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Abstract
The exploitation of lignocellulosic materials with the aim of producing high value-added products
will potentially counteract concerns related to the depletion of fossil resources or exponential
population growth. Bioethanol produced from lignocellulosic agriculture residue exhibits
promising alternative to the petroleum-based fossil fuel which reduces net emission of greenhouse
gases (GHG). But, due to certain technological barriers, the large scale production of
lignocellulosic bioethanol has not been successfully commercialized. In this thesis, membrane
filtration as an energy efficient separation process with low environmental impact was chosen with
a possibility of improvement. Interconnected multi-staged microfiltration submerged membrane
bioreactors (MBRs) set-up has been applied in order to separate suspended solids, obtain high
concentration of yeast inside the bioreactor,

and recover particle-free ethanol stream in a

continuous high productivity process. The MBRs were effectively optimized comparing to
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 262 h comparing to other applied
fluxes. During continuous hydrolysis, membrane showed the capability of lignin recovery nearly
70% of medium SS content in all applied flux. Although the conversion rate of total sugars by
concentrated cells were similar, yeast cells proved the capability of inhibitor tolerance, and to coutilize 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 g ethanol/l per hour for 21.9 LMH,
36.4 LMH, and 51 LMH respectively. Moreover, the effect of different factors such as filtration
flux, medium quality and backwashing on fouling and cake-layer formation in submerged MBRs
during continuous filtration was thoroughly studied.
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1. Introduction
The development of the industrialized world today has the challenge in the limit of (often
insufficient) energy sources which has resulted in an increase in fossil fuel utilization. As a
consequence, the world is facing several problems including high fuel prices followed by the
depletion of fossil fuels, 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 development of
alternatives, renewable energy to fulfill today’s energy demands (Meihui et al. 2015). As the
solution, bio based energy could be a sustainable 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, the first generation bioethanol production process is currently based on sugars or starchbased 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 raw material to 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 food (Lennartsson et al. 2014). To
avoid the concerns mentioned above, production of second generation 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 that the 2 nd generation of
bioethanol production from lignocellulosic material is a substantially efficient energy source
(Meihui et al. 2015). Lignocellulosic materials are significantly more abundant and diverse, have
crucial advantages over other biomass supplies because they are the non-edible portion of the plant
and therefore they do not interfere with food supplies required in first generation bioethanol
(Mahboubi et al. 2017a).
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1.1 Background and Problem description
Lignocellulosic materials are considered as promising alternative source for second generation
bioethanol production a renewable and environmentally friendly fuel. Up to date, numerous studies
on second generation bioethanol technology have been done either at laboratory or pilot scale
showing different demonstration on various lignocellulose substrates but still, actual bioethanol
production is not yet commercially feasible at industrial scale (Lennartsson et al. 2014). The
lignocellulosic materials are structurally composed of three main components: cellulose,
hemicellulose, and lignin. Cellulose has a strong crystalline structure composed of polymer chains
of carbohydrates of glucose attached together by strong bonds of beta-1,4 glycosidic.
Hemicellulose is also mostly composed of polysaccharides and polyuronides rich in pentoses
especially xylose and arabinose. Lignin as a relatively hydrophobic material is built by crosslinked aromatic polymer covalently bound together with hemicelluloses, forming a complex
matrix that surrounds the cellulose micro-fibril by hydrogen bonds. The structures and
compositions of these biopolymers vary greatly depending on plant species, geographical origin
and growth conditions (Saini et al. 2014).
The recalcitrant structure of lignocellulosic materials is the greatest challenge in the production
processes of second generation 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 encapsulation of cellulose by the lignin-hemicellulose
matrix (J.Taherzadeh et al. 2007). Therefore, the pretreatment of lignocellulosic aims to open up
the complex structure of the cellulose-hemicellulose-lignin matrix, to increase the porosity of the
structure and to enhance the accessibility and biodegradability of the polymer chains of
carbohydrates of hexoses and pentoses for enzymatic hydrolysis (Govumoni et al. 2013;
Taherzadeh et al. 2008).
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, and CO2 explosion pretreatment) have been previously
reviewed in different literatures (Alvira et al. 2010; Govumoni et al. 2013; Ibrahim 2012;
Taherzadeh et al. 2008). However, the pretreatment of lignocellulosic materials under harsh
conditions can lead to the degradation of cellulose, hemicellulose, and lignin and generates various
inhibitors. Furans which are furfural and 5-hydroxymethylfurfural (HMF) are the most common
2

inhibitors derived from pentoses and hexoses degradations respectively and carboxylic acids (such
as acetic acid) from also hemicellulose, while a lot of phenolic compounds derived from
degradation of lignin (Klinke et al. 2004; Taherzadeh et al. 2008). The 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 fermentation process by
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. (Taherzadeh et al. 2008). Furthermore, lignocellulosic pretreatment
followed by Hydrolysis (acid or enzymatic) results in different monomeric sugars of hexoses
(glucose, mannose etc.) and pentoses (xylose, arabinoses etc.) released from cellulose and
hemicellulose respectively and can biologically be converted into bioethanol through fermentation
(Taherzadeh et al. 2008).
In research done by J.Taherzadeh et al. (2007), enzymatic hydrolysis of lignocellulosic materials
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 more inhibitory 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 price of the production of the enzymes and enzyme inhibition by the final product
(high concentrations of sugars) (J.Taherzadeh et al. 2007). In order to overcome these issues,
different strategies such as Simultaneous Saccharification and Fermentation (SSF) has been
developed where the cells immediately consume sugars released by enzymes. However, SSF
processes usually operate at suboptimal conditions since Cellulase enzyme and the yeast have
different optimum conditions (Cellulase: 40-50 pH: 4.5-5.0 and yeast S. cerevisiae: 30-37).
Separate hydrolysis and fermentation (SHF) remediate the issues with SSF (Ishola 2014).
Fermentation of lignocellulosic hydrolysates yeast strain of Saccharomyces cerevisiae is the most
applied in research and industrial for bioethanol production because of its capacity of high
productivity, yield, inhibitor tolerance, and ability to detoxify inhibitors such as furfural and 5hydroxymethylfurfural (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 such as xylose and arabinoses which has been one of the most challenges for
3

industrial production of lignocellulosic generation bioethanol (Mahboubi et al. 2017a). Therefore,
various approaches (Mahboubi et al. 2017a; Saleh A.A. 2008; Taherzadeh et al. 2007) have been
approved that genetically engineered recombinant of S. cerevisiae has a high capacity to consume
and ferment both glucose and xylose and enhance in situ detoxification of inhibitor at high cell
concentration. In addition, 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 which increase the
production cost (Taherzadeh et al. 2007). The continuous cultivation is the most promising for
fermentation of lignocellulosic hydrolysates. Compared to batch, it requires smaller investment;
the reactor is all the time productive and has higher productivity. However, the presence of
inhibitors in medium can prevent and limit the specific growth rate of the cells resulting in cell
wash out of the bioreactor and a very low productivity (Taherzadeh et al. 2007). Figure 1 below
shows the main issues related to the conventional bioethanol production process from
lignocellulosic material stated above and in the following paragraph.

Figure 1. Conventional technology for lignocellulosic bioethanol production without integration
of membrane bioreactor.
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In order to have continuous great bioconversion of inhibitor, as well as preventing cell washout, a
suitable mode of operation is necessary in the design of the process. According to Mahboubi et al.
(2017a), to have complete sugars (xylose and glucose) utilization in the continuous fermentation
process, higher capacity of inhibitory tolerance, and high rate of sugars conversion; substantial
capacity of maintaining high cell concentration in bioreactor has to be promised.
Numerous studies (Mahboubi et al. 2017a; Westman et al. 2012; Ylitervo et al. 2014b; Ylitervo et
al. 2011) has been done for the purpose of maintaining high cell concentration inside the reactor
and cell recycling and utilization of different sugars such as cell immobilization through
encapsulation and flocculation and membranes cell retention and reuse. The application of
Membrane bioreactor in production of lignocellulosic ethanol has various advantages such as
highest potential for high cell retention, ability of complete utilization of fermentable sugars
(glucose and xylose), the capability of in situ detoxification of the bio-convertible inhibitors and
avoidance of cell washout (Ishola et al. 2015; Mahboubi et al. 2017a; Mahboubi et al. 2016;
Ylitervo et al. 2014a). Furthermore, Membrane Bioreactors (MBRs) has the high capacity to
perform in continuous 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: pentoses, hexoses etc.) and the
inhibitory compounds (Furfural, 5-hydroxymethylfurfural (HMF), carboxylic acids ) in
fermentation media are still a great challenge in second generation bioethanol production process
(Klinke et al. 2004).
A study done by Mahboubi et al. (2016), 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 achieved in MBRs. One of the big obstacles on the MBR in the ethanol
fermentation process is the high content of suspended solids (SS) mostly undigested and
undissolved lignin elements from the lignocellulosic hydrolysate once used as feed stream. Lignin
residues released during the pre-treatment 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 (Mahboubi et al. 2017a). Hence, optimum
solid loading is necessary in order to successfully apply membrane for separation purposes in
lignocellulosic ethanol production. Besides, Membrane can separate solids from liquids; also
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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 intensify the second generation bioethanol production process from the
ordinary process (figure 1) that has been used before, by the integration of submerged membrane
bioreactors (MBRs) during hydrolysis and fermentation. In addition, the consumption of glucose
and xylose, suspended solids control, high concentration of yeast inside the bioreactor, particlefree ethanol stream recovery in a continuous process, high productivity were investigated using
pre-treated wheat straw slurry as substrates.
Table 1. Comparison ethanol yield from different process in second generation bioethanol using different
microorganisms and different culture conditions.

Substrates

Microorganisms

Sugar content (g/l
sugars)
Glucose 4.57 ±0.13
Xylose 3.21 ±0.13

Ethanol yield

Reference

Saccharomyces
cerevisiae

Process
conditions
Continuous
cultivation

Wood
hydrolysate

0.44 ±.002g
ethanol/g sugars

(Ylitervo et
al. 2014a)

Wheat straw
hydrolysate

Recombinant
Saccharomyces
cerevisiae

Anaerobic
Continuous
Fermentation

Glucose 50
Xylose 50

0.42g ethanol/g
sugars

(Mahboubi
et al. 2017a)

Woody
biomass

Recombinant
Saccharomyces
cerevisiae
geneticallyengineered strain of
Saccharomyces
cerevisiae
Saccharomyces
cerevisiae,
Pichia stipitis and
co-culture of both
Saccharomyces
cerevisiae

Anaerobic Batch
fermentation

Glucose 5
Xylose 15

0.30g ethanol/g
sugars

(Saleh A.A.
2008)

Anaerobic batch
fermentation

Glucose 6
Xylose 21

30.3g/l equivalent
to 83% of ethanol
theoretical yield)

(Ishola et al.
2015)

Anaerobic
fermentation

Glucose 30

0.48 gp/gs, 0.43
gp/gs, and 0.40
gp/gs

(Singh et al.
2012)

Batch enzymatic
hydrolysis and
fermentation

Glucose 65.2

0.44gethanol/g
sugars

(Govumoni
et al. 2013)

Wheat straw

Wheat straw

Wheat straw

6

1.2 Purpose of the research work and its limitations
The purpose of this project was to intensify the lignocellulosic bioethanol production process from
the ordinary process (figure 1) that has been used before, by the integration of submerged
membrane bioreactors (MBRs) during hydrolysis and fermentation. The conventional production
processes of second generation bioethanol as described above and in figure 1 suffers from low
yields and productivity, have energy and cost intensive upstream and downstream processing and
the feed substrate contains high amounts of suspended solid, inhibitory compounds and prioritized
sugars. Integration of MBRs with bioethanol production process can be the key in tackling these
issues.
In this project multi-staged integrated microfiltration membrane (figure 2) was applied in order to
have continuous hydrolysis and fermentation using a recombinant xylose-consuming S. cerevisiae.
Various value-added product streams of bioethanol, cell biomass and lignin from wheat straw
slurry were produced. Separation of suspended solids, retaining enzymes, having high
concentration of yeast inside the bioreactor, having a particle-free ethanol stream in a continuous
high productivity process were the main targets in this approach. Different main goals are
described below:


Application of MBRs in enzymatic hydrolysis for enzyme retention.



Fermentation of lignocellulosic substrates in continuous cultivations using membrane
bioreactor



Preparation of interconnected automatically controlled double-stage MBR (the
integration of continuous enzymatic hydrolysis using and continuous fermentation
using microfiltration flat sheet submerged membrane)

Pretreated wheat straw slurry (Mahboubi et al. 2017a) were used as substrates in this project (this
project was not focused on pretreatment).
To make this project thesis realistic and achieving high quality result different limitations has been
recognized:


High concentration of suspended solids present in wheat straw hydrolysate is problematic
in cell-suspended solid separation and membrane filtration.



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.
7



To achieve the complete (glucose and xylose) into bioethanol, the reduction in
contamination risks and product inhibitions were taken into account.



High solids loading was used to combat bacterial contamination, improve enzymatic
hydrolysis and process efficiency.

The figure below describes the flowchart of the intensification of the second generation bioethanol
production process using multi-staged membrane bioreactors (MBR):

Figure 2. Conventional technology for lignocellulosic bioethanol production with integration of
membrane bioreactor.
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2. Ethical and social aspects
The consumption of fossil fuels in excess leads to chronic effect of greenhouse gas (GHG)
emissions, acid rain, climate change and global warming on human health and 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 biomass-based fuels,
given that biofuel is a cost-wise competitor 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
value-added product will potentially counteract concerns such as the depletion of fossil resources
or exponential population growth. Bioethanol from lignocellulosic agriculture residues exhibit
promising alternative to the petroleum-based fossil fuels which reduce net emission of GHG, but
due to certain technological barriers, the large scale production of lignocellulosic bioethanol has
not been successfully commercialized yet. Current research efforts are therefore focusing on two
areas: (1) Utilization of alternative hydrocarbon sources such as cellulosic biomass from e.g. wood
and straw for bioethanol production and (2) Boosting the energy efficiency of current and future
bioethanol production concepts. In this thesis, membrane filtration as an energy efficient
separation process with low environmental impact is chosen with a possibility of improvement.
Moreover, the intensification of lignocellulosic bioethanol by integration of submerged membrane
bioreactor, provide an effective ease of separation process due to low energy consumption, greater
separation efficiency (not only bioethanol but also lignin as the value-added 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. In addition, mostly
called slurry, lignin residues together with cellulose and hemicellulose released during the pretreatment of lignocellulose materials can immediately serve as the substrate for bioethanol
production. Conversion of all streams into some credible products would reduce the waste streams
and also help achieve a circular economy. The use of lignocellulosic material and membrane
bioreactor can put to rest the ongoing debate on “food versus fuel” making this thesis more
sustainable as it produces bio-fuel which would help reduce environmental impacts for many
market sectors like industries, transport, etc.
9

3. Materials and methods
The experiments took place in different optimum conditions batch (for inoculum cultivation) and
continuous in membrane bioreactors. Several processes have been examined in order to set-up
interconnected new automatically controlled double-stage MBR. The pretreated wheat straw slurry
was used as substrate. Enzymatic hydrolysis and fermentation for both batch and continuous were
tested at different conditions such as different enzyme loading rates and temperatures. Cellulase
Cellic Ctec2 was used in enzymatic hydrolysis; while recombinant Saccharomyces cerevisiae
strain was used as active microorganism for fermentation. Semi-synthetic media (glucose, xylose,
yeast extract, peptone and salt solution) were also used for experiments screening. Different
analytical devices such as HPLC and spectrophotometer were employed during this research work.
The projects experiments were categorized into six main stages in which each stage various test
was targeted to be investigated: (1) Yeast cultivation and Inoculum preparation with semisynthetic media; (2) Enzymatic Hydrolysis; (3) Membrane Filtration; (4) Continuous MBR
assisted hydrolysis; (5) Continuous MBR assisted fermentation; (6) Interconnected double-stage
MBR hydrolysis and fermentation.

3.1 Pretreated wheat straw slurry
The lignocellulosic substrate used in this project work is a Swedish agriculture biomass wheat
straw pretreated in dilute-acidic condition (0.3-0.5%H2SO4 for 8 min at 185°C) by SEKAB ETechnology (Örnsköldsvik, Sweden). After pretreatment, the wheat straw slurry was kept in a cold
room (4-5) for further uses. Wheat straw has a high potential as sustainable biomass source in
Europe based on its abundance and low cost (Mahboubi et al. 2017b).

3.2 Inoculum and culture preparation
The yeast strain of interest in this study was a recombinant xylose-utilizing strain of
Saccharomyces cerevisiae. The colonies of recombinant Saccharomyces cerevisiae was stored in
the fridge at 4°C and inoculated on yeast extract peptone dextrose (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 2-3 days at 30°C. The incubation and storage procedures were accomplished
according to Ishola et al. (2015) and Mahboubi et al. (2017b) As described below:
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20 g/l agar, 10 g/l glucose, 10 g/l xylose, 10 g/l yeast extract and 10 g/l peptone were measured
with analytical balance and added to the 500 ml blue cup flasks containing 500 ml of Mill-Q water.
The solution in the blue cup flasks was autoclaved for 20 min at 121°C. After sterilization the YPD
solution was poured on 25 plates in aseptic condition. The plates were inoculated by the colonies
of recombinant Saccharomyces cerevisiae stored in the fridge at 4 degrees and incubated for 2-3
days at 30°C. The plate’s lid was surrounded by parafilm and stored in the fridge for later uses.

3.3 Yeast cultivation in semi synthetic media
In order to prepare required yeast inoculum for cell growth optimization, yeast precultures were
prepared in loop inoculated 250 ml Erlenmeyer flasks containing of yeast extract peptone dextrose
(YPD) broth comprising 20 g/l Glucose, 10 g/xylose, 5 g/l peptone 5 g/l yeast extract and placed
in a shaking water bath at 30°C and 120 rpm for 48 hrs.
The preparation of YPD broth was performed according to Mahboubi et al. (2017b) as follow: 800
ml of distilled water was added to a 1000 ml 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 and added 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 flasks were then
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 the aseptic condition for 6, 24 and 48 h by taking 1 ml
into micropipette tubes from each of the six flasks, centrifuged for 2 min at 15000×g 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 content measurement was done basing on cell dry weight
(CDW) measurement, by taking 5 ml from each flask. The biomass centrifuged, washed, and
vortexed with Mill-Q water two times, then the solids dried on weighted aluminum pans in oven
running at 70°C for 24 hrs.

3.4 Wheat straw slurry solids and ash measurements
The wheat straw hydrolysate was used as a substrate for enzymatic hydrolysis. To reduce the
concentration of suspended solids (SS), the viscosity of the slurry, and to enhance the simplicity
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of continuous substrate feeding during enzymatic hydrolysis, the wheat straw slurry was diluted
to 1/8 of its original concentration with Mill-Q water. Three part of slurry 200 g, 100 g, and 30 g
was taken and diluted to 1/8 dilution 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 fraction. Because
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 at pH 5-5.5 (Ishola et al. 2015); therefore the
pH of the slurry has been adjusted by adding 10M NaOH solution to about 5. Solids and ash
measurements were determined by following NREL protocol (Sluiter et al. 2012a). Suspended
solids and total solids content were determined by sampling 5 ml from each of three phases. For
the SS, the sample was centrifuged at 3000xg for 2 min, removing the supernatant; the remaining
part was washed with Mill-Q water and vortexed for two times. The washed solids were then
poured on weighted aluminum pans and dried together with aluminum pans for containing sample
for total solids measurement in the oven at 70°C for 24 hours. For ash measurement, the 5 ml for
each fraction and poured in weighted ceramic crucibles and kept in the furnace at 550°C for 3
hours.

3.5 Enzymatic hydrolysis of the wheat straw slurry
The substrate was enzymatically hydrolyzed in shaking flask employing different temperatures
and enzyme loadings to optimize the hydrolysis conditions. The hydrolysis experiments were
performed in 250 ml Erlenmeyer flasks placed in different shaking water bath running at 30°C,
35°C and 50°C for 48 hours, the final volume was 100 ml for all assays. The cellulase activity was
determined following the filter paper units (FPU) methodology according to Adney (2008).
Enzymatic hydrolysis experiments were carried out in duplicate to determine the best condition
process in terms of enzymes and temperature and to attain a medium with suitable sugar contents
for bioethanol production. Table 2 represents a summary of all enzymatic hydrolysis tests
performed with enzyme content employed. Considering the activity of cellulose to be around 130
FPU/ml, required amount of enzyme (E) was calculated as follow:
SS content of whole stillage (g/L)*volume of the medium (l) (0.1l= g SS in 100 ml of the medium
FPU = x FPU/g SS* g SS in medium
E (ml) = (S (FPU) *1 (ml))/ 130 FPU
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Table 2. Enzymatic hydrolysis tests performed
Number of Flasks containing
media
Flasks of 1/8 D. slurry media
Flasks of 1/8 D. slurry media
Flasks of 1/8 D. slurry media
Flasks of 1/8 D. slurry media
Flasks of 1/8 D. slurry media
Flasks of 1/8 D. slurry media
Flasks of 1/8 D. solid fraction
Flasks of 1/8 D. liquid fraction
Flasks of 1/8 D. slurry media

SS in 100 ml of
media
2.050
2.050
2.050
2.050
2.050
2.050
0.157
1.509
2.050

X FPU/g
SS
8.7
8.7
12.1
12.1
15.6
15.6
12.1
12.1
0

FPU
17.831
17.831
24.799
24.799
31.972
31.972
1.896
18.259
0.000

Enzyme
(ml)
0.137
0.137
0.191
0.191
0.246
0.246
0.015
0.140
0.000

Temperature
condition °C
35
50
35
50
35
50
50
50
50

Different samplings were taken in duplicate at 0, 6, 30, 24, and 48 h. The aliquot of each sample
was centrifuged at 15000×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 shake flasks
Simultaneous saccharification and fermentation (SSF) and separate saccharification and
fermentation (SHF) experiments were performed in 250 ml Erlenmeyer flasks. 125 g and 100 g
portion of wheat straw slurry were each 1/8 diluted with Mill-Q water and mixed well with a
magnetic stirrer. The initial pH of the slurry was measured to be around 2.80, adjusted to pH 5
with 10M NaOH. The suspended solid measurements were done following the same procedure in
section (3.2). The medium for SSF and SHF were prepared by adding 100 ml diluted slurry in 10
flasks of 250 ml Erlenmeyer flasks and autoclaved at 120°C for 20 min. Erlenmeyer flasks were
placed in two different shaking water baths at 120 rpm one at 30°C and another at 50°C for 48 h.
All experiments were carried out in duplicate for 8.7, 12.1 and 15.6 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 48 h. The medium for SHF which was hydrolyzed at 30°C and 50°C after 48h was
loop inoculated with S. cerevisiae and kept in shaking water bath running at 120 rpm at 30°C for
48 h. The amount of required enzyme considering the suspended solid (SS) were calculated
following the same procedure in section (3.3) and are presented in the Table3. Sampling was done
in duplicates at 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 change in sugars,
ethanol, and inhibitor.
Table 3. Enzymatic hydrolysis, SSF and SHF tests performed
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Number of Flasks
containing media
Flasks of 1/8 D.
slurry media /125g
Flasks of 1/8 D.
slurry media /125g
Flasks of 1/8 D.
slurry media /125g
Flasks of 1/8 D.
slurry media /100g
Flasks of 1/8 D.
slurry media /100g
Flasks of 1/8 D.
slurry media /100g

SS
Content/
(g/l)
23.473

SS (100ml
media)

X
FPU/gSS

2.347

8.7

23.473

2.347

23.473

FPU

Enzyme
(ml)

Temperature
condition°C

Processes

20.422

0.157

30

12.1

28.403

0.218

30

2.347

15.6

36.618

0.282

30

23.430

2.343

12.1

28.350

0.218

30

for SSF

23.430

2.343

12.1

28.350

0.218

30

For SHF

23.430

2.343

12.1

28.350

0.218

50

For SHF

Enz.
Hydrolysis

3.7 Membrane bioreactor design, set-up and defining filtration parameters
3.7.1 Membrane Bioreactor set-up
The second generations integrated permeate channels (IPC) membrane modules were used during
experimental work supported by double filtration layers placed in 3D spacer-fabric support
manufactured and supplied by the Flemish Institute of Technological Research (VITO NV,
Belgium). The IPC membrane modules used are hydrophilic made by polyethersulfone (PES)
materials with a pore size of 0.3 µm for microfiltration and the surface area 0.01372 m2 (0.00686
m2 for each panel). The second generation IPC membrane panels contain high quality of resisting
the high-pressure differences during filtration and backwashing, which is an advantage to use the
as submerged MBR. Two membrane panels were placed in parallel in spacer-box and kept inside
4.0 l Belach WebAnt® reactors (Belach Bioteknik AB, Skogås, Sweden) with 2.5 L as the working
volume for all experiment. Actually, the ethanol production process needs more attention in order
to avoid any contamination. Therefore, all materials and equipment were sterilized and disinfected
before use. The 4.0 l bioreactors were autoclaved 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 each experiment. Firstly, 2.5 l of 2% sodium hydroxide (NaOH) was transferred
into a bioreactor for 45 min-1hour at 45°C, then after the bioreactor was two times drained and
rinsed with sterile Mill-Q water. Secondly, 2.5 l of 1% phosphoric acid (H3PO4) was added into
reactor for 45 min-1hour at 45°C then again drained and rinsed by sterile Mill-Q water two times.
The third step was all about disinfection in which 200 ppm of sodium hypochlorite (NaOCl) was
applied for 45 min-1hour at 45°C then drained and rinsed following the same steps. Membrane
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cleaning procedures were performed before each membrane bioreactor experiment for all
processes.
3.7.2 Pure 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 operating parameter depending on kind of liquid or solution
with different viscosity applied to them. In this experiment parameters such as transmembrane
pressure (TMP), flux and permeability were defined comparing membrane filtration performance
with pure water, diluted wheat straw slurry and pure water after wheat straw slurry filtration (figure
3).
The membrane filtration performances were first tested
with pure water using microfiltration IPC membrane
panels placed in 4.0 l Belach WebAnt ® reactors (Belach
Bioteknik AB, Skogås, Sweden), cleaned and disinfected
by the process explained in the (section 3.7.1). The
temperature and nitrogen gas flow rate, the liquid level in
the reactor of 35°C, 3 to 4 l/min and 2.5 l respectively
were constantly controlled by WebAnt® controlling unit
(Belach
Figure 3. Pure water and
hydrolysis filterability analysis

Bioteknik

AB,

Skogås,

Sweden).

The

experiments were done comparing different feeding flow
rates and permeate flow rates. Watson-Marlow 403/R1

peristaltic pumps (Watson Marlow, United Kingdom) were used to pump in the substrate to 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 passed through 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 pressure sensor 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 amounts of nitrogen gas supplied as air/gas sparging. All experimental 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 described in sections (3.4) and (3.5) respectively.
The initial pH of diluted slurry was 2.82 and was adjusted to pH 5 with 10M NaOH. The operating
parameters for the pure water filtration and diluted wheat straw slurry are described in the 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

Feed Flow rate of 10% with 8.1rpm and permeate



Feeding flow rate of 20% with 18.7rpm

flow of 10% with 6.1rpm.



Permeate flow rate of 0.3l/h

Feed Flow rate of 15% with 13.4rpm and permeate



Backwashing flow rate 0.6l/h

flow of 15% with 10.3rpm.



Nitrogen gas flow rate 3.5l/min

Feed Flow rate of 20% with 18.7rpm and permeate



Temperature 35°C

flow rate of 20% with 14.5 rpm



Process cycle 4.5min forward flow and

Feed Flow rate of 25% with 24.0rpm and permeate

0.5 backwashing

flow rate of 25% with 18.7rpm



Sampling time 15 second

Feed flow rate of 30% with 29.2rpm and permeate



Working volume 2.5l

flow rate of 30% with 22.9rpm



Double MF Membrane with pore size of

Feed flow rate of 35% with 34.5rpm and permeate

0.3µm each


flow rate of 35% with 27.2rpm


Backwashing flow rate 0.6l/h



Nitrogen gas flow rate 3.5l/min



Process cycle of 4.5min forward flow and 0.5 min

Used

12.1FPU/gSS

for

enzymatic

hydrolysis


first start.


backwashing


Temperature 35°C



Double Membrane with pore size of 0.3µm each



Working volume 2.5l



Sampling time 15 second



Process running for 1hour for each steps

Fatty acid ester antifoam 200µl at the

Process running

continuously for

48hours

The pure water permeability tests were comparing before and after slurry filtration for one hour.
All samplings, feeding tank refilling and permeate tank emptying were performed in aseptic
condition. Sampling was done in duplicate at 0, 3, 18, 21, 24, 27, 42, 45 and 48 hours where of 3
ml of each was taken and centrifuged, then the supernatant was kept into the friseur for later HPLC
and while the solids part used for change in suspended solids measurements. 10 ml was taken in
13 ml tubes for later change in viscosity measurement.
16

3.7.3 Yeast cultivation on semi-synthetic media and wheat straw hydrolysate to determine
optimal operating condition
The yeast cultivation in different semi-synthetic medium was completed following methods
described in section (3.3). The yeast was used to cultivate the wheat straw hydrolysate as permeate
from membrane filtration and enzymatic hydrolysis of 1/8 diluted wheat straw slurry. Fortunately,
the yeast consumed both glucose and xylose in semi-synthetic media as it described in section
(4.5), on the other hand showed resistance to xylose consumption in wheat straw hydrolysate,
because of lack of nutrients source in hydrolysate. Consequently, seven different medium
cultivations were done to both semisynthetic media and wheat straw hydrolysate in order to figure
out the optimal and good combination for next batch and continuous fermentation. The table5
illustrate the different materials contained in each medium for both semisynthetic media and wheat
straw hydrolysate:
Table 5. The medium composition (Med.1. to 7.) of semi-synthetic media and wheat straw hydrolysate
Semi-synthetic media

Wheat straw hydrolysate

Med. 1. 7.5g/l glucose+ 6.5g/l Xylose

Med. 1. Hydrolysate

Med.2. 7.5g/l glucose+ 6.5g/l Xylose + 2.5g/l yeast extract+
2.5g/l peptone

Med. 2. Hydrolysate+ 2.5g/l yeast extract +2.5g/l
peptone

Med. 3. 7.5g/l glucose+ 6.5g/l Xylose + 5g/l (NH4)2SO4

Med. 3. Hydrolysate+ 5g/l (NH4)2SO4

Med. 4. 7.5g/l glucose+ 6.5g/l Xylose + 2.5g/l yeast extract+
2.5g/l (NH4)2SO4

Med. 4. Hydrolysate+ 2.5g/l yeast extract+ 2.5g/l
(NH4)2SO4

Med. 5. 7.5g/l glucose+ 6.5g/l Xylose + 5g/l yeast extract+
2.5g/l KH2PO4

Med. 5. Hydrolysate+ 5g/l yeast extract+ 2.5g/l
KH2PO4

Med. 6. 7.5g/l glucose+ 6.5g/l Xylose+ 5g/l
(NH4)2SO4+2.5g/l KH2PO4

Med. 6. 7.5g/l glucose+ 6.5g/l Xylose+ 5g/l
(NH4)2SO4+2.5g/l KH2PO4

Med.7. 7.5g/l glucose+ 6.5g/l Xylose +2.5g/l KH2PO4

Med. 7. 7.5g/l glucose+ 6.5g/l Xylose +2.5g/l
KH2PO4

The amount of glucose and xylose used in semi-synthetic media was suggested relating to the
glucose and xylose concentration presented in hydrolysate in (section 4.5) in order to have an
accurate comparison. All steps were done in duplicate in which 100 ml of media was prepared in
250 ml Erlenmeyer flasks, loosed with cotton flags and aluminum paper, autoclaved at 121°C for
20 min, and after reaching the room temperature, were loop inoculated with one colony of yeast
in each flask and then kept in shaking water bath running at 30°C for 48 hours. Sampling for HPLC
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analysis was done at 1,18,24,42 and 48 h and pH measurement at 0, 24 and 48 h. Dry cell mass
measurement was also done after 48 h.

3.8 Double stage membrane bioreactors for continuous enzymatic hydrolysis and
fermentation
3.8.1 Pure 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 time of 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% ethanol into a reactor filled with 2.5 l of pure
water. Parameters taken into accounts were 30°C and 35°C temperatures each with gas/air flow
rate 3 l/min and 4 l/min for 5 h considering the fact that the MBR filtration was carried out in a
continuous process.
3.8.2 Wheat straw slurry dilution and MBR assisted enzymatic hydrolysis in batch and
continuous process
The acid pretreated wheat straw slurry was diluted to 1/8 of its original concentration with Mill-Q
water, sieved, pH adjusted to 5 with 10 M NaOH and sterilized in an autoclave as well described
in (Section 3.4). Enzymatic hydrolysis of 1/8 diluted slurry was initially started in a batch process
in 4 l Belach WebAnt® reactor (Belach Bioteknik AB, Skogås, Sweden) and with 2.5 l of working
volume. It was carried out at a temperature of 35°C and pH between 4.90 - 5.30 as well as foaming
(fatty acid ester antifoam was applied), air/nitrogen flow rate were automatically controlled and
adjusted by the WebAnt® controlling unit (Belach Bioteknik AB, Skogås, Sweden). Enzymatic
hydrolysis in batch and continuous was completed comparing different enzyme loading.
Enzymatic activity was measured 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 for 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 at 0.3l/h flow rate by the help of
Watson-Marlow 403/R1 peristaltic pumps (Watson Marlow, United Kingdom). Nitrogen 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 fermentable sugars and inhibitors, to a certain
amount of 400 ml in the buffer tank, was used as substrate feed-in continuous fermentation. The
same processes were followed to all applied fluxes 21.9, 36.4 and 51 LMH.
3.8.3 Yeast pre-culture medium preparation
To prepare required yeast inoculum for continuous fermentation in MBR, yeast pre-cultures were
prepared in 250 ml Erlenmeyer flasks containing 100ml of yeast extract peptone dextrose (YPD)
broth. During continuous fermentation cell conversion rate depend on the initial amount of cells.
Thus different pre-cultures were employed to optimized better performance. Low 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 pre-cultures medium, as well as fermenter media contents, were chosen to
referring to the research done by Mahboubi et al. (2017a) in which pretreated wheat straw
hydrolysate was used as substrate but with different operating conditions comparing to this
experiment. The substrate was 1/4 diluted while in this experiment was 1/8 diluted. In this case, to
prepare the pre-culture and fermenter media during the experiment, the same compounds and half
of the concentration were taken into account. The high pre-culture concentration broth containing
12.5 g/l glucose, 12.5 g/l xylose, 10 g/l peptone, and 5 g/l yeast extract were prepared. The precultures were loop inoculated and placed in a shaking water bath (Grant OLS 200, Grant instrument
ltd, UK) at 30°C and 120 rpm in 24h for 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 inoculate the MBR for fermentation.
3.8.4 MBR assisted fermentation batch process to optimize operating condition
During the batch process, the amounts, contents of batch medium and initial inoculum were
prepared relating to the pre-culture prepared in (section 3.8.3). Low inoculum of 200 ml was used
to fermenter filled with inoculating 2.3 l autoclaved broth containing 7.5 g/glucose, 6.5 g/l xylose,
5 g/l yeast extract and 2.5 g/l of KH2PO4. On the other side, a high inoculum of 300 ml was used
to inoculate fermenter filled with 2.2 L autoclaved broth containing 25 g/l glucose, 25g/l xylose,
5 g/l peptone, 2.5 g/l yeast extract, and 2.375 g/l KH2PO4 (figure 4). 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 rate of foaming formation. During the batch process, the
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air sparging with a flow rate of 0.4l/min was supplied to provide minimal aeration for cell growth
and medium mixing.

Figure 4. Inoculation and batch process in MBR
3.8.5 Continuous fermentation of wheat 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 the nitrogen gas with a flow rate of 0.4l/min was provided to have
a better mixing inside the fermenter. The 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 l/h, 1l/h, and 0.14l/h respectively (figure 5). Throughout the
continuous processes, Watson-Marlow 403/R1 peristaltic pumps (Watson Marlow, United
Kingdom) were used for feeding or permeate removal. Moreover, liquid flowrates, pressure on 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), respectively. In order to compensate the lack of nutrients source in hydrolysate,
10ml solutions rich in nutrients transited to2.5 g/l of yeast extract, 2.5 g/l of (NH4)2SO4 and 3.5g/l
KH2PO4 were added for every 24 h in fermentation reactor. The control of the liquid level in the
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bioreactors, pumps involved in feeding and permeate removal, pressure sensors and flow meters
were completely synchronized and automated, using the LabView-based Mefias® software
specifically customized and developed by VITO for this research work. During continuous
fermentation, different samples were taken every 8 and 16 h to monitor sugar consumption and
metabolites production.

MBR-fermentation

Feed tank
MBR-Hydrolysis

Buffer tank

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

3.8.6 Membrane fouling measurement based on solid loading, backwashing and 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 low starting 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
21.9 LMH for 30 min, followed by 51 LMH for 1 h then back again to 21.9 LMH flow for 30 min.
This trend was repeated stepwise for flow rates with and without backwashing (BW).
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- Runs performed at 35°C (initial pH 5)
- Permeate recirculation
- Clean water filtration before and after the run was considered with the same stepwise regime.
The changes of TMP, total resistance of membrane and cake layer resistance for all fluxes with
and without backwashing were taken into consideration. The amounts of total resistance and cake
layer resistance are calculated according to equations 1 and 2 respectively.
𝑱=

𝑻𝑴𝑷
µ𝑹𝑻

(1)

𝑹𝑻 = 𝑹𝒎 + 𝑹𝑪 + 𝑹𝒇

(2)

Where J is permeate flux, µ is permeate viscosity, RT is total resistance, Rm membrane resistance
(clean water filtration), RC is the cake layer resistance and Rf is irreversible fouling resistance. 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 µ of water at 35°C (0.789×10 -3
Pa.s) has been considered for the permeate. As in microfiltration irreversible fouling due to particle
penetration in the membrane pores rarely occurs resulting in considerably smaller R f resistance
than Rc, Rc is used to represent resistance due to cake layer and irreversible fouling (Choo et al.
1996).

3.9 Analytical methods
High performance liquid chromatography (HPLC) (Walters 2695, Walters Corporation, and
Milford, USA) was used to determine and analyze the concentration of different compounds and
metabolites in cultivation medium as well as in hydrolysate. During analysis, a hydrogen based
ion-exchange column (Aminex HPX-87H, Bio-Rad, Hercules, USA) working at 60°C with 5 mM
H2SO4 eluent flowing 0.6ml.min-1 was used to identify and quantify sugars, inhibitory compounds
(such as furfural, HMF, acetic acid), glycerol and ethanol. All samples taken for HPLC analysis
were transferred into HPLC vials for analysis and kept in device in which semi-synthetic media
analyzed for 25 min while hydrolysate analyzed for 50min because of inhibitory presence. Dry
biomass was measured basing on Cell dry weight(CDW) measurement , where sample 5 ml of
different cultivation medium was taken ,centrifuged at 3.000×g for 5min, removing the
supernatant, washed and vortexed with Mill-Q water and transferred the washed on cell weighted
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Aluminum pans then drying the washed cell in 70°C oven for 24 hrs. Acid insoluble lignin, acid
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 biomass (Sluiter et al. 2012b).
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. In order to compare the results, data analysis of variance
(ANOVA) was accomplished by applying general linear models with 95% confidence interval
followed by pairwise comparisons using Tukey’s test.
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4. Results and discussion
The main goal of this project was to integrate MBR into the lignocellulosic bioethanol production
process in terms of process intensification. The performance of microfiltration membrane in such
a process was also investigated. Different parameters and conditions were investigated to set up
the system. Membrane filtration performance was firstly investigated using clean water and
hydrolysate. Continuous membrane assisted enzymatic hydrolysis and fermentation in a controlled
interconnected double-staged submerged MBRs were investigated by comparing 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 separate submerged MBRs. Results conditions
optimization, the setup processes by means of double-stage submerged MBR are well described
in the following sections.

4.1 Ethanol production in semi-synthetic media
The aim of ethanol production in semi-synthetic media was mainly based on cell growth
optimization for continuous fermentation. The HPLC analysis results of metabolites and media
components in the semi-synthetic media are presented in figure 6. The maximum ethanol
concentration of 7.10±0.18 g/l was obtained in 48 h when glucose was completely consumed. The
glucose was consumed quicker than xylose concentration. The initial concentration glucose of
19.02 g/l was completely consumed in 48 h while 7.87±0.24 g/l of xylose remained out of the
initial concentration of 9.82 g/l. According to Moyses et al. (2016) xylose metabolism is slow
comparing to glucose metabolism owing to the fact that S. cerevisiae has a higher affinity for
glucose than xylose and transported by the help of glucose transporters into the cell. Dry cell
biomass contents have been measured based on Cell dry weight (CDW) and found to be 3.64 g/l
cell biomass. The change in pH from 4.80-5.64 was observed.

24

Concentration in g/l

25
20
15
10

5
0
0
Ehanol

24

48

Time in (h)
Glucose
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Glycerol

Figure 6. Changes in the concentration of metabolites during cultivation in semi-synthetic media
at 30°C.
Glycerol formation was relatively low but slightly increased to 0.58±0.12 g/l at 30 h and remains
almost the same till 48 h. Glycerol is synthesized by yeast for equilibrating the intracellular redox
balance by converting the surplus of NADH generated during biomass formation to NAD+ (Carlos
et al. 2002). Xylitol formation 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 yeast co-utilization of glucose and xylose
in a continuous MBR assisted fermentation. Although the slow consumption of xylose was noticed
compared to glucose consumption, different inoculum and condition optimization were
investigated (section 4.4).

4.2 Enzymatic hydrolysis of the wheat straw slurry, liquid and solid fractions
A number of enzymatic hydrolysis experiments were carried out to determine the best condition
in terms of enzyme loading and temperature to attain a medium with a suitable sugar contents for
bioethanol production. Throughout the study, the 1/8 diluted slurry is regarded as a slurry to skip
repetitions and writing complications. Whole slurry and solid and liquid fractions of slurry after
sieving using an ordinary kitchen sieve were enzymatically hydrolyzed well described in (section
3.5). The suspended solid contents in the diluted slurry, solid and liquid fractions were 20.49±0.02
g/l, 1.56±0.41 g/l, and 15.09±0.12 g/l respectively.
Figure 7a and b presents the concentration of 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 concentrations of glucose
and xylose released at 50°C after 48h were high compared to sugars released at 30 and 35° C.
Considering the totals sugar released during enzymatic hydrolysis, 50°C condition seems to be the
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best. However, 50°C condition would be rather problematic for further applications in this thesis
work, since cellulase and the yeast have different optimum activity conditions: Cellulase (50°C)
and yeast S. cerevisiae (30-35°C). The higher temperature of 50°C can endanger the cells growth
resulting in cell death (Ishola et al. 2015). The concentration of glucose and xylose released with
8.7 and 12.1 FPU/g SS enzyme loading at 30°C and 8.7 FPU/g SS enzyme loading at 35°C from
the figure 7a and b, were low comparing to the concentration of glucose and xylose released with
15.6 FPU/g SS at 30°C and 8.7 and 15.6 FPU/g SS at 35°C; 15.6 FPU /g SS which requires the
use of higher amount of enzyme and was not considered the cost of enzyme. Enzymatic hydrolysis
performed at 35°C is faster compare to that of 30°C and helps decreasing the viscosity of the fluids
which is an important parameter in membrane bioreactor. As the IPC membrane panel material
goes through deformation at temperatures above 50°C also as deterioration extent of IPC
membrane at long-term exposure to elevated temperatures above 40°C has not been studied, 35°C
can leave a good safety for continuous application of MBR in hydrolysis. This in addition to the
fact that permeate from the hydrolysate MBR will further be fed to the buffer tank and then to
fermentation MBR working at 30°C there’s no requirement for an intermediate cooling or the
permeate. Since in this project continuous enzymatic hydrolysis and continuous fermentation were
performed separately and 12.1 FPU/g SS and 35°C were selected for enzymatic hydrolysis
throughout the study.
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Figure7. Changes in the concentrations of sugars during enzymatic hydrolysis of the 1/8 diluted
wheat straw slurry at 30°C, 35°C and 50°C, a) glucose concentration for 8.7, 12.1, and 15.6 FPU/g
SS and, b) xylose concentration for 8.7, 12.1, and 15.6 FPU/g SS.
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Figure 8 represents the changes in the concentration of glucose and xylose as a result of enzymatic
hydrolysis of sieved liquid and solid fraction of wheat straw at 50°C with 12.1 FPU/g SS. The
concentration of glucose and xylose in sieved liquid fraction of 9.90±0.19 g/l and 6.79±0.007 g/l,
respectively, was higher than that of the solid fraction (remaining from sieving) of 0.50±0.03 g/l
and 0.04±0.004 g/l respectively. Lignin residues released during the pre-treatment 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 (Mahboubi et al. 2017b). Hence, 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 sieved liquid and solid fractions of slurry
shows that if the slurry is first sieved before hydrolysis only negligible amount of sugars lost.
However, slurry sieving benefit feeding and filtration processes. Figure 9 present the Composition
and concentration of saccharides of liquid fraction of 1/8 diluted slurry and 1/8 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 sieved liquid and solid
fractions of wheat straw slurry: (a) glucose concentration and (b) xylose concentration (50°C,
12.1 FPU/g SS).
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4.3 SSF and SHF enzymatic hydrolysis and yeast cultivation
With the main objective of examining the combination of optimized cell growth and enzymatic
hydrolysis conditions, the comparison of simultaneous saccharification and fermentation (SSF)
and separate hydrolysis 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 baths. The
results are presented in figure 10a, b and c. Figure 10a (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 48 h the highest amount of ethanol produced was 4.17±0.045 g/l
representing 96% of ethanol yield. Figure 10b and c (SHF)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 temperatures. After 96 h the highest ethanol concentration produced was 5.04±0.47
g/l and 5.78±0.8 g/l representing 87% and 76% of theoretical maximum yield for SHF at 30°C and
50°C respectively. It was noticed that the high ethanol concentration produced during SHF high
comparing to SSF. Although 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 started after all glucose was
consumed, similar observation were perceived in irrespective of condition and parameters (Ishola
et al. 2015). Ask et al. (2012), studied the challenges of enzymatic hydrolysis and fermentation by
comparing SHF at 45°C and SSF 32°C using pretreated Arundo donax, the highest yield was
obtained with SHF comparing to SSF. According to Talebnia et al. (2010), SSF processes suffer
for suboptimal conditions, since cellulase enzyme and the yeast have different optimum conditions
(Cellulase 40-50°C pH 4.5-5.0 and yeast S. cerevisiae 30-35°C), and lead to low monomeric sugar
production as well as low ethanol yield and also the cell cannot be reused because its mixed with
different solid particles. SHF processes suffer from end product in inhibition, means that the
monomeric sugars that are produced in the bioreactor can reduce the activity of the enzyme and
consequently led to incomplete hydrolysis and low ethanol yields. Glycerol formations was
relatively low during SSF of 0.48±0.16 g/l figure 10a and SHF of 0.61±0.13 g/l and 0.59±0.33 g/l
figure 10b and c respectively, and show the 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 chosen for continuous double-staged membrane filtration
assisted enzymatic hydrolysis and fermentation.
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Figure 10. Changes in concentration of substrates and metabolites during simultaneous
saccharification and fermentation (SSF) and separate hydrolysis and fermentation (SHF)
performed in shake flasks for 48h: a) SSF at 30°C, b) Enzymatic hydrolysis and fermentation both
at 30°C and c) Enzymatic hydrolysis at 50°C and fermentation performed at 30°C.
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4.4 Effect of yeast cultivation on semi-synthetic media and wheat straw hydrolysate
This step of experiment aimed to examine cell growth on semisynthetic media and wheat straw
hydrolysate looking at sugars consumption, ethanol production and the capability of the cells for
inhibitor removal. Wheat straw hydrolysate contained glucose and xylose concentration of
6.67±0.002 g/l and 5.79±0.01 g/l respectively. According to the results (figure 11a), it was
observed that the yeast was able to simultaneously consume glucose and xylose. Glucose
concentration was considerably consumed in 24 h and only 96.6% of xylose in 48 h which have
been converted into more cells, ethanol and metabolites. The consumption of glucose and xylose
has increased maximum the amount of ethanol of 9.35±0.98 g/l obtained at 30 h. On the other
hand, the results showed that in during cultivation hydrolysate (figure 11b), the consumption of
xylose was problematic while total concentration of glucose was all consumed in 48 h. Due to the
lack of nutrients source in hydrolysate the yeast has faced the problem of co-utilize both glucose
and xylose, therefore this steps was more investigated on both semi-synthetic media and
hydrolysate in order to figure out the cause of this problem. On the other hand, as the yeast has not
only the capability to co-utilize glucose and xylose but also high resistance to inhibitor by
enhancing in situ detoxification of some inhibitors such as furfural and HMF and which can be
converted into less inhibitory compounds like furfural alcohols (Ylitervo et al. 2014b).
Consequently, in 30 h in situ detoxification of furfural and HMF was observed (figure 11c), the
initial concentration of furfural of 0.56±0.014 g/l was totally converted while the initial
concentration of HMF of 0.08±0.009 g/l was totally converted in 72 h. Acetic acid as a pH
dependent inhibitor is sometimes present medium and produced by the yeast during fermentation
similar observation were observed in (Ishola et al. 2015). The initial acetic acid concentration in
hydrolysate was 0.97±0.03 g/l and was slightly increasing to 1.25±0.6 g/l by increasing the pH
from 4.82 to 4.66 at 48 h and drop to 0.89±0.35 g/l and pH change to 4.77. However, it was
suggested that those changes in pH and acetic acid was caused by the bacterial contamination but
didn’t affect the work of the yeast. Consequently, different medium contents and concentrations
in both semisynthetic and hydrolysate were suggested (section 3.7.3 and section 4.5.3) to figure
out the optimal and good combination for next batch and continuous fermentation.
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Figure 11. Yeast cultivation of: a) semi-synthetic media and b) wheat straw hydrolysate and c)
Change of inhibitors during yeast cultivation in hydrolysate.
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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 understanding the changes in the parameters such as
TMP, flowrate, flux, permeability as well as membrane resistance practiced using clean water and
slurry. Microfiltration filtration trials using pure water, semi-synthetic media and pretreated slurry
were conducted. Membrane cleaning measures of backwashing and air/nitrogen sparging were
practiced in order to find optimum fouling-preventing conditions. Membrane filtration
performance was first tested with clean water. The temperature and nitrogen gas sparging flow
rate of 35°C and 4 l/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, helps to remove and loosening cake layer fouling against the
membrane surface and mainly raises membrane porosity. Accordingly, backwashing together with
air scouring or cross-flow velocity involved in the reduction of size and thickness of cake layer
foulants on the membrane surface (Basu 2014). 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 hydrolysate. The 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 hydrolysate, there were no considerable differences for both permeability
and TMP as it is shown in the (figure 12a and b). The change TMP during hydrolysate filtration
was comparable to that of clean water before and after hydrolysate filtration. This means that
during the hydrolysate filtration, backwashing and gas sparging effectively prevented cake layer
formation on the membrane surface, reduce membrane fouling, and saved the loss of filtration
area. Therefore, the flux of 21.9 LMH provided an effective membrane performance for doublestage MBR based hydrolysis and fermentation.
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(a)

(b)

Figure 12. Comparison of (a) permeability and (b) TMP during membrane filtration of pure water,
hydrolysate and pure water after hydrolysate filtration.
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4.5.2 Comparison of 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 operating parameters. Yoon
(2015b), suggested that, operating membrane separation processes at constant flux mode is
integrally advantageous referring to how the membrane fouling can be easily prevented by
controlling permeate tank pump output. In this regard, clean 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 presented in figure 13a. In interconnected double-staged submerged MBR,
MBR-1 and MBR-2 represent MBR used for hydrolysis and fermentation respectively. The results
are shown in (figure 13b), 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 (figure 13b and c). Therefore, as the filtration performance were effective in all applied
fluxes, 21.9 LMH, 36.4LM, and 51 LMH were chosen to be applied and compared during
continuous membrane filtration.
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Figure 13. Pure water filterability comparing different permeate fluxes for interconnected doublestaged submerged MBR (MBR-1 and MBR-2): (a) Flux; (b) TMP (c) Permeability
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4.5.3 Yeast growth optimization for batch and continuous fermentation
In order to prepare required yeast inoculum and to adopt good combination for batch and
membrane based continuous fermentation process, yeast precultures were prepared in seven
different medium compositions for both semi-synthetic broth and hydrolysate. The results
presented in (figure 14) 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 hydrolysate (figure 14e and f) in all medium mostly in medium 2, 4 and 5
compared to semi-synthetic media (figure 14b and c), because of different amount of nutrients may
be presented in hydrolysate than in semisynthetic media. Consequently medium 1, 3, 6 and 7 were
not promising for the next experiments. Comparing medium 2, 4 and 5, glucose amount was 100%
consumed in both semi-synthetic media (figure 14b and c) and hydrolysate(figure 14e and f) after
24 h while xylose amount was 99.3% consumed in medium 2 and 4 and 80% consumed in medium
5 in semi-synthetic media and 94% consumed in medium 2,4 and 5 in hydrolysate. However,
medium 2 and 5 was chosen for the next inoculum preparation considering the fact that hydrolysate
was being used as substrate in continuous fermentation.
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Figure 14. Yeast cultivation to in semi-synthetic media and wheat straw hydroysate in 7
different medium ( Med 1 to 7); (a), (b) and (c) semi-synthetic media and (d), (e) and (f) wheat
straw hydrolysate.
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4.5.4 Ethanol evaporation measurement in MBR
In submerged MBRs process gas sparging /air scouring is one of method used to provide a better
medium mixing and to mitigate membrane fouling rates mostly in anaerobic processes. However,
the air/gas sparging rates in anaerobic submerged MBRs when used in ethanol fermentation may
be the source of considerable amount of ethanol losses through excessive evaporation over time
(Mahboubi et al. 2017a). In order to measure maximum amount of ethanol evaporated, the ethanol
evaporation analysis was done before fermentation process at 35°C and nitrogen gas sparging of
0.4 l/h, by comparing initial ethanol concentration of 11 g/l and 5.5 g/l, the results are presented in
figure15. The experiment was performed for 6 h and it was observed that 0.30 g/l and 0.21 g/l.h
of ethanol were evaporated with high and low initial ethanol concentration respectively (figure
15). Therefore, as the MBR fermentation and hydrolysis were done at 30°C and 35°C respectively
with air/gas flow rate of 0.4 l/h and considering the fact that the concentration of ethanol produced
during fermentation was between 5-10 g/l, during results analysis, the amount of ethanol
evaporated of 0.21 g/l.h was taken into account in all calculations.
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Figure 15. Ethanol evaporation analysis in MBR at temperature of 35°C and air/gas flow rate of
0.4l/min comparing different initial ethanol concentration
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4.6 Double-stage membrane biorector
The main goal of this part of the project was to investigate the performance of interconnected
double-stage submerged membrane bioreactors (MBRs) assisted hydrolysis and fermentation in
terms of process intensification. The processes were carried out comparing filtration performance
during hydrolysis and fermentation at different constant permeate fluxes of 21.9 LMH, 36.4 LMH,
and 51 LMH. Membrane assisted continuous hydrolysis interconnected together with membrane
assisted continuous fermentation in which double IPC membrane supported in spacer boxes (well
described in section 3.7.1) were submerged inside the 4 l reactor in which 2.5 l was working
volume as illustrated in figure 16. 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 took around 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 as well as sustaining sufficient biological/chemical removal
(Ferrero et al. 2012).
Firstly, double-stage membrane based continuous hydrolysis and fermentation was carried out by
considering enzyme loading of 12 FPU/g SS and yeast inoculum as well explained in (section
3.8.3) at constant permeate flux of 21.9 LMH. However, incomplete sugar conversion was
observed which led to low ethanol yield and productivity. Consequently, enzyme loading was
increased to 15.6FPU/g SS and increased hydraulic retention time (HRT) to 41.66h almost optimal
HRT of 48 h of maximal total sugar production has resulted from previous experiment (section
4.2), by changing the slurry feed tank from 5 l to 10 l tank. The performance of membrane was
defined by change in membrane resistance and transmembrane pressure (TMP) which mostly
characterizes the formation cake layer on the surface of the membrane and membrane fouling. The
(figure 16a and b) represent the automated sketch of the process from computer control and the
actual experimental set up. For each phase of experiment the forward flow of 4.5 min and 0.5 min
of backwashing and sampling time at each 50 sec were applied in which backwashing flowrate
was double the filtration flow rate in each condition. Air/nitrogen gas sparging provided was at
rate of 0.4 l/h. The fermentable sugars produced during hydrolysis were continuously filtrated as
permeate in buffer tank and at the 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 during hydrolysis and fermentation
are described in the following pages.

(a)

Hydrolysis

Buffer tank

Fermentation

(b)

Fermentation

Hydrolysis

Buffer tank

Figure 16. Experimental sketch (a) Automated sketch of the process from computer control and
(b) Actual experimental set up.
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4.6.1 Double-staged submerged MBR performance at constant flux of 21.9LMH
To investigate the effect of suspended solids and cell biomass accumulations on membrane, the
filtration performed first at constant permeate flux of 21.9 LMH. The performance of membrane
was defined considering the changes in membrane resistance and TMP, which depend on the cake
layer formation on the membrane surface, resulted mostly in membrane fouling. Generally, TMP
supposed to remain constant or slowly increases when membrane performed at low fluxes. Even
though the filtration happen in potentially fouling feed solution, the TMP and membrane resistance
increase proportionally (Miller et al. 2014). During filtration flux of 21.9 LMH the resistance and
TMP increased slowly, at constant rate with time and after 90h, the trends remained stable till the
end of filtration 264 h.
Considering initial TMP of 0.007 bar during continuous hydrolysate filtration, a small increase of
TMP with negligible increase rate of 0.0005 bar/day was noted. Even though the concentration of
suspended solids (SS) increased at the rate of 8.5 g/l.day between 0 to 142 h reached 57.5±0.05
g/l, to maintain stable SS content in reactor, draining was applied per day by removing 340 ml
from reactor. The TMP showed a negligible increase and was gradually increased proportionally
to the membrane resistance (figure 17b and c (red)). Therefore, during continuous hydrolysate
filtration, membrane showed a great performance at TMP between 0.007 and 0.011 bars for a
period of 11 days (264 h).
On the other hand the membrane filtration was performing at low TMP during continuous yeast
cultivation and ethanol product removal comparing to continuous hydrolysis and hydrolysate
filtration. TMP had a marginal rise from a range of 0.0013 bar up to 0.0072 bar in initial 32 h,
which mostly affected by initial membrane fouling (figure 17b (yellow)). This phenomena happen
due to the adsorption of particles on the membrane surface driven by physical and chemical
interactions between membrane and particles which cause the initial TMP increase hence initial
fouling (Yoon 2015b). This indicate the contribution of yeast cells on membrane fouling as well
as some nitrogen source compounds presented in media such yeast extract and peptone, in which
their filtration contribute on cake layer resistance (Zhang et al. 1998a). The same event observed
on membrane resistance also slowly increased proportionally to TMP (figure 17c (yellow)).
Although the TMP increased in first 32 h, TMP showed a steady trend with no rise after initial
increase in 32 h. However to the statistical analysis showed a significant difference between the
final TMP value with P-value = 0.042 during continuous filtration assisted hydrolysis and
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fermentation. Although membrane filtration at a constant flux of 21.9 LMH shows an effective
performance during continuous hydrolysis and fermentation, filtration performance at higher
fluxes were necessary and investigated considering membrane selectivity, ethanol productivity and
membrane functioning in terms of membrane fouling tolerance.
(a)

(b)

(c)

Figure17. Membrane bioreactor filtration performance during enzymatic hydrolysis and
fermentation with a constant permeate flux of 21.9LMH: (a) Permeate flux, (b) TMP, Suspended
Solids (SS) and cell biomass (c) Membrane resistance, Suspended Solids (SS) and cell biomass.
44

4.6.2 Double-staged submerged MBR performance at constant flux of 36.4LMH
The submerged MBR continuous filtration was performed comparing the membrane efficiency at
constant permeate flux of 36.4 LMH and 21.9 LMH. Figure 18 illustrates the membrane
performance with filtration flux of 36.4 LMH during continuous hydrolysis (green) and
fermentation (blue). In order to keep the high HRT, the slurry feed tank was changed from 10 L to
20 L and filled with 18 L of slurry initially. Compared to the previous experiment with filtration
flux of 21.9 LMH, it was observed that during enzymatic hydrolysis, the higher the filtration flux
of 36.4 LMH, the TMP shows a marginal increase in the first 24 h up to 0.011 bar, and continue
with a slight rising around 0.045 bar till 96 h, while the SS accumulation rate was around 20.5
g/l.day. In 120 h, the TMP raised up to 0.145 bar. The rise in the TMP profile likely corresponded
to the onset of cake layer formation. Foulants continued to accumulate on the cake and the
resistance continued to rise until the experiments were stopped when the TMP reached the
maximum measurable value up to 0.35 bar (figure18b (green)). Sudden TMP increase is a common
phenomenon which happens in membrane filtration process. The main reason is the cake layer
compaction which happen when the pressure loss on the cake layer attains a critical level, the
strong force compresses the cake layer from the bottom and causes gradual increase of filtration
resistance, and TMP increases in order to compensate the permeability loss (Yoon 2015b).
Comparing the filtration performed at flux of 36.4 LMH and 21.9 LMH, the final TMP were
significantly different with the P-value = 0.0001 while the final TMP during filtration assisted
hydrolysis and fermentation were similar with no significant difference (P-value = 0.095). In 24 h
of permeate (fermentation product) filtration, the TMP rose to 0.04 bar and remain almost constant
over time with a negligible increase rate of 0.003 bar per day (figure18b (blue)). However,
continuous membrane filtration with 21.9 LMH flux showed a great performance with low TMP
and capability to withstand for long period of continuous filtration up to 11 days (264 h) comparing
to 36.4 LMH filtration flux.
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(a)

(b)

(c)

Figure 18. Membrane bioreactor filtration performance during enzymatic hydrolysis and
fermentation with a constant permeate flux of 36.4LMH: (a) Permeate flux, (b) TMP, Suspended
Solids (SS) and cell biomass (c) Membrane resistance, Suspended Solids (SS) and cell biomass.
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4.6.3 Double-staged submerged MBR performance at constant flux of 51 LMH
This part of the experiment was aimed to study the effect of high flux on membrane selectivity,
and membrane fouling tolerance and compare membrane filtration effectiveness at constant of 51
LMH 36.4 LMH, and 21.9 LMH. Figure 19 illustrates the results of membrane filtration
performance at the constant flux of 51 LMH during continuous hydrolysis (green) and
fermentation (blue). It was observed that the high accumulation rate of suspended solids of 26.75
g/l.day at constant filtration flux of 51 LMH, caused a rapid increase of materials deposited and
membrane pores blockage, which resulted in rapid membrane fouling. However, it was indicated
by a successive increase in membrane resistance which resulted in high TMP upturn with a high
increasing rate of 0.035 bar per day increase from 0.016 bar up to TMP of 0.146 bar in only 52 h
(figure 19b and c (green)). The TMP rises exponentially from the very beginning due to the
presence of high flux. After 52 h, the system showed the needs of more maintenance and
adjustment for feeding and filtration and chemical cleaning as backwashing (BW) has not been as
effective. It was concluded that, during continuous filtration with high flux, membrane lose its
capacity and lead to low permeability and high membrane resistance in short period of time.
Although, the rate of suspended solid 26.75 g/l.day was high compared to the rate of cell biomass
accumulation inside the reactor around 1.43 g/l.d, the final TMP during hydrolysate filtration was
low and significantly different to the final TMP during bioethanol fermentation and filtration a Pvalue = 0.0001. During bioethanol fermentation and filtration, it was noticed that membrane
performed at high TMP up to 0.34 bar in only 19 h and slowly increased to 0.4 bar till 52 h as it
was presented in (figure 19b and c (blue)). In addition, statistical analysis of final TMP values for
all applies fluxes during filtration assisted hydrolysis proved that there is a significant difference
between final TMP with a P-value = 0.006, while no significant difference observed between final
TMP comparing 36.4 LMH and 51 LMH with a P-value = 0.256.
To conclude the high flux of 51 LMH, lead to high TMP and high membrane resistance and
consequently poor membrane performance. Membrane filtration showed a perfect performance
and capacity to work in continuous hydrolysis and fermentation with a constant permeate flux of
21.9 LMH comparing to other applied fluxes.
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Figure 19. Membrane bioreactor filtration performance during enzymatic hydrolysis (green) and
fermentation (blue) with a constant permeate flux of 51 LMH: (a) Permeate flux, (b) TMP,
Suspended Solids (SS) and cell biomass (c) Membrane resistance, Suspended Solids (SS) and cell
biomass.
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4.7 Continuous enzymatic hydrolysis and filtration of pretreated wheat straw slurry
One of the projects’ goals was to ensure the effectiveness of enzymatic hydrolysis during
continuous hydrolysate filtration at constant permeate flux of 21.9 LMH, 36.4 LMH and 51 LMH.
Enzymatic hydrolysis of the wheat straw slurry was accomplished by adopting different enzyme
loading to optimize the operating conditions. The experiments started by batch steps for 48 h and
followed by continuous hydrolysis while hydrolysate was continuously filtered in the buffer tank
by the help of double IPC microfiltration membrane. Initially, wheat straw slurry before use was
1/8 diluted, sieved with an ordinary kitchen sieve and autoclaved for 20 min at 121°C. The reasons
of sieving were well explained in Mahboubi et al. (2017a) article. Though, continuous enzymatic
hydrolysis and fermentation were carried in parallel into double stage MBR, where hydrolysate
filtered in buffer tank was immediately fed into the fermenter. Batch hydrolysis and fermentation
were completed in 48 h and 24 h respectively and after each batch phases, continuous feeding and
filtration started at the same time. Batch hydrolysis started 24 h after pre-cultures incubation in
shaking flasks, to complete 48 h of batch hydrolysis at the same time with 24 h of batch
fermentation. The results are presented in the following paragraphs.
4.7.1 Continuous hydrolysis with low enzyme loading at constant permeate flux of
21.9LMH
To investigate hydrolysis accomplishments during continuous filtration at constant permeate flux
of 21.9 LMH, the optimization of enzyme loadings and hydraulic retention times (HRT) were also
considered. The After 48 h of batch hydrolysis at 35°C, the slurry feed tank of 5 l capacity placed
on magnetic stirrer of 300 rpm was filled with 5 l of prepared slurry and the addition of enzyme
was added respecting low enzyme loading of 12.1 FPU/g SS which lead to the low HRT around
25 h. Although, batch hydrolysis was performed at suboptimal condition, enzyme was able to
increase the concentration of total sugar from 6.14±0.5 g/l (glucose 1.75±0.1 g/l) up to maximum
concentration of 12.27±0.01 g/l (6.43±0.01 g/l glucose and 5.84±0.01 g/l xylose) in 32 h and the
trend remained almost constant till 48 h from result presented in (figure 20a). However, low HRT
affected the effectiveness of hydrolysis comparing to the results obtained in (section 4.2), in which
hydrolysis performed at 35°C with the maximum HRT of 48 h the hydrolysis was 2.5 more
effective than in this time. Continuous hydrolysis was started after 48 h of batch hydrolysis by
continuously substrate feeding into the reactor while the fermentable sugar was continuously
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filtrated into the buffer tank at the constant flux of 21.9 LMH. In this phase, enzymatic hydrolysis
was completed in 240 h with 192 h of continuous hydrolysis.
Figure 20 represents the amounts of sugar and inhibitors which were filtered from MBR as
permeate to the buffer tank and fed into the fermenter for continuous yeast cultivation. In general,
99.5% of total sugars were filtered into buffer tank during continuous filtration. The amount of
acetic acid, furfural, and HMF inhibitor trend were almost stable during enzymatic hydrolysis
batch and continuous in both MBR and buffer tank. However, to increase the effectiveness of the
enzyme during hydrolysis, the enzyme loading was increased to 15.1 FPU/gSS and HRT to around
42 h which was at least closer to maximal HRT and has been applied in all experimental work.
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Figure 20. Results from enzymatic hydrolysis and hydrolysate filtration at low enzyme loading
and filtration permeate flux of 21.9LMH: (a) change in sugars (glucose and xylose), inhibitors, in
MBR; (b) Amount of sugars (Glucose and glucose), and inhibitors filtered into buffer tank.
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4.7.2 Continuous hydrolysis with high enzyme loading at constant permeate flux of 21.9
LMH
The main objective was to investigate hydrolysis performance with an enzyme loading of 15
FPU/g SS at 35°C during continuous hydrolysate filtration at constant permeate flux of 21.9 LMH.
Because membrane panel filtration cannot tolerate higher temperatures for a long time which may
lead to membrane damage or breakage; enzymatic hydrolysis was carried out at suboptimal
condition at 35°C. However, high enzyme loading of 15.6 FPU/g SS with hydraulic retention time
(HRT) of 42 h was applied in this phase of the experiment. The results presented in (figure 21a)
shows that in 48 h of batch hydrolysis, the total sugar concentration increased up to 14.94±0.02
g/l (8.76±0.01 g/l glucose and 6.17±0.01 g/l xylose) (figure 21a). The total sugars produced
increased about 18% to the sugars produced with a low enzyme loading of 12.1 FPU/gSS and
represent 76% of hydrolysis compared to the complete hydrolysis done with HRT of 48 h in section
4.2. Considering the fact that the slurry was 1/8 diluted, this explains the low amount of sugars
that were obtained during hydrolysis. However, the hydrolysis was effective and comparative to
the results obtained with (Ishola et al. 2015) when the same slurry was used irrespective to the
condition. After 48 h of batch hydrolysis, continuous hydrolysis and the glucose and xylose
concentration trend didn’t show any remarkable change. In this experiment, enzymatic hydrolysis
was successfully done in 312 h, the results shown in (figure 21b), represent the sugar concentration
filtered from MBR into the buffer tank by time. Also, as in the previous experiments, 99.5% of
fermentable sugars were able to be filtrated into the buffer tank each 24 h. The inhibitors (furfural
and HMF) and acetic acid showed negligible increases in both MBR and buffer tank. Therefore,
for the rest of the experiments, only high enzyme loading was applied. The amount of furfural,
HMF, and acetic acid remained nearly stable all along the process. Although membrane filtration
assisted hydrolysis at 21.9 LMH were effectively completed at 76% of hydrolysis, filtration at 36.4
LMH and 51 LMH were also investigated and compare differences in hydrolysis performance in
the next subsections.
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Figure 21. Results from enzymatic hydrolysis and hydrolysate filtration at high enzyme loading
and filtration permeate flux of 21.9 LMH: (a) change in sugars (glucose and xylose), inhibitors in
MBR; (b) Amount of sugars (Glucose and glucose), and inhibitors filtered into buffer tank.

53

4.7.3 Continuous hydrolysis at constant permeate flux of 36.4 LMH
This part of the experiment was aimed to investigate the hydrolysis performance during continuous
hydrolysate filtration performing at constant permeate flux of 36.4 LMH and to compare
hydrolysis efficiency performed at constant permeate (hydrolysate) of 21.9 LMH and 36.4 LMH.
The hydrolysis phases and condition for both batch and continuous when the constant flux of
36.4LMH was employed followed the same process in all phases of the experiment as the previous
experiment (section 7.4.2). The result presented in (figure 22a), showed that the total concentration
of sugar of 14.89±0.36 g/l (8.38±0.12 g/l glucose and 6.51±0.24 g/l xylose)) were released after 48
h of batch hydrolysis. The concentration of sugar released were similar to the one released in the
previous hydrolysis, representing 76% of hydrolysis comparing to the complete hydrolysis done
with HRT of 48 h (section 4.2). During continuous hydrolysis, the concentrations of sugars
(glucose and xylose) were seen to be constantly released in a steady-state. Similar trend for glucose
were observed in research focusing on continuous hydrolysis of cellulose and hydrolysate in a
submerged membrane bioreactor (Ishola et al. 2015; Malmali et al. 2015). In this experiment,
enzymatic hydrolysis was performed only for 168 h. The inhibitors (furfural and HMF) and acetic
acid showed negligible increases in both MBR and buffer tank. Although, high filtration flux
affected filtration performance due to the rapid suspended solid accumulation, it was concluded
that the increase in permeate filtration flux didn’t affect the hydrolysis performance.
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Figure 22. Results from enzymatic hydrolysis and hydrolysate filtration at filtration permeate flux
of 36.4 LMH: (a) change in sugars (glucose and xylose) and inhibitors in MBR; (b) Amount of
sugars (Glucose and glucose), and inhibitors filtered into buffer tank
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4.7.4 Continuous hydrolysis at constant permeate flux of 51LMH
The aim of this part of the experiment was to investigate the hydrolysis performance during
continuous hydrolysate filtration performing at constant permeate flux of 51 LMH and to compare
hydrolysis effectivity at constant permeate flux of 21.9 LMH, 36.4 LMH, and 51 LMH. The
hydrolysis step and conditions for both batch and continuous followed the same process in all
phases of the experiment as the previous experiment (section 4.7.4). The result presented in (figure
23a), showed similar sugars concentrations were released 48 h in the previous hydrolysis
experiment at 21.9 and 36.4 LMH, and also representing 76% of hydrolysis. Although, the
filtration didn’t take into attention the enzyme recovery due to the use of submerged microfiltration
membrane which allows the enzyme to pass through it, the continuous removal of sugars in
hydrolysis reactor and minimizing product inhibition (Malmali et al. 2015). After 48 h of batch
hydrolysis, the process followed the same routine except high flux of 51 LMH. Although the
system was running at higher flux, the hydrolysis rate was similar to the previous systems done at
low fluxes. However, the system didn’t perform at long time due to the rapid fouling noticed by
higher increasing in TMP and resistance as well. The results shown in (figure 23b), represent the
concentration of sugars filtered from MBR. However, considering lignocellulose conversion
through hydrolysis at higher fluxes, the continuous accumulation of unreacted materials such as
lignin, reported as an obstacle in continuous membrane bioreactor process for enzymatic
hydrolysis.
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Figure 23. Results from enzymatic hydrolysis and hydrolysate filtration at filtration permeate flux
of 51LMH: (a) change in sugars (glucose and xylose) and inhibitors in MBR; (b) Amount of sugars
(Glucose and glucose), and inhibitors filtered into buffer tank
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4.8 Continuous ethanol fermentation and removal by submerged membrane
bioreactor
The main goal of this part of the experiment was to investigate the ethanol productivity during
continuous fermentation and filtrations at constant permeate fluxes of 21.9 LMH, 36.4 LMH, and
51 LMH. To demonstrate the capability of the submerged membrane filtration system developed
in this study, membrane assisted enzymatic hydrolysis were interconnected together with
fermentation. The hydrolysate from buffer tank was continuously fed into fermentation reactor and
the product was continuously filtered in permeate/product tank by the help of double IPC
microfiltration membrane submerged inside the reactor. Different trials were carried out to ensure
long-term continuous bioethanol production from 51 h up to 264 h depending on the applied
constant permeate flux. Generally, optimum temperature for Saccharomyces cerevisiae activity is
30°C during fermentation. Therefore, the yeast cultivation in this experiment was performed at
30°C. Batch hydrolysis and fermentation were completed in 48 h and 24 h respectively. The results
for fermentation and filtration are presented in the following subsections.
4.8.1 Continuous cultivation with low inoculum at constant flux of 21.9 LMH
Firstly, to investigate membrane filtration assisted continuous ethanol fermentation, the filtration
was performed at constant permeate flux of 21.9 LMH. Continuous ethanol fermentation was
started by continuous feeding of the hydrolysate to membrane reactor assisted fermentation after
24 h of MBR batch fermentation. As presented in figure 25a, the yeast was able to co-utilize 100%
of glucose after 8 h and 60% of xylose in 24 h when the concentration dry cell mass was increased
from 0.15±0.08 g/l to 3.58±0.05 g/l. However, this led to low inoculum for continuous
fermentation due to the low amount of sugar concentrations used in semi-synthetic medium confer
(section 3.8.4). The continuous operation was firstly performed at the constant flux of 21.9 LMH.
Although the yeast was able to co-consume both glucose and xylose simultaneously, the
experiment experienced low ethanol yields and productivity. The main reasons were due to the
low amounts of sugar content in the hydrolysate, low enzyme leading of 12.1 FPU/g SS,
suboptimal condition of operation at 35°C and the low initial amount of yeast. Moreover, the yeast
shows the capability of in situ detoxification by converting furfural and HMF inhibitor into the
less inhibitory compound in 120 h and after 120 h (figure 25b) and of high tolerance to acetic acid
as a non-convertible inhibitor in which the concentration was almost constant around 1.23 g/l over

58

time. Therefore the increase of initial inoculum for batch and continuous fermentation illustrated
in section (3.8.4) was taken into account and applied in all experiment.
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Figure 25. The change in metabolite during membrane based continuous fermentation with low
inoculum and 21.9LMH filtration permeate flux: (a) change in sugars (glucose and xylose) and
metabolites; (b) Amount of inhibitors change in MBR over time.
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4.8.2 Continuous cultivation with high inoculum at constant permeate flux of 21.9 LMH
The goal of investigating the effect of membrane filtration for continuous lignocellulosic ethanol
fermentation was again performed at constant permeate flux of 21.9 LMH employing the
maximum inoculum for batch fermentation. With high initial inoculum, yeast was able to consume
100% glucose and 50% xylose during 24 h of batch fermentation. The high initial inoculum of 300
ml contained 5.38±0.30 g/l of dry cell, increased conversion rate which led to the maximum
ethanol concentration produced of 11.27±1.26 g/l, (including the ethanol evaporated per hour)
yielding 0.41 g ethanol per g sugars consumed. Continuous fermentation and filtration were started
after 24 h of batch process (figure 26a). Total process time for both batch and continuous was 312
h. In 24 h (48 h in figure 26a) of continuous fermentation, the yeast experienced the ability to
consume 94% of xylose while glucose was completely consumed. Conferring the results presented
in (figure 26a), it was noticed that, between 0 h and 48 h (24 and 72 h), the continuous fermentation
started with the high concentration of 8.89±0.1 g/l ethanol but slightly decreased to 4.64±0.37 g/l.
The reasons were due to the fact that amounts of sugar (glucose and xylose) in the hydrolysate
around 14.94±0.02 g/l after 48 h of batch hydrolysis were low compared to the initial concentration
of sugar presented in fermentation media about 48.27±0.03g/l sugars in total. It was observed that
after 48 h of continuous cultivation, ethanol concentration reached to 5.66±0.0 g/l while xylose
consumption reached to 95% with corresponding volumetric productivity of 0.8 gEtOH/l.h and
specific productivity of 0.09 gEtOH/g Cell.h. From this point, continuous ethanol production and
xylose consumption trends were close to constant while glucose was completely consumed
throughout the process. Mahboubi et al. (2017a), studied the performance of immersed membrane
bioreactor (iMBR) during continuous fermentation at high suspended solids 20% using wheat
straw hydrolysate. The highest volumetric productivity of 3.29 gEtOH/l.h was observed due to the
fact that the total amount of sugars content in hydrolysate were four times the total amounts of
sugar in this project. Also about 83% of xylose consumption was observed. On the other hand
yeast retained inside reactor was able to in situ detoxify HMF (initially around 0.09±0.001g/l) and
furfural (initially around 0.57±0.003g/l) up to 85% and 99% respectively, while no production or
utilization of acetic acid observed. According to Brandberg et al. (2007), the in situ detoxification
was observed with 85% of HMF removal and furfural decreased below the detection limit while
acetic acid remained constant. During continuous cultivation with high initial inoculum, yeast
shows substantial capabilities to co-utilize glucose and xylose getting to the higher yield and
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productivity. Therefore, for the followed experiments, only high starting inoculum concentration
was applied.
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Figure 26. The change in metabolite during membrane based continuous fermentation with high
inoculum and 21.9LMH filtration permeate flux: (a) change in sugars (glucose and xylose) and
metabolites; (b) Amount of inhibitors change in MBR over time.
4.8.3 Continuous cultivation at constant permeate flux of 36.4 LMH
The continuous fermentation and filtration performed at constant permeate flux of 36.4 LMH were
applied in order to study the filtration efficiency on ethanol productivity by comparing filtration
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flux of 21.9 LMH and 36.4 LMH. Ethanol fermentation was started in a batch process on semisynthetic media followed by continuous fermentation and filtration same as mentioned in earlier
section. Yeast was able to consume 100% glucose and only 21% xylose in 8h of batch
fermentation. The high initial inoculum, increased conversion rate which led to the maximum
amount of ethanol produced of 12.05±0.64 g/l taking into account the (amount of ethanol
evaporated per h), yielding 0.42 g ethanol per g sugars consumed. The high initial cell mass
concentration changed from 0.6±0.05 g/l to 6.13±0.02g/l. Referring to previous fermentation
experiment at 21.9 LMH filtration flow (section 4.8.2), similar events of ethanol decline to some
extent between 0 h and 48 h (24 and 72 h in (figure 26a) were detected and for the same reason.
After 24 h (48 h) of continuous fermentation, the yeast experienced the ability to consume 85% of
xylose while glucose was continuously completely consumed. It was observed that after 48 h of
continuous cultivation ethanol concentration reached to 5.68±0.01 g/l, while xylose consumption
reached 95% with corresponding volumetric productivity of 1.3 gEtOH/l.h and specific
productivity of 0.19 gEtOH/gCell.h. From this point, ethanol production and xylose consumption
trends were close to constant while glucose was completely consumed throughout the process.
During continuous cultivation, yeast was substantially capable to consume glucose and xylose and
led to the higher yield and productivity. Although the filtration process performed at high flux of
36.4 LMH comparing to the previous one of 21.9 LMH, the yeast was able to increase up to 40%
higher productivity than when 21.9 LMH permeate flux was employed. The statistical analysis
confirmed a significant difference between ethanol productivity when 21.9LMH and 36.4LMH
were applied with a P-value =0.001. Ylitervo et al. (2014b), pointed out the effect of submerged
membrane bioreactor (sMBR) and high cell density on high ethanol production by filtration rate
using wood biomass. Similar trends were observed in which ethanol productivity increased by
nearly around 70% when the dilution rate rose to 0.8h-1. This proves the effectiveness of the
membrane in improving and increasing ethanol yield and productivity when running in a
continuous process and higher solids loading. The conversion of inhibitors furfural and HMF were
also comparable in all conditions. In this case, the yeast was able to convert up to 98% of furfural
and 88% of HMF from the initial concentration of 0.66±0.3 g/l and 0.11±0.2 g/l respectively.
Although HMF is less toxic to yeast compared to furfural, HMF has a lower conversion rate than
furfural (Almeida et al. 2007).
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Figure 27. The changes in metabolite during membrane based continuous fermentation at
36.4LMH filtration permeate flux: (a) change in sugars (glucose and xylose) and metabolites; (b)
Amount of inhibitors change in MBR over time.
4.8.4 Continuous cultivation at constant permeate flux of 51 LMH
The filtration performance at high flux of 51 LMH was performed in order to investigate the effect
of high flow rate on ethanol productivity comparing with other applied flux of 21.9 LMH, 36.4
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LMH. With high permeate flux; batch and continuous fermentation followed the same routine as
mentioned in earlier experiments. As previously noticed, batch fermentation followed the same
trends regarding sugars consumption, ethanol productivity and as well as cell biomass growth.
Continuous fermentation and filtration started after 24 h of batch process (figure 28a) and followed
the same routine as the previous systems. Referring to previous fermentation processes, similar
events on ethanol declining to some extent was noticed from 24 h to 30 h, and after 30 h, the
concentration of ethanol remained linearly constant throughout the process. Even though, during
the filtration it performed at high permeate flux, the sugar conversion by yeast up to 100% glucose
and xylose 86% was noticed to be similar or higher than previous fermentation processes with
lower applied fluxes (21.9 and 36.4 LMH). After 48 h of continuous cultivation, volumetric
productivity of 1.8 gEtOH/l.h and specific productivity of 0.23 gEtOH/gCell.h was observed.
Unfortunately, the rapid membrane fouling resulted in a rapid increase of TMP and stopped the
system (section 4.7.3). Continuous fermentation and filtration at high flux demonstrated higher
ethanol productivity. Consequently, yeast was able to increase approximately 56% and 27% higher
productivity than when permeating flux of 21.9 and 36.4 LMH was employed respectively. In
addition, ethanol productivity was significantly different with a P-value = 0.0001 between all
applied fluxes and P-value = 0.006 comparing 36.4LMH and 51 LMH. Inhibitor conversion or
removal were similar to the previous applied conditions in which about 85% HMF and 99.7%
furfural from initial concentration of 0.09±0.01 g/l and 0.66±0.3 g/l HMF and furfural respectively.
Almeida et al. (2007), also reported the capability of yeast S.cereviciae to convert furfural and
HMF into furfuryl alcohol and HMF alcohol. Although high ethanol productivity was reached
during membrane filtration assisted continuous fermentation at 51 LMH, it was concluded that
membrane performed at higher fluxes led to higher and rapid fouling which problematically
reduces membrane permeability and capacity.
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Figure 28. The changes in metabolite during membrane based continuous fermentation at 51LMH
filtration permeate flux: (a) change in sugars (glucose and xylose) and metabolites; (b) Amount of
inhibitors change in MBR over time.
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4.9 The effect of continuous membrane filtration for lignin recovery
The main goal of this part of the experiment was to investigate the effect of continuous membrane
filtration assisted solid separation during enzymatic hydrolysis on lignin recovery. Conventional
technology for lignocellulosic bioethanol production included separation and lignin recovery.
Lignin has been reported as one of value-added product due to its broad range of application in
different aspects. One of the main aims is to remove lignin from biomass successfully and use it
in various fields. Mai et al. (2014), pointed out different procedures that are used for lignin
recovery mostly during the pretreatment processes as well as conventional chemical and biological
processes. Gogoi et al. (2017), suggested ionic liquid pretreatment as one of most effective process
for lignin recovery. However, different pretreatment processes coupled with lignin recovery has
been reported to be expensive due to high energy demand (Saha et al. 2017). Moreover, the
intensification of lignocellulosic bioethanol production by the integration of membrane bioreactor,
provide an effective ease of separation process due to low energy consumption, greater separation
efficiency, reduced number of processing steps as well as high quality of the final product
compared to the other separation technologies (de Morais Coutinho et al. 2009). In addition, lignin
residues together with cellulose and hemicellulose released during the pre-treatment of
lignocellulose materials can immediately serve as the substrate for bioethanol production. One of
the biggest obstacles with the MBR in enzymatic hydrolysis is the high content of suspended solids
(SS) mostly undigested and undissolved lignin from the lignocellulosic hydrolysate when used as
a feed stream. The presence of lignin increases the viscosity of the slurry and result not only in
improper medium mixing and mass transfer but also in influencing cake layer formation which
leads to membrane fouling (Mahboubi et al. 2017a). Membrane based enzymatic hydrolysis
process enhances operation in continuous mode, selective solids separation and filtration, etc. The
increase in suspended solids (SS) inside reactor was proportional to the concentration of lignin.
The results presented in figure 29 illustrates the amount of lignin (acid soluble and insoluble), ash
and as well as the relation between the suspended solids and lignin concentration recovered over
time. It was noticed that during filtration assisted hydrolysis and solid separation, nearly 70% of
lignin were presented in SS in all applied fluxes. Therefore, the use of a membrane in terms of
process intensification and lignin recovery proved to be the promising process in bio-refinery.
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4.10 The effect of medium, backwashing and permeate flux on filterability during
hydrolysis
This study was aimed to examine the effect of medium conditions, permeate flux, and backwashing
on membrane fouling. To analyze the experiment, wheat straw slurry and hydrolysate were
subjected to stepwise filtration cycles with different fluxes of 21.9, 36.4 and 51 LMH at 35°C. As
noted in section 3.8.6 and illustrated in figure 30a, the filtration cycle included 1 h filtration at each
of the aforementioned fluxes followed by 30 min filtration at the initial flux (21.9 LMH).
Therefore, the rate of changes in TMP and resistance at different filtration fluxes and the latent
resistance due to residual fouling at initial flux after every filtration cycle were set as the basis for
comparison. Moreover, in order to have a clear view of the contribution of cake layer formation to
overall resistance, clean water filtration cycle was performed in the same sequence to achieve R m
(Figure 30b).
(a)

(b)

Figure 30. Adopted constant permeate flux and clean water filtration during the analysis of
membrane fouling.
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4.10.1 The effect of medium
The goal of investigating the effect of medium on membrane fouling was firstly studied. Generally,
the composition of the media in contact with the submerged membrane directly affects the
filtration performance (Field 2010). As in this work pre-treated wheat straw slurry is continuously
fed and particle-free fraction of the hydrolysate withdrawn from the MBR, the interaction of
hydrolyzed and non-hydrolyzed medium with the membrane is of great importance. The effect of
media composition can be clearly observed in Figure 31a and b where the changes in TMP during
filtration of wheat straw slurry and hydrolysate are compared. As can be seen, in all three tested
permeate fluxes, regardless of the application of BW, the starting TMP is higher for the hydrolysate
(Table 6). Moreover, the latent residual cake layer resistance after stepwise increase and drop in
flux is considerably greater during filtration of the hydrolysate compared to the slurry (Table 6).
For instance, when no BW was applied, the residual cake layer resistance at first, second and third
filtration cycles at 21.9 LMH were 0.86, 1.36 and 2.11 m-1 for the slurry, respectively, while it was
1.80, 3.11 and 5.23 m-1 for the hydrolysate. Commonly, in submerged microfiltration MBRs
changes in the medium SS concentration is one of the prime reasons for cake layer formation and
increase in filtration resistance (Zhang et al. 1998b). However, in this case as the SS content of the
hydrolysate (6.4 g/l) is nearly half that of the slurry, the higher starting TMP cannot be directly
related to changes in medium SS concentration and viscosity. Therefore, several other factors such
as particle characteristics, enzyme addition and sugar release may have contributed to this change
in filtration behavior. The sugar content (based on xylose and glucose) of the hydrolysate (15 g.l1

) is more than double that of the slurry, however, this rise in sugar level cannot impose a noticeable

change to the medium viscosity or cake layer resistance in a microfiltration process. Solid particles
structure may also undergo changes through hydrolysis as the structural carbohydrates (polymeric
cellulose microfibrils) partly responsible for particle resilience are degraded. There is the
possibility that as the rigidity of the particulated solids in the medium drop, cake layer formed on
the membrane surface becomes more susceptible to compaction leading to rise in TMP (Le-Clech
et al. 2006). A higher initial TMP of filtration at any applied flux was observed for hydrolysate
than slurry (Table 6), although, the same increase in TMP throughout filtration for both media
when BW was applied. Regardless of the filtration condition, the exposure of the membrane to the
filtration media is the first step towards fouling that involves the adsorption of medium compounds
with highest affinity to the membrane surface and inside the pores (Jeon et al. 2016). Depending
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on the membrane characteristics (hydrophobicity etc.) and medium properties, the adsorbed layer
may be comprised of components such as proteins, polysaccharides and lipids, that in addition to
causing a slight initial increase in TMP, may build the jelly/slimy basis for the attachment and
deposition of colloidal compounds and suspended particulate matter further through the filtration
process (Le-Clech et al. 2006). Cellulases are enzymes that are employed for the degradation of
cellulose to glucose units. Considering that cellulases can form non-productive binding to lignin
through hydrophobic interactions (Saini et al. 2016), its adsorption to the membrane may ease
colloidal and particulated matter deposition on the membrane surface. However, a conclusive
judgment in this regard requires further membrane surface and pore imaging and analysis.
(a)

(b)

Figure 31. Changes in TMP, during stepwise filtration of 1/8 diluted slurry and hydrolysate at
different fluxes with or without backwashing. (a) Wheat straw slurry (b) wheat straw hydrolysate
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4.10.2 The effect of flux
The effects of flux on membrane fouling as a goal were also investigated. Permeate flux is one of
the main factors directly influencing the productivity and therefore the economic feasibility of an
MBR process. As at a certain product concentration, the higher the permeate flux the greater the
volumetric productivity, in all MBR elevation in flux is desirable unless it leads to sever membrane
fouling. In the current study, as the total sugar concentration of the wheat straw hydrolysate is
rather low (15 g.l-1), a high flux can compensate cells need for the carbon source during
fermentation. Therefore, the effect of different fluxes (21.9, 36.4 and 51.0 LMH) that were used
for double-stage MBR on cake layer formation and membrane fouling were investigated. It was
observed that at a flux 21.9 LMH, the rate of changes in the TMP was imperceptible at less than
0.03 mbar.min-1 for both media with or without backwashing (Table 6). Application of this flux
led to marginal increase in the total permeation resistance with the maximum at around 0.3×1011
m-1 for both no BW conditions. As the permeate flow rate was increased from 0.3 to 0.5 l.h -1 (34.6
LMH), the TMP escalation accelerated. While the increase in the cake layer resistance for the
slurry no BW and hydrolysate with BW are the same (0.5×1011 m-1), the maximum and minimum
elevation is for hydrolysate no BW and slurry with backwash at 1.20×10 11 and 0.27×1011 m-1,
respectively. The upward trend in TMP change due to excessive cake layer formation became more
apparent as the flux was increased to 51.0 LMH. At this filtration condition, the rate of change in
TMP more than tripled that of 34.6 LMH with 0.24 and 0.41 mbar.min -1 for slurry and hydrolysate
with no BW, respectively. By comparing the changes in fouling tendency and cake layer formation
induced by changes in the flux, it can be observed that in no BW conditions the filtration
parameters are better sustained at 21.9 LMH. In this filtration condition, apparently, regardless of
BW application, the membrane surface air/gas scouring and shear stress induced by medium
agitation have successfully assisted the back transport of particles against the convective flow
towards the membrane (Chollom et al. 2017). Although in this condition formation of a dynamic
cake layer on the membrane surface is observed, as the flux is lower than the apparent critical flux
for filtration of such medium cake layer compaction and the sharp increase in cake layer resistance
was not detected. Despite the low sugar, volumetric productivity rate achieved at this flux, longterm continuous hydrolysis and filtration can be guaranteed, benefiting from less process
downtime and frequent membrane cleaning. However, increase in flux up to 51.0 LMH comes at
the cost of passing critical flux threshold, excessive cake layer formation and compaction, and
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fouling exacerbation. The effect of flux has been more profound when it comes to wheat straw
hydrolysate filtration.
4.10.3 The effect of backwashing
This part of the experimental analysis was aimed to analyze the effect backwashing on cake layer
and membrane fouling reduction. Backwash or backflush is applied in order to remove surface
cake layer and suspend deposited particles, by simply reversing the flow and redirecting a fraction
of permeate towards and through the membrane. Through this approach, the loos and uncompact
portion of the cake layer can be dislodged. Primarily, backwash was applied to submerged hollow
fiber membranes to remediate particle deposition on membrane surface in secondary effluent and
surface water treatment (Yoon 2015a). As the lignocellulosic pretreated slurry and hydrolysate
contains large amounts of suspended particles, in this work the effect BW on cake layer removal
and fouling prevention was examined. In this regard, slurry and hydrolysate were filtered with and
without BW. The BW was performed for 0.5 min in every 5 min filtration cycle at double the flux
of permeate withdrawal. As presented in Figure 31 a red and b brown and in Table 6, filtration
with no BW results in progressive TMP increase rate of 0.03, 0.07 and 0.24 mbar.min -1 for slurry,
and 0.02, 0.16 and 0.41 mbar.min-1 for the hydrolysate at 21.9, 36.4 and 51.0 LMH, respectively.
However, with dramatic difference from no BW condition, this rate for both medium does not
exceed 0.06 mbar.min-1 at any applied flux. Comparing the cake layer resistance at 21.9 LMH in
the beginning and after every stepwise change in filtration flux, proves that although BW have
greatly enhanced fouling prevention through cake layer exfoliation compared to no BW condition,
still at high fluxes latent cake exists on the membrane. As an example, when hydrolysate is filtered
in no BW condition, after the drop of flux from 51.0 to 21.9 LMH residual cake resistance is at
highest by 5.23×1011 m-1, whereas the one with BW has less than half the resistance (2.41×10 11 m1

). It should be considered that the final cake layer resistance after the initial phase of filtration at

21.9 LMH has only been 1.80×1011 m-1 and 0.84×1011 m-1 for hydrolysate without and with BW,
respectively. Although application of BW has been promising in mitigating cake layer formation
in either of the filtered media, its effectivity at fluxes over the critical flux is matter of question.
The results show that the resistance of the residual cake layer can be reduced up to 54% by BW at
the highest flux. However, regardless of fouling remediation by BW, the higher fluxes of 36.4 and
51.0 LMH caused progressive development of sticky and compact cake layer. This dense cake
layer cannot be effectively removed by air/gas scouring or BW (Yoon 2015a), therefore a
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combination of a flux below critical and BW can be a better option in a hydrolysis MBR running
at constant flux.
Table 6. Changes in TMP, total and cake layer resistance during stepwise filtration of low initial suspended
solids slurry and hydrolysate at different fluxes with or without backwashing.

Flux (l/m2.h)

21.9
Start

36.4
End

Start

21.9
End

average

51.0

21.9

Start

End

average

TMP (mbar)
Clean water

3.0

3.1

5.0

5.2

2.3

6.9

7.4

2.4

Slurry no BW

5.8

7.3

12.8

16.8

9.0

22.0

36.6

12.7

Slurry with BW

6.0

6.6

11.4

13.6

7.7

19.3

22.9

9.3

Hydrolysate no BW

10.5

11.9

17.4

27.1

17.5

40.4

64.9

27.8

Hydrolysate with
BW

7.4

7.2

14.2

18.4

10.9

27.7

31.6

14.1

Total resistance (Rt) (m-1×1011)
Clean water (Rm)

0.62

0.64

0.61

0.64

0.48

0.61

0.65

0.49

Slurry no BW

1.19

1.50

1.58

2.07

1.84

1.94

3.23

2.60

Slurry with BW

1.24

1.36

1.41

1.68

1.58

1.71

2.02

1.91

Hydrolysate no BW

2.15

2.45

2.15

3.35

3.59

3.56

5.73

5.72

Hydrolysate with
BW

1.51

1.48

1.76

2.27

2.23

2.44

2.79

2.91

Cake layer resistance (Rc) (m-1×1011)
Slurry no BW

0.57

0.86

0.97

1.43

1.36

1.33

2.58

2.11

Slurry with BW

0.62

0.72

0.80

1.04

1.10

1.09

1.37

1.41

Hydrolysate no BW

1.54

1.80

1.54

2.71

3.11

2.95

5.07

5.23

Hydrolysate with
BW

0.90

0.84

1.15

1.63

1.75

1.83

2.14

2.41

4.10.4 Effect of initial suspended solids and medium viscosity.
In this part of experimental analysis, the effect of 1/8 and 1/2 diluted slurry and hydrolysate on
cake layer formation and membrane fouling were studied. In this project, low solids loading of 1/8
dilution wheat straw slurry have been taken into account in the production of lignocellulosic
bioethanol. However, high solids loading are needed for viable process economy. Even though,
direct filtration of feed streams at high solids rate is beneficial for the bioconversion rate of
substrate to the desirable product, higher solid loading may contribute to the loss of membrane
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filtration performance and in mass transfer limitations due to particle deposition on membrane
surface resulted in cake layer formation hence membrane fouling (Mahboubi et al. 2017a). It was
observed that both streams followed the same trend considering change in TMP during filtration
based on figure 32a and b.

Figure 32. Changes in TMP, during stepwise filtration of 1/2 diluted slurry and hydrolysate at
different fluxes with or without backwashing. (a) Wheat straw slurry (b) wheat straw hydrolysate
It was observed that when high solids filtration applied with no back washing the residual cake
layer at first, second and third filtration cycles at 21.9 LMH for the slurry was similar as it was for
1/8 diluted slurry (Table 7) while it was 1.29 times higher than that of third cycle as well described
in previous (section 4.10.1). Although the amount of SS in slurry and hydrolysate were much
74

higher than for 1/8 diluted medium, 58g/l and 30.55g/l respectively, filtration of hydrolysate
performed at higher TMP of filtration for all applied fluxes comparing to the slurry (Table 7). It
means that high amount of enzyme required for SS released high amount of sugar hence their
contribution on membrane fouling indicated by high rise in TMP in hydrolysate than in slurry.
Also, similar negligible increase rate of change in TMP for both media with or without
backwashing was observed during filtration of high solid loading when 21.9 LMH flux applied,
and when the flux increased to 36.4 LMH the TMP increased at some extend and become
comparatively to the filtration of low solid loading as presented in figure 31 and 32. When the flux
changed to 51 LMH the TMP rapidly increased due to radical cake layer formation. It was observed
that the rate of change in TMP increased more than 3 times and five times more than that of 36.4
LMH with 0.17 and 0.61 mbar.min-1 for slurry and hydrolysate without BW (Table 7).
Table 7. Changes in TMP, total and cake layer resistance during stepwise filtration of high initial suspended
solids slurry and hydrolysate at different fluxes with or without backwashing.
Flux (l./m2.h)

21.9
Start

36.4
End

Start

21.9
End

average

51.0
Start

21.9
End

average

TMP (mbar)
Clean water

3.0

3.1

5.0

5.2

2.3

6.9

7.4

2.4

Slurry no BW

6.1

6.9

12.6

15.3

10.2

21.7

31.7

13.4

Slurry with BW

7.1

8.2

13.8

16.9

9.6

23.5

28.6

11.5

Hydrolysate no BW

6.3

7.9

13.5

20.7

13.8

44.8

81.3

35.0

Hydrolysate with
BW

8.8

8.8

14.9

16.6

9.6

22.8

27.0

11.0

Total resistance (Rt) (m-1×1011)
Clean water (Rm)

0.62

0.64

0.61

0.64

0.48

0.61

0.65

0.49

Slurry no BW

1.25

1.42

1.56

1.90

2.10

1.92

2.80

2.75

Slurry with BW

1.47

1.68

1.71

2.09

1.98

2.07

2.52

2.36

Hydrolysate no BW

1.30

1.62

1.67

2.56

2.83

3.95

7.18

7.20

Hydrolysate with
BW

1.80

1.81

1.85

2.05

1.97

2.01

2.38

2.26

Cake layer resistance (Rc) (m-1×1011)
Slurry no BW

0.63

0.78

0.95

1.25

1.62

1.30

2.14

2.26

Slurry with BW

0.85

1.04

1.10

1.44

1.50

1.46

1.87

1.86

Hydrolysate no BW

0.68

0.98

1.06

1.92

2.35

3.34

6.52

6.70

Hydrolysate with
BW

1.19

1.17

1.23

1.41

1.49

1.40

1.73

1.77

At this stage, it was noticed that the rate of change in TMP for medium with high SS was two
times for medium with low suspended solids for hydrolysate without BW while in was similar in
other condition. Therefore as well described in previous section, high fluxes as well as high SS
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have a great impact on membrane fouling which affect filtration performance. On the other hand,
considering the effect of backwashing and regardless to the fact that the filtration of medium with
high SS was performing at high TMP and high permeate resistance comparing to low suspended
solids, rate of change in TMP for both slurry and hydrolysates with backwashing observed to be
almost similar in both medium. Consequently, direct filtration of feed streams at high solids rate
proved to be a better option once combination of a flux below critical and BW is applied in a
hydrolysis MBR running at constant flux.

Conclusion
The Interconnected double-staged submerge membrane bioreactor set up used for continuous
hydrolysis and fermentation proved to be a promising choice in the production of lignocellulosic
bioethanol. The submerged membrane bioreactor provided desirable hydrolysis effectiveness,
hydrolysate separation from stream rich in lignin over the layers of the used IPC membrane and
cell concentrated during hydrolysis and fermentation respectively. This led to higher sugar coutilization, inhibitor tolerance, and lignin recovery effectiveness. Membrane filtration shows a
perfect performance and capacity to work in continuous hydrolysis and fermentation with a
constant permeate flux of 21.9 LMH comparing to other applied fluxes. It was concluded that
during continuous filtration with high flux, membrane loses its capacity and lead to low
permeability and high membrane resistance in a short period of time. During continuous
hydrolysis, membrane shows the capability of lignin recovery up to 70% of medium SS content in
all applied flux. During continuous hydrolysis, the total sugar concentration of the wheat straw
hydrolysate found to be rather low (15 g/l). Although the conversion rate of total sugars by
concentrated cells were similar, yeast cells proved the capability of inhibitor tolerance, and to coutilize 100% of glucose and up to 85% 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 g ethanol/l per hour for 21.9 LMH, 36.4
LMH, and 51 LMH respectively. On the other hand, continuous filtration at high flux 51.0 LMH
comes at the cost of passing critical flux threshold, excessive cake layer formation and compaction,
and fouling exacerbation. The effect of flux has been more profound when it comes to wheat straw
hydrolysate filtration. Therefore A combination of flux below critical flux and backwashing
proved to be a better option in a hydrolysis MBR running at constant flux regardless of the amount
of initial suspended solid. To conclude, the use of a membrane in terms of process intensification
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and lignin recovery proved to be a promising process in bio-refinery for large-scale lignocellulosic
bioethanol production.

Future prospective


Further special studies on enzyme recovery and reuse could be important which could
make the project more sustainable and economically feasible.



The membrane based lignin recovery over a continuous hydrolysis need to be deeply
investigated considering lignin as the most important value added product due to its
broad range of application in different aspects.



The effect of antifoam on membrane fouling can be more investigated.
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