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Abstract Vegetable oils are typically extracted with
hexane; however, health and environmental concerns over
its use have prompted the search for alternative solvents.
Mustard oil was extracted with isopropyl alcohol (IPA) to
produce an IPA-oil miscella suitable for industrial applica-
tions. Single-stage extraction resulted in 87.6 % oil yield
at a 10:1 (v/w) IPA/flour ratio. Multiple-stage extraction
resulted in higher extraction efficiency with lower IPA use.
Four-stage cross-current extraction at an IPA/flour ratio of
2:1 (v/w) per stage resulted in 93.7 % oil yield. At 45 °C,
a 91.5 % oil yield was achieved with three-stage extrac-
tion using a 2:1 (v/w) IPA/flour ratio. Any changes to the
pH of the mixture resulted in reduced oil yield. Water also
reduced the extraction efficiency. The azeotropic IPA solu-
tion containing 13 % water extracted ~40 % less oil than
did dry IPA in both single and multiple-stage extractions.
Some polar compounds were also extracted, including sug-
ars; however, protein extraction was negligible. The protein
left in the extracted meal was not degraded or lost during
the extraction. The results suggest that IPA is an excellent
solvent for mustard oil, but water content exceeding 5 % in
the solvent adversely affects the oil extraction and reuse of
the IPA.
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Introduction

Mustard is a member of the Brassica family of plants. It is
related to canola but is more tolerant of drought, heat and
frost than its famous cousin [1]. Yellow mustard is most
commonly used as a condiment for food flavoring and
preservation. In 2008, nearly 160,000 tonnes of mustard
were produced in Canada, accounting for over 50 % of all
mustard seed exports worldwide and making Canada the
world’s largest exporter of mustard seed. Yellow mustard
comprises 44 % of the Canadian mustard production. Yel-
low mustard seeds contain approximately 27 % high qual-
ity protein and 30 % oil [2]. The seed proteins in yellow
mustard have a well-balanced amino acid profile, which
makes them an attractive source of food [3]. The oil in yel-
low mustard seed is low in saturated fatty acids but high
in erucic acid, and therefore this oil is illegal for human
consumption in Europe and North America. The oil has
industrial uses as a lubricant and release agent; however, its
superior lubricating properties, due to erucic acid, make it
an excellent feedstock for biodiesel production [4].

Hexane is the most commonly used solvent for recov-
ering oil from seeds. Unfortunately, hexane is volatile,
flammable and potentially explosive. Its vapour reacts
to form photochemicals that have detrimental effects on
human health [5]. Although the U.S. Environmental Protec-
tion Agency has identified n-hexane emissions as a major
source of air pollution, and has considered tighter emis-
sion standards to reduce hexane losses, its use as an extrac-
tion solvent is still permitted [6]. Knowing the health and
environmental effects and potential risks of this solvent, it
is prudent to look for alternative solvents. A good option
to consider is alcohols such as IPA [5, 7], which has high
solubility with triglycerides. IPA is safer than hexane,
due to its higher flash point, upper explosive limits and
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auto-ignition temperature. Oil solubility in IPA varies with
temperature and water content [8, 9].

In direct solvent extraction of oilseeds, solvent holdup
in the solid residue, which entraps the extracted liquid by
capillary forces, is one of the factors affecting oil extrac-
tion [7, 10]. Cottonseed flakes and collets have been used
to compare the extraction efficiency as well as the crude
oil composition of the extracted oil using aqueous IPA and
hexane [10-12]. Zhang et al. [10], reported that the resid-
ual oil content and solvent hold-up of the collets for 95 %
TPA were 1.6 and 33.0 % compared with 4.5 and 53.2 %
for the flakes, respectively. The residual oil content of the
cottonseed collets extracted with hexane was 1.2 % while
the solvents containing 97, 93, and 88 % IPA resulted in
1.5, 1.9, and 2.4 % residual oil content, respectively. IPA is
less effective as a solvent than hexane because diffusion is
slower; as a result more time and more stages are required
for removal of oil from seeds [10, 13]. As hexane is less
viscous (0.29 cP at 25 °C) than IPA (2.4 cP at 25 °C) it
drains more easily and solvent holdup in the meal residue
is lower than IPA [7, 10]. Higher solvent holdup requires
more energy to recover the solvent from the meal residue.

Isopropyl alcohol (IPA) is a polar solvent; therefore,
some non-acylglycerol material may also be extracted
along with the oil, such as phosphorus compounds, water,
carbohydrates and protein [14, 15]. Crude cottonseed oil
extracted with 97 % IPA contained more sugars (2.3 %)
than hexane-extracted cottonseed oil (1.3 %). However, due
to the water solubility of sugars, the sugar level increased
with an increase in the water content of IPA. On the other
hand TPA extraction decreased the free fatty acid (FFA)
content in refined cottonseed and soybean oils [12, 16].
The major disadvantage of IPA is its greater latent heat of
vaporization in comparison with hexane. Due to the forma-
tion of an azeotrope with water at 87.7 wt% alcohol (b.p. of
mixture 80.4 °C, at 1 atm), it is impossible to completely
dehydrate IPA without using azeotropic distillation or tech-
niques such as pervaporation.

In the present investigation, oil recovery from yellow
mustard flour using IPA has been evaluated and the oil-IPA-
water system was investigated for predicting the optimum
extraction conditions for oil extraction and solvent recov-
ery. The composition of miscella and meal samples result-
ing from the extractions was determined. Effect of primary
extraction factors including extraction time, number of suc-
cessive extraction stages, contact ratios, pH and temperature
on oil recovery have been examined in order to find favora-
ble conditions for oil extraction. A ternary phase diagram of
[PA-oil-water system was developed and the effect of water
content of the IPA on the extraction yield and components
dissolved in the solvent was investigated by performing sin-
gle and multiple-stage extraction with IPA containing water
and compared with values predicted by this phase diagram.
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Materials and Methods
Materials

De-hulled yellow mustard flour was used as the start-
ing material of the IPA extraction process. The flour was
obtained from GS Dunn-Dry Mustard Millers in Ham-
ilton, ON, Canada and was kept at room temperature in
high density polypropylene-lined, multiwall paper bags.
The flour contained 32.4 + 0.5 wt% oil (as-is basis),
34.5 + 0.4 wt% protein (as-is basis), 26.7 £ 0.6 wt% car-
bohydrates (as-is basis), and 5.5 £ 0.6 wt% moisture. The
isopropyl alcohol (ACS reagent grade) was obtained from
Caledon Laboratories Ltd., Georgetown, ON, Canada.
Analytical reagents were obtained from Sigma Aldrich,
Toronto, ON, Canada.

Methods for Single and Multiple-stage Extraction

Figure 1 shows the experimental procedure for the single-
stage oil extraction. IPA was added to a known amount
of mustard flour varying between 20 and 75 g at selected
IPA/flour ratios ranging from 1.5:1 to 15:1 (v:iw) in 50-,
250-, or 500-mL polypropylene centrifuge bottles. A wrist
action shaker was used to agitate the mixture for 30 min
to ensure adequate extraction (Wrist Action Shaker-Model
75: Burrel, Pittsburgh, PA, USA). The mixture was then
centrifuged for 20 min at 6,500 rpm (10,500x g) (Beck-
man Coulter J20XP High Speed Refrigerated-Centrifuge,
Beckman Instruments, Fullerton, CA, USA). Following

IPA De-hulled yellow mustard flour

L v
Mixing (2 min)

Extraction (30 min)

Centrifugation (20 min)

h‘—\b

Miscella Meal residue

%

Solventremoval (60 min)

¢—‘_¢

Crude oil Dried meal

Fig.1 Schematic of the experimental procedure for single stage oil
extraction of de-hulled yellow mustard flour
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centrifugation, two phases were separated: a liquid mis-
cella, which was made up of mostly IPA, oil triglycerides
(TAGs), FFA, phospholipids and a small amount of water,
protein and sugars, and a residual solid phase, which also
contained some absorbed IPA and water. The weights of
the solid and miscella phases were recorded. Aliquots of
miscella and the meal residue were collected in an alu-
minum dish, and most of the solvent was removed by
heating on a hot plate under a fume hood. This was fol-
lowed by drying in a forced air oven for an hour at 105 °C
(Blue M-Constant Temperature Cabinet Model No.
0V-490A-2-Electric Company, Blue Island, IL, USA).
The oil left in the residual meal was determined by Sox-
hlet extraction with petroleum ether. The composition of
oil in the IPA retained in the meal matrix was assumed
to be the same as the miscella composition. The oil yield
and extractability were calculated using Egs. (1) and (2)
respectively.
Oil (g)in miscella phase

Oil extraction yield (%) = Oil(g)in flour x 100 (1

Oil Extractability (%)
_ (Oil(g)in miscellaphase + Oil(g) in IPA hold up) »
B Oil (g)in flour

100

@)

For multiple-stage oil extraction the single stage oil
extraction process described previously was followed.
However, following centrifugation, the solids were re-
extracted with the same volume to weight ratio of IPA. The
mixture was then shaken for a further 30 min and centri-
fuged. The procedure was repeated for subsequent stages.
Oil yield was calculated by determining the oil content in
the miscella. After the last stage, the solids were dried as
described above to determine IPA holdup. The oil extract-
ability was calculated as the sum of the oil yields in the col-
lected miscella and the oil in the IPA holdup in the meal
remaining after the last stage of extraction.

Methods for Evaluating Effect of Process Variables on IPA
Extraction

The single stage extraction with 2:1 (v/w) IPA/flour ratio
was carried out for 15, 30 and 60 min as well as 24 h at
room temperature. The oil yield was subsequently calcu-
lated, and the effect of time on extraction efficiency and the
optimum extraction time were determined.

In order to examine the effect of pH on extraction effi-
ciency single stage extractions were repeated at different
pH values at IPA/flour ratios of 2:1 and 4:1 (v/w). For
the extraction at pH 3 the pH of IPA was adjusted by the
addition of concentrated HCI. After addition to the flour
the pH was readjusted by adding drops of diluted acid.

pH 10 IPA was prepared by dissolving solid NaOH pel-
lets in IPA. Final pH adjustment was made with dilute
NaOH.

To examine the effect of temperature on the single
stage extraction, mixtures of IPA and flour at 2:1 and 4:1
(v/iw) solvent-to-flour ratios were refluxed for 30 min
at 45 and 82 °C and the extracted oil was determined as
described above. To examine the effect of temperature on
multiple-stage extraction, the three stage extraction process
described previously was followed at 45 °C.

Analytical Methods for Characterization of the Miscella
and the Meal Residue

The water content of the miscella was determined by
Karl Fischer titration (volumetric Karl Fischer ASTM
standard method E203) [17]. Oil and IPA-water were
determined gravimetrically by drying the miscella. The
total IPA in the miscella was calculated by subtracting
the weight of the water in the miscella from the total
weight of IPA-water in the miscella. The water content of
the meal residue was determined by subtracting the water
in the miscella from the total water in the system. The
remaining oil in the dried meal residue was determined
by the Soxhlet method (AOCS Method Am 5-04) [18].
The IPA hold up in the meal residue can be determined
by subtracting the weight of IPA-water from the weight
of the remaining water in the meal residue. Samples of
the miscella and meal residue were dried and then ana-
lyzed for sugar and protein content. The sugar content
of both the miscella and meal residue was determined
spectrophotometrically based on the phenol-sulfuric acid
reaction [10, 19]. The protein content in the miscella and
meal residue was determined by the Kjeldahl method
(AOCS Method Ba4d-90) [20]. All analyses were carried
out in triplicate.

Determination of Equilibrium Line and Partition
Coefficient Value for IPA-oil System

Oil extraction with IPA was modeled by determining the
equilibrium line. The extraction experiments have provided
a large set of data on oil distribution between miscella (liq-
uid phase) and meal residue (solid phase). The equilibrium
line and partition coefficient values for oil in each stage
were plotted and calculated by determination of the (w:w)
ratio of oil concentration in the miscella to IPA over the
(w:w) ratio of the oil concentration in the meal to defat-
ted meal. In cross-current extraction, fresh IPA was fed into
each stage and the corresponding miscella was obtained.
All miscella collected were combined together to obtain
the overall extract while the overall meal residue was
obtained from the last stage. Each cross-current extraction

& springer AOCS &



2146

J Am Oil Chem Soc (2014) 91:2143-2153

system was solved in stages, i.e., starting with the first
stage, obtaining the miscella and meal residue concentra-
tions and forward substituting these values.

Development of the IPA-Oil-Water Ternary Phase Diagram

Since the solubility properties of canola oil at room tem-
perature are similar to those of mustard oil [1] the phase
distribution was initially studied on the IPA/canola oil/
water system. Commercially available canola oil (Mazola)
was used to prepare a phase diagram. In order to construct
ternary phase diagrams the usual method used is to meas-
ure the compositions of the phases that are in equilibrium;
and then the compositional pairs are connected by tie lines
to build the solubility curve and the phase diagram. Within
the IPA/oil/water system at room temperature, both oil/IPA
and oil/water are partially miscible, whereas IPA tends to
dissolve in water in any proportion; as a result, two pairs
of partially miscible liquids are formed. In this system IPA
is considered to be the solvent, water is the solute as it is
more soluble in IPA and the oil is considered to be the dilu-
ent. The initial step was to determine the solubility of oil
in IPA and the solubility of IPA in oil. As the cloud point
method is not considered to be practical to measure the
limited solubility of oil in water, the solubility of water in
oil and oil in water was considered negligible [21]. Using
this method for determination of the water-rich side of the
solubility curve, different water/IPA mixtures of known
composition were prepared. The canola oil was added from
a burette to a stirred mixture, for each water/IPA mix, until
the mixtures became turbid. The weight of oil used at the
turbidity point was recorded. This same procedure was car-
ried out for the oil-rich side of the solubility curve in which
water was added to stirred mixtures of oil/IPA of known
composition until the turbidity point was achieved. In order
to form a mutual solubility curve the compositions of the
resulting mixtures which were obtained by this route were
plotted. In the second step, different solutions of canola oil,
water, and IPA for the determination of tie lines were pre-
pared. The IPA and oil content within these solutions were
equivalent to the amount of IPA and oil in the mustard mis-
cella collected from the 2:1 (v/w) IPA/flour ratio. The water
content was increased from 2 to 85 % (w:w) of the miscella
in order to study the effect of water on IPA and oil solu-
bility. The water-rich phase was separated from the oil-rich
phase and the composition of each phase was measured as
according to the Mehta and Fraser methodology [22]. The
water content was determined using the Karl Fischer titra-
tion method (Karl Fischer ASTM standard method E203)
[17]. After evaporating all water and IPA, the oil content
of both phases was measured by calculating the weight
loss. The IPA content was determined from the difference
between total weight and the sum of water and oil.
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Results and Discussion

Single-Stage Extraction of De-hulled Yellow Mustard
Flour with IPA

Single-stage extractions were performed with different
IPA/flour ratios varying from 1.5:1 to 15:1 (v/w) at room
temperature in order to study the effect of IPA amount on
oil yield and extractability. In order to determine whether
the time allowed for reaching IPA/oil equilibrium during
the extraction process was sufficient, extractions at 2:1
(v/iw) IPA/flour ratio were repeated with contact times of
15, 30 and 60 min as well as 24 h at room temperature. The
oil yield increased from 25.1 £ 2.1 t0 39.6 &+ 0.9 % (Fig. 2)
as the extraction time was increased from 15 min to 24 h.
As the 30 and 60 min extractions yielded similar results,
and the 24 h extraction was impractical, an extraction time
of 30 min was used in all subsequent experiments.

There are three major factors that determine the effi-
ciency of solvent extraction, namely oil solubility in the
solvent, percolation and the degree of solvent penetration

50 -
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2 30{ 251
O 20-
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10 -
0‘ T T T

15min 30min 60min  24hr
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Fig. 2 Effect of extraction time on oil yield for IPA extraction at 2:1
IPA:flour (v:w) ratio. The error bars represent the SD of the means of
triplicate experiments
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Fig. 3 The oil yield and extractability for single stage extraction at
different IPA:flour (v:w) ratios at room temperature. The error bars
represent the SD of the means of triplicate experiments
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in the solid matrix and finally drainage after oil extrac-
tion [23]. The solubility of oil in IPA at room temperature
is limited due to the migration of water from the seed into
isopropyl alcohol [7]. For complete miscibility of soybean
oil and cottonseed oil, IPA concentrations higher than 91 %
are needed [13]. Therefore, the amount of extracted oil was
expected to rise with increasing solvent-to-flour ratio. In
Fig. 3, the gray bars represent the oil yield, which is the
percentage of oil extracted into the IPA from the flour.
The white bars indicate the oil extractability, which is the
oil yield plus the percentage of oil dissolved in the sol-
vent held-up in the matrix. For an IPA/flour ratio of 1.5:1
(v/w) the oil yield was 26.42 + 0.33 % and this increased
to 59.24 4+ 2.71 % for a ratio of 3:1 (v/w). Water in the
flour was initially extracted into the IPA, reducing the solu-
bility of the oil. At IPA-to-flour ratios above 3:1 (v/w), the
proportion of water in the mixture decreased, and the oil
became completely miscible in IPA. Therefore, increasing
the IPA/flour ratio from 2:1 to 3:1 (v/w) resulted in a sharp
increase in oil extractability and yield. The extractability
reached a maximum of approximately 99 % at an IPA/flour
ratio of 8:1 (v/w) with an 84.4 £ 0.23 % oil yield. The oil
yield increased slightly with higher IPA/flour ratios, reach-
ing 87.6 % at the ratio of 10:1 (v/w). A small increase in
oil yield to 90.3 £ 0.58 % was achieved with a significant
increase in the IPA/flour ratio to 15:1 (v/w). In this case,
apart from oil left in IPA hold up, the only oil remaining in
the flour is that left in intact cells. This residual oil can only
be extracted via osmosis, which tends to be a very slow
process depending on the molecular sizes of the oil and the
solvent [24]. The concentration of oil in the miscella stead-
ily decreased from 15.17 £ 0.44 to 4.97 + 1.68 % as the
solvent-to-solid ratio increased from 1.5:1 to 15:1 (v/w).

Solvent holdup is defined as the amount of the miscella
remaining in the meal residue following centrifugation. The
solvent holdup increased as the solvent ratio was increased
from 1.5:1 to 4:1 (v/w) but essentially leveled off at higher
ratios (Fig. 4). When solvent percolates through the meal
it removes oil and the contact area is increased which
results in increased extraction yield. However, after drain-
ing, the solvent holdup in the meal residue increases by
filling the enlarged pores in the solid matrix. High solvent
holdup values indicate poor drainage due to high retention
of miscella. We found that the residual oil content varied
inversely with solvent holdup, consistent with data reported
in the literature [13, 21] (Fig. 5).

Effect of Process Variables on Single Stage Extraction

The effect of pH, temperature and water content on IPA
extraction has been examined in order to identify favora-
ble operating conditions. The maximum solubility of the
oil in dry IPA at native pH and room temperature was
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Fig. 4 Solvent holdup for different IPA:flour (v:w) ratios in single
stage extraction. The amount of IPA and water remaining in the meal
residue phase after centrifugation is represented as solvent holdup
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Fig. 5 The relationship between solvent holdup and residual oil con-
tent for different IPA:flour (v:w) ratios in single stage extraction
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Fig. 6 The oil yield and extractability for single stage extraction at
different temperatures. The error bars represent the SD of the means
of triplicate experiments

24.4 £ 0.3 wt%. Under the same conditions the maximum
solubility of the oil was 17.63 + 0.41 and 21.57 + 1.35 %
at pH 3 and 10, respectively. The oil yield was also reduced
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Fig. 7 The oil yield and extractability for single stage extraction at
different IPA:flour (v:w) ratios at 45 °C. The error bars represent the
SD of the means of triplicate experiments

at both acidic and alkaline conditions when extracting with
2:1 and 4:1 (v/w) solvent-to-flour ratios. Therefore, the
native pH was chosen as a practical extraction condition in
further tests.

Extraction at 82 °C, the boiling point of IPA, was meas-
ured at two solvent-to-flour ratios. As expected, the oil yield
increased with increased temperature, since the oil solubil-
ity in IPA increases with increased temperature (Fig. 6). It
has been shown previously that extraction at temperatures
above 60 °C can damage protein quality and extractability
[25], therefore, to avoid protein loss or degradation dur-
ing extraction, the solvent-to-solid ratios from 1.5:1 to
8:1 (v/iw) were measured at 45 °C in order to determine
whether performing the extraction at elevated temperatures
was justified. The results indicated that in a single-stage
extraction significantly higher yields could be achieved at
45 than at 25 °C. In addition, the oil yield increased with
increasing solvent-to-solid ratios up to a ratio of 3:1 (v/w)
after which increasing solvent ratios had minimal effect on
oil yield (Fig. 7). Overall, performing single-stage extrac-
tion with the aim of removing the oil almost completely
from the flour required high solvent-to-flour ratios at both
25 and 45 °C. The effect of temperature at 45 °C on mul-
tiple-stage extraction with a lower IPA-to-flour ratio (2:1
v/w) is reported later in this paper. Although oil extraction
at 45 °C was more effective than at 25 °C, the difference
was small and did not warrant the extra cost or effort.

In order to determine the effect of water on single stage
extraction with IPA, the contact ratio of 10:1 (v/w) IPA/
flour was selected as the favorable solvent-to-flour extrac-
tion ratio at room temperature. This selection was primar-
ily made due to the relatively high oil yield (87.6 %) that
was achieved for this solvent-to-flour ratio. The miscella
collected from this ratio contained 95.68 + 0.3 % IPA,
4.03 & 0.06 % oil and 0.3 + 0.01 % water, which was co-
extracted from the flour. The extraction was repeated with
the same solvent-to-flour ratio (10:1 v/w), while the water
content of the solvent varied from 2 to 13 % of the IPA.
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Fig. 8 The oil yield and extractability for single stage extraction at
solvent:flour (v:w) ratio of 10:1 at room temperature (for multiple
solvents with varying water contents). The error bars represent the
SD of the means of triplicate experiments

Extraction with water containing IPA was more difficult
to perform due to aggregation of the solids as the water
content of the solvent increased. The oil yield and extract-
ability resulting from these experiments were determined
and compared with dry IPA extraction with the same ratio.
When IPA has a water content of up to 4 %, a relatively
slow drop in the oil yield was achieved (Fig. 8). From the
water content of 5 %, the oil yield declined sharply by
40 % when the water content reached 13 %. The miscella
and the meal residue collected from each extraction were
analyzed. As the water content of the solvent increased
from O to 13 %, the IPA content in each collected miscella
decreased from ~96 to 85 % and the oil content decreased
from ~4 to 2 %. On the other hand, the miscella water con-
tent also increased from ~0 to 13 %, indicating that most
of the water from the solvent stayed in the miscella and did
not transfer to the meal residue. As the water content of the
solvent increased from 0 to 13 %, the average IPA content
was ~51 % in each collected wet meal residue while the
water content increased from ~2 to ~6 %. The oil remain-
ing in the dry meal residue ranged from ~4 to 23 %. This
is in line with the earlier results from the miscella analysis
where oil extraction was hindered by the increasing water
content of the solvent. The high affinity of IPA towards
water is detrimental to the oil extraction process. Even at
high IPA/flour ratios the presence of water >5 % limited oil
extractability.

Multiple-Stage Extraction of De-hulled Yellow Mustard
Flour with IPA

The effect of the number of successive extraction stages,
contact ratio and temperature on oil yield and extractabil-
ity in multiple-stage extraction with IPA was studied. The
miscella produced by the single-stage extraction using 10:1
(v/w) IPA/flour ratio had an IPA content of 95.7 + 0.3 %,
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Fig.9 The oil yield of multiple-stage extractions at different
IPA:flour (v:w) ratios at room temperature and 45 °C. The error bars
represent the SD of the means of triplicate experiments

oil content of 4.03 £+ 0.06 % and a water content of
0.3 & 0.01 %. The large, 272:1 IPA/oil mole ratio in the
miscella renders it economically non-viable. Multiple-stage
extractions with the aim of reducing the amount of solvent
were tested at room temperature and at 45 °C. Since oil
extraction yields as high as 70 % were observed at 1.5:1
to 5:1 (v/w) solvent-to-flour ratios, multiple stage extrac-
tion was performed at these ratios in order to determine
the optimal conditions for oil recovery from de-hulled yel-
low mustard flour. Two and three stages of extraction were
considered for all the ratios examined (Fig. 9). Multiple-
stage extraction at 1.5:1 (v/w) IPA/flour ratio significantly
improved the initial oil extraction yield from 24.8 to 46.2
and 64.8 % through the second and third extraction steps,
respectively. The same ascending trend was also observed
for the 2:1 (three-stage extraction) 3:1 and 5:1 (v/w) ratios
(two-stage extractions). For all ratios, the highest oil yield
was obtained in the first stage. In the first extraction stage,
the oil from ruptured oil bodies is readily dissolved. In
subsequent stages the oil extraction is controlled by diffu-
sion of solvent into the cells, and diffusion of the miscella
out of the matrix reducing the oil yield in the latter stages.
Due to the high oil content, the first stage miscella had a
strong yellow color. This miscella was easily separated
from the defatted meal. The meal residue was very com-
pact, which indicated low solvent hold-up. At lower ratios,
the second stage miscella was lighter in color but following

centrifugation the solids and the miscella tended to mikx,
and separation was more difficult due to the fact that the
solids were easily disturbed. In latter stages, the extrac-
tion results in the breakdown of the meal into a fine pow-
der, which easily disperses into IPA making the miscella
cloudy. The total amount of IPA used during the three-stage
oil extraction at 2:1 (v/w) IPA/flour ratio was less than the
amount used for the single-stage extraction at 5:1 (v/w)
IPA/flour ratio. While the oil yield for the single-stage
extraction at the 5:1 (v/w) IPA/flour ratio was 73 %, the
three-stage process recovered over 84 % oil using slightly
less solvent. The highest oil yields, 93.4 and 91.5 &+ 1.10 %
were obtained at 45 °C using 5:1 (v/w) IPA/flour ratio with
two-stage extraction and 2:1 (v/w) IPA/flour ratio with
three-stage extraction, respectively. The oil extractability
by multiple-stage extractions from the yellow mustard flour
at different IPA/flour ratios at room temperature and 45 °C
are presented in Table 1.

Four-Stage Extraction

Three stage extraction for 1.5:1, and 2:1 (v/w) IPA/flour
ratios at room temperature resulted in 64.8 and 84.3 %
oil yields, respectively. In order to better quantify and
confirm the trends observed with three stages, four-stage
extractions were performed for 1.5:1 and 2:1 (v/w) IPA/
flour ratios. As expected, oil extraction yields increased
with more stages and higher IPA/flour ratios (Fig. 10). At
a 2:1 (v/w) IPA/flour ratio, the oil yield increased from
34.8 &£ 0.5 to 63.7 to 83.4 to 93.7 % in the four stages.
Additionally, in each stage of extraction, an average of
60 % of the total IPA was transferred to the miscella. The
same ascending trend was also noted for the 1.5:1 (v/w)
ratio. The best results were obtained using four extrac-
tion stages, each at 2:1 (v/w) IPA-to-flour ratio. Although
the total amount of the IPA used during the four-stage
oil extraction was less than the amount used for the sin-
gle stage extraction at 8:1 (v/w) IPA/flour ratio (188 vs.
200 mL for 25 g of flour), the four-stage process yielded
over 94 % oil compared with only 84 % in the direct
extraction at 8:1 (v/w) ratio. The combined miscella cre-
ated by mixing all of the miscella produced during the
four-stage extraction of de-hulled yellow mustard flour
at 2:1 (v/w) contained 8.7 £ 0.3 % oil, which is a more
suitable feedstock for industrial applications than miscella

Table 1 The oil extractability of multiple-stage extractions at different IPA:flour (v:w) ratios at room temperature and at 45 °C

1.5:1 2:1 2:1 3:1 5:1
3 stage 3 stage 3 stage 3 stage 3 stage
25°C 25°C 45 °C 25°C 25°C

% Oil extractability 90.3 +£ 0.04 93.8 £0.11 99.2 +0.67 94.5 +£0.31 99.8 £ 0.06

The results are expressed as the means of three independently prepared samples = SD of the means (n = 3 x 2)
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Fig. 10 The oil yield of four stage extractions at 1.5:1 and 2:1
IPA:flour (v:w) ratios at room temperature. The error bars represent
the SD of the means of triplicate experiments

collected from the single-stage extraction with 8:1 (v/w)
IPA/flour ratio (4.95 4+ 0.30 %) (Table 2). The overall oil
yield from the four-stage oil extraction was 93.7 + 1.1 %,
and the oil extractability was 99.66 &+ 0.14 %. The
extracted oil trapped in the meal residue was 6.0 = 1.11 %.
In comparison with the three-stage extraction at 2:1 (v/w)
IPA/flour ratio at 45 °C, the oil yield was similar to the
four-stage extraction at room temperature for the same
IPA/flour ratio. Therefore, both approaches could be con-
sidered equally effective. However, the oil quality may be
degraded at higher temperatures as other components such
as sugar become more soluble in IPA as the temperature
rises. As the IPA/flour ratio was decreased to 1.5 (v/w),
the trapped oil content increased to 13.4 + 2.3 % despite
almost identical (99.77 and 99.66 %) extractability. More
efficient drainage methods are desirable for the 1.5:1 (v/w)
ratio in order to remove more oil from the flour in the final
stage.

IPA is slightly polar, and when IPA is used as an extrac-
tion solvent for oil, compounds such as phospholipids,
carbohydrates as well as other polar compounds, such as
protein, have been reported in the miscella [26]. The mis-
cella and the meal residue collected from each stage of

cross-current four-stage extraction were analyzed for their
components. The miscella composition of IPA, oil, water,
sugar and protein in each stage of a four-stage oil extraction
using a 2:1 (v/w) IPA/flour ratio are presented in Table 2.
As expected, oil was the most soluble component and pro-
tein the least soluble among the compounds analyzed. As
most of the protein stayed intact in the meal residue, high
quality food grade protein isolate can be recovered from it.
Preliminary tests indicate that oil extraction with IPA does
not affect protein extraction from the meal (B-K Chen,
internal report). In four-stage extraction with 2:1 (v/w) IPA/
flour ratio, 39.0 £ 1.2 % of the flour mass was extracted to
the miscella of which 31.3 &£ 1.1 % was oil and the rest was
non-fat components, such as sugar (4.7 £ 0.2 %), protein
(0.8 £ 0.1 %) and water (2.2 &= 0.1 %).

The T test, was used to compare the oil content in the
miscella of stages 1 and 2, stages 2 and 3 and stages 3
and 4. The oil content in the miscella phases was not sig-
nificantly different (P > 0.05) between the first and second
stages using a 2:1 (v/w) IPA/flour ratio. On the other hand,
the oil content in the miscella phases was significantly dif-
ferent (P < 0.05) between stages two and three and stages
three and for using the same 2:1 (v/w) IPA/flour ratio. One
explanation is that in the first stage of extraction other
impurities, such as water and sugar, were competing with
oil for extraction by IPA; therefore, the oil did not saturate
the available IPA. Additionally, from the first to the fourth
stages of extraction, the concentration of oil in the meal
for extraction with IPA shows a downward trend from 32.2
to 20.5 to 15.9 to 10.2 %. This indicates that IPA satura-
tion was rapidly achieved in the first and second stages of
extraction but in the third and fourth stages the amount of
available oil was less than in the first two stages. Therefore,
it can be concluded that the oil extraction became more dif-
ficult as the stages of extraction moved forward.

The compositions of meal residues are presented in
Table 3. As the oil and water content decreased after each
stage of extraction in the meal residue, the percentage of
sugar and protein in the meal increased. Protein concentra-
tion of the dried meal increased from 40.31 £ 0.89 % in
the first stage to 49.82 £ 0.24 % in the fourth stage, and
the sugar concentration increased from 29.46 £ 0.63 to
36.28 & 2.07 %. The IPA hold up increased slightly in each
stage.

Table 2 Miscella composition:

. X No. of stages % TPA % Oil % Water % Sugar % Protein
four stage oil extraction, 2:1
IPA:flour (v:w) ratio Stage 1 87.26 + 1.15 10.31 + 0.66 0.85 +0.05 2.19+0.14 0.31 £0.01
Stage 2 88.70 & 1.38 10.35 £ 0.31 0.62 +0.01 1.12 £ 0.03 0.24 +0.01
Compositions are expressed Stage 3 91.72 £ 0.49 571+ 1.02 0.46 + 0.00 0.96 + 0.03 0.17 £ 0.01
as the means of three Stage 4 94.80 £ 0.82 3.38 &+ 1.00 0.39 £ 0.01 0.64 + 0.10 0.08 & 0.00
independently prepared samples  compined 90.69 + 0.29 870+030  0.61+0.01 1.15 £ 091 0.23 +0.43

=+ SD of the means
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Table 3_ Meal residue . No. of stages As is Dried basis
composition: four stage oil
extraction, 2:1 IPA:flour (v:w) % IPA hold up % Water % Oil % Sugar % Protein
rati

e Stage 1 42.41 +2.66 3.08 £ 0.01 25.57£0.92 29.46 + 0.63 40.31 £0.89
Compositions are expressed Stage 2 4643 £1.31 2.89 +0.03 1591 £0.77 31.94 £ 0.35 4531 £0.84
as the means of three Stage 3 48.24 £1.89 2.71 £ 0.03 9.88 £ 0.63 32.88 £ 1.43 47.01 £1.39
independently prepared samples g, 4 51.80 +2.22 2.62 +0.04 6874180 36284207  49.82+0.24
=+ SD of the means
Oil and IPA Equilibrium 031 ¥=0.382%/(0.196+X)

—_ RMS=0.018
: . . 3 R*=0.95

These extraction experiments provided a large set of data 2 45°C
on oil distribution between miscella (liquid phase) and E 0.2 . *
meal residue (solid phase). If the oil composition of one of = o
the phases in equilibrium is known, the oil equilibrium line @ Le % 2xec
allows one to obtain the oil composition of the other phase. g 0.1- e Ve : “ -
The equilibrium line for oil distribution has been deter- £ W s b Tete e ¥=0.183X/(0.173+X)
mined from this data at room temperature. In Fig. 11 the be} 2'2“_5;‘;-;’15
X axis represents the weight ratio of oil concentration in 0.0 , . [ e ‘
the meal residue to defatted meal, and the Y axis represents 0.0 0.1 0.2 0.3 0.4

the weight ratio of oil concentration in the miscella to IPA.
The results obtained from four-stage extraction at 2:1 (v/w)
IPA/flour ratio is well fit by the equilibrium model.

The effect of temperature on the equilibrium is shown in
Fig. 11. The equilibrium line determined at 45 °C showed
that the concentration of oil in the miscella collected is
higher than at the same contact ratio of [PA:flour at room
temperature; therefore the extraction occurred more rapidly
at the higher temperature. Partition coefficients determined
for single stage extraction between the ratios of 2:1-8:1 at
room temperature varied between 0.5 and 0.7 but for 45 °C
the partition coefficient values were higher: 1-2. This is con-
sistent with the equilibrium model. The higher concentra-
tion of oil in the miscella, especially in low IPA:flour contact
ratios, made the extraction procedure and the measurement
of the oil content more precise at the higher temperature.

Effect of Water on Four-Stage Extraction

The ternary phase diagram was developed to represent the
behavior of the IPA-oil-water system. Solutions of canola
oil, water, and IPA were prepared for the determination of
tie lines. The effect of water on oil solubility in IPA was
indicated by the solubility curves as well as the correspond-
ing tie lines (Fig. 12). In Fig. 12 the area indicated by the
letter L contains IPA, oil and water in a single phase. The
maximum solubility of the oil in IPA in the absence of
water is represented by the intersection of the left solubility
curve and the horizontal axis (i.e., 24.4 % oil).

All of the prepared mixtures with the exception of 0 and
2 % water were in the two-phase region of the IPA-oil-
water system. These solutions separated into two phases.
On the diagram, the water-rich phase and the oil-rich phase

Oil in meal residue/defatted flour (w/w)

Fig. 11 IPA-oil equilibrium lines at room temperature (25 °C) and
45°C

IPA1 09 08 07 06 05 04 03 02 01 0Oil

Fig. 12 Ternary phase diagram of IPA-oil-water at room temperature
(25 °C): Open squares show overall composition for tie lines. Solid
lines with filled circles are solubility curves. Triangles pointing up
represent composition of the miscella phases produced during four
stage extraction with dry IPA. Triangles pointing down represent
composition of the miscella phases produced during four stage oil
extraction with 87 % IPA

are connected by a tie line. The oil-rich phase shown on the
right corner of the ternary diagram has high concentration
of oil and a small amount of water. The water-rich phase
shown on the left side of the ternary diagram has high lev-
els of IPA and water. Increasing water levels in the mixture
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Fig. 13 Percentage of different components extracted into the mis-
cella by four stage oil extraction, 2:1 IPA:flour (v:w) ratio

moved the tie lines upwards, while making them longer
also pushed the oil-rich phase to the higher oil concentra-
tion region (Fig. 12). This indicates that having high lev-
els of water reduces the solubility of oil in IPA; hence, the
oil will be separated almost completely from the IPA-water
mixture thereby affecting the oil extraction and yield.

As discussed previously, water had a significant effect
on the single-stage extraction of de-hulled yellow mustard
flour with IPA. To determine the effect of water on multiple-
stage extraction with IPA and miscella components in each
stage of extraction, the extraction was repeated with the
IPA-water azeotrope. Extraction with IPA containing water
was more difficult to perform due to aggregation of the meal
residue. The composition of the miscella obtained from
2:1 (v/w) dry IPA/flour ratio extraction (Table 2, shown in
upward pointing triangles in Fig. 12) are all in the single-
phase area in which oil is completely dissolved in IPA.
On the other hand, the miscella obtained from 87 % IPA/
flour (v/w) ratio extraction (shown in downward pointing
triangles of Fig. 12) was located in the two-phase region,
and as the extraction stages move forward, the composi-
tions reached the solubility curve. The oil concentrations in
these miscella were lower than with dry IPA extraction, i.e.,
79 +0.12,24 + 1.12, 1.8 £ 0.18 and 1.6 &= 0.29 % in the
four successive stages. Around 10-14 % water and 80-85 %
IPA were present in the miscella for all four stages. A com-
parison of oil yields from dry (Fig. 13) and water contain-
ing IPA (Fig. 14) extraction indicated that the oil yield with
water containing IPA was 44.9 %, whereas extraction with
dry IPA recovered 86.6 % oil. This means that the 13 %
water present in the IPA-water mixture resulted in a reduc-
tion in oil yield by ~41 %. The crude oil yield obtained after
drying off the miscella was 58.1 %, which was 37 % less
than with pure IPA. Sugar extraction doubled to almost
30 % for the IPA-water mixture. The protein extraction did
not change significantly at the native pH. This is in line with
previous findings that suggest protein solubility tends to be

& springer AOCS &

Fig. 14 Percentage of different components extracted into the mis-
cella by four stage oil extraction, 2:1 (IPA + water):flour (v:w) ratio

markedly lower in polar solvents such as alcohols and that
proteins are essentially insoluble in non-polar solvents such
as cyclohexane [27-29]. Clearly, water content is critical in
obtaining efficient oil extraction with minimal co-extraction
of non-lipid components.

Conclusions

IPA was found to be an effective solvent for recovery of oil
from mustard flour without any significant loss or degrada-
tion of the protein. For single-stage extraction at room tem-
perature and native pH, the best IPA/flour ratio was 10:1
(v/w) with an oil yield of ~88 %. Multiple-stage oil extrac-
tion can minimize the solvent use and increase the oil yield.
Four-stage oil extraction at IPA/flour ratio of 2:1 (v/w)
resulted in ~94 % oil yield. Increasing the temperature to
45 °C increased the extraction rate. The miscella composi-
tions obtained from the four stage oil extraction with 2:1
(v/w) IPA/flour ratio indicated that the main components
extracted into the IPA were oil, water and sugar. The result-
ing miscella could be suitable for industrial applications,
such as transesterification. The presence of water in IPA
lowers the oil yield. With the azeotrope containing 13 %
water, oil recoveries were reduced by more than 40 % in
both single- and multiple-stage extractions. The results
suggest that when the water content of the extraction sol-
vent exceeds 5 %, removal of water becomes a necessary
step for recovery and reuse of IPA and the extracted minor
components also must be removed, and preferably utilized.
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