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Microbial fermentations are efficient alternatives to different manufacturing practices being followed for
industrially important compounds like organic acids, food and pharmaceutically active products.
However, the attractions offered by microbial processes are overshadowed by the costs associated with
downstream processing involved in the recovery of pure products from such systems. Reduction of the
cost in terms of financial and energy related inputs have been the goal of recent ongoing research in the
field of bio-processing. This study has been focused towards development of an efficient method for
simultaneous extraction of products from microbial fermentation. Through the study, the domain of
liguid membranes and the possibilities of energy efficient extraction of microbial products from ongoing
processes have been investigated. Liquid membrane system involves a liquid which is immiscible with
the source and receiving solutions serves as a semi permeable barrier between these two liquid phases.
The study uses a fumaric acid produced through fermentation of Rhizopus oryzae on Potato Dextrose
Broth (PDB) under aerobic conditions as a model sample for extraction analysis. The culture media, that
is presumably rich in fumaric acid and some other acidic products, has been subjected to extraction
through liquid membrane based process. The reduction in concentration of sample used as source is
measured titrimetrically. Thin layered chromatography has been deployed at certain instances for
gualitative verification of the concentrations. The set up consisted of a modified layered 'liquid
membrane’ setup for a ‘fumaric acid’ source, with toluene as organic membrane and sodium hydroxide
as strip phase. The liquid membrane contained a carrier for assisted transfer and was agitated.
Maximum extraction takes place during the first 20 to 30 min of the run as fumaric acid concentration
falls to almost 40% of its initial concentration.
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INTRODUCTION

Polymeric and inorganic membranes are used
commercially for many applications including gas
separations (Tabe-Mohammadi, 1999; Irabien et al.,
2013), water purification (Zhang et al., 2008), food and
diary-(Decloux et al., 2001), petrochemical (Karguri et al.,
2009), pharmaceutical- (Lindner et al., 2001; Ceynowa
and Koter, 2003) and biotechnology industry (Zydney and
Reis, 2001; Charcosset, 2006; Escudero et al., 2013).
The international nomenclature and definition of the

membrane and membrane separation has been well
described (Strathmann, 2006; Ulbricht, 2006). If
membranes are viewed as semi permeable phase
separators, then the traditional concept of membranes as
polymer films can be extended to include liquids. They
are defined as Liquid Membranes (LMs). Liquid
membrane system involves a liquid which is immiscible
with the source(feed) and receiving (strip) solutions that
serves as a semi permeable barrier between these two
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liguid and gas phases. The term liquid membrane
transport includes processes incorporating liquid-liquid
extraction and membrane separation in one continuously
operating device. It utilizes an extracting reagent solution,
immiscible with water, stagnant or flowing between two
aqueous solutions (or gases), the source or feed and
receiving or strip phases. In most cases, the source and
receiving phases are aqueous and the membrane
organic, but the reverse configuration can also be used
(Katalin and Petra). Liquid membranes possess higher
selectivity values than solid membranes and further
increase in mass flux and selectivity have been reported
by incorporating some carrier, which reacts reversibly
and selectively with a specific permeate in the liquid
membrane (Kocherginsky et al., 2007; Ravanchi et al.,
2010; Kaur and Vohra, 2010).

Research and development activities within these
disciplines involve diverse applications of liquid mem-
brane technology, such as gas separations (Baker, 2002;
Golemme et al., 2009), recovery of valued or toxic metals
(Alizadeh et al., 2002; Kulkarni et al., 2002; Othman et
al., 2006, 2004; Manchanda et al., 2011; Janardan et al.,
2012 ), removal of organic compounds and recovery of
fermentation products and some other biological systems
(Schlosser et al., 2005; Dimitrov et al., 2005; Heerema et
al., 2006; Boyadzhiev at al., 2006). In the last decade,
studies have been carried out towards the application
possibilities of ionic liquids in liquid membrane processes
for the transport and separation of solids, liquids and
gases (Endres et al., 2008; Koel, 2008; Wasserchied,
2007). A new class of liquid membrane called micro-
encapsulated liquid membrane has also been
investigated for the production of oxygen enriched air
(Figoli et al., 2001). Microbial productions are being
followed for industrially important compounds like
proteins, organic acids, food and coloration agents and
pharmaceutically active products. Organic acids pro-
duction by filamentous fungi and their associated meta-
bolic pathways have also been reviewed (Goldberg et al.,
2006; Magnuson and Lasure, 2004). Fumaric acid is a
naturally occurring four-carbon dicarboxylic acid that is
finding increasing use as a food acidulant and beverage
ingredient.

Fumaric acid has many potential industrial applications,
ranging from the manufacture of synthetic resins and
biodegradable polymers to the production of
intermediates for chemical syntheses (Roa et al., 2008).
Recently, three strains of fungus Rhizopus oryzae were
screened to produce fumaric acid using untreated and
treated corn distillers’ dried grains (Thomas, 2008).
Microbial productions have even been discussed using
bacterial strain, Lactobacillus (Donnelly et al., 2001).
However, the attractions offered by microbial processes
are overshadowed by the costs associated with
downstream processing involved in the extraction of pure
products from such systems. As such, recovery
techniques in submerged cultivation for fumaric acid have
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been scarcely studied in comparison to organic acids
citric acid (Heinzle et al., 2006) and lactic acid (Joglekar
et al., 2006).

Downstream processing such as reactive extraction
and membrane electrodialysis have not been studied
whereas simultaneous fermentation and adsorption have
been studied for the same (Joglekar et al., 2006).
Reduction of the cost in terms of financial and energy
related inputs has been the goal of our investigations.
This study has been focused towards development of an
efficient method for simultaneous extraction of products
from microbial fermentation. Currently, fumaric acid is
produced from petroleum based derivative maleic
anhydride and as the petroleum prices are rising quickly,
the cost of fumaric acid production has also increased.
The study uses a fumaric acid produced through
fermentation of R. oryzae using potato dextrose broth
(PDB) under aerobic conditions as a model sample for
extraction analysis. The culture media, that is presumably
rich in fumaric acid and some other acidic products, is
subjected to extraction through liqguid membrane based
process. The non-miscible phases are arranged in a
manner which is known as bulk liquid membrane (BLM)
(Belafi-Bako et al., 2000; Clark et al.,, 2005). The
reduction in concentration of sample used as source is
measured titrimetrically.

Thin layered chromatography was deployed at certain
instances for qualitative verification of the concentrations
detected or undetectable through titrimetric analysis.
Certainly, improvements are desirable for up-scaling the
proposed method.

MATERIALS AND METHODS

Membrane solutions were prepared by dissolution of trioctylamine
(TOA) (Fluka A.G. Switzerland 95%) as an extractant in toluene
(S.D. Fine chemicals, 99.5%). Fumaric acid (LOBA Chemicals)
solutions dissolved in water were used for controls. Strip phase
solutions were prepared by dissolving sodium hydroxide pellets
(Qualigens, Glaxo 97.7%) in water. Phenolphthalein indicator,
methyl orange and hydrochloric acid (Qulaigens) were used for
titrations. Chloroform and methanol (E. Merck 99%) were used for
thin layer chromatography analysis. The lyophilized stocks R.
oryzae were procured from MTCC, IMTECH Chandigarh. The strain
is attributed with high levels of fumaric acid production. Potato
dextrose agar (Himedia) and potato dextrose broth (Himedia) were
used to maintain the culture strain. The media was inoculated with
a lyophilized culture of a strain of R. oryzae MTCC-262 and
incubated at 30°C for 7 days to allow fungal growth. After seven
days, mycelia growth was observed on media’s surface.
Subculturing was carried out in 50 ml media using hyphal spores.

Set-up

The basic setup to perform experimental studies was created out of
borosilicate glass molded as per the desired specifications. The
assembly consisted of two concentric cylinders, the inner being
shorter in height to accommodate for the liquid membrane that
would connect the two liquids (Figure 1). The similar experimental
apparatus has also been reported by us for the extraction of
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Figure 1. Specifications of the setup for holding the three liquids.

propionic and acetic acids. The facilitated extraction for the same
has also been described in the same paper (Kaur and Vohra,
2010).

Source feed

The source contains components of interest that need to be
recovered. In this study, samples obtained from the fermentation of
R. oryzae were used as source feed for investigations. Pure fumaric
acid solutions were used as controls in the experiments. The
concentration of pure samples used was optimally kept in the ppm
range to mimic actual fermentation concentrations in order to
optimize the setup for such applications.

Strip phase

Under normal circumstances, strip phase for any separation
process being carried out by a liquid membrane has high affinity for
the product of interest yet easily dissociates from it under the effect
of slight variation in conditions being provided or on the action of a
chemical reagent. Keeping in mind these two characteristics, the
best possible option that came up for the strip phase was an
alkaline medium. Sodium hydroxide has high affinity for organic
acids leading to the formation of sodium salts and water.

Liguid membrane

The liquid membrane used should be completely immiscible in the
source and strip phase and should be able to maintain a distinct
interface that supports high rates of diffusion across it. Given that

the two other liquids selected exist in stable aqueous solutions
(polar in nature) so a non polar liquid membrane was a clear
choice. Toluene, with its high immiscibility in aqueous phases and
easy availability, was the liquid membrane of choice.

Carrier

The carrier molecule is the essence of the whole setup — it
efficiently binds to the product of interest and then releases it on
coming in contact with the strip phase. The ease with which it
attaches to and releases the product is of major interest and the
selection of such a molecule was necessary that could fulfill both
the requirements for organic acids and also be insoluble in aqueous
solvents. These requirements were fulfiled to the fullest by
trioctylamine (TOA) which is used as an extractant for organic acids
in industrial processes and is immiscible in aqueous solutions.

Transport mechanism theory

The reaction equilibrium for the fumaric acid in the present set-up
can be defined by taking into account two interfaces | and Il defined
as feed-phase:membrane phase interface and  strip-
phase:membrane phase interface, respectively. Complex formation
of the extractant TOA with the fumaric acid is proposed in the
mechanism at interface I.

mFA (aqg) + nTOA (org) = FAL.TOA, (org)

The acid-amine complex diffuses from interface | to interface Il
across the membrane where the extractant is released.
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Table 1. Variation of fumaric acid concentration and percentage extraction during reactive extraction process in fermentation samples of
different days of fermentation.

Sample

Amount of fumaric acid /100 ml

time Day 1 Day 2 Day 5 Day 6
(min) Amount of Percentage Amount of  Percentage Amount of Percentage Amount of  Percentage
FA/100 ml extraction FA/100 ml extraction FA/100 ml extraction FA/100 ml extraction
0 0.1323 - 0.1822 - 0.3017 - 0.2855 -
10 0.0943 28.73 0.1184 35.02 0.1950 35.36 0.1706 40.24
20 0.0856 35.30 0.0987 45.83 0.1695 45.82 0.1486 47.95
30 0.0885 33.10 0.0789 56.70 0.1184 60.75 0.1172 58.94
40 0.0783 40.82 0.0789 56.70 0.1137 62.32 0.1137 60.18
50 0.0783 40.82 0.0789 56.70 0.1126 62.68 0.1114 60.98
60 0.0812 38.62 0.0777 57.35 0.1126 62.68 0.1102 61.40
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Figure 2. Trend of percentage extraction of fumaric acid (1 g/100 ml) in the proposed

BLM set-up.

FAL.TOA, (org) = FA (org) + TOA (org)

TOA diffuses back to the interface | across the membrane. The
ionized acid reacts further with the strip phase comprised of sodium
ions and produces a non-diffusive compound. Transfer
mechanisms for the recovery of acetic acid, propionic acid and
fumaric acid have been described elsewhere in a similar fashion
(Kaur and Vohra, 2010; Zhang et al., 2009).

RESULTS

Experiments to investigate the extraction potential of the
proposed BLM set-up was carried out firstly with pure
fumaric acid (1 g/100 ml) where above 60% extraction
has been achieved (Figure 2). Secondly, cell-free
supernatant was then used as source feed to investigate
the extraction potential of the proposed BLM for fumaric
acid from a mixed solution. It was observed that fumaric

acid concentration increases as fermentation proceeds. It
was also observed that the concentration of fumaric acid
falls with time for all the samples when subject to reactive
extraction process (Table 1). The concentration of
fumaric acid drops significantly during first few minutes of
experiment and then becomes almost constant.
Investigations were carried out with cell-free supernatant
as obtained from fermentation of R. oryzae on different
days of fermentation as a source feed along with 1 N
sodium hydroxide as strip phase and 4% (v/v) TOA in
toluene as liquid membrane. As initial concentration of
fumaric acid increases with fermentation days, maximum
extraction achieved also increased from 38 to 61%
(Figure 3). It is further concluded that the maximum
percentage extraction for the two cases remained close
to 60%. Based on the results, it is confirmed that the
proposed BLM set-up has the potential to extract the
fumaric acid both pure and from a mixture of other acids
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Figure 3. Variation of percentage extraction of fumaric acid in the samples obtained from fermentation

of Rhizopus oryzae.

and that too even in dilute concentrations. Further studies
are required to optimize the system and make the
technigue commercially viable so that it can be used for
in-situ extraction of fumaric acid from the solution.

In a similar set of studies, recovery of fumaric acid from
waste solutions have been reported using a different
carrier triakylamine by hollow-fibre supported liquid mem-
brane (Zhang et al., 2009). The study has investigated
several different classes of solvents along with
cosolvents. Combination of the reverse osmosis and
complex extraction and stripping has also been reported
for the treatment of industrial wastewater containing
fumaric acid (Zhang et al., 2008). Therefore, the current
study confirms that the proposed set-up has potential to
recover fumaric acid from wastewater and fermentation
broth and could emerge as a fast, simpler and cheaper
alternate for the same.

Conclusion

Based on the literature survey, R. oryzae appeared to be
the microorganism with the highest productivity of fumaric
acid. The fumaric acid production can be improved by
exploring the field of genetic engineering with the help of
acid-resistant strain. Another alternative is to replace
petroleum based maleic acid and to use fermentatively
produced fumaric acid. This production can be enhanced
by overcoming product inhibition by applying in-situ
removal of fumaric acid during fermentation.

The latter has been achieved partly with the help of
current studies. Further optimizations in terms of carrier,
carrier concentration and strip phase concentration are
thus desirable to make the technique commercially
viable. The validation of our findings and improvements
thereafter promise considerable reduction in the costs
associated with processes deployed for production of
different industrially important microbial metabolites.

Apart from reduction of overall costs, the application of
these principles can also enhance productivity in cases of
self-inhibited processes through simultaneous removal of
product.
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