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Abstract A process was developed to fractionate and isolate the hemicellulose B
component of corn fiber generated by corn wet milling. The process consisted of
pretreatment by soaking in aqueous ammonia followed by enzymatic cellulose hydrolysis,
during which the hemicellulose B was solubilized by cleavage into xylo-oligosaccharides
and subsequently recovered by precipitation with ethanol. The pretreatment step resulted in
high retention of major sugars and improvement of subsequent enzymatic hydrolysis. The
recovered hemicellulose B was hydrolyzed by a cocktail of enzymes that consisted of β-
glucosidase, pectinase, xylanase, and ferulic acid esterase (FAE). Xylanase alone was
ineffective, demonstrating yields of less than 2% of xylose and arabinose. The greatest
xylose and arabinose yields, 44% and 53%, respectively, were obtained by the combination
of pectinase and FAE. A mass balance accounted for 87% of the initially present glucan,
91% of the xylan, and 90% of the arabinan. The developed process offered a means for
production of corn fiber gum as a value-added co-product and C5 sugars, which could be
converted to other valuable co-products through fermentation in a corn wet-milling
biorefinery.
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Nomenclature
CFG Corn fiber gum
DCF Destarched corn fiber
DSW Destarching water
HSN Hydrolysate supernatant
PT Passthrough
PTDCF Pretreated destarched corn fiber
RS Residual solids
SAA Soaking in aqueous ammonia

Introduction

Corn is the predominant feedstock used in the production of ethanol in the USA. The
Renewable Fuels Association estimated that in 2009, 3.8 billion bushels of corn (90.4
million metric tons) were converted to 10.6 billion gallons of ethanol and 30.5 million
metric tons of co-products [1]. Corn-based ethanol is produced from the starch component
of the corn kernel, which comprises 70–72% of the kernel on a dry weight basis [2]. Two
different processes, wet milling and dry grind, are used in the conversion of corn to ethanol.

Wet milling plants fractionate the corn into its starch, germ, fiber, and protein
components. The purified starch component is utilized in fermentation to produce ethanol,
while the other components are further processed to a variety of co-products. Dry grind
plants, on the other hand, do not fractionate the corn kernel prior to fermentation. This
results in a not only greatly reduced capital cost but also fewer co-products. The marketing
of co-products is considered critical to the economic viability of ethanol [2]. Typically, co-
products from both wet milling and dry grind ethanol plants are marketed as animal feed.
However, they are of relatively low monetary value. Because these co-products contain
cellulosic material, they hold the potential for conversion into additional ethanol or high
value-added products. Utilization of these co-products in such a way adds a revenue stream
to the plant, potentially improving the overall cost effectiveness of ethanol production. Corn
fiber is a co-product of the corn wet milling process and is composed of the cellulosic
components of the corn kernel, namely the pericarp and endosperm fiber. Recently,
modifications to the dry grind process have been developed to allow pericarp fiber
production there as well [3]. While industrial yields of corn fiber vary, corn fiber production
averages 11.5% of the mass of corn processed on a dry basis (db) in corn wet milling
facilities.

Wet milling corn fiber is of particular interest because of its high carbohydrate content
and its (currently) low value [4]. In addition, unlike many other agricultural residues, corn
fiber is already available onsite in ethanol facilities. Thus, its utilization as a feedstock for
other processes within the facility avoids the costs of gathering and transportation
associated with other agricultural residues such as corn stover. Corn fiber is a
lignocellulosic biomass, composed primarily of cellulose, hemicellulose, and lignin.
Although the composition of corn fiber varies by source, cellulose and hemicellulose
typically account for about 50% of the dry weight, with adherent starch comprising another
10–20%. Thus, corn fiber typically consists of about 70% recoverable sugars.

Because of the complexity and recalcitrance of cellulosic biomass, effective utilization of
the non-starch polysaccharides requires pretreatment prior to enzymatic hydrolysis to
release fermentable sugars. While a number of pretreatment methods exist, the soaking in
aqueous ammonia (SAA) process offers several benefits. SAA is carried out at moderate
temperature (typically less than 90 °C), allowing for reduced reactor cost. The SAA process
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has the advantage of being a very simple batch process. Thus, it is much more easily
implemented in a commercial plant and requires less instrumentation and control systems. It
does not generate inhibitory compounds that affect yeast growth, demonstrates a high
retention of major sugars, a significant degree of lignin removal, and results in a pretreated
material that is highly enzymatically digestible [5].

After pretreatment and enzymatic hydrolysis, the resulting sugar stream will contain hexose
and pentose sugars, derived from the cellulose and hemicellulose components, respectively.
Because Saccharomyces cerevisiae, the organism used in industrial fuel ethanol fermentation,
cannot utilize pentose sugars, it may be advantageous to fractionate the cellulose and
hemicellulose components from one another to allow separation of the hexose and pentose
sugars. The glucose generated may be used for ethanol production by the yeast, whereas the
pentose sugars can be used for production of value-added co-products. The isolated
hemicellulose fraction itself may be sold as a value-added co-product.

The hemicellulose fraction of corn fiber is an arabinoxylan, typically referred to as
corn fiber gum (CFG). It is considered to be one of the most complex and recalcitrant
hemicelluloses. It is composed typically of 42–48% xylan and 29–31% arabinan [6].
Industrially, it has several uses. In its native form, CFG may be extracted and used as an
emulsifier in the beverage industry [7]. If CFG were hydrolyzed, it could serve as a
source of xylose and arabinose for use in a number of high-value product fermentations.
Corn fiber hemicellulose is composed of two fractions, hemicellulose A and
hemicellulose B. Hemicellulose A typically accounts for less than 10% (w/w) of the
total hemicellulose fraction and is discarded in most processes that extract corn fiber
hemicellulose [6]. Hemicellulose A is insoluble in water at acidic pH, while
hemicellulose B remains soluble under these conditions. Thus, the fractionation of the
hemicellulose A component from the total hemicellulose is simple and may be carried
out relatively easily.

Corn fiber gum is composed of β-1,4-linked xylose, forming the xylan backbone. This
constitutes about half of the CFG mass (db). Typically about 80% of the xylan backbone of
CFG is substituted primarily with arabinose. The xylan chains are crosslinked to one
another by diferulic bridges [8]. To form the diferulic bridge, two ferulic acid residues (each
substituted to a separate xylan chain) form an ester linkage with one another. The cellulose
fibers, along with structural proteins, embed within the lattice formed by the crosslinked
xylans, thus forming the corn fiber cell wall. Proteins are associated with the hemicellulose,
as even purified CFG may contain up to 5% protein [9].

The extraction of hemicellulose from corn fiber is desirable for several reasons. First, the
fractionation of hemicellulose allows it to be hydrolyzed separately from the cellulose,
yielding separate hexose-rich and pentose-rich streams. This allows greater flexibility, as
the pentose sugars can be utilized for any of a number of high-value product fermentations,
while the glucose may be added back into ethanol fermentations without the need for
modifications to the existing ethanol process. Additionally, if hydrolysis of CFG is not to be
performed, the CFG may be sold as a valuable product, for example, for use as a beverage
flavor emulsifier.

Due to the complexity of CFG, reported yields of xylose and arabinose are generally
much lower than those typical of glucose in cellulose hydrolysis. It has been noted that
currently, no commercially available xylanase preparation is able to efficiently hydrolyze
CFG [4]. However, it is theorized that a combination of commercially available enzymes
may contain the appropriate activities. The objectives of the present work were to develop
an enzyme-based process to fractionate corn fiber cellulose and hemicellulose and isolate
the hemicellulose fraction, and to investigate the potential applications of commercial
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enzymes, either individually or in combinations, for hydrolysis of the isolated hemicellu-
lose fraction to produce xylose and arabinose.

Materials and Methods

Chemicals and Corn Fiber

Corn fiber was provided by Archer Daniels Midland (Decatur, IL, USA). All chemicals
were reagent grade and purchased from various suppliers. Novo 188 (β-glucosidase) was
purchased from Sigma–Aldrich (St. Louis, MO, USA). GC-220 (cellulase), Spezyme Fred
(α-amylase), PEKTOZYME Essential (pectinase), and Optidex L-300 (glucoamylase) were
provided by Genencor, a Danisco Division (Rochester, NY, USA). Novozymes NS50030
(xylanase), Novozymes NS50012 (multi-enzyme complex), and Novozymes NS50014
(xylanase) were provided by Novozymes (Franklinton, NC, USA). Depol 692 L (ferulic
acid esterase) was provided by Biocatalysts Inc. (Wales, UK).

Corn Fiber Starch Removal

To separate the glucose contributions from starch and from cellulose, starch was removed
from the corn fiber prior to pretreatment. Corn fiber was mixed with water at 10% dry
solids loading, and the pH adjusted to 6.0 by the addition of H2SO4 (either 72% w/
w [13.2 M] or 5% w/w [0.92 M] depending on distance from target pH). Spezyme Fred (α-
amylase) was added at a loading of 42 μL/g dry corn fiber. The mixture was then heated to
80 °C for 1 h with mechanical stirring and allowed to cool to 55 °C with the aid of a chilled
water bath. The mixture was weighed to determine the amount of water lost due to
evaporation during heating and that amount was added back using deionized water. The pH
was adjusted to 4.5, and Optidex L-300 (glucoamylase) was added at a loading of 50 μL/g
dry corn fiber. The mixture was then placed in an orbital shaker maintained at 55 °C and
250 rpm overnight. The solids (destarched corn fiber (DCF)) were recovered by filtering
and pressing with cheese cloth. The DCF was then spread in a thin layer in a large dish and
dried at 40 °C with occasional stirring to allow even drying. Once dried, the recovered DCF
was stored in a sealed container at 4 °C until use. The destarching procedure was carried
out one time initially, and this batch of DCF was used as the starting point for all
subsequent experiments. The composition of the DCF is shown in Table 1.

Process Batch Sizes

Batches (defined as an iteration of the process beginning with pretreatment through
obtaining the precipitated CFG) were conducted with the pretreatment of 7 g dry DCF for
the construction of the mass balance, in order to conserve material and allow for all steps to
be carried out analytically. Additional batches were conducted beginning with 70 g dry

Component (% of DCF, w/w, db)

Glucan Xylan Arabinan

38.08% 24.73% 18.00%

Table 1 Destarched corn fiber
major sugars composition
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DCF for the purpose of obtaining sufficient dry CFG to carry out subsequent CFG
enzymatic hydrolysis experiments. Throughout the discussion, the small batches (7 g) are
enumerated 1–3, and the large batches (70 g) lettered A–D.

Soaking in Aqueous Ammonia Pretreatment

SAA pretreatment was carried out by combining either 7 or 70 g DCF and 15% (w/w) NH4OH
(7.75 M) at a solid to liquid ratio of 1:11 based on dry DCF in a sealed media jar. The well-
mixed slurry was then held at 65 °C for 8 h. At the end of this time, the cap was removed and
the open jar left at room temperature (about 25 °C) in a fume hood for 3 h to allow ammonia
evaporation. The pretreated biomass was then washed with deionized water to remove
soluble lignin and residual ammonia. The pretreated solids were separated from the wash
water by centrifugation at 8,000 rpm for 30 min. The supernatant was then decanted, and the
pretreated solids were recovered. To allow for analytical recovery of the pretreated material in
the small batch, this washing process was carried out a total of three times. In the large
batches, the material was washed a total of six times. The recovered solids, i.e. the pretreated
destarched corn fiber (PTDCF) were sampled for moisture determination and compositional
analysis and stored in a sealed container in the refrigerator until use.

Cellulose Hydrolysis

The PTDCF was combined with water at a solids loading of 5% (db). The pH of the slurry
was adjusted to 5 with H2SO4 as described previously. 1 N NaOH was used to correct the
pH in the case of overshoot. Novo-188 (β-glucosidase) was added at 0.04 ml/g glucan
(30 CBU/g glucan) and GC-220 (cellulase) at 0.35 ml/g glucan (15.75 FPU/g glucan).
Hydrolysis was then carried out for 72 h at 55 °C with 250 rpm orbital shaking.

Hemicellulose A Removal

Following hydrolysis, the pH was about 4.5, sufficient to cause the hemicellulose A fraction
to precipitate. The hydrolysate was centrifuged (8,000 rpm, 30 min) to remove the residual
solids (RS) and precipitated hemicellulose A, and the hydrolysate supernatant (HSN)
recovered by decanting. The pH of the HSN was raised to 9 by the addition of 1 N NaOH
and then mixed to dissolve any remaining hemicellulose A. The hydrolysate was then
passed through a Whatman #1 filter paper to ensure it was free of solids. The pH of the
filtrate was reduced to 3 by the addition of 72% (w/w; 13.2 M) H2SO4, precipitating any
remaining hemicellulose A, which was removed by filtration.

Hemicellulose B Precipitation

To precipitate the hemicellulose B, seven volumes (i.e. seven times the volume of the HSN
used) of cold anhydrous ethanol (stored in the refrigerator prior to use) was slowly added
one volume (i.e. the same volume as that of the HSN) at a time to the HSN with stirring.
Mixing was continued for 15 min after addition of the final volume. The mixture was
allowed to settle for 1 h. After settling, the liquid phase was decanted. The decanted liquid
was passed through a pre-weighed Whatman #1 filter paper. After filtration of the ethanol,
the filter was dried at 105 °C overnight and then weighed to quantify the mass of
hemicellulose lost in the decanted ethanol. A small amount (100 ml) of cold ethanol was
added to the precipitate, and mixing was resumed for 15 min. This second ethanol addition

1394 Appl Biochem Biotechnol (2011) 164:1390–1404



removed residual water from the precipitate, reducing its stickiness. The mixture was then
passed through a pre-weighed Whatman #1 filter paper. The cake was washed with 100 ml
of cold ethanol, dried at 105 °C overnight, and weighed. The resulting powder was the
dried hemicellulose B, which was stored in a sealed vial until use. The process developed to
fractionate corn fiber gum is shown in Fig. 1. The efficiency of the hemicellulose recovery
was determined by dividing the xylan and arabinan content of the recovered CFG by the
xylan and arabinan initially present in the pretreated material that was subjected to cellulose
hydrolysis.

Corn Fiber Gum Enzyme Hydrolysis

The CFG was dissolved in water to a concentration of 35 g CFG/L (dry basis). The pH was
adjusted to 5 with 1 N NaOH, and the solution was added to a series of microcentrifuge
tubes, at 1 ml solution each. Each tube was dosed with the enzyme(s) called for in the
particular experiment at the dosage indicated. The enzymes used in the experiments are
listed in Table 2. Hydrolysis was carried out at 50 °C for 72 h. Each experiment was
conducted in duplicate, with the averages reported. Initial and final samples were taken and
analyzed for xylose and arabinose content via HPLC (described below). The theoretical
yield (100% conversion) was determined by dilute acid hydrolysis of the CFG, as described
below.

Analytical Procedures

The glucan, xylan, and arabinan content of the DCF, PTDCF, and RS were determined
according to the NREL LAP Determination of Structural Carbohydrates and Lignin in
Biomass [11]. The composition of the CFG was determined by dilute acid hydrolysis,

Fig. 1 Process for the extraction and isolation of corn fiber hemicellulose. Solid materials are indicated by a
box, liquids are indicated by an oval. All material streams are represented in italic font. Unit operations are in
plain text with no symbol (box or oval). Streams marked with asterisk are those utilized in the mass balance
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described by Hanchar et al. [4], with the modification that a sample of synthetic sugars
mimicking the expected composition of the CFG was also hydrolyzed under the same
conditions to quantify sugar destruction, and the data adjusted accordingly, as recom-
mended in the NREL procedure [11]. In both procedures, monomeric sugars were
determined by HPLC. The HPLC was a Shimadzu system utilizing either the Bio-Rad
Aminex HPX-87P or Bio-Rad Aminex HPX-87H columns. Standards containing glucose,
xylose, and arabinose were analyzed with each set of samples to correct for any bias caused
by the differing columns, though none was observed. The flow rate and mobile phase were
0.6 ml/min of nanopure 18 MΩ deionized water (HPX-87P column) or 0.6 ml/min of 5 mM
H2SO4 (HPX-87H column), and the system was equipped with an RID detector. All
analytical procedures were carried out in duplicate, and the averaged results reported.

Mass Balance

To determine yields throughout the process, mass balances with respect to glucan, xylan,
and arabinan were constructed. In cases where data were in the form of glucose, xylose, or
arabinose, it was converted to glucan, xylan, or arabinan by multiplying by 0.9 (glucose) or
0.88 (xylose and arabinose) as described by Gulati et al. [12]. The composition of the DCF,
PTDCF, and CFG were determined as mentioned above. The composition of the DCF was
used to determine the initial mass of glucan, xylan, and arabinan present prior to
pretreatment. All percentages reported in the mass balance were calculated as the
percentage of the initial mass of the component present in the DCF. After pretreatment,
the composition of the pretreated solids was used to determine the amount of glucan, xylan,
and arabinan recovered. These were subtracted from the amounts initially present to
determine the pretreatment loss, referred to as “PT Loss.” Samples of the PTDCF were
taken for moisture determination and compositional analysis. The amounts of glucan,
xylan, and arabinan in these samples were accounted for in the mass balance as “Sample
Loss.” Also included in this category were losses due to material left in containers after
collection, for example the amount of pretreated material stuck to the side of the centrifuge
bottle after washing recovery. This amount was very small but included for completeness.
Such material losses were calculated by weighing containers prior to use and re-weighing
after use to obtain the mass of solids not recovered. Next, the glucan, xylan, and arabinan

Table 2 Enzymes used in corn fiber gum hydrolysis experiments

Symbola Name Advertised activityb MRDc

E PEKTOZYME Essential Pectinase 150 mg/L

D Biocatalysts Depol 692 L Ferulic acid esterase 5% (w/w)

B Novozymes Novo188 β-Glucosidase 4% (w/w)d

N30 Novozymes NS50030 Purified endoxylanase 0.5% (w/w)

N12 Novozymes NS50012 Complex 0.4% (w/w)

N14 Novozymes NS50014 Endoxylanase 0.4% (w/w)

a The symbols used to refer to the corresponding enzymes for the remainder of this document
b The term “Advertised Activity” refers to the manufacturer’s description of the enzyme’s activity. In reality,
the enzymes are likely to have many other activities as well
cMRD manufacturer recommended dosage. In cases where the manufacturer recommended a dosage range,
the high value is reported and used
d Based on Kim et al. [10]
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content of the recovered CFG was subtracted from that of the PTDCF subjected to cellulose
hydrolysis, representing the masses of sugars present that were not recovered as CFG.
These are accounted for in the category labeled “Pass Through.” The glucan, xylan, and
arabinan content of the recovered CFG was then accounted for, as was the glucan, xylan,
and arabinan content of the CFG lost during the initial ethanol decanting. These values
were summed and included as one value, “CFG.” The masses of each component in each
category were then summed to determine the total percentage of the component accounted
for in the mass balance, labeled “Sum.”

Statistical Analysis

Presented results represent the average of two trials except when noted otherwise. Standard
deviations are also presented where applicable.

Results and Discussion

SAA Pretreatment and Cellulase Hydrolysis

The glucan, xylan, and arabinan contents of the material resulting from SAA pretreatment
of DCF are shown in Table 3. The recovery percentages of these components, defined as
the percentage of the component present in the washed PTDCF, as compared to the
untreated DCF, (i.e. the fraction of each component that was retained) are shown in Table 4.
These data confirm very high retention of the available carbohydrate fractions by the SAA
treatment, specifically in the case of glucan, where 94% of the initial material was
preserved. The figures for xylan and arabinan retentions were 76% and 78%, respectively.
The pretreated material was hydrolyzed with cellulase enzymes, releasing, on average,
85.41% of available glucan as glucose. Hydrolysis efficiencies for xylan and arabinan were,
as expected, much lower, 8.15% and 16.95%, respectively. This, combined with the
observation that only a small amount of residual solids were recovered after hydrolysis,
containing very little xylan or arabinan, confirms that the xylan and arabinan were largely
degraded into soluble oligomers during the hydrolysis.

Hemicellulose Recovery

The composition of the recovered hemicellulose (CFG) is shown in Table 5. The xylan and
arabinan content of the recovered CFG was lower than expected (CFG is composed

Table 3 Compositional analysis of pretreated destarched corn fiber

Batch Component (% of PTDCF w/w, db)

Glucan Xylan Arabinan

1 50.47 26.66 20.19

2 47.53 26.87 20.18

3 51.07 24.37 17.47

Average 49.69 25.97 19.28

St. Dev. ±1.89 ±1.39 ±1.57
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typically of 42.24–47.52% xylan and 29.04–30.8% arabinan [6]). This is likely due to a
mass dilution effect. Because the PTDCF was washed minimally to allow for analytical
solids recovery, it is believed that some residual lignin ended up in the recovered CFG.
Because of this, the total mass of the material recovered increased, without a subsequent
increase in xylan and arabinan content, as lignin contains neither of these compounds.
Thus, the mass percentages of xylan and arabinan in the recovered material would appear
lower than expected due to dilution by lignin, as observed in Table 5. To provide further
evidence of this mass dilution effect, the composition of the CFG recovered from the larger
batches was examined. It was found to have the expected xylan and arabinan content,
shown in Table 6. It should be noted that while the mass percentages in Table 5 are lower
than those in Table 6, the xylan/arabinan ratios are comparable, confirming the mass
dilution effect. Next, the amount of material recovered in both sets of experiments was
compared on a per volume basis (the mass of material recovered was divided by the volume
of HSN from which it was recovered). It was observed that more material was recovered
per volume of HSN used in extraction in batches 1–3. The compositions shown in Tables 5
and 6 were used to determine the mass of xylan and arabinan recovered on a per volume
basis, shown in Table 7. While a greater mass of CFG was recovered per ml HSN in
batches 1–3, the mass of xylan and arabinan therein was comparable to that seen in batches
A–D. This provides further support for the mass dilution effect previously mentioned.

The efficiency of the hemicellulose recovery was low, 45±0.03% for xylan and only 28±
0.03% for arabinan, on average. These figures were obtained by dividing the masses of xylan
and arabinan precipitated by the masses of xylan and arabinan present in the PTDCF that was

Table 5 Corn fiber gum composition (small batches)

Batch Component (% of CFG w/w, db)

Glucan Xylan Arabinan X/A

1 0.31 30.67 13.93 2.20

2 0.27 28.63 13.01 2.20

3 0.22 27.17 12.50 2.17

Average 0.27 28.82 13.15 2.19

St. Dev. ±0.05 ±1.76 ±0.72 ±0.02

X/A xylan/arabinan ratio, calculated by dividing xylan content by arabinan content

Table 4 Soaking in aqueous ammonia pretreatment recoveries

Batch Recovery (% w/w, db)a

Solids Glucan Xylan Arabinan

1 69.40 91.99 74.82 77.85

2 75.85 94.68 82.42 85.04

3 71.75 96.23 70.71 69.64

Average 72.34 94.30 75.98 77.51

St. Dev. ±3.26 ±2.15 ±5.94 ±7.71

a 100% refers to original (untreated) DCF, indicating no loss of material
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utilized in cellulose hydrolysis. An example of this calculation, using data from batch 1, is
presented below.

After losses due to pretreatment and sampling, 1.71 g of PTDCF (db) was available for
further processing. It contained 0.46 g xylan and 0.35 g arabinan (based on the composition
provided in Table 3). Treatment of this material ultimately resulted in the precipitation of
0.20 g xylan and 0.09 g arabinan. Dividing these values by the masses of xylan and
arabinan initially present in the PTDCF provides recovery efficiencies of 43% for xylan and
26% for arabinan.

The relatively low recoveries observed were likely due to the fact that the solubilities of
the xylo-oligosaccharides in ethanol are a function of chain length, i.e., longer chain xylo-
oligosaccharides are precipitated more easily, at lower ethanol concentration. The low
efficiencies, thus, are likely a result of lower molecular weight xylo-oligosaccharides that
remain soluble upon the addition of seven volumes of ethanol. The observation that a
precipitate began to form (presumably from the largest xylo-oligosaccharides present) upon
addition of the second volume of ethanol supports this theory. It was expected that the
arabinan recovery would be lower than that observed for xylan, due to the mechanism of
hydrolysis of corn fiber hemicellulose. In order for the xylan backbone to be accessible to

Table 7 Xylan and arabinan content of recovered corn fiber gum

Batch Component mass per ml HSN (mg, dry basis)

CFG Xylan Arabinan

A 6.40 3.42 1.49

B 8.14 3.88 1.72

C 7.08 4.02 1.84

D 6.79 3.76 1.75

Average 7.10 3.77 1.70

St. Dev. ±0.75 ±0.25 ±0.15

1 11.05 4.10 1.92

2 14.66 5.12 2.50

3 15.52 5.12 2.45

Average 13.74 4.78 2.29

St. Dev. ±2.37 ±0.59 ±0.32

Table 6 Corn fiber gum composition (large batches)

Batch Component (% of CFG w/w, db)

Glucan Xylan Arabinan X/A

A 0.52 53.48 23.24 2.30

B 0.39 47.62 21.16 2.25

C 0.62 56.80 25.99 2.19

D 0.49 55.47 25.83 2.15

Average 0.51 53.34 24.06 2.22

St. Dev. ±0.10 ±4.05 ±2.31 ±0.07
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enzymes, the substituted species (i.e. arabinose) must first be removed. If the hemicellulose
is solubilized by cleavage into xylo-oligosaccharides, it follows that some arabinose must
be liberated from the hemicellulose and thus not available for precipitation. This was
supported by the observation of a greater hydrolysis yield for arabinose, as mentioned
above.

Process Mass Balance

A mass balance was conducted around the process for glucan, xylan, and arabinan. The
detailed mass balance is provided in Table 8. The overall mass balance was good, with
86.89% glucan, 90.59% xylan, 89.90% arabinan accounted for. The major sugars
compositions of each stream utilized in the mass balance calculation were provided
previously in Table 1 (DCF), Table 3 (PTDCF), and Table 5 (CFG).

Hemicellulose Hydrolysis

Commercially available enzymes were used individually and in combinations in an attempt
to hydrolyze CFG. Xylanases (N30, N12, N14) were chosen for their expected activity
against the xylan backbone. Ferulic acid esterase (D) was chosen to cleave the diferulic
bridges cross linking the arabinoxylan, which was expected to improve their digestibility.
Pectinase (E) and β-glucosidase (B) were chosen for their possible side activities, which
have shown some success in hydrolyzing CFG in previous work [13]. The enzymes were
first tested individually at 1× and 10× the manufacturers recommended dosage (see
Table 2). The yields, based on total xylan and arabinan available in the hydrolysis, are
shown in Table 9. At the 1× dosage level, the highest yields were produced by pectinase,
which is not surprising because it was chosen for its wide range of side activities. At the
10× level, the yields achieved with D were slightly higher than with E. The low yields
demonstrated by xylanases N30 and N14 were not surprising, as these enzymes were
advertised as being relatively pure in their activity (see Table 2). The low yield
demonstrated by N12 was more surprising, as this enzyme was advertised as a complex
with multiple activities.

To investigate potential synergism between these enzymes, combinations of the enzymes
were tested for their ability to hydrolyze CFG. The first set of experiments utilized N30 as
the xylanase. The results are shown in Table 10.

At the 1× dosage level, the highest yields were obtained by the combination of all four
enzymes. However, the yields in the E+D+B trial were only slightly lower, suggesting that
N30 was very ineffective. This is consistent with the results found in the individual trials.
This was also seen when N30 was added to E+D and to D+B. It was also observed that B
was not very effective at the 1× dosage level, causing very modest increases when added to
E+D. However, the combination of D and B exhibited a much higher yield than D alone,
suggesting a synergistic effect between the two enzymes.

At the 10× dosage level, the greatest yields were exhibited by E+D+N30, although the
increase over E+D was very modest, consistent with the 1× dosage results and those of the
individual trial. Interestingly, the addition of B to E+D and to E+D+N30 both caused a
decrease in yield of about 5–7%. This effect was not seen in the 1× dosage trials. In the case
of N30+B, yields were actually decreased by the increase in dose. These observations
suggest that B is problematic when used in high concentration.

The yields exhibited by N30 were poor, as expected. Thus, xylanases N12 and N14 were
investigated as alternatives. The results are shown in Table 11. At the 1× dosage level, the
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yields obtained by N14+E+D, N12+E+D, and N14+N12+E+D were very similar,
suggesting little difference in the effectiveness of N12 and N14. The same trend was
observed at the 10× dosage level. At both dosage levels, the combination of N12+N14 was
ineffective, which is consistent with the individual trials.

The highest yields in the multiple enzyme trials were obtained by the combinations
of E+D and E+D+xylanase (little difference was seen between xylanases). In the
single enzyme trials, the highest yield was obtained by D, though it was a small
increase over E at a significantly greater loading (see Table 2). Thus, E was loaded at
100× dosage and utilized alone and in combinations of E+D and E+D+N30. D and N30
were loaded at the 10× dosage level. The results are shown in Table 12. When E is loaded
at the 100× dosage level, the highest yields are observed. The addition of D increased
yields over E alone, while the addition of N30 to the mixture was ineffective. Because of
the ineffectiveness of the addition of N30, the highest performing combination was
considered to be E+D.

Table 9 Xylose and arabinose yields in individual enzyme hydrolysis

Dosage Component Yielda (% w/w, db)

1× MRD 10× MRD

Enzyme Xylose St. Dev X Arabinose St. Dev. A Xylose St. Dev. X Arabinose St. Dev. A

E 4.99 ±0.08 16.43 ±0.03 8.44 ±0.93 24.53 ±1.16

N30 0.51 ±0.01 1.97 ±0.06 1.38 ±0.01 1.90 ±0.03

D ND NA 5.34 ±0.14 7.39 ±0.14 32.63 ±0.64

B 3.35 ±0.04 12.41 ±0.12 2.08 ±0.01 11.41 ±2.63

N12 ND NA ND NA 1.62 ±1.32 7.49 ±0.43

N14 ND NA ND NA ND NA ND NA

a Percentage of the total mass of xylose or arabinose that appears in monomeric form after hydrolysis

St. Dev. X standard deviation of the xylose yield data in the column to the left, St. Dev. A standard deviation
of the arabinose yield data in the column to the left, ND not detected, NA not applicable

Table 10 Xylose and arabinose yields in mixed enzyme hydrolysis with xylanase N30

Dosage Component Yield (% w/w, db)

1× MRD 10× MRD

Enzymes Xylose St. Dev. X Arabinose St. Dev. A Xylose St. Dev. X Arabinose St. Dev. A

E+D 5.36 ±0.05 18.27 ±0.40 14.45 ±0.20 32.47 ±0.46

E+D+B 5.99 ±0.02 20.36 ±0.36 9.11 ±0.10 26.81 ±0.21

E+D+N30 5.61 ±0.11 18.43 ±0.34 17.38 ±0.34 34.85 ±0.58

E+D+N30+B 6.40 ±0.08 20.34 ±0.22 10.82 ±1.64 27.73 ±1.90

E+B 5.59 ±0.01 18.36 ±0.12 7.36 ±0.03 28.27 ±0.14

D+B 4.45 ±0.01 17.15 ±0.12 3.79 ±0.25 18.70 ±0.53

D+B+N30 4.75 ±0.05 17.35 ±0.17 7.63 ±1.23 23.92 ±1.15

N30+B 3.92 ±0.18 12.35 ±0.25 2.19 ±0.10 9.91 ±2.88
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Conclusion

A process was developed to fractionate the hemicellulose component of corn fiber.
Destarched corn fiber was pretreated by soaking in aqueous ammonia, which retained 94%
of the available glucan, 76% of the available xylan, and 78% of the available arabinan. The
pretreated material demonstrated a glucan digestibility of 85% when hydrolyzed with
cellulase enzymes. Xylan and arabinan digestibilities were low but very little xylan and
arabinan remained solid after hydrolysis, suggesting that the majority of the arabinoxylan
was solubilized in the form of xylo-oligosaccharides. These were precipitated by the
addition of ethanol. The precipitated solids were the corn fiber gum. A mass balance was
constructed around the process, which accounted for 87% of glucan, 91% of xylan, and
90% of arabinan. A variety of enzymes were utilized in an attempt to release xylose and
arabinose from the recovered corn fiber gum. The greatest xylose and arabinose yields
(44.45% and 52.89%, respectively) were achieved when PEKTOZYME Essential, a
pectinase, was loaded at 100× manufacturer recommended dosage along with Biocatalysts
Depol 692 L, a ferulic acid esterase loaded at 10× MRD.

While it has been demonstrated that the developed process is technically feasible, much
work remains in its optimization. A significant amount of the hemicellulose was not
recovered by ethanol precipitation, presumably due to low chain length. Thus, a cellulose
hydrolysis method should be developed that retains the high glucan digestibility
demonstrated above but solubilizes the arabinoxylan by producing longer chain xylo-
oligosaccharides. This would allow a greater recovery of xylan and arabinan from a smaller

Table 11 Xylose and arabinose yields in mixed enzyme hydrolysis with xylanases N12 and N14

Dosage Component yield (% w/w, db)

1× MRD 10× MRD

Enzymes Xylose St. Dev. X Arabinose St. Dev. A Xylose St. Dev. X Arabinose St. Dev. A

N14+D ND NA 5.52 ±0.02 6.46 ±0.32 28.68 ±0.79

N14+E+D 1.56 ±0.04 8.28 ±0.26 13.70 ±0.05 38.51 ±0.27

N12+N14+E+
D

1.49 ±0.05 9.31 ±0.08 13.72 ±0.57 38.28 ±0.95

N12+D 0.49 ±0.01 6.25 ±0.24 6.66 ±0.14 28.51 ±0.20

N12+E+D 1.61 ±0.01 9.22 ±0.06 14.07 ±0.39 38.81 ±0.52

N12+N14 ND NA 2.06 ±0.11 ND NA 10.14 ±0.43

N12+N14+D ND NA 5.89 ±0.19 6.25 ±0.38 27.53 ±0.71

Table 12 Xylose and arabinose yields in enzyme hydrolysis with 100× pectinase loading

Enzyme Component yield (% w/w, db)

Xylose St. Dev. X Arabinose St. Dev. A

E 34.49 ±2.45 47.20 ±2.77

E+D 44.45 ±0.77 52.89 ±0.05

E+D+N30 44.48 ±6.92 52.45 ±2.81
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volume of ethanol. Additionally, the volume of the hydrolysate could be reduced by
evaporation or ultrafiltration, again reducing the needed amount of ethanol. Finally, the
enzymatic hydrolysis of corn fiber gum remains a challenge, and additional work is needed
to generate improvements in this step.
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