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Effects of condensed distillers solubles and drying temperature

on the physico-chemical characteristics
of laboratory-prepared wheat distillers grain with solubles
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Abstract: Samples of wheat distillers grain with solubles were prepared at 15%, 30%, and 45% condensed distillers solubles
(CDS) and dried under 40°C, 80°C, and 120°C to examine the effects of CDS level and drying temperature on their chemical,
physical, flow, compression, thermal, and frictional properties. As CDS level increased, protein and ash contents increased
while fat and fiber contents decreased. Fat and acid detergent fiber contents were also markedly affected by drying
temperature. While CDS level, drying temperature, and their interaction significantly affected a number of the physical
properties, results suggest that CDS level had a stronger influence. Samples with high CDS level, for example, were
significantly finer, denser, less flowable, and less dispersible than those with lower CDS. These samples also had significantly
higher thermal diffusivity and coefficient of internal friction and produced pellets with higher failure stresses than those with

lower CDS. Their pellet density increased with CDS level and was also significantly affected by drying temperature.

Further,

the samples were classified as fairly flowable and floodable and their compression characteristics were adequately described by

the Kawakita-Ludde model.
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1 Introduction

Product variability is one of the challenges that
currently confront wheat distillers dried grain with
solubles (DDGS) production in western Canadal™.
Nuez-Ortin®?l, for example, found significant nutrient
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process involved in feed and forage processing, physical properties
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variability in wheat DDGS samples obtained from two
Saskatchewan plants and stressed the importance of
product consistency not only in formulating more
accurate feed rations but also in improving the market
prospects of wheat DDGS. Blending of condensed
distillers solubles (CDS) and wet distillers grain (WDG)
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has been identified as among the major causes of
variation in the physico-chemical characteristics in both
DDGS.
and plant®¥ scale investigations had

corn and wheat While a number of

laboratory!**!
studied its effect on the physico-chemical characteristics
of corn DDGS, there is still very limited information on
how CDS:WDG blending proportion affects wheat
DDGS properties.

In a laboratory-scale investigation, Ganesan et al.l®!
reported that soluble level and moisture content had
significant effects on protein content, color, aerated and
packed bulk densities, compressibility, dispersibility,
flowability, and floodability of corn DDGS. As soluble
level increased, protein content, and the color parameter
L decreased while the color parameter increased. They
also reported significant differences in particle size as
soluble level was varied but they did not observe distinct
trends. In their study of the flow properties of
laboratory-scale produced corn DDGS using the Jenike
shear tester, they also reported significant soluble and
moisture content effects but did not observe any
definitive trend™. These two studies defined “solubles”
as the “non-water portion of CDS that passed through a
filter media”. Bhadra et al.”® also investigated the
effect of CDS level (10%, 15%, 25% w.b.), drying
temperatures  (100°C, 200°C, 300°C),
temperatures (-12°C, 25°C, 35°C) on the drying Kinetics,
glass transition temperature, and on physical and flow
DDGS produced in the

They reported significant main and

and cooling

characteristics of corn
laboratory-scale.
interaction effects on most of the physical and flow
to CDS

temperature was seen to be the more important factor that
[5:7]

properties®™.  Compared level, drying

affected drying rate!” and flowability Higher drying
temperature increased drying rate and resulted to better
flowability. Cooling temperature levels did not produce
significant differences on five important flow properties™.

Kingsly et al.®! and Clementson and Ileleji™? also
conducted plant-scale investigations on this subject.
Both these corn DDGS studies reported increase in
particle size, bulk density, and particle density as CDS
level was increased. They attributed the increase in

particle size to the agglomeration of smaller particles with

tP% Kingsly et al.”

CDS acting as a binding agen
further reported that as CDS level increased, the color
parameter, fat, ash, sugars, and glycerol content,
increased while the color parameter L, crude protein, acid
detergent fiber (ADF), and neutral detergent fiber (NDF),
on the other hand, decreased. Amino acids lysine,
methionine, threonine and tryptophan also decreased,
indicating higher concentration of amino acids in the
WDG than in the CDS component'). Clementson and
lelejit™ also reported that particle porosity, pore volume
and effective bulk porosity decreased as CDS level
increased™. They did not find significant correlation
between CDS level and the shape functions.

Inherent compositional differences between corn and
wheat kernels and subsequently between their
corresponding CDS and WDG fractions (Table 1)
necessitate separate investigations for wheat DDGS.
Corn-based CDS, for example, had lower protein and
fiber but higher ash and fat content compared to the
WDG fraction.

from which the CDS component is derived, showed

In contrast, wheat-based thin stillage,

higher protein and ash but lower fat content compared to
the WDG fraction™"*?.
could translate to differences

These compositional differences
in physico-chemical
characteristics.  The overall objective of this study,
therefore, was to examine the effect of CDS:WDG
blending

proportion on the  physico-chemical

characteristics of laboratory-prepared wheat DDGS.
Table1l Comparative chemical composition of corn and

wheat grain, wet distillers grain (WDG), thin stillage, and
condensed distillers solubles (CDS), % dry matter basis

sample Fﬁg‘:glen Ash  Crudefat NDF*  ADF®
Corn-based
Grainl? 1013 173 459 1447  3.66
wDGH4 34.4-35.0 2.0-2.35 109-140 390 11.9-17.2
cbsi3l 22.4-230 6.6-11.6 21.6-344 36-49 292
Wheat-based
Grainl? 1428 212 191 1722 368
wpGH 26.4 2.7 6.6 74.9 24.1

Thin stillage!**®! 457-485 8.0-8.3 9.63-13.6 34.0-34.5 3.4-4.0

Wet distillers solubles™” 326 8.9 5.7 2.3

Note: *NDF means neutral detergent fiber; "ADF means acid detergent fiber.
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2 Materials and methods

CDS and WDG were obtained from a south
Saskatchewan fuel ethanol plant, placed in tightly sealed
bins, and stored in a -16<€ freezer. Five hundred grams
to one kilogram batches of wet distiller’s grain with
solubles (WDGS) were prepared by mixing thawed CDS
and WDG at three ratios, by mass: 15:85, 30:70, and
45:55 using a 6-speed Toastmaster hand mixer (model
Toastmaster Inc., China) for 15 to 30 minutes at medium
speed. These blends are subsequently referred to in this
paper as 15%, 30%, and 45% CDS, respectively.
Prepared WDGS were placed in sealed plastic bags and
stored in the -16°C freezer until these were used.

2.1 Drying the WDGS

Bags of frozen WDGS were thawed overnight and
were placed in the sample preparation room for
equilibration with room temperature (22-24°C) prior to
the thin layer drying runs. Samples were dried using the
forced air convection method until moisture content
reached 8% (w.b.).

air conditioning unit equipped with humidity and

The drying system consisted of an

temperature sensors, a vane-axial circulating fan, a drying
chamber with three wires, scale-mounted trays, and a duct
system. Kashaninejad and Tabil™® and Kashaninejad et
aI.[lS)]
Drying air temperature was set at three levels (40°C,
80°C, 120°C) while air velocity and relative humidity
were set at 0.7-0.8 m/s and below 8%, respectively. The
temperature, relative humidity, air velocity and weight
monitoring devices of the drying system were connected
to a computer installed with LabView 8.2 (National
Instruments, Austin, TX) software for data capture.
Although the temperature levels used in this study were
considerably lower than those employed in ethanol plants
because of laboratory equipment constraints, a previous
study had indicated that protein quality changes were

already detected at these levelst”.

Thus, changes in
other physico-chemical characteristics could also be
discernible at these levels.
2.2 Chemical composition

The chemical composition of both wet and dried

samples was determined. Wet samples (WDGS, CDS,

provided a detailed description of the drying system.

and WDG) were freeze-dried using the Labconco
FreeZone Freeze Dry System (Labconco Corp., Kansas
City, MO) prior to the proximate analysis runs. All
dried samples were ground using a Thomas-Wiley knife
mill (Thomas Scientific, Swedesboro, NJ) equipped with
a 1.0 mm screen.

Moisture content was determined using the AOAC
Official Method 920.36%.  Crude protein was estimated
using the Kjeldahl method, AOAC Official Method
984.13%,
Goldfisch fat extractor (Labconco Corporation, Kansas
City, MO), following the AOAC Official Method
920.39™ with anhydrous diethyl ether as extraction

Crude fat was determined using the

solvent.  Crude ash was determined using AOAC
Official Method 942.05*Y, while ADF and NDF were
estimated through AOAC Official Method 973.18%* and
through the method laid out by van Soest et al.?®,
respectively. A lamb starter feed sample (AAFCO 0728)
was used as a check sample. The proximate analysis
was conducted in duplicate runs.
2.3 Physical properties

Dried samples were passed through a Thomas-Wiley
mill (Thomas Scientific, Swedesboro, NJ), in batches of
150-200 g for two minutes to generate the bulk material.
The mill was equipped with a 2.68 mm screen, a size
about four times larger than the observed geometric mean
diameter of commercial wheat DDGS samples. Density,
particle size and size distribution, flow, compression,
thermal forced-air

frictional, and properties  of

convection-dried samples were determined. Property
measurement was conducted in duplicate runs, unless
otherwise stated. Moisture content of samples ranged
about 8%-9% (w.b.).

(1) Particle size, density, and color. Sieve sizes of
12, 20, 30, 40, 50, 60, 70, 80, 100, 140, 200, and 270 and
RX-29,
Manufacturing, Mentor, OH) were used for particle size
analysis, following ANSI/ASAE $319.4%"  The
calculated geometric mean diameter was used to

a Ro-tap sieve shaker (model Tyler

represent particle size in this study.

To determine bulk density, the sample was placed on
a funnel and was allowed to freely flow into a 0.5 L steel
cup (SWA951, Superior Scale Co. Ltd., Winnipeg, MB).
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The cup contents were leveled using a steel rod and
weighed. Bulk density was calculated by dividing
sample mass contained in the cup with the cup volume.
Particle density was determined wusing a gas
multipycnometer (QuantaChrome, Boynton Beach, FL).
Bulk porosity (&), expressed as a percentage, was
determined as a function of bulk (o) and particle

densities () using Equation (1) below.
e=1-o )

P

(2) Flow properties. The Carr flowability and
floodability indices were determined by measuring seven
properties using a Hosokawa Micron Powder Tester PT-R
(Hokosawa Micron Corp., Osaka, Japan). Each property
measurement was assigned an index value, ranging from
0 to 25, depending on the point score classification
system developed by Carr®. The flowability index,
which ranged from 0 (very, very poor flowability) to 100
(excellent flowability), was derived from the sum of the
individual index values of compressibility, angle of
repose, angle of spatula, and uniformity coefficient. The
floodability index, which also ranged from 0 (will not
flood) to 100 (very floodable), was derived in a similar
manner, using the index values of flowability, angle of
fall, angle of difference, and dispersibility. Detailed
description of each flow property and its measurement
was presented by Carr?®l Hokosawa Micron Corp.”%),
and Ganesan et al.®l. The Hosokawa Micron Powder
Tester had been used in determining the flow properties

of corn DDGS™*™ and in other materials®”!

with average
particle sizes larger than wheat DDGS.

(3) Thermal properties. Thermal conductivity and
thermal diffusivity of dried samples at ambient room
condition were determined using a KD 2 Thermal
Properties Analyzer (Decagon Devices, Inc., Pullman,
WA). Distilled water and 15% agar solution were used
as check samples.  Bulk density was determined
immediately before the thermal properties measurement,
using the same procedure previously outlined. At low
bulk densities, the volume of pores is greater, thus, the
thermal conductivity would be lower because air has very

low thermal conductivity. At higher bulk densities,

porosity is decreased, thus, resulting in higher thermal
conductivities.

(4) Compression characteristics. An Instron
Model 3366 testing machine (Instron, Norwood, MA),
fitted with 10 kN load cell and a 6.30 mm plunger, was
used to compress 1 g samples placed inside a cylindrical
die (6.35 mm diameter and 135.34 mm length) that was
constantly heated at 90°C. Crosshead speed was set at
30 mm/min.  When the preset compressive load of
4 400 N was reached, the plunger remained in its place
for 1 min before ejecting the pellet. The test was
conducted in five replicates. Force, displacement, and
time data were directly logged into the computer.
Experimental data generated were fitted to two models:
Jones (Equation (2))P°*" and Kawakita and Ludde
(Equation (3))®Y. The most suitable model was chosen

using R? and MSE as criteria.

Ino=mInP+n (2)
P_1.P -
C df d

where, C :V" ; p is bulk density; P is the applied

0
compressive pressure; m and n are the model parameters;
C is the degree of volume reduction; V, is the volume of
compact at zero pressure; V is volume of compact at
pressure P (MPa); d and f are the model parameters.
Model parameter d is equal to the initial porosity of the
sample while the reciprocal of the model parameter f (f*)
is related to failure stress (MPa) of the pelleted sample.

Pellet density was determined by measuring the mass,
length, and diameter of the resulting pellet immediately
after it was extruded from the die. Specific energy
consumption during compression and extrusion was
estimated by calculating the area under the corresponding
force-displacement curve using the trapezoidal rule and
dividing it by the pellet mass.

(5) Frictional

internal friction and cohesion were determined using the

properties.  The coefficient of
Wykeham Farrance shear box apparatus (Wykeham
Farrance International Ltd., Slough, U.K.), as described
in Mani et al.’” and Emami and Tabil".

shear stress was determined at four normal loads (200,

Maximum
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400, 600, and 800 N)B4,
internal friction and cohesion were estimated through

Values for the angle of

regression analysis of experimental data using Equation
(3)4 where 7 is the shear stress (Pa), o is the normal
stress (Pa), @is the angle of internal friction and C is the
cohesion (Pa).
r=tanbo +C, 4
2.4 Statistical analysis
The general linear model univariate procedure in
SPSS 14.0 for Windows (SPSS Inc., Chicago, IL) was
used to test the effect of CDS level and drying
temperature. Tukey’s test was used to further evaluate
statistically significant main effects and interactions.
Linear regression analysis was conducted to determine
the relationship between CDS level and the chemical
constituents of freeze-dried DDGS samples. All tests

were conducted at the 0.05 significance level.
3 Results and discussion

3.1 Chemical composition
3.1.1 Freeze-dried samples

Table 2 shows the proximate composition of
freeze-dried wheat WDG, CDS, and DDGS samples at
The CDS component had higher
crude protein and ash content but lower fat and fiber

varying CDS level.
content compared to WDG. Ojowi et al.M also
reported similar trends, wherein thin stillage, from where
the CDS component was derived, had higher crude
protein and lower NDF and ADF than the WDG fraction

in the CDS and WDG
to differences in the

(Table 1). Differences
composition are attributed
composition of the wheat kernel components that
The bran, which is high

in fiber, predominantly comprised the WDG fraction

comprised these two fractions.

while endosperm and germ particles made up the CDS
fraction. The chemical constitution of wheat DDGS was
not similar to those reported for corn DDGSE*1** due
to the basic compositional differences between corn and
wheat grains and between their respective CDS and WDG
fractions (Table 1).

The laboratory-prepared DDGS samples with 15%,
30%, and 45% CDS exhibited the expected trends based
on the CDS and WDG composition. As CDS level in
the blend increased, crude protein and ash content
increased while fat, NDF, and ADF content decreased
(Table 3). The corresponding
determination (R?) reflected in Table 3 indicate that the

85%-98% of the variability in the chemical constituents

coefficients of

of freeze-dried samples can be explained by CDS level.
Table 2 also shows the chemical composition of the
plant-sourced wheat DDGS sample. The sample had
higher protein and ash but lower fat and NDF content
than the laboratory-prepared samples.  This suggests that
the plant-sourced sample was produced at a higher CDS
level than what was used in the laboratory-prepared
samples. The sample was obtained from the same
ethanol plant on the same production date as the CDS and

WDG samples.

Table 2 Chemical composition of freeze-dried, wheat-based wet distillers grain (WDG), condensed distillers solubles (CDS), and

distillers dried grain with solubles (DDGS) samples.

Values in parentheses represent standard deviation (N = 2).

Moisture/%, w.b. Dry matter® /%
Sample?
Initial Freeze-dried Protein Ash Fat NDF ADF
WDG 66.82 (0.24) 16.24 (0.29) 28.84 (0.60)™ 2.90 (0.02)° 6.71 (0.04) 77.530.24) 18.39 (0.39)
CDS 75.52 (0.26) 18.98 (1.93) 45.82 (0.39)° 9.30 (0.02)° 2.21 (0.04)° 18.140.29)" 6.66 (0.08)°
DDGS
15% CDS 67.71 (0.26) 6.81 (0.31) 29.02 (0.24)° 3.56 (0.03)* 5.72 (0.13)* 60.45 (0.38)° 18.61 (0.03)
30% CDS 69.60 (0.40) 8.08 (0.23) 30.70 (0.11)° 4.05 (0.01)° 5.59 (0.04)*" 55.00 (0.03)° 17.48 (0.13)°
45% CDS 71.44 (1.04) 11.14 (0.25) 33.74 (0.00)° 4.88 (0.02)° 5.35 (0.01)" 51.62 (0.16)° 15.58 (0.45)°
Plant-sourced 13.32 (0.23) 38.81 (0.14) 7.10 (0.01) 4.89 (0.18) 46.55 (0.80) 17.45 (0.27)

Note: * Values with the same superscript letter, within each sample category, are not significantly different at the 0.05 level;

2 Except for the plant-sourced wheat DDGS sample, all other samples were freeze-dried prior to proximate analysis;

% NDF means neutral detergent fiber; ADF means acid detergent fiber.
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Table 3 Significant linear relationships (P = 0.05) between selected chemical constituents and condensed distillers solubles (CDS) in
wheat distillers dried grain with solubles (DDGS). Samples were produced at 15%, 30%, and 45% CDS and dried under freeze
drying and forced air convection methods. Values inside the parentheses are coefficients of determination (R?).

Chemical constituent Freeze-dried samples

Forced air convection samples

Protein 0.16CDS + 26.44
Ash 0.04CDS +2.84
Fat -0.01CDS + 5.92

-0.29CDS + 64.52
-0.10CDS + 20.26

Neutral detergent fiber
Acid detergent fiber

(0.97) 0.12CDS + 28.52 (0.95)
(0.98) 0.05CDS + 2.48 (0.98)
(0.85) -0.03CDS + 6.79 (0.47)
(0.98) -0.38CDS + 68.16 (0.80)
(0.96) -0.10CDS + 20.98 (0.56)

3.1.2 Forced air convection-dried samples

Table 4 shows the chemical constituents of forced air
convection-dried samples. The chemical constituents
followed similar trends exhibited by the freeze-dried
samples with respect to CDS level (Table 3). The

protein and ash content increased while fat, NDF, and

ADF decreased as CDS level increased. While the R
values for protein, ash and NDF content of these samples
were comparable to those found in freeze-dried samples,
their fat and ADF contents, however showed much lower
R? values (Table 3). This indicates that other factors
aside from CDS level had affected fat and ADF content.

Table 4 Proximate composition of forced air convection-dried wheat distillers dried grain with solubles (DDGS) samples with

varying condensed distillers solubles (CDS) level. Values in parentheses represent standard deviation (N = 2).

2
Drying Moisture, dry basis Dry matter”/%
CDS, mass/% temperature/'C 1%
P Protein Ash Fat NDF ADF
40 7.78 (0.18) 30.3 (0.3)* 3.3(0.0)* 5.9 (0.0)* 65.1 (0.1)* 18.9 (0.3)*
15 80 8.84 (0.03) 30.0 (0.1)* 3.4 (0.0)* 6.9 (0.1)** 61.1 (0.0)** 18.8 (0.0)*
120 8.91 (0.02) 305 (0.2)" 3.2 (0.0)* 6.1 (0.1)* 62.9 (0.4)A0A 20.7 (0.3)*
40 9.15 (0.19) 31.7 (0.2)*® 4.2 (0.0 6.3 (0.0*® 57.2 (1.3)*® 16.4 (0.2)*®
30 80 8.62 (0.05) 32.0 (0.2)*® 3.9 (0.0)*® 6.5 (0.0)® 51.9 (2.1)*® 18.0 (0.0)*®
120 9.60 (0.08) 32.3(0.2)® 4.0 (0.1)*® 5.6 (0.0)°® 58.0 (0.2)*® 19.4 (0.2)®
40 9.65 (0.02) 33.4 (0.1)* 4.9 (0.0)*° 5.7 (0.2 50.9 (0.4)°° 15.3 (0.5)%°
45 80 7.81 (0.00) 33.6 (0.1)* 4.9 (0.0 5.2 (0.0)™ 49.9 (0.9)%¢8 16.1 (0.4)*°
120 7.89 (0.04) 34.3(0.1) 4.9 (0.0y%° 5.3 (0.1)*° 54.2 (0.7) 18.0 (0.2)°

Note: * Tukey’s test at 5% significance level for the same CDS level at varying drying temperatures (a, b, c) and for the same drying temperature at varying CDS levels

(A,B,C). Values followed by the same set of letters are not significantly different; > NDF means neutral detergent fiber; ADF means acid detergent fiber.

Fat and ADF content showed significant difference
due to CDS level, drying air temperature, and their
interaction (Table 4). In terms of fat content, 15% CDS
samples dried under 80°C showed significantly higher fat
content than those dried under 40°C and 120°C. Among
30% CDS samples, those dried under 40°C and 80°C had
significantly higher fat content than those dried under
120°C. In samples with 45% CDS, those dried under
40°C contained significantly higher fat content than those
dried under 80°C and 120°C. W.ith respect to ADF
content, samples at all CDS levels that were dried under
120°C  showed significantly higher ADF than those

dried under 40°C and 80°C. Those with 15% and 45%

CDS also showed significantly higher ADF content when
these were dried under 80°C than under 40°C.

Samples dried under 120°C showed lower fat and
higher ADF content compared to those dried under lower
Lower fat content of the 120°C-dried
samples is attributed to losses due to lipid oxidation

temperatures.
because of elevated drying temperature. Increase in
ADF under higher drying air temperature is attributed to
the formation of artifact lignin as a result of Maillard
reaction®. The effect of drying air temperature on
ADF content was further highlighted when it was
incorporated into the original ADF-CDS linear model

(Table 3). The R? value of the model improved from
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0.56 to 0.94 when drying air temperature was added.
These increases in ADF indicate that protein quality may
have been affected because of Maillard reaction, although
changes in protein content were not as markedly
manifested as those seen in fat content.

Overall, the level of CDS incorporation significantly
affected the chemical composition of wheat DDGS. As
CDS level increased, protein and ash content increased
while fat and fiber content decreased, regardless of the
drying methods employed. The influence of drying
temperature on chemical composition was markedly
At the

same CDS level, drying under 120°C produced samples

manifested in the samples’ fat and ADF content.

with significantly lower fat and higher ADF content than
These
highlight the importance of selecting the appropriate
WDG:CDS blending proportion and drying condition that

drying under lower temperatures. results

will maximize its nutritive value, and thus, its market
potential as an alternative feed ingredient.
3.2 Physical properties
3.2.1 Particle size and size distribution

Table 5 and Figure 1 present the average particle size
and the size distribution of laboratory-prepared wheat
DDGS samples, respectively, while Table 6 shows the
results of the corresponding analysis of variance.
Average particle size ranged from 0.52 mm to 0.79 mm
(Table 5).
their interaction significantly affected particle size, the

While CDS level, drying air temperature, and

CDS level-associated sums of squares, which comprised
74% of the total sums of squares (Table 6), suggested the
stronger influence of CDS level. This is further
illustrated in Figure 1, where samples with 45% CDS
tended to have finer particles than those with 15% CDS.
Decrease in particle size with increased CDS level is
attributed to the increased presence of finer, endosperm-
and germ-derived solids and decreased amount of the
The effect of CDS level
on particle size was still discernible even though these

fibrous, bran-related particles.

samples were ground after drying to generate the bulk
The use of a screen size that was four times
of the
plant-sourced sample had helped curb the adverse effect

material.
larger than the geometric mean diameter

of grinding.

100

80 |
15% CDS
—&-40C
—e- 120C

60

45% CDS
—e— 40C
—6— 120C
== Plant-sourced

40

Cumulative mass fraction finer/%

20

1 1 Il

0 0.5 1.0 1.5 2.0 25

Screen size/mm

Figure 1  Average particle size distribution of plant-sourced
(9%, w.b.) and laboratory-prepared (8%-9%, w.b.) wheat distillers
dried grain with solubles (DDGS) samples (N = 2)

Figure 1 also shows the particle size distribution of
the plant-sourced DDGS sample with moisture content
similar to those of the laboratory-prepared samples. The
plant sample has finer particles compared to the
laboratory-prepared  ones, further supporting the
observation that increased CDS level in the blend tended
to produce finer particles. It was previously suggested
that the plant-sourced sample may have been produced at
a CDS level higher than 45% (by mass), considering its
chemical composition relative to what was found in the
CDS and WDG fractions (Table 2).
obtained from an ethanol plant that employed a ring dryer
for DDGS production.

WDGS s dispersed and conveyed through the dryer in a

This sample was

Under this drying system, the

hot air stream at high speed. Thus, incidence of particle
agglomeration was not a concern compared to rotary
drum drying. Plant-scale studies®® on corn DDGS
indicated that particle size increased with CDS level due
to agglomeration during rotary drum drying.
3.2.2 Density and porosity

Like particle size, CDS level, drying air temperature,
and their factorial interaction had significant effect on
bulk density values (Tables 5 and 6).

squares associated with CDS level comprised about 93%

The sums of

of the total variance (Table 6), once again suggesting the
dominant influence of CDS level. Under each drying air
temperature, samples with 45% CDS had significantly
higher bulk density values than those with 15% and 30%
CDS. Similarly, those with 30% CDS had significantly

higher bulk density than those with 15% CDS.
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Increased CDS level in the blend translates to increased
presence of finer but heavier solids and decreased amount
of the larger, more fibrous particles. These finer
particles would easily move through and fill the
inter-particle spaces, consequently leading to a heavier

bulk mass and lower porosity. In corn DDGS, Ganesan

et al.”! reported that solubles level, along with moisture
content, had significant effect on aerated and tapped bulk
densities but did not observe a specific trend. Particle
density also increased with CDS level but was not
significantly affected by drying air temperature.

Table5 Structural properties' of wheat distillers dried grains solubles (DDGS) samples, produced at varying condensed distillers
solubles (CDS) level and dried under forced air convection method. Values in parentheses represent standard deviation (N = 2).

Drying

CDS, mass/% temperature/'C Moisture, w.b./% Particle size/mm Bulk density/kg m™ Particle density/kg m™ Porosity/%
40 8.32 (0.05) 0.79 (0.00)* 317 (2)* 1346 (8)* 76.4
15 80 9.23 (0.41) 0.78 (0.02)* 347 (1) 1336 (5)* 74.0
120 8.14 (0.22) 0.79 (0.02)* 333 ()% 1315 (1)* 74.7
40 8.93 (1.55) 0.76 (0.01)®* 381 (5)°® 1337 () 715
30 80 8.80 (0.22) 0.67 (0.02)*® 404 (7)°8 1340 (6)* 69.8
120 8.97 (0.06) 0.55 (0.02)°® 388 (2)°® 1338 (3)* 71.0
40 8.75 (0.31) 0.58 (0.02)%° 422 (7% 1359 (1) 68.9
45 80 8.32 (0.06) 0.52 (0.00)*° 440 (2)*° 1365 (1)*° 69.2
120 8.51 (0.05) 0.60 (0.02)*° 420 (2)*° 1357 (1)*° 69.0

Note: * Tukey’s test at 5% significance level for the same CDS level at varying drying temperature (a, b, ¢) and for the same drying temperature at varying CDS level (A,

B, C). Values followed by the same set of letters are not significantly different.

Table 6 Analysis of variance (ANOVA) results for selected physical properties of wheat distillers dried grain with solubles (DDGS).
The samples with 15%, 30%, and 45% condensed distillers solubles (CDS) were dried under 40, 80, and 120°C forced-air convection

Total sums of squares, distribution/% P-values
Property
CDS level Drying temperature (T) CDS xT Residual CDS level T CDS <T

Structural properties

Particle size 72.6 6.5 19.9 1.0 0.000 0.000 0.000

Bulk density 92.7 6.1 5.2 0.6 0.000 0.000 0.025

Particle density 61.8 114 16.2 10.7 0.000 0.038 0.059
Flow properties

Compressibility 61.6 148 18.6 5.1 0.000 0.002 0.004

Angle of repose 4717 14 22.0 28.9 0.013 0.808 0.231

Ave. angle of spatula 57.4 22.0 111 9.5 0.000 0.005 0.104

Uniformity coefficient 81.8 1.6 16.2 04 0.000 0.000 0.000

Angle of fall 5.6 8.1 60.0 26.3 0.422 0.298 0.020

Angle of difference 29.1 125 321 26.3 0.035 0.173 0.096

Dispersibility 715 6.4 20.2 1.9 0.000 0.001 0.000

Overall flowability index 58.6 21.8 11.3 8.3 0.000 0.003 0.075

Overall floodability index 18.1 14.7 238 433 0.268 0.208 0.361
Compression characteristics

Pellet density 504 12.0 6.6 310 0.000 0.003 0.129

Specific compression energy 19.8 12.8 25.3 421 0.001 0.008 0.002

Specific extrusion energy 5.0 12.7 26.1 56.1 0.219 0.025 0.007

Kawakita-Ludde model d 53.8 154 7.7 231 0.000 0.000 0.052

Kawakita-Ludde model f* 50.7 126 10.3 26.4 0.000 0.001 0.016
Thermal properties

Conductivity 20.6 11.8 147 52.9 0.228 0.405 0.656

Diffusivity 53.1 5.4 19.0 224 0.004 0.377 0.193
Frictional properties

Coefficient of internal friction 52.6 0.0 42.1 5.3 0.001 0.850 0.001

Cohesion 255 117 47.2 15.6 0.054 0.078 0.015
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3.2.3 Flow properties
Table 7
measurements made from the wheat DDGS samples.

shows the wvarious flow property
The overall flowability index, which is the sum of the
component indices of compressibility, angle of repose,
average angle of spatula, and uniformity coefficient!?®],
ranged from 70.5 to 77.5. With this value range, the
wheat DDGS samples were classified as having a “fair”

[28]

degree of flowability Materials under this category

28

would sometimes require vibration to assure flow
general, the overall flowability index was significantly
affected by CDS level and drying air temperature,
although the stronger influence of CDS was still
suggested by the associated sums of squares results
(Table 6).

flowability.

Samples with higher CDS level had lower
120°C also had
significantly lower flowability index than those dried
under 40°C and 80°C.

Those dried under

Table 7 Flow properties' of wheat distillers dried grain with solubles (DDGS) samples, produced from varying condensed distillers

solubles (CDS) level and dried under forced air convection method

CDs, terr?;;zjgt%re Moisture  Compressibility Angle of Ave angle of Unifo_rr_nity Angle of _Angleof Dispersibility/% Overall index
mass/% IC 1%, w.b. 1% repose/(°) spatula/(°)  coefficient  fall/(°) difference/(°) Flowability Floodability
40 8.49(0.04) 150(0.3" 444 (2.0 415 (31" 2500 36926  7.6(0.6" 294 (0.9  77.0 (0.0 66.1 (1.2
15 80 9.40(0.24) 153 (0.00A" 415 (1L4A% 434 (03" 23(0.0) 344 (0.7 7208 25706 77507 641(1.2%"
120 8.00(0.20) 161(0.7)* 437 (21" 498 (0.0 29(0.00" 349 (24" 88 @5 207 (20" 73304 653 (3.2
40 8.37(0.05) 152(0.6)%*  458(0.87® 498 (1.6 33(0.0)® 374 (0.2 85(0.6)® 231 (1478 735(0.00® 658 (1.1)*
30 80 8.86(0.38) 159 (0.7®" 466 (1.7)®*® 515(1.8y%™ 36(0.1)" 374 (21" 0204y  177(04)® 723 (185" 62.8 (0.4
120 851(031) 185(0.6)® 463 (16"  512(0.1)®"™ 2.9(0.0)532.4 (0.1 139 (1L4y5® 154 (1.4)°B*® 705 (2.0)° 665 (21)*
40 854 (0.02) 18.0 (0.4)C 437 (0.6)“*%® 499 (3.0°*® 4.2 (0.1 325(0.9° 113 (0.4 100 (L.1)* 73.0(0.0/°*® 638 (1.8
45 80 7.89(0.10) 194 (0.47C 456 (0.1)°° B 515 (0.9 3.8(0.1)" 35.4 (0.9 10.3 (0.8)°**® 136 (1.0)>  71.3 (0.4Y°*® 64.0 (1.47*
120 8.45(0.19) 182 (0.4)C® 452 (0.77°A® 53,6 (1.0)C*C® 37 (0.1)° 35.9 (L1 9.4 (0.4)CA® 154 (0.8)"C® 71.8 (0.4)C® 628 (0.4

Note: * Tukey’s test at 5% significance level for the same CDS level at varying drying temperatures (a, b, c) and for the same drying temperature at varying CDS levels

(AB,C).

The two flowability index component properties,

compressibility and uniformity coefficient, were

significantly affected by CDS level, drying air
temperature, and their interaction (Tables 6 and 7).
Similar to density and size, the ANOVA sums of squares
associated with these two properties (Table 6) also
suggest a stronger influence of CDS level. Samples
with higher CDS level tended to be more compressible
and more differentiated in size than those with lower
CDS level.

increased the presence of finer solids and decreased the

Increasing the CDS level in the blend

amount of fibrous particles, thus, leading to slightly more
differentiated particle sizes.

Aside from easily penetrating the void spaces in the
bulk material, which translates to higher bulk density and
higher compressibility, these finer particles also promote
increased inter-granular friction because of the greater
surface area of contact. This is seen in the angle of

repose and average angle of spatula values. Samples

Values followed by the same set of letters are not significantly different.

with 30% CDS had significantly higher angles of repose
than those with 15% CDS. Similarly, those with higher
CDS (30%, 45%) level had significantly higher average
angle of spatula compared to those with lower CDS
(15%).
by CDS level while the angle of spatula was affected by

The angle of repose was significantly affected

variations in both CDS level and drying air temperature.
The 120°C-dried sample had significantly higher angle of
spatula than the 40°C-dried sample.

Under the Carr classification system®!, the 45% CDS
samples’ angle of repose and average angle of spatula
(Table 7) were considered on the borderline between the
Their
compressibility index (18.0%-19.4%) was also near the
borderline (20%-21%).
coefficient, the samples were classified as having

free-flowing and non-free flowing material.
In terms of the uniformity
“excellent” flowability.

With respect to the overall floodability index, the
values ranged from 62.8 to 66.5, classifying the wheat
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DDGS samples under the “floodable” category[zs].
Materials under this category require the use of a rotary

seal to prevent flushing!?®.

This means, for example,
that in designing feed systems, adequate measures should
be installed to ensure that these materials can be metered
out under control.

The evaluation of the floodability index involved
flowability index, angle of fall, angle of difference, and
dispersibility.  Dispersibility showed similar trends with
flowability index with respect to the effect of CDS level.
Samples with higher CDS level, which have higher bulk

density values, were significantly less dispersible than

those with lower CDS level. Although drying air
temperature and its interaction with CDS level also
significantly affected dispersibility, the associated sums
of squares (Table 6) still suggests a stronger influence of
CDS level.
3.2.4 Compression characteristics

Table 8 shows the pellet density, the specific energy
consumption during the compression and extrusion
processes, and the parameters of the Kawakita-Ludde
model, which adequately described the compression

characteristics of wheat DDGS samples.

Table8 Compression characteristics of wheat distillers dried grain with solubles (DDGS), produced at varying condensed distillers

solubles (CDS) level and dried under forced air convection method. Values in parentheses represent standard deviation (N = 5)

Specific energy consumption

Kawakita-Ludde model parameters®

CDS, Drying Moisture/%, Pellet dengsity

mass/%  temperature/°C wb. fkg-m Compression extrusion /M dt* d fY/MPa R? MSE
40 8.83 (0.26) 1168 (11)* 10.63 (0.39)* 0.30 (0.02)* 0.73 (0.00y* 0.49 (0.04)**  0.967 0.000

15 80 9.60 (0.28) 1175 (7)*A0A 10.31 (0.16)0A 0.45 (0.06)** 0.70 (0.00)** 053 (0.07)*  0.970 0.000
120 8.04 (0.11) 1162 (13)A0A 14.99 (0.66)**  0.23 (0.02)*AA4C 0.75 (0.00)* 1.46 (0.12)* 0.994 0.000

40 9.01 (0.41) 1206 (12)*® 12.71 (2.69)%*  0.31 (0.14)*%** 0.70 (0.02)*® 1.01 (0.48)*®®*  0.983 0.000

30 80 9.03 (0.12) 1199 (16)*2°8 12.80 (2.70)®*  0.31 (0.15)*®"® 0.68 (0.02)°8 142 (0.76)®®  0.985 0.000
120 8.96 (0.14) 1187 (12)® 12.12 (0.08)%® 0.20 (0.08)®BA 0.69 (0.02)®® 1.20 (0.48)®®  0.987 0.000

40 8.98 (0.07) 1210 (13)%¢#8 12.71 (L.76)**  0.32 (0.06)*** 0.69 (0.01)* 1.55 (0.43)*“* 0,981 0.000

45 80 8.66 (0.27) 1190 (7)°CPCoB 15.47 (1.32)¢ 0.27 (0.02)%¢"B 0.68 (0.01)*° 2.38 (0.41)*°  0.989 0.000
120 8.74(0.02) 1187 (11)°C® 14,98 (1.12)"CA  0.34 (0.08)° 0.70 (0.01)%<B 2.24 (0.37)*° 0.984 0.000

Note: * Tukey’s test at 5% significance level for the same CDS level at varying drying temperature (a, b, ¢) and for the same drying temperature at varying CDS level (A,

B, C). Values followed by the same set of letters are not significantly different; 2 The Kawakita-Ludde model parameters d and f* relate to initial porosity and failure

stress, respectively.

Pellet density approached to about 86%-90% of
particle density (Table 5) and was significantly affected
by CDS level and drying air temperature (Table 6).
Samples with 30% and 45% CDS had significantly higher
pellet density than those with 15% CDS. Samples dried
under 40°C and 80°C had significantly higher pellet
density than those dried under 120°C. The ANOVA
sums of squares associated with CDS level, however,
comprised about 49% of the total observed variation
(Table 5), suggesting a relatively strong influence of CDS
level.

In terms of specific energy expenditure, about
9.9-17.2 MJ/t was consumed during compression,
representing about 95%-99% of the total specific energy
expenditure. The rest of the energy was consumed for

extruding the pellet from the cylindrical die. While

specific energy consumption during both processes was
affected by one or both main factors and the CDS level x<
drying temperature interaction (Table 6), no consistent
pattern was observed. Sizeable residual sums of squares
vis-&vis the total sums of squares (Table 6) derived from
both
consumption data sets suggest that there could still be

compression and extrusion specific energy
other factors that may have contributed to the observed
variation.

The Kawakita-Ludde model adequately described the
compression characteristics of wheat DDGS samples.
Values of the model parameter d, which represent initial
porosity** of the sample, were 95%-101% of the bulk
porosity values (Table 5) and were significantly affected
by CDS level and drying air temperature. Similar to

what was observed in the density-derived bulk porosity
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values (Table 5), samples with higher CDS level had
significantly lower d values than those with lower CDS.
Those dried under 40°C and 120°C also showed
significantly higher d values than those dried under 80°C.
On the other hand, the model parameter f*, which relates
to failure stress, was significantly affected by CDS level,
drying air temperature, and their interaction.
with 30% and 45% CDS
significantly higher f* values compared to those with 15%
This indicates that
pellets with higher CDS level would be harder to break
than those with lower CDS. The 120°C-dried samples
also had significantly higher failure stress than the

Samples
consistently  showed

CDS across the temperature levels.

40°C-dried samples.

Increased pellet density and failure stress of samples
with increased CDS could be attributed to the increased
amount of finer particles in the blend as well as to the
With increased CDS level, there
is increased presence of finer particles that would easily

chemical composition.

fill the voids between larger particles during compression.
These finer particles also have greater surface area for
Higher CDS level also
translates to higher protein and ash but lower fat and fiber

contact, thus, enhancing binding.

content. Heat applied during densification, as well as
those resulting from friction, may have also altered the
state of the chemical constituents and could promote
better binding characteristics.  For example, protein
could have been denatured, and combined with the sugars
present, positively affecting the strength of the pellets, as
a result of Maillard reaction®*.
3.2.5 Thermal properties

Table 9 presents the thermal properties of wheat
DDGS at 23°C and at the specified bulk densities.
Average thermal conductivity of wheat DDGS samples
was not significantly different across CDS and drying air
temperature levels (Table 6). Thermal diffusivity, on
the other hand, was significantly affected by CDS level
and its values ranged from 1.35 <10 to 1.65 %107 m%s.
Samples with 15% and 30% CDS had significantly higher
thermal diffusivity values than those with 45% CDS.
This is attributed to differences in density and porosity.
Since air has a much higher thermal diffusivity compared
to that of water™®!, more porous materials, like the 15%
CDS samples, would have higher thermal diffusivity than
the less porous, 45% CDS samples at the same moisture

content.

Table 9 Thermal and frictional properties' of wheat distillers dried grain with solubles (DDGS), produced at varying condensed
distillers solubles (CDS) level and dried under forced air convection method. Values in parentheses represent standard deviation

(N=2)
Thermal properties (at 23°C) Frictional properties?
CDS, Drying Moisture
mass/% temperature/C /%, w.b. Bulk density ~ Conductivity — Diffusivity g><10‘7) Coefficient of Cohesion/kPa Coefficient of  Standard error
Ikg m’ /Wmtec Im?s internal friction determination/R*  of estimate

40 8.83(0.26)  330.6(0.3)  0.05 (0.01)* 1.65 (0.01)** 0.63 (0.01)*  2.96 (0.52)* 0.999 0.38

15 80 9.60(0.28) 364.8(0.6)  0.05(0.00)* 1.55 (0.01)* na na
120 8.04(0.11) 341.4(3.1)  0.05(0.00)* 1.60 (0.01)** 0.66 (0.02)*  2.86 (1.00)*AA 0.999 0.53
40 9.01(0.41) 397.3(1.6) 0.05(0.00)*  1.55(0.01)*®* 0.71 (0.01)*®  2.74 (0.02)*** 0.996 1.09

30 80 9.03(0.12)  416.0(0.3)  0.05 (0.00)* 1.45 (0.01)%#* na na
120 8.96 (0.14)  389.6(0.3)  0.05(0.01)* 1.65 (0.01)*®*  0.64 (0.01)®*  4.93 (0.18)® 0.997 0.95
40 8.98(0.07) 427.6(28)  0.05(0.00)* 1.35 (0.01)% 0.69 (0.01)°°*  3.15 (0.08)*“* 0.997 1.03

45 80 8.66 (0.27)  426.8(0.8)  0.05(0.00)* 1.45 (0.01)*° na na
120 8.74(0.02) 425.0(1.1)  0.05(0.00)* 1.40 (0.00)%° 0.74 (0.00)C  2.79 (0.06)*A 0.999 0.52

Note: * Tukey’s test at 5% significance level for the same CDS level at varying drying temperature (a, b, ¢) and for the same drying temperature at varying CDS level

(AB,C).

2 na — data were not available.

3.2.6 Frictional properties

The coefficient of internal friction and cohesion
values for wheat DDGS are also presented in Table 9.

Values followed by the same set of letters are not significantly different.

The friction coefficient ranged from 0.63 to 0.74,

equivalent to about 32°-35° angle of internal friction,
close to the values reported for chickpea™ and wheat!®®!
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flours. It was significantly affected by CDS level,
drying air temperature, and by the CDS level x drying
temperature interaction, with the associated ANOVA
sums of squares results suggesting a strong influence of
CDS level (Table 6). The higher CDS samples, dried at
40°C and 120°C, presented

coefficient of friction than those with lower CDS.

significantly  higher

Decreased particle size with increased CDS level may
have contributed to higher values of the friction
coefficient because this provides greater surface area of
contact.

Cohesion estimates ranged from 2.7 kPa to 4.9 kPa
and were significantly affected by the CDS level x<drying
temperature interaction (Table 6). Only a few pairs of
samples, however, showed significant difference. In
samples dried under 120°C, those with 15% and 30%
CDS, as well as those with 30% and 45% CDS, were
significantly different. No consistent trend, however,
was observed. Samples with 30% CDS and dried under
120°C showed significantly higher cohesion value than
those dried under 40°C. The rest of the pairs were
statistically similar.

3.2.7 Influence of drying air temperature

Although CDS level was seen as having a stronger
influence on some of the physical properties investigated,
there were consistent patterns observed with respect to
The 40°C- and

120°C-dried samples, regardless of CDS level, showed

the effect of drying temperature.

significantly lower bulk density than those dried under
80°C.

Kawakita-Ludde parameter d values, where both 40°C-

This was consistent with the trend of the

and 120°C-dried samples showed higher initial porosity
than the 80°C sample. Between the 40°C- and
120°C-dried samples, the former had significantly higher
uniformity coefficient, lower angle of spatula, higher
flowability index, and higher pellet density.

Variability due to drying temperature could be
attributed to the structural changes that occur during the

Nowak and Lewicki®”]

drying process. reported
microstructure differences between convectively-dried
and infrared-dried apple tissues and indicated that drying
rate could be the probable cause of the microstructure

differences. Higher drying rates, for example, by the

higher drying temperature (120°C) used in the study,
could result in larger shrinkage stresses and greater tissue
damageP”.  Significant differences in the structural
properties (such as bulk density and porosity) could,
consequently, affect flow, compression, thermal, and

frictional properties.
4 Conclusions

As CDS level in the blend was increased, protein and
Fat and
ADF content were also markedly affected by drying air

ash increased while fat and fiber decreased.
temperature. Compared to drying temperature, CDS
level was seen as having a stronger influence on the most
of the physical properties investigated. Wheat DDGS
samples with higher CDS content were denser, smaller in
size, less flowable, and less dispersible. These also had
significantly lower thermal diffusivity, higher angle of
internal friction, and produced pellets with higher density
and failure stresses.

These results contribute toward better understanding
of wheat DDGS variability, highlighting the importance
the appropriate  WDG:CDS blending
proportion and drying conditions to maximize its nutritive

of selecting

value as an animal feed ingredient and improve the
efficiency of related handling and processing operations.
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