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White, fluffy cellulose/arabinoxylan mixtures (CAX) were generatedrevealed fromL-arabinosep-xylose, and,L-galactose levels. Even the
from the solid residues remaining after corn fiber gum (CFG) productionCAX prepared under extreme AHP cdiwhs (1 hr, 100°C), however,
Most CAX were produced using variations of a process in which a singleontained 32.9% of these CFG sugars. This CAX was obtained in a
alkaline hydrogen peroxide (AHP) step was used for delignification an@5.1% yield, whereas those produced under less vigorous conditions were
for CFG (arabinoxylan) extraction. The optimal ratio ofOsito corn  obtained in higher yields, because they retained more CFG. CAX pre-
fiber to water was 0.1:1:20. Holding this ratio constant, time and tempared in the presence of®} hydrated very effectively, as indicated by
perature conditions were systematically varied, and yields of CAX and CF@eir high swollen volumes and water absorbance values. This suggests
determined. Parallel processes were conducted withgg td determine  potential food applications for CAX as a bulking agent. Initaafg the
its effect on CAX and CFG yield. CAX prepared under identioabitions ~ open structure of the CAX matrix would render these residues suitable
but without HO, retained nearly twice the levels of CFG sugars, asfor chemical derivatization and enzymatic saccharification.

Corn fiber (CF) is alow value product of corn wet-milling and aimed at rendering the cellulose in these residues amenable to
is amixture of coarse fiber (from kernel pericarp or hull) and fine  derivatization (Dreyfus 1949), for saccharification and fermentation
fiber (from endosperm cellular material). Variable levels (11-  to ethanol, and for use as ruminant feed (Gould 1984; Gould and
23%) of adherent starch also are present in CF (Leathers 1998).JAsberg 1991). In that work, maximum delignification occurred at
mixture of CF with spent flake (corn germ meal) and steep watgyH 11.5 and conditions were optimized to conserve hemicellulose
is concentrated and mostly exported to Europe as corn gluten feadd thereby retain the feed value of the materials. Our goal, on the
(Gulati et al 1996). Over 8 million tons of corn gluten feed per yeaother hand, had been to maximizemicellulose extraction (and
are produced in the United States, with a value of just $0.03/Ib (&3FG yield); this was achieved by modifying variables such as
of August 1999). alkali concentration and temperature.

Searches for uses of CF more highly valued than animal feed Our CFG isolation processes leaves a solid residue that can be
have long focused on the hemicellulose fraction, which accounts f@rocessed to cellulose/arabinoxylan mixtures (CAX). Its isolation
over 50% of dry, starch-free fiber (Watson 1987). CF hemicellulosand characterization is the subject of this article. We will focus on
B is a glucuronoarabinoxylan, commonly referred to as corn fibe€AX prepared by our process (Doner and Hicks 1997), wherein
gum (CFG). Low levels of botip- and L-galactose are also AHP delignification and bleaching occur in the same step as CFG
present in the polysaccharide (Whistler and BeMiller 1956). Severaxtraction. Earlier work has described related efforts to isolate cellu-
processes for producing CFG using various alkaline extractiolose suitable for human consumption from other agricultural residues.
conditions have been described in the patent literature (Wolf et & one process (Thompson 1984), a short fiber cellulose was
1955; Rutenberg and Herbst 1957; Watson and Williams 1959solated from soybean hulls, sugarbeet pulp, and corn bran after
Schweiger 1973; Antrim and Harris 1977). No food or industrialapplying two chlorine bleaching steps, an alkaline extraction step,
applications for CFG resulted, in part because of the color amahd extensive rinsing. From corn bran, a slightly cream-colored
flavor associated with the materials. Nonetheless, several usefooduct (98.3% cellulose) was obtained with a 19.4% yield. In an
properties were demonstrated, suggesting food uses as emulsifi@stension of that work (Vail 1991), the focus was again on cellulose
stabilizers, and extenders, and industrial uses as adhesives (Whisfterm soybean hulls, and the problems associated with chlorine in
1993; Voragen 1998). Our patented (Doner et al 2000) processes ovitie waste water were eliminated. Instead of using chlbteaching,
came the problems noted above and resulted in off-white CFG mydrogen peroxide was used in combination with alkaline extrac-
yields 242%. In one process (Doner and Hicks 1997), alkalingion steps. Both of these processes contained time-consuming steps,
extraction and alkaline hydrogen peroxide (AHP) treatments wefeut did generate cellulose with fine, short-fiber character. Such
conducted simultaneously. In the other (Doner et9818), hemi-  cellulose, although inferior for paper manufacture, is superior for
cellulose was extracted and then its solution bleached separateige in foods (Thompson 1984). An early patent described the appli-
under AHP conditions. CFG yield was somewhat reduced usingation of an AHP to produae-cellulose from wheat straw, suitable
the latter process, but,8, consumption was minimized and the for further derivatization (Dreyfus 1949). More recently, AHP
product was whiter in color. bleaching has been applied to a variety of plant materials (Devic 1996)

Our approaches for CFG production were derived from AHRncluding corn bran to produce edible, low-calorie foaubpicts.
processes previously developed, wherein agricultural residues such
as corn stover and wheat straw were delignified. That research was MATERIALSAND METHODS
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stirred for 1 hr. The destarched fiber was isolated by sieving, rinsed HPL C Determination of Sugar Composition
with hot water and ethanol, and dried in a 60°C vacuum overgf CAX
yielding 316 g (79%). The neutral sugar composition of the CAX was determined by
HPLC after acid hydrolysis of the polysaccharides to constituent

Isolation of CAX from CF sugars. CAX and the starting CF sample (20 mg) were weighed

CAX preparation entailed extracting CFG and then processinmto a screw-cap vial and mixed with 180 of 12N H,SQ,, vortex-
the residues to fine powders. In preliminary experiments, CAXng periodically over 45 min at room temperature. The acid was
were prepared to establish optimal ratios gdHto CF to liquid  then diluted to M H,SO, by adding water (1.65 mL) and the
and to gain information regarding the effects of process time angixture was heated in an oven at 100°C for 1.5 hr. After cooling
temperature on CAX yield and whiteness (WI). From the resultto room temperature, BaGQvas gradually added until solution
of the preliminary experiments, a range of CAX waspH was neutral by filter paper. The BaSfas removed by vacuum
systematically prepared, using various time-temperature conditiorfifration and the sugar-containing filtrate was dried under a stream
In some cases, CF was extracted using AHP conditions and, @f nitrogen. The syrups were dissolved in water (500 pL) and the
others, HO, was absent. For the process for the CAX preparedolution was filtered through a O2n Anotop 10 plus membrane
using AHP conditions for 60 min 400°C, destarched, deoiled CF filter (Whatman Cat. No. 6809 3022).
(20 g, ungrand) was mechanically stirred into water (400 mL) at Hydrolyzed CAX were then analyzed for sugar composition on
100°C. HO, (2.0 g; 6.7 mL of 30% §D,) was added and the pH a BioRad Aminex HPX-87P column (300 x 7.8 mm) with deashing
was adjusted to 11.5 with 50% NaOH. After 60 min, the reactioguard cartridges. Column temperature was controlled at 60°C using
mixture was cooled in an ice bath#80°C, then centrifuged at a BioRad column heater. Degassed deionized water was used as
6,000 xg for 10 min. The CFG solution was decanted from thethe eluent at a flow rate of 0.6 mL/min. Samples (1) were
residual pellet. The decantate was saved and the residue stirrednjected using an Alcott autoinjector. An HP refractive index detector
water (300 mL) for 5 min, then centrifuged again. The decantatg$iP1047A) was used to measure eluted sugars.
were combined and processed to CFG as described earlier (DonebData was collected and analyzed using ChromPerfect LE data
et al 1998). The residue was stirred into water (250 mL) and, afteoftware. Standard sugars solutions were injected and analyzed to
adjusting to pH 5.5-6.0, stirring was continued for 15 min. Theconstruct calibration curves for the RI response of each sugar.
CAX was isolated by vacuum filtration, applying an isopropanolQuantitation was based on integrated peak area relative to that of
rinse after most of the water had been removed. The filter cakeown quatity of standard sugar. Retention times of sugars of
was broken up using a conventional chopper-grinder, then dried iaterest werebp-glucose (11.3 min),p-xylose (12.3 min),D,L-
40°C in a vacuum oven. galactose (13.0 min), amdarabinose (14.5 min).

A range of other CAX were similarly produced, but at 50 and
70°C, with and without KD,. Twelve CAX (Table I, trials A Water Absorbency and Swollen Volume
through L) were thereby generated, (50, 70, and 100°C; 20 and 60Earlier procedures (Gould et al 1989; Renard et al 1997) for
min; + or —HO,). Two additional CAX were prepared. CAX-M determining water absorbency and swollen volume were somewhat
was produced by further extraction of the CAX-L prepared abovenodified. CAX samples were passed through a no. 20 ({850
(60 min, 100°C, +KD,), using the vigorous alkaline extraction sieve using preliminary grinding (convention chopper-grinder) when
conditions previously used for isolating hemicellose from cormecessary. Samples (1.0 g) were then stirred for 4 hr in deionized
bran (Saulnier et al 1995). CAX-L was extracted witiNLKBOH water (100 mL) in a graduated cylinder. The CAX was then
for 2 hr at 100°C and worked up to CAX-M as described aboveallowed to settle out overnight. The bed volume occupied by the
Finally, CAX-N was prepared by AHP processing of CAX-J preparedCAX was the swollen volume, recorded as mL/g of CAX. The CAX
by alkaline extraction (—$D,) of CF. This was accomplished by was resuspended in the graduated cylinder and gently poured onto
stirring CAX-J (10 g) in HO (400 mL) and KD, (1.0 g; 3.3 mL  atarred no. 60 fine-meshed (25®) sieve. Water was allowed to
of 30% HO,) at 25°C after adjusting to pH 11.5 with 50% NaOH. drain from the hydrated CAX for 1 hr, after which the sieve was
After 30 min, CAX-N was worked up (as described above) to aveighed again. The water absorbency (g of water absorbed/g of
dry powder; the yield was 7.7 g (77%). CAX) was calculated from (wet CAX — dry CAX)/dry CAX.

TABLE |
Yields (db) of Cellulose/Arabinoxylan Mixtures (CAX) and Corn Fiber Gum (CFG)
Under Various Conditions of Corn Fiber Processing
and Sugar Composition of CAX Polysaccharides

Trial Time(min) Temp. (°C)  H,O, CAX Glu2 Ara? Xyla Aral/Xyl Gal? CFG CAX + CFG
A 20 50 No 75.0 20.3 27.9 45.8 0.61 6.0 33 78.3
B 60 50 No 74.2 191 28.9 46.0 0.63 5.9 5.7 79.9
C 20 50 Yes 52.1 23.8 26.5 43.7 0.61 5.9 15.0 67.1
D 60 50 Yes 46.1 28.3 25.2 414 0.61 51 29.3 75.4
E 20 70 No 61.5 14.3 315 479 0.66 6.3 11.3 72.8
F 60 70 No 50.0 213 28.3 44.0 0.64 6.3 22.7 72.7
G 20 70 Yes 38.5 47.3 19.0 28.7 0.66 51 294 67.9
H 60 70 Yes 345 45.6 195 295 0.66 5.3 33.6 68.1

| 20 100 No 42.2 36.5 22.6 35.2 0.64 5.7 253 67.5
J 60 100 No 35.1 42.1 20.6 320 0.64 5.2 28.2 63.3
K 20 100 Yes 28.5 63.0 13.2 20.1 0.66 3.7 354 63.9
L 60 100 Yes 251 67.1 117 17.9 0.65 33 37.0 62.1
Mmb 24.8 71.0 10.0 16.2 0.62 2.7 .
Ne 23.2 28.4 43.1 0.66 5.3

Corn fibef 33.3 25.5 35.3 0.72 5.8

a Relative percentages.

b From further extraction of CAX-L with 1/ KOH for 2 hr atL00°C.

¢ From alkaline hydrogen peroxide processing of the CAX-J.

d Destarched and deoiled.
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Molecular Weight, W1, and Nitrogen and Ash Levels

Molecular weights were determined using the 2,2-bicinchoninate
end-group assay (Johnston et al 1998). Color vaues were
measured by a handi-color colorimeter (BYK Gardner USA, Silver
Spring, MD) Nitrogen and ash determinations were performed by
Galbraith Laboratories, Inc. (Knoxville, TN).

RESULTSAND DISCUSSION

The CAX were produced from the solid residues remaining from
corn fiber gum production using alkaline hydrogen peroxide. CAX
containing the highest proportions of cellulosic B-glucan resulted
from AHP processes providing maximal yields of CFG.

and deoiled CF to determine effects of time and temperature on
yields. For these experiments (Table I, trials A through L), the
ratio of HO, to fiber to liquid ratios was held constant at 0.1:1:20.
The CAX with maximal cellulose level had the greatest quantity
of CFG (arabinoxylan) extracted at 100°C witpChl (trials K and

L). These CAX also appeared extremely white, with WI = 48.0
for CAX-L. Without H,0O, at 100°C (trials | and J) and at lower
temperatures (trials A, B, E, and F), CAX yields were higher,
because they contained elevated levels of arabinoxylan. The
dramatic effect of KD, on removing arabinoxylan is noted by
comparing CFG and CAX yields under otherwise identical
conditions (trials A-C, B-D, E, G, F-H, I-K, and J-L). The total
yields of CAX and CFG were also lower in the trials witfOb

A series of experiments was conducted, mainly at 70°C, tdhe total yields also diminished with increased time and
determine conditions for optimizing CFG vyields and therebytemperature, suggesting that materials in addition to arabinoxylan
yielding CAX maximally depleted in arabinoxylan hemicellulose.were extracted from the fiber. Nitrogen analyses suggested that
The dramatic effect of j@, addition on CFG yield at 25 and protein removal may partially account for this difference. CF had
70°C is shown in Fig. 1. At 70°C, the yield of CFG more thanbeen destarched and CFG hemicellulose B contaimsgiocose;
tripled when going from —}D, (12.4% vyield) to a 0.1:1 ratio therefore, theD-glucose levels in CAX reflect its level of
H.0O, to corn fiber (43.4% yield). The CFG yield further increasedcellulose. Under conditions of trial L, the CAX still contained
only marginally to 44.2% when the proportion of34 was further  only 67.1% cellulose. The extreme difficulty of removing all
doubled. CAX yields were correspondingly nearly minimized at thearabinoxylan from CAX can be seen when comparing trials L and
0.1:1 ratio, dropping to 31.6%. At 25°C and with 60 min of M. The CAX-L was further extracted under extremely vigorous
extraction, CFG yields gradually increased with adde@,Hbut  alkaline conditions (118 KOH at 100°C for 2 hr), yielding CAX-
only reached 24.0% even at a 1:1 ratio fagOHto corn fiber. M. Based on starting CF, the yield of CAX dropped very little,
Clearly, significant quantities of arabinoxylan (CFG) resided inhowever, from 25.1% (CAX-L) to 24.8% (CAX-M) and tlme
the CAX when corn fiber was extracted at this lower temperaturglucose (cellulose) level increased from 67.1% to just 71.0%,
A 24-hr extraction time was required for CFG yields to exceedhowing that little additional arabinoxylan had beemaeed. In
30% at 25°C. From the experiments summarized in Fig. 1, it wasarlier work on generating cellulose from soybean hulls using an
clear that a 0.1:1 ratio of B, to corn fiber at elevated temper- AHP process (Vail 1991), the product had a cellulose level of
atures would be recommended for economically generating maximal.6%. It is clear that substantial quantities of arabinoxylan
CFG yield and highest quality CAX. remain inextricable under vigorous AHP processing conditions.

Further preliminary experiments at 70°C had established 20:1 The degree of contamination of CAX with arabinoxylan can be
as the optimal liquid to CF ratio for CAX production using AHP estimated from the total ob-xylose, L-arabinose, andd,L-
conditions. Lower levels of liquid resulted in highly viscous solu-galactose (Table I). This total was 32.9% in trial L and under the
tions due to the extraction of CFG and the concomitant generatianildest conditions (trial A) it was 79.7%. Thearabinose tm-
of highly water-absorbent CAX. Using 0.1:1:20 ratios @OHto  xylose ratio was 0.722 in the starting CF, higher than the ratio in
fiber to liquid at 70°C, it was further shown that the CAX pro-any of the CAX. This ratio in the arabinoxylan polymer present in
duced at 70°C in 30 min was whiter (WI = 39.4) than that proCAX-A through CAX-N is lower in all cases. It is well known
duced in 8 hr at ambient temperature (Wl = 26.0). Also usinghatL-arabinose residues are labile under mild acid conditions, but
these conditions, yield of CAX diminished with time up to 1 hr,its removal even under the vigorous alkaline conditions used here
after which the yield was unchanged. Again, the proportion oivould be unexpected. It is likely that changes-grabinose to-

CAX was higher when CFG and other materials such as delignarabinose ratios were due to changes in proportions of molecular
fication products, protein, and low molecular weight compounds

were most efficiently removed. Having optimized some key process
variables, we prepared a range of CAX and CFG from destarched

TABLE Il
Effect of Corn Fiber Processing Conditions

100
90
80
70
60
50
40
30
20

Yield (%)

0 T T T T T T T T T
00 01 02 03 04 05 06 0.7 08 09 1.0

H,0,: Fiber
Fig. 1. Effect of H,0, addition on yields in 60 min of cellulose/arabin-
oxylan mixtures (@ = 25°C,O = 70°C) and corn fiber gunm(= 25°C,00
=70°C).
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on Hydration Propertiesand Nitrogen and Ash Levels
of Cellulose/Arabinoxylan Mixtures (CAX)

Time T Swollen  Water N Ash
CAX (min) (°C) H,0, Volume? Absorb. (%) (%)
A 20 50 No 0.98 1.12
B 60 50 No 0.88 0.80
C 20 50 Yes 13 4.4 <0.5 0.81
D 60 50 Yes 31 28.2 <0.5 0.86
E 20 70 No 0.8 0.90
F 60 70 No 0.61 0.87
G 20 70 Yes 62 33.0 <0.5 0.67
H 60 70 Yes 34 19.5 <0.5 0.68
| 20 100 No 0.51 0.66
J 60 100 No 29 14.0 <0.5 0.48
K 20 100 Yes a7 30.2 <0.5 0.66
L 60 100 Yes 93 39.9 <0.5 0.71
Me¢ 44 22.7 <0.5 13.44
Nd 106 40.0 <0.5 1.53
Corn fibef ... 1.26 0.75

a Expressed as mL/g of CAX.

b Water absorbency (g of water absorbed/g of CAX.

¢ From further extraction of CAX-L with 1N KOH for 2 hr atLl00°C.
d From alkaline hydrogen peroxide processing of the CAX-J.

¢ Destarched and deoiled.



species of arabinoxylans. Note, for example, the reduced L-
arabinose to D-xylose (0.617) in CAX-M compared to its
precursor CAX-L (0.653). The L-arabinose to D-xylose ratios were
very consistent in CAX prepared under conditions where only
process time was varied from 20 to 60 min (compare, for example,
CAX-G with CAX-H and CAX-l with CAX-J). Although CFG
contains =4% D-glucuronic acid (Doner et al 1998), we did not
detect this sugar in CAX by using a sensitive spectrophotometric
procedure (Blumenkrantz and Asboe-Hansen 1973). Although it
may have been present in low levels, background chromophores
generated during acid hydrolysis of CAX were too dominant to
allow detection.

AHP processing of agricultura residues such as wheat straw
(Gould et a 1989) and apple pomace (Renard et al 1997) has
pronounced effects on the hydration properties of these materials.
These changes may be due to the generation of open amorphous
structures in the resulting cellulosic matrix through AHP-induced
delignification and removal of hemicellulose (Gould et a 1989).
Changes in functional properties such as hydration suggest poten-
tial applications, such as for bulking agents in foods. The hydration
properties of some of the CAX were characterized by measuring
swollen volumes and water absorbencies. These values were deter-
mined for all CAX produced using AHP conditions, and generally
increased with temperature and process time. The effect of H,0,
can be seen by comparing values of CAX-J (produced without using
H,0,) with CAX-L. These were produced under otherwise identical
conditions, and H,O, presence resulted in tripling of both swollen
volume and water absorbency values. When CAX-J was AHP
processed to produce CAX-N, the swollen volume increased from
29 to 106 mL/g (Table 1), the highest value observed. The delig-
nification and additional arabinoxylan removal resulting from AHP
processing resulted in CAX with more open cellulosic structures,
alowing greater water penetration. These swollen volume and
water absorbency values are higher than those found for AHP-
processed wheat straw (Gould et a 1989) and similar to those
found for AHP-processed apple pomace (Renard 1997). The CAX
generated at elevated temperatures are likely cellulose 11 allomorphs,
the same form produced by cellulose mercerization (15% NaOH
treatment) at ambient temperature (Attala 1983). Mercerization
enhances the accessibility of cellulose, making it more amenable
to hydrolysis and derivatization.

The starting material in our work, destarched and deoiled CF,
contained 1.26% nitrogen. Using a nitrogen-to-protein conversion
factor of 6.25, that would trandate to 7.9% protein. All of the CAX
contained less protein than this, and nitrogen was present at <0.5%
levels in al AHP-processed CAX (Table I). The CAX generated
without H,O, contained less nitrogen as process time and
temperature increased. Ash levels were quite low inthe CAX (Table
I1), and these also generally decreased somewhat with process time
and temperature. The presence of H,O, did not appear to have
much effect on ash levels. The elevated ash level in CAX-M may
be due to the high concentration of KOH used to produce it from
CAX-L.

Molecular weight determinations were conducted on selected
CAX by a sensitive reducing end-group determination, based on
Cu*-bicinchoninate formation. The higher molecular weight CAX
were generally those that contained the lowest levels of residual
extractable arabinoxylan; using this assay, we found they had
molecular weights <20,000. The highest molecular weight was
95,000 for CAX-L. CAX-J had a molecular weight of just 44,000.
It was prepared under time-temperature conditions identical to
CAX-L but without H,O,, so that it retained some arabinoxylan.
CAX-K was preparation was identical to CAX-L, except for a shorter
time period. Its molecular weight was 61,000, again lower than
CAX-L because of residua arabinoxylan. When CAX-J was
treated with H,0,, the molecular weight increased from 44,000 to
57,000 as additiona arabinoxylan was removed. CAX-M was gener-
ated under exhaustive extraction conditions and contained the

highest cellulose level of the five CAX evaluated. Its molecular
weight was 71,000, less than that of CAX-L, possibly because of
cellulose depolymerization. For all CAX, the molecular weight
measurements were the average of al polysaccharides that contained
reducing end groups.

CONCLUSIONS

The residues remaining from AHP processes to produce CFG
were further processed to yield white, fluffy CAX. In the optimal
process, delignification of CF and CFG extraction were performed
in asingle step. In that process, H,O,, CF, and water were mixed in
aratio of 0.1:1:20. Following adjustment to pH 11.5, the mixture
was stirred at 100°C for 1 hr. The solublized CFG was removed
and processed to a white powder, leaving the insoluble CAX. It
was slurried in water, neutralized, filtered, washed with isopropanol,
and dried. This CAX, generated after solubilizing most arabinoxylan
and other materials, was obtained in a yield of 25.1%. Even under
these vigorous AHP extraction conditions, the CAX was not pure
B-glucan because it contained 32.9% of the CFG hemicellulose
sugarsd-xylose,L-arabinose, and,L-galactose. CAX prepared under
identical conditions but without J@, retained nearly twice the
levels of these sugars. CAX prepared witt©OHbound water very
effectively, as indicated by swollen volumes and water absorbance
values. This suggests potential food application as a bulking agent.
In addition, the open structure of the matrix would render these
residues suitable for chemical derivatization and for enzymatic sac-
charification.
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