
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