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Abstract

Corn fiber, a byproduct of corn wet milling, is an attractive feedstock for biomass ethanol production. Corn fiber was hydrolyzed
by dilute sulfuric acid and neutralized by one of two methods: conventional lime treatment or neutralization by strongly basic anion
exchange. The anion exchange neutralized (AEN) hydrolysate contained substantially lower levels of the inhibiting compounds
furfural, 5-hydroxymethylfurfural, and acetic acid compared to the lime neutralized hydrolysate. In batch fermentations the ethanol
yields and final ethanol concentration of the two hydrolysates were similar at 0.32-0.43 g/g and 29-44 g/l, respectively. Sugar
consumption in the AEN fermentations was superior. Coupling of a membrane pervaporation unit to a fed-batch fermentation of
AEN hydrolysate maintained the ethanol concentration below 25 g/l with complete sugar utilization for approximately 5 days. A
concentrated ethanol stream of 17 wt.% ethanol was produced by the pervaporation unit.
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L. Introduction

The large scale use of ethanol in transportation fuels
has many advantages: it is an octane enhancer, is em-
ployed as an oxygenate in the US program to control
automotive tailpipe emissions, can be produced from
rencwable resources thereby decreasing reliance on im-
ported petroleum, and results in reduced net carbon
dioxide emissions upon combustion. Ethanol demand in
the US is currently about 2.0 billion gals/year (7.6 billion
liyear) and its production is largely (>95%) from corn
starch. The high cost of corn, relative to the selling price
of ethanol, and uncertain markets for some of the pro-
tein co-products has led to increased interest in ligno-
cellulosic feedstocks for ethanol production. A thorough
review of the literature on lignocellulosic feedstock
composition, pretreatment meihods, inhibitory com-
pounds and their mitigation, and fermentation micro-
organisms is available (Olsson and Hahn-Hagerdal,
1996).
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Corn fiber is the hemicellulose-rich bran from the
corn hull and is generated during the wet milling of
corn. Approximately 4 million metric tons (dry) of corn
fiber are produced annually in the US as it comprises
9.5% of a bushel of corn (Gulati et al., 1996). As it is
available in wet milling ethanol plants, it is a logical
lignocellulosic feedstock for conversion to ethanol. Re-
cent studies (Beall et al., 1992; Asghari et al., 1996; Dien
et al., 1997) have examined the fermentability of corn
fiber hydrclysates by newly constructed recombinant
organisms. Several promising recombinant strains of
two bacterie, Zymomonas mobilis (Zhang et al., 1995)
and Escherichia coli (Ohta et al., 1991) have been de-
veloped to ferment xylose and other pentose sugars to
ethanol. The E. coli strain KO 11 developed in the
laboratory of L.O. Ingram (Chta et al., 1991) was cho-
sen as the fermenting organism in this study as it is able
to ferment all of the sugars, both hexose and pentose,
resulting from the dilute acid hydrolysis of corn fiber
{(Asgbari et al., 1996; Dien et al, 1997). It was con-
structed by insertion of the alcohol dehydrogenase and
pyruvate decarboxylase genes from Z. mobilis into an
E. coli strain {Ohta et al., 1991).

One approach to improving the productivity of eth-
anol fermentations is to continuously remove ethanol
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from the fermentation broth as it is produced, thus re-
ducing the inhibitory effects of high ethanol concentra-
tions. This approach would also allow a continuous
fermentation to be conducted. Proposed techniques for
ethanol recovery from fermentation broths include
vacuum distillation (Cysewski and Wilke, 1977), solvent
extraction (Kollerup and Daugulis, 1986), and mem-
brane pervaporation (Shabtaj et al., 1991; Groot et al.,
1992; O’Brien and Craig, 1996). Pervaporation is a unit
operation in which separation by the combined cffects of
dissimilar permeation rates through 2 non-porous
membrane and an evaporative phase change at the
downstream side of the membrane which is usually
maintained under vacuum. Because of the nature of the
ethanol-water vapor-liquid equilibrium, pervaporation
has an inherent selectivity for ethanol at low concen-
trations. Development of the technology began in the
1950s (Binning et al., 1961); the state of research and
commercialization of organophilic membrane pervapo-
ration has been reviewed by Beaumelle et al. (1993).

The presence of inhibitors in hemicellulose hydroly-
sates is one of the factors limiting ethanol productivity.
Also, in continuous fermentations, inhibition by the
product ethanol must also be considered. In this inves-
tigation, two procedures for hydrolysis of corn fiber and
their effects on levels of common inhibitors were evalu-
ated in batch fermentations: a traditional dilute sulfuric
acid hydrolysis followed by lime neutralization and di-
lute sulfuric acid hydrolysis with neutralization by a
strongly basic anion exchange method. A pervaporation
operation was coupled to the hydrolysate fermentation
in order to maintain a constant ethanol level and allow
for continuous fermentation. As a concentrated feed was
not available (without evaporation of the hydrolysate)
as is customarily required for a true continuous fer-
mentation, the fermentation was operated in a fed-batch
mode. The objective of this study was to evaluate the use
of pervaporation 1o increase the ethano! productivity
of corn fiber fermentations by E coli KO 11.

2, Methods
2.1, Organism and media

E. coli strain KO 11 was obtained from L.O. Ingram
at the University of Florida {Gainesville, FL). It was
maintained on 1.5% agar plates of Luria Broth {LB)
medium (10 g/l tryptene (Difco, Detroit, MI), 5 g/l
Difco yeast extract, 5 g/t NaCl) with 20 g/l p-xylose and
chloramphenicol (40 and 600 mg/l, alternating daily).
Corn steep liquor was used as a source of nitrogen and
micronutrients to augment the hydrolysate for fermen-
tation experiments. The corn steep liquor was first ad-
Justed to pH 6.5, centrifuged to remove suspended
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solids, and autoclaved. The com steep liquor level in
the medium was 5% (v/v).

2.2, Preparation of hydrolysates

The corn fiber was obtained from a wet milling plant
{Williams Energy, Pekin, IL) and treated according to
the procedures of Dien et al. (1997). After drying and
grinding in 2 hammer mill, it had moisture and ash
contents of 6.0% and 0.61%, respectively. It was hy-
drolyzed with 1% (v/v) H,SO, at a ratio of 4.25 ml/g
corn fiber in a shallow pyrex pan in an autoclave for | h
at 121 °C. The hydrolysate was separated from the
unhydrolyzed solids>by: straining through cheesecloth
and stored frozen until use.

Neutralization was by one of two procedures. Lime
neutralized hydrolysate (LN) was prepared by add-
ing powdered lime to raise the pH to 6.5 followed by
centrifugation to remove precipitated CaS0y4. Anion
exchange neutralized hydrolysate (AEN) was accom-
plished with strongly basic IRA-400 anion exchange
resin (Sigma Chemicai Co., St. Louis, MO) operated on
the hydroxide cycle. In a 2 cm 1D, column containing
50 g dry resin, 110f 2 N NaOH was introduced into the
bed at 10 ml/min to condition the resin. After rinsing
with 1 I of deionized water, raw hydrolysate was fed to
the column at 10 ml/min. The pH of the hydrolysate
leaving the column was 9.0. When the PH started de-
creasing, the feed was stopped and the column regen-
erated and another neutralization cycle was initiated.
Prior to use, the AEN hydrolysate was adjusted to
pH 6.5.

2.3. Fermentations

Batch experiments were performed with both LN and
AEN hydrolysates in which the media were the hy-
drolsate with 5% corn steep liquor. As a contral for
inhibitors in the hydrolysates, experiments were also run
in LB medium supplemented with 40 g/l p-xylose, 40 g/l
D-glucose, and 20 g/l L-arabinose. A 10% (v/v) inoculum
of LB broth plus 50 g/l xylose was used in these exper-
iments. The inoculum was a 16 h culture started by
transferring three large colonies from the agar plate (via
suspension in 5 ml broth) to an inoculum flask and in-
cubating with shaking at 35 °C. Fermentations were
carried out in either a 3 1 bench-top fermentor (Omui-
Culture, Virtis Co., Gardiner, NY) or a 3 | Bioflo III
fermentor (New Brunswick Scientific, New Brunswick,
NJ) at 34 °C with pH control set at 6.5. Typically, after
an initial period of base consumption, the pH would rise
slightly to approximately 7.2 over the course of a batch
fermentation.

The coupled fermentation—pervaporation experi-
ments were conducted in a fed-batch mode as follows: a
batch fermentation was conducted until the ethanol level
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in the medium was about 30 g/I; at this point the per-
vaporation module was started and operated intermit-
tently to maintain the ethanol level at 25+ 3 gl and,
once per day, a volume of hydrolysate medium (same
composition as initial fermentor medinm) was added.
Experiments were run for approximately 5 days with
intermittent pervaporation operation starting at about
48 h. Fermentor volumes rose from 0.5 I to between 0.7
and-1.8 1 over the course on the experiment, depending
on addition rate. The pervaporation apparatus is de-
scribed in O’Brien and Craig (1996) but with poly-
dimethylsiloxane membranes supplied by Celanese
Corp. (Charlotte, NC). During operation of the perva-
poration module, fermentation broth is ~recirculated
through the membrane module which produces a vapor
permeate which is condensed in a series of condensers
(primary condenser operated at —20 °C) to yield a
concentrated ethanol permeate stream. Total membrane
area in the pervaporation module was 0.22 m?,

2.4. Analytical

Ethanol concentrations were measured on a YSI
Model 2700 Biochemistry Analyzer (Yellow Springs
Instruments, Yellow Springs, OH). Analyses of the
monosaccharides glucose galactose, xylose, and arabi-
nose were performed by high pressure liquid chroma-
tography with an HPX-87P column (Bio-Rad
Laboratories, Hercules, CA) at 85 °C with water as the
mobile phase at a flow rate of 0.6 ml/min. Acetic acid
was also quantitated by HPLC on an HPX-87H column
at 65 °C with 0.018 N sulphuric acid as the mobile phase
(0.6 ml/min} and UV detection at 220 nm. Concentra-
tions of furfural (2-furaldehyde) and 5-hydroxymethyl-
furfural (HMF) were determined by the method of Li
et al. (1988) with an Alisphere ODS-2 column (Alltech,
Deerfield, IL USA) at 40 °C and a 0.3% THF in water
mobile phase at a flow rate of 0.5 ml/min.

3. Results and discussion

The composition of the corn fiber hydrolysate is given
in Table 1. The data are in general agreement with those
of Dien et al. (1997). The higher glucose concentration
reported here is most likely due to a higher starch con-
tent in the corn fiber sample due to differing processing
conditions as the starch content of corn fiber has been

Table 2

Preparation of corn fiber hydrolysates
Component Corn fiber hydrolysate

Lime neutralized Anion exchange
neutralized

Total solids (wt.%) 17.2 12.8
Ash (wt.%) 14 0.1
Acetic acid (g/) 6.2 ND®
Furfural (gfl) 0.49 0.13
HME® (g) D.15 0.05
“Not detected.

" Hydroxy methyl furfural.

reported to vary widely among wet mills (May, 1987).
These values are for the lime neutralized hydrolysate;
the sugar levels are slightly lower for the anion ex-
change neutralized hydrolysate due to 2 small dilution in
passage through the column (data not shown).
Inhibitor concentrations and solid levels of the two
hydrolysates are presented in Table 2. The AEN hy-
drolysate was lower in total solids (partially attributed
to a slightly lower total sugar concentration) but had a
much lower ash content (0.1% versus 1.4%) than the LN
hydrolysate. While the list of potential or actual inhib-
iting compounds in lignocellulosic hydrolysates would
include aromatics from lignin degradation, acetic acid
from hemicellulose hydrolysis, and sugar degradation
products such as the furfurals and levulinic acid, for
corn fiber hydrolysates the most important are consid-
ered to be acetic acid, furfural, and HMF (corn fiber
contains little or no lignin). The acetic acid and furfural
concentrations reported in Table 2, 6.2 and 0.49 g,
respectively, are in close agreement with those of Wat-
son et al. (1984) who measured acetic acid and furfural
levels of 6.55 and 0.33 p/l, respectively, for a sugar cane
bagasse feedstock hydrolyzed with 0.5 N H,SO,. The
levels of the acetic acid, furfural, and HMF in the crude
hydrolysate were 5.98, 0.63, and 0.20, respectively. An-
ion exchange neutrafization removed all the acetic acid
in the crude hydrolysate and while lime neutralization
had essentially no effect. Furfural and HMF concen-
trations in the AEN hydrolsate were substantially lower
than those in the LN hydrolysate. Watson et al. {1984)
employed weakly basic anion exchange followed by
strongly acidic cation exchange on the crude hydrolysate
to effect approximately 50% removal of the acetic acid
and 100% removal of furfural. During preparation of
AEN hydrolysates, acetic acid is removed as the acetate
ion at pH values > approximately 5. The mechanism for

Table |
Composition of corn fiber hydrolysate
Sample Sugars {g/)y*
Glucose Xylose Galactose Arabinose
Corn fiber hydrolysate 50419 4012 1.5 10.9£0.5 282113

* Average of three replicates + one standard deviation.
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Table 3
Results of fermentation experiments
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Medium  Type of Fermentation  [EtOh} Yield,;, Residual EtOh productivity Flux Selectivity
fermentation  time (h) (7)) (8/g)  sugar (g} Batch PV experiments (Kg/m?h)
CXDETUMENS  Before PV After PV
(g/Th)Y (s1h) (eNh)

LB Batch 46 264 0.39 380 0.52

LB Batch 22 17.3 0.31 41.3 0.78

LB Batch 46 276 0.40 27.6 0.60

LN Batch 93 33.6 0.39 14.8 0.36

LN Batch 102 40.9 041 11.0 0.40

AEN Batch 68 242 0.30 6.0 0.36

AEN Batch 29 270 0.38 9.2 0.93

AEN . Fed batch-PV 118 19.3 039 72 ) 0.54 =023 0.135 7.7
_AEN Fed batch-PV 118 233 0.35 0 . 0.52 = 0.38 0.091 8.2
LB: Luria broth; LN: lime neutralized; AEN: anion exchanged neutralized.
furfural and HMF removal in AEN hydrolysates is 50
unclear. —8~— glucose

Fermentation kinetic data and pervaporation per- 5 40 I ﬂf’m“
formance data are presented in Table 3. Batch fermen- 5 ~%— ethanol
tations were conducted on both hydrolysates as well as 2 g k] . v
medium consisting of LB broth supplemented with ap- = T
proximately 100 g/l total of p-glucose (40 g/l), b-xylose E 20 §
(40 g/), and L-arabinose (20 g/l) which was intended to £
be an inhibitor-free control. These LB experiments re- & 10 -
sulted in good ethanol productivities and yields but with
significant levels of residual sugars. The presence of re- 0 ) o oo o
sidual sugars in fermentations of similar feedstock hy- 0 20 40 &0 80 100
drolysates in similar media has been previously noted () Time, hr
(Asghari et al., 1996; Dien et al, 1997). Asghari et al.
(1996) attributed this to initial sugar levels above 85 g/l. 40
In Fig. [, fermentations of LB medium and AEN me-
dium are compared. In this experiment, the AEN fer- B 30 ]
mentation was rapid and all sugar was utilized. The T4
sugar utilization was significantly greater in the AEN 5
medium than in the LN medium although ethanol yields = 207 —®— giucose
and ethanol concentrations were approximately equi- g Iz_:,fnm
valent (Table 3). In addition, fermentation times were a —v— ethanql
shorter for the AEN hydrolysate although this may be & 107
related to the lower initial sugar concentrations of 81-86
versus 102-110 g/l for the AEN and LN hydrolysates as 0 5 \_. ——— |
suggested by Asghari et al. (1996). The yields and eth- 0 20 40 60 80 100
anol concentrations reported in Table 3 for batch fer- (®) Time, hr

mentations are in close agreement with those of Dien
ct al. (1997) and slightly lower than those published by
Asghari et al. (1996).

As the AEN hydrolysate fermentations resulted in the
lowest residual sugar levels, this hydrolysate was chosen
for the coupled fermentation-pervaporation experi-
ments. Results are presented in Table 3 and shown
graphically for one experiment in Fig. 2. In all experi-
ments, sugar was completely utilized throughout the
experiment as the ethanol concentrations were main-
tained in the range of 17.7-25.5 g/l (the fermentor eth-
anol concentration was diluted when feed was added).

Fig. L Batch fermentation of corn fiber hydrolysate sugars to ethanol.
(a) LB medium. (b) anion exchange neutralized corn fiber hydrolysate
with 5% corn steep liquor.

Pervaporation resulted in a concentrated permeate
stream of 150-170 g/l ethanol. The pervaporation flux
and selectivity (selectivily = [mass fraction ethanolfmass
fraction water]permesc/[mass fraction ethanolfmass frac-
tion water]r.q) agree reasonably well with values of 0.11
kg/m*h and 10, respectively, for yeast fermentation
broths run in the same pervaporation unit (O’Brien,
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Fig. 2. Fed batch fermentation of AEN hydrolysate coupled with
pervaporation for ethanol removal. Discontinuities in sugar concen-
trations represent addition of fresh medium.

unpublished data) and those reported by Meri and
Inaba (1990). The ethanol productivities after pervapo-
ration was started as given in Table 3 are minimum
values as the fermentations became carbon limited. How-
ever, the E. coli cells were still active and productive as
the additional sugar added was readily consumed. Thus,
it has been demonstrated that removal of ethanol from
corn fiber hydrolysate fermentation by pervaporation
can maintain the ethanol concentration in z stable range
of 20-25 g/l with no apparent affect on the activity of
E. coli strain KO 11 cells while producing a cencentrated
(=17 wt.%) ethanol product. Further studies, such as in
a chemostat system, will be necessary to obtain maxi-
mum ethano} productivities under these conditions.

4. Conclusions

Results have shown that crude corn fiber hydrolysate
neutralized by an anionic ion exchange procedure results
in a lower inorganic solids content and contains lower
ievels of the potential inhibiting compounds acetic acid,
furfural, and 5-hydroxymethyifurfural as compared to a
conventional neutralization with Ca(OH),. The AEN
hydrolysate does not produce a gypsum sludge, thus
avoiding a solid-liquid separation step and costly dis-
posal of the solids, important advantages in the design
of proposed biomass-to-ethanol proceasses.

A combination of slightly lower initial sugar con-
centration and reduced levels of the potential inhibitors
acetic acid, furfural, and S-hydroxymethylfurfural in
anion exchange neutralized hydrolysates resulted in de-
creased fermentation times and more complete utiliza-
tion of sugars than conventional lime neutralized
hydrolysates. Coupling of a pervaporation module to
the fermentation of AEN hydrolysate by recombinant
E. coli strain KO 11 for periodic ethanol removal can
maintain the ethanol level in the fermentation broth

below 25 gfl in a fed-batch fermentation, thereby al-
lowing for sustained fermentation activity.
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