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1. INTRODUCTION

In preindustrial era until the 19th century, renblearaw
materials were the major source of energy and mhtese. During
the Industrial Revolution, the use of coal increaskdrply and
coal quickly becomes a key raw material in the doahindustry
and energy production. In the 20th century, theas been a
changeover in fossil fuel sources from coal to erod and natural
gas due to lower prices, simpler logistics and ¥eesatility in
usage of oil and gas. In connection with the lichiéevailability and
increasing price of crude oil and natural gas, doestion now
arises how to face this situation and what raw ratbase will
develop in the future? Biomass as a renewable rat@riabcould
be answer [1-3]. There is a historical line of doamt resources
used from local renewable resources to coal, caal and tar
industries to crude oil and natural gas in petnolgefineries and
petrochemical industry and recently switch to bissain
biorefineries and other renewable resources is rafreased
importance.

Transformation of raw material platform to biomag# not
be quick and simple. It requires concerted coopmratf several
scientific  disciplines as agriculture, forestry, oloigy,
biotechnology, chemistry, chemical engineering, immental
sciences, but also industrialists, strong econdnaca political
impulse, etc. Renewable raw materials will be insiregly used in
the future. The speed of change however, will npysbably be
determined by the future development of the oil gad prices.
New processes have to be developed to transformasie to fuels,
energy and chemicals in economically competitivg.wa

This paper will present brief overview of state drehds in
utilisation of renewable raw materials to produaeeld and
especially chemicals which can serve as platformshemical
industry. Stress will be given to biotechnologipabduction routs
of organic acids and their separation.

2. BIOREFINERIES

What is biorefinery? The members of IEA Bioenergyeéha
agreed on the following definition for biorefineld]: “Biorefinery
is the sustainable processing of biomass into atspa of
marketable products (food, feed, materials, andmateds) and
energy (fuels, power, and heat)”. This means thatbnery can
be a concept, a facility, a process, a plant, @nea cluster of
facilities. There are several types of biorefinefjhe first
generation of biorefineries are based only on eee fand produce
one main product, e. g. ethanol from corn. Moreaaded newer
biorefineries produce more products from one fdeat. example
processes developed within BioHub programme basedeogal
grain (www.biohub.fr) [1]. Overview of European asdme others
biorefineries is presented in report [5].

The most developed phase Il biorefineries [1] abde to
produce variety of energy and chemicals from varitypes of
biomass. This will allow greater flexibility of theefinery on the
market. They are developing four biorefinery systebased on
mixed lignocellulosic feedstock, whole crop (grand straw),

green biorefinery and two platform biorefinery (dunme sugar
platform with thermochemical syngas platform). Gré&gorefinery
process wet green biomass (green grass, luceges, atc.) which
is separated green juice and fiber rich press fhk6]. These are
further utilized to many products as aminoacidgaaic acids,
dyes, press cake to fodder, insulation materiald,far combustion
to produce energy [7-8].

Despite its high volume, fuel is a low value produks a
result, the return on investment in biofuel-onlyeogions presents
a significant barrier to realizing the biorefinesyéconomic goal
[9]. Biorefinery integrating biofuels and chemicalffers a much
higher return on investment and meets its energly esonomic
goals simultaneously.

3. BIOMASS TYPES

There are several types of biomass which have teehged in
specific way to produce materials, chemicals andrggn Many
biomass feedstocks are seasonal products, woodckfnloses
could be an exception. Green biomass cannot bedstdain
biomass types with individual examples and selemtéstences on
their utilisation are presented in Table 1.

Table 1. Biomass types
Biomass type Examples References
Lignocellulose Wood [10-15]
Plant lignocelulose [11, 16]
Soybean, rapeseed [17-18]
Sugar beet, sugar cane [19-21]
Corn, wheat [22-24]
Grass, lucerne, clover, et¢. [6,725-2
Algae, water weed, water | [28-30]
hyacinth, etc.
Marine algae [31-32]
Agricultural wastes and by-| [10, 33-35]
products
Straw, stover [34, 36-37]
Urban and domestic wasteg [38]
Bio-sludge [39-42]
Waste waters with organicg [43-45]
Used plant oils and animal | [46-47]
fats

Oilseed crops
Sugar crops
Starch crops
Green biomass
Aquatic cultures

Biowastes

Besides classical biomass types should be stresgmutance
of biomass based on aquatic cultures and biowasié®e
advantages of using microalgae to produce biofabs their
continuous production, simple cell division cycbgquisition of
organic compounds through photosynthesis, toleraocearying
environmental conditions, use of waste or brackisiter, use of
land not used for agriculture and, when subjecteghysical and
chemical stress, they can be induced to produceh hig
concentrations of specific compounds [29]. In &ddit the
application of microalgae for biofuels helps reduaebon dioxide,
the main greenhouse gas, thus reducing climategeh&iowastes
are available in huge amounts and their utilisatidhhelp in their
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disposal and at the same time useful fuels and iclaésncan be
produced.

4. BIOMASS CONVERSION PROCESSES

A great variety of processes for conversion of Eeshave
been developed which are presented in Table 2cDi@mbustion
is the oldest way of using biomass. Biomass therewmital
conversion technologies such as pyrolysis and igasdn are
certainly not the most important options at preseaimbustion is
responsible for over 97% of the world’s bioenergpduction.
Direct combustion and co-firing with coal for elecity production
from biomass has been found to be a promising rdetbo the
near future.

Table 2. Biomass conversion processes [1, 3]
References
Combustion [3, 43]
Pyrolysis [48-52]
Gasification [15, 53-54]
Liguefaction [55-57]
Torrefication [54, 58]
Fermentation [59-64]

Thermochemical

Biochemical

Enzymatic treat-
ment of biomass

[16, 65-66]

Electrochemical [44-45, 67-68]

The pyrolysis and direct liquefaction processes are

sometimes confused with each other. Both are thereroical
processes in which feedstock organic compoundscameerted
into liquid products [18]. In the case of liquefact, feedstock
macro-molecule compounds are decomposed into fratgmef
light molecules in the presence of a suitable gatalt the same
time, these fragments, which are unstable and iveact
repolymerize into oily compounds having appropriatelecular
weights. With pyrolysis, on the other hand, a gatals usually
unnecessary, and the light decomposed fragmentsoarerted to
oily compounds through homogeneous reactions irgtsephase.
The differences in operating conditions for liquetian and
pyrolysis are mainly in water content. Liquefactismorks with
feed containing water (no drying of feed is reqdjrat lower
temperature (525-600°C) and higher pressure (5-2@)M#hile
pyrolysis requires lower water content in the febdjher
temperature (650-800°C) and lower pressure (0.MMP8) [18].

Liquefaction processes result in liquid product,ickh
can be easily stored and transported and requikerlg@rocess
temperatures. Due to these advantages, it is bagoimtreasingly
evident that liquid products offer more potential the production
of biobased products than gas products and thisflscted in the
rapid development of these processes and the kmgymunt of
research in this area [56-57, 69-70].

Levulinic acid (LA) is a valuable platform chemiahie to its
particular chemistry — it has two highly reactiwmétional groups
that allow a great number of synthetic transforomai [9].
Advanced Biofine process [10] for production of LAillwbe
described as an example. Lignocellulose feedstbsikze 0.5 to 1
cm is mixed with recycled dilute sulphuric acid 5B%,
depending on feedstock). The Biofine Process cangi$ttwo
distinct acid-catalysed stages that are operatediwe optimal
yields with a minimum of degradation products aadformation.
The first reactor is targeted towards the dominfirst, order, acid
hydrolysis of the carbohydrate polysaccharides hieirtsoluble
intermediates (e.g. hydroxymethylfurfural). This acdon is
favoured by the use of a plug flow reactor, a terapee of 210-
220 °C, and a pressure of 2.5 MPa. The rapid navfiréhe
hydrolysis reaction means that a residence timenbf 12 seconds
is required.

The completely mixed conditions of the second mact
favour the first order reaction sequence leadingAorather than

higher-order tar-forming condensation reactions. e@fng

conditions are less severe of 190-200 °C and 1.4. MRasidence
time in this reactor is approximately 20 minutesfdral and other
volatile products tend to be removed at this stabéde the tarry
mixture of LA and residues are passed to a graéparator. From
here, the insoluble mixture goes to a dehydratinit where the
water and volatiles are boiled off. The heatingthed mixture to
boil off LA is carried out under reduced pressumd aesults in the
tarry material being “cracked”, to give a bone-dppwdery

substance (‘char’). The crude 75% levulinic acioduct can be
purified up to a purity of 98%. Sulfuric acid iscoevered in the
final recycle stage, allowing it to be reused i thystem The

Biofine Process is entirely chemical and does rigtar the use of
any form of micro-organism, as is the case in eratierhydrolysis
and in conventional dilute/concentrated acid hyyfisl

technologies.

5. BIOFUELS
First-generation biofuels refer to biofuels as etilaand

biodiesel made from sugar, starch, vegetable oilsanimal fats
using conventional technology. They are producenhffood crops
such as grains, sugar beet and oilseeds are limitéeir ability to
achieve targets for oil-product substitution, cliemachange
mitigation, and economic growth.

Second-generation biofuels produced from largeddteks
from lignocellulosic materials include cereal strdorest residues,
bagasse, and purpose grown energy crops such adatreg
grasses and short-rotation forests. Low-cost crap farest, wood
process wastes, and the organic fraction of mualigplid wastes
can all be used as lignocellulosic feedstocks. Riseli can be
further upgraded by catalytical hydrodesulphurisati and
hydrodeoxygenation in mixture with gas oil [71].

Third-generation biofuels are based on algae angatan
cultures. Algal biodiesel has potential to becomgadrtant biofuel
[28].

Recent works have shown that butanol is a poteg#iabline
replacement that can also be blended in signifiqamintities with
conventional diesel fuel [72]. These efforts hakensitioned to
research focused on the development of viable ndstHor the
production of an array of oxygenated and fully sztied jet and
diesel fuels from butanol.

6. CHEMICALS FROM BIOMASS

Nowadays, carbon-based products in the chemicalsing
are largely produced on the basis of crude oil. in@nge in raw
materials in the chemical industry signifies notyoa conversion
from oil to renewable raw materials but also tounat gas and
coal. For example, from raw materials used in Gerrmiaemical
industry presently 76 % is based on oil, gas améweable raw
materials are evenly balanced at about 11 % eadloaly 2 % is
based on coal [2]. Present routs of productionrgéoic chemicals
and materials starts mostly at hydrocarbons. Qlifferent will be
situation when biomass will be source of carboratfBtm bulk
chemicals will be produced via fermentations, gesiion, and
pyrolysis or by direct liqguefaction.

A biorefinery that supplements its manufactureavf value
biofuels with high value biobased chemicals carbnafforts to
reduce non-renewable fuel consumption while sinmaloaisly
providing the necessary financial incentive to siite expansion
of the biorefining industry.

However, the choice of appropriate products foritaatd to
the biorefinery's portfolio is challenged by a lazkbroad-based
conversion technology coupled with a great numtfepaiential
platform chemicals. In 2004, the US Department iéfgy (DOE)
addressed these challenges by describing a selegtacess for
chemical products that combined identification afaall group of
compounds derived from biorefinery carbohydrateghwihe
research and technology needs required for theduymtion [73].
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The intent of the report was to catalyze researfforte to
synthesize multiple members of this group, or, ligeatructures
not yet on the list. There were selected 15 canesdfor platform
chemicals which can be used as intermediates firdusyntheses.
Out of these 15 chemicals 10 were organic acidshénsix years
since DOE's original report, considerable progtess been made
in the use of carbohydrates as starting materiais chemical
production by fermentation. Bozell and Petersen (@idated
evaluation of potential target structures usingilsimselection
methodology, and an overview of the technology tmrmaents
that led to the inclusion of a given compound. &elé platform
chemicals are listed in Table 3. This list providedynamic guide
to technology development that could realize coneiaésuccess
through the proper integration of biofuels with ldsed products.
Some other chemicals may increase their importaraeexample
butanol platform could be attractive as well [7Potential of
individual platform chemicals as a primary biorefip building
blocks is discussed, e. g. in works [9, 73].

Table 3. Potential platform chemicals [9].
Ethanol
Furfural
Hydroxymethylfurfural (HMF)
Furandicarboxylic acid (FDCA)
Glycerol
Isoprene
Biohydrocarbons
Lactic acid
Succinic acid
Hydroxypropionic acid (HPA)
Levulinic acid
Sorbitol
Xylitol

A large number of white biotech products are alyead
economically viable compared with their petrochexhic
equivalents, and it is believed that organic acioisstitute a class
of molecules with agreat future [74-75]. Mixed Maxylate
platform generated from organic wastes could beactve for
production of bioproducts [64]. Concentration ofoguct in
fermentation broth is not high and is usually inlttomponent
mixture. Isolation and concentration of productais important
issue. In most mature chemical processes, abolB080-of the
process costs are due to separation steps.

Organic acids constitute a significant fraction thfose
compounds available in aminimum number of stepsmfr
biorefinery carbohydrate streams, and as such renaved much
attention as platform chemicals. Papers on ferntient@roduction
of selected organic acids and their separation paesented in
Table 4.

7. SEPARATION PROCESSES FOR BIOREFINERY
Separation processes in current and future biagfiare discusses
by Huang et al. [128]. This paper presents a afitreview of
separation methods and technologies related to efiiorg
including pre-extraction of hemicellulose and othivalue-added
chemicals, detoxification of fermentation hydroligss and ethanol
product separation and dehydration. Potential séipar processes
for future ethanol producing biorefineries were nitiféed;
extractive distillation with ionic liquids and hwteanched
polymers, adsorption with molecular sieve and laseu
adsorbents, nanofiltration, extractive fermentatiomembrane
pervaporation in bioreactors, and vacuum membraslation.
They hold great promise for further investigatideyelopment and
application.

Biorefinery producing organic acids by fermentatiaute
will require their separation. Overview of extraetiseparations of
organic acids is presented in review papers [88;1132]. Further
papers on separation of individual organic aciéss&own in

Table 4. Fermentation production of selected organic acids
and their separation. MBSE — membrane based solvent
extraction, SIR — solvent impregnated resin

Acid References

Fermentation
[39, 60, 76-84]

Separation
Extraction: [85-88]

Extraction by SIR: [89]
Pertraction: [90-91]
MBSE: [92]
Adsorption: [8, 76, 93-96]
Electrodialysis: [97-98]
Extraction: [104]
Adsorption: [104-105]
Crystallization: [106]
Extraction: [107-110]
Adsorption: [111-112]
Extraction: [113, 119-122]
Extraction by SIR: [123]
Pertraction: [113, 124-125]
MBSE: [115, 126]
Adsorption: [127]

Lactic acid

. . [23, 62, 99-
Succinic acid 103

31, 103
Levulinic acid [ |

’ . [59, 61, 113-
Butyric acid 118]

Table 4. New reactive extractants and solventsofganic acids
and other compounds based on ionic liquids havat gretential
and will be discussed below.

Separation of solutions on molecular or colloideddl by
membrane separations will be of importance. Remooél
microorganisms from broth before separation is opton [133].
The use of nandfiltration to fractionate hot-wagetracts of wood
and wood hydrolysate was tested in paper [134].rRdeaition of
water in biorefinery is important task which can qagported by
membrane separations depending on character aft@ail Palm
oil mill effluent treatment by ultrafiltration wastudied in paper
[135] and recovery of high value protein from a rcaethanol
process by ultrafiltration in paper [136].

lonic liquids in separations

lonic liquids (ILs) are composed of organic catiamsl either
organic or inorganic anions that remain in liquidts over a wide
temperature range, including room temperature. dts a new
group of designer solvents of great interest whiclve recently
been studied widely as potential “green solvenespecially in
chemical and biochemical syntheses [137-139]. Aatgaglvantage
of ILs is their vapour pressure practically equal zero as
compared with widely used volatile organic solventess
information is available on solvent properties b$ in extractive
separations. The majority of works deals with ILsithw
imidazolium cations. A new promising group of ILaded on
phosphonium cations was developed.

Potential of application of ionic liquids (ILs) irthe
biorefinery is discussed in papers [140-141]. Ibsild be used in
biorefinery in several ways. The discovery thaiddiguids can be
used as non-derivatising cellulose solvents hast tea huge body
of work. Four general processing applications gndicellulose
processing arise from this. ILs can be used in ubkmk
regeneration, chemical modification, enzymatic lojghis, and
chemical depolymerisation which is discussed is¢references.

Extractive separations by ILs

Potential of application of ionic liquids (ILs) iaxtractive
separations is great [131-132, 142]. ILs, espscipllosphonium
ones, extracts more effectively organic acids thadassical
extractants, e.g. trioctylamine as shown in paf@8s387, 121] and
in Fig. 1. Structure of cation and especially ofoaninfluences
much extractive properties of ILs [86, 132]. Thgecesses with
application of ILs will be discussed.
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Fig. 1. Concentration dependence of the distributionfaneht of butyric
acid for different extractants. THTP — ILs with

trihexylhexadecylphosphonium cation and differ@mbns, TOMA — IL
with trioctylmethylammonium cation, TOA —trioctylane

Extraction of butyric acid to SR

The first process, extraction of butyric acid (BA)d solvent
impregnated resins (SIR) with new ammonium IL [128fetics
of extraction has been found fast and polymericpeupdid not
influenced extraction mechanism and capacity. SlRrégnated
with IL solution in dodecane exhibit faster extiantkinetics with
lower saturation times compared to SIR with purewhat can be
attributed to lower viscosity of the solvent withluént. The
kinetics of extraction of BA into SIRs with a meamricle
diameter of 660um was fast and 95 % of their equilibrium
saturation was achieved in less than 350 s whianés order of
magnitude faster than achieved in adsorption ioto-exchange
resins. This shows potential for application of SliRsclassical
fixed bed column separations but also in hybridesys.

400

300

v

~

200

7
-z
P>

400 600
d;, um

Fig. 2. Time needed to achieve 90% and 95% approach fibbemum in
extraction of BA to SIR impregnated by pure ammanil vs. the mean
particle size. Lines are estimated from effectivBfudion coefficient
evaluated from experimental data on extractiontiése

Extraction of butanol

Tricyanomethide-based ionic liquids are used toaextl-
butanol from the fermentation broth after sepagatind recycling
the microorganisms [143]. The 1-butanol-depletedeags phase
is re-fed into the fermentation vessel, while lamal is removed
from the ionic liquid phase by distillation. Thenio liquids
claimed for the process exhibit distribution coméfnts Ryuon
between 3.4 and 4.7 and selectivity between 28 2@ hence

improving the performance when compared to both the

hexafluorophosphate system discussed above andftine used
oleyl alcohol (uon = 3.5 anda = 230). Extraction of butanol by
phosphonium and ammonium ILs was studied in pap®&f][

Extractive distillation of ethanol.

For fuel applications, ethanol essentially freevater has to
be produced. Considering the low concentration &elieduring
fermentation, a huge separation effort has to begeerd. In
addition, an azeotrope is formed in this systemickvitannot be
further separated by simple distillation. Entrameavhich are fed in
counter-current into the separation column, arec@erhosen to
interact selectively with the high-boiling compoheim this case
water, thus reducing its activity and increasing trelative
volatility of ethanol. A high capacity is also impant to keep the
column diameter to a minimum. Entrainers enhaneesttparation
factor, and the ionic liquid [C2mim][BF4] is morefiefent than
ethanediol if similar concentrations are used. Tike of an ionic
liquid entrainer reduces thus the number of plaeas/or the
recirculation ratio, leading to overall reduced a@gpion costs
[145]. As shown for the two examples of alcoholification, ionic
liquids may provide higher energy efficiency thahes methods.

8. HYBRID PROCESSES IN BIOREFINERIES

Hybrid process where two processes, e.g., reaatidn
separation are carried out simultaneouisigne equipment or in
closely cooperatingarallel equipment connected by airculation
loop of an active component, e.g., binding agent, extractant or
catalyst which is typical for membrane reactorbioreactors.
Hybrid processes combining production and separapiarts of
technology in interactive way can provide syneigist
improvements for reaction/separations processesedier, also
hybrid separations combining two separation praesould be
advantageous. Hybrid processes with membranes grvéde a
useful approach in designing more effective proegssd systems.
Some of them have been applied in the industry (onane
bioreactors in water treatment). It is a potenfiad a further
progress in the development of new hybrid reacteparation
systems and some other configurations. Developmeand
application of new binding agents as micropartimikdsorbents as
well as solvents or binding agents based on idgigds can help
in formulation of new hybrid processes with memiemanSome
examples of hybrid systems studied are listed Inl€T&.

Application of hybrid process utilizing micropatgs of SIR
impregnated with ammonium IL is possibly limitedrecovery of
micro-components as follows from simulation [14€n other
hand fast kinetics of extraction to SIRs with ammoomilL (Fig. 2)
as shown above can allow design of hybrid systeth ®#traction
to SIR in packed column with particle size of ab20® to 300um
with still excellent kinetics (Fig. 2).

Phosphonium IL Cyphos IL-104 (diluted in dodecaie t
decrease viscosity) is a good extractant of BA.eAvrpromising
process for regeneration of the solvents with IL roglecular
distillation (MD) has been proposed. A simulatiofh a hybrid
process combining fermentation, membrane based ersblv
extraction (MBSE) of butyric acid (BA) and on-lingigping of
the loaded solvent by MD (Fig. 3) has been studiet9-150].
Main advantage of this process compared to cldssicgping
with alkali solution is that the product is obtainas free acid, not
its salt. In simulation, own data on two stage negation by MD
at 130 and 160°C and pressures of 13 and 2 kPa,Ldnd
equilibrium data in system BA-water-dodecane and vizgder-
dodecane-IL have been used [149]. Results of thalation have
confirmed a great potential of the process with NRegeneration
of ILs containing volatile components by MD could generally
useful approach not only in extractive separatibiog also in
designing of the reactor systems.
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Table5. Hybrid processes considered in production or regouf organic acids.
MBSS — membrane based solvent stripping, HF — wdiloer.

Acid

Process

References

Lactic acid

Fermentation with adsorption lactate to particlearoon-exchanger

[96],
in Situ [94]

Fermentation combined with in Situ extraction t& $harticles

(89]

Butyric acid

Fermentation with in situ extraction coupled withipping

[113]

MBSE coupled with MBSS to recover BA from modelnf@ntation broth

[126]

Recovery of BA from fermentation broth by pertraatin HF contactor with ionic liquid

[125]

Recovery of BA from fermentation broth by extraatitm SIR microparticles with ioni
liquid coupled with microfiltration and SIR regeation

[146]

5-Methyl-2-pyrazine-
carboxylic acid (MPCA)

MBSE coupled with MBSS in HF contactors to recodPCA from biotechnologyj
process

[130]

2,5-Furandicarboxylic
(FDCA)

Chemical reactor where from fructose 5-hydroxymigtinfural is formed extracted to th
solvent and oxidized to FDCA.

b [147]

Phenol

Removal of phenol from fermentation brothdsyraction to SIR particles with ioni

£ [89, 148]

liquid

#mesE= 0 2%

mp=t1akgh!
Tpe=0.25

Loaded

solvent

Leanbroth

myap="E 50 kgh':l
Z=0002

MBSE

Tpa=0.14

Fermenter contacior

_] .

F=N1134

Ten—0.0%
—]

Fenment broth
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_@_. Decanter
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—
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Solvent
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10 canir

Concentrarel

IT. solvent cirouit

=320 kgh'1
=033
Ampa=0.70

Cloncentrate2

(free acid) (free acid)

[Driluent ¢irouit

Fig. 3. Flowsheet of the hybrid process combining fermémaMBSE and regeneration of the solvent by tvegstMD.

9. BIOELECTROCHEMICAL SYSTEMS AND FUEL
CELLS

Different bio-electrochemical systems (BES) are gein
examined to make wastewater treatment facilities emergy
producers by capturing electrical energy directionf the
wastewater. BES such as microbial fuel cells (MFCsf a
microbial electrolysis cells (MECs) are engineered capture
electrical current produced by exoelectrogenic aties that
oxidize soluble organic matter present in wastenj@4, 67, 151].
These systems contain anodes where microbes grdwedease
electrons, and a cathode, where electrons are owwsio form
different products. Exoelectrogenic bacteria transflectrons to
the anode of a BES either through direct contaca (vighly
conductive nanowires or membrane associated ps)ten by
using soluble electron shuttles. Electrons flownfrahe anode
through an external circuit and reduce O2 to H2@rirMFC, and
protons to hydrogen in an MEC [152]. The open cirpotential of
a BES anode is typically -300 mV at standard coodj which is
not sufficient to overcome the minimum potentiat foydrogen
evolution (-414 mV). As a result, hydrogen prodoctifrom an
MEC requires supplemental voltage from an exterpalgr source
[152]. MFCs have been used to generate electricity froraraty
of wastewaters including brewery, chocolate, foawcpssing,
meat packing, and paper recycling wastewatersastdiscussed in
papers [44-45]. Hydrogen production using the effluent from
cellulose fermentation in a well buffered mediumthwa high

solution conductivity was 0.96 - 0.16 L/L-day, widn overall
energy recovery of 220+30 % based on the energyevaf the
hydrogen compared to the electrical energy ifpb8].

Improving biofuel and chemicals yields and watarsee are
two important issues in the further developmentimirefineries
[68]. The potential advantages of this alternatseheme in a
biorefinery include minimization of heat loss anengration of a
higher-value product: electricity (in MFC) or hydesg (MEC).
The need for 5-15 litres of water per litre of ethlacan be reduced
significantly via recycling of water after MEC treant. Removal
of inhibitory byproducts such as furans, phenolasg acetate in
MFC/MECs to generate energy, thus, has dual advasitage
improvements in energy efficiency and ability tacyee water.
Conversion of the sugar and lignin degradation pctxiuo
hydrogen is synergistic with biorefinery hydrogequirements for
upgrading Fischer-Tropsch liquids and other bypoteldo high-
octane fuels and/or high-value products. Potentmbcess
alternatives utilizing MECs in biorefineries are abfe of
improving energy efficiency by up to 30% [68].

ISSN 1337-6756, (© 2011 Technical University of Kosice




ELEKTROENERGETIKA, Vol.4, No.2, 2011

ACKNOWLEDGMENT

This contribution is an outcome of a project entitled

“National Centre for Research and Application
of Renewable Energy Sources”
ITMS 26240120016

as part of the Operational Programme Research & Development

vl

Op

: *
1 Agentira
— ¥ Ministerstva Solstva, vy, iskurua dprtu SR * *
eraénj program 22 pre strukturalne fondy EU * 4 x

funded by the ERDF

* X %
*
*

VYSKUMa\YVo) ¢
A

\

; \/\( Podporujeme vyskumné aktivity na Slovensku/
-r Projekt je spolufinancovany zo zdrojov EU

Eurépska unia

EurGpsky fond regionalneho rozvoja

REFERENCES
Clark, J.H. and Deswarte, F.E.l., (Eds.), Idirotion to chemicals
from biomass, J. Wiley, Vol. 184 p., 2008
Diercks, R., Arndt, J.D., Freyer, S., Geier, Rlachhammer, O.,
Schwartze, J., and Volland, M., Raw Material Change the
Chemical Industry, Chem. Eng. Technol., 31 (20(8&)-637.
Demirbas, A., Biorefineries For Biomass Upgragli Facilities,
Springer, 2010
|EA Bioenergy Task 42 2007.
http://www.biorefinery.nl/fileadmin/biorefinery/dstBrochure_Tot
aal_definitief HR_opt.pdf
Biorefinery Euroview. 2009. p. 137 p.
http://www.biorefinery.nl/public-deliverables/
Kamm, B., Hille, C., Schonicke, P., and Dautzery, G., Green
biorefinery demonstration plant in Havelland (Genyja Biofuels
Bioprod. Biorefining, 4 (2010) 253-262.
Leiss, S., Venus, J., and Kamm, B., FermengaBvoduction of L-
Lysine-L-lactate with Fractionated Press Juiceanfrthe Green
Biorefinery, Chem. Eng. Technol., 33 (2010) 210221
Thang, V.H. and Novalin, S., Green BiorefineBeparation of lactic
acid from grass silage juice by chromatography gisireutral
polymeric resin, Bioresour. Technol., 99 (2008) 83&79.
Bozell, J.J. and Petersen, G.R., Technologyeligoment for the
production of biobased products from biorefinerybchydrates-the
US Department of Energy's "Top 10" revisited, Gr&dmem., 12
(2010) 539-554.
Hayes, D.J., Ross, J., Hayes, M.H.B., and phitiack, S., The
Biofine Process: Production of Levulinic Acid, Furdl and Formic
Acid from Lignocellulosic Feedstocks, in: B. Kamf,R. Gruber
and M. Kamm (Ed.)(Eds.), Biorefineries - Indudtiaocesses and
Products: Status Quo and Future Directions Vol Wiley,
Weinheim, 2006, pp. 139-163.
Hayes, D.J. and Hayes, M.H.B., The role thafmdcellulosic
feedstocks and various biorefining technologies lag in meeting
Ireland's biofuel targets, Biofuels Bioprod. Bidnéfig, 3 (2009)
500-520.
Michels, J. and Wagemann, K., The German Lagtlalose
Feedstock Biorefinery Project, Biofuels Bioprod.ogfining, 4
(2010) 263-267.
Lange, J.P., Price, R., Ayoub, P.M., Louis,Retrus, L., Clarke, L.,
and Gosselink, H., Valeric Biofuels: A Platform @ellulosic
Transportation Fuels, Angew. Chem.-Int. Edit.,, 2910) 4479-
4483.
Cherubini, F. and Stromman, A.H., Productioh Riofuels and
Biochemicals from Lignocellulosic Biomass: Estinoati of
Maximum Theoretical Yields and Efficiencies Using atix
Algebra, Energy Fuels, 24 (2010) 2657-2666.
Mdller, S., Stidl, M., Préll, T., Rauch, R.n@& Hofbauer, H.,
Hydrogen from biomass: large-scale hydrogen pradudiased on
a dual fluidized bed steam gasification systen®QiL{) 55-61.

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]
[28]

[29]

(30]

(31]

(32]

[33]

(34]

[35]

[36]

[37]

(38]

[39]

[40]

Petersen, M.@., Larsen, J., and Thomsen, MGtimization of
hydrothermal pretreatment of wheat straw for prdidac of
bioethanol at low water consumption without additaf chemicals,
33 (2009) 834-840.

Ren, Y.L.,, Harvey, A., and Zakaria, R., Biareéig Based on
Biodiesel Production: Chemical and Physical Charégation of
Reactively Extracted Rapeseed, J. Biobased MateenBrgy, 4
(2010) 79-86.

Demirbas, A., Competitive liquid biofuels frohiomass, Appl.
Energy, 88 (2011) 17-28.

Brumbley, S.M., Purnell, M.P., PetrasovitsAL.Nielsen, L.K., and
Twine, P.H., Developing the sugarcane biofactony Hagh-value
biomaterials, 109 (2007) 5-+.

Brehmer, B. and Sanders, J., Assessing theemurBrazilian
sugarcane industry and directing developments faximum fossil
fuel mitigation for the international petrochemicaérket, Biofuels
Bioprod. Biorefining, 3 (2009) 347-360.

Nel, S., The potential of biotechnology in teegarcane industry:
Are you ready for the next evolution?, Int. Sugarld2 (2010) 11-
16.

Huang, Y.L., Wu, Z.T., Zhang, L.K., CheungMC, and Yang, S.T.,
Production of carboxylic acids from hydrolyzed commeal by
immobilized cell fermentation in a fibrous-bed k&actor, 82 (2002)
51-59.

Kleff, S., Succinic Acid as a Byproduct in a Corn-Based Ethanol
Biorefinery. 2007. p. 24.

Koutinas, A.A., Arifeen, N., Wang, R., and WglC., Cereal-based
biorefinery development: Integrated enzyme produnctior cereal
flour hydrolysis, Biotechnol. Bioeng., 97 (2007)-82.

Kumar, A. and Sokhansanj, S., Switchgrass i@an vigratum, L.)
delivery to a biorefinery using integrated biomaspply analysis
and logistics (IBSAL) model, 98 (2007) 1033-1044.

Cherubini, F. and Jungmeier, G., LCA of a biorery concept
producing bioethanol, bioenergy, and chemicals fewitchgrass,
Int. J. Life Cycle Assess., 15 (2010) 53-66.

Mandl, M.G., Status of green biorefining in rBpe, Biofuels
Bioprod. Biorefining, 4 (2010) 268-274.

Lee, D.H., Algal biodiesel economy and comip@ti among bio-
fuels, Bioresour. Technol., 102 (2011) 43-49.

Costa, J.AV. and de Morais, M.G., The role kibchemical
engineering in the production of biofuels from raigae,
Bioresour. Technol., 102 (2011) 2-9.

Demirbas, A. and Demirbas, M.F., Importanceatdae oil as a
source of biodiesel, Energy Conv. Manag., 52 (20EB}-170.
Jeong, G.-T. and Park, D.-H., Production of&s and Levulinic
Acid from Marine Biomass Gelidium amansii, Appl. oBhem.
Biotechnol., 161 (2010) 41-52.

Goh, C.S. and Lee, K.T., A visionary and cqetoal macroalgae-
based third-generation bioethanol (TGB) biorefineny Sabah,
Malaysia as an underlay for renewable and sustmvelopment,
Renew. Sust. Energ. Rev., 14 (2010) 842-848.

Mahro, B. and Timm, M., Potential of biowastem the food
industry as a biomass resource, Eng. Life ScR0DT) 457-468.
Delmas, M., Vegetal Refining and Agrochemist@hem. Eng.
Technol., 31 (2008) 792-797.

Gullon, P., Pereiro, G., Alonso, J.L., and d&ay J.C., Aqueous
pretreatment of agricultural wastes: Characteoratof soluble
reaction products, Bioresour. Technol., 100 (2@#%0-5845.
Kadam, K.L., Chin, C.Y., and Brown, L.W., Fible biorefinery for
producing fermentation sugars, lignin and pulp froonn stover, J.
Ind. Microbiol. Biotechnol., 35 (2008) 331-341.

Ishizawa, C., Jeoh, T., Adney, W., Himmel, Mghnson, D., and
Davis, M., Can delignification decrease celluloggestibility in
acid pretreated corn stover?, 16 (2009) 677-686.

Aiyuk, S., Forrez, I., Lieven, D.K., van HaaidA., and Verstraete,
W., Anaerobic and complementary treatment of doimaeswage in
regions with hot climates - A review, Bioresourchigol., 97 (2006)
2225-2241.

Marques, S., Santos, J.A.L., Girio, F.M., @Rdseiro, J.C., Lactic
acid production from recycled paper sludge by siamdous
saccharification and fermentation, Biochem. Eng41.(2008) 210-
216.

Wu, H., Gao, J., Yang, D., Zhou, Q., and LMW., Alkaline
fermentation of primary sludge for short-chain atacids
accumulation and mechanism, Chem. Eng. J., In P@ssgected
Proof (2010.

ISSN 1337-6756, (© 2011 Technical University of Kosice




ELEKTROENERGETIKA, Vol.4, No.2, 2011

Prasetyo, J., Kato, T., and Park, E.Y., Effiti cellulase-catalyzed
saccharification of untreated paper sludge targefin biorefinery,
Biomass Bioenerg., 34 (2010) 1906-1913.

Morgan-Sagastume, F., Pratt, S., Karlsson,Gkne, D., Lant, P.,
and Werker, A., Production of volatile fatty aclisfermentation of
waste activated sludge pre-treated in full-scakrrttal hydrolysis
plants, 102 (2011) 3089-3097.

van Haandel, A.C., Integrated energy producimd reduction of
the environmental impact at alcohol distillery gnWater Sci.
Technol., 52 (2005) 49-57.

Cusick, R.D., Kiely, P.D., and Logan, B.E.monetary comparison
of energy recovered from microbial fuel cells andcnobial
electrolysis cells fed winery or domestic wastewatint. J. Hydrog.
Energy, 35 (2010) 8855-8861.

Cusick, R.D., Bryan, B., Parker, D.S., MerrM.D., Mehanna, M.,
Kiely, P.D., Liu, G.L., and Logan, B.E., Performamaf a pilot-scale
continuous flow microbial electrolysis cell fed wiy wastewater,
Appl. Microbiol. Biotechnol., 89 (2011) 2053-2063.

Cvengros, J. and CvengroSova, Z., Used fryoilg and fats and
their utilization in the production of methyl esteof higher fatty
acids, Biomass Bioenerg., 27 (2004) 173-181.

Cvengros, J., New trends in production tecbgglof motor fuels
from natural triacylglycerols (in Slovak), preseita at conf. Proc.
9th int. seminar TECHAGRO 2010, Brno, 2010.

Mohan, D., Pittman, C.U., and Steele, P.H.,roBgis of
Wood/Biomass for Bio-oil: A Critical Review, Enerdyuels, 20
(2006) 848-889.

Vogel, A., Mueller-Langer, F., and Kaltschmitl., Analysis and
Evaluation of Technical and Economic Potentials BtE-Fuels,
Chem. Eng. Technol., 31 (2008) 755-764.

Barth, T. and Kleinert, M., Motor Fuels FromoBhass Pyrolysis,
Chem. Eng. Technol., 31 (2008) 773-781.

Hayes, D.J., An examination of biorefining pesses, catalysts and
challenges, Catal. Today, 145 (2009) 138-151.

Melligan, F., Auccaise, R., Novotny, E.H., bsa J.J., Hayes,
M.H.B., and Kwapinski, W., Pressurised pyrolysis Miscanthus
using a fixed bed reactor, Bioresour. Technol., (2211) 3466-
3470.

Consonni, S., Katofsky, R.E., and Larson, E.B. gasification-
based biorefinery for the pulp and paper indusbiyem. Eng. Res.
Des., 87 (2009) 1293-1317.

Clausen, L.R., Elmegaard, B., and Houbak, &chnoeconomic
analysis of a low CO2 emission dimethyl ether (DMignt based
on gasification of torrefied biomass, Energy, 381(@) 4831-4842.
Behrendt, F., Neubauer, Y., Oevermann, M., s, B., and Zobel,
N., Direct Liquefaction of Biomass, Chem. Eng. Trah 31 (2008)
667-677.

Kleinert, M. and Barth, T., Phenols from Ligni Chem. Eng.
Technol., 31 (2008) 736-745.

Akhtar, J. and Amin, N.A.S., A review on pragseconditions for
optimum bio-oil yield in hydrothermal liquefactioof biomass,
Renew. Sust. Energ. Rev., 15 (2011) 1615-1624.

Chiaramonti, D., Rizzo, A., Prussi, M., TedeiscS., Zimbardi, F.,
Braccio, G., Viola, E., and Pardelli, P., 2nd geatien
lignocellulosic bioethanol: is torrefaction a pddsi approach to
biomass pretreatment?, 1 (2011) 9-15.

Zigova, J. and Sturdik, E., Advances in bibiealogical production
of butyric acid, J. Ind. Microbiol. Biotechnol., 2000) 153-160.
Vijayakumar, J., Aravindan, R., and Viruthagir., Recent trends in
the production, purification and application of tlacacid, Chem.
Biochem. Eng. Q., 22 (2008) 245-264.

Zhang, C.H., Yang, H., Yang, F.X., and Ma, .YQurrent Progress
on Butyric Acid Production by Fermentation, Currickbbiol., 59
(2009) 656-663.

Beauprez, J.J., De Mey, M., and Soetaert, YWWKcrobial succinic
acid production: Natural versus metabolic engingepeoducers,
Process Biochem., 45 (2010) 1103-1114.

Weber, C., Farwick, A., Benisch, F., Brat, Dietz, H., Subtil, T.,
and Boles, E., Trends and challenges in the miatgbbduction of
lignocellulosic bioalcohol fuels, Appl. MicrobioBiotechnol., 87
(2010) 1303-1315.

Agler, M.T., Wrenn, B.A., Zinder, S.H., and denent, L.T., Waste
to bioproduct conversion with undefined mixed crdg1 the
carboxylate platform, Trends Biotechnol., 29 (2021Q)78.

Choi, S.P., Nguyen, M.T., and Sim, S.J., Enatimpretreatment of
Chlamydomonas reinhardtii biomass for ethanol petidn,
Bioresour. Technol., 101 (2010) 5330-5336.

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]
[77]

[78]

[79]

(80]

(81]

[82]

Girio, F.M., Fonseca, C., Carvalheiro, F., BealL.C., Marques, S.,
and Bogel-Lukasik, R., Hemicelluloses for fuel etbla A review,
Bioresour. Technol., 101 (2010) 4775-4800.

Logan, B.E., Scaling up microbial fuel cellsnda other
bioelectrochemical systems, Appl. Microbiol. Bidteol., 85 (2010)
1665-1671.

Borole, A.P., Improving energy efficiency arehabling water
recycling in biorefineries using bioelectrochemicalystems,
Biofuels Bioprod. Biorefining, 5 (2011) 28-36.

Zou, S.P., Wu, Y.L., Yang, M.D., Kaleem, I.h@h, L., and Tong,
J.M., Production and characterization of bio-odnfr hydrothermal
liqguefaction of microalgae Dunaliella tertiolectake, Energy, 35
(2010) 5406-5411.

Szijarto, N., Siika-aho, M., Sontag-Strohm, &nd Viikari, L.,
Liquefaction of hydrothermally pretreated wheaastat high-solids
content by purified Trichoderma enzymes, Bioresdechnol., 102
(2011) 1968-1974.

Mikulec, J., Cvengros, J., Jorikova, L., Bar¥l., and Kleinova, A.,
Second generation diesel fuel from renewable ssurde Clean
Prod., 18 (2010) 917-926.

Harvey, B.G. and Meylemans, H.A., The role lmftanol in the
development of sustainable fuel technologies, JenChTechnol.
Biotechnol., 86 (2011) 2-9.

Werpy, T. and Petersen, G.Hgp Value Added Chemicals from
Biomass, Volume |, Results of Screening for Potential Candidates
from Sugars and Synthesis Gas. 2004. p. 76 p.
http://www.nrel.gov/docs/fy040sti/35523.pdf

Hermann, B.G. and Patel, M., Today's and toow’s bio-based
bulk chemicals from white biotechnology - A techemsnomic
analysis, Appl. Biochem. Biotechnol., 136 (2007)1-388.

Sauer, M., Porro, D., Mattanovich, D., and ®taardi, P., Microbial
production of organic acids: expanding the markefsends
Biotechnol., 26 (2008) 100-108.

Chen, C. and Ju, L.K.,, Coupled lactic acidnfentation and
adsorption, Appl. Microbiol. Biotechnol., 59 (2002j0-174.
Venus, J., Utilization of renewables for lactacid fermentation,
Biotechnol. J., 1 (2006) 1428-1432.

Venus, J. and Richter, K., Production of lacticid from barley:
Strain selection, phenotypic and medium optimizgtigng. Life
Sci., 6 (2006) 492-500.

Xu, Z., Wang, Q.H., Wang, P., Cheng, G.S.,YdZ., and Jiang,
Z.H., Production of lactic acid from soybean stajidrolysate with
Lactobacillus sake and Lactobacillus casei, Pro&eshem., 42
(2007) 89-92.

Zhang, 2.Y., Jin, B., and Kelly, J.M., Prodiact of lactic acid from
renewable materials by Rhizopus fungi, Biochem..Bng35 (2007)
251-263.

Zhang, Z.Y., Jin, B., and Kelly, J.M., Prodiact of lactic acid and
byproducts from waste potato starch by Rhizopukiars: role of
nitrogen sources, World J. Microbiol. Biotechn@3 (2007) 229-
236.

Maas, R., Bakker, R., Jansen, M., Visser,d2.,Jong, E., Eggink,
G., and Weusthuis, R., Lactic acid production frbme-treated
wheat straw by Bacillus coagulans : neutralizatéracid by fed-
batch addition of alkaline substrate, Appl. MicabiBiotechnol.,
78 (2008) 751-758.

Ray, R.C., Mohapatra, S., Panda, S., and Rar,Solid substrate
fermentation of cassava fibrous residue for prddocof alpha-
amylase, lactic acid and ethanol, J.Environ.BR9.(2008) 111-115.
Venus, J., Continuous Mode Lactic Acid Fernagioh based on
Renewables, 4 (2009) 15-22.

Matsumoto, M., Mochiduki, K., Fukunishi, K.,nd Kondo, K.,
Extraction of organic acids using imidazolium-basexic liquids
and their toxicity to Lactobacillus rhamnosus, 2004) 97-101.
Marték, J. and Schlosser, S., Phosphoniuncitiqiids as new,
reactive extractants of lactic acid, Chem. Pap2606) 395-398.
Martak, J. and Schlosser, S., Extraction ofitaacid by
phosphonium ionic liquids, Sep. Purif. Technol.(8@07) 483-494.
Joglekar, H.G., Rahman, I., Babu, S., KulkaBD., and Joshi, A,
Comparative assessment of downstream processingnspfor
lactic acid, Sep. Purif. Technol., 52 (2006) 1-17.

van den Berg, C., Boon, F., Roelands, M., Baan, P., Goetheer,
E., Verdoes, D., and van der Wielen, L., Technmeatc
evaluation of solvent impregnated particles in ardactor, Sep.
Purif. Technol., 74 (2010) 318-328.

ISSN 1337-6756, (© 2011 Technical University of Kosice




ELEKTROENERGETIKA, Vol.4, No.2, 2011

Matsumoto, M., Hasegawa, W., Kondo, K., Shimam T., and
Tsuji, M., Application of supported ionic liquid nmbranes using a
flat sheet and hollow fibers to lactic acid recqyeDesalin. Water
Treat., 14 (2010) 37-46.

Marték, J., Schlosser, S., andktva, S., Pertraction of lactic acid
through supported liqguid membranes containing phosjum ionic
liquid, J. Membr. Sci., 318 (2008) 298-310.

Huang, H.J., Yang, S.T., and Ramey, D.E., Alldwafiber
membrane extraction process for recovery and séparaf lactic
acid from aqueous solution, Appl. Biochem. Biotemhn113-16
(2004) 671-688.

Gonzalez, M.l, Alvarez, S., Riera, F.A.,, andlvarez, R.,
Purification of Lactic Acid from Fermentation Brathby lon-
Exchange Resins, Ind. Eng. Chem. Res., 45 (2008-3247.

Ataei, S.A. and Vasheghani-Farahani, E., to separation of lactic
acid from fermentation broth using ion exchangdansesJ. Ind.
Microbiol. Biotechnol., 35 (2008) 1229-1233.

John, R.P., Nampoothiri, K.M., and Pandey, I&+)-Lactic Acid
Recovery from Cassava Bagasse Fermented Mediung Wsiion
Exchange Resins, Braz. Arch. Biol. Technol., 510@01241-1248.
Gullon, B., Alonso, J.L., and Parajo, J.Cn-EBxchange Processing
of Fermentation Media Containing Lactic Acid andigdimeric
Saccharides, Ind. Eng. Chem. Res., 49 (2010) 37503

Wang, Q.H., Cheng, G.S., Sun, X.H., and Jin,R&covery of lactic
acid from kitchen garbage fermentation broth byrfoompartment
configuration electrodialyzer, 41 (2006) 152-158.

Huang, C.H., Xu, T.W., Zhang, Y.P., Xue, Y.ldnd Chen, G.W.,
Application of electrodialysis to the production ofganic acids:
State-of-the-art and recent developments, J. Me8tir, 288 (2007)
1-12.

Du, C,, Lin, S., Koutinas, A., Wang, R., anelt, C., Succinic acid
production from wheat using a biorefining strategippl.
Microbiol. Biotechnol., 76 (2007) 1263-1270.

Du, C., Lin, S.K.C., Koutinas, A., Wang, Rorado, P., and Webb,
C., A wheat biorefining strategy based on solidesfarmentation
for fermentative production of succinic acid, Bisoar. Technol., 99
(2008) 8310-8315.

Bechthold, I., Bretz, K., Kabasci, S., Kogiz R., and Springer, A.,
Succinic Acid: A New Platform Chemical for BiobasBdlymers
from Renewable Resources, Chem. Eng. Technol.2GQ28) 647-
654.

Meynial-Salles, I., Dorotyn, S., and SouaailP., A new process for
the continuous production of succinic acid fromogise at high
yield, titer, and productivity, 99 (2008) 129-135.

Chen, K., Jiang, M., Wei, P., Yao, J., and ,WAJ, Succinic Acid
Production from Acid Hydrolysate of Corn Fiber bgtiRobacillus
succinogenes, Appl. Biochem. Biotechnol., 160 (JGIAY-485.
Kurzrock, T. and Weuster-Botz, D., Recovefysaccinic acid from
fermentation broth, Biotechnol. Lett., 32 (20101L3339.

Jun, Y.S., Huh, Y.S., Park, H.S., Thomas, %on, S.J., Lee, E.Z,,
Won, H.J., Hong, W.H., Lee, S.Y., and Hong, Y.KdsArption of
pyruvic and succinic acid by amine-functionalize8AS15 for the
purification of succinic acid from fermentation trpJ. Phys. Chem.
C, 111 (2007) 13076-13086.

Li, Q., Wang, D., Wu, Y., Li, W.L., Zhang, ¥., Xing, J.M., and Su,
Z.G., One step recovery of succinic acid from fantagon broths
by crystallization, Sep. Purif. Technol., 72 (2020%-300.

Senol, A., Extraction Equilibria of Formic,elulinic and Acetic-
Acids Using (Alamine 336/Diluent) and Conventiongblvent
Systems - Modeling Considerations, 32 (1999) 71%7-73

Senol, A., Extraction equilibria of formic @revulinic acids using
Alamine 308/diluent and conventional solvent syste®ep. Purif.
Technol., 21 (2000) 165-179.

Grzenia, D.L.,, Schel, D.J.,, and Wickramsiagh S.R.,
Detoxification of biomass hydrolysates by reactim@embrane
extraction, J. Membr. Sci., 348 (2010) 6-12.

Kumar, T.P., Vishwanadham, B., Rani, K.NMallikarjun, M., and
Rao, V.V.B., Reactive extraction of levulinic acitbm aqueous
solutions with tri-n-octylamine (TOA) in 1l-octanol Equilibria,
kinetics, and model development Chem. Eng. Commi&8
(2011) 572-589.

Liu, B.H. and Ren, Q.L., Sorption of levukniacid onto weakly
basic anion exchangers: Equilibrium and kinetidigts, J. Colloid
Interface Sci., 294 (2006) 281-287.

Liu, B.J., Hu, ZJ.,, and Ren, Q.L., Singlexgmnent and
competitive adsorption of levulinic/formic acids basic polymeric

adsorbents, Colloid Surf. A-Physicochem. Eng. A§39 (2009)
185-191.

Zigova, J., Sturdik, E., Vandak, D., and ®ekkr, S., Butyric acid
production by Clostridium butyricum with integrategtraction and
pertraction, Process Biochem., 34 (1999) 835-843.

Zhu, Y., Wu, Z.T., and Yang, S.T., Butyricidhgroduction from
acid hydrolysate of corn fibre by Clostridium tycdiricum in a
fibrous-bed bioreactor, Process Biochem., 38 (2662)666.

Wu, Z.T. and Yang, S.T., Extractive fermeigatfor butyric acid
production from glucose by Clostridium tyrobutynpBiotechnol.
Bioeng., 82 (2003) 93-102.

Jiang, L., Wang, J., Liang, S., Wang, X., Cén, and Xu, Z.,
Production of Butyric Acid from Glucose and Xyloseith
Immobilized Cells of Clostridium tyrobutyricum in Ribrous-bed
Bioreactor, Appl. Biochem. Biotechnol., 160 (20330-359.

Jiang, L., Wang, J.F., Liang, S.Z., CaiXl, Z.N., Cen, P.L., Yang,
S.T., and Li, S.A, Enhanced Butyric Acid Toleran@nd
Bioproduction by Clostridium tyrobutyricum Immolzéd in a
Fibrous Bed Bioreactor, Biotechnol. Bioeng., 1081(2) 31-40.
Huang, J., Cai, J., Wang, J., Zhu, X., Hudng,Yang, S.-T., and
Xu, Z., Efficient production of butyric acid fromerusalem
artichoke by immobilized Clostridium tyrobutyricum a fibrous-
bed bioreactor, Bioresource Technol., 102 (201283%926.
Zigova, J., Vandak, D., Schlosser, S., andardik, E., Extraction
equilibria of butyric acid with organic solventgr. Sci. Technol.,
31 (1996) 2671-2684.

Sabolova, E., Schlosser, S., and Martak.idyid-liquid equilibria
of butyric acid in water plus solvent systems wiiloctylamine as
extractant, J. Chem. Eng. Data, 46 (2001) 735-745.

Marték, J. and Schlosser, S., Liquid-liquigLigibria of butyric acid
for solvents containing a phosphonium ionic liquzhem. Pap., 62
(2008) 42-50.

Keshav, A., Wasewar, K.L., and Chand, S.r&otion of Acrylic,
Propionic, and Butyric Acid Using Aliquat 336 in &l Alcohol:
Equilibria and Effect of Temperature, Ind. Eng. @heRes., 48
(2009) 888-893.

Blahusiak, M., Schlosser, S., and Martak,Extraction of butyric
acid by a solvent impregnated resin containingadiquid, accepted
for publication in, React. Funct. Polym.

Marték, J., Schlosser, S., and Blahusiak, Rértraction of butyric
acid through supported liquid membrane with phospira ionic
liquid, accepted for publication in, Chem. Pap.

Blahusiak, M., Schlosser, S., and MartakSimulation of a hybrid
fermentation-separation process for production afytic acid,
Chem. Pap., 64 (2010) 213-222.

Kertész, R. and Schlosser, S., Design andlaiion of two phase
hollow fiber contactors for simultaneous membraasddl solvent
extraction and stripping of organic acids and baSep. Purif.
Technol. 41 (2005) 275-287.

Freitas, A.F., Mendes, M.F., and Coelho, ... Thermodynamic
study of fatty acids adsorption on different adsots, J. Chem.
Thermodyn., 39 (2007) 1027-1037.

Huang, H.J., Ramaswamy, S., Tschirner, Uald Ramarao, B.V.,
A review of separation technologies in current afdure
biorefineries, Sep. Purif. Technol., 62 (2008) 1-21

Kertes, A.S. and King, C.J., Extraction chsimyi of fermentation
product carboxylic acids., Biotechnol. Bioeng.,(2886) 269-282.
Schlosser, S., Kertész, R., and Marték, écdRery and separation
of organic acids by membrane-based solvent extractand
pertraction: An overview with a case study on weryg of MPCA,
Sep. Purif. Technol., 41 (2005) 237-266.

Schlosser, S., Extractive Separations in &ctors with One and
Two Immobilized L /L Interfaces: Applications anémBpectives, in:
E. Drioli and L. Giorno (Ed.)*(Eds.), Membrane Ogi@ns.
Innovative  Separations and Transformations, Wil&ky
Weinheim, 2009, pp. 513-542.

Schlosser, S. and Marték, J., Separation ixfures by pertraction
or membrane based solvent extraction and new éatrsc (in
English), in: R. Wédzki (Ed.), Membrany theory apractice (in
Polish), N. Copernicus University in Torun, Tor@909, pp. 123-
152.
http://www.chem.uni.torun.pl/FIZ/ChemZM/MTiP/MTIiRIMTIiPII
I.html

Liu, S.J., Amidon, T.E., and Wood, C.D., Memahe filtration:
Concentration and purification of hydrolyzates frdsiomass, J.
Biobased Mater. Bioenergy, 2 (2008) 121-134.

ISSN 1337-6756, (© 2011 Technical University of Kosice




ELEKTROENERGETIKA, Vol.4, No.2, 2011

Amidon, T.E. and Liu, S., Water-based woodyoréfinery,
Biotechnol. Adv., 27 (2009) 542-550.

Wu, T.Y., Mohammad, A.W., Jahim, J.M., andu&n, N., Palm oil
mill effluent (POME) treatment and bioresourcesokezy using
ultrafiltration membrane: Effect of pressure on rbeame fouling,
Biochem. Eng. J., 35 (2007) 309-317.

Leberknight, J., Wielenga, B., Lee-Jewett, &nd Menkhaus, T.J.,
Recovery of high value protein from a corn ethapobcess by
ultrafiltration and an exploration of the assoditenembrane
fouling, J. Membr. Sci., 366 (2011) 405-412.

Rogers, R.D. and Seddon, K.R., (Eds.), lotiguids Illb:
Fundamentals, Progress, Challenges, and Oppoésmniti
Transformations and Processes, ACS Symp. Ser., X6IS902, p.,
2005

Plechkova, N.V. and Seddon, K.R., Applicasiaf ionic liquids in
the chemical industry, Chem. Soc. Reviews, 37 (20@8-150.
Wasserscheid, P. and Welton, T., (Eds.),ddiguids in synthesis,
Wiley-VCH, Vol. 1 and 2, 721 p., 2008

Stark, A., lonic liquids in the biorefinerg critical assessment of
their potential, Energy Environ. Sci., 4 (2011)32-

Sun, N., Rodriguez, H., Rahman, M., and RegB.D., Where are
ionic liquid strategies most suited in the pursfitthemicals and
energy from lignocellulosic biomass?, Chem. Commdn. (2011)
1405-1421.

Noble, R.D. and Gin, D.L., Perspective oniéliquids and ionic
liquid membranes, J. Membr. Sci., 369 (2011) 1-4.

Pitner, W.-R., Aust, E.F., Schulte, M., anch®8id-Grossmann, U.
W0201000357,

Cascon, H.R., Choudhari, S.K., Nisola, G.Mivas, E.L., Lee, D.-
J., and Chung, W.-J., Partitioning of butanol atfteofermentation
broth components in phosphonium and ammonium-baseit
liquids and their toxicity to solventogenic clogid, 78 (2011) 164-
174.

Jork, C., Seiler, M., Beste, Y.A., and AMW., Influence of ionic
liquids on the phase behavior of aqueous azeotrspitems, J.
Chem. Eng. Data, 49 (2004) 852-857.

Blahusiak, M. and Schlosser, S., Hybrid pesceinvolving
extraction into ionic liquid impregnated micropeltis and
microfiltration, submited for publ. in, Desal. Wafereatment.

[147]

[148]

[149]

Kroger, M., Prusse, U., and Vorlop, K.D., &w approach for the
production of 2,5-furandicarboxylic acid by in sitxidation of 5-

hydroxymethylfurfural starting from fructose, Tdpatal., 13 (2000)
237-242.

van den Berg, C., Roelands, C.P.M., Bussm&nGoetheer, E.,
Verdoes, D., and van der Wielen, L.A.M., Preparatimd analysis
of high capacity polysulfone capsules, React. FuRdlym., 69
(2009) 766-770.

Blahusiak, M., Schlosser, S., Cvengro$, ad Martak, J., New
approach to regeneration of the solvent with ioldguid from

membrane based solvent extraction, in: Proc. ot.Psh conf.
Permea 2010, full text on CD ROM, Tatranské MagligBK).

SSCHI, 2010.

Blahusiak, M., Schlosser, S., Cvengro$, ad Martak, J., New
approach to regeneration of the solvent with ioldgid from

membrane based solvent extraction, accepted folicatibn in

Chem. Pap.

Logan, B.E. and Regan, J.M., Electricity-proohg bacterial
communities in microbial fuel cells, Trends Microbj 14 (2006)
512-518.

Liu, H., Grot, S., and Logan, B.E., Electreafically assisted
microbial production of hydrogen from acetate, Eowmi Sci.

Technol., 39 (2005) 4317-4320.

Lalaurette, E., Thammannagowda, S., Mohaghe§ih Maness,
P.C., and Logan, B.E., Hydrogen production fromutete in a
two-stage process combining fermentation and elbgtirogenesis,
Int. J. Hydrog. Energy, 34 (2009) 6201-6210.

Heerema, L., Roelands, M., Hanemaaijer, Jd¢.,Bont, J., and
Verdoes, D., In-situ phenol removal from fermemmatibroth by
pertraction, Desalination, 200 (2006) 485-487.

ADDRESSES OF AUTHORS

Stefan Schlosser and Marek Blahusiak

Institute of Chemical and Environmental Engineering,
Faculty of Chemical and Food Technology,

Slovak University of Technology,

Radlinského 9, 81237 Bratislava, Slovakia
stefan.schlosser@stuba.skarek.blahusiak@stuba.sk

ISSN 1337-6756, (© 2011 Technical University of Kosice




	

