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ABSTRACT. We evaluated various sieving methods to estimate particle size (PS) and geometric standard
deviation (GSD) of ground corn. The corn had been previously divided in six fractions and each one ground
in a hammermill (1-, 2-, 3-, 4-, 5- or 12-mm sieves). The stacked sieving method, with prior drying at 105°C
without agitators was the reference. We evaluated eight sieving methods, distributed in a factorial design
(2 x 2 X 2 x 6), consisting of the following treatments: i) with and without agitators (two 25-mm rubber
spheres), ii) with and without previous drying, iii) with a nest of test sieves set in a stacked or reverse, and
iv) employing six ground corn degrees, totaling 48 treatments (four replicates). There was a linear increase
in PS estimation for methods without drying and stacking and quadratic increases for the others. Reverse,
drying, and agitator methodologies gave better sieving of corn, and consequently gave the lowest PS and
highest GSD. The results were more pronounced for high-intensity grinding (hammermill sieve with small
apertures) in which the differences between the reference method with the drying and reverse methods
were up to 210 pm. Reverse sieving combined with agitators allowed the greatest passage of corn particles
through the test sieves and promoted better characterization of ground corn.
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Introduction

Feed processing methods such as extrusion and pelletizing may improve the nutritional benefits of feeds
and previous grinding is necessary for subsequent processing or before feeds are mixed. In the corn industry,
the most commonly used mills are roller mills and hammermills (Rojas & Stein, 2017).

Corn grinding reduces particle diameter to sizes compatible with the physiology of the target animal, with
increased surface area/mass (Rojas & Stein, 2016). Lyu, Wang, Wu, and Huang (2020b) reported linear
digestibility increased of energy and protein for growing piglets with the reduction of corn particle size (PS)
from 768 to 441 um; by contrast, a study of growing and finishing pigs in which PS was reduced 865 to 339 um
showed an increase of parakeratosis (Rojas & Stein., 2016); for weaned pigs, Rojas and Stein (2016) showed
that reduction of particle size of corn (965-339 um) improved the average daily gain and feed efficiency.
Consequently, it is necessary to determine the optimal particle size of feed ingredients to maximize energy
and nutrient digestibility (Rojas & Stein, 2017).

Particle size distribution is influenced by type of cereal, by the grinding process in the hammer mill and
by post-mixing treatment as well (Wolf, Rust, & Kamphues, 2010). Another physical parameter that is
important for zootechnical performance of ground corn is geometric standard deviation (SD). Reducing PS
and increasing the uniformity of ground corn results in improved digestibility and efficient growth in finishing
pigs (Wondra, Hancock, Behnke, Hines, & Stark, 1995a).

To optimize the physical characteristics of ground feeds, grinding parameters and rapid methods for
determination of grain size are necessary. Particle size determination techniques, including dry/wet sieving,
laser diffraction, microscopy, and static/dynamic image analysis (Lyu, Thomasb, Hendriks, & Van Der Poel,
2020a). The most common methodology to evaluate the particle size was proposed by Henderson and Perry
(1955) and ASAE (2008). There are many factors affecting the sieving process, including humidity, size and
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shape of the particles in relation to the sieve apertures, the amount of material at the sieve surface, the density
of the material, as well as electrostatic interactions between the particles of the material and between the
particles and the sieve (Liu, 2009) crude fat (Groesbeck et al., 2003). An important aspect that deserves
mention is the fact that the traditional method was not adapted to consider these factors; therefore, it can
overestimate particle size and underestimate particle size distribution (Stark & Chewning, 2012).

Sieving has been studied for food products (Liu, 2009) and for products that are employed in animal
nutrition such as corn, wheat, and sorghum (Stark & Chewning, 2012). Nevertheless, in the specialized
literature, there are no studies that evaluate sieving methods for corn based on the method proposed by
Henderson and Perry (1955) with corn ground to varying extents.

Therefore, in the present study, we evaluated various screening techniques aiming to improve the accuracy
for determination of the physical characteristics of corn using different grinding intensities.

Material and methods

Sieving was carried out at 26.5 * 1.1°C and relative humidity 52.5 * 8.9%. The corn contained 89.2% of dry
matter, 3.99 Mcal kg! of gross energy, 10.97% of neutral detergent fiber, 4.37% of acid detergent fiber, 3.37%
of crude fat, 8.5% of crude protein according Silva and Queiroz (2002) and 0.81 g cm™ of density and 0.271 g
corn seed!. The corn nutrient content values were near described by Rostagno et al. (2017).

The corn grain was previously sieved with 4-mm aperture screen sieves to remove broken corn and foreign
material. Subsequently the corn was divided into six fractions and each fraction was ground in a hammermill
(M609/Magqgtron) at 3,505 rpm using six different hammermill screen sieves (Table 1).

Table 1. Features of the sieves and corn particles after grinding.

Features of the hammermill sieves (FS)

Sieves aperture diameter, mm 1 2 3 4 5 12
Area of the sieve apertures, mm? 0.79 3.14 7.07 12.57 19.63 113.09
Sieve aperture area, % 34.5 28.3 30.7 37.7 44.2 31.1
Solid sieve area, % 65.5 71.7 69.3 62.3 55.8 68.9
Features of the corn particles after ground*
Angle of repose, ° 21.84 20.72 19.52 18.39 17.16 16.50
Density, kg m™ 644.1 678.1 687.3 709.8 709.9 755.3

*Angle of repose = 23.700 - 1.776FS + 0.105FS*(R* = 0.99; p < 0.05); Density = 627.800 + 23.302FS-1.064FS* (R* = 0.97; p < 0.05).

After grinding, the angle of repose was measured, a total of 400 grams of grounded grains were placed on
a cellulose surface by allowing them to fall from a height of 30 cm, according to Syamsu, Yusuf, and Abdullah
(2015).

A set of wire-cloth test sieves having frame diameters of 4, 2, 1.2, 0.6, 0.3, or 0.15 mm and pan were used
to determine particle size distributions according to Henderson and Perry (1955), with a nest of test sieves set
stacked and previously dried at 105°C for 24 hours. We considered this methodology to be the reference
treatment (M.1).

In addition to the usual treatments, we adapted a reverse sieving methodology (Liu, 2009), adding two
agitators (rubber spheres 25 mm diameter and 11 g) for each test sieve as agitators (Brasil, 1991; Stark &
Chewning, 2012) and without previous drying.

We used a factorial design (2 x 2 x 2 x 6), consisting of stacked and reverse sieving, with and without
agitators and with and without drying at 105°C with six different grinding intensities (six different apertures
of screen sieves set for the hammermill) and four replicates for each measurement, resulting in a total of 192
experimental units.

The time of the sieving process was fixed at 10 minutes for both stacked and reverse sieving. For the reverse
methodology, the time expended at each sieve was 6, 24, 50, 125, 170, and 225 seconds for the screen sieves
of4,2,1.2,0.6,0.3, and 0.15 mm, respectively. The proportion time used for each sieve in the reverse method
was proportional that used by Liu (2009).

The particle size and geometric standard deviation of particle diameter was calculated using equations
provided in the standard methods (ANSI/ASAE S319.3) (ASAE, 2008).

Data were analyzed based on a factorial design (2 x 2 x 2 x 6) with four replicates. In cases of significant
interaction, the Scott and Knott (1974) test was applied, and significant differences were defined as p < 0.05.
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Subsequently, in cases of significant interaction, a polynomial equation was elaborated for each screening
methodology. Linear regression models were tested to select the predictive model to find best fit for the
average values. The least squares method was used to calculate the regression coefficients and of each
coefficient was tested using the t-test (p < 0.05).

Results

The density increased and angle of repose of grinded corn decreased (p < 0.05) with increased aperture size
of hammermill sieves (Table 1).

There was a significant interaction between methods of sieving and grinding intensity for PS and GSD (p < 0.05) with
varying flows of ground corn through the sieves depending on grinding intensity and methodology (Tables 2 and 3).

At higher corn grinding intensity (hammermill set with 1-mm sieve aperture), reverse and dry sieving
methodologies (M.5 and M.6) gave lower PS and higher SD (p < 0.05) than the reference method (M.1.) (Figure 1)
and the use of the agitator and previous drying gave lower PS and higher SD (p < 0.05) than the reference method
(Tables 2 and 3).

Table 2. Particle size (um) of corn particles obtained under different sieving methods!.

Sieving Methodologies
M.1 M.2 M.3 M.4 M.5 M.6 M.7 M.8
Method Stacked Stacked Stacked Stacked Reverse Reverse Reverse Reverse
Drying Yes Yes No No Yes Yes No No
Agitators No Yes No Yes No Yes No Yes
1 mm 460] 294L 527] 545] 250L 261L 407K 347K
2 mm 548] 559] 6701 6891 535] 537] 594] 588]
3mm 796H 788H 862G 841G 719H 6581 759H 724H
4 mm 833G 808H 907G 895G 796H 784H 827G 862G
5 mm 1122E 1009F 1166E 1075E 995F 1017F 1084E 1005F
12 mm 1682C 1504D 2015A 1785B 1650C 1527D 1780B 1760B
Probability
Linear <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Quadratic <0.01 <0.01 0.19 0.14 <0.01 <0.01 <0.01 <0.01
CV 6.78 13.18 7.33 7.03 7.52 5.98 7.29 3.62
Regression coefficients
A 234.56 117.22 419.12 471.86 72.69 62.57 228.26 189.28
B.X 194.72 225.16 134.53 110.81 223.49 228.80 185.60 190.21
c.x? -6.15 -9.15 - - -7.69 -8.89 -4.68 -4.95
R? 0.98 0.93 0.98 0.97 0.98 0.99 0.98 0.99

'Means followed by different letters differ (p < 0.05) by the Scott-Knott test (p < 0.05).

Table 3. Geometric standard deviations of ground corn under different sieving methods’.

Sieving Methodologies
M.1 M.2 M.3 M.4 M.5 M.6 M.7 M.8
Method Stacked Stacked Stacked Stacked Reverse Reverse Reverse Reverse
Drying Yes Yes No No Yes Yes No No
Agitators No Yes No Yes No Yes No Yes
1 mm 1.50F 1.80D 1.51F 1.51F 1.98C 2.02C 1.77E 1.82D
2 mm 1.89D 1.96C 1.54F 1.58F 2.27B 2.25B 2.06C 1.90D
3 mm 1.72E 1.77E 1.65E 1.69E 2.34B 2.48A 2.24B 2.36B
4 mm 1.81D 1.98C 1.72E 1.83D 2.35B 2.35B 2.29B 2.36B
5 mm 2.04C 1.86D 1.89D 1.99C 2.37B 2.32B 2.32B 2.36B
12 mm 2.17B 2.51A 2.01C 2.25B 2.45A 2.53A 2.39B 2.46A
Probability
Linear <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Quadratic <0.01 ns <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
(9% 6.95 11.42 3.07 2.67 3.36 4.60 3.31 9.81
Regression coefficients
A 1.44 1.69 1.34 1.32 1.93 2.01 1.63 1.58
B.X 0.14 0.06 0.13 0.16 0.14 0.11 0.22 0.25
c.x? -0.01 ns -0.01 -0.01 -0.01 -0.01 -0.01 -0.01
R? 0.72 0.53 0.93 0.97 0.78 0.65 0.90 0.57

"Means followed by different letters differ (p < 0.05) by the Scott-Knott test (p < 0.05).
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Figure 1. Particle size and geometric standard deviations of corn ground by different features of the hammermill screen sieves (FS)
analyzed under different sieving methodologies.

In regression analysis, the treatments with stacked set test sieves and no prior dried corn (M.3 and M.4) showed
linear increases for PS with increasing hammermill sieve apertures (p < 0.05). When the other combinations were
used, we observed a quadratic effect for increases in the hammermill sieve aperture. In both cases, the values of PS
obtained for the determination coefficient, R2, were close to 1, indicating a good fit.

In intermediate grinding (3-, 4-, and 5-mm hammermill aperture sieves), the most common intensity of
corn milling for poultry and pig feed, the methods using reverse screening and agitators gave lower PS and
higher SD (p < 0.05) than the reference method.

At low milling intensity (12-mm hammermill sieve apertures), similar to those observed at the high
intensity, reverse sieving gave lower PS, and the agitators gave lower PS when combined with previous drying.

GSD showed linear increases in M.2 with increased aperture of hammermill sieve (p < 0.05). Other
treatments showed quadratic effects with increased hammermill sieve aperture (p < 0.05).

Discussion

Similar results for increased density and decreased angle of repose in ground corn were reported by Rojas,
Liu, and Stein (2016). Density and angle of repose are associated with physical properties such as porosity
(Rosentrater, 2012) of particle size and characteristics of grinding processes such as wear on the hammer in
the hammermill (Chiodelli, Folador, Boiago, Carvalho, & Paiano, 2018). The angle of repose as associated
with the crude fat of corn (Groesbeck et al., 2003); however, we used the same batch of corn for all grinding,
and crude fat content should be better studied in the future.

Some variables may explain the quadratic relationship observed for some treatments. The increase of the
sieve aperture area of the hammermill screen sieve to dimensions close to those of the corn grains leads to a
reduction of the friction between particles before leaving the mill chamber, reducing the hammermill sieve
blinding. It is notable that the sieve aperture area of the hammermill screen sieve did not increase linearly
with the diameter of the apertures (Table 1).

The intensification of the degree of grinding increases the surface area/mass and makes the particles more
susceptible to interaction with electrical charges. These interactions lead to a blinding of the particles in the
test sieves with small apertures. Blinding corn particles in the test sieves leads to overestimated values of PS
and underestimated SD values, especially when corn is milled at higher intensities. Considering the best
passage of ground corn in the finer test sieves and the lower PS and higher GSD, the proposed methodology
change (reverse and agitator) were positive with better corn physical characterization.
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We also observed that a sieve process without previous drying resulted in higher values of PS in both
stacked and reverse sieving, suggesting that humidity decreases the efficiency of the process and highlights
the need for pre-drying. However, pre-drying requires 24 hours, making it a time-consuming method for the
feed industry. This can compromise the calibration of the hammermills in real time. However, our data
allowed the quantification of the differences between methods without drying and the prior drying methods,
thereby facilitating the use of methods without prior drying as complementary analysis tools to methods with
prior drying for feed industries.

Taken together, the results show that the standard method overestimates PS and underestimates SD,
especially with higher intensity of grinding. By contrast, the reverse sieve and agitators improves PS
estimation and these combinations allow better characterization of the grinding process.

In a study with wheat flour, the reverse sieve method improved sieve efficiency over the stacked set test
sieve method; the better sieve result was attributed to the beneficial effect of oversized particles on reducing
sieve blinding by near- or sub-sieve-sized particles (Liu, 2009). Sieving with rubber spheres as agitators
improved the efficiency of the process (Stark & Chewning, 2012), behavior associated with the mechanical
effect of the agitators, forcing the particulate material against the holes in the test screen sieves and thereby
reducing blinding effect.

Regarding GSD, we observed a linear increase with increased hammermill sieve for M.2 (stacked, dried and
agitators) and quadratic increases (p < 0.05) for all the other treatments, suggesting that the largest
heterogeneity of grinded corn occurred with low-intensity grinding the similar results were obtained by
Nemechek et al. (2016) and Gebhardt et al. (2018) with higher GSD with reduced milling intensity.

The reverse sieving method combined with drying and the use of the rubber spheres provided more
efficiency to the sieving process of the physical characterization of milling corn. This behavior can be
attributed to the reduction of the sieve blinding effect, which entails the blocking of the apertures by particles.
However, reverse sieving increases the operational work and requires more attention in conducting each
particle size test.

Similar results were obtained with the use of agitators (Kalivoda, Jones, & Stark, 2015) for physical
characteristics of different cereal obtained by screening with better passage of tiny particle and biggest mass
of milling corn in the test sieves with small apertures and pan associated with the best flow of particles
through the test sieves.

Various authors correlated the zootechnical performance with the ideal PS for corn: 400 - 600 pm in
second-parity sows (Wondra, Hancock, Kennedy, Behnke, & Wondra 1995b); 500 um for nursery pigs
(Wondra, Hancock, Behnke, & Stark, 1995c); 400 pm for improvement sow and litter performance (Healy et
al., 1994); 650 um for growth performance in finishing pigs (Nemechek et al., 2016); and 460 um for broilers
at 21 days of age (Benedetti et al., 2011). These findings demonstrate the substantial influence of the PS on
the performance with various requirements of PS between phases and species.

The traditional method indicates overestimated results of PS, especially when milling was carried out
when the hammermill was set with grinding sieves with hole diameters less than 3 mm, suggesting inaccurate
corn particle size recommendations for species/categories may occur. Excessive milling in addition to
increasing the time and cost of electricity for grinding (Wondra et al., 1995a and Chiodelli et al., 2018) reduces
the fluidity of corn and feed. Consequently, less fluidity of the feed mash impairs fluidity in the feed transport
or feeder in automated systems. Furthermore, smaller PS can negatively affect the health of gastro-intestinal
tract of pigs, leading to higher incidence of stomach ulceration and other negative alterations of gastric
mucosa as keratinization and erosions (Vukmirovic et al., 2017).

We did not explicitly consider variables such as the speed and power of the electric motor of the
hammermill, crude fat corn content, corn cultivar and open area of hammermill sieves; these factors should
be considered in the future studies to generalize our results. On the other hand, it is necessary to verify the
correlation between sieving methodology and animal performance to confirm the best characterization of
reverse sieving and agitator use in PS and GSD characterization.

Conclusion

Reverse sieving combined with sieve agitators allowed greater passage of corn particles through test sieves
and allowed better characterization of particle size of ground corn.
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