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Abstract: Promoting efficiency of liquid-liquid extraction at a high pH is a main challenge for the
recovery of volatile fatty acids (VFAs) from organic wastes. In this study, the extraction efficiency
of VFAs from artificial solution and acidification fermentation broth of kitchen wastes using ionic
liquids (ILs) was assessed at high pH. The effect of ILs addition ratio in diluent, volumetric solvent
to feed ratio (S/F) on extraction efficiency were investigated. The solvent consists of [P666,14][Cl]
(IL101) and dodecane was found to be the promising solvent for VFA extraction at pH 6.0, especially
for butyric acid. The IL-101 ratio in dodecane and S/F was significant factors for the liquid-liquid
extraction of VFAs. In general, a higher IL-101 ratio and S/F can promote the extraction efficiency of
single VFAs. As a result, the maximum extraction rate of acetic acid (38.4—49.9%) and butyric acid
(66.0-92.1%) from different VFA concentration solutions was observed at 10% IL-101 in dodecane
and S/F = 2/1. The solvent was also effective in different types of real fermentation broth of kitchen
wastes. The maximum extraction rate and selectivity of butyric acid was 60.2%/70.5% in butyric acid
type broth and 74.6%/62.7% in mixture acid type broth.

Keywords: liquid-liquid extraction; volatile fatty acid; ionic liquids; anaerobic fermentation;
kitchen wastes

1. Introduction

Volatile fatty acids (VFAs) refer to short chain carboxylic acids, such as acetic acid,
propionic acid, butyric acid, and valeric acid. VFAs can not only be directly extracted and
used in food, pharmaceutical, and other industries but also used as an important platform
compound, which can be used as raw materials to further prepare biofuels and high value-
added chemicals [1]. The potential uses of VFAs are: (1) As a carbon source for removing
nutrients, such as N and P in sewage [2]; (2) Further fermentation to prepare medium chain
fatty acids [3]; (3) Fermentation to produce biodegradable polymer [4]; (4) As a raw material
for microbial hydrogen production [5]; and (5) As raw materials to prepare biodiesel and
other biofuels [6,7]. Presently, commercial production of VFAs is mainly achieved through
chemical pathways [8]. However, the non-renewable characteristics of petrochemical raw
materials and their processing have caused some environmental problems [9]. In response
to the environmental problems caused by VFA production, there has been renewed interest
in biological VFA production [10,11]. This includes the use of organic waste to produce
VFAs through anaerobic fermentation, which is recyclable and sustainable.

To produce VFAs from organic wastes, it is important to improve the production of
VFAs through the optimization of fermentation conditions and microorganisms [12,13].
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Furthermore, the effective recovery of VFAs from the fermentation broth is a main obsta-
cle for producing VFAs from organic wastes [14]. Owing to the complex composition of
the fermentation broth, it is more difficult the VFAs recovery process in the fermentation
broth than that in the petrochemical industry [15,16]. The main extraction methods used
for anaerobic acid-producing fermentation broth include liquid-liquid extraction, mem-
brane separation, adsorption, electrodialysis, ion exchange, and gas extraction [17-20].
Liquid-liquid extraction is a common separation method, which has the advantages of
good separation efficiency and can separate VFAs in a low concentration fermentation
broth [21-24]. Mostafa used tri-n-octyl phosphine oxide (TOPO, 20%) and kerosene (80%)
as extractant and diluent, respectively, to recover VFAs [25]. The extraction rate of VFAs in
the fermentation broth reached 75% under the optimum condition. Alkaya used 20% TOPO
+ kerosene as an organic phase to recover VFAs from the anaerobic acidification solution
with beet processing waste as substrate [26]. Owing to less VFAs in the non-dissociated
state, a higher pH was unfavorable for extraction. When pH was up to 5.5, the total recovery
efficiency drops from 67% (pH = 2.5) to 32%. Reyhanitash et al. used trioctylamine (TOA)
and other ionic liquids (ILs) as extractants to recover VFAs [27]. They found that the pH
value could significantly affect the extraction rate of VFAs. For liquid-liquid extraction, an
undissociated state of VFAs and lower pH than pKa (Acid dissociation constants) of VFAs
is required [28]. However, the pH of fermentation broth is often higher than the pKa of
VFAs. A main challenge for the recovery of VFAs from fermented broth remains that the
pH, which is suitable for acidogenic anaerobic microorganisms function, is typically too
high for effective extraction [29]. Finding a method to extract VFAs at relatively high pH
values, between 5 and 7, is important [26].

ILs extractant is an environmentally friendly extractant with high thermal stability and
low volatilization [30]. Therefore, two kinds of quaternary phosphine ILs ([P666,14][Cl]
and [P666,14][Phos]) and three kinds of diluents were selected in this experiment to study
the extraction efficiency of VFAs from the anaerobic fermentation broth of kitchen waste.
The effects of pH, ratio of ILs addition, volumetric solvent to feed ratio (S/F), and VFA
concentration were also studied using artificial solution. The result could find an effective
method for liquid-liquid extraction of VFAs from anaerobic fermentation broth at relatively
high pH values.

2. Materials and Methods
2.1. Chemicals

Acetic acid (>99.5%), n-butyric acid (>99.0%), trioctylamine (>98.0%), n-octanol (>99.0%),
dodecane (>98.0%), mineral oil (25cSt, 40 °C) were purchased from Shanghai Maclin Bio-
chemical Technology Co., Ltd, (Shanghai, China). [P666,14][Cl] (Cyphos® IL101, >95.0%),
[P666,14][Phos] (Cyphos® IL104, >90.0%) were purchased from Sigma-Aldrich (Burlington,
MA, USA).

2.2. Inoculum and Substrates

Kitchen wastes were obtained from the dining hall of Guangzhou Institute of Energy
conversion. The raw materials were crushed by the shredder (DXF-20C, Guangzhou,
China) for 1 min after manually removing impurities and then were stored at —20 °C in
a refrigerator for future use. The inoculum was obtained from the mesophilic anaerobic
reactor which had been acclimated for a long-time using kitchen wastes to produce biogas.
The inoculum was heated at 90 °C for 1 h to inhibit methanogenesis activity. The physical
and chemical properties of substrate and inoculum are shown in Table 1.

Table 1. Physicochemical properties of substrate and inoculum.

Kitchen Waste Inoculum
TS/ % 20.85 £ 0.81 2.37 +0.06
VS/% 19.58 + 0.40 1.20 £+ 0.03

pH / 7.5
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2.3. Experiment Setup
2.3.1. Extraction of VFAs with Different Extraction Agent

The concentration of acetic acid and butyric acid artificial solution was 10.0 g/L. The
pH of the solution was adjusted to 3, 4, 5, and 6 using 4 M KOH before extraction. To
extract using different extractants, 20% IL-101 or IL-104 were added to dodecane to be
solvents, respectively. In the control group, 20% TOA in n-octanol was used as solvent.
In the second experiment, n-octanol, dodecane, and mineral oil were used as different
diluents for extraction. No extractant was added to one group, whereas 20% IL-101 was
added to the diluent as extractant. Liquid-liquid extraction experiments were performed
at the volumetric S/F of 1/1 using 3 mL of the feed. The mixtures were shaken in a
constant temperature shaker (30 + 1 °C, >300 rpm) for 120 min. Then, different phases
were separated using a centrifuge (10,000 rpm for 5 min) and sampled for analysis. All
treatments were performed in triplicate.

2.3.2. Extraction Efficiencies of Single VFAs at Different Conditions

IL-101 + dodecane was used as solvents to extract acetic acid and butyric acid from the
artificial solution, whose concentrations were 2.0, 5.0, and 10.0 g/L. The pH was adjusted
to 6.0 before extraction. The addition ratio of IL-101 were 2%, 4%, 6%, 8%, and 10% and
S/Fwerel1/2,1/1,and 2/1.

2.3.3. Acidification and VFA Production

The fermentation trials were carried out in a 2000 mL glass bottle with an operating
volume of 1500 mL at a mesophilic temperature of 37 °C. Substrates of 1200 mL inoculum
and 8.0 gVS /100 mL inoculum were added into reactors. The initial pH of the system was
adjusted to 5, 7 and 10 using 4 M HCI and 4 M KOH before fermentation. Nitrogen was
flushed into flask for 5 min to ensure anaerobic environment. The experiment lasted for
7 days. Before extraction, the broth was separated using a centrifuge (10,000 rpm for 5 min).

2.3.4. Liquid-Liquid Extraction of VFAs from Fermentation Broth

IL101+dodecane was used as solvents to extract VFAs from fermentation broth. The
ratio of IL101 in dodecane set as 4% and 8% and S/F was 2/1, respectively. As a comparison,
the artificial solution with same acid concentration and pH were also used for extraction
experiments. All treatments were performed in triplicate.

2.4. Analytical Methods

TS, VS and pH were determined by previous methods [31]. VFAs and ethanol were
determined by gas chromatography (GC9790Plus, FULI INSTRUMENS, Fuli, China) with
Agilent DB-FFAP capillary column (30 m x 0.32 mm x 0.25 mm, Santa Clara, CA, USA).
The operation conditions of GC were determined by previous methods [32]. VFAs concen-
trations of solvent phase were determined by mass balance.

Extraction rate (ER) represents the proportion of a certain VFAs extracted from the
aqueous phase into the solvent phase when the extraction reaches equilibrium.

Csol X Vsol

ER% =
Cin X Vin

x 100% €))]
where Cj, (mg/L) and Vi, (mL) represent VFAs concentration and volume of initial feed
solution; Cgj (mg/L) and Vg (mL) represent VFAs concentration and volume of solvent
after extraction.

3. Results and Discussion
3.1. Extraction of Single VFAs with Different Extraction Agent

The extraction efficiency of the extractant on acetic acid and butyric acid under differ-
ent pH conditions is shown in Figure 1. The TOA + n-octanol solvent is a common VFA
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extractant. As shown in Figure 1, the TOA + n-octanol solvent has good extraction effi-
ciency of acetic acid and butyric acid at pH 3 with the extraction rates reaching 83.5 £ 2.5%
and 92.7 £ 0.7%, respectively. With the increase in pH, the extraction rate decreased
rapidly. When the pH was 6, the extraction rates of acetic acid and butyric acid were only
11.2 + 3.8% and 27.8 £ 0.4%, respectively. Similarly, the maximum extraction rates of
acetic acid and butyric acid were 89.8 &= 0.2% and 90.6 & 0.1%, respectively, at pH 3 when
using IL-104 + dodecane as the solvent. However, the extraction rates of acetic acid and
butyric acid decreased to 14.6 & 3.8% and 11.5 & 1.8% when pH increased to 6. For these
two solvents, VFAs mainly exist in molecular form, which is conducive to the separation
in the solution when pH < pKa (4.76 for acetic acid and 4.82 for butyric acid), while the
ionic state is dominant, which is not conducive to the extraction of organic solvents when
pH > pKa [33]. Compared with the above mentioned two solvents, the extraction efficiency
of VFAs using IL-101 + dodecane was less affected by pH, especially butyric acid. Although
the extraction rate of acetic acid decreased from 63.2 &= 0.5% to 46.6 £ 3.6% when pH was
up to 6, it is still higher than TOA + n-octanol and IL-104 + dodecane. The extraction rate of
butyric acid is always above 95%, which is not influenced by the pH. According to Tamada
and King (1990), high hydrophobicity may result in this greater efficiency for liquid-liquid
extraction of longer chain VFAs [34]. Ion exchange and intermolecular interactions (e.g.,
hydrogen bonding) may be responsible for extracting VFAs. However, the extraction of
VFAs is affected by other parameters, such as functional groups and steric hindrance [26,35].
Under the combined influence of these factors, IL-101 showed better extraction performance

than IL-104 for effective extraction at a higher pH and selective extraction of butyric acid.
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Figure 1. Extraction rates of acetic acid (a) and butyric acid (b) using different solvents at different pH.

To determine the influence of different diluents on extraction efficiency, the extraction
rate of acetic acid and butyric acid were investigated. As shown in Figure 2a, all diluents
could extract acetic acid without IL addition. The extraction rates of acetic acid by n-octanol
and dodecane decreased with the increase in pH, and the extraction rate decreased to
27.7 £ 0.3% and 19.8 & 1.9% at pH 6, respectively. The extraction rate of acetic acid for
mineral oil not sensitive to pH is much lower than that of n-octanol and dodecane. After
adding IL-101, the extraction rate can be improved at all pH conditions. The extraction
using IL-101 + n-octanol became insensitive to the pH. The extraction rate of acetic acid
still reached 64.3 £ 2.5% when the pH was 6. The extraction rate for IL-101 + dodecane
decreased with the increase in pH. The extraction rate of acetic acid was 46.6 £ 3.6% at pH 6,
which was only 70.6% of that at pH 3. The extraction rate of acetic acid by IL-101 + mineral
oil was still lower than 40%.
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Figure 2. Extraction rates of acetic acid (a) and butyric acid (b) using IL 101 with different diluents.

As shown in Figure 2b, all diluents could extract butyric acid without IL addition.
However, the extraction rate decreased with the increase in pH. The extraction rates for n-
octanol, dodecane, and mineral o0il decreased from 90.3 £ 0.2%, 52.7 £ 0.2%, and 24.2 + 5.1%
atpH 3 t029.2 £ 3.0%, 27.3 £ 1.4%, and 2.6 £ 1.9% at pH 6, respectively. After adding IL-101
to the diluent, the effect of pH on extraction efficiency reduced significantly. Particularly
at high pH, higher extraction rates were obtained. The extraction rates for IL-101 + n-
octanol, IL-101 + dodecane, and IL-101 + mineral oil reached 82.8 + 0.3%, 94.6 + 0.5%, and
62.0 £ 3.8%, respectively. The extraction efficiency of VFAs by IL 101+ dodecane in this
study was relatively higher than the previous report which using deep eutectic solvents as
extractant to extract VFAs at high pH value [36].

At a higher pH, IL-101 + n-octanol and IL-101 + dodecane have great extraction ability
and can be used for acetic acid separation. However, IL-101 + dodecane also presented
impressive butyric acid extraction. As the value of butyric acid is usually higher than
that of acetic acid, butyric acid extraction should always be preferred in the fermentation
broth. Therefore, IL-101 + dodecane may be more favorable for hybrid VFAs owing to its
selectivity of butyric acid.

3.2. Extraction Efficiencies of Single VFAs at Different Conditions

The effects of different conditions (ratio of IL addition and volumetric S/F) on extrac-
tion efficiencies of different concentrations of acetic acid and butyric acid were studied.
The extraction efficiency of acetic acid is shown in Figure 3a. Under all acetic acid concen-
trations, the extraction rate increased with the increase in IL-101 ratio, and a higher S/F
was beneficial to obtain a higher extraction rate. At the concentration of 2 g/L acetic acid,
the highest extraction rate was only 38.4 £ 0.7% when S/F was 2/1 and the addition ratio
of IL-101 was 10%. With the increase in acetic acid concentration, the extraction rate also
increased. When the acetic acid concentration was 5 g/L, the extraction rate improved, i.e.,
29.8 +1.5%-39.8 +1.1% (S/F=1/2),34.3 £ 0.7%—46.0 & 4.2% (S/F =1/1), and 33.4 & 0.3%—
46.6 + 7.4% (S/F =2/1). Under this condition, there is little difference in extraction rates
between S/F =1/1 and 2/1, and the highest extraction rates can reach more than 46%,
which was more than 20% higher than that of low acetic acid concentration. When the acetic
acid concentration was up to 10 g/L, the extraction rates were 29.3 + 1.0%-37.9 4= 1.6%
(S/F=1/2),34.2 £ 0.7%—44.6 £ 0.2% (S/F =1/1) and 31.2 £ 0.9%-49.9 + 2.1% (S/F = 2/1).
Under these conditions, the maximum extraction rate was obtained when the addition ratio
of IL-101 was 10% and S/F = 2/1, which was slightly higher than that at S/F=1/1.
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Figure 3. Effect of ratio of IL addition and S/F on extraction efficiency at different VFA concentration
(a) acetic acid; (b) butyric acid.

The extraction efficiency of butyric acid at different concentrations is shown in Figure 3b.
Similar to acetic acid, the extraction rate increased with the increase in IL-101 ratio, and
a higher S/F was beneficial to obtain a higher extraction rate. The extraction efficiency
of butyric acid was obviously better than that of acetic acid. When the concentration of
butyric acid was 2 g/L and S/F = 2/1, the extraction rate of butyric acid was 53.6 = 1.8%-—
92.1 £ 1.1%, and the maximum extraction rate was 1.85 times that of acetic acid. Different
from acetic acid, the extraction rate of butyric acid decreased with the increase in butyric
acid concentration. When the concentration of butyric acid was 5 g/L, the extraction rates
were 35.4 £ 2.9%—64.0 £ 2.4% (S/F = 1/2), 47.6 £ 0.4%-73.0 £ 1.9% (S/F = 1/1), and
62.0 £ 6.4%-81.5 £ 1.5% (S/F = 2/1). The maximum extraction rate decreased by more
than 10% compared to the low concentration butyric acid. When the concentration of
butyric acid was 10 g/L, the extraction efficiency further decreased at high S/F values
of 1/1 and 2/1, and the maximum extraction rates were 62.0 &+ 2.2% and 66.0 = 1.5%,
respectively. For high concentration butyric acid extraction, S/F has little influence on the
maximum extraction efficiency.

When extracting low concentration butyric acid, adding 10% IL-101 can achieve more
than 90% extraction rate. Although the extraction rate decreased when 5 g/L butyric
acid was extracted, adding 10% IL-101 could still achieve more than 80% extraction rate.
However, when the extraction concentration of butyric acid was higher, the extraction
efficiency significantly decreased, and adding 10% IL-101 was not sufficient to obtain a
higher extraction rate.

3.3. Extraction Efficiencies of VFAs from Acidification Broth

Adjusting the initial pH value is an effective method to increase VFA production
and regulate composition [37]. pH is also an important factor in VFA extraction. The
concentrations of VFAs at different pH are shown in Table 2. At the end of fermentation,
the concentration of VFAs and ethanol was 2.95 g/L at pHj, = 5, which is much lower
than pHj, = 7 and 10. For this condition, the proportion of acetic acid was 78.3% and
butyric acid was not detected. When the initial pH was 7, the concentration of VFAs and
ethanol in fermentation broth increased significantly, reaching 9.28 g/L. Additionally, the
VFA composition changed. Butyric and acetic acids accounted for 51.39% and 29.89%
in total VFA amount, respectively, which is typical for butyric acid fermentation [38].
Under alkaline conditions (pHj, = 10), the concentration of VFAs and ethanol in the
fermentation broth continued to increase, and the concentration of fermentation products
reached 19.52 g/L. The production of VFAs and ethanol was much higher than that in
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neutral or acidic fermentation broth. In this broth, the proportion of acetic acid and butyric

acid was 49.22% and 29.99%, respectively, which is typical for mixture acid fermentation
broth [38].

Table 2. VFAs content in different type fermentation broth.

Initial pH

End pH

Acetic Acid Propionic Acid Butyric Acid VFAs + Ethanol
Ethanol (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)

5.0
7.0
10.0

3.9
53
5.8

1062 1475 410 0 2948
822 2773 915 4769 9279
3089 9610 969 5856 19,524

Extraction rate of VFA (%)

100

The high butyric acid content was obtained at pH 7 and 10 with different acetic acid
proportions. The broth and its corresponding artificial solution, which is called “butyric acid
type” (pHin = 7) and “mixture acid type” (pHj, = 10), was used for extraction experiments,
and the results are shown in Figures 4 and 5. When the butyric acid type artificial solution
was extracted using 8% IL-101 solvent in dodecane, the extraction rate of VFAs and ethanol,
butyric acid, acetic acid, and propionic acid were 47.5%, 65.3 £ 0.4%, 27.2 & 0.9%, and
56.9 £ 1.0%, respectively. After extraction, butyric acid, acetic acid, and propionic acid
accounted for 70.8%, 17.1%, and 11.8% of total VFA in the solvent phase, respectively. For
the butyric acid type fermentation broth, the total extraction rates of VFAs and ethanol,
butyric acid, acetic acid, and propionic acid were 43.9%, 60.2 £ 0.8%, 25.0 & 1.1%, and
50.7 £ 0.9%, respectively. Owing to the complex composition of fermentation broth, which
may contain monosaccharides or other acids, the extraction rate of VFAs and butyric acid
slightly decreased in the fermentation broth. However, the extraction rate of VFAs was
still more than 90% of that in the artificial solution. IL-101 + dodecane could effectively
extract VFAs in the real fermentation broth. After extraction. butyric acid, acetic acid, and
propionic acid accounted for 70.5%, 17.0%, and 11.4% of total VFA in the solvent phase,
respectively. Butyric acid has better extraction selectivity, whereas acetic acid and propionic
acid maintain a lower proportion. Emrah Alkaya et al. used TOPO + kerosene to extract
Beet-pulp anaerobic acidifying solution at pH 5.5 [26]. They found that butyric acid also
has better extraction selectivity, but its extraction rate is lower than 50%, which was lower
than this study.
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Figure 4. Extraction rates of VFA from different type fermentation broth and artificial solution
((a) butyric acid type; (b) mixture acid type).
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When the mixture acid type artificial solution was extracted using 8% IL-101 solvent in
dodecane, the extraction rate of VFAs and ethanol, butyric acid, acetic acid, and propionic
acid were 38.4%, 73.3 & 0.5%, 28.8 £ 1.9%, and 29.8 £ 2.1%, respectively. After extraction.
butyric acid, acetic acid, and propionic acid accounted for 57.3%, 37.0%, and 3.9% of total
VEFA in the solvent phase, respectively. For the mixture acid type fermentation broth, the
total extraction rate of VFAs and ethanol, butyric acid, acetic acid, and propionic acid were
35.7%, 74.6 = 0.4%, 22.9 £ 1.3%, and 32.5 £ 0.1%, respectively. There was little loss of
extraction efficiency in the fermentation broth. The extraction efficiency of butyric acid
from real fermented broth was close to that in a previous report which used octanoic acid
as extractant to extract single acid from artificial solution at pH 3 [39].

Compared with the butyric acid type fermentation broth, the extraction rate of total
VFAs and ethanol from mixture acid type fermentation broth decreased by 17.9%, which
may result from the higher concentration of VFAs and higher pH. However, the extraction
rate of butyric acid was 1.4 times of that in butyric acid type fermentation broth. However,
the proportion of acetic acid in the solvent phase reached 31.6%, whereas that of butyric
acid decreased to 62.7%. This may be due to the higher concentration of acetic acid in broth,
which was more than three times of that in the butyric acid fermentation broth. This shows
that the concentration and type of VFAs in the fermentation broth can affect the extraction
efficiency and selectivity. Both “butyric acid type” and “mixture acid type” broth can obtain
a higher extraction efficiency for longer chain VFAs, such as butyric acid.

When the ratio of IL-101 in dodecane was reduced to 4%, the extraction rate of VFAs
and ethanol in butyric acid and mixture acid type broth decreased to 37.0% and 26.8%,
respectively, which was only 84.3% and 75.1% of that when using 8% IL-101 solvent in
dodecane. The extraction rate of butyric acid significantly decreased, i.e., by 14.8% in
butyric acid type broth and 34.3% in mixture acid type broth. The extraction rate of butyric
acid was significantly affected by reducing the addition of IL-101 in the mixture acid type
broth. This may be related to high acetic acid concentration, which may compete with
butyric acid when IL-101 was limited. The extraction rate of acetic acid decreased by 12.4%
in the butyric acid type broth, but had no significant change in mixture acid type broth
extraction. Additionally, with the decrease in IL-101 ratio, there was little change in the
butyric acid selectivity for extraction in butyric acid type broth. However, the butyric acid
selectivity significantly decreased for extraction in mixture acid type broth, which was
unfavorable to extraction of butyric acid.
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4. Conclusions

To find an effective extractant to recover VFAs from anaerobic fermentation broth
at relatively high pH values, several ILs and organic diluents were used to investigate
the effect on extraction efficiency in artificial and real fermentation broth. We observed
that the solvent consists of IL-101, and dodecane can extract VFAs effectively at pH 6.0.
Particularly, IL-101 + dodecane presented a great performance in butyric acid extraction
efficiency, which was above 90%. For acetic acid and butyric acid extraction, the effect
of IL-101 ratio in dodecane was as crucial as the effect of S/F on the recovery of VFAs.
In general, a higher IL-101 ratio and S/F can promote the extraction efficiency of single
VFAs. The solvent was also effective in a hybrid VFA system, and different types of real
broth were derived from kitchen wastes acidification fermentation. Furthermore, it showed
a favorable selectivity for butyric acid. The maximum extraction rate and selectivity of
butyric acid was 60.2%/70.5% in butyric acid type broth and 74.6%/62.7% in mixture acid
type broth.
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