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Response surface methodology was used to investigate the interactions models of starch, germ, fines, gluten, and steep solids yields were predicted
of lactic acid, sulfur dioxide (SO2), and steeping temperature and their as functions with nonlinear influences of lactic acid and SO2 . Higher
effects on corn wet milling yields. A regular dent corn hybrid and a starch yields were obtained when steeping at 431C than at 570C; higher
more vitreous dent corn hybrid were laboratory batch steeped. Kernel yields were predicted with moderate lactic acid and high SO2 concentra-
absorption of SO 2 was higher for the more vitreous dent corn hybrid. tions. Steeping temperature interactions with lactic acid and SO 2 during
Absorption also increased with lactic acid use and at lower steeping the steeping period limited its integration as a second-order modeling
temperatures. Lactic acid concentrations in steepwater remained constant factor for starch, germ, and fines fractions. For all treatments, gluten
over time, but kernels absorbed more steepwater at higher temperatures. recovery and steepwater solubles responses were predicted by lactic acid
When wet milled on a laboratory scale, vitreous corn was more resistant concentrations. Lactic acid, which influenced all significant fraction yield
to grinding and less millable. Significant first-order response surface models, affected SO2 absorption.

Steeping corn (Zea mays, L.) for starch production softens
and degrades kernel structure, thus aiding kernel component
separation during the physical stages of the wet milling process.
Sulfur dioxide (SO2 ) and elevated steeping temperatures
(45-550C) are used to control the growth of putrefactive micro-
organisms within the steeps, as well as to aid in kernel degradation.
Lactic acid is usually formed by bacterial fermentation in commer-
cial steeps and is often added to steepwater used in laboratory
batch steeping.

Cox et al (1944) identified SO2 as an important steeping agent
that peptidizes protein matrices enveloping endosperm starch
granules. The degree of protein peptization in whole kernels in-
creased over the 24-hr steeping period with increasing SO2 concen-
trations (up to 0.4% tested) and higher steeping temperatures
(up to 550C tested). When steeping horny endosperm sections
(10,.m thick, unlimited steepwater diffusion), Watson and Sanders
(1961) observed increased starch granule release from the sur-
rounding protein matrix with increased SO2 concentrations. In
commercial steeping, kernel degradation for starch release does
not occur until kernels are exposed to SO2 (Wagoner 1948).
Bisulfite ions, a form of aqueous SO2, reduce and peptidize native
kernel proteins and form sulfo-protein complexes (Boundy et al
1967). Steepwater pH affects bisulfite ion formation (King et al
1981). Eckhoff and Okos (1990) showed that gaseous SO2 pene-
trates corn kernels 100 times faster than the steepwater diffusion
rate calculated by Fan et al (1965). Also, Eckhoff and Okos (1990)
observed a higher net absorption of gaseous SO2 at temperatures
lower than those typically used for steeping (30 C). Steeping times
have been decreased and starch yields have been increased by
mechanically (Hassanean et al 1986, Roushdi et al 1979) and
enzymatically (Caransa et al 1988, Du Ling and Jackson 1991,
Steinke and Johnson 1991) increasing steepwater and SO2
penetration.

Cox et al (1944) reported that lactic acid softened the kernel
and increased the effectiveness of SO2, but acetic and hydrochloric
acids did not have softening or degrading effects. Watson and
Sanders (1961) reported that lactic acid alone did not influence
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granule release, but Watson (1967) reported that lactic acid has
a softening action on kernel structure. Rhousdi et al (1979)
reported that high levels of lactic acid in commercial steeping
systems reduced yield and quality of starch. Eckhoff and Tso
(1991) increased the titratable (water soluble) SO 2 content within
kernels and also increased starch yields by adding lactic acid to
laboratory batch steeps containing 0.1% SO2.

The interactions and the importance of lactic acid concentration
and temperature on wet milling fraction yields has never been
fully established. Thus, our objective was to better understand
the interactions of lactic acid, SO2, and temperature that promote
separation of kernel constituents during the corn wet milling
steeping process.

MATERIALS AND METHODS

Maize Samples
Golden Harvest 2572 (GH2572), typical of yellow dent hybrid

types used by the wet milling industry, and Asgrow 404Y (A404Y),
a harder kernel yellow dent hybrid more typically used by the
alkaline processing industry, were field dried (12.5 ± 1 % moisture),
mechanically harvested, and stored at -10° C. Samples were hand-
sieved on a 5.6-mm (U.S. 3.5) standard sieve and equilibrated
overnight to ambient temperature before steeping.

Steeping Procedure
The batch steeping procedure described by Watson et al (1955)

and modified by Krochta et al (1981) and Steinke and Johnson
(1991) was used. Corn (300 g) was steeped in 1,000-ml flasks
containing 600 ml of steep solution prepared with distilled water,
sodium bisulfite (67F-0469, Sigma Chemical Co., St. Louis, MO)
as a SO2 source (Rausch et al 1993), and synthetically derived
85% DL-lactic acid syrup (91 H0693, Sigma). Free lactic acid was
obtained from synthetic syrup by diluting to a 10% stock solution
(v/v) and heating at 95°C for 24 hr (Shandera and Jackson 1993).
Levels of steeping temperature, SO2 concentration, and lactic acid
concentration were assigned using a uniform precision central
composite design to sequentially fit first- and second-order re-
sponse surfaces (Montgomery 1991) (Table I). Steeping flasks
were preheated for 20 min before adding corn. Flasks were sub-
merged and heated in a 2,400 W water bath (Blue M, Blue Island,
IL). Steepwater chemical concentrations, which change with kernel
absorption, were equilibrated by circulating steepwater from the
top of the steep to below the steeping kernels at 150 ml/ min
during the first hour, and for 15 min/ hr intervals thereafter. Con-
centrations of SO2 and lactic acid were monitored and quantified
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over the 40-hr steep time by high performance liquid chroma-
tography (HPLC) (Shandera and Jackson 1993). Steep solution
absorption rate into kernels, as affected by steeping temperature,
lactic acid, and SO2 concentration, was monitored by removing
kernels at 0.5-hr intervals, blotting, and drying (AACC 1983).
All SO2 and lactic acid measurement treatments were performed
in duplicate (high performance size exclusion chromatography
test measurements were also replicated for each sample treatment);
kernel moisture measurement treatments were performed in tripli-
cate. Because of limited milling capacities, steeps were given a
latent period of refrigeration (at least 24 hr, but no more than
one week) at 4VC before milling. Du Ling and Jackson (1991)
found that refrigeration of steeped corn at 40C for 0-168 hr did
not change starch yields.

Milling
Milling procedures were based on Watson et al (1951, 1955),

Anderson (1963), Krochta et al (1981), and Steinke and Johnson
(1991). Drained samples were degerminated in 500 ml of distilled
water with a 1-L Waring commercial laboratory blender (model
7010H, Dynamics Corp., New Hartford, CT), fitted with a 53-
X 7- X 3-mm blunt blade, for 2 min at 90 V and a low-speed
setting. Germs were recovered by adding 250 ml of distilled water
to settle bran and endosperm fragments and then suspending the
starch and gluten-protein with a 4-cm diameter perforated plastic
disk fitted to the blender operating at 20 V. Floating germs were
skimmed with a screen strainer of -850 gm (U.S. 20) mesh and
washed on a 118-gim (U.S. 16) standard sieve by spraying with
2 L of distilled water. Spent germ washwater was reused as fiber
washwater during sieving.

Degerminated slurry and germ washwater settlings were re-
ground, 500 ml at a time (1 / 2 blenderjar), with the Waring blender
(original blades reversed) for 1 min at high speed and 120 V.
Bran was recovered over a 425-gum (U.S. 40) standard sieve,
washed with used germ washwater, and spray-washed with 1,500

TABLE I
Steeping Treatment Levels Used for Response

Surface Methodology Modeling

Steeping Lactic Acid Sulfur Dioxide
Temperature Concentration Concentration
(°C) (%, v/v) (%, v/v)

Experimental Phase 1
57 1.5 0.3
57 1.5 0.05
57 0.2 0.3
57 0.2 0.05
57 0.65 0.125
43 1.5 0.3
43 1.5 0.05
43 0.2 0.3
43 0.2 0.05
43 0.65 0.125

Experimental Phase 2
Center point

50.5 0.65 0.20
Factorial points

46.0 0.30 0.10
46.0 0.30 0.30
46.0 1.00 0.10
46.0 1.00 0.30
55.0 0.30 0.10
55.0 0.30 0.30
55.0 1.00 0.10
55.0 1.00 0.30

Axial points
50.5 0.65 0.032
50.5 0.65 0.369
50.5 0.061 0.20
50.5 1.239 0.20
42.9 0.65 0.20
58.07 0.65 0.20

ml of distilled water in 500-ml aliquots. Fines, composed of finely
ground pieces of bran, germ, and endosperm (inseparables), were
collected on a 63-gm (U.S. 230) standard sieve placed directly
under the 425-gum (U.S. 40) standard sieve and spray-washed with
three 750-ml aliquots of distilled water. Fiber and fines were hand-
mixed with a 7.5-cm wide, round-edged plastic spatula. Water
was removed from the fiber by hand-squeezing with the spatula.
Throughs, containing mostly starch and gluten-protein, were
settled in a 4-L plastic container overnight at 40 C.

The mill starch slurry was decanted, adjusted to 80 baume
(Weller et al 1988), and immediately pumped (150 ml/min) onto
the upper end of a 0.15- X 3.05-m (6 in. X 10 ft) flat-bottomed
aluminum trough inclined at a 0.75% slope and prewetted with
distilled water. Collected starch was washed with the previously
decanted supernatant (-3 L total volume) at 1,000 ml/ min. A
second rinse was made with 1 L of distilled water. Starch was
air-dried on the table for 1 hr before collecting for further analysis.
Overflow water was considered to contain the gluten (protein)
fraction.

Fraction Analysis
All milled fractions were predried in an air oven at 550C to

prevent gelatinization of starch. Moistures for corn, starch, bran,
and fines fractions were determined in triplicate (AACC 1983).
Moisture content of germs and solids content of steepwater and
gluten were determined in triplicate (AACC 1983). Fraction yields
were calculated on a percentage (db) of original unsteeped corn.
Protein contents of starch and gluten fractions were determined
(N X 6.25) with a Kjeltech automated system (Tecator Inc.,
Herdon, VA) (AACC 1983). Table overflow (gluten) was predried
at 1030C overnight before protein determination. Kernel ash con-
tent and lipid content were determined (AACC 1983).

Experimental Design
A two-phase study using response surface methodology was

performed to determine the effects of steeping temperature, lactic
acid concentrations, and SO2 concentrations on corn wet milling
yields. During the first phase, the objective was to determine
whether a linear function (first-order model) of the steeping factors
would fit the corn wet milling yields. Each corn hybrid was tested
at two steeping temperature extremes (43 and 570 C) in duplicate,
using a 22 factorial design augmented with five outer points. A
fifth treatment, a surface midpoint, was included as a quadratic
check of the surface function (lactic acid) and for estimation of
the stationary point. The treatment combinations of SO2 and
lactic acid are shown in Table I. First-order models tested linear
and possible quadratic steeping effects of SO 2 and lactic acid
on starch, germ, bran (425-gim sieve overs), fines (63-gim sieve
overs), gluten-protein, and steepwater solids fraction yields. Yield
data was analyzed for model fit using the RSREG procedure
in the Statistical Analysis System (SAS 1992). In addition, fraction
yields were compared by hybrid and by steeping temperature using
the method of Fisher's protected least significant differences in
the GLM procedure.

After analysis of the first phase experiments, second phase ex-
periments were conducted to test the fit of first-order and then
second-order models that integrated steeping temperature with
lactic acid and SO2 effects on the GH2572 corn hybrid (A404Y
was not tested further because it was deemed of limited importance
to the wet milling industry). A uniform precision, rotatable central
composite design (23 factorial) was developed sequentially from
the first-phase, first-order treatment design. The 23 factorial was
augmented by six replicates of the center point (Table I), and
the data were used to fit a first-order model. Then data from
the six axial points were collected and combined with the previous
data to fit a second-order model for the yields of each fraction.
Second-order mathematical models for predicting wet milling
fraction yields (y) were created as functions (f ) of the three
steeping factors (X), including experimental error (e):

Y ef (Xsulfur dioxide, Xiactic acid Xsteeping temperature) + C
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