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ABSTRACT

New corn hybrids and various handling and processing conditions can
be evaluated using laboratory- or pilot plant-scale procedures. Review of
laboratory- and pilot plant-scale wet-milling procedures used in past
research indicates that while there are significant differences in some of
the procedures, most of the procedures can result in starch yield and
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other component yields comparable to industrial values. The major vari-
able affecting accuracy and precision appears to be the attention to detail
expended by the researcher. Development of a standardized wet-milling
procedure may enhance the ability to compare data between researchers.

In the past 50 years, various methods have been developed to
evaluate the milling characteristics (millability) of corn for wet
milling. Wet milling is the industrial process for extracting starch
from cereal grains and has been presented in detail (Anderson
1970, Berkhout 1976, Watson 1984, Simms 1985, May 1987,
Johnson 1991, Blanchard 1992).

Corn millability can be estimated using small samples of corn
by determining the quantity and the quality of the recoverable
components as well as the relative difficulty encountered in com-
ponent separation. Millability studies have been done to evaluate
differences in wet-milling characteristics of corn varieties and
hybrids (Anderson and Pfeifer 1959; Anderson et al 1960, 1961a;
Anderson and Griffin 1962; Anderson 1962, 1965; Dimler 1966;
Watson and Yahl 1967; Zehr et al 1995); and to study the effects
of growth location (Singh 1994), harvesting conditions (Brown et
al 1979; Weller 1987; Weller et al 1988, 1989), drying conditions
(MacMasters et al 1954, 1959; Watson and Hirata 1962; Lasseran
1973; Vojnovich et al 1975; Brown et al 1979; Le Bras 1982;
Weller 1987; Weller et al 1988, 1989; Mistry et al 1993), storage
time (Lasseran 1973), use of different steeping procedures
(Anderson et al 1961b; Roushdi et al 1979, 1981a—c; Krochta et al
1981; Hassanean and Abdel-Wahed 1986; Caransa et al 1988;
Steinke and Johnson 1991; Steinke et al 1991; Fox and Eckhoff
1993; Shandera et al 1995; Biss and Cogan 1996), and alternative
processing techniques on product yields (Yahl et al 1971; Ling
and Jackson 1991; Wang and Johnson 1992a,b; Neryng and Reilly
1984; Eckhoff and Tso 1991a,b; Rausch et al 1993, Eckhoff et al
1993a). Millability studies have also been conducted to study the
relationships of grain proximate composition and physical proper-
ties to wet milling (Fox et al 1992) and to predict starch yield
using spectroscopy techniques (Wehling et al 1993).

The corn wet-milling industry has, over the years, expended
considerable resources to improve the mechanical efficiency of
their processes by focusing on improved process control and more
efficient process equipment. However, the process has not
achieved the level of efficiency of many other processing indus-
tries due to variability in the milling quality (millability) of
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incoming corn. Recent advances in biotechnology and genetic
engineering, as applied to corn hybrid development, have
increased the diversity within commercial hybrids. This has focused
industrial attention on finding ways to decrease the variability in
incoming corn and reduce production costs (Eckhoff 1995).

Millability of corn samples can be estimated by using either
laboratory- or pilot plant-scale wet-milling procedures. The differ-
ence between laboratory- and pilot plant-scale wet-milling is more
than just sample size, although sample size can make a major dif-
ference. Laboratory procedures generally mill 50 g to 2 kg of
corn, while pilot plant milling can be in quantities ranging from
10 kg to 70 MT. Pilot plant-scale milling will often use small-
scale industrial equipment to make the fractionations and separa-
tions; whereas, laboratory-scale milling uses much smaller
equipment, mostly different in design from industrial equipment.
Pilot plant-scale studies tend to be more expensive, require larger
quantities of a particular hybrid than laboratory milling, and is
generally justified only when a relatively large amount of starch is
required for subsequent testing of starch properties, or when new
processing technologies are being scaled up. This article reviews
the various laboratory- and pilot plant-scale wet-milling proce-
dures used in assessing millability and compares component
yields to those obtained in industry.

SAMPLE PREPARATION

Commercial corn is received at the milling facility in the shelled
form (i.e., kernels already removed from the cob) having been inspect-
ed for U.S. Grade factors and undesirable mycotoxins (Freeman
1973). The corn is cleaned using reciprocating screens to remove
some foreign material and broken kernels before steeping.

Samples for laboratory- or pilot plant-scale milling can be hand-
picked (Wehling et al 1993), hand-sieved (Shandera et al 1995), or
mechanically cleaned (Steinke and Johnson 1991, Eckhoff et al
1993, 1996) for foreign material, mold, heat damage, and broken
kernels before analysis. The choice of cleaning method depends
on the objective of the milling test. If the objective is to compare
the millability of various hybrids, it would be prudent to assure
that all samples have comparable levels of damaged kernels and
foreign material. Such corn should be well cleaned and free from
foreign material and kernel defects. For testing commercial ele-
vator or bin samples, the sample should be representative of the
corn as it might be milled and cleaned to some degree with a me-
chanical cleaner.
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Mechanical cleaning can be performed by using a variety of
equipment. Steinke and Johnson (1991) screened corn using a
Carter dockage tester, while Eckhoff et al (1993b) used a Gamet
reciprocating shaker and a 4.76-mm round-hole sieve. Mostly,
other researchers have failed to report the method of cleaning
used. Choice of cleaning equipment should yield samples repre-
sentative of the corn to be tested.

The size of sample to be milled also determines whether and to
what degree the sample should be cleaned. The smaller the sample
size, the less foreign material should be present in the sample due
to difficulty in assuring uniform distribution of the foreign mate-
rial, particularly if the foreign material includes large particles of
corn cobs, stalks, or broken kernels.

The size of sample used in previous research has varied from 50 g
to 1,500 g (Table I). Selection of the sample size primarily depends
upon the accuracy of the test procedure and the amount of starch
required for subsequent testing. The smaller the sample size, the
more care the researcher or miller may need to take to ensure the
reproducibility of the results. A 1-g loss of solids while milling
100 g of corn reduces total solids recovery by 1%; whereas, solids
recovery is reduced only 0.1% when 1 g is lost while milling 1 kg
of corn. About 60—65 g of starch can be obtained by laboratory
wet-milling 100 g of corn, while pilot plant-scale milling of 25 kg
of corn can yield over 15 kg of starch.

STEEPING

Steeping softens the corn kernels for grinding, facilitates disin-
tegration of the protein matrix that encapsulates the starch gran-
ules in the endosperm, and removes solubles, mainly from the
germ, to increase germ recovery (Cox et al 1944). Sulfurous acid,
used to disrupt the protein matrix, also acts to limit undesirable
fermentation during steeping. Steeping, which is considered to be
the heart of the wet-milling process, has been conducted in labo-
ratory- and pilot plant-scale milling primarily in three ways: 1)
static batch, 2) recirculated batch, and 3) countercurrent steeping
(Table I).

In static-batch steeping, the corn sample and the steeping solu-
tion are placed in a beaker or flask with no stirring, agitation or
mixing of the solution (Steinke and Johnson 1991, Fox et al 1992,
Eckhoff et al 1996). Steep temperature is controlled by placing the
container in a waterbath or other temperature-controlling device.

Recirculated-batch steeping involves continuous pumping of the
steep solution through a temperature-controlled heater or water-
bath to maintain proper steep temperature (Anderson 1957, 1963;
Roushdi et al 1979, Watson 1984, Krochta et al 1991, Eckhoff and
Tso 1991a, Eckhoff et al 1993b, Singh and Eckhoff 1995a).
Steepwater may also be recirculated through a make-up tank where
the composition of the steepwater may be changed to simulate

industrial steeping practice (Rubens 1990). The steepwater
recycling rate should be sufficiently high to ensure that there are
no external mass transfer limitations. Eckhoff and Tso (1991a)
recirculated steepwater at a rate of =380 ml/min for steeping
1,500-g samples. Krochta et al (1981) reported that a recirculation
rate of 150-200 ml/min was sufficient to ensure uniform
concentration in the steep solution. In a 100-g procedure, Eckhoff
et al (1996) found no difference in starch yield due to the use of
static batch steeping. Shandera et al (1995), while steeping 300-g
corn samples, recirculated steepwater at 150 ml/min during the
first hour; thereafter, the steepwater was recirculated for 15 min
every hour during the 40-hr steeping period.

The steeping solution in static-batch and recirculated-batch
steeping systems have generally contained 0.10-0.20% sulfur
dioxide (Table I) which is comparable to industrial practice
(Blanchard 1992). Eckhoff and Tso (1991a) showed that the starch
yield increased from 64.9 to 67.3% when sulfur dioxide was in-
creased from 0.1 to 0.2%. Krochta et al (1981), who used mill
starch (starch and protein fractions combined) as an index of mil-
lability, reported mill starch yields of 66.6, 70.3, 71.3, and 72.6%
for the SO, concentrations of 0.1, 0.2, 0.3, and 0.4% in the steep
solution, respectively.

Lactic acid may also be added to the steeping solution to better
simulate the industrial steeping process (Roushdi et al 198lc;
Ling and Jackson 1991; Eckhoff et al 1993b, 1996; Singh and
Eckhoff 1995a). Du et al (1996) found that starch yield increased
from 59.1 to 63.8% when 0.55% lactic acid was added to the
steeping solution. Similar results were obtained by Eckhoff and
Tso (1991a), who reported that the starch yield increased from
64.9 to 69.1% with the addition of 0.55% lactic acid to the steep-
ing solution. The work of Steinke et al (1991) compared the starch
yield from a countercurrent steep apparatus, which produced lactic
acid, to a batch-steeping system with no added lactic acid, also
showed =6% increase in starch yield due to the production of lac-
tic acid. Roushdi et al (1981c) reported starch yield of 63.8%
when samples were steeped in solution containing 100 ppm SO,
and 0.55% lactic acid compared to a starch yield of 58.5% when
samples were steeped in solution containing 300 ppm SO, and no
lactic acid. Du et al (1996) found that other organic and inorganic
acids could be substituted for lactic acid and give a similar yield
increase.

The amount of steepwater used to steep the corn in batch
steeping is also an important factor because the steepwater carries
the SO,, and total absorbable SO, increases with increased ratios
of steepwater to corn. Most researchers have used steepwater-to-
corn ratios varying from 1.8:1 to 2:1 (Table I). Krochta et al
(1981) reported that mill starch yield decreased from 70.3 to
67.5% when the steepwater-to-corn ratio was reduced from 2:1 to
1:1 at the same SO, concentration in the steepwater.

TABLE I
Steeping Variables Used in Various Laboratory-Scale Procedures
Sample Size Steeping SO, Concentration Lactic Acid Temperature
(g Solution (ml) (%) Concentration (%) °C) Time (hr)

Static batch steeping

Pelshenke and Lindemann (1954) 50 100 0.2 0 50 48

Steinke and Johnson (1991) 300 600 0.2 0 50 48

Eckhoff et al (1996) 100 180 0.2 0.55 52 24
Recirculated batch steeping

Anderson (1963) 1,500 2,800 na? na na 48

Watson (1984) na na 0.1 na 52 48

Eckhoff and Tso (1991a) 1,500 2,800 0.2 0 50 48

Eckhoff et al (1993b) 1,000 1,867 0.2 0.55 52 36

Singh and Eckhoff (1995a) 1,000 2,000 0.15 0.55 50 24
Countercurrent Steeping

Steinke et al (1991) 300 1,050 varies varies 502 48

Yaptenco (1993) 1,000 na varies varies 45+0.2 36

2 Not available.
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