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biosystemes au Canadif: 3.1-3.15. The proximate compositic
and the effect of moisture content on particle size and p:
distribution, bulk and particlelensities, color, flow propertie
compression characteristics, moisture sorption behavior
frictional properties of plarsourced wheat distillers dried gra
with solubles (DDGS) were assessed. Proximate compc
significantly differed between g#@ples obtained from tw
production batches. Protein content of wheat DDGS was
while its fat content was lower compared to published
DDGS values. Most of the physical properties were signific
affected by moisture content. Under the Carrssificatior
system, plansourced wheat DDGS was considered as 1
flowable and floodable and may require measures to assur
and prevent flushing. The Kawakitaidde and Guggenhei
Anderson and De Boer (GAB) models adequately describ
compresion characteristics and moisture sorption behe
respectively. Keywords: DDGS, chemical composition, physi
properties, wheat distillers grain, flowability, sorption,
density, particle density, particle size, compression

Du blZ de dreche seche en grain avec solubles (DDGS)
ZvaluZ pour dZterminer : la composition en nutriments, les
de la teneur en eau sur la taille et la distribution des particu
masse volumique de vrac, la densitZ particulaire, la couiles
propriZtZs d'Zcoulement, les caractZristiques de compres:
comportement de sorption d'humiditZ et les propriZtZ
frottement. La composition des nutriments varic
significativement dans les Zchantillons obtenus de deux I
production. Comparativement aux valeurs publiZes du
DDGS, le contenu en protZine du blZ DDGS Ztait plus Zl
son contenu en gras plus faible. La plupart des prog
physiques variaient significativement avec la teneur en eau.
le systtme de classifation Carr, le blZ DDGS Ztait esti
comme Ztant relativement fluidifiable et submersible et, po
nZcessiter des moyens particuliers pour en assurer I'Zcoule
prZvenir les dZbordements. Les caractZristiques de compre
le comportement de gation de I'humiditZ Ztaient dZcrits
maniere adZquate par les modeles de Kawakildde e
Guggenheim et, de Anderson et de Boer (GAHpts clZs
DDGS, composition chimique, propriZtZs physiques, drsct
blZ, aptitude ~ I'Zcoulement, sorption, masekimique de vra
densitZ particulaire, calibre des particules, compression
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INTRODUCTION

What distillers dried grain with solubles (DDGS), a-
product of ethanol production, is primarily used as
animal feed ingredient in Canada, although other r
uses have also been explored (FOBI Network 2011). "
majority of the published information on the-pmduct i
focused on nutritional aspects and their effect on ai
growth performance and carcass quality. Like corn DI
wheat DDGS value chains amdso confronted with
number of challenges, some of which were also highli¢
in a number of animal feeclated studies. Widyarat
and Zijlstra (2007) and Nuez Ortin and Yu (2009),
example, indicated product inconsistency as amoni
challengesof wheat DDGS utilization. Reduced prot
quality, because of adverse processing condi
employed during ethanol and DDGS production (Nyas
et al. 2005; Widyaratne and Zijlstra 2007; Lan et al., 2
is also a concern. The enefijyensive dryingproces
during DDGS production is another challenge (Tang
Cenkowski 2001; Tang et al. 2005; Murphy and P«
2008). Handling and storing such a lalensity produc
can also be problematic (Tumuluru et al. 2010). Ui
corn DDGS, however, where considble work have be:
done to measure and understand its physical and chi
properties in relation to handling and storage is
(Rausch et al. 2005; Rosentrater 2006; Bhadra et al.
Ganean et al. 2008a; 2008b; 200&dy 2008; Kingsly an
lleleji 2009; Clementson et al. 2009; Kingsly et al. 2
Probst et al. 2013), there is still very limited base
information on the physicohemical characteristics
wheat DDGS that would be essential in addressing ex
challenges.

The few studies relatg to the physical and chemi
characteristics of wheat DDGS are limited to
categories: those investigating the effect of dr
conditions and condensed distillers solubles on
characteristics and those relating to its densification.
potental of alternative drying technologies, such as the
of superheated steam (Tang et al. 2005) and micrc
energy (Mosqueda and Tabil 2011), had been explot
reduce energy consumption and to minimize the ad
effect of high temperature dryingon the nutrien



composition of DDGS. Laboratoscale investigatior
were also conducted to assess the effect of feamar
convection, microwave, microwave convection dn
conditions and condensed distillers solubles (CDS)
on protein quality (Mosquia et al. 2013a), and to ass
the effect of drying air temperatures on proxir
composition, physical attributes, flow propert
compression characteristics, and frictional propertie
wheat DDGS (Mosqueda et al. 2013b). There were
studies thatevaluated the effect of superheated s!
drying conditions and solubles level on the angl
internal friction and cohesion (Hargreaves et al. 2010
on moisture diffusivity (Zielinska and Cenkowsi 2012
distillers spent grain. These studies, heere used
mixture of corn and wheat stillage as raw mate

Furthermore, there are also a few studies that as:
the quality characteristics of pelleted wheat DC
Densification was seen as a more efficient way of han
this low-density materia(Opoku et al. 2009; Tumuluru
al. 2010). Opoku et al. (2009) investigated the possi
of pelleting wheat DDGS and assessed the effect ¢
diameter and steam conditioning on the durability of w
DDGS pellets. Tumuluru et al. (2010) also stddide
effect of process variables on the characteristics of \
DDGS pellets produced from a single pelleting mac
and a pilotscale mill. Using wheat DDGS sourced fi
two Saskatchewan ethanol plants, Saha (2010) comr
the effect of feed moistureontent, particle size, a
temperature on the physical attributes and durabili
steamconditioned and nosteam conditioned pelle
intended as biofuel.

Considering this lack of published information
wheat DDGS, this study aimed to provide moeesddine
information on its physicehemical characteristics tl
may be helpful in addressing existing produc
handling, storage, and utilization challenges. Specific
this study assessed the proximate compositiol
commercial wheat DDGS and exarad the effect «
moisture content on its particle size, bulk and pal
densities, color, flow properties, compres:
characteristics, moisture sorption behavior, and frict
properties.

MATERIALS AND METHODS

Wheat DDGS samples were obtained fronrraeGrair
Fuels, Inc., an ethanol plant located in Belle Pl
Saskatchewan, in two production batches, subseq
referred to in this paper as S1 and S2. The samples
placed in tightly sealed bins and stored in aC
environment until these wersed.

Chemical composition

The proximate composition of wheat DDGS
determined using standard AOAC procedures. Moi
content was determined using the AOAC Official Met
920.36 (AOAC 2003a)Crude protein was estimated using
the Kjeldahl method, AOACOfficial Method 984.1
(AOAC 2003b). Crude fat was determined using
Goldfisch fat extractor (Labconco Corporation, Kal
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City, MO), following the AOAC Official Method 920.:
(AOAC 2003c), with anhydrous diethyl ether as extrac
solvent. Crude ashvas determined using AOAC Offic
Method 942.05 (AOAC 2003d), while acid detergent 1
and neutral detergent fiber were estimated through A
Official Method 973.18 (AOAC 2003e) and through
method laid out by van Soest et al. (1991), respective
lamb starter feed sample, AAFCO 072&s$ociation ¢
American Feed Contrdfficials (AAFCO) Check Samp
Program, AAFCO, Champaign, IL), was used as a ¢
sample. The proximate analysis was conducted in dug
runs.

PHYSICAL PROPERTIES

For eachproduction batch, samples at three moisture i
were generated. To achieve lower moisture levels, \
DDGS samples were dried atj&to the desired moistt
content using a thermogravimetric laboratory oven
adjust moisture to a higher level, wh&DGS was sprayt
with an appropriate amount of water while be
thoroughly mixed using a cement mixer, placed into s
plastic bags, and stored for at least 24 h at
temperature (223jC) before use. Moisture levels of
samples were 5.3%, 8.4%nd 18.4% (wb), while those
S2 samples were 5.7%, 8.7%, and 13.2% (wb). 1
levels were used in the determination of basic phy
attributes, flow properties, thermal properties,
compression characteristics. Moisture levels of S1 ar
samplesused in determining frictional properties were
D 14.7% and 5.8 14.0% (wb), respectively. Duplic:
measurements were made for each property,
otherwise stated.

Particle size and size distributionSieve sizes 12, 20, :
40, 60, 80, 100, 12@40, 170, 200 and 230 were usec
particle size analysis, followingANSI/ASAE S319..
(ASABE 2008). The calculated geometric mean diar
was used to represent particle size in this study. P:
size is an important characteristic to evaluate bedhuse
affect nutrient digestibility, feed mixing efficiency, fe
palatability, pellet quality, bulk density, and particle
ingredient segregation during transport and handling (|
et al. 2004).Clementson et al. (2009) also showed tr
DDGS bulkwith a large particle size distribution led
particle segregation during handling, and consequ
nutrient  segregation. Liu (2008) also repo
compositional variation due to size differences of pari
making up the DDGS bulk.

BULK AND PARTICLE DENSITY Bulk density wa
determined by placing the sample on a funnel and
allowed to freely flow into a 0.5 L steel c®WA951
Superior Scale Co. Ltd., Winnipeg, MBJhe cup conten
were leveled using a steel rod and weighed. Bulk de
was obtaied by dividing sample mass contained in the
with the cup volume. Particle density was determined |
a gas multipycnometerQuantaChrome, Boynton Bea
FL). Bulk porosity (), expressed as a percentage,
determined as a function of bulK,J andparticle densitie
("p) using Eq. 1 below.
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= i' (1)
Assessing bulk density information is impor
because it directly impacts on transport and storage
Transporting and storing low bulk density fi
ingredients, like wheat DDGS, would be more cc
because of the higher spatial requirements.

Color Color of the samples was determined using
HunterLab  spectrocolorimeter  (Hunter  Associ
Laboratory hc, Reston, VA) and was expressed in te
of the Hunter L, a, and b parameters, which repr
lightness, redness, and yellowness, respectively. Colc
measured because it is used as a quick indicator
protein quality of DDGS. Darkerolored DDG s
associated with heatamaged proteins, and therefi
reduced protein quality (Fastinger et al. 2006; Batal
Dale 2006).

Flow properties Flow characteristics are important for
efficient design of material handling equipment. To a:
thesecharacteristics, the Hosokawa Micron Powder T
PT-R (Hosokawa Micron Corp., Osaka, Japan) was
This equipment has been used in determining the
properties of corn DDGS (Ganesan et al. 2008a; Bha
al. 2009; 2012) and other materials (Hem@a Micror
Corp. n.d.) with average particle sizes larger than v
DDGS. Flowability and floodability indices we
determined based on the methodology developed by
(1965). Flowability index was derived using f
properties: compressibility, anglef repose, angle

spatula, and uniformity coefficient while the floodabi
index was determined using flowability index, angle
fall, angle of difference, and dispersibility. Each of tt
properties was assigned an index value, ranging fron
25, based on the point score classification sy:
developed by Carr (1965). The component index v.
are summed to comprise flowability and floodab
indices, which ranged from 0 (very, very poor flowabi
will not flood) to 100 (excellent flowabilt very
floodable).

Carr (1965) defined the angle of repose as the
that a pile of material makes with the horizontal, w
angle of spatula as the average of the angles formed
material with horizontal when: (i) a flat blade (spatul
inseted into, and lifted out of, a pile of the material,
(i) when that blade containing the material is ge
tapped. Compressibility and uniformity coefficient w
calculated from measured parameters. The former
ratio of the difference betweeragked and aerated b
density values to packed bulk density while the latt
ratio of the width of sieve opening that passed 60% ¢
sample to width of sieve opening that passed 10% ¢
sample (Carr 1965). Angle of fall was defined as the
argle of repose formed after a pile of material on a
surface was jarred while the angle of difference is
numerical difference between the angle of repose ar
angle of fall (Carr 1965). Dispersibility refers to
percentage of material that hdmben dispersed or I«
during a fall and is determined by dropping a 10 ¢
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sample through a plastic cylinder from a fixed height
a watch glass and measuring the amount collected ¢
watch glass (Carr 1965).

Moisture sorption behavior Wheat DDG is subjected
varying environmental conditions during handling

storage and like any hygroscopic material, it can
from, or lose moisture toits surrounding environmel
Determining the sorption characteristics is essenti
maintain its quaty during handling and storage. Sorpt
characteristics of wheat DDGS at two temperature,
23iC) and five relative humidity (RH) levels (50, 60,
80 and 90%) were determined using the static gravin
method. Airtight cylindrical chambers, agstribed b
Dadgar (2005), were used to hold the samples durir
duration of the study. Each chamber contained 4
dishes, each holding about 0.75 g of thinly spread sar
Saturated salt solutions (magnesium nitrate, pota
iodide, sodium chlade, potassium bromide, baril
chloride, and potassium nitrate) were used to mainta
RH level inside these chambers. Thymol crystals (Gal
et al. 2008c) were placed inside these chambers to p
microbial growth during the experiment. Sampless
RH, and temperature within these test chambers
regularly monitored until the sample mass rea
equilibrium.

Experimental data were fitted to several mois
sorption models laid out in Table 1: Henderson, Chk
Pfost, Modified Halsey, Modifie@swin, Modified Smitt
and GuggenheirindersondeBoer (GAB) models. TI
first five models are empirical and predict the equilibt
moisture content (M) as a function of temperature
relative humidity. The GAB equation, on the other har
a three peameter, seraiheoretical model that does
incorporate the effect of temperature in predicting
(Jayas and Cenkowski 2006). The Henderson and G
Pfost models have been used to predict the M of ve
grains and seeds (Stroshine 1998) and seledtedhe
(Boki and Ono 1991) while the modified Oswin mc
adequately described the moisture sorption behavi
wheat (Sun and Woods 1994) and chickpea
(Durakova et al. 2005). The modified Halsey m
described the moisture sorption isotherm gfeseed (St
and Byrne 1998) and was used as basis in developil
GanesarMuthu-Rosentrater (GMR) model for cc
DDGS (Ganesan et al. 2008b). The most suitable r
was chosen using-¥alue, standard error of the estin
(SEE, Eg. 2) and mean relatiyeercentage deviatit
(MRE, Eq 3), Fvalue, and the coefficient
determination (B, as evaluation criteria (Ganesan e
2008c; Kingsly and lleleji 2009). Residual plots were
assessed.

2
seg= 2. )
MRE= 220y [YoYel 3)
N Yo
In Egs. 2 and 3, Yis observed value, \Yis the

predicted value, df is degrees of feen, while N is th
number of data points.



Table 1. Moisture sorption models used in fitting data derived from wheat distillers dried grain with soluble (DDGS)

samples.
Model name Equation
Y
Henderson M= [In!(l-RH)] !
' -Al
Il
ChungPfost M = -lln [In..};H)T]

1
Modified Halsey M ,=|['GXD(A+BT) c

Ini(RH)

1
Modified Oswin _ [ RH ]C
M = (A+BT) TRH

Modified Smith M= (A+BT)-[(C+DT)In(1-RH)]

ABC(RH)
M=
(1-B(RH))(1-B(RH)+BC(RH))
Sources: ASABE (2009) and Ganesan et al. (200€c)s equilibrium moisture content, dry basis; T is

Guggenheim, Anderson and de Boer (GAB)

temperaturejC); RH is relative humidity; A, B, C, and D are the model constants.

Compression characteristics Densification of whe:
DDGS lowers transport and storage costs because of
spatial utilization of storage and transportation capac
eliminates particle/nutrient segregation since
composition remains fixed during materials handling,
provides better flow properties (Thomas and van der
1996). Understanding wheat DDGS compres
characteristics would be essential in improving
efficiency of the densification process.

The compression characteristics of wheat DI
samples were dermined using a single pelleter (6.35
diameter and 135.34 mm length), heated atC9Qc
simulate the pelleting conditions in commercial n
(Tumuluru et al. 2010). A plunger of the same diam
attached to the Instron Model 1011 testing mac
(Instron Corp., Canton, MA), was used to compress
samples at 4000N. Crosshead speed was set at Hfin
(Tumuluru et al. 2010). Tepellets were produced at ei
moisture level. Only S2, at varying moisture level,
used as feed material in pelleting.

Experimental data were fitted to the Kawaklitadde
model (Eq. 4), which was also found to adequi
describe the compression characteristics of labor:
prepared wheat DDGS with varying CDS level (Mosq!
et al. 2013b). This model also described ¢hepressio
behavior of wheat and barley straws, corn stover,
switchgrass grinds (Mani et al. 2004); chog
switchgrass, wheat straw, and corn stover (Chevanar
2010), and nottreated and steaexploded barley, cano
oat, and wheat straw spies (Adapa et al. 2010). T
model works best with soft, fluffy powders (Kawakita
Ludde 1970; Denny 2002) with high porosities (De
2002).

<=' >8"2028'185'3245657 @985'/A"./0/1/

P_1,P
cTa @
In Eq. 4, P is the applied compressive pressOrés

the degree of volume reducti@= (Vo-V)/Vq; Vo is the
initial apparent volume, V is volume of compact at
applied pressure P (MBa) and f are the model conste
(KawakitaLudde 1970). At infinitely large P, the mod
parameter d is equal to C, and hence, it is equal 1
initial porosity of the sample (Kawakita and Ludde 19
The reciprocal of the model parameter f'fis related t
the cohesive forces of powderrpaes (Kawakita an
Ludde 1970). It also correlated well with the frac
strength of single granules (Adams and McKeown 1
Nordstrom et al. 2008).

Pellet density was also determined by measurin
mass, length, and diameter of the resulting ef
immediately after it was extruded from the di8pecific
energy consumption during compression and extr
was estimated by calculating the area under
corresponding forcdisplacement curve using
trapezoidal rule and dividing it by the pelfetss.
Frictional properties Handling and storage of whi
DDGS would frequently involve movement of
material across a solid surface. Knowing its fricti
characteristics would be essential in the design of
efficient handling equipment and desg A tilting tabl
apparatus was used to determine the coefficient of
friction of wheat DDGS on stainless steel, concrete,
wood. The angle at which the material begins to slide
recorded. The coefficient of wall friction and adhe
was ale determined using the Wykeham Farrance ¢
box apparatus (Wykeham Farrance International
Slough, U.K.), described in detail by Mani et al. (2(

"9"BC$&DERF EH=



Table 2. Chemical composition of wheat distillers dried grain with solubles obtained from two production batche
(S1 and S2) of a Saskatchewan fuel ethanol plant, in comparison wiplublished results on wheat and corn
grains and DDGS. Numbers in parenthesis represent standard deviation.

. . Wheat DDGS Whole grain
Ch | Constituent Corn DDG$
emical L-onstituen This study Other studies om Wheat Corr?
S1  12.92 7.507 8.56 10.60° 11.23
Moisture % wet basis S2  13.32 6.24 10.48
7.48.7%3
S1 45.12 (0.59 445 32.01 19.80° 10.13
Crude protein, % dry matter ~ S2  38.81 (0.14) 39.37 14.28
37.6440.33
2 2
Crude fat, 9% dry mater S1  3.37 (0.05) 2.90 16.53 1.803 4.59
S2  4.89(0.18) 4.98 1.9%
2 2
Ash, % dry matter S1  6.41 (0.022 5.303 4.32 2.103 1.73
S2  7.10(0.01) 5.12 2.12
Neutral detergent fiber, % dr S 4274 (0.85) 30.0° 49.46 9.40° 1447
ttor 9 Y 5 46.55 (0.80)" 48.07 17.22°
51.0451.7¢
. ! S1  21.10(0.1B 21.10° 14.68 2707 3.66
0,
Acid detergenfiber, % dry S 17.45(0.27) 10.99 368
matter 1
15.78-22.93
Acid detergent insoluble crude S1 ~ 11.80 (1.41) 4.85 6.44 0.00° 0.08
protein,% crude protein, dry S2 1837 (1.71 9.07-23.9¢
basis

values followed by the same letter under each chemical constituent are not significantly different.
Wwidyaratne and Zijlstra (2007). Moisture content was converted to wet basis.

3Nuez Ortin and Yu (2009). Moisture content (M, % wb) was obtaiyeithe equation: M = 100% dry matter.
“Tumuluru et al (2010). Moisture content (M, % wb) was obtained by the equation: M-24.@6y matter.

and Emami and Tabil (2008). Five normal loads (100,
300, 400 and 500 N) and three surfaces @aked stee
Teflon, and polypropylene) were used during the test
top box, which contained the sample, was held static
while the lower box, which contained the test sur
moved at a constant speed of 0.4 Imin™. Values of th
friction coefiicient and adhesion were obtained thrc
regression analysis of experimental data using Eq. 5 |
et al.2004; Emami and Tabil 2008), whetés the shes
stress (kPa)$ is the normal stress (kP&)ds the angle ¢
wall friction, tan %is the coefficent of wall friction, an
Aqis adhesion (kPa).
I="tan + Ay (5)

Statistical analysis

The oneway ANOVA procedure of SPSS 14.0 fou
Windows (SPSS Inc., Chicago, IL) was used to tes
effect of moisture content on the physical propertie
wheat DDGS as well as the effect of production ba
on its physicechemical characteristics at the si
moisture level. Its general ihear model univaria
procedure was also usdd test the effect of moistL
content and type of surfaces on the static fric
coefficient. TukeyOs test was used to further evi
statistically significant main effects and interactiorishe
regressia procedure was used in fitting experimental
to selected models. All tests were conducted at
significance level.

| H$%& () o
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RESULTS and DISCUSSION

Chemical composition

Table 2 shows the proximate composition results
matter basis) for the wheat DDG&mples (column 2) a
compares these with some of the published results o
wheat and corn DDGS and grains (columrg).3 For botl
samples, mean crude protein content varied from 38.!
45.1%, crude fat ranged from 3.4% to 4.9%, ash
6.4% to 71%, neutral detergent fiber varied from 42.7¢
46.6%, and acid detergent fiber from 1P21.1%. Thes
results were close to the values reported by Widya
and Ziljstra (2007), Nuez Ortin and Yu (2009),
Tumuluru et al. (2010) in Table 2 (columrgs6). In
comparison to the reported values of corn DDGS in 7
2, the wheat DDGS samples had higher protein but |
fat content. This was also reported by Nuez Ortin an
(2009). Compositional differences between wheat anc
DDGS are attributed pmarily to differences in tt
nutrient content between the two grains.

Proximate composition between the two wheat DI
samples was significantly different. Sample 2 (S2)
significantly lower protein but higher fiber, ash, and
contents compared t@asmple 1 (S1). These differences
primarily attributed to inherent nutrient variation of
starting wheat grains and to variation in the CDS anc
distillers® grain (WDG) blending proportions u
Differences in the varieties (soft vs. hard whea®d fo



Table 3. Physical attributed of wheat distillers dried grain with solubles at varying moisture levels. Samples wer
obtained from a Saskatchewan ethanol plant in two production batches (S1, S2). Values in parenthe!
represent standard deviation.
Moisture

Color parametefs

Sample content, Particle size, Sulk_ l;aerrzlscilte Porosity,
% wet mm en§|ty’ Y. %
batch % w kgm™ kgm® Hunter L Hunter a Hunter b
basis
S1 5.3 (0.1) 0.58 (0.03) 339.7 (2.0)  1294.0(6.3) 73.7 32.86 (0.60°  8.86 (0.19)  13.58 (0.06)
8.4 (0.3) 0.57(0.04f° 359.0(3.8) 1296.3(2.1)° 72.3 33.68(0.22)  8.64 (0.053° 13.32(0.06)
18.4 (0.1) 0.59 (0.04) 380.4 (2.1) 1274.9 (0.0° 70.2 32.46 (0.93) 9.03 (0.23j 13.44 (0.19)
S2 5.7 (0.1) 0.48 (0.03)* 424.1 (0.3) 1331.3(0.1)  68.1 35.26 (0.59) 10.17 (0.34)  15.34(0.53)
8.7 (0.3) 0.52 (0.005"® 429.6(3.1) 13266 (1.3 67.6 37.67(0.59)  8.89 (0.16}"  14.98 (0.30)
13.2 (0.0) 0.43 (0.0 437.0 (3.4)° 1320.5 (2.9 66.9 35.40 (0.02y"  7.68 (0.04) 12.57(0.01f

TukeyOs test at 5% significance level for S1 at varying moisture content (a, b, c) and for S2 at varying moisture yahte
Comparison between S1 and S2 properties was only made at the 8% moisture level. Values followed by same tette

significantly different.

>The Hunter L,a, and b parameters represent lightness, redness, and yellowness, respectively.

example, could result to differing DDGS protein conten
has also been demonstrated that variations in the CDS
blending proportions result to wheat DDGS compositi
differences (Mosqueda et al. 2013b). The wiiested CD
had higher crud protein and ash content but lower fat
fiber content than the WDG component. Thus, as CDS
in the blend increased, protein and ash content incr
while fat and fiber content decreased. Processing conc
could also affect its chemical congition. Use of highe
drying temperatures, for example, had affected the fa
ADF content of laboratorprepared wheat DDC
(Mosqueda et al. 2013b).

Table 2 also presents the acid detergent insoluble
protein (ADICP) content of the samples, whieimged fror
11.8 to 18.4% of the total crude protein (dry matter b
The values were lower than those reported by Nuez
and Yu (2009) but within the range of values presente
Tumuluru et al. (2010). ADICP content was significa
affected by ample batch, with S2 showing significar
higher values than S1. High ADICP content, which indic
high incidence of healamaged proteins (Cromwell et
1993) would adversely affect the nutritive value of w
DDGS as an animal feed ingredient. HIi§DICP conten
could be attributed to adverse processing condi
employed during ethanol and DDGS production. Us
elevated drying air temperatures during these process
example, would lead to increased production of insol
heatdamaged pretin aggregates via the Maillard reactiot

These plansourced samples had higher protein anc
content but lower fat and NDF content than the labore
prepared, forced air convectiginied wheat DDGS wil
45% CDS. For the latter, Mosqueda et al. (2Q1Tr@porte:
33.4 b 34.3% protein, 4.9% ash, 5327% fat, and 494
54.2% NDF. These suggest that the plsmtrced whe
DDGS samples may have been produced at CDS
higher than 45% of the total blended mass (wet basis).

Physical properties
Particle 9ze and size distributioTable 3 shows the averz
particle size, expressed in terms of the geometric

<3 >8"2028'185'3245657 @985'/A"./0/1/

diameter, while Fig.1 presents the average particle
distribution of wheat DDGS samples. Particle size vi
from 0.43 mm to 0.59 mm (Table 3Moisture conter
significantly affected the particle size of S2 while it did
affect S1 particle sizes. Samples with statistically sit
moisture contents (8.4% for S1 and 8.7% for S2,
basis) did not show significant difference in their par
sizes.

Although there was no statistical difference in
average particle size between S1 and S2 at 8% mo
their particle size distribution curves (Fig. 1) at var
moisture levels show that S2, in general, had numer
smaller particle sizesompared to S1. This is illustratec
sieve sizes starting at 0.85 mm until 0.18 mm, whei
had higher percentages of particles passing than S1
could be attributed to differences in the CDS:W
blending proportions used by the source ethanolty
Mosqueda et al. (2013b) had reported decreases in p
size as CDS level was increased. Increased CDS
blend resulted to higher percentage of finer, endosj
and germderived solids and decreased amount of fibi
branrelated particles.

Results of the particle analyses further supportet
previously presented observation that the pimirce
samples may have been produced at CDS levels |
than 45% of the total blended mass (wet basis).
particle sizes of the plasiburced samplewere smalle
(thus, CDS level was higher) compared to those reg
for laboratoryprepared samples with ¥%% CDS
(Mosqueda et al. 2013b).

The particle sizes obtained in this study were
smaller than the published values for plaatirced cor
DDGS. Bhadra et al. (2009) reported ctwased DDG
particle sizes mostly ranging above 0.5 mm, although
was one batch in one plant that had a particle size o
mm. Liu (2008) also reported DDGS particle sizes rar
from 0.43 mm to 0.95 mm in 1dry grind ethanol plants
the U.S. Planscale studies on corn DDGS (Kingsly et
2010; Clementson and lleleji, 2012) indicated that pa
size increased with CDS level due to agglomeration d
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Table 4. Flowability index' of wheat distillers dried grain with solubles at varying moisture levels (%, wet basis).
Samples were obtained from a Saskatchewan ethanol plant in two production batches (S1 and S2). Val
in parentheses represent standard deviation (N = 2).

Moisture

Sample Compressibility, Angle of Ave. angle of Uniformity Flowability?
content,% . . i~
batch t basi % reposej spatulaj coefficient
wet basis Index Degree
S1 53(0.1) 23.9(0.1) 44.7 (1.0) 47.7 (0.2) 2.9 (0.0 70.5 (0.79 Fair, aid not needed
8.4(0.3) 19.1(0.8)° 45.7 (0.23 52.5 (4.13° 3.0 (0.1} 71.3 (0.4} (vibrate ifnecessary)
18.4(0.1)  16.7 (1.1§ 43.4 (0.8) 49.7 (2.1) 2.9(0.1§ 73.8 (1.1
S2 5.7(0.1) 22.4(0.4) 44.5 (1.2} 52.2 (0.1)* 4.0 (0.1} 70.5 (0.7} Fair, aid not needed
8.7(0.3)  19.6 (0.5%° 44.0 (1.4%* 55.6 (0.1)*° 3.8 (0.0¥ 72.3 (1.1§¥ (vibrate if necessary)
13.2(0.0) 19.7 (1.2 45.1 (0.6} 49.2 (2.0 4.7 (0.4% 71.3 (0.4

TukeyOs test at 5% significance level for S1 at varying moisture content (a, b, c) and for S2 at varying moisture gajte
Comparison between S1 and S2 properties was only made at the 8% moisture level. Values followed by same lette

significantly different.
2Based on Carr classification system (Carr, 1965).

rotary drum drying. In this study, the wheat DC
samples were obtained from a fuel ethanol plant
employed a ring dryer for DDGS production. Under
drying system, the WDGS is dispersed and conv
through the dryer in a hot air stream at high speed.
incidence of particle agglomeration wabserved in th
wheat DDGS samples used in this study. Different si
sizes employed during the grinding of grains could
contribute to the size differences observed between
and wheat DDGS.

Bulk and particle densityBulk density of S1 varied fra
340 kgm?® to 380 kgm® while that of S2 were from 4.
kg/m® to 437 kdm® (Table 3). In both samples, b
density was significantly affected by moisture conter
S1, those with higher moisture content had significi
higher bulk density than those with lower mois
content. In S2, the 13.2% moisture sample also
significantly higher bulk density than the one with 5.
moisture. These positive linear relationships bet
moisture content and bulk density were statisti

significant in both samples. For samples with sir
moisture contents (S1 has 8.4% moisturelevi$2 ha
8.7% moisture), S2 was significantly denser compar
S1.

Particle density values ranged from 1275nkyto
1331 kdm® (Table 3) and were significantly affected
moisture content. Samples with higher moisture
significantly lower parti@ density than those with low
moisture. This negative linear relationship was signifi
in both samples. For samples with statistically sir
moisture contents (8.4% for S1 and 8.7% for S2,
basis), sample 2 also had significantly higher pa
density than sample 1.

Differences in bulk and particle densities betweel
samples of the same moisture level could be attribut
differences in chemical composition and in particle s
Increased CDS level in the DDGS blend increases
presenceof finer but heavier solids and decreased
amount of the larger but lighter, fibrous particles. T
finer particles could easily move through and fill in
particle spaces within the bulk mass, resulting to a he
and less porous bulk.

E 180> Color Table 3 also shows the color parameters Hunt
= a, and b, which represent lightness, redness,
s 0.80 4 Sample 1(S1) yellowness, respectively, of both samples. The ligh
"§ = % =53%MC parameter varied from 32.4 to 37.7, redness from 7
& 0.60 - - & —84%MC 10.2 and yellowness from 12.6 to 15.3. Alfiree colo
] - e = 18.4% MC parameters of S2 were significantly affected by moi:
£ 040 A Sample 2 (S2) content. Samples with 5.7% moisture were redder
@ ——5.7% MC yeII.ower than t_hosg with .13.2% moisture. The .8
£ 020 A —a—8.7% MC moisture was S|gn|f|can_tly Ilght.er thaq 13.2% mois
:Es 13.2% MG sample. In samples with smjcally similar m0|stu_r
5 content (S1 and S2 at 8% moisture level, wet basis
© 0.00 T T y T ] was significantly lighter yet yellower than S1.
0.00 0.50 1.00 1.50 2.00 2.50

Screen size (mm)

Fig.1. Average particle size distribution of plant
sourced wheat distillers dried grain with
solubles. mples were obtained from two
production batches (S1, S2).
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./0/12/0'3245657895'80:2088;20: ' <6

Observed differences in the color parameters o
two wheat DDGS samples could be attributed to varia
in the CDS:WDG kending proportion and to the exten
development of Maillard reactions that may have occ
during various stages of ethanol and DDGS producti
was previously reported that as CDS level in the blenc



Table 5. Floodability indexX of wheat distillers dried grain with solubles at varying moisture levels (%, wet basis)
Samples were obtained from a Saskatchewan ethanol plant in two production batches (S1 and S2). Val
in parentheses represent standard deviation (N = 2).

Sample ('\:Aoc;:tsél;ﬁ/o Flowability Angle of fall,  Angle of Dispersibility, Floodability?
batch wet basis  Index i difference, % Index Degree
S1 53(0.1) 70.5(0.7% 36.5 (0.1% 8.2 (0.8 15.7 (0.9§ 61.8 (1.1% Floodable,
8.4(0.3) 71.3(04%° 36.7(0.8%° 9.0 (0.6} 12.2 (1.13%Y 62.5 (0.03®  rotary seal will
18.4 (0.1) 73.8 (1.1§ 34.6 (0.1§ 8.8 (0.8% 11.5 (0.8§° 61.8 (1.1% be necessary
S2 5.7(0.1) 70.5(0.7) 36.0 (0.8 8.5 (2.0% 14.3 (1.2} 61.1 (2.7} Floodable,
8.7(0.3) 723(1.1y°  36.4(1.0f° 7.6 (0.4%° 12.9 (1.0yY 60.1 (1.2)*° rotary seal will
13.2(0.0) 71.3(0.4) 34.4 (1.1) 10.7 (0.6) 12.9 (0.4} 64.0 (1.4} be necessary

TukeyOs test at 5% significance level for S1 at varying moisture content (a, b, c) and for S2 at varying moisture yajte
Comparison between S1 and S2 properties was only made at the 8% moisture level. Values followed by same lette

significantly different.
2Based on Carr classification system (Carr, 1965).

increased, freezdried, laboratoryprepare wheat DDG:!
samples became significantly darker and re
(Mosqueda et al. 2013b). CDS obtained from the et
plantwas darker and redder (L = 45.7,a=5.3, b =
than the WDG fraction (L = 52, a = 3.2, b = 15.6).

Wheat DDGS samples were slightlarker (L =32.4
37.7) but less yellow (b = 128.3), compared
commercial corn DDGS (L = 41-83.8; b = 19.23.0)
based on the results reported by Rosentrater (2
Redness of the wheat DDGS samples (a =10.2) wa
close to the range for conercial corn DDGS (8.99.7)
(Rosentrater 2006).

Color darkening is one of the consequence

Maillard reaction, which involves the binding of am
groups with the carbonyl compounds of reducing st
(OwusuApenten 2004 Nyachoti et al 2005; Widyana¢
and Zijlstra 2007).During the initial stages of Mailla
reaction, colorless products are formed while hi
colored polymers are formed during the final st
(Hodge 1953; Yaylayan and Roberts 200Ihe rate ¢
Maillard reaction is affected by sucHactors a
temperature, time, water activity, and chen
composition(OwusuApenten 2004; Ames 1990highel
drying temperature and drying time, for example, w
increase the rate of Maillard reaction. During conve
drying, the surface of the mait usually dries out firs
producing a crust with a low water activity and favo
Maillard reaction. Increased protein and sugar conten
result of increasing CDS level in the blend, coupled
use of elevated drying temperatures would increhs
rate of Maillard reaction and intensify color darkenin
wheat DDGS.
Flow propertiesTables 4 and 5, respectively, show
flowability and floodability indices of wheat DDC
including the component properties that were used i
estimation of thse indices.

The flowability index of plansourced wheat DDC
ranged from 70.5 to 73.8 (Table 4), classifying |
samples as fairly flowable that may sometimes
vibration to assure flow (Carr 1965). The results \

<H >8"2028'185'3245657 @985'/A"./0/1/

comparable to the flowability irek of laboratoryprepare
wheat DDGS samples (707%.5) (Mosqueda et al. 201.
but were slightly lower than those reported for corn DI
(79.382.4) (Bhadra et al. 2009). These values sugge:
the wheat DDGS samples were slightly less flowable
corn DDGS.

The flowability index is the composite of the ini
values of compressibility, angle of repose, average
of spatula, and uniformity coefficient. Compressib
values of both samples (16-723.9%) fell under tt
passable to fair flowabtl categories (Carr 1965). Thi
were significantly affected by moisture content, with
lower moisture samples being more compressible. /
of repose ranged from 43.40 45.7 while the averac
angle of spatula varied from 47.70 55.§ (Table 3)
These values indicate that both samples have pa
flowability with a tendency to hang up (Carr 1965). C
the average angle of spatula of S2 was signific
affected by moisture content. In terms of unifor
coefficient, the values ranged from 2d34.7 (Table 4) ar
both samples were classified as materials having exc
flowability (Carr 1965). Uniformity coefficients of bc
samples were not significantly affected by mois
content. Comparison between samples with statist
similar mosture contents (S1 and S2 at 8% mois
levels) showed that S2 was significantly more -
differentiated than S1. This could be attributec
differences in CDS:WDG blending proportions. Sam
with higher CDS levels tended to be finer than those
lower CDS.

The floodability index, on the other hand, varied f
60.1 to 64.0 (Table 5), classifying both plaoirce:
samples as floodable and would require the us
appropriate measures, such as rotary seals, to p
flushing (Carr 1965). The redslwere close to the 62
66.5 range reported for laboratguyepared, forced ¢
convectiondried wheat DDGS samples with-25% CD¢
levels (Mosqueda et al. 2013b). However, the results
closer to the values associated with samples having
CDS (628 B64.0) than to those reported for samples
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Table 6. Thermal properties of wheat distillers dried grain with solubles at 23j C and at the specified bulk density
and moisture levels. Samples were obtained from a Saskatchewan ethanol plant in two production batches
(S1 and S2). Values in parentheses represent standard deviation.

Sample batch  Moisture, % wet basis  Bulk density, kgril

Thermal conductivity, Thermal diffusivity, x 107

WmK? m’s’
S1 53(0.1) 339.7(2.0) 0.05 (0.00)% 1.57 (0.06)*¢
8.4 (0.3) 359.0 (3.8) 0.04 (0.01)*P 1.63 (0.06)*"
18.4 (0.1) 380.4 (2.1) 0.05 (0.00)2 1.50 (0.00)°
S2 5.7 (0.1) 424.1(0.3) 0.05 (0.00) 1.57 (0.06)
8.7 (0.3) 429.6 (3.1) 0.05 (0.00%° 1.43 (0.06¥°
13.2(0.0) 437.0 (3.4) 0.05 (0.01) 1.40 (0.10)

TukeyOs test at 5% significance level for S1 at varying moisture content (a, b, c) and for S2 at varying moisture yate
Comparison between S1 and S2 properties was only made at the 8% moisture level. Values followed by same letters ficamtbt <

different.

15% and 30% CDS. Floodability index values of |
wheat DDGS samples were within the range reporte
commercial corn DDGS. Bhadra et al. (2009) report
wider range of floodability index values for rcoDDGE
(53.2 B 70.2) falling under the Oinclined to flood(
OfloodableO categories.

Contributing properties to the floodability inc

include flowability index, angle of fall, angle
difference, and dispersibility. The angle of fall (34
36.7) values classified both samples as flood:
Moisture content significantly affected the angle of
values of S1, with low moisture samples (those 5.3¥%
8.4% moisture content) having significantly higher ar
of fall than those with 18.4% moisturén terms of th
angle of difference, the values of both samples ¢
10.7) fell under the Ocould floodO to Oinclined to fl
categories (Carr 1965). These were not significi
affected by moisture content. Lastly, both wheat DI
samples had dispsbility values that ranged from 11.!
to 15.7% (Table 5), classifying them as materials the
inclined to flood (Carr 1965). In S1, dispersibility \
significantly affected by moisture content, with the 5
moisture sample being more dispersiblentithe sampl
with 18.4% moisture. The effect of moisture content
not significant in S2. Samples with statistically sin
moisture contents (8.4% sample 1, 8.7% sample 2) d
show significant difference in their angle of fall, angl
differenceand dispersibility values.
Thermal propertiesTable 6 shows that the wheat DD
samples had low thermal conductivities (00@.05 Wni
K™ at 23C. These values were not significantly affe:
by moisture content. Samples with statistical sir
moistue contents (S1 and S2 at 8% moisture level) di
also differ in their thermal conductivities. These va
were about the same compared to those reported f
laboratoryprepared wheat DDGS with ¥45% CDS (0.0
WmK™) but were slightly lower thathe values reportt
by Rosentrater (2006) for commercial corn DDGS (&
0.08 Wm'K™).

Thermal diffusivity values varied from 1.40 x §
m?s*to 1.60 x 10 m?s* (Table 6). The thermal diffusivi
of S1 was significantly affected by moisture content v
that of S2 was not. S1 sample with 8.4% moisture

| H$%& () o
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significantly higher thermal diffusivity than that with 18.
moisture. In samples with statistically similanoisture
contents (S1 and S2 at 8% moisture level), S1
significantly higher thermal diffusivity than S2. Differen
in thermal diffusivity could be attributed to difference:
density and porosity, which, in turn, are causec
differences in CDS:\WWG blending proportions. Samp
with lower CDS had significantly higher thermal diffusiy
than those with higher CDS (Mosqueda et al. 20
Similar to lower CDS samples, those with lower mois
content are also more porous compared to those wittel
moisture. Since air has a much higher thermal diffus
compared to water (Kostaropoulos and Saravacos :
materials having the same chemical composition br
more porous would tend to have higher thermal diffus
than the less porous ones.

Thermal diffusivity of these plargourced sampl

were similar to those reported for the laboratprgpare
wheat DDGS samples (1.35 x 1fn’*s*to 1.65 x 10 m*s
Y, with higher CDS samples showing lower thel
diffusivity values (Mosqueda et al. 28b). Further, therm
diffusivity of wheat DDGS samples were also close to t
reported by Rosentrater (2006) for commercial corn DI
Thermal diffusivity of corn DDGS ranged from 1.30 x
m’s’to 1.50 x 10 m’s™.
Moisture sorption behaviofFigure 2 shows the adsorpti
isotherms of wheat DDGS samples atj8.60.2C) anc
22.§C (0.5C). The initial moisture contents (dry basis
these samples were 5% (Fig. 2a), 9% (Fig. 2b), and
(Fig. 2c¢). In all threesample groups, water sorpt
increagd with relative humidity and exhibited a beha
similar to the Type Il isotherm (Brunauer et al. 19
Studies on corn DDGS also reported a Type Il moi:
adsorption behavior (Ganesan et al. 2008c; Kingsly
lleleji 2009).

The adsorption isothers show that at relati
humidity levels below 0.75 to 0.80, the sorption behavi
wheat DDGS was almost similar when stored under i
and 22C environments. Sorption capacity differences
became more noticeable at the higher relative hun
levels, where those stored atC3begun to show high
equilibrium moisture contents than those stored gcC:
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Fig. 2. Adsorption isotherms of plantsourced whea
distillers grain with solubles at 3C and 22 C.
Initial moisture content (dry basis) of the
samples were 5% (Fig. 2a), 9%Kig. 2b), anc
15% (Fig. 2c).
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Under the higher temperature environmersbrption
capacity decreased, indicating lesser attraction betwe
water molecules in the surroundirenvironment and tl
wheat DDGS.

In comparison with corn DDGS at similar tempera
(20-22iC) and relative humidity (0.6@® 0.80) range
(Ganesan et al. 2008c), the equilibrium moisture co
values of wheat DDGS samples were higher than
reportedfor corn DDGS with 10% solubles but were lo
than those with 25% solubles. At relative humidity le
higher than 0.80, however, the wheat DDGS sar
registered higher values than the corn DDGS san
Differences in the sorption capacity betwedre ttwc
sample types could be attributed to inherent differenc
their chemical composition.

Figure 2 also presents the predicted moisture sol

values using the Guggenheim, Anderson and de
(GAB) model. Table 7 shows the GAB and modi
Halseymodel parameters and the corresponding stati
parameters. The GAB model yielded the smallest sta
error of the mean and mean relative percentage errc
the largest F and Rvalues in almost all cases except
the 23C-5% moisture treatment owbination where tr
modified Halsey model showed slightly better values.
other four models did not perform as well as the GAB
the modified Halsey model. The Henderson and C
Pfost models, for example, showed systematic patte
their respedve residual plots. Modified Oswin and Sn
models also showed a few residual plots with systel
patterns. For the modified Oswin and Smith residual
that showed random patterns, the resulting stati
parameters were less superior comparethase obtaine
for the GAB and modified Halsey models. The C
model offered some advantages over the other em)
models. It was developed with a theoretical basis (Qu
et al. 2005; Andrade et al. 2011), being a Ore
extension of the Langmuiand BrunauerEmmettTeller
(BET) theoriesO of physical absorption (Quirijns e
2005). It also described the sorption behavior of a
variety of biological materials with water activities ranc
from O to 0.90 (Almuhtaseb et al. 2002; Andrade €
2011) and its model parameters have physical me
(Quirijns et al. 2005).
Compression characteristicsTable 8 shows the pel
density, specific energy consumption during compre:
and extrusion processes, and the Kawakita Ludde 1
parameters fowwheat DDGS (S2). Pellet density var
from 1185 kgm? to 1208 kgm® and was not significant
affected by moisture content. These values were abc
D 91% of the particle density values presented in Tat
These values were also close to the replopelet densit
of laboratoryprepared wheat DDGS with 45% C
(11871210 kgm®) (Mosqueda et al. 2013b).

Energy consumption during compression
extrusion processes ranged from 8.6 Tt 18.6 MJt
and from 0.99 MJt to 2.54 MJt, respectively. Enerc
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Table 7.Guggenheim, Anderson and de BogiGAB) and modified Halsey model and statistical parameters for plant
sourced wheat distillers dried grain with solubles. Values in parentheses represent standard deviation (N=:

In_itial Model parameters Standad Mez_m
Temperature, moisture, error of relative 2
Model ) F-value R
iC % dry the percentage
basis A B C estimate  deviation
GAB 3 5 10.455 1.075 0.435 8.46 5.52 258.96 0.982
9 7.485 1.093 6.543  4.32 0.13 827.13  0.993
15 6.524 1.073 5x 10 2.01 2.46 3316.36  0.998
22 5 5.646 1.108 1x10’ 3.30 2.78 501.54 0.980
9 7.307 1.077 2x10 1.17 0.04 3954.85 0.998
15 7.974 1.049 11.410 1.55 -0.25 2414.03 0.996
Modified 3 5 -0.235 0.249 0.539 8.50 8.69 256.86 0.981
Halsey 9 -0.210 0.332 0.612 541 6.52 527.81  0.989
15 4.396 -1.055 0.533 349 1.06 1096.92  0.994
22 5 -3.286 0.230 0.908 1.55 0.07 2296.83  0.996
9 -5.550 0.321 0.753 1.99 1.54 1373.68 0.993
15 7.206 -0.225 0.899 1.71 0.47 1995.84  0.996

Table 8. Compression characteristics of wheat distillers dried grain with solubles at varying moisture content.
Values in parentheses represent standard deviation (N=10).

Initial moisture, % wet basis
5.7 8.7 13.2
1198.61 (17.4%) 1184.82 (16.04) 1208.17 (22.93)

Property

Pellet density, kgm™
Specific energy consumption, MJt

Compression 18.61 (0.58) 13.95 (0.16) 8.64 (1.10)

Extrusion 2.25(0.18) 0.99 (0.14) 2.54 (0.543
Kawakita Ludde model parametérs

d 0.673 (0.004) 0.666 (0.005) 0.665(0.006§°

f 2.671 (0.085) 1.939 (0.024) 0.957 (0.2219

R? 0.999 (0.001) 1.000 (0.000) 1.000 (0.000)

MSE 2.350 (0.153) 0.516 (0.051) 0.275 (0.038)

lvalues followed by the same letter/s within each row are not significantly different at tHev@D5
>Model parameters d and fvere associated with initial porosity and failure stress, respectively.

Table 9. Coefficient of static friction of wheat distillers dried grain with solubles obtained from a south
Saskatchewan fuel ethanol plant in two production batches (S1, S2). Values in parentheses repres
standard deviation (N=3).

Moisture Surface

Sample - -
content, % . Wood, motion along the Wood, motion across
batch . , :
atc wet basis Stainless steel Concrete grain the grain

S1 6.90 0.328 (0.013) 0.492 (0.011% 0.589 (0.025% 0.620 (0.014%
11.00 0.436 (0.018)° 0.511 (0.014¢ 0.593 (0.0195** 0.633 (0.02°
14.70 0.491 (0.018)° 0.542 (0.020¥° 0.609 (0.015<° 0.636 (0.0233

S2 5.85 0.285 (0.003)* 0.507 (0.006¥ 0.565 (0.0075 0.628 (0.016¥“P*
7.86 0.366 (0.008Y 0.517 (0.004F®Y 0.593 (0.001y 0.616 (0.028)“Y

13.97 0.480 (0.007y"* 0.542 (0.006¥ B 0.610 (0.015¥ 0.649 (0.028)**

TukeyOs test at 5% significance level for S1 at varying moisture content (a, b, ¢) and surfaces (A, B, C, D) and fgm§hatisture
content (x,y,z) and surfaces (A,B,C,D) Values followed by same letters are not significantly different.

I "#$%&'()" *+, - ./0/12/0'3245657895'80:2088;20: ' <3,



Table 10. Coefficient of wall friction and adhesion of wheat distillers dried grain with solubles on galvanized stee
Teflon, and polypropylene surfaces. Samples were obtained from two production batches (S1, S2) of -
same ethanol plant (N=3).

Sample Moisture,_ % wet Surface Cogffi_cient of wall ~ Adhesion (A), R? Standard_error
batch basis friction (tan$) kPa of the estimate
S1 13.47 (0.02)  Galvanized steel 0.252 4912 0.943 0.947
Teflon 0.283 2.195 0.991 0.414
Polypropylene 0.357 0.396 0.981 0.760
S2 12.94 (0.46) Galvanized steel 0.282 3.299 0.972 0.972
Teflon 0.312 1.303 0.936 1.245
Polypropylene 0.205 2.946 0.985 0.388

consumption during compression accounted about &
95.1% of the total energy consumption while p
extrusion accounted the remaining fraction. I
compression and extrusion energy consumption
significantly affected by véations in the initial moistul
content. Samples with lower moisture content (5
8.7%) consumed significantly higher energy du
compression compared to those with higher moi
content (13.2%).

The KawakitaLudde model, which represented

compession characteristics of the laboratprgparec
forcedair convectioadried wheat DDGS, also adequa
described the compression behavior of pkource
wheat DDGS samples. The values of the model para
d (Table 8), which represents initial poitgsof the
sample, were almost similar to the bulk porosity ve
presented in Table 4. Samples with 5.7% moisture cc
had significantly higher initial porosity than those v
8.7% and 13.20% moisture. The model parameteof
the other hand, issaociated with failure stress. It var
from 0.96 MPa to 2.67 MPa and was significantly affe
by moisture content. Samples with 5.7% and ¢
moisture, for example, had significantly higher fai
stress (higher¥values) than those with 13.2%. Siarly,
those with 8.7% initial moisture also showed significe
higher f' values than samples with 13.2%. T
observation was consistent with the results reporte
Tumuluru et al. (2010), where higher pellet durability
achieved at lower feed nsture content and higher
temperature.
Frictional properties Table 9 shows the coefficient
static friction of both samples on different surfaces
the tilting table. The static friction coefficient of wh
DDGS varied from 0.28 to 0.48 on a istass stet
surface, 0.49 to 0.54 on concrete, and 0.56 to O.¢
wood. The friction coefficient was lowest on stain
steel and highest when the sample was on a wt
surface with the wood grain perpendicular to the dire
of sliding (0.620.65).

In both samples, static friction coefficient \
significantly affected by the interaction between mois
content and the type of surface over which the sar
moved. At all moisture levels, the static friction coeffic
on stainless steel was theatast as its relatively smoc
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surface offered lower resistance compared to the ro
surfaces of concrete and wood. In general, the
friction coefficient on wood, with the grain perpendici
to the direction of motion, was significantly hig
compared when the wood grain was along the directi
motion. This was observed in almost all of the mois
levels in both samples, except for the two higher moi
levels in S2 where both wood surfaces gave statist
similar friction coefficients For the same surface, sam,
with higher moisture content gave significantly hic
static friction coefficients than those with lower moist
This was observed in all surfaces, except in S1 whel
static friction coefficient of wheat DDGS on waq
particularly those obtained when wheat DDGS mu
perpendicular to the wood grain, did not show signifi
difference across the three moisture levels.

Equation 5 adequately described the relatior
between normal stres$)(and shear stres$)(asindicatec
by R values in Table 10. The coefficient of wall frict
and the adhesion values reflected in Table 10 were d
from the resulting coefficients of Eq. 5. Coefficient of \
friction of wheat DDGS samples at about-135%
moisture variedrbm 0.252 to 0.282 on galvanized st
0.283 to 0.312 on Teflon, and from 0.205 to 0.35
polypropylene surface. The wheat DDGS coefficients
lower compared to those found for chickpea flour
10.6% moisture (Emami and Tabil 2008) on steel
Teflon surfaces. Adhesion of wheat DDGS was highe
the steel surface.

CONCLUSION

This study assessed the proximate composition an
effect of moisture content on the physical propertie
commerciallysourced wheat distillers dried grain w
soludes (DDGS). Proximate composition of sam,
obtained from two production batches of the same et
plant differed significantly.

When moisture content was increased, bulk de
increased while particle density and compressil
decreased consistiyn in both samples. The effect
moisture content on the other physical properties was
apparent in the sample batch that has a wider ma
content range. Samples evaluated at statistically s
moisture content showed significant difference their
uniformity coefficient and thermal diffusivity.
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Values of the physical properties measured for the 4
sourced samples were close to the ranges prev
reported for laboratorprepared, forcedir convectior
dried wheat DDGS samples. In comigan with publishe
values of corn DDGS, the wheat DDGS samples in
study had lower bulk density, were smaller in size, di
in color, slightly less flowable, and slightly m
floodable.

Moisture sorption and compression characteristi
wheat [DGS were adequately represented by
Guggenheim, Anderson and de Boer (GAB)
KawakitaLudde models, respectively.
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