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1. Introduction

A seeder should place seed in an environment for reliable germination. The main objective
of sowing is to put seeds at a desired depth and spacing within the row. Uniform seed
distribution within the soil result in better germination and emergence and increase yield by
minimizing competition between plants for available light, water, and nutrients. A number
of factors affect seed distribution in soil. Seed metering system, seed delivery tube, furrow
opener design, physical attributes of seed and soil conditions all play a part in determining
seed distribution.

Conservation tillage is defined to be any tillage or sowing system which leaves at least 30%
of the field covered with crop residue after sowing has been completed. In such soils,
erosion is reduced by at least 50% as compared to bare, fallow soils. In the last three
decades, no-till sowing practices that promote soil and water conservation have slowly
become an accepted alternative to conventional tillage systems.

Improvements in the design of minimum and no-till seeders, lower cost and more effective
herbicides, a better understanding of the role of tillage in crop production systems, and an
increased emphasis on residue management have been key factors in the successful shift to
no-till sowing (Baker et al., 2002).

The continuous development of conservation tillage technologies has led to studies on the
performance of seeders. No-till sowing requires a seeder that will effectively penetrate
untilled soil and place the seed at the optimum depth for rapid plant emergence.

No-till seeders and drills must be able to cut and handle residue, penetrate the soil to the
proper sowing depth, and establish good seed-to-soil contact. Many different soil conditions
can be present at the time of sowing. Moist soils covered with residue, which may also be
wet, can dominate during late fall and early spring and occasionally in the summer.
Although this provides for an ideal seed germination environment, such conditions can
make it difficult to cut through residue. In contrast, hard and dry conditions may also
prevail. This is especially common when no-tilling soybean into wheat stubble during the
hot, dry months of June and July. Although cutting residue is easier during dry conditions,
it is more difficult to penetrate the hard, dry soils. Proper timing, equipment selection and
adjustments, and management can overcome these difficult issues.

Two of the keys for success with no-till equipment are proper handling of the previous crop
residue and weed control. If these issues are not considered, then the ability of the seeder or
drill to perform its functions is greatly limited. The residue has to be uniformly spread
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behind the combine if the opening devices are going to cut through the material and plant at
a uniform depth. It is very difficult for the seeder to cut the residue if the combine has left a
narrow swath of thick residue and chaff (Grisso et al., 2009).

Probably the primary difference between conventional seeder systems and those designed
for conservation tillage systems is weight. Since the openers and soil engaging devices must
penetrate much firmer soils and cut the residue, the conservation seeder systems are built
heavier and have the ability to carry much more weight than conventional systems. For
adequate coulter penetration, weight may have to be added to the carrier. Some seeder use a
weight transfer linkage to transfer some of the tractor weight to the coulters to ensure
penetration. Because coulters are usually mounted several feet in front of the seed
opening/placement device (in the case of coulter caddies even further), many use wide-
fluted coulters, a pivoting hitch or a steering mechanism to keep the seed openers tracking
in the coulter slots.

Wide-fluted coulters (5-8 cm wide) perform the most tillage and open a wide slot in the
residue. They allow faster soil warm-up (which may be a disadvantage in some double-
cropping situations) and prepare an area for good soil-to-seed contact. However, because of
the close spacing, fluted coulters require more weight for penetration, disturb more soil
surface, and bury more residue. In wet soil conditions, fluted coulters may loosen too much
soil, which could prohibit good seed-to-soil contact. The loose, wet soil may stick to the seed
openers and press wheels resulting in non-uniform depth control and clogging.
Narrow-fluted coulters or narrow bubble coulters, ripple coulters and turbo-rippled coulters
do not require as much weight for penetration and do not throw as much soil out of the seed
furrow as the wide-fluted coulters.

Most no-till seeder is equipped with independent sowing units that should allow at least
15 cm of vertical movement. This will allow smooth transit over non-uniform surface and
adjust for root stubs and other obstacles. These units are sometimes staggered which helps
with the unit function (more side-to-side space) as well as more space for the residue to flow
through the system. These units should be equipped with heavy down-pressure springs and
sufficient weight to ensure penetration of both the coulters and seed furrow openers into
untilled soil. Usually these springs are adjustable and multiple springs can be added until
sufficient pressure is achieved.

Some no-till seeders are not equipped with coulters. These seeders use the seed furrow
openers to cut and place the seed. Several seeder systems have a staggered double disk seed
furrow opener without a coulter. The leading disk cuts the residue and the second aids in
opening the seed furrow. Some manufacturers use a single, large disk set at a slight angle.
These units require less weight.

Sufficient weight must remain on the press wheels to ensure firming of the seed into the soil.
Wet soil is easily compacted and care must be taken not to over pack the soil, making it
difficult for seedling roots to penetrate the soil. In dry soil conditions, extra closing force
may be needed. The key is to evaluate seed-to-soil contact, not the top of the seed-vee. As
long as the contact is there, something as simple as a harrow that acts to close the top of the
vee and pull light residue cover back over the vee may be all that is needed. This is a
common practice on drills that use a narrow press wheel (Grisso et al., 2009).

Depth control of most no-till seeder systems comes in three methods:

1. front wheel in front of the seed furrow opener,

2. side gauge wheel adjacent to the seed furrow device, and

3. presswheel behind the seed furrow opener.
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In all three cases, keep adequate pressure on the front, gauge or press wheel to force the
openers into the soil to the proper depth. A harrow behind a seeder ensures seed coverage
and redistributes residue for effective conservation measures. Regardless of the depth
control, wide-flat press wheels are unacceptable for no-till since they will ride on the firm
soil adjacent to the seed furrow and will not firm the seed into soil. A wide press wheel
equipped with a rib that runs on the sides of the seed furrow or a rib that runs directly over
the furrow to press the seed is adequate for good seed-to-soil contact. Karayel and Ozmerzi
(2009) evaluated three depth-control components in two different field conditions (Fig. 1).
Runner and double disc openers were used with each depth-control. The vertical and
horizontal distribution of seeds in the soil and percentage of emerged seedlings were
determined to evaluate performance of depth-control components. The horizontal
distribution of seeds was described by using the mean, standard deviation, and coefficient
of variation of seed spacings. The vertical distribution of seeds was described by using the
distribution area of seeds in addition to the mean, standard deviation, and coefficient of
variation of sowing depths. Mean seed spacing was not affected by depth-control
component but mean sowing depth was affected. The minimum coefficient of variation of
sowing depth and distribution areas of seeds were obtained with the side gauge wheel. The
best choice for depth-control is side gauge wheel according to uniformity of vertical
distribution of seeds and percent emergence. The poorest choice for depth-control is the rear
presswheel which malfunctioned by sinking into loosened soil and produced deeper and the
most variable sowing depths.

Morrison and Gerik (1985a & b) evaluated four depth-control components with grain
sorghum and maize crops for no-tillage seeders. Depth-control components affected mean
depth of sowing and depth variations. They also evaluated seeder depth-control on the basis
of the predicted effects on simulated emergence for four crops. A linked front and rear
depth-control wheel performed similar to rear and front depth-control wheels. Side gauge
wheel were the least sensitive to type of crop residue, but required higher down pressure
levels to minimize sowing depth variations.

Chen et al. (2004) investigated effects of presswheel, gauge wheel and fertilizer banding
attachment on the selected seeder and crop performance. When presswheels or/and gauge
wheel were not used, delayed emergence, reduced plant population and yield were
observed in the normal and dry soil condition, while better crop emergence and comparable
yield were obtained in the very wet sowing condition.

Soybeans are usually planted with either an agronomic row crop seeder or a grain drill. A
grain drill is typically used for very narrow row configurations. Grain drills are less
expensive per row than row-crop seeders but do not deliver the same metering uniformity.
Soybean farmers have expressed a need for an alternative seeder combining the uniformity
of a row-crop seeder with the lower cost of a grain drill.

Ess et al. (2004) conducted a research on conventional fluted-meter devices to evaluate them
for variable rate soybean sowing. Fluted-meters have a cup on a rotating shaft and then an
opening gate. The device performed very poorly for this test and showed that changing
shaft speed or forward speed or gate opening greatly hindered the accuracy of population
and spacing of the seed. As the seeds increased in size, the variability was even greater.

The drill meter devices were usually not considered for singulation accuracy because the
small grains can usually compensate for the inconsistency. This may not be the case for
soybeans. Some accuracy and spacing uniformity can be gained with very specific travel
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speeds and fixed population but this degrades quickly if travel speed is not consistent.
Another problem that contributed to the lack of spacing uniformity was the distance from
the seed meter device to the seed furrow. The seed bounce and travel in the seed delivery
tube greatly influenced the spacing uniformity.
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Fig. 1. Depth-control components of no-till seeders. (a) Rear presswheel, (b) Side gauge
wheel, (c) Front wheel

The conventional seed meter devices for drills often result in poorly spaced stands with
many gaps. To compensate for this stand variability, many operators will over-seed their
stands by 10-20%. The interest in the drills with singulation devices similar to row-crop
meter devices is due to the possibility to improve stands, reduce seed cost, and reduce
variability seen in conventional flute-meter devices.

With these inherent problems of conventional fluted-meter devices, manufacturers have
designed a spiral cup, belted meters, and meter devices that singulate out the individual
seeds (potential to plant corn). Designers also moved the meter device closer to the ground
to reduce the travel distance to the seed placement. Manufacturers have also adapted row-
crop seeders for narrow row to give producers the seed singulation and spacing accuracy as
well as a machine that could be used for both drilled and row-crops (Grisso et al., 2009).
Parish et al. (1999) designed a prototype belt-metering seeder for soybeans. The prototype
was compared with commercially available seeders equipped with fluted wheel, brush, or
finger metering systems. At forward speeds of 3.2 to 9 km h, the prototype set for a
nominal spacing of 24 mm was able to meter soybeans with a mean spacing of 23 to 30 mm
and a quality of feed index of 38 to 46%. Sowing uniformity of the prototype was not better
than the sowing uniformity of the three commercial seeders.

Some research was conducted on precision vacuum seeders to evaluate them for row crops
such as maize (Zea mays L.) and soybean (Glycine max L.). Precision seeders place seeds at the
required spacing and provide a better growing area per seed. There are two common types
of precision seeders: belt and vacuum. Precision vacuum seeders have a metering plate with
metering holes on a predetermined radius. A vacuum is applied to these metering holes by

www.intechopen.com



8 Soybean - Applications and Technology

means of a race machined in a backing plate. As the plate rotates, the vacuum applied to the
metering holes enables them to pick up seeds from the seed hopper. Precision vacuum
seeders provide a higher dosage preciseness with lower rate of seed damage caused by seed
plate, and broader spectrum of applicability. An additional advantage of these machines is
that upkeep and drift of seeds can be controlled by eyes and adjusted which also provides a
more successful sowing (Soos et al., 1989).

Giannini et al. (1967) published a thorough discussion of the need for precision sowing and
discussed the development of a very successful precision seeder that used vacuum
principles for singulation. Compared with the standard bulk metering seeder, this vacuum
seeder used 90% less seed, thus reducing thinning time and resulting in improved yields.
Hudspeth and Wanjura (1970) developed a vacuum meter system for sowing cotton
(Gossypium hirsutum L.). Field tests showed that plant spacing and emergence were better
when the vacuum meter system was used compared with a conventional grain drill with a
double-run meter, which consists of a cast iron disc corrugated at both sides by fine and
coarse pockets to suit different sizes of seeds. Parish and Bracy (1998) hypothesised that a
vacuum seeder should meter a wider range of seed size more uniformly than a belt seeder,
since the holes in the seed plate must only be smaller than the smallest seeds in the lot.
Karayel and Ozmerzi (2004) assessed the use of a precision vacuum seeder for hill-drop
sowing of melon (Cucumis melo) and watermelon (Citrullus lanatus). They reported that the
precision vacuum seeder was effective at hill-drop sowing of melon and watermelon.

Little work has been done to evaluate using possibilities of conventional seeders for
minimum and no-till systems. Raoufat and Mahmoodieh (2005) evaluated field performance
of a conventional row crop seeder with two types of coulter attachment (plain/notched
coulters) in two tillage systems (mouldboard/ chisel ploughs) for maize cropping after a
wheat harvest. Chisel ploughing followed by a coulter-seeder appears to be a good
alternative to a more conventional cropping system, offering advantages for conservation
farming and better plant establishment. Raoufat and Matbooei (2007) developed proper
cleaning wheels for conventional precision seeders and evaluated the field performance of
the new row cleaner seeder at various levels of previous wheat residue and forward speed
for no-till sowing of maize. Row cleaners performed best at the forward speed of 10 km h-1,
retaining an average residue cover of 920 kg ha! compared to 1350 kg ha-! for plots planted
without using row cleaners.

The primary disadvantage of no-till farming is the need for specialized sowing equipment
designed to plant seeds into undisturbed soil and crop residues. Because no-till is a
relatively new technique, new and different equipment has to be purchased or hired. The
price of the no-till seeders is the main limitation to no-till in Turkey. Modifying the
conventional seeders commonly used in Turkey may be a key factor in the shift to no-till
sowing. Objective of this research was to evaluate possibilities of using a conventional
precision seeder equipped with hoe and double disc furrow openers for no-till sowing of
soybean.

2. Materials and methods

The study was conducted in July 2006 at the Research and Application Land, Faculty of
Agriculture, University of Akdeniz, Antalya, Turkey. The soil (Eutric Vertisols by
FAO/UNESCO), composed of 41% sand, 26% silt, and 33% clay, was classified as clay-loam,
and residue from the previous wheat crop was on the soil. The wheat was harvested by a
combine harvester leaving relatively uniform stubble. The average residue mass before the
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sowing operation was 2.8 t hal. Moisture content of the soil for the top 50 mm before
sowing was 22.1% dry basis. Soybean (Glycine max L.) seed with a mean mass per seed of
212 mg were used for all treatments. Two different types of furrow openers (hoe and double
disc) and three forward speeds (1.0, 1.5 and 2.0 m s?) were used as treatments. Plot
dimensions were 5 m x 25 m and the measurements taken in each plot were: the distance
between seedlings, depth of seed placement and number of seeds emerged per day.

A precision vacuum seeder was modified to allow simultaneous mounting of two different
furrow openers, with one furrow opener on one row unit and the second furrow opener on
another row unit, on the two-row seeder. The seeder was a general-purpose Sonmezler
PMD seeder designed for row crops such as maize and soybean (Fig. 2) (Sonmezler
Company, Adana, Turkey). A seed plate operated in a vertical plane and required a vacuum
of 3.5- 8.0 kPa to select a seed. Air suction from the holes of the seed plate caused the seed to
stick to holes 4 mm in diameter. Seed was released from the rotating plate by blocking air
suction over the opener, which had no seed tube.
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Fig. 2. The modified precision vacuum seeder for no-till sowing (Direction of travel is left to
right)
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Each sowing unit was independently mounted on a four-bar parallel linkage equipped with
joint springs to apply downward force on the sowing unit and was composed of a furrow
opener followed by a presswheel, which closed and compacted the seed furrow. The seed
metering system was adjusted for a nominal seed spacing of 102 mm in the row. Furrow
openers was adjusted for a nominal sowing depth of 50 mm. The seeder was calibrated in
the laboratory before field operation.

The furrow opener of the precision vacuum seeder was a runner-type opener (widely used
when cropping maize and soybean in ground that has been conventionally tilled) before
modifying the seeder for no-till sowing. Hoe and double disc-type furrow openers were
used in the study because disc and hoe openers are becoming more popular where
minimum and no-till systems are used and there is a greater amount of residue left on the
surface. The hoe-type furrow opener was made from grey cast iron, with its cutting edge
quenched to increase hardness and wear resistance. A pair of mild steel wings were welded
to either side of the opener to complete the assembly. The double disc-type furrow openers
were designed and fabricated from high-carbon steel plates 3.5 mm thick (Fig. 3).

Each furrow opener assembly comprised a vertical shank and an axle to which the furrow
opener was mounted via a bearing. The opener shank assembly was designed in such a way
that the opener could easily float, avoid side force and follow the direction of machine
travel. A 400-mm diameter wavy-edged disc was mounted in front of furrow opener. The
longitudinal distance from the center of each wavy-edged disc to the leading edge of the
furrow opener was set at 450 mm.

The side gauge wheels, which maintained a constant sowing depth, were 60 mm x 260 mm
soft crowned gauge wheels mounted vertically, at the same longitudinal position as the
center of the furrow openers and positioned so the lateral distance from the inner side of the
gauge wheel was 30 mm outboard of the furrow opener. There were no side gauge wheels
or wavy-edged disc on the seeder before it was modified for no-till sowing. Down force of
all depth-control wheels was set at 750 N based on the soil condition in this study.

After sowing, the distribution of the seeds along the length the row, sowing depth
uniformities, mean emergence times (MET), and percent emergence (PE) were compared.
The distances between adjacent plants in each furrow were measured. Spacings between
adjacent plants were measured in the field 17 days after sowing for about 50 soybean plants
for each treatment. The depths of the seeds beneath the soil surface were measured. A mark
was made on the plant at the ground level. The plant was then dug out and the entire stem
length below the mark was taken as the effective sowing depth. Mean sowing depth and
coefficient of variation of depth were calculated from these measurements.

The sowing uniformity of the distribution pattern along the length of the row was analyzed
using the methods described in Kachman and Smith (1995). The multiple index is the
percentage of plant spacings that were less than or equal to half of the nominal spacing and
indicates the percentage of multiple seed drops. Miss index is the percentage of plant
spacings greater than 1.5 times the nominal seed spacing and indicates the percentage of
missed seed locations or skips.

Quality of feed index (QFI) is the percentage of plant spacings that were more than half but
no more than 1.5 times the nominal spacing. QFI is 100% minus miss and multiple indexes
and is a measure of the percentages of single seed drops. Larger values of QFI indicate
better performance than smaller values. Precision (PREC) is the coefficient of variation of the
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Fig. 3. Furrow openers as used in the experiment. Units of dimensions are mm. (a) Hoe-type
opener (Upper view is top view and lower view is right side view), (b) Double disc-type
opener (Left view is front view and right view is side view)
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spacings (length) between the nearest plants in a row that are classified as singles after
omitting the outliers consisting of misses and multiples. According to Kachman and Smith
(1995), the theoretical upper limit for precision is 50% and this distribution of spacings
would indicate that the theoretical spacing was incorrectly specified and, therefore, this
level of precision is unfavourable. A practical upper limit on the value of precision is 29%.
While there is a theoretical upper limit of 50% on the precision, values consistently greater
than 29% should be viewed with suspicion.

Seedling counts were made in 25 m of row per treatment every day during the emergence
period. From these counts, mean emergence time and percent emergence were calculated as
(Bilbro & Wanjura, 1982; Karayel & Ozmerzi, 2002):

MET = — @
Ni+Ny+...... +N,
S
PEzf 2

where Ny, ... q is the number of seedlings emerging since the time of previous count; Ty,... n is
the number of days after sowing; S is the number of total emerged seedlings per meter; n is
the number of seeds sown per meter; MET is the mean emergence time, in days and PE is
the percent emergence.

A completely randomised design was selected for the experiment. Each treatment was
replicated three times. Analysis of variance was determined using the SAS package (Cary,
N.C.) to examine the effects of treatments. Duncan’s multiple-range tests were used to
identify significantly different means within dependent variables at P<0.05.

3. Results and discussion

Performance of a modified precision vacuum seeder for no-till sowing of soybean was
analyzed related to the sowing uniformity of the distribution pattern along the length of the
row, uniformity of sowing depth, mean emergence time and percent emergence. Multiple
index, miss index, quality of feed index, sowing depth, mean emergence time and percent
emergence were combined for analysis of variance to determine significant differences in
the variability among the parameters.

The results of the analysis show that the multiple index, miss index, and QFI of the
distribution of the seeds along the length of the row were significantly influenced by the
forward speed of the seeder (Fig. 4). Furrow openers did not have a significant effect on
multiple index, miss index, and QFIL Increasing the forward speed of the seeder affected the
performance of the furrow openers and the placement of the seeds, and caused multiple
index to decreased and miss index to increase.

Larger values of quality of feed index indicate better performance than smaller values. In
other words, the quality of feed index is a measure of how often the spacings are close to the
nominal spacing (Kachman & Smith, 1995). Mean comparisons of the quality of feed index
values, as affected by forward speed, revealed that the highest quality of feed index values
were obtained at the forward speed of 1.5 m s?. The seed spacings obtained from the
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: Means followed by same letter on a line are not significantly different at probability P=0.05, by
Duncan’s multiple range test.

Fig. 4. Uniformity of the sowing distribution pattern along the length of the row for soybean
at different forward speeds and for different furrow openers. a) Hoe-type opener, (b)

Double disc-type opener
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forward speed of 1.5 m s were closer to the theoretical spacing. Precision is a measure of
the variability in spacings between plants after accounting for variability due to both
multiples and skips. A practical upper limit for precision is 29%. Smaller values of precision
indicate better performance than larger values (Kachman & Smith, 1995).

Comparison of data on overall average precision as affected by forward speed and furrow
opener treatments shows a significantly higher precision for the forward speed of 2.0 m s
as compared to the forward speeds of 1.0 and 1.5 m s. The negative effect of the forward
speed of 2.0 m s1 on the precision is evident.

In general it can be concluded that as the forward speed decreases, precision declines and
seeder performance improves. The results support reports from Barut (1996), Karayel et al.
(2004) and Karayel and Ozmerzi (2001) who found that the pattern efficiency of the vacuum
seeder differed most at lesser or greater vacuum pressures and faster forward speeds. In this
research, precisions of the seeder were poorer at greater forward speeds.

Using the double disc-type opener resulted in lower values of the precision than the hoe-
type opener. The precision results for both types of seed show that the best uniform plant
spacing occurred for the double disc-type furrow opener at the forward speed of 1.0 m s
and the least uniform occurred for the hoe-type furrow opener at the forward speed of
2.0 m s1. The range of precision of forward speeds of 1.0 and 1.5 m s experienced in this
study was 18.1-21.9% for soybean sowing, and these are acceptable, as they are well below
29%.

Analysis of the soybean sowing data, combined, showed significant differences in mean
sowing depth occurring among forward speeds and furrow openers. Fig. 5 shows the
influence of the forward speeds and furrow openers on uniformity of sowing depth.
Increasing the forward speed affected the performance of the furrow openers and the
placement of the seeds, and caused the mean sowing depth to decrease and the coefficient of
variation of depth to increase. The actual mean sowing depths are nearly equal to nominal
sowing depth for the forward speed of 1.0 m s-1.

The mean sowing depth and coefficient of variation of depth for the hoe-type opener are
generally greater than for the double disc-type opener for all forward speeds. While the best
uniform sowing depth occurred for the double disc-type opener at the forward speed of
1.0 m s, the worst results occurred for the hoe-type opener at the forward speed of 2.0 m s.
Fig. 6 shows that the forward speed of 2.0 m s resulted in the least mean emergence time,
and the reason might be shallower sowing depth at this relatively high forward speed. It
should be noted that the results refer to mean emergence times of soybean seeds, for no-till
sowing, ranging from 6.4 to 7.7 days for soybean.

Analysis of the soybean sowing data, combined, showed a significant difference in percent
emergence due to forward speed and furrow opener (P < 0.05). Fig. 7 shows the significantly
greater average percent emergence for the double disc-type opener as compared to the hoe-
type opener. Increasing the forward speed affected the performance of the furrow openers
and the placement of the seeds, and caused the final percent emergence to decrease.

The forward speed of 1.0 m s had the greatest percent emergence, due to the most uniform
sowing depth. Our results support reports from Heege (1993), Ozmerzi et al. (2002), Karayel
(2005), Karayel and Ozmerzi (2007a & b), and Canakci et al. (2009) who found that percent
emergence was negatively affected by large variability in sowing depth.
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1: Means followed by same letter on a line are not significantly different at probability P=0.05, by

Duncan’s multiple range test.

Fig. 5. Uniformity of sowing depth for different forward speeds and furrow openers. (a)
Hoe-type opener, (b) Double disc-type opener
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Fig. 6. Mean emergence time (MET) of soybean seeds for different forward speeds and
furrow openers
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Fig. 7. Percent emergence (PE) of soybean seeds for different forward speeds and furrow
openers
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4. Conclusions

The possible impact of this research is that farmers can benefit from advantages of a no-till
system by modifying their existing seeders for no-till sowing of soybean. Modifying the
conventional precision seeders commonly used in developing countries may be a key factor
in the shift to no-till sowing.

On the basis of this research we reached the following conclusions. Increasing the forward
speed of a modified precision vacuum seeder increased the precision for the distribution of
seeds along the length of the row and increased the coefficient of variation of depth, due to
the effect of speed on the performance of the furrow openers and placement of the seeds.
The greatest emergence time and percent emergence occurred when the forward speed was
1.0ms1.

It can be concluded that the position of the seed in the soil effects mean emergence time and
percent emergence of soybean. Double disc-type openers performed better than the hoe-
type opener, according to the percent emergence and the uniformity of the distribution
pattern along the length of the row and sowing depth. As a result of this experiment,
improved precision of no-till sowing of soybean can be attained by using a forward speed of
1.0 or 1.5 m s with a modified precision vacuum seeder equipped with a double disc-type
furrow opener.
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Soybeans Processing for Biodiesel Production

A. Bulent Koc, Mudhafer Abdullah and Mohammad Fereidouni
University of Missouri
United States

1. Introduction

There is a need for alternative energy sources to petroleum-based fuels due to the depletion
of the world’s petroleum reserves, global warming and environmental concerns. Biodiesel
is a clean and renewable fuel which is considered to be the best substitution for diesel fuel
(Singh & Singh, 2010). Soybean oil is one of the major feedstocks for biodiesel production.
According to United States Department of Agriculture (USDA), the U.S. was the largest
producer of soybean oil in the world in 2006/2007. The U.S. was followed by Argentina,
China, Brazil and India in soybean oil production. The U.S. produced 34.5 % of total
soybean oil in the world (United States Department of Agriculture, 2008). This amount of
oil is a promising source for biodiesel production from a natural and environmentally
friendly agricultural product (Patil & Deng, 2009). Although Food and Agriculture
Organization of the United Nation (FAO) stated many environmental problems associated
with large scale production of soybeans and maize (FAO, 2009), Life Cycle Assessment
(LCA) studies indicated that cultivation of soybeans has less negative impacts on
environment than some other oil seeds like sunflower and rapeseed (Sanz Requena et al.,
2010).

In addition to biodiesel production, soybeans can be used to produce ethanol. Soybean
hulls contain significant amount of carbohydrate for ethanol production and producers
prefer to use soybean hulls for animal feeding because of its high protein content (Mielenz et
al.,, 2009). Although, biodiesel is usually used as a blend with petro-diesel at varying ratios,
it can also be used to fuel compression ignition engines alone. The results of engine emission
tests showed that use of biodiesel alone produced less emissions of CO, HC, NOx and
smoke than petro-diesel (Qi et al., 2009). Conventional biodiesel production from soybeans
uses separate processes for oil extraction and biodiesel conversion. Oil extraction from
soybeans is accomplished by using mechanical presses, solvent extraction, supercritical fluid
extraction and microwave- and ultrasound-assisted solvent extractions. The extracted oil is
degummed and converted to biodiesel via transesterification. Transesterification is a
chemical reaction process during which the oil is combined with alcohol, usually ethanol or
methanol, in the presence of a catalyst to form fatty esters and glycerol. Reducing biodiesel
production costs from $ 3.11 per gallon to below the petro-diesel cost of $3.0 per gallon is
important to make biodiesel competitive in the diesel fuel market (Kargbo, 2010).

The objective of this chapter is to provide a literature review on oil extraction and biodiesel
production from soybeans and to discuss the uses of high intensity ultrasound in processing
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of soybeans for biodiesel production. Three examples of ultrasound applications in soybean
processing for biodiesel production will be discussed. The first example will investigate the
effects of solvent amount, oil extraction time and ultrasonication on soybean oil yield. The
second example will examine the ultrasound-assisted transesterification of soybean oil for
biodiesel production. The third application will investigate the feasibility of integrating
soybean oil extraction and biodiesel production processes using ultrasound-assisted in-situ
transesterification.

2. Literature review

Extracting oil from soybeans requires pretreatment of the grains. Pretreatment includes
operations of cleaning and drying, dehulling and grinding (Fig. 1). Use of mechanical
presses, solvent extraction, supercritical fluid extraction and microwave-and ultrasound-
assisted oil extraction are the major processes practiced for oil extraction from soybeans.

Mechanical Extraction

Mechanical pressing of oil seeds is one of the most common methods of oil extraction in the
world. However, single screw mechanical presses leave about 8-14% of the available oil in
the oil seeds (Singh & Bargale, 2000). In mechanical extraction, effects of enzymes are
neutralized by heating (Gerpen et al., 2002). An efficient way of providing heat for enzyme
neutralization is using an extruder. Extruders provide enough pressure and temperature on
seeds to deactivate enzymes (Gerpen et al., 2002). Jung and Mahfuz (2009) used a dry
extruder with high temperature for extraction of oil and protein. They found that increased
extruder pressure increased the protein solubility in soybean oil.

= - ) ac
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-Mechanical presses
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Fig. 1. Soybean processing for oil extraction and biodiesel production.
Solvent Extraction

Hexane is extensively used for oil extraction from soybeans and other oilseeds because of its
low vaporization temperature, high stability, low corrosiveness and low greasy residual
effects (Seth et al., 2007). Johnson and Lucas (1983) proposed to use other non-petroleum
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materials instead of hexane as a solvent. They mentioned a set of problems with hexane
such as the price which is dependent on fossil fuels market and its negative environmental
effects (Gandhi et al., 2003). Russin et al. (2010) stated that more than 70 different solvents
could be used for oil extraction from soybeans. However, the focus in many of the recent
studies were mainly on using various alcohols on oil extraction (Russin et al., 2010). Seth et
al. (2007) showed that the use of isopropyl alcohol caused higher extraction rates and oil
recovery than hexane (Seth et al., 2007). Lou et al. (2010) compared Chilean chickpea oils
extracted with hexane, isopropanol and a mixture of hexane and isopropanol in a ratio of
3:2. Mixture of hexane and isopropanol showed higher extraction rates than hexane and
isopropanol alone.

Supercritical Fluid Extraction

Supercritical carbon dioxide utilized as a relatively new technique to extract oil and
isoflavones from soybeans (Mendes et al., 2002). Zaidul et al. (2007) used supercritical
carbon dioxide (SC-CO,) for extraction of oil from palm kernel (Zaidul et al., 2007). Salgin
(2007) used supercritical CO, and supercritical ethanol mixture for oil extraction from jojoba
oilseeds. Their results showed an improvement on oil extraction rate. Temperature and
pressure had the main effects on supercritical fluid extraction (Salgln, 2007). Kao et al. (2008)
compared solvent extraction with supercritical carbon dioxide extraction and reported that
supercritical carbon dioxide extraction provided higher oil yields than solvent extraction
(Kao et al., 2008).

Ultrasound-assisted Extraction

Luthria et al. (2007) compared several techniques for oil extraction from soybeans. They
obtained 93.3% oil yield with ultrasonication technique, which was the highest amount in
comparison with other methods (Luthria et al., 2007). The ultrasound and microwave
techniques used separately and in combination by Cravotto et al. (2008) for extracting oil
from soybeans and micro-algae. Ultrasound/microwave extraction techniques reduced the
extraction time and solvent amounts and produced higher extraction efficiency with less
environmental impact than conventional (Soxhlet) extraction (Cravotto et al., 2008). Zhang
et al. (2008) used both ultrasonic and conventional methods for oil extraction from flaxseed
and stated that ultrasound is more efficient than the conventional method for oil extraction
from flaxseed (Zhang et al., 2008). Ultrasonication method used to extract oil from Chilean
chickpea by Lou et al. (2010). They indicated that use of ultrasound increased the speed of
extraction and the final product quantity (Lou et al., 2010).

Microwave-assisted Extraction

Uquiche et al. (2008) investigated the oil extraction and oil quality from Chilean hazelnut.
They used microwave technique in pretreatment step and followed by mechanical pressing.
Their result showed that microwave application improved both the oil quality and quantity
(Uquiche et al., 2008). Enzymatic hydrolysis was another method, which was proposed by
Kashyap et al. (2009) to increase oil extraction from soybeans. This method was applied after
pretreatment and the results showed that enzymatic hydrolysis had significant effects on oil
extraction from soybean flakes (Kashyap et al., 2007). Terigar et al. (2010) compared
microwaves-assisted solvent extraction with conventional solvent process on extraction of
isoflavones from soybeans. They reported that oil and isoflavones yields increased by
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continuous microwave system in comparison with solvent extraction method (Terigar et al.,
2010).

Refining Oil

Degumming is the first step in the oil refining processes and the goal is to remove the
phospholipids present in the oil by adding hydrating agents. Water and acid degumming
are two main methods which were applied by the oil industries (Ribeiro et al., 2008).
Pagliero et al. (2007) used membrane separation as an alternative process for oil
degumming. They mentioned that membrane separation is a potential process compared to
conventional degumming processes (Pagliero et al., 2007).

Biodiesel production
Transesterification method

Transesterification is a common method for biodiesel production from vegetable oils and
animal fats and usually preferred instead of direct esterification (Abreu et al., 2003). In
transesterification or alcoholysis, fats or oils react with alcohol in presence of a catalyst to
form alky esters and glycerol (Meher et al., 2006). The transesterification process reduce the
viscosity of oils which is higher than petro-diesel (Stavarache et al., 2005). Selecting a
suitable alcohol and catalyst is important for transesterification method. Various alcohols
such as methanol, butanol, ethanol, propanol and amyl alcohol can be used for
transesterification. Methanol is used widely because it is relatively cheaper than other
alcohols and has chemical and physical advantages over other alcohols (Ma & Hanna, 1999).
In theory 3 moles of alcohols are required to neutralize 1 mole of triglyceride to produce 3
moles of fatty acid methyl ester (FAME) and 1 mole of glycerin (Leung et al., 2010). A good
catalyst is also needed to obtain a reasonable rate for transesterification of triglycerides and
its conversion to biodiesel (Lotero et al., 2005). Acid and alkaline catalysts can be used in the
form of homogeneous or heterogeneous catalysts for transesterification process (Pereira et
al., 2007). Research and industry prefer alkali catalysts, such as NaOH and KOH because
alkali catalysts react faster and are less corrosive than acidic compounds (Pinto et al., 2005).
High water and free fatty acid in oil reduce the effectiveness of catalysts, produce soap and
require considerable amounts of catalysts. Free fatty acids (FFAs) and water in oil needs to
be removed before applying base catalysis process. Marchetti et al. (2008) used acid catalyst
which eliminated the above-mentioned problems. They stated that acid catalysts act better
than base catalysts, because acid catalysts are able to convert higher percentage of free fatty
acids (FFAs) to triglyceride. The first choice for acid catalysts is sulfuric acid which was used
by several researchers (Marchetti & Errazu, 2008). In addition to the acid and base catalysts,
enzyme catalysts are also considered for biodiesel production. The enzyme catalysts
are gaining more interest in recent years because they don’t constitute soap and
their process is simple to complete. Enzymatic catalysts are currently not feasible for
commercial productions since they have higher cost and need longer reaction time (Leung et
al., 2010).

Ultrasound-assisted transesterification

Ultrasound technology was employed in various stages of biodiesel production. Stavarache
et al. (2005) used low frequency ultrasound energy for biodiesel production and compared
the results with conventional biodiesel production processes. They used three different
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types of alcohols and NaOH as a catalyst. They showed that ultrasonication had a positive
effect on transesterification process and reduced the process time and saved energy in the
biodiesel production (Stavarache et al., 2005). Santos et al. (2009) studied the effect of
ultrasonication during the process of biodiesel production from soybean oil. They used
methanol and KOH as a catalyst. They showed the positive effect of ultrasound on biodiesel
yield enhancement (Santos et al., 2009). Cintas et al. (2010) used high power ultrasound in a
continuous system for biodiesel production from soybeans. They used ultrasound after
heating the oil and premixing with a mechanical stirrer. Their results showed considerable
improvement on saving time and energy (Cintas et al., 2010). Koc and McKenzie (2010)
studied the effect of ultrasonication on glycerol separation during transesterification of
soybean oil and optimized this process using response surfaces methodology (Koc &
McKenzie, 2010). Yu et al. (2010) also mentioned that ultrasonication improved biodiesel
production. They used ultrasound waves to produced biodiesel from soybean oil (Yu et al.,
2010). Li et al. (2004) studied the effect of ultrasound duration on oil extraction from
soybeans and compared the results with conventional extraction method. The results
showed a considerable improvement on both quantity and quality of the final product.
Their result showed that ultrasound was able to reduce the amount of free fatty acids (Li et
al., 2004). Chand et al. (2010) compared the biodiesel production of soybean oil by
mechanical stirring and ultrasonication. They showed that, required time for biodiesel
production reduced by the use of ultrasonication (Chand et al., 2010).

In-situ Transesterification method

In-situ transesterification is one of the methods which have some advantages over direct
transesterification. Compared to conventional transesterification, in-situ transesterification is
faster and both oil extraction and biodiesel conversion take place in a single step. In this
method, oil containing materials contact with acid or alkali alcohol directly (Fukuda et al.,
2001). In-situ transesterification eliminates the costly hexane extraction process and reduces
the long production system associated with pre-extracted oil and finally maximizes alkyl
ester yield (Verziu et al., 2009). In-situ transesterification could be improved by increasing
the alcohol volume and process temperature (Ehimen et al., 2010). Georgogianni et al. (2008)
used in-situ transesterification with alkali catalyst and methanol and compared it to
conventional transesterification. Their results indicated that the process was faster and
completed in about 20 minutes (Georgogianni et al., 2008). Similar results for the same
method and materials were reported by Siatis et al. (2006). Harrington and D’Arcy-Evans
(1985) and Kildiran et al. (1996) tested in-situ transesterification with acid catalysts and
methanol. Their results showed increase in total oil production. Quian et al. (2008)
investigated the quality of biodiesel production from cotton seeds by in-situ
transesterification in presence of a base catalyst. They showed that molar ratio of alcohol to
cottonseed oil is important for biodiesel production (Qian et al., 2008). Similar results were
reported by Santos et al. (2009). The highest biodiesel yield was accomplished when 9:1
alcohol to oil ratio was used (Santos et al., 2009). In a recent study, Shiu et al. (2010) used
two-step in-situ transesterification with acid catalyst treatment followed by a base catalyst to
produce biodiesel from rice bran. They successfully produced high amount of biodiesel in
two-step in-situ transesterification in comparison to one step in-situ transesterification (Shiu
et al., 2010).
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3. Materials and methods

Response surfaces methodology was used to design a set of experiments to determine the
effects of ultrasonication on oil extraction from soybeans. Ultrasound effect on soybean oil
transesterification and in-situ transesterification were also investigated.

Materials

Soybeans (Glycine max L.5N416) was obtained from University of Missouri, Bradford
Research and Extension Center (Columbia, MO). Analytical grade hexane was purchased
from Chemstore (Columbia, MO) and used as a solvent. An electric grinder (Black and
Decker®, Burr Mill CBM210, U.S.A.) was used at its fine grind setting to grind the dried
soybeans. The particle size distribution of the ground seeds was determined by using a
sieve analyzer (Sieve Tester SS-15, GILSON, INC, U.S.A.). An electric oven (Fisher scientific
Isotemp® Model 630 F) was used to measure the moisture content. The high intensity
ultrasound system used for this study was a 1000 W ultrasound processor with frequency of
20 kHz (UIP 1000, Hielscher, Germany).

Methods

Eight pounds of soybeans were soaked in warm water and dehulled manually. The
dehulled soybeans were oven-dried for 24 hours and the moisture content was determined.
The dried soybeans were ground and particle size distribution was determined by using a
sieve analyzer. The total oil content of soybeans was determined by Soxhlet extraction. Ten
grams of ground seeds placed in an extraction thimble and 150 ml hexane was refluxed
using a Soxhlet extractor. The temperature of the hexane was maintained at 70 °C and the
extraction continued for 10 hours. The total oil content was determined by calculating the
difference between the dry weight of the ground seeds before and after Soxhlet extraction.

Design of experiments and statistical analysis

The response surfaces methodology consists of a group of empirical techniques devoted to
the evaluation of relationships existing between a cluster of controlled experiment factors
and measured responses according to one or more selected criteria (Fereidouni et al., 2009).
ECHIP experimental design software (Wilmington, DE) was used to design the experiments
and analyze the results of oil extraction stage. To design the experiments, three different
factors of particle size, solvent amount and ultrasonication power were selected. The design
composed of 19 experimental trials with 5 replications. Five replicate runs were performed
to allow the estimation of pure error. All experiments were carried out in a random order to
minimize the effect of unexplained variability in the observed responses due to irrelevant
factors (Sin et al., 2006). Table 2. shows the independent variables and their levels used in
the experimental design. The statistical analyses of direct biodiesel production and in-situ
transesterification stages were carried out by measuring the standard deviation for all the
results and replicating the trials twice.

Particle size (mm) Ultrasound power (%)  Solvent amount (ml)
-1 0.250 50 100
0 0.500 70 150
+1 1.00 90 200

Table 1. Independent variables and their levels used in Central Composite Design (CCD).
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Environmental Scanning Electron Microscope (ESEM) Images

The surface images of soybeans after grinding, before and after oil extraction with
ultrasound and direct solvent extraction were captured using environmental scanning
electron microscopy (ESEM, FEI Quanta 600 FE SEM, FEI Company, OR, USA).

Yield measurement

Hexane-oil mixtures were collected after ultrasonication. The samples were centrifuged at
1000 rpm for 20 min to separate the fine solid particles that may still be present in the
sample. After centrifugation, 1 ml of supernatant was collected from the sample and
weighed using a precision scale. Hexane was evaporated by placing the samples in an oven
at 105 °C for 2 hours. The initial and final weight of the samples were measured and
recorded. The oil yield (Y) was determined by using the following formula (Equation 1).

Y:%’xmo 1)

Where w, is the weight of the extracted oil (g) and w; is the weight of the total oil in each
sample (g). The total oil content (w;) of the soybeans was determined by using the Soxhlet
extraction.

Conventional biodiesel production

Refined soybean oil was purchased from a local store. In the first step, the amount of
required KOH was determined by titration. The titration amount for this study was
determined to be 5.18 g KOH/liter oil. KOH (>92% purity) in the amount of 0.259 g was
dissolved in 50 ml of methanol (>95% purity) and the mixture was heated to 50 °C before
mixing it with the oil. The methanol-KOH solution was added to soybean oil at 50 °C with a
volumetric ratio of 1:5. The mixture was blended by using ultrasound at a power level of
70% or using a mixer at 700 rpm for 5 minutes. The reaction components left to settle for 24
h at room temperature to separate glycerin from crude biodiesel. After settling, washing
phase was carried out by adding 30 % (v/v) of warm water at 50 °C to the crude biodiesel
and stirring for 5 min. The water-crude biodiesel mixture was left to settle for 24 h to
separate soap layer from biodiesel phase. Washing process was repeated for three times to
make sure that all the soap was removed from biodiesel. The washed biodiesel was then
placed in an oven at 70 °C for 6 h to evaporate any water that might be present during
washing.

Biodiesel production with ultrasound-assisted in-situ transesterification

The in-situ transesterification procedure was carried out using 30 g of dried soybeans
(4.5%wb) for each trial. Fine grinding was applied to soybeans to get an average particle size
of 0.25 mm. The reaction was conducted by using methanol (>95% purity) to oil molar ratio
of 6:1. The amount of KOH was determined by titration and 0.03 g of solid KOH (92%
purity) was dissolved in methanol. Three levels of methanol to oil volumetric ratios (15:1,
20:1 and 25:1) were used in the experimental design. The KOH-methanol mixture was
added to ground soybeans and ultrasonication power was applied at two levels (70 and
90%) for 30 min. After ultrasonication, the mixture was left to settle for 2 h and the liquid
phase (methanol with crude FAME) was separated and centrifuged at 1000 rpm for 10 min.
The spent soybean flakes were washed by using methanol at 2:1 v/w ratio. The mixture of
methanol and soybean flakes was left to settle for 2 h. The liquid phase was separated from
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the solids and centrifuged at 1000 rpm for 10 min to remove the solids. Hexane was used to
separate the fatty acid methyl ester from the excess methanol which was used for washing.
Hexane was used at a volumetric ratio of 1:1. Water was added to the mixture at volumetric
ratio of 3:1. The mixture was heated to 50 °C while stirring for 20 min. Next, the mixture was
left to settle at room temperature for 24 h. The upper phase (hexane and biodiesel) was
separated from methanol and washed with water at the same volumetric ratio to neutralize
crude biodiesel. Sodium sulfate was used to dry water in FAME phase. Finally, hexane was
evaporated at 70 °C for 6 h, and the FAME content was analyzed by GC. The spent soybean
flakes were dried for 24 h at 104 °C and Soxhlet oil extraction process was used for 8 h by
refluxing 120 ml of hexane through the spent soybean flakes to determine the amount of oil
left in soybean flakes.

Properties of soybean oil biodiesel

The properties of biodiesel were analyzed at MFA Oil Laboratory (Columbia, Missouri).
The measured properties included cloud point, flash point, sulfur content, water content,
distillation, acid number, density and viscosity. A Varian 3400 equipped with Varian 8200
auto sampler and a FID detector was used to determine the fatty acid composition of the
crude biodiesel. A 30 m x 0.25 mm DB-WAXeter fused silica column (Agilent Technologies)
was used for the measurement. Oil samples were quantitatively weighed in a volumetric
flask to prepare a solution of approximately 5-6 mg of hexane. A known aliquot containing
approximately 4-5 mg of sample was pipetted to a reaction vial. One milliliter of internal
standard (C17:0 methyl ester) was added to hexane and mixed well. The hexane was then
evaporated to dryness using a stream of nitrogen. Two ml of BF3/Methanol reagent
(Supelco) was added, mixed and the reaction vial was capped tightly. The reaction mixture
was heated to 100°C and maintained at that temperature for 30 min with occasional shaking.
Then, the mixture was cooled and 1 ml of deionized water was added. The methyl esters of
fatty acids were extracted with 2 ml of hexane. The extract was dried with anhydrous
sodium sulfate and 3 ml of extract was injected into Gas Chromatograph. Quantitative
analysis was carried out using standard fatty acid methyl esters and C17:0 (Methyl ester) as
internal standard. The results of the analysis were represented in terms of the percentage of
fatty acid in the oil samples. Helium, at a rate of 1 ml/min, was used as a carrier gas, the
injector temperature was set at 250 °C and the column temperature was programmed to
increase the temperature starting from 170°C at a rate of 1 °C/min.

4. Results and discussions

Results of ultrasound-assisted oil extraction from soybeans

The fitting of the model was investigated by analyzing the coefficients of variables and the
corresponding coefficient of determination values (R?) (Table 2). Coefficient of determination is
defined as the ratio of the explained variation to the total variation and is a measure of the
degree of fit (Nur ‘Aliaa et al., 2010). It is also the proportion of the variability in the response
variables, which is accounted by the regression analysis. When R2? approaches unity, the
empirical model fits the actual data better (Sin et al., 2006). Joglekar and May (1987) stated that
R2 should be at least 0.80 for a good fit of a model. The R? value for the response variable was
higher than 0.80 indicating that the regression models explained the control choices which had
significant effects on reaction performance. The probability (p) value of regression model was
greater than 0.001 which showed no lack-of-fit.
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Term Coefficients SD P
Xo 55.2109
Xa 0.0182 0.171914 -0.9180
X 12.763 3.43828 0.0048**
X3 -0.34076 0.0687656 0.0008**
X1 X» 0.165688 0.192206 -0.4110
X1 X3 -0.00390625 0.00384411 -0.3361
X2 X3 -0.034825 0.0768823 -0.6613
X? 0.00752604 0.0164441 -0.6580
X3 5.89541 6.57763 -0.3934
X% 0.000804165 0.00263105 -0.7668
R2 0.830
Adjusted R2 0.660
P or probability 0.0136

Table 2. Coefficients for response of oil yield (%) depending on the control variables (Xo:
constant, X;: ultrasound power, X,: average particle size, X3: hexane amount).

Effect of hexane, ultrasonication and particle size on yield

ANOVA results (Table 3) shows the mean of squares, degree of freedom and P-value for the
final response (Oil yield).

Source Mean squares DF P-Value

Ultrasound power 13.0438 2 0.8967
Average particle size 861.954 2 0.0131
Hexane amount 1456.99 2 0.0026
Ultrasound power vs. Particle size 87.8475 1 0.4110
Ultrasound power vs. Hexane 122.07 1 0.3361
Particle size vs. Hexane 24.2556 1 0.6613

Table 3. ANOVA for independent variables and their interactions.

According to ANOVA results, p-value is significant for particle size, hexane, power vs.
particle size and power vs. hexane. But p-value is not significant for power and particle size
vs. hexane. The results showed that the effect of particle size and hexane volume were
highly significant on oil extraction, while ultrasound power did not show any significant
effect. It was observed that the oil yield increased as the particle size was decreased. Qian
et al. (2008) showed that the extraction rate of cottonseed oil increased with decreasing
particle size of cottonseed flours. However, with further decrease in the particle size, the
extraction of cottonseed oil was nearly constant. The optimum particle size for cottonseed
was between 0.3 to 0.335 mm (Qian et al., 2008). A similar result was stated by Lim et al.
(2010). They studied the effect of different particle size of Jatropha seeds on the oil yield.
The results showed that the smaller particle size resulted more oil than larger particle size.
According to Han et al. (2009), the main reason for increasing oil yield by decreasing the
particle size is because of the increase in the specific surface area of oilseed interacting with
the solvent.

The results showed that the hexane volume had a critical role on oil extraction although
extraction by hexane was dependent on the particle size. The oil yield was increased with
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decrease in hexane volume from 200 ml to 100 ml when 70% ultrasound power was used
(Fig. 2). Figure 3 shows the relationship between the particle size and ultrasound power and
solvent to solid ratio of 15:1.
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Fig. 2. Effect of particle size and solvent amount on oil yield.
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Fig. 3. Effect of particle size with ultrasound power on oil yield.

The solvent amount had significant effects on oil yield when ultrasound was applied. In the
response surfaces trials, the lowest level of solvent to solid ratio was 10:1 and reducing the
solvent to solid ratio increased the oil extraction rates. Additional experiments were
conducted to determine the lowest solvent to solid ratio that can be used with
ultrasonication. The three levels of solvent to solid ratio used in additional experiments
were 4:1, 3:1 and 2:1 with ultrasonication of 30 min. Each trial was replicated twice and the
measured yield values were averaged. Fig. 4. shows the oil yield change with solvent
to solid ratio. Reducing the solvent to solid ratio from 4:1 to 2:1 further increased the oil
yield.
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Fig. 4. Effect of solvent to solid ratio on oil extraction with ultrasonication.
Environmental Scanning Electron Microscope (ESEM) Results

Environmental Scanning Electron Microscope (ESEM) images for soybean flakes before and
after extraction by Soxhlet and ultrasonication method are shown in Figures 5-7. The surface
morphology of the soybeans was changed after oil extraction. Fig. 6. shows the changes on
the soybean surface after 8 hr of Soxhlet extraction. Fig. 7. shows the surface of the soybean
flakes after 30 min of ultrasound-assisted oil extraction. The surface of the soybean flakes
after Soxhlet extraction was brighter than the samples exposed to ultrasound-assisted oil
extraction. This result was compatible with Li et al. (2004) who used electron microscopy
images to monitor the effect of ultrasonication time on soybean flakes during oil extraction.
They showed that the extended duration of ultrasonication could improve the oil yield (Li et
al., 2004). The ESEM results also verified our results on soybean oil extraction rate by

Fig. 5. Surface image of the soybean flakes before extraction.

Fig. 6. Surface image of the soybean flakes after Soxhlet extraction.
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Fig. 7. Surface image of the soybean flakes after ultrasound-assisted oil extraction.

ultrasonication. As mentioned in previous section, the ultrasonication effect was not found
significant on oil yield. The duration of ultrasonication might be the main reason for non-
significant effect of ultrasound on the oil yield.

Results of ultrasound-assisted biodiesel production from soybean oil

Results of ultrasound-assisted transesterification process for biodiesel production from
soybeans is shown in Table 4. The physical properties of biodiesel produced with
ultrasound-assisted transesterification and mechanical stirring were within the ASTM
standard range. High flash point of biodiesel produced by using ultrasonication (170 °C)
was higher than the biodiesel produced using mechanical stirring (150 °C). Sulfur content of
both soybean oil biodiesel samples was lower than the maximum standard value. Water
content of both samples were higher than standard range.

Ultrasonication produced higher biodiesel yield than the mechanical stirring. The standard
deviation values between the ultrasound and mechanical stirring were significantly
different for biodiesel viscosity, cloud point, flash point, water content and biodiesel yield at
p>0.05 level.

Properties Mechanical Ultrasound ASTM  SD Method
Density (g/ml) 0.86 0.88 0.86-0.90 0.01 ASTM D 445
Viscosity (°C) 4.66 6.06 1.9-6.00 1.00 ASTMD 445
Cloud point (°C) -5.56 -1.67 2.75 ASTM D 2500
Flash point (°C) 150 172 130 1555 ASTM D 93
Pour point (°C) -5.56 -6.67 0.55 ASTM D 5853
Sulfur content (ppm) 0.9 1.6 15 0.04 ASTM D 5433
Water content (ppm) 913.4 1650 500 520 ASTM D 2709
Acid value (mg KOH/ g) 0.23 0.23

Biodiesel yiild (%) i 94.5 95.5 0-80 057 ASTMD 664

Table 4. Properties of biodiesel produced using ultrasound and mechanical mixing,.
Results of ultrasound-assisted in-situ transesterification of soybean oil

The effects of ultrasound power on fatty acid methyl ester production are shown in Table 5.
Increasing the ultrasound power from 70 % to 90 % with methanol to oil volumetric ratio of
25:1 increased the FAME yield from 83.9 % to 98.50 %. This value indicates that almost all of
the oil available in soybeans was converted to biodiesel. Increasing the ultrasound power
increased the biodiesel conversion rates. When 70 % ultrasound power was applied, the
amount of linoleate acid (C18:2) in the total fatty acid composition was 49.88 %. This value
increased to 56.83 % with 90 % of ultrasound power. Georgogianni et al. (2008) reported that
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increasing the ultrasound power reduced the time of reaction and increased the biodiesel
yield during in-situ transesterification of vegetable oil.

Ultrasound Ultrasound power GV Vegetable oil

Methyl ester power (90%) (70%)p refgrence
Palmitate (C16:0) 10.12 9.84 10.0
Stearate  (C18:0) 3.36 2.89 4.68
Oleate (C18:1) 17.46 10.55 21.8
Linoleate (C18:2) 56.83 49.88 58.3
Linolenate (C18:3) 10.26 9.91 7.49
Arachinate (C20:0) 0.45 ND ND
Total 102
SD= 1032 98.50 83.09

Table 5. Fatty acid composition of biodiesel produced using ultrasound-assisted in-situ
transesterification at methanol to oil volumetric ratio of 25:1 (ND: Not detected).

The effect of ultrasound power on FAME yield at different methanol to oil ratio are shown
in Fig. 8. In general, increasing the methanol to oil volumetric ratio, increased the biodiesel
yield (Haas et al., 2004). Also, increasing ultrasound power from 70 % to 90 % at different
methanol levels showed significant effect on oil yield. At low ultrasound power levels,
increasing the methanol to oil ratio from 15:1 to 25:1 increased the biodiesel yield from 80.96
% to 83.09 %. While at the same methanol to oil ratio, at high ultrasound power level,
biodiesel yield increased from 85.92 % to 98.50 %. Catalyst concentration was kept constant
for all trials. The statistical coefficient of determination showed a value of R?=0.96 with high
ultrasound power level, while R?>=0.64 with low ultrasound power level.

100 -

95 | 22=0.96
90 - ——TL90%
5 UL 70%

80 | I2=0.04

FAME yield (%)
%

15 20 25
Methnolto oil ratio(v/v)
Fig. 8. Ultrasound effect on FAME yield at different methanol to oil ratio.

This value indicated that ultrasound power has high impact during in-situ
transesterification of soybean oil with increasing methanol to oil ratio. Similar results were
also reported by Qian et al. (2008). The effect of ultrasound power on various methanol to
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oil ratio on oil to biodiesel conversion rate is shown in Fig. 9. The figure shows that
increasing ultrasound power increased the oil yield. The coefficient of determination factor
had a value of R?=0.89 with high ultrasound power, whereas low power obtained R?=0.25.
These results confirmed the lower ability of methanol on oil extraction without
ultrasonication effect in comparison with other solvents or alcoholic mixtures. Similar
results were reported on methanol effect during biodiesel production by (Kim et al., 2010;
Qian et al., 2008).
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Fig. 9. Ultrasound effect on oil yield at different methanol to oil ratio.

5. Conclusions

In this study, oil extraction from soybeans and biodiesel production was performed using
conventional and ultrasonication methods. The effects of ultrasonication, solvent to solid
ratio and particle size on oil extraction from soybeans were investigated using response
surfaces methodology. The results showed that ultrasound did not have a significant effect
on oil extraction from soybean flakes, but particle size and hexane amount to solid ratio
showed a significant effect on oil yield. Biodiesel production was performed by using
ultrasound-assisted transesterification and in-situ transesterification methods. The results of
in-situ transesterification showed that ultrasonication had a highly significant effect on
biodiesel yield. The qualities of final biodiesel products were analyzed and the results
showed that the physical properties of biodiesel produced with mechanical stirring and
ultrasonication were within the ASTM standard ranges. Ultrasound power is an effective
tool on in-situ transesterification during biodiesel production from soybeans. The future
studies will include developing continuous in-situ transesterification systems that uses high
intensity ultrasound for in-situ transesterification of soybean oil.
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How Growth Dynamics Affect Soybean
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1. Introduction

Determination of the most suitable planting date, plant population and cultivar for optimal
yield is an important agronomic goal in soybean production. However, soybean yield is
determined by interactions with environmental conditions as well as genetic yield potential.
Compared to earlier planting, delayed planting reduces yields (Beatty et al., 1982; Carter and
Boerma, 1979; Parker et al., 1981; Egli and Bruening, 2000). Yield reduction in late-planted,
double-crop soybeans has been attributed to a lack of sufficient vegetative growth (Ball et al.,
2000 b; Herbert and Litchfield, 1984). Increasing the leaf area to maximize LI is the primary
reason that increased biomass is associated with higher yields in late-planted soybean
(Wells, 1991; Board et al., 1992). Previous studies have indicated that optimal plant
populations vary from 30,000 to 500,000 plants ha* (Costa et al., 1980; Parks et al., 1982; Egli,
1988; Ennin and Clegg, 2001). In general, optimal plant population is greater under poor
growing conditions than good growing conditions (Wells, 1993). Also, row spacing, which
determines plant population in a unit area, is a major agronomic factor affecting soybean
yield. In previous studies on planting date and row spacing, yield increases associated with
narrow rows appear to be greater from late planting dates than from optimum dates (Board
et al., 1990; Boerma and Ashley, 1982; Boquet et al., 1982). There is interest in planting
soybeans in narrow rows to increase the LI for higher yields (Board and Harville, 1993).
However, Purcell et al. (2002) stated that yield does increase at high population densities
because of decreased radiation use efficiency. A previous study reported that recommended
populations for optimum planting dates were insufficient for late-planted soybean because
of the failure of these populations to achieve maximum LI, especially in years of low rainfall
(Ball et al., 2000 a). Early-maturity groups have not been used late in the season because
inadequate canopy development generally occurs in the recommended populations (Kane
and Grabau, 1992). Early-maturing cultivars have a shorter period of vegetative
development than full-season cultivars, but the length of the seed-fill phase is about the
same as for conventional cultivars (Egli et al., 1978; Egli, 1993).

Growth dynamics such as LAI LI, LIE, TDM, and CGR are major predictors of soybean
yield. The relationships between seed yield and growth dynamics vary with environmental
conditions and cultural practices (planting date, plant population, and cultivar, etc.).
Duncan (1986) detected that greater TDM results in greater seed yield if the TDM is
produced before seed initiation. In contrast, Weber et al. (1966) reported that both TDM and
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LAI were poor predictors of seed yield. Total dry matter (TDM) is influenced by CGR,
relative growth rate, relative leaf area growth rate, and net assimilation rate (Hunt, 1982).
On the other hand, CGR is controlled by LAI (which influences LI) and NAR (Hunt, 1978).
In addition, LI is controlled by both LAI and LIE. Greater LI in narrow rows results from
either greater LAI and/or increased LI per unit leaf area (LIE) due to a more uniform
arrangement (Board and Harville, 1992). Earlier authors have reported that a LAI of 4.0 was
needed to reach 95% LI, and that it is essential that the canopy reach this critical LAI by
flowering (Egli, 1988; Westgate, 1999). Other previous studies have demonstrated that a LAI of
approximately 3.2 is required to achieve optimal CGR, 95% LI and 95% of maximum dry
matter production (Shibles and Weber, 1966). It is currently accepted that a LAI of 3.5 to 4.0 is
correlated with a level of 95% LI and is also a dependable measure of yield potential (Board
and Harville, 1992; Westgate, 1999). Soybean cultivars and cultural practices may affect LAI,
LI, LIE, CGR and TDM development. Later-maturing cultivars are more likely to meet
minimum leaf area requirements than early-maturing cultivars (Holshouser and Whittaker,
2002). A suboptimal plant population reduces CGR and TDM to levels that result in yield loss
(Loomis and Connor, 1992). Bullock et al. (1998) stated that CGR increased with decreasing
rows until about Rs, after which, rows had no significant effect on CGR. On the other hand,
Egli and Bruening (2000) reported that CGRs were generally lower in the late plantings than in
the early plantings, accounting for some of the reductions in seed number. Board and Harville
(1992) reported that LIE was found to be important for LI increased by narrow rows early in
crop growth, when LAI was low and there was little mutual shading of leaves.

In this study, we purpose to increase understanding of how certain developmental
dynamics respond to planting date, plant population, and cultivar and their interactions and
relations between soybean yield and developmental dynamics. Thus, the specific objectives
of this research are to: (i) determinate the interactions and effects of cultural practice
(planting date, plant population, and cultivar) on LAI, LI, LIE, TDM, and CGR at different
development stages; and (ii) to determine the associations between seed yield and growth
dynamics, such as LI, LAI, LIE, TDM, and CGR.

2. Materials and methods

2.1 Cultural practices

Field studies were conducted in 2005 and 2006 at the Research and Training Center of The
Agricultural Faculty, Uludag University, Bursa, Turkey (Latitude 40° 15’ 29" N, Longitude
28° 53" 39" E and altitude 72 m above sea level) on a clay soil (average 45.6% clay content).
This soil had 0.11% total nitrogen content (Kjeldahl Method); 0.40 kg ha phosphorus (Olsen
Method, P»Os); 5.70 kg hat exchangeable potassium (Ammonium Acetate Method, K;O);
0.08% total salt; and 1.90% organic matter (Walkley-Black Method). It had a balk density of
1.45, 1.53, and 1.50 g cm?3 in 0-0.30, 0.30-0.60, and 0.60-0.90 m profiles, respectively. The soil
pH was 7.2. The water-holding capacity of the experimental site was 130 mm in a 0.90 m soil
profile. Water-holding capacity was determined by the difference between the water content
at field capacity and at permanent wilting point.

The local climate at the test site is temperate; summers are hot and dry, and winters are mild
and rainy. According to long-term meteorological data (1929-2001), the annual mean
rainfall, temperature, and relative humidity are 699 mm, 14.6 °C, and 69%, respectively. A
sub-humid climate prevails in the region according to mean rainfall amount (from 600 to 700
mm of annual precipitation) (Jensen, 1980). Total monthly precipitation, relative humidity
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and mean air temperature in 2005, 2006 and long-term at Bursa are presented in Table 1. The
climate of the region is sub-humid, but rainfall amounts are extremely low in the summer
period. The seasonal rainfall amount is 73 mm, which coincides with 10% of total annual
rainfall, for the summer period (June, July, and August) (Table 1).

Months Temperature (°C) Relative humidity (%) Precipitation (mm)
2005 | 2006 | SO | 2005 | 2006 | S°"8" | 2005 | 2006 | “On8”
term term term
January 6.2 5.5 5.3 752 71.1 741 150.4 783 88.8
February 6.6 7.4 6.2 65.2 69.4 734 777 713 775
March 8.5 9.2 8.3 67.4 68.2 70.2 779 38.8 69.8
April 13.7 121 13.0 60.1 74.0 703 56.1 204 62.9
May 17.6 16.6 17.6 68.3 61.4 69.5 23.5 9.2 50.0
June 21.2 215 2211 58.7 64.2 62.9 21.1 43.5 304
July 24.7 23.8 24.5 62.2 52.3 58.1 55.2 3.6 24.0
August 25.1 26.4 24.1 63.5 50.6 60.5 45 3.7 18.9
September 20.1 19.9 20.1 68.8 65.9 66.4 16.8 91.2 40.1
October 13.2 16.7 15.6 727 77.1 72.8 375 45.6 60.4
November 9.3 13.8 11.2 74.6 75.2 75.6 109.3 43.1 76.3
December 6.1 8.7 7.6 70.2 714 74.2 58.0 68.2 99.9
Average/total 143 15.1 14.6 67.2 66.7 69.0 688.0 | 5169 699.0

*29-year average of evaporation values

Table 1. Mean air temperature, relative humidity, evaporation and total monthly
precipitation in 2005-2006 and long-term (1929-2001) at Bursa.

The experimental design was a randomized complete block in a split-split-split plot
arrangement with four replicates and two years as blocking factors. The planting dates of
the main plots were mid-April and mid-May. The split plots had the following plant
populations: high plant population (660.000 plants ha%), or narrow-row spacing, and low
plant population (330.000 plants ha%), or wide-row spacing. The split-split plots were
cultivars A-3127 (Maturity group III) and 1530 (Maturity Group IV). The split-split-split
plots were the following developmental stages as defined by Fehr and Caviness (1977): Vs,
Ry, Ry, and Re. The individual plot size was 5.0 x 12.0 m = 60 m2. Plantings were done by
hand at a 4-cm depth on 15 April and 18 May in 2005 and on 19 April and 20 May in 2006.
Fertilizer was applied before planting at a rate of 30-60-0 kg ha! (N-P-K) according to soil
test recommendations. Weed control was maintained by the pre-emergence application of
metolachlor [2-chloro-N-(2-ethyl-6-methyphenyl)-N-(2-methoxy-1-methylethyl) acetamide]
and imazaquin [2-(4.5-dihydro-4-methyl-4-(1-methylethyl)-5-oxo-1-H-imidazol-2-yl)-3-
quino linecarboxylic acit]. The previous crop was sunflower (Helianthus annuus L.) in the
2005 and 2006 experiment years. Water was applied when soil moisture reached 65% of the
soil field capacity in each experimental year. Irrigation was applied four times (at Vs, Ry, Ro,
and Ry stages) with a sprinkler irrigation system in both experimental years.

2.2 Data collected
Ten plants from each plot were systematically selected to measure LAI at Vs, Ry, Ry, and R,
respectively. In addition, the average CGR (g m-2d-!) during the Vs to Rz, Rz to R4, and Ry to
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R¢ periods was determined for each plot. The crop growth rate (CGR) (e.g., during Vs to Ry)
was calculated by the following equation (Board, 2000):

TDM ,—TDMy;5
CGR =
Tro =Tys

where TDMys and TDMg; are the total dry matter at the V5 and R, developmental stages,
respectively, and T is the number of days of the Vs to R, period. The leaf area index (LAI)
was determined by placing the leaf blades through a LI-COR 3000A portable leaf area meter.
Light interception was measured between 11.00 and 14.00 h on the same day as the TDM
sampling at the Vs, Ry, Ry, and Re developmental stages. A line quantum sensor (LI-COR LI-
191 SA, Lincoln, NE) was connected to a LI-1400 data logger (1 m in length). This
instrument, used to measure photosynthetically active radiation (PAR, pmolm-2 s1), was
first held above the canopy, and two measurements were then made from each plot at the
soil surface (Board et al.,, 1992). Photosynthetically active radiation (PAR) measurements
were recorded as an average of three readings made at different places of the row in each
plot. Light interception (LI %) was calculated as follows (Ball ef al., 2000a):

LI =[1 - (average PAR beneath canopy / PAR above)] x 100

Light interception efficiency (LIE) was determined as LI / LAI (Board and Harville, 1992).
Plant samples used to determine LAI were dried in a forced air dryer at 60 °C to a constant
weight. Dried plant samples were weighed to determine total dry matter.

Analysis of variance of LAI, LI, LIE, TDM, and CGR was made by using main plot, split
plot, split-split plot, and split-split-split plot. Data were analyzed by year in accordance with
a general linear model (SAS Inst., 1989) with mean separation according to LSD (p = 0.05
and 0.01). Seed yield, LI, LIE, LAI, TDM, and CGR were correlated by using year x plant
population x cultivar x replication; year x planting date x cultivar x replication; and year x
planting date x plant population x replication data points; within planting date x
developmental stage; plant population x developmental stage; and cultivar x developmental
stage treatment combinations, respectively.

3. Results

3.1 Planting date, plant population, cultivar, and developmental stage effects on LAI,
LI, and LIE

Analysis of variance for LAI, LI and LIE revealed that planting date, plant population,
cultivar, growth stage, and plant population x growth stage, except the planting date for LI,
had highly significant effects (P < 0.01). In addition, year x plant population, year x growth
stage and planting date x growth stage interactions for both LAI and LI were significant, but
non-significant for LIE. Planting in mid-April resulted in significantly higher LAI and LIE
than mid-May, whereas LI was not affected by planting dates. Leaf area index (LAI) and LI
increases were significantly greater in the narrow rows (high plant populations) compared
with the wide rows (low plant populations). In contrast, LIE was significantly higher in
wide rows or low plant populations than narrow rows or high plant populations. LIE was
significantly reduced in narrow rows (high plant populations), where LAI was high,
probably due to the mutual shading of leaves. On average, the mid-April planting date and
narrow rows (high plant populations) had near-optimum LAI for maximum LI whereas LAI
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was suboptimum in the mid-May planting date and wide rows (low plant populations)
(Table 2). Greater LIE levels in the mid-April planting date and narrow rows (high plant
populations), compared with the mid-May planting date and wide rows (low plant
populations), and failed to compensate for the near-optimum or lower than optimum LAI
levels. Nevertheless, LI showed a low level in the mid-April planting date and wide rows
(low plant populations).

Treatment | LAI | LI (%) | LIE(%)
Planting date

Mid-April 3.16 74.8 274
Mid-May 3.09 74.5 26.8
LSD (0.05) 0.003 ns 0.257
Plant population

High 3.63 78.8 24.0
Low 2.63 704 30.2
LSD (0.05) 0.253 0.085 0.253
Cultivar

A-3127 (Early) 3.04 739 275
1530  (Late) 3.22 75.3 26.7
LSD (0.05) 0.014 0.590 0.200
Developmental stage

Vs 1.24 46.7 38.2
Ry 2.99 84.8 29.8
Ry 4.44 85.8 19.4
Re 3.85 81.4 21.1
LSD (0.05) 0.024 0.540 0.280

ns: not significant

Table 2. Means for leaf area index (LAI), light interception (LI) and light interception
efficiency (LIE) for planting dates (mid-April and mid-May), plant populations (high and
low), cultivars (A-3127 and 1530), and developmental stages (Vs, Rz, R4, and Re), over data
combined of two years (2005 and 2006).

Late-maturity cultivar 1530 had higher LAI and LI but lower LIE than early-maturity
cultivar A-3127 (Table 2). LAI was always suboptimum in both cultivars. LAI significantly
increased from the Vs to the Ry stage and decreased at the R stage. Light interception (LI)
increased greatly from the Vs to the Ry stage but decreased at the Re stage. In contrast, LIE
significantly decreased from the vegetative development stage to reproductive development
stage. LAI had suboptimum levels at the vegetative and early reproductive development
stages, but reached optimum levels at the reproductive development stages (Table 2).

The planting date x plant population interaction for LAI was statistically significant, but this
interaction was not clear, as shown in Figure 1. However, a significant cultivar x
developmental stage interaction effect on both LAI and LIE did occur (P < 0.01). These
interactions indicate that late-maturity cultivar 1530 had higher LAI, but lower LIE,
compared with early-maturity cultivar A-3127 at the R» and Ry stages, whereas at the Vs and
Re developmental stages, LAI and LIE values were similar across cultivars (Figure 2).
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Fig. 1. Leaf area index (LAI) for soybean planted at high and low plant populations in mid-
April and mid-May planting dates (2005-2006 combined data).
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Fig. 2. Leaf area index (LAI) and light interception efficiency (LIE) during developmental
stages for early and late maturity soybean cultivars (2005-2006 combined data).
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Analysis of variance for LI and LIE revealed a statistically significant planting date x plant
population x developmental stage interaction (P < 0.01), as shown Table 3. Light interception
was significantly higher at the reproductive developmental stages than the vegetative
developmental stage for each planting date and plant population combination. However,
light interception at Rs decreased in both plant populations at the mid-May planting
compared with the mid-April planting. At the same time, high plant populations in both
planting dates only had greater LIE at the vegetative stage, not the reproductive stages,
while the highest LIE values were obtained from the Vs and R, stages for low plant
populations in both planting dates (Table 3).

Planting |Plant . Developmental LAI LT (%) LIE (%)
date population stage
Mid-April |High Vs 1.33 48.9 36.4
R> 3.56 87.6 24.5
Ry 5.08 90.4 17.7
Re 4.62 89.1 18.9
Low Vs 0.81 33.9 415
R 2.16 77.9 36.1
Ry 4.01 84.4 21.1
Re 3.69 86.2 233
Mid-May |High Vs 1.74 61.7 353
R, 3.88 89.8 23.0
Ry 4.84 87.4 17.8
Re 3.94 75.8 18.7
Low Vs 1.07 422 394
Ry 2.35 83.8 355
Ry 3.82 80.7 211
Re 3.15 74.4 23.6
LSD (0.05) ns 12.9 6.8

ns: not significant

Table 3. Means for leaf area index (LAI), light interception (LI), and light interception
efficiency (LIE) at different developmental stages of soybean planted at high and low plant
populations in mid-April and mid-May planting dates over, data combined of two years
(2005 and 2006).

The plant population x cultivar x developmental stage interaction was statistically
significant for LI and LIE (Table 4). Light interception was much greater at the reproductive
developmental stages than the vegetative stage (Vs) for each plant population x cultivar
combination. LI increases at the reproductive developmental stages were greater for the low
plant populations than the high plant populations. Light interception efficiency was
statistically higher at the vegetative stage (Vs) than at the reproductive developmental stages
for both cultivars in the high plant population, whereas the Vs and R, stages had higher
LIE than the other developmental stages for each cultivar in the low plant populations
(Table 4).
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Plant . Cultivar Developmental LAI LT (%) LIE (%)
population stage
High A-3127 Vs 1.51 54.7 35.9
Ry 3.56 87.8 245
Ry 4.85 88.6 18.1
Re 4.23 81.9 18.8
1530 Vs 1.56 55.9 35.8
Ry 3.89 89.6 23.0
Ry 5.06 89.3 17.4
R 4.33 83.0 18.9
Low A-3127 Vs 0.93 37.1 40.2
Ry 2.15 80.0 37.1
Ry 3.73 81.3 21.7
Re 3.38 80.3 23.8
1530 Vs 0.96 38.9 40.8
Ry 2.35 81.7 345
Ry 4.09 83.9 204
Re 3.47 80.3 23.1
LSD (0.05) ns 12.9 6.8

ns: not significant

Table 4. Means for leaf area index (LAI), light interception (LI), and light interception efficiency
(LIE) at different developmental stages of A-3127 and 1530 soybean cultivars planted at high
and low plant populations, over data combined of two years (2005 and 2006).

3.2 Planting date, plant population, cultivar, and developmental stage effects on TDM
and CGR

Analysis of variance indicated that planting date, plant population and cultivar significantly
affected seed yield, total dry matter (TDM), and crop growth rate (CGR) (P < 0.01). The mid-
April planting had a significantly higher seed yield and TDM, but lower CGR, than the mid-

Treatment Seed yield (kg ha) TDM (g m-2) CGR (g m2d-1)
Planting date

Mid-April 3082.4 647.8 6.26
Mid-May 2752.0 600.6 7.35
LSD (0.05) 30.7 14 0.07
Plant population

High 3154.6 648.5 6.69
Low 2679.8 599.9 6.91
LSD (0.05) 31.3 24 0.03
Cultivar

A-3127 (early) 2793.8 603.1 710
1530 (late) 3040.7 645.3 6.50
LSD (0.05) 28.9 7.9 0.28

Table 5. Means for seed yield, total dry matter (TDM) and crop growth rate (CGR) for A-
3127 and 1530 soybean cultivars planted at high and low plant populations in mid-April and
mid-May planting dates, over data combined of two years (2005 and 2006).
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May planting (Table 5). The high plant populations gave a higher seed yield and TDM than
the low plant populations. In contrast, CGR was significantly lower in the high plant
populations than the low plant populations. In our study, late-maturity cultivar 1530 had a
significantly higher seed yield and TDM than early-maturity cultivar A-3127, whereas cv.
1530 produced a lower CGR than cv. A-3127 (Table 5).

A year x developmental stage interaction was observed for TDM and CGR. In both years,
TDM was significantly increased during the Vs to R¢ period, and a higher TDM was
obtained in 2005 compared with the 2006 experimental year for each developmental stage.
However, differences among the years in TDM were greater at the Ry stages than the Vs and
R> developmental stages (Figure 3). The crop growth rate decreased significantly from 9.7-
11.7 g m2 d- at the V5-Ro period to 1.7-2.0 g m2 d-! at the R4-R¢ period in both years. CGR
was higher at the V5-R; and R»-R4 periods in 2005 than the 2006 experimental year, whereas
no differences were observed between 2005 and 2006 in the R4-R¢ period (Figure 3).

—0— 2005
—e— 2006

1000 -
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0,00

o

CGR (g m?
foN

V5-R2 R2-R4 R4-R6

Development Periods

Fig. 3. Total dry matter (TDM) and crop growth rate (CGR) during growth stages and
development periods for soybean planted in 2005 and 2006.
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The total dry matter greatly increased during the Vs to Re period in the mid-May planting,
whereas these increases occurred during the Vs to Ry period in mid-April planting. TDM did
not significantly increase at the R¢ stage (Figure 4). However, CGR decreased from 10.5-11.0
g m2 d+ in the V5-R; period to 0.73 - 2.96 g m2 d+ in the R4-R¢ period in each planting date.
These decreases were statistically significant. Although differences in CGR between planting
dates were not significant in the Vs-R; period, the mid-May planting date had greater CGR
in the R>-R4 and Ry-R¢ periods than the mid-April planting (Figure 4). The highest CGR in
both planting dates was obtained from the Vs-R; period. In both planting dates, however, a
LAI of 3.0 was reached by Ry, and light interception was at an optimal level of 95% in Ro.

—— mid-April
—£4— mid-May

900 -
800 -
700 -

< 600 -

50 500 -

S 400 -

2300 -
200 -
100 -

V5 R2 R4 R6
Growth Stages
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)
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CGR(gm™>d™)

V5-R2 R2-R4 R4-R6

Development Period

Fig. 4. Total dry matter (TDM) and crop growth rate (CGR) during growth stages and
development periods for soybean planted in the mid-April and mid-May (2005-2006
combined data).
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Total dry matter significantly increased during the Vs to Re stages in each plant population,
and these increases were always greater in the higher vs. lower plant populations during the
same period. Crop growth rates significantly reduced from the Vs-R; period to Rs-Re period
in each plant population (Figure 5).

—— High
—— Low

V5 R2 R4 R6
Growth Stages

V5-R2 R2-R4 R4-R6

Development Period

Fig. 5. Total dry matter (TDM) and crop growth rate (CGR) during growth stages and
development periods for soybean grown at low and high plant populations (2005-2006
combined data).
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Correlations between seed yield and LI, LAI and TDM were positive and highly significant
for all developmental stages in both planting dates. In addition, seed yield was positively
and significantly associated with LI, LAI, and TDM for all plant population x developmental
stage treatment combinations except for the Vs developmental stages at high and low plant
populations. Positive and significant correlations were also found between seed yield and
LI, LAL and TDM for all cultivar x developmental stage treatment combinations. In contrast,
relationships between seed yield and LIE were mostly negative and significant, while the
correlation between LI and LIE was not significant for most of the two-way treatment
combinations (Table 6). Correlations between seed yield and CGR were nonsignificant for
most two-way treatment combinations (Table 6).

Correlative relationships between LI with LAI and TDM were positive and significant (P <
0.01) for all developmental stages in each planting date. Correlations between LI and LAI
were positively and highly significant for all plant population x developmental stage
treatment combinations, while relationships between LI and TDM were nonsignificant for
only the Vs stage in both plant populations. Also, LI was positively and significantly
associated with LAI and TDM for all cultivar x developmental stage treatments. On the
other hand, correlations between LI and CGR were either nonsignificant or low for most
treatment combinations (Table 6). Associations between LI and LIE were either negatively
significant or nonsignificant for all treatment combinations (Table 6).

4. Discussion

Our data demonstrate that cultural practices affect developmental dynamics such as LAI,
LI, LIE, CGR, and TDM in soybeans. Planting in mid-April resulted in significantly higher
LAI and LIE than planting in mid-May, whereas LI was not affected by planting dates.
LAI and LI increases were significantly greater in narrow rows (high plant populations)
than wide rows (low plant populations). In contrast, LIE was significantly higher in wide
rows (low plant populations) than narrow rows (high plant populations). Significant
increases in LIE in the mid-April plantings were due to the insufficient shading effects of
leaves because LAI was not high enough in the mid-April planting date. Late-maturity
cultivar 1530 had higher LAI and LI but lower LIE than early-maturity cultivar A-3127.
However, LAI was always suboptimum in both cultivars. The leaf area index significantly
increased from the Vs to the Ry stages and reduced at the R¢ stage. Light interception
greatly increased from the Vs to the Ry stage but decreased at the R¢ stage. In contrast, LIE
significantly decreased from the vegetative development stage to the reproductive
developmental stage. The leaf area index had suboptimum levels at the vegetative and
early reproductive developmental stages, but they reached optimum levels at the
reproductive development stages. Our findings do not correspond to those of Board and
Harville (1992), who reported that significant increases in LIE in narrow compared with
wide rows occurred only in the July planting date, when LAI was lower. Those authors
noted that the mutual shading of leaves probably prevented any increase in LIE at the
higher LAI of the May planting date.

In our study, the significant increase in LIE in the mid-April planting date was due to the
insufficient shading effects of the leaves; this was because LAI was not high enough in the
mid-April planting date. Our results were, however, partially in agreement with those of
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Treatment combination Correlation coefficient of seed yield with; Cor
LAI LI (%) LIE (%) |TDM (g m?) |CGR(gm™d? LAI
IMid-April Vs 0.812** 0.849** -0.466** 0.953** 0.254 ns 0.980**
R 0.851** 0.951** -0.692** 0.844** 0.122 ns 0.835**
Ra 0.939** 0.892** -0.723** 0.814** -0.005 ns 0.834**
Re 0.935** 0.780** -0.688** 0.823** 0.275 ns 0.704**
Mid-May Vs 0.794** 0.815** -0.563** 0.885** 0.281 ns 0.992**
R2 0.827** 0.880** -0.652** 0.879** 0.226 ns 0.670**
Ry 0.920** 0.896** -0.654** 0.835** 0.173 ns 0.855**
Re 0.907** 0.758** -0.608** 0.861** 0.404* 0.642**
High Vs -0.131 ns| -0.099 ns 0.236 ns 0.932** 0.275 ns 0.982**
opulation
Rz 0.425* 0.622** 0.169 ns 0.920** 0.160 ns 0.867**
R4 0.888** 0.819** -0.337 ns | 0.903** -0.314 rs 0.949**
Re 0.916** 0.894** 0.197 ns 0.817** 0.089 ns 0.995**
Low population Vs -0.044 s 0.096 s | 0.505** 0.855** 0.520** 0.973**
R2 0.534** 0.511** -0.177 ns 0.934** 0.183 ns 0.931**
Ry 0.945** 0.925** -0.283 ns 0.931** -0.220 ns 0.930**
Re 0.891** 0.849** -0.386* 0.905** 0.305 ns 0.977**
IA-3127 Vs 0.412* 0.418* -0.346* 0.929** 0.271 ns 0.992**
Rz 0.626** 0.663** -0.512** 0.881** 0.171 ns 0.752**
Ra 0.859** 0.930** -0.518** 0.838** -0.123 ns 0.862**
Re 0.943** 0.812** -0.524** 0.802** 0.171 ns 0.756**
1530 Vs 0.477** 0.473** -0.350* 0.935** 0.196 ns 0.988**
Ro 0.709** 0.734** -0.599** 0.847** 0.196 ns 0.754**
R4 0.946** 0.860** -0.696** 0.825** -0.168 ns 0.834**
Re 0.967** 0.799** -0.687** 0.805** 0.110 ns 0.793**
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Board (2000), who found that LAI and LI were higher in medium or high plant populations
compared with low plant populations, and lower in high plant populations than low plant
populations at Ri. Board and Harville (1992) reported that the planting date x row spacing
interaction had highly significant effects on LIE, while the planting date x cultivar x row
spacing interaction was highly significant for LI In our study, although the year x
developmental stage and year x plant population interactions were significant (P < 0.01) for
LAI and LI, these interactions are not clear or explicable. However, the significant year x
developmental stage interaction for LAI and LI reveal that increases in LAI and LI from the
Vs to Ry were greater in 2005 than in 2006. Board and Harville (1992) reported the occurrence
of a significant row spacing x developmental stage effect on LI (P = 0.01). The authors stated
that narrow row width resulted in significantly higher LI at all developmental stages.
Soybeans planted in mid-April had significantly higher TDM, but lower CGR in those
planted in mid-May. The high plant populations gave higher TDM than the low plant
populations. In contrast, CGR was significantly lower in the high plant populations than the
low plant populations. In addition, late-maturity cultivar 1530 had significantly higher TDM
than early-maturity cultivar A-3127, whereas cv. 1530 produced lower CGR than cv. A-3127.
Crop growth rates decreased greatly from 9.7-11.7 g m-2d-1 in the V5-R; period and to 1.7-2.0
g m2d-1 in the R4-R¢ period in both years. The leaf area index for both planting dates was
optimum (4.0) for a maximum LI of 95% by R4, whereas LI and CGR at stage Ry were less
than optimal (95%). An earlier study has indicated that optimal CGR and yield result when
LALI is optimal (3.0 to 3.5) for achieving an optimal light interception of 95% by Rs (Shibles
and Weber, 1966). Several studies have concluded that the relationship between LAI and
optimal CGR vary with environmental conditions (Jeffers and Shibles, 1969). However,
optimal LI during the vegetative and early reproductive periods were not required to
maximize yield (Board and Harville, 1994). In our study, CGR for the R»-R4 period was not
at an optimal level, although LAI and LI were at or near optimum for the R; and Ry
developmental stages in the high plant populations. These results were similar for low plant
populations, except for LAI at the R; stage.

Seed yield was positively and significantly correlated with LI, LAIL, and TDM for both
planting date x developmental stage and plant population x developmental stage treatment
combinations. Correlations between seed yield and CGR were nonsignificant, while seed
yield was negatively associated with LIE for most of the two-way treatment combinations.
LI was positively and significantly associated with LAI and TDM for all of the two-way
treatment combinations, whereas correlations between LI with CGR and LIE were
nonsignificant for most treatment combinations. Earlier studies reported that soybean yield
is positively related to LAI and dry matter at the Rs stage (Wells ef al., 1982; Board and Tan,
1995; Kumudi, 2002; Liu ef al., 2005). In addition, the results of Shibles and Weber (1966)
demonstrated that seed yield is highly associated with LAI, LI, and CGR. On the other hand,
our findings are in agreement with those of Carpenter and Board (1997) who reported that
as LAl increased, LIE decreased due to the mutual shading of leaves.

5. Conclusions

Plant population per unit area and growth dynamics such as LAI, LI, LIE, TDM and CGR
are major predictors of soybean yield. In our study, planting in mid-April resulted in
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significantly higher LAI, LIE, and TDM but lower CGR compared with the mid-May
planting. Light interception (LI) was not affected by planting dates. Leaf area index
(LAI), TDM, and LI increases were significantly greater in the narrow rows (high
plant populations) than the wide rows (low plant populations). In contrast, LIE and CGR
were significantly higher in the wide rows (low plant populations) than in the high
plant populations (narrow rows). Late-maturity cultivar 1530 had higher LAI LI, and
TDM but lower LIE and CGR than early-maturity cultivar A-3127. Seed yield was positively
and significantly correlated with LI, LAI, and TDM for most of the treatment
combinations.

Our research group has also in work to determinate the associations between soybean yield
and growth dynamics, intending in future to make different studies.
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Optimization of the Technology
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from Extruded Soybean Residue
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1. Introduction

It is well known that dietary fiber plays an important role in many physiological processes
and in the prevention of diseases of different origin (Rodriguez et al., 2006; Champ et al.,
2000). According to the solubility in water, total dietary fiber (TDF) can be categorized into
two groups, namely soluble (SDF) and insoluble (IDF) dietary fiber. SDF and IDF have been
known to play different physiological roles in human health (Vasanthan et al., 2002; Burlcitt
et al., 1974). SDF appears to be more effective than IDF in many healthy aspects. Therefore,
preparation of SDF is especially important.

China is origin of soybean, and soybean production has been highest in the world. China's
consumption of soybean products is considerable. However, a large number of by-
products that is soybean residue would be produced in soybean processing. Previously,
most of soybean residue only was used as feed or fertilizer. Its practical value was not fully
utilized. Soybean residue is a good dietary fiber resource (Bourquin et al., 1996;
Tharanathan et al., 2003). The content of total dietary fiber in soybean residue is about
60% (Zheng et al., 2005; Jiang et al., 2001). It has a broad development prospects. There are
many methods that can be used to prepare SDF, such as acid (Wang et al., 2004), alkaline
(Wang et al., 2004; Zheng et al., 2008), enzymatic (Liu et al., 2008), fermentation (Tu et al.,
2007), mechanical method (Tu et al., 2007; Jin et al., 1996) and the combined method (Xu et
al,, 2005; Tu et al, 2008) and so on, but the raw materials were processed without
extrusion residue. The extruded soybean residue as raw material was treated with alkali,
which has not been previously reported. The present research is to optimize the
conditions of SDF preparation. The high yield of SDF will be prepared under the optimal
conditions.

2. Materials and methods

2.1 Materials

Soybean residue was supplied by bean products factory of Northeast Agricultural
University (Harbin, China). Heat stable a-amylase, Protease and amyloglucosidase were
obtained from Sigma Chemical Company. All the other reagents were of analytical grade.
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2.2 Sample preparation

Fresh soybean residue was dried overnight in an oven at temperature of 60°C. Then the
dried soybean residue was ground using an electric grinder and sieved through 0.425mm
mesh. The ground soybean residue was extruded by a single-screw extruder. The conditions
of extrusion were the following: feed moisture approximately 20%, mass temperature
approximately 160°C, screw speed approximately 175rpm and a diameter of 10 mm. The
extruded soybean residue was ground and sieved through 0.425mm mesh. The extruded
soybean residue was used for alkali treatment.

2.3 Alkali treatment

Twenty grams of soybean residue or extruded soybean residue were mixed with 400 ~
560mL concentration of 0.40 ~ 1.20% (W/V) NaOH solution. The slurries containing NaOH
were incubated in a water bath for a selected period of time (40 ~80min) at different
temperature (70 ~90°C). The alkali treatment variables are presented in table 1. After
neutralization with 6mol/L HCL, the resultant suspensions were centrifugated at 3000g for
20min, and the supernatants were added four times the volume of 95% ethanol. Let
precipitate form at room temperature 1h. The SDF was obtained after centrifugation (3000g,
10min), and was dried at 60°C. Soybean residue or extruded soybean residue was treated
with alkali in the same conditions, the yields of SDF were compared.

Independent Symbol Levels
variable Uncodified Codified -2 -1 0 +1 +2
Ratio of liquid to X 1 20:1 22:1 24:1 2:1 28:1
solid
Temperature (°C) X X 70 75 80 85 90
Time (h) X3 X3 40 50 60 70 80
Alkali

concentration (%) Xy X4 0.40 0.60 0.80 1.00 1.20

Table 1. Independent variables and their levels used for the central composite design and
optimization of alkali treatment conditions

2.4 The yield of soluble dietary fiber determination
The SDF content of the precipitate was determined using the Enzymatic-Gravimetric
method (Lee et al., 1992). The yield of SDF was expressed as:

Yield of SDF (%) = dry weight of precipitate(g) x content of SDF(%)

- : . x100% (1)
weight of soybean residue or extruded soybean residue(g)

2.5 Experimental design

A statistical tool utilizing five levels, four variables and central composite design, with 31
individual points, was employed to study the effects of alkali treatment on SDF preparation
from extruded soybean residue. The independent variables and their levels were selected,
based on the preliminary experiments in our laboratory (data not shown). The independent
variables X; were coded as x;, which are defined as dimensionless, according to the Eq.(2):
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x; =(X; - Xo) / AX; 2

Where x; is the coded value of an independent variable, X; is the real value of an
independent variable, Xy is the real value of an independent variable at the centre point, and
& X is the step change value. The independent variables and their levels are presented in
Table 2. The 31 runs were performed in a totally random order to minimize bias. Each
experiment had two replications and the average prepared SDF was taken as the response,
Y. The responses generated from the experiment are presented in Table 3.

Run Independent variables b Response(Y) ¢
X1 X2 X3 X4
1 -1 -1 -1 -1 22.05
2 1 -1 -1 -1 23.47
3 -1 1 -1 -1 22.86
4 1 1 -1 -1 24.59
5 -1 -1 1 -1 23.91
6 1 -1 1 -1 24.55
7 -1 1 1 -1 25.46
8 1 1 1 -1 26.58
9 -1 -1 -1 1 23.62
10 1 -1 -1 1 25.63
11 -1 1 -1 1 25.03
12 1 1 -1 1 27.62
13 -1 -1 1 1 26.24
14 1 -1 1 1 27.51
15 -1 1 1 1 30.27
16 1 1 1 1 32.16
17 -2 0 0 23.85
18 2 0 0 0 27.07
19 0 -2 0 0 23.55
20 0 2 0 0 28.56
21 0 0 -2 0 22,32
22 0 0 2 0 28.23
23 0 0 0 -2 21.34
24 0 0 0 2 27.93
25 0 0 0 0 26.17
26 0 0 0 0 26.65
27 0 0 0 0 26.77
28 0 0 0 0 26.68
29 0 0 0 0 25.73
30 0 0 0 0 26.94
31 0 0 0 0 26.09

2 Non-randomized.
b Coded symbols and levels of independent variables refer to Table 1.
¢ Averages of duplicated determination from different experiments.

Table 2. Central composite design and responses a
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Sumof Degreesof Mean

So squares freedom square

F-value P-value Significance

Model 169.2204 14 12.08717 65.10984 < 0.0001 significant
X1 15.21634 1 15.21634 81.96568 < 0.0001 significant
X2 31.763 1 31.763 171.0974 < 0.0001 significant
X3 47.12404 1 4712404 253.8426 < 0.0001 significant
X4 59.5035 1 59.5035 320.5269 < 0.0001 significant
XX 0.247506 1 0.247506 1.333239 0.2652  nonsignificant
X1x3 0.500556 1 0.500556 2.696341 0.1201 nonsignificant
X1X4 0.507656 1 0.507656 2.734587 0.1177  nonsignificant
X3 3.001556 1 3.001556 16.16845 0.0010 significant
X4 2.697806 1 2.697806 14.53224 0.0015 significant
X3X4 2.847656 1 2.847656 15.33944 0.0012 significant
x12 0.950089 1 0.950089 5.117832 0.0380 significant
222 0.032143 1 0.032143 0.173144 0.6829 nonsignificant
x32 1.493398 1 1.493398  8.044472 0.0119 significant
x42 4.316615 1 4316615 23.25227 0.0002 significant
Residual  2.970285 16 0.185643
Lack of Fit 1.810542 10 0.181054  0.936695 0.5591  nonsignificant
Pure Evor 1.159743 6 0.19329
Cor. Total 172.1907 30

“Prob>F"<0.0500 significant; “Prob>F">0.0500 nonsignificant.

Table 3. Analysis of variance (ANOVA) of the regression parameters for the response
surface model

2.6 Statistical analysis

The response surface regression (RSREG) procedure of the Design Expert (Version 7.1.3,
Stat-Ease Inc., Minneapolis, Minnesota, USA) was used to fit the experimental data to the
second-order polynomial equation to obtain coefficients of the Eq. (3).

4 4 3 4
Y=o+ pii+ Y fi YD Bixing 3)
i=1 i=1 i=1 j=itl

Where Y is the response variable, x; and x; are the coded independent variables, and po, fi, i
and f; are the regression coefficients of variables for intercept, linear, quadratic and
interaction regression terms, respectively. The analysis of variance (ANOVA) tables were
generated, and the effect and regression coefficients of individual linear, quadratic and
interaction terms were determined. The significance of each coefficient in the polynomial
was tested using an F-test. The regression coefficients were used for statistical calculations to
generate response surfaces and contour plots.

2.7 Verification of model
The optimal conditions of alkali treatment depended on ratio of liquid to solid, temperature,
incubation time and alkali concentration, and were obtained using RSM. For verification of
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the model, the SDF was prepared under optimal conditions and the prepared SDF was
determined. The experimental and predicted values were compared in order to determine
the validity of the model.

3. Results and discussion

3.1 Comparison of the yields of SDF

Soybean residue or extruded soybean residue was treated with alkali in the same conditions
(a ratio of liquid to solid 24 : 1, a temperature of 80°C, a processing time of 60min and an
alkali concentration of 0.80%), the yields of SDF were compared in Table 4.

Raw materials Yield of SDFa / %
Soybean residue 10.16+0.09
Extruded soybean residue 26.36+0.55

2 Values are means+SD (n=4)
Table 4. Comparison of the yields of SDF

The results indicated that the yield of SDF prepared from extruded soybean residue was
significantly higher than the yield of SDF prepared from soybean residue. The structure of
dietary fiber was changed while the raw materials were extruded. Therefore, the conditions
of SDF prepared from extruded soybean residue should be optimized in order to increase
the yield of SDF.

3.2 Fitting the models

The study utilized RSM to develop a prediction model for optimizing the alkali treatment
conditions of SDF prepared from extruded soybean residue. The experimental conditions
and the corresponding response values from the experimental design are presented in Table
2. The independent and dependent variables were analyzed to obtain a regression equation
that could predict the responses within the given range. The regression equation for SDF
preparation (Y) is as follows:

Y = 3217125 + 1.76482x, — 0.70210x, — 0.23514x, — 32.77976x, + 0.012438x,x, —
0.00884375x,x; + 0.44531x,x, + 0.0086625x,x; + 0.41063x,x, + 0.2109%4x5x, —  (4)

0.045569x,% — 0.00134107x,% — 0.00228527x,% — 9.71317x,>

The plot of experimental values of prepared SDF (%) versus those calculated from Eq. (4)
indicated a good fit, as presented in Fig. 1.

The results of analysis of varianc