INTENSIFICATION OF
LIGNOCELLULOSIC BIOETHANOL
PRODUCTION PROCESS USING
MULTI -STAGED MEMBRANE
BIOREACTORS

MSc in Resource Recovery

Industrial Biotechnology

Clarisse Uwineza

201908-01

i

Zo=%

UNIVERSITY OF BORAS

P N



Programme: Resource recovery

English title: INTENSIFICATION OFLIGNOCELLULOSIC BIOETHANOL PRODUCTION
PROCESS USING MULTSTAGED MEMBRANE BIOREACTORS

Year of publication: 2019

Authors: Clarisse Uwineza

Supervisor: Amir MahboubiSoufiani

Examiner: Prof. Mohammad. Taherzadeh

Keywords: Interconnectectontinuous hydrolysis and fermentatidignocellulosic bioethanol

Membrane biogactorsprocess intensificatigrignin recovery membrane fouling.




Abstract

The exploitation of lignocellulosic materials with the aim of producing high vadleeed products

will potentially counteract concerns related to the demtetf fossil resources axponential
population growth.Bioethanol produced from lignocellulosic agriculture residue exhibits
promising alternative to the petroletimased fossil fuel which reduces net emissiogreénhouse
gases GHG). But, due to certai technological barriers, the large scale production of
lignocellulosic bioethanol has not been successfullyrmemialized. In this thesisnembrane
filtration as an energyfcient separation procesgth low environmental impact was chosen with

a posdility of improvement. Interconnected muttiaged microfiltratiorsubmerged membrane
bioreactors NMMBRs) setup has been applied in order to sepa suspended solids, obtdigh
concentration of yeast inside the bioreactaand recover particldree etlanol stream in a
continuous high productivity process. The MBRere effectively optimized comparingo
different constant permeate fluxes of 21.9 LMH, 36.4 LMH, and 51 LMH. Moreover, membrane
bioreactor performed effectively at low flux 21.9 LMH up to 262omparing to other applied
fluxes. During continuous hydrolysis, membrane showed the capability of lignin recovery nearly
70% of medium SS content in all applied fluklthough the conversion rate of total sugars by
concentrated callweresimilar, yeascells proved the capability of inhibitor tolerance, and to co
utilize 100% of glucose and up to 89% of xylose, resulted in bioethanol volumetric productivity
of 0.78 g ethanol/l per hour 1.3 g ethanol/l per hour and 1.8 gadthper hour for 21.9 LMH,
36.4LMH, and 51 LMH respectivelyMoreover, the effect of different factors such as filtration
flux, medium quality and backwashing on fouling and elyer formation in submerged MBRs

during continuous filtration was thoroughly studied.
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1. Introduction

The development of thendustrializedworld today has the challenge in the limit of (often
insufficient) energy sources which has resulted in an increase in fossuitiiedtion. As a
consequence, the world is facing several problems including high fuel prices followed by the
depletion of fossilfuels, increase in air pollution, high amount of greenhouse gases (GHG)
emissions which exacerbate the problems of global warming and climate change. The continuous
depletion and need for fossil fuels have encouraged considerable interest in the deveddpmen
alternatives, renewabl e eneiVgiwi et a 20fu Asfthel | t O«
solution,bio basedenergy could be a sustable alternative to usual fossil fuel based energy. As
the research advances, more and more materials are being tested for the application sustainable
production of biofuels such as bioethanol essential in transportation.
Today, thefirst generation biodianol production process is currently based on sugars or-starch
based feedstocks such as sugarcane and grains. The use of human food for bioethanol production
is controversial as it is competes with the food industry for the rawrialatte both food and
ethanol production. These competitions have led to considerable political, environmental and
ethical concerns. In addition, the supply of the feedstock is not sufficient to meet the growing
demand for fuel ethanol due to the growing demand for human( feoc ATo
avoid the conams mentioned above, productionsgcondgeneration bioethanol which involve
lignocellulosic materials such as agriculture and forest residues has been developed. Regarding,
the energy and environmental aspects of bioethanol, it has been shown thagtreeation of
bioethanol production from lignocellulosic material is a substantially efficient energy source

. Lignocelldosic materials are significantly more abundant and diverse, have
crucial advantages over other biomass supplies because they are ¢u#t@portion of the plant

and therefore they do not interfere with food supplies requirefitsingeneration bioetimol



1.1 Background and Problem description

Lignocellulosic materials areconsidered sipromising alternative source f@econd greration
bioethanol productioa renewable and environmentally friendly fugp to date, numerous studies

on secondgeneration bioethanol technology have been done either at laboratory or pilot scale
showing different demonstration on various lignocellulose substtatestill, actual bioethanol
production is not yet commercially feasible at industrial s¢ade AThe
lignocellulosic materials are structurally composed of three main components: cellulose,
hemicellulose, and lignin. Cellulose has a strong crystalline structure compgs®gnoér chains

of carbohydrates of glucose attached together by strong bonds ofl,detdycosidic.
Hemicellulose is also mostly composed of polysaccharides and polyuronides rich in pentoses
especially xylose and arabinose. Lignin as a relatively hyditmphoaterial is built by cross
linked aromatic polymer covalently bound together with hemicelluloses, forming a complex
matrix that surrounds the cellulose midioril by hydrogen bonds. The structures and
compositions of these biopolymers vary greatlpeteling on plant species, geographical origin
and growth conditions

The recalcitrant structure of lignocellulosic materials is the greatest challenge in dioetjono
processes odecondgeneration bioethanol. The tightness and complexity of this structure make
them difficult for direct uses and the resistance to degradation comes from the high crystallinity of
cellulose, the hydrophobicity of lignin and encapsion of cellulose by the lignshemicellulose
matrix . Therefore, the pretreatment of lignocellulosic aims to open up
the complex structure of the celluleemicellulosdignin matrix, to increase the porosity of the
structure and to enhance the accessibility and biodegradability of the polymes dfai

carbohydrates of hexoses and pentoses for enzymatic hydrolysis

A variety of pretreatment processes (fungal, irradiation, extrusion, alkali, acid, ozonolysis,
organosolv, ionic liquids, steam explosion, liquid hot water, ammonia fiber explosion, wet
oxidation, microwave, ultrasound, an@0, explosion pretreatment) have been previously
reviewed in different literatures

However, the pretreatment of lignocellulosic materials under harsh
conditions can lead to the degradatiocefulose, hemicellulose, and lignin and generates various

inhibitors. Furans which are furfural aneh§droxymethylfurfural (HMF) are the most common



inhibitors derived from pentoses and hexoses degradations respectively and carboxylic acids (such
as acdt acid) from also hemicellulose, while a lot of phenolic compounds derived from
degradation of lignin J8The type and amount of
inhibitors generated depend on the lignocellulosic materials and the pretreatment methods used.
Consequently, the presence of inhibitors can inhibit the selectivity of the fermentatiorsgygces
decreasing cell growth by increasing longer lag phase, decreasing intracellular pH, preventing
bioconversion of catabolic enzymes and disturbing cell membranes integrity, reducing volumetric
ethanol productivity etc! 18Furthermore, lignocellulosic pretreatment
followed by Hydrolwsis (acid or enzymatic) results different monomeric sugars of hexoses
(glucose, mannose etc.) and pentoses (xylose, arabintsg¢sedeased from cellulose and
hemicellulose respectively and can biologically be converted into bioethanol through fermentation

In research done hy Jenzymatic hydrolysis of lignocellul@smaterials

carried out by the help of enzyme cellulase has been reported as a promising process for cellulose
hydrolysis compared to acid hydrolysis. Acid hydrolysis requires higher temperature and lower
pH that forms a corrosive condition and yields enothibitory compounds. On the other hand,
enzymatic hydrolysis requires mild conditions and has the possibility to get to a high yield of
cellulose hydrolysis. The main drawbacks of enzymatic hydrolysis are the slow nature of the
process, the high pricd the production ofhe enzymes and enzyme inhibition by the final product
(high concentrations of sugars) JAn order to overcome these issues,
different strategies such as Simultaneous Saccharification and Fermentation (SSF) has been
developed where the cells immediately consume sugars released yiogesnHowever, SSF
processes usually operate at suboptimal conditions €letlalaseenzyme and the yeast have
different optimum conditions (Cellulase: 40 pH: 4.55.0 and yeasS. cerevisiae 30-37).
Separate hydrolysis and fermentation (SHF) remetlaéssues with SSF

Fermentation of lignocellulosic hydrolysates yeast straifaafcharomyces cerevisigethe most

applied in research and industrial for bioethanol production because of its capacity of high
productivity, yield, inhibitor tolerance, and ability to detoxifhibitors such as furfural and 5
hydroxymethylfurfural (HMF) which can be converted into less inhibitory compounds like furfural
alcohols. The big limitation of the wild strain Saccharomyces cerevisiae is its inability to consume

and ferment pentoses sumhixylose and arabinoses which has been one of the most challenges for



industrial production ofignocellulosicgeneration bioethanolahboubi et al. 2017jaTherefore,
various approachegsé/ahboubi et al. 2017&aleh ALA. 2008Taherzadeh et al. 20Dhave been
approved that genetically engineered recombinaBt aerevisiadas a high capacity to consume
and ferment both glucose and xylose and enhanséu detoxification of inhibitor at high cell
concentration. Iraddition, lignocellulosic fermentation in either batch or continuous process has
the main challenge of low ethanol yield and productivity due to the high concentration of
inhibitors, residues mostly rich in lignin and high bacterial contamination wharease the
production costTaherzadeh et al. 2007The continuous cultivatiors the most promising for
fermentation ©lignocellulosic hydrolysatesCompared to batch, it requires smali@erestment;

the reactor is all the time productive and has higher productivity. However, the presence of
inhibitors in medium can prevent andhit the specific growth rate of the cells resulting in cell
wash out of the bioreactor and a very low productivityherzadeh et al. 200+ igure 1 below
shows the main issues related to the conventional bioethanol production pfom@ss
lignocellulosic material stated above and in the following paragraph
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Figure 1. Conventionatechnology for lignocellulosic bioethanol production without integration
of membrane bioreactor.



In order to have continuous great bioconversion of inhibitor, as well as preventing cell washout, a
suitable mode of operation is necessary in the desigre girticess. According ta
) to have complete suga(sylose and glucose) utilization in the continuous fermentation
process, higher capity of inhibitory toleranceand high rate of sugars conversion; substantial
capacity of maintaining high cell concentration in bioreactor has to be promised.
Numerous studies
has been done for the purpose of maintaining high cell concentration inside the reactor
and cell recycling and utilizationfadifferent sugarssuch as cell immobilization through
encapsulation and flocculation and membranes cell retention asé.r&he application of
Membrane bioreactor in production of lignocellulosic ethanol has various advantages such as
highest potential for high cell retention, ability of completdization of fermentable sugars
(glucose and xylose), the capabilityinfsitu detoxification of the bieconvertible inhibitors and
avoidance of cell washout
Furthermore, Membrane Bioreactors (MBRs) has the high capacity to
perform in continuas cultivation at higher dilution rate and low hydraulic retention time through
the accumulation of cells inside the reactor. However, the use of high solid loading and viscous
feed streams containing high suspended solids (mixture of sugars: pentossss le®.and the
inhibitory compounds Rurfural, 5hydroxymethylfurfural (HMF), carboxylic acids ) in

fermentation mediare still a great challenge in secageheration bioethanol production process

A study done by >)shows that continuous ethanol fermentation can be
performed at high dilution rate without having to be concerned with undesirable cell wash out due
to the high cell density achied in MBRs. One of the big obstacles on the MBR in the ethanol
fermentation process is the high content of suspended 9@i8% mostly undigested and
undissolved lignin elements from the lignocellulosic hydrolysate once used as feed stream. Lignin
residies released during the pireatment of lignocellulose materials, increase the viscosity of the
slurry and result not only in improper medium mixing and mass transfer but also in influencing
cake layer formation which lead to membrane fouling aHence, optimum

solid loading is necessary in order to successfully apply membrane for separation purposes in

lignocellulosic ethanol production. Besides, Meamn® can separate solids frdiguids; also



membrane can separate enzymes and cells from liquid products depending on the type of

membrane used Ultrafiltration, Reverse Osmosis, Nanofiltration or Microfiltration membranes.

This project is aimed to intensityre second generation bioethanol production process from the

ordinary process$

that has been used before, by the integratisubimergeanembrane

bioreactors (MBRs) during hydrolysis and fermentation. In addition, the consumption of glucose

andxylose, suspended solids conirbigh concentration of yeast inside the bioreactor, patticle

free ethanol stream recovery in a continuous process, high produetesiginvestigated using

pretreated wheat straglurryas substrates.

Table 1. Comparisonethanol yield from different process in second generabmethanol using different

microorganismsnd different culture conditions.

Substrates  Microorganisms Process Sugar content (g/l Ethanol yield Reference
conditions sugars)

Wood Sacchaomyces Continuous Glucose 4.57 +0.13 0.44 +£.002g

hydrolysate cerevisiae cultivation Xylose 3.21 £+0.13  ethanol/g sugars

Wheat straw Recombinant Anaerobic Glucose 50 0.42g ethanol/g

hydrolysate Saccharomyces Continuous Xylose 50 sugars
cerevisiae Fermentation

Woody Recombinant Anaerobic Batch Glucose 5 0.30g ethanol/g

biomass Sacchaomyces fermentation Xylose 15 sugars
cerevisiae

Wheat straw genetically Anaerobic batch Glucose 6 30.3g/l equivalent
engineered strain of fermentation Xylose 21 to 83% of ethanol
Saccharomyces theoretical yield)
cerevisae

Wheat straw Saccharomyces Anaerobic Glucose 30 0.48 gp/gs, 0.43
cerevisiae fermentdion gp/gs, and 0.40

Pichia stipitisand
co-culture of both

gp/gs

Wheat straw

Saccharomges
cerevisiae

Batch enzymatic Glucose 65.2

hydrolysis and

fermentation

0.44gethanol/g
sugars




1.2 Purposeof the research workand its limitations

The purpose of this projeatasto intensify thdignocellulosic bioethangdroduction process from

7

the ordinary processfi( ) that has been used before, by the integratibisubmerged
membrane bioreactors (MBRs) during hydrolysis and fermentafio@ conventional production
processes of second generation bioethanol as described abovefignd:in suffers from low
yields and productivity, have energy and cost intensive upstream and downstream processing and
the feed substrate contains high amis of suspended solid, inhibitory compounds and prioritized
sugars. Integration of MBRs with bioethamwbduction process can be the key in tackling these
issues.

In this project multistaged integrated microfilttian membranég wasapplied inorder to

have continuous hydrolysis and fermentation using a recombinant gdosemingS. cerevisiae
Various valueadded product streams of bioethanol, cell biomass and lignin from wheat straw
slurry were produced. Separation of suspended solids,iniath enzymes, having high
concentration of yeast inside the bioreactor, having a paftedeethanol stream in a continuous
high productivity processvere the main targets in this approach. Different main goals are

described below:

1 Application of MBRs h enzymatic hydrolysis for enzyme retention.

1 Fermentation of lignocellulosic substrates in continuous cultivations using membrane
bioreactor

1 Preparation of interconnected automatically controlled destisige MBR (the

integration of continuous enzymatic drglysis using and continuous fermentation
using microfiltration flat sheet submerged membrane)
Pretreated wheat straw slur(iy wereused as substrae this project (this
projectwas notfocused on pretreatment).
To make this project thesis realistic and achieving high quality result different limitaasrizeen
recognized:
1 High concentration of suspended selmesent in wheat straw hydrolysaseproblematic
in cellksuspended solid separation and membrane filtration.
1 In order to guarantee high sugar to ethanol conversion rate, high cell concentrations in the
reactor is required. This high productivity rate should be facilitated by the use of MBR

with cell washout prevention.



1 To achieve the complete (glucose and xylose) into bioethanol, the reduction

contamination risks and product inhibitionsretaken into account.
1 High solids loadingwas used to combat bacterial contamination, improve enzgma
hydrolysis and process efficiency.
Thefigure below describas$e flowchart of the intensification of tisecondyeneration bioethanol
production process using mu#tiaged membrane bioreactors (MBR):
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Figure 2. Conventionatechnology for lignocellulsic bioethanol production with integration of

membrane bioreactor.



2. Ethical and socialaspecs

The consumption of fossil fuels in excess leads to chronic effect of greenhouse gas (GHG)
emissionsacid rain, climate change agébbal warming on human hiéaand aquatic life. These
adverse environmental impacts of GHG have invoked reasonable awareness of renewable energy
resources. The development of nations are focusing on the application of bizasadsfued

given that biofuel is a costise competito of fossil fuel, as it satisfies all necessities of clean
technologies including renewability, sustainability, common availability reduction in greenhouse
gas emission and biodegradability. The premise is therefore to exploit alternative resources, which
in one way or another, would positively affect aspects such as environmental sustainability or
circular economy. The exploitation of lignocellulosic materials with the aim of producing a high
valueadded product will potentially counteract concerns sudhesepletion of fossil resources

or exponential population growth. Bioethanol from lignocellulosic agriculture resiexiaibit
promising alternative to the petroletlmased fossil fuslwhich reduceet emission of GHG, but

due to certain technologichébrriers, the large scale production of lignocellulosic bioethanol has

not been successfully commercializggt. Current research efforts are therefore focusing on two
areas: (1) Utilization of alternative hydrocarbon sources such as cellulosic bionmassgravood

and straw for bioethanol production and (2) Boosting the energy efficiency of current and future
bioethanol production concepts. In this thesis, membrane filtratioanasnergy efficient
separation process with low environmental impact is emagith a possibility of improvement.
Moreover, the intensification of lignocellulosic bioethanol by integraticsubfmergeanembrane
bioreactor, provide an effective ease of separation process due to low energy consumption, greater
separation efficiencynot only bioethanol but also lignin as the vaadded product due to its

broad range of application in different aspects), reduced number of processing steps as well as
high quality of final product compared to the other separation technologies. lioaddibstly

called slurry, lignin residues together with cellulose and hemicellulose released during-the pre
treatment of lignocellulose materials can immediately serve as the substrate for bioethanol
production. Conversion of all streams into some credibbducts would reduce the waste streams

and also blp achieve a circular economyhe use of lignocellulosic material and membrane

bi oreactor can put to rest t he ongoing debat
sustainable as it produces il which would help reduce environmental impacts for many

market sectors like industries, transport, etc.
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3. Materials and methods

The experiments took place in different optimum conditions batch (for inoculum cultivation) and
continuousin membrane bioreaors. Several processes have been examined in order-tgp set
interconnected new automatically controlled dotdikge MBR. The pretreated wheat steduvry

was used as substrainzymatic hydrolysis and fermentation for both batch and continuous were
tested at different conditions such as differenzymeloading rates and temperatures. Cellulase
Cellic Ctec2 was used in enzymatic hydrolysis; while recombiaacharomyces cerevisiae
strain was used as active microorganism for fermentation.-Sgrthieic media (glucose, xylose,
yeast extract, peptone and salt solution) were also faseexperimentsscreening. Different
analytical devices such as HPLC and spectrophotometer wereyaa@luring this research work.
The projects experiments were categatir®o six main stages in which each stage various test
was targeted to be investigated: (1) Yeast cultivation and Inoculum preparation with semi
synthetic media; (2) Enzymatic Hydrolysis; (3) Membrane Filtration; GéntinuousMBR
assisted ydrolysis; (5 ContinuousMBR assistedermentation; (6) Interconnected douiskage

MBR hydrolysis and fermentation

3.1 Pretreated wheat straw slurry

The lignocdlulosic substrate used in this project work aiSwedish agriculture biomass wheat
straw pretreated idilute-acidic condition 0.3-0.5%HSQ; for 8 min at 185°¢ by SEKAB E-
Technology (Ornskéldsvik, Sweden). After pretreatment, the wheat straw slurry was kept in a cold
room (45) for further uses. Wheat straw has a high potential as sustainable biomassirsourc

Europe bas#on its abundance and low cost

3.2Inoculum and culture preparation

The yeast strain of interest in this study was a recombinant xytdéng strain of
Saccharomyces cerevisiaehe colonies of recombamt Saccharomyces cerevisiagas stored in

the fridge a¥4°C andinoculated on yeast extract peptorxtiiose (YPD) plates containing 20 g/l

agar, 10 g/l glucose, 10 g/l xylose, 10 g/l yeast extract and 10 g/l peptone. The plates were
incubated for 23 day at 30°C. The incubation and storage procedures were accomplished

accordingto and As described below:

10



20 g/l agar, 10 g/l glucose, 10 g/llage, 10 g/l yeast extract and 10 g/l peptone were measured
with analytical balance and added to the B0®Iue cup flasks containing 5@ of Mill -Q water

The solution in the blue cup flasks was autoclaved for 20 min at 121°C. After sterilizatioRBhe Y
solution was poured 025 plates in aseptic conditiomhe plates were inoculated by the colonies

of recombinanSaccharomyces cerevisiared in the fridge at degrees and incubated fo32
days at 30AC. The pl at e 0 dstdred oh theviddge far laterusesu n d e d

3.3 Yeast cultivationin semi synthetic media

In order to prepare required yeast inoculumdelt growth optimizationyeastprecultures were
prepared in loop inoculated 258 Erlenmeyer flasks containing of yeastract peptone dextrose
(YPD) broth comprising 2@/l Glucose, 10 g/xylose, 5 g/l peptong/byeastextract anglaced

in a shaking water bath at 30°C and 1@t for 48hrs.

The prgaration of YPD broth was performed accordingvte asfollow: 800

ml of distilled water was added to a 1000 beaker placed on the magnetic stirrer to have a
complete mixing. 20 g/l Glucose, 10 g/xylose, 5 g/l peptone 5 g/l yeast extract were weighted using
analytical balance anddded to the 1000 ml beaker containing 800 ml of distilled water. 100 ml

of the mixed solution was added in each of six Erlenmeyer flasks of 250 ml lidded by cotton plugs
and covered by aluminum foil and then autoclaved for 20 min at 121°C. The six flaskshen

loop inoculated. After inoculation, the flasks were incubated in a shaking water bath running at
30°C and 120 rpm for 48h. The initial pH of the broth was measured to be around 5 after every 24
hours.

Sampling was performed in duplicate in thepdgecondition for 6, 24 and 48 h by takingml

into micropipette tubes from each of the six flasks, centrifuged for 2 min at 15000xg and then the
supernatant liquid was kept in the fridge for future analysis such as metabolites production. After
48 h of cultivation, dry cell biomass contenteasurement was done basing eit dry weight

(CDW) measurement, by taking 5 ml from each flask. The biomass centrifuged, washed, and
vortexed with MillkQ water two times, then the solidsied on weightedduminum pans in oven

running at 70C for 24 hrs

3.4Wheat straw slurry solids and ash measurements

The wheat straw hydrolysate was used as a substrate for enzymatic hydiaystsluce the

concentration of suspended solids (SS), the viscosity of the slurryp amhance the simplicity

11



of continuous substrate feeding during enzymatic hydrolysis, the wheat straw slurry was diluted
to 1/8 of its original oncentration with MiHQ water Three part of slurry 200 g, 100 g, and 30 g

was taken and diluted to 1/8 diloii with Mill-Q water. One part containing 30 g of the slurry
diluted to 1/8 was sieved using an ordinary kitchen sieve. The solid fraction was then added into a
beaker filled with 240 ml in order to have the same volume as the sieved liquid fractiomsdeca

the wheat straw was pretreated in the acidic condition, the initial pH 1/8 Diluted slurry, solid
fraction and the sieved liquid fraction was 2.83, 2.88 and 2.91 respectively taken using a pH meter.
However, the cellulase enzyme function optimally at5bl5 » therefore the

pH of the slurry has been adjusted by agdl®M NaOH solution to about %olids and ash
measurements were detemed by following NREL protocol 2 Suspended

solids and total solids content were determined by samplmgfiom each of three phases. For

the SSthe sample was centrifuged at 3000xg for 2 min, removingupermtant;the remaining

part was washed with MiQ water and vortexed for two times. The washed solids were then
poured on weighted aluminupans and dried together witluainum pans for containing sample

for total solids measurement in the oven at 70°Q#bhours. For ash measurement, thmal Sor

each fraction and poured in weighted ceramic crucibles and kept in the furnacéGtf@50

hours

3.5Enzymatic hydrolysis of the wheat straw slurry

The substrate was enzymatically hydrolyzed in shaking #esgloyingdifferent temperature
and enzyme loadirggto optimize the hydrolysis conditions. The hydrolysis experits were
performed in 250 mErlenmeyerflasks placed in different shaking water bath running at 30°C,
35°C and 50°C for 48 hours, the finamllume was 100 ml for all assays. The cellulase activity was
determined following the filter paper units (FPU) methodola@ggordingto

Enzymatic hydrolysis experiments were carried out in duplicate to determine the best condition
process in terms of enzymes and temperature and to attain a mediusuitatilesugarcontents

for bioethanol production:. representsa summary of all enzymatic hydrolysis tests
performed with enzymeontentemployed. Considering the adtivof cellulose to be around 103
FPU/mI, required amount of enzyme (E) was calculated as follow:

SS ontent of whole stillage (g/L)*®lume of the medium (I) (@l= g SS in 100 ml of the medium
FPU = xFPU/g SS* g SS in medium

E (m) = (S (FPU) *1 (ml))/ BOFPU
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Table 2. Enzymatic hydrolysis tests performed

Number of Flasks containing SSin100 mlof X FPU/g FPU Enzyme Temperature
media media SS (ml) condition °C

Flasks of 1/8 D. slurry media 2.050 8.7 17.831 0.137 35
Flasks of 1/8 D. slurry media 2.050 8.7 17.831 0.137 50
Flasks of 1/8 D. slurry media 2.050 12.1 24.799 0.191 35
Flasks of 1/8 D. slurry media 2.050 12.1 24.799 0.191 50
Flasks of 1/8 D. slurry media 2.050 15.6 31.972 0.246 35
Flasks of 1/8 D. slurry media 2.050 15.6 31.972 0.246 50
Flasks of 18 D. solid fraction 0.157 12.1 1.896 0.015 50
Flasks of 1/8 Dliquid fraction 1.509 12.1 18.259 0.140 50
Flasks of 1/8 D. slurry media 2.050 0 0.000 0.000 50

Different samplings weré¢aken in duplicate at 0, 6, 30, 24, and 48 h. The aliquot of eacpls
was centrifuged at 15000x%g for 2 min in which the supernatant was analyzed in HPLC to determine
the content of sugars especially glucose and xylose

3.6 Enzymatic hydrolysis and yeast cultivation in shak flasks

Simultaneous saccharification and femation (SSF) and separate saccharification and
fermentation (SHF) expenents were performed in 250 mBtlenmeyerflasks. 125 g and 100
portion of wheat straw slurry were each 1/8 diluted with 1Qilwater and mixed well with a
magnetic stirrer. The iial pH of the slurry was measured to be around 2.80, adjusted to pH 5
with 10M NaOH. The suspended sotiteasuremestweredone following the same procedure in
The medium for SSF and SHF were prepared by adding 100 ml diluted slurry in 10
flasks of 250 ml Erlenmey flasks andutoclaved at 120°C for 20 min. Erlenmeyer flasks were
placed in two different shaking water batt 120 rpm one at 30°@nhd another at 50°C for 48 h
All experiments were carried out in duplicate for 8.7, 12.1 abd FPU/g SS at 30°C for
enzymatic hydrolysis, 12.1 FPU/g SS for SSF at 30°C and 12.1 FPU/g SS at 50°C and 30°C for
SHF, all for 48h. The medium for SHF which was hydrolyzed at 30°C and 50°C after 48h was
loop inoculated witls. cerevisia@nd kept in shdng water bath running at 12pm at 30°C for
48 h. The amount of requirednzyme considering the suspended solid (&&)e calculated
following the same procedure in and are presented in theble3. Sampling was done
in duplicatesat 0, 6,30, 24, and 48 h for all experiments. An aliquot of each sample was centrifuged
at 15000xg for 2 min. The supernatant was analyzed by HPLC to determine the charnggesn

ethanol, and inhibitor.
Table 3. Enzymatic hydrolysis, SSF and SHF tests performed
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Number of Flasks SS SS(00ml X FPU Enzyme Temperature Processes

containing media Content/ media) FPU/gSS (ml) condition°C

(CID)
Flasks of 1/8 D. 23.473 2.347 8.7 20.422 0.157 30 Enz.
slurry media /125g Hydrolysis
Flasks of 1/8 D. 23.473 2.347 12.1 28.403 0.218 30
slurry media /125g
Flasks of 1/8 D. 23.473 2.347 15.6 36.618 0.282 30
slurry media /125g
Flasks of 1/8 D. 23.430 2.343 12.1 28.350 0.218 30 for SSF
slurry media /100g
Flasks of 1/8 D. 23.430 2.343 12.1 28.350 0.218 30 For SHF
slurry media /100g
Flasks of 1/8 D. 23.430 2.343 12.1 28.350 0.218 50 For SHF

slurry media /100g

3.7Membrane bioreactor design,setup and defining filtration parameters
3.7.1 Membrane Bioreactor selp

The second generations integrated permeate chann€lsrfiEmbrane modules were used during
experimental work supported by double filtration layers placed in 3D sfswec support
manufactured and supplied by the Flemish Institute of Technological Research (VITO NV,
Belgium). The IPC membrane modules usaé aydrophilic made by polyethersulfone (PES)
materials with a pore size of 0.3 um for microfiltration and the surface area 0.01372 m2 (0.00686
m2 for each panel). Treecondyeneration IPC membrane panels contain high quality of resisting
the highpressue differences during filtration and backwashing, which is an advantage to use the
as submerged MBR.wo membranganels were placed in parallelspacerbox ard keptinside

4.0 | Belach WebAnt® reacto(Belach Bioteknik AB, Skogas, Swedemith 2.5 Lasthe working
volume for all experiment. Actually, the ethanol production process needs more attention in order
to avoid any contaminatioitherefore, all materials and equipment were sterilized anufected

before use. The 4.Mloreactors werautoclawed together with tubes at 121°C for 20 minutes. But,

PC membrane panels cannot resist higher temperature, so they were chemically cleaned and
disinfected before eackxgeriment. Firstly, 2.5éf 2% sodium hydroxide (NaOH) was transferred

into a bioreactofor 45 min-1hour at 45°C, then after the bioreactor was two times drained and
rinsed with sterile MiHQ water.Secondly, 2.5 bf 1% phosphoric acid Q) wasadded into
reactor for 45 miriLhour at 48C then again drained and rinsed by sterile ¥gillivater two times.

The third step was all about disinfection in which 200 ppm of sodium hypochlorite (NaOCI) was

applied for 45min-1hour at 48C then drained and rinsed following the same steps. Membrane
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cleaning procedures were performed before each membo&reaadr experiment for all

processes

3.7.2Pure water, wheat straw slurry and hydrolysate filterability measurements

Second generation IPC membrane panels used in this experiment for either enzymatic hydrolysis
or fermentation can have different ogiing parameter depending on kind of liquid or solution

with different viscosity applied to them. In this experiment parameters such as transmembrane
pressurdTMP), flux and permeability were defined comparing membrane filtration performance
with pure waer, diluted wheat straw slurry and pure water after wheat straw slurry filt{&tjore

The membrane filtration performances were first tested
with pure water using microfiltration {® membrane
panels placed in 4.0Belach WebArit reactors (Beleh
Bioteknik AB, Skogas, Swedemnleaned and disinfected
by the process explained in tifeection 3.7.). The
temperature and nitrogen gas flow rate, the liquid level in
g the reactor of 35°C, 3 to 4 I/min and 4.Bespectively
were constantly controlledyd/NVebAnt® controlling unit
(Belach Bioteknik AB, Skogas, Sweden).The
Figure 3. Pure water and experiments were done comparing different feeding flow
hydrolysis filterability analysis rates and permeate flow rat&fatsonMarlow 403/R1

peristaltic pumps (Watson Marlow, United Kingdom) were used to pump in theateb® the

membrane bioreactor and to pump out permeate to the permeate tank when required
transmembrane pressure (TMP) was developed to the permeate side of the membrane panels. The
permeate before being transferred into the permeated tank, they passegh a 710 Atrato
ultrasonic flowmeter (Titan Enterprises Ltd., United Kingdom) and a pressure sensor PMC131
(Endress+Hauser AB, Solna, Sweden) in order to measure the permeate flow rate and the pressure
on the permeate line respectively. The pressemsa reader and flowmeters were connected to a
computer and received data logged for further analysis. In order to have an adequate mixing of the
high SS medium for suitable mass transfer as well as enhancing in situ membranes cleaning
considerable amoustof nitrogen gas supplied as air/gas sparghkigexperimental tests were

performed in duplicate. The method used to measure the amounts of suspended solids (SS) as well
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as the enzyme needed for 12.1 FPU/g SS are well describedtin

and respectively.

The initial pH of diluted slurry was 2.82 and was adjusted to pH 5 with 10M N&@#Hoperating

parametergor the pure water filtratio@nddiluted wheat straw slurry are describdadhe table

below and following paragraph

Table 4. Different parameters followed during membrane filtration using pure water and diluted wheat straw slurry

Pure water replicate 1

1/8 Diluted wheat straw slurry replicate 1

1

|

= =4 =4 -4 =

Feed Flow rate of 10% with 8.1rpm and perme
flow of 10% with 6.1rpm.

Feed Flow rate 015% with 13.4rpm and permea
flow of 15% with 10.3rpm.

Feed Flow rate of 20% with 18.7rpm and perme
flow rate of 20% with 14.5 rpm

Feed Flow rate of 25% with 24.0rpm and perme
flow rate of 25% with 18.7rpm

Feed flow rate of 30% with 29.2rpm and peate
flow rate of 30% with 22.9rpm

Feed flow rate of 35% with 34.5rpm and perme
flow rate of 35% with 27.2rpm

Backwashing flow rate 0.61/h

Nitrogen gas flow rate 3.51/min

Process cycle of 4.5min forward flow and 0.5 n
backwashing

Temperature 35°C

Double Membranavith pore size of 0.3um each
Working volume 2.5l

Sampling time 15 second

Process running for 1hour for each steps

1

f
f
f
f
f

=

Feeding flow rate of 20% with 18.7rpn
Permeate flow rate of 0.3l/h
Backwashing flow rate 0.6l/h

Nitrogen gas flow rate 3.51/min
Temperature 35°C

Process cycle 4.5min forward flow ar
0.5 backwashing

Sampling time 15 second

Working volume 2.5I

Double MF Membrane with pore size
0.3um each

Used 12.1FPU/gSS
hydrolysis

for enzymati
Fatty acid ester antifoam 200ul at tl
first stat.
Process
48hours

running continuously  fi

The pure water permeability tests were comparing before and after slurry filtration for one hour.

All samplings, feedng tank refilling and permeate tanlemptying wereperformedin aseptic
condition.Samplingwas donen duplicate at 0, 3, 18, 21, 24, 27, 42, 45 andhtfirs where of 3

ml of each was taken and centrifuged, then the supernatant was kept into théoiriseer HPLC

andwhile the solids part used fahange in suspended soliseasurementd0 ml was taken in

13 ml tubes for later change in viscosity measurement.
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3.7.3Yeast cultivation on semisynthetic media and wheat straw hydrolysatdo determine
optimal operating condition
The yeast cultivation in different seisynthetic mediumwas compéted following methods
described i Theyeast was used to cultivate the wheat straw hydrolysate as permeate
from membrane filtration and enzymatic hydrolysis of 1/8 diluted wheat straw shamtyinately,
the yeast consumed both glucose awlbse in semsyntheticmedia as it described in

on the other hand showed resistance to xylose congump wheat straw hydrolysate
becauseof lack of nutrients source in hydrolysate. Consequerg@ven different medium
cultivatiors were doneto both semisynthetic medesndwheat straw hydrolysaia order to figure
out the optimal and good combination for next batch and continuous fermentatien
illustrate the different materials contained in eagdiumfor both semisynthatimedia and wheat

strawhydrolysate:
Table 5. Themediumcomposition(Med. 1. to 7.)of semisynthetic media and wheat straw hydrolysate
Semisynthetic media Wheat straw hydrolysate
Med. 1. 7.5g/l glucose 6.5g/l Xylose Med. 1. Hydrolysate
Med.2. 7.5¢/1 glucose 6.5g/l Xylose+ 2.5¢/l yeast extract+ | Med. 2. Hydrolysae+ 2.5g/l yeast extract2.5g/l
2.5¢/l peptone peptone
Med. 3. 7.5g/l glucose 6.5¢g/l Xylose+ 5g/l (NH:)2SOy Med. 3. Hydrdysate+5g/l (NHs)2SQy
Med. 4. 7.5g/l glucose 6.5¢g/l Xylose+ 2.5g/l yeast extract+| Med. 4. Hydrolysate+ 2.5¢g/l yeast extraic®.5g/|
2.5g/1 (NH)2SOy (NH4)2SOy
Med. 5. 7.5g/l glucose 6.5¢/l Xylose+ 5g/l yeast extract+ | Med. 5. Hydrolysate 5g/l yeast extract2.5q/I
2.5g/l KHPOy KH2PQ
Med. 6. 7.5g/l glucose+ 6.5g/l Xylose+ 59/l Med. 6. 7.5g/l glucose+ 6.5g/I Xylose+ 5g/I
(NH4)2SQi+2.5g/l KHPOy (NH4)2SQy+2.5g/l KHPOy
Med.7. 7.5¢/l glucose+ 6.5g/l Xylose +2.5g/l KPOy Med. 7. 7.50/l glucose+ 6.5¢/I Xylose +2.5¢/|
KH.POy

The amount of glucose and xytosised in sersynthetic media was suggesteslating to the
glucoseand xyloseconcentration presentad hydrolysate in( ) in order to have an
accurate comparison. All steps were done in duplicate in whiclml@® media was prepared in
250 ml Erlenmeyer flasks, loosed with cotton flags and alumipamper,autoclaved at 121°C for
20 min, andafter reaching theoomtemperaturewere loop inoculateevith one colony ofyeast

in each flask and then kept in shaking water bath running at 30°8 lfamu4s. Sampling for HPLC
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analysis was done at 1,18,24,42 anch4hd pH measurement at 0, 24 anch4®ry cell mass

measurement was also done afteh48

3.8Double stage membrane bioreactoror continuous enzymatic hydrolysis and
fermentation

3.8.1Pure water filterability to define filtration parameters

Different MBR filtration trials were performed using pure water by comparing various permeate
flux of 21.9 LMH, 29.1 LMH, 36.4 LMH, and 43.7 LMH with sampling time from10 to 50 sec
and relaxation timef 8 sec or 6 sec after 30 sec of backwashing. Ethanol evaporation analysis
was done by adding 5.5, 11 and 30 g/l of 99.9% ethatola reactor filled with 2.5 of pure
water.Parameters taken into accoumiere 30°C and 35°C temperatures each withgaglow

rate 3 I/min and 4 I/min for 5 lksonsidering the fact that the MBR filtration was carried out in a

continuous process.

3.8.2Wheat straw slurry dilution and MBR assisted enzymatic hydrolysisn batch and

continuous process

The acid pretreated waestraw slurry was diluted to 1/8 &$ ioriginal concentration with M-Q

water, sieved, pH adjusted tonith 10 M NaOHand sterilized in aautoclaveas well described

in ( ). Enzymatic hydrolysis of 1/8 diluted slurry was initially starie@ batch process

in 41 Belach WebAnt® reactor (Belach Bioteknik AB, Skogas, Swedenyathd?.5 lof working
volume. It was carried out at a temperature of 35°C anldgitteen 4.905.30as well as foaming

(fatty acid ester antifoam was applied), @mtrogen flow rate were automatically controlled and
adjustedby the WebAnt® controlling unit (Belach Bioteknik AB, Skogas, SwedEngymatic
hydrolysis in batch and continuous was completed comparing different enzyme loading.
Enzymatic activity was meamed to be 130 PFU respecting the amounts of suspended solids. The
low and high enzyme loading of 12.1 and 15.6 FPU/g SS were respected. Batch enzymatic
hydrolysis was carried out in 48 h while sampling for lignin, viscosity SS and TS and HPLC were
taken fo 0,8,32 and 48 h. After 48 h of batch hydrolysis, continuous enzymatic hydrolysis was
started by continuously feeding slurry from feed tank to the MBR and continuously hydrolysate
filtration in the buffer tank; with permeate flux of 21.9 LMH @8l/h flow rate by the help of
WatsonMarlow 403/R1 peristaltic pumps (Watson Marlow, United KingdoMitrogen gas
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sparging with a flow rate of 0.4l/h was provided to enhance perfect mixing inside MBR. Starting
with hydrolysate permeates liquid containing fernable sugars and inhibitors, to a certain
amount of 400 ml in the buffer tank, was used as substraterfexshtinuous fermentation. The

same processes were followed to all applied fluxes 21.9, 36.4 and 51 LMH

3.8.3Yeast pre-culture medium preparation

To prepare required yeast inoculum for continuous fermentation in MBR, yeasilprees were
prepared in 250nl Erlenmeyer flasks containing 100ml of yeast extract peptone dextrose (YPD)
broth. During continuous fermentation cell conversion rate deperttiemitial amount of cedl

Thus differentpre-cultureswere employedo optimized better performanckeow concentration
pre-cultures broth containing 7.5 g/l glucose, 6.5 g/l xylose, and 5 g/l yeast extract were prepared.
High concentration preulturesmedium, as well as fermenter media contents, were chosen to
refering to the research done by in which pretreated wheat straw
hydrolysate was used as substrate but with different operating conditions comparing to this
experimentThe substrate was 1/4 diluted while in this experiment was 1/8 diluted. In this case, to
prepare the preulture and fermenter media during the experiment, the same compounds and half
of the concentration were taken into accodite high preculture concetnation broth containing

12.5 g/l glucose, 12.5 g/l xylose, 10 g/l peptone, and 5 g/l yeast exteaeprepared. The pre
cultures were loop inoculated and placed in a shaking water bath (Grant OLS 200, Grant instrument
Itd, UK) at 30°C and 120 rpm in 24ar low concentration broth and 48 h for high concentration
broth. After 24h and 48h of incubation, biomass content of cultures of 2.16+0.005 g/l and 6.56+0.3

g/l respectively were used to itwlate the MBR for fermentation

3.8.4MBR assisted fermentatbn batch processto optimize operating condition

During the batch process, the amounts, contents of batch medium and initial inoculum were
prepared relating to the poeilture prepared irs¢ } Low inoculum of 200 ml was used

to fermener filled with inoculating 2.3 hutoclaved broth containing 7.5 g/glucose, 6.5 g/l xylose,

5 g/l yeast extract and 2.5 g/l of KIPQs. On the other side, a high inoculum of 3@Dwas used

to inoculate fermenter filled with 2.2 L autoclaved broth containing 2§lggiose, 259/l xylose,

5 g/l peptone, 2.5 g/l yeast extract, and 2.375 gAR®H ( ). During batch fermentation,

the pH was automatically adjusted between 5.30 and 4.90 with 2M NaOH and 0.1 ml of fatty acid

ester antifoam was rarely added by the @f foaming formation. During the batch process, the
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air sparging with a flow rate of 0.41/min was supplied to provide minimal aeratiareliogrowth

and medium mixing

l!t Lo
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Figure 4. Inoculation and batch process in MBR

3.8.5Continuous fermentation ofwheat straw hydrolysate

Hydrolysate, filtrate rich in fermentable sugars (glucose and xylose) filtrated into the buffer tank,
was continuously fed into fermentation MBR. The fermentation was performed anaerobically at
the temperature of 30°C while theroigen gas with a flow rate of 0.4l/min was provided to have

a beter mixing inside the fermentefhe permeates were continuously filtrated into a permeate
tanks comparing different constant flow rates of 21.9 LMH, 36.4 LMH, and 51 LMH together with
backwashing flow rates of 0.6 I/h, 1l/h, and 0.14l/h respectiglyure 5. Throughout the
continuous processes, Watsdliarlow 403/R1 peristaltic pumps (Watson Marlow, United
Kingdom) were used for feeding or permeate removal. Moreover, liquid flowratesyges the

main reactors and permeate lines were provided to Mefias® by 710 Atrato ultrasonic flowmeters
(Titan Enterprises Ltd., United Kingdom) and PMC131 pressure sensors (Endress+Hauser AB,
Solna, Sweden), respectiveln. order to compensate the lagknutrients source in hydrolysate,
10ml solutions rich in nutrientsansited t@.5 g/l of yeast extract, 2.5 g/l of (NJASQy and 3.5¢/I

KH2PQO; were added for every 24ih fermentation reactoilhe control of the liquid level in the
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bioreactors, pumpmvolved in feeding and permeate removal, pressure sensors and flow meters
were completely synchronized and automated, using the Labbased Mefias® software
specifically customized and developed by VITO for this research wbuking continuous
fermentaion, different samples were taken every 8 and 16 h to monitor sugar cditsuamd
metabolites production

Figure 5. Double stage membrane based continuous hydrolysis and continuous fermentation

3.8.6Membrane fouling measurement based on solitbading, backwashingand Flux

In order to check the extent and reversibility of membrane fouling, filtration of slurry and a
hydrolyzed slurry of 1/8 and 1/2 diluted concentrations at different permeate flux were conducted.
The medium was filtered at a lostarting permeate flux of 21.9 LMH for certain filtration time of

1 h then the filtration rate was raised to 36.4 LMH held for 1 h and then back to the initial flow
21.9LMH for 30 min, followed by 51 LMH for h then back again to 21L%H flow for 30 min.

This trend was repeated stepwise for flow ratek amnd without backwashing (BW)
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- Runs performed at 35°C (initial pH 5)
- Permeate recirculation
- Clean water filtration before and after the masconsidered with the same stepwise regime.

The chages of TMP, total resistance of membrane and cake layer resistance for all fluxes with
and without backwashingere taken into considerationhe amounts of total resistance and cake
layer resistance are calculated according to equations 1 and 2 re$pective

e (1)

1

14 40 4 dn (2)
Where J is permeate flux, p is permeate viscosiyisRotal resistance, )Rmembrane resistance
(clean water filtration), Ris the cake layer resistance andsHrreversible foulingesistance. As

the sugar content (Brix degree) of the hydrolysate is very low to make perceptible change in
medium viscosity and as the hydrolysis temperature is 35°C, the u of water at 35°C (0:¥89x10
Pa.s) has bearonsidered for the permeates in miaofiltration irreversible fouling due to particle
penetration in the membrane pores rarely occurs resulting in considerably smedigst&nce
than R, Rc is used to represent resistance due to cake layer and irreversible {alling et al.

1996.

3.9 Analytical methods

High performance liquid chromatography (HPLC) (Walters 2695, WalBagporaion, and
Milford, USA) was used to determine and analyze the concentration of different coramand
metabolites in cultivation medium as well as in hydrolysate. During analysis, a hydrogen based
ion-exchange column (Aminex HR&7H, Bio-Rad, HerculeslJSA) working at 60°C with 5nM

H.SQy eluent flowing 0.6ml.mirt was used to identify and quantify sugars, inhibitory compounds
(such as furfural, HMF, acetic acid), glycerol and ethaAtlsamplegaken for HPLC analysis

were transferred into HPLC vialsrfanalysis and kept in device in which sesynthetic media
analyzed for 25 min while hydrolysate analyzed for 50min because of inhibitory preBence.
biomasswas measuretiasing on Cell dry weight(CDW) measurement , where sample & ml
different cultivation mediumwas taken,centrifuged at 3000xg for 5min removing the

supernatant, washed awdrtexed with MilltQ waterand transferred the washed on eedighted
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Aluminum pans thedrying the washed celh 70°C ovenfor 24 hrs. Acid insoluble lignin, aid

soluble lignin as well as carbohydrate and ash content from solid retained during continuous
membrane filtration assisted hydrolysis were estimated using the procedure Determination of
Structural Carbohydrates and lignin in bioméss »

The experimental works were done in duplicate. Also, two standard deviations represented by
errors bars on graphs were considered. The reliability of results was statistically analyzed by the
help of software package MINITAB 17. Inder to compare the results, data analysis of variance
(ANOVA) was accomplished by applying general linear models with 95% confidence interval
followed by pairwisee mpar i sons using Tukeyods test.
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4. Results and discussion

The main goal of this project w&s integrate MBR into the lignocellulosic bioethanol production
process in terms of process intensificatibhe performance of microfiltration membrane in such

a process was also investigated. Different parameters and conditions were investigated to set u
the system. Membrane filtration performance was firstly investigated using clean water and
hydrolysate. Continuous membrane assisted enzymatic hydrolysis and fermentation inledontrol
interconnected doublstaged submerge®dIBRs were investigated by omparing different
constant permeate fluxes of 21.9 LMH, 36.4 LMH, and 51 LMH. Note that, both hydrolysis and
fermentation were carried out in parallel in sepamibmergedMBRs. Resultsconditions
optimization,the setup processes by means of destdee submergedVIBR are well described

in the following sections

4.1 Ethanol production in semisynthetic media

The aim of ethanol production in sesynthetic media was mainlpased oncell growth
optimizationfor continuous fermentationThe HPLC analysisesults of metabolites and media
components in the seraynthetic media are presented fig . The maximum ethanol
concentratiorof 7.10£0.18 g/l was obtainad 48 h when glucose was completely consumed. The
glucosewas consumed quicker than xylosercentration The initial concentration glucose of
19.02g/l was completely consumed in 48 while 7.87+0.24 g/l of xylose remained out of the
initial concentration of 9.82 g/l According to Xylose metabolism is slow
comparing to glucose metabolism owing to the fact haterevisiadhas a higher affinity for
glucose than xylosand transported by the help of glucose transporters into the sflcell

biomass contents have been measured based on Cell dry weight (CDW) and found to be 3.64 g/l

cell biomass. The changepit from 4.805.64 was observed
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Figure 6. Changs in the concentration of metabolgeluring cultivationin semisyntheticmedia
at 30C.

Glycerolformation was relatively low but slightly increak® 0.580.12g/l at 30h and remains
almost the same till 4B. Glycerol is synthesized by yeast for equilibrating the intracellular redox
balance by converting the surplus of NA@enerated during biomass formation to NAD

Xylitol for mation was totally low as 0.22+0.25 g/l of xylitol was only formed in 48 h.
One of the aims of this project is to achieve the highest yeasilization of glucose and xylose
in a continuous MBR assisted fermentation. Although the slow consumptiorogéxyhs noticed

compared to glucose consumption, different inoculum and condition optimization were
investigated )

4.2 Enzymatic hydrolysis of the wheat straw slurry, liquid and solidfractions

A number of enzymatic hydrolysis experimentsevearried out to determinthe best condition
in terms of enzyme loading and temperature to attain a medium with a saighteontentsor
bioethanol production. Throughout the study, the 1/8 diluted slurry is regarded as a slurry to skip
repetitionsand writing complications. Whole slurry and solid and liquid fractions of slurry after
sieving using an ordinary kitchen sieve were enzymatically hydrolyzed well descrifsatfim

). The suspendesblid contents in the diluted slurry, solid and liddractions were0.49:0.02
g/l, 1.56:0.41g/l, and 15.090.129/l respectively.

and b presents theoncentrationof sugar released during enzymatic hydrolysis at

enzyme loadings of 8.7, 12.1, and 15.6 FPU/gSS at 30, 35 and 50°C. The concsnfrgtiicose
and xylose released at 50°C after 48h were high compared to sugars released at 30 and 35° C.

Considering theotalssugarmreleasediuring enzymatic hydrolysis, 50°C condition seemisaahe
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best However, 50°C condition would be rather plematic for further applications in this thesis
work, since cellulase and the yeast have different optimum activity conditions: Cellulase (50°C)
and yeass. cerevisia€30-35°C). The higher temperature of 50°C camdangethe cellsgrowth
resultingin cell death > The concentradn of glucose and xylose released with
8.7 and 12.FPU/g SSenzyme loadingit 30°C and.7 FPU/g SSenzyme loadingt 35°C from
the andb, were low comparing to the noentration of glucose and xylose released with
15.6 FPU/g SS at 30°C ar8l7 and15.6 FPU/g SS at 35°Ct5.6 FPU /g SS which requisghe
use of higleramount of enzymandwas not considerdtie cost of enzymd&nzymatic hydrolysis
performed at 35°C isabtercompare to that of 3€ andhelpsdecreasing the viscosity of the fluids
which is an important parameter in membrane bioread®the IPC membrane panel material
goes through deformation at temperatures aboVE Fso as deterioration extent of GP
membrane abng-term exposure televated temperatures above@as not been studied, I5
can leave a good safety for continuous application of MBR in hydrolisis.in addition to the
fact that permeate from the hydrolysate MB# further be fed tathe buffer tank and then to
fermentation MBR working at 30°C thé&remo requirement for an intermediate cooling or the
permeate. Since in this project continuous enzymatic hydrolysis and continuous fermeresgion
performed separately and 12.1 FPU/g SS aB8C were selected for enzymatic hydrolysis
throughout the study
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represergthechanges in the concentrationglficose and xylosas a result oénzymatic
hydrolysis ofsieved liquidand solid fraction of wheat straat 50°C wih 12.1FPU/g SS. The
concentration of glucose and xylose in sielrgdid fractionof 9.90t0.19g/l and 6.720.007g/I,
respectivelywas higher thathat ofthe solid fraction(remaining from sievingdf 0.5Gt0.03 g/l
and 0.040.004 g/l respectively. Ligm residues released during the -preatment of
lignocellulose materials, increase the viscosity of the slurry and result not only in improper
medium mixing and mass transfer but also in influencing cake layer formation which lead to
membrane fouling OHence, optimum solid loading is necessary in order
to successfully apply membrane for separation purposes in lignocellulosic ethanol production.
Consequently, the results of enzymatic hydrolysis of sid¢gedd and solid fradbns of slurry
shows that if the slurry is first sieved befdrgdrolysisonly negligibleamount of sugartost.
However slurry sievingbenefit feeding and filtration processes presenthe Composition
and concentration of saccharides of liquidction of1/8 diluted slurry andl/8 diluted slurry

enzymatically hydrolyzed at different temperature and with different amount of enzyme loadings.
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Figure8. HPLC analysis results of enzymatic hydrolysis of 1/8 diluted siégadl and solid

fractiors of wheat staw slurry (a) glucose concentratioand(b) xylose concentratio(60°C,
12.1FPU/g S$.
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4.3 SSF and SHF exzymatic hydrolysis and yeast cultivation

With the main objective of examining the combination of optimized cell growth and enzymatic
hydrolyss conditions, the comparison dimaltaneous saccharification and fermentation (SSF)
and separateydrolysis at and fermentation (SHF) in terms of sugar consumption and ethanol
production were investigated. SSF at 30°C and SHF with hydrolysis at 30°C and 50°C and
fermentation at 30°C were performed in 250ml Erlenmeyer flasks in shaking water Ta¢hs
results are presented in andc. (SSF) shows that ethanol production was
started at 24 h when glucose and xylose reached the highest concentration of 7.83+0.45 g/l and
5.98+0.04 g/l, respectively. After 48the highest amount of eti@ produced was 4.17+0.045 g/l
representing 96% of ethanol yield: shows that SHF with hydrolysis at 50°C
results in a faster consumption of xylose and production of ethanol while glucose consumption is
similar at both tempatures. Ater 96h the higheséthanoloncentratioproduced was 5.04+0.47
g/land 5.78+0.8 g/l representing 87% and 76% of theoretical maximum yield for SHF at 30°C and
50°C respectivelylt was noticed that the high ethars@ncentratiorproduced during SHF high
comparing to SSFAlthough glucose consumption was faster, low consumption of xylose was
observed in all process, by the reason of high tendency and affinity of free cells on glucose
discharged from hydrolysate while xylose consumption actually stafted al glucose was
consumed, similar observation were perceived in irrespective of condition and pardmeiérs
). studiedthe challenges of enzymatic hydrolysis and fermentation by

comparing SHF at 48 and SSF 3ZC using pretreat Arundo donax, the highest yield was
obtainedwith SHF comparing to SSAccording to )SSF processes suffer
for suboptimal conditions, since cellulase enzyme and the yeast have different optimum conditions
(Cellulase 4660°C pH 4.55.0 and yest S. cerevisia®0-35°C), and lead to low monomeric sugar
production as well as low ethanol yield and dls®cell cannot be reused becaltsemixed with
different solid particles. SHF processes suffer from end product in inhibition, means that the
monameric sugars that are produced in the bioreactor can reduce the activieyasfzyme and
consequently & to incomplete hyablysis and low ethanol yieldsGlycerol formations was
relatively low during SSF of 0.48+0.16 g and SHF of 0.61+0.1§/| and 0.59+0.33 g/l

and c respectively, and showhe capability of cells to control the activity of their

metabolic pathway during fermentation. Although SHF has some setback described above, SHF
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has proved to be effective and has been chfisezontinuous doublstaged membrane filtration

assisted enzymatic hydrolysis and fermentation
10
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4.4 Effect of yeast cultivation on semisynthetic mediaand wheat straw hydrolysate

This step oexperiment aimed to examine cell growth on semisynthetic media and wheat straw
hydrolysateooking atsugas consumptionethanol production and the capability of the fr
inhibitor removal. Wheat straw hydrolate contmed glucose and xylose concentration of
6.67+0.002 g/land 5.79+0.01 g/l respectivelAccording to the results , It was
observed thathe yeast was able tsimultaneouslyconsume glucose and xylos€lucose
concentratiorwas considebly consumedh 24 h and only 96.6% of xylose in 48which have
been converted intmore cells ethanol and metaboliteshe consumption of glucose and xylose
has increased maximum the amount of ethanol of#8.38 g/l obtained aB0 h. On the other
hand, the results showed that in during cultivatigmrolysate , the consumption of
xylose was problematic whiketal concentratiorof glucose was all consum@u48 h. Due to the
lack of nutrients source in hydrolysate the yeast has facqurébé&m of ceutilize both glucose
and xylose, therefore this steps was more investigated on bothswetinetic media and
hydrolysate in order to figure out the cause of this prob@mthe other hand, as the yelaas not
only the capability to cauilize glucose and xylose but also high resistance to inhibitor by
enhancing in sitwetoxificationof some inhibitors such as furfural and HMF amldich can be
converted into less inhibitory compounds like furfural alcohfis n
Consequety, in 30 h in situ detoxification of furfural and HMF was observéd , the
initial concentrationof furfural of 0.56+0.014g/l was totally converted while the initial
concentration of HMF of 0.08+0.00§/I was totally converted in 78. Acetic acidas a pH
dependent inhibitor is sometimes present medium and produced by the yeast during fermentation
similar observation were observed (i > The initial acetic acid concentration in
hydrolysate was 0.97+0.01 and was slightly increasing to 1.2 g/l by increasing the pH
from 4.82 to 4.66 at 48 and dop to 0.89+0.3%/I and pH change to 4.77. However, it was
suggested that those changes in pH and acetic acidanasd by theacterial contamination but
didndét affect tChmsequently, Hiffererit madibne conteata and concentrations
in both semisynthetic and hydrolysate were suggested i and Bto figure

out the optimal and good combination for next batch and continuous fermentation.
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4.5 Optimization of membrane filtration parameters
4.5.1 Comparison of clean water and hydrolysate filterability

The basics of membrane filtration focused on understandenghanges in the parameters such as
TMP, flowrate, flux, permeability as well as membrane resistance practiced using clean water and
slurry. Microfiltrationfiltration trials using pure water, semsynthetic media and pretreated slurry
were conducted. Mebnane cleaning measures of backwashing anditrogensparging were
practiced in order to find optimum foulifgreventing conditions.Membrane filtration
performance was first tested with clean water. The temperature and nitrogen gas sparging flow
rate d 35°C and4 I/min respectively were applied. The filtration cycle of 4.5 min forward filtration

and 0.5 min of backwash was continuously constantly applied. Generally, backwashing enhances
physical cleaning of the membrane, I&ip remove and looseningke layer fouling against the
membrane surface and mainaisesmembrane porosity. Accordingly, backwashing together with

air scouring or crosow velocity involved in the reduction of size and thickness of cake layer
foulants on the membrane surfage . To measure membrane fouling prevention
capability, the filtration of clean water was performed followed by filtration of wheat straw
hydrolysate and filtration clean water after hydrotgsa he constant flux operation mode was
chosen to ensure a steady flow throughout the membrane filtration, while changes in TMP and
permeability were recorded by time. Comparing the filtration results of clean water, hydrolysate
and clean water after hyalysate, there were no considerable differences for both permeability
and TMP as it is shown in thé(( andb). The change TMP during hydrolysate filtration

was comparable to that of clean water before and after hydrolysate filtration. This ime&ans t
during the hydrolysate filtration, backwashing and gas sparging effectively prevented cake layer
formation on the membrane surface, reduce membrane fouling, arditeaviess of filtration

area. Therefore, the flux of 21.9 LMH provided an effectivenimane performance for double

stage MBR bsed hydrolysis and fermentation
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4.5.2 Comparison 6 constant fluxes to optimize interconnected membrane filtration
performance
The goal of this experiment was to investigate the membrane filtration performance at different
constant permeate fluxes and to optimize the continuous filtration operatingeparam

) suggested that, operatingembrane separation processes at constant flux mode is
integrally advantageous referring to how the membrane fouling can be easily prevented by
controlling permeateank pump output. In this regardlean water filterability was analyzed
following different constant permeate flux of 21.9 LMH, 29.1 LMH, 36.4 LMH, and 43.7 LMH
and the results are presentediiin 2 In interconnected doublstagel submergedVBR,
MBR-1 and MBR2 represent MBR used for hydrolysis and fermentation respectively. The results
are shown inf( ), noticed that TMP was almost slowly increasing when the flux increased
to another level. In view of the membrane, filterability performance shows little and/or no increases
in TMP ( andc). Therefore, as the filtratioperformance were effective in all applied
fluxes, 21.9 LMH, 36.4LM, and 51.MH were chosen to be applied and compared during

continuous membrane filtration.
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4.5.3Yeast growth optimization for batch and continuous fermentation

In order to prepare required yeast inoculum and to adopt good combination for batch and
membrane based otnuous fermentation process, yeasécpltures were prepared in seven
different medium compositionsfor both semisynthetic broth and hydrolysat&he results
presented inf( ) showed that inoculum prepared in different media exhibited different
amount of sugars consumed and ethanol produced after 48h. Considerable amount of glucose and
xylose consumed in hydrolysateg( andf) in all mediummostly inmedium2, 4 and 5
compared to sersynthetic mediaf( andc), because of differermmount of nutrients may

be presented in hydrolysate than in semisynthetic media. Consequedilynl, 3, 6 and 7 were

not promising for the next experiments. Companmefium2, 4 and 5, glucose amount was 100%
consumed in both sersinthetic medigd andc) and hydrolysatéi andf) after

24 h while xylose amount was 99.3% consumehédium2 and 4 and 80% consumediedium

5 in semisynthetic media and 94% consumedriadium2,4 and 5 in hydrolysatédowever,
medium2 and 5 was ctsen for the next inoculum preparation considetimggfactthat hydrolysate

was being used as substrate in continuous fermentation.
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4.5.4 Ethanol evaporationmeasurementin MBR

In submergedVBRs process gas sparging /air scouring is one of method used to provide a better
medium mixingand to mitigate membrane fouling rates mostly in anaeicessesHowever,
the air/gas sparging rates in anaerabibmergediBRs when used in ethanol fermentation may
be the source of considerable amount of ethanol losses through excessive evapoeeatione
)aln order tomeasurenaximum amount of ethanol evaporated, the ethanol
evaporation analysis was done before fermentation pret&&sC and nitrogergas spargingf
0.41/h, by comparing initial ethanol concentration of 11 g/l and 5.5lgd results are presented in
» The experiment wagerformedfor 6 h and it was observed that30.g/l and 021 g/l.h
of ethanol vere evaporatd with high and low initial ethanol concentratioespectively {
). Therefore, as the MBR fermentation and hydrolysis were done at 30°C and 35°C respectively
with air/gas flow rate of 0.4h and considering the fact that tbencentratiorof etham| produced
during fermentation was betweenlB g/l during results analysis, the amount of ethanol

evaporated of @1 g/l.h was taken into account in all calculason
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Figure 15. Ethanol evaporation analysis in MBR at temperatir@gs°Cand air/gasléw rate of

0.4l/min comparing different initiadthanol concentration
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4.6 Doublestage membrane biorector

The main goal of this part of the project was to investigate the performance of interconnected
doublestagesubmergednembrane bioreactors (MBRs3sasted hydrolysis and fermentation in
terms of process intensificationhe processes were carried out comparing filtration performance
during hydrolysis and fermentation at different constant permeate fluxes af\H.936.4LMH,
and 51 LMH. Membrane assted continuous hydrolysis interconnected together with membrane
assisted continuous fermentation in which double IPC membrane supported in spacer boxes (well
described in ). were submerged inside the 4 | reactor in which 2:a$ working
volume as illustrated ir » After the batch processes, hydrolysate filtration from MBR
based hydrolysis was started by feeding hydrolysate in a buffer tank reach out to a minimal volume
of 400 ml and serve as initial feed in the fermenter which taokund 2 hours. An integrated
control system was applied, which combine both filtration and biological processes. Integrated
control systems are the most promising on MBR control, they are most important due to their
ability to reduce membrane fouling a®ll as sustaining sufficient biological/chemicamoval

)
Firstly, doublestage membrane based continuous hydrolysiSemrmentation wa carried out by
consideringenzyme loading of 1EPU/gSS andyeast inoculum as well explained iae(

) at constant permeate flux of 21.9 LMHHowever, incomplete sugar conversion was
observed which led to low ethanol yiedahd productivity. Consequently, enzyme loading was
increased to 15.6FPURS and increased hydraulic retention time (HRT) to 41.66h almost optimal
HRT of 48 h of maximal total sugar production has ktesufrom previous experimergt

, by changng the slurry feed tank from bto 101 tank.The performance of membrane was
defined by change in membrane resistance amrrambrane pressure (TMP) whiofostly
characterizethe formation cake layer on the surface ofrtteanbrane and membrane foulifigne
( andb) represent the automated sketch of the process from computer control and the
actual experimental set up. For each phase of experiment the forward flonnah4bd 0.5min
of backwashing and sampling tina¢ each 5Gec were applieth which backwashing flowrate
was double the filtration flow rate in each condition. Ailfogengas sparging provided was at
rate of 0.4/h. The fermentable sugaproduced during hydrolysis were continuously filtrated as
permeate in buffer tank and e same time transferred into fermenter for yeast cultivation and

bioethanol production while permeate or product were continuously filtered to the permeate tank.
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The results showing the performance of membrane filtration dimydgolysisand fermentatio
are described in the following pages.
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Figure 16. Experimental sketch (a) Automated sketch of the process from computer control and
(b) Actual experimental set up.
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