Pilot-Scale Two-Phase Extraction of Canola
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ABSTRACT: An extraction process was developed in our lab-
oratory for rapeseed (canola) with 10% (w/w) ammonia in
methanol, containing 5% (vol/vol) water, and hexane to simul-
taneously produce an improved meal and a high-quality oil. To
remove the hazards associated with the use of ammonia, a two-
phase solvent extraction, with 0.08% (w/w) sodium hydroxide
replacing the ammonia, was tested on a semipilot scale with a
Szego mill and a Karr reciprocating-plate extraction column.
Flooding curves and appropriate agitation parameters were ex-
amined for this system. Then, the effects of polar solvent-to-seed
ratio, slurry-to-hexane flow ratio, plate amplitude and plate agi-
tation frequency on extraction efficiency were investigated. The
process is technically viable for industrial application. A meal
that contained 0.9% residual oil, 44.4% protein and 2.79
mmol/kg glucosinolates (moisture and oil-free basis) and a mis-
cella with 19.5% oil were obtained.
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Rapeseed is Canada’s most important oilseed crop. It contains
40-45% oil and 22-24% protein. Canada, the world’s third
largest rapeseed producer, accounts for about 14% of the total
supply of 26 million metric tons (1). Canadian rapeseed pro-
duction consists mainly of “canola” varieties, which are low
in both erucic acid and glucosinolates.

Canola oil is characterized by a low level of saturated fatty
acids. The defatted meal contains about 38% protein (at ca.
8% moisture) and is mainly used as a feed supplement for
livestock and poultry. Although the meal protein has a well-
balanced amino acid composition (2), its use as a food-pro-
tein source is limited by the presence of undesirable compo-
nents, such as glucosinolates, phenols, phytates, and high
fiber content.

Our laboratory developed a unique process in which
canola is simultaneously contacted by two immiscible sol-
vents to produce an improved meal and a high-quality oil
(3,4). Methanol with 5% (vol/vol) water and 10% (w/w) am-
monia is used as a polar phase and hexane as a nonpolar
phase. The methanol inactivates myrosinase and removes
most of the hydratable phospholipids, resulting in improved
oil quality. The meal thus produced is high in protein content
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(about 50%), light in color, free flowing and bland in taste. It
is free of glucosinolates and low in phenolics. The oil is es-
sentially free of phospholipids and does not contain signifi-
cant amounts of sulfur-containing compounds.

The process was tested on a semipilot scale with a Szego
mill (General Comminution Inc., Toronto, Ontario, Canada)
and a Karr reciprocating-plate column (Pegasus Industrial
Specialties Ltd., Toronto, Ontario, Canada) (5,6). The Szego
mill, an orbital mill developed at the University of Toronto, is
compact and has a high throughput, moderate energy con-
sumption, and low cost (7). It is effective for slurry grinding
and glucosinolate extraction. The Karr column was used as a
countercurrent slurry-liquid contactor for oil extraction. It has
a high volumetric efficiency and is able to handle suspended
solids. In addition, it has a low cost and low maintenance (8).

Because ammonia is a toxic gas, its containment is an im-
portant and expensive consideration in the application of the
process. A less volatile replacement would make the process
more practical. Also, the solubility of NH, in the CH,OH
phase decreases with increasing temperature, and the NH, ex-
traction must therefore be carried out at a relatively low tem-
perature, which lowers extraction efficiency. The objective of
this study was to test the feasibility of replacing NH; with
0.08% (w/w) NaOH in the polar phase. Effects of polar sol-
vent-to-seed ratio, slurry-to-hexane flow ratio, plate ampli-
tude, and plate agitation frequency on extraction efficiency
were investigated. Effects of different operating variables on
hold-up, in the absence of mass transfer, were first investi-
gated to determine flexibility, operating range, and appropri-
ate agitation parameters for our CH,OH/H,O-hexane system.

MATERIALS AND METHODS

Materials. Canola seed (mixture of Global, Delta, and Triton
cultivars) was obtained through the courtesy of CanAmera
Foods (Hamilton, Ontario, Canada). The chemical composi-
tion, expressed on a dry basis, was 46.4 + 0.2% oil; 22.8 +
0.8% protein; and 8.43 = 0.65 umol glucosinolates per gram
of meal. Technical-grade methanol and hexane were ob-
tained from Canada Colors and Chemicals Ltd. (Toronto,
Ontario, Canada). Anhydrous ammonia and 50% (w/w)
NaOH (aq) were obtained from Canadian Liquid Air Ltd.
(Montreal, Québec, Canada) and BDH Inc. (Toronto, On-
tario, Canada), respectively. All chemicals used for analyti-
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cal work were reagent-grade and obtained from major chem-
ical suppliers.

The Szego mill, an orbital mill, consists of a stationary ver-
tical cylinder (stator) in which three helically grooved rollers
rotate on flexible shafts. The feed is crushed between the
rollers and the stator. It had the following dimensions: stator
diameter, 100 mm; roller diameter, 39 mm; roller length, 170
mm; roller groove width, 2 mm; groove, 4 mm.

The Karr reciprocating-plate extraction column consisted
of a shell that enclosed a vertically reciprocating plate assem-
bly, consisting of a number of perforated plates. It had the fol-
lowing dimensions and materials of construction: diameter
0.05 m; overall height, 3.3 m; effective extraction height, 2.5
m; number of plates, 82; plate spacing, 0.025 m; shell mater-
ial, glass; and plate material, teflon.

The CH;OH/H,0O/NH, solution was prepared by bubbling
anhydrous ammonia through methanol that contained 5%
(vol/vol) water, at 0°C. The quantity of dissolved ammonia
was determined by titrating with 0.1 N H,SO,. The solution
was made up to the required ammonia content (10% w/w) by
dilution with ammonia-free solvent. The CH,OH/NaOH/H,O
solution was prepared by adding 50% (w/w) NaOH (aq) to
95/5% (vol/vol) methanol/water to make a 0.08% (w/w)
NaOH solution.

Analytical methods. Moisture contents were determined
gravimetrically. Samples were dried to constant weight at
110°C in a forced-air oven (9). The oil content was deter-
mined with a Soxhlet apparatus. Ground seed and treated
meal samples were extracted with hexane for 24 and 12 h, re-
spectively (10). The crude protein content (as N - 6.25) was
determined by the Kjeldahl method (11) by using Buchi di-
gestion and distillation modules (Laboratoriums Technik AG,
Flawil, Switzerland). The residual glucosinolates and their
breakdown products were determined according to the
method of Wetter and Youngs (12), based on the ultraviolet
absorbance of the glucosinolate hydrolysis products,
thioureas and oxazolidine-2-thione.

During extraction test runs, the residual oil content of the
meal was determined by further hexane extraction in a Soxh-
let apparatus. The volume fraction of miscella in the filtrate,
the miscella entrainment, was also measured. The polar phase
was reextracted three times with hexane at a polar phase-to-
combined hexane ratio of one (vol/vol) to determine its oil
content. Oil and gum contents in the miscella and polar phase,
respectively, were determined by evaporating the solvents
under vacuum in a rotary evaporator.

Karr column hydrodynamics. CH;OH/H,0 [95/5%
(vol/vol)] and hexane were pumped into the top and bottom
of the column, respectively. The column was operated at
room temperature, with CH,OH/H,O as the continuous
phase. The interface level was maintained at the top of the
column, just below the CH;OH/H,O inlet, by manually con-
trolling the flow rate of polar slurry with the exit valve at the
bottom of the column. For each run, the column was brought
to steady state after four effective volumes of the column
were displaced by the combined flows.
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The effect of plate agitation frequency (s~') and total
throughput (L/min; sum of the dispersed and continuous
phase flow rates into the column) on hold-up (volume frac-
tion of the column occupied by the hexane phase) was inves-
tigated. Total throughput and flow ratio were kept constant
(CH3OH/H20-t0-hexane flow ratio = 2, stroke length = 3.7
cm). The hold-up was measured at steady state at different
plate frequencies until flooding was observed. This was re-
peated at different total throughputs while maintaining the
same flow ratio.

The effect of plate amplitude [half-stroke length (cm)] and
plate agitation frequency were considered as two independent
variables. Hold-up was measured at steady state over a wide
range of degrees of agitation, defined as the product of plate
amplitude and plate agitation frequency. At each agitation de-
gree, the hold-up was measured at both low amplitude and
high frequency, and high amplitude and low frequency.

Semipilot-scale extraction. Figure 1 is a flowsheet for the
semipilot-scale extraction process used. Several experiments
with different operating conditions were carried out to inves-
tigate the effects of plate amplitude, plate agitation frequency,
flow ratios, and solvent-to-seed ratios.

For each run, canola seed (8 or 10 kg) and CH;OH/H,0/
NaOH at a solvent-to-seed (R) ratio of 2.5 (vol/wt) were man-
ually fed into the Szego mill. The ground slurry was collected
and reground. The twice-ground slurry was then diluted with
more CH;OH/H,0/NaOH to R = 5.7 or 6.7 (vol/vol) and
transferred into a feed tank. The contents were continuously
agitated to maintain a uniform distribution of solids in the
polar solvent. The slurry was then pumped into the top of the
column with a progressing cavity pump (Moyno pump; Rob-
bins and Myers Ltd., Brampton, Ontario, Canada), and
hexane was pumped into the bottom of the column with a
constant-volume diaphragm pump (metering pump). The col-
umn was operated with the slurry as the continuous phase.

During each run, samples of slurry and miscella, exiting
the bottom and top of the column, respectively, were taken
every few minutes for later analysis. The slurry sample was
vacuum-filtered through Whatman No. 41 filter paper (Maid-
stone, England). The meal residue was rinsed three times with
methanol, each time at an approximate solvent-to-meal ratio
of 3.5 (vol/wt), and air-dried overnight.

At the end of each run, the raffinate phase (slurry) was vac-
uum-filtered through Whatman No. 1 filter paper to separate
the meal residue from the polar solvent. Oil and gum were re-
covered from the extract (miscella) and the polar solvent, re-
spectively, by evaporating the solvents in a rotary vacuum
evaporator and a 20-L batch distillation unit.

The pilot-scale tests were limited by solvent recovery ca-
pacity. Two runs were repeated, to assure that the process was
reproducible; however, the repetition of all runs was not pos-
sible due to cost and time constraints. As mentioned earlier,
several samples were taken during the steady-state runs, and
these were individually analyzed. At steady state, the oil con-
centration in the miscella remained constant for 4—6 samples
with a relative standard deviation of <5%.
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FIG. 1. Flowsheet of the two-phase solvent extraction process. Szego Mill (General Comminution Inc., Toronto, Ontario, Canada); Karr column
(Pegasus Industrial Specialties Ltd., Toronto, Ontario, Canada); Moyno pump (Robbins and Myers Ltd., Brampton, Ontario, Canada).

RESULTS AND DISCUSSION

Karr column hydrodynamics. Hold-up is an important vari-
able in extraction columns. A higher hold-up is a result of
greater specific interfacial area and should in turn result in
improved mass transfer. In these experiments, hold-up in-
creased as the flow rates increased at constant agitation, or by
increased agitation at constant flow rates (Fig. 2). However,
flooding imposed a limit on the agitation level that could be
used. Flooding was identified by the formation of an emul-
sion near the middle of the column and the formation of a sec-
ond interface below the hexane inlet. Eventually, hexane
began to leave with the CH;OH/H,0. Flooding also would be
expected to impose a limit on the flow rates that can be used.
At higher total throughput, the column flooded at lower agi-
tation.

The Karr column was stable at total throughputs of 51, 76,
and 102 mL/min/cm?> up to agitation levels of 72, 66, and 40
cycles/min, respectively. The flooding points lie somewhere
along the dotted lines (Fig. 2).

Baird et al. (13) showed that agitation degree, which is the
product of plate amplitude and plate agitation frequency, is

the correct agitation parameter for Karr columns. Hafez and
Baird (14) and Baird and Shen (15) later raised questions
about using the product as a single agitation variable at high
frequencies and low amplitudes. Baird and Lane’s experi-
ments were also carried out at amplitudes and frequencies
much higher than those likely to be encountered in our sys-
tem. An investigation to determine the appropriate agitation
parameter for our system was therefore necessary (Table 1).

Statistical analysis (independent #-test) indicated that, at
constant A - f, the hold-up was constant (98% significance
level) for each of the A - f values tested (Table 1). The prod-
uct of amplitude and frequency may thus be considered as a
single agitation variable in this system. The hydrodynamic
data, although obtained in a simpler liquid-liquid system,
allowed us to predict and regulate the behavior of the
slurry—liquid system.

Semipilot-scale extraction. In the column, the two phases
traveled countercurrently due to their different densities. As
hexane traveled up the column, it extracted the oil, and the
extract (miscella) exited from the top of the column. The de-
pleted raffinate stream exited from the bottom of the column.
Plate agitation created and maintained dispersion and pro-
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FIG. 2. Effect of plate agitation and total throughput on holdup.

moted mass transfer. A concentration gradient provided the
necessary driving force for mass transfer. The mechanism of
oil extraction involved the transfer of oil from the solid into
the methanol phase (continuous phase) and finally into the
hexane phase (dispersed phase). The meal was suspended in
the methanol phase because the meal was closer in density to
the methanol phase than to the hexane phase. The surface ten-
sion of methanol also ensured that the meal was retained in
the methanol phase.

Figure 3 shows typical oil concentration profiles in the
miscella and meal as a function of time for one run. The sys-
tem required approximately 40 min to reach steady state.
Each run was therefore carried out for at least 60 min. The ex-
traction results are presented in Table 3.

The effect of plate amplitude and plate agitation on oil ex-
traction was investigated in runs 1 and 2 (Table 2). The runs
were performed at high amplitude and low agitation (run 1)
and vice versa (run 2), while keeping the degree of agitation
and other parameters constant. The results were almost the

TABLE 1
Effects of Plate Amplitude and Plate Agitation Frequency on Holdup?

Amplitude®  Agitation frequency ~ Agitation degree® % Holdup

Run (cm) s (cm/s) (vol/vol)

A 1.8 0.33 0.59 10.4 £ 0.5
B 0.3 1.93 0.58 9.6 £ 0.5
C 1.8 0.92 1.66 183 +1.2
D 0.8 2.12 1.70 153+1.0

“Total throughput = 1.5 L/min; CH,OH/H,O-to-hexane flow ratio = 2.
bHalf-stroke length (cm).
“Amplitude x frequency.
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same. The product of amplitude and frequency as a single ag-
itation variable therefore appeared to be the appropriate agi-
tation parameter, even for the solid-liquid-liquid extraction
system.

The effect of the slurry-to-hexane flow ratio on oil extrac-
tion was studied in runs 3 and 4. A flow ratio of 2.3 resulted
in a miscella oil content of 38% and a meal oil content of
8.3%. A lower flow ratio of 1.7 gave more satisfactory results:
18.8 and 3.8% oil contents in the miscella and meal, respec-
tively. Although a lower flow ratio resulted in better mass
transfer, the energy costs for the separation of oil and hexane
are higher because of the lower oil concentration in the mis-
cella. A compromise between the two must be selected. At
higher flow ratio, the higher miscella oil concentration re-
duced the concentration driving force for mass transfer and

TABLE 2
Semipilot-Scale Extraction: Operating Conditions
Solvent-to-seed ~ Slurry ~ Hexane Stroke  Agitation

Run ratio flow rate flow rate length frequency
number (L/kg) (L/min) (L/min) (cm)  (cycles/min)

1 6.7 0.65 0.35 3.5 50

2 6.7 0.65 0.35 2.7 65

3 6.7 0.95 0.42 3.7 50

4 6.7 0.85 0.50 3.7 50

5 6.7 0.50 0.45 3.7 65

6 6.7 0.85 0.50 3.7 65

7 6.7 0.85 0.50 3.7 75

8 5.7 0.50 0.45 3.7 65

9 5.7 0.50 0.45 3.7 65
10 5.7 0.50 0.45 3.7 72
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FIG. 3. Typical oil concentration profile (run 1).

resulted in less oil extraction. The higher viscosity of the mis-
cella stream also likely increased resistance to mass transfer.
However, this could be compensated for by a higher column.

The effect of CH;OH/H,0/NaOH-to-seed ratio (vol/wt) (R)
on the oil extraction was also examined (runs 5, 8, and 9).
Runs 8 and 9 were carried out with identical operating condi-
tions to check reproducibility of the extraction results. Surpris-
ingly, a higher R gave less satisfactory results in terms of oil
extraction. At constant slurry and hexane flow rates into the
column, a higher R in the slurry feed into the column meant a
higher hexane-to-seed contact ratio in the column itself. Im-
proved mass transfer was therefore expected. However, due to
the low oil concentration in the miscella, a relatively large den-
sity difference between the two countercurrent streams proba-
bly resulted in less intimate contact between the two streams
and, therefore, less efficient mass transfer.

The effect of plate agitation on the oil extraction was ex-
plored at R = 5.7 and 6.7 (runs 4, 6, and 7; runs 8, 9, and 10).
As expected, a higher agitation resulted in improved mass
transfer, leading to lower oil contents in the meal and corre-
spondingly higher oil contents in the miscella. At R = 6.7, in-
creasing the agitation from 50 to 65 cycles/min reduced the
oil content in the meal by 13% from 3.8 to 3.3%. Increasing
the agitation to 75 cycles/min resulted in flooding. Flooding
was identified by increasing miscella holdup in the column
and its subsequent exit, with the depleted slurry, from the bot-
tom of the column. At R = 5.7, increasing agitation from 65
to 72 cycles/min significantly reduced the oil content in the
meal from 2.1 (mean of runs 8 and 9) to 0.9%; 72 cycles/min
was close to the upper limit of agitation imposed by flooding
(Fig. 2). Maximum extraction is expected just below the
flooding point.

Table 3
Semipilot-Scale Extraction: Results
QOil in miscella Qil in meal Protein content Glucosinolate Entrained QOil in MeOH Gum in MeOH

Run % % of meal content of meal miscella % phase % phase %

number (wt/vol) (W/w) (%) (pmol/g) (vol/vol) (W/w) (W/w) NTS?
1 20.5 4.2 43.1 2.61 12.6 n.d.p n.d. 1.6
2 22.0 4.0 46.0 3.28 n.d. n.d. n.d. 1.7
3 38.0 8.3 39.6 3.63 10.2 0.21 1.4 1.8
4 18.8 3.8 40.3 3.55 n.d. 0.26 1.5 1.6
5 11.2 3.1 42.7 2.48 7.6 0.08 1.5 1.4
6 21.1 3.3 41.0 3.66 10.3 0.20 1.6 1.7
7 F¢ F F F F F F F
8 16.4 2.0 40.5 3.66 10.9 0.14 1.7 1.8
9 14.9 2.2 39.9 3.58 11.7 0.12 1.7 1.7

10 19.5 0.9 44 .4 2.79 14.2 0.13 1.9 3.1

INTS, Number of theoretical stages. ’n.d., Not determined. F, Flooding.
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The crude protein contents of the column-extracted meals
ranged from 39.6 to 46.0%. Use of a taller column would re-
sult in lower residual oil and higher protein content in the
meal. Increased protein loss into the methanol phase may
have occurred as a result of the considerable time elapsed be-
tween shutting down (clean up, etc.) of the Szego mill grind-
ing operation, transferring of materials from one location to
another, and starting up of the subsequent Karr column ex-
traction. A continuous operation would reduce protein loss.

The glucosinolate contents of the oil-free meals ranged
from 2.48 to 3.66 umol/g, which corresponds to 70.6 to
56.6% extraction, respectively, of the glucosinolates origi-
nally present in the seed. R had the most obvious effect on
glucosinolate extraction. Higher R improved the extraction.
R =5.7 and R = 6.7 resulted in 57.0 (mean of runs 8 and 9)
and 70.6% removal, respectively, of the glucosinolates origi-
nally present in the seed.

The oil contents in the polar phase were <0.3% (wt/vol).
The partition of oil in the two solvent phases resulted in little
oil dissolving in the polar phase. The gum content in the polar
phase ranged from 1.4 to 1.9% (wt/vol). Significant amounts
of miscella, ranging from 7.6 to 14.2% (volume miscella/vol-
ume solid-free methanol phase), were found entrained in the
exiting slurry. Miscella entrainment reduced concentration
gradients and, therefore, mass transfer efficiency.

The number of theoretical stages ranged from 1.4 to 3.1,
corresponding to a height equivalent of a theoretical stage of
1.8 to 0.80 m, respectively.

Run 10 gave the best overall results from the point of view
of oil contents in the meal and miscella, and protein and glu-
cosinolate contents of the meal. The oil values are compara-
ble to those produced in conventional oilseed extractors.
Higher protein and significantly lower glucosinolate con-
tents of the meals were also obtained compared to con-
ventional hexane-extracted meals. As for semipilot-scale
CH3OH/H20/NH3 extraction, results were better than those
obtained in benchtop tests (16). Much lower oil and glucosi-
nolate contents in the meal were obtained. Szego mill grind-
ing produced flake-shaped particles, which improved mass
transfer. Countercurrent flow in the Karr column provided a
greater number of contacting stages and resulted in more effi-
cient oil extraction.

Semipilot-scale tests with NH; under similar conditions
(17) produced better results. Lower oil and glucosinolate, and
higher protein contents in the meal were obtained. The lower
oil recovery with NaOH may be due to saponification of
triglycerides by NaOH.

Although NaOH was not as effective as NH;, it makes
the process attractive in some situations. The use of NaOH
makes solvent preparation and recovery easier and less costly,
and it eliminates potential exposure to ammonia, which is a
toxic gas.

The results indicate that the commercial application of the
two-phase solvent extraction process should be investigated.
The equipment is smaller and less expensive than that used in
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conventional extraction plants, and the energy requirements
and operating costs are expected to be similar. Energy sav-
ings in the flaking and cooking steps are likely to be sufficient
to offset the cost of recovering the second solvent.
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