
Separation Science and Technology

ISSN:0149-6395(Print) 1520-5754(Online)journal homepage:http://www.tandfonline.com/loillsst20

Removal of contaminated organic acids from
simulated succinic acid fermentation broth by
reactive extraction process: Single- and mixed
solute solution

Chakkrit Umpuch, Songsak Sakeaw, Sunthorn Kanchanatawee & Kaemwich
jantama

To cite this article: Chakkrit Umpuch, Songsak Sakeaw,Sunthorn Kanchanatawee &
Kaemwich jantarna (2016) Removal of contaminated organic acids from simulated succinic
acid fermentation broth by reactive extraction process: Single- and mixed-solute solution,
Separation Science and Technology, 51:4,629-640, DOl: 10.1080101496395.2015.1105823

To link to this article: http://dx.doLorg/10.1080/01496395.2015.11 05823

Accepted author version posted online: 03
Nov 2015.
Published online: 03 Nov 2015.

Submit your article to this journal L?

ld!l Article views: 105

~.'".:J View related articles L?

® View Crossmark data L?
CrossM4rk

Full Terms & Conditions of accessand use can be found at
http://www.tandfonline.com/action/journallnformation?journalCode=lsst20

Download by: [Imperial College London Library] Date: 18 May 2016, At: 23:14



SEPARATIONSCIENCEAND TECHNOLOGY
2016, VOL.51, NO.4, 629-640
http://dx.doLorg/l0.l080/01496395.2015.11 05823

C\ Taylor & Francis
~ Taylor&FrancisGroup

Removal of contaminated organic acids from simulated succinic acid
fermentation broth by reactive extraction process: Single- and mixed-solute
solution
Chakkrit Urnpuch", Songsak Sakeaw', Sunthorn Kanchanatawee", and Kaemwich Jantarna"

'Department.of Chemical~ngineering,UbonRatchathaniUniversity,Warinchamrap,UbonRatchathani,Thailand;bMetabolicEngineering
ResearchUnit, Schoolof Biotechnology,SuranareeUniversityof Technology,Mueng,NakornRatchasima,Thailand

ABSTARCT
Thiswork aims to study how to remove the organic acid by-products from simulated fermentation
broth containing succinic acid by re~ctive extraction. Model solutions including single-, binary-,
ternary-, and quaternary-solute solutions were used. The broths were reactively extracted using
0.25 mol TOA/kg l-octanol under pH of 2.45-6.0. The extracted broths were then distillated under
vacuum -0.017 MPawith operating temperature between 45 and 65°(, Finally the distilled broths
were crystallizedat 4°C and pH of 2.0. The results showed that the purity and yield of succinic acid
of 99.10% and 30.25%, respectively, were obtained.
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Introduction

Succinicacid, an organic acid, is widely used in various
industries producing detergents, cosmetics and food. It
gained attention as a building block for the production
ofpoly(ethyl succinate), a biodegradable plastic (1), and
is traditionally manufactured by chemical synthesis
from butane, a fractional distillated product of petrol
(2). Concerns regarding the energy renewal about the
production of succinic acid via microbial fermentation
have recently been raised. In Thailand, abundant agri
cultural products such as starch and sugarcane are
hydrolyzed to fermentable sugar and used as substrate
for microbe-producing succinic acid (3). However, the
fermentation broth also produces contaminated organic
acids, for example, pyruvic acid, acetic acid, formic
acid, malic acid, and lactic acid resulting in a low purity
of succinicacid in the broth (4). High purity of succinic
acid is an important factor to obtain good mechanical
properties for further applications. Thus, the fermenta
tion broth needs to be purified to obtain sufficiently
pure succinic acid (5).

Normally downstream purification costs account for
60-70% of the production costs in the fermentation
based process (5). For the recovery process of succinic
acid via fermentation route to be economical, several
separation methods such as electrodialysis, precipita
tion, reactive distillation, and esterification have been
investigated for succinic acid purification from the

broth (6). In addition, reactive extraction is also an
effective primary separation step for the recovery of
carboxylic acids including succinic acid from a dilute
fermentation broth due to its simple operation, low
capital cost, and low energy consumption. The method
has been developed to intensify separation by solvent
extraction and represents a connection between chemi
cals (reaction between carboxylic acid and extractant)
and physical phenomena (diffusion and solubilization
of the system components). The extractant in the
organic phase reacts with organic acids by means of
ion-pair association in the aqueous phase and then the
reaction complex is solublized into the organic phase.
Tertiary amine is widely used as an extractant for
recovery of organic acids from fermentation broth (7)
and l-octanol is an active diluent for a solvatingmed
ium for organic acid-amine complex (8).

Hong and Hong (6) reported combined effective
processes including reactive extraction, vacuum distil
lation and crystallization for succinate purification.
The reactive extraction selectively removed contami
nated organic acids from the fermentation broth. A
vacuum distillation was used to effectively remove
volatile contaminated organic acids, and the extracted
fermentation broth was then concentrated. Finally, the
crystallization process was applied to obtain a higher
purity and colorless crystal of succinic acid.
Nevertheless, the work studied only the extraction
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efficiency of succinic acid in the diluted fermentation
broth. The result would not be applied with a real
fermentation broth in which the succinate concentra
tion is usually high.

The extraction efficiency of carboxylic acids by
reactive solvent extraction depends on pH, concen
trations of carboxylic acids and amine, polarity of
the diluent, and the operating temperature (6-8).
However, the effect of interactions of succinic acid
and other contaminated organic acids in fermenta
tion broth on reactive extraction efficiency have
been rarely studied. Furthermore, only one study
of reactive extraction was previously reported (6).
Also, the effect of temperature under vacuum dis
tillation on the separation efficiency of the extracted
broth has not been investigated. Therefore, this
work aims to study separation and purification of
high concentration of simulated fermentation broth
containing succinic acid and other contaminated
organic acids by three consecutive technologies,
reactive extraction, vacuum distillation, and crystal
lization. The results from this study revealed that
distribution coefficient of succinic acid in single-,
binary-, ternary-, and quaternary-solutions were
affected by interactions of succinic acid with other
organic acids. The temperatures under vacuum dis
tillation also affected the separation efficiency of the

Table 1. Propertiesof organic acids studied.

extracted broth. After the purification process devel
oped in this study, the purity of succinic acid in the
crystals was found at the highest level compared to
those previously published works.

Materials and methods

Chemicals

Organic acids including succinic acid (Ajax Finechem,
Australia,99.5%),pyruvic acid (Merck,Germany, 95%),
malic acid (Ajax,Australia, 99%), and acetic acid (RCL
Labscan,Thailand, 99.7%)were used as stock solutions.
The initial concentration of succinicacid was 0.7M and
those of aceticacid, pyruvicacid, and malicacidwere0.2
M. These concentrations were simulated according to
the final composition of fermentation broth produced
by Escherichia coli KJ122 (4). The solution pH was
adjusted by adding either NaOH or HCl solution. The
model solutions including single-,binary-, ternary-, and
quaternary-solutesolutions were studied.

Tri-n-octylamine (TOA,Merck, Germany: 93%)was
used as an extractant, a straight-chain tertiary amine. In
general, TOA is usually used in the form of a solution
in organic diluent due to its high viscous and corrosive
properties. l-Octanol (Panreac, E.U., analytical grade),
water insoluble alcohol and floats on water because it
contains non-polar part of long chain alkyl group

Succinic acid
(C4H604)

4.21 5.64 235
Name Molecular weight (q.rnol ") pKa,

118.09

Acetic acid
(CH3COOH)

60.05 4.76

Pyruvic acid
(C3H403)

88.06 2.50

Malic acid
(C4H60S)

3.40134.09

1-0ctanol
(C8H,80)

130.23 195

Boiling point ('C) Molecular structure

118-119

165
CH3, j_II OH

o

5.20 140 1r /OH
HO/ <:> II

o



which is dominant and another polar part of a hydroxyl
group, was used as a diluent (9). The physical proper
ties and structure of all organic acids and l-octanol are
shown in Table 1. The concentration of the extractant
in a diluent of 0.25 mol TOA/kg l-octanol providing
the highest distribution coefficient for monocarboxylic
acids and the lowest one for dicarboxylic acid was
reported (6). In this work, the concentration of TOA
in l-octanol was fixed as 0.25 mol TOA/kg l-octanol.

Pretreatment step of reactive extraction

The pH levelsof the initial solutions varied between 2.0
and 6.0 using O.1MNaOH (Ajax Finechem, Australia,
98%)and O.IMHCI (J.T.Baker,China, 36.5-38.0%).10
mL of model solutions and 10mL of 0.25mol TOA/kg
l-octanol were added into a 30 ml tube. The mixture
was mixed by vortex at 4,000 rpm and 25°Cfor 15min
and then left for 24 hours to allow two complete phases
of separation. The distribution coefficient (DE) was a
major parameter to evaluate the extractability.

Polishing step of vacuum distillation and
crystallization

The sample extracted from the aqueous phase was
evaporated by a vacuum distillation for the removal of
volatile carboxylic acids under the pressure of -0.017
MPa with different operating temperatures (4S-6S°C).
Afterwards, the bottom product was brought into crys
tallization process for further purification at 4°C and
pH 2.0. It was then dried after the recovery of precipi
tated crystallization,and the final purified succinic acid
crystal were obtained.

Analytical method

The concentrations of organic acids were determined
by High Performance Liquid Chromatography (HPLC)
with a UV-VIS Detector (Shimadzu, SPD-I0A VP,
Japan), and VertiSep™OA column (VERTICAL,
Thailand). The mobile phase was 0.003N H2S04 with
a flow rate of 0.4 mL/min.

Calculations

The DE value can be calculated from Eq. (1). The
parameter indicates the mass transfer between two
phases. c:rg is the concentration of i in the organic
phase (M) and c:q is the concentration of i in the
aqueous phase (M).
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Corg
DE = e:q

I

(1)

To estimate the succinate/contaminated organic acid
separation efficiency, one can also use the separation
factor parameter, SF, expressed as:

SF = CAR/CBR = DEj

CAE/CBE DEsuc

where CARand CBRare the succinic acid concentra
tion and the contaminated organic acid concentration
in raffinate respectively. CAEand CBEare the succinic
acid concentration and the contaminated organic acid
concentration in the extract. DEi and DEsucare the
distribution coefficients of contaminated organic acids
and succinic acid, respectively. SF values more than 1
means separation is possible. Values lower than 1,
such as those obtained in this work, mean that the
raffinate is a solution enriched in succinate, the target
product, compared to the extract. On the contrary,
values over 1 indicate an extract enriched with
succinic acid.

The effect of the interaction between the succinate
and contaminated organic acid in the mixture on the
mass transfer behavior between the two immiscible
phases was studied by considering deviation para-

(2)

meter,a, expressed as:

DE'
a=I-

DE
(3)

where DE and DE' are the distribution coefficient of
organic acid in the single-solute solution and DE of
organic acid in the mixtures. a values differ from 0
means the deviation of DE took placed. Values of a
more than 0 such as those obtained in this work mean
that more solute remained in raffinate.On the contrary,
the values lower than 0 indicate more enriched solute
in the extract phase.

The separation efficiency of the reactive extraction
process composed of reactive extraction, vacuum dis
tillation, and crystallization was studied in terms of
percent yield and percent purity as follows:

. WYzeld(%) = - x 100
Wo

(4)

. WPunty(%) = - x 100w,
where Wand W0 are the dry weight of succinic acid
after each purification step (g) and the initial dry
weight of succinic acid in the simulated fermentation
broth (g), respectively.Also, Wt is the total dry weight
of all organic acids at each purification step (g).

(5)



632 S C. UMPUCH ETAL.

Results and discussion

Ions separation in single organic acid solutions

The extractabilityof TOA dissolved in l-octanol on the
reactive extraction of organic acids in single-solute
solution was studied to understand mass transfer
mechanisms between the two immiscible liquid phases.
It was observed that the DE values of all organic acids
decreased with increasing pH in the solution (Fig.la).
For all carboxylic acids, the DE values decreased with
increasing pH in solution pH. It has been well docu
mented that TOA only reacts with undissociated
organic acid (10-12). An increase of the values of pH
means that the concentration of undissociated organic
acid decreased which leads to reduction of the extrac
tion. The decrease of DE in alkali medium is common
and this is in accordance with much literature (13-15).
It was concluded that the extractability can be influ
enced by the concentration of undissociated acid.

In addition, it was observed that the DE value of
malic acid was highest, followedby pyruvic acid, acetic
acid, and succinic acid (Fig. 1). This can be described
by two hypothetical explanations. First, individual
organic acid has a different ability to form an acid-

7

• Succinic acid
6

(a) .- Acetic acid
5 • Malic acid

4 • <II. Pyruvic acid
~
Q •3

2 •
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(c)
-+-Succinic acid

__._ Pyruvic acid

3 4 5
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amine complex by mean of an ion-pair association.
Malic acid has two carboxyl groups while pyruvic acid
and acetic acid have only one carboxyl group so malic
acid may have a higher ability to form an ion-pair
association (16). The extraction equilibrium for car
boxylic acids to form acid-amine complex can be writ
ten as a reaction (equation 6) of molecule of organic
acids, HnA (n = 1 for monocarboxylic acid and n = 2
for dicarboxylic acid) and molecule of TOA, R3N, to
form several types (p, q) complex (the notation (p, q)
denotes p, the number of acid molecules, and q, the
number of amine molecules, in the complex).The over
all reaction is represented as follows:

where the organic phase species are marked with an
overbar.

For dicarboxylicacids, the first carboxylgroup forms
ion-pair association with TOA so that the (1, 1) com
plex is the product. In addition, the second carboxyl
group can be hydrogen bonded to other organic acid(s)
providing (3, 1) and (2, 1) acid-amine complexes.The
second carboxyl group has also possibility to hydrogen

7
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(b) _._ Malic acid
5

1

I

4 1~
Q

3

2

I J ... •0 -r-« ~,.~--~~~~--
2 3 4 5 6
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5 I ___ Acetic acid

i
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2 j
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~I ,
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6

Figure 1. Effect of pH on DEof (a) organic acids in single-solute solutions and binary-solute solutions containing (b) succinicacid
and malic acid, (c) succinic acid and pyruvic acid, (d) succinic acid and acetic acid: at 25°(: 0.25 mol TOA/kg 1-octanol, 0.7M of
succinicacid and 0.2M of other organic acids.



bond formation with TOA giving (I, 2) complex. For
monocarboxylic acid, the carboxyl group can form ion
pair association with TOA to from (1, 1) complex.
Furthermore, the carboxyl group of manocarboxylic
acid is also delocalized to two partial double bond,
one linking to another molecule of organic acid and
another one linking to TOA by means of hydrogen
bonds which provides (2, 1) complex (12). The forma
tion of (3, 1) complex of malic acid while (2, 1) com
plex formation of those monocarboxylic acids could be
also an explanation. The dicarboylic acid has a ten
dency to aggregate when they are extracted by amines
than monocharboxylic acids (17). The possible com
plexes between tertiary amine and malic acid are illu
strated in Fig. 2 and those for pyruvic acid and acetic
acid are shown in Figs. 3 and 4, respectively. Malmary
et a1. (2001) also found that the degree of ion-pair
association of malic acid, determined by their

li-O-R

1I /O""""HNR3"""R-OH
I}-0/ <:> I(

H-i)-R ?
Il-O-R

(a)
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extraction model involving chemical association (solute
and extractant reaction) and physical phenomena (dif
fusion and solubilization of the system components),
was higher than that of a monocarboxylic acid (18).
Second,an individual acid-amine complex has different
solvation in organic diluent by means of specifichydro
gen bonding between proton of l-octanol and acid
amine complex. Malic acid-amine complex could be
solvateswhich has the highest ability to form hydrogen
bond with l-octanol, Pyruvic acid-amine complex has
two carbonyl groups while acetic acid-amine complex
has only one, so that the intermolecular hydrogen bond
with TOA of pyruvic acid-amine complex could have a
higher ability than that of acetic acid. Song et a1.also
found that the DE of pyruvic acid was much higher
than acetic acid at all pH ranges (19).

In the case of succinic acid, the formation of inter
molecular hydrogen bonding of succinic acid and

I,I-O-R

6 OH

\I I - +
C C 0"--"tiNR3-" - R+Ol!

NR3----H-0/<,c/ <,c/
: II
~-OH Y

If-O-R

(b)

l;l-O-R

6)yy0-H
H_~-OR OH 0\ "1 i ;O---HNR,--R-OH

H-O/ <:»: II
9
H-O-R

(e)

~-O-R

6

1:I_O~O"--H"""o.

: OH 0 II
H-(J-R -. /C~o.-H""

Hr-r-O I II "0. 0.

on 0.... Jl 1/O"""""HNR3""" "R""""OH
H-O' <;» 1

?
r'!-()-R

(d)

Figure 2. Malic acid-amine complexes in amine-based extraction: (a) (1, 1) complex (b) (1,2) complex, (c) (2, 1) complex and
(d) (3, 1) complex
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Figure 3. Pyruvicacid-amine complexes in amine-basedextraction: (a) (1, 1) complex and (b) (2, 1) complex.

(b)

l;I-O-R

(a)

l;l-O-R,,,

°II
- + /c

",c_(---",-O <,CH3

0::----HNR3---R -OH

(b)

Figure 4. Acetic acid-amine complexes in amine-basedextrac
tion: (a) (1, 1) complex and (b) (2, 1) complex.

amine is not as easy as in the case of the malic acid,
pyruvic acid, and acetic acid. This results in the lowest
DE of succinic acid. The rotation of central C-C bond
of succinic acid causing the intramolecular hydrogen
bonding formation between two carboxyl groups is
possible (Fig.5). Hong and Hong described the relating

Figure S. Two types of bisuccinate anions. (Two carboxyl
groups which can or cannot form only intermolecular
interactions.)

phenomenon that the structure of succinic acid was
bulkier than that of acetic acid and the stable bisucci
nate anion could be formed due to the intramolecular
hydrogen bonding between two carboxyl groups in
succinic acid (6, 20). The intramolecular hydrogen
bonding formation causes less availability of carboxyl
groups of succinic acid to form acid-amine complex.
Furthermore, the higher DE of pyruvic acid and acetic
acid compared to succinic acid comes from the fact that
the dimer formation of monocarboxylic acid by means
of intermolecular hydrogen bonding is easy (6).
Therefore, the higher amount of acid-amine complex
formation of pyruvic acid and acetic acid compared to
succinic acid is a result of higher extractabilityof pyru
vic acid and acetic acid. Therefore, the selective
removal of specific acids from the simulated fermenta
tion broth is made possible by using different degrees
of dissociation of each acid with pH.



In conclusion, the lowest DE of succinic acid was
observed revealing that the succinic acid remained in
the raffinate phase. On the contrary, other contaminant
organic acid by-products were enriched in the extract
phase. According to the different manner between suc
cinic acid and other contaminants, the separation could
be expected if those organic acids existed together in
the mixed-solute solutions.

Ions separation in binary organic acid solutions

The reactive extraction in binary-solute solutions was
studied to understand the interactions between succinic
acid and another contaminated organic acid. An addi
tion of contaminated organic acid by-product into the
succinic acid solution causes a change of the DE values
of all organic acids in the system compared to those in
single-solutesolution (Figs.Ib-Ld). Itwas observed that
the DE values of succinic acid, pyruvic acid, and acetic
acid in the mixtures were lower than those in the
single-solute solutions while the DE of malic acid was
higher.

The existence of malic acid and succinic acid
together in the binary-solute solution cause co-extrac
tion between the two dicarboxylic acids and TOA. The
acid-amine complex formation of the two dicarboxylic
acids should decrease due to sharing of TOA and the
two dicarboxylicacids. Consequently, lower DE of suc
cinic acid in the mixture compared to that in single
solute solution was observed. On the other hand, the
higher of DEof malic acid in binary-solute solution was
unexpectedly found. This is likely attributed to the
interference of succinic acid to malic acid-amine com
plex formation. In the mixture, a carboxyl group of
succinic acid may form intermolecular hydrogen bond
ing with one of two carboxyl groups of malic acid
which is a cause of only one carboxyl group of malic
acid remaining for ion-pair associationwith TOA. This
results in obstruction of (I, 2) malic acid-amine com
plex formation and a higher amount of TOA in the
mixture. Thus, the DE of malic acid in the binary
solute solution was higher than that of single-solute
solution resulting from higher portions of (1, 1) and
(2, 1) complexes formation in the mixture. In addition,
the existence of malic acid contributes intramolecular
hydrogen bonding formation of succinic acid due to
steric hindrance effect providing more bisuccinate
anion which cannot form an ion-pair association
with TOA.

The DE values of pyruvic acid and acetic acid in a
binary-solute solution are little lower than those in a
single-solute solution. The co-extraction between suc
cinic acid and monocarboxylic acid causes decrease in

SEPARATION SCIENCEAND TECHNOLOGY 9 635

DE values of both acids. Thus, the carboxyl group of
the monocarboxylic acids can form acid-amine com
plexes in lower ability compared to those in a single
solute solution. In addition, it is likely that a carboxyl
group of succinic acid forms an intermolecular hydro
gen bond with a proton of monocarboxylic acids; con
sequently, the less availability of carboxyl group of
monocarboxylic acid forms hydrogen bonds with
TOA (19). Tunet al. also found that the co-extraction
between succinic acid and pyruvic acid to form an ion
pair associationwith TOA caused decrease in their DE
values (5). As reported in equilibrium studies (15, 19,
20), monocarboxylic acid has higher DE and forms
acid-amine complexes more easily than dicarboxylic
acid because of the steric hindrance. Therefore, the
presence of monocarboxylic acids, such as pyruvic
and acetic acids, has an adverse effect on the extraction
of succinic acid.

In summary, the existence together of two bicar
boxylic acids in the mixture such as malic acid and
succinic acid gives an advantage to the separation. The
high amount of succinic acid remained in the raffinate
whilethe high amount ofmalic acid enriched the extract.
The separation between succinic acid and dicarboxylic
acid is highly likely.On the other hand, the DEvaluesof
pyruvic acid, acetic acid, and succinic acid in binary
solute solutions are not much different from those
observed in the single-solute solution. This indicates
that the broth containing monocarboxylic acids and
bicarboxylicacids does not improve the separation.

Ions separation in ternary organic acid solutions

The addition of the other two contaminated organic
acid by-products into the succinic acid solution deriv
ing ternary-solute solution could affect the DEs of all
organic acids in the mixture as shown in Figs.6a-6c for
DE in ternary-solute solution The DE valuesof succinic
acid and acetic acid in the ternary-solute solution were
lower than those in the binary-solute solution and
single-solute solution while the DEs of malic acid
were higher. In addition, the DE of pyruvic acid was
higher than that in the binary-solute solution but it was
lower than that in the single-solute solution.

In the mixture containing succinic acid, malic acid,
and acetic acid, the lower DE values of succinic acid
and acetic acid could be explained by the presence of
three solutes in the solution causing higher ability of
intermolecular hydrogen bonding between three acids
and less availablecarboxyl groups of succinic acid and
acetic acid due to steric hindrance. The higher DE of
malic acid in the ternary-solute solution may be due to
less degree of formation between malic acid and other
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Figure 6. Effect of pH on DE of organic acids in ternary-solute solutions containing (a) succinic acid, acetic acid and malic acid, (b)
succinic acid, acetic acid and pyruvic acid, (c) succinic acid, malic acid and pyruvic acid and (d) quaternary-solute solution: at 250(:
0.25 mol TOA/kg l-octanol, 0.7M of succinic acid and 0.2M of other organic acids

organic acids. Therefore, the increased aggregation of
malic acid forming dimer or trimer acid-amine com
plexes in the mixture is a result (21-23).

In the mixture containing succinic acid, malic acid
and pyruvic acid, the behaviors of the DE values of
succinic acid and malic acid could be explained in the
same manner in the system containing succinic acid,
malic acid, and acetic acid. However, the DE of pyruvic
acid was less affectedwhen the malic acid was present
in the system compared to that in the binary-solute
solution. It was attributed to a reduced degree of for
mation of intermolecular hydrogen bonding between
pyruvic acid and succinic acid. Increased availabilityof
carboxyl groups of pyruvic acid causes an increase of
pyruvic acid-amine complex and higher mass transfer
portion in the diluent (24-26).

In the mixture containing succinic acid, acetic acid,
and pyruvic acid, the behaviors of the DE values of
succinic acid and malic acid can be explained in the
same manner in the system containing succinic acid,
malic acid, and acetic acid. The higher DE of pyruvic
acid in this system can be explained by the increased
degree of formation between succinic acid and acetic

acid causing a decrease in the degree of formation
between succinic acid and pyruvic acid. Therefore,
more available carboxyl groups of pyruvic acid
occurred, thus allowing pyruvic acid to transfer to the
organic phase in a higher portion than that in the
binary-solute solution (27).

From the above results, the DEs of succinic acid and
aceticacid in the ternary-solutesolutionswerelowerthan
those in the binary-solutesolution while the DEof malic
acid and pyruvic acid was higher. In addition, the DE of
pyruvicacidwas less affectedwhen there were other two
organicacidspresent in the solution.The resultsshowed
that the separation efficiencybetween malic acid and
pyruvicacid from succinicacid increased in the ternary
solutesolutionwhereasthe separationbetweenaceticacid
and succinicacid decreased.

Ion separation in quaternary organic acid solutions

The DE values of succinic acid and the other three
contaminated organic acid by-products in the quatern
ary-solute solution were not different from those
observed in the ternary-solute solution as shown in
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Fig.6d for DE in quaternary solution. The DE valuesof
all organic acids in the ternary- and quaternary-solute
solutions were not different which may be due to the
saturation of acid-amine complex in the extract phase.
In addition, the presence of three organic acids in the
system was enough to meet the saturation of acid
amine complexes in the diluent (28-33).

From the above results, the DEs of succinic acid,
malic acid, pyruvic acid, and acetic acid in the quatern
ary-solute solutions were not greatly different from
those observed in the ternary-solute solutions. The
results showed that the separation efficiencybetween
succinic acid and the other contaminated organic acid
by-products by reactive reaction could be predicted
from the results in the ternary-solute solution. In addi
tion, the removal of contaminated organic acid by
products from the succinic acid fermentation broth by
means of reactive extraction would be possible.

Selectivity and solute/solute interactions

The SF observed in the single-solute solution was likely
independent of the solution pH (Fig. 7a for SF in
Single-solutesolution) while SF values observed in the
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binary-, ternary-, and quaternary-solute solutions were
significantlyaffected by the solutions' pH (Figs. 7b-7d
for SF in ternary- and quatermary-solution solution,
respectively).For all mixtures, the highest SF between
malic acid and succinic acid was observed at pH 3.0
and the highest SF between pyruvic acid and succinic
acid was observed at pH 5.0. From the results, the
optimum solution pH could be at 5.0 because under
this condition the malic acid could be greatly removed
from the solution and the pyruvic acid could be
removed from the solution in the highest portion. In
addition, at pH 3.0 the percentage yield of succinicacid
wasvery low (78.26%)compared to that observedat pH
5.0 (90.00%)as depicted in Table 2.

Table3 showsthe deviationparameterof organicacids
in the mixed-solutesolutionat the solutionpH of 5.0.The
deviationof succinicacid in the quaternary-solutesolution
was highest, followedby the ternary-solutesolution and
binary-solutesolution. This indicated that the increased
amount of other contaminated organic acid by-products
or systemcomplexitycaused the enrichment of succinic
acid in the raffinatephase.The deviationsof pyruvicacid
and aceticacidthatwerehigherthan zeromeanthepyruvic

__ Malic acid/Succinic acid

3 4 5
pH

(d)

____ Malic acid/Succinic acid

---.- Pyruvic acid/Succinic acid

4 65
pH

Figure 7. Separationfactor of (a) three types of binary-solute solutions (2) and single-solutesolutions (1), and three types of ternary
solute solutions containing (b) succinic acid, acetic acid and malic acid, (c) succinicacid, acetic acid and pyruvic acid, (d) succinic
acid, malic acid and pyruvic acid: at 250(: 0.25 mol TOA/kg l-octanol, O.7M of succinicacid and 0.2M of other organiCacids.
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Figure 8. Separation factor of quaternary-solute solutions: at 25°(: 0.25 mol TOA/kg l-octanol, 0.7M of succinic acid and 0.2M of
other organic acids.

Table 2. The percent purity and percent yield of succinic acid
with the complex separation process from the quaternary-solute
solution.

After After
reactive vacuum After

extraction distillation crystallization

Distillate
Distillated volume % % % % % %

pH temp. (OC) (ml) Purity Yield Purity Yield Purity Yield
2.45 78.43 72.48
3.0 75.23 78.26
4.0 71.75 82.83
6.0 63.36 92.60
5.0 45 155 67.76 90.00 71.40 93.62 94.16 12.68

50 145 67.76 90.00 71.58 89.34 95.96 16.93
55 122 67.76 90.00 73.82 84.91 97.03 17.35
60 100 67.76 90.00 74.81 79.01 98.30 25.40
65 77 67.76 90.00 75.29 56.97 99.10 30.25

Table 3. The a (deviation parameter) of organic acids in mixed-
solute solutions at pH 5.0.

ii
Solutions Compositions Suc Mal pyr Ace
Binary-solute solution Suc + Mal 0.48 -0.15

Suc + Pyr 0.41 0.23
Suc + Ace 0.38 0.32

Ternary-solute Suc + Mal + Pyr 0.60 -0.22 0.02
solution Suc + Mal + Ace 0.58 -0.08 0.46

Suc + Pyr + Ace 0.54 0.11 0.43

Quaternary-solute Suc + Mal + Pyr + Ace 0.64 -0.16 0.27 0.47
solution

acid and acetic acid were enriched in raffinate phase. On
the other hand, the deviation of malic acid was a negative
value, which means malic acid remained in the extract
phase. The effect of the presence of malic acid in the system
could affect the DE of succinic acid in a greater portion
than that in the presence of pyruvic acid and acetic acid.
On the other hand, the presence of succinic acid showed a
smaller effect on the DE of other contaminated organic

acids. From the above results, the increase of solution
complexity showed the high removal possibility of malic
acid from the mixture whereas the pyruvic acid and acetic
acid had low removal potential by reactive extraction.

Polishing step of vacuum distillation and
crystallization

Based on the former results, the study investigated the
development of the complex separation process, reactive
extraction, vacuum distillation, and crystallization, for
the effective production of succinic acid from the simu
lated fermentation broth. Table 4 shows the recovery,
yield, and purity of each component using the complex
separation process from the broth. The pretreatment
step of the reactive extraction selectively removed con
taminated organic acids such as malic acid and pyruvic
acid from the simulated fermentation broth.

After reactive extraction, the aqueous phase at pH 5.0
was then vacuum distillated at the temperatures ranging
from 45 to 65°C for 2.0 h. Volatile impurities such as malic
acid, pyruvic acid, and acetic acid and a diluent as l-octanol
were effectively removed. The bottom product after
vacuum distillation was concentrated two to three-fold
and then was brought to the crystallization process.
Table 2 shows that the increase of distillation temperature
under vacuum condition causes higher evaporation of all
solutes and diluents. However, the succinic acid remains in
the bottom product were higher than others. This results in
higher purity of succinic acid in the bottom product. The
highest percentage purity of succinic acid (75.29%) and the
lowest percentage yield (56.97%) of distillate were observed
in the distillate obtained under 65°C (Table 4).

For the production of further purified succinic acid,
crystallization, as the final purification process, was
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Table 4. The recovery, yield and purity of all components using the complex separation process from the quaternary-solute solution.
After reactive extraction

Initial solution (pH 5.0) After vacuum distillation (65°C) After crystallization

Fermentation products g' Wt.%b g' wt.%b g' Wt.%b g' wt.%b

Succinic acid 11.67 65.64 11.62 68.04 6.62 75.29 3.53 99.10
Malic acid 2.46 13.83 1.09 6.38 0.53 5.97
Pyruvic acid 1.51 8.47 1.44 8.40 0.63 7.18
Acetic acid 2.14 12.06 2.93 17.17 1.02 11.56 0.03 0.84

Total 17.78 100 17.08 100 8.79 100 3.56 100

a Dry weight of each organic acid in basis of 100 ml fermentation broth (g).
b Weight percentage for dry weight of each organic acid to total dry weight of sample (%).

Table S. Fermentation broth compositions, separation method, purity percentage and yield percentage.
% %

Fermentation products Separation methods Purity Yield References

Suc 22.3 gIL, Pyr 7.0 gIL and Ace 1.8 gIL Reactive extraction (0.25 mol TOAI kg l-octanol). vacuum distillation and 99.8 73.1 (9)
crystallization (pH 2.0 and 4.0°C)

Suc 50 gIL and Ace 18.8 gIL Reactive extraction (0.25 mol TOAI kg l-octanol) 83.3 100 (6)
Suc 13.64 gIL, Pyr 4.82 gIL and Ace 0.372 gIL Reactive extraction (0.25 mol TOAI kg t-octanol), vacuum distillation and 99.5 67.05 (10)

crystallization (pH 2.0 and 4.0°C)
Suc 11.67 gIL, Mal 2.46 gIL, Pyr 1.51 gIL and Ace Reactive extraction (0.25 mol TOAI kg l-octanol), vacuum distillation and 99.1 56.19 This work

2.14 gIL crystallization (pH 2.0 and 4.0°C)
Suc Sl.46 gIL, Ace 23.82 gIL, Lac 11.17 gIL, and Salting out (acetone/ammonium sulfate) and crystallization (pH 2.0 and 95 65 (23)

residual glucose 14.57 gIL 4.0°C)
Suc 97.8 gIL, For 23.5 gIL, Lac 5.1 gIL, and 17.4 gIL Crystallization (pH 2.0 and 4.0 °C) 92 55 (18)

'Remark: Suc is succinic acid, Ace is acetic acid, Pyr is pyruvic acid, Mal is malic acid, Lac is lactic acid and Fac is formic acid.

carried out at pH 2.0 and 4°C.The solubilityof succinic
acid in the bottom product from the vacuum distillation
stepdecreaseddue to acidificationand a drop in tempera
ture to obtain succinic acid crystal. The highest percen
tage purity of 99.10%and the highest percent yield of
30.25%were observedby using the initial solution as the
bottom product obtained at 65°C.Crystallizationcomple
telyremovedmalicacid and pyruvicacid from the system
and a very small amount of acetic acid was left in the
crystal(Table4) (12). In addition, the purity and yieldof
succinicacid in the crystalincreasedpurity of the bottom
product (Table 2). This study produced high purity of
succinic acid crystal compared with other literatures as
listedin Table5.Althoughaverylowpercentageyieldwas
observed in this study, the feed compositions of other
literatures in Table 5 did not contain a contaminated
dicarboxylicacid such as malic acid. The interferenceof
malic acid may cause a low yield of succinic acid com
pared to these literatures.

Conclusions

The complexseparationprocessincludingreactiveextrac
tion, vacuum distillation, and crystallizationsuccessfully
purified succinic acid from the contaminated organic
acids in the simulated fermentation broth. A fmal purity
of 99.10%and a final yield of 30.25%of succinic acid
crystal were observed. The contaminated organic acids
wereeffectivelyremovedby reactiveextraction,especially

malicacid.The separationprocessused in this studywasa
simplerand more effectivepurificationmethod than pre
viously published works in which the production costs
werehigher and purification stepswere also required.

The intermolecular bonding between succinic acid
and other contaminated organic acids and the selective
removal of acetic acid needs to be further studied. The
variation of pressure in vacuum distillation should also
be further studied to obtain higher yield of the distilled
broth. In addition, the crystallization process needs to
be refined to increase the yield of the crystal.
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