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ABSTRACT

Fermentation broth often contains complex mixtures that make the selective separation and recovery of
components challenging. Therefore, recovery of succinic acid from oil palm frond (OPF) fermentation broth model
solution by using the liquid-liquid extraction (LLE) method was investigated in this study. Model solutions were
prepared by m’ixing succinic acid, glucose, acetic acid, and formic acid in distilled water at various
concentration and pH values. Two solvents selected based on suitable solvent characteristics to produce organic
phase were used, namely ethyl acetate and diethyl ether. Their effectiveness in extracting succinic acid from the
model solution was evaluated. The extraction process involves the formation of two immiscible liquid phase, which are
aqueous phase and organic phase. The system was studied with various parameters such as the concentration of the
model solution, different type of solvents and the pH of the solution over the LLE process. The concentration values
of each tested sample were determined using high-performance liquid chromatography (HPLC). Extraction yield,
recovery and distribution coefficient along with solvent efficiency were determined to evaluate the performance of the
extraction process. The result demonstrated that diethyl ether showed the highest extraction efficiency and
recovery for succinic acid, which were 67.73% and 90.47%, respectively at pH 3 compared to ethyl acetate. In
addition, the pH and concentration coefficient of the model solution were found to affect the extraction and recovery
of succinic acid for both solvents in maximizing extraction yield. Thus, succinic acid recovery was successfully
achieved on the model solution by LLE.
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INTRODUCTION anhydride in bipolar membrane or non-membrane cells
and the catalytic hydrogenation process of maleic acid or

e C . trans-maleic acid (Mancini et al. 2020).
Succinic acid, known as butanaedioic acid is a carboxylic ( )

. . . Most of the succinic acid used in industrial processes
acid with four carbons and its molecular formula is C,H,O,. will be produced from fossil fuels through chemical

Succinic acid is an organic acid commonly used in the ) o
. . . processes. However, due to fluctuating oil prices, shortages
food, chemical and pharmaceutical industries as a precursor . . .
in fossil fuel resources, and environmental concerns, the

to generate various chemicals including solvents, . .. . .
. . production of succinic acid through the fermentation
fragrances, lacquers, dyes, and photographic chemicals . . .
process is encouraged. The process of producing succinic

Raj et al. 2024). In th th duction of inic acid
(Rgj eta ). Intheory, the production of succinic aci acid through fermentation from renewable resources has

can be carried out through two main processes, namely the .
attracted the interest of many researchers to produce better

chemical process and the fermentation process. There are . .
. . S quality products from broth fermentation (Sharma et al.
various chemical processes to produce succinic acid such o .
2020). One of the palm oil biomasses that is generated

the oxidation of ffin to ft iXt f different . . . .
as the oxidation o* paratiin to orm a mixture o citteren during the production of palm oil, namely oil palm frond

carboxylic acids followed by the gasification of succinic . S
. . ) . (OPF) becomes a potential source to produce succinic acid
acid, the electrochemical synthesis process from maleic . s ..
through fermentation. The anaerobic digestion of OPF,
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which is a lignocellulosic substance rich in carbohydrates
and other organic components, yields the fermentation
broth (Hariz et al. 2023). The utilization of sustainable and
potentially profitable renewable biomass sources is gaining
traction in the industry to produce succinic acid, as opposed
to conventional petroleum-based processes. This method
can reduce dependence on the process. fossil sources and
reduce the price of succinic acid products produced (Kim
et al. 2023). Production of succinic acid through
fermentation mostly uses microorganisms like
Anaerobiospirillum succiniciproducens, Actinobacillus
succinogenes and Mannheimia succinicproduces because
of the potential to produce the succinic acid with a high
concentration and high product yield (Raj et al. 2024).

Liquid-liquid extraction (LLE) methods of organic
acids from aqueous solutions can be used to recover acids
or concentrate them from waste, fermentation broths, or
leachates. In several decades, liquid-liquid extraction of
carboxylic acid has been practiced, and various types of
solvents have been used, one of which is a physical solvent
such as ethyl acetate and methyl tert-butyl ether, and a
reactive solvent that will form a complex with the acid
(Blaga et al. 2022). Selecting the suitable solvent is crucial
since it has a big impact on the distribution coefficient and
selectivity of the extraction process. The liquid-liquid
extraction process can be developed under controlled
conditions by using model solutions of OPF fermentation
broth. This can assist in determining the most practical and
cost-effective recovery techniques, which then can be used
to extract succinic acid from real OPF fermentation broth
(Mancini et al. 2020).

METHODOLOGY

MATERIALS

Chemicals used in this research were acetic acid (100%)
and glucose (98%), which were obtained from Sigma-
Aldrich. Succinic acid (99%) was procured from HmbG®
Chemicals. Diethyl ether (98%) and ethyl acetate (99.5%)
used as solvents were obtained from R&M Chemical and
ThermoFisher Scientific, respectively. Natrium hydroxide
(98%) was also acquired from R&M Chemical.
Hydrochloric acid (36.5-38%) and formic acid (98%) were
procured from Merck.

PREPARATION OF SYNTHETIC MODEL
SOLUTION

Model solutions of o0il palm frond (OPF) fermentation broth
were prepared by mixing succinic acid and glucose into

100mL of distilled water based on the desired concentration
in Table 1. The mixture was then heated on a heating plate
with a magnetic stirrer to ensure complete dissolution of
all components. Acetic acid and formic acid were
subsequently added to the solution mixture. Once all
components were dissolved, the mixture was transferred
to a volumetric flask, and distilled water was added until
the solution reached a total volume of 250mL. Table 1
shows the concentration of the components that were used
to produce the model solution by using the actual
concentration of the fermentation broth as a reference
(Luthfi et al. 2016).

TABLE 1. Concentration of the components of model solution
(Luthfi et al. 2016)

Actual concentration in

Component fermentation (g/L)
Succinic acid 36.6
Acetic acid 59
Formic acid 3.1
Glucose 5.1

EXTRACTION AND RECOVERY OF
SUCCINIC ACID

The liquid-liquid extraction method commenced with the
preparation of two distinct organic solvents, diethyl ether
(solvent A) and ethyl acetate (solvent B). Each solvent was
prepared as a 60% (v/v) solution with the remaining 40%
(v/v) being deionized water, functioning as an antisolvent
to facilitate specific extraction conditions. Model solutions,
with three varied concentrations, were subsequently
prepared as detailed in Table 2. The pH of these model
solutions was meticulously adjusted and measured using
a pH meter, with investigations conducted across a range
of values: pH 2, 3, 4, 5, and 6. This specific pH range was
chosen to optimize the extraction efficiency of the target
compound, considering its likely speciation and solubility
characteristics within this window, while excluding pH 1
and values greater than 6 due to potential adverse effects
such as compound degradation, solvent instability, or
inefficient partitioning outside this optimal range. After
the model solution and the organic solution were prepared,
20 ml of each solution was measured and placed into a
bottle sample. Next, the bottle sample was placed and
shaken in a shaker for 1 hour at 200 rpm to reach
equilibrium phase. Once finished, the mixture was
transferred to a separatory funnel to facilitate the separation
of the aqueous phase and the organic phase. Each phase
was carefully collected and transferred into separate conical
flasks. Subsequently, the acid concentrations in both phases
were determined through HPLC analysis (Karmakar et al.



2019). The experiments to produce the model solution and
the extraction method were repeated by using the other
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concentration value of the model solution as specified in
Table 2.

TABLE 2. Value of the concentration coefficient of the succinic acid model solution

Concentration coefficient,

Concentration coefficient, Concentration coefficient,

Component Ix (/L) 2x (g/L) 3x (g/L)
Succinic acid 36.6 73.2 109.8
Acetic acid 5.9 11.8 17.7
Formic acid 3.1 6.2 9.3
Glucose 5.1 10.2 15.3
ANALYTICAL METHOD C, = the total initial concentration of components in the

Analysis was performed before and after the liquid-liquid
extraction process on the aqueous phase and the organic
phase samples for each pH studied. The analysis was
performed using high-performance liquid chromatography
(HPLC) instruments with Rezex ROA-Organic Acid
column (300 x 7.8 mm) to determine the concentration
value for each sample by obtaining the peak area of the
chromatogram for each component. Prior to analysis, each
sample was filtered using 0.45 pm syringe filter into 2 ml
of HPLC vials. A 0.01M H_SO, solution was used as a
mobile phase at a flow rate of 0.6 ml/min. The calibration
curves were established for succinic acid, acetic acid,
formic acid, and glucose. To study the effectiveness of
liquid-liquid extraction process to recover succinic acid
from model solution, the extraction yield, recovery, and
distribution coefficient of succinic acid as well as selectivity
of extraction at different pH values were calculated using
the following equation (Omnewe et al. 2020):

Extraction yield (%) : = ﬁ X 100% (1)

(B) xva )

Ce
R %) = — = X 1009
ecovery (%) Cont (B) <V 1) % )
e L . _Ce
Distribution coefficient, D = o 3)
Selectivity of extraction, S, = Da 4)
Dy

Where;

C, = the concentration of succinic acid in the extract
solution (organic phase)
C, = the concentration of succinic acid in the raffinate
solution (aqueous phase)

model solution

C,, = the initial concentration of succinic acid in the model
solution

V, = the total volume used of the organic phase solution
V = the total volume used of the model solution.

D, = Distribution coefficient of target product in the
model solution

D, = Distribution coefficient of by-product in the mode
solution

RESULTS AND DISCUSSION

ANALYSIS OF OPF FERMENTATION BROTH
MODEL SOLUTION

Analysis of the HPLC plays an important role in this
scientific study because it was used to determine the initial
and final concentration values of both aqueous and organic
phase solutions. Figure 1, 2, 3 and 4 below shows the
calibration curves for succinic acid, acetic acid, formic
acid, and glucose that have been successfully plotted. The
equation y=mx+c was used as a reference for determining
the concentration of each component in the samples that
have been analysed. For example, a sample with unknown
component concentration was analysed with HPLC where
the value of the chromatogram peak area obtained was
used in the mathematical equation, y=mx+c, to determine
the actual concentration value. In the equation, y represents
the value of the peak area observed in the chromatogram
at a specific retention time, while x represents the
concentration value of the component in the sample.

Figure 5 shows one example of the results obtained
from HPLC analysis in detecting the concentration of each
component in the model solution for the calibration curve
above. Meanwhile, Table 3 below shows the straight-line
equation obtained from the calibration curve plotted and
the retention time for each component involved in the
HPLC analysis.
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TABLE 3. Calibration curve equation and retention time for each component
Calibration curve equation N .
Component (y=mx +c) Average retention time (min)
.. . y=181618x+520596
Succinic Acid, SA (R=0.9845) 14.67
. . y=130926x+249606
Acetic Acid, AA (R*=0.9982) 18.14
. . y=92964x+216156
Formic Acid, FA (R*=0.9908) 16.76
Glucose, G y=261612x+613694 11.61

(R>=0.9514)




EFFECT OF PH OF THE MODEL
SOLUTION ON THE LIQUID-LIQUID
EXTRACTION

Initial concentrations of succinic acid and after extraction
in the aqueous phase and the organic phase were obtained.
Table 4 shows the percentage of succinic acid that has been
successfully extracted from an organic phase which were
ethyl acetate and diethyl ether, summarized into solvent A
and Table 5 is for solvent B for each concentration
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coefficient of model solution. From all the data obtained,
it was found that the initial concentration of succinic acid
decreases when the pH value increased. As succinic acid
is a weak diacid, its behavior in a solution is influenced by
the ionization of the acid. It has two acidic protons that can
dissociate in water to form succinate ions. The concentration
of hydrogen ions (H+) falls with increasing pH, which
promotes the deprotonation of succinic acid to produce
succinate ion. This is because succinic acid is more likely
to exist in deprotonated forms at higher pH values due to
the loss of its acidic protons (Gausmann et al. 2023).

TABLE 4 the effect of pH of the model solution on the extraction yield, recovery,
and distribution coefficient of succinic acid on solvent A

Concentration Initial H of model Extraction Recove Distribution
Solvent coefficient of solution p solution yield %) Yy coefficient of
model solution (g/L) (%) ’ SA,D
Solvent 1x 36.6 2 36.52 45.69 0.84
A 3 44.86 56.01 0.97
4 48.93 57.97 0.98
5 29.68 34.40 0.73
6 n.d n.d n.d
2x 73.2 2 56.59 72.97 1.022
3 52.24 69.78 0.852
4 50.95 64.99 0.927
5 36.25 46.72 0.981
6 3.28 47.74 0.976
3x 109.8 2 30.21 41.73 0.507
3 18.51 24.29 0.347
4 14.41 19.76 0.253
5 0.54 0.76 0.01
6 n.d n.d n.d
n.d = not detected in organic phase
TABLE 5. the effect of pH of the model solution on the extraction yield, recovery,
and distribution coefficient of succinic acid on solvent B
Concentration Initial H of model Extraction Recover Distribution
Solvent coefficient of solution p solution yield ((yv) Y coefficient of
model solution (g/L) Y (%) 0 SA,D
Solvent 2x 73.2 2 66.26 85.43 1.041
B 3 67.73 90.47 1111
4 53.80 68.63 1.037
5 33.52 43.19 1.001
6 65.73 81.98 0.951
3x 109.8 2 61.41 84.84 1.169
3 63.93 87.64 1.018
4 37.35 49.01 1.036
5 n.d n.d n.d
6 n.d n.d n.d
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Figure 6 shows the concentration profile of the organic
phase of the components in the model solution with the
selectivity of succinic acid in solvent A at 1x concentration.
After the extraction process takes place, there is only
succinic acid and a small amount of glucose as a by-product
detected in the organic phase solution. This can be related
to the selection of solvents during the extraction process.
Selectivity refers to the preference of the organic solvent
for extracting the target component over other byproducts
in the model solution. In this study, the extraction
selectivity for succinic acid is the ratio of the distribution
coefficient of succinic acid to glucose which is a by-product
in the model solution.
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FIGURE 6. Concentration Profile of Organic Phase with
Selectivity of Succinic Acid in Solvent A at 1x Concentration
Against pH

Figures 7 show the effect of pH of the 1x model
solutions on the extraction yield and recovery of succinic
acid. Based on the obtained results, it shows that the
extraction yield and recovery of succinic acid is inconsistent
with the increase in pH value in the model solution and the
concentration coefficient. The highest extraction yield and
recovery using solvent A were observed at pH 4 with a
percentage of 48.93% and 57.97%, respectively, for the 1x
concentration coefficient.
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FIGURE 7. Effect of pH on Extraction Yield and Recovery
of Succinic Acid in Solvent A at 1x Concentration of Model
Solution

Figure 8 and Figure 9 shows the concentration profile
of the organic phase of the components in the model
solution with the selectivity of succinic acid for both
solvents at 2x concentration. A higher selectivity value
indicates a more effective separation of succinic acid from
by-products during the extraction process. Based on
Omwene et al. (2020), the selectivity value greater than
one indicates that the separation process performed on the
succinic acid was more effective than the by-products.
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FIGURE 8. Concentration profile of organic phase with
selectivity of succinic acid in solvent A at 2x concentration
against pH
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Next, Figure 10 and Figure 11 shows the extraction
yield and recovery of succinic acid in the solvent A and
solvent B at a concentration coefficient of 2x model
solution. For solvent A, the highest extraction yield and
recovery values were at pH 2, which were 56.59% and
72.97%, respectively. On the other hand, when using
solvent B, the highest extraction yield and recovery for the
2x concentration coefficient were achieved at pH 3, which
is 66.57% and 90.12%.
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FIGURE 11. Effect of pH on extraction yield and recovery in
solvent B at 2x concentration of model solution

Previous studies reported that the extraction yield is
high when pH of the model solution is acidic which is close
to 2 (Kumar et al. 2021; Raj et al. 2024). In this study, it
was observed that some extraction yield and recovery of
succinic acid increased with an increase in the initial
concentration coefficient of the model solution. A higher
initial concentration of succinic acid in the model solution
results in a larger concentration gradient between the
aqueous phase and the extract during the extraction process.
This increased concentration difference provides a stronger
driving force for the transfer of succinic acid from the
aqueous phase to the extract phase, resulting in a higher
extraction yield (Luthfi et al. 2020).

Based on Figure 12 and Figure 13, the extractability
of succinic acid in the organic phase from the aqueous
solution is achieved up to pH 4 for a concentration
coefficient of 3x as seen in the concentration profile.
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For concentration coefficient of the 3x model solution,
the effect of pH on the extraction performance and recovery
were studied and the results were shown in Figures 14 and
Figure 15 for solvent A and solvent B.
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FIGURE 14. Effect of pH on extraction yield and recovery in
solvent A at 3x concentration of model solution
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Figure 14 and Figure 15 illustrate the extraction
performance of solvents A and B. For solvent A, the
maximum extraction yield and recovery were 30.21 % and
41.73 % at pH 2, respectively. Solvent B achieved a
significantly higher extraction yield of 63.93 % with 87.64
% recovery at pH 3. These findings align with Omwene et
al. (2020), who demonstrated that carboxylic acids,
including succinic acid, are more effectively extracted in
their non-ionized forms at low pH. In this study, at a
concentration factor of 3%, successful extraction into the
organic phase was achievable only up to pH 4. This
behavior is consistent with earlier observations of succinic
acid’s pKa values (~4.17 and ~5.64). Below pH 4, succinic
acid is largely non-ionized, favoring its transfer into the
organic phase; beyond this pH, ionization reduces
extraction efficiency, explaining the drop-off in yield and
recovery. Compared to Tonjes et al. (2025) where reactive
extraction employing tertiary amines (e.g., TOA in
I-octanol or benzyl alcohol) routinely achieves >95 %
yield in model succinic acid solutions and 78-85 % yield
when applied to fermentation broths, owing to stable
amine—acid complex formation and strong hydrogen
bonding. Based on Sun et al. (2019), sugaring-out plus
crystallization methods, using food-grade solutes, have
achieved ~73 % succinic acid yield with >98 % purity in
broth matrices. Thus, while solvent B performs below the
top-tier reactive extraction systems, its yield and recovery
are on par with established membrane/crystallization
schemes, suggesting it merits further consideration,
particularly if accompanied by lower toxicity or operational
cost.

SOLVENT EFFICIENCY IN LIQUID-
LIQUID EXTRACTION

The distribution coefficient is a measure of the preference
of a solute to organic phase over aqueous phase. A higher

distribution coefficient indicates that the efficiency of the
extraction carried out is better. The value of the distribution
coefficient (D) obtained for each solvent used has been
shown in Table 4 above.

The distribution coefficient of succinic acid plays a
crucial role in identifying the optimal pH value for an
efficient extraction process, resulting in a higher yield of
succinic acid'. Figure 16 shows the distribution coefficient
for succinic acid against the pH of a model solution from
pH 2 to S in solvent A at a concentration coefficient of 1x.
The extractability of succinic acid in the organic phase can
only be achieved in solvent A, while for solvent B no
component is detected in the organic solution. However,
all the values of the distribution coefficient of succinic acid
obtained using solvent A were less than one. This shows
that the extraction process of succinic acid carried out was
not efficient.
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FIGURE 16. Effect of pH on the distribution coefficient
concentration coefficient of 1x

Figure 17 shows the effect of pH (ranging from 2 to
6) on the distribution coefficient of the components in the
2x model solution during liquid-liquid extraction using
solvent A and solvent B.

Based on the diagram below, the distribution
coefficient of succinic acid obtained shows a consistent
decrease, starting from pH 3 of the model solution to pH
6 in solvent B. Whereas, the value of the distribution
coefficient of succinic acid obtained is not consistent with
the increase in pH value in solvent A. The distribution
coefficient of succinic acid obtained is higher in solvent B
compared to solvent A at a rate of 2x where the highest
distribution coefficient is 1.111 at pH 3.
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Figure 18 show the distribution coefficient for succinic
acid against pH starting from pH 2 to 6 using solvent A
and solvent B at a concentration coefficient of 3x. Based
on the figure, the distribution coefficient obtained shows
a consistent decrease, with increasing pH values in the
model solution. At the concentration coefficient of 3x, the
value of the distribution coefficient in the solvent B shows
a significant difference with the solvent A. The highest
distribution coefficient of succinic acid is obtained at pH
2 which is 1.169.
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FIGURE 18. Graph of the effect of pH on the distribution
coefficient of succinic acid at a concentration coefficient of 3x

When comparing the performance of the solvent A
with the solvent B, it can be observed that the solvent B
exhibits higher efficiency in extracting succinic acid from
the aqueous phase to the organic phase. This is because the
value of the distribution coefficient is above 1. A higher
distribution coefficient signifies a stronger affinity of the
solvent towards succinic acid, resulting in improved
extraction efficiency (Sun et al. 2019).

In this study, it can be concluded that the solvent B
was highly effective for extracting succinic acid from the
OPF fermentation broth model solution, regardless of the
concentration coefficient. For the 2x concentration
coefficient, the highest extraction yield of 67.73% and
recovery of 90.47% were achieved, with a selectivity of
1.2234. Similarly, for the 3x concentration coefficient, an
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extraction yield of 63.93% and recovery of 87.64% as well
as the selectivity was 1.0178 were obtained at the best pH
which was pH 3. These results indicate that the solvent B
which is diethyl ether has a strong affinity for extracting
succinic acid specifically, surpassing the extraction of other
components present in the solution.

CONCLUSION

This study successfully demonstrated the efficacy of liquid-
liquid extraction for recovering succinic acid from a model
solution of oil palm frond (OPF) fermentation broth. This
study managed to investigate the impact of pH and
concentration on extraction yield and recovery using two
distinct solvents. Notably, at a 2x concentration (73.2 g/L
succinic acid), this study achieved an impressive recovery
0f90.47%. Even at the highest concentration tested (109.8
g/L), recovery remained substantial at 87.64%. These
findings indicate that succinic acid can be recovered at high
efficiencies when present in high concentrations within a
model system. The study of solvent mixtures further
revealed that diethyl ether outperformed ethyl acetate,
exhibiting a superior distribution coefficient and selectivity
for succinic acid. Despite these promising results, it’s
crucial to acknowledge the limitations of this study. This
study was conducted with a model solution, which, while
providing a controlled environment for fundamental
investigations, does not fully replicate the complexities of
areal OPF fermentation broth. Actual fermentation broths
typically contain a myriad of impurities and lower succinic
acid concentrations, posing significant challenges for
recovery. The often-low concentration of succinic acid in
real OPF broth necessitates additional pre-concentration
steps, which can increase the cost and complexity of the
overall recovery process. Therefore, future work should
prioritize testing the liquid-liquid extraction method on
actual fermentation broth from OPF. This will provide a
more realistic study of the process’s viability and highlight
any unforeseen challenges. Additionally, further research
should focus on optimizing solvent ratios and exploring
novel solvent systems or hybrid extraction techniques to
enhance recovery efficiency and reduce processing steps
for real fermentation broths. Investigating the impact of
various impurities present in real broth on extraction
performance will also be critical for developing a robust
and economically feasible recovery process for succinic
acid from OPF.
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