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Evyaprotieg
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H epmotooivn mov enédeile ota anoteAéopata Kodmg eniong Kot 1) ToTN OTIG IKAVOTNTESG
Hov, pe ®dnoav otV enttuyn oAoKAPpwon Tov Tapdvtog Tovipatos. H cuvepyacio pall tov
NTav pion cuveXNG SLUOPACTIKN EUTEIPIO 1) OTOI0L KATEGTN OVAYKOIO Y10l TV OTOTEAEGLLOTIKNY
dlekmepaimon OAMV TV TEPOUATIKOV €PYAcIOV KoOOG emiong kot oty dnuovpyio
wpootifépevng a&iog katd tnv aSloAdyNnoN TV OTOTEAEGUATOV.

Emumpocbétmg, Ba n0eha va euyoplot)om wontéps Toug 000 Kabnyntés and v Tpuein
pov Emtpomn kot cvykekpipéva tov k. Kovotavtivo Bopytd kot v k. Kiaipn Owovopidov
v ™ dwpkn otpiEn Kot TG TOAVTIUES GULUPOLAEG TOLG HECH TV Omoimv &iyo T
duvatdmto va BEATION® Kot vo TETHY® KOAVTEPU ATOTEAEGLOTA.

Inuavtikn frav 1 vrootpién OAmv tov peA®v tov Epyactnpiov MikpoBioroyiag kabag
OCULVESPOANOY GTNV S10TPNOT EVOG EVYAPLGTOV KAILATOG.

Téhog, Ba NBeha va gvyapiotom dhovg tovg mapdyovteg Tov AIIME Brootkovopiog mwov
LoV £0MGaV TNV €VKAPiot VO CUUUETACK® GTO GLYKEKPIUEVO TPOYPOULLO CTOVIMV, KOOMC
kaf' OAN TV mopeia Lov HEGH GE AVTO EQPOSAGTNKO LE ATOPOITNTEG YVAOOCELS Kol gUmelpiol
MOOTE VAL KATAPEP® VO, GTOYEVG® GE VYNAOTEPOLS EMOYYEALATIKOVG GTOYOVG Kol VO EEAOM
EMGTNLOVIKA.
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Abstract

The present work represents a comprehensive evaluation of the suitability of Brewers’ Spent
Grain (BSG) derived from Greek breweries, as a substrate for the production of 2" generation
bioethanol. The study incorporates the first comparative optimization between mild alkaline
and mild acid pretreatment of BSG with respect to its susceptibility against enzymatic
hydrolysis, in addition to the evaluation of the performance of the ethanologenic bacterium
Zymomonas mobilis 8b in the fermentation of the produced sugars. Additionally, a cost-
perspective analysis is carried out for the determination of the optimal pretreatment

parameters.

In contrast to other pretreatment optimization attempts, where only two independent
parameters are used for the optimization, in our approach the optimization was performed
with respect to three independent variables, namely, pretreatment temperature, time and
alkali/acid load, with the sugar yield produced by the subsequent enzymatic hydrolysis as the
dependent variable. In a second, innovative, approach, the obtained experimental results were
used in order to access the pretreatment optimization process from an economical perspective,
using the specific sugar yield - the amount of sugars produced per unit capital - as a dependent

variable.

Depending on the optimization target (sugar yield or specific sugar yield), a different set of
optimum pretreatment conditions was obtained. This was true for both alkaline and acid
pretreatment although for the latter, the corresponding optima differ only with respect to the
acid load. Acid pretreatment, proved relatively more cost effective compared to the alkaline,
with slightly higher overall sugar yields. The differences that have risen between the two
optimization strategies, proves that our approach may result in accountable reductions in the

cost per kg of reducing sugar obtained.



The second part of our work concerned the evaluation of the genetically modified strain of
Z. mobilis 8b for the production of ethanol from BSG hydrolysates. Two operational modes
for the hydrolysis and fermentation process were evaluated; Separate Hydrolysis and
Fermentation (SHF) and Single Vessel Approach (SVA).

The most important result obtained from our fermentation data, is the verification that Z.
mobilis 8b is able to ferment the sugars in the BSG hydrolysates in SVA mode, especially
after alkaline pretreatment where the microorganism ferments the BSG derived sugars at
levels equal to the maximum theoretical. Oddly enough, the sugars obtained from BSG,
hydrolyzed and fermented in SHF mode, proved to be the less suitable substrates for ethanol
production by Z. mobilis 8b, despite the fact that the hydrolysate was fortified by the

necessary salts.

In overall, our results prove that ethanol production from BSG, represents a potentially
economically viable perspective, where its outcome is strongly dependent on the
experimentally verified selection of pretreatment conditions, microorganism, and overall

biorefinery approach (SVA or SHF).



H KotoAinAiotyto Tov Xtepeov Amopfintov ZvOBomoriag (Brewers’
Spent Grain - BSG)
v v Hopywyn Broa@avoing 2" I'eviac:
Mio Xvvovaotiky] Broynpukn kor Owkovopkn AoAoynon

Inuavtikoi Opou: Tteped Anopanto Zvbomotiag (Brewers’ Spent Grain - BSG),
npokatepyacio, 6EWT, AAKOAKY, aplotoroinon, kéotr, Zymononas mobilis 8b, vépoivon,
aAkooMkn (opmon, Ipocéyyion Eviaiov Avtidpactipa (SVA), Awyopiopdg Yopoivong —
ZHpwong (SHF)

Iepiinyn

H napovoa epyocio amoterel piav Kotd to duvatd TANPN aEOAOYNON TNG KOTOAANAOTNTOG
T0V Xtepeoy AmoPAartov Zvbomotiag (Brewers’ Spent Grain - BSG) EAAnviknig {uBomotiog, w¢
VIOGTPOUO Yo TV Tapayoyn Prooabovoing devtepng yevidg. H pelétn mepihapfaver v
TPMOT GLYKPLTIKN oplotomoinon  petad e Mmog oAKOAIKNG Kot Nmog  0&vng
npokatepyaciog tov BSG wg mpog v emakdriovdn evlupiky] vdpdivomn kot eMTAEOV, TNG
agordynong ¢ amnddoong tov Paxtnpiov Zymomonas mobilis 8b ot (duwon tov
napayopevov cakybpwv oe afavodn. EmmpdcOeta, emyyepéiton kot n apiotonoinon g
TPOKATEPYACIOS MG TPOG TNV KEPAANLOVYIKY| ATOS0GT GE VY WYIKA GAKY PO

Ye ovtifeon pe Aaillec mpoomdbeleg OPIOTONOINGONG TNG TPOKATEPYAGING, OTOL
YPNOLoTOovVTOL HOVO 000 aveEdptnteg LeTafANTéG o1 PerTioTomoinom, otV TPOocEyyion
LOG 1M 0pLOTOTOINGoN TPAYLATOTOMONKE CUVOPTNGEL TPUOV AVEEAPTNTOV UETAPANTOV: NG
Oepuoxpacioc mpokatepyaciag, TG OWIPKEW TPOKATEPYOSING Kol TG avaroyiag palog
Baonc/o&éog mpog palo BSG. Qg e€aptuévn petafAnt emriéyOnke n amddoorn o€ GAKYoPa
petd v evlopikn vopoALoN. Ze o OEVTEPT, KOVOTOUO TPOGEYYIOT), TO AMOTEAEGLOTO TOV
TpoéKLYaV ypnolwonomdnkay yur v aSoAdynon ¢ oadkaciog oploTomoinong g
TPOKATEPYAGING OO OWKOVOULKY| GITOWT), YPNOLLOTOIOVTAS TNV E01KN 0OS00T COKYAP®VY -
TNV TOGOTNTO TOV GOKYAPWOV TOL TOPAYyoVTal avi HOVAde KOGTOVG TPOKATEPYACIOSG - MG
eCapnuévn petafAnT.

AVAAOYOL PE TNV OVTIKEWEVIKT] GLVAPTNON aploTonoinong (amddoon cakydpmv 1 €101KN
amddoon cokydpmv), eAPONGOV O1POPETIKE GET PEATIOTOV GLVONK®OV TPOKATEPYOGIOC.

Avtd ovvéPn 1600 otV aAkoAkn OG0 Kol otnv O&vn TPOKOTEPYAGiQ, OV KOl Yol TNV



teAevTaia, To avtioTol o dplota SEPepav LOVO Ge oyxéon Ue TN ovykEvipmon o&éoc. H 6&ivn
TPOKOTEPYAGIO OMOdElYONKE GYETIKA TO AMOJOTIKY GE GYECN UE TNV OAKOAIKY], LE ELAPPDG
VYNAOTEPES GLVOMKESG Am0dOGELS cakydpwv. Ot dapopég mov €xovv TPoKvYeEL HeTalh TV
300 oTPATNYIKOV PEATIGTOMOINOTNG OTOOEIKVOOLY OTL 1) TPOGEYYIOY] LG UTOPEL VoL 001 YNOEL
0& ONUOVTIKEG HEIDOELS TOV KOGTOVG avd Kg mapayouevmy avaymylkdv cokyapmy.

To oebtepo pépog TG &v AOYy® gpyociog agopd otnv a&loAdynon TOL YEVETIKA
Tpomonomuévon otedéyovg Z. mobilis 8b wg mpog v mapaymyn aboavoing amd ta tpoidvta
vdpdivong Tov BSG. T ) cuvoAikn dtadikasio vopodAvoNg kot {Opmong eEetdotnkay dVo
TpoémoL  Agrtovpyiog:  Aloyopiopog  Yopoilvong kor  Zopwmong (Separate  Hydrolysis
Fermentation - SHF) kot ITpocéyyion Eviaiov Avudpaoctripa (Single Vessel Approach -
SVA).

To onpoavtikdtepo amotéAesio TOV TPOKVTTEL amd T OEOOUEVA TNG AAKOOAIKNS LOpmong
givar n emaAnOgvon ot to Z. mobilis 8b givar wavo va {uudvel o0 cakyopo oTa TPOIOVTO,
vdpoIvonc Tov BSG ot Acttovpyia SVA, €1d1kd petd and alkaAkn Tpokatepyacio, OTov o
ppoopyaviopds Lopdver ta cakyopa BSG oe eminedo ioca pe to Bewpntikd péyiorto.
Opoimg, ta cakyapa mov AapPdavovior and to BSG, vopolvpéva kar Copopéva ot
Aertovpyio SHF, amodeiynkav ta Atydtepo KATGAANAQ VTOGTPAOUOTO YO, THV TOPUYOYN
aBavoing and to Z. mobilis 8b, mapd to yeyovog 6Tt 10 TPOidV VIPOAVONG EVIGKVONKE e TOL
amopaitnto dAato.

YVVOMKA, TO OMOTEAEGUATA HOG ATOJEIKVOOVY OTL 1 Tapaywyn abavoing ard to BSG
AVTUTPOCMOTEVEL Ll SOLVNTIKA OWKOVOULKE Bldoiurn Tpoontikt, 0mov 1 EKPacn g e&aptatan
oe peYGAo Babud amd v emroyn TV GLVONKOV TpoKatePYaciag mov £yovv emaindevtel
TEPAUATIKE, TOV HIKPOOPYOVIGHOD KOl TNG GUVOAIKNG TPOGEYYIONG G TPOS TN Agrtovpyia

70V Pfrodwliotpiov (SVA 1} SHF).
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Figure 3.20. 2D-contour plot and 3D-mesh plot of the mild acid pretreatment cost
optimization results. Combined effect of pretreatment time (min) - X, and H2SO4 load (mg
H2SO4 per g raw BSG) - X3 on sugar yield at temperature T =95 °C (X1=1) cccevveiiiiecieenne,

Figure 3.21. Reducing sugars and ethanol concentration during the course of SVA
fermentation. Data points represent the mean of triplicate flasks. Left graph: SVA on NaOH
pretreated material, Right graph: SVA on H2SO4 pretreated material ...,

Figure 3.22. Reducing sugars consumption and ethanol concentration, during the course of
fermentation of enzymatically pretreated suspensions of pretreated BSG (SHF fermentation
mode). Data points represent the mean of triplicate flasks. Left graph: SHF on NaOH
pretreated material, Right graph: SHF on H2SO4 pretreated material............cccoooviiiniiinnicnenn,



1. Introduction

1.1. The Brewery Industry and its Wastes

Brewing Industry is one of the most profitable global businesses, with annual revenues of
$294.5 billion (2017), as a result of the increasing trend in worldwide beer consumption
within the last decades. This fact has led to large volumes of global beer production, with
China being the world leader, producing 48.9 billion L/year, followed by the United States
with 22.5 billion L/year and Brazil with 12.4 billion L/year (dos Santos Mathias et al. 2014).
Apart from the final product of the brewing process (beer), there is also a big percentage of
residues being produced (Figure 1.1). There are four categories of wastes; brewer spent grain
(BSG), residual brewing yeast and trub and diatomaceous earth. The first three wastes are
responsible for the loss approximately 20 L per 100 L of water used in the brewing process,
especially because of their high water content which fluctuates between 80% and 90% (dos
Santos Mathias et al. 2014).

IIHHHIHII

Figure 1.1. Schematic representation of the brewing process. Adopted from
https://www.eightdegrees.ie/brewing-process-2/.
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Brewers’ Spent Grain (BSG) is the residue which occurs during the mashing step (Figure 1.1).
In that process, there is an exhaustion of malted grains milled, as all the important soluble
compounds which constitute the sweet wort are extracted. In this step, the bagasse formed has
an important role as a filter element. This residue has a high nutritional value and it is the
largest solid residue produced, resulting in a great volume of residue throughout the year, with
low or no cost for its acquisition (Aliyu and Bala 2011).

BSG is a significant by-product in the overall brewing process, corresponding to about
85% of the total waste generated. It contributes to, on average, 30-60% of the biochemical
oxygen demand (BOD) and suspended solids (Fillaudeau et al. 2006). Normally, for every
100 kg of processed grains, 125 to 130 kg of wet bagasse are generated, containing about 80%
to 85% of moisture when obtained in filtration tanks, or 50% to 55%, when obtained in the
press filter. This amount corresponds to around 14 to 20 kg of bagasse for each hectoliter of
beer produced (Fillaudeau et al. 2006), which draws between 0.5% and 1% of the produced
wort extract (dos Santos Mathias et al. 2014). The production of BSG in only Europe itself, is
approximately over 3.4 million tons (Stojceska et al. 2008).

During the mashing process, about 80% of the malt mass is solubilized, leaving its the
insoluble fractions in the bagasse. Although Brewers’ Spent Grain composition varies with
the species of barley used, the specifics of the malting process, as well as the type of milling,
mashing and clarification applied on the malt (Santos et al. 2003; Celus et al. 2006),
exhausted malt is predominantly a fibrous lignocellulosic material with significant lipid and
protein content, containing nutritional value equivalent to about one fifth of the value of
barley (Tang et al. 2009). BSG generated, represents on average 31% of the original malt
weight, therefore, the recycling options of this residue are significant for the economical
processing and bioconversion into added-value products (Nigam 2017).

1.2. Current Disposal Methods of Brewers’ Spent Grain (BSG)

Modern day brewing technological advances have been developed to reduce the amount of
waste produced and to generate useful materials from the by-products of brewing. There are
economic advantages in reducing product waste and producing valuable by-products for the

brewing industry, in addition to the fact that reusing the residues generated contributes to
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circular economy and consequently, to the protection of the environment (Kerby and
Vriesekoop 2017).

The most common use of BSG ise commercialization to animal feed production, as it has
been found to be an excellent protein source for ruminants (Nigam 2017). Regardless of the
location or brewery size, the main method of BSG disposal is as animal feed. Large
breweries typically have their BSG removed by animal feed producers who process BSG as a
base material for animal feed, rather than having it delivered directly to farms (Kerby and
Vriesekoop 2017).

BSG may also be added to other process residues to increase their market value, for
example, trub, brewery residual yeast and diatomaceous earth (Briggs et al. 2004). Beyond its
reuse in these applications, some of the BSG components could be useful as precursors for
food grade chemicals or as carbon source for microbial fermentations (Gupta et al. 2010).
Feed trade sources reported that availability of distillery by-products in feeds was at high
level in year 2012 and its usage in animal feeds has increased by 51% since 2007. Industrially
produced lysine and threonine are added in the animal feed compositions using barley grain to
obtain a balanced nutritional diet. However, these essential amino acids are added at
additional cost (Nigam 2017). Another nutritional application of BSG is its use in high-fibre
cookies which have been tested to provide health benefits (Prentice et al. 1978). Furthermore,
barley residue has been evaluated for its potential as a functional baking ingredient in a study
that showed that addition of 25% and 35% BSG significantly increased the protein content of
the snacks and the addition of 15% doubled the content of dietary fibre (Ktenioudaki et al.
2012).

Finally, another method used for the utilization of BSG is composting. The composting of
BSG Dby itself has been found to be difficult because of its high moisture content.
Nevertheless, when combined with other waste streams, BSG can be successfully composted
(Stocks et al. 2002).

1.3. Potential Uses of BSG
Apart from the typical methods of reusing BSG in dietary and nutritional applications, waste
barley may also be used as a useful resource-material for microbial fermentations as well as

for commercial/industrial use.
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The carbohydrate content of BSG makes it a potential substrate for various applications;
the sugars that are released after chemical or enzymatic processing can be microbiologically
converted into various bioproducts, such as organic acids, ethanol, glycerol, butanol, etc. The
use of BSG as a substrate in a growth medium for a variety of suitable microorganisms
provides a cheaper carbon source compared to defined media for economical production of a
desired product (Nigam 2017).

BSG has been proposed to be used as a substrate (carbon source) following its hydrolysis,
for lactic acid production, in a bioprocess employing Lactobacillus delbrueckii (Mussatto et
al. 2008a; Singh nee’ Nigam 2009). Xylitol production is another potential field of application
of BSG, since xylitol can be produced by fermentation from xylose using acid hydrolysates of
waste BSG (Aliyu and Bala 2011). Xylitol is an important alternative to sucrose as a
sweetener with many applications in the food industry (Nigam 2017), and hence, BSG use in
xylitol production could reduce the cost of the whole process.

BSG can also be used in microbial enzyme production. It is well known that enzyme
production on industrial scale using defined media, incorporates a high cost of production,
thus the utilization of waste BSG as a cheap raw material could be the key to reduce the
overall costs and making enzyme production more profitable (Vandamme 2009).

Another use of BSG could be in protein hydrolysate production, as the barley waste may
consist of 10-24% protein content on a dry weight basis (Robertson et al. 2010). Finally, BSG
can also be used as a cheaper supporting matrix for the immobilization of yeast cells instead
of synthetic polymers, and such prepared biocatalysts were successfully used as starter

cultures for wine making and beer production (Tsaousi et al. 2010).

1.4. BSG as a Substrate for 2™ Generation Bioethanol Production

Due to the fact that cellulose and hemicellulose are the most abundant renewable natural
resources of reduced carbon in the biosphere, BSG, containing appreciable amounts of
cellulose and hemicellulose, is a potential feedstock for the production of 2nd generation
bioethanol. The production of fuel bioethanol is predominantly from agricultural crops, rich in
cellulose and starch (Aggarwal et al. 2001), and conventionally, alcohol biofuels have been
produced on industrial scale by fermentation of sugars derived from wheat, corn, sugar beets,

sugarcane and molasses (1% generation biofuels). Such commercially produced biofuels have
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the drawback of being dependent on food crops (Gnansounou 2010; Nigam and Singh 2011).
Hence, there is a need to promote a faster deployment of sustainable second generation
bioethanol that will not compete with human food production (Singh et al. 2011). With the
increasing demand for ethanol, there is not only search for cheaper, abundant and annually
renewable substrates, but also for the development of an efficient and less expensive
technology so that ethanol can be made available at a lower cost from these substrates (Shindo
and Tachibana 2006; Vandamme 2009; Nigam and Singh 2011). Therefore, an alternative
method has been proposed through the utilization of residual biomass in BSG by economical
bioprocessing, namely, the Second Generation Ethanol Production from BSG (Liguori et al.
2015). Using BSG as a source of energy production will also contribute towards making
brewery industry more sustainable by producing less waste and contributing to the value chain
(Mussatto 2014).

In order to liberate the fermentable sugars from the recalcitrant lignocellulosic materials, a
pretreatment stage is usually required to thermally or chemically modify the material and
facilitate higher sugar yields during subsequent enzymatic conversion. Therefore, the
development of economical yet effective pretreatments is required (Wilkinson et al. 2014). An
important factor when evaluating potential lignocellulosic biomass pretreatments is their
ability to operate efficiently at high solids loadings, which is a requirement for any biofuel
production process to be economically viable on a commercial scale (Lu et al. 2009; Petersen
et al. 2009; Galbe and Zacchi 2012). The technical difficulty and cost associated with
recycling pretreatment chemical reagents - for example, ethanol in an Organosolv process
(Alriols et al. 2010) or ionic liquids (Dennewald et al. 2011) - encourages the use of low-cost,
abundant, and dilute reagents such as common acids and alkalis in processes where their
regeneration is not required. Pretreatment of lignocellulosic biomass such as BSG requires
careful optimization because it must be severe enough to deconstruct the matrix sufficiently,
to facilitate enhancement of the subsequent enzymatic hydrolysis, yet not so energy intensive
as to negate the net energy balance of the putative biofuel production process. Furthermore,
excessive severity of pretreatment results in the formation of lignocellulosic degradation
products (including furfural, 5-hydroxymethylfurfural (HMF), ferulic, and p-coumaric acid)
that are known yeast-inhibitory compounds with the potential to impact on downstream
ethanol yields (Palmqvist and Hahn-Hégerdal 2000; Luo et al. 2002; Carvalheiro et al. 2008).
The primary mode of action of pretreatment strategies for lignocellulosic biomass initially
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was the removal in part of either hemicellulose, lignin, or both. This enhances the
accessibility of cellulose to any cellulase class enzymes present and improves its enzymatic
digestion to glucose (Carvalheiro et al. 2008).

Enzymatic hydrolysis of cellulose is a reaction initially carried out by cellulase enzymes,
which are highly specific (Sharma et al. 2016). Cellulases are usually a mixture of several
enzymes, among which at least three major groups are involved in the hydrolysis of cellulose:
(1) -1-4-endoglucanase, which attacks regions of low crystallinity in the cellulose fiber
creating free chain ends; (2) -1-4-exoglucanase or cellobiohydrolase, which degrades the
molecule further by removing cellobiose units from the free chain ends; (3) B-glucosidase or
cellobiase, which hydrolyzes cellobiose to produce glucose (Bayer et al. 1998; van den Brink
and de Vries 2011; Guerriero et al. 2015; Sharma et al. 2016). Because enzymatic hydrolysis
is a heterogeneous reaction and requires direct physical contact between enzyme and
substrate, the enzymes must diffuse from the bulk aqueous solution to the particle surface,
diffuse through physical barriers such as lignin, adsorb on the substrate surface, and then
catalyze the hydrolysis (Chang and Holtzapple 2000; Cao and Tan 2002). Consequently, these
reactions are complex and can be affected by the physicochemical properties of the substrate
such as crystallinity, degree of polymerization, surface area, and lignin and hemicellulose
contents (Chang and Holtzapple 2000; Vuong and Wilson 2009).

In lignocellulosic materials, cellulose is physically associated with hemicellulose, and
physically and chemically associated with lignin. The presence of these two fractions is
reported to make the access of cellulase enzymes to cellulose difficult, thus reducing the
efficiency of the hydrolysis (Gilbert 2010; Wilkinson et al. 2014). The lignocellulosic ethanol
industry drives forward the development of pretreatment and enzymatic hydrolysis
technology to hydrolyse lignocellulosic carbohydrates to fermentable sugars (Sun and Cheng
2002; Kemppainen et al. 2016). Due to the high hemicellulose content of BSG, it is very
important at the industrial level, that a mixture of both cellulases and hemicellulases class
enzymes to be used in the hydrolysis process, in order to achieve a higher sugar yield
production (Saha 2003; Carvalheiro et al. 2008).

After the production of fermentable sugars through the hydrolysis process, follows the
microbial fermentation. The most important factor for microorganism selection for the
fermentation process is the convertibility of released sugars to ethanol. A large number of
facultative anaerobic fungi, yeasts and bacteria have been employed for this with the yeast
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Saccharomyces cerevisiae and the bacterium Zymomonas mobilis being the most prominent in
terms of productivity and ethanol yield (Gnansounou 2010; Ho et al. 2014; Alfenore and
Molina-Jouve 2016; Rastogi and Shrivastava 2018). The main drawback of these two strains
is the fact that their wild-type strains do not have the ability to ferment xyloses into ethanol.

In order to overcome this problem, Z. mobilis wild-type strain has been genetically
modified with the introduction of genes that allow xylose metabolism (Mohagheghi et al.
2004). Recently, the strain has been studied and found to be adapted/evolved for enhanced
tolerance to the toxic compounds present in corn stover hydrolysates. The adapted strain SS3
has higher xylose utilization rate and produce more ethanol than the parent strain
(Mohagheghi et al. 2015). However, there are no studies available concerning the microbial

fermentation of produced sugars from BSG pretreatment/hydrolysis process.
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2. Materials and Methods

2.1. Compositional Analysis of BSG

2.1.1. Raw material and moisture determination

Raw BSG was obtained from Athenian Brewery S.A. (Leof. Kifisou 102, Egaleo 122 41,
Attica). It was split into 3-4 kg batches and stored at -20 °C in plastic bags. Raw material was
dried at 65 °C until constant weight (for approx. 3 days), subjected to size reduction (< 1 mm
particle size) in a benchtop mill (IKA®-Labortechnik, Model MFC, Type DCFH 48, JANKE
& KUNKEL GmbH) and finally stored in airtight vessels until use. Moisture content of the
raw and pretreated BSG fractions was determined in an IR moisture determination balance
(Kett, Model FD-600).

2.1.2. Reducing sugars, glucose and protein concentration

Reducing sugars concentration in the various samples throughout this work, was determined
by the DiNitro Salycilic acid (DNS) method (Miller 1959). 200 pL of properly diluted sample
were mixed with 200 uL of DNS reagent and boiled for 5 min. Absorbance was determined at
540 nm in a microplate reader (ThermoScientific Inc.), against a blank prepared exactly the
same way using ddH20. Two different reference curves were prepared with glucose and
xylose at the range of 0 to 2 g/L. Results are expressed as reducing sugars equivalents of
glucose or xylose.

Glucose concentration was also determined through the glucose-specific Glucose Oxidase -
Peroxidase (GOD-PAP) method. A commercial Kit (Biosis, Agios Dimitrios, Greece) was
employed according to the manufacturer's recommendations.

Protein concentrations were determined in the microplate at 595 nm using the Bradford
assay (Bradford 1976).

2.1.3. Determination of soluble sugars and protein in raw BSG

Raw and dry BSG was suspended in ddH20 at 10% w/v and incubated at 90 °C for 30 min
under occasional stirring. An aliquot was centrifuged (10000xg) and glucose, reducing sugars

and protein content was determined in the supernatant.
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2.1.4. Determination of holocellulose and cellu-hemicellulose content of raw and pretreated
BSG

The determination of BSG composition (cellulose and hemicellulose content) was based on
available TAPPI (Technical Association of the Pulp and Paper Industry, www.tappi.org)
protocols for plant biomass analysis, with some modifications. Compositional analysis was
applied both to the raw and the pretreated materials. Prior to any manipulation, the humidity
of every biomass sample was determined (Paragraph 2.1.1) in order all calculations to be
based on the net dry biomass. All steps were performed at least in triplicates.
For holocellulose (cellulose + hemicellulose) determination, approximately 700 mg (£ 0.1
mg) of dried biomass were placed in a wide-neck 100 mL conical flask followed by the
addition of 50 mL distilled water. The flask was covered and slowly heated up to boiling
temperature under gentle stirring. 1 mL of acetic acid and 0.7 g NaClO2> were successively
and slowly added and boiling continued for 50 min. Additional 1 mL of acetic acid and 0.7 g
NaClO. were added and the mixture was boiled for another 50 min. During this time
occasional dH-O addition was taking place in order to keep the volume around 35-40 mL. The
flask was cooled to room temperature and its content was quantitatively transferred into a 50
mL PP-tube. The tube was centrifuged (4000 rpm, 15 min) and the supernatant was carefully
decanted. The precipitated holocellulose was washed 3-times with distilled water, each
followed by centrifugation. 100 mg of sodium bicarbonate were added, and the holocellulose
precipitate was washed 2 additional times with distilled water to neutrality, plus a final one
with 96% ethanol. The tube content was quantitatively transferred in pre-weighted low-tare
aluminum plates, dried at 60 °C overnight followed by 3 h at 100 °C, cooled in a dessicator
and weighed (x 0.1 mg). The dry material on the aluminum plate was considered as
holocellulose and its weight was used to determine the holocellulose percentage in biomass.
The whole amount of dried holocellulose (from above) was weighed (x 0.1 mg) and placed
in an 100 mL flask. 50 mL of 2 % w/v HCI were added, the flask was covered and the mixture
was boiled for 2h in order to solubilize the hemicelluloses. The flask was then cooled to room
temperature, its content was quantitatively transferred into a 50 mL PP-tube, and the same
washing-neutralization procedure used for holocellulose, was applied for the precipitated
cellulose. Cellulose percentage in holocellulose was determined from the weight of the

corresponding dry material, while the remaining percentage is regarded as hemicelluloses.



2.2. Effect of enzyme load and time on the Enzymatic Hydrolysis of BSG

2.2.1. Preparation of enzyme mix

The enzyme mix used throughout this work consisted of an equivolume preparation of
Novozyme NS22192 and Novozyme HTec2, designated by the manufacturer as a mostly
cellulase and mostly hemicellulase mix, respectively. The working solution was prepared by
initially mixing 1 v from each preparation with 2 v of 150 mM citrate-phosphate buffer pH 5.
This intermediate solution was desalted in a GE-Healthcare PD-10 column equilibrated with
the same buffer. The final working enzyme stock prepared through this procedure, contained

approx. 30 mg/mL protein.

2.2.2. Evaluation of optimum hydrolysis conditions

Three conditions with different protein loads were evaluated, namely, 50, 100, and 200 mg
protein / g of raw BSG. For each condition, 300 mg of raw BSG were pre-weighted in two 15-
mL PP-tubes. The volume of enzyme mix that corresponds to each protein load was added,
along with pH 5 buffer up to a final volume of 4 mL. An extra tube was used as a blank,
containing 300 mg of raw BSG and 4 mL of pH 5 buffer, without enzyme. Hydrolysis took
place under mild shaking at 50 °C. 400 pL aliquots were obtained from each tube at different
time intervals, centrifuged, and reducing sugars concentration was determined in the clarified

supernatants.

2.3. Optimization of BSG pretreatment

2.3.1. General procedure for the determination of optimum pretreatment conditions

Alkali (dilute NaOH) and acid (dilute HoSO4) pretreatments were performed in 15 mL PP-
tubes at a combination of temperature, pretreatment time and acid/alkali load conditions (see
Results and Discussion). For each condition, 300 mg (x 0.1 mg) of raw and dry BSG were
placed in the tube followed by the addition of 1.8 mL of NaOH or H2SO4 solution of the
appropriate concentration in order to achieve the required alkali/acid load. Following mixing
in a vortex, tubes were incubated in a water bath for a certain temperature and time. After the
end of each pretreatment, the suspensions were neutralized by the addition of equivalent

amounts of HCI or NaOH solution (0.45 mL) followed by the addition of 1 mL of enzyme



mix (Paragraph 2.2.1) and citrate-phosphate buffer pH 5 up to a final volume of 4 mL. The
tubes were then incubated for 20 £ 2 h at 50 °C with mild stirring and released sugars
concentration was determined in the clarified (14000 x g) supernatants. Each pretreatment
condition was conducted in triplicate tubes, while two additional tubes where the enzyme mix

was replaced with buffer, was processed for every pretreatment condition.

2.3.2. Re-evaluation of enzyme load at the optimal conditions of each pretreatment

Optimum enzyme load was additionally evaluated at the optimum conditions of the mild
alkali and acid pretreatments determined in the previous paragraph. The general pretreatment
procedure was followed at the corresponding optimum conditions for each pretreatment, with
the application of four different enzyme loads, namely, 55, 95, 135, and 175 mg protein / g of

raw BSG (4 mL final volume).

2.4. Ethanol production from BSG hydrolysates

2.4.1. Microorganism

The strain of Zymomonas mobilis 8b was used (Mohagheghi et al. 2004). This strain has been
genetically modified in order to be able to ferment xylose, in addition to glucose (which is the
natural substrate of the wild-type version of the microorganism). Z. mobilis 8b was
maintained and propagated in agar plates containing DSMZ medium 1445 (without carbon
source) supplemented with chloramphenicol and either glucose or xylose at an initial

concentration of 10 g/L.

2.4.2. Fermentation modes

Two fermentation modes were evaluated, namely, the Single Vessel Approach (SVA) and the
Separate Hydrolysis and Fermentation (SHF). In the first, all process steps, pretreatment,
enzymatic hydrolysis and fermentation are performed in the same vessel, following
appropriate pH adjustments relevant to each step. In SHF, pretreatment proceeds
independently and the pretreated material is subsequently hydrolyzed and fermented in a

different vessel.
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2.4.3 Single Vessel Approach (SVA)

For the SVA, optimum pretreatment conditions (temperature, time, NaOH / H2SO4 load) on
raw BSG were applied in a 100 mL flask at the working concentration of 166.67 g solids/L.
Following pretreatment, the pH of the suspension was adjusted to 5 and hydrolysis took place
by the addition of enzyme mix (0.1 g protein / g BSG) at 83.3 g BSG solids/L.

Following completion of hydrolysis, the pH of the suspension was adjusted to 6.
Fermentation took place in 13 mL anaerobic fermentation vials, at 30 °C and under mild
shaking. The fermentation medium consisted of 10.8 mL pretreatment/hydrolysis mix,
supplemented with 1.2 mL of 10x DSMZ 1445 medium (without carbon source) and 0.5 mL
of Z. mobilis 8b suspension adjusted to an ODsoonm Of 40. For each experimental condition, Z.
mobilis 8b inoculum was prepared from either glucose or xylose cultures.

400 pL aliquots were obtained from each vial at different time intervals, centrifuged, and
reducing sugars concentration was determined in the clarified supernatants using the DNS
method. Ethanol concentration was also determined in the clarified supernatants on an SRI

8610 gas chromatograph, using a Supelcowax-10 column.

2.4.4. Separate Hydrolysis and Fermentation

For the separate hydrolysis/ fermentation approach, 150 gr of BSG were initially pretreated
with NaOH and H,SOg4 at the optimum determined conditions for the mild alkali and mild
acid pretreatment, respectively. Following each pretreatment, the treated material was washed
with tap water on a 0.125 mm sieve, following neutralization at pH 5. The pretreatment
supernatants were stored in PP-tubes at -20 °C for reducing sugars determination and further
analysis. Both pretreated solids of each occasion were dried (<10% humidity), milled (0.7
mm) and stored.

A pilot hydrolysis was first carried out, in order to determine the initial reducing sugars
content. 300 mg of NaOH / H2SO4 pretreated BSG were placed in six 15-mL PP-tubes for
each occasion, as well as 1 mL of enzyme and 3 mL of buffer pH 5. Hydrolysis took place
under mild shaking at 50 °C. 400 uL aliquots were obtained from each tube, centrifuged, and
reducing sugars concentration was determined in the clarified supernatants using the DNS
method.

For the actual SHF process, NaOH/H2>SO4 pretreated BSG was hydrolyzed at the standard
conditions (pH 5, 0.1 g protein / g pretreated material, 83.33 g solids/L). Following



completion of hydrolysis, the pH of the suspension was adjusted to 6. Fermentation took place
in 13 mL anaerobic fermentation vials, at 30 °C and under mild shaking. The fermentation
medium consisted of 10.8 mL hydrolysis mix, supplemented with 1.2 mL of 10x DSMZ 1445
medium (without carbon source) and 0.5 mL of Z. mobilis 8b suspension adjusted to an
ODsoonm Of 40. For each experimental condition, Z. mobilis 8b inoculum was prepared from
either glucose or xylose cultures.

400 pL aliquots were obtained from each vial at different time intervals, centrifuged, and
reducing sugars concentration was determined in the clarified supernatants using the DNS
method. Ethanol concentration was also determined in the clarified supernatants on an SRI

8610 gas chromatograph, using a Supelcowax-10 column.



3. Results & Discussion

3.1. Compositional Analysis of BSG

Raw BSG was analysed for its soluble sugars and protein, as well as for its cellulose and
hemicelluloses content as described in Materials and Methods section. The obtained results

are shown in Figure 3.11.

BSG Contents

Soluble
2,3%
Soluble
2,6%

Hemicellulose
34,0%

Cellulose
29,0%

Hemicellulose

Lignin, Lipids,
32,1%

Figure 3.1. Compositional analysis of raw BSG. Percentages are calculated on a dry basis.

As shown in Figure 3.1 the BSG used in this work (originating mostly from Greek barley
varieties) contains over 60% holocellulose (cellulose and hemicelluloses) with hemicelluloses
representing 54% and cellulose 46% (dry basis). The determined holocellulose value is
significantly higher than those reported in other studies, were the holocellulose content is
usually found at levels below 50% w/w (Mussatto and Roberto 2006; Mussatto et al. 2008b;


https://paperpile.com/c/32JYQS/lW6k+mi9r+rjtI+MxjQ+pKGA

Wilkinson et al. 2014; Kemppainen et al. 2016; Ravindran et al. 2018). This difference could
probably reflect specific differences on the malt characteristics or the mashing process as well
as difference in the applied methodology. Our results though, agree with all these studies on
the fact that the hemicellulose content in raw BSG is higher that of cellulose, a fact that
suggests that any economically sustainable utilization of BSG for the production of ethanol
should definitely involve the fermentation of pentoses obtained from its hemicellulosic

fraction.

3.2. Effect of enzyme load and processing time on BSG hydrolysis

Following the procedures described in Materials and Methods, the obtained results are shown

in the diagram below:

0 5 10 15 20 25 30 35 4

[

L

time (k)

e l'L

—g— 50 mg protein / g B5G  =——g—100 mg protein / g BSG 200 mg protein [ g BSG

Figure 3.2. Effect of incubation time on total reducing sugars release from raw BSG at different
enzyme loads. BSG was hydrolysed by the addition of the indicated protein loads (from the enzyme
mix) per g raw and dry BSG at 50 °C and pH 5. Total reducing sugars were measured by the DNS
method (Paragraph 2.1.2) and expressed as glucose equivalents.

As shown in the Figure above, hydrolysis of raw BSG by the commercial enzyme mix was
completed already from the 2" hour of incubation, regardless of the enzyme load applied.
This result is very important from an economic point of view since it contributes to the overall
process productivity. Reducing sugars’ concentration remained practically constant till the
20th hour, and as a result, this hydrolysis incubation time was chosen for all subsequent

experimental sets.


https://paperpile.com/c/32JYQS/lW6k+mi9r+rjtI+MxjQ+pKGA

Enzyme load significantly affected the final reducing sugars concentration. The observed
effect was much stronger between 50 and 100 mg protein per g raw BSG and practically
insignificant between 100 and 200 mg per g BSG. Taking into account the fact that enzyme
cost is the second most important cost factor in biorefinery applications (Lynd et al. 2008) an

enzyme load of 100 mg/g was chosen for the rest of this work.

3.3. Economic evaluation of the most suitable alkali and acid for the

pretreatment

In literature, for mild acid and mild alkali pretreatment of lignocellulosic materials, the most
commonly used reagents are hydrochloric or sulfuric acid and potassium or sodium
hydroxide, respectively (Galbe and Zacchi 2012).

For the alkaline pretreatment in the vast majority of studies NaOH is employed, due to its
significantly lower price and high activity towards sugar yield (Chen et al. 2013). For the acid
pretreatment the choice between H>SO4 and HCI is more obscure, since both acids are highly
active in the initial decomposition of the lignocellulosic matrix (Saha et al. 2005). Thus our
choice had to be based on the economic efficiency of these acids based on available data on
their relative prices. Tables 3.1 to 3.3 show the price per kilogram for HCI, H2SO4 and NaOH
as obtained from various vendors at the internet was eventually selected, due to its activity in
relate to HCI and after the economic assessment carried out in the table shown below:

Table 3.1. Median internet prices for hydrochloric acid as obtained from various internet sources.

HCI
Source Concentration Price ($/ton) Mass per ton Cost ($/kg HCI)
(w/w) (kg)
Vendor 1 33.5% 265 335 $0.791
Vendor 2 32.5% 107.5 325 $0.331
Vendor 3 32% 125 320 $0.391
Vendor 4 31% 185 310 $0.597
Vendor 5 35% 185 350 $0.529



https://paperpile.com/c/32JYQS/e9kG
https://paperpile.com/c/32JYQS/gOjl
https://paperpile.com/c/32JYQS/oRQt
https://paperpile.com/c/32JYQS/pxLZ

Vendor 6 37% 300 370 $0.811
Vendor 7 36% 195 360 $0.542
Vendor 8 31% 325 310 $1.048
Vendor 9 31.5% 85 315 $0.270

Average Cost of HCI ($/kg HCI) $0.590

Table 3.2. Median internet prices for sulfuric acid as obtained from various internet sources.

H2S0O4
Source Conczs\;;;;;\ tion Price ($/ton) Mass (kg) Cﬁ.itsgf)(g

Vendor 1 98% 230 980 $0.235
Vendor 2 98% 220 980 $0.224
Vendor 3 98% 225 980 $0.230
Vendor 4 98% 275 980 $0.281
Vendor 5 98% 325 980 $0.332
Vendor 6 98% 250 980 $0.255

Average Cost of H2SO4 ($/kg H2S04) $0.259

Table 3.3. Median internet prices for sodium hydroxide as obtained from various internet sources.

NaOH
Source Concentration Price ($/ton) Mass (kg) Cost (kg

(wiw) NaOH)
Vendor 1 100% 350 1000 $0.350
Vendor 2 100% 407.5 1000 $0.408
Vendor 3 100% 520 1000 $0.520
Vendor 4 100% 490 1000 $0.490
Vendor 5 100% 810 1000 $0.810
Vendor 6 100% 515 1000 $0.515
Vendor 7 100% 510 1000 $0.510




Vendor 8 100% 550 1000 $0.550
Vendor 9 100% 475 1000 $0.475
Vendor 10 100% 300 1000 $0.300
Vendor 11 100% 600 1000 $0.600

Average Cost of NaOH ($/kg NaOH) $0.503

All costs shown in Tables 3.1 to 3.3 were obtained from alibaba.com, from several sellers

who offer HCI, H,SO4 and NaOH for industrial use.

By comparing the average costs of HCl and H»SOs, the cost per kg of HxSOs is
approximately two times lower than the relevant cost of HCI. However, when one of these
two acids is used in the pretreatment of lignocellulosic material its neutralization has to be

taken into account regarding the cost evaluation. The neutralization reaction equations of HCI

by NaOH and H2SO4 by NaOH are the following:

HCI + NaOH
1 mole 1 mole
375¢ 4049

H2SO4 + 2NaOH
1 mole 2 moles
98¢ 804¢g

According to the stoichiometry of the above equations:

—

NaCl + H»O
1 mole

— NaSOs + 2H20
1 mole

1 mole

2 moles

1 kg of HCI (0.590 $) requires 1.067 kg (0.537 $) of NaOH at a total cost of 1.127 ¢, while
1 kg of H2SO4 (0.259 $) requires 0.816 kg (0.411 $) of NaOH at a total cost of 0.67 ¢

Based on the above economic analysis, the choice of sulfuric acid for the mild acid

pretreatment of BSG is straightforward.




3.3. Experimental optimization of the alkaline and acid pretreatment of BSG

3.3.1. Definition of the independent parameter space and experimental design settings

As mentioned in the Materials and Methods section, pretreatment of BSG was optimized with
respect to three independent process parameters, namely:

Xa: Pretreatment temperature, in °C
X2: Pretreatment time, in min

Xs: Alkali/Acid load, in mg per g dry and raw BSG

The dependent variable, Y, for the optimization, was the concentration of the total reducing
sugars released following enzymatic hydrolysis of the pretreated material, performed at the
conditions determined in Paragraph 3.2.

A Central Composite Design (CCD) approach was applied in order to experimentally
materialize the complete optimization procedure. According to the CCD model, the three
independent parameters of the experiment, X1, X2 and Xz (Temperature, Time, NaOH / H2SO4
load, respectively) form a three-dimensional space, namely, a cube (Figure 3.3). Each edge of
the cube represents the values of Xi, X2 and Xz; from minimum to maximum, while the
median is the means of the values. The combinations of X1, X2 and X3 to be evaluated are all
8 vertices of the cube (i.e. A, B, I, A, E, XT, H, Z), as well as the centers of all six faces (i.e.
ABTA, TAE(ZT), E(XT)HZ, ZHBA, AAEZ, BI'(XT)H). Finally, the center of the cube, C,
represents the condition where all parameters acquire their central values. It also has more

weight than the rest conditions, consequently it is going to be evaluated in multiple tests.
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Figure 3.3. Independent parameter space model used in the central composite design experiments.

The minimum, median and maximum physical values used for each independent parameter

are given in the Table 3.4. For normalization of the response function, the range of each

independent parameter was normalized between -1 and 1 (see also Table 1).

Table 3.4. Physical and normalized independent parameter values employed in the Central Composite

Design exieriments for iretreatment oitimization.

Temperature (X1), °C 3 05 9
i) -1 0 1

Time (X2), min 10 40 Y
-1 0 1

NaOH / H2SO4 load 40 120 200
(X3), mg/ g raw BSG -1 0 1

Following the analysis presented above, the experimental sets performed for the alkali/acid

pretreatment optimization are summarized in Tables 3.5 and 3.6, that follow:




Table 3.5. Actual experimental conditions used in the optimization of BSG pretreatment.

Experimental
Experiment #| conditions | Temperature (°C) Time (min) MeOBAZSO 020
(Figure 3.3) (mg/ g BSG)
i A 3 10 40
i 5 3 10 200
i g % 10 200
’ A % 10 40
¥ " % 70 40
° - % 70 200
! . 3 70 40
i " 3 70 200
9 ABTA 65 10 0
10 TAE(ZT) 95 20 0
11 E(ZT)HZ 65 0 0
12 ZHBA 35 20 0
13 AAEZ 65 20 m
14 BI'(ZT)H 65 20 00
> ¢ 65 40 120
» ¢ 65 40 120
! ¢ 65 40 120




Table 3.6. Normalized experimental conditions used in the optimization of BSG pretreatment.

Pretreatment Conditions Normalization
Experimental
Experiment# | conditions X1 X2 Xs
(Figure 3.3)
1 A -1 -1 -1
2 B -1 -1 1
3 r 1 -1 1
4 A 1 -1 -1
5 E 1 1 -1
6 T 1 1 1
7 Z -1 1 -1
8 H -1 1 1
9 ABTA 0 -1 0
10 TAE(ZT) 1 0 0
11 E(XT)HZ 0 1 0
12 ZHBA -1 0 0
13 AAEZ 0 0 -1
14 BI'(ZT)H 0 0 1
15 C 0 0 0
16 C 0 0 0
17 C 0 0 0




3.3.2. Pretreatment optimization results and regression analysis

The experimental data sets presented in Tables 3.2 and 3.3 were performed as described in
Materials and Methods. The obtained results for the alkali and acid pretreatment are given in
Tables 3.7and 3.8, respectively.

Table 3.7. Experimental results obtained for the mild alkali pretreatment of BSG at all experimental
conditions. Y1: Reducing sugars concentration (g/L) in the pretreatment/hydrolysis tube with no added
enzyme (blank). Y2: Reducing sugars concentration (g/L) in the pretreatment/hydrolysis vessel with
enzyme added (0.1 g protein / per g raw BSG). Y: Net reducing sugars concentration (g/L) in the
pretreatment/hydrolysis vessel corresponding to enzyme action on the pretreated material. Values
represent the average of triplicate experiments.

NaOH Pretreatment Results

Expe;iment Experi(r:;;a;&z;zla %?g)cjitions X1 X X Y1 Y, v
1 A -1 4 | o | 018 7 410 39
2 B -1 -1 1 1.26 9.91 8.65
3 r 1 -1 1 0.41 17.71 17.30
4 A 1 -1 -1 0.31 8.13 7.82
5 E 1 1 -1 0.73 17.39 16.66
6 T 1 1 1 3.05 20.94 17.89
7 z -1 1 -1 0.90 6.62 5.72
8 H -1 1 1 3.84 20.65 16.81
9 ABTA 0 -1 0 2.54 18.96 16.42
10 TAE(ZT) 1 0 0 0.85 19.12 18.27
11 E(ZT)HZ 0 1 0 1.60 21.44 19.84
12 ZHBA -1 0 0 0.82 14.26 13.44
13 AAEZ 0 0 -1 0.37 10.16 9.79
14 BI'(XT)H 0 0 1 4.90 26.52 21.62
15 C 0 0 0 2.52 18.19 15.67




Table 3.8. Experimental results obtained for the mild acid pretreatment of BSG at all experimental
conditions. Y1: Reducing sugars concentration (g/L) in the pretreatment/hydrolysis tube with no added
enzyme (blank). Y2: Reducing sugars concentration (g/L) in the pretreatment/hydrolysis vessel with
enzyme added (0.1 g protein / per g raw BSG). Y: Net reducing sugars concentration (g/L) in the
pretreatment/hydrolysis vessel corresponding to the enzyme action on the pretreated material. Values
represent the average of triplicate experiments.

H2S04 Pretreatment Results

Expe;:ment Experi(rlrzliegnl’jz;: g?g;iitions X1 X5 X Y1 Ys Y
1 A -1 -1 -1 0.48 1.85 1.37
2 B -1 -1 1 0.52 7.47 6.95
3 r 1 -1 1 3.78 22.41 18.63
4 A 1 -1 -1 0.33 2.23 1.90
5 E 1 1 -1 0.36 5.77 5.41
6 2T 1 1 1 19.77 39.15 19.38
7 Z -1 1 -1 0.36 3.22 2.86
8 H -1 1 1 0.63 8.90 8.27
9 ABTA 0 -1 0 1.13 4.15 3.02
10 'AE(XT) 1 0 0 20.46 43.54 23.08
11 E(ZT)HZ 0 1 0 0.74 8.07 7.33
12 ZHBA -1 0 0 0.56 8.97 8.41
13 AAEZ 0 0 -1 0.24 4.40 4.16
14 BI'(ST)H 0 0 1 0.70 10.27 9.57
15 C 0 0 0 1.29 8.10 6.81

3.3.3. Regression Analysis

Using the sugar yield data of all 15 experiment conditions, Sigmaplot software was used in
order to determine the relation between the experiment parameters (Temperature, time, NaOH
/ H2SO4 load) and sugar yield (g/L). The regression model used was a nonlinear, polynomial,

2" order equation:




Y = a0+a1'X1+ az'X2+a3'X3+a11'X12+a22'X22+a33'X§+

+a1z - X1 Xz + g3 Xy - X3+ a3 X5 - X3 €3]
where,
Y, is the final hydrolysis yield expressed as reducing sugars equivalent [the concentration of
reducing sugars after pretreatment and enzymatic hydrolysis in the reaction vessel, Y in
Tables 3.4 and 3.5],
X1, corresponds to the normalized temperature (°C),
X2, corresponds to the normalized duration of pretreatment (min) ,
Xs, corresponds to the normalized NaOH or H>SO4 load (g NaOH per g dry untreated
material), and

aij, model constants

The experimental results from Table 1 were fitted into equation (1) in order to obtain the
values of the model constants for every substrate. For this reason we applied the non-linear
regression routines of SigmaPlot™ software, and the obtained results are reported in Table
3.8. The optimum set of independent variables was determined by zeroing the three first

derivatives of equation 1:

dy
6_x1 = aq +2- aiq - xl,opt + a,: xZ,Opt + a3 - x3.0pt =0 (21)
ay
a_xz = az + a12 . xl,opt + 2 . a22 . xZ,Opt + a23 . x3,0pt — O (22)
dy
o, A3t 13 Xiope T 23" Xp0pe T 2-a33 X30p =0  (2.3)

The above set of linear equations was solved for each substrate using the Isolve routine of

MathCad™ software package (ver. 14).

3.3.4. Regression analysis results for the mild alkaline pretreatment

Table 3.9 shows the results of the fitting the experimental results of the alkaline pretreatment

(Table 3.7) in the regression equation (1).



Table 3.9. Regression coefficients determined from the regression analysis of the alkaline
retreatment.

Coefficients Regression coefficient values| P-value of the coefficient
ao 17.9824 0.0001
ay 2.9400 0.0285
a 2.2810 0.0643
as 3.8360 0.0105
a1l -2.7056 0.2137
a2 -0.4306 0.8299
ds3 -2.8556 0.1934
a2 -0.0662 0.9547
a3 -0.6387 0.5793
a3 -0.2362 0.8356
R? of the model 0.8880

Based on the data from Table 3.9, solving the linear system resulting from zeroing the first
derivatives of equation (1), the following optimum model values for the independent

parameters were obtained.

Table 3.10. Optimal model conditions for the alkaline pretreatment of BSG.

Alkali Pretreatment - Optimal Conditions
Temperature* Time* NaOH load*
Physical Values
79°C 114 min 161 (mg/ g BSG)
Normalized Value
0.452 2.472 0.519

The 2D-binary contour and 3D-mesh diagrams at the optimum value of each independent

parameter of the alkaline pretreatment, are shown in Figures 3.4 to 3.6.
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Figure 3.4. 2D-contour plot and 3D-mesh plot of the alkaline pretreatment optimization results.
Combined effect of pretreatment time (min) - X, and NaOH load (mg NaOH per g raw BSG) - X

on sugar yield at the optimum temperature of 79 °C (X1, op:=0.452) as determined by the regression
model.
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Figure 3.5. 2D-contour plot and 3D-mesh plot of the alkaline pretreatment optimization results.
Combined effect of pretreatment temperature (°C) - X; and NaOH load (mg NaOH per g raw

BSG) - X; on sugar yield at the optimum pretreatment time of 114 min (Xz, opt=2.472) as
determined by the regression model.
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Figure 3.6. 2D-contour plot and 3D-mesh plot of the alkaline pretreatment optimization results.
Combined effect of pretreatment temperature (°C) - X; and pretreatment time (min) - Xz on sugar
yield - X3 on sugar yield at the optimum NaOH load (161 mg NaOH per g raw BSG) (X3, op:=0.519)
as determined by the regression model.

As far as the results of the alkaline pretreatment optimization are concerned, the experimental
results fitted relatively well to the model, yielding a regression equation at an R? of 0.89
(Table 3.6). The first order terms showed the strongest effect on sugar yield since their
coefficients (a, a2 and az) revealed P-values well below 0.1. Higher order terms were less
significant (P-values > 0.1), with the quadratic term of NaOH load (P-value for as3=0.1934)
and pretreatment temperature (P-value for a11=0.2137) having a small but not negligible
effect. The effect of interactions among the independent parameters of the model are totally
not significant (P-values >0.5).

From a practical point of view, our results on the alkaline pretreatment optimization of
BSG reveal that the NaOH load is the independent parameter with the highest impact on the
obtained sugar yield, followed by the pretreatment temperature (|as| > |a1| > |az| and |as3| > |a11]
> |az2]). Incubation time had the least (and mathematically most insensitive) effect on sugar
yield. The latter is also reflected on the fact that the optimum value of incubation time
obtained from the regression model lies well beyond the experimental independent parameter
space employed (topt = 114 min), that corresponds to X20pt=2.472 > 1. Although this result is
posing questions concerning the validity of our model with respect to pretreatment time (and
implies the expansion of our experimental data set to higher values of pretreatment times) we

may very well rely on the insensitivity of pretreatment time and accept the obtained results. It



is characteristic from Figures 3.4 and 3.6 that over 95% of the maximum obtainable sugar
yield of 22.46 g/L can be obtained even from approx. 70 min of pretreatment time (provided

that the other two independent parameters are set on their optimum values).

3.3.5. Regression analysis results for the mild acid pretreatment

Table 3.11 shows the results of fitting the experimental results of the mild acid pretreatment

(Table 3.8) in the regression equation (1).

Table 3.11. Regression coefficients determined from the regression analysis of the mild acid
retreatment.

Coefficients Regression coefficient values| P-value of the coefficient
do 8.9678 0.0028
ai 4.0540 0.0086
az 1.1380 0.2929
as 4.7100 0.0046
ai1 6.2378 0.0223
a2 -4.3322 0.0727
as3 -2.6422 0.2250
aiz 0.1813 0.8752
ai3 2.4638 0.0721
a3 -0.3662 0.7498
R? of the model 0.9250

Based on the data from Table 3.11, solving the linear system resulting from zeroing the first
derivatives of equation (1), the following optimum model values for the independent

parameters were obtained.



Table 3.12. Optimal model conditions for the acid pretreatment of BSG.

Acid Pretreatment - Optimal Condition

Temperature* Time* H2SOa4 load™*
Physical Values
51°C 43 min 174 (mg / g BSG)

Normalized Values
-0.459 0.094 0.671

In Table 3.12 the values given for pretreatment temperature, do not correspond to a maximum
but on saddle point (see analysis in the following paragraphs).

Concerning the regression results of the acid pretreatment, the experimental results of
Table 3.8 fitted well into the regression model (R?=0.925). The parameters with the highest
linear effect and significance were the pretreatment temperature (a1=4.05, P-value < 0.01) and
H.SO4 load (az=4.71, P-value < 0.01), while the effect of pretreatment time was again
practically of no significance (P-value > 0 .1). Oddly enough, among the quadratic terms of
the independent parameters, the highest effect and significance were observed for
pretreatment temperature and time with P-values 0.022 and 0.072, respectively, while the
quadratic effect of H.SO4 load was totally insignificant (Table 3.11). Finally the only
interaction with some significance was that between pretreatment temperature and HzSO4
load.

The 2D-binary contour and 3D-mesh diagrams at the optimum value of each independent

parameter of the alkaline pretreatment, are shown in Figures 3.7 to 3.9.
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Figure 3.7. 2D-contour plot and 3D-mesh plot of the mild acid pretreatment optimization results.
Combined effect of pretreatment time (min) - X, and H.SO4 load (mg H.SO4 per g raw BSG) - X

on sugar yield at the saddle point temperature of 51 °C (Xj, «opt-=-0.459) as determined by the
regression model.
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Figure 3.8. 2D-contour plot and 3D-mesh plot of the mild acid pretreatment optimization results.
Combined effect of pretreatment temperature (°C) - X; and H;SO, load (mg H,SO4 per g raw

BSG) - X3 on sugar yield at the optimum pretreatment time of 43 min (X2, op:=0.094) as determined
by the regression model.
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Figure 3.9. 2D-contour plot and 3D-mesh plot of the mild acid pretreatment optimization results.
Combined effect of pretreatment temperature (°C) - X; and pretreatment time (min) - X, on sugar

yield - X3 on sugar yield at the optimum H>SO,4 load (174 mg H:SO4 per g raw BSG) (Xs,
opt=0.671) as determined by the regression model.

Observing the results of our regression analysis as depicted in Figures 3.7 to 3.9 we realize

that within the independent parameter space employed in our analysis, there is not a local

optimum for the pretreatment temperature. As a result, a saddle point is observed in graphs

3.8 and 3.9 where the “real” optimum temperature always coincides with X1 =1 (T = 95 °C).

In Figure 3.10 we plot the graph of our regression equation for X; = 1.
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Figure 3.10. 2D-contour plot and 3D-mesh plot of the mild acid pretreatment optimization results.
Combined effect of pretreatment time (min) - X, and H.SO4 load (mg H.SO4 per g raw BSG) - X
on sugar yield at temperature T = 95 °C (X;=1).



Comparing the graph in Figure 3.10 with the corresponding graph in Figure 3.7 (where X1 is
set at the saddle point = -0.459) we observe that the theoretical optimum sugar yield increases
from 9.7 to 24.2 g/L. This is of course expected since the saddle point (X:= -0.459) does not
correspond to a real maximum for the pretreatment temperature.

From a pragmatic point of view, and concerning the other two independent parameters,
pretreatment time (X variable) has the least significant effect on the final sugar yield
obtained. It is characteristic from the contour plots in Figures 3.7, 3.9 and 3.10 that sugar
yield varies very little throughout the X (pretreatment time) range (at constant values for the
other two independent parameters). The effect of H.SO4 load is much more significant. The
optimum H>SO4 load at the saddle point of X1 is X3=0.671 (174 mg H2SO4 per g raw BSG),
where at X; = 1 the optimum H>SO4 load rises around Xz = 1.3 (224 mg H2SOs4 per g raw
BSG). It is noteworthy to point out that at H.SO4 load effect on sugar yield is much stronger

at low H2SO4 load values and relatively blunt for H.SO4 load values over 0.

3.3.6. Expansion of acid pretreatment temperature range

Due to the fact that the regression model for the acid pretreatment of BSG did not yield an
optimum for the pretreatment temperature, we considered necessary to perform additional
experiments at temperatures higher that 95 °C, keeping pretreatment temperature and H2SO4
load at their optimum conditions determined in the previous paragraph (Table 3.12).

In order to achieve the higher than 100 °C temperatures required, we had to use the
autoclave available to our laboratory. Since the heating regime is quite different between the
two types of equipment the pretreatment condition at 95 °C was repeated both in the water
bath as well as in the autoclave (Table 3.13). The corresponding results on sugar yield are

given in the Table 3.14 and depicted in Figure 3.11.



Table 3.13. Additional H,SO4 pretreatment conditions and hydrolysis
) Enzyme load
. Heating Temperature* ) i H2SO4 load* )
Condition Time* (min) (mg protein /
apparatus (°C) (mg /g BSG)
g BSG)
w Water-bath 95 43 174 100
i Autoclave 95 43 174 100
] Autoclave 115 43 174 100
k Autoclave 135 43 174 100

Table 3.14. Reducing Sugars from H,SO. pretreatment and Hydrolysis at Optimal Conditions in
Water-bath and further temperatures evaluation in autoclave

Water-bath Autoclave
Temperature 95°C 95°C 115°C 135°C
Sugars (g/L) 15.54 15.55 17.93 15.82
1E.00
15 15
16.00
14.00
12.00
g 10.00
B E.00
53
® 600
2.00
95 °C 95 *C 115 °C
Waterbath Autoclave
Temperature

Figure 3.11. Effect of additional temperatures on the BSG acid pretreatment performance at optimum
pretreatment time and H,SO, load values.




As shown in the results, the maximum sugar yield was obtained at T = 115 °C, while at 135
°C the obtained sugar yield is similar to that at 95 °C. The use of temperatures above 100 °C
implies the need of higher than atmospheric pressures, a fact that is expected to increase
significantly the cost of the pretreatment vessel and equipment. This aspect combined with the
fact that an increase from 95 to 115 °C results in only 15% increase in the sugar yield, fully
justifies the selection of 95 °C as the optimum temperature for the acid pretreatment of BSG.
Furthermore, an important result is that we observed no bias between the two methods of
heat provision for the pretreatment, between the autoclave and water-bath. This fact is

supportive for robustness of our experimental approach.

3.3.7. Optimal pretreatment conditions for BSG with respect to reducing sugar vields.

Table 3.15 summarizes our results for the optimization of BSG pretreatment with respect to

the obtained sugar yield following enzymatic hydrolysis.

Table 3.15. Optimum values of the independent pretreatment parameters for BSG.

Pretreatment | Temperature* | Time* Load* Sugar vyield
Alkaline 79 °C 114 min | 161 (mg/gBSG) | 22.46 g/L
Acidsaddie.p 51°C 43 min | 174 (mg /g BSG) 9.67 g/L
Acidopt 95 °C 46 min | 224 (mg/gBSG) | 24.16 g/L

3.3.8. Reevaluation of enzyme load effect at optimal pretreatment conditions

As a final step in our BSG optimization experiments, we examined the effect of enzyme load
(mg protein per g raw BSG) on the release of reducing sugars during the hydrolysis of
optimally pretreated BSG. The corresponding results are given in Figure 3.12.
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Figure 3.12. Effect of enzyme load on sugar yield at optimum pretreatment conditions. Raw BSG (at a
concentration of 75 g/L = final concentration after enzyme addition) was subjected to either mild
alkali or mild acid pretreatment at the optimal determined conditions (Table 3.15). Sugar yields were
determined both after pretreatment (no enzyme) as well as after hydrolysis with the indicated enzyme
load on the optimally pretreated materials.

As shown in Figure 3.12, alkaline pretreatment does not result in the release of significant
amount of sugars. This is consistent with literature data regarding other lignocellulosic
materials and is characteristic of the fact that the alkaline pretreatment mainly results in the
solubilization of lignin and the loosening of the cellulose-hemicelluloses matrix (Wilkinson et
al. 2014). As a result, almost all sugars released during the full alkaline pretreatment -
hydrolysis process appear after the addition of the enzyme mix.

On the other hand, mild acid pretreatment has a significant hydrolysing effect on the
hemicelluloses of BSG. Consequently, a significant amount of reducing sugars (mainly
hemicellulosic pentoses and xylooligosaccharides) are released right after acid pretreatment
and before enzyme addition (Ravindran et al. 2018). Subsequent enzyme addition results in an
almost 2-fold increase in the total reducing sugars release.

As far as the enzyme load is concerned, over 80% of the maximum obtainable yield of
reducing sugars is released at an enzyme load of 100 mg protein per g of raw BSG. Taking
into account that enzyme cost represents a significant part of the overall process cost in
biorefinery applications (Aliyu and Bala 2011) justifies the use of this particular enzyme load
value.


https://paperpile.com/c/32JYQS/lW6k
https://paperpile.com/c/32JYQS/lW6k
https://paperpile.com/c/32JYQS/mi9r
https://paperpile.com/c/32JYQS/XCnB

3.4. Economic optimization of BSG pretreatment parameters

The final part of this work deals with an initial financial optimization of both the mild alkaline
and acid pretreatment, using the experimental data obtained from the physicochemical
optimization. In order to perform this task, for each set of independent variables we assigned a
total cost of the pretreatment process based on available information concerning the prices

related to materials and energy.

3.4.1. Definition of cost elements

As the basis of our calculations we used 1 m® volume of the pretreatment vessel. Assuming
that this volume corresponds to a cylinder (the most usual shape employed for bioreactors)
with a typical height to diameter ratio of 1.5 (H/D = 1.5) we result to a cylinder of radius
R=0.47 m and height H = 1.41 m.

T
A

H=141m

~

e R=047m

Figure 3.13. A typical pretreatment vessel of 1 m?® unit volume.

For each pretreatment condition, the total cost is taken as the sum of the individual cost
contributions of the corresponding independent parameters, namely; pretreatment

temperature, pretreatment time and NaOH/H2SO;4 load.

A. Pretreatment temperature cost:
The cost related to the pretreatment temperature (cX1) was considered equal to the cost of
energy required to heat 1 m® of water (= 1000 kg) from ambient environmental temperature



(e.g. 15 °C) to the target pretreatment temperature that corresponds to each experimental

pretreatment condition (T ).

(cX1)i=Cp* (Ti-15) * 1000 * Ec 3)

where,

(cXa)i, is the pretreatment temperature cost at experimental condition, i

Cp, the specific heat capacity of water at constant pressure that equals to 4.186 (kJoule/kg/°K)
Ec, the unit energy cost in ¢ per kJ

For our analysiss, Ec was calculated from the available internet
(https://www.rockymountainpower.net/about/rar/ipc.html) data on the cost of an industrial
kWh which was taken equal to 0.0692 $.

Based on the fact that 1 kWh = 3600 kJ, the value of Ec in the pretreatment temperature cost
equation (3) is equal to (6.92 ¢/kwh) * (1/3600 kwh/kJ) = 0.0000192 ¢/kJ.

B. Pretreatment time cost:

The cost related to the pretreatment temperature (cX2) was considered equal to the cost of
energy consumed in order to “maintain” our unit pretreatment vessel in the temperature that
corresponds to each particular experimental condition. This energy is equal to the heat losses
from the walls of the vessel to the environment that take place during the entire corresponding

pretreatment time.

The rate of energy flow, g (in Watts), between the two faces of an area A (m?) which are kept

into a constant temperature difference AT, is given by the equation:
q=A*U*AT 4)
where,

U, is the overall heat transfer coefficient through A [ W/m?/°K) ]
A, is the total surface of our 1 m® unit cylindrical treatment vessel = 5.57 m3 (Figure 3.13).


https://www.rockymountainpower.net/about/rar/ipc.html

AT, is the temperature difference between the pretreatment temperature (inside the vessel) at a
particular experimental condition, Ti, and the ambient environmental temperature of 15 °C,
(Ti- 15).

The value of the overall heat transfer coefficient that was used in our approach, was
calculated using standard available heat transfer analysis tools

(https://www.engineeringtoolbox.com/overall-heat-transfer-coefficient-d 434.html). Our

calculation was based on a 10 mm thick stainless steel pretreatment vessel wall, heat transfer
through forced flow of water on the one side and convective heat transfer on air on the other
side. Based on these assumptions the overall heat transfer coefficient values used was U =
47.6 (W/(m? °K)).

Based on the above, the pretrea tment time cost, (cX2)i, at experimental condition i, can be
obtained from the following equation (assuming constant heat flow throughout the entire

pretreatment time, ti):

(cX2)i =q (I/s) x (kJ /1000 J) x (60 s / min) x (kWh /3600 kJ) x (0.0692 $/kwh)xti  (5)
Where, ti, is the pretreatment time (min) at the pretreatment condition i.

C. NaOH/H2SO4 load cost calculation for alkali and acid pretreatments:
The reagent load cost for each pretreatment process, ¢(X3)i, is the sum of two cost elements:
i) the cost of pretreatment reagent (NaOH or H>SO.) needed to achieve the target
NaOH/H>SO4 load for experimental condition i, plus
ii) the cost of the equivalent amount of neutralizer reagent (H2SO4 for alkaline and NaOH for
acid pretreatment) needed to bring the whole amount of the pretreatment suspension in the 1
m? volume, back to neutrality.

Since the pretreatment of lignocellulosic material is a bulk and high-volume process, it
does not require high quality and purity of NaOH and H2SOs. The cost per kg of these
materials that was used for our calculations was obtained from the average minimum prices

available from various internet vendors.


https://www.engineeringtoolbox.com/overall-heat-transfer-coefficient-d_434.html

Table 3.16. Minimum internet prices for sulfuric acid as obtained from various internet sources.

H2S04
Source Concentration Price ($/ton) Mass (kg) Cost (S/kg

(wiw) H2S04)

Vendor 1 98% 100 980 $0.102
Vendor 2 98% 220 980 $0.224
Vendor 3 98% 225 980 $0.230
Vendor 4 98% 95 980 $0.097
Vendor 5 98% 150 980 $0.153
Vendor 6 98% 100 980 $0.102
Vendor 7 98% 95 980 $0.097
Vendor 8 98% 80 980 $0.082
Average minimum price for industrial H2SO4 ($/kg H2S04) $0.136

Table 3.17. Minimum internet prices for sodium hydroxide as obtained from various internet sources.

NaOH
Source Contz\e/m;;a ey Price ($/ton) Mass (kg) Cﬁsgéﬁl)(g

Vendor 1 99% 80 990 $0.081
Vendor 2 99% 60 990 $0.061
Vendor 3 99% 100 990 $0.101
Vendor 4 99% 60 990 $0.061
Vendor 5 99% 100 990 $0.101
Vendor 6 99% 100 990 $0.101
Vendor 7 99% 100 990 $0.101
Vendor 8 99% 75 990 $0.076

Average minimum price for industrial ($/kg NaOH) $0.085




The concentration of BSG suspension during all of our pretreatment experiments was 167 g
BSG per L and this concentration was used for our cost calculations. Based on the above, the
equation that yields the reagents load cost for the alkaline or acid pretreatment is the

following:

c(X3)i = Pretreatment reagent cost (PRC) + Neutralization Reagent Cost (NRC) (6)

Based on the above analysis, and on the fact that 1 mole of H2SO4 (98 g) requires 2 moles of

NaOH (80 g) for its neutralization (and vice-versa), c(X3)i takes the following form:

a) Alkaline pretreatment

PRCalkaiine = (167 kg BSG) * Li (g NaOH/ kg BSG) * (kg NaOH/ 1000 g NaOH) x (0.085 $/kg
NaOH)

NRCaikaline = PRCalkaline X 98/80 (kg H2SO4/kg NaOH) x 0.136 ($/kg H2SO04)

b) Acid pretreatment

PRCacid = (167 kg BSG) * L (g H2SO4/ kg BSG) * (kg H2SO4/ 1000 g H2SO4) X (0.136 $/kg H2S04)

NRCacid = PRCacig X 80/98 (kg NaOH/kg H2S04) x 0.085 ($/kg NaOH)

where,
Li, is the NaOH/H2SO4 load at the pretreatment condition, i.

Table 3.18 summarizes the various cost elements used in our analysis above.



Table 3.18. NaOH / H,SO, pretreatment cost elements.

NaOH/ | NaOH Industrial U[air-ss]
H>S04 Area
. ) H2S04 cost KWh av. (W/m?* | g (W)
Condition [T (°C) |t (min) cost m?
load (mg /| (¢/kg) (t/kg) Cost (¢) K)
g BSG) J
A 35 10 40 8.5 13.6 6.92 557 | 47.6 5303
B 35 10 200 8.5 13.6 6.92 557 | 47.6 5303
r 95 10 200 8.5 13.6 6.92 557 | 47.6 | 21211
A 95 10 40 8.5 13.6 6.92 557 | 47.6 | 21211
E 95 70 40 8.5 13.6 6.92 557 | 47.6 | 21211
T 95 70 200 8.5 13.6 6.92 557 | 47.6 | 21211
Z 35 70 40 8.5 13.6 6.92 557 | 47.6 5303
H 35 70 200 8.5 13.6 6.92 557 | 47.6 5303

ABI'A 65 10 120 8.5 13.6 6.92 5.57 | 47.6 | 13257

IAE(ZT) | 95 40 120 8.5 13.6 6.92 557 | 47.6 | 21211

E(XT)HZ | 65 70 120 8.5 13.6 6.92 5.57 | 47.6 | 13257

ZHBA 35 40 120 8.5 13.6 6.92 5.57 | 47.6 5303

AAEZ 65 40 40 8.5 13.6 6.92 5.57 | 47.6 | 13257

BI'(ZT)H | 65 40 200 8.5 13.6 6.92 5.57 | 47.6 | 13257

C 65 40 120 8.5 13.6 6.92 5.57 | 47.6 | 13257

3.4.2. Regression analysis

For the cost optimization analysis, the dependent variable, Ysp, used in the regression analysis
for equation (1) is the specific sugar yield, expressed as the mass of sugars produced in the

unit pretreatment volume of 1 m3, per $ of pretreatment cost, that is given by the equation:

Y

Y
— 2
P = eX ¥ X, F cx; X 1000 6)




where, Y2, is the total sugar yield after each pretreatment condition, presented in Tables 3.7
and 3.8 for alkaline and acid pretreatment, respectively. The corresponding values at each
pretreatment condition are given in Tables 3.19 and 3.20.

Table 3.19. Parameter values used in the cost optimization regression analysis for the alkaline
pretreatment.

Condition| X1 | X X3 X1 | oXe o | oy )
Cost

A 1 1 1| $161 | $0.07 | $1.68 | $3.35 | 1,223.69

B 1 1 1 | $161 | $0.07 | $839 | $10.06 | 985.51
r 1 1 1 | $644 | $0.26 | $8.39 | $15.07 | 1,175.01

A 1 1 1 | $644 | $0.26 | $1.68 | $8.36 | 972.73
E 1 1 1 | $6.44 | $1.84 | $1.68 | $9.83 | 1,769.44
ST 1 1 1 | $644 | $1.84 | $8.39 | $16.54 | 1,266.09
z 1 1 1| $161 | $046 | $1.68 | $3.71 | 1,782.55
H 1 1 1 | $161 | $0.46 | $839 | $10.42 |1,981.01
ABTA | 0 1 0 | $402 | $0.16 | $5.03 | $9.21 |2,058.98
TAEET) | 1 0 0 | $644 | $1.05 | $5.03 | $1245 | 1,535.97
EETHZ | 0 1 0 | $402 | $1.15 | $5.03 | $10.13 |2,117.35
ZHBA | -1 0 0 | $161 | $0.26 | $5.03 | $6.89 |2,071.06
AAEZ | 0 0 1| $4.02 | $0.66 | $1.68 | $6.31 | 1,609.81
BIET)H| 0 0 1 | $402 | $0.66 | $8.39 | $13.02 | 2,036.32
c 0 0 0 | $402 | $0.66 | $5.03 | $9.67 |1,881.36




Table 3.20. Parameter values used in the cost optimization regression analysis for the acid

pretreatment.
Total
Condition] X1 | Xo | Xs X1 | oXe | coXa Ef;' Tifjagc’)/st
(9/%)
A 1 1 1 | $161 | $007 | $1.37 | $3.04 | 607.07
B 1 1 1 | $161 | $0.07 | $6.85 | $8.52 | 876.68
r 1 1 1 | $6.44 | $026 | $6.85 | $13.53 | 1,656.51
A 1 1 1 | $6.44 | $026 | $1.37 | $8.05 | 27756
E 1 1 1 | $6.44 | $1.84 | $1.37 | $9.52 | 605.75
ST 1 1 1 | $6.44 | $1.84 | $6.85 |$15.00 | 2,611.03
z 1 1 1 | $161 | $046 | $1.37 | $341 | 94554
H 1 1 1 | $161 | $0.46 | $6.85 | $8.88 | 1,002.16
ABTA | 0 1 0 | $402 | $0.16 | $4.11 | $8.28 | 500.88
FAEGT) | 1 0 0 | $644 | $1.05 | $4.11 |$11.52 | 3,778.55
EETHZ | 0 1 0 | $402 | $1.15 | $411 | $9.20 | 87652
ZHBA | -1 0 0 | $1.61 | $026 | $4.11 | $5.96 | 1,504.79
AAEZ | 0 0 1 | $402 | $066 | $1.37 | $6.00 | 732.38
BICDH| 0 0 1 | $402 | $0.66 | $6.85 | $11.48 | 894.88
c 0 0 0 | $402 | $0.66 | $4.11 | $8.74 | 926.40




3.4.3. Reqgression analysis results for the mild alkaline pretreatment cost optimization

Table 3.21 shows the results of the fitting the experimental results of the alkaline pretreatment

(Table 3.19) in the regression equation (1).

Table 3.21. Regression coefficients determined from the regression analysis of the cost optimization
of alkaline pretreatment.

Coefficients Regression coefficient values| P-value of the coefficient
do 2079.5918 <0.0001
ax -132.4572 0.2388
ay 250.0520 0.0529
as 8.5723 0.9344
a1 -325.6327 0.9344
a2 -40.9823 0.8421
as3 -306.0847 0.1779
a2 -83.3215 0.4858
ai3 -32.6670 0.7799
a3 -33.6240 0.7737
R? of the model 0.7931

Based on the data from Table 3.21, solving the linear system resulting from zeroing the first
derivatives of equation (1), the following optimum model values for the independent

parameters were obtained.

Table 3.22. Optimal model conditions for the cost optimization of alkaline pretreatment of BSG.

Alkali Pretreatment - Optimal Cost Condition
Temperature* Time* NaOH load*
Physical Values
445 °C 154 min 107 mg/ g raw BSG
Normalized Values
-0.683 3.81 -0.159

The 2D-binary contour and 3D-mesh diagrams at the optimum value of each independent

parameter of the alkaline pretreatment, are shown in Figures 3.14 to 3.16.
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Figure 3.14. 2D-contour plot and 3D-mesh plot of the alkaline pretreatment cost optimization
results. Combined effect of pretreatment time (min) - X, and NaOH load (mg NaOH per g raw

BSG) - X; on specific sugar yield (Ysp) at the optimum temperature of 44.5 °C (X, opt=-0.683) as
determined by the regression model.
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Figure 3.15. 2D-contour plot and 3D-mesh plot of the alkaline pretreatment cost optimization
results. Combined effect of pretreatment temperature (°C) - X; and NaOH load (mg NaOH per g

raw BSG) - X3 on sugar yield at the optimum pretreatment time of 154 min (X, op=3.81) as
determined by the regression model.
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Figure 3.16. 2D-contour plot and 3D-mesh plot of the alkaline pretreatment cost optimization
results. Combined effect of pretreatment temperature (°C) - X; and pretreatment time (min) - X
on sugar yield - X3 on sugar yield at the optimum NaOH load (107 mg NaOH per g raw BSG) (X3,
opt=-0.159) as determined by the regression model.

Fitting the experimental results for the cost optimization analysis of the alkaline pretreatment
into regression equation (1) yielded an R? of 0.8 (Table 3.21). The most significant overall
effect on the specific sugar yield was observed for the pretreatment time. This parameter,
showed the strongest first order effect and also had the coefficient with the highest
significance (P-value < 0.1). Second order effects were less significant with those of
pretreatment temperature and NaOH load having the strongest impact. The effect of
interactions among the independent parameters of the model are totally not significant (P-
values >0.5).

The fact that the cost of maintaining the temperature of pretreatment at a constant level, is
the parameter with the lowest cost impact (Tables 3.19) results in the strong effect revealed
for this parameter on the specific sugar yield. In contrast to the optimization with respect to
sugar yield, NaOH load had a much less effect, similar to that of the pretreatment

temperature.



3.4.4. Regression analysis results for the mild acid pretreatment cost optimization

Table 3.23 shows the results of fitting the experimental results of the mild acid pretreatment

cost optimization (Table 3.20) in the regression equation (1).

Table 3.23. Regression coefficients determined from the regression analysis of the mild acid

pretreatment cost optimization.
Coefficients Regression coefficient values| P-value of the coefficient
ao 1359.6123 0.0098
a 399.3158 0.0990
ay 212.2296 0.3314
as 387.2946 0.1070
ai1 1173.7522 0.0296
a2 -779.2159 0.1017
as3 -654.2869 0.1536
di2 102.345 0.6623
a3 382.2479 0.1438
a3 51.6677 0.8242
R? of the model 0.8333

Based on the data from Table 3.23, solving the linear system resulting from zeroing the first
derivatives of equation (1), the following optimum model values for the independent

parameters were obtained.

Table 3.24. Optimal model conditions for the acid pretreatment cost optimization of BSG.

Acid Pretreatment - Optimal Cost Condition

Temperature* Time* H2SO4 load*
Physical Values
59 °C 44 min 139 mg / g raw BSG

Normalized Values
-0.215 0.13 0.238




In Table 3.24 the values given for pretreatment temperature, do not correspond to a maximum
but on saddle point (see analysis in the following paragraphs).

Concerning the regression results of the acid pretreatment cost optimization, the
experimental results of Table 3.20 fitted relatively well into the regression model (R?=0.833).
The parameters with the highest linear effect and significance were the pretreatment
temperature (a1=399.3, P-value = 0.09) and H>SO4 load (a3=387, P-value = 0.1), while the
effect of pretreatment time was practically of no significance (P-value > 0 .1). Among the
quadratic terms of the independent parameters, the highest effect and significance were
observed for pretreatment temperature and time with P-values 0.029 and 0.102, respectively,
while the quadratic effect of H.SO4 load was totally insignificant (Table 3.23). Finally the
only interaction with some significance was that between pretreatment temperature and
H2S04 load.

The 2D-binary contour and 3D-mesh diagrams at the optimum value of each independent

parameter of the alkaline pretreatment, are shown in Figures 3.17 to 3.19.
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Figure 3.17. 2D-contour plot and 3D-mesh plot of the mild acid pretreatment cost optimization
results. Combined effect of pretreatment time (min) - X, and H>SO4 load (mg H.SO4 per g raw
BSG) - X3 on sugar yield at the saddle point temperature of 59 °C (Xj, «pt.=-0.215) as determined
by the regression model.
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Figure 3.18. 2D-contour plot and 3D-mesh plot of the mild acid pretreatment cost optimization
results. Combined effect of pretreatment temperature (°C) - X; and H2SO, load (mg H.SO4 per g

raw BSG) - Xs; on sugar yield at the optimum pretreatment time of 44 min (X, op:=0.13) as
determined by the regression model.
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Figure 3.19. 2D-contour plot and 3D-mesh plot of the mild acid pretreatment cost optimization
results. Combined effect of pretreatment temperature (°C) - X; and pretreatment time (min) - X

on sugar yield - X3 on sugar yield at the optimum H»SO4 load (139 mg H2SO. per g raw BSG) (X3,
opt=0.238) as determined by the regression model.

According to the results of our regression analysis as depicted in Figures 3.17 to 3.19, within
the independent parameter space employed in our analysis, there is not a local optimum for
the pretreatment temperature. As a result, a saddle point is observed in graphs 3.18 and 3.19
where the “real” optimum temperature always coincides with X1 = 1 (T = 95 °C). In Figure

3.20 we plot the graph of our regression equation for Xy = 1.
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Figure 3.20. 2D-contour plot and 3D-mesh plot of the mild acid pretreatment cost optimization
results. Combined effect of pretreatment time (min) - X; and H.SO, load (mg H.SO. per g raw
BSG) - X3 on sugar yield at temperature T = 95 °C (X;=1).

Comparing the graph in Figure 3.20 with the corresponding graph in Figure 3.17 (where Xy is
set at the saddle point = -0.215) we observe that the theoretical optimum specific sugar yield
increases from 1376 to 3197 g reducing sugars / $. This is of course expected since the saddle
point (X= -0.215) does not correspond to a real maximum for the pretreatment temperature.
It is noteworthy, that the optimum pretreatment time does not practically change when
between X:=-0.215 and X:=1, while the optimum H>SO4 load shows a significant increase

form its saddle point value of 139 mg/ g raw BSG to approximately 170 mg H2SO4 per g raw
BSG.

3.4.5. Optimal pretreatment conditions for BSG with respect to the specific sugar yields.

Table 3.25 summarizes our results for the optimization of BSG pretreatment with respect to
the specific sugar yields after cost optimization.

Table 3.25. Optimum values of the independent pretreatment parameters for BSG.

Pretreatment | Temperature* Time* Load* Spec;;ilglcsiugar
Alkaline 445 °C 154 min (107 (mg/ g BSG) 2600 g/$
Acidsaddie.p 59 °C 44 min 139 mg/ g BSG 1376 g/$
Acidopt 95°C 46 min 168 (mg/ g BSG) 3196 g/$




3.5. Fermentative performance of Z. mobilis 8b on BSG hydrolysates

The hydrolysates from the optimally pretreated BSG were used as substrates for the
fermentative production of ethanol by the genetically modified bacterium Z. mobilis 8b. Two
fermentations mode were examined, namely, a Single Vessel Approach (SVA) and Separate
Hydrolysis and Fermentation (SHF) as described in Materials and Methods.

Wild-type Z. mobilis strains do not have the ability to ferment pentoses (such as xylose) but
only hexoses (glucose). Strain 8b has been genetically modified by the incorporation of two
genes that introduce exogenous xylose into the central Pentose Phosphate Pathway. Since the
expression of two genes is controlled by the presence of xylose in the fermentation medium,
in each fermentation mode, the inoculum used was prepared with either glucose or xylose as a

carbon source.

3.5.1. Fermentation in Single Vessel Mode

BSG was alkali/acid pretreated and hydrolysed at optimal conditions determined in Paragraph
3.3 resulting in a final solid load of 83.33 g BSG solids/L. The concentrations of reducing
sugars and the corresponding yields with respect to the dry BSG, and BSG holocellulose are

given in Table 3.26.

Table 3.26. Fermentable sugars yield after optimal alkali/acid pretreatment hydrolysis of raw BSG.

Reducing sugars | Reducing sugars yield | Fermentable sugars (mg /
concentration (mg/gdry BSG) gr BSG holocellulose)
BSG at optimal NaOH 30.70 g/L 357 567
pretreatment
BSG at optimal H2SO4 33.10 g/L 372 591
pretreatment

SVA was materialized by using the pretreated/hydrolyzed suspension, after fixing the pH at 6,
directly as a fermentation medium for ethanol production by Z. mobilis 8b (see Materials and
Methods). The results with respect to reducing sugars consumption and ethanol production in

the fermentation medium are given in Figure 3.21.
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Figure 3.21. Reducing sugars and ethanol concentration during the course of SVA fermentation. Data
points represent the mean of triplicate flasks. Left graph: SVA on NaOH pretreated material, Right
graph: SVA on H,SO, pretreated material.

The most important result drawn from Z. mobilis 8b SVA fermentation, is the fact that the
particular microbial strain is able to grow anaerobically and produce significant amounts of
ethanol directly on the pretreatment/hydrolysis suspension. In addition, there is no difference
in the fermentation kinetics when the inoculum was prepared with either glucose or xylose as
carbon source.

SVA on NaOH pretreated material proved to be the most successful with respect to ethanol
production. Almost 95% of reducing sugars present in the fermentation vessel (26.5 g/L),
were converted within 48 h to ethanol (15 g/L) at a conversion factor equal to the maximum



theoretical value (0.511 g ethanol/ g reducing sugars). On the contrary, SVA on H2SO4
pretreated material produced significantly less ethanol (~6.5 g/L), despite the fact that
maximum ethanol levels were obtained already from the 16" our of fermentation. These
ethanol levels correspond to an ethanol conversion factor of 0.26 g ethanol / g reducing sugars

that is only half of the maximum theoretical.

3.5.2. Fermentation in Separate Hydrolysis Fermentation mode

For the Separate Hydrolysis and Fermentation mode (SHF), the optimally pretreated BSG
(alkali and acid) was washed, neutralized, and dried. The pretreated materials were subjected

to compositional analysis and the results are shown in Table 3.27.

Table 3.27. Compositional analysis of raw and optimally pretreated BSG. All values are in g and data
are reported per 100 g of raw material.

NaOH H2SO4 pretreated
0,

Contents (% w/w) Raw BSG pretreated BSG BSG
Moisture 7.1 4.0 9.7
Cellulose 29.0 43.0 38.8

Cellulose loss during i 0 179
pretreatment
Hemicellulose 34.0 24.4 18.0
Hemlcellulose loss i 47 675
during pretreatment
Mass recovered after i 736 613
pretreatment
Reducing sugars lost in
pretreatment - 0.1 11.4
supernatant

Pretreatment type had a profound effect on the holocellulose content and cellulose to
hemicellulose ratio of the pretreated materials. In addition, it resulted in significant mass
losses due to the solubilization of BSG constituents in the pretreatment supernatants. Both
pretreatments increased the cellulose content in the pretreated material, an effect that was
more intense for alkaline pretreatment. Hemicellulose content was decreased in both cases
and especially for the acid pretreatment. This is explained, since it is known that acidic

conditions cause a partial hemicellulose hydrolysis, a fact that is also verified by the relatively



high concentration of reducing sugars detected in the pretreatment supernatant of the acid
hydrolysis.
Raw and optimally pretreated BSG was subjected to enzymatic hydrolysis at a

concentration of 83.33 g/L of solids load and the results are given in Table 3.28.

Table 3.28. Hydrolysis of raw and optimally NaOH and H,SO4 pretreated BSG.

Reducing sugars
Reducing sugars | Reducing sugars (o/kg Reducing sugars
concentration | (g/kgdryraw/ | holocellulose in (9/kg dry raw
(g/L) pretreated BSG) | raw / pretreated BSG)
BSG)

Raw BSG 12.64 163 241 163
NaOH

pretreated BSG 49.65 620 884 456
H2SO4

pretreated BSG 30.83 410 651 252

It is clear that the alkaline pretreatment is the most efficient for the production of reducing
sugars from BSG, vyielding 620 g sugars per kg of dry NaOH pretreated BSG, a value that
represents almost 90% hydrolysis of the holocellulose in the pretreated material. When the
above results are reduced per kg of raw material, almost half of the dry BSG biomass can
potentially be converted to fermentable sugars.

The enzymatically hydrolyzed pretreated BSG (acid or alkali) suspensions were
subsequently subjected to fermentation with Z. mobilis 8b as described in Materials and

Methods, and the results are summarized in Figure 3.22.
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Figure 3.22. Reducing sugars consumption and ethanol concentration, during the course of
fermentation of enzymatically pretreated suspensions of pretreated BSG (SHF fermentation mode).
Data points represent the mean of triplicate flasks. Left graph: SHF on NaOH pretreated material,
Right graph: SHF on H,SO, pretreated material.

NaOH pretreated BSG hydrolysate proved to be a rather poor fermentation medium with
respect to ethanol production, despite the fact that it has been fortified with the basal salts of
Zymomonas medium DSMZ 1445. In the case of SHF of NaOH pretreated material, Z. mobilis
8b carbon source acclimatization had also a strong effect on ethanol yield. Specifically,
ethanol yields after 48 h of fermentation were 0.161 and 0.073 g ethanol per g of reducing



sugars consumed, for glucose and fructose acclimatized cells, respectively. Maximum ethanol
concentrations obtained were proportionally low, not exceeding 5 and 3 g/L, respectively.
H>SO4 pretrated BSG hydrolysate, performed relatively better with respect to ethanol
production from Z. mobilis 8b. Carbon source acclimatization did not significantly affected
the maximum ethanol concentration achieved which, for both cases, it was around 8 g/L. Z.
mobilis 8b acclimatization significantly affected sugar consumption and as a result, the
corresponding ethanol yields were 0.461 and 0.362 g ethanol per g of reducing sugars
consumed, for glucose and fructose acclimatized cells, respectively (90.2 and 70.8 % of the

maximum theoretical yield).



4. Conclusions and prospects

The present study represents the first comparative optimization between mild alkaline and
mild acid pretreatment of Brewers’ Spent Grain (BSG) with respect to its susceptibility
against enzymatic hydrolysis for second generation biorefinery applications. The available
literature concerning the use of BSG as a lignocellulosic substrate for the production of
fermentable sugars is rather limited, since until today, this substrate has been exploited as a
low-cost animal feed, due to its high protein and lipid content. This has been verified by the
results of our study, where the holocellulose content of the BSG obtained from Athenian

Brewery S.A. was only about 63% (on a dry basis) with the rest being lipids and proteins.

Table 4.1. Polysaccharide composition of BSG from literature sources.

Reference Cellulose Hemicelluloses Other
(Wilkinson et al. 2014) 20.7 19.9 59.4
(Ravindran et al. 2018) 19.2 26.9 53.9
(Mussatto et al. 2008b) 18.7 31.6 49.7

(Mussatto and Roberto 2006) 16.8 28.4 54.8
(Kemppainen et al. 2016) 18.1 25.3 56.6
This work 29.0 34.0 37.0

In contrast to other pretreatment optimization attempts, where only two independent
parameters are usually used for the optimization, in our approach the optimization was
performed with respect to three independent variables, namely,
Pretreatment temperature, (°C) - X1
Pretreatment time, (min) - Xz
NaOH or H2SO4 load (g reagent per kg raw BSG) - X3

A partial 3x3 experimental design was applied for the above three parameters, initially
using the sugar yield after a subsequent enzymatic hydrolysis under uniform conditions, Y, as
the optimization parameter (dependent variable).

In a second, innovative, approach the obtained experimental results were used in order to

access the pretreatment optimization process from an economical perspective. For this reason,
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the independent variables in each experimental condition were assigned to a specific cost.
These individual costs were subsequently added-up to yield the total cost for the
corresponding experimental condition. Following this analysis, the regression routine was
reapplied with respect to the specific sugar yield, Ysp, as the dependent variable, defined as
the mass of sugars produced per $. Table 4.2 summarizes the final results from these two

optimization approaches.

Table 4.2. Optimization summary with respect to the total, Y, and specific sugar yield, Ys,. Results are
expressed on the basis of 167 kg/m? solid load during pretreatment, and a unit pretreatment volume of
1md

Pretreatme | Temperatur | Time* O Y 3 Ysp AGUE MEE
nt e* (°C) (min) (mg/g | (kg/m (ka/9) Cos?t’ Cos?t’
BSG) ) ($/m°) ($/m°)
Sugar yield optimization
Alkaline 79 114 161 50.01 4.68 14.13 10.69
Acid 95 46 224 53.80 6.40 15.23 8.41
Specific sugar yield optimization
Alkaline 44.5 154 107 37.23 5.79 8.25 6.43
Acid 95 46 168 50.46 7.13 13.31 7.10

Depending on the optimization target (sugar yield or specific sugar yield), a different set of
optimum pretreatment conditions is obtained. This is true for both alkaline and acid
pretreatment although for the latter, the corresponding optima differ only with respect to the
H2S04 load.

For alkaline pretreatment, optimization with respect to sugar yield resulted in a maximum
reducing sugars concentration of 50.0 g/L (or 300 kg/ ton raw BSG) at a cost of 21 ¢ per kg.
At the optimum specific sugar yield conditions, there is a significant reduction in the final
reducing sugars yield 37.2 g/L (223 kg / ton raw BSG) but this is compensated by the
reduction of the cost per kg to 17 ¢ as a result of the reduced pretreatment temperature and
NaOH load at optimum Y, conditions.

Acid pretreatment, proved relatively more cost effective compared to the alkaline, with
slightly higher overall sugar yields. During yield optimization, it produced the highest sugar
concentrations (53.8 g/L - 322 kg/ton raw BSG) with a cost of 16 ¢ per kg reducing sugars.
Optimization with respect to specific sugar yield resulted in a slight decrease in the total




reducing sugars obtained (50.46 g/L - 302 kg/ton raw BSG) with a decrease in cost to 14 ¢ per
kg.

The analysis described in this work, is the first literature attempt to introduce a cost-
oriented approach in the optimization of lignocellulosic materials’ pretreatment studies.
Although we followed a basic cost analysis, taking into account only cost factors affecting the
materials acquisition and energy losses, we reached to the very important conclusion that
when the pretreatment process is optimized with respect to the amount of sugars produced per
unit capital, the optimum set of pretreatment conditions can differ significantly when
compared to the optimum set when the optimization is performed only with respect to the
sugar yield. This approach may result in accountable reductions in the cost per kg of reducing
sugar obtained, as proved for the case of BSG, where optimization with respect to the sugar
yield resulted in a 19% cost reduction for the alkaline pretreatment and 13% for the acid
pretreatment of the material.

The second part of our work concerned the evaluation of the genetically modified strain of
Z. mobilis 8b for the production of ethanol from BSG hydrolysates. It is well known that
during pretreatment and subsequent enzymatic hydrolysis of a lignocellulosic material, a
number of compounds may be released in the hydrolysate that could eventually interfere with
the subsequent fermentation process. As a result, a common practice adopted in various
bioethanol plants, is the separation and washing of the pretreated material right after
pretreatment. In that way hydrolysis and fermentation take place in separate reactor (Separate
Hydrolysis and Fermentation - SHF) a fact that substantially increases the installation costs of
the facility.

In the case where pretreatment byproducts do not interfere with either hydrolysis or
fermentation, there is a chance all related processes (pretreatment, hydrolysis and
fermentation) to take place in a single vessel (Single Vessel Approach - SVA) with obvious
positive results for the process economy. In this work we examined these two possibilities for
both alkali and acid pretreated BSG, using Z. mobilis 8b inocula acclimatized both with either
glucose or xylose as carbon source. The cumulative results of these fermentation experiments

are summarized in Tables 4.3 and 4.4 that follow.



Table 4.3. Summary of fermentation results for the Single Vessel Approach. Results are expressed on
the basis of 167 kg/m?® solid raw BSG load fed in a unit pretreatment/hydrolysis/fermentation volume

of 1 mé.
Reducing | Final | Ethanol yield on | Ethanol yield
sugars | ethanol sugars (g on BSG (kg
(kg/m3) | (kg/m3) ethanol /g ethanol /ton raw
sugars) BSG)
Alkaline pretreatment
(Glucose/Xylose acclimatized 61.53 31.44 0.511 188
cells)
Acid pretreatment
(Glucose/Xylose acclimatized 66.34 17.25 0.260 103
cells)

Table 4.4. Summary of fermentation results for the Separate Hydrolysis and Fermentation. Results

are expressed on the basis of 167 kg/m® solid pretreated BSG load fed in a unit
hydrolysis/fermentation volume of 1 m®,
Reducing Final Ethanol yield on | Ethanol yield
sugars ethanol | sugars (g ethanol on BSG (kg
(kg/md) (kg/md) /g sugars) ethanol /ton raw
BSG)
Alkaline pretreatment
(Glucose acclimatized cells) 99.50 16.04 0.161 70.6
Alkaline pretreatment
(Xylose acclimatized cells) 99.50 7.26 0.073 31.9
Acid pretreatment 6178 | 28.48 0.461 105
(Glucose acclimatized cells)
Acid pretreatment
(Xylose acclimatized cells) 61.78 22.36 0.362 82.5

The most important observation from the above data is the verification that Z. mobilis 8b is

able to ferment the sugars in the BSG hydrolysates in an SVA mode. Especially for the

alkaline pretreatment, the microorganism is capable to transform them almost quantitatively

into ethanol. For the standard process parameters used throughout this work this corresponds

to a final ethanol concentration in the pretreatment/hydrolysis/fermentation vessel over 30 g/L

and an overall ethanol yield of 188 kg ethanol per ton raw BSG.



The chemical environment resulting from the acid pretreatment of BSG is less favorable
with respect to ethanol production, meaning that this kind of pretreatment releases compounds
that have an inhibitory effect in Z. mobilis 8b performance. The ethanol yield thus obtained is
only 50% to the maximum theoretical, while the overall yield is around 100 kg of ethanol per
ton raw BSG.

Oddly enough, the sugars obtained from the alkali pretreated BSG, hydrolyzed and
fermented in SHF mode, proved to be the least suitable substrate for ethanol production by Z.
mobilis 8b, despite the fact that the hydrolysate was fortified by the necessary salts. Even
though in this mode we were able to obtain the highest reducing sugars concentration after
hydrolysis, only a small percentage was subsequently fermented into ethanol resulting in
overall ethanol yields well below 100 kg per g raw BSG. The fermentation of the sugars
released during SHF of the acid pretreated BSG was notably more successful, especially when
using Z. mobilis 8b cells acclimatized in glucose. This is probably due to the fact that acid
pretreatment removes a significant amount of hemicellulose from BSG transforming the
pretreated material to a cellulose-rich substrate, that yields mostly glucose after hydrolysis.
An ethanol yield close to the maximum theoretical one was thus recorded accompanied by an
overall yield of 105 kg per ton raw BSG.

In conclusion, our work proved that the fermentation of pretreated BSG hydrolysates by Z.
mobilis 8b for the production of bioethanol, has a great potential for economic efficiency,
despite the fact that its outcome is strongly dependent on the pretreatment conditions as well
as on the overall biorefinery approach (SVA or SHF). The fermenting capacity of the Z.
mobilis 8b strain used does not seem to be adversely affected by the potential inhibitors
resulting from the alkali pretreatment of raw BSG (mainly phenolic compounds from the
partial hydrolysis of lignin), which is of profound importance for overall process economics.
More importantly, this allows the entire succession of all process steps (pretreatment -
hydrolysis - fermentation) to be conducted in the same reaction vessel with the only external
intervention being the pH adjustment of the suspension between steps. On the other hand,
alkaline pretreatment is known that it mainly affects the lignin part of the substrate leaving
intact most of the cellulose and hemicellulose for the subsequent hydrolytic attack. This
results in a process, where the full carbohydrate potential of the substrate is being exploited
towards ethanol by a strain such as Z. mobilis 8b which proved to ferment equally well both
hexoses and pentoses under SVA conditions. Finally, the process appears to yield ground for



further improvement since the initial solid load of 167 g of raw BSG / L applied throughout
the present work was selected for its suitability in laboratory studies. It is well known that
industrial systems can operate at significantly higher loads that usually reach 300 g of dry
solids per L. Under these conditions, it is anticipated that the scale-up of the proposed
laboratory evaluated process will lead to final ethanol concentration higher that 40 g/L, which

is the limit for an economically viable distillation.
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