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Abstract: Steam stripping is commonly used to remove free fatty acids from crude palm oil.
An alternative deacidification method, solvent extraction performed at a much lower temperature,
would preserve the natural antioxidants in the refined palm oil. In this work, palmitic acid was
extracted using betaine monohydrate-propionic acid and betaine monohydrate-acetic acid deep
eutectic solvents (DESs). The effect of temperature (40 ◦C to 80 ◦C), mass ratio of palm oil to solvent
(2:1 to 1:2), and palmitic acid content in the palm oil feed (2% to 8% mass) on the distribution
coefficient values of palmitic acid (0.44–0.93) was investigated. For the first time, a facile recovery of
DESs could be accomplished by a cooling process where up to 98% of the palmitic acid separates as
solid. A solvent extraction process for palm oil deacidification, employing a DES with a distribution
coefficient value much higher than unity, will provide advantages over the steam stripping process.

Keywords: deacidification; palm oil; deep eutectic solvent; solvent recovery; liquid–liquid extraction;
betaine monohydrate

1. Introduction

In the palm oil industry, steam stripping is a common deacidification method used to remove
undesirable materials such as free fatty acids, mainly palmitic acid (41%–47%) and oleic acid
(36%–41%) [1]. The presence of free fatty acids in palm oil indicates that degradation has occurred.
As free fatty acids are susceptible to autoxidation, affecting the organoleptic qualities of the oil, palm oil
is refined to obtain a stable product for consumption [2]. Due to the high temperature of the steam,
natural antioxidants are lost where α-carotene and β-carotene (500–700 mg/kg) are lost completely,
while tocopherols (600–1000 mg/kg) are partially steam-stripped to 356–630 mg/kg [3]. Moreover,
as palm oil lipids are exposed to temperatures higher than 200 ◦C, carcinogenic byproducts such
as 3-monochloropropane-1,2-diol (3-MCPD) and glycidyl esters are also formed [4,5]. In a steam
deacidification optimization study, the final oil acidity was found to be dependent on temperature,
percent of stripping steam, and composition of the model palm oil [6]. Other deacidification methods
have also been investigated, including esterification reaction of the free fatty acid with methanol
catalyzed by an acid ion exchange resin [7], and with glycerol catalyzed by a lipase enzyme [8].

Liquid–liquid extraction performed at temperatures close to ambient temperature would prevent
the formation of undesired side reaction products, preserving the natural antioxidants in the crude
palm oil. It is known from previous palm oil deacidification studies that anhydrous ethanol extracts
more free fatty acids compared to hydrated ethanol [9,10]. The use of hydrated ethanol (6% weight
of water) preserved up to 99% of the carotenes and up to 80% of the tocopherols in the refined palm
oil [11].
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More recently, deep eutectic solvents (DESs) have been used in solvent extraction processes due
to their desirable characteristics in terms of biodegradability, biocompatibility, and green designer
solvent [12]. A DES consists of a hydrogen bond acceptor (HBA) that form hydrogen bonds with one or
more hydrogen bond donor (HBD), and thus, has a lower melting point than those of its constituents.
Choline chloride (ChCl)-based DESs with organic acids (acetic, propionic, lactic, malic, oxalic, citric,
malonic or phenylacetic acids) as HBDs have been successfully applied as green solvents for extraction
of natural compounds from plants [13–16]. Betaine-based DESs have not been studied as intensively
as ChCl-based DESs, in spite of the fact that betaine is also a generally recognized as safe chemical.

We evaluated betaine monohydrate-based DESs, with a polyol or a mixture of polyol-acid HBDs
as extracting solvents, in the deacidification of palm oil by liquid–liquid extraction [17]. Palmitic acid,
as a free fatty acid with the highest concentration in palm oil [1], was chosen as a model compound.
The study revealed that the betaine monohydrate-glycerol DES (1:8 molar ratio) gave the highest
selectivity with up to 99% of the β-carotene and α-tocopherol retained in the palm oil phase, and,
the palmitic acid distribution coefficient of 0.52. The follow-up study [18] revealed the presence of
strong interactions between the oxygen atom of betaine molecules and hydrogen atoms of glycerol
in the betaine monohydrate-glycerol DES. The intramolecular interactions in the glycerol molecules
and the interaction between glycerol and water molecule in the betaine monohydrate were present
at higher concentration of glycerol in the DES. At this condition, the interaction between palmitic
acid and betaine molecules decreases due to the presence of interaction between palmitic acid and
glycerol. Based on their fusion enthalpy values, the calculated total interaction energy of the betaine
monohydrate-carboxylic acid (acetic and propionic) DESs [19] were found to be lower than that of
the betaine monohydrate-glycerol eutectic DES (molar ratio of 1:2) [20]. This finding suggests that
palmitic acid, having a carboxylic functional group, would have a high probability of interaction with
the betaine monohydrate-carboxylic acid DESs.

On the other hand, the nonpolar long-chains of the carotene and tocopherol would have a very
low probability to interact with this DES molecule. The solubilities of the antioxidants in a more polar
solvent, such as an acid-based DES will be lower than that in a less polar solvent, such as a polyol-based
DES. For instance, anthocyanins that are polar molecules have higher extraction efficiency in the
choline chloride-oxalic acid DES than those the choline chloride-glycerol DES [14]. It is necessary to
recover the solvent for reuse due to health, safety, cost, and environmental considerations [21]. In the
deacidification of rice bran oil, ethanol was recovered by cooling the liquid stream leaving the extractor.
The theoretical study revealed that solvent recovery by the cooling process is feasible, reaching up to
98% of the oil, when the stream is cooled from 80 ◦C to 25 ◦C [22].

In this study, we investigated the two following aspects of betaine monohydrate-carboxylic acid
(propionic or acetic acid) DESs as the extracting solvents for separation of palmitic acid from palm oil:
(i) the effect of the process conditions (temperature, mass ratio of palm oil to solvent, and palmitic acid
content in palm oil) on the distribution coefficient and extraction efficiency of palmitic acid, (ii) the effect
of temperature and duration of cooling on the extent of palmitic acid separated from DESs as a solid.
It was anticipated that this work would provide direction for further research, that is, which aspect
needs more attention in order to improve the feasibility of using DESs for palm oil deacidification.

2. Materials and Methods

2.1. Chemicals

Synthesis grade acetic acid (glacial) and propionic acid (purity 99%) were supplied by
Merck (Singapore). Analytical grade (purity 99%) betaine monohydrate, palmitic acid, β-carotene,
and α-tocopherol were supplied by Sigma Aldrich (Singapore). Analytical grade α-tocopherol (purity
99.9%) and β-carotene (purity 99%), used as standards in the preparation of calibration curves, were
supplied by Sigma Aldrich. HPLC grade (purity 99.9%) tetrahydrofuran, acetonitrile, acetic acid
glacial, and methanol were supplied by Merck. Analytical grade diethyl ether, chloroform, methanol,
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ethanol, and phenolphthalein indicator were supplied by Merck. The composition of fatty acids in the
analytical grade of palm oil that was purchased from Sigma Aldrich is shown in Table 1.

Table 1. Fatty acid composition of palm oil used in this study.

Fatty Acid % Mass

Palmitic (c16:0) 44.6
Oleic (c18:1) 38.1

Linoleic (c18:2) 9.5
Stearic (c18:0) 4.3

Myristic (c14:0) 1.0

2.2. Preparation of DESs and Palm Oil

DESs consisting of betaine monohydrate and carboxylic acid were prepared following the
procedure given in the previous work [19]. Betaine monohydrate was dried by vacuum drying at
a temperature of 80 ◦C for 6 h, then, it was mixed with acetic acid or propionic in several mole
fractions of acid (0.67, 0.75, 0.80, 0.86, and 0.89) by weighing on an analytical balance (Sartorius TE214S).
The mixture was placed in a bottle with a screw-cap and a stirring bar, heated at a temperature of 50 ◦C
on a hotplate stirrer with an agitation speed of 150 rpm for 90 min.

Palm oil used in this work was prepared to have a final composition similar to that of the actual
palm oil by the addition of palmitic acid (5% mass), α-tocopherol (1000 ppm), and β-carotene (700 ppm)
into the analytical grade palm oil.

2.3. Liquid–Liquid Extraction

Palm oil and DES were mixed in a volume ratio of 1:2 and agitated at 250 rpm for 2 h at a
temperature of 40 ◦C using a hotplate stirrer (IKA C-MAG HS7, Staufen, Germany). After stirring,
the mixture was separated using a centrifuge (Nesco 80-2A, Jiangsu, China), and was left still for at
least 60 min to allow a complete phase separation. The extract (lower) phase was separated from
the refined oil (upper) phase using a Hamilton syringe (Reno, NV, USA). The time taken to reach
equilibrium was 2 h, determined by sampling the oil phase every 10 min until the palmitic content of
the three consecutive samples was constant [17].

Quantitative analysis of palmitic acid was carried using an alkali titration on the oil phase
following the IUPAC official method 2201 [10]. Warm water was used to wash and remove traces
of DES in the oil phase until pH of the sample was neutral. The solvent-free oil phase dispensed
with a micropipette was accurately quantified by weighing on an analytical balance (2 g), added with
two drops of phenolphthalein solution and 25 mL of solvent consisting of ethyl ether and ethanol
in a 2:1 volume ratio. Then, the mixture was titrated with 0.05 M KOH in ethanol solution until a
permanent color change was observed. The amount of palmitic acid in the oil phase was determined
and the difference with the initial amount was calculated as the amount of acid in the solvent phase.
The analysis was carried out in triplicates.

The quantity of antioxidants (β-carotene and α-tocopherol) extracted into DES were determined
in triplicates using a high performance liquid chromatography method [23]. These compounds were
back-extracted by mixing 0.4 mL of DES with 2 mL of organic solvent (chloroform and methanol in a
1:1 volume ratio). The quantity of antioxidants in the organic solvent was measured using an LC-20AD
Shimadzu HPLC (Kyoto, Japan) equipped with an SPD-20A UV/VIS detector and a YMC-Triart C8
(150 × 4.6 mm I.D. size) column. The mobile phase A consisted of methanol, water, and acetic acid
(750:250:4 volume ratio), while the mobile phase B consisted of acetonitrile, methanol, tetrahydrofuran,
and acetic acid (500:375:125:4 volume ratio). The linear gradient of the mobile phase was programmed
(in minutes): (0–1) 30–50% B; (1–5) 50–60% B; (5–10) 60–65% B; (10–12) 65–90% B; (12–17) 90–100% B;
(17–17.1) 100–30% B; (17.1–20) 30% B, at a flow rate of 1.5 mL·min−1. The injection volume was 10 µL
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at a temperature of 40 ◦C. The chromatograms of α-tocopherol and β-carotene were recorded at 300
and 450 nm, respectively.

To evaluate the effect of extraction process condition, palm oil containing various palmitic acid
contents (2%, 5%, 8% mass) was mixed with betaine monohydrate-propionic acid DES (mole fraction
of acid of 0.89) in different mass ratios of oil to solvent (1:1, 1:2, 2:1) and various temperatures (40 ◦C,
60 ◦C, 80 ◦C). The mixture was agitated at 250 rpm for 2 h using a hotplate stirrer (IKA C-MAG HS7,
Staufen, Germany). It was expected that the antioxidants present in the palm oil would not degrade
to a significant extent during the extraction carried out at 80 ◦C for 2 h. For instance, no significant
degradation (<5%) was observed when α-tocopherol was dissolved in rice bran oil at 100 ◦C for 2 h [24],
while, no degradation was observed for β-carotene dissolved in pure olive oil at temperatures below
115 ◦C [25].

The distribution coefficient of a solute i (palmitic acid, α-tocopherol, or β-carotene) in the
deacidification of palm oil by liquid–liquid extraction, employing betaine monohydrate-carboxylic
acid DESs as the extracting solvents, was calculated using Equation (1):

Distribution coe f f icient (i) =
CDES

i

CPalm Oil
i

(1)

where CDES
i and CPalm Oil

i represent the solute concentration in the DES (or extract) phase
and palm oil (or raffinate) phase, respectively. The selectivity of solvent was calculated using
Equation (2), where k1, k2, k3 are the distribution coefficients of palmitic acid, α-tocopherol,
and β-carotene, respectively:

Selectivity =
k1

k2 + k3
(2)

In addition, the extraction efficiency of palmitic acid was calculated using Equation (3):

Extraction e f f iciency (%) = 100 ×
CDES

PA

CPalm oil, f eed
PA

(3)

where CDES
PA and CPalm oil, f eed

PA represent the concentrations of the palmitic acid extracted into the
DES-rich phase and present in the feed palm oil, respectively.

2.4. FT-IR and NMR Investigation of Oil-Rich and DES-Rich Phases

Fourier transform infrared (FT-IR) spectroscopy and nuclear magnetic resonance (NMR) were
used to investigate the palm oil, DES-rich phase, and oil-rich phase for the possibility of transfer of
compounds between phases and for chemical degradation during extraction. The DES used was
the betaine monohydrate-propionic acid (mole fraction of acid of 0.89). A Perkin Elmer UATR Two
spectrometer (Waltham, MA, USA) was used to record the infrared spectra in the frequency range of
4000 to 400 cm−1, and a JEOL JNMECA 500 NMR spectrometer (Tokyo, Japan) was used to record the
1H-NMR spectra of these liquids diluted in chloroform [17].

2.5. Solvent Recovery

Solvent recovery was performed by a simple cooling of the extract phase, betaine monohydrate-
propionic acid DES with acid mole fraction of 0.89, at different temperatures (21 ◦C, 18 ◦C, 15 ◦C)
for various times (2 to 22 h). The palmitic acid solid was separated using a vacuum filter and the
quantity of palmitic acid in the solvent after cooling was determined by a Shimadzu GC-2014 gas
chromatograph (Kyoto, Japan) equipped with an RTX-1 column (length of 25 m, ID of 0.25 mm) and a
flame ionization detector. The temperature program of the GC was set to start at 40 ◦C followed by an
immediate ramping at a rate of 5 ◦C·min−1 until the temperature reaches 250 ◦C. The carrier gas used
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was helium at a pressure of 100 kPa. The amount of solid palmitic acid separated from the extract
phase due to cooling was calculated using Equation (4):

Separated palmitic acid (%) =
CDES, initial

PA −CDES, a f ter cooling
PA

CDES, initial
PA

× 100 (4)

where CDES, initial
PA and Ca f ter cooling

PA represent the concentration of palmitic acid in the DES-rich phase
before and after the cooling process, respectively.

3. Results and Discussion

3.1. Betaine Monohydrate-Carboxylic Acid DES as a Solvent for Deacidification of Palm Oil

The distribution coefficient values obtained using the betaine monohydrate-propionic acid and
betaine monohydrate-acetic acid DESs as a function of the mole fraction of acid are shown in Figure 1a,b,
respectively. Figure 1a shows that distribution coefficients of palmitic acid increases with increasing
propionic acid mole fraction, reached a maximum, and then decreased. Peng et al. reported extraction
yields obtained using ChCl-alcohol DESs on the extraction of phenolic acids from plant [26], similar to
the plots shown in Figure 1a. In contrast, Figure 1b shows a reverse trend obtained using betaine
monohydrate-acetic acid DES. The effect of the mole fraction of the acids on the distribution coefficients
of palmitic acid follows no certain trend, which probably relates to the complex hydrogen bonding
interactions between DES and solutes.

Processes 2020, 8, x FOR PEER REVIEW 5 of 11 

 

(%) ݀݅ܿܽ ܿ݅ݐ݈݅݉ܽ݌ ݀݁ݐܽݎܽ݌݁ܵ   =   ௉஺஽ாௌ, ௜௡௜௧௜௔௟ܥ  − ௉஺஽ாௌ, ௜௡௜௧௜௔௟ܥ௉஺஽ாௌ, ௔௙௧௘௥ ௖௢௢௟௜௡௚ܥ   ×  100 (4) 

where ܥ௉஺஽ாௌ, ௜௡௜௧௜௔௟  and ܥ௉஺௔௙௧௘௥ ௖௢௢௟௜௡௚  represent the concentration of palmitic acid in the DES-rich 
phase before and after the cooling process, respectively. 

3. Results and Discussion 

3.1. Betaine Monohydrate-Carboxylic Acid DES as a Solvent for Deacidification of Palm Oil 

The distribution coefficient values obtained using the betaine monohydrate-propionic acid and 
betaine monohydrate-acetic acid DESs as a function of the mole fraction of acid are shown in Figures 
1a,b, respectively. Figure 1a shows that distribution coefficients of palmitic acid increases with 
increasing propionic acid mole fraction, reached a maximum, and then decreased. Peng et al. reported 
extraction yields obtained using ChCl-alcohol DESs on the extraction of phenolic acids from plant 
[26], similar to the plots shown in Figure 1a. In contrast, Figure 1b shows a reverse trend obtained 
using betaine monohydrate-acetic acid DES. The effect of the mole fraction of the acids on the 
distribution coefficients of palmitic acid follows no certain trend, which probably relates to the 
complex hydrogen bonding interactions between DES and solutes. 

0.65 0.70 0.75 0.80 0.85 0.90
0.00

0.02

0.04

0.6

0.8

1.0

D
ist

rib
ut

io
n 

co
ef

fic
ie

nt
s o

f s
ol

ut
es

Molar fraction of propionic acid

(a)

0.65 0.70 0.75 0.80 0.85 0.90
0.00

0.02

0.04

0.6

0.8

1.0 (b)

D
ist

rib
ut

io
n 

co
ef

fic
ie

nt
s o

f s
ol

ut
es

 

Molar fraction of acetic acid
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α-tocopherol, volume ratio of oil to solvent of 1:2, and temperature of 40 °C for 2 h. 
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those of the acetic acid DESs (0.53–0.65) could be explained by the similarity between the polarity of 
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palmitic acid from palm oil. A similar trend was observed in the extraction of saponin where the yield 
of extraction using ChCl-propionic acid DES is less than that of ChCl-acetic acid DES due to the more 
polar nature of saponin [13]. Additionally, Bubalo et al. [14] and Garcia et al. [15] reported higher 
extraction efficiencies of more polar compounds from grape skin and virgin olive oil, respectively, 
using more polar DESs. 
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Figure 1. Distribution coefficients of solutes using betaine monohydrate-propionic deep eutectic
solvents (DES) (a) and betaine monohydrate-acetic acid DES (b); (�) palmitic acid, (N) β-carotene, (•)
α-tocopherol, volume ratio of oil to solvent of 1:2, and temperature of 40 ◦C for 2 h.

The higher distribution coefficient values of the propionic acid DESs (0.77–0.86) compared to
those of the acetic acid DESs (0.53–0.65) could be explained by the similarity between the polarity
of DES used as the extracting solvent and the polarity of palmitic acid. Propionic acid DES is less
polar than acetic acid DES at the same acid mole fraction, and therefore, a better solvent for extracting
palmitic acid from palm oil. A similar trend was observed in the extraction of saponin where the yield
of extraction using ChCl-propionic acid DES is less than that of ChCl-acetic acid DES due to the more
polar nature of saponin [13]. Additionally, Bubalo et al. [14] and Garcia et al. [15] reported higher
extraction efficiencies of more polar compounds from grape skin and virgin olive oil, respectively,
using more polar DESs.

The highest distribution coefficient value of palmitic acid shown in Figure 1a is comparable to
those reported previously (0.97 and 0.74), obtained using betaine monohydrate-propylene glycol [17]
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and betaine-1,2-butanediol [27] DESs, respectively. It is desirable for this ratio of the concentration of
palmitic acid in the extract and raffinate phases to be much larger than unity, to reduce the amount
of solvent required in the deacidification process. Therefore, it is recommended to focus upcoming
research on finding suitable DESs, most likely among those less polar than betaine-based or choline
chloride-based DESs.

As can be seen in Figure 2a, betaine monohydrate-propionic acid DES at a molar fraction of
acid of 0.89 shows the highest selectivity of palmitic acid to antioxidant compounds. This value
is lower than those of betaine monohydrate-glycerol DES (molar ratio of 1:8) and betaine
monohydrate-glycerol-propionic acid (molar ratio of 1:1:1), and yet, higher than those of the other DESs
investigated in the previous work [17]. The selectivities obtained indicate that most of the antioxidants
remained in the palm oil, regardless of the DES used. Figure 2b shows the extraction efficiency values
plotted against acid mole fraction, where the highest extraction efficiency of 46.2% was obtained using
the betaine-propionic acid DES, 11.7% higher than that of the betaine-acetic acid DES at the same acid
mole fraction of 0.8.
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Figure 2. Selectivity of DESs (a) and extraction efficiency of palmitic acid (b); betaine
monohydrate-propionic acid DESs (�) and betaine monohydrate-acetic acid DESs (�), volume ratio of
oil to solvent of 1:2, temperature of 40 ◦C, agitation at 250 rpm for 2 h.

3.2. Effect of Extraction Conditions on the Distribution Coefficients of Palmitic Acid

The effect of extraction conditions (temperature, mass ratio of palm oil to solvent, and palmitic
acid content in the palm oil feed) on the distribution coefficient of palmitic acid, evaluated using
betaine monohydrate-propionic acid DES (mole fraction of 0.89), is shown in Figure 3. It can be seen
that higher values of the distribution coefficient of palmitic acid were obtained as the palm oil to
solvent mass ratios were decreased. In this case, the addition of more solvent facilitates interaction
between the hydroxyl group of palmitic acid and the carboxylic group of betaine. Similar results
have been observed in previous works, where a lower oil to solvent mass ratio provided a better
transfer of the free fatty acids to the alcoholic phase [28,29]. Bi et al. [30] reported that flavonoids and
polyalcohols compete to interact with the chloride anion of choline chloride during extraction process
using polyalcohol-based DESs as solvent.

The temperature greatly influences the distribution coefficient of palmitic acid only for the mass
ratio of oil to solvent of 1:2. In this case, the increase in temperature seems to induce a solubility increase
in the solvent. Similar results also reported by da Silva et al. [10] that the increase in temperature
enhances the distribution coefficient of free fatty acid due to the increase of mutual solubility of
the oil and solvent. Furthermore, the viscosity of the solvent decreases at higher temperatures,
which improved the diffusion and mass transfer.
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Figure 3. Distribution coefficient of palmitic acid as a function of temperature, palm oil to solvent 
mass ratios: (■) 2:1, (●) 1:1, (▲) 1:2, and different palmitic acid contents in palm oil: (a) 2% mass, (b) 
5% mass, (c) 8% mass. 

3.3. FT-IR and NMR Analysis of Oil-Rich and DES-Rich Phases 

The FT-IR and 1H-NMR spectra of the DES-rich phase (a), oil-rich phase (b), and palm oil before 
extraction (c), are shown in Figures 4 and 5, respectively. Figure 4a shows two absorption peaks of 
propionic acid in the infrared spectrum of the DES-rich phase due to the carbonyl C=O stretching 
(1707 cm−1) and the C-O stretching (1241 cm−1) in the fingerprint region [32]. These two peaks are also 
present in the spectrum of the oil-rich phase, as displayed in Figure 4b. Similarly, Figure 5c shows 
two NMR resonance peaks present in the DES-rich phase with chemical shifts around 1.1 and 2.3 
ppm due to the methyl and methylene functional groups of propionic acid, respectively [33]. The FT-
IR and NMR spectra show peaks that belong to propionic acid, the main component of the DES-rich 
phase present in the oil-rich phase, but not in the palm oil before extraction. This spectra analysis 
indicates that propionic acid is partly soluble in the oil-rich (raffinate) phase. There is no indication 
that betaine is transferred to the oil-rich phase. 

The transfer of either HBA or HBD of the DES to the palm-oil rich phase is not desirable because 
of solvent loss and the possibility of contamination of palm oil. Transfer of the HBD to the oil-rich 
phase was not observed in a similar deacidification system employing betaine-monohydrate-glycerol 
DES [17]. The NMR spectra did not show any unidentified peak, suggesting that both propionic acid 
and palmitic acid were stable during the extraction process. Flavonoids (luteolin and apigenin) 

Figure 3. Distribution coefficient of palmitic acid as a function of temperature, palm oil to solvent mass
ratios: (�) 2:1, (•) 1:1, (N) 1:2, and different palmitic acid contents in palm oil: (a) 2% mass, (b) 5% mass,
(c) 8% mass.

Figure 3 also shows increasing and decreasing values of the distribution coefficient of palmitic
acid as the palmitic acid content in palm oil was increased from 2% to 8% mass. The observed effect of
extraction conditions on the distribution coefficients of palmitic acid is consistent with the ANOVA
results of the central composite design experiment of a similar deacidification study using a betaine
monohydrate-propionic acid DES. It was found that the effect of the oil to solvent mass ratio and the
palmitic content in palm oil were statistically significant (p < 0.05), while the effect of temperature was
not significant [31].

3.3. FT-IR and NMR Analysis of Oil-Rich and DES-Rich Phases

The FT-IR and 1H-NMR spectra of the DES-rich phase (a), oil-rich phase (b), and palm oil before
extraction (c), are shown in Figures 4 and 5, respectively. Figure 4a shows two absorption peaks of
propionic acid in the infrared spectrum of the DES-rich phase due to the carbonyl C=O stretching
(1707 cm−1) and the C-O stretching (1241 cm−1) in the fingerprint region [32]. These two peaks are also
present in the spectrum of the oil-rich phase, as displayed in Figure 4b. Similarly, Figure 5c shows two
NMR resonance peaks present in the DES-rich phase with chemical shifts around 1.1 and 2.3 ppm due
to the methyl and methylene functional groups of propionic acid, respectively [33]. The FT-IR and
NMR spectra show peaks that belong to propionic acid, the main component of the DES-rich phase
present in the oil-rich phase, but not in the palm oil before extraction. This spectra analysis indicates
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that propionic acid is partly soluble in the oil-rich (raffinate) phase. There is no indication that betaine
is transferred to the oil-rich phase.
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The transfer of either HBA or HBD of the DES to the palm-oil rich phase is not desirable because
of solvent loss and the possibility of contamination of palm oil. Transfer of the HBD to the oil-rich
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phase was not observed in a similar deacidification system employing betaine-monohydrate-glycerol
DES [17]. The NMR spectra did not show any unidentified peak, suggesting that both propionic
acid and palmitic acid were stable during the extraction process. Flavonoids (luteolin and apigenin)
extracted from virgin olive oil were stable at the extreme pH of ChCl-acid (lactic or malonic acid) DES
as the solvents [15]. Also, palm oil compounds were stable during the deacidification of palm oil using
betaine monohydrate-glycerol DES as a solvent [17].

3.4. Solvent Recovery by Cooling the DES-Rich Phase to Solidify Palmitic Acid

Solvent recovery is an important part of a large-scale extraction process. Figure 6 shows that
the percentage of palmitic acid separated depends on the duration and temperature of the cooling
process. Cooling the DES-rich phase to 18 ◦C gives the best cooling curve, where palmitic acid could
be almost completely separated from the extract phase as a solid (up to 98%). At a higher cooling
temperature of 21 ◦C, solidification rate is lower than it is at 18 ◦C because of the small temperature
driving force. On the other hand, a high solidification rate at 15 ◦C is observed only in the beginning,
followed by a negligible solidification as indicated by the flat cooling curve. This might be due to
the increased viscosity of the DES at the lowest cooling temperature that hinders further diffusion of
solutes, causing a decreased degree of formation of palmitic acid solids. Oliveira et al. [22] reported
that the decrease in cooling temperature resulted in decreased solubility of palmitic acid in ethanol.
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4. Conclusions 

This study shows the advantages of using DESs to separate palmitic acid from palm oil, as no 
byproducts are formed, and the antioxidants practically remained in the palm oil. The distribution 
coefficient values of palmitic acid obtained using betaine-monohydrate propionic acid and betaine-
monohydrate acetic acid DESs were less than unity, comparable to those of the betaine monohydrate-
polyol and betaine-polyol DESs reported earlier. On the other hand, and for the first time, it is shown 
that a facile DES recovery could be accomplished by cooling the extract phase, separating up to 98% 
of the palmitic acid as solid. Further research that focus on finding DESs with distribution coefficients 
values much higher than unity is recommended, as if it is achieved, the combined extraction and 
solvent recovery steps could provide real advantages over the steam stripping process for the 
deacidification of palmitic acid. 
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4. Conclusions

This study shows the advantages of using DESs to separate palmitic acid from palm
oil, as no byproducts are formed, and the antioxidants practically remained in the palm oil.
The distribution coefficient values of palmitic acid obtained using betaine-monohydrate propionic acid
and betaine-monohydrate acetic acid DESs were less than unity, comparable to those of the betaine
monohydrate-polyol and betaine-polyol DESs reported earlier. On the other hand, and for the first time,
it is shown that a facile DES recovery could be accomplished by cooling the extract phase, separating
up to 98% of the palmitic acid as solid. Further research that focus on finding DESs with distribution
coefficients values much higher than unity is recommended, as if it is achieved, the combined extraction
and solvent recovery steps could provide real advantages over the steam stripping process for the
deacidification of palmitic acid.
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