Effect of Alternative Milling Techniques on the Yield and Composition
of Corn Germ Oil and Corn Fiber Oil
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The effects of alternative corn wet-milling (intermittent milling and and the IMDS) had, for almost all of the individual phytosterol com-
dynamic steeping (IMDS), gaseous ,S&hd alkali wet-milling) and dry  pounds, either comparable or signficantly higher yields compared with
grind ethanol (quick germ and quick fiber with chemicals) production techthe conventional wet-ifling process. Also, both of the modified dry grind

nologies were evaluated on the yield and phytosterol catiquoéerulate
phytosterol esters, free phytosterols, and fatty acyl phytosterot)esfe
corn germ and fiber oil and compared with the conventional vilghgn

ethanol processes (the quick germ and quick fiber) with chemicals (SO
and lactic acid) can be used as a new source of corn germ and fiber and
can produce oils with high yields of phytosterols. The alkali wiéitrg

process. Small but statistically significant effects were observed on thgrocess showed significantly lower yields of phytosterols compounds in
yield and composition of corn germ and fiber oil with these alternativegerm but showed significantly higher yield of free phytosterols, fatty acyl
milling technologies. The results showed that the germ and fiber fractionghytosterol esters and total phytosterols in the fiber fraction.

from two of the alternative wet-milling teoologies (the gaseous $O

Corn ail (obtained from corn germ) and corn fiber oil (obtained
from corn fiber) are two valuable coproducts that are, or can be,
produced in corn processing facilities. Corn ail is sold for $0.55 to
$0.66/kg ($0.25 to $0.30 /Ib) (wholesale price) and is mainly used
as cooking oil and in or for other food applications. Commercial
corn fiber oil-based products potentially can be sold for $17.6 to
$22.0/kg ($8 to $10/1b) (based on the current market retail price of
products similar to corn fiber cil). Corn fiber oil contains unique
compounds; ferulate phytosterol esters (FPE), free phytosterols (St)
and fatty acyl phytosterol esters (St:E) (Moreau et d 1996) and corn
fiber oil can lower serum cholesterol levels in blood in laboratory
animals (Moreau et a 1998) and, therefore, it has a nutraceutical
vaue. The most abundant phytosteral in the FPE fraction in corn fiber
oil is stostanal, a fully-saturated stanol (Cater and Grundy 1998),
which is considered to be more efficacious in cholesterol lowering
ability than unsaturated phytosterols. However, recent clinical studies
have shown that soy (unsaturated) phytosterol fatty acyl esters may
be as efficacious as phytostanol fatty acyl esters in lowering serum
cholesterol levels (Westrate and Meijer 1998). There are a so reports
that free phytosterols, when properly formulated, can lower serum
cholesterol levels. Crude corn germ oil has a negligible amount of
ferulate phytosterol esters (FPE) but has a significant amount of
fatty acyl phytosterol esters (St:E) and free phytosterols (St) before
refining. Moreau et a (1999b) showed that of the total FPE present
in corn kernels, =90% is present in the fiber fraction and =3% in
germ; of the total St present in corn kernels, =20% is present in the
fiber fraction and =60% in the germ fraction; and of the total St:E
present in corn kernels, 50% is in the fiber fraction and =40% isin
the germ fraction.

Processing conditions have an effect on the yield and compo-
sition of oil from the fiber fractions of different grains. The conven-
tional corn wet-milling process, with and without chemicals (SO,

Lvisiting assistant professor and professor, Department of Agricultural Engineer-
ing, University of Illinois, Urbana, IL 61801.

2Corresponding author. Phone: 215-233-6714; Fax: 215-233-6406; E-mail:
vsingh@arserrc.gov.

3Lead scientist and research leader, U.S. Department of Agriculture, Eastern
Regional Research Center, Agricultural Research Service, 600 E. Mermaid Lane,
Wyndmoor, PA 19038. Names are necessary to report factually on available data;
however, the USDA neither guarantees nor warrants the standard of the product,
and the use of the name by the USDA implies no approval of the product to the
exclusion of others that may also be suitable.

Publication no. C-2000-1204-02R.

This article is in the public domain and not copyrightable. It may be freely re-
printed with customary crediting of the source. American Association of Cereal
Chemists, Inc., 2001.

46 CEREAL CHEMISTRY

and lectic acid), have an effect on the ferulate phytosterol ester
composition in the corn fiber oil (Singh et a 1999). Heat treatment
(drying of fiber a high temperature before extraction) increases (=10-
fold) the yield of y-tocopherol in corn fiber oil (Moreau et d
1999a) and increase the levels of tocotrienols, oryzanol, and other
compoundsin rice bran oil (Lane et a 1997).

The recent development of aternative corn wet-milling tech-
niques such as the intermittent milling and dynamic steeping process
(IMDS) (Lopes-Filho et d 1997), gaseous SO, (Eckhoff and Tso
1991; McKinney 1996), and the akali wet-milling process (Du et
al 1999; Eckhoff et d 1999) offer substantia technological improve-
ments over the conventional wet-milling process and have potential
for savings in energy and capital costs. Similarly, recent modifica-
tions of the dry grind ethanol process, such as the quick germ (Singh
and Eckhoff 1996, 1997) and quick fiber processes (Singh et a
1999) for dry grind ethanol offer germ and fiber as new coproducts
which can help reduce the cost of ethanol production. The germ
and fiber from the dry grind ethanol industry also provide new
sources of feedstock for recovery of cholesterol-lowering phyto-
sterol compounds.

These dternative wet-milling and dry grind production tech-
nologies involve different chemical and milling parameters com-
pared with conventional techniques and, therefore, might have an
effect on the yield and composition of the nutraceutical com-
pounds in the corn germ and fiber ail. In this study, the effects of
alternative corn wet-milling and dry grind ethanol production tech-
nologies were evaluated on the yield and composition of corn fiber
and germ oil and compared with the conventiona wet-milling
process which is currently the only bulk source of corn fiber for
the corn processing industry.

MATERIALSAND METHODS

A yellow dent corn hybrid (3394) grown during the 1998 crop
season at the Agricultural Engineering Farm, University of Illinois
at Urbana-Champaign, was field dried to 14-16% moisture content
and combine-harvested. Corn samples were hand-cleaned to remove
broken corn and foreign material, packaged in plastic bags, and
stored at 4°C until wet-milling. The whole kernel moisture content
of the samples was measured using the 103°C convection oven
method (AACC 2000).

Conventional wet-milling and gaseous SAilling was done
using the 100-g laboratory corn wet-milling procedure as outlined
by Eckhoff et al (1996) and McKinney (1996), respectively, and
both fine (cellular) and coarse fiber fractions (pericarp) were re-
covered separately. In the gaseous Bfcedure, the target flow



rate of SO, to fill the sample bag was 597 mL/min for 2.5 min and
the steep time was 14 hr. The IMDS procedure was done on 1-kg
corn samples as described by Lopes-Filho et a (1997). The akali
wet-milling procedure used 100-g samples and followed Eckhoff
et al (1999) through cracking and steeping and then the corn was
milled according to Eckhoff et a (1996) using the steepwater as
process water. The quick germ process was performed using the
procedure outlined by Singh and Eckhoff (1996) and the quick
fiber process was done as described in Singh et a (1999). Based on
the poor yields of phytosterol compounds in the quick fiber process
steeped without chemicals (Singh et al 1999), in this study the quick
germ and the quick fiber processes were steeped with chemicals
(0.2% SO, and 0.55% lactic acid). The collected germ and fiber
samples were dried for moisture content determination using the
two-stage, convection oven procedure (AACC 2000).

Dried fiber samples were ground to 20 mesh in a Wiley mill.

sterol compound yields. The level selected to show statistical signi-
ficance was 5%R < 0.05).

RESULTSAND DISCUSSION

Germ Yieldsand Germ Oil Composition

A germ yield 0f=5.0% with the conventional wet-milling process
was comparable to the germ yield reported by Eckhoff et al (1996).
Significant differences in germ yield and the phytosteoohgostion
in the germ oil were observed with different alternative milling tech-
nologies. The germ yield for the gaseous BOcess was comparable
to that of conventional wet-milling and the germ yield for the IMDS
process was slightly higher (14.7%) than that of the conventional wet-
milling process (Table ). The germ yield for the alkali wet-milling
process was lower (by 35.7%) and higher (by 34.1%) for the quick
germ processthan for the conventional wet-milling process. Lower germ

Dried germ (1-2 g) and ground fiber samples (2—4 g) were placedield in the alkali wet-milling process was probably due to the broken
in screw-top vials (55 mL) and 40 mL of hexane was added. The driggerm that was observed in the 100-g procedure which was difficult
germ was homogenized using the Brinkman Polytron homogenizeo recover. Higher germ yields from the quick germ process are due
The tubes were shaken horizontally for 1 hr in a wrist-action shakéo some of the fiber fraction that comes along when the germ is
at room temperature. After extraction, the hexane extracts werecovered in the quick germ process (Singh and EcRI9&i).
filtered through a Whatman GF/A glass fiber filter fitted in a Buch- Germ oil yields for the alkali wet-milling and the IMDS process
ner funnel with gentle vacuum. A part of the sample was removedere significantly lower compared with the conventional welimgi
for HPLC analysis as previously outlined by Moreau et al (1996)process. Lower oil yields for the alternative corn milling processes
The rest of the solvent sample was dried under nitrogen and hemére due to the shorter steep times in the alkali wet-milling (steep
using an N-EVAP analytical evaporator (Organomation Associatetime of 1 hr) and IMDS (steep time of 5 hr) process compared with
Inc., Berlin, MA). The dried sample was transferred to 7.7-g vialshe conventional wet-milling process (steep time of 24 hr). Longer
in an 85:15 chloroform-methanol mixture and dried again undesteep times allow the soluble proteins to leach out of the germ into
nitrogen to measure oil dry weight. The fiber yields, fiber oilthe steepwater and therefore increase the concentration of the oil
recoveries, and yield of the three phytostershpounds (FPE, St, in the germ fraction (Watson 1984), which leads to higher extraction
and St:E) were compared with the fiber yield, fiber oil recoverygefficiency. Higher oil content with the gaseous,3®ocess and
and yield of the three phytosterol compounds from the control santhe quick germ process compared with the alkali wet-milling and
ple (sample steeped with sodium meta-bisulfite and lactic acid). the IMDS process were probably due to the longer steep time of
Analysis of variance (ANOVA) and Duncan’s multiple range testl2—14 hr. The lack of diffusion of soluble protein in the steepwater
(SAS Institute, Cary, NC) were used for corn fiber oil and phytoafter 12-14 hr of steep time would explain the comparable oil

yield from the gaseous $@rocess and the quick germ process to
St:E FPECKS:EI(
o CH=CHCOO’
1

the conventional wet-milling process.
?{\OCﬂg
+

H,0

TABLE I
Per cent Weight of Ferulate Phytosterol Esters (FPE),
Free Phytosterols (St), and Fatty Acyl Phytosterol Esters (St:E)
in Germ Oil and Total Phytosterol Compounds

. from Germ for Different Corn Processing Technologies
2

Corn Processing Yowt of Oil
Technology FPE St StE Total
Ferulic Acid Conventional
Fatty Acid wet-milling 0.01+£0.086 0.54+0.02 0.44+0.00 0.99
Gaseous Sgprocess 0.01+0.00 0.60+0.02 0.56 +0.05 1.16
Alkali wet-milling  0.01+£0.00 0.62+0.01 0.43+0.02 1.05
HO IMDS proces’ 0.02+0.00 0.59+0.02 0.48+0.02 1.09
Free Phytosterol or Phytostanol Quick germ
process w/chem 0.01+0.00 0.62+0.00 0.54+0.01 1.17
Fig. 1. Alkaline hydrolysis of phytosterol esters. St:E = fatty acyl phyto- a Averages of two values + standard deviation.
sterol esters; FPE = ferulate phytosterol esters. b Intermittent milling and dynamic steeping.
TABLE |
Yield of Germ, Germ Oil, and Ferulate Phytosterol Esters (FPE), Free Phytosterols (St), and Fatty Acyl Phytosterol Esters (St:E)
Obtained from Different Corn Processing Technologies®
GermYield  Oil Yield FPE St St:E Total Phytosterol
Corn Processing Technology (%) (%) (mg/100 g of corn) (mg/100 g of corn) (mg/100 g of corn) (mg /100 g of kernels)
Conventional wet-milling 5.01db 44.94a 0.17c 12.21b 9.85¢ 22.22
Gaseous SO, process 5.36¢d 43.04a 0.16¢ 13.79ab 12.88b 26.83
Alkali wet-milling 3.22e 36.49b 0.08d 7.27c 4.99d 12.35
IMDS process® 5.75¢c 35.12b 0.47a 11.82b 9.65c 21.95
Quick germ process w/chem 6.72b 41.77a 0.32b 17.29a 15.08a 32.70

a All yields are averages of two values.
b Values followed by the same Ietter in the same column are not significantly different (P < 0.05).
¢ Intermittent milling and dynamic steeping.
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TABLE Il
Yield of Fiber, Fiber Oil, and Ferulate Phytosterol Esters (FPE), Free Phytosterols (St), and Fatty Acyl Phytosterol Esters (St:E)
Obtained from Different Corn Processing Technologies®

Fiber Yield  Oil Yield FPE St StE Total Phytosterol
Corn Processing Technology (%) (%) (mg/100 g of corn) (mg/100 g of corn) (mg/100 g of corn) (mg /100 g of kernels)
Conventional wet-milling 13.36a° 2.09b 7.75ab 3.19c 10.55¢ 21.48
Gaseous SO, process 13.19a 1.98bc 7.39bc 3.21c 10.91c 2152
Alkali wet-milling 11.44a 7.51a 3.45d 7.65a 15.40a 26.49
IMDS process® 11.85a 1.82bc 8.03ab 3.70b 7.14d 18.87
Quick fiber process w/chem 11.90a 1.50cd 8.60a 2.88d 12.81b 24.30

a All yields are averages of two values.

b Values followed by the same Ietter in the same column are not significantly different (P < 0.05).

¢ Intermittent milling and dynamic steeping.

TABLE IV
Percent Weight of Ferulate Phytosterol Esters (FPE),
Free Phytosterols (St), and Fatty Acyl Phytosterol Esters (St:E)
in Fiber Oil and Total Phytosterol Compounds
from Fiber for Different Corn Processing Technologies

Corn Processing Yowt of Ol
Technology FPE St StE Total
Conventional

wet-milling 5.70+0.23 2.29+0.11 7.78+0.63 15.78
Gaseous Sgprocess 5.89+0.30 2.47+0.09 8.77+0.39 17.13
Alkali wet-milling  2.21+0.12 7.44+0.90 10.48 +0.01 20.12
IMDS process 3.74+0.15 1.72+0.05 3.32+0.06 8.77
Quick fiber

process w/chem 5.00+£0.17 1.68+0.09 7.44+0.25 14.11

a Averages of two values * standard deviation.
b Intermittent milling and dynamic steeping.

The FPE recovery (mg/100 g of corn) was significantly higher
for the IMDS process compared with the conventional wet-milling
process or the other aternative milling processes. Visually, the germ
fraction from the IMDS process was very pure (negligible fiber
contamination). Therefore, contribution from fiber for FPE can be
ruled out. Higher FPE recoveries with the IMDS germ samples is
probably due to the extensive action of the steep chemicals on the
milled corn fraction. In the IMDS process, milled corn (coarsely
ground) is steeped with the conventional steep chemicals, unlike
the conventional wet-milling process where whole corn is steeped.
The FPE recoveries with the quick germ process was 88% higher
compared with the conventional wet-milling process. As explained
earlier, this is probably due to some contamination of fiber in the

=44% from the St:E fraction, and the remainder from the FPE frac-
tion. The biggest contribution to the total phytosterol composition
in the germ oil by the alternative milling processes was also made
by the St fraction, followed by the St:E fraction, and the rest by the
FPE fraction. The total phytosterol compounds from germ in mg/100
g of corn was highest for the quick germ process , followed by
comparable amounts from the conventional, gaseous &l
IMDS process. The lowest amount of the total phytosterol com-
pounds came from the alkali wet-milling process (probably due to
the lost germ fraction and ester sponification). The total percent
weight of phytosterol compounds in the germ oil was0% for

all of the milling processes (Table I1).

Fiber Yieldsand Fiber Oil Composition

Fiber yield for the conventional wet-milling process was com-
parable to the fiber yield reported by Eckhoff et al (1996). No
significant differences in the fiber yield between the conventional
and the alternative corn milling processes were observed. The fiber
yield for the alkali wet-milling process also included the unrecovered
germ fraction. Therefore, the actual fiber yield for the alkali wet-
milling process was significantly lower compared with the conven-
tional wet-milling process. Significant differences in the fiber oil
yield and phytosterol composition were observed in the fiber oil
with different milling technologies (Table IIl). Fiber oil yield for
the gaseous SCand the IMDS process were comparable to the
conventional corn wet-milling process. Compared with the conven-
tional wet-milling process, fiber oil yields for the quick fiber process
was 28.2% lower. Low recovery of the fiber oil from the quick
fiber samples compared with the conventionally wet-milled fiber sam-
ples was probably due to the shorter steep time of the quick fiber

quick germ samples and the fiber’s contribution to the FPE recovergrocess. Unusually high (259.3% higher) fiber oil yield for the
Low FPE recovery from the alkali wet-milled germ is probablyalkali wet-milling process compared with the conventional wet-

due to the alkaline hydrolysis of the ferulate phytosterol esters t@illing process indicates the presence of unrecovered germ in the
free phytosterols (Fig. 1) and loss of unrecoverable germ (brokeber fraction.

germ) to the fiber fraction.

For FPE recovery from fiber in mg/100 g of corn, the gaseous

The recovery of St from germ (mg/100 g of corn) for the quickso, process, the IMDS process, and the quick fiber process had
germ process was 42% higher compared with the conventiongpE recoveries comparable to the conventional wet-milling process.
wet-milling process (Table I). All of the other alternative milling Significantly reduced (by 55.5%) FPE recovery from the fiber from
processes, except the alkali wet-milling process, were comparabige alkali wet-milling process compared with the conventional

to the conventional process for St recoveries. It is difficult to specyyet-milling process was due to alkaline hydrolysis of the ferulate
late why higher St recovery was obtained with the quick gernphytosterol esters (FPE). Alkali hydrolyzes the ester bonds of the
process compared with the conventional wet-milling process. ThepE releasing free phytosterols (St) (Fig. 1).
significant difference between the two processes is only in the The St recovery from fiber from the alkali wet-milling process
steep time (24 hr for conventional wet-milling process and 12 hihcreased significantly (by 140%) compared with the conventional
for the quick germ process). Solubilization of nonpolar FPE invet-milling process. This was largely because of the contamination
steepwater is probably negligible. Low St recovery with the alkalbf germ (unrecoverable germ) in the fiber fraction, and as explained
wet-milling process compared with the conventional wet-millingabove, due to the alkaline hydrolysis of FPE into St. phggosterol
process was probably due to the loss of germ to the fiber fractiopst) recovery with the gaseous Sfrocess was comparable and
The same trend as observed for St recovery was observed for t9€recovery with the IMDS process increased significantly (by 16%)
St:E recovery for all of the milling processes, except for thecompared with the conventional wet-milling process. Significantly
gaseous Spprocess, for which the St:E recovery was significantlylower recoveries of St were obtained from the quick fiber process
higher than in the conventional wet-milling process. compared with the conventional wet-milling process.

Of the total phytosterol compounds recovered from germ in the For St:E recovery from fiber, again, high recovery with the alkali
conventional wet-milling process55% came from the St fraction, wet-milling process compared with the conventional process was
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“healthy” oil. Phytosterol enriched, refined corn germ oil, prepared
from the crude oils noted here could potentially sell for a premium
price and bring more revenue back to corn refiners and ethanol

due to the contribution of the broken germ in the fiber fraction.
Significantly higher recovery of St:E from the quick fiber process
compared with the conventiond and other dternative milling processes

was observed. Significantly lower recoveries of St:E were observed
for the IMDS process.

Of the total phytosterol compounds recovered from the fiber in
a conventional wet-milling process, =49.0% came from the St:E
fraction, =36.0% came from the FPE fraction, and the remainder
came from the St fraction. The biggest contribution to the total
phytosterol composition in the fiber oil by al of the aternative
milling process was made by St:E, followed by FPE, and the rest
by St, except for the alkali wet-milling process in which St was
higher than FPE, and the IMDS process in which FPE was dightly
higher than St:E. The total percent weight of the phytosterol
compounds in the fiber il for the conventional wet-milling process
was =15.8%, and for the alternative milling processes ranged from
8.8% (for the IMDS process) to 20.1% (for the alkali wet-milling
process) (Table V).

The gaseous SO, process, the IMDS process, and the quick
germ and quick fiber process (modified dry grind ethanol process)
for both germ and fiber fractions performed either comparably or
significantly higher in individual phytosterol recoveries (based on
corn weight) compared with the conventional wet-milling process,
except for the St:E recovery from fiber in the IMDS process and
the St recovery from fiber in the quick germ process.

CONCLUSIONS

Overdl, dternative wet-milling technologies (gaseous SO,, IMDS,
and akali wet-milling) and modified dry grind ethanol processes
(quick germ and quick fiber ) had a significant effect on the yield
and composition of corn germ and fiber oil compared with the
conventional wet-milling process. The levels of aimost al individ-
ual phytosterols in fractions from the gaseous SO, and the IMDS
process were comparable to or better than the conventional wet-
milling process. The alkali wet-milling process negatively affected
the recovery of phytosterol compounds from germ. The modified
dry grind ethanol processes, quick germ, and the quick fiber, were
either comparable or significantly better compared with the conven-
tional wet-milling process in phytosterol recovery.

The results suggest that the germ and fiber fraction from two of
the alternative wet-milling technologies (gaseous SO, and IMDS)
can be used for the recovery of corn germ and fiber oil without
any negative effects on the yields of phytosterol compounds. Also,
both of the modified dry grind ethanol processes (quick germ and
quick fiber) can be used as a new source of germ and fiber and the
oil extracted from them will have yields of phytosterols.

This study aso suggests that there are significant levels of phyto-
sterol compounds in the crude corn germ oil. However, currently
during the refining process these phytosterols are significantly
reduced. In view of the recently recognized health benefits of phyto-
sterols, it would seem appropriate to alter refining technologies to
preserve the natural phytosterols and derivatives to produce a more

producers.
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