
ABSTRACT: As part of a program to improve meadowfoam seed
processing, the authors examined the effects of seed moisture,
seed temperature, and flaking roll opening on oil extraction effi-
ciency in meadowfoam flakes. Flakes were prepared using a Wolf
Mill with dual horizontal, unheated 12-in. diameter rolls. Roll
openings of 0.005, 0.013, and 0.020 in. (0.127, 0.330, and 0.508
mm, respectively) gave average flake thicknesses of 0.013, 0.021,
and 0.031 in., respectively (0.330, 0.533, and 0.787 mm). Seed
moistures of 9, 12, and 15% and seed temperatures of 65, 190,
and 210°F (18, 88, and 99°C) chosen for flaking were known to
provide a range of conditions suitable for enzyme inactivation dur-
ing seed cooking prior to flaking. Experimental flakes were exam-
ined for extractable oil content (petroleum ether extraction); this
was compared to total oil content (31.5%) determined on finely
ground flakes. Roll opening was the dominant variable determin-
ing flake thickness, the primary parameter affecting oil extraction
efficiency. Thus, the thinnest flakes at 0.013 in. were only slightly
less extractable (29.8%) than finely ground flakes (31.5%), but in-
termediate (0.021 in.) and thick (0.031 in.) flakes were signifi-
cantly less extractable (28.0 and 26.0%, respectively). There was
a slight but significant (P < 0.01) trend toward thicker flakes with
increasing seed moisture (15 > 12 > 9%) during flaking. A similar
trend to thicker flakes with increasing temperature was significant
(P < 0.01) only for the thickest flakes produced at the largest roll
opening (0.020 in.). Lower seed moisture and higher seed temper-
ature significantly impacted extractable oil content of the thickest
flakes, but negligibly affected extractability of the thinnest flakes.
The authors conclude that meadowfoam flakes must be as thin as
possible (e.g., <0.015 in.) for efficient oil extraction. Further, seed
cooking temperatures >190°F at moistures >10% and <15% that
are adequate for efficient enzyme inactivation in the whole seed
are also suitable for seed flaking.
JAOCS 75, 1429–1436 (1998).

KEY WORDS: Flake thickness, Limnanthes, meadowfoam, oil ex-
traction efficiency, seed flaking, seed moisture and temperature at
flaking.

Development of a meadowfoam (Limnanthes alba) industry
in the United States is progressing thanks to the efforts of pri-
vate sector partnerships to sustain significant meadowfoam
seed and oil production over the past 5 yr. This has required
recruiting farmers for seed production, seed cleaning and

shipping activities, the development of partnerships and tech-
niques for oil extraction and refining, and aggressive devel-
opment of markets for the oil. The authors observed these ac-
tivities as advisors and active cooperators, particularly in the
oilseed processing and product development arenas. The
meadowfoam industry appears poised for significant further
expansion using knowledge gained in the recent past and new
technologies coming online.

Improving oil extraction efficiency from meadowfoam seed,
whether in the form of flakes, collets, or press cake, is one goal
the authors have that would positively impact future expansion
of the meadowfoam industry. Inefficient oil removal by solvent
from flakes, collets, or press cake usually relates to insufficient
particle size reduction and poor solvent permeability of the sub-
strate (1–3). Extraction efficiencies ascribed to collets formed
with expanders can only be achieved if particle size within the
collets has been adequately reduced. Usually this can be achieved
by flaking the seed prior to expanding. Laboratory examination
of colleted meadowfoam seed showed that if thick flakes are fed
to the extruder and if significant particle size reduction does not
occur there, then the expected result will be poor extractability of
the collets (Carlson, K.D., unpublished results). Character and
quantity of testa (seed coat, hull) associated with the prepared
seed substrate can also affect oil extraction efficiency. In this re-
gard, meadowfoam seed has an extensive, relatively tough, and
irregularly surfaced testa that makes dehulling difficult and per-
haps impractical (Carlson, K.D., unpublished results).

Thus, the authors undertook this study to examine the effect
of meadowfoam flake thickness on oil extractability. Flake ex-
tractability was assumed to correlate directly with extractability
of collets or press cake formed therefrom. The importance of
inactivating thioglucosidase enzyme systems in rapeseed and
crambe (4) and in lesquerella (5) has been discussed in consid-
eration of their potential for releasing antinutritional compounds
into the meals and sulfur or sulfur derivatives into the crude oils.
Since meadowfoam seeds contain glucosinolates, optimal oil
quality requires inactivation of a thioglucosidase enzyme sys-
tem prior to flaking or crushing. Moisture and temperature lev-
els suitable for inactivating the thioglucosidase enzyme system
in whole meadowfoam seed (Carlson, K.D., unpublished re-
sults) were examined for their effects on flake thickness and oil
extractability of the flakes. 
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MATERIALS AND METHODS 

Seed source and moisture equilibration. Meadowfoam seed
was obtained from the Oregon Meadowfoam Grower’s As-
sociation (Salem, OR). The machine-cleaned seed contained
approximately 1% plant debris in the form of small pieces of
stems that were removed by hand from 4 kg seed in prepara-
tion for flaking (7.5% moisture, 31.6% oil dry weight basis).
Cleaned seed (400 g) was then distributed into each of nine
wide-mouth, screw-cap, glass jars (32 oz., Wilkens-Ander-
son Co., Cat. # 05800-05). To each of three jars was added
6.59 g distilled water (for 9% equilibrated moisture), to each
of three others was added 20.45 g water (12% moisture), and
to each of the last three was added 35.29 g water (15% mois-
ture). The jars were then tightly capped, the lids secured with
electrical tape, and the jars rolled and shaken to begin mois-
ture distribution through the seed. Each jar was heated at
50% power in a domestic microwave oven (Litton, Model
No. 1041, 115V, 13 amp, 60 Hz) for consecutive time inter-
vals of 60, 35, and 30 s, between which the jars were vigor-
ously rolled and shaken to mix the hot seeds (ca. 176°F;
80°C) and uniformly distribute the moisture throughout the
seed mass. As the jars cooled to room temperature, each was
periodically vigorously rolled and shaken to continue the
mixing and moisture equilibration process (no liquid water
was observable in any of the nine jars). The equilibrating
samples remained at room temperature until flaking was ini-
tiated (4 d). Each three-jar set (9, 12, or 15% projected mois-
ture) was sampled for moisture determination prior to the
flaking experiments (actual moistures: 8.80, 12.25, and
15.45%). Seed (60 g) from each moisture equilibrated set
was distributed into and sealed in each of 18 wide-mouth,
screw-cap, glass jars (8 oz), serving as duplicate sets of nine
samples at each moisture for flaking at three roll openings
and three temperature levels (54 samples, Table 1).

Temperature equilibration of seed prior to flaking. The
sealed 60 g seed replicates were heated in a microwave oven
until the seed temperature (measured by insertion of a metal
probe thermometer) was approximately that desired for flak-
ing. The sealed samples were then equilibrated (15–30 min)
in convection ovens set at 190 or 210°F (88 or 99°C) prior to
flaking. Each temperature equilibrated sample jar was re-
moved from the appropriate oven, opened and the seed sam-
ple quickly flaked (<5 s) as described below. Seed samples
flaked at the ambient temperature of the milling laboratory
(65°F, 18°C) were not otherwise heated prior to flaking.

Seed flaking. Seed samples were flaked using a Wolf Mill
with two horizontal, unheated rolls (12 in. dia × 6 in. w; 30.5
cm × 15.2 cm). Any reference to flaking temperature in this
paper is defined as the conditioned “seed temperature at flak-
ing.” Roll openings were set to the nearest thousandth in. in
the range 0.003–0.025 in. (0.076–0.635 mm) using a feeler
gauge. Moisture- and temperature-equilibrated seed samples
(60 g) were rapidly hand-fed (5 s) into the nip of the rolls via
an inclined Plexiglass chute riding on the rolls. Flakes were
collected in a pan below the rolls and were then transferred to

8-oz wide-mouth, screw-cap, glass bottles for later flake
thickness and oil content determinations. Preliminary experi-
ments showed that seed at ambient moisture (6.5%) did not
form flakes at any selected roll opening, whereas seed equili-
brated to 12% moisture at ambient (65%F) or elevated tem-
perature (176°F, 80°C) flaked readily at all but the smallest
roll openings (<0.005 in.; 0.127 mm) where clumping and
flake fracturing predominated.

In the formal experiments, the mill was set at 0.005-in.
opening and all samples to be flaked at this opening were se-
quentially flaked. For example, replicate-1 seed samples equi-
librated to 9% moisture were flaked at seed temperatures of
65, 190, and 210°F followed by replicate-2 samples in a like
manner. Then, samples equilibrated at 12% moisture were
flaked at these three seed temperatures, and then samples
equilibrated at 15% moisture were flaked at these three tem-
peratures. Next, the mill was set to the 0.013-in. opening, and
the three moisture equilibrated series of samples were simi-
larly flaked in sequence at the three selected seed tempera-
tures. Finally, the mill was set to the 0.020-in. opening, and
the above flaking sequence was repeated. Each series was
replicated (Table 1).

Flake thickness measurements. Flaked samples were
spread on Whatman filter paper (Maidstone, England) and vi-
sually examined for differences among samples in relative
amounts of flake clumps, flake fragments, fines, and whole
seeds. Differences were noted but not quantified. The few
whole seeds that apparently bypassed the ends of the rolls and
dropped into the receiving pan were removed by hand to en-
sure that oil extractability related only to flaked substrate. In
using forceps, 10–20 flakes from each sample were randomly
selected and measured for thickness using a Mitutoyo mi-
crometer [0.0–1.0 in. (0.0–25.4 mm) in 1/1000-in. incre-
ments]. Mean flake thicknesses (and standard deviations)
were determined for each replicated parameter series (Table
1). Although flake diameter was not a variable in this study,
better specimens of the thinnest whole-seed flakes were noted
to have diameters generally <0.354 in. (<9 mm).

Moisture and oil analyses. After flake thickness determina-
tions, flaked samples were spread on paper towels to air dry uni-
formly (72 h) to approximately 6% moisture before oil extrac-
tion. Moisture content of the air-dried flakes was determined
gravimetrically in duplicate by drying 2.5 g in an oven at 248°F
(120°C) for 2 h. Extractable oil content of the air-dried flakes
(3.5 g) was determined in duplicate using a 6-h petroleum ether
butt flask (Fisher Scientific certified ACS, CAS 68476-50-6)
extraction method similar to AOCS Method Ba 3-38. Mean oil
extracted (and standard deviations) were determined for each
replicated parameter set (Table 1). Controls for total extractable
oil were established; six flake samples, prepared from seed equi-
librated at 12% moisture and 190 or 210°F and rolled at 0.005-,
0.013-, or 0.020-in. opening (first replicates), were finely ground
in a coffee mill and extracted in a similar manner with petro-
leum ether. Mean oil contents (and standard deviations) were
determined to compare oil levels extracted from the correspond-
ing unground flakes.
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Statistical analyses of data. Analysis of variance (ANOVA)
procedures (SAS software) were used to evaluate the effects of
roll opening, temperature, and moisture individually and in all
possible combinations on flake thickness and extractable oil.

RESULTS AND DISCUSSION

Preliminary experiments. Ambient moisture (6.5%) meadow-
foam seeds failed to yield flakes regardless of flaking roll
opening (0.005–0.015 in.; 0.127–0.381 mm); the narrower the
roll opening, the greater the amount of fines produced. How-
ever, flakes were produced at all roll openings tested when
the seed was first conditioned to 12% moisture. These experi-
ments demonstrate that roll openings choices to flake mois-
ture-tempered seed were a tradeoff between generating ex-
cessive amounts of fines (0.003-in. gap) and simply squash-
ing the seeds (0.025-in. gap) without true flake formation.
Visually, the amount of fines increased as the roll opening
narrowed. An experiment in which heat- (104–176°F) and
moisture- (12%) tempered seeds were rolled at different roll
openings suggested that flake thickness might be impacted by
temperature only at wider roll openings. Flakes produced in
these preliminary experiments had oil extractabilities depen-

dent on flake thickness; once the flakes were ground, maxi-
mal oil extraction was attained regardless of prior flake his-
tory. A single experiment in which 0.016-in. flakes were re-
rolled at a 0.004-in. opening suggested that double rolling of
flakes may be beneficial to oil extractability, although the re-
sults may be due as much to particle size reduction (increased
fines) as to thinner flakes.

Multivariable study. These preliminary results encouraged
the authors to establish a three-variable experimental proto-
col (seed moisture, roll opening, and seed temperature) to
evaluate extractability of oil from meadowfoam seed (Table
1). Seed moisture contents (9, 12, and 15%) and elevated seed
temperatures (190 and 210°F) at flaking were chosen to span
the ranges known to be critical for inactivation of seed en-
zyme systems, particularly thioglucosidase inactivation. Am-
bient temperature (65°F) seed tempered at the three moistures
was also flaked for comparison with the “cooked” seed.

In order to obtain the thinnest flakes possible with accept-
able fines content, the authors selected a 0.005-in. roll open-
ing for the narrowest gap and 0.020 in. for the widest gap;
these provided visually acceptable flakes. Within this range
more fines were observed with narrower gap. The authors
chose an intermediate gap of 0.013 in. for the third setting.
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TABLE 1
Flaking of Meadowfoam Seed at Three Roll Openings, Three Moistures, and Three Temperatures

Protocol variables Flake thickness (in./1000) Oil extracted, % (db)a

Roll opening Seed moisture Seed temperature Rep. Rep.
(in./1000) (%) (°F) Rep.1 Rep. 2 mean Rep. 1 Rep. 2 mean

5 9 65 11.0 11.3 11.1 31.2 30.3 30.7
5 12 65 12.8 12.4 12.6 30.4 30.7 30.6
5 15 65 14.5 12.3 13.4 29.1 29.8 29.5
5 9 190 12.0 12.1 12.0 29.8 30.1 29.9
5b 12 190 12.7 12.1 12.4 29.7 30.4 30.0
5 15 190 12.9 14.0 13.2 28.7 28.6 28.7
5 9 210 12.3 11.3 11.8 30.4 30.5 30.4
5b 12 210 11.8 12.6 12.2 29.6 29.9 29.7
5 15 210 12.1 13.2 12.6 28.9 29.6 29.2

13 9 65 19.5 19.7 19.6 28.5 29.3 28.9
13 12 65 20.4 19.5 20.0 27.1 27.1 27.1
13 15 65 21.0 20.8 20.9 25.4 26.2 25.8
13 9 190 20.4 20.6 20.5 27.6 28.2 27.9
13b 12 190 20.9 20.8 20.9 28.6 29.6 29.1
13 15 190 21.4 21.6 21.5 27.0 28.3 27.6
13 9 210 20.2 20.5 20.4 29.6 29.1 29.3
13b 12 210 20.4 21.1 20.7 29.2 28.3 28.8
13 15 210 21.5 21.2 21.4 27.5 27.3 27.4
20 9 65 28.4 27.3 27.9 26.6 27.0 26.8
20 12 65 27.8 28.2 28.0 24.6 27.4 26.0
20 15 65 28.7 28.0 28.4 21.4 21.1 21.3
20 9 190 29.5 30.7 30.1 26.7 28.5 27.6
20b 12 190 31.5 31.3 31.4 26.1 27.2 26.6
20 15 190 29.9 31.3 30.6 23.4 23.7 23.5
20 9 210 31.3 31.2 31.3 27.4 27.2 27.3
20b 12 210 32.6 31.6 32.1 27.1 28.2 27.6
20 15 210 32.4 32.7 32.6 25.7 24.9 25.3

aAbbreviations: db, dry basis. Average of duplicate analyses for Replicate (Rep.) 1 and 2; Rep mean = average of four analyses.
bFor controls, samples taken from these flakes were ground in a coffee mill and average extractable oil determined for each. Overall mean for all control
samples = 31.5 ± 0.38% (RSD = 1.19%).



Figure 1 shows the relationship between roll opening and
flake thickness independent of moisture and temperature
(each point represents the mean of 18 samples; 2 replications
× 3 moistures × 3 temperatures). The authors observed more
clumping of flakes as seed moisture increased, and more flake
fragility with increasing seed temperature (drying effect).

Table 1 contains the results of key analyses for flake thick-
ness and percentage oil extracted from the flakes. The experi-
ments were run in ascending order of roll opening on repli-
cated (duplicate) samples. Flake thicknesses were measured
on 10–14 individual flakes for each sample replicate (20–26
measurements for the two replicates), and extractable oil was
determined in duplicate on each sample replicate (four analy-
ses). There was generally good agreement among replicate
means for both flake thickness and oil extracted. Six flake en-

tries in Table 1 (roll openings marked with a superscript “b”)
were chosen as controls to determine maximal oil extractabil-
ity. They were finely ground in a coffee mill, and the mean
and standard deviation for percentage oil extracted were de-
termined in duplicate for each. There were no differences
among the six ground flake samples (31.5 ± 0.38% oil, RSD
= 1.19%), which yielded more oil than any of the flake sam-
ples. Thus, maximal oil is extracted when particle size reduc-
tion is maximized by grinding the flakes, and flake ex-
tractability will be seen to be uniquely related to preparation
conditions under the experimental protocol.

General observations from raw data. Figure 2 is a scatter
plot of oil extracted vs. flake thickness across all temperatures
and segregated by moistures (54 samples). Several observa-
tions are worth mentioning. First and foremost, in comparing
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FIG. 1. Extractability of meadowfoam flakes: flake thickness and percentage oil extracted vs.
flaking roll opening (averaged across all temperatures and moistures); db, dry basis.

FIG. 2. Extraction of meadowfoam flakes: percentage oil extracted vs. flake thickness segregated by
seed moisture at flaking. Moistures (%): ▼ = 9, ■ = 12, ■■ = 15. See Figure 1 for abbreviation.



the three clusters, oil extractability decreases with increasing
flake thickness (or roll opening). Solvent diffusion into and
out of the thinnest flakes is more efficient than for the thicker
flakes. Hence, more efficient and uniform oil extraction re-
sults with thinner flakes. Second, the three clusters of data
points result from the three roll openings chosen. Scatter
within each cluster is related to moisture and temperature ef-
fects, and to inherent variability associated with rolling mead-
owfoam seeds of different sizes and shapes at a given roll
opening. This inherent variability associated with the flaking
process is probably largely responsible for the third observa-
tion, the increased scatter within clusters at larger roll open-
ings (or flake thicknesses). For example, extensive scatter in
the cluster associated with the 0.020-in. roll opening centered
around 0.030-in. flake thickness undoubtedly results from the
fact that smaller seeds were merely squeezed or squashed,
whereas larger seeds were rolled into imperfect “flakes” of
variable thicknesses. Either result would lead to variable flake
extractability. On the other end, at 0.005-in. roll opening (left
hand cluster), seeds were rolled more perfectly into true flakes
of more uniform thicknesses centered around 0.012 in.
Hence, more uniform flake extractability and less scatter
within the cluster are observed. Fourth, the effect of seed
moisture (within clusters) is apparent when each cluster is vi-
sually incorporated into a quadrantized circle. For example,
for the small cluster centered at approximately 0.012-in. flake
thickness and 30% extracted oil, flakes were produced from
9% moisture seed group in the quadrant of thinnest flakes and
highest oil extractability. Flakes were produced from 15%
moisture seeds group in the quadrant of thickest flakes and
lowest oil extractability. Flakes produced at 12% moisture fall
in between. Thus, for these generally thin flakes a direct rela-
tionship between flaking moisture and flake thickness and an
inverse relationship between flaking moisture and oil ex-
tractability are suggested. For the middle cluster of flakes cen-
tered at approximately 0.020-in. thickness and 28% oil ex-
tractability, the flakes produced at 15% moisture again are

grouped in the quadrant of thicker flakes and lower oil ex-
tractability. The distinction between flakes produced at 9 and
12% moisture is more obscure, though on average both ap-
pear to be thinner and more extractable than the 15% mois-
ture flakes. For the thickest, the cluster of flakes centered at
approximately 0.030-in. thickness and 25% oil extractability,
the distinction between the 9 and 12% flakes is further ob-
scured, although they appear generally to be more extractable
than the 15% moisture flakes, which are again gathered in an
incorporating circle’s quadrants of lower extractability.

Figure 3 is a scatter plot of oil extracted vs. flake thickness
across all moistures, but now identified by temperature. Any
temperature effect is obscure in the small thinnest-flake clus-
ter, but partial separation by temperature is apparent in the
middle cluster where flakes produced at 65°F appear to seg-
regate. The thickest-flake cluster at 0.030-in. thickness and
25% oil extractability, vertical separation by temperature is
apparent. Thus, for intermediate and large roll openings, am-
bient temperature flaking tended to produce thinner flakes
than elevated temperature flaking (flake thickness at 65 < 190
< 210°F), but flakes at each temperature exhibit wide scatter
in oil extractability.

Statistical analyses of the data. The authors sought verifica-
tion of these observations using ANOVA procedures. Table 2
collects the results of statistical analyses of the experimental
data (Table 1). Differences in roll opening, seed flaking tem-
perature, and seed flaking moisture are statistically significant
for both flake thickness and for extracted flake oil (P < 0.01).
The interaction, roll opening × seed temperature (R × T), is also
significant for both measured parameters (P < 0.01). The inter-
action, roll opening × seed moisture (R × M), is significant for
extracted oil (P < 0.01), but not for flake thickness (P < 0.36).
Temperature × moisture (T × M) and roll opening × tempera-
ture × moisture (R × T × M) interactions are not significant for
flake thickness, but are for extracted oil (P < 0.02).

Table 3 shows the statistical relationships among mean
flake thicknesses and percentage extracted oil vs. roll open-
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FIG. 3. Extraction of meadowfoam flakes: percentage oil extracted vs. flake thickness segre-
gated by seed temperature at flaking. Temperatures (°F): ▼ = 65, ■ = 190, ■■ = 210. See Figure
1 for abbreviation.



ing (across all moistures and temperatures), temperature
(across all roll openings and moistures), and moisture (across
all roll openings and temperatures). As observed from the scat-
ter plots (Figs. 2 and 3), the obvious direct relationship between
roll opening and flake thickness and their inverse relationship
to percentage oil extracted (oil extractability) are confirmed
(see also Fig. 1). The smaller yet significant relationships of
seed flaking temperature and moisture relative to flake thick-
ness and oil extractability also are affirmed statistically. An ex-
perimental protocol that produced more data points would
likely further delineate these small moisture and temperature
effects on flake thickness and oil extractability.

Temperature and moisture effects on flake thickness. Tem-
perature effects on flake thickness are separated out by aver-
aging across all moistures at the three experimental roll open-
ings (Fig. 4A). At the smallest opening (0.005 in.), differ-
ences in flake thickness are not significant for temperature.
At a 0.013-in. roll opening, flakes produced at 65°F are thin-
ner (P < 0.01) than those produced at either 190 or 210°F. At
the largest roll opening (0.020 in.), differences in flake thick-
ness are significant (P < 0.01) at all temperatures. Moisture
effects on flake thickness are determined by averaging across
all temperatures at the three roll openings (Fig. 4B). The im-
pact of moisture on flake thickness is slight but significant
(P < 0.01) in the order 15 > 12 > 9%, most noticeably at the

smaller roll openings (0.005 and 0.013 in.). Thus, both tem-
perature and moisture influence flake thickness predictably.

Temperature and moisture effects on oil extractability. Tem-
perature effects on percentage oil extracted are evaluated by av-
eraging across all moistures at experimentally determined flake
thicknesses (Fig. 5A). In thin flakes, oil extractability was not
impacted by seed temperature at flaking. The largest tempera-
ture impact was in thick flakes in which oil extraction rose with
increasing flaking temperature even though flake thickness also
rose with flaking temperature (Figs. 4A, 5A). Moisture effects
on percentage oil extracted are determined by averaging across
all temperatures at experimentally determined flake thicknesses
(Fig. 5B). Flakes produced from seed with the highest moisture
(15%) were significantly less extractable than flakes produced
from the lower moisture seeds (9 and 12%).

Putting it all together. In Figure 6, replicated means for
percentage oil extracted are plotted against the three study
variables, seed flaking moisture, seed flaking temperature,
and flaking roll opening (solid/dashed lines). Looking first at
the 0.005-in. roll opening set, there were no significant differ-
ences in percentage oil extracted (P < 0.05) among tempera-
tures at any given moisture level. Likewise, there were no dif-
ferences in percentage oil extracted among moisture levels
within any given temperature. Averaging across temperature
at each moisture, percentage oil extracted for the 15% mois-
ture samples was different (P < 0.05) from the 9 and 12%
moisture samples. Averaging across moisture levels at each
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TABLE 2 
Analysis of Variance Results

Mean squaresa

Source DF Flake thickness Oil extracted

Roll opening (R) 2 1434.0** 78.7**
Temperature (T) 2 11.1** 4.6**
Moisture (M) 2 5.7** 25.8**
R × T 4 7.0** 2.6**
R × M 4 0.4 3.6**
T × M 4 0.1 1.4*
R × T × M 8 0.3 1.2*
a**P < 0.01; *P < 0.05.

TABLE 3 
Overall Average Flake Thickness and Oil Extracted for Each Roll
Opening, Seed Temperature, and Seed Moisturea

Flake thickness Oil extracted,
Variable (in./1000) % (db)

Roll opening (in./1000)
5 12.4A 29.9C

13 20.6B 27.9B
20 30.2C 25.7A

Seed temperature (°F)
65 20.2A 27.3A

190 21.4B 27.7A
210 21.7B 28.3B

Seed moisture (%)
9 20.5 28.6B

12 21.1B 28.4B
15 21.6C 26.4A

aValues followed by different capital letters are significantly different.
For abbreviations see Table 1. 

FIG. 4. Impact of seed temperature and moisture at flaking on flake
thickness vs. roll opening. A. Temperature effect (°F), averaged across
all moistures. B. Moisture effect, averaged across all temperatures.



temperature, there were no differences in percentage oil ex-
tracted (P > 0.05) among temperatures. Next, consider samples
prepared at 0.013-in. roll opening. At 9% moisture, less
(P < 0.05) oil was extracted from the 190°F samples than from
the 210 and 65°F samples. At 12 and 15% moistures, more oil

was extractable (P < 0.05) from the 190 and 210°F samples than
from the 65°F samples. Averaged over all temperatures, oil ex-
tracted from the 9 and 12% moisture samples was greater
(P < 0.05) than from the 15% moisture samples. Averaged over
all moistures, more oil was extracted from the 190 and 210°F
samples than from the 65°F samples. Consider the 0.020-in. roll
opening samples. At the 9% moisture level, there were no dif-
ferences in percentage oil extracted among the three tempera-
tures. At 12% moisture, more oil was extractable (P < 0.01)
from the 210°F samples than from either the 65 or 190°F sam-
ples. At 15% moisture, the oil extractability decreased (P < 0.01)
with temperature in the order 210 > 190 > 65°F. Averaged over
all moistures, percentage oil extracted similarly decreased with
temperature (P < 0.01). Averaged over all temperatures, oil ex-
tractabilities were greater (P < 0.01) for samples with moisture
levels of 9 and 12% than for samples at 15% moisture.

These data clearly show that flake thickness (roll opening)
is the dominant factor for efficient extraction of oil from
meadowfoam seed (Fig. 1). Seed temperature and moisture at
flaking play small but not trivial roles. A more complete ex-
perimental protocol with more data points likely would fur-
ther delineate these small moisture and temperature effects
on flake thickness and oil extractability, and perhaps define
the optimal moisture and temperature levels. These data sug-
gest that approximately 10% moisture and 200°F are satisfac-
tory. For straight solvent extraction on flakes, the data show
that it is imperative to achieve flake thicknesses of roughly
0.013 in. for reasonable oil extraction efficiencies (94%).
With thicker flakes, oil recovery dramatically decreased on
average to 87% for 0.021 in. flakes and 82% for 0.031 in.
flakes. It seems logical also that if screw pressing or extrud-
ing (expanding) follows flaking of meadowfoam seed, then
the screw press or expander must reduce particle size signifi-
cantly if thick flakes are fed to them or oil extraction will not
be very efficient. Without flaking, it appears that screw presses
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FIG. 5. Impact of seed temperature and moisture at flaking on oil ex-
tractability vs. flake thickness. A. Temperature effect, averaged across
all moistures. B. Moisture effect, averaged across all temperatures. See
Figure 1 for abbreviation.

FIG. 6. Percentage oil extracted from meadowfoam flakes as a function of seed moisture, seed temper-
ature, and roll opening. RO = roll opening for flaking.



or expanders would have to reduce particle size to that simi-
lar to the thinnest flakes, or to particle sizes associated with
our coffee mill compositions, in order to efficiently prepare
meadowfoam seed for solvent extraction. Generally, new crop
oilseeds, such as meadowfoam, crambe and lesquerella, have
been initially processed on a commercial basis in mills that
are designed to extract commodity crops (soybeans, sunflow-
ers, cottonseed, etc.). Furthermore, equipment changes (e.g.,
screw and barrel arrangements) for optimal extraction of the
new crops are not made because of short runs and unknown
processing requirements. However, flaker modifications can
often be made to adapt to the needs of the new crops. The au-
thors suggest that such may be possible for more efficient re-
covery of meadowfoam oil. If optimal cooking conditions (ca.
10% moisture, 200°F, 45 min) precede optimal flaking, then
better quality oil will also be produced.
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