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ABSTRACT

Rape straw was treated by two methods (dilute-H,SO, as the most commonly used for this type
of feedstock and glycerol-based as an alternative method), before its application as feedstock for
bioethanol production. Fermentation broth was treated by means of membrane processes (nano-
filtration [NF] and reverse osmosis [RO]) with the main aim to minimize ethanol rejection and
maximize sugars rejection. Both processes (RO; SW30XLE membrane; NF; DK membrane) ensured
complete recovery of ethanol in the permeate. While filtration by SW30XLE membrane allowed to
achieve the highest xylose retention (>99%), resulting in high xylose concentration (42 g/L) com-
pared with its content in the residue after ethanol production (6.5 g/L). Using DK membrane, about
60% of xylose was rejected, which allowed concentrating the xylose to the level of 17.5 g/L. Retentate
after membrane filtration was tested as the feedstock for succinic acid production. Succinic yield
amounted to 70%, which resulted in 80% of xylose utilization.

Keywords: Ethanol separation; Xylose separation; Membrane filtration; Stillage; Rapeseed straw;

Waste glycerol

1. Introduction

Bio-ethanol produced on large-scale from lignocel-
lulosic biomass can be blended with petrol and used in
flexible fuel vehicles or even used as 100% ethanol in ded-
icated vehicles. EU member states commitments require
increasing areas of land for growing energy crops to
achieve 10% share of biofuels used in transportation in
2020 [1]. First generation bioethanol based on starch plants
used primary for food production is not sustainable and
provokes social objections in many parts of the world.
Therefore, second generation cellulose-based bioethanol
from agricultural residues or dedicated crop plantations is
a more promising approach. Generally, second-generation
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ethanol production includes at least the following stages:
pre-treatment, saccharification and fermentation. The
first stage, i.e., pre-treatment is the most important as
the effective pre-treatment can overcome limitations of
enzyme accessibility [2]. Thus, effective pre-treatment is
required to loosen the lignocellulosic structure prior to
further processing, i.e., enzymatic hydrolysis and etha-
nol fermentation. Biomass pre-treatment methods can be
classified as chemical, mechanical and biological. Cur-
rent biomass pre-treatments used are most likely to be
chemical or thermo-chemical, due to shorter processing
times, higher fermentable sugar yields, and lower energy
requirements [3]. Acid-based thermal pre-treatment is
very effective in hemicellulose solubilization; whereas,
this method produces some inhibitors (e.g., furfural,
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hydroxymethylfurfural) and is not effective in biomass
delignification, and usage of large amounts of acid can
cause reactor corrosion [4,5]. Disadvantages of dilute-
acid methods can partially be solved by the application
of recently emerging pre-treatments, e.g., glycerol-based
methods. Glycerol, by-product of biodiesel production,
can be purified and used in pharmaceutical, cosmetic and
food industry. However, extensive biodiesel production
has already resulted in price decrease [6]. Consequently,
the development of new usages is required for dealing
with the glycerol surplus. Glycerol can be considered as
a good agent for lignocellulosic materials treatment, if the
appropriate fractionation conditions are established. The
hemicellulose is soluble in the aqueous phase, the lignin is
soluble in the organic phase, and the cellulose remains in
solid fraction. The available studies revealed that indus-
trial glycerol pre-treatment of wheat straw led to a high
recovery of cellulose (>95%), removal of lignin (>70%)
— from wheat straw [7]. Also, this type of pre-treatment
improved the yield of enzymatic hydrolysis. In such pro-
cesses, lignin and hemicellulose are removed and thus,
pore volumes and hydrolytic enzyme accessibility are
improved [8]. However, research connected with broader
biomass types is necessary. According to our knowledge,
there are no reports comparing the glycerol-based method
with dilute-acid pre-treatment used for straw biomass
processing, especially before combined ethanol and suc-
cinic acid production.

Ethanol is most frequently produced using ordinary
baker’s yeast, Saccharomyces cerevisiae, due to the simplicity
of the conversion and high process efficiency. However, Sac-
charomyces cerevisiae can effectively convert glucose to eth-
anol with high efficiency, and the ethanol fermentation of
C5 sugars from hemi-cellulosic fraction still remains a chal-
lenge, due to low conversions yields [9]. One of the current
challenges of bio-ethanol production from lignocellulosic
biomass is an effective utilization of hemicellulose-derived
sugars into valuable products, e.g., succinic acid, using Act-
inobacillus succinogenes. This strain is considered as one of
the most promising for the industrial production of succinic
acid. Moreover, succinic acid production via fermentation
consumes CO,, which can significantly improve the sustain-
ability of the combined biorefinery (bioethanol + succinic
acid conversion) process [10]. Succinic acid, also known as
amber acid or butanedioic acid, has been recognized as one
of the top 12 platform chemicals, i.e., compounds that can
be utilized to synthesize valuable commodities, i.e., biode-
gradable polymers, fine chemicals, green solvents, pharma-
ceuticals etc. [11].

Nowadays, membrane processes are being used in
fermentation technologies (methane or ethanol produc-
tion), especially for wastewater purification, water reuse
or compounds recovery. In case of methane production,
membrane processes were successfully tested for the treat-
ment of post-digestion liquors, rich in organic matter,
phosphorus and nitrogen. The treatment of such liquors
with a struvite precipitation/ammonia stripping (as ini-
tial steps) and a subsequent reverse osmosis (RO) process
turned out to be effective and allowed to decrease con-
taminants’ concentration below discharge limits [12-14].
Different biological and physico-chemical processes have
been applied together with membrane filtration for the

treatment of residue after distillation. Among the various
processes that can be used for final treatment of residue
after ethanol production (stillage), nanofiltration (NF) and
RO appear to be the most suitable to produce high-quality
water or even meet the effluent discharge standards
[15,16]. Another application of membranes techniques
constitutes the recovery of valuable compounds, such as
lignin and hemicellulose. For example, ultrafiltration is
most commonly used for the recovery, fractionation and
purification of hemicellulose from hydrolysates. However,
effective separation of dissolved sugars (i.e., xylose and
arabinose) present in fermentation broth after using ordi-
nary baker’s yeast Saccharomyces cerevisiae, still remains
a challenge. Taking into account molecular weights of
xylose/arabinose (150 g/mol) and ethanol (46 g/mol), the
separation of ethanol from other components should be
possible using membrane processes via molecular sieving.
However, the effect of other components and impurities
present in broth after fermentation on the separation pro-
cess should also be taken into account.

The study presents biofuel (cellulosic ethanol) and
biochemical (succinic acid) production from rape straw,
integrated with membrane filtration of the fermentation
broth. Rapeseed straw is a processing residue generated
by the bio-oil industry. It is an abundant and low-cost lig-
nocellulosic material in many European and Asian coun-
tries. Its excessive amounts are usually disposed of by
combustion. In the present study, rape straw was treated
by two methods (dilute-H,SO, as the most commonly
used for this type of feedstock and glycerol-based as an
alternative method), before its application as feedstock
for bioethanol production. Our goal of membrane filtra-
tion was to minimize ethanol rejection, while maximizing
sugar rejection. The retentate achieved after membrane
filtration was used as feedstock for bio-succinic acid pro-
duction. While the present filtration experiment do not
represent the full range of possible conditions and mate-
rials, the main goal of this part of study was to demon-
strate proof-of-concept and show the usage of membrane
processes in integrated bioethanol and succinic acid pro-
duction from rape straw.

2. Materials and methods
2.1. Feedstock

The straw used in this study originated from rape cul-
tivated for energy purposes. The farm is located in the
Silesian province, south of Poland. Straw samples were col-
lected uniformly from the surface of approximately 2 ha.
Dry straw was chopped using a shredder (4-5 cm length)
and ground to particles of 3 mm, using a cutting mill.
The dry matter (DM) content was 93%-94%. The main
components of the rape straw in this study were cellulose
(38.3% = 1.6%), hemicellulose (20.4% =+ 1.5%) and lignin
(21.7% + 1.6%) (Table 2).

2.2. Biomass pre-treatment and hydrolysis

Biomass of straw was pre-treated with acid-diluted
method and glycerol-based method. After pre-treatment, the
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slurry was separated, using a commercial filtration Buchner
unit, into solid (water insoluble fraction, WIS) and liquid
fraction. Solid fractions recovered after pretreatment were
directly used as feedstock for enzymatic hydrolysis. Each
pre-treatment was conducted at solid content of 10% (w/v)
and repeated four times. In case of dilute acid method, the
process was based on temperature (180°C) and H,SO, addi-
tion (1% w/v). While glycerol method involved the addi-
tion of glycerol fraction instead of water, sulfuric acid was
not used in glycerol-based method. Glycerol fraction was
obtained from local company, producing biodiesel from
rapeseed. Chemical composition of glycerol fraction was
as follows: glycerol 86.5%; inorganic components: 2.55%,
methanol: <0.02%; non-glycerol organic substances: <2.0%.
Density of the glycerol fraction amounted to 1235 g/L at
20°C; pH 6.3-6.4. In both cases, mixtures were steam treated
in a batch reactor at 180°C for 15 min.

2.3. Enzymatic hydrolysis and ethanol fermentation

Untreated biomass (for comparison) and solid fractions
recovered after pre-treatment tested (acid-based or glycerol
method) were used as feedstock for enzymatic hydrolysis.
The process was conducted at a solid loading of 5% in a
50 mM sodium citrate buffer, pH 4.8. The process was
conducted at 50°C for 48 h. The following enzymes
were used for enzymatic hydrolysis: Celluclast 1.5 L®
(Celluclast, 20 FPU/g glucan) derived from Trichoderma
reesei and Novozyme 188 (15 IU/g glucan) from Aspergillus
niger. Ethanol was produced from enzymatically hydro-
lyzed straw, supplemented with the following amounts
of minerals (g/L): (NH,),SO, (3.75); K,HPO,, (2.11);
MgSO,-7H,0, (0.375) and CaCl-2H,O, (0.5).

The stock culture of S. cerevisiae was first subcultured
on Difco™ Yeast Mold (YM) Agar. For preparation of inoc-
ula, cells were added to 200 mL liquid YM media and incu-
bated at 30°C for 24 h. For ethanol production, S. cerevisiae
(5% (v/v)) was added as an inoculum. The fermentation
was performed at 35°C for 48 h in 300 ml Pyrex flasks
equipped with air locks. Samples of 1 ml were taken after
0, 3, 6, 12, 24, 36 and 48 h. Samples were centrifuged at
10.000 g for 10 min, and then the supernatants were fil-
tered via 0.2 pm pore size filters — before sugars and etha-
nol determination.

2.4. Succinic acid production procedure

Retentates containing concentrated xylose, after effec-
tive membrane filtration, was used as feedstock for succinic
acid production. Before using as feedstock for succinic acid
production, pH value of retentate was adjusted to about
6.5. A. succinogenes 130Z (DSM 22257) was obtained from
Leibniz-Institute DSMZ~-German Collection of Microorgan-
isms and Cell Cultures. Seed culture medium composition
and details about succinic production tests were previously
described [17,18]. Succinic acid tests were performed in
200 ml sealed anaerobic bottles with 100 ml working vol-
ume and 75:25 (% vol.) ratio of feedstock to experimental
medium. Sugars (glucose, xylose) and acids (succinic, acetic,
formic) were analyzed at the beginning of the process and
after 48 h.

2.5. Membrane materials and filtration procedure

Osmonics device (type GH-100-400) was used for mem-
brane filtrations. The device worked in the dead-end mode,
on flat sheet membranes with active surface of 36.3 cm? The
processes were conducted under trans-membrane pressure
of 2 MPa; rotary velocity of the stirrer was maintained at the
level of 200 rpm/min. The pH value of the liquors treated
amounted to 4.5 and pH values were not corrected before
membrane processes. Fig. 1 shows the concept of bioeth-
anol/succinic acid production integrated with membrane
processes. Characteristics of the membranes used are pre-
sented in Table 1.

2.6. Analytical methods

Total solids (TS), volatile solids (VS), ash, and pH were
determined according to standards methods [19]. The
concentrations of sugar monomers (glucose, xylose, arab-
inose), organic acids (succinic-, lactic-, formic- and acetic
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Fig. 1. Concept of bioethanol and succinic acid production —
integrated with membrane separation of xylose after ethanol
fermentation.

Table 1
Characteristics of the membranes used

Symbol DK SW30XLE

Type Nanofiltration Reverse osmosis

Manufacturer GE Dow

Material® Polyamide skin ~ Polyamide
layer

Cut-off*, Da 150-300 100

Retention coefficient 40 99.5

NaCl®, %

Retention coefficient 98 99.5

MgSO.,", %

Contact angle®, 37 45

degrees

pH range® 2-10 2-11

“Data provided by manufacturer.

"Established experimentally for 1 g/L solution of NaCl and
MgSO, under working pressure of AP = 2 MPa.
‘Determined using a goniometer.
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acid), ethanol, inhibitors (furfural and 5-hydroxymethyl-2-
furaldehyde HMF) were determined by using high per-
formance liquid chromatography HPLC (Agilent 1260)
equipped with a BioRad Aminex HPX-87H column at 63°C,
refractive index detector (RID 1362A) and ultraviolet (UV)
detector using 4 mM H,SO, as eluent at 0.6 ml/min flow
rate. Compositional analysis of the cellulosic feedstock used
in this study was based on a two-step acid hydrolysis as
described in our previous study [18]. All chemicals used in
this study were of analytical grade (Sigma Aldrich ApS).
Results are presented as average values (n = 4) with stan-
dard deviations ().

2.7. Calculations
2.7.1. Pre-treatment and enzymatic hydrolysis

The effectiveness of the pre-treatment methods was
based on WIS (fraction insoluble solids) recovery, i.e.,
(WIS/initial weight of material used for pre-treatment).
Cellulose and hemicellulose recovery were calculated as
the amount of cellulose and hemicellulose recovered in
solid fractions after pre-treatment and expressed as per-
centage related to cellulose and hemicellulose content in
biomass before pre-treatment. Glucose (Y, ) and xylose
(nyll) yields of enzymatic hydrolysis were based on glu-
cose and xylose released and these yields were expressed
as initial percentage of glucose or xylose used for enzy-
matic hydrolysis. Formulas were presented in our previ-
ous study [20].

2.7.2. Ethanol and succinic acid fermentation

Ethanol yield (Y., (Eq. (1)) was based on the assump-
tion that all glucose found in the feedstock could be con-
verted into ethanol with a yield of 0.51 g EtOH /g of glucose,
using S. cerevisiae.

EtOH
Yoon (%) = (810 1)
EtOH e (8)
where EtOH,, . is the highest ethanol amount obtained

in fermentation process (g); EtOH,,  is theoretical ethanol
production based on stoichiometric conversion of glucose
to ethanol, i.e., 0.51 g-EtOH/g-glucose.

Succinic acid yield was expressed as the amount of suc-
cinic acid produced (g) from 1 g of xylose present in the
hydrolysate, and was expressed as a percentage.

2.7.3. Effectiveness of membrane filtration

Rejections of sugars and ethanol were based on their
concentration in the retentate/permeate compared with
initial concentration of the analyzed compound in the feed-
stock before filtration; whereas, the efficiency of the mem-
brane processes was determined according to the following
Eq. (2):

14

Jo=gL/mt-h @

where | is volumetric permeate flux, L/ m?h; V is permeate
collected after the particular period of time, L; F is active
membrane surface, m? and ¢ is filtration time, h.

3. Results and discussion
3.1. Biomass pre-treatment

Both  pre-treatment methods (dilute-acid and
glycerol-based) had a significant effect on biomass
composition, i.e., cellulose, hemicellulose and lignin content
(Table 2). Cellulose content increased by 43% and 62%
after acid- and glycerol-based method, respectively. These
pre-treatment methods allowed retaining >98% of initial

Table 2
Influence of dilute-acid and glycerol-based pretreatment on composition of rape straw biomass (average values n = 4, + standard
deviations)
Pretreatment Solid fraction recovered
Glucan, Cellulose rec.’,  Xylan, Hemic. rec.b, Lignin, WIS,
% DM % % DM % % DM %
Untreated?® 383+ 16 - 204 +15 - 21716
1% H,SO,, 180°C 548+1.8 979 +1.2 45+04 153 +2.1 31.5+20 69 +3
Glycerol-based 180°C 619 +1.2 983+ 1.1 179 £ 0.8 53.8+3.8 95+1.0 61 +2
Pretreatment Liquid fraction after pretreatment
Glucose, Xylose, Arabinose, Hemic. rec.c, Soluble lignin,  Recovery,
g/L g/L g/L % g/L %
1% H,SO,, 180°C 0.83£0.2 153 +15 1.5+05 434 +438 n.d. 67 £5
Glycerol-based 180°C  n.d. 149+ 13 1.6+04 209 1.9 554 +3.2 332

Note: n.d. - not detected or below detection limit; rec. — recovery.
“Initial biomass without acid-based or glycerol-based pretreatment.

Cellulose and hemicellulose recovered in solid fractions after pretreatment and expressed as percentage related to cellulose and

hemicellulose content in untreated biomass.

?Xylose and arabinose released into liquid fraction and expressed as a percentage of initial hemicellulose in untreated biomass,
WIS — water insoluble fraction, represents the recovered solids mass (dry basis) after pretreatment.
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glucose (untreated biomass) in solid fractions and there
were only insignificant amounts of glucose (<1 g/L, Table
2) released in liquid fractions and only recorded after dilute
acid method. Results obtained in this study clearly showed
that applied conditions of straw pretreatment did not cause
a significant hydrolysis of cellulose structure. Inappropriate
pretreatment conditions, e.g., too high acid concentration or
temperature range used, can cause polysaccharides degra-
dation and generate high amounts of degradation products,
e.g., carboxylic acids and furan derivatives [20]. The dilute
acid method turned out to be very effective in hemicellu-
lose fraction solubilization (Table 2). It allowed decreasing
its content from about 20.5% to 4.5%. In this case, about 43%
of hemicellulose was solubilized (15.3 g of xylose/L, 1.5 g of
arabinose/L, liquid fraction, Table 2); whereas, the rest was
lost during the process, which is strictly connected with
dilute-acid method conducted at high temperature [20,21].
Similar concentrations of xylose and arabinose released into
liquid fraction were recorded in case of glycerol-based pre-
treatment. However, due to lower recovery of liquid frac-
tion, this method allowed to solubilize only about 20% of
hemicellulose fraction (Table 2), leaving still about 50% in
solid fraction and the lost accounted for only 25% of ini-
tial hemicellulose present in untreated biomass. This can
be considered as the advantage of glycerol-based method
compared with thermal dilute acid method.

Dilute-acid method did not allow decreasing the
lignin content in solid biomass. In fact, lignin content in
biomass composition increased significantly as a result of
hemicellulose removal (Table 2). Thermal pre-treatment,
facilitated by sulfuric acid, could also generate pseudo-
lignin and thus increase the measured Klason lignin
content. Similar observations have been made in previous
studies [20]. Glycerol-based method allowed to decrease
the insoluble lignin content in solid fraction to <10% of DM
(Table 2). Biomass delignification is one of the main advan-
tages of glycerol used as solvent for biomass pre-treatment.
For example, Sun and Chen [7] showed that >70% of lignin
fraction was removed from wheat straw through glycerol
autocatalytic organosolv process. What is more, the organic
solvents can be recovered and recycled, while recovered lig-
nin depending on its purity can be burned or used for pro-
duction of desirable chemicals, i.e., resins, lignin binders,
lignin-carbon fibers etc. [22].

3.2. Enzymatic hydrolysis and ethanol fermentation

Influence of dilute-acid and  glycerol-based
pre-treatment methods — on the effectiveness of enzy-
matic hydrolysis, using the commercial celluclast and
B-glucosidase mixtures, was analyzed. The untreated
biomass turned out to be difficult to hydrolyze (glucose
yield: 30%, data not shown), which is thought to be con-
nected with specific cell-wall structure of lignocellulosic
feedstocks. This is commonly observed in case of differ-
ent lignocellulosic materials. Both applied methods influ-
enced the enzymatic yields in a positive way. Significantly
higher yields of enzymatic hydrolysis (glucose: 93%;
xylose: 80%, calculation based on Fig. 2) were achieved
after glycerol-based pre-treatment compared with the
sample pretreated by dilute-acid method (glucose: 60%;
xylose: 75%, calculations based on Fig. 2). Enhanced
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Fig. 2. Enzymatic hydrolysis and ethanol fermentation course:
(a) biomass pre-treated by steam with 1.0% H,SO,; (b) biomass
pre-treated by glycerol-based method; filled triangles represent
glucose; filled squares represent xylose; filled circles represent
ethanol.

course of enzymatic hydrolysis of biomass pre-treated by
glycerol-based method is probably a result of high degree
of biomass delignification (Table 2). It is commonly known
that lignin content is one of the main factors influencing
the effectiveness of enzymatic hydrolysis [4].

In both cases, bioethanol production started immedi-
ately without any lag phase (Fig. 2). The ethanol production
proceeded until the glucose was completely consumed.
Applied native strain of S. cerevisize (non-engineered)
was not able to use xylose (Fig. 2). A slight increase of
xylose concentration was noticed during ethanol produc-
tion, which was probably connected with the presence of
enzymes used during previous stage of treatment. The type
of biomass pre-treatment did not significantly impact on
effectiveness of enzymatic hydrolysis. In both cases (dilute-
acid, glycerol-based), ethanol yield amounted to 90%-92%
(0.46-0.47 g-EtOH/g glucose released during enzymatic
hydrolysis) (based on results presented on Fig. 2).

3.3. Fermentation broth separation

Ethanol production generates large amounts of stillage
as a byproduct, which can be used as animal feed. Another
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option to increase the economic profit of bio-ethanol
productionis an effective utilization of hemicellulose-derived
sugars into valuable products, e.g., succinic acid. In the pres-
ent study, ethanol and xylose separation was performed for
broth originated from biomass pre-treated by glycerol-based
method, — which was selected as the most optimal based on
the results presented (Table 2, Fig. 2). In both filtration cases
(DK and SW30XLE membrane), ethanol was not rejected by
membranes. Ethanol diffusivity (12-:10° cm?/s) is signifi-
cantly larger than xylose diffusivity (7.69-10° cm?/s) [23],
what can account for the complete permeation of EtOH
during our experiments (Fig. 3). In particular, RO separat-
ing mechanisms in RO are based on solute diffusion across
a membrane and sterically hindering the solute transport
through pores [24]. Thus, complete recovery of ethanol in
permeate was not unexpected taking into account a very
low molecular weight of ethanol (46.07 g/mol). What is
more, the pK_ of sugars is greater than 12 [23], thus xylose
was in uncharged state during separation and the sieving
mechanism might have played a significant role in separa-
tion of ethanol/xylose mixtures. However, a slight rejec-
tion of ethanol was noticed at the beginning of the filtration
experiment (up to 1 h) (Fig. 3), which was unexpected and
might have been connected with membrane hydrophilic
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Fig. 3. Concentration of xylose and ethanol in permeate and
water flux values: (a) filtration with 100 Da membrane and (b)
filtration with 150-300 Da membrane.

properties. Membranes used were hydrophilic and etha-
nol concentration after fermentation low, so the membrane
firstly permeated water before establishing stable transport
conditions.

Besides ensuring a low ethanol rejection, the second
aspect of membrane filtrations performed was to reject
(concentrate) xylose, — which can be effectively used in
further experiments for biochemical production. Using
DK membrane, classified as NF membrane, 60% of xylose
was rejected, which allowed reaching more than 2.5 higher
concentrated xylose solution compared with feed solution
(Table 3); whereas, using SW30XLE membrane, classified
as RO membrane, almost all xylose present in the solu-
tion (99.2%-99.8%) was rejected. In this case, xylose was
above 6 times more concentrated compared with its con-
tent in the residue after ethanol production (Table 3) and
reached the value of 42 g/L. These are very promising
results, taking into account biological conversion of xylose
into succinic acid in the next step of the experiment. Sugar
concentration by means of membrane techniques, before
fermentation processes, has previously been shown, e.g.,
from sweet sorghum juice [24]. According to our knowl-
edge, the current study presents for the first time the
application of NF/RO processes, in integrated production
of ethanol and bio-succinic acid from rape straw hydro-
lysate. While the permeate consisted of water and etha-
nol (Fig. 3, complete permeation of ethanol and complete
rejection of xylose), ethanol can be further recovered by
conventional processes, e.g., distillation or pervapora-
tion. An increasing progress in developing effective and
energy-efficient cases of ethanol dehydration, using per-
vaporation, has been reported in the literature [25,26]. The
recovered water can be integrated into ethanol/succinic
acid production and used for feedstock dilution before
pre-treatment. Thus, reducing the volume of water used in
lignocellulosic biomass processing.

The values of volumetric permeate flux was also taken
into account. The initial value of both volumetric fluxes
reached the value of 37 L/m?>h (NF) and 27 L/m?*h (RO).
A greater value observed in case of NF membrane com-
pared with RO is strictly connected with membrane char-
acteristics, which was also confirmed by larger water
fluxes (NF) (Fig. 4). The values stabilized at 31-32 L/m*h
and 14-16 L/m*h after 0.5 h of NF and 1 h of RO respec-
tively. These values constitute about 60%—62% of water flux
recorded for NF process and between 34% and 39% of water
flux achieved for RO. A significant decrease of flux during
filtration was also previously observed during treatment
of distillery spent wash [16]. Taking into account the fact
that post-digestion wastes contain minor amounts of inor-
ganic salts added for microbial growth promotion during
fermentation as well as various organic compounds (e.g.
amino acids, peptides etc.) coming from yeast extract used
as nitrogen source for fermentation [27], such liquors are
considered as difficult to treat. Membranes were washed
at the end of experiment and their permeability measured
again. In our case, about 10% (DK, 150-300 Da) and 30%
(SW30XLE, 100 Da) decrease in water permeability was
observed. Further research should focus on additional
pre-treatment of such residues in order to increase the effi-
ciency of membrane treatment, as it was successfully shown
in case of liquors after AD for methane production [12,14].
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Table 3

41

Characteristics of feedstock for ethanol and succinic acid production, fermentation broth after ethanol and succinic acid production
as well as fractions recovered during broth membrane filtration (average values n = 4, + standard deviations)

Compound Feedskock for EtOH Retentate after ~ Retentate after =~ Feedstock for  Succinic
EtOH broth RO NF S.A. broth

Glucose, g/L 273+ 1.8 - - - - -

Xylose, g/L 6.8+0.8 6.5+0.7 425+25 175+ 1.5 319 +1.8° 525+0.8

EtOH, g/L - 12.5+1.0 124 +0.8° 124 + 0.7 - -

Succinic acid, g/L - - - - - 18.7 +1.0

2100% negative retention of ethanol was received, ethanol concentration in retentate was connected with dead-end filtrations to about

90% of feed solution.

"Ratio of feedstock to experimental medium 75:25% vol, EtOH — ethanol production, S.A. — succinic acid.
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Fig. 4. Volumetric flux values of permeate during fermentation
broth filtrations and tested membranes water fluxes.

Membrane fouling is considered as the main disadvantage
of membrane application, as it leads to shorter lifetime of
filtration materials. What is more, amounts of water/chem-
icals used during cleaning mainly depend on the degree of
membrane fouling.

3.4.Succinic acid production

The retentate after filtrations by SW30XLE membrane
(100 Da), which ensured complete recovery of ethanol in the
permeate and the highest xylose concentration in the reten-
tate (Table 3), was tested as the feedstock for succinic acid
production. Succinic acid production started immediately
without any lag phase and the succinic yield amounted
to 70% (calculation based on results presented in Table 3).
About 80% of xylose was consumed during the experi-
ment, leaving about 20% of initial xylose in the fermenta-
tion broth. It has been previously reported that succinic
yields based on xylose are significantly lower compared
with yields originated from glucose [20,28]. Almost com-
plete sugar utilization can be achieved in more controlled
bioreactors, ensuring stable pH condition and mixing [28].
The aim of this part of the study was to demonstrate proof-
of-concept by showing the succinic acid production from
retentate after membrane filtration. As the residue after

ethanol production contains some nutrients and minerals
used in ethanol fermentation step as well as proteins, lipids
and volatile fatty acids (VFAs) derived from yeast metabo-
lism etc. [16], further research should also focus on nutri-
ents supply optimisation.

4. Conclusions

The concept of ethanol/succinic acid production from
rape straw pre-treated by glycerol-based method and inte-
grated with membrane separation of xylose, was presented.
Both analyzed membrane processes (NF and RO) ensured
complete recovery of ethanol in the permeate, which can
be further recovered by existing methods, e.g., distillation
or pervaporation; whereas the recovered water can be used
for feedstock dilution before pre-treatment, and thus reduce
the volume of water used in lignocellulosic biomass pro-
cessing. RO filtration of fermentation broth ensured the
highest retention (>99%) of xylose, resulting in high xylose
concentration (42 g/L) as compared with its content in the
residue after ethanol production. Taking into the fact that
significant decreases of permeate flux was observed during
membrane filtrations, further research should focus on fer-
mentation broth pre-treatment to enhance the efficiency of
membrane treatment. Moreover, presented filtration exper-
iments do not represent the full range of possible filtration
conditions/materials and the results presented have to be
verified in a larger scale. Xylose concentrated in retentate
was successfully converted into bio-succinic acid (average
succinic yield of 70%), which is considered as one of the top
12 building-block chemicals of the future.
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