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Abstract

Corn processing streams are characterized by high water content. Removal of water and recovery of solids are major economic
and logistical challenges. New technologies are needed to modify processing streams and to reduce variability and improve quality
of coproducts. The objective was to determine the effectiveness of microfiltration and ultrafiltration systems in altering water, solids
(protein) and ash contents of corn processing streams. Corn was either steeped with SO2 (STW) or soaked (SKW) in water; STW
contained more solids than SKW. Ultrafiltration of STW and SKW had little effect on water removal or solids recovery. Corn was
processed by a conventional wet milling process and a wet milling process that used enzymes to eliminate use of SO2 steeping. Pro-
tein streams from the conventional process (CG) and the enzymatic process (EG) were processed by microfiltration. Permeate
streams from EG and CG had higher total solids and ash concentrations than retentate streams; much of the ash was recovered
in permeate (67% and 83%, respectively). For CG, proteins were largely recovered in retentate, whereas for EG, proteins were recov-
ered in permeate. SDS-PAGE data indicated a decrease in size of proteins in the EG process stream. Permeate streams from micro-
filtration were subject to ultrafiltration; there was little effect on solids and nutrient separations.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Conventional wet milling is a common technology for
separation corn into coproducts concentrated in starch,
protein, fat and fiber; in this process, corn is steeped
in sulfur dioxide (SO2) to fractionate the kernel. Addi-
tional processing and separation steps following the
steeping operation eventually produces corn gluten meal
(67% db protein), corn gluten feed (21% db protein) and
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corn germ (45–50% db crude fat), along with starch
products, ethanol and high fructose corn syrup. Steep-
ing is a lengthy process, requires extensive equipment
and results in high sulfur concentration in process
streams. Enzymatic milling (E-milling) is a recently
developed technology in which enzymes are used to
aid corn kernel fractionation (Johnston and Singh,
2001). Corn is steeped without SO2, steep time is re-
duced and starch yields are similar to those of wet mill-
ing. Corn processing streams from either wet milling or
E-milling typically contain low (5–10%) solids (Rausch,
2002). Water must be removed for effective handling
and storage of solids; this usually is achieved using evap-
orators and dryers, which are expensive to operate.
Emissions from dryers contain particulate material,
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requiring use of scrubbers and thermal oxidizers;
exposure of coproducts to heat can affect protein qual-
ity. New approaches are needed to remove water and re-
cover solids from processing streams.

Membrane filtration has potential to remove water
and solids from corn process streams and has several
advantages. First, filtration does not involve phase
change of water, reducing energy needed to remove
water from the coproduct stream. A small reduction in
water content can have significant impact on energy sav-
ings, even when additional water must be removed by
evaporation. Second, membranes can be selected for re-
moval of specific water borne compounds, such as phos-
phorus, from the coproduct material. Because filtration
does not add heat to the coproduct stream, quality of
protein in the coproducts should not be compromised.
Several studies have been reported on membrane filtra-
tion flux rates of steepwater (Rane and Cheryan, 2001;
Liaw et al., 1998; Wu, 1988; Ray et al., 1986) and gluten
streams (Thompson et al., 2001, 2005; Singh et al., 1998)
from wet milling. However, few, if any, published data
are available on effectiveness of microfiltration and
ultrafiltration in separating nutrients in corn processing
streams. The objective was to determine the effectiveness
of microfiltration and ultrafiltration in removing water
and solids from different corn processing streams.
2. Methods

2.1. Filtration equipment

For microfiltration, a laboratory scale test unit
was used. The unit contained a tubular stainless steel
microfiltration membrane module with six tubes having
0.61 m length, nominal 0.1 lm pore size, nominal
0.64 cm diameter, 0.34 cm wall thickness and 0.07 m2

membrane area (Scepter model 2.5-250A-2P6, Graver
Technologies, Glasgow, DE). The unit was equipped
with a 13 l batch tank, heat exchanger and positive
displacement pump (model M-03, Hydra-Cell, Minne-
apolis, MN). The unit was operated at a constant cross-
flow velocity of 4.57 m/s. Transmembrane pressure
(TMP), temperature of process material and flux rates
are important parameters affecting filtration; TMP was
calculated as an average of inlet and outlet pressures
minus permeate pressure, which was atmospheric pres-
sure. For the experiments to be described subsequently,
TMP and temperatures were 690, 400 and 530 kPa; and
44 ± 2, 40 ± 3 and 39 ± 1 �C for corn soak water, enzy-
matic gluten and conventional, respectively. TMP for
each process stream (SKW, EG and CG) was selected
from preliminary tests to determine optimal permeate
flux rates. Permeate flux rates were determined by filter-
ing 9 l samples until the batch tank was empty; permeate
and retentate samples were collected for nutrient analy-
ses. The microfiltration unit was operated until sample
was exhausted, which took 15 min. The unit was cleaned
after each test by circulating a caustic/bleach solution at
85 �C for 2 h.

Ultrafiltration equipment included a 400 ml stirred
ultrafiltration cell and 800 ml reservoir (Amicon models
8400 and RC800, respectively, Millipore Corporation,
Bedford, MA). The reservoir and stirred cell were pres-
surized to 240 kPa using an argon gas cylinder. Located
at the bottom of the cell was one of three disposable
regenerated cellulose ultrafiltration membranes (76
mm, Millipore Corporation, Bedford, MA). These
membranes had 10,000 (YM10), 30,000 (YM30) or
100,000 (YM100) molecular weight cutoffs and provided
three ultrafiltration treatments. A magnetic stir bar
placed on the surface of the membrane was used to sim-
ulate crossflow filtration. Ultrafiltration tests were con-
ducted at ambient temperature (20–22 �C) for 70 min.

2.2. Preparation of samples and description of

experiments

Three filtration experiments were carried out to eval-
uate the effectiveness of filtration in separating water
and solids from several process streams. All experiments
were done using lab scale equipment located at the Agri-
cultural and Biological Engineering Department at the
University of Illinois at Urbana, Champaign. The same
corn hybrid (hybrid 33J56, Pioneer Hi-Bred Interna-
tional, Des Moines, IA) was used in all experiments to
eliminate effects due to hybrid during milling and mem-
brane filtration.

In experiment 1, the goal was to determine if length
of soak time affected solids extraction and subsequent
membrane filtration. Results from this experiment deter-
mined parameters used in experiments 2 and 3. Corn
soak water (SKW) was prepared by soaking 5.5 kg corn
in distilled water (2:1 w/w, 55 �C) for either 8 or 12 h
(Fig. 1). SKW was then processed using the microfiltra-
tion system described previously (Fig. 2). Samples of ini-
tial material (SKW), permeate and retentate were taken
during filtration and analyzed for total solids (TS), total
nitrogen (TN) and ash. TS and ash were measured using
standard methods (2540 B and 2540 G, respectively,
APHA, 1998). TN was determined using AOAC method
999.20E and corrected to a dry solids basis (g/100 g db)
using moisture data measured using AOAC method
926.08 (AOAC, 1984). Data were analyzed statistically
as a simple block design using a general linear model
(GLM, SAS, 1989) to determine effects of soak time (8
versus 12 h) and to compare composition of initial mate-
rial (SKW) to permeate and retentate. Means were com-
pared as least squares means (SAS, 1989), when main
effects were significant.

In experiment 2, the effectiveness of ultrafiltration to
separate two process streams was determined. One
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Fig. 2. Microfiltration of corn soak water (SKW, top) and ultrafiltra-
tion of SKW and corn steepwater (STW, bottom); P: permeate, R:
retentate.
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stream was SKW, which was prepared as described in
experiment 1 using 12 h soak time. The second was corn
steepwater (STW), prepared by the laboratory scale wet
milling method of Eckhoff et al. (1993, Fig. 1). One kilo-
gram of corn was added to 2000 ml water containing
5.92 g NaSO2 (0.2% as SO2) and 12.9 ml lactic acid
(0.5%). Corn was steeped for 24 h at 52 �C. Each process
stream (SKW and STW) was processed by ultrafiltration
at three pore sizes (Fig. 2) described previously (YM10,
YM30 and YM100). Samples of initial material (SKW
and STW), retentate and permeate were obtained during
processing and analyzed for TS, TN and ash as de-
scribed in experiment 1. Data were analyzed as a facto-
rial design for effect of process stream versus pore size of
ultrafiltration membrane using the GLM routine of SAS
(1989). Composition of initial material, permeate and
retentate also were compared using the GLM routine
of SAS (1989). Means were compared as least squares
means (SAS, 1989) when main effects were significant.

In experiment 3, the effectiveness of a two stage ap-
proach (microfiltration followed by ultrafiltration) to
separate two process streams was determined. The two
streams were conventional gluten (CG) and enzymatic
gluten (EG). CG was prepared according to the labora-
tory scale wet milling method of Eckhoff et al. (1993)
using 1 kg batches of corn (Fig. 1). Steeping was con-
ducted as in experiment 2. Steeped corn was ground in
a blender at 4500 rpm for 3 min. Germ was skimmed
from the resulting slurry, which was ground finely a sec-
ond time in a plate mill. Fiber was separated by passing
the finely ground slurry over a 325 mesh (44 l openings)
vibrating screen. The resulting starch–protein slurry was
separated using a starch table to obtain CG. Additional
details on the conventional process are found in Eckhoff
et al. (1993). EG was prepared using a 1 kg scale wet
milling process (Fig. 1) similar to that described by
Johnston and Singh (2001). Batches of corn were soaked
for 4 h at 55 �C and ground to fractionate germ, endo-
sperm and fiber. Bromelain (a cysteine protease, Sigma,
St. Louis, MO) was added after grinding and the mix-
ture was incubated in pH 4 buffer for 4 h at 48 �C. EG
was then obtained using the same steps as CG in the
process described above for germ skimming, fiber sepa-
ration and starch tabling. EG and CG were processed
by microfiltration (Fig. 3), using procedures described
in experiment 1; samples of initial material (CG and
EG), permeate and retentate were taken during microfil-
tration for measuring TS, TN and ash, as described pre-
viously. Permeate was collected from the microfiltration
of each source (CG and EG); each permeate was then
processed by ultrafiltration using each of the three ultra-
filtration pore size treatments described earlier (YM10,
YM30 or YM100). Samples of initial material (CG or
EG), permeate and retentate were taken for each ultra-
filtration treatment and analyzed for TS, TN and ash
as described previously.

Data from microfiltration were analyzed as a simple
block design to compare effects of source (CG versus
EG) and to compare initial material to retentate and
permeate streams from microfiltration. Data from



Table 1
Effects of soak time on composition and microfiltration characteristics
of soak water (experiment 1)

Soak time SE1

8 h soak 12 h soak

Composition of streams2

TS (g/100 g wet basis)

Initial material 0.39ax 0.72bx 0.018
Permeate 0.30ay 0.67by 0.025
Retentate 0.47az 0.92bz 0.008
SE 0.02 0.02

TN (g/100 g dry solids)

Initial material 4.79a 2.97bx 0.37
Permeate 5.05a 1.72by 0.16
Retentate 6.91a 2.98bx 0.72
SE 0.63 0.38

Ash (g/100 g dry solids)

Initial material 21.6 16.0x 0.74
Permeate – 16.0x

Retentate – 20.8y

SE – 0.80

Microfiltration characteristics

Temperature (�C) 44 ± 2 44 ± 2
TMP (kPa)3 690 690
Flux (LMH)4 400 300

ab Within row and item, means were different (P < 0.05).
xyz Within column and item, means were different (P < 0.05).

1 SE = standard error.
2 TS = total solids; TN = total nitrogen.
3 TMP = transmembrane pressure.
4 LMH = permeate flux rate (liters per meter2 per hour).
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Fig. 3. Two stage filtration process: microfiltration of CG and EG
followed by ultrafiltration of CG or EG permeate; P: permeate, R:
retentate.
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ultrafiltration were analyzed as a simple block design to
compare composition of initial material (permeate from
microfiltration) of CG to that of EG and to compare
composition of initial material to retentate and perme-
ate. In both comparisons, a general linear model was
used as described previously. Means were compared
when main effects were significant.

Proteins in the EG and CG streams were fractionated
by a SDS-PAGE discontinuous system as described
by Laemmli (1970). Loading buffer was prepared by
adding 50 ll B-mercaptoethanol (Sigma–Aldrich Corp.,
St. Louis, MO) to 960 ll of Laemmli sample buffer
(Bio-Rad, Hercules, CA). Aliquots of fractions from
microfiltration of CG and EG and from ultrafiltration
of permeates from microfiltration were added to loading
buffer, depending on protein concentration. For EG,
permeate from microfiltration of EG and retentate from
ultrafilter treatments YM10 and YM100, 150 ll of sam-
ple were dried and reconstituted with 150 ll of loading
buffer. For retentate from microfiltration of EG,
100 ll of sample were dried and reconstituted with
100 ll of loading buffer. For the permeate from microfil-
tration of CG and retentate from ultrafiltration of CG
permeate, 1000 ll of sample were dried and reconsti-
tuted with 50 ll of loading buffer. Samples were
vortexed and heated in a boiling water bath for 10 min
before loading onto the gel. SDS-PAGE was performed
using a Mini 2D electrophoresis system (Bio-Rad,
Hercules, CA) connected to a power supply with a 8–
16% linear gradient Tris HCl 10 well Bio-Rad ready
gel. Ten microliter of protein standards (Bio-Rad Preci-
sion Standard, cat. no. 161-0362, 10–250 kDa range)
were placed in the first well. Remaining wells were filled
with 10 and 20 ll of unknowns, and chambers were
filled with Bio-Rad 10· Tris/glycerine/SDS running
buffer (25 mM Tris, 192 mM glycerine and 0.1% SDS)
diluted 1:10. Voltage was gradually increased to 150 v
until the tracking dye had migrated to the bottom of
the well (approx. 45 min). A staining solution was
prepared by adding 0.25 g Coomassie Brilliant Blue R
per l of destaining solution consisting of 45% ethanol
and 10% acetic acid in deionized water. Gels were
immersed in staining solution for at least 1 h; destaining
was done by immersing gels in destaining solution;
destaining solution was changed periodically until gel
background was neutral. Following destaining, gels
were stored in 50% glycerol and 7.5% acetic acid in
deionized water. Gels were later dried between two
sheets of cellophane for permanent storage.
3. Results and discussion

3.1. Experiment 1. Effect of soak time on

microfiltration of corn soak water

The composition of SKW was affected by soak time
(Table 1, initial values). The 12 h soak time resulted in
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higher concentrations of TS than the 8 h soak time (0.72
versus 0.39 g/100 g). However, TN and ash concentra-
tion of the 12 h SKW were lower than for the 8 h soak
time. Within either soak time, TS of retentate was higher
than either the initial SKW or the permeate. For TN,
there were no differences among initial, permeate and
retentate for the 8 h soak, but at 12 h, TN was lower
for permeate than for initial or retentate. The 12 h soak
treatment also resulted in higher ash concentration in
retentate than permeate or initial SKW. Longer soak
time (12 h) resulted in higher TS concentration in
SKW but not TN or ash. This indicates that longer soak
time was associated with a differential effect on solubiliz-
ing kernel components, such that other compounds,
such as sugars and/or starches were solubilized more
extensively in the longer soak period.

Permeate flux rate data from small scale membrane
filtration experiments, especially ultrafiltration exp-
eriments used in the current study, are not intended
for design of commercial scale systems. However, a
comparison of relative rates of filtration can provide
direction for additional research. SKW made from 8 h
Table 2
Effect of process stream (soak water versus steepwater) on composition and

Process stream1

STW SKW SE3

Composition of streams4

TS (g/100 g wet basis)

Initial material 2.77ax 0.79bx 0.01
Permeate 2.61ay 0.78bx 0.03
Retentate 2.86ax 0.89by 0.03
SE 0.04 0.01

TN (g/100 g dry solids)

Initial material 4.56ax 3.21bx 0.06
Permeate 4.05ax 2.30by 0.17
Retentate 5.26ay 2.84bz 0.33
SE 0.29 0.18

Ash (g/100 g dry solids)

Initial material 20.4a 16.6bx 0.04
Permeate 19.8a 14.2by 0.49
Retentate 20.3a 15.9bx 0.27
SE 0.21 0.35

Ultrafiltration characteristics

Temperature (�C) A5 A
TMP (kPa)6 240 240
Flux (LMH)7 18 30

ab Means in same row and item differ (P < 0.05).
xyz Means in same column and item differ (P < 0.05).

1 STW = steepwater; SKW = corn soak water from 12 h soak period.
2 Pore diameters = molecular weight cutoffs of 10, 30 and 100 kDa, respec
3 SE = standard error.
4 TS = total solids; TN = total nitrogen.
5 A = ambient temperature (20–22 �C).
6 TMP = transmembrane pressure.
7 LMH = permeate flux rate (liters per meter2 per hour).
soak periods had higher permeate flux rates than SKW
made from 12 h soak periods (400 and 300 LMH,
respectively, Table 1) due to lower TS content (0.39%
and 0.73%, respectively, Table 1). Flux rates observed
for microfiltration of SKW indicate this stream could
be passed through microfiltration membranes at rela-
tively high rates, but small amounts of solids would be
recovered.

3.2. Experiment 2. Ultrafiltration of corn steepwater

and soak water

There were no significant interactions between
process stream (SKW and STW) and pore size of ultra-
filtration membranes (YM10, YM30 and YM100).
Therefore, only main effects were presented in Table 2.
STW contained higher concentrations of TS (2.77 versus
0.79 g/100 g), TN (4.56 versus 3.21 g/100 g) and ash
(20.4 versus 16.6 g/100 g) than SKW (initial material,
Table 2). SKW also had higher concentrations of TS,
TN and ash in the permeate and retentate than STW.
The data in Table 2 show that steeping (with SO2) was
ultrafiltration separation characteristics (experiment 2)

UF treatment2

10 30 100 SE

1.78 1.78 1.78 0.02
1.66a 1.63a 1.79b 0.02
1.91 1.88 1.85 0.03
0.56 0.54 0.56

3.88 3.88 3.88 0.08
2.59 3.21 3.72 0.23
3.98 3.89 4.28 0.41
0.51 0.47 0.77

18.5 18.5 18.5 0.06
16.6 17.1 17.3 0.6
18.5 18.0 17.8 0.3
1.29 1.50 1.38

A5 A A
240 240 240
35 30 40

tively.



Table 3
Effects of process stream (conventional versus enzymatic gluten)
on composition and microfiltration separation characteristics (exper-
iment 3)

Process stream1 SE2

CG EG

Composition of streams3

TS (g/100 g wet basis)

Initial material 0.92ax 1.08bx 0.04
Permeate 0.19ax 0.81bx 0.10
Retentate 5.73ay 3.41by 0.51
SE 0.35 0.22

TN (g/100 g dry solids)

Initial material 8.22 8.33x 0.70
Permeate 10.47 10.34y 0.73
Retentate 7.63a 5.90bz 0.34
SE 0.71 0.50

Ash (g/100 g dry solids)

Initial material 3.77a 8.76bx 0.61
Permeate 13.18 12.73y 6.52
Retentate 1.20a 4.17bz 0.29
SE 5.32 0.60

Microfiltration characteristics

Temperature (�C) 39 ± 2 40 ± 2
TMP (kPa)4 530 400
Flux (LMH)5 370 340

ab Means within row differed (P < 0.05).
xyz Means with column and item differed (P < 0.05).

1 CG = conventional gluten; EG = enzyme gluten.
2 SE = standard error.
3 TS = total solids; TN = total nitrogen.
4 TMP = transmembrane pressure.
5 LMH = permeate flux rate (liters per meter2 per hour).
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more effective for extracting solids than soaking in
water. Presumably, this reflects greater degradation of
the corn kernel by SO2 and increased solubilization of
its contents. The higher concentrations of TS in the per-
meate and retentate of STW presumably reflect higher
concentrations in initial material. Within either source
(STW and SKW), there were differences among initial
material, permeate and retentate. For example, the
concentration of TS in retentate from STW (2.86 g/
100 g) was greater than in the permeate (2.61 g/100 g).
Although statistical differences existed among streams
(initial, permeate and/or retentate) within each source,
the differences were not large and the practical impact
requires additional investigation.

Ultrafiltration pore size had little effect on separation
of components; TS was higher in retentate from the
YM100 treatment than for the other two (Table 2).
Otherwise, there were no differences attributed to pore
size. Within each ultrafiltration pore size, there were no
differences in TS, TN or ash concentrations among initial
material, retentate and permeate. Solids from permeate
and retentate from ultrafiltration contained significant
amounts of protein (as TN · 6.25); the two streams prob-
ably contain different types of proteins. Most protein in
the retentate probably consisted of polymers that were
insoluble and too large to pass through the largest ultra-
filtration pore size (YM100,�0.04 l). The proteins in the
permeate passed through the largest (YM100) and the
smallest ultrafiltration openings (YM10, �0.004 l) with-
out selective retention. This suggests that proteins in the
permeate were probably small protein moieties and/ami-
no acids or other nitrogen containing compounds that
were in true solution, compared to the larger, insoluble
proteins in the retentate. If this is the case, removing pro-
tein from the permeate may be a difficult task. During
ultrafiltration, permeate flux rates were relatively low,
18–30 and 30–40 LMH for SKW and STW, respectively
(Table 2) compared to 300–400 LMH for microfiltration
of the same streams (Table 1).

In a commercial wet milling process, solids in the
steepwater are generally higher (7–9%, Johnson and
May, 2003) than observed in the conventional labora-
tory wet milling process (4–6%, Eckhoff et al., 1993).
Solids are higher in the commercial steepwater stream
due to a large amount of recycled process streams. Sol-
ids levels observed for microfiltration and ultrafiltration
resulted in permeate streams that would be suitable for
recycling within the wet milling process, based on total
solids content.

3.3. Experiment 3. Microfiltration of EG and CG

and ultrafiltration of permeates

EG had significantly higher TS (1.08 versus 0.92
g/100 g, Table 3) and ash (8.76 versus 3.77 g/100 g, dry
basis) than CG. This probably reflects differences in
processing techniques; less inorganic material was
removed during preparation of EG than CG. It is inter-
esting that the TN concentration of CG and EG were
not different (8.22 and 8.33 g/100 g, dry basis). The
permeates from both CG and EG had higher TN and
ash concentrations than retentates (13.18 and 12.73 g/
100 g, dry basis, versus 1.20 and 4.17 g/100 g, Table 3).
The retentate of EG had higher ash concentration than
the retentate of CG. The permeates from microfiltration
of CG and EG were exposed to ultrafiltration treat-
ments to determine if additional solids could be recov-
ered. Because the initial materials were permeates
(processed previously by microfiltration), TS of input
streams (0.2–0.7%, Table 4) were low. Ultrafiltration
with YM10, YM30 and YM100 membranes had little
effect on concentrations of TS, TN and ash of permeates
and retentates.

An initial understanding of membrane filtration char-
acteristics of gluten was gained from microfiltra-
tion of EG and CG. Flux rates during microfiltration
were stable after 30 min and observed to be 340 ± 11
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and 370 ± 14 LMH for EG and CG, respectively.
Differences in flux rates between EG and CG during
microfiltration could be due to differences in TMP
(400 and 530 kPa, respectively). More filtration work
would be needed to obtain data for commercial imple-
mentation. Longer term filtration experiments could
reveal practical limitations of membrane fouling
and durability of membranes after repeated cleaning
cycles.

It is difficult to evaluate the effects of filtration upon
separation of components without considering the abso-
lute quantities of nutrients carried in permeate and
retentate streams. Data in Tables 3 and 4 are expressed
on a concentration basis; these data allow relative com-
parisons, but do not necessarily indicate absolute quan-
tities in the steams. Absolute quantities require data on
flow rates of streams, along with concentration data
to estimate quantities. Data in Figs. 4 and 5 contain
estimates of the absolute quantities of TS, protein (as
Table 4
Effects of process stream (conventional gluten versus enzyme gluten) on com

Process stream1

CG EG SE3

Composition of streams4

TS (g/100 g wet basis)

Initial material 0.19ax 0.74bx 0.03
Permeate 0.22ay 0.74bx 0.02
Retentate 0.25az 4.21by 0.03
SE 0.01 1.25

TN (g/100 g dry solids)

Initial material 10.3ax 9.7b 0.23
Permeate 5.6ay 8.1b 0.72
Retentate 6.5y 8.7 0.93
SE 0.82 0.65

Ash (g/100 g dry solids)

Initial material 16.0x 11.0x 3.3
Permeate 10.6y 8.9y 1.3
Retentate 9.3y 10.4x 0.85
SE 2.13 0.32

Ultrafiltration characteristics

Temperature (�C) CG
EG

TMP (kPa)6 CG
EG

Flux (LMH)7 CG
EG

ab Means within a row and main effect differed (P < 0.05).
xyz Means within column and sample differed (P < 0.05).

1 CG = conventional gluten; EG = enzyme gluten; both collected as perme
2 UF (ultrafiltration) treatments (10, 30 and 100 = molecular weight cutoff
3 SE = standard error.
4 TS = total solids; TN = total nitrogen.
5 A = ambient temperature (20–22 �C).
6 TMP = transmembrane pressure.
7 LMH = permeate flux rate (liters per meter2 per hour).
TN · 6.25), ash and other compounds recovered in per-
meate and retentate streams following microfiltration of
1.0 kg of either CG or EG. For CG (Fig. 4), 9.2 g TS
(1000 g · 0.92 g/100 CG, Table 3) entered microfiltra-
tion; this included 4.7 g protein (as TN · 6.25), 0.3 g of
ash and 4.2 g of other (presumed to be mostly carbohy-
drates and fat). Permeate contained 1.6 g TS (1.0 g pro-
tein, 0.2 g ash and 0.4 g other), while retentate contained
7.6 g TS (3.6 g protein, 0.1 g ash and 3.9 g other). For
EG (Fig. 5), 10.8 g TS entered microfiltration (5.6 g pro-
tein, 0.9 g ash and 4.4 g other). Permeate contained 7.3 g
TS (4.7 g protein, 0.9 g ash and 1.7 g other), while reten-
tate contained 3.5 g TS (1.3 g protein, 0.2 g ash and 2.0 g
other). These data show that EG and CG responded
very differently to microfiltration. For CG, about 17%
of TS and 21% of protein in the input stream was recov-
ered in permeate, while 83% and 79%, respectively, were
recovered in retentate. On the other hand, 67% of TS
and 83% of protein in EG were recovered in permeate,
position and ultrafiltration separation characteristics (experiment 3)

UF treatment2

10 30 100 SE

0.46 0.46 0.46 0.03
0.52 0.41 0.51 0.02
5.63 0.56 0.51 0.03
1.8 0.15 0.16

10.1x 9.8x 10.1 0.3
6.9y 5.8y 6.5 0.9
7.1y 7.6y 8.1 1.1
0.92 1.01 1.20

12.1 14.4 14.0x 4.0
10.9 10.9 7.4y 1.5
8.8 10.4 10.3xy 1.0
2.51 1.81 1.74

A5 A A
A A A
240 240 240
240 240 240
50 75 100
30 30 18

ate from microfiltration.
s of 10, 30 and 100 kDa).



9.2 g TS per L CG

4.7 g Protein

0.3 g Ash

4.2 g other

1.6 g TS in Permeate  (0.17) 

1.0 g Protein  (0.21)

0.2 g Ash  (0.67) 

0.4 g other

7.6 g TS in Retentate  (0.83) 

3.6 g Protein  (0.70)

0.1 g Ash (0.37)

3.9 g other

Fig. 4. Partitioning of solids, protein and ash during microfiltration of
conventional gluten (CG).

10.8 g TS per L EG

5.6 g Protein

0.9 g Ash1

4.4 g other

7.3 g TS in Permeate  (0.67)

4.7 g Protein  (0.84)

0.9 g Ash (1.00) 

1.7 g other

3.5 g TS in Retentate  (0.33) 

1.3 g Protein  (0.16) 

0.2 g Ash (0.20)2

1.0 g other

Fig. 5. Partitioning of solids, protein and ash during microfiltration of
enzymatic gluten (EG). 1Measured as 0.9 g; due to variability, ash
partitioning did not balance accurately. 2Based on 1.1 g initially in EG,
ash proportion in permeate was estimated at 0.20.

Fig. 6. SDS-PAGE of conventional gluten subjected to microfiltration fo
conventional gluten, lanes D and E: conventional gluten microfiltration rete
retentate, lane J: YM100 retentate.
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and 33% and 17%, respectively, were recovered in reten-
tate. For both CG and EG, much (67% and 83%, respec-
tively) of the ash was recovered in permeate, rather than
in retentate.

These data reflect differences between CG and EG
processing. In EG, proteases are used to facilitate
breaking down the kernel and extraction of starch. Pro-
teases present in EG apparently break large protein
polymers into smaller protein fractions, which are solu-
ble or at least can be carried in the water phase during
microfiltration. In CG, proteins in the corn kernel
remain essentially intact; because of large size or high
molecular weight, they do not pass through the pores
of the microfiltration membrane and are recovered
mainly in the retentate stream. On the other hand, en-
zymes used in EG apparently partially hydrolyze kernel
proteins into smaller oligimers that pass through the
microfilter. This results in substantial amounts of pro-
tein being recovered in the permeate. SDS PAGE
clearly shows that proteins in the permeate from micro-
filtration of EG were much smaller than those in the
permeate of CG (Figs. 6 and 7).

In commercial wet milling, gluten is dewatered first
by a centrifuge called the gluten thickener, followed by
vacuum belt filtration and drying. Use of the gluten
thickener and vacuum belt filter create process water
streams from the overflow and filtrate, respectively.
These process water streams are reused within the wet
milling process for germ and fiber washing as well as
steeping. Process water typically would contain total sol-
ids levels of 2–4 g/100 g (Blanchard, 1999; Thompson
et al., 2005). While the results from this study are
on a small scale and do not address economic concerns,
permeate streams from all membranes tested were
0.2–0.8 g/100 g (Tables 3 and 4).
llowed by ultrafiltration. Lane A: protein standard, lanes B and C:
ntate, lanes F and G: microfiltration permeate, lanes H and I: YM10



Fig. 7. SDS-PAGE of enzymatic gluten subjected to microfiltration followed by ultrafiltration. Lane A: protein standard, lanes B and C: enzymatic
gluten, lanes D and E: enzymatic gluten microfiltration permeate, lanes F and G: YM10 retentate, lanes H and I: YM100 retentate.
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4. Conclusions

Membrane filtration was investigated as a method to
remove water and recover solids from corn processing
streams. Composition of SKW was affected by soak
time; TS were higher and TN and ash were lower for
12 h soak times compared to 8 h soak times. During
microfiltration, TS and TN were increased in retentate,
while ash was concentrated in permeate. Flux rates ob-
served during filtration indicate SKW could be passed
through microfiltration membranes at relatively high
rates, but small amounts of solids would be recovered
in retentate.

During ultrafiltration of STW and SKW, differences
existed among streams (initial, permeate and/or reten-
tate) within each source; however, differences were not
large and the practical impact requires additional inves-
tigation. Ultrafiltration pore size had little effect on sep-
aration of components. The proteins in the permeate
passed through the largest (YM100, �0.04 l) and the
smallest ultrafiltration openings (YM10, �0.004 l) with-
out selective retention. This suggests that these proteins
(in permeate from STW and SKW) were probably small
protein moieties and/amino acids or other nitrogen con-
taining compounds that were in true solution, compared
to larger, insoluble proteins in retentate. If this is the
case, removing protein from permeate may be difficult.

EG had significantly higher TS and ash than CG.
This probably reflects differences in processing tech-
niques; less inorganic material was removed during
preparation of EG than CG. Permeates from both CG
and EG had higher TN and ash concentrations than
retentates (13.18 and 12.73 g/100 g, dry basis, versus
1.20 and 4.17 g/100 g, respectively). For CG, 83% of
TS and 79% of protein, respectively, were recovered in
retentate. For EG, 33 and 17% of TS, respectively, were
recovered in retentate. For CG and EG, much (67% and
83%, respectively) of the ash was recovered in permeate,
rather than retentate. The study illustrates the important
effect of process method and membrane selection on
nutrient separations.
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