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Abstract 

The second-generation bioethanol production in which lignocellulosic material is used as 

feedstock faces some difficulties. Lignocellulosic materials have to be pretreated prior to 

fermentation. In the pretreatment stages several inhibitory compounds, which can negatively 

affect the metabolic and physiologic activity of the microorganism used, Saccharomyces 

cerevisiae, are released. Moreover, wild strains of Saccharomyces cerevisiae cannot co-utilize 

the hexose and pentose saccharides present in the lignocellulosic substrate. In this study, reverse 

membrane bioreactor (rMBR) was applied to address the difficulties faced in the second-

generation ethanol production. Semi-synthetic medium and pretreated wheat straw slurry 

containing different level of glucose, xylose and inhibitor concentrations were fermented in 

rMBR using genetically-modified xylose-consuming S. cerevisiae. The diffusion rate of 

different substrates and metabolites during fermentation were measured and analyzed. The 

results showed that the application of rMBR facilitated simultaneous utilization of hexose and 

pentose sugars and enhanced the cell tolerance of the inhibitor present in the medium.  
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1. Introduction  

Bioethanol is one of the most important biofuels of today. First generation bioethanol is 

produced mainly from sugar or starch-based raw materials such as sugarcane, corn and wheat 

etc. The raw materials used for production of bioethanol have human food an animal feed 

importance and they are competing with food production. However, second generation ethanol 

is produced from lignocellulosic material which are not of food and feed grade. Lignocellulosic 

materials include wood, grass, forestry waste, agricultural residues and municipal solid waste. 

They do not compete with food crops and they are widely available which make them favorable 

renewable resources for sustainable bioethanol production. 

Lignocellulose is a complex carbohydrate polymer of cellulose, hemicellulose and lignin.   It is 

required to perform pretreatment in the first stage of bioethanol production in order to extract 

the fermentable sugars, hexoses (glucose, mannose etc.) and pentoses (xylose, arabinose etc.), 

from lignocellulosic materials. Most common pretreatments are done by acid or enzymatic 

hydrolysis [8]. During the process of pretreatment, several toxic substances such as aliphatic 

acids, phenolic compounds and furan aldehydes, which have highly inhibitory effects on the 

microorganisms used in fermentation, are formed and released [1, 8]. The degradations of 

pentoses and hexoses during hydrolysis lead to the release of furan aldehydes compounds such 

as, furfural and 5-hydroxymethylfurfural (HMF) in the presence of strong acids [8]. Furfural is 

known to have the highest inhibitory effect on yeast fermentation. The yeast can take up furfural 

and HMF and convert them into less inhibitory compounds, furfuryl alcohol and HMF alcohol, 

respectively. Furanic and phenolic compounds can inhibit cell growth and damage DNA, inhibit 

several enzymes and alter permeability and selectively of the cell membrane, causing leakage 

of intracellular components and inactivation of essential enzymatic systems [11, 12]. On the 

other hand, the wild-type of yeast, Saccharomyces cerevisiae, cannot utilize pentoses such as 

xylose. Genetically engineered Saccharomyces cerevisiae is able to take up xylose; however, it 

favors glucose over xylose in the presence of both sugars in the medium and consumes xylose 

only in glucose-deprivation condition [11].  

It is essential to have high cell concentration in the bioreactor during fermentation in order to 

have closer to complete sugar utilization, higher inhibitor tolerance and higher conversion rate 

[11]. Cell encapsulation technique, which creates high local cell concentration and sugar 
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concentration gradient environment within the capsule, enhances the co-utilization of sugars 

and in situ detoxification of the inhibitors by the yeast [7]. On the other hand, encapsulation is 

a time consuming and laborious process. Under sever agitation the capsules are breakable.  

Applying membrane bioreactors (MBRs) in fermentation is another way to obtain high local 

cell concentrations. Membrane bioreactors that have been conventionally used in water and 

wastewater treatment, have gained application in bioethanol production in recent years.  

However, cells are suspended in the medium in conventional pressure driven MBRs. In 

presence of toxic compounds in the medium, the cells are exposed to inhibitory compounds and 

various sugar sources, which can have negative impact on the cells’ physiological and metabolic 

activity [10]. Reverse membrane bioreactor (rMBR) is a recently introduced technology, which 

can be applied in bioethanol production. It has been reported that the batch fermentation in 

rMBR enhances the simultaneous utilization of glucose and xylose, detoxification of furfural 

by the genetically modified xylose consuming yeast [7, 11]. A similar concept of encapsulation 

is applied in rMBR technology; the cells are confined, and a microenvironment is created inside 

the membrane panels [7]. By creating sugar concentration gradient inside the membrane panels, 

the cells closer to the membrane layer consume glucose, which creates lower glucose 

concentrations inside the cell aggregate. Consequently, in glucose depleted environment xylose 

is taken up by the cells, which facilitate simultaneous sugar utilization. Moreover, the cells are 

tightly packed inside the membrane, which promotes in situ detoxification of the inhibitors in 

the medium by the cells.  

In this study, some of the problems faced in the production of second-generation bioethanol 

were addressed by applying rMBR. Due to the presence of a concentration gradient, diffusional 

mass transfer of substrates and metabolites occur in and out of the membrane layers during 

fermentation. The effect of different concentration of different inhibitors, simultaneous 

consumption of glucose and xylose and detoxification of inhibitors during fermentation were 

studied on semi-synthetic and wheat straw hydrolysate. Semi-synthetic medium was fermented 

in the rMBR and diffusion rates of different compounds were measured and analyzed. 

Pretreated wheat straw slurry was enzymatically hydrolyzed using different enzyme loadings 

and temperatures in order to examine their effectivity. The hydrolyzed wheat straw slurry of 

different concentrations was fermented, and diffusion rates of different compounds were 

measured and compared to that of semi-synthetic media. The result of this study evaluates the 

prospect of rMBR in bioethanol production from lignocellulosic material. 
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2. Social and ethical effects  

There has been constantly increasing demand on fossil fuels around the world and the attempt 

to reduce dependency on them by producing alternative energy increases. Biofuels are 

considered to have lower GHG emission than fossil fuels. Today, biodiesel and bioethanol are 

two of the most important biofuels and they have advantages of having the possibility of 

blending with fossil fuels and the ability to adapt to currently existing vehicles without a 

significant modification. In recent years, there has been some concerns over social and ethical 

issues regarding first generation biofuels production. One of the main concerns is “food vs. 

fuel” issue. Since the biofuel feed stock consists of food crops such as corn, wheat, sugar cane 

etc., questions are raised as to whether it is ethical to produce fuel from these crops while people 

are in need of food. Another concern is that the increase in biofuel production will increase the 

demand on land areas for biofuel feed stock cultivation, which can consequently cause 

deforestation and biodiversity loss. Land use for agriculture is one of the main contributors to 

deforestation which in turn has a huge negative impact on climate change. In many developing 

countries forests are being exploited to cultivate biofuel feed stock for export and internal use. 

For instance, in Southeast Asian countries such as Indonesia and Malaysia, forests are being 

cut down to give way to palm oil plantations. Production of biofuels also is linked to the usage 

of large volumes of water. In rural areas in many parts of the world where biofuels plants are 

being established there can be problems with water shortage and the locals not having enough 

water for domestic use. 

Second generation biofuels, produced from lignocellulosic material such as wheat straw, corn 

stover, forestry waste etc., can be a solution to the issues first generation biofuels have. The 

feed stock used, crops residues that have less or no alternative use and that left in the field or 

burned, are not in competition with food crops and are widely available. Since no additional 

large land area is required this could help reduction of deforestation. However, many progresses 

have yet still to be made in order to produce second generation biofuels at commercial scale.  

This thesis investigates bioethanol production from lignocellulosic material using rMBR, which 

could be a potential solution to some problems production of second-generation bioethanol 

production faces. If lignocellulosic bioethanol production at commercial scale could be 

realized, it could ease many ethical and social problems to a large degree.  
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3. Materials and methods 

3.1 Lignocellulosic material 

The lignocellulosic material used in this study was wheat straw slurry, which is rich in xylose 

and glucose. The wheat straw was acid pretreated with dilute H2SO4 (0.3-0.5%) at 185 ºC for 

8 min at SEKAB E-technology (Örnsköldsvik, Sweden). The pretreated slurry was measured 

to contain 48.8 g/l (41.5%) dissolved solid and 85.5 (72.6 %) g/l suspended solid and ash 

content of 0.037 g/l.  The slurry was stored in a cold room at 5ºC until used.  

3.2 Enzymes and yeast strain 

In this study, the enzyme Cellulase Cellic Ctec2 that had enzymatic activity of 150 FPU/ml was 

used for the enzymatic hydrolysis. For the yeast strain, genetically engineered xylose-

consuming Saccharomyces cerevisiae was used in all experiments. The yeast was kept at 4-5 

℃ on yeast extract, peptone and dextrose (YPD) agar plates containing 10 g/l glucose, 10 g/l 

xylose, 10 g/l yeast extract, 10 g/l peptone, 20 g/l agar before used.  

3.3 Content of dissolved and suspended solid measurement  

In order to determine the total content of the dissolved and suspended solid in the medium, 

liquid and solid fractions of 3 ml of the wheat straw slurry were separated and dried in the oven 

at 70ºC for 24 h. The experiment was carried out in triplicates. To measure the ash content of 

the wheat straw slurry, 3 ml of the slurry was placed in a previously dried and weighed crucible 

and burned in the muffle furnace at 550℃ for 120 min. The crucible containing ashes were then 

taken out of the furnace, cooled to room temperature and weighed in a balance.  

3.4 Optimal enzymatic hydrolysis condition measurement  

Different enzyme loadings of 10, 14 and 18 FPU/g SS were applied in 200 ml Erlenmeyer flasks 

each containing 100 ml of half-diluted pretreated wheat straw slurry and the flasks were 

incubated in two separate shaking water baths (35℃ and 50℃ ) at 125 rpm for 48 h. The 
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experiment was carried out in duplicates. The enzyme hydrolysis with 18 FPU at 50℃ was 

measured to be the most effective of all the hydrolysis done in this study (Figure 1). 

Subsequently the enzyme loading of 18 FPU/g SS and temperature of 50℃ was applied in all 

the preparation of wheat straw hydrolysate for shake flasks and bioreactor experiments.  

3.5 Enzymatic hydrolysis of wheat straw slurry 

To perform enzymatic hydrolysis of wheat straw slurry in shake flasks, half-diluted wheat straw 

slurry was prepared by adding milli-Q water into the slurry. The pH of the slurry was then 

adjusted to 5 with 10 M NaOH. The enzyme loading of 18 FPU/g SS was added into 200 ml 

Erlenmeyer flasks containing 100 ml of the slurry. The flasks were then placed in a water bath 

shaking at 125 rpm and 50℃ for 24 h. The experiment was carried out in triplicates and 

sampling was done at different time intervals.  

In order to study the enzyme performance on the solid fraction of wheat straw slurry, filtered 

slurry was prepared. The pretreated wheat straw slurry of 100 ml was washed with Milli-Q 

water using a kitchen sieve. The solid part of the slurry was suspended into 100 ml Mill-Q water 

in a 200 ml Erlenmeyer flask and the pH was adjusted to 5 with 1 M H2SO4. The enzyme loading 

of 18 FPU/g SS was added into the flask and placed in the water bath shaking at 125 rpm and 

50℃ for 48 h. The experiment was carried out in duplicate and sampling was done at different 

time intervals.  

3.6 Batch fermentation of hydrolysate 

In order to perform batch fermentation on enzyme hydrolysate, the pretreated wheat straw slurry 

of 100 ml was placed in 200 ml Erlenmeyer flask and the pH was adjusted to 5 using 5 M 

NaOH. Enzyme loading of 18 FPU/g SS was added into the flasks and placed in the water bath 

shaking at 125 rpm and 50℃ for 48 h. After 24 h of fermentation, the hydrolysate was 

autoclaved and cooled to room temperature. The hydrolysate was inoculated with the yeast cells 

using loop inoculation and placed in the water bath shaking at 125 rpm and 30℃ for 48 h. 

Samples were taken at different time intervals.  
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3.7 Inoculum preparation for rMBR 

Pre-culture yeast cultivation was carried out in two 1 l Erlenmeyer flasks containing 400 ml 

medium, containing 20 g/l glucose, 10 g/l xylose, 5 g/l yeast extract and 5 g/l peptone, in each. 

The yeast was loop-inoculated into the medium and the flasks were incubated in a water bath 

shaking at 125 rpm and 30℃ for 48h. After 48 h of incubation, the cells were transferred to 

centrifuge tubes and centrifuged at 3000 xg for 2 min. The supernatants were discarded, and 

the cell pellets were collected. Finally, a total of 50 ml (16-times concentrated) of cell inoculum 

was collected for further reactor inoculation.  

3.8 Fermentation of wheat straw slurry using rMBR  

To perform fermentation on wheat straw hydrolysate, half-diluted slurry was prepared, and the 

pH was adjusted to 5 by using 10 M NaOH. Enzyme hydrolysis was carried out by adding 

enzyme loading of 18 FPU into the slurry. The slurry was then placed in a water bath at 50℃ 

for 24 h. After 24 h of hydrolysis the slurry was filtered using a kitchen sieve and autoclaved 

for use in fermentation. Two membrane panels were located inside 2 l bioreactor in which the 

concentrated yeast cells were injected in the membrane through the opening of the bioreactor 

using sterile syringes. The wheat straw hydrolysate of 2 l was then placed in the bioreactor for 

fermentation. The fermentation was performed anaerobically by sparging 2 l/min of nitrogen 

gas inside the bioreactor. The pH was automatically adjusted to 5 with 2 M NaOH and a 

temperature of 30℃ was maintained during the whole fermentation process which lasted for 72 

h.  

In order to perform fermentation on ¼ diluted wheat straw hydrolysate, half-diluted slurry was 

diluted further into half its concentration with distilled water. The wheat straw slurry was 

fermented in bioreactor applying the same conditions as the half-diluted slurry fermentation. 

Samplings were carried out at different time intervals and the samples were kept in the freezer 

until analyzed. The fermentation experiments were carried out in duplicates and sampling took 

place at different time intervals. 



7 

 

3.9 Analytical methods 

For the analysis of the sugars, metabolic products and inhibitors high performance liquid 

chromatography, HPLC, (Water 2695, Waters Corporation, Milford, USA) and hydrogen-based 

column (Aminex HPX-87H, Bio-Rad, Hercules, USA) having a working temperature of 60 ℃ 

with 5 mM H2SO4 eluent flowing at 0.6 ml/min was used. The samples taken for HPLC analysis 

were placed in Eppendorf tubes and centrifuged at 15 xg and 5 ℃ for 2 min. The supernatants 

were filtered using syringe filters and stored in the freezer until analyzed. The ash content of 

the wheat straw slurry was measured by placing 3 ml of the slurry in a crucible and was burned 

in a muffle furnace at 550 ℃ for 120 min using. The remaining ash was weighed in a balance. 

For the measurement of solid and dissolved suspended content, 3ml of the wheat straw slurry 

was placed in a centrifuge tube and the solid and liquid fractions of the slurry were separated 

by using a centrifuge at 3000 xg for 2 min. The liquid fraction of the slurry was transferred in 

a beaker for drying. Milli-Q water was added into the remaining solid pallets and the mixture 

was centrifuged another time in order to obtain most of the dissolved suspended content. After 

the pellets were washed with Milli-Q water for three times, the solid fraction was transferred to 

a beaker. The separated samples were then dried in the oven at 70 ℃ for 24 h. 

4. Results and discussion 

Using rMBR the effect of different concentration of different inhibitors, simultaneous 

consumption of glucose and xylose and detoxification of inhibitors during fermentation were 

studied on semi-synthetic and wheat straw hydrolysate. Due to the presence of a concentration 

gradient, diffusional mass transfer of substrates and metabolites occur in and out of the 

membrane layers during fermentation. The diffusion rates of different compounds were 

measured and compared to that of semi-synthetic media of the previous study done by A. 

Mahboubi et al. [11]. As a result of application of rMBR the xylose consuming Saccharomyces 

cerevisiae were able to simultaneously consume glucose and xylose while detoxifying 

inhibitors. Of the two different wheat straw hydrolysate the higher diffusion rates of glucose 

(0.0014 g/cm2h) and xylose (0.0005 g/cm2h) were achieved in ¼ diluted medium and the 

diffusion rate of furfural increases as the content increases in the medium.  
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4.1 Enzymatic hydrolysis of the solid fraction of wheat straw slurry 

The pretreated wheat straw slurry was rinsed with Milli-Q water and the solid fraction was 

hydrolyzed using the enzyme loading of 18 FPU/g SS and 50 ℃ for 48 h. The reducing glucose 

and xylose concentration after 48 of hydrolysis was about 8 g/l and 0.5 g/l, respectively (Figure 

1). The reducing glucose and xylose concentrations were about 50 g/l and 26 g/l, respectively, 

for the wheat straw slurry without rinsing.  

 

Figure 1 Changes in the concentrations (g/l) of glucose and xylose on the enzymatic hydrolysis 

of solid fraction of wheat straw slurry. The value presented are mean values of two experiment, 

with error bars as two standard deviation of the two values. 

  Before (g/l) * After (g/l) ** 

Suspended solid  85.5 48.8 

Dissolved solid 48.8 115 

Ash  12.3 12 

Table 1 The concentration of suspended solid, dissolved solid and ash content in the wheat 

straw slurry *before the application of enzyme hydrolysis **after the application enzyme 

hydrolysis with enzyme loading of 18 FPU/ g SS and 50℃. 
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4.2 Shake flask fermentation of hydrolysate 

Enzymatic hydrolysis was performed on wheat straw slurry for 48 h. different enzyme loading 

of 10, 14 and 18 FPU/g SS and different temperature were applied. The result showed that the 

highest reducing glucose and xylose, about 51 g/l and 26 g/l respectively, were obtain from the 

application of enzyme loading of 18 FPU/ g SS and 50 ℃ (Figure 2). 

 

Figure 2. Comparison of the released glucose and xylose concentrations of different enzyme 

loadings and temperatures. 

The batch fermentation was performed on half-diluted wheat straw hydrolysate for 48 h. The 

HPLC results (Figure 3) showed no depletion of glucose and xylose which indicates that no cell 

growth has occurred during the fermentation and that the cells did not consume any substrates. 

The furfural content in the medium was 2.2 g/l. The wheat straw hydrolysate contained different 

inhibitors such as furfural, HMF and acetic acid that might be intolerable for the freely-

suspended yeast cell.   
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Figure 3 Concentrations of different compounds during 48 h of batch fermentation of enzyme 

hydrolysate. The value presented are mean values of two experiment, with error bars as two 

standard deviation of the two values. 

4.3 rMBR fermentation of wheat straw hydrolysate 

In lignocellulosic medium, it is important that the xylose is taken up efficiently by the yeast 

cells for a good ethanol yield. During half and ¼ diluted wheat straw hydrolysate fermentation 

using rMBR, it was observed that both glucose and xylose concentration decreased 

simultaneously (Figure 4. (a) and (b)). After 72 h of fermentation, the glucose consumed in half 

and ¼ diluted media were 7.3 g/l and 6.6 g/l respectively. The xylose consumed was about 2.1 

g/l in both media. 

The concentration of furfural declined from initial concentration of 2.2 g/l to 0.009 g/l in half-

diluted medium and from 0.7g/l to 0.0027 g/l in ¼ diluted medium. This indicates that the cells 

were able to detoxify furfural into less inhibitory compounds. The decline in concentration of 

the inhibitor. The total ethanol centration after 72 h of fermentation was about 4.3 g/l in half-

diluted medium and 3.3 g/l in ¼ diluted medium.  
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Figure 4. (a) Changes in concentration of different compounds during rMBR fermentation of 

half-diluted wheat straw slurry. The values presented are mean values of two experiment, with 

error bars as two standard deviation. (b) Changes in concentration of different compounds 

during rMBR fermentation of ¼ diluted wheat straw slurry. The value presented are mean 

values of two experiment, with error bars as two standard deviation. 
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4.4 Diffusion rates of compounds through the membrane in rMBR 

The diffusion rates of different compounds were studied using rMBR. Wheat straw hydrolysate 

of different concentrations, containing different levels of inhibitory compounds and sugars and 

synthetic medium were fermented in rMBR and the flux were measured and analyzed. The 

effects of inhibitor on the flux of different compounds involved were studied and analyzed. The 

flux is represented by the slope of the regression lines plotted for the changes in the amount of 

compound passed through the unit area of the membrane per time (Fick’s first law). 

 

 

 

 

 

 

 

 

 

Figure 5. Changes in the accumulated amount of different compounds (g/cm2) over time in 

rMBR fermentation of synthetic medium. The slope of the regression line represents the 

diffusion rate (g/cm2h) of compounds through the membrane. 

In Figure 5. the flux or diffusion rate of compounds in the synthetic medium is presented. The 

diffusion rate of glucose for synthetic medium containing initial concentration of 13 g/l glucose 

and 5 g/l furfural was 0.0028 g/cm2h. In the report of A. Mahboubi et al. [11], it was mentioned 

that in the synthetic medium with initial content of 26 g/l glucose and 5 g/l furfural, the flux 

obtained was 0.0010 g/cm2h which was about 2.8 times lower than the flux obtained in this 

study. The synthetic medium used in this study was kept at 1:1 glucose to xylose ratio, whereas 

in the report by A. Mahboubi et al. [11] the ratio was kept at 1:2. Diffusion rates of xylose in 

y = 0,0015x - 0,0271
R² = 0,5633

y = 0,0002x - 0,0018
R² = 0,8858

y = 0,0012x - 0,0101
R² = 0,8628

y = 0,0013x + 0,0019
R² = 0,8836

y = 0,0028x - 0,0261
R² = 0,9461

0

0,02

0,04

0,06

0,08

0,1

0,12

0,14

0,16

0,18

0,2

0 1 0 2 0 3 0 4 0 5 0 6 0 7 0 8 0

A
C

C
U

M
U

LA
TE

D
 A

M
O

U
N

T 
(G

/C
M

2
)

TIME (H)

Xylose Glycerol Ethanol Furfural Glucose



13 

 

synthetic medium, with initial concentration of 13 g/l xylose and 5 g/l furfural, was 0.0015 

g/cm2h which was much higher than the diffusion rate observed in wheat straw hydrolysate 

media (Table 2).  A much lower diffusion rate of xylose (0.0002 g/cm2h) in the synthetic 

medium with initial xylose concentration of 13 g/l xylose and 5 g/l furfural has been reported 

[11]. The glycerol diffusion rate of 0.0002 g/cm2h was obtained (Figure 5). The diffusion rate 

of furfural was 0.0013 g/cm2h and had higher diffusion rate than the reported synthetic medium 

with initial furfural concentration of 5 g/l (0.0010 g/cm2h) by A.Mahboubi et al. [11]. The 

diffusion rate of ethanol was 0.0012 g/cm2h which was comparable to the diffusion rates in 

wheat straw hydrolysates (Table 2).  

 

 

 

 

 

 

 

 

Figure 6. Changes in the accumulated amount of different compounds (g/cm2) over time in 

rMBR fermentation of half-diluted wheat straw hydrolysate. The slope of the regression line 

represents the diffusion rate (g/cm2h) of compounds through the membrane.  
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inhibitors such as HMF and acetic acids which cold have synergetic effects on the yeast cells, 

are present and results in the differences in the flux. The yeast’s metabolic activities are 

negatively affected by the inhibitors. 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Changes in the accumulated amount of different compounds (g/cm2) over time in 

rMBR fermentation of ¼ diluted wheat straw hydrolysate. The regression line represents the 

flux of the compound. The slope of the regression line represents the diffusion rate (g/cm2h) of 

compounds through the membrane.  

The diffusion rate of xylose obtained was higher in ¼ diluted wheat straw hydrolysate with 

initial xylose concentration of 25.8 g/l than in half-diluted wheat straw hydrolysate with 50.7 

g/l. The diffusion rate of xylose in half-diluted medium was 0.0002 g/cm2h and in ¼ diluted 

medium was 0.0005 g/cm2h (Table 3). The xylose concentration was lower in ¼ diluted wheat 

straw hydrolysate but had higher diffusion rate than half-diluted wheat straw hydrolysate. It is 

in agreement with recent report [11] that the xylose consumption decreases as the concentration 

of the inhibitor in the media increases due to the negative effect furfural has on the metabolic 

and physiologic activity of the cells.  Despite the fact that the content of furfural is higher in the 

synthetic medium, the xylose uptake by the yeast is greater in synthetic medium than in the 
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wheat straw hydrolysate media. It may be due to the sugar suppression. In the presence of the 

preferred sugar, which is glucose, the cells synthesize the enzyme required for the utilization of 

alternative carbon sources at low rates or do not synthesize at all [13]. In contrast, when less 

amount of glucose is present in the medium the cells take up xylose at a higher rate. As the 

wheat straw hydrolysate consists of different inhibitor compounds, the results of xylose 

diffusion rate may be affected by the presence of other inhibitors in the medium. For the cells 

to utilize xylose more effectively, studies need to be conducted to   modify the yeast cells futher. 

Table 2. The flux or diffusion rate of different compounds in rMBR fermentation. 

Medium   Flux (g/𝐜𝐦𝟐𝐡) 

Synthetic  Glucose 

Xylose  

Ethanol  

Glycerol  

Furfural  

0.0028 

0.0015 

0.0012 

0.0002 

0.0013 

Half-diluted Glucose 

Xylose  

Ethanol  

Glycerol  

Furfural  

0.0013 

0.0002 

0.001 

0.00005 

0.0005 

¼ diluted  Glucose 

Xylose  

Ethanol  

Glycerol  

Furfural  

0.0014 

0.0005 

0.001 

0.00005 

0.0002 

The same diffusion rate (0.001 g/cm2h) of ethanol was obtained in half- and ¼ diluted wheat 

straw hydrolysate (Table 3). Compared to the diffusion rate of ethanol (0.0012 g/cm2h ) 

obtained in synthetic medium, there were no dramatic changes in the rates. Since there was no 

access to the intra-membrane space during fermentation, the diffusion rates of the metabolites 

were hard to determine. The glycerol production indicates the changes in the metabolic activity 

of the yeast cells. The presence of furfural in the medium disturbs the redox balance of the yeast 
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cells and increases glycerol production by the cells. The diffusion rates of glycerol obtained 

were the same for half- and ¼ diluted wheat straw hydrolysate containing 0.7 and 2.2 g/l furfural 

respectively (Table 3). The diffusion rate obtained, 0.00005 g/cm2h, was relatively lower than 

the glycerol diffusion rate (0.0002 g/cm2h) which was obtained in synthetic medium with 

furfural content of 5 g/l. A higher glycerol diffusion rate (0.0003 g/cm2h) in synthetic medium 

with initial 2.5 g/l furfural was reported in the previous study [11]. The low level of glycerol 

production during fermentation suggested that the cells were able to sustain their metabolic 

activities inside the rMBR.  

The inhibitory compound, furfural, is converted by the cells into furfuryl alcohol which has less 

inhibitory effect. During fermentation, it is crucial for the cells to have an environment where 

they can readily convert toxic inhibitors which can prolong lag phase and damage the cells 

physiology. In this study, it was observed that the diffusion rate increases as the furfural content 

increases which is in agreement with the previous report on synthetic medium fermentation in 

rMBR [11]. The diffusion rate of furfural in the half-diluted wheat straw hydrolysate with initial 

2.2 g/l furfural and ¼ diluted wheat straw hydrolysate containing 0.7 g/l of furfural were 0.0005 

and 0.0002 g/cm2h respectively (Table 2.). In the synthetic medium containing 5 g/l furfural 

the diffusion rate was 0.0013 g/cm2h which was considerably higher than the diffusion rate 

obtained in wheat straw hydrolysate. This suggests that the cells were able to convert furfural 

into furfuryl alcohol while consuming the sugars. The rMBR has the advantage of having high 

cells density inside the membrane panels which helps to retain the cells activities when exposed 

to inhibitors.  

5. Conclusion  

The results in this study showed that in the wheat straw hydrolysate fermentation with rMBR, 

the xylose-consuming yeast cells could tolerate high concentrations of inhibitors present in the 

lignocellulosic material, which the freely-suspended cells could not. The results suggested that 

densely packed yeast cells inside the membrane panels enhance simultaneous utilization of 

glucose and xylose and the insitu detoxification of furfural. The application of reverse 

membrane bioreactor, rMBR, with the xylose-consuming yeast cells confined inside the 

membranes could be a promising technology in the future for second-generation ethanol 

production. 
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